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Abstract

Abstract

From being regarded as a chemical curiosity the allene functional moiety emerged as one of
very useful synthetic tools of modern organic chemistry over the past few decades. Inherent
axial chirality of the allene skeleton makes it especially attractive in the context of highly
demanded new asymmetric synthesis methods. This doctoral thesis explores the use of the
allene group as a backbone in a new ligand scaffold for the synthesis of novel allene-derived

transition metal complexes for applications in catalysis and as metallodrugs.

Examples of optically active allene-containing complexes equipped mainly with
phosphorus-based donor groups have been developed in the past decade and some of them
have been found to act as catalysts in asymmetric transformations. However, the field remains

highly underexplored.

This doctoral study presents the development and synthesis of new allene-based
ligand candidates as well as the use of reported examples in unprecedented settings. These
ligands were used to prepare a range of novel symmetric, non-symmetric, neutral and cationic
complexes with Pd, Pt and Au metal centres. Depending on the nature of the metal used, the
allene-based ligands could retain their cumulene system in the new organometallic
compounds. While in the presence of others, the cyclisation afforded new carbene-type
complexes (Figure 1). The new series of organometallic compounds were extensively
characterised including techniques such as HR-MS, X-ray diffraction, variable temperature

NMR spectroscopy and cyclic voltammetry.
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Figure 1 Two classes of allene-derived metal complexes.

The synthesis of allene-derived metal complexes was followed by the investigation of
their catalytic activity and bioactivity. The new compounds performed well as catalysts in Heck
reaction, cyclisation of 1,6-enynes or metal-catalysed nucleophilic addition to allenes.
Preliminary testing of the antimicrobial properties of new complexes showed their high toxicity
towards bacteria and fungi with one hit compound currently being evaluated in in vivo models.

The antiproliferative properties against MDA-MB-231 human breast adenocarcinoma cancer
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Abstract

cell line was probed, showing cytotoxicity in a low micromolar range for selected compounds.
The new allene-derived complexes were also found to interact with non-canonical DNA
secondary structures such as i-motif and G-quadruplex, giving a first look at potential

mechanism of action of these metallodrug candidates.

Preparation of optically enriched allene-based ligands for the asymmetric version of the

project was also briefly explored.
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I. Introduction

l. Introduction

This thesis in structured in the following way: Chapter | serves as an introduction to the
chemistry and history of the allene functional group which is the focal point of the study. It also
introduces the reader to the subject of allene-transition metals interactions and reactivity. After
the section outlining the aims and objectives of the project (Chapter 1) we come to the chapters
describing the experimental work and findings of the study. Each of these chapters begins with
the review of relevant literature serving as an introduction and reference point to the results
presented in the second part of the chapter. Thus, Chapter Ill and IV discuss synthetic
investigations into the preparation of allene-based ligands and corresponding transition metal
complexes. Chapters V and VI turn to the study of applications of allene-derived metal
complexes as catalysts and drug candidates, respectively. The last section, Chapter VII, is
concerned with the development of the asymmetric version of the allene ligands. The work is

concluded with the summary of the study and brief discussion of the future research directions.

| a. Allenes — a class of unsaturated compounds

Allene or 1,2-propadiane 1 (Figure 2, a) is the parent compound of a larger family of organic
compounds, allenes, characterised by the occurrence of two adjacent, non-conjugated double
bonds in a molecule joined to the same carbon atom. The number of consecutive, contiguous
double bonds can be larger than two and compounds with three and more directly joined
unsaturations are termed cumulenes (Figure 2, b-c).%? Cumulenes with as many as nine
successive double bonds have been prepared, although the stability of the compounds

diminishes with increased C=C chain length.

a) b)

Figure 2 Structures of different cumulenes: a) 1,2-propadiane (1); b) tetramethyl[3]Jcumulene (2);

c) tetraphenyl[9]cumulene (3).
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I. Introduction

The structure of the allene skeleton with its unusual stereochemistry was predicted as
early as 1875 by van't Hoff.¥! Since then it was regarded as highly unstable and not likely to
be experimentally accessible. However, the first synthesis of the allene-containing compound
in the laboratory, glutinic acid 4 (Figure 3, a), was achieved only two years later.[ Although,
due to the lack of suitable analytical techniques the structure of glutinic acid was not confirmed
till 1954.5! |t was also discovered that allenes occur in nature with the first isolated allene-
containing natural product being mycomycin 5 (Figure 3, b) - a fungal metabolite with high
antibiotic activity.®" In fact, many more natural products isolated at the turn of the 19" and 20™

century were confirmed to feature allene or cumulene moieties only much later.!

a) b)
HO,C — —

// CO,H
7

I
Ji

CO,H

Figure 3 First allenic compounds: a) synthetic glutinic acid (4); b) natural product mycomycin (5).

A couple more milestones in the development of allene chemistry were marked in the
first half of the 20" century. The first review on allene chemistry was published in 1928 and the
first chiral allene was synthesised in 1935.°1% The area enjoyed a steady progress throughout
the rest of the 20" century'-13 with a real spike of interest of the community in the 215 century

evidenced by the thousands of articles published on the topic every year.

The most distinctive structural feature of the allene functional group is the orthogonal
relationship of its TT-bonds (Figure 4, a). The central carbon atom of the allene is found in sp
hybridisation with both terminal ones being sp2-hybridised and a C=C=C angle of 180°. The
molecule can be viewed as an extended tetrahedron formed by the two perpendicular planes
within. Perpendicular arrangement of the p-orbitals prevents the overlap and hence the lack of
conjugation in the system. This classic description of the allene’s orbitals has recently been
updated.'19 |t has been proposed on the basis of quantum chemical computations that p-
orbitals in cumulene systems form helical frontier molecular orbitals (FMOs) (Figure 4, b). In

symmetrically substituted allenes there are three C; axis of symmetry.

14



I. Introduction

% HOMO-a (right-handed helix)

HOMO-b (left-handed helifx)

Figure 4 Orbital description of the allene molecule: a) classic representation of the perpendicular p-

orbitals; b) helical topology of the FMOs.

The C=C bond lengths in the allene were determined to be slightly shorter compared
to that in ethene, 1.31 vs 1.33 A, respectively.' This contraction is rationalised by a
hyperconjugation of C-H o-bonds with the distal 1r-bond. o-11 Interaction of that type are
favourable thanks to the alignment on the same plane and as a result the allene double bond
shares a partial triple bond character. The H-C-H dihedral angle in the parent allene was
determined at 118.2°.1'2 These values might be subjected to variations when substituted
allenes are concerned. In longer cumulenes, the consecutive double bonds have been found

to have different bond distances, the phenomenon known as bond length alternation (BLA).?

A special sub-group within the class are bent allenes (Figure 5, a).[*5-*°! Found, for
example, in cyclic compounds, they exhibit distinct structural features to their linear congeners.
Bent allenes arise also due to the packing effects in the crystal lattice that forces the non-linear
geometry, for example, in the acyclic allene 7 (Figure 5, b). The C=C=C angle in such
compounds can be severely diminished and there is a debate about a character of such
compounds (bent allene vs carbodicarbene vs zwitterion).2>-221 The bending of the allene
disturbs and weakens its -system.*® Depending on the electronic features an polarisation of

the molecule the central carbon atom can acquire carbene or dicarbanionic character.?”
a) b)
o
155.8 170.1°
tBu %.Y tBu .
L 1)
tBu” >( Mes
Bu /
O—N
6 7

Figure 5 Examples of bent allenes: a) 6 - inside a ring;[*8 b) 7 - acyclic bent allene.[®!

In general, allenes are more reactive than other unsaturated compounds with non-

cumulated double bonds. For example, the allene was found to be less energetically favourable
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I. Introduction

than its propyne isomer with 2.1 kJ energy difference.?® However, some factors such as
substitution can skew the isomerisation equilibrium in favour of non-thermodynamic allene

species.

As a consequence of a rigid geometry of the allene skeleton this group of compounds
possesses inherent axial chirality originally predicted by van't Hoff.®l Contrary to the more
common central chirality stemming from the presence of a stereogenic centre(s) in a molecule,
allenes’ chirality comes from a spatial arrangement around an axis in allenes with at least two
substituents, one on each termini. The first homologue with that feature is 1,3-dimethylallene
8. It does not have any mirror planes within the molecule and hence two non-superimposable
mirror images can be drawn (Figure 6, a). The configuration of the enantiomers can be
assigned by looking at the molecule along the main C=C=C axis (Figure 6, b) and determining
the priority of the substituents with the Cahn-Ingold-Prelog rules. The configuration is
determined by the direction you need to go from a group of lower priority on the front carbon
atom to the group of higher priority on the back carbon atom.

a)
H ! H
,_,,\\Me } Me//,.._.
Me ! Me
(S)-8 ' (R)-8
S 2 2
b) '/ H H F\YR
Me@H H@Me
1 Me 2 2 e 1

1 1

Figure 6 Stereochemistry of allenes: a) two enantiomers of 1,3-dimethylallene (8); b) Newman

projection of 1,3-dimetylallene with priority assigned according to CIP priority rules.

The first analytical techniques that allowed the detection of the allene functionalities
and in particular differentiate them from the isomeric alkynes were infrared (IR) and Raman
spectroscopies. From the three vibrational modes of the allene: bending, symmetric stretching
and asymmetric stretching, the latter is especially useful as a diagnostic appearing as a strong
band at 1930-1980 cmin an IR spectrum. For comparison, the stretching frequency of an
isolated double bond and triple bond are typically found at around 1650 and 2200 cm?,
respectively. The allene range is largely unaffected by the substitution changes, however it
can move to shorter wavenumbers in fluoroallenes.*Y! Characterisation of allenes with nuclear
magnetic resonance technique revealed that resonances of their vinyl-type protons are

displaced upfield (4.5-5.5 ppm) compared to olefin compounds, the shift attributed to a
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I. Introduction

shielding effect of the sp-hybridised central carbon atom.*!! Additionally, the values of the *Ju.
n coupling constants across the allene skeleton are unusually high for this type of long range
coupling, probably due to o-m C-H/C=C interactions mentioned previously in the discussion of
the allene bond lengths. The characteristic peak of a central carbon atom of the allene in 3C
NMR spectra is typically found at 200-220 ppm, however it can be substantially shifted upfield
in substituted allenes or longer cumulenes. The range for the terminal carbon atoms is more
similar to standard alkene range (100-150 ppm). UV-Vis spectroscopy is a method of choice

for the analysis of longer cumulenes.!!

Currently, allenes enjoy an indisputable place among essential synthetic intermediates
and building blocks in organic chemistry.?*2"1 Unique structure and properties of allenes
allowed to utilise their chemistry in challenging areas of asymmetric synthesis, 229 axial-to-
central chirality transfer,*% novel carbon coordination chemistry®! or material science.*? What
is more, allenes’ relevance is underlined by their occurrence in as many as 150 natural

products isolated and characterised up to 2004.

Natural products bearing allene (cumulene) moieties can be divided into three main
classes: linear allenes, allenic carotinoids and terpenoids and bromoallenes (Figure 7, a-d);
most of which were isolated in a non-racemic form.!833-%¢ The interesting properties of allenic
compounds prompted many efforts for their total syntheses.®’-3% Stemming from the natural
product chemistry, non-natural allene-containing compounds became attractive targets due to
their desirable pharmacological activity. For example, allene-bearing steroids, amino acids,
nucleoside analogues or prostaglandins have been prepared and tested for their inhibitory or
antiviral properties.**3 A few allenic compounds, such as Enprostil 13 (inhibitor of gastric

acid secretion), can even be found on the market (Figure 7, e).[
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a)

nCqqHy3

_— )

Figure 7 Allene/cu
ketone (10);

b)

CO,H

d)
<A,

12 Enprostil 13

mulene natural and non-natural products: a) laballenic acid (9); b) grasshopper

¢) panacene (11); d) naturally occurring cumulene (12); e) Enprostil (13).

The mechanism of action of most allenic therapeutics is poorly understood, but their

activity is mostly lin

ked to inhibition of enzymes. The model of “mechanism-based inhibition”

was proposed where “suicide substrates” irreversibly react with residues of the enzymes and

disrupt their activity

451 Latent allenic “suicide substrates” are often uncovered from acetylenic

precursors in the course of normal catalytic activity of the enzyme. Such highly reactive allenic

species, usually wi
nucleophilic groups
an action of ketoste
1).148 Allenic keton

th electron-withdrawing substituents, act as Michael acceptors towards
of the enzyme. For example, acetylenic steroid 14 has been found to inhibit
roid isomerase enzyme derived from Pseudomonas testosteroni (Scheme

e 15 was believed to act as a substrate for the enzyme following the

isomerisation from its acetylenic precursor 14. Then, in the active site, the electrophilic 15 was

thought to undergo

14

Scheme

Michael addition with nucleophilic amino acid residues of the enzyme.

(6] (6]

Ketosteroid Isomerase (0]

( 15 \ 16

Nu Enzyme

Enzyme

1 Example of proposed mechanism of action of allene-based drugs.
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| b. Allenes and transition metals

Allenes can act as 1-ligands when interacting with transition metals similarly to olefins or
alkynes.“7#8 Structural similarities of these unsaturated ligands allow to describe the allene-
transition metal bonding according to the Dewar-Chatt-Duncansont®%% (DCD) molecular
orbital model developed for alkenes and alkynes.“®! Thus, for alkyne ligands, there are four
principal orbital interactions that contribute to bonding (Figure 8, a).®Y! Overlap of in-plane
orbitals of the ligand with an empty orbital of the metal of suitable symmetry forms a L-M o
bond. T-Symmetric interaction of filled metal d orbital to antibonding 1 orbital of the ligand
results in M—-L shift of electron density known as back-donation or back-bonding. The
remaining interactions, L—M 11 donation and M—-L & back-donation, contribute to bonding in a
lesser extent. In fact, typically, o interaction and 1 back-bonding account for up to ~65% and
~25% contribution, respectively. Therefore, alkyne (and olefins or allenes) ligands are
regarded as strong two-electron ¢ donors and rather weak 1T acceptors. Some computational
studies also suggest that the bonding in such complexes has not-negligible electrostatic
character.®2 The metal-allene bonding can be represented as monodentate-m (17) and
bidentate-c (18) type at the two ends of bond types’ continuum depending on an individual
character of metal and ligand fragments (Figure 8, b).[*8 In non-symmetrically substituted
allenes, the interaction with a metal can be achieved with either of the non-identical double
bonds, often depending on the steric hindrance around the particular bond. This can lead to a
fluxional behaviour in solution, where the metal fragment moves between the two available

double bonds (see page 23).
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Figure 8 a) Orbital description of alkyne-transition metal interaction according to DCD model;®1 b)

allene-transition metal bonding representations.

Important implication of the 1-ligands-metal bonding is the shift of electron density into

" antibonding orbitals and resulting elongation and bending of the multiple bond. Actually,

19



I. Introduction

these parameters can be used to assess the extent of the back-bonding. In general, more
electron rich metal fragments capable of significant back-donation cause more pronounced
bond elongation and more severe bending of the ligand. Perhaps the most important
consequence of the bonding, however, is a net depletion of electron density from the ligand.
Therefore, metal-bonded unsaturated ligands undergo electrophilic activation by coordination
to the metal, becoming susceptible to nucleophilic attack, one of the most studied reactivities

of these systems.

Different types of allene-metal complexes have long been invoked as intermediates or
transition states in chemical reactions. However, in recent years more and more isolated and
characterised examples have allowed for a better understanding of their chemistry. Metal-
allene complexes can be divided into two sub-categories in respect to their coordination mode
to the metal centre (Figure 9). The first category comprises n? complexes (19-21) in which one
of the allene’s double bonds is bonded to the metal. It is possible that the contribution of the
carbon atoms in that bond is not equivalent. As a result, the slipped structures (20 and 21) can
occur favouring one side over the other depending on the substitution pattern of the allene and
character of the metal centre and its ligands. In the second category, we find n' complexes
with the metal bonded to the central carbon atom of the allene skeleton. These complexes can

be represented as o allylic cations (22), zwitterionic carbenes (23) and bent allenes (24).

M r* NI
e - e K

19 20 21

M] M M]*
VYT Y

22 23 24

Figure 9 Allene-transition metal coordination modes.4

Computational studies have been performed to investigate the relative stability of
different types of allene-metal complexes. In particular, the ground states, interconversions
and racemisation process in Au-allene complexes, relevant for this thesis, have been widely
studied.B*+51 For example, for (R)-1,3-dimethylallene 8 in the presence of AuBrs, four
structures converged as minima (Figure 10, a). Two similar n? structures were found along with
two non-linear n* complexes. The latter were less stable planar 22-type and the least stable

bent allene 24-type species. The use of different metal fragments (AuCls, PtCl,) allowed to
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locate more type 24 structures, but as in the previous case the type 19-21 complexes were
found as ground states. As an additional illustration, complexes of allene 8 and [Au(PMes)]",
(R)-25a and (R)-25b, were more stable than n?! allylic 26b with other C(2)-coordinated
structures found only as transition states (26a, 26c, 27a-b) (Figure 10, b). The energy barrier
for the stereomutation between the species depended on the allylic strain of respective

transition states (see 26a vs 26c¢).
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Figure 10 Relative stability of Au-allene complexes according to computational studies: a) minima for

allene 8 and AuBrs; b) complexation of allene 8 and [Au(PMes)]* (relative enthalpies in kcal-mol).[54

It was envisioned that the disfavoured n! coordination could be promoted by the
presence of stabilising EDG substituent on the allene. Thus, for acetate- (28) and vinyl-
substituted (30) allenes, the allylic cations 29a and 31 were determined as ground states
(Figure 11, a-b). Interestingly, in case of acetate allene 28, the bent complex 29b was of similar

energy to n? 29c¢ and 29d.
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Figure 11 Relative stability of Au complexes of EDG-substituted allenes according to computational

studies: a) for acetate-allene 28; b) for vinyl-allene 30 (relative enthalpies in kcal-mol1).[54

Allene-metal complexes can exhibit interesting dynamic behaviour in solution.
Described first for Fe complexes,859 n? allene-metal complexes have been found to display
novel type of valence tautomerism. It has been proposed that the metal fragment of the
complex can move between the two double bonds of the allene and their respective faces in
an eight-shaped manner (Figure 12, a) with a low activation energy for the tetramethyl(allene)-
Fe complex 33 (Figure 12, a).558 Similar behaviour was reported for Au n?-allene complexes
disclosed by Widenhoefer and co-workers.®® The authors observed coordination of the Au
fragment to the less substituted double bond of 1,1-dimethylallene. Temperature dependent
NMR experiments revealed the diastereotopic character of the allenyl methyl groups. The
differentiation of these substituents was ascribed to fluxional sliding of the Au fragment
between orthogonal Tr-faces of the allene. Migration of AuL,was proposed to proceed via n'-
intermediate or transition state 34a/34b (Figure 12, b) in which the Au is positioned at 45°
relative to the orthogonal Tr-faces and not the nt-allylic cation. T-Face exchange was also
found to play a role in the Au-catalysed racemisation of allenes.®5" The study of the in solution
fluxional behaviour of Pt-allene complexes with the use of novel SSTD NMR method®%
reported by our group consolidated and expanded previous understanding of the
phenomenon.2 The rotational (t-face exchange) and helical (movement between double
bonds) components of the metal fragment migrations were confirmed to proceed
intramolecularly through n' intermediates. The differences in determined activation energies
for the fluxional behaviour of reported Pt-allene complexes in comparison with other metal

complexes were proposed to be a factor influencing the disparity in their reactivity.
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Figure 12 a) Model of a fluxional behaviour of allene-transition metal complexes in solution first
described for 33; b) fluxional behaviour of AuL(34) complex (L = P(tBu)z0-biphenyl).[6¥

As supported by computational analysis, the most stable n?-allene complexes are also
the most prevalent and accessible in the laboratory. Therefore, a number of Ir, Fe, Rh, Pd, Pt
or Mo examples have been prepared and characterised.“! The allene-metal coordination
process is evidenced by the decrease of the C=C=C stretching frequencies in the IR spectra
and the shift of peaks in the NMR spectra in comparison to the free allene ligand.
Crystallographic analysis of n?-allene species (35, Figure 13, a) uncovered important structural
information about these compounds exemplified by the complexes 35a-e (Table 1). 35a-e fit
well with the description of slipped structures of 20/21-type where the metal centre is located
at the unequal distance from the carbon atoms of the coordinated double bond depending on

the specific features of the system.
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Figure 13 Examples of n2-allene metal complexes a) general structure (35); b) Pt(I1)-35al%2l and Au(l)-

35b6% complexes of 1,1-dimethylallene.
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Table 1 Selected solid state parameters of complexes 35a-e.

Cl=C? C%=C® CLM C?-M C!=C?=C® Ref.

n? complex \ . \ .
(Al [Al [A] [A] [deg.]
1 1(RM¥=H;MLn=-) 1.31 131 - - 180° 1]
2 35c (R = H; MLn = Pd(PPhs)>) 1.40 130 212 207 148.3 [63]
3 35d (RM3=H; R*=*PPhs; ML= Pt(PPhs)2)  1.473 1.343 2102 1.943  136.2 [64]
4  35e (R = Me; MLn = PtClz; dimer) 1.37 1.36 225 207 151.4 [65]
5 35a(R2=H; R34 = Me; MLn = Pt(py)Clz) 1.382 1.293 2.138 2.108  159.7 [62]
6 35b (R2=H; R%*= Me; MLn = AuL)? 1340 1311 2191 2.306 165.0 [60]
& L = P(tBu)20-biphenyl.

Some general trends can be distinguished, for example, for different metal centres.
Thus, Au complexes tend to bond closer to the external carbon atom of the double bond (entry
6, Table 1) whereas Pd or Pt complexes to the internal one (entries 2-5, Table 1). It has been
proposed that the asymmetric binding in the case of Pt complexes might be caused by the
back-bonding interaction of the metal and antibonding 1* orbital of the non-coordinated double
bond. Additionally, the double bonds in the coordination sphere of the metals (C!=C?) are
substantially elongated in comparison to the free allene bond (entry 1, Table 1). Whereas, the
remaining C?=C?® bond is usually affected to a much lesser extent. The allene skeletons in 35a-
e are considerably distorted with the C!=C2=C? backbones strongly deviated from linear
geometry (entry 1 vs entries 2-6, Table 1). This data supports strong o-donating and weak -

accepting character of the 1-allene ligands similar to their alkene and alkyne equivalents.

n*-Allene complexes remain much more experimentally elusive compared to their n?
congeneres. From the three possible n!-coordination modes, types 22 and 23, are still largely
considered in terms of reaction intermediates and/or transition states. However, a growing
number of reports discusses the synthesis and characterisation of bent allene type complexes
24.[2066-68] A5 mentioned before, the allenic character of these compounds has been disputed
as carbodicarbene in nature. Carbodicarbene compounds were envisioned as resonance
forms of so called “push-push” substituted allenes (37), contrarily to “push-pull” allenes (36)
with carbene character at a central carbon atom (Figure 14, a).2% Structures of the 37 type
feature a localisation of two lone electron pairs at the central carbon atom giving them the
dicarbanionic character. Carbodicarbenes (L.C), also called carbones, are divalent C(0)
compounds (Figure 14, b). Their bonding situation is sometimes compared to that of a metal
with the ligands in the coordination sphere (L—-C(0), donor-acceptor bonds), with good o-donor

ligands (e.g. (NHC)-carbenes) stabilising the carbodicarbene structure.
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Figure 14 General structures of: a) “push-pull’-36 and “push-push”-37 allenes; b) carbone 38.

Inherent geometry of carbones, such as their non-linearity and lack of orthogonal
planes distinguish them from classic allenic structures. For example, Bertrand and co-workers
prepared (NHC)-substituted bent allene/carbodicarbene Rh(I) complex 40 (Scheme 2, a).[?%
The three carbon atom core of the complex was found at extremely bent angle of 121.2(7)°,
compared to 134.8(2)° in the free ligand. The latter was found to be a strong o-donor, as
determined by the stretching frequencies of the carbonyl ligands in 40. Another example is
Au(l) complex 42 disclosed by Fulrstner and co-workers prepared in a reaction of

tetraminoallene 41 termed as “hidden carbone” (Scheme 2, b).[6%

co
a) Cl—Rh—CO
\N . N/ \NH .'_,' N/ [(RhCI(CO),),] \N * N/
T — MR NG
N S N N N_ N
39 40
b) "SbFy
Au(PPhj)
Me,N (Ph;P)AUCI Me,N NMe,
NM62
= “NMe, NaSbF NeERS
Me,N 6 Me,N NMe,
a1 42

Scheme 2 Synthesis of carbodicarbene complexes of: a) Rh(l); b) Au(l).

A different class of allene-containing organometallics constitute allenyl type complexes
43 (Figure 15, a).["%71 Allenyl complexes can be described as o-bonded, vinyl-type n! species
where bonding to the metal does not generally disrupt the geometry of the allene fragment.
Allenylmetal compounds are usually synthesised via metal-halogen exchange or more
commonly by deprotonation of propargylic precursors. Allenyl complexes are often in
equilibrium with their propargylic counterparts, however, they are the typically favoured

tautomers on account of stronger allenyl-metal bond (Figure 15, b).l’2 Allenylmetal complexes
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are employed as very useful synthetic reagents in stoichiometric and catalytic reactions, for
instance, allenylpalladium reagents used in cross-coupling reactions. Additional advantage of
their use is the potential utilisation of the chiral information of the allene component. Isolation
and structural characterisation of many transition metal-allenyl n* complexes showed their
straightforward coordination mode demonstrated in Pt(ll) and Ru(ll) complexes 45a and 45b
(Figure 15, c).l’*™ The double bond distances and C=C=C angles of the allene skeletons in
such compounds remain very similar to those in non-coordinated allenes. For Pt square planar

complexes, the allene ligand usually sits perpendicularly to the metal coordination sphere.

a) b) 1
R

43 44 44

173.5° H fprap\ Ph
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PPh, oc-Ru 178
N s 4

®
e

Ph,p”  Br 3
3 Ph,P "<,

45a 45b

45a

Figure 15 Allenylmetal complexes: a) general structure 43; b) propargyl/allenylmetal equilibrium;
c) isolated examples of Pt(I)-45al"3! and Ru(ll)-45b.[74

Allenylidene complexes (46, Figure 16, a) do not formally contain the allene functional
group, however, their cumulene character is noteworthy.l’>"® The propadienylidene carbene
organic fragment (47, Figure 16, b) in these compounds is inherently unstable, nevertheless,

it can be stabilised by the coordination to a transition metal.

26



I. Introduction

a) b)

i
Mo
||+
1.
i
By

46a 46b 47

Figure 16 a) Resonance forms of allenylidene metal complex 46; b) propadienylidene unit 47.

Many examples of Ti-, Fe-, W-, Pd-, Os-, Au-, Ru- etc. allenylidene (Cs; fragment) and
longer homologs (C4-Cs fragments) have been prepared to date.’™ The standard synthetic
methods for allenylidenes’ synthesis involve use of vinylidene or propargyl precursors.
Features such as rigid linear structure and characteristic bands corresponding to C=C=C
stretching frequencies in the infrared spectra are reminiscent of the classic cumulene systems.
On the other hand, solid state parameters determined for this class of compounds are quite
distinct from typical allenes or allene-metal complexes. For example, C(1)-C(2) and C(2)-C(3)
bond distances lay outside typical double bond region thanks to possible resonance forms of
46. The carbene character of C(1) is supported by M-C(1) bond lengths typically found in a
1.806-2.185 A range. C(1) is also the most deshielded carbon atom of the Cs skeleton
according to *C NMR analyses and common site of nucleophilic attacks. Some examples of

allenylidene complexes with their crystal structures are shown below (Figure 17).7":78l
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Figure 17 Examples of cationic allenylidene complexes: a) Au-48a;l’"l b) Pd-48b.[78]
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Il. Aims and objectives

The aim of the study presented in this doctoral thesis was to explore the use of allene-based
compounds as novel ligands for transition metal complexes and investigate the applications of

resulting organometallic systems. Figure 18 illustrates the main project objectives.
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synthesis of ligands synthesis of metal complexes applications

Figure 18 Project objectives (LB — Lewis base).

The first stage of the project encompasses the synthesis of tetrasubstituted allene
ligands equipped with two donor-type substituents in a 1,3-relationship. These Lewis-basic
groups are designed as primary sites of interaction with metals, contrary to the allene-metal
complexes where the allene double bonds are coordinated to metals (see Section | b.). The
allene group used as backbone of the ligand has an important structural role that determines
the geometry of the ligand and can be a source of chirality in the system. Such arrangement
creates a special pocket within the ligand ready to accommodate a metal centre. Donor
substituents could be heteroatom-based groups such as phosphines or amines directly bonded
to the allene or alternatively a donor site could be a part of cyclic substituent (inside the ring
like nitrogen atom in the pyridine or on the ring like the methoxy group in anisole). Throughout

this work, terms “allene-based” or “allene-containing” ligands refer to this ligand architecture.

The behaviour of allene-based ligands in the presence of metals is investigated in the
second stage of the project. The successful ligand candidates are envisioned to act as
bidentate or tridentate (with allene participation) chelate systems that could increase the
stability of challenging metal centres in the new complexes. One of the biggest challenges in
the synthesis of allene-containing metal complexes is the susceptibility of the allene group to

undergo intramolecular nucleophilic attack of one of its Lewis basic groups promoted by the
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presence of a metal. This can result in a loss of crucial allene-supported backbone and thus
the nucleophilicity of the substituents and the character of the metal centre have to be
adequately adjusted. The steric bulk of the remaining groups around the allene core could
increase the stability of the ligand. Full characterisation of all new allene-derived metal species

will follow.

Finally, in the last stage of the study allene-derived metal complexes are investigated
for their potential applications. Unique structural features of the new compounds such as C;
symmetry of the allene make them interesting candidates for applications in catalysis.
Additionally, interesting 3D geometries and the dual character of these new organometallics,
present them as candidates for metal-based drugs as the interactions with intracellular targets
needed to realise their biological action could stem from both the presence of the metal centre
as well as the allene core. As seen before in Section | a. the mechanism of action of most
pharmacologically active allene compounds is attributed to their reaction with nucleophilic
residues in the cell that undergo addition to the allene skeleton. These studies can help to
uncover the structure-activity relationship of the new compounds, in particular the influence of

the ligand substitution pattern, complex stoichiometry or symmetry.

29



l1l. Allene-containing ligand candidates

Il Allene-containing ligand candidates

[Il a. Introduction
Il a. 1. Synthesis of allenes

The wide adoption of the allene functionality as a common element in the organic chemist’s
toolbox was accompanied by the rapid development of many methodologies for allenes’
synthesis in recent decades.[*7981 A brief overview of major synthetic approaches for the
synthesis of allenes from alkenes and alkynes including all classic reaction types will be given
here, with a particular emphasis on methods used for the synthesis of tetrasubstituted allene-
based ligand candidates. Methods where allene or allenyl-compounds are used as substrates
are not covered. For the discussion on the enantioselective synthesis of allenes, see Chapter
VII.

- Rearrangement reactions

Thermal or base-induced prototropic rearrangement of terminal or internal alkynes readily
yields mono- or disubstituted allenes, respectively (Scheme 3, a). Allenes with a variety of
different substituents can be accessed by this method.®?-8 Sigmatropic rearrangements are
also widely used in the synthesis of allenes. [3,3]-sigmatropic reactions such as Claisen-,
Cope- or metal-catalysed rearrangements of propargyl substrates have been used in the
synthesis of allenyl carbonyl compounds in particular (Scheme 3, b).B=3 Similarly, [2,3]-
sigmatropic rearrangement of propargyl sulfenates, sulfinates or phopshites is a good method
for a generation of heteroatom-substituted allenes in a concerted manner (Scheme 3, c).[%°7
Different type of rearrangements, for example, Doering-Moore-Skattebdl carbene
rearrangement of gem-dihalocyclopropanes with alkali metals, alkyllithium or Grignard

reagents can also be used for the synthesis of allenes (Scheme 3, d).[?&-100

30



l1l. Allene-containing ligand candidates

2
a) _ base o b) _ R o=
— — —/ R?
R R o -, }
R2 >—: <
RI-—— _base —— R
R? R!
/
0o=Ss X
\ 3 . R
0 R*-S0, R gx RLi RL A > —
Re—= —~ == D T 7
R2 R1 R2 R? R? R2
X = halogen

Scheme 3 Rearrangement reactions to make allenes: a) prototropic rearrangement; b) Claisen
rearrangement; c) [2,3]-sigmatropic rearrangement; d) Doering-Moore-Skattebdl carbene
rearrangement.

- Homologation reactions

Common methods for a double bond formation such as Wittig or Horner-Wadsworth-
Emmons reactions can be applied to the synthesis of allenes.['1%2 But perhaps the most
widely used homologation method is the Crabbé reaction, where terminal alkynes are
converted to monosubstituted allenes under Cu-catalysis (Scheme 4, a).1%%1% The original
method of reaction of acetylenes with paraformaldehyde in the presence of amine has been
extensively developed, in particular by the Ma group, to make a use of other carbonyl
compounds such as other aldehydes and ketones to access di- and tri-substituted products
(Scheme 4, b).[105.106]

a) b) Q
(CH;0), zk 5 R®
1 2 RZ,NH 1 2 3 i — R R L :<
R'— —— — |
[Cu()] R4_ [cat] R4_ R?

Scheme 4 Homologation reactions to make allenes: a) Crabbé reaction with paraformaldehyde; b)

homologation with aldehydes and ketones.

- Substitution reactions

This class of reactions is one of the most common ways to access the allene functionality,
especially when fully substituted allenes are needed. Substitutions resulting in an allene
formation proceed through Sn2° mechanism and are mainly used with 2-halo-1,3-
butadienes*®"1% and propargyl compounds*®*-14 starting materials. Reaction of the former

and related 2-substituted 1,3-butadienes such as 2-phosphates can proceed through already
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mentioned Sx2' mechanism or in competing Sx2 manner (Scheme 5, a).[12113 The selectivity
of the reaction is highly dependent on the reaction conditions. Grignard reagents and soft
carbon nucleophiles under Cu and Pd catalysis have been employed to promote the Sy2’-type
transformations.[*'41% |n the case of Pd catalysis, the cycle is believed to proceed through the

key intermediate (alkylidene-tr-allyl)Pd 49 complex (Scheme 5, b).[7]
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ﬁ/\ Pd(0 ﬁ/* fu» \:i

Scheme 5 Substitution of 2-halo-1,3-butadienes: a) competing pathways; b) schematic of Pd-

catalysed Sn2’ reaction.

Even more extensively studied and perhaps the most common methodologies are the
substitution reactions on propargyl compounds. The competition between the two substitution
modes, Sn2’ vs Sn2, can also be observed (Scheme 6, a). One of the first examples of this
method was the reaction of propargylic esters with stoichiometric organocuprates (e.g.
R2CuLi).'1® The methodology was later extended to other starting materials such as propargyl
triflates, mesylates, oxiranes, sulfonates or halides.!*’11% The reaction is postulated to
proceed via o-Cu(lll) species 50 that releases the allene product upon reductive elimination
(Scheme 6, b).*2% The scope of the nucleophiles also increased to include Grignard or

organozinc reagents,[121-123l
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Scheme 6 Substitution of propargyl compounds: a) competing pathways; b) mechanism of reaction
with organocuprates.

Further developments saw the Cu(l)-mediated reaction refined to the catalytic version often
with improved yields and selectivities.[*?4125 Other metals have also been reported to catalyse
this transformation. From them, Pd is nowadays the most commonly employed transition metal
in catalytic Sn2’ nucleophilic substitutions of propargyl compounds with some examples of Ni-
, Fe- or Ir-catalysis.[+81.126-129] Sypstrate scope includes propargyl electrophiles equipped with
leaving groups such as: esters, halides, carbonates, sulfonates or epoxides. A range of
various, often organometallic, nucleophilic partners has been used with good results. For

example, Grignard, organozinc, organoboron or organoaluminium reagents have been used.

The reaction mechanism can generally be viewed as an electrophilic activation of the triple
bond by the Pd catalyst towards the formal Sy2’ attack of nucleophiles (Scheme 7, a). In more
detall, it can be described as a Pd(0)/Pd(ll) catalytic cycle resembling that of classic cross-
coupling reactions, in particular with organometallic nucleophiles. The cycle is postulated to
proceed via (og-allenyl)Pd(ll) intermediate 52a derived from oxidative addition of Pd(0) species
to propargyl electrophile 51 (scheme 5, b).[:3%131 |n this step, the propargy! unit rearranges to
the allene skeleton in a Sny2' manner. Subsequent transmetallation with the organometallic
reagent and reductive elimination releases the substituted allene product 53 (Scheme 7, b). In
fact, cross-coupling reactions can be distinguished as another sub-category of allenes’

synthesis methods. 1327134
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Scheme 7 Pd-catalysed Sn2’ substitution of propargyl electrophiles: a) general reaction scheme; b)

postulated catalytic cycle.

Additionally, reduction of propargyl electrophiles with hydrides (LiAlH4, DIBAL-H etc.)
and some transition metal catalysed reductions are known to proceed via Sy2' mechanism
(Scheme 8).1135.136]

LiAIH,
R R3 or 1 H
O: / - ( DIBAL-H
— _ >
R2 R3

OH R?
Scheme 8 Reduction of propargyl electrophiles with hydrides to make allenes.

- Addition reactions

Addition of organocuprates to conjugated enynes is a standard method for the synthesis
of allenes (Scheme 9).12371381 The anticipated 1,6-regioselectivity is normally favoured by the
presence of EWG substituents at the double bond of the substrate, whereas their presence on
the triple bond usually leads to a 1,4-addition pathway resulting in formation of conjugated
dienes. Allene-forming 1,8-, 1,10- or even 1,12-cuprate additions to extended enynes have

been reported. 39
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Scheme 9 1,6-Organocuprate addition to conjugated enynes to make allenes.

Another popular variant of the reaction is the transition metal catalysed 1,4-addition to
conjugated enynes (Scheme 10, a). Common methods include Pt-, Ni-, Rh-, Ru- or Pd-
catalysed additions of hydrosilanes or hydroboranes yielding allenyl silanes and allenyl
boranes, respectively (Scheme 10, b).*4-1431 1 4-additons can also occur in an intramolecular

manner affording functionalised allenes.™*4

a)
1,4-additi ——e—— e
- // + X=Y —»a ton Xh >and/or Y/— >
— [cat.]
Y X
b)

R23Si
. [cat.] i
= /bR e =

[cat.] = Pt, Ni, Rh, Ru, Pd

Scheme 10 1,4-Addition to conjugated enynes to make allenes: a) general reaction scheme; b) metal-

catalysed addition of hydrosilanes.
- Elimination reactions

1,2-Elimination reactions are another good method for the synthesis of allenes (Scheme
11).451 Highly substituted allenes can be accessed this way, for example, by
dehydrohalogenation or dehydration of vinyl or allylic starting materials. Base- and metal-

promoted reactions have been reported in that regard.[146-14¢]

X

3 R?
R1 _ R R4 -XY . R3
R? R®
RZ Y

Scheme 11 1,2-Elimination of olefins to make allenes.

lll a. 2. Synthesis of allene-containing ligands

This section describes allene-containing ligands with general structural features outlined in the

project objectives section (page 28). These allenes are equipped with donor-type substituents
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used for binding to metals and the allene core provides the general shape of the ligand. A small

number of reported allene-containing ligands that emerged since 2008 are presented below.

In the majority of examples, the authors followed very similar synthetic strategy to
generate their respective ligands. Typically, tetrasubstituted allenes were formed in the Sy2’-
substitution on propargylic electrophiles. Thus, the first example of the synthesis of axially
chiral ligands for transition metal complexes based on the allene backbone was reported by
Krause group.**® The authors chose bis(pyridyl)allene as the key motif for the ligand’s design
and successfully synthesised several derivatives corresponding to the general structure 58
(Scheme 12). The key step of the synthesis, Sn2’-displacement, was achieved either by
reaction with t-butylcuprate or phenylzinc reagents under Pd-catalysis. Starting materials for
this transformation were obtained by esterification reaction of tertiary propargyl alcohols,
initially synthesised by addition of lithium acetylides to pyridyl ketones (Scheme 12).
Additionally, the synthesis of an enantioenriched bis(pyridyl)allene derivative was achieved
from enantiomerically pure ester (ee = 99%), obtained by HPLC separation of the precursor
propargyl acetate. Bis(t-butyl)derivative 59 was characterised by X-ray crystallography
(Scheme 12) and displayed the two pyridyl units supported on the allene skeleton with nitrogen

atoms facing away from the anticipated metal-coordinating pocket.

Li 0 tBuCu( CN)l 1
=
X R S PhznCl, [Pd]ca(
| + | —
N N__=
2 =
54 55 56 R “ 58 R' = Ph/Me/(Bu
57R?= R3 = Bu/Ph

59 R*=R'=tBu

Scheme 12 Synthesis of bis(pyridyl)allenes and crystal structure of allene 59.[149

A range of optically active mono- and bis(phosphine oxides) supported on an allene
framework was prepared utilising a similar synthetic approach by Ready and co-workers.[*%%
Asymmetric addition of terminal alkynes to the corresponding ketones or resolution of racemic

tertiary alcohols followed by acylation furnished optically active starting materials 60 for Sn2’-
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substitution with organocuprate or arylzinc halides reagents. The resulting tetrasubstituted
allenes 61 were subsequently treated with tBuLi and diarylchlorophosphine oxides to form final

products 62 (Scheme 13, a). These allenes were used as organocatalysts in an asymmetric

epoxide ring opening reaction.

a)

OAc
R? or

MeMgBr/Cul/LiBr

P tBuLi/CuCN
/
R1

PhMgBr/ZnCl,

[Pd]cat

60 R" = H, Br (70-85% ee)

o]
Br [l
R3 tBuLi R4/F"

R4

. CIP(O)R* 2

2 R m— .
R R?
1
R R

61 R® = Me, Bu, Ph (67-71% ee) 62 R'=H, -P(O)R*,
R* = Ph, 4-Me-CgH,,4-CF3-CgH,,
3,5-Me,-CgH3, 3,5-(CF3),-CgHs
(up to >99% ee after recrystallisation)

OAc Br RoP
‘,, / tBuLi
fBULI/CUCN " CIPR, .
tBu

0 tBu
\ S' PR
pTol \pTol 2
63 (single diastereomer, ee not given) 64 (single diastereomer) 65 R = 3,5-(CF3),-CgH3
(>99% ee after recrystallisation)
O
c) PhyP thl‘a‘
;@ [0] ;@
tBu
PPh, PPh,
[l
)
66 (optically enriched) 67 (racemic)

Scheme 13 Allene-containing ligands from Ready’s group: a) synthesis of mono- and bis(phosphine

oxide)allenes; b) synthesis of phosphine allenes; c) rapid oxidation of phosphine allenes.

The same authors continued their work on phosphorus-based allene ligands in
asymmetric catalysis, switching their attention to allene-containing phosphines (65) (Scheme
13, b).*5Y Starting material 63 was prepared by stereoselective addition of lithiated acetylene
to the ketone containing sulfoxide group with a fixed stereochemistry acting as a chiral auxiliary
and then acylated.’® The key feature in the subsequent synthesis from the single
diastereomer of acetate 63 was the presence of electron-withdrawing groups on the
phosphine. This electronic arrangement played a pivotal role for the stability and
stereochemical integrity of the ligand. Successful generation of enantiomerically pure ligands

such as 65, having highly electron-accepting substituents on phosphorus, was possible
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whereas derivatives such as 66 underwent prompt oxidation to 67 (with racemisation) upon
exposure to air (Scheme 13, c). This was a strange observation considering the stability of
other triaryl phosphines. The authors conducted a separate study investigating the cause of
this unusual oxidation.!*>® They proposed that a phosphine group in the ligand can cyclize onto
the allene core giving an achiral zwitterionic phosphonium species that is easily oxidised with

molecular oxygen.

The Fensterbank group chose an alkyl-tethered phosphine oxide moiety as a principal
donor site in the design of their ligands and consequently carried out the synthesis of several
allenes with described characteristics in a typical Sx2’° manner (Scheme 14).1% Tertiary
alcohol precursors were obtained by somewhat different synthetic route to the previously
described, namely, by the addition of lithium methyldiphenylphosphine oxide 69 to ynones 68.

1. 0 R2MgX/Cu, LiBr
Il
Li P OAc or _

o ~ |\Ph //O 5 R2 Ph,P =Y

/J\ 69 Ph P R°ZnCl, [Pd]cat :J

P Ph ————————> g Ph Ph; >:

R1 / 2. ACZO R1 / R1 Fh

68 R = 2-pyridyl, Ph 70 71 R? = 2-(OMe)-CgHy,
2-thienyl, Ph

Scheme 14 Fensterbank’s synthesis of (phosphine oxide)allenes.

Allene-containing ligands have also been synthesized by methods other than Sn2’-
displacment. An early example comes from the McGlinchey group, studying fluorenylidene-
containing allenes and derivatives. The authors described the synthesis of phosphine- and
phosphine oxide(fluorenyl)allene ligands 74 and 76, where the phosphorus atom is directly
bonded to the allene (Scheme 15). Both compounds were prepared from propargyl alcohol 72,
the former via bromoallene 73 and the latter via [2,3]-sigmatropic rearrangement of
intermediate 75.
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74

HBr O Br 1 nBuli O PPh
—.HOA ’ o= - - ’ .:< 2
) e SN

Scheme 15 Synthesis of mono-phosphine and phosphine oxide(fluorenyl)allenes and crystal
structures of 74 and 76.11%

Somewhat similar strategy was later used by the same group to obtain bis(phosphine)-
and phosphine(phosphine oxide)allene ligands 80 and 84 (Scheme 16).1%¢! The formation of
80 was proposed to proceed via stabilised 141-electron aromatic intermediate 79 resulting
from the elimination of the silyl group from the preceding allene intermediate 78 (Scheme 16,
a). While 84 was formed after initial [2,3]-sigmatropic rearrangement of 82 followed by the

deprotonation of 83 and attack on another Pho.PCl molecule (Scheme 16, b).
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a)
Br O O
: Ph,PR
>:. . 1. nBuli Ph2 ~ -Me;SiCl (\ 2 .
o, “Megottl —.
MesSi 2. Ph,PCI . PhoP—— @ 7 php
Me3S| O '/- 2
Pth O
77 79 - 80
b) _
(2 O £ Q P ()
Et;N Et;N > ) .
rads Q O S0

81 83 84

Scheme 16 Proposed mechanism for the synthesis of: a) 1,1-bis(phosphine)allene 80; b) 1,1-
phosphine(phosphine oxide)allene 84.

The last reported example was proposed by Fensterbank and co-workers in 2016 and
also featured a bis(phosphine)allene design with phosphines placed directly onto the allene
skeleton.*5”1 The authors took advantage of an older report'® to readily access 1,3-
bis(phosphine)allene 86 in a one-step reaction from alkyne 85 via prototropic rearrangement
(Scheme 17).

Ph
Ph 1. nBuLi 2.0 equiv. Ph
/\ > >:.#
Ph 2. PPh,PCI 2.0 equiv. Ph,P PPh,

85 86

Scheme 17 Synthesis of 1,3-bis(phosphine)allene 86.

Il b. Results and Discussion

We started the synthesis of a series of allene-containing ligands with the selection of initial
synthetic targets and fitting preparative approaches. Relevant literature review (see also
Section IV a.) demonstrated that the most successful complex-forming allene ligands where
equipped with nitrogen (pyridines) and phosphine donor units. What is more, the allenes
needed to be at least tri- but better yet tetrasubstituted and the remaining substituents on the

allene backbone tended to be quite bulky, e.g. t-butyl or phenyl groups.

As the starting point, we attempted the reproduction of some of the results from the

cited studies with a rationale that the complexation properties and applications of some of the
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reported ligands had been very limited. Consequently, we chose Krause’'s
bis(pyridyl)allenes™*® as the main synthetic objective with some attention paid to
bis(phosphine) ligands reported by Fensterbank group.*>”1 Based on the insights gained from
these initial attempts, we followed with the synthesis of unprecedented allene-containing

ligands.

lll'b. 1. Bis(pyridyl)allenes

The synthesis of bis(pyridyl)allenes postulated by Krause began with the addition of lithiated
alkynyl(pyridines) to pyridyl ketones. When unsubstituted (alkynyl)pyridines were used the
overall efficiency of the synthesis decreased, therefore a methyl-substituted pyridine derivative
was employed.*?1 This methyl group also seemed necessary to increase the stability of the
final allene structures. Thus, we prepared 6-methyl-2-ethynylpyridine 88b from commercially
available bromopyridine 87 and TMS-acetylene in a Sonogashira cross-coupling reaction. The
deprotection of TMS-protected intermediate 88a afforded compound 88b with overall 90%
yield over the two steps (Scheme 18, a).

a)
™S ™S
X B Pd(PPh;),Cl, (5 mol%) // //
‘ N Cul (10 mol%) ‘ S TBAF 1.2 equiv. ‘ ~N
— [
N N
NEts, 50 °C = CH,Cl,, rt =
87 88a (91%) 88b (99%)
i i
R cl AN R
b) 2.0 equiv. ‘ _N
X 89a R = tBu (40%
n-BuLi 1.1 equiv. aR = Bu (40%)
_N R o 89b R = Ph (24%)

THF, -78°Ctort

(0]
87 1.05 equw
Q}\ [O] Q)‘L

91a R = tBu (>99%) 89a R = tBu, [O] = DMP, (77%)
91b R = Ph (>99%) 89b R = Ph, [0] = MnO,, (>99%)

Scheme 18 Synthesis of pyridyl: a) acetylene 88b; b) ketones 89a-b.

Pyridyl ketone derivatives were synthesised next. The choice of the second substituent
on the ketone determined one of the substituents in the final allene product. Initially, we tried

one-step protocol with the addition of 6-methyl-2-bromopyridine 87 reacted with n-BuLi
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(lithium-halogen exchange) to the corresponding acid chloride.>® The displacement of the
chloride yielded desired t-butyl- (89a) and phenyl- (89b) ketones, albeit in moderate yields
(Scheme 18, b). Despite the fact that in both cases an excess of the acid chloride was used,
the double addition of the pyridyl unit that formed tertiary alcohol 90 was occurring
competitively. Also, products of the n-BuLi attack on the carbonyl were observed. Isolation of
the pure products was thus hampered by the resulting complex reaction mixtures. To overcome
the disadvantages arising from this approach, we shifted our attention to a very similar yet two-
step method.l*¢° This time, lithiathed pyridine was added to the corresponding aldehyde and
we observed quantitative formation of pyridyl alcohols 91a-b. Secondary alcohols 91a-b were

readily oxidized with DMP151 or MnO,!*¢2! to the corresponding ketones 89a-b (Scheme 18, b).

The synthesis of the propargyl alcohols followed. Alkyne 88b was deprotonated with n-
BuLi solution and reacted with the two previously synthesised ketones and additional
commercially available methyl ketone 89c. The formation of congested tertiary alcohols 92a-c
proceeded with difficulty even under refluxing conditions (Scheme 19, a). We tested an
alternative strategy to access 92a-b next. The challenging tertiary centre was formed first with
the addition of smaller Grignard nucleophile, ethynylmagnesium bromide, to the ketone in
excellent yield (Scheme 19, b, 93a-b). Afterwards, we introduced the second pyridyl group in
a Sonogashira cross-coupling affording 92a-b in higher yields.

a)
\\ 1. n-BuLi 1.1 - 1.5 equiv.
= THF, - 78 °C
N ‘ 2. o
AN
88b _N 92a R = Bu (36%)
0,
89a-c 1.05 - 1.1 equiv. 92b R = Ph (50%)
0, 0,
b) THF, - 78 °C to reflux 92c R = Me (54%, conv. 85%)
OH
Q ——MgB OH NN )
— gBr R Z ‘ \\
N R 1.5 equiv. = 87 2.0 equiv.
equiv. ‘ \\ ~_ N = ‘
~N THF, 0 °C to reflux XN Pd(PPh3),Cl, (5 mol%) N
Cul (10 mol%)
NEt;, rt
89a-b 93a R = tBu (98%) 92a R = tBu (80%)
93b R = Ph (96%) 92b R = Ph (63%)

Scheme 19 Synthesis of bis(pyridyl)propargyl alcohols 92a-c by addition of: a) litihiated acetylene;
b) Grignard reagent.

The esterification of the resulting bis(pyridyl)alcohols was similarly challenging. The

reported conditions of the reaction with sterically hindered substrates®**® and acetic anhydride
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catalysed by DMAP or zinc salts resulted only in modest conversion of the starting material
92c. What is more, the main product seemed to be ketone 95 formed by a rearrangement of
the alcohol (Scheme 20, a). Subsequently, we tested more reactive coupling partners. Use of
a DMAP-catalysed esterification method developed for structurally similar pyridine N-oxides
with benzoyl chloride!*¢®! modified to the use of acetyl chloride, however, resulted in only partial
conversion to the ester 94. Complete conversion was crucial in that particular reaction as
alcohol/ester mixture was practically inseparable. Fortunately, when we used benzoyl chloride

the corresponding benzoate ester 96¢ was formed in good yield (Scheme 20, c).

a)  Ac,0, ZnBr, OAc o
0,
oH neat, 75 °C = | \\ % N =
N = \
‘ >~ N N~
= ‘ N b) AcCl, N
N _ DMAP, NEt,
N < ‘ DCE, rt-50 °C 94 (conv. up to 50%) 95
0,CPh
92¢ )| pncoci
DMAP, NEt,
CH,Cl,,
0°Ctort

96¢ (73%)

Scheme 20 Optimisation of esterification conditions for alcohol 92c.

The same conditions were applied to the remaining alcohols and gave esters 96a and
96b in 74% and 83% vyield, respectively (Scheme 21).

OH PhCOCI 1.5 equiv. 0,CPh
R DMAP (10 mol%) R
X NEts 1.5 equiv. X
\ CH,Cl,, 0 °C to rt |
N N
92a-b 96a R = (Bu (74%)

96b R = Ph (83%)
Scheme 21 Esterification of alcohols 92a-b.

Resulting esters 96a-c were direct precursors to the allenic target molecules. The key
step in the synthesis was thus Pd-catalysed substitution**°! on propargyl benzoate esters with
an organozinc nucleophile, phenylzinc bromide. The latter is initially prepared from the
Grignard reagent phenylmagnesium bromide and ZnBr,. The success of the reaction requires
highly anhydrous conditions and the use of thoroughly dry zinc salt. Additionally, the

temperature range and reaction times had to be optimised for each substrate to achieve an
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optimal yield of the allenic product. Consequently, we obtained three derivatives of

bis(pyridyl)allenes (97a-c); allene 97c has not been previously reported (Scheme 22).

0,CPh PhMgBr 4.0 equiv.

R
ZnBr, 4.0 equiv. . Ph
| R Pd(PPhs), (5 mol%) N
x N T N
N /
N | THF \
96a-c 97a R = {Bu (42%)

97b R = Ph (54%)
97¢ R = Me (38%)

Scheme 22 Synthesis of allenes 97a-c in Sn2’ reaction.

We serendipitously discovered that some of the bis(pyridyl)allenes exhibit some
fluorescent properties. Specifically, we characterised the fluorescent behaviour of allene 97b
(Figure 19). We detected that 97b has a strong absorption band between 250 — 350 nm (Figure
19, a). We observed the strongest fluorescence emission at 530 nm in the visible range when
97b was excited at 281 nm (Figure 19, b). We did not pursue the utilisation of this phenomenon
much further in the project, however it proved quite useful in the future coordination studies.
The visible loss of fluorescence of the bis(pyridyl)allene solutions was usually a sign of reaction
completion in reactions with metal salts, as allene-derived metal complexes (from either class,

see Chapter 1V) were not fluorescent.

a) b)
11 4
A s Aex = 281 nm Aem = 530 nm
0.9 3 1.00 ——excitation
@ —
R - —emission
© £os0
a 074 :
S s
2 0.6 Sow
g 05 [
-
: 04 4 3 040
£ 2°
o 03 ©
z 0.2 EO.N
o
0.1 4 4
0 0.00 ~
250 300 350 400 450 500 550 600 250 300 350 400 450 S00 550 600 650
Wavelenght [nm] Wavelenght [nm]

c)
uv
s

Figure 19 UV-Vis characterisation of bis(pyridyl)allene 97b: a) absorbance spectrum (0.05 mM in
DMSO) b) normalised fluorescence intensity (0.05 mM in DMSO) c) solution of 97b in CH2Clz under
UV light.
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Il b. 2. Bis(phosphine)allenes

One of the previously discussed allenic ligands, namely, bis(phosphine)allene 86, seemed to
be of interest as the next synthetic target. First of all, preliminary studies carried out by
Fensterbank and co-workers revealed that this ligand readily forms complexes with metals
such as Pd(ll), Pt(Il) or Au(l) (see Section IV a.).}*" Secondly, the two-step synthesis of
compound 86 rendered it very accessible. We decided to prepare 86 to study its extended

coordination properties and novel applications.

We attempted the preparation of 86 according to a reported procedure.>" Firstly,
Sonogashira cross-coupling reaction of commercially available 3-phenyl-1-propyne 98 and
iodobenzene quantitatively yielded alkyne 85.12%4 Then, the latter was reacted with 2 equiv. of
n-BuLi and chlorodiphenylphosphine (Scheme 23).

Phl 1.3 equiv.
Pd(PPh3),Cl, (2 mol%) 1. n-BuLi 2.0 equiv.
i Ph
Cul (4 mol%) 2. PPh,CI 2.0 equiv.
\\ \\ >:-iph
Ph PPh;
NEt;, 30 °C THF, -78°C tort Ph,P
98 85 (>99%) 86 not isolated

Pd(MeCN),Cl, 1.0 equiv.
PhMe, 80 °C, 4h

Ph

>: #Ph Ph
PPh, >:j\
Ph,P S * PPh,
2 Ph,P /i
Pd__ 2 o
CI/ Cl o
99 100

Scheme 23 Attempted synthesis of bis(phosphine)allene 86.

The isolation of pure allene 86 proved to be very challenging. The proposed method of
purification, recrystallisation from the mixture of water and ethanol as well as other solvent
mixtures were unsuccessful, as was purification by column chromatography. However, the
analysis of aliquots of impure reaction mixture suggested that the allene product was formed
as determined by the characteristic peak of the central allene carbon atom at over 200 ppm in
the 3C NMR spectrum. Unfortunately, the 3P NMR analysis indicated that the product
contained phosphine oxide moieties rather than phosphine groups, suggesting formation of a
100-type product. Contrarily to the reported properties of compound 86 it appeared to be rather
air unstable. We subsequently tried in situ formation of a complex to avoid the oxidation of
bis(phosphine)allene 86 during the work-up (Scheme 23). To test this approach we chose the
already reported Pd(Il) complex 99. After the allene formation step, 1 equiv. of Pd(MeCN).Cl»

was added to the crude reaction mixture kept under inert atmosphere. Heating at 80 °C in
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toluene followed, and postulated air stable complex 99 was isolated by recrystallisation.
Nevertheless, the resulting solid was found (NMR and mass spectrometry analyses) to contain

the bis(phosphine oxide)allene 100 as the main component with only trace quantities of 99.

It seemed that highly anaerobic conditions would be necessary to avoid rapid oxidation
of allene 86. Combined with the difficulty in handling, 86 became less attractive in terms of
envisioned applications. Unless the design was altered, for example, by placing more electron
accepting groups in the phosphine moiety to thwart the oxidation, the ligand seemed to be

unsuitable for further use and was not investigated further.

Il b. 3. Bis(thienylallenes

As the next ligand candidate we chose the general structure of bis(thienyl)allene 101 (Figure
20). Their use as ligands for transition metal complexes has not been reported to date. Tailored
particularly for Au complexation, the choice of sulphur-based substituents for the ligands was
supported on well-known Au-S affinity, which could promote effective coordination. We argued
that similarity between thiophene and pyridine rings would allow for the synthesis of

bis(thienyl)allenes in a manner related to already optimised route for bis(pyridyl)allenes.

Figure 20 General structure of bis(thienyl)allene 101 ligand.

We firstly attempted the synthesis of 101 derivatives via previously used synthetic route
beginning with the addition of lithiated ethynylthiophenes to thienyl ketones. Consequently,
ethynylthiophenes 102-103b were prepared from corresponding iodothiophenes in the
Sonogashira cross-coupling reaction with TMS-acetylene followed by TBAF deprotection
(Scheme 24).[155]

= TMS
Pd(PPhs),Cl, (1 mol%)
S I Cul (1 mol% _——™S " 1BAF 1.2 equiv S =
RU Ul (4 mol%) R\ 7 it R -
./ NEty, rt \ CH,Cl,, rt \
102a R =H (93%) 102b R = H (86%)
103a R = Me (>99%) 103b R = Me (99%)

Scheme 24 Synthesis of thienyl acetylenes 102-103b.
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In the following step, alkyne 102b was subjected to deprotonation with n-BuLi base and
reacted with commercially available metylthienyl ketone 104a under standard conditions (THF,
- 78 °C, Scheme 25, a). However, the expected propargyl alcohol product 105a was not
formed. Instead, we recovered the starting materials together with the product of n-butyl
addition to the ketone (106). The same reaction carried out at - 40 °C gave very similar result.
This time, we observed one more product in the resulting mixture which suggested that in fact
deprotonation of 102b might have occurred but in the 5-position of the thiophene ring and not
in the acetylenic proton. NaH base was tested in the same reaction to prevent the ambiguous
deprotonation and the attack of the base on the carbonyl of the ketone. An initial experiment
of deprotonation of 102b with sodium hydride gave promising result when quenching with DO
showed clear incorporation of deuterium in the acetylenic position. Nevertheless, when we

reacted 102b with the ketone only starting materials were recovered (Scheme 25, b, c).

HO
a) 1.n-BuLi1.2 equiv. HO

THF, - 78 °C or - 40 °C
-~ nBu

2. 104a, brought to rt N s / N

1 b) |1. NaH 1.5 equiv. 105a not isolated 106
THF, 0°C

=

4

s
2 5
\ / 2.104a,0°Ctort
3 4

102b  ©) |1.NaH 1.5 equiv.

DMF, 0 °C

2.104a, 0 °C to 60 °C

d) HO
1. n-BuLi 1.2 equiv.

\ S
3 THF, -78°C to 0 °C =
\@/ s R = ~ /
.- tort \§ S 5
)

0]
103b S 105b (25%

\

104a
Scheme 25 Synthesis of propargyl alcohols from alkyne: a-c) 102b; d) 103b.

We expected the reaction with alkyne 103b to be more straightforward as its potential
site of unwanted deprotonation was blocked with a methyl substituent. However, when reacted
with n-BuLi and ketone 104a at - 78 °C only unreacted starting materials were isolated. In turn,
when during deprotonation the reaction was allowed to warm to 0 °C the alcohol product 105b

was formed to some extent (Scheme 25, d).

As the addition of (thienyl)acetylenes to ketones proved to be quite problematic and
inefficient we subsequently tried the alternative Grignard addition to ketones, because that
approach had given better results in the case of pyridine analogues. The reactions were carried

out with commercially available ketones 104a-b and synthesised 104c (Scheme 26). We could
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not access 104c by the lithiation of the bromothiophene 107 followed by addition to
benzaldehyde as that gave a complex reaction mixture (Scheme 26, a). Instead, reaction of
thiophenecarboxyaldehyde 108 with a Grignard reagent yielded alcohol 109 that was then
converted to ketone 104c in quantitative yield (Scheme 26, b).

a)
1. n-BuLi 1.1 equiv.

s
BT THE -78°Ctort
\ /
2. PhCOH, - 78 °C to rt
OH o

07, s MnO, s
s \ / Ph T ehClp it \ Ph
H
\ / PhMgBr 1.2 equiv.
109 (70%) 104c (>99%)
108 THF, 0°C to rt
b)

Scheme 26 Preparation of thienyl ketone 104c from: a) bromothiophene 107; b) thienyl aldehyde 108.

Addition of ethynylmagnesium bromide in refluxing THF to ketones 104a-c readily
afforded tertiary alcohols 110a-c (Scheme 27). Subsequent Sonogashira coupling resulted in

successful isolation of a series of bis(thienyl)alcohols 105a-d with different substitution pattern.

R® S
\ X
(0] go /)
S — M R
fe— gBr 4 .
\ / R2 S § R* 2.0 equiv.
; THF N\ \ Pd(PPhj),Cl,, Cul
R 0 °C to reflux R! NEts, rt
104a-c 110a R'=H, R? = Me (67%) 105a R, R%, R*= H, R = Me (71%)
110b R' = H, R? = Ph (97%) 105b R', R* = H, R2, R® = Me (71%)
110c R' = Me, R? = Ph (77%) 105c R', R3, R* = H, R? = Ph (84%)

105d R®= H, R? = Ph, R, R* = Me (42%)
Scheme 27 Two-step preparation of bis(thienyl)propargyl alcohols 105a-d.

Surprisingly, the esterification conditions with PhCOCI established for the pyridine
analogues of 105 appeared to be unviable in the next step (Scheme 28, a). Next, we tried the
conditions of DMAP-catalysed coupling with acetic anhydride, unfortunately replicating the
results of the previous experiment (Scheme 28, b). In light of the unsuccessful esterification
attempts, we tried to transform the alcohol into some other leaving groups. However, DMAP-
catalysed reaction with tosyl or less bulky mesyl chlorides®® did not afford expected
substitution products (Scheme 28, c). Although we observed full conversion of the starting

material, isolation of expected product 111 was not achieved. On the other hand, carrying the
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reaction at 0 °C instead of room temperature in order to avoid any competing transformations

of the forming product completely retarded the substitution.

) phcocl, DMAP, NEY,
b) Ac,0, DMAP, Py
HO LG
c) o
s =__ TsCIIMsC, DMAP, NEt s =__ SN\ S
S S /
g 9 PBr3 R
105aR'=H 11 112a
105b R' = Me
e) CICO,Et, Py

Scheme 28 Attempts to introduce a good leaving group in alcohols 105a-b.

We also attempted the substitution of the hydroxyl group for a bromide. Reaction of
105b with PBrs, however, did not yield the expected bromo-derivative. The only product
isolated by column chromatography separation appeared to be ketone 112a deriving from the
rearrangement of the starting material itself (Scheme 28, d). The last attempt to incorporate a
leaving group into 105b was the reaction with ethyl chloroformate to furnish carbonate ester
(Scheme 28, e), which is another common precursor in the synthesis of allenes.*" This
experiment once again yielded very complex reaction mixture from which we could not isolate

the expected carbonate.

Due to the unsatisfactory progress with this type of transformation we sought another
strategy to access bis(thienyl)allenes where the use of LG-containing precursors was not
necessary. We took advantage of another reported method to access fully substituted allene

skeletons, namely dehydration of 1,1,3,3-substituted allylic alcohols.*°]

Oda and co-workers!*® achieved the synthesis of bis- and tetrakis(2-thienyl)allenes by
Lewis acid mediated dehydration of alcohols of the type 115a (Scheme 29, a). We envisioned
that a starting material with two thiophene rings in 1,3-relationship under similar reaction
conditions could afford target structure 101. This could be achieved, for instance, by replacing
the partners in preceding Horner-Wadsworth-Emmons (HWE) reaction. Especially,
exchanging the ester group in the phosphonate 113a for a ketone (113b) would allow us to
obtain two different substituents on the allene terminus via a,B-unsaturated ketone 112b and
alcohol 115b (Scheme 29, b).
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EtO\
EtO—p=0 H S S CuSOanhya.
NaH 2-thienyllithium 10.0 equiv.
+ —_— —_— —_—
THF, 0°C - rt
o G ¢ COOEt . THF, reflux S
EtO
104d 113a 114a 115a 116
b)
1 1 1
R R2 EtO\
O  Eto—p=0
_ =
s ) R +
\ S \ R2 \
N N N (0]
R2
101 115b 112b 104e 113b

Scheme 29 Synthesis of thienylallenes: a) Oda’s methodology; b) retrosynthetic analysis for the target

bis(thienyl)allenes 101.

Starting with the HWE reaction, we reacted two commercially available thienyl ketones
104a and 104b with commercial diethyl benzoylmethylphosphonate 113c. The use of similar
to reported reaction conditions, however, did not promote formation of expected conjugated

ketones 112c-d and only starting materials were recovered (Scheme 30).

THF
0 NaH
2 X 1.2 equiv.
S . .
* EtO” | TS
\ / OEt rt to reflux
PhMe
104a 113c > 112¢
(0] ﬂ 0]
NaH 1.2 equiv.
P.
s * EtO7 | —
\ | OEt 0 °C to reflux
104b 113¢c

Scheme 30 Attempted preparation of conjugated ketones via Horner-Wadsworth-Emmons reaction.

As an alternative, we tested the aldol reaction of silyl enol ether 117 of ketone 104a
(Scheme 31, a). Unfortunately, the reaction with ketone 104b in two different sets of conditions
did not work. A direct aldol cross-condensation of ketones 104a and 104b with LIHMDS used
as a base was also unsuccessful (Scheme 31, b). The negative results of HWE and aldol
reactions prompted us to look for yet another method for the synthesis of a,B-unsaturated

carbonyl compounds.
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CH,Cl,
(0] rt, 4-24 h
——
2 S Ph
0} OH
Q' TMsCl, NEt otms <\ | 104b Ph
S - s S [ — S S
DMF .
\ | W/ TiCly  |c,H.Clp700c N\ |
50 °C - reflux 11 equi
. quiv. 35h
104a 117 (43%, conv. 54%) s 115¢ u
1. LIHMDS 1.5 equiv. 0 Ph
b) THF, - 78 °C S = S
\ | \
_ ¢}
2. -78°Ctort 12e
(0]

ﬁsj)kph
\ 104b
Scheme 31 Attempted preparation of conjugated ketones via aldol reactions: a) with silyl enol ether

117; b) via enolate.

Unexpectedly, when doing a literature search in a different area of the project (see
Section lll b. 5.) we found that reaction of ketone 104a in the presence of Ti(IV) had been
reported to yield a,B-unsaturated ketone 112f (Scheme 32), which was the compound targeted
before in the HWE reaction. Self-condensation of 104a to form 112f promoted by Ti(IV) worked

well, in good agreement to known reactivity of ketones with a-acidic protons.™*¢

i Ti(OEt),, HN/Pr,
° / 1,4-di 120 °C =
,4-dioxane,
\ \_g
MW, 4.5 h
104a 112f (64%)

Scheme 32 Self-condensation of ketone 104a in the presence of Ti(OEt)a.

However, by default, this method could not be extended to enones with all aromatic
substituents, so we tried to find a more general method for the construction of this type of
compounds. The next methodology we investigated was the Meyer-Schuster
rearrangement.’® An advantage of this method laid in the use of propargylic alcohols as
starting materials, the synthesis of which had already been optimised. Meyer-Schuster
rearrangement is an acid catalysed reaction with both protic and Lewis acids working as
catalysts. The reaction starts with the protonation of the alcohol followed by loss of a water
molecule in an E1 manner, to afford a carbocation which is subsequently trapped by another
water molecule (Scheme 33). After tautomerization of the resulting enol, the a,3-unsaturated

carbonyl compound is revealed. Depending on the structure of the starting material, terminal
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vs internal alkyne, this can be either aldehyde or ketone. In fact, this type of reaction was

probably responsible for the formation of the unwanted product 95 shown in the Scheme 20.

H+
- + |
R! OH R OH, Ho IR R ,
] 2 tr > R
e = | = e = |
R R R R ) S
H,O
+
R H‘) RS i R3  work up R R3
. - . R2 . R?
% it AR
R OH OH o

R3 = H, alkyl, aryl
Scheme 33 Mechanism of the Meyer-Schuster rearrangement.

Initially, alcohols 110b and 105c were subjected to different Lewis acids (Scheme 34,
a-c) to find working reaction conditions. However, In-, Mo/Au- or Zn-catalysis did not seem to

promote the reaction.!*"*172

a) InCl3 (5 mol%)

DMF, 160 °C, MW

b) |MoOy(acac), (1 mol%)
(PPh3)AuCl (1 mol%)
IS s AgOTf (1 mol%) (0]

R S
N \ PhMe, rt X LR

110b R=H c) L 112g,e not isolated _|
105c R = 2-thienyl ZnBr; (5 mol%)

PhMe, 75 °C

Scheme 34 Attempted preparation of a,B-unsaturated carbonyl compounds via Meyer-Schuster

rearrangement.

Gratifyingly, the three sets of conditions we tried next: Re(V), Au(lll) and trifluoroacetic
acid catalysis, resulted in complete conversion of alcohol 105c¢ to unsaturated ketone 112e

(Scheme 35, a-c).[173-175]
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a) ReOCI5(PPh,), (2.5 mol%)

1,4-dioxane, rt
HO
Ph — s b) AuCl; (20 mol%), EtOH 5.0 equiv. o
s \ SS S X s
S \ CH,Cl,, rt \ | | p
c) TFA 3.9 equiv.
112e (conv.>99%)

105¢
PhMe, rt mixture of E/Z isomers

Scheme 35 Synthesis of a,B-unsaturated ketone 112e via Meyer-Schuster rearrangement.

The TFA experiment was chosen as the reaction of choice affording brightly yellow
products 112e,h with the highest E/Z selectivity and in excellent yields (Scheme 36). Isomeric
purity of the products, though, was not a primary concern at this point as the stereochemical

information of this intermediate compound will be eventually lost in the following steps.

HO
Ph
S = S TFA 3.9 equiv. . o]
N \ PhMe, rt / X s
R
R \ V/
105¢c R = H R R 112e R = H (95%, 6:1)
105d R = Me 112h R = Me (83%, 3:2)

Scheme 36 TFA-promoted Meyer-Schuster rearrangement of alcohols 105c-d.

Introduction of the last substituent was carried out by addition of PhMgBr, to afford
alcohols 115c-e (Scheme 37). These allylic alcohols proved to be quite reactive and
challenging to purify. Nevertheless, 115c-e could be now used in the final step of the synthesis,

namely 1,2 dehydration, to form the target allene skeleton.

R' 0 R'  OH
S X s PhMgBr2.0 equiv. s . Ph S
\ |/ THF, 0°C to rt \ W

R? R? R2 R2

115¢ R' = Me, R? = H (49%, not stable)
115d R" = Ph, R? = H (~84%)
115e R' = Ph, R? = Me (~38%)

112f R' =Me, R2=H
112e R'=Ph, R2=H
112h R' = Ph, RZ = Me

Scheme 37 Preparation of tertiary allylic alcohols 115c-e via Grignard addition.

At first, 115c was subjected to original conditions of dehydration with anhydrous CuSO,
in refluxing THF (Scheme 38).11%8 This reaction proceeded with full conversion of the starting

material but spectral analysis of the isolated product did not correspond to the expected allene
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structure 10la. The analysis indicated that dehydration might have occurred with the

participation of the methyl group present in the structure possibly resulting in butadiene 118.

OH Ph
s sk S CuSO, 10.0 equiv. :ﬁé
\ THF, reflux % s/
N\

115¢ 101a not isolated 118 proposed product

Scheme 38 CuSOs-promoted dehydration of alcohol 115c.

We hoped that alcohols 115d and 115e lacking protons available in y-position to the
hydroxyl group would favour 1,2-dehydration to form the allene. Starting with 115d, once more
CuSO04 was used to facilitate the dehydration (Scheme 39, a). The analysis of the reaction
mixture revealed the presence of two compounds characterised as the expected allene 101b
and cyclopenta[b]thiophene derivative 119 in 1:1 ratio and 44% total yield. Neither compound
has been previously reported although formation of analogous bicyclic products has been
sometimes observed in reactions of thienyl-substituted allenes.*’®! Formation of 119 might be
accounted for by the attack of one of the thiophene rings’ C(3) carbon atoms on the
intermediate carbocation or via the allene as an intermediate. The isolation of the allene from

above mixture was thwarted by the fact that both compounds unsurprisingly exhibited identical

polarity.
a) CuS0,10.0 equiv.
THF, reflux
Ph  OH Ph oh —
1 Ph . S Ph
s A s1 b) pTsOH trace = " / \
A\ 2 2] = / s
Y/ 5 AcOEt, reflux S S
4 3 3 X Ph
115d N 101b 119
c) Ac,0, reflux
101b:119 Conv. (%) Yield (%)
a) CuSO4 1:1 70% 44
b) pTsOH 7:1 >95% 50
c) Ac20 1:2 >98% 952

a Crude mixture.

Scheme 39 Dehydration of alcohol 115d.

Following the first positive result where we observed formation of the desired allene,
we looked for more selective dehydration conditions. To that end, reactions in the presence of
traces of p-toluenesulfonic acid and acetic anhydride were carried out (Scheme 39, b-c).[t77.178l
We observed very good conversions in both instances, but much better selectivity in favour of

the allene 101b was observed in the reaction with pTSOH.
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Although thiophene is nucleophilic on both a- and -carbons to the sulphur atom, the
intramolecular nucleophilic attack as observed on Scheme 39 could only take place through
C(3) position due to the geometry of the allene. Consequently, alcohol 115e with both
thiophenes blocked in the C(3) positions by a methyl group, seemed to be substantially less
susceptible to a carbocylisation observed before. Nonetheless, when subjected to the same

three sets of reaction conditions no allene product was isolated (Scheme 40, a-c).

a) CuS0, 100 equiv.

THF, reflux
Ph  OH Ph
Ph
S N S b) pTsOH trace
\ / ‘ y/ AcOEt, reflux
115 101c not isolated 120
¢ ¢)|  Ac,0,100°C
L x>

Scheme 40 Dehydration of alcohol 115e.

Excluding the Ac.O experiment where decomposition occurred (Scheme 40, c), the
only product we isolated and then fully characterised from the dehydration attempt was
compound 120. It seems that even the protection of the reactive position on a thienyl group
was not effective enough to prevent the unwanted cyclisation. Generation of 120 might be
explained perhaps by the series of sequential carbocation rearrangements depicted on

Scheme 41.

1,4-H shift
s+ Th ~—> Th
2.-H,0

115e 121
Ph \ !
S Ph
Ph
CH2
Scheme 41 Proposed mechanism for a formation of 120.

123a 123b

Bis(thienyl)allenes proved to be very challenging targets. Despite using multiple
strategies, we could not find an optimal synthetic methodology for the efficient synthesis and
isolation of the desired allenes, mainly due to high reactivity of majority of obtained bis(thienyl)
compounds. The difference in reactivity and stability between thienyl and pyridyl allenes could

be supported by good 1-nucleophilicity of thiophenes vs preferred nucleophilicity of nitrogen’s
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lone pair of electrons in pyridines as measured in Mayr's nucleophilicity scales.!79180]
Nevertheless, the behaviour of single isolated allene 101b in the presence of metals was tested

and the results will be covered in Section IV b. 1.
lll b. 4. Bis(a-amino)allenes

Aliphatic amino- and polyamino-compounds have long been established as one of the main
classes of ligands for transition metal complexes.'®-18 They have been successfully applied
as part of organometallic systems in the myriad of catalyticl*®+1% and biomedicallt8:187]
contexts. However, to the best of our knowledge there are no examples of allene-based amine-
containing ligands in the literature at the moment. These type of structures (124, Figure 21)
could constitute an important class of ligands complementary to previously reported
bis(pyridyl)allenes.

Figure 21 General structure of bis(amino)allene ligand 124.

Lack of the applications of structures analogous to that on Figure 21 might stem from
the considerable difficulty in their preparation. In fact, there are hardly any tetrasubstituted
bis(amino)allenes to be found in the literature. Additionally, when we consider possible
variations in the structure of 124, more challenges arise. The amine moieties in the molecule
could be directly bonded to the allene skeleton (n = 0) or be separated by a chain of varying
length (n = 1, 2...). The choice of the chain length will have a notable impact on the synthetic
strategy and will influence the size of the target pocket where a metal centre will be situated
and thus the bite angle of the complex. The number of carbon atoms separating the amine
from the core would also determine the size of the ring formed if undesirable cyclisation within
the ligand occurred, thus 5- and 6-membered rings should be avoided. At the beginning, we
ruled out the structure with n = 0, as potentially too challenging to access. We chose the bis(a-
amino)allene skeleton where n = 1 as a target molecule in a compromise of all the factors

mentioned.

This choice was strongly supported by the fact that there was an existing methodology
that could be adapted to furnish bis(a-amino)allenes from readily available starting materials.
Dieter and co-workers!*®! proposed the synthesis of (a-amino)allenes 127a from propargyl
precursors 126a where the amine group was introduced as an organocopper reagent.

Lithiation of protected secondary cyclic or acyclic amines 125a followed by reaction with a
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copper salt formed reactive nucleophilic species that could then displace the leaving group of

the propargyl compound 126a in a Sn2’ manner (Scheme 42, a).

3
a) g1 ge 1 s-Buli, TMEDA, THF, - 78 °C R Ré
K ) 2. CuCN-2LiCl Boc, f'sz
N
N
\ 3. X < R2
Boc RI——=—(R" R
5
125a 126a 127a (10-96%)
b) r' g2 !-SBuli, TMEDA, THF, -78°C R® R4 R’ Ré
K ) 2. CuCN-2LiCl Boc, deprotection )
N N— ] HN
I 3. R4 < R2 NHBoc < R2 NH,

125a

RI— NBoc a

126b

127b

124a
proposed target molecule

Scheme 42 Preparation of aminoallenes: a) Dieter’s synthesis of (a-amino)allenes 127a; b) our

modification to access bis(a-amino)allenes 127b/124a.

Our modification of Dieter's methodology relied on a use of alkynylaziridine 126b as
propargyl starting material (Scheme 42, b). This alteration would give us an advantage of both
having a leaving group, opening aziridine ring, and providing a second amine group for the
target structure at the same time. The successful use of propargyl aziridines in very similar
context has been evidenced, for example, by Ohno and co-workers.*° The method would still
remain closely related to the original report where propargyl oxiranes were successfully used
in a similar manner. Resulting allene 127b could be used directly in the complexation

experiments or be deprotected first to uncover both amine units (124a).

The preparation of starting materials for the Dieter’s reaction followed. We made the
aziridine component according to the Blum-Ittah reaction,*°" in which epoxides are converted
to the respective aziridines with the use of NaN; and PPhs. The two-step reaction: azido alcohol
formation and finishing ring closure can be done as a one-pot reaction, but in this case the
intermediate azido alcohol 131a was isolated (Scheme 43). Alternative reaction conditions
yielded mixture of regioisomers of 131a/131b, but the overall yield of aziridine 132 was
improved. The preceding epoxide 130 was prepared in good yield from phenylacetylene 128

and chloroacetone 129.191
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128
1. n-BuLi 1.08 equiv.
) THF N,
' O 429 NaN; 2.0 equiv. oH 132 (53%)
o e
H,O/EtOH, 60 °C //
1.04 equiv. 0 131a (24%) Ph PPh, NH
131a .
% ] 1.5 equiv. P
———
7 N3 =
Ph _ HO MeCN  p,
NaN; 2.0 equiv. OH . N reflux
NH,4CI 2.2 equiv. 8
= =
H,O/MeOH, reflux Ph Ph 132 (35%)
0
130 (74%) 131a/131b (79%) 132
131a 131b

Scheme 43 Preparation of aziridine 132 via Blum-Ittah reaction.

Subsequent protection of 132 completed the preparation of propargyl aziridine.
Surprisingly, alkylation with Mel was not achieved. However, quantitative formation of Boc-
protected derivative 126¢ was achieved under mild conditions (Scheme 44, a-b). We chose
pyrrolidine as the amine nucleophile for the reaction with the propargyl aziridine. Pyrrolidine

was readily Boc-protected under standard conditions in excellent yield (Scheme 44, c).

a)  Mel, K,CO, e SN—
-

DMF, 35-70 °C

NH
133 not isolated
// Boc,0, NEt; o

Ph b) DMAP N \DN\(
o)

DMF, rt o J(
132 24h 126¢ (>99%)

Boc,0O 1.0 equiv.

c)
N NEt; 1.1 equiv. Boc
Q CHxCly Q
0°Ctort
134 125b (94%)

Scheme 44 Protection of starting materials: a) aziridine 132; b) pyrrolidine 134.

With the starting materials in hand, we carried out the modified Dieter’s reaction.

Scheme 45 illustrates a general reaction scheme and summary of optimisation efforts.
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EIOC base 1.0 equiv.
EOC /A CuCN-2LiCl 1.0 equiv. NBoG NHE
Q + = amine ligand 1.2 equiv. NHBoc R’ o¢
= . . NH
Ph / =
THF, - 78 °C to rt ) Ph>: Z o/go
PH Ph
125b 126¢ 127c 127d R' = nBu 135
127e R? = secBu
Base Amine CuCN-2LiCl  126c (%) 127c2 (%)  127d-e° (%) 135 (%)
1 n-BulLi - + - - 57 -
2 sec-BulLi TMEDA - ~80 - - -
3  sec-BuLi TMEDA + - - 25 15
4  sec-BuLi  (-)-sparteine + - 29 16 -

a 127c¢~50:50 mixture of diastereocisomers and/or rotamers.?127d or 127e.

Scheme 45 Synthesis of aminoallenes with organocuprate nucleophiles.

The only product we isolated from the first attempt of the reaction was allene 127d.
Formation of 127d resulted from an attack of the nucleophilic base onto the propargyl starting
material (Scheme 45, entry 1). The next run, with original sec-BuLi and TMEDA (N,N,N’,N'-
tetramethylethane-1,2-diamine), but no copper source resulted only in the recovery of the
starting material (Scheme 45, entry 2), whereas in the presence of copper complex, again sec-
BuLi substituted allene 127e was formed (Scheme 45, entry 3). Additionally, some of the
aziridine 126¢c was recovered as oxazolidinone 135, perhaps formed by opening of the
aziridine by a water molecule followed by an attack on the carbamate’s carbonyl group. The
use of an amine ligand was an important factor in the reaction conditions as it is responsible
for stabilisation of an intermediate organolithium species formed after deprotonation of the
amine starting material. We swapped the TMEDA ligand for another common ligand used in
such deprotonations, an alkaloid (-)-sparteine.[*%? This resulted in generation of desired allene

127c, albeit in moderate yield. This time allene 127e was formed as a by-product as well.

Overall, we successfully established the conditions for the generation of bis(a-
amino)allenes with sufficient efficiency to produce the ligand candidate compounds in the
amounts needed for preliminary coordination studies. Provided their good performance in

those experiments, further optimisation towards better selectivity and yields would be merited.

Lastly, allene 127c was subjected to the Boc deprotection conditions taking into
account the presence of the allene core in the molecule. Thus, we replaced standard
trifluoroacetic acid conditions with in situ generated methanolic HCI (Scheme 46).1% The
isolated product did not contain any Boc moieties, however it also lacked the allene group.
One of the amine substituents attacked the allene core forming a cyclic product. Closer
analysis of the product pointed towards compound 136 as the only product. Similar cyclisations

are known to occur, but usually some catalysis is required (e.g. Au(l)).[&8
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NBoc
NHBoc WN Ph H
/ TMSCI 10.0 equiv. N

N
PH MeOH rt H ~

127¢ 124b not isolated 136
Scheme 46 Boc-deprptection of bis(amino)allene 127c.

This reaction concluded our investigation into the synthesis of unprecedented bis(a-
amino)allenes. The first compound of this series, 127c, was subsequently tested for its ability
to act as ligand in transition metal complexes in its protected form (see Section IV b. 1.).

Results of these experiments determined further development of the series.

The next section, closing the chapter on the synthesis of ligand candidates will give a
short account of a few methodologies we tested in order to access envisaged allene-containing

structures from simpler than previously used starting materials.

Il b. 5. Miscellaneous methods

To build heavily decorated allenes similar to the ones in the project objectives usually quite
complex precursor molecules are required. As seen in the preceding sections the synthesis of
such precursors is not a trivial task and it presents a significant challenge of multistep
syntheses. A number of methodologies have been developed to overcome these limitations
where more readily available starting materials are directly converted to highly substituted
allenes.[82193-1%1 \We applied some of these methods to the synthetic problems presented in
the previous sections, albeit without very satisfying results. Nevertheless, we obtained some
valuable insights regarding other parts of the project from these experiments making them

worth recounting here.

Ma and co-workers*® had proposed a synergistic 3-metal catalytic system promoting
the formation of allenes from terminal alkynes and ketones via propargyl amines generated in
situ (Scheme 47).

H
N
JOL Q R?
R! + /:::<
R "R3 Cul (10 mol%) R R3
ZnBr, 0.8 equiv.
137 138 Ti(OEt), 2.0 equiv. 139

Scheme 47 Ma’s methodology for the synthesis of di- and tri-substituted allenes.
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Above conditions were applied to the pyridine-based starting materials 88b and 89c,
due to some of the difficulties encountered in the preparation of the propargyl derivatives
needed as allene precursors (Scheme 48). Interestingly, instead of expected allene 97d, the
product isolated from the reaction was N-fused heterocycle 141, which structure was
unambiguously confirmed by X-Ray analysis. The result, albeit inexpedient, was in agreement
with known reactivity of pyridine-substituted propargyl compounds in the presence of Cu and
other metals.!**® The cyclisation mechanism for that reaction postulates an allene intermediate,
which in this case seemed to be readily susceptible to further reaction. In order to confirm
formation of the allene intermediate and avoid the cyclisation we replaced the pyridyl ketone
89c with non-nucleophilic benzaldehyde. However, we obtained a very complex reaction

mixture as a result.

Cul 0.1 equiv.
Q _ ZnBr, 0.8 equiv,|
PhMe, 100 °C
17 h

1. 6 equiv 1.1 equiv.

a)
Ti(OiPr)4 2.0 equiv.

Ti(OEt), 2.0 equiv.

88b 134 141 (39%)

97d not isolated

b)

/ — c10

141 c14

Scheme 48 Ma’s reaction with pyridyl starting materials: a) reaction scheme; b) ORTEP

representation of X-ray structure of compound 141 (Hs omitted).
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We also applied Ma’s methodology to thienyl starting materials. In this case,
circumventing the preparation of leaving group-containing propargyl substrates would be even
more attractive considering the difficulties encountered in their synthesis (see Section Il b. 3.).
Scheme 49 shows a reaction carried out with thiophene-containing substrates resulting in
formation of 142 in agreement with postulated intermediate in the reaction mechanism. In
theory, 142 should be transformed to the expected allene product 101d in the presence of Cu,
for instance, similarly to reactivity encountered in the Crabbé homologation reaction.[03.104]
However, even under microwave assisted conditions, commonly used in the synthesis of

allenes, this reaction was unsuccessful.

Ti(OEt)4 2.0 equiv.

Cul 0.1 equiv.
e} H )
N ZnBr, 0.8 equiv.
= + B
\ PhMe, 100 °C
S
) 17 h
1.6equiv 1.1 equiv.
103b 104a 134 142 (8%)
1. PhMe, 150 °C
Cul 0.1 equiv. 90 min, MW
2. 1,4-dioxane, 150 °C
6 h, MW

101d not isolated
Scheme 49 Ma’s reaction with thienyl starting materials.

The reaction was repeated with i-Pr.NH 143, because we argued that it would be more
labile and more easily displaced from the intermediate than pyrrolidine (Scheme 50). This MW
variant of the reaction afforded bright yellow product identified as conjugated ketone 112f. It
seemed that under these conditions the predominant process was a self-condensation of
ketone 104a promoted by the presence of Ti(1V).2%% On the other hand, the reaction repeated
without the addition of Ti(OEt)4 did not initiate at all. These results differed from the expected
outcome, but they were useful in a different part of the project (see page 51). On the whole,

Ti/Cu/Zn catalytic system was quite incompatible with the required starting materials.
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O
Ti(OEt), 2.0 equiv. S _— s
| \ W
0 Cul 0.1 equw.. 112f
“ + HNiPr ZnBr, 0.8 equiv.
1,4-dioxane
\ S

120 °C, MW

1.6 equiv 1.1 equiv.

103b 104a 143
Scheme 50 Modified Ma’s reaction with thienyl starting materials.

Next, we tried the Au(lll)-catalysed reaction of propargylic alcohols reported by Li and
co-workers!*®! on alcohol 105b synthesised before (Scheme 51, a-b). Regrettably, all the

attempts on the reaction resulted in decomposition of the material.

[Au] (4 mol%)
a) OH AgSbFg (8 mol%)
R! - R
molecular sieves 3A Ar2
Ar’ N + Ar?H >1°;/R2 + Hy0
A R? CI,CHCHCI,, 50 °C Art
(0]
144 145 146 G)k/o
b) [Au] (4 mol%) Z N\ﬁU'C'
HO s AgSbFg (8 mol%) Mes [Aul= CI
——\ | molecular sieves 3A : =
+ —
— S /
S Cl,CDCDCl,, 50 °C =~ .S
10.0 equiv.
105b 147 101e not isolated

Scheme 51 Synthesis of allenes from propargyl alcohols: a) Au-catalysed Li’s reaction; b) Li’s reaction
with alcohol 105b.

Il c. Conclusions

This chapter summarised our work directed towards the synthesis of novel classes of ligands
for transition metal complexes based on the allene skeleton. The syntheses of several possible
architectures were investigated with N-, S- and P-coordinating units. We successfully obtained
the racemic series of bis(pyridyl)allenes (Table 2, entry 1, Section Il b. 1.) along with the first
example of completely new bis(a-amino)allene (Table 2, entry 3, Section Il b. 4.). Moreover,
bis(thienyl)allene was accessed (Table 2, entry 2, Section Ill b. 3.) after a considerable
synthetic effort. We also briefly considered phosphine-based ligands (Section 1l b. 2.), but we
ruled them out due to their heightened reactivity. The last section, Section Ill b. 5., looked at

the methodologies that attempt to access the target molecules from simpler precursors.
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Table 2 Allene-containing ligands prepared in the first stage of the project.

Entry Section Ligands

R
. Ph
| N
1 mo.1. /N NP

97a-c R = tBu, Ph, Me

Ph Ph
%
2 Il b. 3. = S/
S

101b

NBoc
NHBoc

3 b. 4
Ph

127c

All successful ligand candidates, particularly nitrogen-based bis(pyridyl)allenes, were
carried to the next part of the project described in the following chapter. Chapter IV discusses
the results of the exploration of coordination properties of new ligands with various metal
centres, such as Pt, Pd, Au and Ru. Characterisation and structural properties of new metal

complexes are also discussed.
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IV.  Allene-derived metal complexes — synthesis and fundamental studies

IV a. Introduction

Small number of the literature examples of the allene-containing compounds used as ligands
cited in Chapter lll is further reflected in a limited number of the corresponding transition metal
complexes. Since 2008 only a handful of such studies has emerged. Thus, the literature
concerning allene-derived complexes can be presented in its entirety to showcase current

developments in the area.

The very first examples of the synthesis of allene-containing ligands and then metal
complexes came from Krause group in 2008 with their bis(pyridyl)allene ligand design.!*4
Preliminary experiments on the complexation properties of bis(pyridyl)allenes were carried out
with the use of various Cu(l) and Ag(l) salts. The results obtained from electrospray mass
spectrometry and temperature dependant NMR spectroscopy analyses revealed that the
formation of 1:1 complexes of 148a type took place regardless of the metal to ligand ratio
(Figure 22). In particular, NMR-monitored reaction of bis(t-butyl) ligand 59 with 2 equiv. of
[Cu(MeCN)4]PFsresulted in a mixture of 148a type complex characterised by the shift of its tBu
(1.23 vs 1.29 ppm) and Me (2.65 vs 2.47 ppm) peaks in reference to the free ligand which was
also present in the solution in a 1:1 ratio to the complex. This result suggested formation of a
symmetric complex with single resonances for tBu- and Me-groups, however the Cu(l)

compounds were not fully characterised.
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a)

11
148a

b) Bu

Figure 22 Bis(pyridyl)allenes and metals: a) some possible modes of metal coordination; b) bis(t-

butyl)allene 59 and the crystal structure of its 2:2 complex with AgBF4 (149).[149

The authors claimed that 2:1 and 2:2 ligand to metal complexes were not observed in
solution. However, bis(t-butyl)-substituted allene 59 reacted with silver tetrafluoroborate to
form a 2:2 complex of the 148c type as determined by X-ray crystallography analysis (149,
Figure 22). The authors suggested that the disagreement between solution and solid-state
results might arise from a preferential crystallisation of the complex with 2:2 stoichiometry.
Further development of these ligands or any applications of their complexes were not reported

in the original study or later.

The same year McGlinchey and co-workers disclosed first examples of allene ligands
containing phosphorus-based donor groups and their complexes with Cr, Fe and Au.* In the
pursuit of fluorenylidene-derived allenes as precursors for the synthesis of tetracenes the
group prepared mono phosphine- and phosphine oxide-containing fluorenyl(allenes) 74 and
76 (Scheme 52). 74 was subsequently reacted with a series of metal complexes precursors,
starting with (THF)Cr(CO)s to yield Cr-150a complex with mono coordination to the phosphine
moiety. Analogues product 150b was obtained after reaction of 74 with Fe;(CO)s, although this
time monocoordinated 150b was thermally unstable and readily lost one carbonyl ligand to

form bidentate complex 150c. The latter also featured n? cordination of the closer double bond
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of the allene group in the freed coordination site. The linear allene unit in 150b (178.4°) became
heavily distorted in 150c (138.6°) with a C(10) peak on **C NMR shifting from 207.9 ppm to
167.3 ppm. Ligand 74 also formed 1:1 Au(l) linear complexes 150d and 150e, however, it did
not produce the expected Ru complex 150f. In this case, the allene core was not maintained
and the ruthenacycle 150g was isolated. The authors proposed that initially formed 150f
underwent loss of a chloride ligand that was replaced by the double bond of the allene in the
coordination sphere of Ru. Then, the activated double bond was attacked by a molecule of
water and eventually, the newly introduced oxygen atom coordinated to Ru. The coordination

properties of phosphine oxide analogue 76 were not discussed.
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(THF)Cr(CO)s

74 —

AUCI

(THT)AUCI Fhy

}

150d

74 —

[(CgHsR)RUCI,]

P
o f
/
Ag"ITHT FPPh;
o=
"
150e

Pth

150g

Scheme 52 Phosphine- (74) and phosphine oxide (76) fluorenyl(allene) ligands and metal complexes
of ligand 74 (THT = tetrahydrothiophene; -X = -PFs or -ClOs; R = CH2NHCO(CsH4)NOz2); crystal

structures of 150b-c.115%!

The authors later expanded their fluorenyl(allene) work preparing two more ligand

candidates: bis(phosphine)allene 80 and mixed phosphine(phosphine oxide) allene 84

(Scheme 53).1'%¢ These ligands differed from the general trend of allene ligands’ design by

having the donor-type groups in 1,1- not 1,3-relathionship. However, they displayed interesting
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coordination behaviour. Reaction of 80 with Fe>(CO)y yielded two species: monodentate 151a
and symmetric bidentate 151b in a 5:2 ratio, evidenced by NMR analysis. On the other hand,
behaviour of mixed ligand 84 with the same metal salt was found to be parallel to that of
mono(phosphine)allene 74, excluding any -Ph,P=0O-metal interaction. Interestingly, when 84
was exposed to Pd(PhCN).Cl., it also formed different 2:2 and 1:1 products, none of which
involved the allene in the coordination sphere (Scheme 53). Minor product 152c was
characterised as a chloride-bridged dimer with exclusive Pd-coordination to the phosphine
group. The analysis of major 152d showed instead that Pd centre formed bonds to both -O
and -P atoms in the respective substituents. No applications of the resulting series of

fluorenyl(allene)-containing complexes were discussed by the authors.
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Scheme 53 Fluorenyl(allenes) 80 and 84 and their metal complexes; crystal structures of 152b-d.[*5¢]

Phosphine-containing allenes reported by Ready and co-workers were found to act as
successful ligands for transition metals.*5Y Phosphine groups in these ligands were not directly
bonded to the allene but placed on its aryl substituents. It is noteworthy that this was the first
study which demonstrated that optically pure allene-based ligands can coordinate to different
metal centres and maintain their chemical integrity and optical activity. Thanks to this feature,
allene-containing scaffolds emerged as suitable ligands for catalysis, importantly in the

asymmetric version. Coordination experiments with ligand (S)-65 yielded a 1:1 complex 153
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with Rh(l), (S)-65 acting as a tridentate ligand with both phosphorus atoms and one of the
allene double bonds coordinating to the metal centre (Figure 23). The C=C=C angle of the
allene became distorted to 148° forcing it into helical-like conformation wrapping around Rh
centre. Enantioenriched Rh(l) complexes were successfully employed as catalysts in an

asymmetric addition of arylboronic acids to a-keto esters (see Section V a.).

RoP

RP = RoP<

(S)—GS R = 3,5-(CF3)2-C6H3 153 R = 3.5-(CF3)2-C6Hg

Figure 23 Optically pure bis(phosphine)allene 65 and its Rh complex; X-ray structure of 153.151

Amongst other isolated and characterised complexes of allene-containing phosphines,
were structures in which monophosphine 154 coordinated to Ag(l) and Pt(Il) complexes with
1:1 stoichiometry (Figure 24). The coordination sphere in both complexes differed
substantially. Nearly exclusive interaction between Ag(l) centre and phosphine site was
observed in the first case of 155a with the C=C=C angle of the allene remaining almost
unchanged at 179°. The square-planar (154)PtCl, complex 155b, on the other hand featured
the interaction of both phosphine and allene components with the metal centre. In the latter
complex the resulting allene C=C=C angle became heavily distorted and decreased to 152°.
Interestingly, when bisphosphine ligand 65 was exposed to PtCl; a reaction took place, where
a Pt-C covalent bond was formed with the central carbon of the allene, combined with the

elimination of the HCI molecule (Figure 24).
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RP e
6 :

(#H154 R = 3,5-(CF3),-CgH,

(154)Ag(O,CCF3)

‘ CLELC
‘m L \ p—Pt-p
= . \(j\ Ro | Re

156 R = 3,5-(CF3),-CgHs
Figure 24 Monophosphine allene 154 and crystal structures of its Ag and Pt complexes.[*51]

In 2015, the Fensterbank group progressed the investigation into the area of the novel
class of allene-containing ligands with a special interest in the potential formation of complexes
with Au and their reactivity.*>* However, when first compounds 71a-c, containing a phosphine
oxide as a donor, were subjected to Au(l) coordination conditions, the formation of the

corresponding complexes was not observed (Scheme 54).

Ph
(Me,S)AuCI

\
>:.:fﬁ7ph no complex isolated
5
R Ph

71aR =Ph 71b R = 71cR =
d\OMe d

Scheme 54 Reaction of phosphine oxide ligands 71a-c with Au(l).

Ph

As the Lewis basicity of allenes 71a-c proved not sufficient for them to act as effective
ligands, the attention of the study was shifted to phosphine oxides with a pyridyl(allene) unit.
The choice of this particular substituent referred to Krause’s pioneering work, in which it was
shown that pyridyl(allene) ligands are suitable for complexation with transition metals.**¥ Thus,
allenes 71d and 71e quantitively reacted with (Me>S)AuCl to yield complexes 157a and 157b
(Scheme 55).
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Ph
Ph I AuCI
P—Ph
= | Me,S)AUC
'[:lh O f 2 )
N
Y
R
vinyl gold gold carbene
TIdR=H 167a R = H (>99%)
Tle K = NMe 157b R = Me (=99%)

Scheme 55 Reaction of phosphine oxide(pyridyl) allenes 71d-e with Au(l); X-ray structures of products
157a-b.'54

The origin of these complexes can be attributed to the attack of the pyridine group onto
the allene moiety. This reactivity was observed earlier in Cu-catalysis,2%82%° but stoichiometric,
metal-containing products had not been isolated in that context. The new Au compounds did
not feature any coordination of the phosphine oxide moiety to the metal centre. These results,
similar to McGlinchey’s studies, showed again that phosphine oxide group is a poor choice for
a donor group in allene-based ligands. Isolation of complexes 157a and 157b was patrticularly
interesting as Au-carbene complexes lacking the stabilising heteroatom in the a-position were
little known.[201-20%1 | fact, the dual carbene/vinyl character of the compounds was studied more
closely. Therefore, functionalisation of 157a and 157b was attempted (protodeauration,
addition of electrophilic halide source) in a manner known to occur in vinyl-Au compounds.
However, the complexes proved to be quite unreactive in that regard. DFT calculations also
suggested electron accepting character of the indolizinium part of the complex, resembling the
classic back-bonding character of the carbene complexes. However, the bond order analysis
was more consistent with proposed vinyl representation, suggesting a dual character. The

application of these complexes has not been reported so far.

A year later, the same group proposed yet another framework for phosphorus-
substituted allenic ligand, this time focusing on bis(phosphine)allenes and their susceptibility
towards the coordination to precious metals.**” Ligand 86 in which one phosphine group is
directly bonded to each terminal carbon atom of the allene core was used and the study of its
unknown coordination properties followed. Firstly, it was found that 86 can form 1:1

mononuclear complexes with Pd(Il) and Pt(Il) centres (Scheme 56). Isolated complexes of both
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metals, 99 and 158, appeared to have square planar geometry with the allene C=C=C angle
being substantially bent to 151.3° and 151.8°, respectively. Also, Pt(ll) complex 158 proved to

be unstable at room temperature.

Pd(MeCN),Cl,
o Ph . Ph
Ph Ph PHPhCN),Cl,
>:-2‘; Ph,P. PPh
Ph,P PPh, 1.0 equiv. a2
cl” TCl
86 99 M = Pd (84%)
158 M = Pt (>99%) 99

Scheme 56 Synthesis of Pd- and Pt complexes of bis(phosphine)allene 86; crystal structure of

complex 99.[157]

Secondly, as in the case of allene-containing phosphine oxides, ligand 86 was tested
for coordination to Au(l) centres. Depending on the ligand to metal ratio, the formation of
complexes with different stoichiometry was observed (Scheme 57). Reaction of allene ligand
86 with 1 equiv. of (Me2S)AuCl afforded mononuclear, polymeric structure 159a, while reaction
with 1:2 ligand to metal ratio yielded dinuclear complex 159b. XRD analysis of the latter
complex revealed that only phosphine moieties were involved in the coordination to Au,

excluding possible Au-allene coordination.
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Ph Ph
oh Ph Ph
Ph (Me,S)AUCI 1.0 equiv. >:°:‘\ TRy
== - PP, pbn PPh;
PPh 2 A
Ph,P 2 u
& N
86 159a (>99%)
Ph
Ph Ph (MeS)AUCI 2.0 equiv. >:.3\\\‘Ph
>:':\pph Ph,P R
Ph,P 2 , ol
AuCl
86 159b (>99%)
O \

159a

Scheme 57 Au(l)-complexes of ligand 86 and their X-ray structures.[*57]

HPLC resolution furnished compound 159b in enantiomerically pure form (ee = 98%).

Enantiomer (aR)-(+)-159b was then tested in asymmetric catalysis in cycloisomerisation of

1,6-enynes (see Section V a.).

One more example of structurally relevant allene-containing complexes has been

reported to form in somewhat different to standard ligand/metal reaction setting by Lugan &

Lavigne and co-workers.?4 The study focused on the synthesis of Mn(n? allene) complexes

from Mn-carbene precursors and nucleophiles (Scheme 58). It was observed that upon thermal

rearrangement 161-type complexes can form monodentate phosphine(allene) Mn complexes

such as 166. The rearrangement was believed to proceed via initial formation of dinuclear 164

and free allene 165, eventually leading to 166 in a very good yield.
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Scheme 58 n2- and P-coordinated Mn-allene complexes.[294

To the best of our knowledge, this short review exhausts the examples of allene-derived
complexes reported to date. Presented studies give valuable information as to the factors
influencing the stability and activity of allene-containing ligands and complexes, such as spatial
congestion around the allene backbone or choice of substituents acting as an effective Lewis

bases in resulting complexes.

IV b. Results and Discussion

The previous sections described the syntheses of several allene-based ligand candidates and
their complexation with metals, but the scope and applications reported so far remain limited.
Considering the potential of these type of new metal complexes in (asymmetric) catalysis and
in the unexplored area of their uses as metallodrugs, we decided to select some of the
previously reported candidates for further thorough scrutiny of their coordination properties
with selected transition metals of interest and the resulting outcomes are presented next. In
particular, metals such as Au, Pt and Pd were explored due to their known catalytic and
medicinal activity. Initial testing of all the prospective ligands with series of different metal
sources was followed by a more in-depth study of the bis(pyridyl)allenes’ complexation with

aforementioned metals.

Within the bis(pyridyl)allenes, the Cz-symmetric compound 97b (see Scheme 22) was
chosen as a probe for all the coordination experiments. This choice allowed us to simplify the

analysis of the resulting organometallic products by reduction of the complexity of emerging
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NMR spectra. Additionally, the maintained or broken symmetry in new compounds supplied
preliminary information about the number of active coordination sites within the ligand. The
synthetic methodology established for compound 97b was next extended to the remaining
bis(pyridyl) ligands. Non-symmetric 97a was used as a main counterpart to produce analogous
series of complexes. In most, and especially in more challenging examples, the complexation
reaction conditions were routinely tested first with related model ligands (bipy, TMEDA) to

minimise the loss of precious allene compounds.

In general, | initially assessed the success of the complexation experiment by the
change of colour of the reacting mixture and with the use of *H NMR spectra showing a shift
of signals in relation to a free ligand spectrum. Further characterisation followed, usually
including *C NMR, high resolution mass spectrometry (HR-MS) and elemental analysis (EA)
that helped to propose new structures and reveal the ligand to metal ratios. In some cases, the
structural information was also complemented by the data from additional techniques such as
heteronuclear and 2D NMR, X-ray diffraction or cyclic voltammetry.

As a general rule all the new allene-containing ligands discussed in Chapter Il were
presented without highlighting the stereochemistry of the allene. Chapter Il was focused on
different synthetic methodologies to access the allene-containing ligands and all the structures
were prepared as racemates. However, in this chapter | want to emphasise the geometry of
the allene ligand and its pocket for metal coordination. Consequently, all the structures
presented below highlight the 3D arrangement of the allene, although they were prepared as
racemates and therefore the absolute configuration is not given. Each new allene-derived

metal complex in the thesis was given a unique number for the ease of reference.

IV b. 1. Preliminary experiments

| began the initial assessment of the allene-containing ligand candidates by exposing all three
general architectures of the ligand to various metal salts used commonly as precursors to more
complex metal complexes. Thus, the allenes 97a, 101b and 127c were reacted with 1 equiv.

of different Pd-, Pt-, Ru- and Au-compounds in a range of solvents and conditions.

In case of bis(thienyl)allene 101b none of the experiments yielded the allene-metal
complex of the 167-type (Scheme 59, a). Instead, in all instances, allene 101b activated by the
metal, fully reacted to give compound 119 with a cyclopenta[b]thiophene core, without a metal
present in the structure. | observed a generation of 119 before (Scheme 39, Chapter Ill) in the
allene formation step in the presence of Cu or under acidic conditions. Formation of this
product could come from a similar process to the observed in the previously reported N-fused
Au(l) compounds in which a vinyl-metal/metal carbene type structure could be proposed as

intermediate (169, Scheme 59, b). This time, however, the carbocyclisation in 168 took place
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and not the heteroatom attack. In the case of the thiophene, the 157-type complex was not
observed in any of the experiments (see Scheme 55). Instead, protodemetallation of analogue
169 could readily occur, perhaps explained by the inferior stabilisation effect of sulphur over
the metal carbene and recovery of aromaticity by loss of the proton in the C(3) position of the
attacking thiophene (option not available in the pyridine analogues). On the other hand, |
observed the same type of metal-free product in case of trisubstituted bis(pyridyl)allene 97d
(Scheme 48) under Cu/Zn/Ti conditions.

Overperforming nucleophilicity of the thiophene ring, even when the reactive 3-positon
on the ring had been blocked as seen previously, seems to be a factor excluding it from the

successful use as allene-containing ligand.

T

ML,, = Pd(MeCN),Cl, AuCls,
(Me,S)AuCI, Pt(MeCN),Cl,

a
Ph
ML, 1.0 equlv

CDClg, rt

101b 167 not isolated 119

b)

Ph
__Ph ML,
4\6 - =
S
\ $—7
N

101b

Ph ML,

S Ph\

168 169

Scheme 59 Bis(thienyl)allene 101b in the presence of metals: a) observed product 119; b) proposed

mechanism for a formation of 119.

Boc-protected bis(amino)allene 127c¢ was similarly reacted with a selection of metal
salts as depicted in the Scheme 60. All these reactions resulted in either the recovery of the
unreacted 127c (Pt(PhCN).Cl,, KAuCls) or decomposition of the ligand under the reaction
conditions(Pd(MeCN)2Cl,, H2PtCls, (Me2S)AuCl,

protecting groups deactivated the amines too much against the complexation by engaging the

HAuUCls). Perhaps presence of the Boc-

lone electron pair of nitrogen atoms into resonance stabilisation with Boc’s carbonyl. On the
contrary, if the ligand lost the protecting groups under the complexation conditions we could
expect it to undergo competitive cyclisation similar to that observed in the Scheme 46 instead

of metal coordination.
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As the model bis(amino)allene ligand 127c¢ was unable to form any distinct coordination

complexes with the chosen metals of interest | decided not to pursue work on this ligand type

further.
a)
Pd(MeCN),Cl, 1.0 equiv.
CDClj, rt
b)
Pt(PhCN),Cl, 1.0 equiv.
MeCN, 70 °C r 7
_---ML
NBoc c) NBoc "
/NHBOC H,PtClg:6H,0 1.0 equiv. ‘/NHBoc
BN MeOH, rt N
Ph Ph
d)
127 17 isol
¢ (Me,S)AuCI 1.0-2.0 equiv. 0 notisolated
e) CH,Cl,, 25 °C
KAuCl, or HAuCl4'H,0 1.0 equiv.
NaPFg 2.0 equiv.

EtOH/H,0 5:1, rt
Scheme 60 Bis(amino)allene 127c in the presence of metals.

Lastly, | examined the bis(pyridyl)allene structure to establish if the scope of previously
reported complexation (Cu(l), Ag(1))**? could be extended to more relevant metal centres.
Allene 97a was exposed to a series of metal salts in 1:1 ratio, first in chloroform at room
temperature and then when | did not observe any visual changes and no shift of the signals on

the NMR spectra, in C;H4Cl, and CsDg at elevated temperatures (Scheme 61).

tBu
.—__Ph
AN ML,, 1.0 equiv.
— | ———— > "products"
N NI~ solvent, T °C
N/

97a

ML, = Pd(MeCN),Cl,, Pd(OAC),, AuCls, RuCls, PtCl,, Pt(MeCN),Cl,, K,PtCl,
CDCly, rt; C,H,Cly, 75 °C; CgHg-dg,55 °C

Scheme 61 Bis(pyridyl)allene 97a in the presence of metals.

These experiments revealed that 97a readily forms new Pd(Il) compounds at rt, but
only in the presence of a Pd source with neutral accompanying labile ligands, the allene
backbone seems to withstand the reaction. Also, reaction with AuCl; appeared to yield the

allene-metal complex, however the product was not very stable in solution. The remaining

79



IV. Allene-derived metal complexes — synthesis and fundamental studies

examples, in particular with the Pt salts, proved to be quite unreactive and in all cases, 97a
was recovered intact. However, these results indicated that bis(pyridyl)allene contrary to the
two previous ligand candidates is much more robust and can be explored under more

challenging conditions without the loss of its chemical integrity.

The promising results of the initial coordination experiments with bis(pyridyl)allene 97a
prompted us towards more thorough studies of the behaviour of its derivatives in the presence

of metals and these results are documented in the following sections.

IV b. 2. Palladium complexes with bis(pyridyl)allenes

In line with the first exploratory experiments, we reacted the C,-symmetric allene 97b with 1
equiv. of Pd(MeCN).Cl., in CH2Cl; (Scheme 62). Upon reaction completion, the product was
isolated as a red powder in quantitative yield and characterised by NMR.

R R
«Ph .—_Ph
AN Pd(MeCN),Cl, 1.0 equiv. AN
— \ — |
cl
N . N
NN = CH,Cl,, 12 °C, 40 min NNy 7=
/
cl
97b R = Ph 171 R = Ph (>99%)
97aR = Bu 172 R = tBu (>99%)

Scheme 62 Preparation of Pd complexes 171-172.

Spectral analysis typical for all complexation experiments of 171 followed and will serve
as an exemplary case here. Thus, 'H NMR spectra of free ligand 97b and proposed complex
171 were recorded in the same solvent and temperature and compared (Figure 25, a). We can
see on the spectrum of a free ligand that a number of magnetic environments in the aromatic
region is reduced from factual 16 to only 6, as could be expected considering the symmetry of
the molecule. Similarly, the signals corresponding to two pyridyl methyl groups appear as
single peak at 2.58 ppm. Spectrum of complex 171 shares all these similarities with a major
difference being the chemical shift of the peaks. In particular, the peak of methyl groups
situated in close proximity to a reaction centre was shifted significantly downfield to 3.17 ppm
(Ad = +0.59 ppm).
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Figure 25 Comparison of NMR spectra of the free ligand 97b and its Pd complex 171: a) *H NMR
expansion of regions at 2.3-3.6 ppm and 6.9-7.9 ppm; b) 3C NMR expansion of region at 110-215

ppm.

These results suggest formation of a symmetric complex with bidentate chelation of the

Pd to both pyridyl groups. Further evidence came from *C NMR spectrum, where all the

81



IV. Allene-derived metal complexes — synthesis and fundamental studies

signals moved but the symmetry remained unchanged (Figure 25, b). The allene central carbon
atom peak in the characteristic range around 200 ppm was still present, but slightly shifted
upfield from 212.7 ppm in the free allene spectrum (A) to 204.1 ppm (A’) in 171. This suggested
that the allene core of the ligand was maintained in the complexation process and was not

substantially involved in an interaction with the metal centre.

| obtained analogous results for ligand 97a that quantitatively formed complex 172
under the same reaction conditions (Scheme 62), as can be judged from spectra presented on
Figure 26. The inherent lack of symmetry in 97a (the overlap of the two methyl peaks in the

free ligand was coincidental) was translated to its Pd complex 172.
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Figure 26 Comparison of NMR spectra of the free ligand 97a and its Pd complex 172: a) H NMR
expansion of regions at 1.3-3.3 ppm and 6.9-7.8 ppm; b) 13C NMR expansion of region at 110-212

ppm.

Results from HR-MS and EA analyses further supported the proposed structures and
confirmed the ligand to metal ratio at 1:1. For example, isotopic pattern characteristic for Pd-
containing species was found to be in perfect agreement with the theoretical peak for 172
(Figure 27).
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Figure 27 Fragment of high resolution mass spectrum (ESI) of complex 172 showing peaks

corresponding to the [M-CI]* ion.

| obtained good quality crystals of 172 from vapour diffusion of n-hexane/CH.Cl; at 4

°C. Structure of non-symmetric complex 172 was thus also unambiguously confirmed with X-

ray crystallography (Figure 28).

172

Figure 28 ORTEP representation of the X-ray structure of complex 172 (Hs omitted).
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When looking at the structure 172 we can clearly see the undisturbed allene unit with
the C(A)-C(7)-C(9) angle measured at 172.3°. Similarly, the typical double bond distances of
the allene found at 1.321(2) A and 1.322(2) A are indicative of a non-metal bonded allene
group. As we expected, the nitrogen atoms of both pyridines are facing inwards the ligand’s
pocket and are engaged in bonding to the Pd, with bond lengths of Pd-N(5) 2.0489(1) A and
Pd-N(4) 2.0269(1) A. Overall, the perpendicular arrangement of the allene ligand is maintained
and Pd is enclosed within. 172 features very slightly distorted square planar geometry typical
for Pd(Il) complexes. The coordination sphere is completed by two chloride ligands equally
distanced from the metal centre (2.3300(4) A and 2.3203(5) A). Interestingly, bis(pyridyl)allene
ligand is bonded to Pd in a trans arrangement. There are only few examples of such bidentate,
trans-spanning ligands based on pyridyl groups reported to date.?%2%¢1 Formation of trans
isomers of complexes with our ligands might have beneficial consequences for their use in
catalysis. For example, trans-spanning pyridyl ligands have been observed to be more active

catalyst in Heck coupling reaction.[2°”]

Although | could not obtain good enough crystals of the symmetric 171 to perform the
crystallographic analysis, we have assigned trans geometry to that complex based on the
similarity of the remaining characterisation data. In particular, the shift of the peaks
corresponding to the central carbon atom of the allene in *C NMR in both 172 and 171 vs free
ligand changed to a similar degree (6.1 ppm and 8.6 ppm, respectively). We can contrast these
observations with the data reported for cis-bis(phosphine)allene Pd(ll) complex 99 (see
Scheme 56). In 99, the cis arrangement was combined with a heavy bend of the allene core

and a change of 16.6 ppm on *C NMR.

IV b. 3. Platinum complexes with bis(pyridyl)allenes

| tried to overcome initial failure to form Pt(Il) bis(pyridyl)allene complexes in reactions with
salts such as PtCl,, Pt(MeCN).Cl, and K:PtCls with the use of a Pt source with more labile
ligands that would be more readily displaced by the allene ligand. Thus, cis-Pt(DMSO).Cl, was
prepared from K;PtClsand used in further screening (Scheme 63). However, reaction of ligand
97b with 1 equiv. of cis-Pt(DMSO).Cl, in acetone, water or alcohol solvents at room and
elevated temperatures led to recovery of the unreacted ligand in most cases. | did not observe
any reaction in the presence of Pt(TMEDA)CI, or Pt(PhCN)Cl. either.
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acetone, 50 °C

KaPtCly H,0, 50 °C
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Scheme 63 Reaction of ligand 97b with Pt(ll) precursors.

These results seem to be counterintuitive when compared to Pd experiments with the
same ligand in light of the respective effective ionic radii of Pd?* and Pt?*. For the 4-coordinate
square geometries the Pt?* radius is actually smaller (0.74 A against 0.78 A) than that of
Pd?*.[2%I |n theory the formation of a complex with a ligand with the same bite angle should be
even more favourable, but that was not the case. For better comparison, we could estimate
the size of the ligand pocket using X-ray data of our Pd complex 172 and Krause’s Ag complex
149 (see Figure 22). The size, measured as a distance between the nitrogen atoms of the two
pyridines was found at 4.008 A in 172 and 4.953 A for 149. Another insight deriving from the
ionic radii comparison was a notable size difference of 6-coordinate Pt** and Pt?*ions at 0.77
A and 0.94 A, respectively. We thought that we could potentially access the complex with a
smaller Pt centre more easily. | tested this assumption in the reaction of 97b with a Pt(IV) salt
H.PtCls6H,O (Scheme 64, a). Gratifyingly, the reaction at room temperature in methanol
resulted in a formation of a pale orange powder in 92% yield. This powder was a new Pt(IV)
complex 175 with 1:1 ligand to metal stoichiometry confirmed by *H, *C NMR, HR-MS and EA
analyses. Noteworthy, spectra of the new compound were still characterised by an increased
symmetry indicative of a bidentate nature of the ligand. The data also suggested that the allene
core did not participate in the metal complexation. | obtained even better result with the non-
symmetric ligand 97a which was fully reacted to its Pt(IV) complex 176 (Scheme 64). |
encountered some initial difficulty during the characterisation of 176 with *3C NMR (very small
signal response even for highly concentrated samples). The spectrum was enhanced by the

use of variable temperature version of the experiment. | established the desired temperature
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at 75 °C by a series of 'H experiments in which | observed a significant improvement of

resolution compared to a spectrum recorded at ambient temperature.

a)
R R
. «Ph . Ph
N H,PtClg6H,0 1.0 equiv.
o N‘ Pz o (\:I N
N N
\ MeOH, rt \ \/Ttgl
Cl ¢
97b R= Ph 175 R= Ph (92%)
97aR ={Bu 176 R = tBu (>99%)

b)

cis trans

Scheme 64 Pt(IV) complexes 175-176: a) preparation; b) structures of cis and trans isomers.

Both complexes 175-176 were only soluble in DMSO, with 175 not being very stable in
a solution over longer periods of time (see Section VI b. 1.). This posed a problem for obtaining
good crystals that would allow us to determine the structures with certainty. However, we
proposed an octahedral geometry of the metal centre typical for Pt(IV) complexes and draw
the structures as cis isomers in this case. The trans isomer would require one of the chloride
ligands to be placed directly in the space between Pt atom and the centre of the allene or a
distortion of the octahedral geometry. Although, the NMR data indicates that the allene
environment did not substantially change in 175-176 compared to free ligands we cannot
completely rule out either isomer. Perhaps, the broadening of signals observed on the NMR

spectra is a reflection of the equilibrium between the cis/trans isomers (Scheme 64, b).[2%

The synthesis of the novel Pt(IV) bis(pyridyl)allene complexes brought a twofold
advantage. First of all, Pt(IV) complexes have been extensively studied as pro-drugs for
anticancer therapy (see Section VI a.).[?1-2121 pPt(IV) compounds are considered as potential
precursors to the active Pt(ll) species and are designed to circumvent some of the undesired
side effects of the latter. Hence, the cytotoxicity and redox chemistry of 175-176 would be of
much interest. Secondly, Pt(IV) compounds can be used as synthetic precursors to more
challenging Pt(ll) equivalents by means of chemical or electrochemical reduction. |

investigated the reduction problem next.

The literature concerning the reduction of Pt(IV) complexes is strongly linked to their

anticancer reactivity and was mainly developed in biologically relevant settings. Therefore, the
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main reported reducing agents used for chemical reductions are those found in significant
concentrations in the intracellular environment, such as ascorbic acid, glutathione or L-

cysteine.[210

As a starting point, | chose the ascorbic acid reduction and validated it on Pt(bipy)Cl,
model (Scheme 65, a). Reaction of 177a with 3 equiv. of L-ascorbic acid successfully produced
Pt(ll) analogue 177b, confirmed by excellent agreement of NMR data with literature values.
Compound 175 was then subjected to the same and modified conditions (Scheme 65, b). The
reaction in water or water/ethanol mixture gave very inconsistent results. | always isolated a
product in trace amounts that hindered full characterisation. Next, | carried out the reaction in
increased pH media and in larger excess of the reductant to improve the issues of efficiency
and reproducibility. A higher pH environment was thought to influence an equilibrium of
different forms of the ascorbic acid in solution, favouring the dianion believed to be the active
species in the reaction (Scheme 65, c). Although the vyields improved slightly | could not
establish the identity of the product with confidence.

7 N —
QE@ L-Ascorbic acid 3.0 equiv. /N \ /)

a)

N N N
/Pt\ H,0, rt \Pt/
Cl | ~Cl Cl - \Cl

Cl
177a 177b
L-AA 3.0 equiv.

H,0, 25 °C, overnight

Ph
.__wPh
- ic aci L-AA 10.0 equiv. ~
L-Ascorbic acid q — ‘
H,O/EtOH 3:2,40°C, 1 h N N .~
2 N\ /Pt
CI/ Cl

L-AA 10.0 equiv.

ted product 174
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c)
HO HO HO
o) . o . o
HO o H HO 0 H_ Ho o
_ " _ " _
HO OH O OH 0 o
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Scheme 65 Reduction of Pt(IV) complexes with ascorbic acid: a) model bipy complex 177a;

b) bis(pridyl)allene complex 175; c) ascorbic acid forms in solution.

On the contrary, non-symmetric 176 was readily reduced in agqueous media in the

presence of 10 equiv. of ascorbic acid (Scheme 66). Surprisingly, the isolated product was not
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Pt(ll) analogue of 176 of the 178 type, but a hexacyclic platinacylce 179 isolated as an orange
solid in 89% vyield. 179 was fully characterised, including X-ray structure determination.

tBu
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—— . pr—
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e \_/ Pt
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Scheme 66 Reduction of Pt(IV) complex 176; ORTEP representation of the X-ray structure of product
179 (thermal ellipsoids drawn at 50% probability level).

179 crystallised in a triclinic P -1 space group. Interestingly, it was not the pyridine
substituent that attack the allene backbone, but a phenyl group, resulting in a formation of
indene-type core of a new complex. Pt was found in a near square planar geometry, chelated
by the N(1) atom of the pyridine and C(9) — former central carbon atom of the allene. The Pt-
C(9) bond distance was found at 1.963(5) A. The coordination sphere was completed by two
chloride ligands, one of which was an acceptor of good intramolecular hydrogen bond with a
pyridinium group not bonded to the metal centre, N(22)-H(22)...CI(1) at 2.33(9) A.

We can view the formation of 179 from its Pt(IV) precursor 176 as a cyclometallation
process with characteristic establishment of a new metal-carbon o-bond via transition metal-
mediated bond activation.?*® The large majority of cyclometallation reactions involve activation
of C-H bonds, however the examples with C-O, C-Si or like in our example activation of a C-C
bonds are known. In general, cyclometallation is initiated by coordination of the metal centre
by a donor group present in a molecule, for example, the pyridyl groups in 176. The process

is terminated by the subsequent bond activation closing the metallacyclic product. In case of
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platinacycles, typically five-membered ringed products are formed via C-H (sp?, sp®) activation.
C,P-, C,N-Chelating or pincer C,N,C-, N,C,N- etc. platinacycles examples are common.
Interestingly, N,N-coordinated Pt-bipy complexes have been found to undergo cycloplatination
to less common C,N-chelates via so called “rollover’ mechanism.?%4213] |n case of 176, such
process involving activation of the double bond of the allene skeleton was perhaps
accompanied by a SeAr-type attack of the phenyl substituent. A tentative mechanism for the

formation of 179 assuming the initial Pt(IV)/Pt(ll) reduction is proposed on the Scheme 67.

tBu

179

Scheme 67 Proposed mechanism for the formation of platinacycle 179.

| also investigated both 175 and 176 by cyclic voltammetry (CV) to gain additional
insight into the reduction process. The results for both compounds were much alike and will
be describe here in detail for 176. | observed three reduction peaks below -1.0 V on the first
voltammogram of 176 recorded in the direction of positive E values (Chart 1, a). We assigned
the cathodic peak A at -1.1 V to a Pt(IV)/Pt(ll) reduction event, whereas peaks B-C in more
negative potential range perhaps arose from the reductions of the allene ligand fragment.
When the experiment was run in the opposite direction we could also observe an oxidation
event. | determined by narrowing the range of potential window to A peak only (Chart 1, b),
that the new anodic oxidation peak A’ at 0.06 V was associated with A (Chart 1, c). Initial
Pt(IV)/Pt(ll) reduction was probably followed by partial re-oxidation of resulting Pt(ll) species.
However, such re-oxidation would not lead to the original Pt(IV) complex, because in that case
we would see a more symmetric voltammogram, corresponding to a classic two electron
reversible process. What is more, the irreversible Pt(IV)/Pt(ll) reduction is usually combined
with a loss of two axial chloride ligands (electrochemical-chemical process) and therefore
regeneration of the initial analyte is not likely. The corresponding values for A and A’ peaks

for complex 175 under the same experimental conditions were -1.0 V and 0.19 V, respectively.
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Chart 1 Voltammograms of a solution of 176 at 1.6 mM. in 0.1 M (n-BusN)(PFs) DMSO solution with a
scan rate of 100 mV/s at rt at a glassy carbon working electrode. Potentials referenced to ferrocene
internal standard.

Very similar CV profiles were observed in a reported study focusing on the identification
of the products of electrochemical reduction of three promising Pt(IV) drug precursors (Figure
29).1218 |n particular, the reduction potential value of -0.964 V for dichloro-compound 180 and
its oxidation potential values are in good agreement with those observed for 176 and 175.
Interestingly, the study found that only 180 was cleanly reduced to its Pt(RNCH.CH:NR)(Py)-
analogue, whereas 181 and 182 underwent more complicated reaction pathways.

? @ / 4
NClN\ HN\ NClN\

\':
/

0 Q 0

R=pHCsF, 180

\Z

Figure 29 Pt(1V) complexes studied as anticancer prodrugs.
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Baik and co-workers used a mixed electrochemical/computational approach to study
several Pt(IV) compounds of general structure Pt(NHs).Cl.L, (L = CI, CH;COO", CHCI,COO")
and shed more light onto the details of their reduction process to Pt(ll) analogues.?'”! The
authors established that the commonly observed 2-electron, irreversible reduction proceeds in
a stepwise manner. First, one electron transfer produces a metastable six coordinate Pt(lll)
intermediate. The latter, upon addition of a second electron loses two axial ligands (L) forming
the Pt(ll) species. In general, this description also fits the reduction process observed for 175
and 176.

The reduction of six coordinate Pt(IV) compounds to four coordinate Pt(ll) species is
believed to proceed through an irreversible loss of two axial ligands and the influence of the
character of those ligands on the reduction potential of Pt(IV) complexes has been studied.?*¢-
2221 For example, Choi and co-workers observed a correlation of reduction rates and reduction
potentials and the electron-withdrawing character and bulkiness of the axial ligands in a series
of Pt(IV) complexes.??Y1 The more bulky and electron withdrawing the ligand the higher the rate
and the more positive the potential of the reduction. Thus, the observed reduction potential
range varied from -0.884 V for PtHNCH,CH2NH2)(OH).Cl, to -0.09 V for
Pt(diaminocyclohexane)Cl, complex. The reduction potential values for 176 and 175 with two
chloride axial ligands each (-1.1 V, -1.0 V) might seem surprisingly negative in comparison
suggesting some other factors at play decreasing their aptitude for electrochemical reduction.
Interestingly, although the chemical reduction of 176 with ascorbic acid, of much more positive
oxidation potential (+0.56 V under same conditions used for the CV of Pt complexes),??* might
seem unfeasible, it took place nonetheless, and similar behaviour of other Pt(IV) complexes
was observed elsewhere.l??®l The quite negative reduction potentials of 175 and 176 might
prove advantageous for their stability under physiological conditions and in consequence for
their use as pro-drugs. To confirm the structures of the products of the electrochemical
reduction of 175 and 176, future work with these complexes might include bulk electrolysis
experiments that would enable us to isolate enough quantity of the products to carry out

extended characterisation.

IV b. 4. Gold complexes with bis(pyridyl)allenes

As in the case of Pd and Pt, there are no reported examples of Au bis(pyridyl)allene
coordination compounds. Consequently, we describe the first syntheses of Au(l)- and Au(lll)-
complexes with those ligands here, building on the promising reactivity observed in the reaction
with AuCls. | began a systematic study of the behaviour of bis(pyridyl)allenes in the presence
of Au with probing their propensity to form Au(l) compounds. Thus, allene 97b was reacted
respectively with 1 and 2 equiv. of (Me2S)AuCl in CH,CI, at room temperature (Scheme 68).

Due to the linear coordination of Au(l), we expected formation of 183a-type complex with Au
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centre captured by one of the pyridyl groups or 2:1 complex 183b resembling Fensterbank’s
Au(l)-bis(phosphine) complex 159b.151 However, irrespective of the variance in the conditions,
after 15 min | quantitatively isolated the same product 184 from both experiments. Full
characterisation of 184 uncovered an interesting result, with the first obvious observation being

the lack of symmetry in the product.
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Scheme 68 Reaction of ligand 97b with Au(l); ORTEP representation of X-ray structure of complex

184 (Hs omitted, thermal ellipsoids drawn at 50% probability level).

Au seemed to activate one of the allene’s double bonds towards attack from the
nitrogen atom of a pyridine ring onto the allene terminus ultimately leading to a formation of
184.12%U This result resembled the reactivity | encountered with the thiophene and amino
ligands, where the donor substituents acted as nucleophiles ready to attack the activated
allene. | also saw the same type of reactivity with the trisubstituted bis(pyridyl)allene 97d (see
Scheme 48) under the trimetallic catalytic system Cu/Zn/Ti. However, in that case the product
did not feature metal bonding. This reactivity of 97b with Au(l) was also interesting when we
reflect on the behaviour of bis(pyridyl)allenes in the presence of other coinage metals such as
Cu an Ag. For those, Krause and co-workers proposed the allene-containing structures.*#° In
any case, protodemetallation did not occur in this experiment and | obtained 184 as a complex
that exhibits a bicyclic core with the Au bonded to the former central carbon atom of the allene.
The structure can be depicted in its two resonance forms of a zwitterionic vinyl-Au or a neutral

carbene. Conjugation with heteroatoms in the a-position to C(9) is normally needed for
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stabilisation of this electron deficient carbon for successful isolation of metal carbene
complexes.??42251 |nterestingly the heteroatom in our new complexes is not in such proximity
to C(9) but still provides high level of stabilisation. In fact, similar longer range heteroatom
conjugation in Au(l) complexes has been observed in compounds isolated by, for example,
Hammond and Firstner (185-186, Figure 30).[2°2021 The remaining pyridyl group of our new
complexes sits on a newly created stereogenic centre and does not participate in the metal
coordination. Good quality crystals of 184 were grown (CH.Cl./cyclohexane), which allowed
us to unambiguously determine the structure with X-ray crystallography (vide infra for
discussion). Structure 184 shows similar features to the Au(l)-157 derived from

(pyridyl)(phosphine oxide)allene reported by Fensterbank and co-workers.[*54

a) r 0+ b) +
(Ph3P)Au\ OTf
bgt
Bn ¢ OEt

185 186

NT,

Figure 30 Heteroatom-stabilised Au(l) carbenoids reported by: a) Hammond’s group; b) Firstner’s

group.

When | subjected allene 97a to the same reaction conditions, again it was fully
transformed to carbene-type compound 187. With a non-symmetric ligand such as 97a, the
two pyridyl groups, which are not equivalent, cyclised onto the allene with different rates

resulting in an isomeric mixture isolated at 1:0.12 ratio of 187a:187b products (Scheme 69).
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Scheme 69 Reaction of ligand 97a with Au(l); ORTEP representation of X-ray structure of complex

187b (Hs omitted, thermal ellipsoids drawn at 50% probability level).

The structures of 187a and 187b were assigned on the basis of NMR (including HMBC
and NOESY experiments) and XRD analysis of the isomer 187b. | observed that the isomeric
ratio changed in a solution over time to >99% of 187b (Scheme 69). These experiments
showed that isomer 187a with tBu- and pyridyl groups on the sp® carbon atom was the kinetic
product in the reaction and isomerised to the more favourable thermodynamic isomer 187b.
This process might be promoted because of the more sterically challenging environment of the
tetrahedral carbon in 187a compared to 187b. | performed a series of *H NMR experiments
tracking the change in concentration of both species in the solution (Figure 31, a-b). |
determined the ratio by comparison of integration of the pyridyl signals at 6.79 ppm (187a) and
at 8.49 ppm (187b) in the aromatic region (Figure 31, b). Then | calculated the concentrations
of 187a and 187b at specific time intervals from known initial concentrations of the sample and

corresponding isomeric ratio.
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Figure 31 Periodic 'H NMR experiment of mixture 187a/187b: a) expansion of 1.4-2.8 ppm region; b)

expansion of 6.6-8.6 ppm region.
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The corresponding concentrations of 187a/187b were plotted vs time till the total
disappearance of the 187a isomer (Chart 2, a). This data allowed us to determine the first order
rate constant of isomerisation at kisom = 1 x 10° st by straight line approximation on the plot of
In[1874a] vs time (Chart 2, b).
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Chart 2 Isomerisation of 187a/187b: a) plot of the change of concentration of both species in the
solution vs time; b) plot of In[187a] vs time used to establish rate constant and order of the

isomerisation.

The equilibration process can be seen as a reversible cyclisation/ring opening reaction,
with the AuCl fragment moving across the allene system (Scheme 70). Non-static interaction
of AuCl fragment with the double bonds of the allene resembles fluxional behaviour of n?-allene

Au complexes (see Section | b.).
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Au' ClAu~
(Me,S)AuCI Ph ) tBu Ph /B
1.0 equiv. N N
97a ——> — J N‘ P / i N*=
CH,Cly, rt N =
2%z \ / N /
187b

Scheme 70 Proposed mechanism of the isomerisation of 187a/187b.

| investigated the carbene/vinyl-Au character of 187a-b in a series of functionalisation
attempts (Scheme 71). For example, to probe the vinyl-Au character, 187b was reacted with
HNTf.. This strong acid is commonly generated in situ and involved in protodemetallation of
vinyl-Au(l) intermediates in reactions catalysed by Au(l) cationic complexes that are generated
by chloride abstraction using AgNTf, and | used it to simulate those catalytic conditions.
However, complex 187b did not undergo the expected protodemetallation (Scheme 71, a). In
contrast, the reaction led mainly to decomposition after long times with isolation of small
amounts of 189b, the Au(lll) analogue of 187b, confirmed by X-ray crystallography. Although
isolation of this Au(lll) complex was unexpected, the oxidation of Au(l) carbene complexes to
Au(lll) hydride species has been observed by Bertrand and co-workers with triflic acid.[?2]
Other oxidation methods for Au(l) complexes involve the use of halogens or proceed via

oxidative addition.[??7228l

Other electrophilic reagents (such us electrophilic halogenated compounds) have
shown to react with vinyl-metal complexes, to give the corresponding vinyl-halogen derivatives.
Reaction of complex 187b with iodine resulted in a mixture of products that appeared to contain
vinyl iodide 190 and protodematallation product 188, whereas milder conditions of NIS ended
up with complete decomposition (Scheme 71, b). Related NIS-induced cyclisation of
pyridyl(allenes) to 2-iodoindolizines has been reported recently without the involvement of

metals or formation of the vinyl-Au complexes.?2%
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a)
“AuCl "AuCly
tBu Ph — tBu Ph —
- HNTf, 1.5 equiv. -
+ e ¢\ 7
N N CH,Cly, rt, 6-24 h \ N
\ 7 VY
187b 189b
b)
“Aucl l> .
tBu Ph —
—
\ P—
<N* N / CH,Cl,, rt
\ NIS
VY x>
187b 190 188
Mn02
c
) CH,Cl,, rt _ -
AuCl (0]
tBu Ph — tBu Ph —
‘ DMP ‘
\ \
N N % CH,CI,, 0 °C N N %
\ 7 ! V7
Pyridine N-oxide
187b CDCl,4 - expected 191 -

Scheme 71 Attempted functionalisation of complex 187b: a) protodeauration with acid; b) reaction

with electrophiles; b) oxidation.

On the other hand, metal carbenes have been reported to oxidase to the corresponding
carbonyls, so to probe the carbene character, | attempted to oxidise complex 187b using
common oxidising agents. However, all oxidation efforts resulted in recovery of unaltered
starting material (Scheme 71, c). Only under acidic conditions of Dess-Martin reagent | saw

traces amounts of Au(lll) complex 189b similar to the reaction with HNTf.

The predominant robustness of 187b under presented conditions and mixed results of
the derivatisation seemed to confirm the true dual carbene/vinyl-Au nature of new compounds
rather than point to either one of them. This inference is further supported by the solid-state

analysis of this new family of complexes (vide infra, page 107).

Another way to functionalise the new Au(l) complexes could be achieved not through
replacement of the metal centre but by ligand exchange in the Au coordination sphere. For
instance, we could access interesting extended 3D architectures by replacement of the
chloride ligand for one more bis(pyridyl)allene ligand to form a complex resembling those from

cyclic (alkyl)(amino)carbene (CAAC)? or N-heterocyclic carbene (NHC)?*! classes. | carried
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out such reaction with complex 184 (Scheme 72). After initial formation, 184 was exposed to

1 equiv. of AgNTT, followed by another equivalent of allene 97b.

Ph
.Ph (Me,S)AuCI
| N 1.0 equiv. 1. AgNTf, 1.0 equiv.
7 —_—
N =
NN CHZCly, 1t 2.97b 1.0 equiv.
15 min
97b 184 192 (>99%)

Scheme 72 Preparation of 2:1 complex 192.

The yellow solid that was formed was analysed by NMR and HR-MS and we proposed
structure 192 for the product. The mass spectrometry analysis pointed to the 2:1 ligand to
metal ratio in the product. Similarly, both *H and *C NMR spectra showed two distinct, but
analogous ligand units. Each of them shared many similarities to the spectrum of 1:1 complex
184, such as peaks corresponding to the stereogenic carbon atoms at 98.94 ppm and 94.92
ppm for 192, and 97.5 ppm in 184 on the *C NMR spectrum. The peaks corresponding to
carbene-type carbon atoms in 192 (208.5 and 208.0 ppm), however, moved significantly
downfield compared to the same peak in 184 (191.3 ppm). Such pronounced shift might be an
additional proof that Au centre in 192 features a second ligand significantly different to the
chloride one in 184. The fact that the spectra of 192 are not fully symmetric might be caused
by restricted rotation of its substituents in a highly congested environment or perhaps very
distinct vinyl/carbene character of the ligands. This observation is quite unusual as similar
dimeric Au complexes of (NHC)-carbenes typically have symmetric spectra.l?*>-234 192 could
be crystallised, however poor diffraction of resulting crystals did not allow us to confirm the

structure with X-ray crystallography.

Next | investigated the complexation of bis(pyridyl)allenes with Au(lll) salts. To begin
with, allene 97b was reacted with two cationic Au(lll) sources, KAuCls and HAuUCl: hydrate
(Scheme 73). Both reaction mixtures contained NaPFs furnishing a counterion for an
anticipated cationic complex that would facilitate crystallisation of the product. The first
experiment with KAuClin a acetonitrile/water mixture at 80 °C yielded a very complex reaction
mixture. However, reaction with HAUCl, in an aqueous ethanol at room temperature, promoted
the formation of a dark orange solid that precipitated from the reaction in 43% yield, with a
proposed symmetric structure 193. Elemental analysis of this complex suggested that actually

the counterion of 193 was a chloride anion. When the reaction under these conditions was
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pushed by microwave heating to improve the yield, after only 5 min at 80 °C, 193 was
completely transformed into bright yellow powder identified as 194, the Au(lll) equivalent to
Au(l) carbene-type compounds that we saw earlier. Depending on a slight change in reaction
conditions, room temperature vs heating, we could access two very different classes of Au(lll)

compounds from the same starting materials.

a)  KAuCl, 1.0 equiv.
NaPFg 1.5 equiv.

Ph MeCN/H,0 5:1,80°C, 5 h

N HAuCI,H,0 1.0 equiv.
NaPFg 2.0 equiv.

97b EtOH/H,0 5:1,1t, 1 h

193 (43%) 194

b)
Scheme 73 Reaction of ligand 97b with Au(lll).

The optimised conditions applied to non-symmetric 97a, however, did not afford
expected 195 and further variation in the conditions allowed us to pinpoint only carbene-type

189 that was always forming at elevated temperatures (Scheme 74).

R
{Bu _ tBu B X
___.wPh HAuCl,;H,0 1.0 equiv. wPh
| N NaPFgor NaNTf, 2.0 equiv. | N
o N2 o Cl N_ _~
N . _ 0, N
\ EtOH/H,0 5:1 or EtOH, rt - 80 °C \ \A{u/
/
cl
97a 195 not isolated 189 R'/RZ = Ph/tBu

formed upon heating
Scheme 74 Reaction of ligand 97a with Au(lll).

| could gain better control over the reaction with 97a with a simple switch to refluxing
methanol. Separation of bright yellow precipitate furnished carbene-type 189 in 20% yield and
0.17:1 isomeric ratio, whereas allene-containing 195 left in solution was recovered after
concentration of the filtrate (60% yield, Scheme 75). Reaction of symmetric bis(pirydyl)allene
97b, substituted with two phenyl groups, in methanol, on the other hand, produced only the
carbene compound 194. The formation of N,N-chelating complexes such as 193 and 195 in
Au(lll) experiments that were inaccessible in corresponding Au(l) reactions underpins the
different character of these Au species. In particular, we observed the carbophilic preference
of Au(l) compounds for coordination to Tr-system(60235236] ys the preference of Au(lll) for -

dative ligands.
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+
Bu tBu B (o}
Ph . Ph
uCly .0 equiv.
| AN HAUCI,H,0 1.0 equi | N
T N N~ ) N /CI/N _ +
\ MeOH, refulx, 130 min N\ / \Au
/
Cl
97a 195 (60%) 189 (20%, 189a:189b 0.17:1)

189a R' = Ph, RZ = {Bu
189b R' = Bu, R2 = Ph

Scheme 75 Reaction of ligand 97a with Au(lll) in MeOH.

The fact that we could isolate allene-containing Au complexes with bis(pyridyl)allene
ligands prompted us to investigate these type of Au complexes further. We argued that
modification of our ligands’ structure might favour allene-containing complexes and not the
carbene-type products. For example, increase of a steric bulk around the allene core or
decrease of the nucleophilicity of the pyridyl groups could disfavour metal-induced cyclisation.
We decided to explore the latter variant and prepare a modified ligand with EWG substituents
situated on both pyridine groups. We chose a symmetric -CF; substituted structure 97e
(Scheme 76) as a close analogue to the original methylated ligand. As a result 97e was
prepared utilising the same synthetic strategy modified to the use of fluorinated starting

materials.[237]

Then, | reacted ligand 97e with 1 and 2 equivalents of (Me,S)AuCl and monitored the
progress by 'H and '°F NMR spectroscopy (Scheme 76, a). Initial reaction at rt and then at
elevated temperature always resulted in the recovery of unreacted starting materials even after
several days. | observed similarly sluggish reactivity in the reaction with Au(lll) salt (Scheme
76, b). This time, however, | could see very slow reaction of 97e to a non-symmetric product,
which could again arise from the pyridine cyclisation. Full characterisation of this product was
not feasible due to very small quantities obtained. Symmetric bidentate complex 196 was never
observed and even after 5 days of reaction ligand 97e constituted over 50% of the reaction

mixture.
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Ph

97e

a)

b)

(Me,S)AuCI
1.0-2.0 equiv.

CDCl,, 1t - 50 °C

HAuCI,H,O
1.0 equiv.

MeOD-dy, rt - 45 °C

.
Ph
___.Ph ]
‘ A
—\ ¢l N
N\ =
N\ / \Au/
) CFs

cFy C

196 not isolated

Scheme 76 Reaction of fluorinated bis(pyridyl)allene ligand 97e with Au: a) with Au(l) precursor; b)

with Au(lll) precursor.

Deactivation of the pyridines by an inductive depletion of their electrondensity in the

robust ligand 97e proved not only to mostly thwart the nucleophilicity of the ligand but also

completely stopped any metal coordination. More modifications will be needed to strike a finer

balance between these two reactivities.

| accomplished the deliberate synthesis of Au(lll) carbene-type complexes 189 and 194

in ethanol at 65 °C (Scheme 77). Full characterisation of 189 and 194 revealed many structural

similarities with their Au(l) counterparts and recently reported Au(lll)-indolizine compounds

reported by Ho, Tse, Wong and co-workers obtained from propargyl pyridines.?®® The exact

isomeric ratio of isolated products 189a/189b was dependent on the reaction time. However,

the ratio of the two species seemed to remain constant when left in solution for long periods of

time (Figure 32).
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Ph
v—Ph
| S
— P
N
S
97b
tBu
.—_Ph
| =
— '
N
N
97a

194

AuCly

HAUCI;H,O 1.0 equiv.

EtOH, 65°C

HAUCI;H,O 1.0 equiv.

EtOH, 65°C

189a 189b

189 (54%, 1892/189b. mix)
ci3
@

Scheme 77 Preparation of carbene-type Au(lll) complexes 189 and 194 and ORTEP representation of

their X-ray structures (Hs omitted, thermal ellipsoids drawn at 50% probability level).
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Figure 32 Periodic 'H NMR experiment of the mixture 189a/189b, expansion of aliphatic region 1.8-
2.7 ppm.

All compounds with a carbene-type structure besides 187a yielded good quality
crystals that allowed us to collect the solid state data by X-ray diffraction. Contrarily, crystals
of the complexes that were proposed to feature the original bis(pyridyl)allene motif were much
more difficult to obtain. To induce better crystal packing and/or stabilise the less robust
complexes featuring the allenes | attempted to exchange their counterions for anions such as
PhsB-, TfaN" or TsO" due to their increased size and non-nucleophilic properties, but that
strategy turned out to be ineffective. | also tried co-crystallisation methods with poly-
halogenated compounds such as pentafluoroiodobenzene. Such co-crystallisation partners
have been found to promote crystallisation of halogen-containing species thanks to formation
of halogen bonding.?%¥ Unfortunately, these attempts did not improve the quality of desired
crystals. We tentatively assigned square planar geometry to both allene-supported complexes

193 and 195 and represent them as trans isomers in analogy to the Pd complexes.

Crystal structures of the Au carbene-type complexes are gathered in the Figure 33,

with all the key solid-state parameters collected in Table 3.
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Figure 33 ORTEP representation of X-ray structures of complexes 184, 187b, 194 and 189 (Hs

omitted, thermal ellipsoids drawn at 50% probability level).
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Table 3 Selected crystallographic data for complexes 184, 187b, 194 and 189.

184 187b 194 189a 189b
X-ray source Mo-Ka Mo-Ka Mo-Ka Mo-Ka Mo-Ka
Crystal system Monoclinic  Tetragonal Monoclinic Monoclinic Monoclinic
Space group P 21/n P4 P 2i/c P 2i/n P 21/n
Au-C [A] 1.986(3) 1.997(3) 2.004(2) 2.038(3) 2.020(2)
(1) 2.2819(7) (2) 2.2833(7) (1) 2.2889(6)
Au-Cl [A] 2.3031(7)  2.3068(7) (2) 2.2900(7) (3) 2.2869(8) (2) 2.2927(6)
(3) 2.3502(6) (4) 2.3481(7) (3) 2.3475(6)
C-Au-Clangle [°]  177.29(8)  177.11(9) 176.99(7) 175.70(4) 176.95(7)

C(1)-Au-CI(1)
88.94(7)

C(1)-Au-CI(3)

C(1)-Au-CI(2)
91.89(8)

C(1)-Au-CI(3)

C(9)-Au-CI(1)
91.79(7)

C(9)-Au-Cl(2)

89.13(7) 89.74(8) 86.94(7)
Selected CI(1)-Au-CI(2) Cl(2)-Au-Cl(4) Cl(1)-Au-CI(3)
angles [] ' ' 90.93(2) 88.54(3) 91.26(2)

CI(3)-Au-CI(2)
91.42(2)
CI(1)-Au-

CI(3)171.72(2)

CI(3)-Au-CI(4)
89.80(3)

CI(2)-Au-CI(3)
178.30(3)

Cl(2)-Au-CI(3)
90.01(2)
Cl(1)-Au-CI(2)
178.41(2)

All the members of the new family of Au carbene-type compounds are built on a bicyclic

indolizine-type core with Au atom bonded to a former central carbon atom of the allene that
now neighbours a new stereogenic centre. As expected for Au(l) compounds the geometry
around the metal centre was found to be close to linear (177.11(9)°-177.29(8)°), whereas
Au(lll) compounds featured near square planar arrangement (e.g. please see selected angles
in 194, Table 3). Au(l)-C bond distances in 184 and 187b of 1.986(3)-1.997(3) A can be placed
in a lower range of those reported for related Au(l) carbenes, for example they were
comparable to Fensterbank’'s®® 157a and 157b values of 1.993(4) A and 1.984(2) A,
respectively. Whereas corresponding values in Au(l) vinyl compounds are typically significantly
higher.[201.240-242] |n case of Au(lll) complexes, there are much fewer reports dealing with the
synthesis of related systems. The Au-C distances in 194, 189a and 189b found at 2.004(2)-
2.038(3) A were comparable to those reported by Ho, Tse, Wong and co-workers (1.993(5)-
2.030 A).2%8 Additionally, when the Au(lll)-C bond lengths of 194, 189a and 189b are

compared with better documented Au(lll) (NHC)-carbenes they fit in the mid-range of
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previously published values.?*3-245 And these values are slightly shorter when juxtaposed with

the reported Au(lll)-vinyl bond distances.[246:247]

IV c. Conclusions

The bis(pyridyl)allenes emerged as the most robust and versatile ligand candidates from the
three main ligand architectures under investigation. The complexation studies revealed some
discrepancy in the reactivity of different derivatives of bis(pyridyl)allene skeleton, pointing to
the differences in their electronic and steric properties and/or bite angle values. We achieved
not reported to date complexation of those ligands with Pd(ll), Pt(1V), Pt(ll), Au(l) and Au(lll),
affording a series of 11 (13 including isomers) novel metal complexes (Table 4). The
trifluoromethyl-substituted ligand did not promote formation of the allene-containing

complexes.
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Table 4 Summary of the novel allene-derived complexes prepared in the second stage of the project.

Entry Complex Section Structure
\\Ph
1 171-172 IVb.2. C'
\ 7 171 R = Ph
w 172 R = {Bu
0]
x
(]
=y
e
(@]
e 2 175-176 IVb. 3.
E 175 R = Ph
s 176 R = Bu
c
(@]
Q
(6]
= \\\Ph *
T
3 193,195 IV b. 4. Cl
\ / \A’u/
193 R = Ph
195R = tBu
AuCl
4 184, 187a-b IV b. 4.
184 R'=R2=Ph
187a R'=Ph, R2=tBu
0 187b R' = tBu, R2 = Ph
2
<o
o
e
3
8- 5 194, 189a'b |V b 4 194 R1 R2 = Ph
? 189a R' = Ph, R2 = {Bu
2 189b R = tBu, R2 = Ph
3
IS
[&]
6 179 IVb. 3.

179

In general, the new complexes can be grouped in the two main classes, namely, allene-

based bidentate complexes such as 171 or 175 (Table 4, entries 1-3) and allene-derived

carbene-type compounds of 184 type (Table 4, entries 4-6). All new compounds were fully

characterised and their properties were studied.
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In the next chapters we will examine the first applications of all new metal complexes,

starting with their use as catalysts in several benchmark reactions.
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V. Applications in catalysis

V a. Introduction

The syntheses of novel allene-derived metal complexes have rarely been accompanied by the
discussion of potential applications of such new systems (see Section IV a.). However, some
authors recognised that the presence of (chiral) allene ligand(s) in a complex coupled with
unique geometries of the final structures creates an interesting opportunity for (asymmetric)
catalysis with these compounds. So far, the field of catalysis is the only area where these

materials have been utilised and the applicability is very limited to date.

Thus, Ready and co-workers used their allene-containing phosphine ligands (see
Section lll a. 2.) in the Rh(l)-catalysed addition of arylboronic acids to a-keto esters, as different
phosphite ligands were already known to promote this transformation in asymmetric manner
(Scheme 78, a).1512481 The screening of different enantioenriched allene ligands, metal to
ligand ratios and esters uncovered that, indeed, Rh(l)-allene species can promote the

asymmetric formation of tertiary alcohols in the discussed reaction.

a) b)
B(OH), _ RoP
0o ligand )
OR [RhCI(CH,CHy),l, (1 mol%) O
+ Bu
o KF (2 equiv.) OR
OMe iPrOH/H,0 5:1, rt PR,

197 R=Bn, Cy, iPr, Ad 198 199 (S)-65 R = 3,5-(CF3),-CgHs
(1-95%, ee 5-91%)

Scheme 78 Rh(l)-catalysed addition of arylboronic acids to a-keto esters: a) reaction scheme; b) best

performing ligand.

The highest reactivity and stereoselectivity was achieved when cyclohexyl ester (197,
R = Cy in Scheme 78, a) was reacted under a 1:1 catalytic system comprised of ligand 65 and
the Rh(l) source yielding the corresponding alcohol in 95% yield and 91% ee. Monophosphine
ligands proved to be much less selective than the bis(phosphine) congeners. Additional
insights into the reaction were obtained from further screening of various derivatives of
cyclohexyl a-keto esters and aryl- and vinylboronic acids. In general, electron-deficient a-keto
esters and electron-rich arylboronic acids reacted most efficiently and with the best
stereochemical control (41-98% yield, 48-95% ee).

Fensterbank and co-workers also tested the catalytic properties of their
bis(phosphine)allene digold complex 159b (Scheme 79, a).'5" First, they tested the racemic

version, and they observed good reactivity in the cycloisomerisation of N- and C-tethered 1,6-
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enynes using 3 mol% of the catalyst 159b with 6 mol% of the Ag(l) salt in dichloromethane at
room temperature (Scheme 79, b). When the reaction was carried out in methanol instead, the
alkoxycyclisation product 203a was also formed in good vyield (Scheme 79, c). However,
previous use of simple phosphine cationic Au(l) complexes such as [(PPhs)Au*] at lower
catalyst loadings at shorter reaction times gave similar or better yields and selectivity with these
starting materials.?*¥ Other noteworthy reaction was the diene-allene activation of 204
resulting in two cycloadduct products, formal [4+2] compound 205 and [4+3] compound 206

generated in a 4:1 ratio (Scheme 79, d).

—— (#)-159b (3 mol%)

a) b —
) STSN AgSbF (6 mol%) . N
Ph P
Ph N CH,Cl,, rt
T pph
Ph,P |2
| AuClI
AuCl 200a 201a (77%)
159b — (+)-159b (3 mol%)
MeO,C AgSbFg (6 mol%) MeOzC
MeO,C
2 CH,Cly, 1t MeO,C
\
200b 202a/202b (2:1, 70%)
c)

—  (+)-159b (3 mol%)

MeO,C —
2 AgSbF (6 mol%) MeO,C
MeO2C \ MeOH, rt MeO,C
OMe
200b 203a (70%))
d)
)\ (+)-159b (3 mol%) H
: AgSbFg (6 mol%
MeO,C = gSbFg (6 mol%) MeO,C , MeOC
MeO.C CH,Cl,, rt MeO,C | MeO,C 2
i \ / i H
204 205 206

205:206 (4:1, 67%)

Scheme 79 Reactions catalysed by Au(l) allene complex 159b: a) structure of 159b; b)
cycloisomerisation of 1,6-enynes 200a-b; c) alkoxycyclisation of enyne 200b; d) cycloaddition of

diene-allene 204.

Additionally, chiral HPLC resolution furnished complex 159 in enantiomerically pure

form (ee 2 98%). Enantiomer (aR)-(+)-159b was then evaluated only in the asymmetric version
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of the cycloisomerisation of 1,6-enynes 207a and 207b, giving the corresponding bicyclic

products 208a and 208b with high yields but only moderate enantioselectivity (Scheme 80).

N (aR)-(+)-159b (3 mol%)
AgSbFg (6 mol%)

z Ph
CH,Cl,, -20 °C, 15 h
207aZ = pTsN 208a Z = pTsN (90%. 29% ee)
207b Z = 0TsN 208b Z = 0TsN (>99%, 32% ee)

Scheme 80 Asymmetric cycloisomerisation of 1,6-enynes catalysed by (aR)-(+)-159b.

In terms of catalytic activity of carbene-type complexes characterised by a long range
heteroatom stabilisation similar to complexes prepared in Chapter IV, to the best of our
knowledge there are no relevant reports. However, different classes of carbene complexes, in
particular Au carbenes, such as (NHC)- or (CAAC)-carbenes have been used as catalysts

before in many chemical transformations and their reactivity has been reviewed.[230.250-254]

V b. Results and Discussion

Chapter IV described the synthesis and characterisation of a small family of novel allene-
derived metal complexes. Next, we present the studies exploring possible areas of application
of these new compounds. The focus of this section is a preliminary examination of the catalytic
activity of the new complexes in their racemic version. | tested their reactivity in a series of
benchmark reactions that are commonly used in the evaluation of new catalytic systems. Pd
complexes were employed in Tsuji-Trost allylic alkylation and Heck cross-coupling reactions.
All complexes, but in particular Au- and Pt-ones, were also used to catalyse cycloisomerisation

and alkoxycyclisation of 1,6-enynes as well as nucleophilic addition to allenes.

Each section dedicated to a specific reaction commences with a brief overview of the
transformation. The following experimental results are mostly divided into two categories to
reflect the different character of the allene-containing and carbene-type complexes (see

Chapter IV) and are compared to the state-of-the-art in the area.

V b. 1. Tsuji-Trost reaction

Tsuji-Trost reaction, also known as Tsuji-Trost allylation or Tsuji-Trost allylic substitution, was
discovered in the Tsuji laboratory and later extended to the asymmetric variant by Trost and
co-workers.[?52%6] This metal-catalysed transformation typically involves the reaction of LG-
containing allylic substrates and activated nucleophiles. The classic example of the Tsuji-Trost

allylation is a reaction of allylic acetates with malonate-derived enolates under Pd catalysis
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(Scheme 81). In fact, Pd-based catalytic systems are the most extensively studied in the

context of the Tsuji-Trost reaction.

@ 0 [Pd], L
/\/OAC + M > /\/CH(COZR)Z
base
209a 210a 211a

Scheme 81 Example of Tsuji-Trost allylation.

The generally accepted mechanism for Pd-catalysed allylic substitution with “soft”
nucleophiles is shown in Scheme 82. The catalytic cycle starts with Pd(0) species 212 pre-
coordinating to allylic starting material 209b resulting in a formation of n?> complex 213. 213
undergoes an oxidative addition affording key n? allyl Pd(ll) complex 214. In this step, the
leaving group is expelled with inversion of configuration. Typically, electron-rich Pd species
are necessary to facilitate the oxidative addition step and thus donor ligands such as
phosphines are commonly used. Nucleophilic attack on 214 anti to the metal fragment forms
another n? complex 215 that after a de-association of Pd(0)L, from the olefin gives product
211b and closes the catalytic cycle. Overall, the reaction proceeds with a net retention of
configuration. Conversely, in the case of “hard” nucleophiles, inversion of configuration is
observed. These nucleophiles attack the metal centre directly and in the reductive elimination

step are transferred to the same face of the alkene from the metal fragment.
211b
)/ PdL, 209p
dOL
dOL
213
/\_\+

Nu-Y
Pd”L
214

Scheme 82 Accepted catalytic cycle for Pd-catalysed allylic substitution with “soft” nucleophiles.

The scope of the reaction typically encompasses allyl halides, acetates, carbonates,
carboxylates or alcohols among others. The nucleophiles are usually stabilised carbon
nucleophiles, such as aldehydes and ketones in their enolate, silyl enol or enamine form. The

Pd(0) source can be used directly, although in situ reduction of Pd(ll) catalysts is also effective.
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There are two possible sites of nucleophilic attack in unsymmetrically substituted allylic
substrates and the resulting n® allyl complexes. Sometimes a mixture of regioisomers is
obtained. The factors governing the regiochemistry of the reaction include both steric and
electronic effects and the interplay of the allyl electrophile, nucleophile and ancillary ligands
character. The strategies developed to achieve regiocontrol include use of intramolecular

directing groups or tailored-made ligands.!%7:258]

The enantioselective variant of the reaction, asymmetric allylic alkylation (AAA), has
been studied extensively.'?>® The enantio-discriminating step in the AAA reaction can be either
the oxidative addition or the nucleophilic attack step. The former is operating when
interconversion of the diastereomeric Tr-allyl complex is slower compared to the subsequent
nucleophilic attack. For example, chiral catalyst can preferentially select one of the
enantiotopic faces of the olefin. For symmetric, achiral 1-allyl complexes the asymmetric
induction can be guided by the presence of chiral ligands that differentiate the two termini of
the allyl fragment for the nucleophilic attack step with coupled regio- and enantiocontrol. In
particular, AAA benchmark reaction of 1,3-diphenylallyl acetate and dimethyl malonate
(Scheme 83) is now a standard method used to assess the efficiency of asymmetric induction

of newly developed chiral ligands, including pyridine-based ligands.[2¢0.261]

0
OAc o o [Pd7]
chiral ligand
X * M e eolvent
O O \o o/ base, solvent
209c 210c

Scheme 83 Benchmark Tsuiji-Trost reaction used to evaluate new chiral ligands.

| began the investigation with this standard reaction setup using 5 mol% catalyst
loading (Table 5). First, | established a reference point with a reaction of a standard catalytic
system [Pd(allyl)Cl]2/PPhs (Table 5, entry 1). Next, | used the same Pd precursor in the
presence of the symmetric bis(pyridyl)allene ligand 97b (Table 5, entry 2), however | did not

observe any product formation.
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OAc Cat. (5 mol%)
o o
o L (5 mol%)
O O ’ \OMO/ BSA 3.0 equiv.
3.0 equiv. NaOAc (2 mol%)
209¢ 210c 211¢
R
.___Ph
Cat. = S ol ‘ ~
N =~
\ N ~pg 171 R = Ph
of 172 R = tBu
Table 5 Model Tsuji-Trost reaction with allene-derived Pd catalysts.

Entry Cat. L solvent T (°C) additives  Yield (%)
1 [Pd(allyD)Cl)2 PPhs? CH:Cl2 rt - 60
2 [Pd(allyD)Cl)2 97b CH:Cl2 rt - -
3 171 - CH2Cl> rt - -
4 171 - CH2Cl2 rt NEtsbc -
5 171 - CH2Cl> 38 HCO2NH4 -
6 171 - THF 64 HCO2NH4 -
7 172 - CHzCl> 38 HCO2NH4 -

210 mol%. ° 1.0 equiv. ¢[Pd] and NEtz mix beforehand.

In order to study the coordination of the ligand 97b and [Pd(allyl)Cl]2, | carried out a
stoichiometric reaction between these reagents (Scheme 84). Analysis of the quantitatively
formed product 216 revealed that the allene underwent an alkylation with an allyl fragment
present in the original Pd complex. Additionally, Pd which initially activated the allene, stayed
bonded to the former central carbon atom (*3C NMR peak of that carbon atom moved upfield
to 183.3 ppm, Ad = -29.4 ppm with respect to the allene ligand). This result confirmed the
previous observation (see Section IV b. 1.) that formation of allene-containing Pd complexes
requires presence of neutral accompanying ligands on the Pd precursor, and explains the lack
of reactivity encountered in the alkylation reaction under these conditions (entry 2, Table 5).
Ligand 97a did not show any reactivity in the presence of stoichiometric amount of [Pd(allyl)Cl].
(Scheme 84). The lack of reactivity or loss of the allene integrity indicated that the in situ

catalyst formation was not an effective strategy for this reaction.
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R
—=Ph [Pd(allyl)ClI], 0.5 equiv.
‘ NS y 2 U.0 equiv.
T N N CH,Cl,, rt, 40 min
N\ /
97b R = Ph 216 R = Ph (>99%)
97aR =tBu 217 R = tBu (0%)

Scheme 84 Stoichiometric reaction between bis(pyridyl)allenes and [Pd(allyl)Cl]2.

Subsequently, preformed complex 171 was tested under the reaction conditions (Table
5, entry 3), but it was not active. To probe if the inactivity resulted from insufficient reduction of
171 to the active Pd(0) species needed to start the catalytic cycle, | reacted it under common
conditions used to facilitate the reduction of Pd(ll) catalysts in various cross-coupling reactions.
Thus, in the reaction with PPhs | detected the presence of the free allene ligand 97b and
concluded that it was being replaced in the Pd coordination sphere by the phosphine ligands
(Scheme 85, a). The reaction with large excess of NEt; (Scheme 85, b) showed slight shift of
peaks corresponding to 171 on the *H NMR spectrum, but overall the main features of the
complex were maintained. 171 was then used in the Tsuji-Trost reaction in the presence of
NEts, but its activity did not improve (Table 5, entry 4).

Ph

a) ) X
PPh, 2.0 equiv — |

Ph
. Ph N\ /
A

| —
cl

—
\ N ~pg” NEt,, 20.0 equiv.

/ shift of NMR peaks
b)

97b

Cl
171

Scheme 85 171 under reduction conditions.

Use of additives such as ammonium formate has been shown to improve the reduction
of Pd(ll) pre-catalysts. However, allylic alkylation with 171 in the presence of HCOONH, in
refluxing CH>Cl, and THF was unsuccessful (Table 5, entries 5-6). | obtained similar result

when non-symmetric complex 172 was used (Table 5, entry 7).

Either problems with the Pd(I1)/Pd(0) reduction or perhaps with oxidative addition with
allylic substrates might have caused the inactivity of 171 and 172 in the Tsuji-Trost alkylation.

| therefore abandoned this route to focus on another important Pd-catalysed reaction.
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V b. 2. Mizoroki-Heck cross-coupling reaction

Mizoroki-Heck reaction is a metal-catalysed C-C bond forming reaction, typically occurring
between aryl- or vinyl halides and olefinic coupling partners (Scheme 86).[262263 The
usefulness and widespread applications of Pd-catalysed cross-coupling reactions, including
the Mizoroki-Heck reaction, was recognised with the 2010 Nobel prize awarded to the pioneers
in the area: R. Heck, E.-i. Negishi, and A. Suzuki.?®¥ Since the discovery in 1970s, the reaction
has been extensively studied and improved. Some of these developments include expansion
of the substrate scope beyond traditional aryl(vinyl) iodides and bromides to the so-called
“pseudohalides”, such as triflates, sulfonates or diazonium salts. Moreover, milder reaction
conditions have been established with decreased catalyst loadings and combination of
numerous ligands. The transformation takes place predominantly between sp2-sp? centres

under Pd-catalysis. Ni-, Cu- or Rh-catalysis has also been reported.

X [Pd], L xR
+ DR
base, solvent
X = halide,

pseudohalide etc. 218a 219a 220a

Scheme 86 General scheme of Mizoroki-Heck coupling.

The accepted mechanism of the Mizoroki-Heck reaction is depicted in Scheme 87. The
first step in the catalytic cycle, oxidative addition, is the same as in other cross-coupling
reactions (Suzuki-Miyaura, Sonogashira etc.). However, for Mizoroki-Heck coupling, the
following steps of the mechanism differ from other cross-couplings. The cycle starts with the
insertion of Pd(0) active catalytic species, sometimes after prior reduction from Pd(ll) species
in situ, into aryl(vinyl) halogen bond to form g-aryl Pd(ll) complex 222. The alkene coupling
partner 219a coordinates to this Pd(ll) species and undergoes insertion into Pd-C bond in a
syn manner resulting in 223a. The regioselectivity of this step is dictated by the character of
the catalyst, the olefin and the reaction conditions. Internal rotation of 223a sets it in the
required conformation for the following syn-f3-hydride elimination regenerating the double bond
and affording 224. Sometimes a mixture of products results due to different stereochemical
outcomes of the reaction, but for monosubstituted alkenes usually the E isomer of the final
product is formed. Finally, base-assisted reductive elimination releases the alkene product
220a and Pd(0) species that can begin the next turnover. The base is used stoichiometrically

to facilitate the reduction and neutralise the generated equivalent of HX.
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Ar-X

Pd’L, 218a

221

reductive oxidative

H elimination addition
/
X—Pd'lL
R\
\/\AI’ Ar\Pd"L
V2 n
224
X 222
syn-B-hydride syn-migratory
elimination insertionjq
X X R
/
L,Pd" H L,Pd'y  Ar 219a
\\"> <"/,/ — H\“' "’/H
H A H Ar R H
223b 3a

internal rotation
Scheme 87 Accepted catalytic cycle for Mizoroki-Heck coupling.

High functional group tolerance and development of new intriguing variants of the
reaction, e.g. intramolecular, asymmetric versions, contributed to quick acceptance of this
methodology by the chemistry community. Mizoroki-Heck coupling became one of the methods
of choice for complex synthetic problems, such as the total synthesis of natural products.®% |t
is also extensively used in the industry, together with other C-C and C-X (X-heteroatom) bond-

forming couplings.[266.267]

The catalytic asymmetric variant of the reaction was first disclosed in 1989 in the
independent reports from groups of Shibasaki and Overman that demonstrated the use of
chiral ligands for asymmetric induction in molecules containing prochiral centres.[?6826% The
presence of the chiral influence allowed to differentiate between two “enantiofaces” of the
alkene and resulted in preferential delivery of the metal fragment to one of them. The
enantiotopic faces of the prochiral olefin are called pro-S or pro-R depending on which
enantiomer is formed following the catalyst insertion and -elimination. The best enantiocontrol
is usually observed in more rigid systems. Ligands related to Cz-symmetric BINAP class
perform well in this transformation and achieve formation of demanding tertiary and
guaternary, including all carbon, stereogenic centres in poly- and spirocyclic products (Figure
34).270 The asymmetric Mizorki-Heck reaction is also often used to evaluate new chiral

ligands.
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Pd(OAc), (5 mol%)
(R)-BINAP (10 mol%)
N\ ‘ o other
+  PhOTf ] o * +
o i-ProEtN, PhH, 40 °C products

219b 218b (R)-220b (72%, 67% ee)

Figure 34 Example of asymmetric Mizoroki-Heck reaction.[?74

I chose a standard coupling between styrene and aryl halides for the evaluation of new
allene-derived Pd complexes in the Mizoroki-Heck coupling (Table 6). The reaction was

performed under typical conditions with 2 mol% catalyst loading.

Cat. (2 mol%)
Styrene 1.2 equiv.

X' NEtiPr, 1.5 equiv. X -Ph
DMF, 80 °C

16-19 h
218a 220¢
R
___.Ph
Cat. = — o ‘ ~
N~
N
N\ / ~pd” 171 R = Ph
of 172 R = Bu

Table 6 Mizoroki-Heck cross-coupling with allene-derived Pd catalysts.

Entry Cat. X Additives Yield (%)
1 171 I HCO2NH42 87
2 171 I - 93
3 171 Br - 20
4 172 I - 36
5 172 Br - -
210 mol%.

| observed a formation of (E)-stilbene 220c in the reaction with iodobenzene catalysed
by bis(phenyl)complex 171. The use of additives (HCO>NH,4) was not necessary to obtain an
excellent yield of the product (Table 6, entry 1 vs entry 2). The activity of 171 was substantially
diminished in a reaction with bromobenzene (Table 6, entry 3). Non-symmetric complex 172
was less active giving only moderate yield of the product in the reaction with Phl (36% yield,

Table 6, entry 4) and showing no activity in the coupling with PhBr (Table 6, entry 5).

Formation of the coupling product indicated that both catalysts were capable of
undergoing the required Pd(Il) reduction activation step as well as oxidative addition with aryl
halides. It seems that more reactive coupling partners such as iodobenzene are needed to

achieve best activity, which also would explain the lack of reactivity in the allylic alkylation
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reaction mentioned in the previous section. The difference of activity between the two catalyst
could be attributed, for example, to the steric bulk near the catalytic centre. The access of
starting materials might be more hindered for the t-butyl substituted complex. We could also
explain the discrepancy if we consider complex 171 to be in fact predominantly cis rather than
trans like 172. Although in other cross-coupling reactions the cis arrangement of the catalyst
is necessary to complete the catalytic cycle through reductive elimination releasing the
coupling product, there is no such requirement in Mizoroki-Heck coupling where the product is
formed in the B-elimination step. In fact, trans complexes of Pd have been found to perform
well in Mizoroki-Heck reaction.’?">273 Although, when directly compared to the cis congeners,
the trans catalysts sometimes require longer induction periods and are thus less active.?’d The
presumed cis isomer of the Pd catalyst might be more active, especially in the oxidative
addition step, supporting a reasonable explanation of the different reactivity encountered in

our complexes.

Although further tuning of the catalyst design is needed to increase the activity with
more challenging substrates, we presented the first example of allene-derived catalytic system
used in such an important process that could open further research and developments also in

the asymmetric version.

V b. 3. Cyclisation and alkoxycyclisation of 1,6-enynes

Transition metal-catalysed carbocyclisation of enynes is a good method of accessing a wide
variety of carbo-, hetero- and polycyclic products.?”4-2"l The reaction is based on activation of
the acetylene fragment of an enyne (see Section | b.) in the presence of transition metals
(Figure 35).

i

/TR
VA

e
R

225 Z = C, heteroatom
R = H, aryl, alkyl

Figure 35 Activation of enynes by transition metals.

A variety of catalysts have been explored in this transformation, for example complexes
of Pd, Ru, Co, Ni, Pt,27827 put perhaps the most extensively studied is cationic Au(l) catalysis.
Depending on the type of enyne used and the character of the catalyst, the cyclisation can
operate under different mechanisms, yielding structurally varied products. The main

mechanistic pathways in enyne cyclisations have been grouped as Alder-ene type
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cycloisomerisation, skeletal rearrangements or cyclopropanations. These reaction variants

alongside a special case of enyne alkoxycyclisation are briefly presented below for 1,6-enynes.

Alder-ene type cycloisomerisation of 1,6-enynes (Scheme 88, a) proceeds via different
mechanisms depending on the metal complex used. For example, PtCl, catalysed reactions
are proposed to go through key metallacycle intermediates 229 (Scheme 88, b).[?™ First, the
catalyst coordinates simultaneously to both unsaturations of the enyne to undergo oxidative
cyclometallation affording 229. Then, a vinyl metal complex 230 is formed by B-hydrogen
elimination from one of the C-H bonds cis to the C-M bond. Finally, reductive elimination of

230 releases the cyclic diene product 227a and regenerates the active catalyst.

/i
VA
[PH" ¥\\>
226a
reductive
elimination
n+2 N
Py —
H Z '[F’t]”
B-hydrogen oxidative \
elimination COUW 228
=
P2
7 [Pt]
H H
229

Scheme 88 Alder-ene type cycloisomerisation of 1,6-enynes: a) general reaction scheme; b) catalytic

cycle proposed for PtCl2 catalysis.

Other mechanisms for Alder-ene type reactions invoke vinyl-metal intermediates 231
(Scheme 89, left) derived from hydrometallation of the alkyne by metal hydride species, for
instance generated in situ Pd or Ru hydrides.?8%281 Reactions with 1r-allylmetal complexes of

type 232 (Scheme 89, right) proposed as intermediates are less common.

H ML, o o
V4 ML, [LoM-H] ML, ‘ML,
R R
R
231 226 232

Scheme 89 Alder-ene type cycloisomerisation via: vinyl-metal intermediates (left), T-allylmetal

intermediate (right).
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Interestingly, formal Alder-ene type cycloisomerisation products have also been
observed in reactions catalysed by Au(l) complexes. Cyclisation of enyne 200b afforded
dienes 202c and 202d with 3 mol% of Au(l) phosphine catalyst 233 (Scheme 90, a).l?%2
However, the inability of Au(l) species to concurrently coordinate both alkyne and alkene
groups makes the Alder-ene mechanism less likely. In those cases, it is suggested that the
reaction goes via carbene intermediate 235a obtained from 5-exo-dig ring closure of alkyne-
coordinated complex 234 (Scheme 90, b). Ring-opening of 235a and subsequent proton loss
forms products 202c and 202d.

MeO,C 5-exo- d/g
MeOZC

+
tBu Bu o
MeO,C
233 (3mol%)  MeO,C , MeO,C b Au—NCMe ~SbFg
MeOZC
DMSO, 50 °C, 5h  MeO:C Meozc X
200b 202¢ 202d 233
202¢/202d (1:0.5, 67%)
b)
B u* LAu LA |
" V4
[LAU] MeOZC MeOZC
200b — — —  202c +202d
MEOQC Meozc
:
236 .

235a

Scheme 90 Au(l)-catalysed cycloisomerisation of enyne 200b: a) Alder-ene products 202¢/202d; b)

proposed mechanism for formation of 202¢/202d via carbene intermediate 235a.

In fact, in the presence of nucleophiles such as water or alcohols, 1,6-enynes have
been reported to react via cyclopropyl metal carbenes like 235b to give five- or six-membered
ring cyclisation/addition products (Scheme 91).27 Inter- and intramolecular hydroxy- and
alkoxycyclisations can be catalysed by Pt(Il) or Pd(ll) complexes,?83284 although the most
efficient are again Au(l)-catalysed processes.[?4°275282 The reaction is stereospecific and

examples of the enantioselective version have been developed.283.28]

ML, .z H

. 1 R

/ pR— — H OR'
7 ML, Z > 5-exo-dig R'OH 238
D —

L\j z

226 | % 235b -~ YR

239 OR'
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Scheme 91 Alkoxycyclisation of 1,6-enynes via carbene intermediates.

Skeletal rearrangement of 1,6-enynes is an important, atom-economic method for the
synthesis of vinylcycloalkenes.!?®! Two distinct reaction mechanisms have been uncovered for
this transformation (Scheme 92).274 With metal-carbene complexes the reaction proceeds by
enyne metathesis mechanism. For example, Grubbs Ru(ll) carbenes have been used in such
way.[28"1 A second intramolecular mechanism was proposed for electrophilic metal complexes.
This type of skeletal rearrangement is believed to yield two types of products, 240a and 240b,
the latter with disrupted connectivity of the original carbon atoms of the acetylene moiety

(Scheme 92).
@J/% skeletal enyne
rearrangement metathesis
240a [Aul* N Ru(ll) carbenes

m 240a

240b

Scheme 92 Skeletal rearrangement of 1,6-enynes.

Formation of type 240a diene involves single cleavage of the double bond, whereas
type 240b product derives from double cleavage of the alkene and alkyne bonds. For example,
for Au(l) catalysts, it has been proposed that the single cleavage mechanism goes via
cyclopropyl Au carbene intermediate 235¢ (see Scheme 91).27 The following formation of the
carbocation 242 and loss of the metal generates 1,3-diene 243 (Scheme 93, a). In the double
cleavage mechanism under the same catalysis the initially formed carbene intermediate 235d
is believed to undergo dyotropic rearrangement(?®l to another carbene species 245 (Scheme
93, b). After a-hydrogen loss and protodematalation, 245 would form final product 246. The
generation of 245 can also be explained by carbocationic 1,2-shift of the cyclic fragment in
242,

124



V. Applications in catalysis

a)

i *AuL

" 5
Z — A H
\—X_ R
R H
241 235c¢c

b)

o
Aul &
' R? AuL
4 — Z ) R2 — 7
1
. % Q :
R H
244

235d

mechanism.

cleavage mechanism in the Scheme 93.

245 246

Scheme 93 Skeletal rearrangement via: a) single cleavage mechanism; b) double cleavage

Interestingly, skeletal rearrangement to six-membered products (201a, 247) is also
observed when the reaction proceeds by an endo-dig pathway. Depending on the substrates
and the nature of the catalyst the reaction can be selective towards the six-membered cyclic
products or give a mixture with the five-membered exo rearrangement products (Scheme 94,
a-b).?*9! Labelling experiments revealed that type 250 products are formed intramolecularly
with a terminal carbon atom of the double bond of the enyne bonded to the internal carbon of

the former triple bond in the product (Scheme 94, ¢).?%9 This mechanism is related to the single
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a)
— Au(PPh;)CI
— ( 3) )
TsN/ AgSbFy
—— TsN /
R
200a 201a (96%)
b)
Au(PPh,)
MeO,C AngF — MeOZC AN
y 8 Vie
MeO,C > £ MeOQC
MeO,C
200c 247 (67%) 248 (10%)
R R
i ]
R
— Z. LIk T /
H b
235d 249 250

Scheme 94 Formation of six-membered products in skeletal rearrangement of 1,6-enynes.

Carbocyclisation of heteroatom-tethered (O, N) 1,6-enynes catalysed by Pt was found
to produce fused, cyclopropane bicycles. %2921 For example, Echavarren and co-workers
described cyclisation of enynes 251 under PtCl; catalysis that exclusively afforded bicyclic
ethers of type 254 (Scheme 95).2% The authors proposed that the reaction involved
stereoselective 6-endo-dig cyclisation of n?> complex 252 to Pt carbene 253, that after B-

hydrogen elimination, gave the observed products 254.

PtCl,
. i
0 OR3 PtCl, ; 6-endo-dig
—_— - _—
H“2—<\> 2—'4\
R R*
251 R'3 = alkyl, aryl = 252 253 - 254

Scheme 95 Cycloisomerisation of 1,6-enynes to cyclopropane bicyclic products.

The summary of possible outcomes of the cycloisomerisation and alkoxycyclisation of
1,6-enynes is shown in Scheme 96. As in the case of Mizoroki-Heck and Tsuji-Trost reactions,
cycloisomerisation of enynes is now a standard methodology used to test new (chiral) catalytic
systems.
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: ~R  ROH ¥\> R
v R N R
o H OR' 7 7
OR Vd ‘

1,6-enynes N

alcoxycyclisation products cycloisomerisation products

Scheme 96 Summary of possible products of 1,6-enynes cycloisomerisation (right) and

alkoxycyclisation (left) reaction.

| prepared C- and N-tethered enynes 200b and 200a from Sn2 reactions with prenyl
(256a) and propargyl bromides (256b, Scheme 97, a-b). Interestingly, | also isolated traces of
allene 259 along expected enyne 200a in the reaction of the N-tethered enyne (Scheme 97,

b). 200a-b were subsequently used as starting materials in the screening of the new catalysts.

a)
MeOZCY\ 1. NaH, THF, 0 °C MeO,C -
MeO,C \\ 2.0°Ctort MeOC N
Br A
, 256a
255 1.2 equiv. 200b (>99%)
b) o _
0 m/
I 1. NaH, DMF, 0°C 1. NaH, DMF, 0°C S—N
S—NH, I
I . 0
2.0°Ctort 2.0°Ctort
Br ==
257 T Ls6a 258a (31%) s’ 200a (83%)
1.2 equiv. 256b 1.2 equiv.
+ /—>7 +
(e} 0 N
[ I / -
@S N @s N
I
o} L% 0
258b (~24%) 259 (7%)

Scheme 97 Preparation of enyne starting materials.

All the structures of the new complexes tested for their catalytic activity in enynes’

reactions are listed on Figure 36 for the ease of reference (they can also be found in Appendix

A).
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Ph Bu
—Ph .__nPh
| P
— Cl — ci
N_ _~ N__~
Ne N
N\ / \/Pd/ N\ ~pd”
ci ci
171 172 175

184 187a 187b

194 189a 189b

179

Figure 36 Structures of new allene-derived metal complexes from the study.
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Enyne 200b was reacted under 2 mol% of the catalyst and 2.5 mol% of Ag salt (where
stated) as the catalytic system. AgNTf, was used to form cationic catalytic species by chloride
abstraction, and was used in a slight excess to account for its hygroscopicity. The reactions
were carried out in CH,Cl; at 25 °C and in most cases for 1 h for comparison purposes (Table
7). The ratios of the starting material and the products were derived from the *H NMR spectra

of the crude reaction mixtures.

MeO,C — Cat. (2 mol%) MeO,C MeO,C y l\gecc);zC MeO,C
2 e
AgNTF, (2.5 mol%) Me02C Me0,C 2 MeO,C
MeO2C . N .
\ CH,Cl,, 25 °C, t \ \
OH
200b 202a 202b 202c | 203b

Table 7 Cycloisomerisation of 200b with allene-derived catalysts.

Entry  Cat.  AgNTh t(h) 200b 202a 202b 202c 203p  —onv-  Yield

(%) (%)
(Me2S)

1 el + 1 - 1.0 1.0 - ; >99 -

2 171 - 1 1.0 - - - - 0 -

o 3 175 - 1 1.0 - - - - 0 -
S 4 171 + 1 1.0 - - - - 0 -
‘é 5 175 + 1 1.0 - - - - 0 -
S 6 172 + 1 1.0 - - - - 0 -
© 7 193 - 1 015 1.0 - - - 87 80
8 195 - 1 09 1.0 - - 53 53

9 184 + 1.25 - 1.0 - - ; >99 77
10 1872 + 1 0.2 1.0 - - trace 83 83
11 187° + 1 - 1.0 - - - >99 >99¢
o 12 194 - 1 1.0 0.6 - - - n. is. n. is.
> 13 194 + 1 - 06 10 - ; >99 75
2 14  194d + 1 - 0.6 1.0 - - >99 98
8 15 189 + 1 . 077 10 - ; >99 >99
8 16 179 - 1 1.0 - - 0.09 - n. is. n. is.
17 179 + 1 1.0 0.33 - 1.0 - 57 52
18 1872 + 4 - 1.0 - - - >99 >99
19 179 +9 4 - 0.35 - 1.0 - >99 96

a1:0.12 ratio 187a:187b. " 100% 187b. ¢ 5% unidentified product. ¢ [Ag*] added from the start. ¢ 0.5:1.0 ratio. f 5
mol%. 9 6 mol%. n. is. — not isolated (reacted further with [Ag*]) hence conv. and yield not known.

For reference, (Me>S)AuCl was used as catalyst in the first reaction resulting in a full
conversion of the starting material and 1:1 mixture of isomeric skeletal rearrangement products
202a/202b (Table 7, entry 1). Next, | tested all the new allene-containing complexes. Thus,
Pd(Il) and Pt(IV) complexes 171-172 and 175 were found to be completely unreactive either
with or without addition of the Ag salt (Table 7, entries 2-6). Reactions with Au(lll) 193 and 195

resulted in partial conversion to a single isomer of skeletal rearrangement product 202a
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isolated in 80% and 53% vyield, respectively (Table 7, entries 7-8). The activity of these
compounds in the absence of [Ag*] might support their proposed cationic character. Despite
not achieving full conversion, complex 193 gave a better yield and selectivity than the Au(l)
bis(phosphine)allene complex 159b reported by Fensterbank at a lower catalyst loading (Table

7, entry 7 vs Scheme 79).

Cationic carbene-type complexes performed very well in this reaction. All Au(l)
complexes gave excellent results under the reaction conditions, in particular isomer 187b, with
which the diene 202a was formed quantitatively (Table 7, entries 9-11). Au(lll) analogues
performed equally well with the addition of [Ag*], but this time a mixture of products 202a/202b
was formed (Table 7, entries 12-15). Au(lll) catalysts favoured formation of isomer 202b
contrary to the Au(l) congeners promoting formation of 202a. With further optimisation
preferential use of Au(l)/Au(lll) catalysts can offer complementary selectivity choice. Pt(ll) 179
exhibited substantial increase of activity in the presence of AgNTf, (Table 7, entry 16 vs entry
17). The major product in a reaction catalysed by 179 was Alder-ene type product 202c. Full
conversion was achieved for all the catalyst by prolonging the reaction time and/or increasing

the catalyst loading (Table 7, entries 18-19).

The same catalyst screening was performed with N-tethered enyne 200a under
analogous reaction conditions (Table 8). In case of allene-containing complexes, | confirmed
the lack of activity of Pd(ll) and Pt(IV) compounds in the absence of AgNTf. either at room
temperature or at 80 °C (Table 8, entries 1-4). Previously, these complexes did not show any
activity at rt, even with the addition of Ag salt (Table 7, entries 4-5). Thus, to ensure the
formation of the cationic catalytic species and improve the activity, they were subsequently
used with two-fold excess of [Ag’] in toluene at 80 °C (Table 8, entries 5-8). One-hour long
reactions with all the Pd(Il) and Pt(lV) catalysts resulted in excellent conversions and yields.
171-172 favoured formation of a cyclopropane bicycle 201c while 175-176 gave 6-membered
skeletal rearrangement 201a and Alder-ene 201d as major reaction products.
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p— Cat.
pTsN AgNTY, q/ pTs NQ_>7 STsN q\ pTs Ni
pTsN
A + 7 \ + +
A\ solvent, T, t
200a 201a 201b 201c 201d
Table 8 Cycloisomerisation of 200a with allene-derived catalysts.
Entry (nf;;) | (E:O?O/l | solvent (°I:) t(h) 200a 201a 201b 20ic  201d C(‘(’)/:)" : Y(';O')d
1 171 (3) - CH2Cl2 25 15 1.0 - - - - 0 -
2 175(3) - CHxClz 25 15 1.0 - - - - 0 -
3 175 (3) - PhMe 80 16 1.0 - - - - 0 -
g 4 171 (3) - PhMe 80 1 1.0 - - - - n.is. n.is.
f 5 171(3) 6.5 PhMe 80 1 - 0.6 - 1.0 006 >99  >99
5 6 172 (3) 6.5 PhMe 80 1 0.08 0.4 - 1.0 0.07 95 85
= 7 175 (3) 6.5 PhMe 80 1 - 0.8 0.3 0.4 1.08 >99 88
8 176 (3) 6.5 PhMe 80 1 - 1.0 0.35 0.4 1.02 >99 >99
9 193(2) 25 CH2Cl2 25 15 1.0 0.14 0.4 0.05 - 37 36
10 195(2) 25 CH2Cl2 25 1.5 1.0 0.08 0.25 0.03 - 26 26
11 184 (3) 3.5 CH2Cl2 25 042 - 1.0 0.15 0.05 0.03 >99 >99
g 12 1872 25 CHXClo 25 15 033 1.0 045 0.1 - 82 82
‘?, 13 187¢(2) 25 CHCl, 25 15 - 1.0 048 0.12 - >99  >99
§ 14 194 (2) 25 CHCl, 25 15 05 1.0 055 011 0.06° 78 77
§ 15 1899(2) 25 CH2Cl2 25 1.5 0.11 1.0 0.35 0.03 0.03 94 80
16 179 (2) 25 CH2Cl2 25 1.5 1.0 0.08 0.04 0.23 0.58 48 46

2 0.35 unidentified product. P 1:0.12 ratio. ¢ 0.1 unidentified product. ¢ 0.5:1.0 ratio. ¢ 187b. n. is. — not isolated
(reacted further with [Ag]) hence conv. and yield not known.

| restricted the use of Au(lll) allene-containing complexes to a near room temperature
conditions to avoid the cyclisation to carbene species during the catalytic reaction. To promote
their activity with more challenging substrate 200a, they were tested with the addition of [Ag*]
(Table 8, entries 9-10). | observed only moderate conversions after 1.5 h, although this time

the major product of the reaction was the 5-membered skeletal rearrangement product 201b.

Au carbene-type complexes showed good activity in the reaction of enyne 200a
promoting generation of skeletal rearrangement products, in particular 201a (Table 8, 11-15).
| obtained the best results in terms of conversion and yields with Au(l) complexes 184 and 187.

Pt(Il) complex was again least active and catalysed formation of diene 201d.

On the whole, all new allene-derived complexes were found to be active catalysts in
enyne cyclisation reactions. For most of the allene-containing catalysts, reaction at 80 °C was
necessary for good performance, but then | observed interesting preferential selectivity when
switching between different metal centres (see Table 8, entries 5-10). There was not any clear
activity trend between symmetric and non-symmetric catalytic species that could be easily
established. Carbene-type complexes showed very good activity comparable to that of

standard Au phosphine catalysts and consistent with the activity observed for (NHC)-carbene
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Au complexes.?592932%] |In particular, Au(lll) and Pt(ll) carbenes were active at room
temperature (Table 7, entries 14-15, 19) where typical reactions with AuCl; and PtCl, require

reactions in toluene at 80 °C.

Change of reaction conditions to methanol as solvent allowed us to explore the activity
of allene-derive complexes in the alkoxycyclisation of enynes (Table 9 and Table 10). The
screenings were carried out with 3 mol% of catalyst loading for 24 h, at 35 °C for 200b and 50
°C for more challenging 200a. More sluggish alkoxycyclisation reactions with N-tethered enyne

200a were consistent with previous observations. 2%

MeO,C ACNa:;f MeO2C MeO,C MM;OSC
MeO,C MeO,C e
MeO,C g 2 e, 2 . 2
+
\ MeOH, T, t \
OMe
200b 203a 202a 202c

Table 9 Alkoxycyclisation of 200b with allene-derived catalysts.

Entry (53;) AgNTH (°I:) t(h) 200b 203a 202a 202c ng)" : Y('Ozl)d
1 1713) 65 35 24 10 03 - ; 23 26
g 2 172(9) 65 35 24 10 022 - i 18 16
Z 3 175(3) 65 35 24 10 06 - 026 46 68
g 4 176 (3) 6.5 35 24 075 1.0 - 055 67 77°
= 5  193(3) 40 35 24 .10 - . >09 99
6  195(3) 40 35 24 .10 - . >0 9
7 184(2) 2.0 25 16 06 10 - ; 62 69
2 8 18408 50 35 23 .10 - . >09 99
2 9 18723 40 35 24 .10 - . >09 99
5 10 194 40 35 24 . 10 008 - 99 o7
5 11 189°(3 40 35 24 01 10 - i 91 01
12 179 (3) 40 35 24 05 10 - 02 71 710

a1:0.12 ratio. ® 0.5:1.0 ratio. ¢ Total of 203a and 202c.

Pd(Il) complexes exhibited low activity in the alkoxycyclisation of 200b (Table 9, entries
1-2). | observed moderate conversions with Pt(IV) compounds (Table 9, entries 3-4). For 175
and 176 formation of 5-member methoxy adduct 203a was accompanied by isolation of Alder-
ene type minor product 202c which was previously obtained in all Pt-catalysed reactions.
Complete conversions and excellent yields of 203a were obtained with Au(lll) allene-containing

catalysts (Table 9, entries 5-6).

All Au carbene-type complexes performed uniformly well in this reaction (Table 9,

entries 7-11) whereas 179 showed lower activity and selectivity (Table 9, entry 12).
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| observed the same trend of the activity for Pd(ll) and Pt(IV)-allene containing
complexes in the alkoxycyclisation of 200a (Table 10, entries 1-4). Interestingly, Au(lll)
catalysts from this group showed much lower activity compared to the reaction of 200b (Table
10 vs Table 9, entries 5-6). Carbene-type complexes also showed diminished activity in this
reaction, especially in the case of Au(lll) 189 and 194 (Table 10, 7-12).

= Cat. pTsN pTsN
pTsN AgNTH,
.
\ MeOH, T, 24 h
OMe
200a 203c 201d
Table 10 Alkoxycyclisation of 200a with allene-derived catalysts.

Entry (rgjf%) AgNTf. T(°C) 200a 203 201d C(‘;/:)V ' Y('OZ')d

1 171 (3) 6.5 50 1.0 0.04 - 4 3
© 2 172 (3) 6.5 50 1.0 - - 0 -
2 3 175 (3) 6.5 50 0.65 1.0 013 75 57¢
g 4 176(3) 6.5 50 1.0 079 011 47 50¢
= 5 193 (3) 4.0 50 1.0 0,13 - 12 10

6 195 (3) 4.0 50 1.0 0.2 - 17 19
. ! 184 (4) 5 35-50 0.4 1.0 - 72 76
= 184 (3) 4 50 0.06 1 - 95 97
s 9 1872 (3) 4 50 0.85 1.0 - 54 54
8 10 194(3) 4 50 3.4 1.0 - 22 24
§ 11 189°(3) 4 50 45 1.0 - 18 18

12 179 (3) 4 50 0.8 1.0 - 56 58

a1:0.12 ratio. ? 0.5:1.0 ratio. ¢ Plus 7% of 201d.

Cationic Au(l) complexes were the best catalysts for cyclisation/addition reaction of
enynes. This observation was consistent with previous literature findings. Both allene-based
and carbene Au(lll) complexes were comparably active with a C-tethered starting material but
they suffered substantial loss of the activity with N-tethered enyne. Remaining Pt and in

particular Pd(ll) catalysts were found to be less suited for this transformation.

V b. 4. Metal-catalysed nucleophilic addition to allenes

Allenes, similarly to alkynes, exhibit diverse reactivity in the presence of transition metals. One
of their important reactivity patterns is the nucleophilic addition to allenes.?® Electrophilic
activation of the allene double bond by a metal can lead to a wide array of addition products in
the reactions with various nucleophiles (Scheme 98). The outcomes of the reaction such as
single vs double addition or site of the addition is governed by the character of the allenic

substrate and the catalytic system.
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a)
ML N
1 2 3 n u
R ™ N
e —— —_— or /\/ or R/\/\N
< NuH R)\% Nu !
1.0 equiv.
260 261a 261b 261c
b) 1 2 3 ML, Nu Nu
—— R/>( /\)\
f—— or or
R NuH R>/\/NU Nu Nu R Nu
2.0 equiv.
260 262a 262b 262c

Scheme 98 Possible outcomes of intermolecular nucleophilic addition to allenes: a) single addition; b)

double addition.

Single addition to a proximal carbon atom catalysed by Au(l) or Pd(ll) (C(1) in 260,
Scheme 98, a) has been typically observed for O-substituted allenes whereas N-substituted
allenes such as allenamides favour addition to a distal carbon atom under Au(l) catalysis (C(3)
in 260).262%1 Transfer of a nucleophile to a central carbon atom of the allene is rare (C(2) in
260).[2%

In case of the double addition ((C(1) and C(3) in 260, Scheme 98, b), bimetallic
Au(l)/Pt(I) catalytic system for addition of azoles to N- and O-activated allenes was recently
described by our group.” Pt(ll) conditions with alcohol and indole nucleophiles were found
to favour double distal addition to form products of 262¢ type.[?%®-2%l Double addition to the

central carbon atom (C(2)) is less common. 2%

For Au(l) cationic catalysis, formation of proximal addition products of 261a type has
been proposed to proceed via either outer or inner sphere mechanisms (Scheme 99, a-b,
respectively).B% In the outer sphere pathway, the Au fragment first coordinates to the allene
to form n? complex 263 that later undergoes the nucleophilic attack in anti manner (264,
Scheme 99, a). The product 261a is released after the protodemetallation. In the inner sphere
mechanism, the metal simultaneously coordinates to the nucleophile and the allene (265,
Scheme 99, b). As a result, the nucleophile is delivered from the same side as Au in syn
manner to form 266 that after protodemetallation gives the product. Products of the two
mechanisms are identical for terminal allenes, but in case of a more substituted starting

materials mixture of isomers can be obtained.
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a) H ., proto-

[Au*] NuH Nu demetallation Nu
el R
[Au*] [Au]

260 263 264 [Au] 261a
proto-
b) [Au™] + NuH %L demetallation
e (AUl )\/
R R A )
NuH [Au]
260 265 266 261a

Scheme 99 Proposed mechanism for Au(l)-catalysed nucleophilic addition to allenes: a) outer sphere

pathway; b) inner sphere pathway.

The intramolecular variant of the reaction giving access to a variety of carbo- and
heterocyclic products has also been widely studied.F° Use of enantiomerically enriched

allenes can lead to a good chirality transfer to the addition products.k%

| used phthalimide allene 267 and benzyl alcohol as our model starting materials to
explore catalytic activity of the new complexes in a nucleophilic addition to allenes. | obtained
one isomeric product from the distal addition under standard [(PhsP)Au]* catalysis (Scheme
100).

Au(PPh3)CI (5 mol%) 0

AgNTf, (5 mol%)
N N
I BnOH 10.0 equiv. H
X CH,Cl,, 25 °C, 22 h X OBn

267 268a (88%)

Scheme 100 Au(l)-catalysed benzyl alcohol addition to allene 267.

Next, | repeated the reaction using 5 mol% of the bis(phenyl) Au(l) complex 184
(Scheme 101). However, original reaction conditions of 25 °C in CHCl, or heating at 80 °C in

toluene resulted in the recovery of the starting materials.

CH,Cl,, 25 °C
0 —%——— 0
184 (5 mol%)

AgNTf, (5 mol%)

N N
4\:,: BnOH 10.0 equiv. —
PhMe, 80 °C
o) 24 h 0 OBn

L

267 268a not isolated

Scheme 101 Benzyl alcohol addition to allene 267 catalysed by 184.
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| reacted 267 with 1 equiv. of cationic complex 184 to probe the interaction of the
catalyst with the allene fragment (Scheme 102). *H NMR monitoring of the reaction showed no
pronounced changes in the peaks corresponding to the allene unit pointing to the weak or no
interaction with the metal. In that case, lack of reactivity with the alcohol nucleophile could be
explained by failure of 184 to activate the allene moiety.

0 “AuCl

Ph Ph — .
= AgNTf, 1.0 equiv.
N + \ no change in allene "H NMR
4\:.: ~N* N / CDCl3 or CgDg
o L
1.0 equiv.
267 184

Scheme 102 Stoichiometric reaction of 267 with Au(l) complex 184.

Other allene-derived complexes showed to be more active in the model reaction (Table

11).
H OBn
= BnO___OBn 0 0 OBn OBn
o = Cat. (5 mol%)
J/ AgNTf, o o N o 7
N BnOH 10.0 eq.
+ + (@] +
N N
o CH,Cl,, 25 °C N
26
e} 0} 8¢ or 0
0 0
267 268b 269a 268a

269b

Table 11 Addition of benzyl alcohol to allene 267 catalysed by allene-derived complexes.

Entry Cat. ?rg;\ll;f)z (rt]) 267 268b 269a 268c/269b 268a Conv. (%)
1 175 10 26 - 1.0 0.7 0.08 - >092
2 176 10 27 - 10 024 0.07 - >99b
3 195 5 27 1.0 - - - 0.2 17
4 171 10 24 1.0 - - - - 0
5 179 5 24  0.33 1.0 031 0.17 - 82
6 194 5 24 1.0 - - - - 0

Table 11 shows ratios and conversions calculated from *H NMR spectra of crude reaction mixtures. 2 Isolated yield
67%. © Isolated yield 61%.

Pt(IV) 175-176 were the most active from the allene-containing complexes’ group

(Table 11, entries 1-2). Both resulted in complete conversions and formation of the distal
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double addition product — acetal 268b corresponding to the usual reactivity with Pt(ll) catalysts.
268b was also isolated in its hydrolysed form of the aldehyde 269a. Interestingly, a minor
product of the reaction 268c was identified as the double addition product to the central carbon
atom of the allene that readily hydrolysed to ketone 269b upon handling. This type of reactivity
was previously only observed with thiol nucleophiles under Au(lll) catalysis.% However, our
allene-containing Au(lll) complex 195 promoted formation of a single distal addition alkene
product 268a, albeit with low conversion (Table 11, entry 3), showing reactivity typical for Au(l)
catalysis. Pd(ll) 171 was completely unreactive under the reaction conditions (Table 11, entry
4).

From the other carbene-type complexes, Pt(ll) 179 gave similar distribution of the
regioisomeric products to those of Pt(IV) compounds with good conversion (Table 11, entry 5).
On the other hand, Au(lll) 194 suffered from the lack of activity similar to the Au(l) carbene-
type analogue (Table 11, entry 6).

Interestingly, we showed that allene-containing catalysts can be used to catalyse
reactions of allene compounds. Pt complexes were the most suitable catalysts for the addition
of benzyl alcohol to allene 267. Although cationic (NHC)-Au(l) catalytic systems have been
previously observed to be active catalysts in hydration, hydroalkoxylation or hydroamination of

allenes, our Au carbene-type catalysts showed no activity in the model reaction.205-307]

V c. Conclusions

This chapter described the first use of bis(pyridyl)allene-derived metal complexes in catalysis.
The new metal complexes were used as catalysts in several benchmark reactions. Pd(ll)
complexes did not show any activity in the Tsuji-Trost reaction (Section V b. 1.), but they gave
promising results in Mizoroki-Heck coupling (Section V b. 2.), especially with more reactive
substrates. All new complexes showed moderate to excellent activity in cycloisomerisation and
alkoxycyclisation of 1,6-enynes (Section V b. 3.). Switch between catalysts based on a different
metal centres allowed to achieve selectivity towards different isomeric products. Au carbene-
type complexes performed particularly well in these reactions. Examples of all groups of
complexes were also tested in intermolecular hydroalkoxylation of allenes (Section V b. 4.),
where Pt compounds showed the best activity. In general, the influence of a character of the
new catalysts over the outcome of the catalytic reactions (allene-containing vs carbene-type
complexes or substitution pattern within each class) was specific to each investigated reaction.
For example, pronounced difference of activity of symmetric and non-symmetric Pd complexes

in Heck reaction was not observed in enyne reactions.
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In the next chapter we will be looking at the use of allene-derived metal complexes in
medicinally relevant contexts, in particular, exploring their antimicrobial and anticancer

properties.
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VI. Bioactivity of allene-derived metal complexes

VI a. Introduction

Allene-containing natural products and synthetic molecules have been demonstrated to exhibit
interesting biological activity and drug action (see Section | a.). It might be relevant to consider
both allene and metal fragments acting synergistically to enhance interactions with
biomolecules in the investigation of the bioactivity of allene-derived metal complexes.

Therefore, it is important to look at the action of metal-based drugs in more detail.

The medicinal properties of metal-based compounds have been explored for
centuries.’% The origins of the use of transition metal complexes in modern medicine is
usually associated with the discovery of the anticancer activity of cisplatin, which was approved
for clinical use in 1978.E%! Since then, medicinal chemistry of small, inorganic transition metal
complexes developed into one of the dynamic and important areas of drug development
research with more and more metal-based drugs entering pre-clinical and clinical trials.10-314
Yet, compared to purely organic substances, the number of examples of metal-based drugs

under development or available on the market is still lacking.

However, the use of organometallic and coordination metal complexes as drug
candidates has some key advantages over classic organic compounds. For example, use of
metal complexes allows an easy access to structures with varied geometries, extensive
stereochemistry and three-dimensional shapes going beyond tetravalent tetrahedral carbon
(Figure 37).5%1

R4 , incresead structural F
4 diversity D.,. | WC
R1/C\ , | > A '~p
R E
upto 2 up to 30
stereoisomers stereoisomers

Figure 37 Stereochemical diversity of metal coordination compounds.

The wide structural diversity can be achieved by ligand exchange reactions (varying
coordination number) or redox reactions at the metal centre (change in oxidation states).
Additionally, coordination to the metal can beneficially modify the pharmacological properties
of existing organic drugs. Other unique properties of metal-containing species, such as Lewis
acidity, radioactivity, pharmacokinetics or magnetic properties are also available for fine-tuning
in the rational drug design process. Recently, it was demonstrated that metal-containing

compounds are statistically more likely to be active antimicrobial and antifungal agents than
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purely organic compounds (27% vs 2% of compounds showing activity in each group,

respectively).B!

Currently, the majority of transition metals and almost all classic ligand classes have
already been investigated in some aspects of bioinorganic chemistry. In particular, notable
therapeutic and diagnostic agents have been developed with metals such as Pt, Au, Ru, Ti,
Pd, Ir, Mn, Re, Gd, Tc, Cu, Fe, Co, etc.B12-314317318] |mportant groups of bioactive
organometallics include: metallocenes, arene-, carbonyl-, carbene-, pincer-, polynuclear- or
macrocyclic complexes.B%-321 Most metal-based compounds are evaluated for their
anticancer activity, although many examples also show promising broader antimicrobial
cytotoxicity. Metal-based pharmaceuticals are often categorised on the basis of their mode of
action.B1:3221 The categories include: 1) complexes active in their inert form, 2) complexes
where only some fragments are active, 3) only metal ions or their biotransformation products
are active, 4) only the ligand(s) is biologically active, 5) the metal is radioactive®* (used for
radiodiagnostic imaging and radiotherapy), 7) the metal behaves as a photosensitiser®?4 (in

photodynamic therapy).

The different mechanisms of action of metallodrugs typically fall into one of the two
categories also applicable to classic organic-based drugs: the drugs realise their action either
by non-covalent, reversible interaction with the target or covalent stoichiometric binding of so-
called “sacrificial” inhibitors. Interestingly, use of metal-based drugs creates a unique
opportunity for catalytic mechanism of action.®?®) Metallodrugs are able to induce a
modification or a cleavage in the biomolecular targets in a catalytic manner and can act

throughout multiple turnovers without the loss of activity.

Extensive studies of Pt complexes with anticancer properties suggested that the main
target of their action is DNA.Bl However, it is now established that different classes of
metallodrugs have very different molecular targets and mechanisms of action. Other identified
cellular targets include proteins and enzymes or signal transduction pathways.?6-3271 Recent
developments in metallotherapy focus on the design of more selective agents that specifically
aim at one of these targets to go beyond general non-specific cytotoxicity. For example, Mn(ll)
complexes have been evaluated as superoxide dismutase (SOD) mimetics®?® and Ru(ll) half-

sandwich complexes have been found to be potent kinase inhibitors.2°

The research into medicinal properties of Pt- and Au-based compounds is particularly

extensive and well documented.

Pt(Il) chemotherapeutics are one of the most widely employed metallodrugs and are
commonly used in the treatment of various types of cancer, such as testicular, ovarian, bladder,

cervical or small lung cancer.%:330 The research of Pt(ll) drugs began with the serendipitous
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discovery of the antiproliferative properties of cisplatin by Rosenberg.! Cisplatin, cis-
diamminedichloridoplatinum(ll) (270), and second- and third-generation carboplatin (271) and
oxaliplatin (272, Figure 38) are the most effective Pt anticancer therapeutics currently available

on the market.1332

a) b) c)
0 H
H,N.  Cl H,N, O N’ 0
NG O SN AN /o
P Pt Pt
HN Cl H.NT O N, 07 o
o} H
270 271 272

Figure 38 Marketed Pt chemotherapeutics: a) cisplatin 270; b) carboplatin 271; c) oxaliplatin 272.

These complexes feature d® square planar Pt centre and cis arrangement of the two
ammine ligands. The anticancer properties of Pt drugs are attributed to their interaction with
DNA. Metal-induced DNA damage disrupts normal division of the cancer cells and causes cell
death. Small molecules can interact with DNA in a non-covalent manner via intercalation (e.g.
stacking interactions of planar aromatic groups), groove binding (hydrogen bonding and van
der Waals interactions) or external static electronic effects (e.g. metal cations and negatively
charged phosphate groups of DNA).B3I However, the accepted mechanism of the cisplatin
action is covalent in nature (Figure 39, a).51"3% Cisplatin enters the cell trough diffusion or
active transport via specific receptors. Then, it undergoes a hydrolysis activation step where
its labile chloride ligands are exchanged with water molecules and produce aquated, more
reactive species [Pt(NH3).Cl(H20)]" and [Pt(NHs)2(H20)2]**. The ligand exchange process is
facilitated by low intracellular concentration of chloride ions. Mono-aqua activated complex
forms a monofunctional DNA adduct first, typically with the most nucleophilic site at N(7) atom
of purine adenine and guanine bases (Figure 39, b). The remaining chloride ligand is replaced
next by another purine residue and forms final platinated DNA crosslink. Cisplatin-DNA binding
is irreversible and can afford several structurally different outcomes such as: adducts derived
from intrastrand crosslinks with two nucleobases within single DNA strand, interstrand
crosslinks of two different strands within one DNA molecule, N,O-chelates with the guanine
molecule or DNA-protein crosslinks.®% Other metallodrugs are also known to interact with
DNA in a multifunctional way, for example, with initial intercalation followed by subsequent

covalent bonding.B%
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a) b) . 0
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Figure 39 Cisplatin mechanism of action: a) hydrolysis and DNA biding;[®3® b) structures of purine
bases.

DNA is the major molecular target for cisplatin, however it was determined that only 5-
10% of its intracellular concentration can be found in the DNA fraction. The remaining cisplatin
is believed to bind less specifically to other targets such as thiolated peptides, replication
enzymes or RNA. This low level of selectivity is linked with serious side effects associated with
Pt(Il) chemotherapeutics. The other serious issue of the treatment is progressive resistance to
the Pt(Il) drugs. Some identified resistance mechanisms involve reduced transport of the drugs
across the cell membranes or enzymatic repair of platinated lesions on DNA, for example by
base excision mechanism. These concerns motivated renewed search for more active and
safer Pt(Il) metallodrugs over the last few decades. These efforts were also paralleled with a

growingly popular approach of use of Pt(IV) complexes as antitumour agents, [210:211.330]

Pt(IV) complexes are investigated as pro-drugs to more active Pt(ll) congeners thanks
to their relative kinetic inertness in the ligand exchange processes. As a result, they are less
prone to undesired side reactions, more suitable for oral administration and more likely to arrive
at the cellular target intact. Six-coordinate, octahedral Pt(IV) centre gives an opportunity for
increased structural modification in comparison to the Pt(Il) analogues. It was found that
modification of the ligands, especially in the axial position, can substantially alter and improve
pharmacological properties of Pt(IV) complexes, such as the lipophilic/hydrophilic character.
Pt(IV) prodrugs are believed to act when activated by an in vivo reduction to their active Pt(Il)
oxidation state (Figure 40, a). The process is facilitated by intracellular reducing agents such
as glutathione or ascorbic acid. The reduction is usually coupled with an irreversible loss of
both axial ligands (see Section IV b. 3.). The design strategies for Pt(IV) prodrugs often include
complexes that upon reduction, form known Pt(Il) compounds, e.g. cisplatin. The reduction
rates and potentials were found to be strongly dependent on the axial, and to a lesser extent,

equatorial ligands in the complexes.
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Additional advantage of use of more structurally diverse and slow ligand exchanging
Pt(IV) compounds is an opportunity to employ ligands that direct the drug to specific molecular
targets with a presence of targeting groups. Other strategies that have been developed to
improve the target selectivity include photo-activation,®** selective reduction in a hypoxic

environment of the tumour, or use of nanoparticle bonded Pt(IV) complexes.*!

Many examples of Pt(IV) complexes have shown promising anticancer activity in in
vitro and in vivo models (Figure 40, b-d).B% However, the ongoing clinical trials have not
resulted in the approval of any of the Pt(l1V) therapeutics yet, often because the drugs failed to

show improved survival rates when compared with the existing therapies.

a)
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Figure 40 Pt(IV) anticancer drugs that have entered clinical trials: a) reduction to Pt(ll) analogues; b)

iproplatin 276; c) oxoplatin 277; d) satraplatin 278.

The use of Au-based drugs, or chrysotherapy, in modern medicine began with the
observation that the Au(l) complex K[Au(CN).] had a bacteriostatic effect towards the bacteria
that cause tuberculosis.B%! Later, Au-based medicines were proven to be effective in the
symptomatic treatment of rheumatoid arthritis.!*3"! Early use of Au(l) thiolate complexes led to
the development of the highly successful, orally administrated drug Auranofin (279) for this
disease (Figure 41, a).3%:338 Auranofin is an example of a classic two-coordinate, linear Au(l)
complex with stabilising tetraacetylthioglucose and phosphine ligands. Other geometries of
Au(l) complexes, such as trigonal or tetravalent tetrahedral are less stable and therefore less

common. Au drugs have also been trialled in the treatment of other inflammatory disorders.
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Figure 41 Au(l) complexes with biological activity.

Au(l) metallodrugs are often considered as pro-drugs, due to facile ligand substitution
reactions on the metal centre. “Soft” Au centres have a strong binding affinity for sulphur-based
ligands. In vivo exchange reactions with thiol groups are thought to be important for the activity
of Au drugs.[%8338:33 |n the case of Auranofin, its ligands are believed to be readily displaced
by cysteine residues of blood serum albumin. Albumin-bound Au(l) is transported across the

cell membrane and arrives in the cell without a change in the oxidation state.

Anticancer activity of Au(l) complexes, including Auranofin, has also been
demonstrated.[*8-3%° Ayranofin was believed to thwart DNA replication in cancer cells in a
similar mechanism of action to Pt chemotherapeutics, although it was found to be inactive in
the solid tumour models. More examples of related thiolated Au(l) complexes have been tested
for antitumour activity. Additionally, tertiary phosphine complexes (Figure 41, b) showed
promising toxicity towards several types of cancer. These complexes were believed to act by
inhibition of mitochondrial function rather than DNA binding due to a weak affinity of Au(l) to
coordinate O- and N-containing ligands, such as DNA nucleobases. Other Au(l) compounds
with promising anticancer activity include (NHC)- or alkynyl-complexes (Figure 41, c).B2% Their
mechanism of action is usually ascribed to inhibition of Se- and S-containing enzymes such as
glutathione peroxidase, cysteine protease and in particular thioredoxin reductase (TrxR). The
Au(l) drug action is believed to be caused by covalent binding to the nucleophilic

selenocysteine residue in the active site of TrxR.

Historically, Au(lll) complexes have been regarded as too reactive and unstable for
medicinal applications. However, the fact that d® Au(lll) is isoelectronic to Pt(ll) and also forms
square planar complexes prompted the investigation into the anticancer properties of Au(lll)
compounds.[186:340341 Typically, Au(lll) compounds have strong oxidant character and are
readily reduced to Au(l) or even Au(0). The use of ligands that influence the reduction potential
of the metal centre and the hydrolysis rates, contribute to substantial stabilisation of Au(lll)
complexes in agueous physiological conditions. Studies on the mechanism of action of Au(lll)
drugs in cancer cells are not conclusive but point to a different mode of action to the Pt drugs.

Although there is some evidence that Au(lll) complexes can interact with DNA, usually it is a
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weak interaction. It has been proposed that proteins, such as thiol-enzymes, might be major
biomolecular targets. As such, Au(lll) metallodrugs could offer an interesting alternative for

treatment of cisplatin-resistant tumours.

Common trend in the preparation of stable Au(lll) drug candidates is the use of
multidentate ligands, including well performing bipy ligands, porphyrins and pincer ligands
(Figure 42).[342-344]
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Figure 42 Structures of Au(lll) complexes investigated for anticancer applications.

Early work on Au-based therapeutics indicated their potential as antimicrobial agents,
e.g. activity against tubercle bacillus. In fact, many Au compounds showed activity against a
broad spectrum of microorganisms, for example parasitic Plasmodium causing malaria or
gram-positive and gram-negative bacteria.24>3%6! Although recent research in the area has not
been very active, it remains crucial in the face of growing antibiotic resistance challenge and

the fact that metal complexes are a very promising, new class of antimicrobials.6l

Some studies pointed out the potential antiviral activity of Au compounds.[347:34¢1 For
example, aurocyanide [Au(CN).] was found to inhibit proliferation of human immunodeficiency
virus (HIV) and is investigated for AIDS treatment. Auranofin treatment produced an increase

in usually declining CD4+ T cell counts in AIDS patients.

Existing limitations of the treatments involving use of metal-based drugs are still
significant and are fuelling rapid developments in the area. The major drawbacks include
severe side effects and acquired drug resistance. For example, Pt and Au drugs are known to
cause reactions such as nephrotoxicity, neurotoxicity, adverse skin reactions, blood disorders,
etc. The control of the selectivity towards disease-related targets is especially challenging in
case of DNA-targeting drugs. DNA is ubiquitous and present in every cell in the organism
rendering it a difficult target. However, its uncontrolled replication in the cancer process is the
reason why more and more DNA-binding molecules are designed and synthesised. Different
targeting strategies have been embedded in the design of metallodrugs to circumvent or

reduce known side effects. The available extensive in vitro data on the bioactivity of metal-

145



VI. Bioactivity of allene-derived metal complexes

based drugs needs to be further supported with more in vivo studies. The unrealised medicinal
potential and documented clinical success of some metal complexes merits further attention

to metallodrugs in the context of modern drug development.

VI b. Results and Discussion

The previous chapter described the use of allene-derived metal complex in catalysis. Moving
beyond the catalytic activity, we also investigated the new complexes for their medicinal
properties. The focus of this section is the unexplored to date, use of allene-derived metal

complexes as metallodrug candidates.

The biological activity of metal coordination complexes often results from combined
interactions of their metal and organic fragments and cellular targets. We predicted that allene-
derived metal complexes might demonstrate interesting medicinal properties thanks to their
unique structural features and reactivity. In particular, we envisioned dual intracellular
interaction strategy for the allene-containing complexes.®'? For these compounds, the
essential activity deriving from the presence of the active metal centre is coupled with the
stereochemical and chemical benefits of the allene moiety. The studies of pharmacologically
active allene-based drugs and drug candidates (see Chapter 1) suggest that their main
mechanism of action with biological molecules is an enzyme/protein (irreversible) nucleophilic
addition to the allene group. That type of reactivity is particularly favoured in metal-containing
allene compounds as we have seen, for example, for Au complexes (see Chapter IV).
Additionally, both allene-containing and carbene type complexes are characterised by non-flat,
3D geometry and feature N-heterocyclic groups, which is usually very important for the success
of drug-like small molecules.?*? The observed robustness of the new complexes, that could
be attributed to the stabilising chelate effect or heteroatom conjugation, was an incentive to

test the stability of the metal centres under demanding physiological conditions.

The following sections summarise our preliminary investigations of the activity of the
allene-derived complexes as inhibitors of pathogenic microorganisms’ (bacteria, fungi) growth
as well as human cancerous cells. One of the possible mechanisms of action of the drugs was
also probed by the studies of the interaction with different DNA fragments. Details of all the
assays and results provided by collaborators presented in this chapter can be found in the

Experimental Section (ES).

VI b. 1. Stability studies

An important feature of the drug candidates is their air and solution stability. Thus, the stability

of new drug candidates is usually tested prior to any biological assays.
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All new allene-derived metal complexes proved to be stable under aerobic conditions.
Additionally, | have observed that carbene-type complexes could be kept in solution for a
prolonged periods of time without the loss of their structural integrity (see Section IV b. 4.).
However, some of the complexes containing the allene-core appeared to change in solution.
In particular, | observed change of colour of NMR samples of Pt- and Au-based complexes
from yellow to dark orange/red. | decided to test the stability of these compounds (Figure 43),
before submitting them to the biological testing under demanding physiological conditions.
Typically, the stability can be monitored by a series of periodic NMR experiments of the solution
of the compound of interest in water. In case of solubility issues in agueous solution,
compounds can be dissolved in a water/organic solvent mixture or in biocompatible solvents
such as DMSO or DMF.

+ +
Bu R “ WPh o ca Ph - cl
) ) ‘ A ‘ A
T N N o Cl N _— o Cl N_
N N
N\ / ‘ \/A/u/ N\ / \//(u/
C o} cl
176 175 195 193

Figure 43 Allene-containing complexes used in stability studies.

| performed a series of *H NMR spectra for each of the four complexes 175, 176, 193
and 195 dissolved in DMSO. The spectra were recorded in 2 h intervals for the initial 48 h and
then additional spectra were collected up to 12-13 days from the preparation of the sample. |
monitored the change of the spectra in the aromatic region as well as the useful handles of the

pyridyl methyl groups.

The spectrum of the t-butyl substituted Pt(IV) 176 remained unchanged in the 13 day
period (Figure 44). There were no changes in the intensity of signals corresponding to the
phenyl group (7.32-7.48 ppm) or the broadened pyridyl peaks (7.55-8.40 ppm). No new signals

were observed.
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Figure 44 Aromatic region of the *H NMR spectrum of 176 recorded in the space of 13 days.

On the other hand, the bis(phenyl) Pt(IV) complex 175 started to decompose/react in
solution after a few hours from the preparation of the NMR sample (Figure 45). At least two
new unidentified species (285a and 285b) started to appear on the spectrum after 6-8 h. Based
on the integration of the triplet peaks corresponding to 175, 285a and 285b at 8.22
(corresponding to the pyridyl proton meta to the methyl group), 8.30 and 8.42 ppm,
respectively, | could estimate the approximate share of 175 in the mixture at different time
intervals. Starting from 100% at the beginning, this share decreased to 67% after 12 h, through
54% after 24 h and 38% after 48 h. After 7 days the mixture did not contain 175 at all.
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Figure 45 Aromatic region of the H NMR spectrum of 175 recorded in the space of 13 days.

| observed similar trend for Au-based complexes 193 and 195. The solution of the non-

symmetric 195 remained unaltered in the period of 12 days (see ES). The symmetric 193

underwent swift changes similar to the Pt congener illustrated on the Figure 46. Spectra of the

aliphatic region of 193 showed gradual decrease of the intensity of the peak at 2.60 ppm

corresponding to the two methyl groups in symmetric 193. With the disappearance of 193, at

least four other non-symmetric species started to show up on the spectra as evidenced by

eight new methyl-like peaks. | identified one of this species to be the carbene-type complex

194 (methyl peaks at 2.56 and 2.12 ppm). The integration values for the methyl peaks of 193,
194 and unidentified 286a (2.40 ppm), 286b (2.37 ppm), 286¢ (2.32 ppm) revealed that the
content of 193 in the mixture constituted around 62% after 12 h, 37% after 24 h and only
around 9% after 48 h.
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Figure 46 Aliphatic region of the 'H NMR spectrum of 193 recorded in the space of 12 days.

The remarkable difference in stability of t-butyl,phenyl vs bis(phenyl) allene-containing
complexes could be perhaps explained by the sterical inaccessibility of the former and/or the
reactivity facilitating presence of an extra aromatic ring on the latter. These results provide
valuable design information for the synthesis of analogues in the future. In terms of biological
testing, it would be important to adjust the duration of the particular assays to ensure sufficient
amount of the starting compounds present in case of complexes 175 and 193 and take into

account their solution behaviour.

VI b. 2. Antibacterial and antifungal activity

The results presented in this section were provided by the Community for Open Antimicrobial

Drug Discovery (CO-ADD) at the University of Queensland, Australia.

Both groups of new allene-derived metal complexes as well as bis(pyridyl)allene

ligands were tested for their antimicrobial activity in collaboration with CO-ADD. The routine
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initial screening at the facility includes testing against microorganisms from gram-negative
bacteria, gram-positive bacteria and fungi groups at single drug concentration of 32 ug/ml
(Table 12). The compounds inducing the growth inhibition of microorganisms at above 80%
are deemed active (highlighted in orange, Table 12) and are subsequently tested at different
drug concentrations to establish the drug dose response (also known as the hit confirmation

step).

Table 12 Percentage of growth inhibition (+ 10%) of bacteria and fungi in the presence of allene-derived

metal complexes and allene ligands at 32 ug/ml of the drug.

G +ve G -ve Yeast
— [ _ = o =
5 £ 3 = E£2 98 £E3 § 853
S8 3 ° &Y g7 EY =3 g5
. w = g . © S o
) < o < G o g
1 171 89.50 19.97 1713 178 72.15 98.92 66.46
o 2 172 88.65  48.49 26.24 53.44 9224 99.78 73.68
% 3 176 0.49 -2.56 17.84 1775 21.87 100.22 0.49
% 4 175 33.08 -6.04 6.61 2.90 8.76 71.29 -4.92
E 5 193 91.03 87.82 41.8 90.52 89.96 100.22 67.40
6 195 96.95 96.12 97.27 98.97 95.9 101.48 72.16
7 184 88.35 69.98 78.98 69.67 80.70 99.64 69.61
% 8 1872  89.61  89.05 9154 9243 91.38 99.78 69.91
% 9 194 91.74  95.59 95.94 97.45 95.89 100.37 70.06
'(EG 10 189" 94.08 97.73 96.07 99.65 97.27 101.04 68.25
° 11 179 86.28 -6.04 8.7 -0.54 1.73 41.68 -8.32
é 12 97b 0.06 -3.91 443 1985 6.66 2.30 -3.13

I

2 13 97a -2.65 -10.79 254 13119 6.43 1.56 -2.04

a Single isomer — 187b. ?1:0.5 ratio of 189b:189a.

All complexes showed activity against at least one of the groups of microorganisms
with the exception of complex 175 that was completely inactive (entry 4, Table 12). Complex
171 did not sufficiently disrupt the growth of gram-negative bacteria (entry 1, Table 12),
whereas 176 and 179 were only active against fungi and gram-positive bacteria, respectively
(entry 3 and 11, Table 12). Interestingly, all Au compounds from both groups of complexes
exhibited antiproliferative activity across all the microorganisms’ types (entries 5-10, Table 12).
The screening confirmed the lack of activity of the allene ligands themselves (entries 12-13,
Table 12). In total, 10 compounds (except 175, 97a-b) were moved to the hit confirmation

stage.
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Dose response of the pre-selected complexes was tested in the assays with the same
microorganism species in the concentration range of 0.25 — 32 ug/ml. These assays were used
to determine the minimum inhibitory concentration (MIC) value defined as the lowest
concentration of the drug at which full inhibition of the bacteria and fungi growth has been
detected (inhibition > 80%), with the next highest concentration also exhibiting full growth
inhibition. The compounds with MIC of 16 ug/ml or lower were deemed active (Table 13).
Additionally, cytotoxicity of new complexes was probed against human embryonic kidney cells
(HEK-293) (Table 13). Cytotoxicity was expressed as a CCsp value — concentration at 50%
cytotoxicity. The compounds with CCso equal or lower than the maximum tested concentration
(32 pg/ml) were considered toxic. Also, the haemolytic activity against human red blood cells
(RBC) was determined as a HC1o value — concentration at 10% haemolytic activity (Table 13).
Values with the “>” sign indicate a sample with no haemolytic activity or samples with HC1o

values above the maximum tested concentration.

Table 13 Minimum inhibitory concentration (MIC, pug/ml) in a range of 0.25 - 32 ug/ml of the drug
concentration; CCso (cytotoxicity, ug/ml) with HEK-293 cells; HC10 (haemolytic activity, ug/ml) with RBC

cells.
G +ve G -ve Yeast Human
o T ;] @© = < 0 = 2 = ©
~ 5 G € §0 §% 3
= =} 7)) \LI_J/ =} P = — © (2] 1S — X q = 1S3
c = S = E o S =g S ) L2 N o L
w S ) > S ¥ S Qo S < 3] = 2 S x o
3 5 c 2= §% E- 3 §8> ¥ =8
o T o a © < T S . S T
v Y a 58 G s E§3 =
1 171 2 >32 >32 >32 >32 16 1 0.9567 >32
§ 2 172 <0.25 >32 >32 >32 32 <0.25 <0.25 1.066 >32
é 3 176 >32 >32 >32 >32 >32 32 >32 >32 >32
% 4 193 16 32 >32 >32 >32 4 16 >32 >32
5 195 16 <0.25 >32 >32 >32 4 <0.25 >32 <0.25
6 184 <0.25 >32 32 >32 32 <0.25 <0.25 0.6774 23.7
L 7 1872 2 >32 32 32 32 <0.25 <0.25 >32 >32
2>
¢ 8 194 <0.25 16 16 >32 32 2 <0.25 >32 19.31
(]
}85 9 189b 0.5 32 32 >32 32 2 <0.25 >32 >32
o
10 179 2 >32 >32 >32 >32 4 2 14.5 >32

2 Single isomer — 187b. ? 1:0.5 ratio of 189b:189a.

The activity of all compounds against some microorganisms’ groups was confirmed in
the dose response assays with the exception of 176 that exhibited no induction of growth
inhibition up to 32 pg/ml (entry 3, Table 13). From the remaining complexes only the allene-
type Au(lll) complex 193 and the two Au carbene-type complexes 187 and 189 derived from

the non-symmetric ligand 97a showed good antimicrobial and antifungal activity while
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remaining non-toxic to human cells (entries 4, 7, 9, Table 13). However, only the latter two
compounds (highlighted in yellow, Table 13) have been moved to the next stage of testing

thanks to their increased activity against gram-positive bacteria and fungi.

At this stage, the antimicrobial testing was disrupted by the outbreak of the COVID-19
pandemic and more experimental data is only available for compound 189. Thus, 189 was
tested against extended panel of fungal strains (Table 14). Complex 189 was tested at two
different ratios of isomers 189a and 189b. The former ratio was identical to that used in the
previous assays whereas the latter was composed of 0.7:1 of 189b:189a. The HC1oand CCso

at increased concentration range were also established (Table 14).

Table 14 Minimum inhibitory concentration (MIC, uM) of 189 against extended panel of fungal strains;
HC10 (haemolytic activity, uM) with RBC cells; CCso (cytotoxicity, uM) with HEK-293 cells.

= Fungi
2 3 Candid
= =3 Candida Cryptococcus Candida g;)r;tg Cryptococcus
w g albicans neoformans tropicalis g(ATCC deuterogattii
O (ATCC 90028) (208821) (ATCC 750) 90030) (CBS 7750)
1 1892 0.195-0.391 0.098-0.195 1.560-6.250 0.781-1.560 0.098-0.195
2 189° 0.391-0.781 0.098-0.195 3.120-6.250 0.391-1.560 0.195
Fungi Human
Gelterogats  Condidaauris - Candidaauris  COLREE yicney el
(ATCC 32609) (Hm) HEK-293 (Hk)
3 1892 0.024-0.049 0.391-25.000 0.006-100.000 200.000 200.000
4 189P 0.049-0.098 0.195-0.391 0.006-100.000 200.000 200.000

21:05 189b:189a.° 0.7:1 189b:189a.

Both mixtures of 189 exhibited high antifungal activity in low micromolar range against
majority of strains. There was not a significant difference of activity between the isomers of
189 no matter which one of them was a major component of the drug solution. 189 proved to

be non-toxic and non-haemolytic up to 200 uM of the drug concentration.

Due to its high activity and low toxicity, 189 (0.7:1) was selected for an in vivo evaluation

in moth Galleria Mellonella larvae model. These experiments are currently ongoing.

VI b. 3. Antiproliferative activity against cancerous cells

We investigated the in vitro anticancer activity of the new library of compounds against human
breast adenocarcinoma cell line MDA-MB-231 using the CellTiter-Blue® (CTB) fluorescent
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viability assay. After incubation of the cells in the presence of the drug candidate the CTB
reagent was added to the treated cells. Viable cells are able to convert a redox dye resazurin
present in the CTB reagent into its fluorescent derivative — resorufin (Figure 47). Under
reducing conditions resorufin can be further reduced reversibly to a non-fluorescent
dihydroresorufin, which can be a potential source of error when measuring the fluorescence of
the treated cells.*5% Contrarily, non-viable cells do not facilitate the reduction of resazurin and
do not fluoresce. The fluorescent response of the treated wells can be then measured and the
percentage of the viable cells can be calculated in respect to the control experiment of non-
treated cells. In general, the advantages of the CTB assay include high sensitivity of the
fluorescence measurement compared to the colorimetric assays, decreased number of
handling steps (addition, incubation, measurement) and low toxicity to cells allowing for

extended periods of incubation.

o
, N H
/@Ni@ oo /©i \:@ i /©i :©\
_—
viable cells
HO (0] [0}
HO 0 ) [l HO ¢ OH

resazurin resorufin dihydroresorufin

highly fluorescent non-fluoresceent
Figure 47 Reduction of resazurin dye.

| tested both classes of complexes and allene ligands in the CTB assay. A series of 10
two-fold dilutions of each compound in DMSO in the range of 0.19 — 100 uM was prepared.
Subsequently, the MDA-MB-231 cells seeded on the 96-well plates were treated with the
solutions of the drugs in technical triplicate repeat for each concentration and then they were
incubated for 24 h. | chose this incubation period having in mind the solution instability of some
compounds in the library (see Section VI b. 1.). After 24 h of incubation the cells were treated
with the CTB reagent and the florescence was measured using a plate reader. The results of
the experiment are presented as plots of the percentage of cell survival vs drug concentration
—the dose response plots. The typical plot obtained for complex 193 is presented on the Figure
48.
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Figure 48 CTB assay - viability of MDA-MB-231 cells treated with 193 after 24 h of incubation.

The initial experiments for all compounds in the wide concentration range (0.19 — 100
MM) allowed for the estimation of preliminary ICso values for each compound. The ICso
parameter is the drug concentration value at which the in vitro growth of the cells is inhibited

to 50%. This value is commonly used to compare the efficacy of the drug candidates. 51

Usually, the dose response plots are characterised by the sigmoidal shape and the ICsg
values are derived from the data points neighbouring the 50% survival mark. In our case, not
all compounds gave a clear trend of diminished cell survival with the increased drug
concentration (see ES). In order to facilitate the analysis, the data was also analysed using
just the duplicate technical repeats from the same experiment after the rejection of the most
discrepant values (see ES). Other limitation of this first experiment was the fact that the data
for the control non-treated cells were also collected in just technical triplicate which was
probably not sufficient to establish reliable reference point for a 100% survival and hence the
experimental values for some compounds exceeded normal 0 - 100% range (see ES).
However, the initial ICso values could be extracted in most cases and are summarised in Table
15.
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Table 15 Initial ICso estimates for MDA-MB-231 cell line (24 h incubation) of allene-derived metal

complexes and bis(pyridyl)allenes using CellTiter-Blue® assay.

Entry Compound ICs[uM]

1 171 0.29
2 172 >100
[}
s 3 176 >100
)
15 4 175 N/A=
®
5 193 5.87
6 195 66.12
7 184 7.00
g 8 187° 23.58
>
2 9 194 10.18
3
3 10 189° >100
11 179 40.53
” 12 97b >100
©
g
2 13 97a >100

a Lack of clear viability profile. ® Single isomer
—187b. ©1:05 189b:189a.

The most active compounds from the allene-type group seemed to be the symmetric
Pd(Il) and Au(lll) compounds 171 and 193 (entry 1 and 5, Table 15). The non-symmetric
congeners and both Pt(IV) complexes were substantially less toxic (entries 2-3, 6, Table 15).
The lack of activity of 175 and 176 was particularly interesting as it mirrored their poor activity
in the antimicrobial assays (Section VI b. 2.). Similarly, in the carbene-type class the complexes
derived from the bis(phenyl)allene ligand were more active than the t-butyl analogues (entry 7
vs 8, 9 vs 10, Table 15). The free allene ligands did not show any antiproliferative properties
(entries 12-13, Table 15), also in line with the lack of activity as antimicrobial agents. | selected
the four bis(phenyl)compounds with the most promising ICso values below 20 uM for further

testing (highlighted in orange in Table 15).

| proceeded to establish the exact ICso values for complexes 171, 193, 184 and 194 by
performing the viability experiments in technical triplicate as well as two experimental repeats
in a smaller concentration range on different days. Taking the example of 194 with the first ICso
value found at 10.18 yM, this compound was then tested at 5 concentrations in the range of
6.125 — 12.5 yM (Figure 49).
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Figure 49 CTB assay - viability of MDA-MB-231 cells treated with 194 after 24 h of incubation in 6.125
—12.5 yM range.

As expected, | obtained close to linear response in the tested range. However, after
two experimental repeats (Figure 49 and ES) | did not observe the viability dropping below
50% and therefore it was not possible to calculate the ICso from these experiments. | obtained
similar results for the other three compounds (see ES). Although, in this second round of
testing the number of non-treated cell controls was more appropriate (>12) and the survival
values mostly fell in the proper range, it might be that due to the limitations of the first
experiments the tested concentration ranges of these experiments did not overlap.

Additionally, in most cases | observed very large errors associated with the viability values.

The results of the CellTiter-Blue® assay were instructive, however we decided to
validate these findings using different viability assay. | moved to the commonly used MTT
proliferation assay and tested complexes 171, 193, 184 and 194 on the same cell line. The
MTT assay differs from the CTB in that the cell viability is derived from the measurement of
the absorbance of the MTT dye rather than the florescence (Figure 50). Although colorimetric
MTT assay has lower sensitivity than fluorometric assays, its low cost, ease of use, rapidity
and high reproducibility contributed to a its widespread use in measurement of cytotoxicity.35?
Additionally, use of transparent plates necessary for the MTT assay allows to visually monitor

the experiments using microscopy.
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Figure 50 Reduction of the MTT reagent.

| repeated the 24 h long experiment in the wider concentration range with the MTT
assay (Figure 51 and ES). | obtained good viability vs concentration responses for all four
compounds and estimated new ICso values. The experimental errors were also substantially
reduced in this assay, especially in the higher concentration range. This effect might result
from the fact that more concentrated solutions are prepared with smaller error. Also, the
smaller number of viable cells in the wells treated with higher doses of the drug might decrease
the differences in absorbance readings compared to more variable wells with many cells at
lower drug concentration.
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Figure 51 MTT assay - viability of MDA-MB-231 cells treated with: a) 193; b) 194 after 24 h of

incubation.

In general, the initial estimates of the 1Cso values in both assays were found to be in

good agreement in a very similar low micromolar range.
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Table 16 Comparison of ICso values for CTB and MTT assays.

Entry Compound ICs0 CTB [uM] ICso MTT [pM]
1 171 0.29 3.32+1.22
2 193 5.87 250+ 1.63
3 184 7.00 1.85+0.40
4 194 10.18 14.70 £ 2.81

Subsequently, | carried out the MTT assay in restricted concentration ranges in

experimental and technical triplicates to find more accurate 1Cso values. The sample results of

these experiments are illustrated on 194 and are presented on the Figure 52. Compared to the

analogous experiment with the CTB assay, the cropped concentration ranges were larger,

however, to ensure that the half inhibitory concentration could be found within. The final ICso

values (* standard deviation) were calculated as the mean of the three separate experimental

runs and are presented in Table 16 (ICso MTT).
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Figure 52 MTT assay - viability of MDA-MB-231 cells treated with 194 in 6.125 — 25 uM range after 24

h of incubation: a) run 1; b) run 2; c) run 3 (experimental errors not included because some values

were obtained from technical duplicates).

I confirmed significant toxicity of tested complexes against human breast cancer cell

line. Particularly, two allene-containing compounds 171 and 193 and Au(l) carbene-type 184
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showed activity in the low micromolar range, whereas standard drugs e.g. cisplatin has the
ICso > 100 uM against that cell line.%¥ The use of 193 might be less beneficial due to its high
reactivity in solution and unknown interconversion products (Section VI b. 1.). However, results
for 171 and 184 are promising. Interestingly, these compounds exemplify the two classes of
allene-derived complexes and are based on Pd(Il)- and Au(l)-centres that are not that well

explored in the context of cancer treatment.

The good activity of the trans allene-containing complexes might seem surprising when
we consider that most of the successful anticancer platinum-based complexes are in fact cis
(see Figure 38). The mechanism of action of these cis complexes is attributed to the formation
of 1,2 intrastrand crosslinks with two neighbouring nucleobases in DNA (see Figure 39),
whereas the trans geometry of the complex does not allow for the formation of this type of
crosslink. In fact, this argument was usually invoked to explain the lack of activity of the
cisplatin isomer — transplatin. However, the low activity of transplatin was later accounted for
by its more labile character and very facile hydrolysis under physiological conditions on route
to the target.®>¥ The synthesis of more stable trans analogues with high in vivo antiproliferative
properties pointed to the fact that other Pt-DNA adducts might be important for the high
anticancer activity, for example, 1,3 intrastrand and interstrand Pt-DNA crosslinks.F%! The
additional benefit of the alternative mechanism of action of the trans derivatives might be their
effective use in cisplatin resistant cell lines.%¢ This concept was extended beyond Pt-based
chemotherapeutics and many other examples of trans coordination compounds have been

found to show good activity, including Pd complexes.57]

The anticancer testing was stopped at this point due to the time constraints of the
project. Future investigation should focus on probing the cytotoxicity of the active complexes,
in particular 171 and 184, against healthy cell lines to ensure their potential for further
development and safe use. At this point, we can infer from the cytotoxicity data obtained in the
antimicrobial assays (Table 13) that these compounds are at least partially toxic to healthy
human kidney and red blood cells at low concentrations (below ICs values in case of 171 and
184). The anticancer properties of our library of compounds could be also validated on different

cancerous cell lines.

VI b. 4. Towards the mechanism of action — studies of the interactions with DNA

The results presented in this section were provided by Zoé Waller’s group. In particular, Férster
resonance energy transfer (FRET)-melting experiments for carbene-type complexes were
performed by Mahmoud Abdelhamid and FRET-melting, fluorescent intercalator displacement
(FID) and circular dichroism (CD) experiments of the allene-containing complexes and allene

ligands were performed by Ying Xia.
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Mechanism of action of many metal-based drugs is often, at least partially, ascribed to
their interactions with DNA as an intracellular target (e.g. cisplatin, oxaliplatin, carboplatin).-
3621 We wanted to probe the possible source of the activity of allene-derived metal complexes
by studying their interactions with different DNA types, not only with the standard double
stranded helical structure, but also with nhon-canonical DNA secondary structures - such as G-

guadruplex and i-motif, which chemistry lies within the Waller group’s expertise.

The G-quadruplex is the best studied form of the quadruplex DNA and is formed in a
guanine-rich regions of DNA (Figure 53, a). The formation of a tetrameric G-quadruplex
structure usually requires the presence of cations that stabilise the structure.® The i-motif
secondary structure arises in a DNA sequences rich in cytosine base repeats and its name is
derived from the characteristic intercalation of the cytosine bases in its structure (Figure 53,
b).1%64.3631 Both G-quadruplex and i-motif DNA have been recently found to play important

physiological roles such as regulation of gene expression. 263364
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Figure 53 Quadruplex DNA structure: a) schematic of G-quadruplex; b) schematic of i-motif.

Table 17 presents the different oligonucleotide sequences along with their predominant
secondary structure used in our study to probe the interactions with complexes from the new
library. These sequences are found in the human genome in promoter regions of their genes

(DAP) or in the telomeric region (hTeloC, hTeloG).B% In particular, telomeric region of DNA
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and associated proteins have been linked to important functions such as DNA replication and
protection against DNA damage.®" As such, the link between dysfunctional telomeric DNA

and disease e.g. cancer, is of much interest.¢

Table 17 Oligonucleotide sequences used in the study (T-thymine, A-adenine, G-guanine, C-cytosine,
FAM-donor  fluorophore 6-carboxyfluorescein and TAMRA-acceptor  fluorophore 6-

carboxytetramethylrhodamine — fluorescent tags (vide infra FRET experiments), HEG-hexaethylene

glycol linker).
Entry Name Sequence modification — 5’=3’-modification Secondary
structure

1 DS FAM-TATAGCTATA-HEG(18)-TATAGCTATA-TAMRA Double-stranded
2 hTeloC FAM-TAACCCTAACCCTAACCCTAACCC-TAMRA i-motif
3 DAP  FAM-CCCCCGCCCCCGCCCCCGCCCCCGCCCCC-TAMRA i-motif
4 hif-1-a FAM-CGCGCTCCCGCCCCCTCTCCCCTCCCCGCGC-TAMRA i-motif
5 hTeloG FAM-GGGTTAGGGTTAGGGTTAGGG-TAMRA G-quadruplex

One of the common techniques used to study DNA-small molecule interactions is
Forster resonance energy transfer (FRET)-melting experiment. FRET-melting experiment
allows for initial, high throughput screen of potential DNA binders (often called ligands). The
experiment takes advantage of the Forster resonance energy transfer (FRET) phenomenon
also called fluorescence resonance energy transfer.%°37° FRET arises from the dipole-dipole
intermolecular forces of molecules in close proximity. The FRET system comprises a “donor”
that transfers its excitation energy to the “acceptor” in a non-radiative manner. The occurrence
of FRET is dependent on the distance between the donor and the acceptor. The FRET
phenomenon has been employed in the study of nucleic acids and in particular quadruplex-

forming sequences.F"

The basis of the FRET-melting experiments presented in this section is measurement
of the fluorescence intensity response of the fluorescent probes (see Table 17) attached to the
5" and 3’ ends of the oligonucleotide sequence. In this case, when the probes are in a small
distance from each other (folded structure) the fluorescence response of the donor is
transferred to the acceptor. However, upon the thermal denaturation (unfolding) of the
secondary structure of DNA, the distance between the fluorophores increases, which can be
measured as an increase in fluorescent intensity as a function of temperature. Routinely, the
melting temperature (Tm) where the structure is 50% folded or unfolded is established for each
oligonucleotide sequence and then compared to the melting temperature of the same
sequence in the presence of potential ligand, giving the value of the change in melting
temperature (ATm). A negative value of AT, (lower Trin the presence of the ligand) indicates

denaturation at lower temperature and hence destabilisation of the structure by the ligand,
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whereas a positive AT, value can be interpreted as a sign of DNA stabilisation in the presence
of a ligand. Therefore FRET-melting experiments are used to study thermal stability of specific

DNA fragments.

The investigation began with the analysis of the carbene-type allene-derived metal
complexes 179, 184, 187, 189 and 194. Each compound was tested at a range of
concentrations up to 1.0 uM which constituted 5.0 equivalents excess in respect to the DNA
used at 200 nM. Higher concentrations of the complexes were not used in order to avoid non-
specific interactions resulting from the sheer excess in respect to the DNA. Figure 54 shows
the example of FRET-melting experiment results obtained for hTeloC i-motif-forming sequence
for complexes 184 and 194. The plots corresponding to the remaining oligonucleotide

sequences and complexes can be found in the Experimental Section (page 265).
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Figure 54 FRET-melting experiments for hTeloC and complexes: a) 184; b) 194; melting curves (left),

first derivatives of fluorescence intensity in respect to temperature (right).

The graphs on the left on Figure 54 show melting curves of the fluorophore-tagged

hTeloC sequence in the presence of our complexes as well as a control curve (marked with
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black squares). The melting temperatures (Tm) can be easily read from the minima on graphs
of the first derivative of the fluorescence intensity in respect to temperature (Figure 54, right).
For 184, there was no significant change in melting temperature with addition of the complex
in the tested concentration range (ATm = 0 °C, Figure 54, a). However, Au(lll)-complex 194
induced stabilising effect measured as a positive change in melting temperature of + 2 °C at a
concentration of 1.0 uM (Figure 54, b). Interestingly, all the compounds, including 194, showed

no significant interaction with the remaining DNA sequences (see ES and Table 18).

Table 18 FRET-melting experiments for carbene-type complexes.

ATm £ 1[°C]
Entry Compound DS hTeloC hif-1-a DAP hTeloG
184 0.0 0.0 0.0 0.0 0.0
2 1872 0.0 0.0 0.0 0.0 0.0
3 194 0.0 2.0 0.0 0.0 0.0
4 189P 0.0 0.0 0.0 0.0 0.0
5 179 0.0 0.0 0.0 0.0 0.0

a1:0.12 ratio 187a:187b.  0.5:1.0 ratio 189a:189b.

These results suggested some possible specific interactions of 194 with the i-motif DNA
over the G-quadruplex and double stranded DNAs. The origin of this effect is currently studied
in our group by derivatisation of 194 and studies of structure-DNA interaction activity of its
analogues as well as DNA docking modelling. The lack of evidence for the binding to any of
the tested oligonucleotide sequences with other carbene-type complexes might suggest that
any bioactivity observed in other assays for these compounds might not arise from a direct
action of the metal complex and the DNA in the cells. The FRET-melting experiments were
also performed for the allene-containing metal complexes as well as bis(pyridyl)allene ligands

at a single concentration of 1.0 uM (Table 19).

Table 19 FRET-melting experiments for allene ligands and allene-containing complexes.

ATm £ 1[°C]

Entry Compound DS hTeloC hif-1-a hTeloG
1 DMSO 55 43 46 59
2 97b 0.0 0.0 0.0 -0.5
3 97a 0.0 -0.5 0.0 -1.0
4 171 0.0 0.0 0.0 2.0
5 172 0.0 0.0 0.0 -1.0
6 176 0.0 0.0 0.0 -1.0
7 175 -0.5 0.0 -0.5 -0.5
8 193 0.0 0.0 0.0 -0.5
9 195 0.0 0.0 0.0 -1.0
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The majority of the allene-containing complexes and both allene ligands had no
significant effect on the thermal stability of the double-stranded, i-motif or G-quadruplex
sequences in the FRET-melting experiment. We observed the most pronounced response
within the group for the symmetric Pd complex 171 that showed increase of the melting
temperature for hTeloG of around 2 °C (entry 4, Table 19). Interestingly, Pt- and Au-based
complexes, typically more associated with the mechanism of action trough DNA interaction,

were not found to have similar effect.

The FRET-melting results for this group of compounds were followed up with the
fluorescent intercalator displacement (FID) competition assay. Carbene-type complexes will

be assessed in FID assays in due course following the synthesis of more analogues.

FID assays have been developed to study binding affinity of small molecules towards
different DNA secondary structures such as double-stranded, G-quadruplexes and i-
motifs.’7%372 |n particular, Waller and co-workers developed i-motif FID assay using thiazole
orange (TO) as a fluorescent probe (Figure 55, a).72 In the presence of DNA, the TO probe
is characterised by considerable enhancement of its fluorescent response whereas when DNA
is absent no significant fluorescence is observed. This difference in the fluorescence response
can be interpreted in terms of binding to DNA. However, the response is only observed if a
ligand binds to the same region of the DNA as the TO probe and is specific to each type of
DNA. Binding to other sites is not detected. In the FID experiment, the studied DNA fragment
is first equilibrated with the TO probe to reach a steady state of the fluorescent response.
Subsequently, potential DNA binders are added to the system and the possible decrease of
fluorescence is understood as a displacement of the thiazole orange by the tested compound

in binding to the DNA fragment.

165



VI. Bioactivity of allene-derived metal complexes

-20

a) 0\\_,5/9
.Of\©\
{
CL.
S
7N
4
287 \
b) hTeloC <) DAP
100 100
80.8% 87.6%
20 20
- 80 = 80
E = 62.5% 62.1%
t 60 T o
(TR 7}
E E 50
§ 40 § 20 30.0%
= 30 2 a0 20.6%
@ 20 2
8 ‘ i o 20
10 0
. - 0 | n
d) hif-1-a e) hTeloG
100 100
90 30
'5_9' 20 '3_9' 80
=70 —_— 70
£ 45.6% 49.2% E o 47.9%
E s E 34.5%
8 8 40
8 ¥ £ a0
g 5
8 20 8
10 ﬁ o - T I = -
T T T
. - L ® o T b
-10
193

mit 97b 97a 171 172 176 175 mit 97b 97a 171 172 176 175 193

Figure 55 a) Structure of thiazole orange 287 (TO); b-d) FID assay for allene ligands and allene-

containing complexes for i-motf DNA; e) for G-quadruplex. mit = Mitoxantrone, positive control.

The compounds were tested at a single concentration of 2.5 uM (5.0 equiv. in respect
to DNA) with all three classes of DNA secondary structures and the results are partially
presented on Figure 55. The data for the double-stranded DNA can be found in the
Experimental Section (page 279), however none of the tested compounds showed a
displacement level of over 25% (Table 20). Bis(pyridyl)allenes 97a-b did not induce any
significant displacement of the TO probe neither with the i-motif nor the G-quadruplex DNAs.
This result provides further evidence that any observed bioactivity of the allene-derived metal
complexes probably is not linked to the action of disassociated ligands if such de-complexation
would take place under physiological conditions. Complex 171 exhibited a 34.5% displacement
in the hTeloG experiment (Figure 55, e), confirming the FRET observation of its partial affinity
to the G-quadruplex structure. However, its analogue 172 showed even bigger effect at 47.9%.
Moreover, both Pd complexes where the most active binders for all i-motif sequences (Figure
55, b-d) reaching the displacement level of 87.6% for 172 with hTeloC (Figure 55, b). Au(lll)-

complexes 193 and 195 interacted with the DNA to a much lesser extent while Pt(IV)-
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complexes were inactive on the level of the free allene ligands. This result further pinpoints the
lack of any significant biological activity of the Pt(IV)-complexes 175-176, that might be
ascribed to problems with reduction (see Section IV b. 3. on chemical and electrochemical
reduction) to active Pt(ll) analogues in situ and/or solubility issues.?'l The results are also

summarised in Table 20.

Table 20 Summary of the FID results for allene ligands and allene-containing complexes.

Displacement [%]

Entry Compound DS hTeloC hif-1-a DAP hTeloG
1 97b 9.8 -0.9 4.9 -8.6 -1.7
2 97a 8.1 -14.8 2.8 -7.4 -1.1
3 171 13.0 80.8 45.6 62.5 34.5
4 172 24.7 87.6 49.2 62.1 47.9
5 176 8.0 0.8 1.6 -8.9 -1.6
6 175 115 9.2 5.9 -3.6 0.7
7 193 10.6 17.6 9.8 30.0 -10.0
8 195 9.3 16.5 6.2 20.6 -2.1

The best Pd-based binders were further examined with circular dichroism spectroscopy
(CD). Secondary structures of DNA interact with circularly polarised light in a specific manner
and CD spectra are commonly used in characterisation of nucleic acids.F’®! The advantages
of this method include high sensitivity to conformational changes and thus very characteristic
response for a particular arrangement of DNA. Typically, spectra are monitored in the region
between 200-320 nm. A negative band at around 265 nm and a large positive band at around
288 nm is usually observed for an i-motif DNA. G-quadruplexes are characterised by a strong
positive band at around 260 nm corresponding to the parallel forms while the antiparallel forms
give a negative band at 260 nm and a positive one at 295 nm.B®l The method is also
advantageous to FRET-melting, because it does not require the presence of fluorescent

probes that can be a source of interference with DNA ligands.

The CD data was collected for both complexes 171 and 172 with three i-motif forming
sequences (hTeloC, DAP and hif-1-a) and G-quadruplex forming sequence hTeloG. A
representative set of results is presented below for hTeloC DNA (remaining graphs in ES).
Both complexes were first titrated against hTeloC up to 5:1 ligand to DNA ratio (Figure 56). In

both cases, the characteristic i-motif peaks were observed at around 260 nm (negative) and
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290 nm (positive). The increasing excess of 171 and 172 induced a visible hypochromic shift

of both peaks, that is usually associated with an unfolding effect of the DNA secondary

structure.
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Figure 56 CD spectra of 10 yM hTeloC with titration up to 5.0 equiv. (50 pM) of: a) 171; b) 172.

CD-melting experiments were performed next to quantify the level of the interactions
(Figure 57). In these experiments a series of CD spectra of the DNA fragment in the presence
of potential binder is recorded in the range of temperatures to examine its thermal stability
under these conditions. For these experiments, 171 and 172 were used in an excess of 5.0
equivalents to the hTeloC. With increasing temperature, both i-motif bands exhibited significant
hypochromic as well as hypsochromic shifts that could be interpreted as an unfolding/thermal
denaturation of the i-motif structure (Figure 57, a-b). The plots of normalised ellipticity vs
temperature for the peak at 288 nm allowed to find the values of the melting temperature for
the hTeloC sequence with (red circle) and without (black square) the Pd complexes (Figure
57, c-d), and hence the ATy, value. Both complexes induced a negative ATy, of - 4.0 °C and -
1.0 °Cfor 171 and 172, respectively. The ATy values for remaining DNA forms are summarised

in Table 21.
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The ATnvalue for 171 in hTeloC experiment (entry 2, Table 21) was the most significant
from all CD-melting profiles. This result was very interesting when connected to the significant
anticancer activity exhibited by 171 (see Section VI b. 3.). It also correlates with the biggest
displacement observed in FID experiments for 171 and further supports its affinity for telomeric
i-motif DNA and weaker binding to the remaining DNA quadruplexes. Although 172 showed
similar behaviour to 171 in the FID assay the CD-melting results pointed out that it had smaller
effect on thermal stability of different DNA sequences, with the biggest effect observed for
hTeloG (entry 3, Table 21). The differences between the ATy values from FRET and CD
experiments (compare Table 19 vs Table 21) arise from the fact that these experiments
measure different phenomena. In FRET the signal is derived from the energy transfer between
fluorophores and CD measures the folding of the DNA. Because many factors can interfere
with the fluorophore’s signal and thus influence the final result usually the CD measurement is

considered more reliable.
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Table 21 Change in melting temperature (ATm) of hTeloC, DAP, hif-1-a and hTeloG measured by CD-

melting experiments for 171-172.

AT £ 1[°C]
Entry Compound hTeloC DAP hif-1-a hTeloG
1 DMSO 41 29 25 70
2 171 -4.0 -1.0 0.0 -1.0
3 172 -1.0 -0.0 1.0 -3.0

VI c. Conclusions

This chapter described first investigations into the biological activity of allene-derived metal
complexes. The summary of the main findings is presented in Table 22. Section VI b. 1.
underpinned that important for medicinal applications stability of bis(pyridyl)allene metal
complexes is dependent on the nature of the ancillary substituents on the ligands. Au carbene-
type complexes 187b and 189 derived from the non-symmetric ligand 97a showed remarkable
antimicrobial activity and low toxicity for human tissue with 189 entering in vivo stage of testing
(Section VI b. 2.). Complementary results of good anticancer activity of Pd and Au complexes
171, 184 and 194 of symmetric ligand 97b were presented in Section VI b. 3. These complexes
showed antiproliferative activity against human breast cancer cell line in the low micromolar
range. Additionally, the source of activity of the complexes was briefly investigated in DNA
binding studies (Section VI b. 4.). Some of the compounds exhibiting anticancer activity were
among those showing the most significant binding to quadruplex DNA, specifically 194 (Au(lll))
from the carbene group and 171 Pd(ll) from the allene group.

Results of this chapter clearly demonstrate that bis(pyridyl)allene-derived complexes
show very promising biological activity, albeit further study is needed. These preliminary results
supplemented important first information regarding the design/activity relationship in terms of

both the allene ligand fragment as well as the metal centre.
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Table 22 Bioactivity of allene-derived metal complexes — summary of key findings.

Ent Compound Antimicrobial Anticancer DNA (human)
v P activity activity interactions
AuCl
tBu oh - G +ve bacteria
| N - Fungi }
1 N - Low toxicity to Cs0> 20 M
\ ¥ Z human cells
187b
Ph fuch Bu puch - G +ve bacteria
| Bu | Ph - Fungi ICs0> 100
2 N YT NS - Low toxicity to M .
\ S NF \ JNF human cells
189a 189 | - In vivo testing
AuCl
Ph oh - G +ve bacteria ICsp=1.85+
3 | N - Fungi 0.40 uM i
( N P - Partial toxicity (MDA-MB-
Y 184 to human cells 231 cells)
AUCly =S
Ph - G+ve and G- IC50 = 14.70 } s
| Ph ve bacteria +2.81uM SEay .
4 N S - Fungi (MDA-MB- towards hTeIoCo i-
| N - Partial toxicity 231 cells) m°tf.r('AFTE;"E;)2 @
194 to human cells '
Ph T . .
% - G+vebacteria | ICsy=3.22+ | Binding to i-motif
_ i S - Fungi 1.22 uM and G-quadruplex,
5 . N ; . : in particular
N\ N ~ds” - Partial toxicity (MDA-MB- hleioC (AT =4
o 171 to human cells 231 cells) s
Cin CD)

The following, last section of the thesis is looking at the development of the asymmetric

version of the bis(pyridyl)allene-based systems.
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VIl a. Introduction

Enantioselective synthesis of allenes remains one of the important goals of modern organic
chemistry.["l Different approaches have been developed to harness axial chirality of allenes
and access especially challenging tri- and tetrasubstituted optically pure allenes.B’ Non-
racemic allenes can be prepared from enantiomerically enriched starting materials such as
propargylic or allylic compounds with the central-to-axial chirality transfer (Scheme 103, a-b).
Alternatively, stereoselective synthesis from racemic starting materials can be achieved with
the use of chiral reagents or auxiliaries, but particularly effective are catalytic asymmetric
reactions (Scheme 103, c).B"™! Transition metal-catalysed reactions are especially prominent
in catalytic enantioselective synthesis of allenes with some examples of organo- or enzymatic
catalysis. Optically active allenes can be also obtained by resolution of a racemic mixture of
allenic compounds (Scheme 103, d).E763771 Different methods of resolution include chiral
resolution, where the racemic allenes are reacted with optically active reagents and the
resulting diastereotopic mixtures are separated on the basis of physical differences between
the diastereomers, or kinetic resolution. Kinetic resolution takes advantage of the different
rates of reaction of the enantiomers of the allene with a chiral reagent/catalyst. When one of
the enantiomers is preferentially transformed into the product, the optical purity of the

unreacted enantiomer increases.

172



VII. Resolution of precursors to allene ligands

a)
4
R1 LG R4M R1 R
’/rl — RS ””7‘-:<
R{ R® R3
3
b) R1 X R R4
" = -XY R —
R? R4 ———> Rzﬁ :<R3
Y
chiral
° 1 16 talyst 1 R?
R\\ — R3 catalys R ”*’7,‘-:<
R2 R*M R? R3
(#)
d)
; R4 . | ; R4 R4 )
R orma RY\ R
2ﬁ-:< 2’,( -:< + N N
R R3 resolution R R3 R3 R

)

Scheme 103 Common approaches to enantioselective synthesis of allenes: a) from enantioenriched
propargylic compounds; b) from non-racemic allylic substrates; c) synthesis from racemic substrates

with chiral catalytic systems; d) resolution of racemic allenes.

VIl b. Results and Discussion

The previous chapters described the racemic synthesis of allene-containing ligands and their
metal complexes as well as the proof of concept applications in catalysis and in medicinal
settings. Due to the inherent axial chirality of allenes the new systems could be prepared in
enantioselective manner. Such enantiomerically enriched allene-derived metal complexes
could be used in an asymmetric versions of tested catalytic reactions. Additionally, the
bioactivity of the enantiomers could be assessed separately, potentially leading to the use of

only the active ones as drug candidates.

The first attempts of preparation of optically active bis(pyridyl)allenes are presented in
this section. Although Krause and co-workers obtained one derivative of enantiomerically pure
bis(pyridyl)allene with the HPLC separation of its ester precursor, we wanted to explore more
robust chemical methods that would yield the ligands at scale, without the need of preparative
HPLC.[149

Synthesis of optically active tetrasubstituted allenes often takes advantage of the use
of optically enriched propargyl compounds that undergo Sy2’ reactions yielding fully substituted
allenes. Preparation of enantiomerically pure propargyl alcohols is often accomplished via
asymmetric nucleophilic addition to ketone and aldehyde precursors and resulting

enantiomerically enriched alcohols are subsequently used in the synthesis of allenes.
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Asymmetric addition of organometallic reagents to carbonyl compounds is typically
accomplished with the use of chiral ligands.F78-38 |n case of pyridine based starting materials,
the best chiral inductions have been achieved using bespoke chiral ligands.*®? However, the
multistep synthesis of such ligands is a substantial disadvantage to this methodology. Different
approaches include resolution of racemic propargyl alcohols or esters into their enantiomers
using chemical or chromatographic methods. Isolation of both enantiomers in the same
process is a considerable advantage of this strategy. Thus, our first attempt to obtain optically
enriched precursors to bis(pyridylallenes involved resolution of corresponding

bis(pyridyl)propargyl alcohols.

One of the common methods of esterification of alcohols with a simultaneous chiral
resolution is the use of enzymes as a chiral influence in the reaction.#384 |n principle, in the
presence of an enzyme one of the enantiomers of the alcohol undergoes esterification in much
higher rate than the other, and as a result the mixture of an ester and an alcohol is obtained.
These can be separated later with the use of common purification techniques. Typically,
enzymatic resolution gives good results with secondary alcohols, whereas tertiary alcohols are

more difficult substrates and suffer from decreased reactivity.

| reacted alcohol 92a under typical conditions with vinyl acetate in the presence of
lipase enzyme. | selected porcine pancreas lipase because of its documented activity with
tertiary alcohols and relatively low price compared to other enzymes.®! | did not observe any
reaction, however, and recovered unreacted starting material (Scheme 104). | found similar

lack of reactivity with other available pyridyl alcohols.

0
/\ok

Porcine pancreas lipase

tBuOMe

92a 288 92a

(or opposite enantiomers)
Scheme 104 Attempt of enzymatic resolution of tertiary alcohol 92a.

Another approach to resolution of racemic alcohols is the reaction with chiral
derivatizing agent, for example, in an esterification reaction. Chiral derivatizing agents are
typically used to establish the absolute configuration of chiral alcohols and amines.®% The use
of enantiomerically pure derivatizing coupling partners for resolution purposes produces a
diastereomeric mixture of two ester products that can be separated after the reaction. If

needed, the esters could be hydrolysed back to the alcohols, but in our case the esterified

174



VII. Resolution of precursors to allene ligands

products could be used directly in the synthesis of allenes. Thus, alcohol 92a was reacted with
1.5 equivalents of (-)-camphanic acid chloride 289 under DMAP catalysis (Scheme 105). After
40 h 1 only recovered starting materials.

o)
?‘k\u\\CI DMAP, NEt,
0 —x—>

CH,Cly, rt, 40 h

o
1.5 equiv.

92a (1S)-(-)-289 (R,S)-290a (S,S)-290b
Scheme 105 Esterification of 92a with (1S)-(-)-camphanic acid chloride 289.

To test if the problem was the reaction conditions used or the steric hindrance of the
propargylic alcohol, | also tried the reaction on less sterically demanding tertiary alcohol 93b
with (-)-camphanic acid chloride (Scheme 106). The reaction at 35 °C in the presence of
pyridine was unsuccessful. However, | observed formation of the ester in refluxing
dichloroethane.®"1 Although, the *H NMR analysis of an aliquot of this reaction showed no
traces of the starting material and clear diastereotopic signals assigned to the expected
products, | could not isolate 291. The esterified products seemed rather unstable and all

attempts of their isolation resulted in recovery of the alcohol starting material.

Py 2.0 equiv.

DMAP (20 mol%) N
CH,Cly, 35 °C ph_ 2R pn_O2CR

r X - IS
N . N
DMAP (10 mol%)
1.5 equiv. _
C,H,4Cly, reflux
93b (1S5)-(-)-289 (R,S)-291a (S,S)-291b

Scheme 106 Esterification of 93b with (1S)-(-)-camphanic acid chloride 289.

Another  classic  example of  derivatizing agent is a-methoxy-a-
trifluoromethylphenylacetic acid, commonly known as Mosher’s acid (292, Scheme 107). We
hoped that it would yield more stable ester products. Unfortunately, DCC promoted coupling
of 93b with (+)-Mosher’s acid either at room temperature or at 70 °C resulted only in re-isolation

of unreacted 93b.
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CH,Cl,
_ _
R =
OH i rt,4d 0,CR 0,CR
Ph ng OMe DCC 1.3 equiv. Ph 2 Ph 02
Z - DMAP (10 mol%) -
7 X - © =~ X - S
~_ _N ‘ N + ‘ AN
OH X~ N >~ N
C,H,Cly
e [ i
70°C, 22 h
93b R-(+)-292 (R,R)-293a (S,R)-293b

Scheme 107 Coupling of 93b with R-(+)-Mosher’s acid 292.

| did not observed any reactivity under Mitsunobu reaction conditions either (Scheme
108).1%881

OH R = . 0,CR O,CR
o FC ome DIAD 1.2 equiv. Ph._ 32 Ph_-°
Z P o PPh3 1.0 equiv. 7 =
‘ \\ + ‘ \\ + ‘ \\
SN o THF, 1t N XN
93b R-(+)-292 (R,R)-293a (S,R)-293b

Scheme 108 Coupling of 93b and Mosher’s acid using DIAD.

Due to the inactivity of the reaction with the Mosher’s acid itself | decided to transform
it into the more reactive acid chloride derivative. However, acid chloride formation with thionyl
chloride did not work (Scheme 109).

FaC oMe FsC ome
: O SOCI, 10.0 equiv. o
OH CH,Cl,, rt- 60 °C cl
R-(+)-292 294 not isolated

Scheme 109 Preparation of Mosher’s acid chloride with SOCl>.

I confirmed the formation of acid chloride 294 with oxalyl chloride instead (Scheme
110). However, initial attempts to isolate the intermediate Mosher’s acid chloride before the
reaction with 93b, or reaction with in situ formation of 294, always ended with recovery of the

starting materials.
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(COCl), 5.0 equiv.

DMAP 1.35 equiv.

DMF 1.0 equiv. DBU 2.5 equiv.
CH,Cl,, 0°Ctort, 1 h CH,Cly, rt
R= 0,CR
FaC ome (COCI), 5.0 equiv. FsC ome DMAP (20 mol%) o
0 DME cat. O  93b | Py5.0equiv. ) X
0 AN N
OH CH,Cl,, 0°Ctort, 22 h ci C2H4Clp, 70°C, 22 h
R-(+)-292 ) 294 DMAP (20 mol%) 293 not isolated
(COCl), 5.0 equiv. ]
DBU 10.0 equiv.
DMF cat.

C,H4Cly, 0°C tort
overnight, not isolated

C,H,4Cl,, 50 °C
overnight

Scheme 110 Preparation of Mosher’s acid chloride 294 with (COCI)z and reaction with alcohol 93b.

Going beyond the preparation of optically active allene ligands, some methodologies
have been developed to chemically resolve metal complexes synthesised from racemic
ligands. This approach could potentially overcome common problems with racemisation of
allenes in the presence of metals at the stage of complex preparation. For example,
palladacyclic complexes developed by Richards and co-workers were resolved using (S)-
proline.8 A racemic mixture of a Pd complex was expected to react with enantiomerically
pure proline in a ligand exchange reaction to form two diastereomeric proline adducts. The
separation of diasteroisomers followed by hydrolysis of proline adducts with HCI would yield
resolved enantiomers of the starting material complex. Richards’ conditions were applied to
Pd allene-supported complexes 171-172, but without any effect (Scheme 111). To facilitate
the ligand exchange reaction of 171-172 with proline, the reaction was also carried out in the
presence of AgNTf,. However, the difficult separation of resulting complex reaction mixture did

not yield any constructive products.

R Cenli .
Ph (S)-proline 9.25 equiv.

' AN NaHCOj; 9.25 equiv.

— |
N cl N~
/
\_/ \/Pd/

Cl

acetone/H,0, rt

overnight AgNTf, 2.0 equiv.

295 not isolated

171-172

Scheme 111 Resolution attempt of Pd complexes 171-172 with (S)-proline.
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VIl c. Conclusions

Asymmetric synthesis of fully substituted allenes remains a significant synthetic challenge. All
the attempts of the chemical resolution of enantiomers of precursors to bis(pyridyl)allenes
presented in this section were unsuccessful. The lack of reactivity of sterically demanding
tertiary alcohols seemed to be a major factor contributing to the poor resolution. Pd complexes
were also not resolved using a common amino acid. In the light of these observations, other
approaches such as preparative HPLC or asymmetric synthesis would be needed to

accomplish preparation of optically active bis(pyridyl)allenes at scale.
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VIIl.  Conclusions

The threefold set of objectives for this doctoral research laid out in Section Il has been
accomplished. | successfully prepared allene-based ligands capable of complexation to
various metal centres through their Lewis basic groups and beyond and | discovered that these

allene-derived metal complexes have interesting catalytic activity and bioactivity.

In the first, synthetic part of the work | identified the bis(pyridyl)allene ligand design as
the most robust and versatile ligand candidate. Other ligands, decorated with thienyl, amine or
phosphine groups proved to be too reactive to withstand challenging conditions of metal
coordination and underwent undesired side reactions. | closely investigated the behaviour of
bis(pyridyl)allenes in the presence of metals and discovered a dual mode of interaction
depending on the nature of the metal itself. Reactions with Pd(ll), Pt(IV) and Au(lll) precursors
yielded complexes in which the allene-core was preserved and the metal centre was captured
by the two pyridyl groups in the ligand. With more carbophilic Au(l) (and to a certain extent
Au(lll)) we observed different reactivity. The activation of the allene skeleton in the presence
of the metal resulted in an intramolecular attack of the pyridyl group onto the allene with a
formation of a C-Au bond. | isolated a range of such stable, indolizine-based, carbene-type

complexes. Allene-derived complexes of both types were fully characterised.

In the second part of the study, | investigated potential applications of the new library
of complexes. In terms of their catalytic activity, | found limited applicability of Pd complexes in
the Tsuji-Trost allylic alkylation. However, they showed good activity in the Mizoroki-Heck
coupling. Complexes from both groups, and in particular Au(l) carbene-type compounds, could
also catalyse cycloisomerisation and alkoxycyclisation of 1,6-enynes. Pt complexes performed

well as catalysts in the nucleophilic addition of alcohols to allenes.

In collaboration with UEA and external partners we also tested medicinal properties of the
new complexes in three main areas: antimicrobial activity, anticancer activity and DNA
interactions. Most complexes showed high toxicity towards bacteria and fungi with two Au
carbenes 187b and 189 also being non-toxic to human cells in the first screenings. Complexes
derived from the symmetric ligand 97b, (except Pt(IV) 175) showed best antiproliferative
activity towards human breast adenocarcinoma cancerous cell line. We probed the source of
this activity through studies of interaction of the allene-derived complexes with different
secondary structures of DNA (double stranded, i-motif, G-quadruplex) and observed
preliminary selectivity of the active compounds (194, 171) towards telomeric i-motif. Further

biological studies are still ongoing.
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IX. Future research directions

This research project could be developed further in a number of ways to increase its impact
and novelty. Starting with the design of allene-based ligands, specifically bis(pyridyl)allenes
we could think about further derivatisation to accomplish new coordination behaviour. For
example, the connectivity of the pyridyl groups with the allene skeleton (the nitrogen atom
position) could be changed to investigate the influence on the observed cyclisation process in
the presence of metals. What is more, it is easy to envision additional derivatisation of the
ancillary substituents on the allene core to achieve new ligand properties. This line of research
is currently investigated in our group in a related PhD project and by project students.
Additionally, allenes with new types of not yet tested donor groups could be prepared and

examined.

An important, not achieved so far, aspect of the project is the synthesis of optically pure
allene ligands or the resulting metal complexes. In order to accomplish this, the
bis(pyridyl)allenes prepared in a racemic version could be separated into their enantiomers
using, for instance, preparative HPLC. Alternatively, precursors to target allenic compounds
could be prepared in an asymmetric manner (e.g. asymmetric nucleophilic addition to ketones).
The catalysis part of the project would benefit substantially, because the asymmetric catalysis

with allene-derived complexes could be attempted.

It would be valuable to further validate the biological activity of our complexes by
extension of already explored assays. For instance, testing of anticancer activity could be
extended to different cancerous and healthy cell lines and with promising results move beyond
in vitro evaluation. The source of already observed biological activity is of much interest and is
an important research direction. It could be accomplished by extension of current library to

study the structure/activity relationship or by molecular modelling.
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General methods

All reagents and solvents used in described syntheses were of analytical grade and purchased
from commercial suppliers, including all Grignard reagents (Merck, Thermo Fisher Scientific,
Fluorochem); used without further purification, unless otherwise stated. Dry solvents
(anhydrous = 99.8 %) were obtained directly from commercial sources. ZnBr, was dried with a
heat gun in vacuo until it became visibly dry. Accurate weights were obtained with a Denver
Instrument SI-234 balance (230 g x 0.1 mg) for synthetic experiments and with Mettler Toledo
XS205DU (81/120 g x 0.01/0.1 mg) for the preparation of stock solutions. For thin layer
chromatography (TLC) technique, commercially available aluminium sheets pre-coated with
silica gel (0.20 mm with fluorescent indicator UV254, Grace GM BH & Co) were used. Column
chromatography was performed using silica gel 60, 0.032-0.063 mm (230-450 mesh, Alfa
Aesar). Ratios of the solvents used as eluents are given in brackets. The vyields of the
compounds obtained as mixtures were calculated in the cases where the mixture composition
was known. Non-conventional heating by microwave irradiation was performed in a Biotage
Initiator™ Microwave system equipment with normal absorption level, with the exception of
reactions carried out in 1,4-dioxane where low level of absorption was applied. The *H NMR

and BC{!H} NMR spectra were recorded using a Bruker AscendTM 500 or a Bruker
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UltrashieldTM Plus 400 spectrometers (solvent given in brackets). Bruker UltrashieldTM Plus
400 spectrometer was used to record 3P and °F spectra. Chemical shifts (3) are given in parts
per million (ppm) and the values of coupling constant J are given in Hertz (Hz). Abbreviations
for multiplicities are as follows: s — singlet, d — doublet, t — triplet, g — quartet, m — multiplet, brs
— signal broadened. Spectra were recorded at room temperature unless stated otherwise. 2D
NMR experiments COSY and HSQC were performed to assign proton and carbon peaks,
respectively. In some cases, they were supported with NOESY and HMBC experiments to
facilitate structure elucidation. High resolution mass spectra were carried out using ESI, El,
NSI and ASAP techniques at the University of Sussex and National Mass Spectrometry Facility
in Swansea. Electro Spray lonisation (ESI) measurements were carried out on APEX Il Bruker
Daltonic Fourier transformer (FTMS) using Apollo ESI source. Electron Impact (EI) ionisation
was performed using AutoSpec Fisons instrument. Nano Spray lonisation (NSI)
measurements were carried out on LTQ Orbitrap XL spectrometer. Atmospheric Solid Analysis
Probe (ASAP) measurements were carried out Xevo G2-S spectrometer. Microanalysis was
performed with Thermo Flash 2000 Elemental Analyser configured for for %CHN, at the
London Metropolitan University. UV-Vis spectra were recorded using a Hitachi U-3000
spectrophotometer at rt. Quartz cuvettes with a 1 cm path length were used. Fluorescence
excitation and emission spectra were obtained using an Edinburgh Instruments FS5
spectrofluorometer in quartz cuvettes with a 1 cm path length at rt. For the plate assays,
absorbance and fluorescence measurements were carried out using a CLARIOstar® (BMG
Labtech) microplate reader at rt. Cyclic voltammetry was performed using an Autolab
PGSTAT302N potentiostat/galvanostat (Metrohm) with a three-electrode system. The glassy
carbon working electrode was polished using alumina. The counter electrode was Pt, and Ag
or Ag/AgCl was used as a reference electrode with ferrocene internal standard (Fc/Fc*) at 0.43
V vs Ag/AgCl. The electrochemical cell was purged with Ar prior and after addition of the
analyte solution. For the crystal structure analysis of 141 the data was collected with Rigaku
AFC,1 quarter chi goniometer equipped with a Rigaku Hypix 6000 detector mounted at the
window of 007 HF copper rotating anode generator with Varimax optics (300um focus)
diffractometer. Cell determination, data collection, data reduction, cell refinement and
absorption correction was performed using CrysAlisPro software. Structure solution and
refinement was accomplished using SHELXT and SHELXL programmes, respectively.3%1:392]
The crystals of 184, 189a, 189b, 187a and 172 were mounted on small loops and fixed in the
cold nitrogen stream on an Rigaku Oxford Diffraction XtaLAB Synergy diffractometer, equipped
with Mo-Ka radiation, HyPix detector and a mirror monochromator. Intensity data were
measured by thin-slice w-scans. For crystals of 194 and 179, crystals were mounted on glass
fibres and fixed in the cold nitrogen stream on an Oxford Diffraction Xcalibur-3/Sapphire3-CCD

diffractometer, equipped with Mo-Ka radiation and graphite monochromator. Intensity data
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were measured by thin-slice w- and ¢-scans. For each sample, data were processed using
the CrysAlisPro-CCD and -RED programs.*®® The structures were determined by the intrinsic
phasing routines in the SHELXT program and refined by full-matrix least-squares methods, on
F?'s, in SHELXL.F3%2 The non-hydrogen atoms were refined with anisotropic thermal
parameters. For 179, the pyridinium hydrogen atom was located in a difference map and was
refined freely. All other hydrogen atoms were included in idealised positions and their Uiso
values were set to ride on the Ueq values of the parent carbon atoms. In the final difference
map for each sample, the highest peaks were near the heavy (Au, Pt, Pd) atom. Scattering
factors for neutral atoms were taken from reference.B%! Experimental details of structure
determination and detailed results are listed in Table 1 and Table 2 in Appendix C. Further
information can be found in Appendix C. The published X-ray structures can be found in The
Cambridge Crystallographic Data Centre with the deposition numbers 1973007-1973011 and
2094617.

Chapter lll - Synthesis of allene-based ligands — procedures

Compound 88a

9
P sil
5
6 7

4 AN 7 8
3 N

2

1 88a

Suspension of Cul (228 mg, 0.12 mmol, 0.1 equiv.) and Pd(PPh3)Cl, (421 mg, 0.60 mmol, 0.05
equiv.) in 31 ml of triethylamine was purged with N.. 2-Bromo-6-methylpyridine 87 (2.064 g,
12.00 mmol, 1.0 equiv.) was added, followed by the slow addition of ethynyltrimetylsilane
(1.882 g, 19.20 mmol, 1.6 equiv.) for a period of 1 h. The resulting reaction mixture was stirred
at 50 °C for 3.5 h. Then the mixture was allowed to reach rt, diluted with dichloromethane and
filtered through a pad of Celite. The solvent was removed in vacuo and the crude product was
purified by column chromatography (Pet/AcOEt 7:1) to yield compound 88a (2.075 g, 91%) as

a brown oil.

IH NMR (500 MHz, CDCls) & 7.52 (t, J = 7.7 Hz, 1H, 4), 7.28 (d, J = 7.7 Hz, 1H, Hey), 7.09 (d,
J = 7.7 Hz, 1H, Hey), 2.55 (s, 3H, 1), 0.26 (s, 9H, 9); *C{*H} NMR (126 MHz, CDCls) & 158.9
(2), 142.3 (6), 136.6 (4), 124.8 (Cpy-H), 123.1 (Cpy-H), 103.7 (8), 77.7 (7), 24.6 (1), -0.1 (9).

The characterisation data is in agreement with previously reported.3!
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Compound 88b

To a solution of 88a (2.063 g, 10.92 mmol, 1.0 equiv.) in 220 ml of dichloromethane, TBAF
hydrate (3.661 g, 13.01 mmol, 1.2 equiv.) was added. After stirring at rt for 40 min, agueous
NH4Cl was added. The organic phase was extracted with water and the combined organic
layers were dried over MgSO., filtered and concentrated in vacuo to yield pure compound 88b
(1.270 g, 99%) as a brown oil.

H NMR (500 MHz, CDCls) § 7.55 (t, J = 7.7 Hz, 1H, 4), 7.31 (d, J = 7.7 Hz, 1H, Hpy), 7.14 (d,
J =7.7 Hz, 1H, Hepy), 3.13 (s, 1H, 8), 2.57 (s, 3H, 1); *C{*H} NMR (126 MHz, CDCl3) & 159.2
(2), 141.6 (6), 136.7 (4), 124.7 (Cpy-H), 123.5 (Cpy-H), 82.9 (8), 24.6 (1). One Cs, signal not
detected.

The characterisation data is in agreement with previously reported.!

Compound 89a

Procedure a:®%1To a solution of 2-bromo-6-methylpyridine 87 (1.032 g, 6.00 mmol, 1.0 equiv.)
in 10.2 ml of anhydrous THF, n-BuLi solution in hexanes (2.96 ml, 6.60 mmol, 1.1 equiv.) was
added dropwise at - 78 °C under inert atmosphere. The resulting deep red solution was stirred
at - 78 °C for 1 h. Subsequently it was transferred via cannula to a solution of pivaloyl chloride
(1.447 g, 12.00 mmol, 2.0 equiv.) in 2 ml of THF pre-cooled to -78 °C. The resulting solution
was stirred at -78 °C for another 2 h, the colour changed to orange. The solution was slowly
warmed to rt and left stirring overnight. Then, 5 ml of water was added, and the resulting
mixture was poured into 50 ml of 40% aqueous NaOH solution and stirred at rt for 3.5 h. The
aqueous layer was separated and extracted with Et,O and the combined organic layers were

washed with brine, dried over MgSOys, filtered and concentrated in vacuo. The crude reaction
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mixture was purified by column chromatography using silica gel (Pet/AcOEt 50:1) to vyield

compound 89a (424 mg, 40%) as a pale yellow oil slightly contaminated with pivaloyl chloride.

Procedure b: To a solution of alcohol 91a (2.452 g, 13.70 mmol, 1.0 equiv.) in 108 ml
dichloromethane, the Dess-Martin periodinane (6.970 g, 16.40 mmol, 1.2 equiv.) was added
at 0 °C. The reaction mixture was slowly warmed to rt. After a total of 4 h, aqueous NaHCOs
was added. The aqueous layer was separated and the organic layer was washed with
NaHCOz3qq), brine, dried over MgSOy, filtered and concentrated in vacuo. Crude product was
purified by column chormatography using silica gel (Pet/AcOEt 9:1) to yield compound 89a
(1.864 g, 77%) as a yellow oil.

IH NMR (500 MHz, CDCls) & 7.69 — 7.62 (m, 2H, Hpy), 7.22 (dd, J = 7.0, 1.7 Hz, 1H, Hp,), 2.58
(s, 3H, 1), 1.45 (s, 9H, 9); 3C{*H} NMR (126 MHz, CDCls) § 207.3 (7), 156.7 (Cpy), 154.4 (Cpy),
136.9 (Cpy-H), 125.4 (Cpy-H), 120.6 (Cpy-H), 44.4 (8), 27.8 (9), 24.5 (1); HRMS (ESI)
(C11H16NO) [M+H]*: cacld: 178.1226; found: 178.1225.

Compound 89b

Procedure a:®%1To a solution of 2-bromo-6-methylpyridine 87 (1.032 g, 6.00 mmol, 1.0 equiv.)
in 10 ml of anhydrous THF, n-BuLi solution in hexanes (2.96 ml, 6.60 mmol, 1.1 equiv.) was
added dropwise at - 78 °C under inert atmosphere. The resulting deep red solution was stirred
at - 78 °C for 1 h. Subsequently it was transferred via cannula to the solution of benzoyl chloride
(1.692 g, 12.00 mmol, 2.0 equiv.) in 13 ml of THF pre-cooled to -78 °C. The resulting solution
was stirred at -78 °C for another 1 h, then was slowly warmed to rt and left stirring overnight.
The solution changed colour to yellow. The solution was then quenched with water and the
resulting mixture was poured into 20 ml of 30% aqueous NaOH solution and stirred at rt for 1
h. The aqueous layer was separated and extracted with Et,O and the combined organic layers
were washed with water, brine, dried over MgSOQO., filtered and concentrated in vacuo. The
crude reaction mixture was purified by two consecutive chromatography columns using silica
gel (Pet/AcOEt 94:6) to yield compound 89b (283 mg, 24%) as a yellow oil.

Procedure b:B%! To a solution of alcohol 91b (3.033 g, 15.24 mmol, 1.0 equiv.) in 76 ml of
dichloromethane, activated MnO, (5.437 g, 62.49 mmol, 4.1 equiv.) was added and the

resulting suspension was stirred at rt for 24 h (monitored by TLC). The reaction mixture was
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filtered through a pad of Celite and concentrated in vacuo to yield pure ketone 89b (3.002 g, >

99%) as a yellow oil.

IH NMR (400 MHz, CDCls) & 8.12 — 8.07 (m, 2H, 10), 7.80 — 7.73 (m, 2H, Hpy), 7.58 (t, J = 7.5
Hz, 1H, 11), 7.47 (t, J = 7.5 Hz, 2H, 9), 7.34 (dd, J = 6.8, 1.9 Hz, 1H, Hpy), 2.63 (s, 3H, 1);
13C{1H} NMR (101 MHz, CDCls) & 194.1 (7), 157.9 (Cpy), 154.9 (Cpy), 137.2 (4), 136.4 (8),
133.0 (11), 131.3 (2 X Cpn-H), 128.2 (2 X Cpn-H), 125.9 (Cpy-H), 121.8 (Cpy-H), 24.7 (1).

The characterisation data is in agreement with previously reported.®

Compound 91a%7

To a solution of 2-bromo-6-methylpyridine 87 (2.236 g, 13.00 mmol, 1.0 equiv.) in 19.4 ml of
anhydrous THF, n-BuLi solution in hexanes (5.96 ml, 14.30 mmol, 1.1 equiv.) was added
dropwise at - 78 °C under inert atmosphere and stirred for another 20 min. Pivalaldehyde (1.48
ml, 13.65 mmol, 1.05 equiv.) was added dropwise at - 78 °C and the solution was allowed to
warm to rt and stirring continued for 3.5 h. NH4Claq was added and the aqueous layer was
separated and extracted with dichloromethane. The combined organic layers were dried over
MgSOQ,, filtered and concentrated in vacuo to yield pure alcohol 91a (2.327 g, > 99%) as a

yellow solid.

'H NMR (400 MHz, CDCls) & 7.49 (t, J = 7.7 Hz 1H, 4), 7.01 (d, J = 7.7 Hz, 1H, 5), 6.96 (d, J =
7.7 Hz, 1H, 3), 4.61 (d, J = 7.1 Hz, 1H, -OH), 4.29 (d, J = 7.1 Hz, 1H, 7), 2.52 (s, 3H, 1), 0.90
(s, 9H, 9); 3C{*H} NMR (101 MHz, CDCls) & 159.0 (6), 156.7 (2), 135.8 (4), 121.8 (3), 119.8
(5), 80.0(7), 36.3 (8), 26.0 (9), 24.4 (1); HRMS (ESI) (C11H17NONa) [M+Na]*: cacld: 202.1202;
found: 202.1201.

The characterisation data is in agreement with previously reported.%

Compound 91bE7
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To a solution of 2-bromo-6-methylpyridine 87 (516 mg, 3.00 mmol, 1.0 equiv.) in 4.5 ml of
anhydrous THF, n-BuLi solution in hexanes (1.48 ml, 3.30 mmol, 1.1 equiv.) was added
dropwise at -78 °C under inert atmosphere and stirred for another 20 min. Benzaldehyde (0.32
ml, 3.2 mmol, 1.05 equiv.) was added dropwise at - 78 °C and the solution was allowed to
warm to rt and stirring continued for 3 h. NH4Claq) was added and the aqueous layer was
separated and extracted with dichloromethane. Combined organic layers were dried over
MgSOQy, filtered and concentrated in vacuo. The crude was purified by colum chromatography

using silica gel (AcOEt/Pet 2:3) to yield alcohol 91b (597 mg, > 99%) as a yellow semisolid.

IH NMR (500 MHz, CDCls) & 7.49 (t, J = 7.7 Hz, 1H, 4), 7.40 — 7.36 (m, 2H, Hen), 7.36 — 7.31
(M, 2H, Her), 7.30 — 7.25 (m, 1H, 11), 7.04 (d, J = 7.7 Hz, 1H, Hpy), 6.90 (d, J = 7.7 Hz, 1H,
Hey), 5.70 (brs, 2H, 7,-OH), 2.60 (s, 3H, 1); *C{*H} NMR (126 MHz, CDCls) & 160.0 (Cpy),
156.7 (Cry), 143.5 (8), 137.3 (4), 128.6 (2 x Cpn-H), 127.9 (11), 127.3 (2 X Cpn-H), 122.0 (Cpy-
H), 118.5 (Cpy-H), 74.6 (7), 24.3 (1).

The characterisation data is in agreement with previously reported.3%9

General procedure A for the synthesis of propargyl alcohols 92a-c

To a solution of 88b in anhydrous THF (0.2 M, 1.0 equiv.), a solution of n-BuLi in hexanes (1.1
equiv.) was added dropwise at - 78 °C under inert atmosphere. The resulting deep red solution
was stirred at - 78 °C for 1 h. A solution of the corresponding pyridyl ketone (0.7 M, 1.1 equiv.)
in anhydrous THF was added dropwise at - 78 °C for a period of 30 min. Upon addition, the
colour of the solution changed to orange. Stirring at - 78 °C was continued for 1 h; then the
reaction was slowly warmed to rt and left with stirring overnight (under reflux where indicated).
Water was added at 0 °C. The aqueous layer was separated and extracted with Et;0,
combined organic layers were dried over MgSOQ., filtered and concentrated in vacuo.
Purification by column chromatography using silica gel with the indicated mixture of Pet/AcOEt

as the eluent, yielded propargyl alcohols 92a-c.

Compound 92a
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Procedure a: Synthesised according to General procedure A from alkyne 88b (283 mg, 2.12
mmol) and ketone 89a (412 mg, 2.33 mmol). Column chromatography (Pet/AcOEt 7:3) yielded
alcohol 92a (227 mg, 36%) as a yellow oil.

Procedure b: Alkyne 93a (2.122 g, 10.45 mmol, 1.0 equiv.), Pd(PPh3).Cl» (367 mg, 0.52 mmol,
0.05 equiv.) and Cul (200 mg, 1.05 mmol, 0.1 equiv.) were placed under inert atmosphere.
25.5 ml of triethylamine was added followed by 2-bromo-6-methylpyridine 87 (3.699 g, 20.90
mmol, 2.0 equiv.). The reaction was stirred at rt for 5 h, the reaction mixture turned black. The
mixture was filtered through a pad of Celite, washed with dichloromethane and concentrated
in vacuo. The crude product was purified by colum chromatography (AcOEt/Pet 1:4 to 1:1) to
yield alcohol 92a (2.450 g, 80%) as a yellow solid.

IH NMR (500 MHz, CDCls) 8 7.61 (m, 2H, Hey), 7.56 — 7.48 (M, 1H, Hpy), 7.32 (d, J = 7.5 Hz,
1H, Hpy), 7.13 — 7.05 (M, 2H, Hpy), 6.25 (brs, 1H, -OH), 2.57 (brs, 3H, 1/17), 2.56 (s, 3H, 1/17),
1.07 (s, 9H, 9); 3C{*H} NMR (126 MHz, CDCls) & 158.8 (Cpy), 157.7 (Cpy), 155.5 (Cry), 142.6
(Cry), 136.7 (4/14), 136.3 (4/14), 124.9 (Cpy-H), 122.7 (Cpy-H), 122.3 (Cpy-H), 120.5 (Cpy-H),
91.5 (10), 84.2 (11), 77.5 (7), 40.7 (8), 25.6 (9), 24.6 (1/17), 24.2 (1/17); HRMS (ESI)
(C10H23N20) [M+H]": cacld: 295.1805; found: 295.1807.

Compound 92b

Procedure a: Synthesised according to General procedure A from alkyne 88b (257 mg, 2.20
mmol) and ketone 89b (477 mg, 2.42 mmol). Column chromatography (Pet/AcOEt 3:2) yielded
alcohol 92b (345 mg, 50%) as a yellow semisolid.

Procedure b: Alkyne 93b (1.474 g, 6.61 mmol, 1.0 equiv.), Pd(PPhs).Cl> (232 mg, 0.33 mmol,
0.05 equiv.) and Cul (126 mg, 0.66 mmol, 0.1 equiv.) were placed under inert atmosphere.
Triethylamine (16.1 ml) was added followed by 2-bromo-6-methylpyridine 87 (1.5 ml, 13.2
mmol, 2.0 equiv.). The reaction was stirred at rt for 5 h, the reaction mixture turned black. The
mixture was filtered through a pad of Celite, washed with dichloromethane and concentrated
in vacuo. The crude product was purified by column chromatography (Pet/AcOEVEtsN 60/39/1)
to yield alcohol 92b (1.476 g, 63%) as a yellow solid.
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H NMR (500 MHz, CDCl3) & 7.76 — 7.73 (m, 2H, Ha/), 7.55 (q, J = 7.6 Hz, 2H, Ha/), 7.37 — 7.34
(m, 3H, Hep), 7.31 — 7.27 (m, 2H, Hpy), 7.11 (d, J = 7.6 Hz, 1H, Hey), 7.08 (d, J = 7.6 Hz, 1H,
Hpy) 7.05 (s, 1H, -OH), 2.61 (s, 3H, 1/19), 2.56 (s, 3H, 1/19); 3C{*H} NMR (126 MHz, CDCls)
& 159.6 (Cry), 158.9 (Cpy), 156.0 (Cpy), 144.0 (Cpy), 142.2 (Cpn), 138.1 (Cry-H), 136.5 (Cpy-H),
128.4 (2 x Cpn-H), 128.0 (11), 126.7 (2 X Cpn-H), 125.0 (Cpy-H), 123.1 (Cpy-H), 122.5 (Cpy-H),
119.2 (Cpy-H), 91.0 (12), 85.5 (13), 73.3 (7), 24.6 (1), 24.2 (19); HRMS (ASAP) (C21H1oN,0)
[M+H]*: cacld: 315.1497; found: 315.1494.

Compound 92c

Synthesised according to General procedure A from alkyne 88b (150 mg, 1.28 mmol) and
ketone 89c (190 mg, 1.41 mmol) with an overnight reflux. Column chromatography (Pet/AcOEt
2:3to 1:1) yielded alcohol 92c (176 mg, 54%) as a yellow oil.

IH NMR (500 MHz, CDCls) & 7.67 (t, J = 7.8 Hz, 1H, Hpy), 7.52 (t, J = 7.5 Hz, 2H, Hpy), 7.28 (d,
J=7.8Hz, 1H, Hpy), 7.12 (d, J = 7.5 Hz, 1H, Hpy), 7.09 (d, J = 7.8 Hz, 1H, Hey), 6.11 (brs, 1H,
-OH), 2.58 (s, 3H, 1/16), 2.56 (s, 3H, 1/16), 1.89 (s, 3H, 8); *C{*H} NMR (126 MHz, CDCls) &
160.4 (Cpy), 158.8 (Cpy), 156.4 (Cpy), 142.3 (11), 138.0 (4), 136.4 (13), 124.8 (Cpy-H), 122.8
(Cpy-H), 122.5 (Cpy-H), 117.4 (Cpy-H), 92.3 (9), 82.8 (10), 68.4 (7), 31.9 (8), 24.6 (1), 24.2 (16);
HRMS (ESI) (C16H17ON,) [M+H]*: cacld: 253.1335; found: 253.1338.

Compound 93al*0!

93a

To a solution of ketone 89a (1.876 g, 10.60 mmol, 1.0 equiv.) in anhydrous THF (42.5 ml), a
commercially available solution of ethynylmagnesium bromide (31.8 ml, 0.5 M in THF, 1.5
equiv.) was added at O °C under inert atmosphere. The reaction mixture was warmed to rt and

then heated at reflux for 3 h. After cooling to rt, the reaction was quenched with aqueous NH4ClI.
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The aqueous layer was separated and extracted with dichloromethane. Combined organic
layers were washed with brine, dried over MgSQy, filtered and concentrated in vacuo to afford

alcohol 93a (2.119 g, 98%) as a brown solid that was used without further purification.

'H NMR (400 MHz, CDCl3) 8 7.60 (t, J = 7.7 Hz, 1H, 4), 7.45 (d, J = 7.7 Hz, 1H, Hpy), 7.09 (d,
J = 7.7 Hz, 1H, Hpy), 6.14 (brs, 1H, -OH), 2.54 (s, 3H, 1), 2.51 (s, 1H, 11), 0.99 (s, 9H, 9);
13C{*H} NMR (101 MHz, CDCl3) & 157.8 (Cpy), 155.7 (Cpy), 136.6 (4), 122.3 (Cpy-H), 120.1
(Cey-H), 86.1 (10), 77.1 (7), 72.8 (11), 40.2 (8), 25.4 (9), 24.2 (1); HRMS (ESI) (C13H1sNO)
[M+H]*: cacld: 204.1383; found: 204.1384.

Compound 93b[40l

93b

To a solution of ketone 89b (1.576 g, 8.00 mmol, 1.0 equiv.) in anhydrous THF (32.0 ml), a
commercially available solution of ethynylmagnesium bromide (24.0 ml, 0.5 M in THF, 1.5
equiv.) was added at 0 °C under inert atmosphere. The reaction mixture was warmed to rt and
then heated at reflux overnight. After cooling to rt, the reaction was quenched with aqueous
NH4Cl. The aqueous layer was separated and extracted with Et,O. The combined organic
layers were washed with brine, dried over MgSQy, filtered and concentrated in vacuo to afford

alcohol 93b (1.705 g, 96%) as a black oil that was used without further purification.

'H NMR (400 MHz, CDCl3) 6 7.70 — 7.64 (m, 2H, 9), 7.56 (t, J = 7.7 Hz, 1H, 4), 7.38 — 7.32 (m,
2H, 10), 7.30 — 7.25 (m, 1H, 11), 7.19 (d, J = 7.7 Hz, 1H, Hey), 7.09 (d, J = 7.7 Hz, 1H, Hpy),
6.95 (brs, 1H, -OH), 2.77 (s, 1H, 13), 2.60 (s, 3H, 1); *C{*H} NMR (101 MHz, CDCl3) d 159.7
(Cry), 156.1 (Cpy), 143.8 (8), 138.0 (4), 128.4 (2 x Cpn-H), 128.0 (11), 126.5 (2 x Cpn-H), 122.6
(Cpy-H), 118.7 (Cpy-H), 86.0 (12), 74.5 (13), 72.8 (7), 24.2 (1); HRMS (ESI) (C1sH14NO) [M+H]":
cacld: 224.1070; found: 224.1069.
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Compound 94

DMAP (2 mg, 0.02 mmol, 0.05 equiv.) was placed under inert atmosphere. A solution of alcohol
92c¢ (70 mg, 0.31 mmol, 1.0 equiv.) in pyridine (0.75 ml) was added, followed by acetic
anhydride (35 mg, 0.34 mmol, 1.1 equiv.). The reaction mixture was stirred at rt for 19 h and
then at 50 °C for 22 h. The mixture was quenched with water, the aqueous layer was separated
and extracted with dichloromethane. The combined organic layers were dried over MgSOa,
filtered and concentrated in vacuo. Purification by column chromatography (Pet/AcOEt 3:2 to
1:1) yielded ester 94 (39 mg, 42%) as a yellow solid contaminated with the alcohol 92¢ staring
material (94:92c ~ 1.4:1).

'H NMR (500 MHz, CDCl3) 8 7.70 (d, J = 7.8 Hz, 1H, Hpy), 7.59 (t, J = 7.8 Hz, 1H, Hp,), 7.56
(t, J=7.8 Hz, 1H, Hpy), 7.35 (d, J = 7.7 Hz, 1H, Hpy), 7.12 (d, J = 7.8 Hz, 1H, Hpy), 7.05 (d, J =
7.7 Hz, 1H, Hpy), 2.58 (s, 3H, 1/16), 2.55 (s, 3H, 1/16), 2.12 (s, 3H, 18), 2.03 (s, 3H, 8); *C{*H}
NMR (126 MHz, CDCls) 6 169.2 (17), 158.9 (Cpy), 158.7 (Cpy), 158.1 (Cpy), 137.0 (Cpy-H), 136.7
(Cry-H), 125.2 (Cpy-H), 123.2 (Cpy-H), 122.6 (Cpy-H), 118.1 (Cpy-H), 77.7 (10), 75.8 (7), 29.9
(18), 24.7 (1), 24.6 (16), 21.8 (8). One Csp and Cq not detected; HRMS (ASAP) (C18H1902N2)
[M+H]": cacld: 295.1447; found: 295.1449.

General procedure B for esterification of propargy! alcohols*%l

An oven-dried round bottom flask was charged with DMAP (0.1 equiv.) and triethylamine (1.5
equiv.) and purged with N2. A solution of propargyl alcohol in anhydrous dichloromethane (0.2
M, 1.0 equiv.) was added, followed by benzoyl chloride (1.5 equiv.) added at 0 °C. The reaction
mixture was warmed to rt; the progress of the reaction was monitored by TLC analysis. Upon
completion water was added, the aqueous layer was separated and extracted with
dichloromethane, the combined organic layers were washed with NaHCOs, brine, dried over
MgSOQs, filtered and concentrated in vacuo. Purification by column chromatography with the

indicated mixture of Pet/AcOEt as the eluent yielded benzoate esters 96a-c.
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Compound 96¢

21

Synthesised according to General procedure B from alcohol 92c (64 mg, 0.25 mmol). Stirred
at rt for 1 h 40 min. Column chromatography (Pet/AcOEt 3:2) yielded ester 96¢ (66 mg, 73%)
as a yellow semisolid.

'H NMR (500 MHz, CDCIs) & 8.10 — 8.06 (m, 2H, Hen), 7.76 (d, J = 7.8 Hz, 1H, Hpy), 7.61 (t, J
= 7.7 Hz, 1H, Hpn), 7.57 — 7.53 (m, 2H, Hpy), 7.42 (t, J = 7.7 Hz, 2H, Hpn), 7.36 (d, J = 7.7 Hz,
1H, Hey), 7.11 (d, J = 7.8 Hz, 1H, Hpy), 7.06 (d, J = 7.7 Hz, 1H, Hpy), 2.58 (s, 3H, 1/16), 2.51 (s,
3H, 1/16), 2.21 (s, 3H, 8); *C{*H} NMR (126 MHz, CDCIlz) & 164.7 (17), 158.9 (Cp,), 158.7
(Cpry), 158.1 (Cpy), 137.0 (Cpy-H), 136.7 (Cpy), 133.0 (Cpn-H), 130.7 (Cpy-H), 130.1 (Cpn), 130.0
(2 x Cpn-H), 128.4 (2 x Cpn-H), 125.2 (Cpy-H), 123.2 (Cpy-H), 122.7 (Cpy-H), 118.1 (Cpy-H), 76.7
(7), 29.7 (8), 24.6 (1/16), 22.8 (1/16). Two Cs, signals not detected; HRMS (ESI) (C23H21N205)
[M+H]*: cacld: 357.1598; found: 357.1598.

Compound 96a

22

Synthesised according to General procedure B from alcohol 92a (50 mg, 0.17 mmol). Stirred
at rt for 2 h 40 min. Column chromatography (Pet/AcOEt/EtsN 0.73/0.25/0.02) yielded ester
96a (50 mg, 74%) as a yellow semisolid contaminated with 92a (96a:92a 3:1). The reaction is

not easily scaleable, it is best to do it at a 1.0-1.5 mmol scale.
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'H NMR (500 MHz, CDCls) 5 8.11 —8.08 (m, 2H, Hpt), 7.58 — 7.49 (m, 4H, Ha?), 7.45 (, J = 7.7
Hz, 2H, Hpn), 7.34 (d, J = 7.7 Hz, 1H, Hpy), 7.08 (d, J = 7.7 Hz, 1H, Hpy), 7.00 (dd, J=7.0, 1.2
Hz, 1H, Hey), 2.56 (s, 3H, 1/17), 2.43 (s, 3H, 1/17), 1.25 (s, 9H, 9); 3C{*H} NMR (126 MHz,
CDCls) d 164.5 (18), 156.9 (Cpy), 155.7 (Cpy), 135.8 (Cpy-H), 132.8 (Cpn-H), 131.4 (Cpy-H),
129.9 (2 X Cpn-H), 128.4 (2 x Cpn-H), 128.3 (Cpn), 125.5 (Cpy-H), 123.2 (Cpy-H), 121.9 (Cpy-H),
119.9 (Cpy-H), 84.6 (7), 41.0 (8), 26.1 (9), 25.7 (1/17), 24.7 (1/17). Two Csp and two Cq not
detected; HRMS (ESI) (C2sH27N202) [M+H]*: cacld: 399.2067; found: 399.2061.

Compound 96b

24

Synthesised according to General procedure B from alcohol 92b (945 mg, 3.01 mmol). Stirred
at rt overnight. Column chromatography (Pet/AcOEt 4:1) yielded ester 96b (1.047 g, 83%) as

a yellow semisolid.

'H NMR (500 MHz, CDCl3) 6 8.17 — 8.14 (m, 2H, Hepp), 7.83 — 7.80 (m, 2H, Hpn), 7.76 (d, J =
7.8 Hz, 1H, Hpy), 7.60 — 7.55 (M, 2H, Har), 7.53 (t, J = 7.8 Hz, 1H, Hpy), 7.46 (t, J = 7.7 Hz, 2H,
Har), 7.39 (d, J = 7.7 Hz, 1H, Hpy), 7.37 — 7.33 (M, 2H, Har), 7.31 — 7.26 (m, 1H, Ha/), 7.10 (d,
J=7.7Hz, 1H, Hpy), 7.01 (d, J = 7.7 Hz, 1H, Hpy), 2.55 (s, 3H, 1/19), 2.45 (s, 3H, 1/19); 3C{*H}
NMR (126 MHz, CDCls) & 164.4 (20), 158.9 (Cpy), 158.6 (Cpy), 158.3 (Cpy), 142.2 (Cpy), 141.3
(Cpn), 136.9 (Cpy-H), 136.3 (Cpy-H), 133.1 (Cpn-H), 130.9 (Cpn), 130.0 (Cpn-H2), 128.4 (Cpn-Hz),
128.4 (Cpn-H2), 128.2 (Cpn-H), 126.9 (Cpn-H2), 125.3 (Cpy-H), 123.1 (Cpy-H), 122.3 (Cpy-H),
118.2 (Cey-H), 88.7 (12), 87.5 (13), 80.4 (7), 24.8 (1/19), 24.6 (1/19); HRMS (ESI)
(C2sH22N202Na) [M+Na]*: cacld: 441.1573; found: 441.1574.
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Compound 97al*9

To a suspension of ZnBr; in anhydrous THF (0.8 M, 4.0 equiv. of ZnBr;), a phenylmagnesium
bromide solution in Et.O (10.0 ml, 1.0 M, 4.0 equiv.) was added dropwise at 0 °C under inert
atmosphere. Stirring at 0 °C continued for 15 min, followed by 45 min at rt. Pd(PPhs)4 (145 mg,
0.13 mmol, 0.05 equiv.) and the corresponding propargyl benzoate 96a (996 mg, 2.50 mmol,
1.0 equiv.) in anhydrous THF (0.25 M solution of the ester) were added at 0 °C and stirring at
this temperature continued for 15 min. Reaction mixture was brought to rt and stirred overnight.
Water was added and the precipitate formed was filtered off. The aqueous layer of the filtrate
was separated and extracted with Et,O, the combined organic layers were dried over MgSO4
and concentrated in vacuo. Column chromatography (Pet/AcOEt/NEt; 93/6/1) yielded allene
97a (264 mg, 30%) as a yellow oil.

H NMR (400 MHz, CDCl3) & 7.55 (t, J = 7.7 Hz, 1H, Hpy), 7.49 (m, 2H, Hpy), 7.43 (t, J = 7.7
Hz, 1H, Hpy), 7.35 - 7.27 (m, 4H, Ha)), 7.26 — 7.21 (m, 1H, Hen), 7.04 (d, J = 7.6 Hz, 1H, Hpy),
6.95 (d, J=7.6 Hz, 1H, Hpy), 2.56 (s, 6H, 1/17), 1.42 (s, 9H, 9); 3C{*H} NMR (101 MHz, CDCls)
6 209.0 (10), 158.1 (Cpy), 157.3 (Cpy), 155.7 (Cpy), 155.6 (Cpy), 136.8 (Cpy-H), 136.3 (Cpy-H),
135.8 (Cpn), 128.3 (2 X Cpn-H), 128.2 (2 x Cpn-H), 127.1 (Cpn-H), 121.5 (Cpy-H), 121.4 (Cpy-H),
120.9 (Cpy-H), 120.9 (Cpy-H), 120.2 (7), 112.1 (11), 36.3 (8), 30.3 (9), 24.8 (1/17), 24.7 (1/17);
HRMS (ESI) (CzsH2sN2Na) [M+Na]*: cacld: 377.1988 ; found: 377.1990.

The characterisation data is in agreement with previously reported.*4°

Compound 97b[49
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To a suspension of ZnBr; in anhydrous THF (0.8 M, 4.0 equiv. of ZnBr;), a phenylmagnesium
bromide solution in Et,O (4.3 ml, 1.0 M, 4.0 equiv.) was added dropwise at 0 °C under inert
atmosphere. Stirring at 0 °C continued for 30 min. Pd(PPh3)4 (62 mg, 0.054 mmol, 0.05 equiv.)
and the corresponding propargyl benzoate 96b (447 mg, 1.07 mmol, 1.0 equiv.) in anhydrous
THF (0.25 M solution of the ester) were added at 0 °C. The reaction mixture was stirred at 0
°C for 3 h. Water was added, the aqueous layer was separated and extracted with Et;O, the
combined organic layers were dried over MgSO, and concentrated in vacuo. Column
chromatography (Pet/AcOEt/NEt; 85/14/1) yielded allene 97b (215 mg, 54%) as a yellow oil.

'H NMR (500 MHz, CDCl3) 6 7.60 — 7.54 (m, 6H, 4, 9), 7.41 (d, J = 7.7 Hz, 2H, 3/5), 7.37 —
7.33 (m, 4H, 10), 7.30 - 7.26 (m, 2H, 11), 7.07 (d, J = 7.7 Hz, 2H, 3/5), 2.58 (s, 6H, 1); **C{*H}
NMR (101 MHz, DMSO-ds) 6 211.7 (12), 158.0 (2/6), 153.8 (2/6), 137.4 (4), 135.0 (8), 128.6
(9/10), 128.2 (9/10), 127.8 (11), 122.2 (3/5), 120.7 (3/5), 113.3 (7), 24.2 (1); MS (EI) (C27H21N>)
[M-H]J*: cacld: 373; found: 373.

The characterisation data is in agreement with previously reported.!24%

Compound 97¢49

To a suspension of ZnBr.in anhydrous THF (0.8 M, 4.0 equiv. of ZnBr,), a phenylmagnesium
bromide solution in Et.O (0.25 ml, 3.0 M, 4.0 equiv.) was added dropwise at 0 °C under inert
atmosphere. Stirring at 0 °C continued for 30 min. Pd(PPhs)4 (11 mg, 0.009 mmol, 0.05 equiv.)
and propargyl benzoate 97c (66 mg, 0.19 mmol, 1.0 equiv.) in anhydrous THF (0.25 M solution
of the ester) was added at - 40 °C. The reaction mixture was slowly brought to rt overnight.
NH.Claq was added, the aqueous layer was separated and extracted with Et,O, the combined
organic layers were dried over MgSO, followed by filtration and concentration in vacuo.
Column chromatography (Pet/AcOEt/TEA 94:5:1) yielded allene 97c (22 mg, 38%) as an

orange oil.

IH NMR (500 MHz, CDCls) & 7.54 (t, J = 7.7 Hz, 1H, Hpy), 7.50 — 7.43 (m, 4H, Ha), 7.34 — 7.23
(M, 4H, Ha), 7.05 (d, J = 7.7 Hz, 1H, Hpy), 6.96 (d, J = 7.1, Hz, 1H, Hpy), 2.57 (s, 6H, 1, 16),
2.38 (s, 3H, 8); 3C{*H} NMR (126 MHz, CDCl5) & 211.3 (9), 158.3 (Cpy), 158.0 (Cpy), 155.3
(Cey), 154.7 (Cpy), 136.9 (Cpn), 136.4 (Cpy-H), 135.6 (Cpy-H), 128.6 (2 X Cpn-H), 128.4 (2 X Cpn-
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H), 127.4 (Cen-H), 121.7 (Cpy-H), 121.4 (Cpy-H), 121.1 (Cpy-H), 119.3 (Cpy-H), 112.5 (10), 107.0
(7), 24.8 (1/16), 24.7 (1/16), 16.0 (8); HRMS (ESI) (C22H2:N2) [M+H]": cacld: 313.1699; found:
313.1700.

Compound 85[64

356
7T 9
A

A 50 ml round bottom flask was charged with Cul (25 mg, 0.13 mmol, 0.04 equiv.),
Pd(PPh3)2Cl (45 mg, 0.06 mmol, 0.02 equiv.) and purged with N.. Triethylamine (9.0 ml) was
added, followed by iodobenzene (855 mg, 4.19 mmol, 1.3 equiv.) and the solution of 3-phenyl-
1-propyne 98 in 1 ml of EtsN was added dropwise. Ther reaction mixture was heated at 30 °C
for 2 h 20 min. The resulting reaction mixture was filtered through a pad of Celite and washed
with dichloromethane. Then the solvent was removed in vacuo. The crude was purified by

column chromatography (Pet) to yield compound 85 (619 mg, > 99%) as a yellow oil.

IH NMR (400 MHz, CDCls) & 7.47 — 7.40 (m, 4H, Ha), 7.37 — 7.28 (m, 5H, Ha), 7.28 — 7.23
(M, 1H, Ha), 3.84 (s, 2H, 5); 3C{*H} NMR (101 MHz, CDCls) & 136.9 (4), 131.8 (2 X Cpn-H),
128.7 (2 X Cpr-H), 128.4 (2 X Cpn-H), 128.1 (2 X Cpn-H), 127.9 (Cpn-H), 126.7 (Cpn-H), 123.8
(8), 87.7 (6), 82.8 (7), 25.9 (5).

The characterisation data is in agreement with previously reported.02
Compound 102al*%!
|
s 48 £ Si<
\

2 3

1

102a

A suspension of Cul (10 mg, 0.05 mmol, 0.01 equiv.) and Pd(PPhs).Cl, (35 mg, 0.05 mmol,
0.01 equiv.) in trimethylamine (12.6 ml) was purged with N> for 1 h. lodothiophene (1.05 g,
5.00 mmol, 1.0 equiv.) was added, followed by ethynyltrimethylsilane (1.41 ml, 10.0 mmol, 2.0
equiv.) added in portions over the period of 90 min. The reaction mixture was stirred at rt for

2.5 h, diluted with dichloromethane and filtered through a pad of Celite. The solvent was
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removed in vacuo. The crude was purified by column chromatography (Pet) to yield 102a (834

mg, 93%) as a colourless oil.

1H NMR (500 MHz, CDCls) 8 7.24 — 7.22 (m, 2H, 1, 3), 6.96 — 6.94 (m, 1H, 2), 0.25 (s, 9H, 7);
13C{1H} NMR (126 MHz, CDCls) & 132.8 (Crn-H), 127.4 (Crn-H), 127.0 (Crn-H), 123.4 (4), 98.9
(6), 97.7 (5), 0.0 (7).

The characterisation data is in agreement with previously reported.!

Compound 103al*%

103a

A suspension of Cul (9 mg, 0.05 mmol, 0.01 equiv.) and Pd(PPhs).Cl, (32 mg, 0.05 mmol, 0.01
equiv.) in trimethylamine (11.3 ml) was purged with N for 1 h. 2-lodo-5-methylthiophene (1.008
g, 4.50 mmol, 1.0 equiv.) was added, followed by ethynyltrimethylsilane (1.27 ml, 9.00 mmol,
2.0 equiv.) added in portions over the period of 40 min. The reaction mixture was stirred at rt
for 3 h, diluted with dichloromethane and filtered through a pad of Celite. The solvent was
removed in vacuo. The crude was purified by column chromatography (Pet) to afford 103a
(878 mg, > 99%) as a yellow oil.

IH NMR (500 MHz, CDCls) & 7.03 (d, J = 3.6 Hz, 1H, 4), 6.61 — 6.58 (m, 1H, 3), 2.45 (d, J =
0.9 Hz, 3H, 1), 0.24 (s, 9H, 8); *C{*H} NMR (126 MHz, CDCls) & 142.3 (2), 133.1 (4), 125.3
(3), 120.9 (5), 98.2 (7), 97.8 (6), 15.5 (1), 0.1 (8).

The characterisation data is in agreement with previously reported.%4

Compound 102b

5
1s4§
\ /
2 3
102b

TMS protected derivative 102a (819 mg, 4.55 mmol, 1.0 equiv.) was dissolved in
dichloromethane (90.0 ml). TBAF hydrate (1.526 g, 5.46 mmol, 1.2 equiv.) was added and the

reaction mixture was stirred at rt for 2 h. Then, NH4Clqg was added, the organic phase was
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extracted with water and the combined organic layers were dried over MgSOys, filtered and

concentrated in vacuo to yield compound 102b (417 mg, 86%) as a brown oil.

IH NMR (500 MHz, CDCls) & 7.29 — 7.25 (m, 2H, 1, 3), 6.97 (dd, J = 5.2, 3.6 Hz, 1H, 2), 3.33
(s, 1H, 6); 3C{*H} NMR (126 MHz, CDCls) & 133.2 (Crn-H), 127.6 (Cr-H), 127.0 (2), 122.2 (4),
81.4 (6), 77.1 (5).

The characterisation data is in agreement with previously reported.!

Compound 103b

6 7
] S 5 _=—
2\ /
3 4
103b

TMS protected derivative 103a (878 mg, 4.50 mmol, 1.0 equiv.) was dissolved in
dichloromethane (50.0 ml). TBAF hydrate (1.635 g, 5.85 mmol, 1.3 equiv.) was added and the
reaction mixture was stirred at rt for 1 h. Then, NH4Clg was added, the organic phase was
extracted with water and the combined organic layers were dried over MgSOys, filtered and

concentrated in vacuo to yield compound 103b (541 mg, 99%) as a brown oil.

IH NMR (500 MHz, CDCls) & 7.08 (d, J = 3.5 Hz, 1H, 4), 6.62 (dg, J = 3.5, 1.0 Hz, 1H, 3), 3.29
(s, 1H, 7), 2.47 (d, J = 1.0 Hz, 3H, 1); *C{*H} NMR (126 MHz, CDCls) & 142.5 (2), 133.5 (4),
125.3 (3), 119.6 (5), 80.5 (7), 77.5 (6), 15.4 (1).

The characterisation data is in agreement with previously reported.%4

Compound 105b

Procedure a (Scheme 25): To a solution of 103b (122 mg, 0.2 M, 1.0 equiv.) in anhydrous
THF, a solution of n-BuLi in hexanes (0.5 ml, 1.1 mmol, 1.1 equiv.) was added dropwise at -
78 °C under inert atmosphere. The resulting solution was stirred at - 78 °C for 15 min, then
warmed to 0 °C and stirred for further 1.5 h. Ketone 104a (139 mg, 1.10 mmol, 1.1 equiv.) was
added dropwise at -78 °C and the resulting solution was slowly warmed to rt overnight. Water
was added at 0 °C and the aqueous layer was separated and extracted with dichloromethane,

washed with brine; the combined organic layers were dried over MgSOQO., filtered and
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concentrated in vacuo. Purification by column chromatography (Pet/AcOEt 20:1) yielded

alkyne 105b (61 mg, 25%) as a yellow oil.

Procedure b (Scheme 27): 25 ml round bottom flask was charged with 110a (304 mg, 2.00
mmol, 1.0 equiv.), Cul (8 mg, 0.04 mmol, 0.02 equiv.) and Pd(PPhs).Cl. (28 mg, 0.04 mmaol,
0.02 equiv.) and purged with N.. Triethylamine (4.9 ml) was added, followed by 2-iodo-5-
methyl-thiophene (896 mg, 4.00 mmol, 2.0 equiv.) and the resulting reaction mixture was
stirred at rt overnight. Then, the mixture was diluted with dichloromethane and filtered through
a pad of Celite. The solvent was removed in vacuo. The crude was purified by column
chromatography (Pet/AcOEt 9:1) to yield compound 105b (353 mg, 71%) as a yellow oil.

IH NMR (500 MHz, CDCls) & 7.26 (dd, J = 5.0, 1.3 Hz, 1H, Hm), 7.23 (dd, J = 3.6, 1.3 Hz, 1H,
Hm), 7.05 (d, J = 3.4 Hz, 1H, 10), 6.97 (dd, J = 5.0, 3.6 Hz, 1H, Hm), 6.63 (dg, J = 3.4, 1.0 Hz,
1H, 11), 2.65 (brs, 1H, -OH), 2.47 (d, J = 1.0 Hz, 3H, 13), 1.97 (s, 3H, 6); *C{*H} NMR (126
MHz, CDCls) 5 150.5 (4), 142.6 (12), 133.0 (Crn-H), 126.8 (Crn-H), 125.4 (Crn-H), 125.3 (Crn-
H), 124.2 (Crn-H), 119.7 (9), 94.6 (7), 78.3 (8), 68.0 (5), 33.2 (13), 15.5 (6); HRMS (ASAP)
(C13H13S,0) [M+H]*: cacld: 249.0408; found: 249.0408.

Compound 109

To a solution of aldehyde 108 (90% grade, 1.008 g, 8.00 mmol, 1.0 equiv.) in anhydrous THF
(10 ml), a solution of phenylmagnesium bromide (9.6 ml, 1.0 M in THF, 1.2 equiv.) was added
at 0 °C under inert atmosphere. The reaction mixture was warmed to rt and stirred for 3 h 10
min. NH.Claq was added, the aqueous phase was extracted with ethyl acetate and the
combined organic layers were washed with brine, dried over MgSOQ, filtered and concentrated
in vacuo. Purification by column chromatography (Pet/AcOEt 7:1) afforded compound 109
(1.035 g, 70%) as a yellow oil.

IH NMR (400 MHz, CDCls) & 7.46 — 7.43 (m, 2H, 8), 7.39 — 7.35 (m, 2H, 9), 7.33 — 7.29 (m,
1H, 10), 7.16 (d, J = 5.0 Hz, 1H, 4), 6.82 (d, J = 5.0 Hz, 1H, 3), 6.08 (s, 1H, 6), 2.51 (brs, 1H,
-OH), 2.22 (s, 3H, 1); 3C{*H} NMR (126 MHz, CDCls) & 143.1 (Ca/), 141.2 (Ca), 133.9 (Ca),
130.3 (Crn-H), 128.6 (Cpn-H2), 127.9 (10), 126.4 (Cpn-Hz), 123.7 (Crn-H), 70.8 (6), 14.1 (1).

The characterisation data is in agreement with previously reported.°s
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Compound 104cE%

To a solution of alcohol 109 (1.035 g, 5.07 mmol, 1.0 equiv.) in dichloromethane (40.0 ml),
activated MnO- (1.808 g, 20.79 mmol, 4.1 equiv.) was added and resulting suspension was
stirred at rt for 26 h (monitored by TLC). Reaction mixture was filtered through a pad of Celite
and concentrated in vacuo. Purification by column chromatography (Pet/AcOEt 13:1) afforded

compound 104c (1.024 g, > 99%, 90% pure — see 108) as a yellow oil.

IH NMR (500 MHz, CDCls) & 7.83 — 7.81 (M, 2H, Her), 7.58 — 7.54 (m, 1H, 10), 7.49 (d, J = 4.9
Hz, 1H, Hr), 7.49 — 7.45 (m, 2H, Hen), 7.00 (d, J = 4.9 Hz, 1H, Hm), 2.48 (s, 3H, 1); BC{*H}
NMR (126 MHz, CDCls) & 189.8 (6), 146.0 (Cr), 140.1 (Cm), 135.1 (7), 132.3 (3/4), 132.2
(3/4), 131.0 (10), 129.2 (Ceh-Hz), 128.4 (Cen-H2), 16.9 (1).

The characterisation data is in agreement with previously reported.°s!

Compound 110al4l

A solution of ethynylmagnesium bromide (9.0 ml, 4.5 mmol, 1.5 equiv.) in THF was added
dropwise to the solution of ketone 104a (378 mg, 3.00 mmol, 1.0 eq) in anhydrous THF (12.0
ml) at O °C under inert atmosphere. The resulting solution was heated at reflux for 50 min and
cooled to rt. NH4Claq was added, the aqueous phase was extracted with Et;O and the
combined organic layers were dried over MgSQO., filtered and concentrated in vacuo. The crude
was purified by column chromatography (Pet/AcOEt 9:1) to yield compound 110a (304 mg,

67%) as a yellow oil.
When reaction does not reach completion 110a is inseparable from the ketone 104a precursor.

IH NMR (500 MHz, CDCls) & 7.25 (dd, J = 5.1, 1.2 Hz, 1H, 1/3), 7.21 (dd, J = 3.6, 1.2 Hz, 1H,
1/3), 6.95 (dd, J = 5.1, 3.6 Hz, 1H, 2), 2.68 (s, 1H, 8), 2.67 (brs, 1H, -OH), 1.91 (s, 3H, 6);
13C{*H} NMR (126 MHz, CDCls) & 149.9 (4), 128.2 (Crn-H), 125.3 (Cr-H), 124.3 (C1n-H), 86.6
(7), 72.6 (8), 67.3 (5), 33.1 (6).
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The characterisation data is in agreement with previously reported.®!

Compound 110b 01l

A solution of ethynylmagnesium bromide (24.0 ml, 12.0 mmol, 2.0 equiv.) in THF was added
dropwise to the solution of ketone 104b (1.128 g, 6.00 mmol, 1.0 eq) in anhydrous THF (24
ml) at 0 °C under inert atmosphere. The resulting solution was heated at reflux for 3 h and
cooled to rt. NH4Claq was added, the aqueous phase was extracted with Et;O and the
combined organic layers were dried over MgSOQ., filtered and concentrated in vacuo to yield
compound 110b (1.242 g, 97%) as a yellow oil that was used without further purification.

IH NMR (400 MHz, CDCls) & 7.74 — 7.68 (m, 2H, 7), 7.41 — 7.31 (m, 3H, 8, 9), 7.27 (dd, J =
5.1, 1.3 Hz, 1H, 1/3), 7.10 (dd, J = 3.6, 1.3 Hz, 1H, 1/3), 6.93 (dd, J = 5.1, 3.6 Hz, 1H, 2), 3.07
(brs, 1H, -OH), 2.89 (s, 1H, 11); *C{*H} NMR (101 MHz, CDCls) & 149.7 (4), 143.8 (6), 128.4
(2 X Cen-H), 128.4 (9), 126.6 (Crn-H), 126.3 (Cri-H), 125.8 (2 X Cpn-H), 125.7 (Cm-H), 85.9 (10),
75.1 (11), 71.9 (5).

The characterisation data is in agreement with previously reported.°7]

Compound 110c*U

S
N
3

A solution of ethynylmagnesium bromide (12.0 ml, 6.00 mmol, 2.0 equiv.) in THF was added
dropwise to the solution of ketone 104c (606 mg, 3.00 mmol, 1.0 eq) in anhydrous THF (12.0
ml) at 0 °C under inert atmosphere. The resulting solution was heated at reflux for 3 h and
cooled to rt. NH4Claq Was added, the aqueous phase was extracted with Et.O and the
combined organic layers were dried over MgSOy, filtered and concentrated in vacuo. The crude
was purificed by column chromatography (Pet/AcOEt 12:1) to yield compound 110c (572 mg,
77%, 90% pure — see 108) as a yellow oil.
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'H NMR (400 MHz, CDCls) & 7.68 — 7.65 (m, 2H, 8), 7.38 — 7.36 (m, 3H, 9, 10), 7.13 (d, J =
5.1 Hz, 1H, 4), 6.82 (d, J = 5.1 Hz, 1H, 3), 3.02 (brs, 1H, -OH), 2.90 (s, 1H, 12), 2.05 (s, 3H,
1); BC{*H} NMR (101 MHz, CDCls) d 143.0 (Car), 140.9 (Ca), 134.4 (Car), 132.0 (Cr-H), 128.5
(10), 128.4 (Cpn-H2), 126.4 (Cpn-Hy), 122.7 (Cm-H), 84.8 (11), 75.4 (12), 71.7 (6), 14.8 (1); MS
(EI) (C14H11S) [M+H-H20]*: cacld: 211; found: 212; HRMS of corresponding peak(s) not found.

Compound 105al%%!

S
\
2

105a

A suspension of 110a (135 mg, 0.89 mmol, 1.0 equiv.), Cul (2 mg, 0.01 mmol, 0.01 equiv.) and
Pd(PPhsz)2Cl> (6 mg, 0.01 mmol, 0.01 equiv.) in trimethylamine (2.2 ml) was purged with N for
10 min. 2-lodothiophene (374 mg, 1.78 mmol, 2.0 equiv.) was added and the reaction mixture
was stirred at rt overnight. The reaction mixture was diluted with dichloromethane and filtered
through a pad of Celite. The solvent was removed in vacuo. The crude was purified by column
chromatography (Pet/AcOEt 13:1) to yield 105a (147 mg, 71%) as a yellow oil, contaminated
with inseparable ketone 104a (105a:104a 0.8:1) precursor.

IH NMR (500 MHz, CDCls) & 7.29 — 7.23 (m, 4H, H), 7.00 — 6.96 (M, 2H, Hr), 2.74 (s, 1H, -
OH), 1.98 (s, 3H, 6); 3C{*H} NMR (126 MHz, CDCls) & 150.3 (4), 132.7 (Cr-H), 128.2 (Crs-
H), 127.7 (Cr-H), 126.8 (Crn-H), 125.3 (Crn-H), 124.2 (Cri-H), 122.2 (9), 95.4 (7), 77.9 (8),
68.0 (5), 33.1 (6); HRMS (ASAP) (C12H1:0S5) [M+H]": cacld: 235.0251; found: 235.0252.

Compound 105c

105¢c

110b (1.07 g, 5.00 mmol, 1.0 equiv.), Cul (29 mg, 0.15 mmol, 0.03 equiv.) and Pd(PPhsz).Cl
(105 mg, 0.15 mmol, 0.03 equiv.) were suspended in degassed trimethylamine (12.2 ml) under
inert atmosphere. 2-lodothiophene (2.10 g, 10.0 mmol, 2.0 equiv.) was added, the reaction
mixture was stirred at rt for 5.5 h. Ther reaction mixture was diluted with dichloromethane and
filtered through a pad of Celite. The solvent was removed in vacuo. The crude was purified by

column chromatography (Pet/AcOEt 9:1) to yield 105c (1.180 g, 84%) as a yellow oil.
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IH NMR (400 MHz, CDCls) 8 7.76 — 7.73 (m, 2H, 7), 7.42 — 7.37 (m, 2H, Ha), 7.36 — 7.27 (m,
4H, Ha), 7.13 (dd, J = 3.6, 1.3 Hz, 1H, 13), 7.01 (dd, J = 5.1, 3.6 Hz, 1H, H), 6.95 (dd, J =
5.1, 3.6 Hz, 1H, 2/14), 3.11 (s, 1H, -OH); C{*H} NMR (101 MHz, CDCls) & 150.1 (4), 144.1
(6), 132.9 (Crn-H), 128.5 (2 X Cpn-H), 128.3 (9), 128.0 (Crn-H), 127.2 (Crn-H), 126.7 (Crn-H),
126.2 (Cr-H), 125.9 (2 X Cen-H), 125.6 (Crn-H), 122.1 (12), 94.8 (10), 80.2 (11), 72.6 (5);
HRMS (ESI) (C17H1,0S2Na) [M+Na]*: cacld: 319.0222; found: 319.0221.

Compound 105d

110c (491 mg, 2.15 mmol, 1.0 equiv.), Cul (21 mg, 0.11 mmol, 0.05 equiv.) and Pd(PPhs).Cl>
(77 mg, 0.11 mmol, 0.05 equiv.) were suspended in degassed trimethylamine (5.2 ml) under
inert atmosphere. 2-Bromo-3-methylthiophene (762 mg, 4.30 mmol, 2.0 equiv.) was added and
the reaction mixture was stirred at rt overnight. The reaction mixture was diluted with
dichloromethane and filtered through a pad of Celite. The solvent was removed in vacuo. The
crude was purified by column chromatography (Pet/AcOEt 7:1) to yield 105d (293 mg, 42%,

90% pure — see 108) as a yellow oil.

'H NMR (400 MHz, CDCl3)  7.73 — 7.70 (m, 2H, 8), 7.41 — 7.31 (m, 3H, 9, 10), 7.18 (d, J =
5.1 Hz, 1H, 1/17), 7.14 (d, J = 5.1 Hz, 1H, 1/17), 6.85 (d, J = 5.1 Hz, 1H, 2/16), 6.83 (d, J =5.1
Hz, 1H, 2/16) 3.05 (brs, 1H, -OH), 2.35 (s, 3H, 4/15), 2.11 (s, 3H, 4/15); C{*H} NMR (101
MHz, CDCl3) & 143.6 (Ca), 141.5 (Ca), 137.3 (Ca), 134.4 (Ctn-H), 132.1 (Ca), 129.3 (10),
128.4 (2 x Cpn-H), 128.3 (Cwv-H), 126.6 (Ctn-H), 126.5 (2 x Cpn-H), 122.6 (Cm-H), 117.5 (13),
96.3 (11), 80.3 (12), 72.6 (6), 15.2 (4/15), 14.9 (4/15); HRMS (ESI) (C10H160S:Na) [M+Na]":
cacld: 347.0535; found: 347.0532.

Compound 112a

5 (@)
S X
AW
2 3 o /12 13
112a 11

To a solution of 105b (60 mg, 0.24 mmol, 1.0 equiv.) in THF (0.7 ml), a solution of PBrs (65
mg, 0.24 mmol, 1.0 equiv.) in THF (0.7 ml) was added dropwise at 0 °C under inert
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atmosphere. The colour of the solution changed from orange to yellow upon addition. The
reaction mixture was warmed to rt and stirred for 3 h and quenched with water. The aqueous
phase was separated and extracted with dichloromethane. The combined organic layers were
dried over MgSQ., filtered and concentrated in vacuo. Purification by column chromatography
(Pet/AcOEt 19:1) yielded 112a (6 mg, 10%) as a yellow semisolid.

IH NMR (500 MHz, CDCls) & 7.58 (d, J = 3.7 Hz, 1H, 10), 7.41 (dd, J = 3.7, 1.1 Hz, 1H, 1/3),
7.36 (dd, J=5.1, 1.1 Hz, 1H, 1/3), 7.18 (9, J = 1.2 Hz, 1H, 7), 7.09 (dd, J = 5.1, 3.7 Hz, 1H, 2),
6.81 (dd, J = 3.7, 0.8 Hz, 1H, 11), 2.67 (d, J = 1.2 Hz, 3H, 6), 2.55 (d, J = 0.8 Hz, 3H, 13);
13C{!H} NMR (126 MHz, CDCls) & 183.0 (8), 149.5 (5), 147.5 (Crn), 146.4 (Crn), 145.3 (Crr),
131.5 (Crn-H), 128.3 (Crn-H), 127.4 (Crn-H), 127.4 (Crn-H), 126.9 (Crn-H), 118.2 (7), 18.3 (6),
16.2 (13).

The characterisation data matches the characterisation of a derivative with an extra methyl

group in the second thiophene.! %

Compound 1170409

7
|
O/SI
1 > ; 6
\
23 17

To a solution of chlorotrimethylsilane (2.25 ml, 18.0 mmol, 1.2 equiv.) in DMF (15 ml),
triethylamine (5.0 ml, 36.0 mmol, 2.4 equiv.) and ketone 104a (1.890 g, 15.00 mmol, 1.0 equiv.)
were added under inert atmosphere. The reaction mixture was heated at reflux overnight.
Then, the mixture was cooled to rt, diluted with AcOEt and washed twice with NaHCOg3, ice
water and brine. The combined organic layers dried over MgSQ., filtered and concentrated in
vacuo. '*H NMR of the aliquot of the crude showed mainly unreacted ketone. The reaction
mixture was resubmitted to the same reaction conditions again and heated at 50 °C overnight.
After repeated work-up and column chromatography (Pet/AcOEt 13:1) 117 (1.267 g, 43%,

conv. 54%) was isolated as a yellow oil.

'H NMR (400 MHz, CDCls) & 7.20 — 7.16 (m, 2H, 1/3), 6.96 (dd, J = 5.0, 3.7 Hz, 1H, 2), 4.81
(d, J = 1.9 Hz, 1H, 6), 4.32 (d, J = 1.9 Hz, 1H, 6), 0.28 (s, 9H, 7); 3C{*H} NMR (101 MHz,
CDCls) 6 151.1 (5), 142.8 (4), 127.4 (Cw-H), 125.2 (Ctn-H), 124.0 (Cw-H), 90.4 (6), 0.2 (7).
Trace amount of the deprotected ketone could be detected in the **C NMR spectra but not in
H.

208



X. Experimental Section

The characterisation data is in agreement with previously reported.°

Compound 112f[197

112f

A microwave vessel was charged with 1,4-dioxane (9 ml), Ti(OEt)s (1.14 g, 5.00 mmol, 1.25
equiv.), ketone 104a (504 mg, 4.00 mmol, 1.0 equiv.) and iPraNH (0.39 ml, 2.8 mmol, 0.7
equiv.) under inert atmosphere. The mixture was heated at 120 °C for 4.5 h in the The crude
was filtered through a pad of silica gel, washed with AcOEt and concentrated in vacuo. H
NMR of the aliquot of the crude showed a mixture of the product and unreacted ketone 104a.
The reaction mixture was resubmitted to the reaction conditions (excluding addition of 0.7
equiv. of iPr,NH) and was irradiated at 120-130 °C for 4.5 h. After repeated work-up and
column chromatography (Pet/dichloromethane 7:3) single isomer of 112f (299 mg, 64%,

conv.<100%) was isolated as a yellow oil.

IH NMR (500 MHz, CDCls) & 7.76 (dd, J = 3.8, 1.0 Hz, 1H, Hm), 7.62 (dd, J = 4.9, 1.0 Hz, 1H,
Hr), 7.43 (dd, J = 3.8, 1.0 Hz, 1H, Hm), 7.38 (d, J = 5.1 Hz, 1H, Hm), 7.24 (brs, 1H, 6), 7.15
(dd, J = 4.9, 3.8 Hz, 1H, 2/11), 7.10 (dd, J = 5.1, 3.8 Hz, 1H, 2/11), 2.69 (d, J = 1.1 Hz, 3H, 8);
13C{*H} NMR (126 MHz, CDCls) & 183.2 (5), 148.3 (7), 147.5 (Crr), 146.2 (Ct), 133.3 (Crn-H),
131.0 (Cr-H), 128.4 (Crn-H), 128.3 (Crn-H), 127.7 (Crn-H), 127.6 (Crn-H), 118.2 (6), 18.4 (8);
HRMS (ASAP) (C1H110S2) [M+H]*: cacld: 235.0251; found: 235.0254.

Compound 112l

112e

To a solution of 105c (370 mg, 1.25 mmol, 1.0 equiv.) in toluene (6.9 ml), trifluoroacetic acid
(0.37 ml, 4.9 mmol, 3.9 equiv.) was added at rt under inert atmosphere. The colour of the
solution instantly changed from yellow to dark green. The mixture was stirred at rt for 6 h 20

min. The crude was diluted with dichloromethane, washed with NaHCOz3 three times, water
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and brine. The combined organic layers were dried over MgSO., filtered and concentrated in
vacuo. Purification by column chromatography (Pet/AcOEt 7:1) yielded 112e (351 mg, 95%)

as a yellow oil of inseparable mixture of geometric isomers at 6:1 ratio.

Major isomer: *H NMR (500 MHz, CDClz) & 7.77 (dd, J = 3.8, 1.1 Hz, 1H, Hm), 7.59 (dd, J =
4.9, 1.1 Hz, 1H, Hm), 7.42 — 7.38 (m, 4H, Hay), 7.35 - 7.31 (m, 2H, Ha), 7.29 (s, 1H, 10), 7.11
(dd, J=4.9, 3.8 Hz, 1H, 2/14), 7.03 (dd, J = 5.1, 3.7 Hz, 1H, 2/14), 6.98 (dd, J = 3.7, 1.1 Hz,
1H, Hm); BC{*H} NMR (101 MHz, CDCls) & 182.0 (11), 149.4 (5), 146.7 (Cm), 145.6 (Ct),
138.4 (6), 133.5 (Ct-H), 131.6 (Ctn-H), 130.8 (Cth-H), 129.0 (2 x Cpn-H), 128.5 (Ct-H), 128.5
(Crn-H), 128.2 (Crn-H), 128.1 (9), 128.1 (2 x Cpn-H), 118.8 (10).

Minor isomer: *H NMR (500 MHz, CDCl;) 6 7.72 (dd, J = 3.8, 1.1 Hz, 1H, Hm,), 7.61 (dd, J =
4.9, 1.1 Hz, 1H, Hm), 7.50 — 7.47 (m, 2H, Har), 7.44 (m, 4H, Ha), 7.23 (dd, J = 3.7, 1.1 Hz, 1H,
H), 7.08 (dd, J = 4.9, 3.8 Hz, 1H, 2/14), 7.00 (dd, J = 5.1, 3.7 Hz, 1H, 2/14), 6.86 (s, 1H, 10);
1BBC{*H} NMR (101 MHz, CDCls) & 183.9 (11), 147.1 (5), 145.9 (Ct), 142.3 (Cm), 140.1 (6),
133.9 (C-H), 132.3 (Crn-H), 132.0 (Ctn-H), 129.5 (Cm-H), 129.1 (Cw-H), 128.9 (2 x Cpn-H),
128.4 (2 x Cpn-H), 128.2 (Car-H), 126.9 (Car-H), 123.2 (10).

MS (El) (C17H120S>) [M]*: cacld: 296; found: 296; fragments from C(10)-C(11) bond cleavage
were also observed: (C12HsS) cacld: 185; found: 184; (CsHsOS) cacld: 111; found: 111.

Compound 112h[7]

2 S
14‘/17

16

112h

To a solution of 105d (150 mg, 0.46 mmol, 1.0 equiv.) in toluene (2.5 ml), trifluoroacetic acid
(0.14 ml, 1.8 mmol, 3.9 equiv.) was added at rt under inert atmosphere. The colour of the
solution instantly changed from yellow to dark green. The mixture was stirred at rt for 3 h 20
min. The crude was diluted with dichloromethane, washed with NaHCO3; three times, water
and brine. The combined organic layers were dried over MgSOQ., filtered and concentrated in
vacuo to yield 112h (125 mg, 83%) as a brown oil of inseparable mixture of geometric isomers

at 3:2 ratio.

Spectra of both isomers are reported together, the complexity of the spectra prevented the

assignment.
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IH NMR (400 MHz, CDCl3) & 7.42 — 7.35 (m, 9H), 7.32 — 7.30 (m, 4H), 7.28 — 7.27 (m, 1H),
7.12 (s, 1H), 6.92 — 6.85 (m, 5H), 2.55 (s, 3H), 2.51 (s, 3H), 2.06 (s, 3H), 1.99 (s, 3H); 3C{*H}
NMR (101 MHz, CDCls) & 184.8, 184.6, 147.8, 146.0, 145.3, 145.1, 141.1, 139.4, 138.9, 138.2,
137.7, 137.4, 134.1, 132.7, 132.6, 132.1, 130.1, 130.0, 129.9, 129.7, 129.5, 129.2, 128.8,
128.7, 128.2, 128.1, 127.8, 126.2, 126.2, 125.8, 17.0, 16.9, 16.1, 15.0; HRMS (ESI)
(C1oH160S,Na) [M+Na]*: cacld: 347.0535; found: 347.0535.

Compound 115c

6, HO

S S 9 g
4 , 813 \ 16
1 \ | 14 /
2 3 15
115¢

To a solution of 112f (75 mg, 0.32 mmol, 1.0 equiv.) in anhydrous THF (1.6 ml), a solution of
phenylmagnesium bromide (0.48 ml, 1.0 M in THF, 1.5 equiv.) was added at 0 °C under inert
atmosphere. The reaction mixture was warmed to rt and stirred for 2.5 h. The reaction was
guenched with aqueous NH4CIl. The aqueous layer was separated and extracted with Et,0.
The combined organic layers were washed with brine, dried over MgSOQs, filtered and
concentrated in vacuo. Purification by column chromatography (Pet/AcOEt 19:1) afforded 115c

(49 mg, 49%) as a yellow oil.

The compound was obtained as a single isomer but was not stable enough for full

characterisation.

IH NMR (400 MHz, CDCls) & 7.52 — 7.48 (m, 2H, 10), 7.30 — 7.25 (m, 2H, 11), 7.23 — 7.16 (m,
2H, Ha), 7.12 (dd, J = 5.1, 1.1 Hz, 1H, Hm), 7.02 (dd, J = 3.6, 1.1 Hz, 1H, H), 6.92 (dd, J =
5.1, 3.6 Hz, 1H, 2/15), 6.88 — 6.84 (m, 2H, H), 6.73 (q, J = 1.3 Hz, 1H, 7), 2.63 (s, 1H, -OH),
1.96 (d, J = 1.3 Hz, 3H, 6); *C{*H} NMR (101 MHz, CDCls) & 153.8 (Ctn), 147.1 (Crn), 145.1
(9), 132.5 (5), 128.4 (2 X Cpn-H), 127.7 (Ca-H), 127.6 (Ca-H), 126.8 (Ca-H), 126.8 (Car-H),
126.1 (2 X Cpn-H), 125.3 (Ca-H), 124.7 (Car-H), 124.5 (Ca-H), 123.9 (7), 77.0 (8), 17.8 (6).
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Compound 115d

115d

To a solution of 112e (345 mg, 1.17 mmol, 1.0 equiv.) in anhydrous THF (5.9 ml), a solution of
phenylmagnesium bromide (2.33 ml, 1.0 M in THF, 2.0 equiv.) was added at 0 °C under inert
atmosphere. The reaction mixture was warmed to rt and stirred for 1 h. The reaction was
guenched with aqueous NH4CIl. The aqueous layer was separated and extracted with Et20.
The combined organic layers were washed with brine, dried over MgSOQs, filtered and
concentrated in vacuo. Purification by column chromatography (Pet/AcOEt 12:1) afforded

115d (370 mg, 84%) as a yellow oil of inseparable mixture of geometric isomers at 4:1 ratio.

Major isomer: *H NMR (400 MHz, CDCI3) & 7.48 — 7.44 (m, 2H, Ha/), 7.31 (m, 5H, Ha/), 7.26
—7.23 (m, 2H, 10, Har), 7.20 — 7.16 (M, 3H, Ha), 6.96 — 6.91 (m, 3H, Ha), 6.89 (dd, J =5.1,
3.6 Hz, 1H, Hm), 6.57 (dd, J = 3.6, 1.1 Hz, 1H, Hm), 2.51 (s, 1H, -OH); *C{*H} NMR (101 MHz,
CDClz) 6 153.3 (Ctn), 147.3 (Ctn), 138.1 (Cpn), 135.4 (Cpn), 132.5 (5), 129.5 (2 x Cpn-H), 128.7
(Car-H), 128.6 (2 x Cpn-H), 128.5 (Car-H), 128.3 (2 X Cpn-H), 127.6 (Car-H), 127.4 (Car-H), 126.7
(Car-H), 126.3 (Car-H), 126.2 (2 x Cpn-H), 125.4 (Car-H), 125.2 (Car-H), 124.9 (10), 77.7 (11);
HRMS (ASAP) (C23H17S2) [M+H-H.O]*: cacld: 357.0772; found: 357.0770.

Compound 115e

To a solution of 112h (111 mg, 0.34 mmol, 1.0 equiv.) in anhydrous THF (1.7 ml) a solution of
phenylmagnesium bromide (0.68 ml, 1.0 M in THF, 2.0 equiv.) was added at 0 °C under inert
atmosphere. The reaction mixture was warmed to rt and stirred for 1 h. The reaction was
guenched with aqueous NH4CIl. The aqueous layer was separated and extracted with Et,O.

The combined organic layers were washed with brine, dried over MgSOQO., filtered and
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concentrated in vacuo. Purification by column chromatography (Pet/AcOEt 19:1) afforded 115e

(52 mg, 38%) as a brown oil of inseparable mixture of geometric isomers at 1:0.43 ratio.

Major isomer: *H NMR (400 MHz, CDCl3) 8 7.51 — 7.45 (m, 2H, Hpy), 7.37 — 7.31 (m, 2H, Hey),
7.31-7.23 (m, 6H, Hpp), 7.11 (d, J = 5.1 Hz, 1H, 1/21), 7.09 (d, J = 5.1 Hz, 1H, 1/21), 6.82 (d,
J=5.1Hz, 1H, 2/20), 6.78 (d, J = 5.1 Hz, 1H, 2/20), 6.62 (s, 1H, 11), 2.57 (brs, 1H, -OH), 1.97
(s, 3H, 4/19), 1.97 (s, 3H, 4/19).

Minor isomer: *H NMR (400 MHz, CDCls) & 7.50 — 7.45 (m, 2H, Hay), 7.37 — 7.22 (m, 9H, Ha),
7.11 - 7.07 (m, 1H, 1/21), 6.96 (s, 1H, 11), 6.89 (d, J = 5.1 Hz, 1H, 2/20), 6.85 (d, J = 5.1 Hz,
1H, 2/20), 3.22 (s, 1H, -OH), 2.00 (s, 3H, 4/19), 2.00 (s, 3H, 4/19).

Mixture of isomers: *C{*H} NMR (101 MHz, CDCl3) & 146.6, 146.2, 144.6, 144.3, 141.5,
140.4, 139.8, 138.4, 137.4, 136.3, 134.6, 134.4, 134.3, 132.7, 132.3, 132.1, 132.1, 131.4,
130.1, 129.4, 129.3, 128.6, 128.5, 128.3, 128.2, 128.0, 127.5, 127.3, 126.7, 126.6, 126.5,
126.4,126.2,123.7,122.5,122.4,78.2,78.1, 15.3, 15.3, 15.2, 14.6. Assignment not performed

due to the complexity of the spectrum.
HRMS (ESI) (C2sH2108S>) [M-H]*: cacld: 401.1028; found: 401.1029.

Compound 101b™77

To a solution of 115d (50 mg, 0.13 mmol, 1.0 equiv.) in AcOEt (0.5 ml), traces amounts of p-
toluenesulfonic acid monohydrate were added. The colour of the solution changed instantly to
deep blue. The mixture was heated at reflux for 15 min, then cooled to rt and diluted with AcOEt
and washed with water. The organic layer was separated and dried over MgSOy, filtered and
concentrated in vacuo. Purification by column chromatography (Pet/AcOEt 49:1) afforded
101b (20 mg, 43% (50% total yield counting 119)) as an orange semisolid inseparable from
119 (101b:119 7:1).

IH NMR (400 MHz, CDCls) & 7.62 — 7.58 (m, 4H, 8), 7.43 — 7.38 (m, 4H, 9), 7.38 — 7.33 (m,
2H, 10), 7.29 (dd, J = 5.0, 1.3 Hz, 2H, Hrn), 7.05 (M, 4H, H); C{*H} NMR (101 MHz, CDCls)
5 208.2 (6), 139.7 (4), 136.0 (7), 128.7 (2 x Cpn-H), 128.6 (2 X Cpn-H), 128.2 (Ca-H), 127.7
(Car-H), 126.7 (Ca-H), 125.7 (Ca-H), 108.1 (5); HRMS (ASAP) (CzsH17Sz) [M+H]": cacld:
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357.0772; found: 357.0762; MS (El) (C23H16S2) [M]*: cacld: 356; found: 356; (C23H1sS2Na)
[M+Na]": cacld: 379; found: 379.

Compound 119168l

A solution of 115d (100 mg, 0.27 mmol, 1.0 equiv.) in anhydrous THF (1.3 ml) was added to
oven-dried (130 °C for 3 days) CuSOa (429 mg, 2.70 mmol, 10.0 equiv.) at rt under inert
atmosphere. The mixture was heated at reflux for 24 h, then cooled to rt, filtered through a pad
of Celite, washed with dichloromethane and concentrated in vacuo. Purification by column
chromatography (Pet/AcOEt 24:1) afforded 119 (21 mg, 22% (44% total yield counting 101b))
as an orange oil inseparable from 101b (119:101b 1:1).

'H NMR (400 MHz, CDCl3) & 7.82 — 7.78 (m, 2H, Hen), 7.49 — 7.44 (m, 2H, Ha/), 7.40 — 7.33
(m, 4H, Har), 7.31 — 7.24 (m, 3H, Ha), 7.21 (d, J = 5.1 Hz, 1H, 7/8), 7.18 (dd, J = 5.1, 1.3 Hz,
1H, 17/19), 7.10 (d, J = 1.5 Hz, 1H, 11), 6.99 (dd, J = 3.5, 1.3 Hz, 1H, 17/19), 6.95 (dd, J =5.1,
3.5 Hz, 1H, 18); 3C{*H} NMR (101 MHz, CDCls) 5 155.5 (Car), 146.1 (Ca/), 142.5 (Ca/), 142.1
(Car), 139.5 (11), 138.5 (Car), 133.6 (5), 128.9 (2 x Cpn-H), 128.6 (2 x Cpn-H), 127.3 (Car-H),
127.3 (Car-H), 127.2 (2 X Cpn-H), 126.6 (Car-H), 126.6 (2 X Cpn-H), 125.8 (Car-H), 124.3 (Car
H), 122.8 (Ca-H), 60.1 (10); HRMS (ASAP) (C23H17S2) [M+H]*: cacld: 357.0772; found:
357.0762; MS (El) (C23H16S2) [M]*: cacld: 356; found: 356.

Compound 120177

1 2 120

To a solution of 115e (50 mg, 0.12 mmol, 1.0 equiv.) in AcOEt (0.5 ml), traces amount of p-
toluenesulfonic acid monohydrate were added. The colour of the solution changed instantly to

dark red. The reaction was heated at reflux for 30 min, then cooled to rt and diluted with AcOEt
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and washed with water. The organic layer was separated and dried over MgSO., filtered and

concentrated in vacuo to afford 120 (46 mg, 48%) as a red oil.

'H NMR (500 MHz, CDClz) 8 7.39 — 7.23 (m, 11H, Ha/), 6.93 (d, J = 5.0 Hz, 1H, Hm), 6.64 (s,
1H, 6), 6.07 (d, J = 6.3 Hz, 1H, H), 5.67 (d, J = 6.3 Hz, 1H, H+), 3.12 (d, J = 13.6 Hz, 1H, 4),
3.03 (d, J = 13.6 Hz, 1H, 4), 1.45 (s, 3H, 15). 3C{*H} NMR (101 MHz, CDCls) d 148.6 (Ca/),
142.6 (Car), 141.7 (Car), 140.9 (Car), 138.0 (Car), 136.3 (Car), 133.2 (6), 131.2 (7), 130.6 (Car
H), 129.1 (2 x Cpn-H), 128.5 (2 x Cpn-H), 128.4 (2 x Cpn-H), 128.2 (Car-H), 128.0 (2 x Cpn-H),
127.8 (Car-H), 127.1 (Car-H), 125.4 (Car-H), 122.2 (Ca-H), 57.3 (5), 39.3 (4), 28.6 (15); HRMS
(ASAP) (C25H21S2) [M+H]*: cacld: 385.1085; found: 385.1078; MS (El) (C2sH20S>) [M]*: cacld:
384; found: 384.

Compound 13014

130

To a solution of phenylacetylene 128 (510 mg, 5.00 mmol, 1.0 equiv.) in anhydrous THF (12.7
ml), a solution of n-BuLi in hexanes (2.26 ml, 5.40 mmol, 1.08 equiv.) was added at - 40 °C
under inert atmosphere. The mixture was then cooled to - 78 °C and chloroacetone 129 (0.41
ml, 5.2 mmol, 1.04 equiv.) was added dropwise. After 10 min the reaction was slowly warmed
to rt and stirred overnight. The reaction was then quenched with aqueous NH.CIl. The aqueous
layer was separated and extracted with Et,O. Combined organic layers were dried over
MgSOs., filtered and concentrated in vacuo. Column chromatography (Pet/AcOEt 19:1)
afforded 130 (583 mg, 74%) as a yellow oil.

IH NMR (400 MHz, CDCls) & 7.45 — 7.41 (m, 2H, 3), 7.33 — 7.27 (m, 3H, 1, 2), 3.12 (dd, J =
5.6, 0.6 Hz, 1H, 9), 2.85 (d, J = 5.6 Hz, 1H, 9), 1.65 (brs, 3H, 8); 3C{*H} NMR (101 MHz,
CDCls) & 132.0 (2/3), 128.8 (1), 128.4 (2/3), 122.3 (4), 88.5 (6), 82.2 (5), 55.9 (9), 47.8 (7),
23.2 (8).

The characterisation data is in agreement with previously reported.*%%
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Compound 131411

Sodium azide (130 mg, 2.00 mmol, 2.0 equiv.) was added to a suspension of epoxide 130 (158
mg, 1.00 mmol, 1.0 equiv.) in a 1:1 mixture of ethanol/water (5 ml). The mixture was heated at
60 °C for 3.5 h, then cooled to rt and concentrated in vacuo. The residue was dissolved in
AcOEt, washed with water and brine dried over MgSQ,, filtered and concentrated in vacuo.
Purification by column chromatography (Pet/AcOEt 9:1) afforded 131a (48 mg, 24%) as a
yellow oil.

IH NMR (400 MHz, CDCls) & 7.49 — 7.41 (m, 2H, 3), 7.35—7.28 (m, 3H, 1, 2), 3.53 (d, J = 12.2
Hz, 1H, 9), 3.36 (d, J = 12.2 Hz, 1H, 9), 2.80 (brs, 1H, -OH), 1.60 (s, 3H, 8); 3C{*H} NMR (101
MHz, CDCls) & 131.8 (2/3), 128.8 (1), 128.4 (2/3), 122.1 (4), 90.0 (6), 84.9 (5), 68.5 (7), 61.4
(9), 26.9 (8).

The characterisation data is in agreement with previously reported.?

Compound 131b%%

A solution of epoxide 130 (1.748 g, 11.06 mmol, 1.0 equiv.) in MeOH (17.6 ml) was added to
a flask charged with NH4ClI (1.302 g, 24.33 mmol, 2.2 equiv.) and NaN3 (3.595 g, 55.30 mmol,
5.0 equiv.). Water (2.2 ml) was then added and the mixture was heated at reflux for 4 h. The
reaction was cooled to rt, extracted with water/dichloromethane. The combined organic layers
were washed with brine, dried over MgSQy, filtered and concentrated in vacuo. 131b was
isolated as a mixture with the other regioisomer 131a (1:4 131b:131a, 1.769 g, 79%) and used

without further purification.

IH NMR (400 MHz, CDCI3) & 7.68 — 7.64 (m, 2H, 3), 7.51 — 7.41 (m, 3H, 1, 2), 4.07 (d, J =
11.6 Hz, 1H, 9), 3.94 (d, J = 11.6 Hz, 1H, 9), 1.47 (s, 3H, 8).
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Compound 13244
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A solution of 131a (48 mg, 0.24 mmol, 1.0 equiv.) in CH3CN (1.2 ml) was added to flask
charged with PPhs; (94 mg, 0.36 mmol, 1.5 equiv.) under inert atmosphere. The mixture was
stirred at rt for 1 h then heated at relux for 5 h. Then, the solvent was removed in vacuo.
Purification by column chromatography (Pet/AcOEt 1:1) afforded 132 (20 mg, 53%) as a yellow
oil.

IH NMR (400 MHz, CDCls) & 7.42 — 7.36 (m, 2H, 3), 7.31 — 7.26 (m, 3H, 1, 2), 2.28 (s, 1H, 9),
1.79 (s, 1H, 9), 1.51 (s, 3H, 8), 0.77 (brs, 1H, -NH); 3C{*H} NMR (101 MHz, CDCls) & 131.8
(2/3), 128.4 (2/3), 128.3 (1), 122.8 (4), 92.2 (6), 79.0 (5), 35.7 (9), 26.0 (7), 24.1 (8).

The characterisation data is in agreement with previously reported.1%

Compound 126¢[416]

O

9
N/Lk /km
10 °0
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126¢

A solution of Boc,0 (521 mg, 2.39 mmol, 1.5 equiv.) in DMF (8.0 ml) was added to a solution
of 132 (250 mg, 1.59 mmol, 1.0 equiv.), DMAP (19 mg, 0.16 mmol, 0.1 equiv.) and EtsN (0.33
ml, 2.4 mmol, 1.0 equiv.) in DMF (8.5 ml) at 0 °C under inert atmosphere. The mixture was
slowly warmed to rt and stirred overnight. Then it was diluted with AcOEt and washed with ice
water several times. The combined aqueous layers were re-extracted with ACOEt. The
combined organic layers were washed with brine, dried over MgSOy, filtered and concentrated
in vacuo to obtain 126¢ (409 mg, > 99%.) as a brown oil that was used without further

purification. Attempts of column chromatography resulted in interconversion of 126c¢ to 135.

IH NMR (400 MHz, CDCls) & 7.42 — 7.38 (m, 2H, 3), 7.32 — 7.26 (m, 3H, 1, 2), 2.64 (s, 1H, 9),
2.25 (s, 1H, 9), 1.60 (s, 3H, 8), 1.47 (s, 9H, 12); 3C{*H} NMR (101 MHz, CDCls) & 160.3 (10),
131.9 (2/3), 128.6 (1), 128.4 (2/3), 122.4 (4), 88.0 (6), 81.9 (5), 81.7 (11), 39.7 (9), 34.6 (7),
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28.2 (12), 23.4 (8); HRMS (NSI) (C16H20NO2) [M+H]": cacld: 258.1489; found: 258.1492; a
fragment from N-C(10) bond cleavage was observed (C11H12N) [M-Boc+H;]": cacld: 158.0964;
found: 158.0961; a fragment from O-C(11) bond cleavage was observed (Ci2Hi12NO7) [M-
tBu+Hy]*: cacld: 202.0863; found: 202.0863.

Compound 125b

5%

2 4

U

A solution of Boc,0 (2.18 g, 10.0 mmol, 1.0 equiv.) in dichloromethane (4.7 ml) was added to
a solution of pyrrolidine 134 (0.82 ml, 10.0 mmol, 1.0 equiv.) and EtsN (1.49 ml, 10.7 mmol,

125b

1.07 equiv.) in dichloromethane (6.0 ml) at 0 °C under inert atmosphere. The mixture was
slowly warmed to rt and stirred for 2.25 h. The it was diluted with dichloromethane, washed
with water and brine. The combined organic layers were dried over MgSOQ., filtered and
concentrated in vacuo to obtain 125b (1.603 g, 94%) as a yellow semisolid that was used

without further purification.

IH NMR (400 MHz, CDCls) & 3.29 (m, 4H, 2), 1.81 (brs, 4H, 1), 1.44 (s, 9H, 5); ¥C{*H} NMR
(101 MHz, CDCls) & 154.8 (3), 79.0 (4), 46.1 (2), 45.7 (2) , 28.7 (5), 25.9 (1), 25.1 (1).

The characterisation data is in agreement with previously reported.7]

Compound 127c and 12718l

127c

A solution of sec-BuLi in cyclohexane (0.57 ml, 0.80 mmol, 1.0 equiv.) was added to a solution
of Boc-protected pyrrolidine 125b (137 mg, 0.80 mmol, 1.0 equiv.) and (-)-sparteine (225 mg,
0.96 mmol, 1.2 equiv.) in anhydrous THF (1.6 ml) at - 78 °C under inert atmosphere. The
mixture was stirred at - 78 °C for 1 h. Then, CuCN:-2LiCl was prepared from pre-dried (3.5 h at
100 °C in vacuo) LiCl (68 mg, 1.6 mmol, 2.0 equiv.) and CuCN (72 mg, 0.80 mmol, 1.0 equiv.)
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dissolved in anhydrous THF (1.6 ml). The CuCN-2LiCl solution was added to the solution of
pyrrolidine at - 78 °C and stirring continued for 70 min. A solution of aziridine 126¢ (206 mg,
0.80 mmol, 1.0 equiv.) in anhydrous THF (0.8 ml) was added at - 78 °C and reaction mixture
was warmed to 0 °C. After 3 h the reaction was quenched with agueous NH4Cl. The agueous
layer was separated and extracted with Et,O. The combined organic layers were dried over
MgSQ,, filtered and concentrated in vacuo. Purifications by column chromatography
(Pet/AcOEt 4:1) afforded 127c (98 mg, 29%) as a colourless oil and 127e (27 mg, 16%) as a
yellow oil.

Part of *H and *C{*H} NMR signals doubled due to presence of rotamers from rotation of the

amide bonds or allene diastereoisomers.

127¢: *H NMR (500 MHz, CDCls) & 7.34 — 7.27 (m, 4H, 2, 3), 7.23 — 7.17 (m, 1H, 1), 4.85 (m,
1H, 6), 4.62 (brs, 1H, -NHBoc), 3.78 (d, J = 5.7 Hz, 2H, 16), 3.45 — 3.30 (m, 2H, 9), 2.10 (m,
1H, 7/8), 1.99 — 1.90 (m, 1H, 7/8), 1.85 (m, 2H, 7/8), 1.75 (d, J = 3.9 Hz, 3H, 15), 1.47 (s, 9H,
12/19), 1.40 (s, 9H, 12/19); 3C{*H} NMR (126 MHz, CDCls) & 198.9 (13), 155.9 and 155.7
(10/17), 154.3 and 154.1 (10/17), 135.9 (4), 131.9 (1), 128.4 (2/3), 127.1 (2/3), 111.8 and 110.5
(14), 104.0 and 103.5 (5), 79.3 (11/18), 79.2 (11/18), 57.8 and 57.5 (6), 46.5 and 46.1 (9), 43.6
and 43.5 (16), 32.0 and 30.9 (7), 28.7 and 28.6 (12/19), 28.5 and 28.4 (12/19), 23.5 and 22.6
(8), 17.0 and 16.8 (15); HRMS (NSI) (C2sH37N204) [M+H]": cacld: 429.2748; found: 429.2744.

127e: 'H NMR (400 MHz, CDCl3) & 7.35 (dd, J = 7.2, 1.5 Hz, 2H, 3), 7.30 (t, J = 7.2 Hz, 2H,
2), 7.19 (t, J = 7.2 Hz, 1H, 1), 4.60 (s, 1H, -NH), 3.79 — 3.72 (m, 2H, 13), 2.64 — 2.58 (m, 1H,
6), 1.80 (d, J=6.8 Hz, 3H, 12), 1.60 — 1.49 (m, 1H, 8), 1.39 (d, J = 4.4 Hz, 9H, 16), 1.37 — 1.29
(m, 1H, 8), 1.09 (dd, J = 6.5, 5.6 Hz, 3H, 7), 0.92 (td, J = 7.4, 4.0 Hz, 3H, 9); 3C{*H} NMR (101
MHz, CDCls) & 199.4 (10), 155.9 (14), 137.8 (4), 128.5 (2/3), 126.7 (1), 126.7 (2/3), 114.8
(5/11), 114.6 (5/11), 79.4 (15), 43.3 (13), 35.3 (6), 29.3 (8), 28.5 (16), 19.7 (7), 17.0 (12), 11.8
(9); HRMS (ESI) (C20H20NO2Na) [M+Na]*: cacld: 338.2091; found: 338.2089.

Compound 127d08
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A solution of n-BuLi in hexanes (0.084 ml, 0.20 mmol, 1.0 equiv.) was added to a solution of
Boc-protected pyrrolidine 125b (34 mg, 0.20 mmol, 1.0 equiv.) in anhydrous THF (0.4 ml) at -
78 °C under inert atmosphere. The mixture was stirred at - 78 °C for 1 h. Then, CuCN-2LiCl
was prepared from pre-dried (3.5 h at 100 °C in vacuo) LiCl (17 mg, 0.40 mmol, 2.0 equiv.)
and CuCN (18 mg, 0.20 mmol, 1.0 equiv.) dissolved in anhydrous THF (0.4 ml). The
CuCN:-2LiCl solution was added to the solution of pyrrolidine at - 78 °C and stirring continued
for 50 min. A solution of aziridine 126¢ (51 mg, 0.20 mmol, 1.0 equiv.) in anhydrous THF (0.4
ml) was added at - 78 °C and stirrining continued for 4 h at this temp. The reaction was then
guenched with aqueous NH4CIl. The aqueous layer was separated and extracted with Et20.
The combined organic layers were dried over MgSQO., filtered and concentrated in vacuo.
Purification by column chromatography (Pet/AcOEt 19:1) afforded 127d (36 mg, 57%) as a
colourless semisolid.

'H NMR (400 MHz, CDCl3) 5 7.37 (d, J =7.6 Hz, 2H, 3), 7.30 (t, J= 7.6 Hz, 2H, 2), 7.19 (t, J =
7.6 Hz, 1H, 1), 4.63 (s, 1H, -NH), 3.77 — 3.71 (m, 2H, 13), 2.43 (m, 2H, 6), 1.80 (s, 3H, 12),
1.52 —1.41 (m, 4H, 8, 7), 1.39 (s, 9H, 16), 0.93 (t, J = 7.1 Hz, 3H, 9); *C{*H} NMR (101 MHz,
CDCIls) 6 200.0 (10), 155.9 (14), 137.6 (4), 128.4 (2/3), 126.7 (1), 126.2 (2/3), 108.4 (5/11),
101.5 (5/11), 79.4 (15), 43.4 (13), 30.4 (6), 30.2 (7), 28.5 (16), 22.6 (8), 16.9 (12), 14.1 (9); MS
(El) (CsH11NO>) [NBoc]*: cacld: 115; found: 115; (C12H12) [M-NHBoc-C3H-]": cacld: 156; found:
156; HRMS of the corresponding peak(s) not found.

Compound 135188l

A solution of sec-BulLi in cyclohexane (0.14 ml, 0.20 mmol, 1.0 equiv.) was added to a solution
of Boc-protected pyrrolidine 125b (34 mg, 0.20 mmol, 1.0 equiv.) and TMEDA (28 mg, 0.24
mmol, 1.2 equiv.) in anhydrous THF (0.4 ml) at - 78 °C under inert atmosphere. The mixture
was stirred at - 78 °C for 1 h. Then, CuCN-2LiCl was prepared from pre-dried (3.5 h at 100 °C
in vacuo) LIiCl (17 mg, 0.40 mmol, 2.0 equiv.) and CuCN (18 mg, 0.20 mmol, 1.0 equiv.)
dissolved in anhydrous THF (0.4 ml). The CuCN-2LiCl solution was added to the solution of
pyrrolidine at - 78 °C and stirring continued for 50 min. A solution of aziridine 126¢ (51 mg,
0.20 mmol, 1.0 equiv.) in anhydrous THF (0.4 ml) was added at - 78 °C and the solution was

slowly warmed to rt. The reaction was quenched with agueous NH4CI after 3 h. The aqueous
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layer was separated and extracted with AcOEt. The combined organic layers were dried over
MgSOQy, filtered and concentrated in vacuo. Purification by column chromatography (Pet/AcOEt
19:1) afforded 135 (6 mg, 15%) and 127e (16 mg, 25%) as colourless semisolids.

135: *H NMR (400 MHz, CDCl3) & 7.46 — 7.41 (m, 2H, 3), 7.37 — 7.29 (m, 3H, 1, 2), 5.83 (brs,
1H, -NH), 3.89 (dd, J = 8.5, 0.8 Hz, 1H, 9), 3.58 (dd, J = 8.5, 0.8 Hz, 1H, 9), 1.83 (s, 3H, 8);
13C{*H} NMR (101 MHz, CDCls) d 158.6 (10), 132.0 (2/3), 129.2 (1), 128.5 (2/3), 121.6 (4),
87.8 (6), 86.2 (5), 75.6 (7), 53.7 (9), 27.9 (8); HRMS (ESI) (C12H1:NO:Na) [M+Na]*: cacld:
224.0628; found: 224.0681.

Compound 1368

136

Trimethylsilyl chloride (0.04 ml, 0.3 mmol, 10.0 equiv.) was added to a solution of allene 127¢
(15 mg, 0.035 mmol, 1.0 equiv.) in anhydrous MeOH (0.3 ml) at rt and the mixture was stirred
at rt for 6 h. The colourless solution turned to pale pink. The reaction was then quenched with
NaHCO; and diluted with dichloromethane. The organic phase was separated and washed
with water, dried over MgSOs, filtered and concentrated in vacuo to yield 136 (4 mg, 57%) as

a colourless semisolid.

'H NMR (500 MHz, CDCl3) 6 7.39 — 7.36 (m, 2H, 11), 7.33 (t, J = 7.6 Hz, 2H, 12), 7.30 — 7.29
(m, 1H, 13), 5.94 (d, J = 1.9 Hz, 1H, 6), 4.85 (t, J = 7.2 Hz, 1H, 4), 3.08 (t, J = 6.9 Hz, 1H, 1),
3.01(d, J=13.5Hz, 1H,9), 2.97 - 2.89 (m, 2H, 1, 9), 2.27 (m, 1H, 3), 1.98 (m, 2H, 2, 3), 1.63
—1.56 (m, 1H, 2), 1.34 (s, 3H, 8), -NHs were not detected; **C{*H} NMR (126 MHz, CDCls) &
142.9 (7), 134.1 (10), 129.0 (6), 128.7 (11/12), 127.8 (13), 126.4 (11/12), 70.8 (4), 47.1 (1/9),
47.0 (1/9), 30.2 (3), 27.2 (2), 25.5 (8), Cq aliphatic not detected; HRMS (NSI) (CisH21N2)
[M+H]": cacld: 229.1699; found: 229.1700.
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Compound 141297

Cul (7 mg, 0.04 mmol, 0.1 equiv.) and freshly dried ZnBr; (63 mg, 0.28 mmol, 0.8 equiv.) were
placed under inert atmosphere. Ti(OiPr)4 (199 mg, 0.70 mmol, 2.0 equiv.) in toluene (0.35 ml)
was added, followed by solutions of alkyne 88b (41 mg, 0.35 mmol, 1.0 equiv.) in toluene (0.7
ml), ketone 89c (76 mg, 0.56 mmol, 1.6 equiv.) in toluene (0.7 ml) and pyrrolidine 134 (28 mg,
0.39 mmol, 1.1 equiv.). The mixture was heated at 100 °C for 17 h. Then, the reaction mixture
was cooled to rt, filtered through a pad of silica gel, washed with acetone and concentrated in
vacuo. Purification by column chromatography (Pet/AcOEt 6:1 to 3:2) afforded 141 (32 mg,
39%) as a white solid. Good quality single crystals were obtained by slow evaporation from

dichloromethane solution at rt and were suitable for X-ray analysis (see page 235).

IH NMR (500 MHz, CDCl3) & 7.56 (t, J = 7.7 Hz, 1H, 4), 7.33 (d, J = 7.7 Hz, 1H, 5), 7.30 (d, J
= 8.9 Hz, 1H, 13), 7.04 (d, J = 7.7 Hz, 1H, 3), 6.79 (s, 1H, 8), 6.67 (dd, J = 8.9, 6.5 Hz, 1H, 14),
6.31 (d, J = 6.5 Hz, 1H, 15), 2.59 (s, 3H, 1), 2.39 (s, 3H, 17), 2.21 (s, 3H, 10); 3C{*H} NMR
(126 MHz, CDCl3) & 156.6 (Car), 153.7 (Car), 135.8 (Cpy-H), 135.5 (Car), 133.9 (Ca)), 124.3 (Cay),
121.8 (Cpy-H), 120.4 (Cpy-H), 119.7 (Cpy-H), 116.7 (Cpy-H), 115.4 (Cpy-H), 112.2 (8), 109.0
(Car), 24.7 (1), 23.3 (17), 10.7 (10); HRMS (ASAP) (C1sH17N2) [M+H]*: cacld: 237.1392; found:
237.1395.

Compound 142197

Cul (9 mg, 0.05 mmol, 0.1 equiv.) and freshly dried ZnBr- (90 mg, 0.40 mmol, 0.8 equiv.) were
placed under inert atmosphere. Ti(OEt)4 (228 mg, 1.00 mmol, 2.0 equiv.) in toluene (0.5 ml)
was added, followed by solutions of alkyne 103b (61 mg, 0.50 mmol, 1.0 equiv.) in toluene (1.0
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ml), ketone 104a (101 mg, 0.80 mmol, 1.6 equiv.) in toluene (1.0 ml) and pyrrolidine 134 (39
mg, 0.55 mmol, 1.1 equiv.). The mixture was then heated at 100 °C overnight. The reaction
mixture was cooled to rt, filtered through a pad of silica gel, washed with acetone and
concentrated in vacuo. Purification by column chromatography (Pet/AcOEt 19:1) afforded 142
(12 mg, 8%). Compound 142 was obtained with some inseparable impurities but was used

directly in the next reaction.

IH NMR (400 MHz, CDCls) & 7.22 (d, J = 4.7 Hz, 2H, 13, 15), 7.04 (d, J = 3.5 Hz, 1H, 4), 6.92
— 6.89 (m, 1H, 14), 6.64 (dd, J = 3.5, 0.8 Hz, 1H, 3), 2.79 — 2.77 (m, 2H, 10), 2.68 — 2.61 (m,
2H, 10), 2.47 (s, 3H, 1), 1.81 (s, 3H, 9), 1.79 — 1.77 (m, 4H, 11); *C{*H} NMR (101 MHz,
CDCls) 8 151.4 (Crn), 141.7 (Crn), 132.2 (Crn-H), 125.9 (Cr-H), 125.3 (Cra-H), 124.7 (Crn-H),
124.2 (Cn-H), 118.2 (5), 92.2 (7), 77.4 (6), 60.2 (8), 48.9 (10), 33.3 (9), 23.9 (11), 15.5 (1).

Chapter IV - Synthesis of allene-derived metal complexes

Compound 171

Pd(CH3sCN).Cl» (7 mg, 0.03 mmol, 1.0 equiv.) was added to a solution of allene 97b (10 mg,
0.027 mmol, 1.0 equiv.) in dichloromethane (0.5 ml) at 12 °C. The reaction mixture changed
colour from yellow to red over the course of 40 min. After that time the solution was filtered
through a cotton wool plug to remove solid impurities, washed with more dichloromethane and

concentrated in vacuo to afford 171 (14 mg, > 99%) as a red solid.

1H NMR (400 MHz, CDCls) & 7.66 — 7.61 (m, 4H, 10), 7.56 (t, J = 7.6 Hz, 2H, 4), 7.46 — 7.38
(m, 6H, 11, 12), 7.19 (dd, J = 7.6, 0.7 Hz, 2H, 3/5), 7.00 (d, J = 7.6 Hz, 2H, 3/5), 3.17 (s, 6H,
1); 3C{'"H} NMR (101 MHz, CDCls) & 204.1 (8), 160.8 (Cry), 160.3 (Cry), 138.4 (4), 136.4 (9),
129.7 (2 X Cpp-H), 129.0 (2 X Cpy-H), 128.9 (12), 124.7 (Cpy-H), 123.8 (Cpy-H), 117.9 (7), 26.9
(1); HRMS (ESI) (C27H21N21%8Pd) [M-Clo-H]*: cacld: 479.0734; found: 479.0777; Anal. Calcd.
for C27H2sN2PdCI>015 (171+1.5H,0): C 56.15, H 4.37, N 4.85; found: C 56.54, H 4.43; N 4.45.
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Compound 172

Pd(CH3CN).Cl» (15 mg, 0.056 mmol, 1.0 equiv.) was added to a solution of allene 97a (20 mg,
0.056 mmol, 1.0 equiv.) in dichloromethane (0.8 ml) at 12 °C. The reaction mixture changed
colour from yellow to red over the course of 40 min. After that time the solution was filtered
through a cotton wool plug to remove solid impurities, washed with more dichloromethane and
concentrated in vacuo to afford 172 (30 mg, > 99%) as a red solid. Crystals of 172 suitable for
X-ray crystallography were obtained from vapour diffusion of dichloromethane/MeOH solution

and n-Hex at 4 °C (see page 235).

'H NMR (400 MHz, CDCl3) 8 7.63 (t, J = 7.8 Hz, 1H, 4/18), 7.57 (t, J = 7.8 Hz, 1H, 4/18), 7.50
—7.46 (m, 2H, 13), 7.44 (d, J = 7.8 Hz, 1H, Hpy), 7.40 — 7.31 (m, 3H, 14, 15), 7.20 (dd, J = 7.8,
0.8 Hz, 1H, Hpy), 7.16 (d, J = 7.8, 1H, Hpy), 7.03 (d, J = 7.8, Hz, 1H, Hpy), 3.17 (s, 3H, 1/21),
3.13 (s, 3H, 1/21), 1.47 (s, 9H, 9); *C{*H} NMR (126 MHz, CDCl3) & 202.7 (10), 161.0 (Cpy),
160.8 (Cpy), 160.4 (Cpy), 158.4 (Cpy), 138.1 (4/18), 138.0 (4/18), 137.0 (12), 129.5 (Cpn-H>),
128.9 (Cph-Ha), 128.5 (15), 124.5 (Cpy-H), 124.2 (Cpy-H), 123.5 (Cpy-H), 123.4 (Cpy-H), 121.9
(7/11), 118.2 (7/11), 37.0 (8), 30.9 (9), 27.0 (1/21), 27.0 (1/21); HRMS (ESI)
(CasH26N2'6Pd®Cl) [M-CI]*: cacld: 495.0814; found: 495.0824.

Compound 173118l

KoPtCls (1.00 g, 2.41 mmol, 1.0 equiv.) was dissolved in water (20.0 ml). The solution was
filtered through a plug of cotton wool and then degassed. DMSO (0.69 ml, 9.6 mmol, 4.0 equiv.)
was added. This red solution was stirred at rt in the dark for 4 h. The colour of the solution
changed to yellow and a pale-yellow precipitate appeared. The precipitate was filtered off,

washed with water and Et,O and dry in vacuo to afford 173 (799 mg, 79%) as a yellow powder.

IH NMR (400 MHz, DMSO-ds) & 2.54 (s, 12H).
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The characterisation data is in agreement with previously reported.8l

Compound 175049

To a solution of H2PtCle6H20 (41 mg, 0.08 mmol, 1.0 equiv.) in MeOH (1.9 ml) solution of 97b
(30 mg, 0.08 mmol) in MeOH (1.9 ml) was added at rt. Upon addition, a precipitate started to
form instantaneously. After 40 min of stirring at rt the solid was filtered off, washed with MeOH

and dried in vacuo to afford 175 (53 mg, 92%) as a pale orange solid.

IH NMR (400 MHz, DMSO-de) & 8.22 (t, J = 7.7 Hz, 2H, 4), 7.75 (d, J = 7.7 Hz, 2H, 3/5), 7.68
(d, J = 7.7 Hz, 2H, 3/5), 7.50 — 7.45 (m, 8H, 10, 11), 7.45 — 7.40 (m, 2H, 12), 2.65 (s, 6H, 1):
13C{H} NMR (101 MHz, DMSO-ds) & 210.3 (8), 156.8 (4), 149.1 (Cpy), 143.1 (Cpy), 132.6 (9),
129.3 (2 X Cpn-H), 129.1 (12), 127.8 (2 X Cpn-H), 125.8 (Cpy-H), 123.7 (Cpy-H), 111.3 (7), 21.7
(1); HRMS (ESI) (C27H23*CIsN21%Pt) [M-CI+H]": cacld: 675.0575; found: 675.0565; Anal.
Calcd. for Cz95H27ClgN2Pt (175+2.5CH,Cl,): C 38.52, H 2.96, N 3.05; found: C 38.55, H 3.45;
N 3.25.

Compound 176149

To a solution of H,PtCle6H.0 (47 mg, 0.090 mmol, 1.0 equiv.) in MeOH (1.8 ml) solution of
97a (32 mg, 0.090 mmol) in MeOH (1.8 ml) was added at rt. Upon addition a precipitate started
to form instantaneously. After 40 min of stirring at rt the solid was filtered off, washed with

MeOH and dried in vacuo to afford 176 (63 mg, > 99%) as a pale orange solid.
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IH NMR (400 MHz, DMSO-ds) & 8.38 (t, J = 7.9 Hz, 1H, 4/18), 8.18 (t, J = 7.8 Hz, 1H, 4/18),
7.79 (dd, J = 12.9, 7.9 Hz, 2H, Hpy), 7.70 (d, J = 7.8 Hz, 1H, Hpy), 7.64 (d, J = 7.8 Hz, 1H, Hpy),
7.49 — 7.43 (m, 2H, 14), 7.41 — 7.36 (m, 1H, 15), 7.34 (dd, J = 5.3, 3.2 Hz, 2H, 13), 2.68 (s,
3H, 1/21), 2.66 (s, 3H, 1/21), 1.29 (s, 9H, 9); *C{*H} NMR (126 MHz, DMSO-ds, 75 °C) & 206.3
(10), 156.3 (4/18), 156.1 (4/18), 151.3 (Cpy), 150.9 (Cpy), 141.3 (Cpy), 139.7 (Cry), 133.7 (12),
128.5 (2 X Cpn-H), 127.6 (15), 127.1 (2 X Cpn-H), 124.0 (Cpy-H), 123.2 (Cpy-H), 122.2 (Cpy-H),
122.1 (Cpy-H), 118.3 (7/11), 109.1 (7/11), 35.7 (8), 29.3 (9), 22.2 (1/21), 21.7 (1/21); HRMS
(ESI) (CasH27N%Pt3Cly) [M+H]*: cacld: 692.0727; found: 692.0707; Anal. Calcd. for
Cag5H33N,PtCly1 (176+3.5CH.CI,): C 34.80, H 3.38, N 2.85; found: C 34.90, H 3.61; N 3.13.

Compound 177al*19

3 4
0N
—N_CI' N
1 \Plt/
Cl” 1 ¢l
Cl
177a

To an orange solution of H2PtClg6H.0O (26 mg, 0.05 mmol, 1.0 equiv.) in MeOH (1.2 ml), a
solution of 2,2’-bipyridine (8 mg, 0.05 mmol) in MeOH (1.2 ml) was added at rt. Upon addition
a yellow suspension was formed. After 30 min of stirring at rt the solid was filtered off, washed
with MeOH and dried in vacuo to afford 177a (16 mg, 65%) as a yellow solid.

IH NMR (400 MHz, DMSO-ds) & 8.87 (d, J = 4.8 Hz, 2H, 1), 8.63 (d, J = 8.0 Hz, 2H, 4), 8.36
(td, J = 8.0, 1.4 Hz, 2H, 3), 7.83 (m, 2H, 2).

The characterisation data is in agreement with previously reported.#?°

Compound 177b

3 4
5 —
1 N\m/N
cl” “ci
177b

Procedure a: A white suspension of 2,2’-bipyridine (14 mg, 0.090 mmol, 1.0 equiv.) and
Pt(DMSO).Cl, 173 (38 mg, 0.090 mmol, 1.0 equiv.) in EtOH (0.7 ml) was heated under

microwave irradiation at 80 °C for 40 min. A yellow suspension was formed. The solid was
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filtered off, washed with EtOH and dried in vacuo to afford 177b (32 mg, 84%) as a yellow
solid.

Procedure b:#? |-Ascorbic acid (11 mg, 0.06 mmol, 3.0 equiv.) was added to a suspension
of 177a (11 mg, 0.02 mmol, 1.0 equiv.) in water (0.44 ml) at rt. After 90 min of stirring at rt, an
orange solid was isolated by filtration, analysed by *H NMR and identified as starting material
177a. The filtrate was left standing overnight. A small quantity of yellow precipitate crushed

out, which was isolated by filtration and identified as product 177b.

IH NMR (400 MHz, DMSO-ds) & 9.49 (dd, J = 5.8, 0.8 Hz, 2H, 1), 8.59 (d, J = 7.8 Hz, 2H, 4),
8.42 (td, J = 7.8, 1.4 Hz, 2H, 3), 7.87 — 7.82 (m, 2H, 2).

The characterisation data is in agreement with previously reported.??

Compound 179

179

To a solution of L-ascorbic acid (76 mg, 0.43 mmol, 10.0 equiv.) in water (0.9 ml), 176 (30 mg,
0.043 mmol, 1.0 equiv.) was added. The suspension was stirred at 25 °C for 2 h 15 min until
the solid was completely dissolved and formed an orange solution. Water was removed in
vacuo and the residue was redissolved in dichloromethane. Undissolved white residue of
ascorbic acid was filtered off. The yellow filtrate was concentred to afford 179 (24 mg, 89%) as
a yellow-golden solid. Crystals of 179 suitable for X-ray crystallography were obtained by

vapour diffusion of the chloroform/methanol solution with cyclohexane (see page 236).

179 gave very weak signals on *C NMR spectrum and not all expected carbon atoms were

detected. Some of the missing signals were identified as cross peaks on HSQC spectrum.

IH NMR (500 MHz, DMSO-de, 75 °C) & 7.82 (t, J = 7.7 Hz, 1H, Hpy), 7.69 (t, J = 7.7 Hz, 1H,
Hey), 7.43 — 7.34 (M, 6H, Ha), 7.32 — 7.26 (M, 2H, Ha), 7.18 (d, J = 7.7 Hz, 1H, Hpy), 2.53 (s,
3H, 1/17), 2.51 (s, 3H, 1/17), 1.36 (s, 9H, 8); *C{*H} NMR (126 MHz, DMSO-ds, 75 °C) &
156.2, 133.9, 128.4, 127.5, 127.2, 123.5, 122.8, 121.9, 35.6, 29.3, 22.0; HRMS (ESI)
(CasH26N2'°Pt3*Cl)  [M-CI]*: cacld: 585.1434; found: 585.1452; Anal. Calcd. for
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C255H30N2Cl301 5Pt (179+1.5H.0+0.5CH2Cl,): C 44.47, H 4.39, N 4.07; found: C 44.26, H 4.61,;
N 3.72.

Compound 184157

To a solution of 97b (10 mg, 0.027 mmol, 1.2 equiv.) in dichloromethane (0.8 ml), (Me2S)AuCl
(7 mg, 0.02 mmol, 1.0 equiv.) was added. Upon addition the solution changed from colourless
to bright yellow. The reaction mixture was stirred at rt for 15 min and then concentrated in
vacuo yielding 184 (16 mg, > 99%) as a yellow solid. Crystals suitable for X-ray crystallography

were obtained by slow evaporation from the dichloromethane solution (see page 236).

'H NMR (400 MHz, CDCls) & 8.50 — 8.45 (m, 1H, Hpy), 7.99 (t, J = 8.0 Hz, 1H, Hpy), 7.74 (d, J
= 7.6 Hz, 2H, Hpy), 7.72 — 7.67 (M, 1H, Hepy), 7.56 (d, J = 8.0 Hz, 1H, Hpy), 7.40 — 7.28 (m, 8H,
Hen), 7.10 (d, J = 7.6 Hz, 2H, Hpy), 2.28 (s, 3H, 1/15), 2.12 (s, 3H, 1/15); C{*H} NMR (101
MHz, CDCl3) & 191.3 (19), 159.3 (Cpy), 157.4 (Cpy), 155.9 (Cpy), 150.1 (Cry), 144.1 (7), 136.4
(Cpy-H), 135.6 (Cpy-H), 135.0 (Cpy-H), 134.3 (Cpy-H), 129.2 (Cpn-H), 129.0 (2 x Cpn-H), 128.9
(2 x Cpn-H), 128.7 (2 x Cpp-H), 128.6 (2 x Cpn-H), 128.1 (Cpn-H), 126.6 (Cpn), 122.7 (Cpy-H),
121.3 (Cpr), 116.5 (Cpy-H), 97.5 (12), 24.5 (1/15), 22.3 (1/15); HRMS (ESI) (C27H22N2Au) [M-
CIJ*: cacld: 571.1443; found: 571.1452 [M-CI]*; Anal. Calcd. for Czs1H242N2AUCl3, (184+1.1
CH.Cl,): C 48.28, H 3.49, N 4.01; found: C 48.21, H 3.48; N 4.10.

Compound 187
Cl
-
Au

—\ R%? —
~N* }\l/
L

R'l

187a R' = Ph, R?2 = {Bu
187b R' = tBu, R? = Ph
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To a solution of 97a (20 mg, 0.056 mmol, 1.0 equiv.) in dichloromethane (0.8 ml), (Me2S)AuCl
(17 mg, 0.056 mmol, 1.0 equiv.) was added. Upon addition the solution changed from
colourless to bright yellow. Reaction mixture was stirred at rt for 15 min and then concentrated
in vacuo vyielding 187 (33 mg, >99%) as a yellow solid. Crystals suitable for X-ray
crystallography  were obtained from dichloromethane solution containing

iodopentafluorobenzene and layered with cyclohexane (see page 237).
Spectral analysis of 187 in 1:0.85 mixture of 187b:187a.

IH NMR (400 MHz, CDCls) & 8.46 (d, J = 8.0 Hz, 1H, 187b), 8.01 (t, J = 8.0 Hz, 1H, 187b),
7.90 (t, J = 7.8 Hz, 1H, 187a), 7.82 (d, J = 8.4 Hz, 1H, 187b), 7.75 (d, J = 7.1 Hz, 2H, 187a),
7.66 (t, J = 7.8 Hz, 1H, 187Db), 7.47 — 7.31 (m, 5H, 187a), 7.25 (m, 5H, 187b), 7.08 — 7.00 (m,
4H, 187a-b), 6.78 (d, J = 7.8 Hz, 1H, 187a), 2.58 (s, 3H, 187a), 2.25 (s, 3H, 187b), 2.13 (s,
3H, 187a), 2.02 (s, 3H, 187b), 1.59 (s, 9H, 187b), 1.50 (s, 9H, 187a); 3C{*H} NMR (101 MHz,
CDCls) & 194.4 (187a), 187.7 (187b), 160.1 (187b), 159.5 (187a), 157.5 (187a), 157.2 (187b),
155.8 (187a), 155.4 (187b), 155.1 (187a), 151.0 (187b), 143.6 (187a), 143.0 (187b), 141.1
(187b), 139.2 (187a), 137.4 (187a), 136.2 (187h), 135.7 (187a), 135.0 (187b), 128.9 (187a),
128.8 (187b), 128.8 (187a), 128.4 (187b), 128.1 (187a), 126.5 (187b), 123.1 (187a), 122.4
(187b), 121.9 (187a), 121.5 (187a), 120.6 (187h), 118.7 (187b), 116.2 (187a), 102.2 (187a),
96.7 (187h), 43.2 (187a), 32.7 (187b), 31.5 (187b), 30.3 (187a), 24.7 (187a), 24.5 (187b), 22.9
(187a), 22.7 (187b).

Characterisation of a single isomer, 187b, was attempted after the sample of 187b had been

obtained in isomerisation experiment (see page 95).

Compound 187b

IH NMR (400 MHz, CDCls) & 8.50 (d, J = 8.0 Hz, 1H, Hp,), 8.01 (dd, J = 8.0, 7.7 Hz, 1H, Hpy),
7.84 (d, J = 7.7 Hz, 1H, Hpy), 7.68 (t, J = 7.7 Hz, 1H, Hpy), 7.31 — 7.26 (M, 5H, Hen), 7.07 (d, J
= 7.7 Hz, 1H, Hpy), 7.03 (d, J = 7.7 Hz, 1H, Hey), 2.26 (s, 3H, 1), 2.03 (s, 3H, 21), 1.60 (s, 9H,
9); BC{*H} NMR (101 MHz, CDCls) & 188.1 (10), 160.2 (Cpy), 157.2 (Cpy), 155.4 (Cpy), 151.0
(Cey), 142.9 (Cpy-H), 141.2 (12), 136.2 (Cpy-H), 135.0 (Cpy-H), 128.9 (2 X Cpn-H), 128.4 (2 x
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Ceh-H), 126.6 (15), 122.5 (Cpy-H), 120.4 (Cpy-H), 118.7 (Cpy-H), 96.7 (11), 32.8 (8), 31.5 (9),
24.5 (1), 22.7 (21); HRMS (ESI) (C2sH26N2AU) [M-CI]*: cacld: 551.1756; found: 551.1766 [M-
CII*; Anal. Calcd. for Cz6.6H292N2AUCI4 2 (187b+1.6CH,Cl,): C 44.30, H 4.08, N 3.89; found: C
43.94, H 3.76; N 3.85.

Compound 192

192

To a solution of 97b (13 mg, 0.034 mmol, 1.05 equiv.) in dichloromethane (0.6 ml), (Me2S)AuCl
(10 mg, 0.033 mmol, 1.0 equiv.) was added. Upon addition the solution changed from
colourless to bright yellow. The reaction mixture was stirred at rt for 1 h. Then, AgNTf, (13 mg,
0.33 mmol, 1.0 equiv.) was added. A large amount of white precipitate was formed. After 5 min
another portion of allene 97b (13 mg, 0.034 mmol, 1.05 equiv.) in dichloromethane (0.4 ml)
was added. After 1h of stirring at rt the reaction mixture was filtered through a pad of Celite
and concentrated in vacuo. The resulting yellow solid was dried under vaccum to give 41 mg

of 192 (>100%), however residual dichloromethane could not be removed.
The assigment of NMR peaks was not carried out due to complexity of the spectra.

'H NMR (400 MHz, CDCls) 8 8.09 — 8.03 (m, 2H), 7.62 — 6.97 (m, 30H), 2.29 (s, 3H), 2.22 (s,
3H), 2.10 (s, 3H), 2.04 (s, 3H); *C{*H} NMR (101 MHz, CDCls) & 208.5, 208.0, 158.7, 158.6,
157.5, 157.4, 156.2, 156.0, 150.3, 149.4, 1445, 144.5, 137.1, 137.0, 136.2, 136.0, 135.4,
135.2, 134.7, 129.2, 128.9, 128.9, 128.8, 128.6, 128.5, 128.4, 128.4, 128.1, 127.7, 127.7,
126.1, 125.4, 122.5, 122.3, 121.7, 121.7, 121.6, 121.5, 116.4, 116.3, 98.9, 98.9, 24.8, 24.4,
24.3, 22.1; HRMS (NSI) (CssHasNsAu) [M-X]*: cacld: 945.3226; found: 945.3225; a fragment
after Au-C bond cleavage was also observed (C27H22N2AU) [M-L-X]*: cacld: 571.1443; found:
571.1431.
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Compound 193

193

A solution of allene 97b (30 mg, 0.08 mmol, 1.0 equiv.) in EtOH (0.35 ml) was added to a
solution of HAUCl4H20 (27 mg, 0.08 mmol, 1.0 equiv.) in EtOH (0.35 ml) at rt followed by water
(0.14 ml) and NaPFs (27 mg, 0.16 mmol, 2.0 equiv.). After a few minutes an orange precipitate
started to form. After 1 h 45 min the solid was filtered off, washed with EtOH, dried in vacuo to
yield 193 (23 mg, 43%) as a dark orange solid.

'H NMR (400 MHz, DMSO-dg) 8 8.06 (t, J = 7.7 Hz, 2H, 4), 7.63 (d, J = 7.7 Hz, 2H, 3/5), 7.54
(d, J=7.7 Hz, 2H, 3/5), 7.50 — 7.44 (m, 8H, 10, 11), 7.45 - 7.38 (m, 2H, 12), 2.61 (s, 6H, 1);
BC{*H} NMR (101 MHz, DMSO-ds) & 211.1 (8), 157.3 (Car), 150.7 (Car), 141.2 (Cpy-H), 133.4
(9), 129.1 (10/11), 128.7 (12), 127.9 (10/11), 124.8 (Cpy-H), 122.7 (Cpy-H), 112.0 (7), 22.5 (1);
HRMS (NSI) (C27H22N2AU**Cl,) [M-CI]*: cacld: 641.0820; found: 641.0816; (C27H22N2Au) [M-
3CIJ*: cacld: 571.1443; found: 571.1429; Anal. Calcd. for C29H2sN2AuUCI;0 (193+1.0C2Hs0H):
C 48.19, H 3.91, N 3.88; found: C 48.57, H 3.53; N 4.11.

Compound 194

194

To a solution of HAuClsxH>0 (18 mg, 0.053 mmol, 1.0 equiv.) in ethanol (0.8 ml), a solution of
97b (20 mg, 0.053, 1.0 equiv.) in ethanol (0.8 ml) was added. The mixture was heated at 65
°C. After 30 min a yellow precipitate started to form. After 3 h, a yellow solid was isolated by

filtration, washed with EtOH and dried in vacuo to yield 194 (15 mg, 42%) as a yellow solid.
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Crystals suitable for X-ray crystallography were obtained by slow evaporation from the

dichloromethane/methanol solution (see page 239).

'H NMR (400 MHz, DMSO-ds) d 8.54 (t, J = 8.0 Hz, 1H, Hpy), 7.84 (d, J = 7.7 Hz, 1H, Hpy),
7.80 —7.71 (m, 4H, Hay), 7.61 — 7.49 (m, 4H, Ha)), 7.43 — 7.36 (m, 5H, Ha), 7.13 (d, J = 8.0 Hz,
1H, Hpy), 2.56 (s, 3H, 1/15), 2.12 (s, 3H, 1/15); *C{*H} NMR (101 MHz, DMSO-ds) d 158.4
(Car), 158.2 (Car), 156.4 (Car), 154.7 (Car), 149.3 (Car), 146.7 (Car), 138.0 (7), 134.0 (Car-H),
131.6 (Car-H), 131.5 (Car-H), 129.2 (Car-H), 129.10 (Car-H), 129.0 (Car-H), 128.90 (Car-H),
128.3 (Car-H), 125.9 (Ca-H), 123.3 (Ca-H), 120.0 (Ca-H), 118.1 (Car-H), 90.9 (12), 24.2 (1/15),
21.0 (1/15). The peak corresponding to C(19) was not detected.; HRMS (ESI)
(C27H22N2AU*Cl,) [M-CI]*: cacld: 641.0820; found: 641.0842; Anal. Calcd. for C27H22N2AuCls:
C 47.93, H 3.28, N 4.14; found: C 47.64, H 3.16; N 4.31.

Compound 189 and 195

189a R' = Ph, R? = {Bu
189b R! = Bu, R? = Ph 195

To a solution of HAuClsH2O (15 mg, 0.045 mmol, 1.0 equiv.) in methanol (0.5 ml), a solution
of 97a (16 mg, 0.045 mmol, 1.0 equiv.) in methanol (0.5 ml) was added. The mixture was
heated at reflux. After 30 min a yellow precipitate started to form. After a total of 130 min, a
yellow solid was isolated by filtration, washed with MeOH and dried in vacuo to yield 189 as
0.17:1 mixture of 189a:189b (6 mg, 20%) as a yellow solid. The remaining filtrate was
concentrated to yield 195 (18 mg, 60%) as a yellow solid. Crystals of 189a and 189b suitable
for X-ray crystallography were obtained by vapour diffusion of dichloromethane/CHCIs solution

with cyclohexane (see page 241).
Spectral analysis of 0.5:1 mixture of 189a:189b isomers for *H NMR and 1:0.4 for *C NMR.

189: IH NMR (400 MHz, DMSO-ds) 5 8.58 — 8.51 (m, 1H, 189b), 8.46 (d, J = 8.2 Hz, 1H, 189b),
8.41 (t, J = 7.9 Hz, 1H, 189a), 7.71 — 7.63 (m, 4H, 189a-b), 7.58 (t, J = 7.3 Hz, 1H, 189a-b),
7.54-7.46 (m, 1H, 189a), 7.36 (t, J = 5.6 Hz, 2H, 189a-b), 7.30 (dd, J = 7.6, 3.3 Hz, 2H, 189a-
b), 6.76 (d, J = 8.0 Hz, 1H, 189b), 6.69 (d, J = 7.9 Hz, 1H, 189a), 2.61 (s, 3H, 189a), 2.60 (s,
3H, 189b), 2.14 (s, 3H, 189a), 2.03 (s, 3H, 189b), 1.64 (s, 9H, 189b), 1.54 (brs, 9H, 189a);
BC{*H} NMR (101 MHz, DMSO-ds) & 158.1 (189b), 156.8 (189b), 156.5 (189b), 156.3 (189b),
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156.1 (189a), 155.1 (189b), 154.8 (189a), 154.2 (189b), 152.7 (189b), 151.7 (189b), 150.5
(189b), 146.0 (189b), 145.2 (189a), 139.2 (189a), 139.0 (189b), 138.1 (189b), 136.8 (189a),
133.2 (189a), 132.3 (189b), 129.3 (189b), 129.0, 128.8, 127.0 (189a), 125.4 (189b), 123.3
(189a), 123.1,123.1,122.4, 120.4 (189b), 117.4 (189a), 97.4 (189a), 89.4 (189b), 43.1 (189a),
32.8 (189b), 30.0 (189b), 29.2 (189a), 24.2 (189a), 24.1 (189b), 23.9 (189a), 21.3 (189b). The
peak corresponding to carbon atom bonded to Au was not detected.; HRMS (ESI)
(C2sH26N2AUCly) [M-CI]*: cacld: 621.1130; found: 621.1160; Anal. Calcd. for CasHzsN2AUCls:
C 45.73, H 3.99, N 4.27; found: C 45.53, H 3.83; N 4.33.

195: *H NMR (500 MHz, MeOD-d4) & 8.17 (t, J = 7.8 Hz, 1H, 4/18), 8.11 (t, J = 7.8 Hz, 1H,
4/18), 7.68 (d, J = 7.8 Hz, 1H, Hpy), 7.64 (d, J = 7.8 Hz, 1H, Hpy), 7.59 (d, J = 7.8 Hz, 2H, Ha),
7.47 — 7.43 (m, 2H, Ha), 7.42 — 7.35 (m, 3H, Hay), 2.75 (s, 3H, 1/20), 2.74 (s, 3H, 1/20), 1.36
(s, 9H, 9); BC{*H} NMR (101 MHz, MeOD-d4) d 208.4 (10), 158.4 (Car), 158.1 (Ca), 156.6
(Car), 153.0 (Car), 152.5 (Car), 144.0 (Cpy-H), 143.2 (Cpy-H), 134.5 (Cpy-H), 130.3 (Cpn-Hy),
130.0 (15), 129.0 (Cen-H2), 126.7 (Cpy-H), 126.3 (Cpy-H), 124.5 (Cpy-H), 120.1 (7/11), 111.5
(7/11), 37.5 (8), 30.1 (9), 22.3 (1/20), 22.1 (1/20); HRMS (ESI) (C25H27CIsN2Au) [M+H]*: cacld:
657.0900; found: 657.0950; Anal. Calcd. for Czs5H265°ClasN2Au (195+0.5CHCIs): C 42.79, H
3.74, N 3.92; found: C 43.01, H 3.82, N 3.93.

Chapter IV - Isomerisation of complexes 187a and 187b - kinetic experiments

A sample of 187 in CDClIs of initial concentration of 0.067M and ratio 1:0.12 187a:187b was
submitted to a series of *H NMR experiments at 10 min intervals until 2 h, then 30 min intervals
until 6 h, then every hour until 10 h. The last two points were recorded at 48 and 77 h. The
ratio of both species in solution was determined by comparison of integration of the signals at
6.79 ppm (187a) and at 8.49 ppm (187b). The corresponding concentrations of 187a:187b
were plotted vs time till the total disappearance of the 187a isomer (see Section IV b. 4., page
97).

Chapter IV - Attempts to derivatise Au(l) complex 187b

HNTf, experiment

To a solution of 187b (18 mg, 0.031 mmol, 1.0 equiv.) in anhydrous dichloromethane (0.5 ml),
HNTf2 (13 mg, 0.046 mmol, 1.5 equiv.) was added at rt. After a few minutes, a black precipitate
started to form. The starting material was consumed after 3 d of stirring at rt. The reaction
mixture was filtered through Celite. The filtrate was washed twice with water and agueous
washings were then extracted back with more dichloromethane (x 3). The combined organic
layers were washed with brine, dried over MgSO4 and concentrated in vacuo to yield 8 mg of

pink solid. This residue was redissolved in dichloromethane and layered with Et,O, but no

233



X. Experimental Section

precipitation was observed. Upon slow evaporation of solvents yellow crystalline solid appear.
Crystals of good quality for X-ray diffraction were isolated and analysed. The sample contained
crystals of Au(lll) analogue of starting material 189b and no protodemetallation products were
identified.

lodination

Reaction of 187b (9 mg, 0.015 mg, 1.0 equiv.) with I> (8 mg, 0.032 mmol, 2.1 equiv.) in
dichloromethane (0.5 ml) resulted in complete conversion of SM within 3.5 h. Two products
were isolated together as seen on *H NMR, but unsuccessful attempts of their separation

hindered the full characterisation.

Reaction of 187b (11 mg, 0.019 mmol, 1.0 equiv.) with NIS (5 mg, 0.021 mmol, 1.1 equiv.) in
dichloromethane (0.6 ml) resulted in complete conversion of SM within 6.5 h, but analysis of

the reaction mixture revealed decomposition of the material.

Oxidation experiments

Prolonged reactions of 187b (15 mg, 0.026 mmol, 1.0 equiv.) with oxidation agents such as
MnO: (9 mg, 0.10 mmol, 4.1 equiv.), Dess-Martin periodinane (13 mg, 0.031 mmol, 1.3 equiv.)
and pyridine N-oxide (3.4 mg, 0.035 mmol,1.3 equiv.) in dichloromethane (0.5 ml) resulted in
isolation of unreacted starting material with the exception of Dess-Martin reaction where traces

of 189b were also isolated.

Chapter IV - Isomerisation of complexes 189a and 189b - kinetic experiments

A sample of 189 in DMSO-ds of initial ratio 0.75:1 189a:189b was submitted to the series of 12
H NMR experiments with 1 h interval. The ratio of both species in solution was determined by
comparison of integration of the signals at 6.76 ppm (189b) and at 6.69 ppm (189a). The

observed ratio of the two species did not change in the timescale of the experiment.
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Figure 58 'H NMR spectra of the isomerisation reaction of 189 in DMSO-ds at rt over 11 h —

expansion of region from 6.5 to 9 ppm.

Chapter IV - X-ray structure determination

Data for complexes 184, 187b, 194, 189b and 179 was collected and analysed by Dr David
Hughes at University of East Anglia. Data for compound 141 was collected and analysed by
Dr J. Christensen at UK National Crystallography Service (University of Southampton).
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Compound 141
/ — 10

c15
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C13
C14

Figure 59 ORTEP representation of X-ray structure of compound 141 indicating the numbering

scheme (Hs omitted). Thermal ellipsoids are drawn at the 50% probability level.

Complex 172

Figure 60 ORTEP representation of X-ray structure of complex 172 indicating the numbering scheme

(Hs omitted). Thermal ellipsoids are drawn at the 50% probability level.

Complex 179

The platinum atom shows an approximately square planar, fourfold configuration with the two

chloride ligands and the chelating N(1)---C(9) group; the second nitrogen atom, N(22), is not

bound to the Pt centre, but forms a pyridinium group which is the donor group in a good
intramolecular hydrogen bond, N(22)-H(22)...CI(1), Figure S12. The methine H atom of the
solvent (chloroform) molecule is the donor in the C(41)-H(41)...Cl(2)#2 hydrogen bond.
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The C(3)-C(4) bond lies over a neighbouring symmetry-related group with a T...11 interaction.
On the opposite side of this pyridinyl ring, one of the methyl groups of the t-butyl
(intramolecular) group folds over C(2) with a short C(2)-H(34a) distance of 2.61 A. The C(5)-
H(5) bond is directed towards the centre of the C6 ring of C(11-16) of a neighbouring molecule,
with the shortest H...C distance at 2.88 A. In the pyridinium ring, a neighbouring solvent
chlorine atom, Cl(43), makes a close contact with C(21) at 3.525 A.

Figure 61 ORTEP representation of a molecule of complex 179, indicating the atom numbering
scheme and the hydrogen bond (Hs omitted). Thermal ellipsoids are drawn at the 50% probability

level.

Complex 184

The principal plane of this molecule comprises the CgHsN ring system, with the methyl group
of C(7), the Au centre, the chloride ligand and C(11) (Figure 62). The normal to the plane of
the phenyl ring of C(11-16) is 53.70(11)° from that of the five-membered (pyrrole) ring, and
C(10) has a tetrahedral arrangement with the phenyl ring of C(21) and the pyridyl ring of C(31)
displaced out of the pyrrole ring plane. The ortho C(22)-H(22) group folds over the face of the
pyrrole ring forming close contacts of 2.58 and 2.61 A with C(9) and C(10).

The Au atom has an approximately linear arrangement of the chloride ligand and C(9) of the

pyrrole ring.
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Figure 62 ORTEP representation of a molecule of complex 184, indicating the atom numbering
scheme (Hs omitted). Thermal ellipsoids are drawn at the 50% probability level.

The shortest intermolecular contacts appear to involve the chloride ligand, with several

aromatic C-H groups forming weak hydrogen bonds; the closest H...Cl distance is 2.86 A. A

view of the molecular packing is shown in Figure 63.

\{\f\ ; {\‘ /’
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Figure 63 View of the packing along the c axis in 184.

Complex 187b

Compound 187b showed chirality, i.e. all the molecules are identical, each with an asymmetric

centre at C(10). There were no molecules of the inverted structure/mirror image found in the

selected crystal. This crystal shows polarity: all the molecules point in the same direction,
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spiralling around a 4: symmetry axis. The absolute structure (Flack x) parameter was -

0.0125(19) and the correct chirality (S) is shown in Figure 64 and Figure 65.

There is no reason for this complex to be enantiomerically pure, and perhaps there were
crystals in the sample which are of the opposite enantiomer — but we were not able to detected
any by the simple methods available, e.g. via looking for crystals with mirror-image

morphologies.

Figure 64 ORTEP representation of a molecule of 187b, indicating the atom numbering scheme (Hs

omitted). Thermal ellipsoids are drawn at the 50% probability level.
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Figure 65 View of the packing along the a axis in 187b.

Complex 194

The principal plane of this molecule comprises the CgHsN ring system, with the methyl group
of C(7), the Au centre, the chloride ligand and C(11) (Figure 66). The normal to the plane of
the phenyl ring of C(11-16) is 53.70(11)° from that of the five-membered (pyrrole) ring, and
C(10) has a tetrahedral arrangement with the phenyl ring of C(21) and the pyridyl ring of C(31)
displaced out of the pyrrole ring plane. The ortho C(22)-H(22) group folds over the face of the
pyrrole ring forming close contacts of 2.58 and 2.61 A with C(9) and C(10).

The Au atom has an approximately linear arrangement of the chloride ligand and C(9) of the

pyrrole ring.
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Figure 66 ORTEP representation of a molecule of 194, indicating the atom numbering scheme (Hs

omitted). Thermal ellipsoids are drawn at the 50% probability level.

The shortest intermolecular contacts appear to involve the chloride ligand, with several
aromatic C-H groups forming weak hydrogen bonds; the closest H...Cl distance is 2.86 A. A

view of the molecular packing is shown in Figure 67.

Figure 67 View of the packing along the a axis in 194.
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Complex 189b
189b (Figure 68) is structurally very similar to 194.

[l
~z C37

Il
ce _ It

Figure 68 ORTEP representation of a molecule of 189b, indicating the atom numbering scheme (Hs
omitted). Thermal ellipsoids are drawn at the 50% probability level.

Complex 189a

Figure 69 ORTEP representation of a molecule of 189a, indicating the atom numbering scheme (Hs
omitted). Thermal ellipsoids are drawn at the 50% probability level.
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Chapter V - Catalytic experiments — preparation of starting materials and

general procedures

Compound 209c

An oven-dried round bottom flask was charged with trans-1,3-diphenyl-2-propen-1-ol (525 mg,
2.50 mmol, 1.0 equiv.) and placed under inert atmosphere. Anhydrous dichloromethane (5.25
ml) was added, followed by EtsN (0.7 ml, 5.0 mmol, 2.0 equiv.). Acetic anhydride (0.47 ml, 5.0
mmol, 2.0 equiv.) was added at 0 °C in portions. The reaction mixture was warmed to rt and
left stirring overnight. Then, it was quenched with water and the aqueous layer was separated.
The organic phase was washed with NaHCO3yq) twice, then with water and brine and dried
over MgSOs, filtered and concentrated in vacuo. Purification by column chromatography
(Pet/AcOEt 19:1) yielded 209c (502 mg, 80%) as a colourless oil.

'H NMR (400 MHz, CDCls3) d 7.44 — 7.35 (m, 6H, Hpn), 7.34 — 7.28 (m, 3H, Hepn), 7.27 — 7.21
(m, 1H, Hpp), 6.64 (d, J = 15.7 Hz, 1H, 5), 6.45 (d, J = 6.9 Hz, 1H, 7), 6.35 (dd, J = 15.7, 6.9
Hz, 1H, 6), 2.14 (s, 3H, 13).

The characterisation data is in agreement with previously reported.?!

Compound 211c

[Pd(allyl)Cl]2 (2 mg, 0.005 mmol, 0.0025 equiv.) and PPhs (5 mg, 0.02 mmol, 0.1 equiv.) were
placed under N, anhydrous dichloromethane (0.5 ml) was added and the mixture stirred at rt
for 30 min. Ester 209¢ (50 mg, 0.20 mmol, 1.0 equiv.) in anhydrous dichloromethane (0.5 ml)
was added followed by dimethyl malonate (79 mg, 0.60 mmol, 3.0 equiv.),
bis(trimethylsilyl)acetamide (BSA, 0.15 ml, 0.60 mmol, 3.0 equiv.) and NaOAc (0.3 mg, 0.004

mmol, 0.02 equiv.). The reaction mixture was stirred at rt for 3 h and then quenched with
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NH4Clagy. The organic phase was separated, washed with NH4Claq) (X 3), followed by water
and brine, dried over MgSOQs., filtered and concentrated in vacuo. Purification by column
chromatography (Pet/AcOEt 6:1) yielded 211c (39 mg, 60%) as a yellow oil contaminated with
dimethyl malonate.

IH NMR (500 MHz, CDCls) & 7.34 — 7.25 (m, 8H, Hpn), 7.23 — 7.19 (m, 2H, 1, 11), 6.49 (d, J =
15.7 Hz, 1H, 5), 6.33 (dd, J = 15.7, 8.6 Hz, 1H, 6), 4.29 — 4.23 (m, 1H, 7), 3.95 (d, J = 10.9 Hz,
1H, 12), 3.70 (s, 3H, 16), 3.52 (s, 3H, 14).

The characterisation data is in agreement with previously reported.24

Compound 216

216

[Pd(allyD)Cl]2 (10 mg, 0.027 mmol, 0.5 equiv.) was added to a solution of allene 97b (20 mg,
0.053 mmol, 1.0 equiv.) in anhydrous dichloromethane (1.3 ml) at rt. The reaction mixture
changed from colourless to yellow. After 40 min of stirring the solution was filtered through a
cotton wool plug to remove solid impurities, washed with more dichloromethane and

concentrated in vacuo to afford 216 (29 mg, > 99%) as an orange solid.
See Appendix A for 2D NMR spectra.

'H NMR (400 MHz, CDCl3) 8 7.45 (t, J = 7.8 Hz, 1H, Hpy), 7.29 (t, J = 6.8 Hz, 2H, Hpn), 7.11
(tt, J = 14.8, 7.6 Hz, 8H, Hpr), 6.87 (d, J = 7.6 Hz, 1H, Hpy), 6.79 (t, J = 7.6 Hz, 1H, Hpy), 6.44
(d, J = 7.8 Hz, 1H, Hpy), 6.25 — 6.13 (m, 1H, 19), 5.95 (d, J = 7.8 Hz, 1H, Hpy), 5.83 (d, J = 7.6
Hz, 1H, Hpy), 5.06 (d, J = 10.1 Hz, 1H, 20), 4.87 (d, J = 16.3 Hz, 1H, 20), 3.17 (s, 3H, 1/26),
3.14 (m, 1H, 18), 3.12 (s, 3H, 1/26), 2.63 (dd, J = 13.4, 8.0 Hz, 1H, 18); 3C{*H} NMR (101
MHz, CDCI3) & 183.3 (12), 175.5 (Car), 169.9 (Ca/), 162.0 (Car), 160.7 (Car), 146.0 (Car), 141.6
(Car), 138.2 (Cpy-H), 138.0 (Car-H), 136.0 (7), 133.9 (19), 130.2 (Cpy-H), 129.3 (Ca-H), 128.4
(Cpy-H), 128.3 (Ca-H), 128.1 (Car-H), 127.4 (Car-H), 127.0 (Car-H), 126.9 (Ca-H), 124.1 (Car
H), 122.5 (Cpy-H), 121.4 (Cpy-H), 118.6 (20), 117.6 (Cpy-H), 69.3 (13), 44.8 (18), 27.9 (1/26),
27.2 (1/26); HRMS (ESI) (C3oH27N2%Pd) [M-CI]*: cacld: 521.1204; found: 521.1205; Anal.
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Calcd. for Ca1.4H28.4N2PdCls 2 (216+1.3CHCIz): C 52.25, H 3.97, N 3.88; found: C 52.07, H 3.96;
N 4.25.

General procedure for the Mizoroki-Heck coupling[#?

The corresponding Pd catalyst (0.005 mmol, 0.02 equiv.) and HCOONH, (0.025 mmol, 0.1
equiv.) were placed under N.. Anhydrous DMF (0.25 ml) was added, followed by aryl halide
(0.25 mmol, 1.0 equiv.), iPr.EtN (48mg, 0.38 mmol, 1.5 equiv.) and styrene (31 mg, 0.30 mmol,
1.2 equiv.). The reaction was heated at 80 °C for 16-19 h (overnight) and then cooled to rt,
diluted with AcOEt and extracted with ice water (x 5). The organic phase was washed with
brine, dried over MgSO, filtered and concentrated in vacuo to yield 220c without further

purification.

Compound 220c

220c

IH NMR (400 MHz, CDCls) & 7.53 — 7.51 (m, 4H, 3), 7.39 — 7.33 (m, 4H, 2), 7.29 — 7.24 (m,
2H, 1), 7.12 (s, 2H, 5); 3C{*H} NMR (101 MHz, CDCls) & 137.5 (4), 128.8 (5), 128.8 (2), 127.8
(1), 126.7 (3).

The characterisation data is in agreement with previously reported.#?®!

Compound 200b“?7]

Dimethyl propargylmalonate 255 (1.02 g, 6.00 mmol, 1.0 equiv.) was added dropwise to a
suspension of NaH (60% suspension in oil, 288 mg, 7.20 mmol, 1.2 equiv.) in anhydrous THF
(7.7 ml) at 0 °C under N2. Evolution of gas was observed, and the solution turned bright orange.
After 5 min, 3,3-dimethylallyl bromide 256a (0.83 ml, 7.2 mmol, 1.2 equiv.) was added dropwise
at 0 °C. The solution changed to a yellow suspension that was allowed to warm to rt and stirred

for 5.5 h. The mixture was then quenched with water, and the aqueous layer was separated
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and extracted with Et.O. The combined organic layers were dried over MgSOy, filtered and
concentrated in vacuo. Purification by column chromatography (Pet/AcOEt 7:1) yielded 200b
(1.428 g, > 99%) as a colourless oil.

IH NMR (400 MHz, CDCls) & 4.91 — 4.85 (m, 1H, 4), 3.72 (s, 6H, 11), 2.79 — 2.75 (m, 4H, 5,
7),1.99 (t, J = 2.7 Hz, 1H, 9), 1.68 (d, J = 1.0 Hz, 3H, 1/2), 1.64 (s, 3H, 1/2); *C{*H} NMR (101
MHz, CDCls) & 170.6 (10), 137.1 (3), 117.1 (4), 79.4 (8), 71.3 (9), 57.3 (6), 52.8 (11), 30.9 (5),
26.2 (2), 22.6 (7), 18.0 (1).

The characterisation data is in agreement with previously reported.28l

Compound 258al*?

3 4
0
L2 Sg—NH 123 N (\3\ /_/>7
T e
6\_\>879 O 6\_\>879

258a 10 258b 10

p-Toluenesulfonamide 257 (2.50 g, 14.6 mmol, 1.0 equiv.) in anhydrous DMF (10.0 ml) was
added dropwise to a suspension of NaH (60% suspension in oil, 584 mg, 1.46 mmol, 1.0
equiv.) in anhydrous DMF (15.0 ml) at O °C under N». Evolution of gas was observed. After 5
min 3,3-dimethylallyl bromide 256a (1.70 ml, 14.6 mmol, 1.0 equiv.) was added dropwise at O
°C. The solution was allowed to warm to rt and stirred for 22 h. The reaction was then quenched
with water, and the aqueous layer was separated and extracted with AcOEt. The combined
organic layers were washed with ice water (x 5) and brine, dried over MgSQy,, filtered and
concentrated in vacuo. Purification by column chromatography (Pet/AcOEt 9:1) yielded 258a
(1.078 g, 31%) as a colourless oil and 258b (1.10 g, 24%) as a yellow oil.

258a: 'H NMR (400 MHz, CDCls) 8 7.75 (d, J = 7.5 Hz, 2H, 4), 7.29 (d, J = 7.5 Hz, 2H, 3), 5.03
(m, 1H, 7), 4.59 (brs, 1H, -NH), 3.51 (d, J = 6.3 Hz, 2H, 6), 2.41 (s, 3H, 1), 1.60 (s, 3H, 9/10),
1.51 (s, 3H, 9/10); *C{*H} NMR (101 MHz, CDCls) & 143.4 (2), 137.5 (5), 137.2 (8), 129.7 (3),
127.3 (4), 119.0 (7), 41.1 (6), 25.6 (9), 21.6 (1), 17.9 (10).

The characterisation data is in agreement with previously reported.3%

258b: 'H NMR (400 MHz, CDCl3) 8 7.64 — 7.59 (m, 2H, 4), 7.21 (d, J = 8.5, 0.6 Hz, 2H, 3), 4.92
(m, 2H, 7), 3.69 (d, J = 6.9 Hz, 4H, 6), 2.35 (s, 3H, 1), 1.58 (d, J = 0.9 Hz, 6H, 9/10), 1.50 (s,
6H, 9/10).

The characterisation data is in agreement with previously reported.31
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Compound 200al*??
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258a (1.048 g, 4.38 mmol, 1.0 equiv.) in anhydrous DMF (10.0 ml) was added dropwise to a
suspension of NaH (60% suspension in oil, 228 mg, 5.70 mmol, 1.3 equiv.) in anhydrous DMF
(5.0 ml) at 0 °C under N.. Evolution of gas was observed. After 5 min propargyl bromide 256b
(80% in toluene, 0.51 ml, 4.6 mmol, 1.05 equiv.) was added dropwise at 0 °C. The colour of
the solution changed from yellow to brown. The mixture was allowed to warm to rt and stirred
for 3.5 h. It was then quenched with water, and the aqueous layer was separated and extracted
with AcOEt. The combined organic layers were washed with ice water (x 5), and brine, dried
over MgSOs, filtered and concentrated in vacuo. Purification by column chromatography
(Pet/AcOEt 19:1) yielded 200a (1.011 g, 83%) as a white solid and 259 (85 mg, 7%) as a

yellow oil.

200a: *H NMR (400 MHz, CDCls) & 7.76 — 7.71 (m, 2H, 4), 7.29 (d, J = 7.9 Hz, 2H, 3), 5.13 —
5.07 (m, 1H, 7), 4.07 (d, J = 2.5 Hz, 2H, 11), 3.81 (d, J = 7.3 Hz, 2H, 6), 2.42 (s, 3H, 1), 1.98
(t, J = 2.5 Hz, 1H, 13), 1.72 (d, J = 0.9 Hz, 3H, 9/10), 1.67 (d, J = 0.6 Hz, 3H, 9/10); 3C{*H}
NMR (101 MHz, CDCls) & 143.5 (2), 139.2 (8), 136.3 (5), 129.5 (3), 128.0 (4), 118.1 (7), 77.2
(12), 73.5 (13), 44.1 (6), 35.5 (11), 26.0 (9), 21.7 (1), 18.0 (10).

The characterisation data is in agreement with previously reported.32

259: 'H NMR (400 MHz, CDCls) & 7.69 — 7.65 (m, 2H, 4), 7.30 (d, J = 8.0 Hz, 2H, 3), 6.80 (t, J
= 6.2 Hz, 1H, 11), 5.25 (d, J = 6.2 Hz, 2H, 13), 5.00 (m, 1H, 7), 3.76 (d, J = 6.6 Hz, 2H, 6), 2.42
(s, 3H, 1), 1.62 (d, J = 1.1 Hz, 3H, 9/10), 1.59 (s, 3H, 9/10); *C{*H} NMR (101 MHz, CDCls) &
201.7 (12), 143.7 (2), 136.0 (8), 136.0 (5), 129.7 (3), 127.4 (4), 119.0 (7), 100.0 (11), 87.3 (13),
44.9 (6), 25.8 (9), 21.7 (1), 18.2 (10); HRMS (ASAP) (C1sH20NO2S) [M+H]*: cacld: 278.1215;
found: 278.1216.

General procedure for metal-catalysed cyclisation of enynes 200a and 200b

The catalyst (2-3 mol%) and AgNTf, (where applicable) were placed under N, and the
corresponding solvent (0.5 ml) was added. The mixture was stirred at 25 °C for 5 min. The
corresponding enyne (0.1 mmol, 1.0 equiv.) in the same solvent (1.0 ml) was added. Stirring

continued for indicated amount of time at indicated temperature. The reaction mixture was
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filtered through a pad of Celite and concentrated in vacuo. The residue was analysed by H

NMR to determine the ratio of isomeric products.

Compound 202a

202a

IH NMR (400 MHz, CDCls) & 5.72 (s, 1H, 8), 5.37 (s, 1H, 5), 3.72 (s, 6H, 1), 3.18 (d, J = 1.7
Hz, 2H, 4), 3.03 (s, 2H, 7), 1.81 (s, 3H, 10/11), 1.77 (s, 3H, 10/11); 3C{!H} NMR (101 MHz,
CDCls) 8 172.7 (2), 138.8 (9), 135.8 (6), 124.5 (8), 120.7 (5), 59.4 (3), 52.9 (1), 43.4 (4), 40.4
(7), 27.4 (10), 19.9 (11).

The characterisation data is in agreement with previously reported.33

Compound 202b

202b

In 1:0.6 mixture of 202b:202a.

IH NMR (400 MHz, CDCls) & 5.80 (s, 1H, 7), 5.59 (s, 1H, 8), 3.72 (s, 6H, 1), 2.65 (t, J = 6.5
Hz, 2H, 5), 2.50 — 2.43 (m, 2H, 4), 1.83 (s, 3H, 10/11), 1.80 (s, 3H, 10/11).

The characterisation data is in agreement with previously reported.28?

Compound 202c

202¢ 7

In 1:0.33:1 mixture of 202c:202a:200b.
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IH NMR (400 MHz, CDCls) & 5.01 (d, J = 2.0 Hz, 1H, 10), 4.83 (d, J = 1.1 Hz, 2H, 8), 4.79 (dd,
J=4.4,20Hz, 1H, 10), 3.73 (s, 6H, 1), 3.31 — 3.23 (m, 1H, 5), 3.04 (d, J = 1.5 Hz, 1H, 11),
2.96 — 2.87 (m, 1H, 11), 2.52 (ddd, J = 13.0, 7.8, 1.5 Hz, 1H, 4), 2.12 (dd, J = 13.0, 11.3 Hz,
1H, 4), 1.64 (s, 3H, 7).

The characterisation data is in agreement with previously reported.?34

Compound 201a:201b:201c:201d 1:0.08:0.08:0.01

o) o}
I N\ Q S n /— ?
sN S—N \ =N OS—N
o \ o o o
201a 201b 201¢ 201d

IH NMR (400 MHz, CDCls) 8 7.74 — 7.70 (m, 2H, 201b), 7.67 — 7.62 (m, 2H, 201a), 7.33 — 7.30
(m, 2H, 201b,c), 7.28 — 7.25 (m, 2H, 201a), 6.59 (d, J = 8.4 Hz, 1H, 201c), 6.34 (dt, J = 10.3,
2.1 Hz, 1H, 201a), 5.61 (s, 1H, 201b), 5.52 (dt, J = 10.3, 3.6 Hz, 1H, 201a), 5.38 (s, 1H, 201b),
5.06 (dd, J = 8.4, 4.8 Hz, 1H, 201c), 5.01 (d, J = 2.1 Hz, 1H, 201d), 4.87 — 4.85 (m, 1H, 201d),
4.84 — 4.82 (m, 1H, 201d), 4.80 (m, 1H, 201d), 4.23 (d, J = 2.7 Hz, 2H, 201b), 4.13 (s, 2H,
201b), 3.90 (s, 2H, 201a), 3.76 (s, 2H, 201a), 3.48 (dd, J = 12.2, 1.5 Hz, 1H, 201c), 3.36 (dd,
J=12.2, 6.0 Hz, 1H, 201c), 2.42 (s, 3H, 201b,c), 2.41 (s, 3H, 201a), 1.76 (s, 3H, 201a), 1.74
(s, 3H, 201b), 1.66 (s, 3H, 201a), 1.05 (s, 3H, 201c), 1.02 (d, J = 1.1 Hz, 1H, 201c), 0.97 (dd,
J=8.8, 4.8 Hz, 1H, 201c), 0.73 (s, 3H, 201c).

The characterisation data is in agreement with previously reported.[282435436]

General procedure for metal-catalysed alkoxycylisation of enynes 200a and 200b

The catalyst (amount indicated) and AgNTf, were placed under N, and MeOH (0.5 ml) was
added. The mixture was stirred for 5 min. The corresponding enyne (0.1 mmol, 1.0 equiv.) in
MeOH (1.0 ml) was added. Stirring at indicated temperature continued for 16-24 h. The
reaction mixture was filtered through a pad of Celite and concentrated in vacuo. The residue

was analysed by *H NMR to determine ratio of isomeric products.

Compound 203a

N 12

o 4 5"

o~ 9
203a 7

IH NMR (400 MHz, CDCls) & 5.04 — 5.01 (m, 1H, 11), 4.98 — 4.95 (m, 1H, 11), 3.72 (s, 3H, 1),
3.71 (s, 3H, 1), 3.18 (s, 3H, 9), 2.93 — 2.80 (m, 3H, 12, 5), 2.54 (ddd, J = 13.5, 8.5, 1.7 Hz, 1H,
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4), 2.00 (dd, J = 13.5, 9.3 Hz, 1H, 4), 1.17 (s, 3H, 7), 1.11 (s, 3H, 8):; 3C{*H} NMR (101 MHz,
CDCls) & 172.2 (2), 172.1 (2), 148.3 (10), 110.7 (11), 76.9 (6), 58.7 (3), 52.9 (1), 52.8 (1), 49.2
(5), 49.1 (9), 43.5 (12), 36.1 (4), 22.8 (9), 22.3 (8).

The characterisation data is in agreement with previously reported.37]

Compound 203c

3 4 o 13 11
1 2 5 |l
TN
O 6
0~ 10
203c 8

In 1:0.8 mixture of 203c:200a.

IH NMR (400 MHz, CDCls) & 7.75 — 7.67 (m, 2H, 4), 7.32 (d, J = 8.0 Hz, 2H, 3), 5.03 (s, 2H,
12), 3.77 (s, 2H, 13), 3.39 (dd, J = 10.1, 4.4 Hz, 1H, 6), 3.26 (m, 1H, 6), 3.09 (s, 3H, 10), 2.82
—2.76 (M, 1H, 7), 2.42 (s, 3H, 1), 1.11 (s, 3H, 8/9), 1.00 (s, 3H, 8/9).

The characterisation data is in agreement with previously reported.3®!

Compound 268a

(@]
5 7 1 12
13
NN o 10
4 6 ;
3 9
(6]
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268a

Au(PPh3)CI (3 mg, 0.007 mmol, 0.05 equiv.) and AgNTf, (3 mg, 0.007 mmol, 0.05 equiv.) were
placed under N, and dichloromethane (0.3 ml) was added. The reaction mixture was stirred at
25 °C for 5 min. A solution of allene 267 (25 mg, 0.13 mmol, 1.0 equiv.) in dichloromethane
(0.35 ml) was added, followed by benzyl alcohol (0.13 ml, 1.3 mmol, 10.0 equiv.). The reaction
was stirred at 25 °C for 22 h, and then filtered through a pad of Celite and concentrated in
vacuo. Column chromatography with Pet/AcOEt mixtures and dichloromethane as eluents did
not allow separation of product from the excess of benzyl alcohol. Purification by column
chromatography (PhMe/AcOEt 19:1) yielded 268a (34 mg, 88%) as a white solid.

IH NMR (400 MHz, CDCls) & 7.87 — 7.81 (m, 2H, 2), 7.73 — 7.68 (m, 2H, 1), 7.38 — 7.29 (m,
4H, 11, 12), 7.28 — 7.22 (m, 1H, 13), 5.89 — 5.76 (M, 2H, 6, 7), 4.48 (s, 2H, 9), 4.34 — 4.27 (m,
2H, 5), 4.00 (m, 2H, 8); *C{*H} NMR (101 MHz, CDCls) & 168.0 (4), 138.2 (10), 134.1 (1),
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132.2 (7), 130.4 (3), 128.5 (2 X Cpn-H), 127.8 (2 X Cen-H), 127.7 (13), 126.2 (6), 123.4 (2), 72.3
(9), 69.8 (8), 39.1 (5); HRMS (ASAP) (C1oH1sNO3) [M+H]*: cacld: 308.1287; found: 308.1288.

The characterisation data reported for the (Z)-isomer of 268a was not in agreement, hence the

structure of (E)-isomer proposed.43

General procedure for metal-catalysed addition to allenes

The catalyst (0.05 equiv.) and AgNTf, (amount indicated) were placed under N, and
dichloromethane (0.3 ml) was added. The reaction mixture was stirred at 25 °C for 5 min. A
solution of allene 267 (25 mg, 0.13 mmol, 1.0 equiv.) in dichloromethane (0.35 ml) was added,
followed by benzyl alcohol (0.13 ml, 1.3 mmol, 10.0 equiv.). The reaction was stirred at 25 °C
for the indicated amount of time, then filtered through a pad of Celite and concentrated in
vacuo. The ratio of products and conversions were calculated based on the *H NMR of the
crude reaction mixture or the products were isolated by column chromatography (PhMe/AcOEt
19:1).

Compound 268b

(0]
12
5 7 11 "
4 6
3 % 3 9
L

268b

'H NMR (500 MHz, CDCl3) & 7.84 (dd, J = 5.4, 3.0 Hz, 2H, 2), 7.71 (dd, J = 5.4, 3.0 Hz, 2H,
1), 7.34 (d, J = 4.4 Hz, 8H, 11, 12), 7.31 — 7.26 (m, 2H, 13), 4.78 (t, J = 4.5 Hz, 1H, 8), 4.66 (d,
J=11.7Hz, 2H,9), 456 (d, J = 11.7 Hz, 2H, 9), 3.72 (t, J = 6.5 Hz, 2H, 5), 1.85 — 1.78 (m, 4H,
6,7); 3C{*H} NMR (126 MHz, CDCl3) & 168.5 (4), 138.2 (10), 134.0 (1), 132.2 (3), 128.5 (2 x
Cen-H), 127.9 (2 x Cen-H), 127.7 (13), 123.3 (2), 101.8 (8), 67.5 (9), 37.8 (5), 30.9 (7), 24.1 (6);
HRMS (NSI) (C2sH20N204) [M+NH4]*: cacld: 433.2122; found: 433.2116; a fragment from C(8)-
O bond cleavage was also observed: (CigHisNO3) [M-OBn]*: cacld: 308.1281; found:
308.1283.
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Compound 269a

(@]
O H
6 /8
7
Ns
1N (4
2 0
269a

In 36.5:1.13:1.0 mixture of BhOH:268b:269a.

IH NMR (500 MHz, CDCls) § 9.77 (s, 1H, -COH), 7.84 (m, 2H, 2), 7.75 — 7.69 (m, 2H, 1), 3.74
(t, J=7.0 Hz, 1H, 5), 2.54 (t, J = 7.0 Hz, 1H, 7), 2.02 (p, J = 7.0 Hz, 1H, 6).

The characterisation data is in agreement with previously reported.#4%

Compound 268c

268c

Product 268c not stable enough for full characterisation and hydrolyses to 269b.

IH NMR (500 MHz, CDCls) & 7.87 — 7.82 (m, 2H, 2), 7.74 — 7.69 (m, 2H, 1), 7.40 — 7.34 (m,
8H, 11, 12), 7.30 (m, 2H, 13), 4.71 (s, 4H, 9), 3.96 (t, J = 7.3 Hz, 2H, 5), 2.88 (t, J = 7.3 Hz,
2H, 6), 1.25 (s, 3H, 8).

Compound 269b
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IH NMR (500 MHz, CDCls) & 7.86 — 7.82 (m, 2H, 2), 7.74 — 7.69 (m, 2H, 1), 3.96 (t, J = 7.4 Hz,
2H, 5), 2.88 (t, J = 7.4 Hz, 2H, 6), 2.19 (s, 3H, 8).

The characterisation data is in agreement with previously reported.4!
Chapter VI - Stability studies

Samples of 176 (0.4 ml, 0.036 mmol/ml), 175 (0.4 ml, 0.035 mmol/ml), 195 (0.5 ml, 0.027
mmol/ml) and 193 (0.5 ml, 0.24 mmol/ml) in DMSO-ds were submitted to a series of *H NMR
experiments at 2 h intervals for 48 h, then were collected once every 2-3 days for 12-13 days

since the initial sample preparation.

a) Complex 176
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Figure 70 Aliphatic region of the H NMR spectrum of 176 recorded in the space of 13 days.
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b) Complex 175
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Figure 71 Aliphatic region of the 'H NMR spectrum of 175 recorded in the space of 13 days.

c) Complex 195
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Figure 72 Aromatic region of the *H NMR spectrum of 195 recorded in the space of 12 days.
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Figure 73 Aliphatic region of the 'H NMR spectrum of 195 recorded in the space of 12 days.

d) Complex 193

Ratio of species in solution was calculated based on integration of singlet peaks at 2.60 ppm
(193), 2.56 ppm (194), 2.40 ppm (2864a), 2.37 ppm (286b), 2.32 ppm (286c¢).
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Figure 74 Aromatic region of the H NMR spectrum of 193 recorded in the space of 12 days.

Chapter VI - Antibacterial and antifungal assays

Experimental details of antibacterial and antifungal assays provided by our collaborators in
CO-ADD, University of Queensland, Australia can be found in Appendix D and are presented
as received.

Chapter VI - Anticancer assays
Cell culture, passage and count

MDA-MB-231 human breast adenocarcinoma cells were kindly provided by Dr Maria J. Marin
group in the School of Chemistry, UEA. The cells were routinely cultured in high glucose
DMEM phenol red-free medium supplemented with L-glutamine (1 %), FBS (10 %) and sodium
pyruvate (1 mM).

MDA-MB-231 cells were defrosted by rapidly warming of two cryo tubes containing 1 ml of the
cells each in a freezing medium, consisting of 9:1 complete cell culture medium and culture
grade DMSO mixture, in a water bath at 37 °C. The cells were transferred to a centrifuge tube
containing 8 ml of complete cell culture medium. They were centrifuged at 21 °C at 1,000

relative centrifugal force (rcf) for 5 min. Following centrifugation, the supernatant was
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discarded and the pellet containing the cells was resuspended in the complete cell culture
medium (12 ml) and transferred to a 75 cm? Nunc Easy flask. The cells were subcultured (1:4
—1:12) every 3-5 days, when they reached near confluence in the 75 cm? flasks. The culture
medium was discarded and the cells were washed with PBS-B buffer (5 ml). Phosphate
buffered saline for biological experiments (PBS-B) was prepared by dissolving 10 PBS tablets
in 1 | of Milli-Q water, followed by sterilisation by autoclaving. The cells were dislodged from
the flask’s bottom by addition of 5 ml of 0.25% trypsin-EDTA solution and incubation for 5 min
at 37 °C under a 5 % CO; atmosphere (trypsination). After that time the culture medium (5 ml)
was added and then removed by centrifugation at 800 rcf for 5 min at 21 °C. The pellet
containing the cells was resuspended in the complete cell culture medium (7 ml) and
transferred to two 75 cm? Nunc Easy flasks (3 ml of cells’ solution in each, completed with 9

ml of complete culture medium to a total of 12 ml in each flask) .

Cell count was achieved by trypsination and resuspension of the cells in 3 ml of complete
culture medium. The aliquot of cells’ solution (20 pl) was pipetted inside the chamber of the
Neubauer haemocytometer previously cleaned with 70% ethanol and covered with a coverslip.
The gridlines of the haemocytometer were observed under the microscope. The cells in the
four corner squares (consisting 16 squares each) were counted with a hand tally counter. The
average of the four sets was then multiplied by 10* to give the final result in cells per ml

(cells/ml).

Freezing for long-term storage

MDA-MB-231 cells were trypsinised and resuspended in a 10.5 ml of freezing medium (9:1
complete culture medium and DMSO of molecular biology grade). The cell suspension was
aliquoted in 1.8 ml Nunc cryo tubes (1 ml per tube). The cryo tubes were placed in a cryogenic
freezing container previously filled with isopropanol and stored at - 80 °C overnight. The
following day, the cryo tubes were removed from the cryogenic container and stored in a

sample box in liquid nitrogen.

In vitro chemosensitivity studies

Stock solutions of bis(pyridyl)allenes 97a-b and allene-derived complexes (20 mM) in DMSO
(molecular biology grade) were prepared and further diluted with complete culture medium to
obtain a range of desired concentrations. MDA-MB-231 cells were washed with PBS-B,
trypsinated and counted. The cell suspension of concentration of 2 x 10* cell/ml was prepared
and used to seed a number of 96-well round bottom plates. Black bottom plates were used for
CellTiter-Blue® assay and transparent plates were used for the MTT assay. Each well was
filled with 100 pl of cell suspension (2000 cells/well). The plates were incubated for 24 h at 37

°C at 5% CO.. After that time, 100 pl of solution of the drug in complete culture medium was
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added to each experimental well giving a total of 200 ul per well. Control wells were treated
with DMSO solution alone. Additionally, controls not containing cells were added (DMSO
solution in complete culture medium, 200 ul). Drug solutions were added so that the final
DMSO concentration did not exceed 0.5% (v/v). The plates were incubated for 24 h at 37 °C
at 5% CO..

CellTiter-Blue® (CTB) assay

After the incubation with the corresponding compound, 20 ul of CTB reagent was added to
each well and the plate was shaken for 10 s. The plate was returned to the incubator (37 °C,
5% COy) for 4 h. Fluorescence emission was the measured (excitation — 561 nm, emission —
594 nm). Background fluorescence was corrected by subtracting the average value of

fluorescence emission of cell-free wells (media controls).

MTT assay

After the incubation with the corresponding compound, 20 ul of a yellow MTT reagent (5mg/mi
in PBS-B buffer) was added to each well. The plate was returned to the incubator (37 °C, 5%
COy) for 3.5 h. The solution was then removed from each well with a pipette. 150 yl of DMSO
(molecular biology grade) was added to each well and the plate was shaken resulting in
colourless to bright pink solutions. The absorbance intensity was measured at 560 nm.
Background absorbance was corrected by subtracting the average value of absorbance

intensity of cell-free wells (media controls).

Cell survival was calculated as a percentage of non-treated cells. The half maximal inhibitory
concentration (ICso) values were determined from the plots of % cell survival vs concentration.
For results presented in the Figure 78 to Figure 81 statistical significance between means was
determined using a two-tailed Student’s t-test. P values < 0.05 were considered significant,

data points with P values > 0.05 are marked with red asterisk.
a) CellTiter-Blue® (CTB) assay — full library (Figure 75)

The experiment was carried out in technical triplicate.
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Figure 75 CTB assay results for the entire library of allene-derived metal complexes and
bis(pyridyl)allene ligands in the 0.19 — 100 yM range (left column: data from the technical triplicate

repeats, right column: data from the duplicate technical repeats).
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b) CellTiter-Blue® (CTB) assay — selected complexes (193, 194, 184, 171, Figure 76)

The experiment was carried out in technical triplicate and experimental duplicate.
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Figure 76 CTB assay results for complexes 193, 194, 184 and 171 at narrowed concentration range

(left column: first experimental repeat, right column: second experimental repeat).
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c) MTT assay - selected complexes at 0.19 — 100 uM range (193, 194, 184, 171, Figure

77)

The experiment was carried out in technical triplicate.
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Figure 77 MTT assay results for complexes 193, 194, 184 and 171 at 0.19 — 100 yM concentration

range.

Figure 78 to Figure 81)

d) MTT assay - selected complexes at narrowed concentration range (194, 193, 184, 171

The experiment was carried out in technical and experimental triplicate.
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Figure 78 MTT assay results for complexes 194 at narrowed concentration range: a) first experimental

repeat; b) second experimental repeat; c) third experimental repeat (from technical duplicate).
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Figure 79 MTT assay results for complexes 193 at narrowed concentration range: a) first experimental

repeat; b) second experimental repeat; c) third experimental repeat (some data points from technical

duplicate).
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Figure 80 MTT assay results for complexes 184 at narrowed concentration range: a) first experimental

repeat; b) second experimental repeat; c) third experimental repeat.
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Figure 81 MTT assay results for complexes 171 at narrowed concentration range: a) first experimental

repeat; b) second experimental repeat; c) third experimental repeat.
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Chapter VI - DNA studies

All experimental data presented in this section was provided by Waller's group (while still in
the School of Pharmacy at UEA, currently at UCL).

General Experimental

Custom oligonucleotides (Table 23) were purchased from Eurogentec and were HPLC purified.
Solid DNA samples were initially dissolved to give ~100 yM for labelled and 1 mM for
unlabelled oligonucleotides stock solutions in ultrapure water (18.2 MQ-cm); further dilutions
were carried out in the respective sodium cacodylate buffer. The oligonucleotides were dual-
labelled for FRET: the donor fluorophore 6 carboxyfluorescein (FAM) was attached at the 5’
end and the acceptor fluorophore 6 carboxytetramethylrhodamine (TAMRA) to the 3’ end.
Samples were prepared to give 400 nM oligonucleotide in 10 mM sodium cacodylate buffer at
the respective transitional pH for each sequence. Samples were thermally annealed by placing
in a heat block at 95°C for 5 minutes and then allowed to cool slowly to room temperature

overnight.

FRET-melting experiments

Table 23 Oligonucleotide sequences used for FRET melting experiments. The double stranded (DS)
sequence consists of two complementary 10 base sequences linked by an 18 unit hexaethylene glycol
(HEG) polymer.

Name Sequence modification-5" — 3-modification
hTeloC FAM-TAACCCTAACCCTAACCCTAACCC-TAMRA
DAP FAM-CCCCCGCCCCCGCCCCCGCCCCCGCCCCC-TAMRA
hif-1-a FAM-CGCGCTCCCGCCCCCTCTCCCCTCCCCGCGC-TAMRA
DS FAM-TATAGCTATA-HEG(18)-TATAGCTATA-TAMRA
hTeloG FAM-GGGTTAGGGTTAGGGTTAGGG-TAMRA

Strip-tubes (QlAgen) were prepared by aliquoting 10 pyL of the annealed DNA followed by
addition of 10 pL of solutions of the complexes in buffer at different concentrations (pH values
given). This gave a final volume of 20 pyL with 200 nM DNA and up to 5 equivalents (1 uM) of
complex across the samples. Control samples for each run were prepared with the same
guantity of DMSO with the DNA in buffer. Fluorescence melting curves were acquired in a
QIAgen Rotor Gene Q series PCR machine. Samples were held at 25°C for 5 minutes then
ramped to 95 °C in increments of 1 °C, holding the temperature at each step for 1 minute.
Measurements were made with excitation at 483 nm and detection at 533 nm. Experiments
were performed in triplicate with final analysis of the data carried out using QIAgen Rotor Gene
Q series software and Origin or Excel. T, values were determined using the first derivative of

the melting curves.
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a) carbene-type complexes (Figure 82 to Figure 86)

a) Complex 184 (HD-223)
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c) Complex 179 (HD-241)
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Figure 82 FRET-melting experiments using 0.2 yM hTeloC in 10 mM sodium cacodylate pH 6.0 with
different compounds as indicated in the key and sub-captions (a to e). Melting curves (left), first

derivatives (right).
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a) Complex 184 (HD-223)
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c) Complex 179 (HD-241)
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Figure 83 FRET-melting experiments using 0.2 yM DAP in 10 mM sodium cacodylate pH 7.0 with

different compounds as indicated in the key and sub-captions (a to e). Melting curves (left), first

derivatives (right).
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a) Complex 184 (HD-223)
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e) Complex 189 (as a mixture of 189a:189b, HD-264B)
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Figure 84 FRET-melting experiments using 0.2 yM hif-1-a in 10 mM sodium cacodylate pH 7.2 with

different compounds as indicated in the key and sub-captions (a to e). Melting curves (left), first

derivatives (right).
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c) Complex 179 (HD-241)
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Figure 85 FRET-melting experiments using 0.2 uM hTeloG in 10 mM sodium cacodylate pH 7.0 with

different compounds as indicated in the key. Me

Iting curves (left), first derivatives (right).
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a) Complex 184 (HD-223)
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c) Complex 179 (HD-241)
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Figure 86 FRET-melting experiments using 0.2 yM DS in 10 mM sodium cacodylate pH 7.0 with

different compounds as indicated in the key and sub-captions (a to e). Melting curves (left), first

derivatives (right).
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b) Allene ligands 97a-b and allene-containing complexes (Figure 87 to Figure 90)
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Figure 87 FRET-melting experiments using 0.2 uM hTeloC in 10 mM sodium cacodylate, 100 mM
KCI, pH 5.5 with compounds at 1.0 uM: a) run 1; b) run 2; ¢) run 3. Top graphs are melting curves,
bottom are first derivatives.
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Figure 88 FRET-melting experiments using 0.2 yM hif-1-a in 10 mM sodium cacodylate, 100 mM KClI,
pH 6.8 with compounds at 1.0 uM: a) run 1; b) run 2; ¢) run 3. Top graphs are melting curves, bottom

are first derivatives.
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Figure 89 FRET-melting experiments using 0.2 hTeloG in 10 mM sodium cacodylate, 100 mM KCI, pH

7.0 with compounds at 1.0 uM: a) run 1; b) run 2; ¢) run 3. Top graphs are melting curves, bottom are

first derivatives.
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Figure 90 FRET-melting experiments using 0.2 DS in 10 mM sodium cacodylate, 100 mM KCI, pH 7.0
with compounds at 1.0 yM: a) run 1; b) run 2; c) run 3. Top graphs are melting curves, bottom are first

derivatives.

FID assay

FID experiments were performed on a BMG CLARIOstar plate reader using Corning 96-Well
Solid Black Flat Bottom plates. A 10 mM stock solution of TO was prepared in DMSO and
dilution to 2 uM in the appropriate buffer. 90 pL of the 2 yM TO solution were added to each
well and the fluorescence emission at 450 nm was measured with excitation at 430 nm; this
was normalised to 0% representing background fluorescence. 1 uL of 90 uM DNA was then
added, shaken using 114 double orbital shaking at 700 rpm in the plate reader for 15 s, and
allowed to equilibrate for 15 minutes. After equilibration, fluorescence emission was measured
once again and normalised to 100% representing maximum fluorescence enhancement from
the TO probe binding the DNA secondary structure. 0.9 L aliquots of ligand were titrated into

each well (in triplicate) and measured as before. Fluorescence measurements after ligand
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addition were normalised between the 0 and 100% levels determined per the respective well.
Percentage TO displacement was calculated as the difference between the normalised 100%

fluorescence level and the normalised fluorescence measured after each ligand addition
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Figure 91 FID assay for allene ligands 97a-b and allene-containing complexes at 2.5 yM in 10 mM
sodium cacodylate, 100 mM KClI, 0.5 uM DS, pH 7.0.

CD-melting experiments

Circular dichroism was performed using a Jasco J-810 spectropolarimeter using a 1 mm path
length quartz cuvette. Scans were performed with a scanning speed of 200 nm/min, response
time of 1 s, 0.5 nm pitch and 2 nm bandwidth. The spectra are an accumulation of either 3 or
4 scans and are zero corrected at the longest wavelength of the measurement. Melting
experiments were performed using the same measurement parameters while heating the
sample at a rate of 1 °C/min within the desired temperature range and measuring at 5 °C
intervals. The temperature at which 50% of the thermal denaturation had taken place (Tm) was
calculated using Excel to plot normalised ellipticity at 288 nm against temperature. These data
were fitted with sigmoidal curves and the equations of the curves solved for y = 0.5 to give the

Tm values.
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Figure 92 CD-melting spectra of DMSO in 10 mM sodium cacodylate with 10 uM of DNA: a) hTeloC,
100 mM KCl, pH 5.5; b) hif-1-a, 10 mM KCI, pH 6.8; c) hTeloG, 100 mM KCI, pH 7.0; d) DAP, 100 mM

KCI, pH 6.8.
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b) Complex 171 (Figure 93 to Figure 96)

—— OuM
15 4 — 10uM
—— 20uM 10 -

A\
8- N\,

< / ~\

4 7

\ //‘7.,,\\\\\__ —40°C

o /
N7 /] —50°C
2 Ve :
\ —

Q
S
O
~—

S
=9
O"O

N
:
o

Ellipticity [mdeg]
Ellipticity [mdeg]

T T T T 1

20 260 20 30 20 = % 0 8 20 |—75°C
Wavelength [nm] Wavelength [nm] | 85°C
C) ——90°C

1.0 4

0.8 -

0.6

Normalised ellipticity at 288 nm

| = DMSO
04 4 ‘:". e 171
02-
H‘
004
0 2 0 &0 80 100

Temperature [°C]

Figure 93 CD spectra of 171 with 10 uM hTeloC in 10 mM sodium cacodylate, 100 mM KCI, pH 5.5:
a) titration; b) CD-melt with 50 yM of 171; ¢) normalised ellipticity.
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Figure 94 CD spectra of 171 with 10 uM DAP in 10 mM sodium cacodylate, 100 mM KCI, pH 6.8: a)
titration; b) CD-melt with 50 uM of 171; c) normalised ellipticity.
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Figure 95 CD spectra of 171 with 10 yM hif-1-a in 10 mM sodium cacodylate, 100 mM KCI, pH 6.8: a)
titration; b) CD-melt with 50 uM of 171; c) normalised ellipticity.
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Figure 96 CD spectra of 171 with 10 uM hTeloG in 10 mM sodium cacodylate, 100 mM KCI, pH 7.0:

a) titration; b) CD-melt with 50 yM of 171; c) normalised ellipticity.
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titration; b) CD-melt with 50 uM of 172; c) normalised ellipticity.
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titration; b) CD-melt with 50 uM of 172; c) normalised ellipticity.
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