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Abstract

Abstract

This thesis describes the development of novel Pd-catalysed C—H bond functionalisation
methodologies, with a view towards their application in sustainable chemical synthesis. The
basis of this project focuses on the need for more efficient utilisation of precious metal
catalysts, such as Pd, achieved by mechanistic understanding of the role of heterogeneous Pd
nanoparticles (PdNPs) in such chemistry. An overview of observations from Pd-catalysed
cross-coupling and C—H bond functionalisation chemistry is given initially, focusing on the
mechanistic dichotomy between observed homogeneous and heterogeneous catalytic
manifolds in these fields. The generation of potentially harmful stoichiometric byproducts in
direct arylation methodologies is also examined for two classes of commonly-used

electrophilic arylating agents, aryliodonium and aryldiazonium salts (Chapter 1).

The synthetic utility of C—H bond functionalisation chemistry has been exemplified through
the development of complementary conditions for the direct arylation of the amino acid
tryptophan (1) to form highly fluorescent 2-aryltryptophans (l1), all of which have been
evaluated using several key mass-based green metrics (Chapter 2). These conditions have

also been shown to be effective for the functionalisation of tryptophan-containing peptides.
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Initial rates kinetic analysis of the activity of several homogeneous and heterogeneous Pd
catalysts in other direct arylation chemistry has highlighted remarkable similarities between
apparently distinct catalysts, which suggests the formation of a comparable active catalyst
phase. Heterogeneous Pd sources have also been successfully applied to the selective

functionalisation of several biomolecules (Chapter 3).

The final part of this thesis describes fundamental studies on the nature of the ubiquitous Pd°®
catalyst Pd,(dba)s. The major and minor isomers of this catalyst were characterised both in
solution and in the solid state, which revealed that dynamic exchange between these species
and free ligand varies significantly as a function of temperature. Crucially, this catalyst has
also been shown by NMR and MS studies to be a source of catalytically competent PANPs

under commonly-found experimental conditions (Chapter 4).
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1.1 Pd-Catalysed C-X Bond Functionalisation

1.1.1 Background

Metal-catalysed cross-coupling reactions have increased in significance since their discovery
to the point where these methods now underpin modern synthetic chemistry. A variety of
transformations can be effected through the reaction of activated organohalides with
organometallics including tin, silicon, zinc, boron and magnesium in the presence of

transition metal catalysts such as palladium, ruthenium, nickel and copper.!

The use of palladium in particular has increased enormously in scope and synthetic
applicability over the last fifty years so that it is now readily applied to many complex
synthetic organic routes.? The importance of palladium in synthetic methodology has been
further highlighted by the awarding of the 2010 Nobel Prize in Chemistry to Heck, Negishi
and Suzuki for their pioneering work in this field.®> Heck and co-workers are credited with
developing aryl, benzyl or vinyl halide couplings to terminal alkenes using palladium(ll)
throughout the 1960s and 1970s, such as the coupling of iodobenzene 1 and styrene 2 in the
presence of catalytic amounts of palladium to produce (E)-stilbene 3.* This approach was
also developed independently by Mizoroki and co-workers, who used palladium(l1) chloride
in an analogous system and found that the use of potassium acetate and higher temperatures
(120 °C) allowed the yield to be increased to 90% (Scheme 1).° Importantly, the nature of
the base used in these two systems appears to directly affect the efficiency of the reaction;
with Mizoroki’s use of an inorganic acetate base providing a higher yield (albeit at increased

temperature) than Heck’s use of an organic amine base.

(OAC)Z (‘l O mOI%)

o Heck conditions, 75%
100°C,2h
© A
PdCl, (10 mol%) 3 O
KOAc

Mizoroki conditions, 90%
120°C,2h

Scheme 1 Pd-catalysed formation of (E)-stilbene 3 from iodobenzene 1 and styrene 2.

Since this pioneering work, many different approaches for the palladium-catalysed formation

of new C-C bonds with a variety of coupling partners have been established. Notable
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examples using halides or pseudohalides include, but are not limited to; the Stille (organotin
reagents),®® Suzuki—Miyaura (organoboronic acids),*!® Sonogashira (terminal alkynes),!
Kumada—Corriu (Grignard reagents),*2* Hiyama (organosilanes),'* and Negishi (organozinc
reagents)®® reactions (Figure 1). Note that some of these reactions require base whereas

others require activating species such as fluoride.

Suzuki-Miyaura

R-R'

A Mizoroki-Heck
-Negishi R'—B(OH)
2 xR’
R-R' Base R
R'=—ZnX
Z R
R'—SiRs PdP cat.

Pl RoX = —
R—SnBu; - R-R C

R'—MgX R—=
Cul, Base

R-R' R——R'

Figure 1 Selected examples of typical Pd-catalysed cross-coupling reactions.

These reactions offer a huge variety of chemoselective transformations that can be applied to
the synthesis of complex natural products, such as the use of an intramolecular Mizoroki—
Heck cyclisation in Danishefsky’s total synthesis of the important anticancer compound
Taxol 4 (Scheme 2).1® Danishefsky’s synthesis demonstrates that upon choice of a suitable
base and palladium source (stoichiometric in this case), selective cross-coupling reactions
can be performed in the presence of multiple functional groups. These types of reactions can
also be used in a combinatorial fashion, exemplified by Stoltz’s total synthesis of (+)-
Dragmacidin F 5 (Scheme 3).Y’

33



Chapter 1: Introduction

Pd(PPhs), (1.1 €q.)
K;COs
Molecular sieves (4 A)

Y

MeCN, 90 °C

Mizoroki-Heck

Taxol, 4

Scheme 2 Key Mizoroki—Heck cross-coupling used in Danishefsky’s total synthesis of Taxol 4.

TBSO
TBSO Pd(OAc), (1 eq.)
Br 'BUOH, AcOH
o« | HO
HO 7 DMSO, 60 °C
O N, Mizoroki-Heck o N
4 steps
Ts
N
@ ” NTs TBSQ
HO-B Pd(PPhs), (10 mol%) [
OH Na,COs Na
' toluene, MeCH > /E = Br +MeO
’ ’ Br” "N~ “OMe

H,0, 23 °C

N |
~
/E I Suzuki-Miyaura
Br N OMe

Pd(PPh3)4 (10 mol%)
Na,CO5
toluene, MeOH,
H,0, 50 °C

Suzuki-Miyaura

Br

(+)-Dragmacidin F, 5

Scheme 3 Key Mizoroki—Heck and Suzuki—Miyaura cross-couplings used in Stolz’s total synthesis
of (+)-Dragmacidin F 5.
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Many mechanisms have been published in the area of palladium-catalysed C—X bond cross-
coupling processes, particularly when concerning well-established and versatile reactions
such as those highlighted above. Often these are homogeneous in nature, and revolve around
the reaction of mononuclear Pd® precursors with alkyl halides to generate the oxidative
addition products. The typical picture of palladium cross-coupling found in the literature is
summarised in Scheme 4; a Pd® precursor undergoes oxidative addition across a C—X bond,
followed by transmetallation with a second pre-functionalised substrate (e.g. boronic acid,
organostanne etc.) and subsequent reductive elimination to provide the new C—C bond and
regenerate the Pd° catalyst.

R-R' R=X

PdOL,
Reductive Oxidative
Elimination Addition

Scheme 4 Simplified mechanism for Pd-catalysed cross-coupling.

There is however a significant body of evidence to suggest that many cross-coupling
processes could involve both homogeneous and heterogeneous Pd species. Common
‘homogeneous’ Pd precursors, such as Pd(OAc),, have been conclusively shown to aggregate
to form higher-order Pd species. The likelihood is that such species can play an active role in
catalysis instead of, or alongside, more typical homogeneous manifolds. Such aggregates
could also act as a reservoir for catalytically active Pd, providing a measure of control over
the quantity of catalyst active in any given cycle. Additionally, commercially obtained Pd
catalysts like Pd(OAC), can contain significant quantities of catalytically active impurities
such as Pd3(OAc)s(NO;) and polymeric [Pd(OAC).]..28*° This holistic approach to the
guestion of homogeneous versus heterogeneous catalysis can be represented as shown in
Figure 2.
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Pd aggregates R*M/H (

>10 nm - less active -

PdNPs <3 nm - large
surface area, large number
of defect Pd atoms

Figure 2 Schematic representation for the role of aggregated Pd in catalysis. Reproduced by
permission of The Royal Society of Chemistry.?°

1.1.2 Mizoroki—Heck and Sonogashira Cross-Couplings
Some of the first evidence for the existence of Pd reservoirs in cross-coupling chemistry was
published by de Vries and co-workers, who discovered that the Mizoroki—Heck reaction of

bromobenzene 6 with n-butylacrylate 7 in the presence of Pd(OAc). to produce 8 exhibited

an inverse relationship of catalyst activity, with respect to catalyst concentration (Figure 3).%

=\

CcO,Bu 7
Pd(OAc), (x mol%)
O 2 M
NaOAc, NMP CO,Bu
6 135°C
100
80 A
X 60
)
3
> 40 A
20
0 | |. [ ]
oo™ 0™ o™ o™ Pd mol9 (ppm)
6\0' 1@' 0%(3) 9,@7'
90'&1 o0 Q- A

Figure 3 Inverse relationship between catalyst activity and concentration in a Mizoroki—Heck cross-
coupling. Adapted with permission from Org. Lett. 2003, 5, 3285-3288.
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For this reaction, the optimal catalyst loading was found to be 0.08 mol% (39 ppm), with
higher or lower catalyst loadings resulting in decreased vyields. This observation is
attributable to the formation of Pd aggregates at higher catalyst loadings, often associated
with the precipitation of Pd black. There is however a point at which the catalyst loading
becomes so low that the reaction cannot effectively proceed. This inverse relationship
provides evidence for catalytically relevant Pd colloids, but the structure of the catalyst in
this reaction is unclear; ESI-MS data did however highlight the presence of PdBrs;~ under
working reaction conditions. These observations led both de Vries and Reetz to propose a
unified mechanism for the Mizoroki—Heck reaction, which accounts for both homogeneous
and heterogeneous manifolds (Scheme 5).2 In this mechanism Pd° exists as both lower-order
monomeric or dimeric catalytic species, as well as higher-order palladium species such as
multinuclear colloids, all of which are capable of interconverting and performing the desired
coupling transformation. Importantly however the shapes of these particles are poorly
defined, size instead being relied upon to indicate the nature, and by extension activity, of

these higher-order species.

— L
n/ L AL
Pd'L, A L
X

Homogeneous Heterogeneous

Scheme 5 A unified Mizoroki—Heck mechanism.

A similar inverse relationship was also observed in work conducted by the Fairlamb group,
who studied the Sonogashira cross-coupling of 4-bromoacetophenone 9 with
phenylacetylene 10 to produce 11. In this reaction several palladacylic precatalysts proposed
to act as Pd reservoirs were applied and their turnover frequencies (TOFs) studied as a
function of catalyst loading, at either 0.1 mol% (orange), 0.01 mol% (purple) or 0.001 mol%
(blue). In this reaction, 0.001 mol% (92 ppm) provided optimal TOFs (Figure 4).
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Figure 4 Inverse relationship between Pd loading and TOF in a Sonogashira cross-coupling. Figure

prepared by Prof. I.
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As can be inferred from Figure 2 and Scheme 5, in many cases these higher-order Pd
aggregates are proposed to act as sources of mononuclear Pd, meaning that the active
catalytic turnover of substrate can be considered homogeneous. Evidence for the leaching of
catalytically active Pd from supported catalysts such as Pd/C, Pd/SiO; and Pd/y—Al,O3 has
been reported.?2* The mechanism of such leaching has been studied by Dupont and co-
workers, who demonstrated that quaternary ammonium salts can stabilise higher order Pd
species, facilitating the release of oxidised Pd" species into solution (Jeffery conditions).?
Rothenberg et al. utilised a reactor containing a membrane which could select for particles
<5 nm in size in their efforts to demonstrate the leaching of Pd from larger Pd species (ca.
15 nm) under Mizoroki—Heck reaction conditions.? Later work from the same group also
demonstrated the formation and subsequent growth of Pd clusters from several Pd"
precursors using UV-visible spectroscopy, which allowed for modelling of the reduction,
including cluster growth and aggregation of such species.?” Baiker and co-workers have also
used in situ extended X-ray absorption fine structure (EXAFS) to analyse the Mizoroki—Heck

reaction of bromobenzene 6 with styrene 2, mediated by Pd/Al.O; (Scheme 6).

Ony -

=z Pd/AlL,O5 (5 wt%)
NaOAc

Br —_—
© + NMP, 150 °C

6 2

5
&

Scheme 6 Mizoroki—Heck cross-coupling mediated by Pd/Al>O:s.

Baiker’s study demonstrated the formation of higher-order Pd complexes in situ, assigned as
Pd® colloids approximately 2 nm in diameter, which shortly preceded the formation of
product. These complexes were observed throughout the reaction with very little change until
complete conversion of the substrate at which point significant variations in the EXAFS data
were seen. It was also proposed that the rate-determining step of this reaction was
dissociation of mononuclear Pd® from these multinuclear Pd° colloids; hence these observed
colloids are directly involved in the catalytic cycle and do not serve purely as a reservoir for

mononuclear Pd species.?®
1.1.3 Suzuki—-Miyaura Cross-Couplings

Similar observations regarding the catalytic competence of higher-order Pd species have also
been made in the Suzuki—Miyaura reaction. Fairlamb and co-workers tested well-defined
PdNPs supported on a (poly)vinylpyrrolidone (PVP) polymer 12 (Figure 5), which is known

to stabilise PANPs and prevent their thermodynamically favourable agglomeration.2%-3
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(o

N

H
NSt

12

Figure 5 Monomer unit of (poly)vinylpyrrolidone (PVP) 12.

A seeding method was used to synthesise PVP—Pd 13 with NPs of four different diameters,
between 1.8 and 4.0 nm, which were then applied to the cross-coupling of phenylboronic acid
14 and iodoanisole 15 in methanol to produce 16. The activity of each of these catalysts was
then compared as a function of the TOF against the total number of surface Pd atoms, which
demonstrated an inverse relationship i.e. higher activity for the smaller particles. If the TOF
was normalised against only those Pd atoms contained within defect sites on the truncated
cuboctahedral particles however, no difference was observed (Figure 6).32% This strongly
suggests that it is the abundance of surface defect sites which determines the activity of these

particles; simply put, the more defect sites per particle, the more active the catalyst.

Q—B(OH)z 14

PVP-Pd 13
(0.67 mol% Pd)
KOMe, MeOH
15 60°C,3h 16
34
3.0 1
Overall 4
26 A -
&
= 2.2 A Defects |
)
=
= 1.8 1
o Edge site
14
1.0 1
0.6 T T T
1 2 3 4 5

Nanoparticle diameter / nm

Figure 6 Relationship between TOF and particle size normalised to either total surface Pd atoms (e)
or defect surface Pd atoms (o) in a Suzuki—Miyaura cross-coupling. Reproduced by permission of
The Royal Society of Chemistry.®

This trend could however be observed if low-coordinate Pd species demonstrated preferential
solubility, so in operando X-ray absorption spectroscopy was used to monitor the
coordination environment of the PANPs, to determine the heterogeneity of the reaction under

normal working conditions (Figure 7).
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These measurements indicated no sintering or leaching of the particles during the reaction, a
result confirmed by EXAFS, X-ray photoelectron spectroscopy (XPS) and transmission
electron microscopy (TEM) studies. Importantly no induction period was seen, which is
consistent with the observation that nanoparticulate Pd is not simply acting as a pre-catalyst

or Pd reservoir.

-
o
J

—

-48 defect atoms

—H
@
—®

@a

-

8 -4

7 4

——— 1.8 NM Pdze

e Leached 1.8 nm Pd,ss

Intensity

2 4 6
Interatomic distance / A

Fitted 1st shell coordination number ———>

% -100 0 100 200 300 400 500
Binding Energy/eV

0 20 40 60 80 100 120 140 160 180
Reaction time / min —————>

Figure 7 XAS spectra of PANP coordination environment in a Suzuki—Miyaura cross-coupling.
Reproduced with permission from Angew. Chem. Int. Ed. 2010, 49, 1820-1824. Copyright 2010
WILEY-VCH Verlag GmbH & Co.

Elemental mercury was administered to the reaction after a brief induction period (8 min)
under normal working conditions, as mercury has been shown to inhibit surface reactions
through poisoning of the catalyst; believed to occur as a result of surface amalgamation of
the mercury with any heterogeneous particles present in the reaction mixture.®*® This
poisoning test caused immediate cessation of catalytic activity and the resultant Pd core/Hg
shell particles were successfully characterised by XPS, showing a 1:1 correlation between
the surface Pd and Hg atoms. This emphatically demonstrated the lack of any Pd leaching in
this system, confirming its heterogeneous nature. These results also provide strong evidence
that the Suzuki—Miyaura reaction can also operate in a dual-phase catalytic system for
common Pd° catalysts, e.g. Pd(PPhs)s or Pdz(dba)s.

The relevance of surface defect sites to the catalytic activity of PANPs was also discussed by
Blackmond and co-workers during their study on a Mizoroki—Heck reaction. They correlated
the ratio of defect sites to terrace sites in nanoparticles of varying sizes, obtained by the
reduction of Pdx(dba)s-dba with hydrogen in the presence of PVP 12 (Figure 8).%°
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Figure 8 Ratio of defect sites to terrace sites in truncated cuboctahedral PANPs. Adapted with
permission from Langmuir 1999, 15, 7621-7625. Copyright 1999 American Chemical Society.

This builds upon work performed by Knight et al. which explored the number of atoms

contained within the stable shell structures of sodium nanoparticles (Figure 9).%¢

» &

1-Shell (13)  2-Shell (55)  3-Shell (147) 4-Shell (309) 5-Shell (561)

Figure 9 Stable closed-shell structures of metal nanoparticles.

The examples highlighted above serve to demonstrate the ability of nominally homogeneous
Pd (pre)catalysts to serve as a source of heterogeneous Pd, either as a result of propagation
to form catalytically competent PANPs, or as a reservoir of Pd colloids which are slowly
released into solution. There are also instances of supported Pd nanocatalysts which are
prepared, purified and characterised independently, before being used in a range of Pd-

mediated cross-coupling reactions.3-40
1.2 Pd-Catalysed C-H Bond Functionalisation
1.2.1 Background

While useful from a synthetic viewpoint, a significant drawback to C—X bond cross-coupling
reactions is the need to pre-functionalise the substrate with activated functional groups such
as boronic acids or organostannes, among others. This not only adds unwanted complexity
and the potential for unwanted byproducts to the reaction but also increases the economic
and environmental cost of syntheses employing such transformations. Removing substrate

pre-functionalisation potentially allows for the minimisation of downstream chemical waste;
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moreover, it eliminates the need for prior mandatory reaction steps that enable the installation
of chemical functionality which is ultimately lost in the final and desired chemical
transformation. Recent advances in direct C-H bond functionalisation have attempted to
address this issue, as mild and selective methods can now be used to cleave and generate C—
H bonds directly without the need for pre-functionalised starting materials, expanding the
toolkit of the synthetic chemist.** These processes can include direct, oxidative or
decarboxylative couplings, in addition to the classical cross-coupling of organometallic
reagents highlighted above (Figure 10).

R-M_......... R2-X

P Pd catalyst

vl —> RI-R?

E ’." “‘. ' base, additives
SUMTRARREREE ! R2—H (oxidant)

Classical
cross-coupling
3 &
|

R1 RT

Oxidative

C-H or direct /I A\ H MX /I A\ M direct
arylation - _ arylation

R2 RZ
| |
O T aan O

T1 }/ \
\
H HOZC /

R
" Y
Oxldatwe Decarboxylatlve
coupllng C-H arylatlon

/ I
Figure 10 Overview of Pd-catalysed processes for the formation of new carbon—carbon bonds.

It is important at this point to note the difference in nomenclature as regards C—H bond
activation and C—H bond functionalisation; C—H bond activation specifically refers to the
activation of a C—H o-bond by a metal centre while C—H bond functionalisation refers to the
overall process by which a C—H fragment is coupled to another C—H or C—X fragment to

generate a new C—C bond.
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Despite its relative infancy, C—H bond functionalisation has gained a large amount of
research interest, with an ever-increasing number of publications in this area. The ability to
directly couple two fragments together without the need for pre-functionalisation is a
particularly attractive prospect for the synthesis of natural products or pharmaceuticals.*? One
such example used on an industrial scale by Bristol-Myers Squibb is the synthesis of the

potent antitumor agent Rebeccamycin Aglycone 17 (Scheme 7).%3

Pd(OAc), (5 mol%)

CuCl, (1 eq.)
e
ir sparge o o o
DMF, 90-120 °C, 4-16 h O
LI
a H H g
17

Scheme 7 Synthesis of Rebeccamycin Aglycone 17.

The synthetic applicability of this type of methodology is demonstrated by examples of
C(sp®)-H bond functionalisations, which can be used to construct otherwise challenging
motifs, such as the isolable aryl-cyclobutane intermediate 18 in the total synthesis of
Coralydine 19 (Scheme 8).444°

Pd(OAC); (10 mol%)
P(‘Bus)-HBF, (20 mol%)

CO,Me
MeO KoCO3 MeO
© - CO,Me
H DMF, 140 °C, 1 h
MeO Br MeO
18, 83%

: / 6 steps

Coralydine, 19

Scheme 8 Baudoin’s synthesis of Coralydine 19.
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1.2.2 Mechanistic Interpretations of C—H Bond Functionalisation

Reported mechanistic investigations of C—H bond functionalisation processes typically focus
on the concept of mononuclear Pd species mediating the catalytic cycle. Often these centre
around variations on the key mechanism in this class of reactions, the concerted metalation—
deprotonation (CMD) or ambiphilic metal-ligand activation (AMLA) process (Scheme 9),
proposed independently by Fagnou (CMD)* and Davies/Macgregor (AMLA)* and co-

workers.

Ar—Ar

Ar—=X
}r Pd°L,
Ar
Pd''L7,
Ar’ /Ar
KHCO, % Pd'L;{
X
K,CO5
L
Ar<pgi.._
l' ' L KX

; H
O i [
?O ‘ﬁ Ar_lf;dlllo
+ - --Jl
K O Ar’_H o O- K+

Scheme 9 CMD or AMLA-6 mechanism for direct C—H bond functionalisation.

Given the significant body of evidence within cross-coupling catalysis however, it should be
expected that C—H bond functionalisations possess a capacity for complex, multistep reaction
processes involving higher-order Pd species. It is important to recognise that common Pd
(pre)catalysts can often act as Pd reservoirs for the subsequent generation of Pd® particles, or
indeed as PANP sources in their own right in this type of chemistry. Research conducted by
Fairlamb and co-workers on the direct C8-arylation of adenosine mediated by Pd(OAc);
demonstrated the rapid formation of Pd agglomerates under the reaction conditions, with
substrate turnover occurring concomitantly with the observation of Pd/Cu-containing
nanoparticles.*® Optimisation of this protocol for the functionalisation of the more sensitive
2'-deoxyadenosine 20 to form 21 demonstrated that these nanoparticles were critical to
precatalyst activation, with the (pre)catalyst trans-Pd(OAc).(piperidine), used in this reaction
shown to degrade rapidly to form well-defined 1.7 nm PdNPs, via a PAd(DMF)»(piperidine).
intermediate (Scheme 10).%® Polar aprotic solvents such as DMF have been shown by Hii et
al. to effect a rapid dissociation of Pd(OAc)., leading to speciation of PdNPs from this

ubiquitous Pd precursor catalyst.*
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Scheme 10 Direct arylation of 2'-deoxyadenosine 20 catalysed by DMF-PdNPs.

While many examples exist of this type of speciation from common Pd precursors,5% it is
important to note that the multinuclear colloids proposed as sources of heterogeneous Pd° are
often poorly defined, ranging from a few palladium atoms up to particles in the 5 nm range
consisting of many thousands of palladium atoms. Importantly, this creates a significant
physical difference between the surface, terrace site and bulk palladium atoms in the context
of their catalytic activity. This, in addition to their specific morphology and other surface
effects, must be kept in mind when attempting to demonstrate the heterogeneous nature of a
given reaction. Such considerations regarding the activation of Pd(OAc), and other related
precursors to form well-defined PANPs can be extended to many C—H bond functionalisation
protocols, allowing for the activity of pre-synthesised PANP catalysts to be independently
tested and compared in these reactions.5”-% The use of pre-supported PANP catalysts such as
PVP-Pd 13 allows for a greater degree of control over potentially complex catalytic

manifolds, where a multi-ensemble of higher order Pd species often play a key role.%5

The relevance of higher-order Pd species in C—H bond functionalisation processes and the
activity of pre-synthesised supported PANPs in this chemistry has recently been reviewed in

detail (see Appendix 1).%
1.3 Arylating Agents for C—H Bond Functionalisations at Pd

1.3.1 Aryliodonium and Diaryliodonium Salts

One of the key features of many C-H bond functionalisation processes is the need for
organohalides or organopseudohalides to act as the coupling partner for the desired C-H
fragment (Figure 10). Choosing the appropriate coupling partner for a given methodology is
far from trivial however, as several drawbacks exist. lodoarenes for example are often
employed preferentially due to the relatively weak C—I bond (ca. 240 kJ mol), as compared

to either bromoarenes (ca. 276 kJ mol™?) or chloroarenes (ca. 339 kJ mol™). This is despite
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the toxicity of iodine-containing waste streams, the decreased mass intensity of these reagents
or their relatively higher cost. Furthermore, external oxidants can often be required either for
regeneration of the active catalyst following substrate turnover, or transformation of the
substrate into the desired target molecule (in an oxidative process, Figure 10). These
considerations have led to significant developments in the use of hypervalent iodine(lll)
reagents as coupling partners for many C—H bond functionalisation processes, as they are
both strong electrophiles and powerful oxidants.5”-® Moreover, employing iodobenzene 1 as
a leaving group (as opposed to I~ for example), means these species are typically more
reactive than aryl halides.”

The reactivity of A3-iodanes has recently been explored in a computational study, which
provides extensive detail on the impact of differing structural motifs on the reaction
mechanisms which may be observed.” Unsurprisingly, it is the hypervalent nature of these
compounds which gives rise to the wide range of synthetic applications in which they have
been found to be effective (vide infra). Perhaps most interestingly, the authors report that the
unique electronic nature of A*-iodanes allows these species to isomerise through a pseudo
Jahn-Teller effect. The iodine(lll) acetates 22 and 23 for example are typically applied as
terminal oxidants for catalytic processes, with their labile acetate groups allowing for facile

metal binding and/or electron transfer (Figure 11).

AcO—|—0Ac AcO—|—0Ac

22 23

Figure 11 Structures of common hypervalent iodine(l11) reagents.

The strongly oxidative nature of A3-iodanes can result in their acting in a non-innocent
fashion, as studies on the ligand-directed, site-selective acetoxylation of arenes by Sanford
et al. have shown (Scheme 11).” The steric demands of the iodine(l11) oxidant used (22 or
23) in this case are proposed to be the source of the observed regioselectivity. It was also
suggested that the acetate group donated to the substrate 24 is derived directly from these
oxidants, although this claim is unsubstantiated by mechanistic evidence. It is equally likely

that the acetate group is derived from the acetic acid/acetic anhydride solvent mixture used.
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Scheme 11 Site-selective acetoxylation of arenes using iodine(I11) reagents.

Qin and co-workers have also shown that 22 can be used facilitate the functionalisation of
C(sp®)-H bonds, with the reactivity of this species towards acetoxylation or arylation
regulated simply by addition of carbonate base (Scheme 11).”* In this system, the innate lack
of reactivity in the C—H bond to be functionalised is overcome by decorating amide 25 with
a proximal 8-aminoquinoline directing group, which also serves to provide the desired

regioselectivity.

AcO—|—0Ac
22
H O o)
)\/U\N [ - N |
Ho Na Pd(r\itﬂlz(ﬁ:IeICN)z ((:1 Ocmcc))i%) Ho Ne
esitylene, Cs,CO3
2 110 °C, 24-48 h 26, 86%
AcO—|—O0Ac
PdCl,(MeCN), (10 mol%)
Mesitylene
110 °C, 24-48 h
22
Y
OAc O
N I
Na
27, 36%

Scheme 12 Orthogonal arylation/acetoxylation using hypervalent iodine(l11) reagents.

Exploratory mechanistic studies using (p-COMe)PhI(OAc), 28 indicated that decomposition
of the iodine(l1l) species to form (p-CO;Me)Phl 29 preceded product formation under the
direct arylation conditions, suggesting that iodoarenes were the true arylating agents in this
system. When 29 was used as the arylation agent in place of 28 however only 13% of the
desired product was obtained, corresponding to approximately one catalyst turnover,
signifying that the acetate anions generated from decomposition of 28 play a key role in this

system (Scheme 13a). Replacement of Cs,COs; with CSOAc under otherwise identical
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conditions provided 87% of the desired product, proving that these acetate anions (or related

complexes thereof) were effectively promoting the catalysis (Scheme 13b).

a)
CO,Me
29
9 CO,Me 0
FS WO g QL
H o e PACL(MeCN), (15 mol%) Rl
Cs,CO5 )
25 Mesitylene, 110 °C, 40 h 30, 13%
b) |
Co,Me
29
oo CO,Me 0
G WO . QL
PACI(MeCN), (15 mol%)
N 2 2 N
= CsOAc NS
25 Mesitylene, 110 °C, 40 h 30, 87%

Scheme 13 Effect of acetate anion on direct arylation with iodoarenes.

These highly electrophilic species have even been demonstrated to selectively cleave the
peptide bonds of asparagine residues in neutral aqueous media, via an elegantly designed

Hofmann rearrangement.’

AcO—|—0Ac
HO, 29

H (0] H O H O

N N N -
FMoc” \)LN \.)LN \)LOH -

H : H pH7.4,637°C,72h
o] O
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HoN

HN—
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s B L on v Y
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o) fon ]

Scheme 14 Selective asparagine cleavage mediated by hypervalent iodine(l11) reagent.
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In addition to iodine(lll) diacetates, diaryliodonium salts are the other prominent type of
iodine(ll) reagent primarily used in catalysis. These are notable because they are able to
provide a synthetically broad range of coupling partners, typically synthesised in one-pot
processes from the corresponding iodoarene. They are often employed in cross-coupling
reactions such as the Suzuki—Miyaura, the first example of which was published by Bumagin
and co-workers, who generated biaryls through the direct coupling of symmetric
diaryliodonium salts with sodium tetraphenylborate 31 in the presence of PdCl, in water
(Scheme 15).7® These conditions are especially notable as up to four equivalents (w.r.t.
iodonium salt) of product are obtained, representing a near-perfect incorporation of the

aromatic groups.

.
X! X BNa  PdCl, (1 mol%) —
| + —_—
N 31 Na,COs, H,0 \ | /
R/2 4 R

HSO,, BF,,, CF;CO0 >96%
H

X
R=H, 3-NO,, 4-F

Scheme 15 Suzuki-Miyaura cross-coupling of diaryliodonium salts.

More recently, diaryliodonium salts have been applied to the emerging field of catalytic C—-
H bond functionalisation mediated by palladium. One of the key challenges of such chemistry
is the need to direct the desired transformation to one C—H bond, in the presence of many
other potentially competing C-H bonds. Often this is accomplished by using either
introduced regioselectivity (e.g. directing group strategies) or taking advantage of innate
regioselectivity, by targeting the most acidic or most electronically activated position in a
given molecule. Sanford and co-workers used a range of 2-phenylpyridines, quinolines and
other directing substrates to direct selectivity in their system, which describes a direct C(sp?)—
H arylation using symmetric and asymmetric diaryliodonium salts, mediated by Pd(OAc)» in
AcOH (Scheme 16).”” The key feature in all of their chosen substrates is the use of proximal
nitrogen directing groups at either the 1,3 or 1,4 position, with respect to the C—H bond being

functionalised.
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Scheme 16 Nitrogen-directed arylation using diaryliodonium salts.

Subsequent mechanistic investigation of this reaction led the authors to propose a key
turnover-limiting step, involving oxidation of the Pd" dimer 32 by the strongly oxidising
[Arl]BF4 (Scheme 17).78 The resulting species could be considered a mixed Pd"/Pd" or a
Pd"'/Pd"" dimer.” In later work, it was shown that similar transformations could be effected
via a radical-based mechanism, with a tandem Pd"-Ir'""-visible light catalytic manifold.

[ArZI]X |

/N Ar Ac

Pd/

Scheme 17 Sanford’s proposed high oxidation state bimetallic Pd intermediate.

In later work, the same group applied similar conditions to substrates with innate electronic
reactivity, N-methylindoles, as opposed to the directing group approach used in Scheme 16.
This proved extremely effective, as synthetically useful yields of the desired 2-arylindoles
could be obtained from reactions conducted at room temperature, as opposed to the elevated
temperature previously required (Scheme 16). Furthermore, when using N-methylindole 33,
Pd(OAC), provided the desired arylation product 34 in 49% vyield within 5 minutes; upon
changing the catalyst to the carbene-ligated 35, the desired product was obtained in 86%, but
after a much longer reaction time (Scheme 18, 18 h).8! The authors use this example to
propose evidence of electrophilic palladation in the mechanism, in support of a proposed
Pd"/Pd" catalytic pathway (as for their previous work, Scheme 17).”® It can however be
argued that Pd(OAc). and 35 are intrinsically different catalysts, therefore they do not
necessarily operate via the same catalytic manifold. That said, conditions such as these are
extremely likely to produce speciation to form higher-order Pd species in situ, thus the
difference in rates and final yields obtained may result from Pd(OAc), and 35 displaying

varying tendencies towards this process.?’ Moreover, the authors of this work obtain similar
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results by pre-mixing a solution of 22 and 14 prior to substrate addition, which they use as

evidence for the in situ formation of diaryliodonium species (vide infra).

[Phol]BF 4

A Pd. cat (5 mol%) N,=\N
N o N
{ ACOH, 25 °C \ /Ei T
33 34 Pd(OAc),

Pd(OAC),: 5 min, 49% 35
35: 18 h, 86%

Scheme 18 Room temperature arylation of N-methylindole.

Daugulis and Zaitsev demonstrated that anilides were an effective directing group in the
ortho-arylation of the simple arene 36 to produce 37 using diphenyliodonium salts, mediated
by catalytic Pd(OAc) in acetic acid (Scheme 19).82 In an interesting parallel to the work by
Qin and co-workers (Scheme 12 and Scheme 13), they discovered that simple iodoarenes
could be used in place of diaryliodonium salts if stoichiometric AQOAc was added, citing
lack of commercial availability of the diaryliodonium salts as their reasons for this switch.
No mention was made of the necessity of the silver cation in this reaction, hence it could be

the case that the acetate anion is promoting the catalysis, as Qin et al. found many years

[PhI]PFg l
NHCOBu Pd(OAc); (5 mol%) NHCO'Bu
/©, AcOH, 70 °C, 23 h O 0
36

37, 79%

later.™

Scheme 19 Anilide-directed ortho-arylation using diaryliodonium salts.

Liu and co-workers published the first reported stable complex of acyloxy-directed Pd-
insertion into a C—H bond, allowing them to postulate that triflic acid (TfOH) might be a
useful additive to tune the elecrophilicity of Pd" in C-H bond functionalisation reactions,
allowing for modification of previously unreactive motifs. They demonstrated that a
combination of Pd(OAc)., catalytic TFOH and [Ph2l]OTT 38 could effectively arylate a range
of phenol esters such as 39 to produce 40, in synthetically useful yields at low temperatures
(Scheme 20). Interestingly, they also found that addition of Ac.O to the reaction removed
any sensitivity to moisture. Replacement of Pd(OAc). and Ac,O with Pd(OPiv), and Piv,O
(Piv = pivaloyl), respectively, was found to increase the yields obtained for several

examples.®
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Pd cat. (10 mol%)
o TFOH (10 mol%) O
[Ph,IJOTf 38 )
lo) AC20/PiV20 O
\©: DCE, 25°C, 3 h
H
39 40, Pd(OAc),, 88%
Pd(OPiv),, 94%

Scheme 20 Direct arylation of phenol esters using diaryliodonium salts.

Greaney and co-workers applied symmetric diaryliodonium salts to their work on the direct
arylation of simple, unactivated arenes, in order to generate biaryls of value to the chemical
industry. Lack of directing groups in their substrates (such as p-xylene, 41) led to a
corresponding problematic lack of selectivity in the C—H bond functionalised and product
subsequently obtained. After extensive screening, they discovered that use of the Hermann—
Beller palladacyle 42 was effective in directing arylation of 41 to a single site to produce 43
(Scheme 21). Furthermore, using trifluoroacetic acid (TFA) to tune the elecrophilicity of Pd"
improved the yields observed (as with the addition of TfOH in Liu’s work, vide supra).®

oTol,P
\

oTol,P
~Pd Pd

Vb
OjIO

42 (5 mol%)

[Ph,l]BF, O
H -
TFA, 100 °C, 24 h O

41 43, 96%

Scheme 21 Direct arylation of p-xylene 41 mediated by the Hermann—Beller palladacycle 42.

In the examples utilising diaryliodonium salts highlighted above, a significant drawback lies
in the fact that typically one or more equivalents of iodoarene are lost as waste, for each
equivalent of substrate turned over. In terms of atom economy, sustainability and simple
economics, this significantly reduces the appeal and versatility of transformations using these
reagents. Bumagin’s example (Scheme 15) is a rare instance of these reagents being used in
an atom-efficient manner, yet even this requires a privileged substrate (tetraphenylborate 31).
Greaney and co-workers have attempted to address this issue by applying tandem Cu
catalysis to functionalised indoles, where the “byproducts” of the initial C—H arylation

(iodoarenes) are then captured by a second Cu centre and used to effect N-H arylation on the
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same substrate. This overall transformation can be conducted in a single reaction vessel
“one-pot”), although this approach is so far limited to using the phenyldimethyluracil
iodonium salt 44, in order to provided differentiation between the two aromatic groups for
each catalytic step (Scheme 22). Nevertheless, this example represents a current “best-in-

class” approach to removing the stoichiometric iodoarene byproducts of such reactions.®
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Scheme 22 Tandem C-H and N-H arylation of indoles.

Other approaches for the atom-efficient utilisation of diaryliodonium salts include supporting
these reagents on ionic liquids,®® polymers® or other solid supports,®® allowing for their

subsequent recovery and re-use.
1.3.2 Aryldiazonium Salts

These approaches go some way toward mitigating the disadvantages of diaryliodonium salts,
but the fundamental limitation of these reagents is the presence of two aromatic groups. There
is thus a need to seek alternative electrophilic reagents for Pd-catalysed direct arylation
reactions, which can combine the generality of iodine(lll) salts with more atom-efficient
byproduct generation. Aryldiazonium salts present just such an alternative, as they bear some
useful similarities to diaryliodonium salts in terms of their structure and reactivity, but
importantly produce dinitrogen instead of iodoarenes as a major byproduct. It is however the
case that despite the wide-ranging applications of iodine(l11) species, investigations of their
diazonium counterparts have largely been limited to certain Pd-catalysed cross-coupling
reactions;®® primarily they have been applied as a replacement for aryl halides in
Sonogashira,®® Suzuki-Miyaura® or Heck—Matsuda reactions.®®* This latter reaction was
first reported by Matsuda in 1977 and combines Mizoroki—-Heck palladium catalysis with
aryldiazonium salts to generate the corresponding substituted alkenes. The reaction of
phenyldiazonium chloride 47 with styrene 2 is shown in Scheme 23.%° The use of LiPdCl; as
a precatalyst is unusual and the likelihood is that the authors used a 1:1 mixture of PdCI, and

Li,PdCl, as their source of catalytic palladium.
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N, Cl LiPdCl, (1 mol%)
NaOAc
+ N > A O
MeCN, 50 °C, 1 h O
a7 2 3,57%

Scheme 23 Heck—Matsuda reaction in the synthesis of (E)-stilbene 3.

Sigman and co-workers have demonstrated that a one-pot combination of the Suzuki—
Miyaura and Heck—Matsuda cross-coupling reactions can be used to generate highly
functionalised molecules in an elegant three-component synthesis, such as the reaction
between phenyldiazonium 48, alkene 49 and arylboronic acid 50 in the presence of a Pd°
(pre)catalyst (Scheme 24).%

OCO,Ph

OCO,Ph

N2+ _BF4 (HO),B 'Pd,(dba)s' (2.5 mol%)
@’ + H + \©\ NaHCO,
| OMe O O
OMe

‘BUOH, 80 °C, 4 h
48 49 50 51, 72%

Scheme 24 One-pot combination of the Suzuki—Miyaura and Heck—Matsuda cross-couplings.

Wei and co-workers have demonstrated the efficacy of aryldiazonium salts in several cross-
coupling reactions catalysed by the nanoparticulate Pd catalyst, Pd/AI(OH)s, which consists
of PdNPs approximately 2-3 nm in diameter. A Suzuki—-Miyaura reaction between
arylboronic acids and aryldiazonium salts in the presence of this catalyst was shown to
proceed effectively at room temperature in methanol without any additional base or
phosphine (note that the counter-ion of the aryldiazonium salt could act as a base), affording
many derivatives in synthetically useful yields (Scheme 25).9” A brief recycling experiment
demonstrated that this catalyst rapidly decreased in efficiency over 2 recovery/re-use cycles,
implying that leaching or at the very least sintering/agglomeration of the PdNPs was

occurring under the reaction conditions.

_ Pd/A{OH); (0.3 mol%)
@—N; BF; + (HO)ZB—@ - D
Ri™= —/ Rz  MeOH, 25°C,4-6 h RiM= —/"R;

1

Scheme 25 Suzuki—Miyaura reaction of aryldiazonium salts catalysed by nanoparticulate Pd.

This catalyst was subsequently applied to a Heck—Matsuda reaction between aryldiazonium
salts and terminal alkenes in ethanol; once again good to excellent yields of the desired cross-
coupling products were obtained without the need for additional base or ligand (Scheme

26).%
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. PA/AI(OH)3 (2 mol%)
@—Nz BF, + AR, > }\ \
RA= EtOH, 25 °C, 48 h RA= Rs

Scheme 26 Heck—Matsuda reaction of aryldiazonium salts catalysed by nanoparticulate Pd.

An analogous recycling experiment was performed and under these conditions the
Pd/AI(OH); catalyst demonstrated slightly better efficiency after 2 recovery/re-use cycles,
although its performance rapidly deteriorated after this. For their recycling experiments
however, the authors of this work used progressively increasing reaction times for each
subsequent re-use in order to obtain similar yields, which strongly suggests that the catalyst
is losing its catalytic efficiency and this fact is masked by the pursuit of isolated yield of
product over actual comparison of catalytic activity. Structural studies on the recycled
catalyst demonstrated that the AI(OH)s; support displayed little change in either its surface
area or pore size after several uses. Conversely, TEM images of the PdNPs displayed
significant desorption and agglomeration had occurred under the reaction conditions.
Inductively coupled plasma atomic emission spectroscopy (ICP-AES) demonstrated that
substantial leaching of the Pd catalyst occurred, leading to the observed decrease in catalytic
activity. This is certainly also occurring under the Suzuki—Miyaura reaction conditions
detailed above (Scheme 25). The same group have also recently demonstrated the effective
combination of aryldiazonium salts with this catalyst in a Stille cross-coupling of substituted

tributylarylstannanes under mild conditions (Scheme 27).%°

Pd/Al(OH); (0.3 mol%)
@—N; —BF4 + BusSn / Q I } \ / Q
R{7= —/ "Rz MeCN, 35°C, 18-35h R \— —

Rz

Scheme 27 Stille reaction of aryldiazonium salts catalysed by nanoparticulate Pd.

Despite the many examples of their useful application in Pd-catalysed cross-couplings,
aryldiazonium salts are as yet vastly underexplored for direct C—H bond functionalisations.
One notable exception combines the ruthenium-mediated visible-light photoredox catalysis
pioneered by Macmillan et al.’® with a Pd-mediated room temperature direct C-H arylation.
As with this group’s earlier work on Pd-mediated C-H bond functionalisations using
diaryliodonium salts (Scheme 16),” a directing group strategy employing proximal nitrogen
directing groups at either the 1,3 or 1,4 position was combined with electrophilic
aryldiazonium salts to generate a range of arylated products in methanol at 25 °C (Scheme
28).191 This process was proposed to proceed through an aryl radical intermediate, formed by
one-electron reduction of the aryldiazonium salt by a photoexcited Ru(bpy)s>*™ transient

species.
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[ArN,]BF,
TN Pd(OAC), (10 mol%)
S Ru(bpy)sCls-6H,0 (2.5 mol%)
Yoyt 26 W lightbulb

-

MeCH, 25 °C, 4-10 h
H
. N,

Scheme 28 Nitrogen-directed arylation using aryldiazonium salts.

Correia et al. have also shown that aryldiazonium salts can be used for the direct arylation of
N-methylindole 33, benzofuran 52 and benzothiophene 53 under mild conditions with
typically short reaction times (Scheme 29).1%

a)
[Aer]BF4
@ Pd(OAC); (10 mol%) . N/ Q
N H,O/IPE, 40 °C, 1.5 h N —/"R,
33 Me Me
b)
[ArN,IBF,
@f\> Pd(OAG), (10 mol%) . N/ Q
o MeOH, RT-60 °C, 1-2 h o =/"R,
52
c)
h N
[ArN,]BF, SR,
@ Pd(OAc), (20 mol%)
S MeOH, 50-60 °C, 1-3 h N
53 IS

Scheme 29 Direct arylation using aryldiazonium salts of a) N-methylindole 33, b) benzofuran 52 and
c) benzothiophene 53.

During the screening for this reaction, the authors originally found that when acetic acid was
used as a solvent, moderate conversion of N-methylindole 33 was observed. They
subsequently deduced that the major side product in this reaction was a diazo species, formed
by nucleophilic attack of the arylindole formed under the reaction conditions on unreacted
aryldiazonium salt starting material. To combat this issue, the reaction solvent was changed
to a biphasic mixture in an attempt to separate the remaining aryldiazonium salt from the
product; the use of a 2:1 H,O/di-iso-propyl ether (IPE) solvent mixture allowed for good
yields of the desired products to be obtained. When attempting this reaction with the electron-
deficient 4-trifluoromethylbenzene diazonium salt 54, no reaction was seen. It required N-

Boc protection of the indole (55), an increase in catalyst loading, a change of solvent to tert-
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butanol and a much increased reaction time in order to observe the desired arylation product
56 in good conversion (Scheme 30). It is evident that for these authors, room temperature
must be at least 25 °C in order for the ‘BuOH solvent to exist as a liquid. The observation
that the nucleophilicity of the substrates appeared to correlate with their reactivity led the
authors to suggest that the mechanism for this process involves a nucleophilic attack on the
palladium centre from the heteroaromatic substrates, as proposed by Zhao,® instead of the
radical-based mechanism proposed by Sanford and co-workers (vide supra).

+ -
N> BF,
Pd(OAC), (15 mol%)
o - e OO
N 'BUOH, RT, 10 h N
Boc CF3 Boc
55 54 56, 71%

Scheme 30 Direct arylation of protected indole using electron-deficient aryldiazonium salt.

The stability of aryldiazonium reagents is one possible reason why these species have not yet
found wider application in the important field of Pd-catalysed C—H bond functionalisation.
They are often perceived to be highly explosive, although this particular risk can be mitigated
through the use of flow technology, particularly in large scale reactions.'%41% Additionally,
the counter ion used has a large impact in this regard, with tetrafluoroborate and tosylate salts
demonstrating greatly increased stability over halide anions.*® Their safe use in many varied
applications has been demonstrated extensively,'® with in situ formation from the
corresponding aniline a common approach used to limit handling of the crystalline salts of

these species. 107108
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1.4 Project Aim & Objectives

1.4.1 Aims

Develop new synthetic methodology based on the application of catalytic C-H bond
functionalisation chemistry to access molecular complexity.

Investigate the role of higher-order Pd species in catalytic C-H bond
functionalisation reactions through the comparison of pre-synthesised heterogeneous
nanocatalysts with those forming in situ.

Study the propagation of palladium nanoparticles and clusters from commonly used
Pd (pre)catalysts.

1.4.2 Objectives

To explore the use of electrophilic arylating agents such as diaryliodonium and
aryldiazonium salts with a view to developing mild and sustainable C-H bond
functionalisation processes, in order to allow the selective functionalisation of

tryptophan and related biomolecules (Chapter 2).

. To demonstrate and compare the activity of heterogeneous and homogeneous Pd

catalysts in the direct arylation of heterocycles in order to elucidate mechanistic
information about these processes, including the application of heterogeneous
catalysis to the selective functionalisation of biomolecules (Chapter 3).

To characterise the Pd® precursor complex Pd,(dba)s and related solvated compounds
in solution and in the solid state, in particular studying its behaviour in dynamic
systems and thus its potential for the formation of palladium nanoparticles and

clusters (Chapter 4).
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Chapter 2: Direct C—H Bond Functionalisation of

Tryptophans and Peptides

2.1 Literature Syntheses of Arylated Tryptophans

2.1.1 Cross-Couplings

Tryptophan is a hydrophobic, indole-containing amino acid present in approximately 90% of
proteins, which is known to alter the structure of proteins as well as providing a natural
fluorescent marker.1®® These intrinsic photophysical properties can also be enhanced by
extension of the aromatic n-system, such as that obtained by generation of aryl-substituted
tryptophans via direct metal-mediated catalysis. Miller and co-workers have demonstrated
that a Suzuki—Miyaura reaction between the commercially available borylated tryptophan
derivative 57 and bromoindole 58 provides the desired C2-arylation product 59 in good yield,
although the high temperature required potentially limit the applicability of this method for

more complex substrates (Scheme 31).11°

HNTR
58
CO,Et Br CO,Et
AcHN"™ AcHN'™
Me Pd,(dba)s=dba (2.5 mol%) HN™S
o) XPhos
.nM
D :[ © KsPOj, H,0 O N O
N o—)"Me > N
H Me PhMe, 110 °C, 16 h H
57 59, 73%

Scheme 31 Suzuki—Miyaura coupling to produce C2-tryptophan derivative 59.

A similar approach by Meinke et al. utilised a Suzuki—Miyaura coupling to prepare several
C2-functionalised derivatives of the tryptophan-containing natural product apicidin 60,
obtained by reaction of brominated precursor 61 with the appropriate arylboronic acid
(Scheme 32).1! The authors state that this reaction “provided good yields of the desired 2-
arylindoles”, although only an approximate yield of 65% was provided for all five analogues

prepared (62-66).
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N H NH NBS N H NH NH
_}
N\/&O ccl, N\/J\)B '
80 °C, 15 min
o \/\/Y\ o \/\/Y\
Apicidin
pso o 61, 53% o
- ™ Pd(PPhs),, LiCl
NaHCQ3, ArB(OH),
dioxane/EtOH,
OO 100°C, 2 h
MeO OMe
62 63 64
-~ o
Ar= H )kl
O Y
N . N NH
) N Ar
/N : ©
65 Me” 66 o e ¢
\. J

Scheme 32 Preparation of arylated apicidin analogues via a Suzuki—Miyaura coupling.

Winn and co-workers also selected the Suzuki—Miyaura reaction to selectively functionalise

several unprotected 5- and 7-bromotryptophans in water (Scheme 33).1%?

CO,H COH  Ar=5-CgHs, 67, 78%
Na,PdCl, (2.5 mol%) 5-(4-Me-CgHy), 68, 90%
ArB(OH), 5-(4-OMe-CgH,), 69, 87%

TPPTS, K,CO5 5-(4-CO,H-CgH,), 70, 68%
5-(4-CF3-CgHy), 71, 35%

7-CeHs, 72, 15%

H,0,80°C,6h

Scheme 33 Suzuki—Miyaura coupling of unprotected bromotryptophans in water.

The fluorescence properties of the arylated products obtained were evaluated and shown to
provide stronger emission signals than that of the parent tryptophan compound 73 (Table 1,
Entry 1). Importantly, the position and nature of the aromatic substituent used gave rise to
varying emission signals and Stokes shifts; an electron-withdrawing carboxy group attached
to the phenyl ring (70) produced the largest Stokes shift of those examples tested (Table 1,
Entry 4), while 5-phenyltryptophan 67 (Table 1, Entry 2) was seen to be much more strongly
fluorescent than its 7-phenyl regioisomer 72 (Table 1, Entry 5).
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Table 1 Fluorescence spectroscopic properties for aryltryptophans.?

Entry Compound Aex/ NM hem / NM Stokes shift / cm™
1 73 280 348 6978
2 67 254 370 12343
3 69 254 353 11041
4 70 254 411 15039
5 72 254 384 12703

a All spectra recorded in methanol.
2.1.2 Direct C-H Bond Functionalisations

While these approaches provide several facile routes to access aryltryptophans, they all suffer
from the disadvantage of having to prepare pre-functionalised halogenated or borylated
starting materials, as is usually the case for traditional cross-coupling processes. More recent
developments in the field of metal-mediated C—H bond functionalisations provide a way to
obviate this potential limitation, as the desired product(s) can be obtained from the direct
reaction of an intrinsically reactive C—H bond within the indole moiety, thus increasing the
atom economy and mass efficiency for the overall transformation required. Lavilla and co-
workers adapted the Pd-mediated arylation conditions of Larossa et al.!*® to produce a range
of C2-aryltryptophans directly from protected tryptophan derivative 74 in synthetically
useful yields under microwave irradiation for 5 minutes. The arylating agents in this protocol
are iodoarenes, with AgBF. and 2-nitrobenzoic acid used as stoichiometric additives
(Scheme 34).114

Ar = CgHs, 75, 89%

COzMe COZME 4-ME‘-C6H4, 76, 81%
AcHN™ Pd(OAc), (5 mol%)  AcHN'™ 4-OMe-CgH,, 77, 76%
Arl, AGBF, 4-CF3-CqHy, 78, 79%
A\ 2-NO,BZOH N\ A 4-Br-CqgH,, 79, 92%
- - o
N Iy p 4-CO,Me-CgHg, 80, 86%
H 150 °C. 5 min H 2,6-Me,-CeHs, 81, 85%
74 2-thiophene, 82, 23%

Scheme 34 Direct arylation of tryptophan 74 using a catalytic Pd/stoichiometric Ag system.

This methodology was also adapted to allow the selective modification of several tryptophan-
containing peptides, where in phosphate buffer at pH 6.0 the temperature could be lowered

to 80 °C while still allowing for high conversions to the desired products (Scheme 35). A
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tenfold excess of aryl iodide was however required in these cases. Furthermore, those
peptides with sulphur-containing amino acids in their sequence (90) proved unsuitable
arylation substrates, due to selective hydrolysis of the peptide bond presumably caused by in
situ palladium complex formation. The specific position of tryptophan within the peptide had

no effect on the efficacy of this protocol.

Peptide Peptide
I [
°_o Pd(OAC), (5 mol%) °_o
Peptide, p-CH3PhlI, AgBF, Peptide,
N 2-NO,BzOH N

Phosphate buffer, pH 6 A
pW, 80 °C, 10 min N
H
Ac-Ala-Trp-Ala-OH, $$, 57%
Ac-Trp-Leu-Asp-Phe-OH, $$, 68%
Ac-Tyr-Pro-Trp-Phe-OH, $$, 75%
Ac-Arg-Gly-Trp-Ala-OH, $$, 94%
Ac-His-Gly-Trp-Ala-OH, $$, 51%
Ac-Lys-Gly-Trp-Ala-OH, $$, 95%
Ac-Ser-Gly-Trp-Ala-OH, $$, 62%
Ac-Met-Gly-Trp-Ala-OH, $$, 0%
Ac-GIn-Phe-Ala-Trp-OH, $$, 88%

Scheme 35 Selective arylation of tryptophan-containing peptides.

One issue observed with the protocol developed on single tryptophan residues (Scheme 34)
was that the nitrogen protecting group was critical in providing the desired products in
synthetically useful yields. The acetyl protecting group used in this case has poor utility for
masking amino functionality in peptide syntheses; to address this drawback later work from
the same group explored the effect of acid additives on several tryptophan derivatives, as
well as unprotected tryptophan itself.*> Interestingly it was found that addition of
stoichiometric TFA to the reaction allowed for quantitative conversion (at 90 °C in DMF) of
unprotected tryptophan, in addition to N-Tfa (92) and N-Fmoc (93) tryptophans. As the Fmoc
protecting group is readily compatible with solid-phase peptide synthesis it was selected to

exemplify these new reaction conditions for a range of aryl iodides (Scheme 36).

Ar = CgHs, 94, 56%

CO,H CO,H 4-Me-CgH,, 95, 81%
- . 4-OMe-CgH,, 96, 63%
FmocHN®* FmocHN* 6174, <5,
Pd(OAC), (5 mol%) 4-Br-CgH,, 97, 62%
A Arl, AgBF,, TFA A 4-CO,Me-CgH,, 98, 68%
I Ar 4-NO,-CgH,, 99, 91%
N DMF, W N 3-CF4-CgHg, 100, 59%
90 °C, 20 min .
93 1-pyrene, 101, 66%

Scheme 36 Direct arylation of Fmoc-protected tryptophan 93 using a Pd/TFA system.
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The aqueous conditions developed for short-chain peptides (Scheme 35) were also
subsequently adapted in the post-synthetic modification of the natural product brevianamide
102, which contains a masked tryptophan functionality (Scheme 37). This protocol was used
to synthesise a range of novel C2-arylated analogues which displayed antitumoral activity
distinct from that of the parent compound 102,116
Ar = 4-Me-CgH,, 103, 84%
4-OMe-CgH,, 104, 86%
4-CF3-CgH,, 105, 73%

4-Cl-CgH,, 106, 72%
4-1-CgH,, 107, 7%

L/HO Pd(OAC), (5 mol%) mo

N Ny \H 4-CO,Me-CgH,, 108, 95%
Arl, AgBF,4 3-OMe-CgH,4, 109, 73%
o 2-NO,BzOH 3-CF3-CgHa, 110, 51%

Phosphate buffered saline
uW, 80 °C, 15 min

3-Cl-CgHa, 111, 71%
3-CO,Me-CgHy, 112, 40%

N

N 3,5-CF3-CgHy, 113, 13%
102 H 2-OMe-CgHy,, 114, 70%
2-CF3-CgHy, 115, 51%
2-Cl-CgHy, 116, 54%
2-thiophene, 117, 9%

IZ .

Scheme 37 Direct arylation of brevianamide using a Pd/Ag system.

The arylating conditions developed by this group shown in Scheme 34 and Scheme 36 were
subsequently adapted to allow preparation of stapled tryptophan—tyrosine/phenylalanine
peptides through an elegant C2-activation, allowing rapid access to complex macrocyclic
peptide architectures.’'” One such product obtained from the intramolecular reaction of a
tryptophan residue with a phenylalanine residue to produce a peptide containing the tumour-

homing signalling sequence Asn-Gly-Arg is shown in Scheme 38.

HN < NH, HN < NH,
NH NH
0 Pd(OAC), (5 mol%)
HL AgBF,, TFA
—b.
DMF, pW
90 °C, 20 min
118 119, 77% conv. by HPLC

Scheme 38 Stapled bond formation of peptides through intramolecular C2-arylation of tryptophan.
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The protocols described by Lavilla et al. were also adapted by James and co-workers in a
sophisticated Pd-mediated peptidic macrocyclisation using an intramolecular C2-arylation of

a derivatised tryptophan residue (Scheme 39).18

Pd(OAC), (5 mol%)
AgBF,

H 2-NO,BzOH

[linker] N - _—

DMA, uW, 130 °C flinker] HN” Yco,Me

MeO,C 30-45 min

13 examples
15-25 membered rings
40-75% yield

Scheme 39 Peptidic macrocyclisation utilising an intramolecular C2-arylation of tryptophan.

The major drawback in the application of direct C-H bond functionalisation to the
modification of tryptophan derivatives in the examples highlighted above is the need for high
temperatures and microwave irradiation. To address this issue, studies conducted in the
Fairlamb group adapted Sanford’s work on the room temperature direct arylation of indoles®!
to demonstrate the effective C2-arylation of tryptophan 74 under much milder conditions
than had been previously achieved. This was accomplished through mixing of phenylboronic
acid 14 and aryliodonium salt 22 in the presence of catalytic palladium and glacial acetic acid
(Scheme 40).2° Under these conditions it was proposed that 14 and 22 form a symmetric

diphenyliodonium salt in situ.

COZMG COZME
ACHN™ Pd(OAC)Z (5 mol%) ACHN*™
PhB(OH), 14
PhI(OAc), 22
) e GO
N ACOH, 40 °C N
H 16 h H
74 75, 56%

Scheme 40 Direct C2-arylation of tryptophan with 14 and 22.

Replacing aryliodonium salt 22 with catalytic quantities of Cu(OAc). allowed for moderate
to high yields of the desired arylated products to be obtained when using a range of
arylboronic acids (Scheme 41), while maintaining a mild reaction temperature. In this

protocol atmospheric oxygen functions as the terminal oxidant for the copper(ll) salt.
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CO,Me CO,Me
Ar = CgHs, 75, 93%
AGHN™ PA(OAC), (5 mol%)  AcHN™ ¢Hs, 75,
Cu(OAC), (10 mol%) 4-Me-CgHj, 76, 88%
ArB(OH), 4-OMe-CqH,, 77, 28%
N » N—ar 4-CF4-CgHg, 78, 58%
N ACOH, 40 °C N . o
N H, 4 N 4-F-CgH,, 120, 77%
74

Scheme 41 Direct C2-arylation of tryptophan using a Pd/Cu catalytic system.

This latter methodology was also exemplified on two tryptophan-containing peptides,
dipeptide 121 and hexapeptide 123, affording excellent conversion to the desired arylation
products under similarly mild conditions (Scheme 42).

MeQ,

0 o]
Pd(QAc), (5 mol%)
ACH"'\)'LN--- Cu(OAc), (10 mol%) ACHN\)LN---
PhB(OH),
AcOH, 40 °C
N 16 h, air B
121 122, >95% conv. by HPLC
As above, using:
Pd(OAc), (30 mol%) O
HN Cu(OAc), (60 mol%) HN
AGHN LysLeuValGlyAlaOH O AHN LysLeuValGlyAlaOH
O O
123 124, 86% conv. by HPLC

Scheme 42 Direct arylation of di- and hexapeptides using a Pd/Cu catalytic system.

More recently, Ackermann and co-workers have demonstrated the room temperature direct
arylation of a protected Ala-Trp-Gly tripeptide 125 using a range of symmetric
diaryliodonium salts, drawing comparisons with the in situ formation of such species in the
methodology shown in Scheme 40. Application of catalytic Pd(OAC): in glacial acetic acid
facilitated generation of a series of functionalised tripeptides in moderate to high yields
(Scheme 43). This protocol was exemplified with tryptophan-containing peptides to
selectively install a phenyl group at the C2 position of the tryptophan residue. Interestingly
the methodology described in Scheme 43 was also shown to proceed effectively in water,
albeit with reduced yields of the desired products, with a slightly extended reaction time (to
24 h).120
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y © g ©
Ac-Ala” \:)LGIy-OEi Pd(OAc), (5 mol%) AcAla” \:)LGIy-OEt
i [Ar,l]OTs :
\/:Z\ \g AcOH, 23 °C, 17 h m
H 125 H

Ar = CgHs, 126, 99%
4-OMe-CgH,, 127, 85%
4-F-CgH,, 128, 93%
4-CI-CgHy, 129, 94%
4-Br-CgH,, 130, 79%
2,4-Me,-CgHa, 131, 51%

Scheme 43 Direct arylation of a tryptophan-containing tripeptide using a diaryliodonium salt.

Earlier work from the Ackermann group had demonstrated that the symmetric
diaryliodonium salt 132 can function as an effective metal-free arylating reagent for
engineered C3-substituted indoles incorporated within non-natural peptidic scaffolds. In
DMF at 100 °C, C2-arylation of the synthetic indole proceeded with remarkably high
selectivity in the presence of a tryptophan residue; this was ascribed to the relative proximity
of the pivotal amide functionalities, i.e. the length of the carbon chain linker adjacent to the
indole moiety. An example of this bioorthogonality was exemplified using hexapeptide 133
as outlined in Scheme 44,

H (0] H O H (0]
N N N OM
Crr A Ay e
N\ H
H

H Ph

B 133
+ OTs

|
132 ©/\©
DMF, 100 °C, 17 h
YOUS NSNS
N N OMe

H
N
HN L Spn Op”
® !
N~ H

H 134, 87%

Scheme 44 Selective metal-free arylation of a synthetic C3-substituted indole.
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2.2 Development of Diaryliodonium Salt Conditions

2.2.1 Method Development

The two sets of reaction conditions previously developed within the Fairlamb group® were
the first demonstration of low temperature (40 °C) direct arylations of tryptophan, however
despite the mild conditions and synthetically useful yields obtained, some potential
drawbacks can be identified. Addition of multiple equivalents of boron- and iodine-
containing arylating reagents severely impacts the atom economy and mass intensity of the
process in Scheme 40 (this can be quantified using green metrics, vide infra). Addition of a
second transition metal (copper) in the conditions shown in Scheme 41 is similarly
undesirable. With these factors in mind, a focus was placed on investigating the role of the
proposed oxidant in these systems, with the primary aim of identifying efficient and
sustainable synthetic protocols. Protected tryptophan 74 was accessed in two high-yielding
steps from commercially available r-tryptophan 73 using the method of Taylor and co-
workers (Scheme 45).12

CO,H CO,Me cOo,Me
HCIH,N™ AcHN™
SOCl,, MeOH Et;N, Ac,0
- N = N
-15 °C-RT N THF N
24 h H 0 °C—-reflux H
135, quant. 2h 74, 75%

Scheme 45 Synthesis of N-Ac, O-Me tryptophan 74.

'H NMR spectroscopic analysis of 74 in CDCl; confirmed the presence of the C-terminus
methyl ester at & 3.70 ppm and N-terminus amide doublet at § 6.03 ppm (3Ju-n = 8.0 Hz) and
singlet at & 1.95 ppm. Retention of the indole NH is seen as a broad singlet due to exchange
on the NMR timescale at & 8.27 ppm. The C-2 proton at 3 6.97 ppm is observed as a doublet
3J4-n = 2.5 Hz coupling to the indole NH; likely this coupling is not observed on the indole
NH due to the aforementioned signal broadening. A doublet of triplets at 6 4.96 ppm can be
assigned as the enantiomeric proton, which demonstrates 3J,-+ = 8.0 Hz coupling to the amide
NH and 3J+ = 5.0 Hz coupling to the adjacent CH, group. These protons are inequivalent
in their coupling to the enantiomeric proton however and so give rise to two diastereotopic
signals, which overlap to give the misleading appearance of a complex multiplet, even more
so due to the significant roofing observed. Correct assignment however shows a doublet of
doublets at & 3.35 ppm and another doublet of doublets at § 3.30 ppm, each with 3J y-n = 5.0
Hz and 2J .y = 15.0 Hz (Figure 12).
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e e
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5.;]0 4.'95 4.'90 3.140 3.I35 3.I30 3.r25
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Figure 12 'H NMR spectrum of 74 (400 MHz, CDCl5).

With 74 in hand, an analogous experiment to that shown in Scheme 40 was performed using
ds-PhB(OH)- (ds-14) to evaluate the nature of the arylating agent in this system i.e. whether
this species was derived from PhB(OH); 14, Phl(OAc), 22 or both. ESI-HRMS analysis of
this reaction indicated an approximately 1:1 mixture of H- and D-labelled products were
formed, providing convincing evidence for the formation of the proposed® symmetrical
[Ph2l]* species in situ (Scheme 46). Importantly this demonstrates the non-innocent role of

PhI(OACc), 22, often proposed to act as a simple oxidant, in this system.

CO,Me CO,Me
ACHN™ Pd(OAC), (5 mol%)  AgHN™
ds-PhB(OH), ds-14
PhI(QAG), 22

\ —— \ Ar
N AcOH, 40 °C N
74 H 16 h H
Ar= CsHs, 75
56%, 1:1
CeDs, d5-75} °

Scheme 46 Deuterium-labelling experiment in the direct arylation of tryptophan.

This non-selective donation presents an issue for the introduction of substituted aromatic
groups, so an alternative arylation strategy was sought. Replacing 22 with Cu(OAc):
(Scheme 41)™° circumvented this issue, but during attempts to functionalise peptides 136
and 138 significant quantities of aromatic oxidation were noted in this Pd/Cu catalytic

system. HPLC-MS analysis of the reaction of tripeptide 136 under these conditions
69



Chapter 2: Direct C—H Bond Functionalisation of Tryptophans and Peptides

demonstrated complete loss of starting material, but also revealed the formation of
dihydroxylated and diarylated side products, in addition to the desired arylation product 137.
When these conditions were applied to tetrapeptide 138, similar dihydroxylation side
products were observed in addition to the desired arylation product 139 (Scheme 47). Copies

of the HPLC-MS chromatograms are provided in Appendix 4.

o Pd(OAc), (30 mol%)

Cu(OAc), (60 mol%)
£ N OH 14
HN H :

)=o o] AcOH, 40 °C
AcHNAIS 18 h, air AcHNAIZ
136 137, 54% conv. by HPLC

AcHNAIla AcHNAIla
8% conv. by HPLC 35% conv. by HPLC

Pd(OAc), (30 mol%)
Cu(OAc), (60 mol%)

14
AcOH, 40 °C
16 h, air
AcHNSerGly AcHNSerGly
138 139, 42% conv. by HPLC

AcHNSerGly
57% conv. by HPLC

Scheme 47 Side product formation in peptides susceptible to aromatic oxidation.

Given the efficacy of this protocol for the selective functionalisation of other peptides
(Scheme 42),'%° a terminal alanine residue neighbouring tryptophan was proposed to be
crucial in affecting the selectivity of the reaction in Scheme 47, in conjunction with the use

of copper(ll).
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Free C-terminus alanines have been shown to form stable complexes with copper (I1),'??
while Delboni and co-workers have published the single crystal structure of a tryptophan-
glycine copper(ll) complex (Figure 13), which demonstrates the ability of free C-termini
adjacent to tryptophan residues to coordinate copper(l1).12 It is proposed therefore that such
species are responsible for the observed hydroxylation of the arylation products in Scheme
47.

Figure 13 Crystal structure of (L-tryptophyl-glycinato) copper(Il). Reprinted from Inorg. Chim. Acta
2001, 312, 133-138. Copyright 2001, with permission from Elsevier.

This over-oxidation confirms that while addition of copper(ll) as a co-catalyst facilitates high
conversion to the desired aryltryptophans, it has limitations when applied to more challenging
substrates. It was hypothesised that the ability to utilise a single arylating agent without
requiring additional transition metal co-catalysts would provide a suitable solution to the
drawbacks outlined above. The observation that in situ [PhI]* species can prove effective in
this type of transformation (Scheme 40) led to examination of pre-synthesised asymmetric
diaryliodonium salts, where a non-transferable ‘dummy group’ could be used to generate
arene selectivity in the products (vide supra). The simple [PhMesI]OTf salt 140 was therefore
synthesised in a high-yielding one-pot process from mesitylene 140 and 22 using the method

reported by Gaunt and co-workers (Scheme 48).1%4

AcO—|—OAc TOTf
TfOH N
+ Ry
b\ @ CHaClz /ﬁ \©
0°C-RT, 2h

141 22 140, 95%

Scheme 48 Synthesis of [PhMesl]OTf salt 140.

When 140 was applied to the arylation conditions shown in Scheme 40, in place of 14 and
22 the desired arylation product 75 was obtained with a yield of 65%. Optimisation of the
reaction conditions demonstrated that full conversion of starting material 74 could be

achieved after 16 h at 25 °C in ethyl acetate (Table 5, Entry 5). Other solvents demonstrated
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to be incompatible with this chemistry were; acetonitrile, acetone, DCM, DMF, DMSO, 1,4-
dioxane and water, all which provided no conversion to the desired product 75 (see Chapter
6 for details).

Table 2 Optimisation of direct arylation of tryptophan using [PhMesI]JOTf 140.2

CO,Me cO,Me

ACHN™ ACHN""
Pd(OAc), (5 mol%)

[PhMes|]OTf 140

Y e O
solvent, 25 °C N
H

N
74 " 1on 75
Entry Solvent Conv. to 75° (yield)°/ % Conv. to 142" (yield)° / %
1 AcOH® 70 (65) 0
2 MeOH 12 0
3 EtOH 15 0
4 'PrOH 47 3
5 EtOAC 91 (85) 9 (3)
6 EtOAC™ 50 10

a All reactions conducted with 74 (50 mg, 0.192 mmol, 1 eq.), 140 (181 mg, 0.384 mmol, 2 eq.),
Pd(OAC), (2 mg, 9.6 pmol, 5 mol%) and solvent (5 mL), unless otherwise specified. ® As determined
by 'H NMR spectroscopic analysis of the crude reaction mixture following an aqueous workup. °
Following purification by silica gel flash column chromatography. ¢ Reaction conducted at 40 °C. ¢
Using 143 (0.384 mmol, 2 eq.) in place of 140. f 40% remaining starting material.

Removal of the acidic conditions previously required, in addition to complete substrate
conversion at 25 °C, meant that this protocol (Table 2, Entry 5) provided distinct benefits
over the previous methodologies for generation of 2-phenyltryptophan 75. In addition to the
desired phenylated product 75 however, a small quantity of mesityled product 142 was
formed from partial addition of the sterically-hindered mesityl component of iodonium salt
140. Attempts to improve upon this through use of the more sterically-demanding tri-iso-
propylphenyl (TRIP) dummy group (143) failed however, as this substrate lowered both the
reactivity of the system and selectivity for the desired product 75 (Table 2, Entry 6). A small
counter-ion screen was also performed which confirmed the efficacy of the triflate counter-

ion used above (Table 3).
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Table 3 Counter-ion screen for asymmetric [PhMesl] X salts in the direct arylation of tryptophan 74.2

CO,Me CO,Me
AcHN*" ACHN™
Pd(OAG); (5 mol%)
[PhMesI]X

Y e OO

N EtOAc, 25 °C N

H 16 h H

74 75
Entry Counter-ion (X) Conv. to 75° / % Conv. to 142° / %

1 ~OTf (140) 91 9
2 "BF4(144) Trace Trace
3 “PFe (145) 65 13
4 ~ShFs (146) 64 10

@ All reactions conducted with 74 (50 mg, 0.192 mmol, 1 eq.), [PhMeslI]X (0.384 mmol, 2 eq.),
Pd(OAC); (2 mg, 9.6 pmol, 5 mol%) and EtOAc (5 mL). ® As determined by *H NMR spectroscopic
analysis of the crude reaction mixture following an aqueous workup.

It was during development of these conditions that the selective metal-free arylation protocol
of non-natural indoles in the presence of tryptophan residues using [Arzl]* salts (Scheme 44)
was published by Ackermann and co-workers.!? Several experiments were performed to
evaluate these conditions when applied to tryptophan 74, in the presence and absence of Pd
and/or air (Table 4). These tests established that no reaction is observed without addition of
Pd(OAC). (5 mol%) and that air has no appreciable effect on this reaction, which correlates

with the observations of Ackermann et al.
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Table 4 Evaluation of Ackermann conditions®?® in the direct arylation of tryptophan.?

CO,Me CO,Me
ACHN"™ AcHN
[Ph,l]OTs 132
{ Pd(OAGC), (x mol%) O { O
N DMF, 100 °C N
H 17h H
74 75
Entry Pd(OAc), / mol% Air Conv.”/ %
1 0 No 0
2 0 Yes 0
3 5 No 93
4 5 Yes 93

@ All reactions conducted with 74 (65 mg, 0.25 mmol, 1 eq.), 132 (170 mg, 0.375 mmol, 1.5 eq.) and
DMF (2 mL). Where indicated, Pd(OAc), (2 mg, 9.6 pmol, 5 mol%) was added. ® As determined by
'H NMR spectroscopic analysis of the crude reaction mixture following an aqueous workup.

2.2.2 Application to Peptides

With these optimised arylation conditions (Table 2, Entry 12) in hand, more complex,
biologically or medicinally relevant substrates were investigated in order to demonstrate the
applicability of this methodology. Second-generation derivatives of the potent anti-cancer
compound Sansalvamide A were thus identified, as this macrocyclic pentapeptide has unique
reactivity against several different forms of cancer. It also displays interesting configurational
requirements for biological activity, as modification of the side chains and optical
configurations of the amino acid residues in this compound allows for targeting of specific
chemotherapeutic benefits, for different mutagenic cell lines.?® Following the method of
McAlpine and co-workers, a simple N-Boc protection/deprotection strategy was employed
to synthesise the linear tryptophan-containing pentapeptide Boc-LeuLeuValLeuTrp-OMe
158, itself a precursor to the macrocyclic final product 147 shown in Figure 14. This was
accomplished by first preparing the free-amine tripeptide H;N-ValLeuTrp-OMe 153
(Scheme 49) and free-acid dipeptide Boc-LeulLeu-OH 157 (Scheme 50), before a final

coupling reaction to generate 158 in synthetically useful yields (Scheme 51).
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147
Figure 14 Tryptophan-containing Sansalvamide A derivative 147
0]
BocHN
ocl OH H H
MeOPh \
148 ED CH,Clo/TFA (10:1)
0 O
135 e -
DEPBT, DIPEA BocHN N
CH,Cl,, RT, 2 h H

zZ

D ——

H,N
CO,Me RT.2h H CO,Me
149, 55% 150, quant.
N
OH
BocHN A MeOPh
151 O o CH,ClL/TFA (10:1)
—_— H
N
DEPBT, DIPEA BocHN N7 ~Cco,Me RT.2h
CH.Cl,, RT, 2 h o) H H
152, 54%

N\
: o)
H,N N7 ~co,Me
a H

153, quant.

Scheme 49 Synthesis of free-amine tripeptide precursor 153.
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o 148 o
SOCly, MeOH  HCI*H;N OMe TBTU, DIPEA H
e e
oM
40°C. 16 CHCL, RT,2n ool °
155, 97% 156, 88%
LioH )j\n/
—e -
MeOH, RT, 16h  oocHN \¢
157, 979
Scheme 50 Synthesis of free-acid dipeptide precursor 157.
H
N
\Y
DEPBT, DIPEA H 0 H 0
+ - N
AL ) H 3 H

158, 67%

Scheme 51 Amide coupling to generate linear pentapeptide 158.

The optimised arylation conditions shown in Table 2, Entry 12 were then applied to 158 in
an attempt to generate the arylated pentapeptide product 159 (Scheme 52). Note that for this
complex peptide the Pd catalyst loading was increased to 30 mol%.

H
N
140 \Y O

Pd(OAc), (30 mol%
158
EtOAc, 25 °C, 16 h BocHN CO,Me

Scheme 52 Direct arylation of linear pentapeptide 158.

TLC analysis of the crude mixture from this reaction indicated some conversion, attempts at
purification were however unsuccessful, although ESI-HRMS analysis of the crude mixture
did confirm approximately 20% conversion to the desired arylation product 159 ([M+Na]*
855.4980). Due to the purification difficulties of this complex peptide, it was decided to first
apply the arylation methodology to more modest peptide targets as a proof of principle. With

this in mind the intermediate dipeptide 149 was subjected to the previously optimised Cu"
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co-catalysed conditions shown in Scheme 41, which had been proven to work effectively on

other peptides (Scheme 53).

H H
N Pd(OAC), (5 mol%) N
\ Cu(OAc), (10 mol%) O \
o 14 _ 5
BocHN N” >CO,Me AcOH, 40°C, 16 h BocHN N" > CO,Me
H H
149 160, 31%

Scheme 53 Direct arylation of Boc-dipeptide 149 using Cu'' co-catalysis.

Surprisingly, only 31% of the desired arylation product 160 could be obtained, contrasting
with the complete conversion seen when using 74 as a substrate. It was hypothesised that the
change in protecting group (N-Boc for N-Ac) may have been the cause of this discrepancy,
so the analogous N-Boc, O—Me protected tryptophan 161 was synthesised, before being
tested under the optimised conditions shown in Table 2, Entry 12 (Scheme 54).

H H
N N
Pd(OAC), (5 mol%) O O

Boc,0, K,CO, N 140 )

135 » »
H,O/acetone (1:1) EtOAG, 25 °C, 16 h
RT, 2h BocHN CO,Me BocHN CO;Me
161, 94% 162, trace

Scheme 54 Synthesis and attempted direct arylation of N-Boc tryptophan 161.

As Scheme 54 shows, under these conditions only a trace of the desired arylation product
162 could be observed by TLC or ESI-HRMS and this could not be isolated, effectively
demonstrating the pronounced effect of the change in protecting group on the efficiency of
the arylation protocol; it is likely that this is rooted in steric effects due to the increased size
of N-Boc over N-Ac. The synthesis of the N-Ac analogue of dipeptide 149 was thus
attempted from 154 and 135 (Scheme 55).

H

N
0 0 135 \

Ac;0, NaHCO DEPBT, DIPEA
HN OH 2 3: AcHN OH o
dioxane/water (1:1) CH,Clp, it,2h  AcHN N” > CO,Me
60°C, 16 h H
154 163, 84% 164

Scheme 55 Synthesis of N-Ac Leu-Trp dipeptide 164.
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While the initial N-Ac protection of 1—Leucine 154 proceeded in good yield, attempts at
coupling this to 135 resulted in an inseparable mixture of 135 and 164. While significant
effort was expended to resolve this issue, unfortunately the desired dipeptide 164 could not
be purified. It was therefore decided to switch the protecting group from N-Ac to N-Tfa,
which satisfies the steric requirements, provides a useful °F NMR handle and is easily
removed by aqueous sodium hydroxide.*?” This switch to N-Tfa produced none of the
synthetic difficulties found with the N-Ac protecting group and three substrates were
protected according to literature procedures (Scheme 56).1%8

a)
j\ 165 H
<07 CF, A
135 -
Et;N, MeOH
RT.16h TfaHN” “CO,Me
92, 90%
b) H
165 o 135 A
Et;N TfaHN DEPBT, DIPEA
164 ————— OH > 0
MeOH, RT, 16 h CH,Cl,, RT, 2 h TfaHN H CoMe
166, 97% 167, 60%
c) H
165 135 N
o) Et;N o) TBTU, DIPEA N\
HoN — > TfaHN —_—
2 \)LOH MeOH, RT \)LOH MeCN.RT HN\)CJ)\
16 h 2h a ﬁ CO,Me
168 169, 89% 170, 93%

Scheme 56 Synthesis of: a) N-Tfa tryptophan 92, b) Tfa Leu-Trp 167, ¢) Tfa Gly-Trp 170.

The substrates shown in Scheme 56 were then subjected to the arylation conditions outlined
in Table 2, Entry 12. This provided the desired arylation products in moderate to good yields,
thus demonstrating the utility of this protocol when applied to small tryptophan-containing
peptides (Scheme 57). These conditions were also successfully applied to peptides 136 and
138, which had proven problematic with the Cu-containing conditions shown in Scheme 41,

affording the desired arylation products 137 and 139 in useful conversions (Scheme 58).
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a) H H
N Pd(OAG), (5 mol%) N
A 140 Ar—4
EtOAc, 25 °C, 16 h
TfaHN” ~CO,Me TfaHN”™ ~CO,Me
92 Ar=Ph, 171, 82%
Ar = Mes, 172, 17%
b) H H
N N
A\ Pd(OAC), (5 mol%) Ar—\
o 140 _ o
TfaHN o TfaHN
a N" CO,Me EtOAc, 25 °C, 16 h a N" ~CO,Me
H H
167 Ar = Ph, 173, 65%
Ar = Mes, 174, 12%
c) H H
N Pd(OAC), (5 mol%) N
A 140 AN
o) . - 0
EtOAc, 25 °C, 16 h
TfaHN\)LN co,Me TfaHN\)LN co,Me
H H
170

Ar = Ph, 175, 48%
Ar = Mes, 176, 4%

Scheme 57 Arylation of a) N-Tfa tryptophan 92, b) Tfa Leu-Trp 167, ¢) Tfa Gly—Trp 170

HN™™S
H N OH
HN H
):O O
AcHNAIla
Pd(OAc), (10 mol%) 137, 48% conv. by HPLC
140

—

ProH, 25 °C, 16 h

AcHNSerGly
138

AcHNSerGly
139, 56% conv. by HPLC

Scheme 58 Arylation of peptides susceptible to dihydroxylation using a diaryliodonium salt.
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2.3 Development of Aryldiazonium Salt Conditions

2.3.1 Method Development and Scope

Despite the general applicability of these methods for the generation of 2-aryltryptophans,
the limitations highlighted above meant that efforts were redirected towards identifying
alternative arylating conditions. Furthermore, the generation of stoichiometric byproducts
such as iodoarenes complicates product purification, hugely limits the efficiency and
increases the mass intensity of any given process. With these factors in mind, it was
hypothesised that a substrate containing a single aryl group, which can be readily
functionalised with a range of chemical moieties, would provide an ideal coupling partner.
The use of aryldiazonium salts was therefore investigated as these bear some useful
similarities to diaryliodonium salts, in terms of both their structure and reactivity (see Chapter
1).% To begin these studies, several aryldiazonium tetrafluoroborate salts were readily
synthesised in an oxidative process from the corresponding commercially available
anilines,'?® accessing the desired products in low to moderate yields (Table 5a). Following a
subsequent review of the literature, an improved synthesis of these salts published by
Goossen and co-workers was found, which provided access to the same salts in excellent
yields (Table 5b).1%

SAFETY NOTE: Aryldiazonium salts can display both thermal and shock sensitivity which
can result in violent explosion, driven by the entropically favourable loss of dinitrogen.
Extreme care must therefore be taken when considering syntheses either generating or
employing such reagents. The nature of the counter anion used is critical to the stability of
these species; halide anions which are often found in the literature should be avoided at all
costs as these display very poor stability. Tetrafluoroborate and tosylate anions such as those
used in the entirety of this project display vastly increased thermal and shock sensitivity.*
All of the aryldiazonium salts used in this project and others**'*3 were stored at —18 °C over
a period of many months and no decomposition was ever observed. The safe use of

196 \with in situ formation from the

aryldiazonium salts has been demonstrated extensively,
corresponding anilines, "% often coupled with flow technology,'**'% a common approach

used to limit handling of the crystalline salts of these species.
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Table 5 Synthesis of aryldiazonium tetrafluoroborates.

NaNO, + -
| o NH2 HBF, (50% in H,0) | x-Ne BFs
/2 o in &
R H.0, 0 °C, 30 min R
b) BuONO & ~Br
h NH; HBF,, (50% in H,0) S Nz BFq
R/ & EtOH, 0 °C-RT, 1h R/ =
177-191 48, 54, 192-204
a) 65% 192, a) N/AP 193, a) N/A?
b) Quant.? b) 86%° b) 78%
+ = BF4 + -
l N, BF, N, BF,
194, a) N/A? i 195, a) N/A® 196, a) 47%
b) 93%° 65% b) Quant.?
197, a) 8% 198, a) N/A® 199, a) 52%
b) 98%2 b) 95% b) 98%*
. -
/@/NQ BF4 \©, BF4 D, BF4
Br
200, a) 33% 201, a) 44% 202, a) 25%
b) 93%? b) Quant.? b) 95%°7
. -
\©N2 BF4 /@/Nz BF4 /@, BF4
FaC
203, a) 47% 54, a) 32% 204, a) N/A®
b) Quant.? b) 92%2 b) 95%*

2 Reaction performed by A. Hammarback. ® Reaction not performed. ¢ Reaction performed by T.
Sheridan.

When tryptophan 74 was treated with one equivalent of benzenediazonium salt 48, in the
presence of catalytic Pd(OAC): in ethyl acetate, the desired arylation product 75 was obtained
in quantitative yield after 16 h at room temperature (typically 20 °C). These conditions were
then extended across the range of diazonium salts shown in Table 5, to generate several

functionalised 2-aryltryptophans, the results of which are shown in Table 6.
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Table 6 Scope of aryldiazonium tetrafluoroborate salts for the direct arylation of tryptophan 74.2

CO,Me

AcHN*
N Ar
N

H
75-79, 120, 142, 205-212

CO,Me
AcHN*"
£ -

-2 BF4 Pd(OAC), (5 mol%)
\ H + / -
N Z EtOAc, RT, 16 h
H R
74 48, 54, 192-204

CO,Me CO,Me
AcHN™ AcHN*
O OO

N N

H H

75, quant. 76, quant.

COZMe COzMe
AcHN™ O ACHN™
C<"y =00

N
N
H H
206, quant. 207, quant.

CO,Me CO,Me
ACHN*" ACHN*"
COon C-om

N N

H H

77, quant.® 208, quant.

CO,Me CO,Me
AcHN"™ AcHN"™

Br
OO U<

N N

H H

79, quant. 209, quant.

CO,Me CO,Me
AcHN™ AcHN™

Cl
C-O OO

N N

H H

211,83% 78, 0%

CO,M

€
AcHN™
e
N
H

205, quant.

(7

142, 83%”

CO,Me

AcHN™
O
N
H

120, quant.

W

CO,Me

o

210, 73%

CO,Me

AcHN*™"
OO
N
H

212, 0%

@ All reactions conducted with 74 (50 mg, 0.192 mmol, 1 eq.), aryldiazonium salt (0.192 mmol, 1 eq.),
Pd(OAC); (2.2 mg, 9.6 pmol, 5 mol%) and EtOAc (5 mL) at RT (ca. 16-23 °C). ® Reaction time

extended to 24 h.

Alkylated, electron-donating and halide-containing examples provided good to excellent

yields, while the sterically encumbered 1-napthyl and 2,4,6-trimethylphenyl salts also proved
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effective (giving 206 and 142, respectively). The quantitative synthesis of the biphenyl-
substituted product 207 provided access to a product exhibiting fluorescence at long-wave
UV light (excitation at 365 nm), markedly distinct from that of the single arene-containing
examples or the parent compound 74. Additionally, the tolerance of the synthetic protocol
towards halogenated arenes provides a useful orthogonality to further functionalisation to
produce, for example, other biaryl derivatives. It is important to note that aryldiazonium salts
containing strongly electron-withdrawing substituents (54 and 204) were not tolerated by this
arylation protocol, an observation also made by Correia and co-workers®2 who describe the
formation of a diazo side product generated by the nucleophilic attack of a C2-arylated indole

on electron-deficient aryldiazonium salts.

Peptides 136 and 138 which had previously demonstrated oxidative sensitivity to the Cu''-
mediated reaction conditions (Scheme 47) were also subjected to the optimised
aryldiazonium salts conditions, affording the desired arylation products 137 and 139 in
excellent conversion, with no evidence of the undesired aromatic dihydroxylation (Scheme
59). The solvent was switched to iso-propanol and the catalyst loading increased to ensure
guantitative conversion of these challenging polar substrates.

AcHNAIla

Pd(OAc), (20 mol%)

136 48

137, >95% conv. by HPLC

k-

PrOH, RT, 16 h

AcHNSerGly
138

AcHNSerGly
139, >95% conv. by HPLC

Scheme 59 Selective functionalisation of peptides using aryldiazonium salts.

During investigation of the mechanism for this reaction in a related project,**! it was found
that addition of catalytic quantities of acid had a profound impact, removing the observed
induction period and thus accelerating conversion to product. When using 5 mol% of p-
toluenesulfonic acid (TsOH), the reaction reached completion within ca. one hour at 37 °C,

compared to two hours without acid (at 37 °C). As catalytically active cyclometallated Pd—
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OTs complexes have been reported by both Brown'** and Bedford™* et al. (Figure 15),

complex 215 was prepared according to literature procedures (Scheme 60).

(a) OTs (b)
=0 OH; =0, 0OTs
HN  Pd HN  Pd
OH, OH,
213 214

Figure 15 Cyclometallated Pd—OTs complexes reported by (a) Brown et al. and (b) Bedford et al.

p-TsOH Tso_ OTs
Pd(OAC), — Jd.
MeCN, RT, 20 min MeCN MeCN
215, 80%

Scheme 60 Synthesis of Pd(OTs)2(MeCN); 215.

Complex 215 was then tested in the arylation protocol detailed above in place of Pd(OAC)
(Table 6), where it was found that the catalyst loading could be decreased to 1 mol%, and
still provide the desired arylation product 75 in quantitative yield after 16 h at room

temperature (Scheme 61).

CO,Me CO,Me
AcHN* AcHN™
+ -
N, BFy4 215 (1 mol%)
o - OO
N EtOAc, RT, 16 h N
H H
74 48 75, quant.

Scheme 61 Direct arylation of tryptophan 74 at 1 mol% Pd loading.

An experiment was also performed to demonstrate that sub-stoichiometric quantities of

MeCN were not inhibiting the reaction (Scheme 62).

CO,Me CO,Me
AcHN™ ACHN*"
. - Pd(OAc), (5 mol%)
N2 BFs  MeCN (10 mol%)
ose
N EtOAc, RT, 16 h N
H H
74 48 75, quant.

Scheme 62 Effect of MeCN on direct arylation of tryptophan 74 using aryldiazonium salts.

The scope of the arylation protocol using this catalytic system was also explored (Table 7).
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Table 7 Scope of aryldiazonium tetrafluoroborate salts for the direct arylation of tryptophan 74
using a Pd—OTs catalytic system.?

CO,Me CO,Me
AcHN"™ AcHN™
-
Ny BFy4 215 (5 mol%)
D—H + |/ > S—Aar
N Z EtOAc, RT, 16 h N
H R H
74 48, 54, 192-204 75-79, 120, 142, 205-212
CcO,Me CO,Me CO,Me
AcHN™ AcHN™ AcCHN™
-0 O- OO
N N N
H H H
75, quant.® 76, quant. 205, quant.
co,Me CO,Me CO,Me
AcHN™ O AcHN*" AcHN™
OOy O~ T
N N
N
H H H
206, quant. 207, quant. 142, 75% (72%,° 45%°)
CO,Me CO,Me CO,Me
AcHN"" ACHN AcHN™
N N N
H H H
77, quant. (49%,” 40%°) 208, quant. 120, quant.
CO,Me CO,Me CO.Me
AcHN™ AcHN"™ AcHN™
Br
== U< (<)
N N N
H H H
79, quant. 209, 69% 210, 80%
CO,Me CO;Me -Me

N\l'

%i
SN

IZ .

211, 80%

CO
AcHN™" AcHN""
O~ X0
N
H

78, 0%

85

212, 0%

a All reactions conducted with 74 (50 mg, 0.192 mmol, 1 eq.), aryldiazonium salt (0.192 mmol),
Pd(OTs)2(MeCN); (5.1 mg, 9.6 pmol, 5 mol%) and EtOAc (5 mL) at RT (ca. 16-23 °C). ® Conversion
when using 2.5 mol% catalyst, as determined by *H NMR spectroscopic analysis of the crude reaction
mixture following an aqueous workup. ¢ Conversion when using 1 mol% catalyst, as determined by

'H NMR spectroscopic analysis of the crude reaction mixture following an aqueous workup.
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The scope of the arylation protocol using the catalytic system in Scheme 61 was explored
initially (1 mol% Pd), however several analogues displayed decreased activity at catalyst
loadings below 5 mol%, so 5 mol% Pd and a reaction time of 16 hours was used for the
majority of substrates tested (Table 7). This provided the desired products in isolated yields

comparable to those obtained using the previous reaction conditions (Table 6).
2.4 Product Characterisation

H NMR spectroscopic analysis of 75 in CDCl; confirmed the loss of the diagnostic C-2
proton from & 6.97 ppm, with retention of the indole NH as a broad singlet at & 8.20 ppm.
The additional aromatic signals are observed as several unresolvable multiplets between &
7.60-7.34 ppm. The C-terminus methyl ester has undergone an upfield shift from 6 3.70 ppm
to 8 3.29 ppm, as has the N-terminus amide doublet at § 5.79 ppm (3J4_4 = 8.0 Hz) and singlet
at § 1.66 ppm. A similar upfield shift of the enantiomeric proton at § 4.84 ppm (dt, 3Jy n =
8.0, 5.0 Hz) can also be observed. Conversely, the two diastereotopic protons have undergone
a downfield shift, to 6 3.55 ppm and 6 3.52 ppm. These signals are even more misleading
than before due to a substantial roofing effect, resulting from a small difference in chemical
shift (8:—8, = 0.03 ppm), rendering the 2J -1 = 15.0 Hz coupling almost impossible to observe
(Figure 16).

e
e
d
75
4.55 4.IEO 3.‘30 3.55 3.50 3..‘45
g ab
NH
NH ¢
M . J‘l h A
8j5 EjO 7j5 TjO 515 GfO 5?5 510 415 4.‘0 315 3.r0 ?_'5 2i0 1C5

Figure 16 *H NMR spectrum of 75 (400 MHz, CDCls).
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Single crystal X-ray diffraction structures of 75, 142 and 210 were obtained (Figure 17—
Figure 19); the absolute stereochemistry of 210 was determined and the product confirmed
as S (identical stereochemistry to the L-tryptophan starting material 74). These structures all
demonstrate that the installed aromatic group lies orthogonal to the indole ring in the solid
state, which is presumably the ground-state configuration given that the single crystals grown
to provide these structures were obtained by simple evaporation under ambient conditions.
Presumably the aromaticity of these compounds is lessened as a result of the out-of-plane
configuration across their conjugated ring systems.

Figure 17 Single crystal X-ray diffraction structure of 75. Thermal ellipsoids shown with 50%
probability and hydrogen atoms removed for clarity. Selected bond lengths (A): C(3)-C(4): 1.500(3),
C(4)-C(11): 1.375(3), N(2)-C(11): 1.388(2), C(11)-C(12): 1.475(3). Selected bond angles (°): C(4)-

C(11)-C(12): 131.75(18), N(2)-C(11)-C(12): 118.71(17).
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Figure 18 Single crystal X-ray diffraction structure of 142. Thermal ellipsoids shown with 50%
probability and hydrogen atoms removed for clarity. Selected bond lengths (A): C(7)-C(9): 1.506(3),
C(7)-C(8): 1.378(3), N(1)-C(8): 1.378(3), C(8)-C(12): 1.484(3). Selected bond angles (°): C(7)-
C(8)-C(12): 128.9(2), N(1)-C(8)-C(12): 121.8(2).

Figure 19 Single crystal X-ray diffraction structure of 210. Thermal ellipsoids shown with 50%
probability and absolute stereochemistry established by anomalous dispersion. Selected bond lengths
(A): C(7)-C(15): 1.500(2), C(7)-C(8): 1.369(3), N(1)-C(8): 1.382(3), C(8)—C(9): 1.475(3), C(12)—
CI(1): 1.743(2). Selected bond angles (°): C(7)-C(8)-C(9): 131.44(17), N(1)-C(8)-C(9): 119.04(16).
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2.5 Green Metrics

For the tryptophan analogues where complete substrate conversion was recorded the desired
arylation product could be isolated without the need for silica gel flash column
chromatography, which provided a distinct practical benefit over the equivalent
diaryliodonium salt methodologies, in addition to the selective formation of one arylation
product. This advantage is reflected through calculation of some simple green metrics,
comparing the two novel protocols detailed in this chapter with the Fairlamb group’s
previously developed conditions, which were produced using the Chem21 unified metrics
toolkit for the simple phenyl derivative 75 (Table 8).1%

Table 8 Comparison of mass-based metrics for several direct arylation conditions.?

Entry 1 2 3 4
Additives  PMI(OAC)/ PRB(OH). / [PhMesI]OTf [PhN;]BF,
PhB(OH), Cu(OAC):
Yield / % 56 93 85 100
Temp./°C 40 40 25 RT
Solvent AcOH AcOH EtOAc EtOAC

AE 48 88 46 74
RME 16 62 24 74
OE 33 70 52 100
MiI 6902 4139 4504 602

2 Calculated using the Chem21 unified metrics toolkit.*®* AE = atom economy, RME = reaction mass
efficiency, OE = optimum efficiency, MI = (total) mass intensity.

In addition to an increase in yield and decrease in reaction temperature from our initial set of
conditions, several key mass-based metrics have been improved upon. Those conditions
which utilise hypervalent iodine reagents (Table 8, Entries 1 and 3) have noticeably lower
values for atom economy (AE), the theoretical maximum efficiency for a transformation.
While the Cu" co-catalysed conditions (Table 8, Entry 2) do not suffer from this, they do
however require the undesirable addition of a second transition metal (in addition to the
drawbacks with certain peptides highlighted above). These trends are also observed for the

reaction mass efficiency (RME), which incorporates both yield and stoichiometry to the
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simpler AE calculation, thus giving a measure of the observed reaction efficiency as
compared to the theoretical value provided by AE. This can be rationalised through use of
the optimum efficiency metric, which directly correlates these two factors, highlighting the
aryldiazonium salt methodology (Table 8, Entry 4) as the most atom- and mass-efficient

overall.

The most striking improvement can be seen in the mass intensity (M) value, which is an
order of magnitude lower for the aryldiazonium salt conditions (Table 8, Entry 4) as
compared to the initial conditions (Table 8, Entry 1). The primary reason for this dramatic
increase is the removal of purification by flash column chromatography, with other secondary
effects including the number of equivalents of arylating agent used for each set of conditions.
Finally, switching the reaction solvent from neat acetic acid to the more benign ethyl acetate
has a demonstrable health impact, as acetic acid has been ranked as a ‘problematic’ reaction
solvent by the recently-published Chem21 solvent selection guide*® (while ethyl acetate is

ranked as ‘recommended’).
2.6 Conclusion

Several different and complementary protocols for the direct Pd-mediated C2-arylation of
tryptophan 74 have been developed and shown to proceed under mild conditions. In order to
address issues involving undesirable peptidic dihydroxylation in a Pd/Cu co-catalytic system,
protocols applying electrophilic diaryliodonium salts have been demonstrated to afford high
conversions when applied to both single tryptophan residues and tryptophan-containing
peptides. Asymmetric variants of these salts have shown good selectivity, albeit with a small
amount of undesirable donation of the dummy aromatic component. To address this issue,
aryldiazonium salts have been successfully applied to this transformation to afford several
aryltryptophan analogues in excellent yield, in addition to the selective functionalisation of
two peptides shown to be incompatible with previous reaction conditions. Calculation of
several key green metrics has shown that these latter conditions also offer a significant
improvement over previously reported methods in terms of optimum efficiency, mass
intensity, synthetic utility and selectivity. Use of a Pd-OTs catalytic system has also been

shown to allow for a significant decrease in catalyst loading in some cases.

Part of the work described in this chapter has been included in several recent publications
(see Appendix 1).119%
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Chapter 3: Direct Arylation Reactions Using

Heterogeneous Catalysis

3.1 Background

The importance of Pd-mediated reactions in organic synthesis is without question, as the
ability to selectively form carbon—carbon bonds in the presence of other molecular
functionality is unparalleled in its utility (see Chapter 1). The issue that remains however is
the elemental sustainability of this rare and precious metal, which increasingly leads to
prohibitive costs and issues surrounding the criticality of supply chains.**® One solution to
this problem is to research the potential of mediating selective C—C bond formation by using
cheaper and more elementally-sustainable first-row transition metals, such as Mn,°40
Fel41142 or Co.14%145 An alternative approach is to determine whether current Pd catalysts can
be used more effectively, by recycling the precious metal from each reaction and preventing
it from entering waste streams.®’-*% Central to this latter approach is to understand that many
ubiquitous Pd (pre)catalysts often display heterogeneous-type catalytic behaviour, typically
through speciation to form higher-order Pd colloids or nanoparticles under commonly-found
experimental conditions. This is evident in both Pd-mediated cross-coupling and more
recently in C—H bond functionalisation reactions; the activity of pre-formed PdNP catalysts
can therefore be evaluated and compared to their in situ counterparts in such reactions.®
Studies by the Fairlamb group on the direct arylation of benzoxazole 216 and benzothiazole
218 under Pd/Cu-catalysed reaction conditions demonstrated a significant deleterious air

effect when Pd(OAc), was used as a catalyst (Scheme 63).°’

a)
s CL,
» —— O
o o]
216 n—@ 1 217: PA(OAC),, 27%
Pd(OAc),, 71% (Schlenk)
[Pd] (5 mol%) PVP-Pd 13, 79%
Cul, CsF, DMF
b) 120°C, 24 h
0 L,
» —— O
s
218 218: Pd(OAC),, 23%

Pd(OAC),, 53% (Schlenk)
PVP-Pd 13, 59%

Scheme 63 Direct arylation using Pd(OAc); and PVP-Pd of a) benzoxazole 216 and b)
benzothiazole 218.
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TEM analysis of the reaction mixtures demonstrated that the nanoparticles generated from
Pd(OAc), were larger and more varied in size under Schlenk conditions, suggesting that these
larger particles were more active under the reaction conditions. If the pre-synthesised
nanoparticle catalyst PVP-Pd 13 was applied in place of Pd(OAc). however, rigorous
exclusion of air (under typical Schlenk conditions) was found to be no longer necessary to
achieve equivalent conversion to product. The PdNPs obtained from this catalyst are however
much smaller (ca. 2 nm) than those formed from Pd(OAc). under air-free conditions (ca. 6
nm), suggesting that the PVP polymer may have prevented oxidative leaching in this
example. A long-term study on the stability of PVP-Pd catalysts by McGlacken et al.
concludes that low-index particles display preferential susceptibility to oxidation on their
high-energy facets, such as the (110) facets found on nanocubes. Correspondingly, octahedral
particles display greater stability as they contain mostly lower-energy (111) facets.
Conversely particles containing high-index surfaces, such as concave nanocubes, displayer
superior stability due to stronger chemisorption to the PVP polymer.146

Sanford’s reaction conditions for the direct arylation of indoles with Pd(OAc),, using a
mixture of 14 and 22 in acetic acid,®* were also observed by Fairlamb and co-workers to
produce visible PANPs within seconds of substrate addition. This discernible formation of
Pd° contrasts with the Pd""V catalytic manifold proposed to operate in this system, although
such precipitates could simply exist as a catalyst deactivation pathway. If the nominally
heterogeneous catalyst PVP—Pd 13 was applied in place of Pd(OAc), however, a significant
guantity of the desired arylation product 34 was formed (Scheme 64), providing evidence for

Pd" catalysis.>

[Pd] (5 mol%)
D - O
N 14, 22 N
Me ACOH, 20 °C, 16 h Me

33 34: Pd(OAc),, 84%
PVP-Pd 13, 59%

Scheme 64 Direct arylation of N-methylindole using Pd(OAc), and PVP-Pd 13.

When analogous examination was applied to the direct arylation of tryptophan 74 using
similar conditions, rapid propagation of PANPs was again observed to occur within minutes,
presumably concomitant with substrate turnover. Importantly, an aliquot taken from this
reaction and analysed by TEM demonstrated the presence of PANPs of ca. 2 nm in size. When
the nanoparticulate catalyst PVP—Pd 13 was again used in place of Pd(OAc), under otherwise
identical conditions, an equivalent yield of isolated product 75 was obtained, demonstrating

the utility of nominally heterogeneous Pd catalysts in this manifold (Scheme 65).
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cO,Me CO,Me
ACHN“‘ [Pd] (5 mol%) ACHN "
N 14, 22 O N O
N AcOH, 40 °C, 16 h N
H H
74 75: Pd(OAc),, 57%

PVP-Pd 13, 57%

Scheme 65 Direct arylation of tryptophan 74 using Pd(OAc).-derived and supported PANPs.

While the PVP—Pd catalyst 13 used in the examples above demonstrates excellent versatility
and reproducibility in terms of its nanoparticle size and morphology, it could be argued that
bespoke catalysts such as this will always have an intrinsically lower utility than those with
widespread commercially availability, particularly within time-critical industries such as
drug discovery. This leads to the conclusion that research efforts should be directed towards
the re-appropriation of more commonly available heterogeneous Pd catalysts for direct C-H
bond functionalisation chemistry. Palladium supported on activated carbon (Pd/C), widely
used as a heterogeneous hydrogenation catalyst for many years, has also attention for its
utility in the formation of carbon—carbon bonds in cross-coupling catalysis.3”%° Glorius and
co-workers have recently described the use of this catalyst for the direct arylation of
benzo[b]thiophenes with aryl chlorides, to afford a range of C3-arylated products with
excellent regioselectivity (Scheme 66).4

R’ . Pd/C (9.4 mol%) 1
\@ @/ CuCl (10 mol%) R N
+ -
S \\RZ Cs,C0;, 1,4-dioxane s

150 °C, 48-72 h

15 examples
<94% yield

Scheme 66 Direct C3-arylation of benzo[b]thiophenes with aryl chlorides using Pd/C.

Several tests for heterogeneous catalysis?® were performed and no active homogeneous Pd
species could be detected under the reaction conditions; rapid stirring was also found to be
critical to ensure good conversion to product, which is often suggestive of heterogeneous
catalysis. Several nominally homogeneous Pd sources such as Pd(OAc), proved able to
catalyse this reaction, although fascinatingly these demonstrated a complete switch in
regioselectivity to form exclusively the C2-arylated products. Subsequent development by
the same group on the arylation of thiophenes, benzo[b]thiophenes and other related
heterocycles demonstrated that a switch from aryl chlorides to diaryliodonium salts allowed

for much milder conditions to be applied (Scheme 67).14¢
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a)
H Ar'
Rl R > RI—LR?
kot ' ot
L2 - L2
S + X S
Ar1'!\Ar2 27 examples
o
X = BF,, OTf <96% yield
b) Pd/C (5 mol%)
R EtOH, 60 °C, 22 h R
\'-::\\ \'--"ﬂ\ 1
. /Z \5 . /Z 3 Al
X X
X=NH, 0, s 6 examples

40-94% yield

Scheme 67 Direct arylation using Pd/C of a) thiophenes and b) related heterocycles.

The same heterogeneity tests as in their previous work were performed and again these
demonstrated evidence of heterogeneous catalysis, although poor catalyst recyclability was
also observed which suggested that Pd leaching likely occurred under these oxidising
conditions. Pd leaching is also suggested as the source of catalytically active palladium in
later work from the same group, which detailed the direct arylation of triphenylene 220,
naphthalene 221 and other polyaromatic hydrocarbons (PAHS) using Pd/C. In many of these
examples, functionalisation of the most hindered C—H bond typically occurred, giving

generally high a: selectivity in the products obtained (Scheme 68).14°

' N\
a) Other PAHs Ar
i Al studied:
7 OOO alape
o O
AT AR 7 examples

0-65% yield
PAIC (2.5 molte) TR viel

DME, 80-100 °C
16—24 h

06——*06

11 examples
40-75% yield

O Ar
O Q 12 examples

44-72% yield

. /

Scheme 68 Direct arylation of PAHs using Pd/C including a) triphenlyene 220 and b) naphthalene
221.

The relevance of higher-order Pd species in C—H bond functionalisation processes and the
activity of pre-synthesised PANPs encapsulated by a wide variety of supports (including

Pd/C) in this chemistry has recently been reviewed in detail (see Appendix 1).2°
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3.2 Direct Arylations Using Aryldiazonium Salts

The mild and atom efficient conditions for the direct arylation of tryptophan 74 using
aryldiazonium salts previously developed in this project (see Chapter 2) represent a
synthetically useful method of performing direct arylation reactions, without the
stoichiometric iodoarene waste usually generated from their electrophilic iodine(ll)
counterparts, diaryliodonium salts. It was hypothesised that combination of these atom
efficient coupling partners with recyclable heterogeneous Pd catalysis would represent a
significant improvement in the sustainability of direct arylation processes, as well as
generating valuable novel methodology. Thus far, the combination of heterogeneous PANPs
with aryldiazonium salts has been limited to applications in the Suzuki—Miyaura,®” Heck—
Matsuda®1% and Stille® cross-couplings. Initial efforts at developing a general direct
arylation methodology focused on the attempted reaction of several simple yet medicinally
relevant nitrogen heterocycles.’® Reaction of indole 45 or N-methylindole 33 with
phenyldiazonium salt 48 and Pd(OAc); at 60 °C afforded a complex mixture of products due
to violent reaction with 48, so were abandoned as substrates (Table 9, Entries 1 and 2).
Indazole 222 was unreactive under these conditions, purification of this reaction mixture by
silica gel column chromatography afforded complete recovery of starting material (Table 9,
Entry 3). 7-azaindole 223 was unstable under these conditions, so two further reactions were
performed at reduced temperatures (40 °C and room temperature), which prevented

decomposition but afforded no conversion of starting material (Table 9, Entry 4).
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Table 9 Nitrogen heterocycle screening for direct arylation with phenyldiazonium salt 48.2

[PhN,]|BF, 48
_ Pd(OAC), (5 mol%) _
e .::r_—‘\‘:) - PRt 5

~ehex EtOAG, 60 °C, 22 h St
Entry Substrate Reaction outcome
o
1 H Complex mixture obtained
45
o
2 N Complex mixture obtained
Me
33
3 ﬁ No reaction
222
D
4 N“TN Decomposition of starting material®
223

2 All reactions conducted with substrate (0.30 mmol, 1 eq.), 48 (58 mg, 0.30 mmol, 1 eq.), Pd(OAc).
(3.4 mg, 0.015 mmol, 5 mol%) and EtOAc (3 mL) at 60 °C for 22 h. ® Analogous reactions of this

substrate at 40 °C and RT showed no conversion of starting material.

In an attempt to address the lack of reactivity of indazole 222, the free NH group was
protected according to literature conditions®*152 using methyl iodide and base, providing the
desired methyl indazole 224 in good yield (Scheme 69).

Mel, KOH N
N —_— @N

Acetone N

0°C-RT, 2h Me

222 224, 72%

Iz, /E

Scheme 69 Methyl protection of indazole 222.

224 was then subjected to the conditions described in Table 9, Entry 3, but no conversion of

starting material was observed (Scheme 70).
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48

@f\' PA(OAC), (5 mol%)
N A

Me EtOAc, 60 °C, 22 h

224

Scheme 70 Attempted direct arylation of 224,

Carbonyl-containing protecting groups were proposed as an alternative to methyl protection,
as these could potentially aid coordination of the Pd catalyst, facilitating C—H bond
functionalisation. Reaction of 222 with ethyl trifluoroacetate 165 under basic conditions in
either THF or acetonitrile however afforded no conversion to the desired N-Tfa protected
indazole 226 (Scheme 71).

@N 165, Et;N CE\\-N
N ——— N
H

THF or MeCN Tfa

222 RT,20h 226

Scheme 71 Attempted Tfa-protection of indazole 222.

Reaction of 222 with Boc,O under basic conditions'®® however proceeded smoothly to
provide a single product by TLC analysis of the reaction mixture. Following purification by
silica gel column chromatography a clear oil was obtained in a yield of 98%, 'H NMR
spectroscopic analysis of which subsequently revealed an equal mixture of two species
(Scheme 72).

N Boc,O, DMAP Q =

N N + .. N-Boc
N —_— N N
H )

MeCN, RT, 3 h Boc
222 227 228

Scheme 72 Boc protection of indazole 222.

One of these two species was confirmed as the desired N-Boc indazole 227 through
comparison of the *H NMR signals with literature values, while the other is putatively
assigned as 228, obtained through isomerisation of the indazole 222 anion following

deprotonation (Scheme 73).
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\ A\ —= -
N A—\ N - - N

N
N

Scheme 73 Proposed isomerisation of indazole 222 following deprotonation.

Reaction of indazole 222 with Ac;O under basic conditions also proceeded smoothly to give
a single product by TLC analysis of the reaction mixture. Once again however, following
purification a clear oil was obtained (in a yield of 79%) which 'H NMR spectroscopic
analysis demonstrated to be a mixture of two products, analogous to those formed in the

attempted Boc protection (Scheme 74).

@N Ac,0, EtN @N . @N—Ac
N e N N
H Ac

MeCN, RT, 20 h
222 229 230

Scheme 74 Acetyl protection of indazole 222.

Following this lack of success with indazole 222, efforts were turned to the remaining

nitrogen-containing heterocycle, 7-azaindole 223. Reaction of 223 with methyl iodide!>*
afforded the methyl protected azaindole 231 in high yield (Scheme 75).
Mel, NaH

“~N DMF NZ N

H 0°C-RT,2h Me

223 231, 88%

Scheme 75 Methyl protection of 7-azaindole 223.

The attempted reaction of 231 with phenyldiazonium salt 48 in the presence of Pd(OAc). at
40 °C in ethyl acetate afforded no conversion after 24 h. A switch of solvent to ethanol
however provided the desired C2-arylation product in 39% conversion, as determined by *H

NMR spectroscopic analysis (Scheme 76).
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48
T Pd(OAC), (5 mol%) m_@
N7 N > NN
Me EtOH, 40 °C, 22 h Me
231 232, 39% (by 'H NMR)

Scheme 76 Direct arylation of protected azaindole 231 with phenyldiazonium salt 48.

Application of palladium on activated charcoal or PVP-Pd to this reaction afforded no

conversion of starting material, even after 40 h at 60 °C (Scheme 77).

48
| t A Pd/charcoal (5 mol%) | = N
NZ N e > NZ N
Me EtOH, 60 °C, 40 h Me
231 232

Scheme 77 Attempted direct arylation of 231 using heterogeneous Pd catalysts.

With all attempts at developing a general C—H bond functionalisation methodology to
combine aryldiazonium salts with heterogeneous Pd catalysts stymied, the specific reaction
between tryptophan 74 and phenyldiazonium salt 48 (Chapter 2) was examined. When
palladium supported on activated carbon (Pd/C) was applied in place of the previously used
Pd(OAc). however, no reaction was seen in either ethyl acetate or ethanol at 60 °C (Scheme
78).

CO,Me 48 CO,Me
AcHN™ Pd/C (5 mol%) AcHN™
y/a —
% >
N EtOAG or EtOH O N O
N 60 °C, 16 h N
H H
74 75

Scheme 78 Attempted functionalisation of tryptophan 74 mediated by Pd/C.
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3.3 Direct Arylations Using Diaryliodonium Salts

3.3.1 Simple Nitrogen-Containing Heterocycles

Due to the lack of success in combining heterogeneous Pd catalysis with atom efficient
aryldiazonium salt coupling partners, a return to the use of diaryliodonium salts was
proposed, as there is a greater body of evidence in the literature to suggest that these species
can be mediated by heterogeneous Pd° catalysis (vide supra). To begin, the symmetric
diphenyliodonium tetrafluoroborate salt 233 was synthesised in a one-pot process from
iodobenzene 1 using the method of Olofsson and co-workers (Scheme 79).1%°

i} m-CPBA -
ii) BF3 OEt,

, BFs
©/' iii) PhB(OH), 14 ©/'\©

CH,Cl,, 0 °C-RT, 1h
1 233, 79%

Scheme 79 Synthesis of diphenyliodonium tetrafluoroborate 233.

The mild conditions published by Glorius et al. (Scheme 67)'® utilising this species were
then initially applied to a substrate screen of the same medicinally relevant nitrogen
heterocycles as used previously,* the results of which are summarised in Table 10. Note
that Pd(OAc), was used in place of Pd/C for this initial screening. Under these conditions,
indole 45 was successfully reacted to form the C2-arylated product 234 in moderate yield
(Table 10, Entry 1). The heterocycles indazole 222 or 7-azaindole 223 were however
unreactive under these conditions (Table 10, Entries 2 and 3). Pyridazine 235 and
methylindazole 224 were similarly unreactive, an observation also made when these
reactions were conducted over 4 days, or in ethyl acetate (Table 10, Entries 4 and 5). The
methyl-protected azaindole 231 was however cleanly converted to give the C2-arylation
product 232 in good yield (Table 10, Entry 6).
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Table 10 Nitrogen heterocycle screening for direct arylation with diaryliodonium salt 233.2

[Ph,I]BF, 233
_ Pd(OAC), (5 mol%) _
AR SN - Sy

" ' 4 " 1 5
e [ S
Tt tX EtOH, 60 °C, 22 h Tt X

Entry Substrate Reaction outcome®

%
g

45 234, 55%
2 H No reaction
222
Bl
3 N? N No reaction
223
=N
V/, )
4 \N’N*) No reaction®
235
\'N
5 N No reaction®
Me
224
X S
O OO
6 NZ N NT N
Me Me
23 232, 79%

a All reactions conducted with substrate (0.30 mmol, 1 eq.), 233 (155 mg, 0.42 mmol, 1.4 eq.),
Pd(OAC); (3.4 mg, 0.015 mmol, 5 mol%) and EtOH (1.5 mL) at 60 °C for 22 h. ® Where applicable,
isolated yield following purification by silica gel flash column chromatography is provided. ©
Extension of the reaction time to 4 days showed no conversion of starting material, while analogous

reactions of these substrates in EtOAc also demonstrated no conversion of starting material.

Following successful transformation of azaindole 231 mediated by Pd(OAc),, this substrate
was then screened against a range of heterogeneous palladium sources to test their efficacy
in this protocol (Table 11).
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Table 11 Catalyst screen for direct arylation of azaindole 231.2

233
| X [Pd] (5 mol%) N m_@
N/ N L N/ N
Me EtOH, 60 °C, 22 h Me
231 232
Entry Pd catalyst Conv. / %°
1 Pd/C (5 wt% Pd) 19
2 Pd/C (10 wt% Pd) 0
3 Pd/charcoal 100
4 Pd ‘black’ 0
5 Pd/CaCOs/Pb (Lindlar catalyst) 3
6 Pd(OH)./C (Pearlman’s catalyst) 0
7 PdO 0

a All reactions conducted with 231 (40 mg, 0.30 mmol, 1 eq.), 233 (155 mg, 0.42 mmol, 1.4 eq.), Pd
catalyst (0.015 mmol, 5 mol%) and EtOH (1.5 mL) at 60 °C for 22 h. ® As determined by *H NMR

spectroscopic analysis of the crude reaction mixture following an aqueous workup.

Two different forms of palladium supported on activated carbon were tested, each containing
a different Pd loading. In the first example, a catalyst containing 5% by weight palladium
supported on activated carbon (Sigma Aldrich, catalogue number 205680) provided modest
conversion to the desired product 232 (Table 11, Entry 1). Surprisingly, when the analogous
catalyst containing 10% by weight palladium (Sigma Aldrich, catalogue number 205699)
was tested, no activity was observed (Table 11, Entry 2). Even more surprisingly, when a
catalyst containing 5% by weight palladium supported on activated charcoal (Sigma Aldrich,
catalogue number 75992) was used, complete conversion to the desired product 232 was
noted (Table 11, Entry 3). The heterogeneous Pd® catalysts Pd ‘black’ and the Lindlar
catalyst provided no activity in this reaction (Table 11, Entries 4 and 5), while the
heterogeneous Pd" catalysts Pd(OH)./C and PdO were similarly unreactive (Table 11,
Entries 6 and 7). These observations agree with those made by Glorius and co-workers, who
noted severe incongruities in the activities and yields obtained thereof when utilising Pd/C
from different commercial sources in this chemistry.*® It is clear that differing manufacturing

methods and even variances between batches of supposedly identical catalysts have to be
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seriously considered in these reactions, as they will undoubtedly significantly impact on the

size and morphology of the resultant Pd particles.
3.3.2 Biologically Relevant Heterocycles

With the proof that simple nitrogen heterocycles could be functionalised directly under
relatively mild conditions, using a combination of heterogeneous palladium and
diaryliodonium salts, the amino acid tryptophan was examined in order to provide an
exemplification of this approach for more complex substrates. While commercially available
Pd catalysts such as Pd/C present many practical advantages, the lack of control over particle
size and morphology adds a significant element of irreproducibility to syntheses employing
such catalysts. It was decided therefore that the PANP catalyst PVP—Pd 13 would be tested
alongside Pd/C, as its synthesis provides well-controlled, regular nanoparticles typically
between 2-5 nm in diameter (vide supra).®23* Simple reduction of PdCl, with aqueous acid
in the presence of a (poly)vinylpyrrolidone polymer 12 provides quantitative amounts of a
well-dispersed nanoparticle catalyst (Scheme 80).

& PdCl,, HCI
o

N _— PVP-Pd

NH EtOH/H,0
H n

reflux, 4.5 h 13
12

Scheme 80 Synthesis of PVP-Pd 13.

The nanoparticles are prevented from thermodynamically favourable agglomeration through
interaction with the amide functionality in the polymer 12, creating a stabilising
encapsulation effect (Figure 20).

Figure 20 Cartoon schematic of PANP encapsulation in PVP-Pd 13.
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Analysis of these polymer-supported particles (8 wt% Pd) was performed by TEM, with
several images recorded in order to ensure that data representative of the population as a
whole was used for subsequent analysis. A typical image is shown in Figure 21, which
indicates that well-defined PANPs of approximately 3 nm in diameter are encapsulated by the
PVP, remaining stable in the solid-state after evaporation of the reaction solvent. The images
obtained all correlate well and have over 68% of the particles lying within the normal
Gaussian distribution range (mean + std. dev.).
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n =100, mean = 2.98 nm, std. dev. 0.80, median = 3.00, mode = 3.30

Figure 21 TEM image and particle size analysis for PVP—Pd 13.

Protected tryptophan derivative 74 was subjected to the previously optimised conditions for
direct C—H bond functionalisation using the asymmetric diaryliodonium salt [PhMesI]OTf
140 (see Chapter 2), with PVP-Pd 13 used in place of Pd(OAC)2; no conversion of starting

material was observed under these conditions however (Scheme 81).

CO,Me CO,Me
AcHN™ [PhMesIJOTf 140 ACHN™
PVP—Pd 13
Y OO0
N o N
N EtOAc, 25 °C, 16 h N
74 75

Scheme 81 Attempted functionalisation of tryptophan 74 with PVP—Pd 13.

When performing this reaction, it was noted that the PVP—Pd 13 catalysed used had changed
significantly in both colour and composition since its synthesis, approximately 30 months
previously. Freshly synthesised this catalyst is a black crystalline solid; the sample used for
the reaction in Scheme 81 was a greyish powder containing large metallic particles,
presumably of agglomerated Pd. This implies that this catalyst slowly decreases in stability
over time when stored at ambient temperature under air, losing its coordination from the PVP

polymer 12 and forming large unreactive Pd agglomerates, in an oxidative process as
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suggested by McGlacken and co-workers.*¢ PVP—Pd 13 was thus freshly synthesised and
simple visual inspection highlighted the significant changes that had occurred over time
(Figure 22). This catalyst was used for all of the experiments subsequently detailed in this

chapter, except where specifically indicated otherwise.

Figure 22 PVP-Pd 13 after approximately 30 months (left) and freshly-synthesised (right).

While these investigations were ongoing, a preparation of surfactant-free, DMF-stabilised
PdNPs of approximately 1-1.5 nm in diameter was noted in the literature.>® Recalling the
high activity of DMF-PdNPs formed in situ in previous work from the Fairlamb group,*®4%57
it was decided to investigate the potential of this catalyst. Following several attempted
syntheses, it was found that modifications to the original procedure had to be made in order
to prepare the DMF-PdNPs 236. Specifically, the reaction had to be carried out in the
presence of air, performing the reaction under an inert atmosphere led only to the formation
of visible Pd black; a large reaction headspace was also found to be beneficial, as were low
levels of amine impurities in the DMF used. DMF-PdNPs 236 were applied to a low
temperature Stille cross-coupling and were demonstrated to have activity equivalent to that
of a succinimide-based Pd catalyst in DMF, consistent with the proposal that DMF-stabilised
particles were forming in situ in this system.'*® The synthetic reliability of this catalyst was
a source of concern however, so two reactions were performed side-by-side under identical
conditions, using the same glassware and starting materials. These demonstrated
substantially different outcomes; one reaction produced the intended clear yellow solution of
DMF-PdNPs 236, while the other resulted in a black particulate suspension (Figure 23).
These experiments provided a stark indication of the capricious nature of the synthesis of this

catalyst, so plans to use it for the direct arylation reactions in this chapter were abandoned.
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DMF/H,O

PdCl, > DMF-PdNPs
140 °C, 6 h, air 236

Figure 23 Synthesis of DMF-PdNPs 236.

Returning to the direct arylation of tryptophan, it was decided to use a symmetric
diaryliodonium salt rather than the asymmetric 140, in order to reduce the number of potential
products from this reaction; unselective donation of the mesityl ‘dummy’ group having been
previously noted (see Chapter 2). Diphenyliodonium triflate 38 was therefore synthesised in
a high-yielding one-pot process from iodobenzene diacetate 22 and benzene 237 (Scheme
82),%?* in addition to the tetrafluoroborate salt 233 already synthesised (Scheme 79).

AcO—|—0Ac TOTf
TfOH |+
+ —_—
0 0O == O
0°C-RT,2h
237 22 38, 76%

Scheme 82 Synthesis of diphenyliodonium triflate 38.

A screening of various conditions was then undertaken against tryptophan 74 using
heterogeneous Pd sources PVP-Pd 13, Pd/C (Sigma Aldrich, catalogue number 205680) and
Pd/charcoal (Sigma Aldrich, catalogue number 75992), in combination with diaryliodonium
salts (Table 12).
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Table 12 Reaction screening for direct arylation of tryptophan 74 with heterogeneous Pd sources.?

CO,Me CO,Me
ACHN*" [Ph,I]X ACHN™"
[Pd] (5 mol%)
\ - -0
N N
H solvent, temp, 16 h H
74 75

Entry Solvent Temp./°C  Pd. catalyst X Conv.” (yield)® / %

1 EtOAC 37 PVP-Pd 13 “OTf 0

2 EtOAC 60 PVP-Pd 13 “OTf 0

3 EtOAC 60 PVP-Pd 13 BF4 0

4 AcOH 37 PVP-Pd 13 “OTf 8

5 AcOH 60 PVP-Pd 13 “OTf 80

6 AcOH 60 PVP-Pd 13 “BF. 80

7 AcOH 80 PVP-Pd 13 “OTf 91

8 AcOH 37 Pd/C “BF. 0

9 AcOH 60 Pd/C “BF. 100
10 EtOH 60 Pd/C “BF.4 84

11 EtOH 60 Pd/C “BF, 100 (85)°
12 EtOH 60 Pd/charcoal “BF,4 100 (98)°

@ All reactions conducted with 74 (52 mg, 0.20 mmol, 1 eq.), 38 (172 mg, 0.40 mmol, 2 eq.) or 233
(147 mg, 0.40 mmol, 2 eq.), Pd catalyst (0.01 mmol, 5 mol%) and solvent (2 mL) at 60 °C for 16 h. ®
As determined by *H NMR spectroscopic analysis of the crude reaction mixture following filtration
through a silica gel pad using EtOAc. ¢ After purification by silica gel column chromatography. ¢

Reaction time extended to 22 h.

This screening demonstrated that this protocol has a strong temperature dependence, with no
conversion observed at 37 °C, the temperature at which complete conversion was observed
when using Pd(OAc), (Table 12, Entries 1, 4 and 8). Additionally, no conversion was seen
in EtOAC, even at elevated temperatures (Table 12 Entries 1-3). No counter-ion effect was

observed in those examples tested (Table 12, Entries 2-3 and 5-6). The sudden change in
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reactivity when the protic solvents AcOH or EtOH were applied hints at leaching behaviour
to generate the active catalytic species, as evidenced by previous studies within the Fairlamb
group*®“® and others,? although evidence to contradict this is presented by Glorius and co-
workers.1*® All three catalysts tested displayed good reactivity in this transformation,
although PVP-Pd 13 was arguably less active than Pd/C, providing slightly lower conversion
after 16 h under otherwise comparable reaction conditions (Table 12, Entries 6 and 9). A
successful switch from AcOH to the less harmful EtOH was facilitated by an increase in
reaction time from 16 h to 22 h (Table 12, Entries 9-11). When purification was performed,
it was noted that in order to obtain isolated yields comparable to the conversion seen by 'H
NMR spectroscopic analysis of the crude reaction mixture (Table 12, Entries 11-12), care
had to be taken during workup and purification. The ideal method was found to be filtration
through a silica gel pad using EtOAc, followed by evaporation of the solvent and direct
purification by dry-loaded silica gel column chromatography. This effect is believed to result
from the relatively high quantities of activated carbon in these reaction mixtures potentially
sequestering some organic reaction products during other workup protocols e.g. filtration

through Celite™ and/or aqueous washing.

The acidic conditions shown in Table 12, Entry 6 were also exemplified on two peptides,
previously functionalised using analogous conditions with Pd(OAc). (see chapter 2). High
conversions to the desired arylation products were seen when using Pd/C, albeit at higher

temperatures than when using Pd(OAc), (Scheme 83).

a) H H
H N
\ 233 A O
0,
o PAIC (5 mol%) o
TfaHN N7 cose AcOH, 60 °C, 16 h TfaHN N7 co,Me
167 173, 83% (by 'H NMR)
b) H H
N 233 N
N PA/C (5 mol%) \ O
0 o o Q
AcOH, 60 °C, 16 h
TfaHN \/U\ﬁ CoMe TfaHN J\H coMe
170 175, 89% (by 'H NMR)

Scheme 83 Direct arylation of peptides using Pd/C.

108



Chapter 3: Direct Arylation Reactions Using Heterogeneous Catalysis

3.4 Kinetic Studies

It is clear that when evaluating heterogeneous-like behaviour in Pd catalysis, significant
differences can be observed not only between different catalysts (vide supra) but also
between supposedly uniform catalysts, obtained from different suppliers (see work by
Glorius et al. using Pd/C).1#":18 This difference in activity is usually observed in the literature
merely as a function of isolated yield or more commonly, conversion by GC-MS, used
primarily as a tool to identify the most effective method of improving conversion under
otherwise fixed conditions. This manner of evaluating catalytic behaviour however conceals

a multitude of sins, as the most efficient catalysts may not always be identified in this fashion.

For example, imagine a direct arylation reaction conducted using Pd catalysis in DMF at 140
°C. Single variable solvent and temperature screening for this reaction has indicated that
when using Pd(OAc)., these conditions provide the desired product in 20% conversion after
8 hours and 40% conversion after 24 hours. The experimentalists therefore conclude that a
reaction time of 24 hours is ‘optimal’, and begin their heterogeneous catalyst screening. At
this point one can propose two potential scenarios for two different Pd catalysts. In the first,
catalyst A cleanly converts the substrate of choice in 80% conversion within 1 hour, but is
then deactivated by some other process (such as the elevated temperature causing
nanoparticle agglomeration and thus loss of activity). No further conversion occurs, so
measurement of crude reaction conversion by GC analysis after 24 hours indicates that
catalyst A gives a product conversion of 80%. Meanwhile, catalyst B only reaches 10%
conversion after 1 hour, but is not deactivated by the reaction conditions so continues to react
with the substrate at the same rate. After 24 hours therefore, 100% conversion to product is
observed by GC analysis, catalyst B is declared the most active catalyst and all subsequent
investigations are performed using this catalyst. From these scenarios, one can infer that
catalyst A has superior activity in this reaction (in terms of TOF), yet this would have gone
unnoticed by the experimentalists merely examining the outcome of their reactions by crude
GC conversion. It may even be the case that catalyst A would have tolerated lower reaction

temperatures while maintaining its activity.

Kinetic analysis of novel reactions is therefore of paramount importance in this field,%
particularly where non-linear kinetic effects often associated with heterogeneous catalysis
are likely to occur.34351571% These principles were applied to studying the direct arylation of
some simple heterocycles using diaryliodonium salts and Pd catalysis using the conditions of
Glorius and co-workers (vide supra).’*® Four Pd catalyst sources were identified which
provide a useful test of two ubiquitous precatalysts, a supported catalyst and well-defined Pd

nanoparticulate catalyst, namely: Pd(OAc). (>99% purity, Precious Metals Online),
109



Chapter 3: Direct Arylation Reactions Using Heterogeneous Catalysis

Pd,(dba)s-CHCI3 238 (91% purity, based on Ananikov’s method, see Chapters 4 and 6),!
Pd/C (5 wt%, Sigma Aldrich, catalogue number 205680, lot number 06230AJ-298) and P\VP—
Pd 13. These four catalysts were initially applied to the direct arylation of N-methylindole 33

and the reaction followed by ex situ GC analysis (details provided in Appendix 5) as shown

in Figure 24.
233
@ [Pd] (5 mol%) N O A O
N o N
Me EtOH, 60 °C, 2 h Me
33 34
0204 x
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Figure 24 Direct arylation of N-methylindole 33 at 60 °C over 2 h. Fitting to an exponential decay
equation is shown where appropriate. x = starting concentration of substrate at t = 0. Reactions
performed by L. Neumann.

N-methylindole 33 demonstrated high reactivity with all four catalysts tested, especially so
when using either 13 or 238 as a catalyst; within 5 minutes 72% and 81% conversion of
starting material was observed, respectively. Line fitting to an exponential decay equation
for the other catalysts (Pd(OAc). and Pd/C) suggests that these reactions are 1% order with
respect to substrate, although more detailed studies would be required to validate this
approximation (details provided in Appendix 5). The above kinetic studies were repeated at
a lower temperature (50°C), in order to provide greater discrimination between the activity

of these catalysts (Figure 25).
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Figure 25 Direct arylation of N-methylindole 33 at 50 °C over 24 h. Fitting to an exponential decay
equation is shown where appropriate. Detailed analysis over the initial 7 hours shown, final
conversions by GC after 24 h; Pd/C: 83%, PVP-Pd 13: 100%, Pd(OAc)., 66%, Pd,(dba)s; 238: 88%.
Reactions performed by L. Neumann.

Once again, 13 and 238 proved to be the most active catalysts for this transformation. It is
interesting to note that these two catalysts produced similar reaction profiles, which implies
similarly between the active catalytic species in these examples (see Chapter 4 for other
evidence of PANP propagation from Pd,(dba)s-CHCI3; 238). Conversely, Pd/C and Pd(OACc):
produced wholly different reaction profiles, which were however akin to one another. These
results suggest that the nanoparticles produced from Pd(OAc). and Pd/C are similar, yet
distinct from the nanoparticles produced by 13 and 238. It may be that PANPs are not actively
catalysing this reaction, the active species instead consisting of leached mononuclear/lower-
order Pd species. If this is the case, then perhaps the parallels between catalysts manifests as
a result of similar leaching rates. It is also interesting to note that of the catalysts tested, only
PVP-Pd 13 led to complete starting material consumption after 24 h. Despite its relatively
slow initial rate, Pd/C eventually provides conversion akin to that using 238, which is much
more active in the early stages of the reaction. Pd(OAc). however does not however achieve

these levels of conversion; the activity of this catalyst eventually drops off, despite matching
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that of Pd/C initially. This type of behaviour can be rationalised if the deactivating
agglomeration of PANPs is more facile in the absence of a supporting matrix such as activated
carbon, even if the PdNPs originally formed from Pd(OAc). and Pd/C are similar.
Conversely, little difference is seen in the reaction profiles when using either 13 or 238 as

the catalyst.

A guantitative comparison was also made between the old and new batches of 13, which were
qualitatively compared above (Figure 22). Monitoring of the activity of these two catalysts
for the direct arylation of N-methylindole 33 demonstrated significant differences in activity
(Figure 26). A comparison of freshly synthesised PVP-Pd catalysts with their artificially
time- and heat-aged counterparts found that the nanoparticle size in this catalyst had a strong
heat dependence, but no discernible time-dependence (when stored at ambient
temperature).'®® This investigation was however carried out over a few months, as opposed
to the 30-month period of time covered by the PVP—Pd 13 shown in Figure 22.

233
m 13 (5 mol%) O A O
N - N
Me EtOH, 60 °C, 24 h Me
33 34
0.22 -
. ¢ PVP-Pd (freshly synthesised)

0204 X o PVP-Pd (after 30 months)

0.18
7 0.16
E 4
T 0.14
6 4
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Figure 26 Direct arylation of N-methylindole 33 using freshly synthesised and 30-month old PVP—
Pd 13. x = starting concentration of substrate at t = 0. Reactions performed by L. Neumann.

112



Chapter 3: Direct Arylation Reactions Using Heterogeneous Catalysis

The four catalysts shown above were also studied in the reaction of benzofuran 239 at 60 °C,

the kinetic profiles from which are shown in Figure 27.
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239 240
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Figure 27 Direct arylation of benzofuran 239 over 24 h. Fitting to an exponential decay equation is
shown where appropriate. Detailed analysis over the initial 7 hours shown, final conversions by GC
after 24 h; Pd/C: 88%, PVP-Pd 13: 91%, Pd(OAcC),, 31%, Pd,(dba);238: 31%. x = starting
concentration of substrate at t = 0. Reactions performed by L. Neumann.

Overall, this substrate demonstrated lower activity towards the desired transformation than
methylindole 33. PVP-Pd 13 was again the most active catalyst, providing ca. 29%
conversion within 5 minutes, and >90% after 24 hours. Interestingly, Pd/C performed very
similarly to 13, in stark contrast to its poor performance when using 33 as a substrate.
Pd(OAc). and 238 however displayed poor activity for this transformation. These results
demonstrated a clear substrate dependence on the catalytic activity for this transformation;
whether this is due to variation in PANP formation or behaviour, or a difference in leaching
rates is unclear. The major product was confirmed by *H NMR spectroscopic analysis as the
C2-arylated regioisomer, after isolation using silica gel column chromatography in a yield of
31%, from a separate reaction catalysed by Pd(OAc).. Butylthiophene 241 was also examined

under these conditions, the kinetic profiles from which are shown in Figure 28.
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Figure 28 Direct arylation of butylthiophene 241 over 24 h. Fitting to an exponential decay equation
is shown where appropriate. Final conversions by GC after 24 h; Pd/C: 66%, PVP-Pd 13: 86%,
Pd(OAC)2, 75%, Pda(dba); 238: 42%. Reactions performed by L. Neumann.

This substrate demonstrated activity lower than that of either 33 or 239, as expected, but did
reach 86% conversion after 24 hours when using 13 as a catalyst (which was again the most
reactive catalysts of those tested). Little difference between catalysts was observed in the
initial period of reactivity, which provided such a clear discrimination between catalysts
when using either 33 or 239 as substrates. The final conversion obtained however varied
between the worst-performing catalyst 238 (42%) and the best-performing catalyst 13 (86%).
The major product was confirmed by *H NMR spectroscopic analysis as the C3-arylated
regioisomer, after isolation using silica gel column chromatography from two separate
reactions catalysed by Pd(OAc). (49%) and PVP—Pd 13 (69%).
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The substrates tested thus far were all reported by Glorius et al. to be active under their
conditions, when using Pd/C as a catalyst.2® It was hypothesised that 2-n-butylfuran 243
should also prove effective in this protocol, but the original publication*® states that reaction
of this substrate with 233 using Pd/C leads to degradation of the starting materials.
Conversion to the desired arylated product 245 is however reported when the strongly

electron-deficient diaryliodonium salt 244 is used (Scheme 84).

+ BF,
O,N NO,
Pd/C (5 mol%) A\
"By > (@)
© NO,
EtOH, 60 °C, 24 h
243 245, 54%

Scheme 84 Direct arylation of butylfuran 243 with electron-deficient diaryliodonium salt 244.

No other details on this degradation were provided, so some initial studies were performed
to evaluate the reaction of this substrate (Figure 29). Surprisingly, reaction of 243 under the
standard conditions using the same four catalysts as used previously provided good
conversion of starting material. Reactivity not dissimilar to that of benzofuran 239 was
realised, with 13 and Pd/C proving the most effective catalysts with complete conversion
after 24 hours seen. Pd(OACc), and 238 were less effective, with ca. 70-75% conversion
observed after 24 hours. The activity of these four Pd catalysts is similar over the first hour
of the reaction, but the distinction between the different catalysts tested becomes apparent

after this point.
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Figure 29 Direct arylation of butylfuran 243 over 24 h. Fitting to an exponential decay equation is
shown where appropriate. Final conversions by GC after 24 h; Pd/C: 100%, PVP-Pd 13: 95%,
Pd(OAC)2, 62%, Pdx(dba)s 238: 65%. x = starting concentration of substrate at t = 0. Reactions

performed by L. Neumann.

In order to gain a complete picture of the reactivity of this substrate under conditions
catalysed by Pd/C, this reaction was repeated at a higher temperature (70 °C) and samples
taken at regular intervals until reaction completion after ca. ten hours. This demonstrated loss
of starting material 243 concomitant with product 246 formation, with no evidence of side-

products as a result of degradation behaviour observed (Figure 30).
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Figure 30 Direct arylation of butylfuran 243 over 10 h at 70 °C. Fitting to an exponential decay
(substrate 243) or logarithmic growth (product 246) equation is shown where appropriate. x =
starting concentration of substrate at t = 0. Reactions performed by L. Neumann.

It is not clear at this point why this substrate provides excellent reactivity in this system, in
contrast to that reported. It may be that the different sources of Pd/C used provide
fundamentally different forms of catalytically active Pd, alternatively an impurity such as
those reported for other commercially available Pd catalysts may be present,!® which
manifests itself when using this substrate. It was noted during these investigations that
purification of the 2-arylated product 246 from the Pd/C-catalysed reactions was challenging,
as was the case when using tryptophan 74 as a substrate (vide supra). Attempted purification
of several reactions catalysed by Pd/C afforded inseparable mixtures of the desired product
and biphenyl, as confirmed by TLC, EI-GC-MS and H NMR spectroscopic analysis.
lodobenzene is also present as a major byproduct (b.p. 188 °C), which complicates matter
further due to the relatively low boiling point of the desired product (95 °C).*®! Purification
by silica gel column chromatography of a separate reaction catalysed by PVP—Pd 13 afforded
the desired product in a yield of 45%, which was confirmed as the C2-arylated regioisomer

by *H NMR spectroscopic analysis.
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Analysis of the initial stages of reaction using these substrates allowed fitting of simple
exponential decay equations, as shown in the appropriate figures. Good fits were obtained in
the majority of cases; where line fitting could not be performed this is suspected to be the
result of rapid initial reactivity followed by loss of catalytic activity, for example the reaction
of benzofuran with Pd(OAc); as catalyst (Figure 27). These analyses allowed for a rough
approximation of the initial rate of reaction (kos) for the majority of substrate and catalyst
combinations; these are shown in Table 13.

Table 13 Approximate observed rate constants (Kobs) for direct arylation reactions.?

Entry Substrate Pd/C PVP-Pd 13 Pd(OACc). Pd,(dba); 238
. m (9.2 £ 0.5) (1.3+0.1) (9.7+0.4)
Me x 10 x 107 x 10
33
\
6.3+0.8
, G eeon _ |
x 106
239
7\
, ”BU/Q (6.1 +0.6) _ _ (2.6 +0.3)
241 x 10 x 10
. /@ (7.1+0.6) (4.8 +0.5) (1.6 +0.1) (3.3+0.5)
243 x 10°® x 10°® x 10°® x 10®
AN 9.3+0.9
5 BU”Q ( . ) N/A N/A N/A
243 x 10
AN 9.4+1.6
6 BU”Q ( ) N/A N/A N/A
243 x 10°

@ Rate constants calculated from initial rates using a fitted exponential decay equation, using at least 5
recorded data points with >90% correlation. All rates shown in s*. In many cases, extremely rapid
conversion occurs within ca. 5 mins (the first recorded data point), which has not been considered in
these data. Hyphens indicate those reactions which cannot be fitted to this exponential decay equation.

bRate constant for product 246 formation calculated from initial rates using a fitted logarithmic growth.
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It should be noted that these cannot be considered as empirically accurate values due to the
rough approximation present in the exponential decay line fitting. They are intended simply
as a guide to the approximate activity of each of the catalysts tested. Errors in these values
are calculated from the standard deviation of a linear regression of the initial reaction rates,
obtained by the ‘least squares’ method. These rate constants are broadly similar to one
another, lying between ca. 1 x 10 and 1 x 10 s’ for all the catalyst/substrate combinations
tested. By comparison, a pseudo first-order rate of constant of 3.5(2) x 10* s for the
arylation of 2-methylthiophene has been previously reported, although this was measured
when using the bespoke dimeric catalyst [PdAr(u-OAc)(PPhs)],.162

3.5 Conclusion

Several attempts have been made to develop a generic protocol for the arylation of nitrogen-
containing heterocycles using aryldiazonium salts, building on the methodology successfully
applied to the amino acid tryptophan 74 (see Chapter 2). These have met with limited success;
of those examples tested, only 7-azaindole 231 could be functionalised in the desired manner.
Attempted application of heterogeneous Pd sources to this class of reactions have been
similarly unsuccessful, the scarcity of such examples in the literature perhaps indicates the

significant challenge this poses.

The direct arylation of several simple heterocycles, in addition to the amino acid tryptophan
74 and tryptophan-containing peptides, has however been achieved using a combination of
diaryliodonium salts and heterogeneous Pd sources. Significant discrepancies in reaction
conversions when using several variations of palladium supported on activated carbon have
been noted. The pre-synthesised nanoparticle catalyst P\VVP—Pd 13 has also been demonstrated
as an effective catalyst in this chemistry; 13 has however been shown both qualitatively and
guantitatively to degrade over many months under air at ambient temperature, with a
concomitant loss of activity in the direct arylation of methylindole 33. Reaction profile
analysis has shown a substrate effect on catalyst activity in these transformations, in addition
to the observation of similar activity between apparently distinct catalysts (e.g. Pd(OAc). and
Pd/C), which suggests Pd speciation and higher-order Pd catalyst effects. Butylfuran 243
which was reported to be unstable under these reaction conditions has in fact been shown to

react effectively to provide the desired direct arylation product in quantitative conversion.
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Chapter 4: Analysis of Pd2(dba)s Complexes

4.1 Introduction

The widely-used Pd° precursor complex, Pd2(dba)s (dba = E, E'-dibenzylideneacetone 247),
is ubiquitous in synthetic chemistry.1%® It has been extensively studied within the Fairlamb
group, where work has shown that modifying the core structure with a variety of ligands to
generate ‘LoPd°(n?-dba)’ complexes, can provide profound variations in catalytic
behaviour.%* The reasons for this are simple; the dba ligand plays a non-innocent role in the
catalytic activity of ‘L,Pd® complexes, generated in situ prior to oxidative addition reactions
with aryl halides. This was first reported by Jutand and co-workers, who studied the
equilibrium behaviour of solvated ‘L,Pd” and ‘L,Pd%n?-dba)’ species, using phosphine
ligands.'®® The concentration of the active oxidative addition species ‘L.Pd®> was found to be
dependent on its equilibrium position with unreactive ‘L,Pd%n?2-dba)’ species; an increase in
the number of equivalents of phosphine used therefore shifts the equilibrium towards the
active ‘LoPd® species, increasing activity (Scheme 85).

0.5Pdy(dba); + 2PPh; —3= + dba —=—"= Pd%PPhy), + dba

Pd
7/ ~
PhsP”  PPhs

Scheme 85 Equilibrium between LoPd°(n?-dba) and L.Pd° species.

This key complex is typically synthesised by reduction of sodium tetrachloropalladate(ll) in
MeOH in the presence of the free ligand 247 (Scheme 86). Initially this complex was
incorrectly characterised as Pd(dba), based on IR and elemental analysis data;*® it was later
proposed to consist of three dba ligands asymmetrically coordinated around two palladium
centres, with a fourth loosely coordinated or ‘solvating’ dba ligand, giving complex
Pd,(dba)s-dba 248.167-169

0 NazpdC|4
™ > NaOAc
»  Pd,(dba)-dba
O O MeOH, 60 °C, 2 h
247 248

Scheme 86 Synthesis of Pd(dba)s-dba 249.

More recently, preparation of this complex from the readily available precursor palladium(ll)
acetate has been published in a procedure purporting to afford both high yields and purities

(Scheme 87).1° This is achieved via recrystallisation from chloroform, affording the adduct
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complex Pdx(dba)s-CHCI; 238, while allowing removal of excess free dba ligand 247 and
elemental Pd (i.e. nanoparticulate Pd®). It is important to note that Pd.(dba)s has been reported

to react with CHCI3 under certain conditions to form cluster complexes.1’

Pd(OAc), CHCly/acetone
NaOAc (1:4, v/v)
247 »  Pdy(dba);;dba ———————  Pd,(dba);-CHCl,
MeOH, 40 °C, 3 h -18°C, 16 h
248 238, 95%

Scheme 87 Synthesis of Pd(dba)s-CHCI; 238.

This synthesis is proposed to avoid the pitfalls resulting from poor characterisation of
commercially available ‘Pdz(dba)s’, as high levels of variation were found, with up to 40%
of Pd nanoparticles (PANPs) present in many samples. These PANPs were found in a range
of sizes, from 10-200 nm, along with free ligand 247 and the desired complex 248.
Recrystallisation such as that in Scheme 87 allows for the ‘purity’ of the catalyst to be
determined prior to its use, as diffusion-ordered spectroscopy (DOSY) was utilised to
delineate the typically complex *H NMR of complex 238, allowing for characterisation of
the major and minor isomers, in addition to free ligand 247 (Figure 31).

*ﬂ

JR 5l Udb MLMM_L

76 T4 50 | ppm

Figure 31 Partial *H NMR spectrum of Pdz(dba)s-CHClIs in CDCl3 at 600 MHz: alkene signals
corresponding to the major (blue) and minor (green) isomers of complex 238, along with free ligand
247 (red). Integral regions used for calculation of purity are highlighted as 11—13. Reprinted with
permission from Organometallics 2012, 31, 2302-2309. Copyright 2012 American Chemical
Society.

The ‘purity’ (i.e. the amount of complexed ligand 238 versus free ligand 247) can thus be

evaluated simply by comparing the *H NMR ratios of the appropriate signals (Equation 1).
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) [major isomer + minor isomer]
Purity = x 100%

[(major isomer + minor isomer + (free ligand/ 2)]

[+ s+ (/)

Equation 1 Purity determination of complex 238 from *H NMR integrals.

In this work the solution-phase structure of complex 238 was also discussed, with high-field
H NMR spectroscopic data being used to assert that the dba ligands were coordinated in a
symmetric s-cis, s-cis fashion around the palladium centres. This contradicted an earlier study
by Kawazura et al., who found that the dba ligands coordinated in an asymmetric s-cis, s-
trans fashion (Figure 32).1> These latter observations were subsequently supported by
detailed *H and *C NMR studies, in addition to DFT calculations, performed within the

Fairlamb group.'™

o] (0]

(o]
A, Y |
Ph Ph |
Ph Ph Ph
s-Cis, s-Cis s-cis, s-trans s-trans, s-trans

Figure 32 Possible conformational alignment of dba ligand 247.

The facile propagation of PANPs from this complex was proposed in the Ananikov study as
a potentially useful source of catalytically competent, heterogeneous Pd nanocatalysts. In a
subsequent publication from the same group, activated carbon was shown to exhibit an
efficient capture mechanism of these particles, obtained by degradation of complex 238 in
chloroform at 40 °C. These reactive Pd markers were used to demonstrate >2000 reactive Pd

centres per 1 um? of carbon surface area.’™

The ambiguity surrounding the true coordination environment of this complex in solution
and in the solid state, in addition to its ability to form PdNPs under very mild conditions,

provided ample opportunity for further study of this important Pd° (pre)catalyst.
4.2 Synthesis and Characterisation

To complete characterisation of the complex of interest (238), preparation of the chloroform
adduct via the protocol in Scheme 87 was performed. Recrystallisation in several solvents
was successful and single crystal X-ray structures obtained for three analogues;
Pd,(dba)s-CHCI; 238, Pd,(dba)s-CH,Cl, 249 and Pd.(dba)s-CsHs 250. The high quality
structures obtained for the chloroform adduct is shown in Figure 33 and Figure 34, with all

structures included in Appendix 2.
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Figure 33 Single crystal X-ray diffraction structure of 238 (major isomer). Thermal ellipsoids shown
with 50% probability, hydrogen atoms and solvating chloroform removed for clarity. Selected bond
lengths (A): Pd(1)-C(7): 2.303(3), Pd(1)-C(8): 2.248(3), C(7)-C(8): 1.358(4), Pd(1)-C(24):
2.279(4), Pd(1)-C(25): 2.251(4), C(24)-C(25): 1.364(6), Pd(1)-C(41): 2.202(3), Pd(1)-C(42):
2.220(3), C(41)-C(42): 1.393(5), Pd(2)-C(10): 2.222(3), Pd(2)-C(11): 2.244(3), C(10)-C(11):
1.395(4), Pd(2)-C(27): 2.244(4), Pd(2)-C(28): 2.241(4), C(27)-C(28): 1.392(6), Pd(2)-C(44):
2.244(3), Pd(2)—C(45): 2.280(3), C(44)-C(45): 1.359(5). Pd(1)-Pd(2) bond distance: 3.244 A.

&!\ crals =5
)

Figure 34 Single crystal X-ray diffraction structure of 238 (minor isomer). Thermal ellipsoids
shown with 50% probability, hydrogen atoms and solvating chloroform removed for clarity. Selected
bond lengths (A): Pd(1)-C(7A): 2.275(11), Pd(1)-C(8A): 2.297(11), C(7A)-C(8A): 1.368(19),
Pd(1)-C(24A): 2.243(6), Pd(1)-C(25A): 2.254(6), C(24A)—-C(25A): 1.390(9), Pd(1)-C(41A):
2.211(7), Pd(1)-C(42A): 2.207(7), C(41A)-C(42A): 1.339(10), Pd(2)-C(10A): 2.192(11), Pd(2)—
C(11A): 2.272(10), C(10A)—C(11A): 1.332(9), Pd(2)-C(27A): 2.274(6), Pd(2)-C(28A): 2.242(6),
C(27A)-C(28A): 1.352(9), Pd(2)-C(44A): 2.267(7), Pd(2)-C(45A): 2.311(7), C(44A)—-C(45A):
1.394(10). Pd(1)-Pd(2) bond distance: 3.244 A.
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In these structures, each of the three dba ligands are disordered over two positions, with the
major isomer depicted in Figure 33 and the minor isomer depicted in Figure 34 (ratio
major:minor is 79:21). These isomers result from the asymmetric environment of the
coordinating alkenes, as they can occupy either an s-cis (green) or s-trans (orange) orientation
with respect to the carbonyl group of the ligand. The average C=C bond distances are 1.3603
A for the s-cis alkenes and 1.3930 A for the s-trans alkenes, indicating a weaker s-trans
alkene bond. Additionally, the C—Pd distances for the s-cis alkenes are C,—Pd = 2.247 A and
Cp—Pd = 2.287 A, and C,—Pd = 2.228 A and Cy—Pd = 2.229 A for the s-trans alkenes,
indicating a higher level of asymmetry in the s-cis bonds than in the s-trans bonds. These
two observations taken together appear to demonstrate a higher level of n-backbonding (and
thus more sp®, cyclometallopropane-like character) in the s-trans alkenes (Figure 35).

O @]
Ph—//_<T_\ ph—"
bph = Ph
Pd Pd
"sp?" character "sp> character

Figure 35 Representative alkene binding from dba ligand 247 to palladium.

When complex 238 was analysed by *H NMR spectroscopy and the integrals applied to
Equation 1, the purity was found to be 91%, contrasting with the reported value of 98%
immediately post-synthesis.}”® This value is the maximum obtained during the course of this
project, representing ca. ten syntheses of complex 238 (and was in fact obtained under
rigorously air-free conditions, using dry distilled solvent, which was not specified in the
published procedure).t”® Representative purities lie in the region of 80-89%. The exchange
rates of the different isomers of complex 238 in solution was proposed as a source of this
discrepancy, so a variable temperature NMR (VT-NMR) study was performed to evaluate
the effect of temperature on the rate of exchange. The hypothesis in this instance was that
cryogenic temperatures could slow down the exchange process sufficiently to allow the
delineation of this effect on the NMR timescale. When a *H NMR spectrum of complex 238
was recorded at —35 °C (238 K), it became apparent that a small quantity of an as-yet
unidentified species overlapped with the signal typically used to calculate the quantity of the
major isomer (ca. 5.29 ppm, m). Another suitable region was thus identified (ca. 6.12 ppm,
®) and used as a measure of the concentration of the major isomer in solution (Figure 36).
The signal used to calculate the quantity of minor isomer remained unchanged from that
shown in Figure 31 (ca. 5.60 ppm, o). The integrals recorded (and thus the derived purity)
differed slightly as a function of temperature (in this experiment, 89% at 298 K and 83% at

238 K), giving credence to the explanation that complex exchange in solution introduces
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variability in the purity measurement. The measurements made by Ananikov et al. were
recorded on a different spectrometer, at 600 MHz,"° so these factors alone could easily have

introduced the ca. 10% error observed in this calculation of purity.

a)

Figure 36 'H NMR spectra of 238 in CDCls at a) 298 K b) 238 K; major isomer signal used by
Ananikov et al. (m), major isomer signal (®) and minor isomer signal (o) used in this study.

To further evaluate the exchange process of both isomers of complex 238, as well as the free
ligand 247, *H NMR spectra of complex 238 (at 500 MHz using 64 scans, in CDCl3) were
recorded at several temperatures between 238-298 K. The full-width at half-maximum
(FWHM) of each of the key integral signals used in the purity determination (with the
exception of the signal at ca. 5.29 ppm, vide supra) was then measured and compared. This
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gave an indication of the relative exchange rates of these species, as signal broadening is an
effect typically associated with exchange on the NMR timescale i.e. the larger the measured
FWHM, the greater the degree of exchange. The results from this experiment are provided in

Figure 37.

FullWidth at Half Maximum
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for DiagnosticIntegral / Hz
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Figure 37 Intensity of key integrals for complex 238 as a function of temperature.

Interestingly, this experiment demonstrated that the exchange rates of the species involved
differ significantly at non-cryogenic temperatures. This means that the two isomers of
complex 238 display different intra- and intermolecular exchange rates, introducing error into
the integral signals used in the purity determination proposed by Ananikov et al.,
supporting the same conclusion drawn through comparison of the integrals at different

temperatures (Figure 36).
4.3 Activation/Degradation to Form Pd Clusters

The facile propagation of PdNPs from this complex, as detailed by Ananikov et al.,'’® was
proposed to occur through initial dissociation of the dba ligand 247 followed by rapid
agglomeration of the resulting thermodynamically unstable Pd® atoms. A putative model for
this process could centre around protonation of the keto moiety of the dba ligand 247,
reducing the electron density of the alkene and resulting in dissociation from the metal centre.
If this were the case, degradation of complex 238 should be initiated either by water or acid;
indeed, in their work Ananikov and co-workers note that degradation could result “by

reaction with acid traces and other impurities in the [NMR] solvent”.
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To probe the formation of these PANPs (or Pd clusters) indirectly, the *H NMR method
detailed above (despite its limitations) could therefore be used to monitor the ratio of
complexed versus free ligand as a function of time; by definition, as free ligand 247 is
released there should also be a concomitant release of elemental Pd®. Several experiments
were therefore performed to evaluate the effect of water and acid independently. For the
control study 5 mg of complex 238, manipulated in a glovebox, was dissolved in 0.5 mL of
CDClsthat had been degassed, dried and de-acidified over CaH.. *H NMR spectra were then
recorded under air-free conditions in a Young’s tap NMR tube after 10 min, then every 30
min for 24 h; the resulting integrals were subsequently used to generate values for the
guantity of complex over time. A second analogous experiment was then performed using
reagent grade CDCls, which was measured by *H NMR to contain 144 ppm water, using
1,3,5-trimethylbenzene 141 as an internal standard. Two further experiments were also
performed in dry, degassed and de-acidified CDClIs that had been doped with the acid
[HNPhMe,]* [BF4]™ 252, used primarily because of its solubility in chloroform. This acid is
readily prepared from commercially available N, N-dimethylaniline 251 in one step (Scheme
88).

H
SN HBF,-OEt, SN B
e (BF4]
Et,0, RT, 5 min
251 252

Scheme 88 Synthesis of chloroform-soluble acid 252.

The amounts used to initiate degradation were one equivalent of acid 252 with respect to
complex 238 and three equivalents with respect to complex 238 (1 equivalent per dba ligand

247). The results from these four experiments are overlaid in Figure 38.
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Figure 38 Behaviour of complex 238 in CDCls, monitored by *H NMR spectroscopic analysis.

Figure 38 clearly shows that the relative concentration of complex 238 decreases over time,
with respect to free ligand 247 concentration, in the presence of both water and acid.
Conversely, it displays relatively higher stability in solution under anhydrous, air-free
conditions (eventually reaching complete decomposition after 11 days in solution). When
treated with one equivalent of acid 252, complete degradation of complex 238 occurs in less
than 11 hours, with the resultant *H NMR spectrum matching that of free ligand 247 and
visible Pd ‘mirroring’ on the sides of the NMR tube qualitatively indicating elemental Pd°
formation. The profile for the acid-catalysed degradation appears to demonstrate two distinct
phases; a slow first step occurring between 0-6 hours after dissolution where the relative
concentration of complex 238 decreases by 8%, followed by a rapid second step between 6—
11 hours after dissolution where the relative concentration decreases by 70%. This behaviour
is difficult to rationalise by the simple model proposed above, but could be explained by
autocatalytic Pd complex formation; the [BF.]™ counter-ion of acid 252 is known to stabilise
PdNPs in other systems.!”> While not identical, this broad trend is also seen when using three
equivalents of acid 252. Notably, during the initial period degradation of the complex is more

rapid, possibly due to an increased rate of initial ligand protonation.

To delineate any potential counter-ion effect, complex 238 was treated with two other organic
soluble acids, acetic acid (AcOH) and trifluoroacetic acid (TFA). Treatment with AcOH (10
eq. or 359 eq. w.r.t 238, 100 pL in 5 mL CDCls) had no effect on complex 238, with no
degradation seen by *H NMR after several days. Ten equivalents of TFA did however initiate

degradation, the profile for which is shown in Figure 39, with the data from acid 252 overlaid
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for comparison. When 298 equivalents of TFA were used (100 pL in 5 mL CDClIs),

decomposition to free ligand 247 and elemental Pd occurred within seconds. This also

occurred when complex 238 was treated with HBF4-OEt; (1 eq. w.r.t 238).
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Figure 39 Behaviour of complex 238 in CDCl; when treated with acid, monitored by *H NMR

spectroscopic analysis.

Comparison of the experiments shown in Figure 39 indicates that using TFA to initiate

decomposition of complex 238 produces a simpler Kinetic profile, which lacks the two-phase

behaviour seen when using acid 252. As highlighted above this may result from the ability

of [BF4] to stabilise PANPs in the latter case, producing unusual degradation profiles due to

involvement by higher-order Pd species, such as [Pd’%dbay] clusters. To probe this more

directly (as opposed to the indirect observations provided by *H NMR signals of ligand 247),

Fourier-transform ion cyclotron resonance mass spectrometry (FT—-ICR—MS) was performed

on a methanol/DCM solution of complex 238 and demonstrated the presence of Pd clusters

containing between three and eight Pd atoms, all with two dba ligands. (Figure 40).

129



Chapter 4: Analysis of Pd>(dba)s Complexes

f 7
Intensity (x10") [Pd4dbaz+H]+
892,831
6 1 [Pd.dba,+H]*
786.926 [Pd,dba+H]*
998.734
[Pddba,+H]*
+
1oqpss  LPdAbay]
1210.540  [Pd,dba,+H]*
I‘ 1316.443
L.,
800 900 1000 v 1100 1200 1300

Figure 40 FT-ICR-MS spectrum showing [Pdxdba,H]* cluster species formed from complex 238.

The most abundant ion detected via this method was [Pds(dba).H]*, so density functional
theory (DFT) calculations were performed by a collaborating group in Birmingham®’® to
determine the relative energies of several possible conformations for this specific cluster in
the gas phase (Figure 41). Perhaps surprisingly, the conformation of calculated lowest
energy was the linear conformer of four Pd atoms, positioned in-between the two dba ligands
(Figure 41a).

Figure 41 DFT-calculated possible structures for the species [Pd4(dba).H]* in the gas phase: (a)
linear, (b) Y-shaped, (c) rhombic, (d) tetrahedral.

This cluster formation would result in a small increase in the concentration of free dba by 'H
NMR initially, as complex 238 degrades to elemental Pd® and free dba ligand (Figure 38 and
Figure 39). The free dba liberated would then be sequestered by multinuclear elemental Pd°,
forming [Pd%dbay] clusters. As these clusters grow, eventually they would reach a point

where they were no longer soluble and would precipitate out, liberating a large quantity of
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free dba ligand into solution. This would cause a large increase in the observed concentration

of free dba by *H NMR, leading to the observed rapid decomposition several hours after

dissolution of complex 238 (Figure 38 and Figure 39). In an analogous experiment,

electrospray ionisation mass spectrometry (ESI-MS) was used to demonstrate that clusters

containing varying numbers of both Pd atoms and dba ligands could also be observed (Figure

42).
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Figure 42 ESI-MS spectrum showing [PdxdbayH/Na]* cluster species formed from complex 238.

Once again, the most abundant ion detected in solution was [Pds(dba).H]*, the detected

masses for which are shown in Figure 43. A full comparison of the observed isotope patterns

against their calculated values is provided in Appendix 6.
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Figure 43 Measured vs. simulated mass values for [Pda(dba),H]* cluster detected by ESI-MS.
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During this experiment, the ion corresponding to the [PdsdbasH]* cluster was isolated and

subjected to secondary ionisation (ESI-MS-MS), producing the smaller clusters [PdsdbasH]*

and [PdsdbazH]*. Interestingly, the relative intensity of these ions increased as a function of

collision energy (0-65 V); in other words, the greater the secondary collision energy, the

greater the relative concentration of clusters with fewer dba ligands (Figure 44).

Collision Energy (V)

10

Figure 44 ESI-MS-MS spectra of [PdsdbayH]" cluster species.
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The evidence from Figure 44 implies that the larger Pd®%dbay species form from the smaller

ones i.e. there is rapid addition of dba ligands to the initially forming, stable [PdsdbazH]* ion.

This is highlighted by the fractional bar chart presented in Figure 45, which compares the

relative abundance of the observed ions as a function of secondary collision energy.
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Figure 45 Relative abundance of [PdsdbayH]* cluster species as a function of secondary collision
energy.

As ESI-MS proved a suitable method by which to study the dynamic, cluster-forming
behaviour of complex 238 in solution, two similar experiments were devised to attempt to
extrapolate structural and kinetic data. These would ideally provide direct evidence of Pd
cluster formation from complex 238 as a function of time, complementary to the *H NMR
experiments shown in Figure 38 and Figure 39 which provided indirect evidence of this

process.

In the first experiment, a solution of acid 252 in anhydrous chloroform was added to a
solution of complex 238 in anhydrous chloroform under nitrogen. This mixture was then
stirred at room temperature for eight hours, with a sample taken every 30 minutes and
analysed by ESI-MS. The Pd4(dba). species was again the major Pd cluster signal seen in all
spectra, so the peak height for this cluster (ion [Pd2(dba)sNa]*) was normalised to 100% and
the peak heights for all other species were monitored relative to this value. While similar ions
were observed as in the previous study (Figure 42), no appreciable change in the relative
intensities of these ions was observed as a function of time. Specifically, no increase in the
relative concentration of larger Pd clusters, as compared to smaller Pd clusters, was observed.
An analogous experiment was thus performed, with samples taken every two minutes for a
half hour period, which were subsequently analysed by ESI-MS, in order to monitor any

rapid changes that might occur in the early stages of the reaction (Table 14).
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Table 14 Pdydbay clusters formed from 238 as a function of time.?

Time / min 0 2 4 6 8 10 30
lon Detected Relative Intensity / %"
[Pd2(dba).H]* 0 22.1 21.3 22.6 24.5 20.1 25.1
[Pd2(dba)sH]" 91.2 0 0 0 0 0 0

[Pdx(dba):Na]* 651 143 156  14.3 13 19.2 9.1

[Pdo(dba)sNa]*  34.3 4.4 4.4 4.1 3.8 55 2.8

[Pda(dba).H]* 0 0 0 0 0 0 0

[Pds(dba),Na]* 100 100 100 100 100 100 100

[Pda(dba)sH]* 0 0 0 2 2.1 0 2.5

[Pda(dba)sNa]* 0 0 0 0 0 0 0

[Pdi(dba)sH]* 8.4 198 183 259 236 241 199

[Pdi(dba);Na]*  15.5 76 9 7.7 75 10.4 5
[Pds(dba)sNa]* 11 4.4 45 3.9 3.7 5.3 2.6
[Pds(dba)sNa]* 159 414  40.8 55 58 551 444
[Pds(dba)sH]* 1.4 8.3 6.6 158 165 106 9
[Pds(dba)sNa]* 7.5 8.2 8.2 7.7 6.9 8 1.7
[Pds(dba)oNa]* 0 13 0 0 0 0 0

@ Reaction conducted with 238 (100 mg, 0.09 mmol, 1 eq.) and 252 (18 mg, 0.09 mmol, 1 eq.) in dry
CHCl; (10 mL) under Na. ® Intensities normalised to the [Pds(dba),H]* ion at 100%.

134



Chapter 4: Analysis of Pd>(dba)s Complexes

The only significant change in ion distribution was observed before and after addition of the
acid, this distribution did not however change further as a function of time. The intensity of
two clusters containing two Pd atoms, Pd.(dba). and Pd.(dba)s, is markedly reduced after
addition of acid. The relative intensity of the Pd.(dba) cluster is increased however, possibly
due to greater stability of this species versus those Pd clusters with two Pd atoms and a greater
number of dba ligands. Conversely, the quantity of Pdi(dba)s and Pds(dba)s clusters
significantly increases upon addition of acid 252, which may indicate a growth of Pd clusters
upon addition of acid, as suggested above.

These studies provide some structural information about the degradation observed by H
NMR (Figure 38 and Figure 39). Direct evidence for the growth of Pd%(dba), clusters has
been found, with at least two pathways observed. The first appears spontaneous; in solution
dissociation of dba ligand 247 releases Pd° from complex 238, which agglomerates to form a
relatively stable Pd%(dba). cluster. Rapid addition of free ligand 238 in solution then occurs
to give secondary Pd%(dba)..x clusters. Upon addition of acid 252, a decrease in the
concentration of smaller clusters is concurrent with an increase in the concentration of larger
clusters, importantly these secondary clusters contain not just additional ligand 247 but
consist of greater number of Pd atoms. This behaviour is suggestive of increased
concentrations of free ligand 247 and elemental Pd® in solution, as a result of acid-promoted
ligand dissociation from complex 238. The expected increase in the concentration of larger
Pd clusters as a function of time was not observed, it may be however that the ions observed
are on the limit of solubility. Large species are therefore not observable under these
conditions due to rapid growth and subsequent insolubility. These observations would agree
with the unusual two-phase degradation behaviour seen through observation of the ligand
signals by 'H NMR (Figure 38 and Figure 39). Finally, it is important to note that when
stored at 5 °C in the dark, complex 238 shows long-term stability in the solid state,
ascertained by both H NMR spectroscopic analysis and elemental (CHN) analysis.
Atmospheric air has no appreciable deleterious effect on the stability of this complex in the

solid state.
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4.4 Conclusion

The important Pd® precursor complex Pdz(dba)s; has been prepared and recrystallized in
several solvents. Several high-quality single-crystal X-ray diffraction structures have been
obtained, allowing for the complex asymmetric alkene binding of the dba ligands to be
characterised in both the major and minor isomers of the complex. The exchange rates of
these two isomers in solution were shown to differ from one another and free ligand 247
through the use of VT-NMR. The stability of the chloroform adduct of this complex (238)
when exposed to both water and acid has been probed by NMR and MS studies; direct and
indirect evidence of Pd%(dba)y cluster formation under these conditions has been obtained.
These observations taken together appear to demonstrate that complex 238 is a viable source
of catalytically active PANPs under commonly found experimental conditions.

Part of the work described in this chapter has been included in a recent publication (see
Appendix 1).173

136



Chapter 5: Conclusions and Future Work

Chapter 5: Conclusions and Future Work

5.1 Conclusions

The research presented in this thesis has explored the development and application of Pd-
catalysed C-H bond functionalisation methodologies, with a particular focus on direct
arylation reactions. Central to this work has been the pursuit of novel methods for the
selective functionalisation of the essential amino acid tryptophan 74, as well as related
tryptophan-containing peptides. Arylated tryptophan compounds such as 75, the key target
compound in this project, display greatly enhanced fluorescence compared to their parent
structures. 1112119 previous approaches have required either; pre-functionalisation through
borylation,*° bromination!? and iodination,*” or high temperatures'* and stoichiometric
additives such as AgBF4 or TFA.*® A combination of diaryliodonium salts and catalytic
palladium has been established to provide access to this important class of compounds,
without these disadvantages. Further development has led to the application of aryldiazonium
salts as electrophilic coupling partners, allowing access to a wide range of derivatised
tryptophan structures in excellent yields. Using these in tandem with a Pd—OTs catalytic
system has also allowed the catalyst loading to be significantly reduced. (Scheme 89).

[PhMesI]OTf 140
Pd(OAC), (5 mol%)
CO,Me > CO,Me
EtOAc, 25 °C, 16 h
AcHN 5% AcHN
- O
N [PhN,]BF, 48 N
H Pd(OTs),(MeCN), 215 (1 mol%) H
74 - 75

EtOAc, RT, 16 h
Quant.

Scheme 89 Reaction conditions for the direct arylation of tryptophan 74 developed in this project.

Calculation of some simple mass-based green metrics for these processes has demonstrated
that these latter conditions offer a significant improvement over all previously reported
methods in terms of optimum efficiency, mass intensity, synthetic utility and selectivity.
These protocols have also been demonstrated to be effective in the modification of several
small tryptophan-containing peptides, affording several novel functionalised molecules
(Figure 46).

137



Chapter 5: Conclusions and Future Work
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Figure 46 Key molecules obtained through the direct arylation of peptides.

The reaction conditions using aryldiazonium salts shown in Scheme 89 were subsequently
explored as a more general direct arylation methodology, with a view to combining these
atom-efficient coupling partners with heterogeneous Pd catalysis. Efforts to apply this
chemistry to the functionalisation of several medicinally relevant nitrogen heterocycles met
with limited success; of the substrates and conditions screened only 7-azaindole 231
demonstrated any reactivity when using Pd(OAc), as a catalyst, and this protocol
demonstrated no activity when using heterogeneous Pd catalysts. This observation was also
made when returning to tryptophan 74 as a substrate, indicating that direct arylation reactions
combining aryldiazonium salts and heterogeneous Pd catalysis is a significant challenge, a

deduction supported by the scarcity of examples in the literature.

Following recently published work by Glorius and co-workers,** the combination of
diaryliodonium salts and heterogeneous Pd catalysts has been shown able to produce high
reactivity in several direct arylation reactions. The direct arylation of the amino acid
tryptophan 74 and tryptophan-containing peptides 167 and 170 has for example been
achieved under these conditions. The pre-synthesised nanoparticle catalyst PVP-Pd 13 was
also demonstrated as an effective catalyst in this chemistry; 13 has however been shown both
qualitatively and quantitatively to degrade over many months under air at ambient
temperature, with a concomitant loss of activity. An interesting dichotomy in activity
between several apparently similar forms of Pd supported on activated carbon has been noted
in this chemistry, suggestive of distinct sizes and/or morphologies of the Pd particles present
in these ubiquitous catalysts. The activity of these catalysts for the direct arylation of 7-

azindole 231 is shown as an example (Scheme 90).
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[Ph,I]BF, 233
RS [Pd] (5 mol%) >
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N~ N NN
Me EtOH, 60 °C, 22 h Me
231 232

[Pd] = Pd/C (5 wt%), 19%
= Pd/C (10 wt%), 0%
= Pd/charcoal, 100%

Scheme 90 Direct arylations of 231 highlighting differences in Pd/C catalysts.

Reaction profile analysis using ex situ GC sampling has been used to evaluate the activity of
four Pd catalysts, Pd(OAc),, Pdz(dba)s.CHCI; 238, Pd/C and PVP-Pd 13, in the direct
arylation of several simple heterocycles. This demonstrated remarkable similarities in
catalytic behaviour between apparently distinct catalysts, implying that dissimilar catalysts
can function as precatalysts for the formation of a single comparable active catalyst phase;
speciation to form PdNPs or clusters is proposed as one possible mechanism in this process.
A pronounced substrate effect has also been noted in these studies, which goes some way
towards suggesting that reaction conditions including model substrate choice may in some
cases be more important than the particular Pd (pre)catalyst used. These studies highlighted
the importance of kinetic analysis in reactions mediated by Pd catalysis, as opposed to

evaluating catalyst performance merely as a function of yield.

The structure and degradation behaviour of the important Pd® pre-catalyst Pdx(dba)s-CHCI3
238 has also been studied, with a view to its potential as a source of catalytically active
PdNPs. Analysis of the X-ray diffraction structures of several solvent adducts of this complex
has allowed the asymmetric binding of the dba ligands to the metal centres to be
characterised, in both the major and minor isomers of this complex (ratio major:minor is
79:21). Solution-phase analysis of 238 by 'H NMR spectroscopy has also demonstrated that
the exchange rates of the two isomers and free dba ligand differ from one another; they also
vary significantly as a function of temperature. This means that reported*’® methods of
determining the absolute amount of complex as compared to free ligand by *H NMR cannot
be viewed as an empirically accurate measure. Finally, the stability of 238 when exposed to
water and acid has been probed by both *H NMR and MS studies; direct and indirect evidence
of speciation to form Pd%(dba), clusters has been observed, which are proposed as a
precursor to larger PANPs (Figure 47). These observations demonstrate that 238 is a viable
source of catalytically active PANPs under commonly found experimental conditions, such

as those observed in the direct arylation methodologies detailed above.
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Figure 47 Degradation behaviour of 238 as observed by 'H NMR and ESI-MS analysis.
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5.2 Future Work

5.2.1 Mechanism of Tryptophan Functionalisation

The synthetic work performed during this project has produced several protocols for the
direct C-H bond functionalisation of tryptophan and tryptophan-containing peptides
(Scheme 89). The methodology utilising aryldiazonium salts is particularly novel, further
investigation into the mechanism of this transformation therefore has significant value. The
C2-arylated product 75 possesses a Stokes shift of 62 nm relative to starting material 74,
enabling the kinetic profile of the arylation reaction to be examined by UV-visible
spectroscopic analysis. Initial studies performed within the Fairlamb group have shown that
the product evolution curve from a reaction catalysed by Pd(OAc). exhibits an unusual
sigmoidal kinetic trace (Figure 48),*** which certainly merits further investigation.
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Figure 48 (a) UV-visible spectra showing formation of 75 at 304 nm (5 min intervals) at 37 °C. (b)
Plot showing evolution of 75 over time.

As highlighted in Chapter 2, significant rate enhancements were observed with the addition
of catalytic TsSOH due to removal of the observed induction period;*31%2 this effect was also
seen when using pre-catalyst Pd(OTs)2(MeCN), 215, which is known to form the
catalytically relevant species 253.13313 |t is therefore possible that the arylation proceeds via

a key tryptophan coordination complex such as 254 (Scheme 91).

—~0
(@]
TsO\ OTs N /O
AN R
MeCN MeCN N OTs Solvent
215 254

Scheme 91 Pre-catalyst activation and proposed tryptophan intermediate.
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If species 254 is indeed a key intermediate, it implies a non-innocent role for the amine
protecting group used. Mono-protected amino acids are well established as useful ligands for
the acceleration of catalytic processes,’’ tailoring of these protecting groups could therefore
provide significant mechanistic information. Investigation of the initial rates of reaction for
the cross-section of substrates shown in Figure 49 would provide a useful platform to probe

this hypothesis.

>< 2 O 0
CO,Me CO,Me CO,Me
o 2 F3CJ< z 2 z
Nu' Nu- N‘,‘
H H H
N N A\
N N N
H H H
161 92 255

Figure 49 Alternative N-terminus protected tryptophan substrates.

5.2.2 Further Tryptophan Derivatives

A recent publication has detailed the selective C7-borylation of tryptophans using Ir
catalysis,'’® providing a facile method of generating valuable tryptophan structures to test in

the novel arylation conditions developed in this project (Scheme 92).

CO,Me CO,Me CO,Me
w [Ir(cod)OMe], . AcHN™
AckN dtbpy, HBpin AcHN [ArN,]BF, c
Pd(OAC),, ACOH Pd(OTs)»(MeCN),
\ T \ —_—l \ Ar
N —_— N N
H + steps H H
74 R R

R = Bpin, OH, X etc.

Scheme 92 Orthogonal borylation/arylation conditions for tryptophan 74.

Along similar lines, those tryptophan derivatives containing C2-aryl halide motifs already
synthesised (Chapter 2) could be subjected to standard cross coupling conditions in order to

generate products with modified fluorescence properties (Scheme 93).

COz Me COzMe
AcHN™
c [X-AN,JBF,  AcGHN ArB(OH),
{ 215 X Pd cat.
—_— —_—

I=
Iz

Suzuki-Miyaura
74

Scheme 93 Sequential arylation/cross-coupling for tryptophan 74.
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5.2.3 Direct Arylations Using Aryldiazonium Salts

Examples of direct arylation reactions using aryldiazonium salts as the arene coupling partner
are rare in the literature.1°%192 The work performed on tryptophan 74 within this project
provides a stark indication of their potential utility, if suitable reaction conditions can be
found. Attempts in this direction have met with limited success in this project; some
encouraging signs, such as the successful arylation of 7-azaindole 231, have however been
seen (Chapter 3). While there is great interest in the arylation of indoles both in the literature
and in this report, recent developments in medicinal chemistry have highlighted the need for
research to focus on more unusual scaffolds, based on both the statistical trends seen in the
hit-rate of potential drug candidates and the need for novel structures to ensure intellectual
property rights.'’”® With this in mind, a focus on the direct arylation of non-typical
heterocycles would provide an interesting avenue of research, particularly if this could be
coupled with the heterogeneous palladium catalysis detailed above. A recent paper by Groom
et al. highlights a range of such heterocycles'® and some potential candidates that might be
suitable for direct arylations are shown in Figure 50.

o h o} H 0 0
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N T TN N4\NJ( (\N
| — N, 0 . — NH | (@] / /
0 N ¢
257 258 259 260 261
H
a Ox-N SN N ~-O0
N I ooy SO0
262 263 264 265 1 266

Figure 50 Potential heterocyclic substrates for novel direct arylation methodologies.

To paraphrase a recent review, “a significant increase in the number of new ring systems
would not necessarily lead to an associated increase in success rates for drug discovery
projects. A suggested alternative strategy is to focus first on the assembly of existing drug
ring systems in novel configurations”.’® Development of a versatile direct arylation
methodology with good green metrics such as that shown in Scheme 89 would provide a
suitable platform to explore novel drug space in this fashion. Several of the potential
substrates shown in Figure 50 have more than one site which could be functionalised by
direct arylation, so there is a possibility that a site-selective arylation methodology could be
developed to functionalise at more than one position on the heteroaromatic. Glorius and co-
workers have shown that appropriate choice of Pd catalyst can provide such regioselectivity

in similar protocols.'*” This is an area where research efforts could be focused in an attempt
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to not only produce selective arylation procedures for medicinally-useful compounds, but
also to provide a link to the development of a range of rationally-designed palladium catalysts

which can be used to perform differing, selective transformations.
5.2.4 Direct C-H Bond Functionalisations Using Pd Nanocatalysts

Despite its widespread use as a heterogeneous hydrogenation catalyst, Pd/C has only recently
been explored for other Pd-mediated catalysis in any detail, usually in cross-coupling
reactions.® %% Glorius and co-workers are particularly notable for their continuing
development of C—H bond functionalisation reactions using this catalyst.’*”14% The direct
arylation of several common heterocycles such as (benzo)thiophene, indole and (benzo)furan
have been demonstrated to be effectively catalysed by this cheap, readily available Pd source.
One drawback of these protocols however lies in the poor degree of characterisation of such
catalysts; Glorius and co-workers have in fact noted severe incongruities in the activities and
yields obtained thereof when utilising Pd/C from different commercial sources. To date, no
specific analysis of how the catalyst structure/morphology relates to its activity in these
reactions has been performed. In this project (Chapter 3) similarities in catalytic behaviour
between apparently distinct Pd catalysts have been demonstrated, suggesting formation of a
comparable active catalytic phase, such as PANPs, in these reactions. It may be that PANPs
are not actively catalysing these reactions, the active species instead consisting of leached
mononuclear/lower-order Pd species. If this is the case, then perhaps the parallels between

catalyst type manifests as a result of similar leaching rates.

Conversely many well-defined Pd nanocatalysts have been synthesised and their catalytic
activities (often in hydrogenation reactions) correlated to specific features of their size and/or
shape.!81-18 Effectively controlling the morphology of these nanocatalysts, usually through
appropriate choice of stabilising and surface-capping agents along with carefully-tailored
reduction rates, is far from a routine operation however. Such specific syntheses are typically
capricious, with centrifugation often applied to produce the desired nanocatalysts in very low
yields, thus reducing the synthetic appeal of these processes.'®18” These species can also

demonstrate significant deterioration from their original size or shape over time.4

In light of this dichotomy, between the development of operational ease in elegant C—H bond
functionalisation protocols using Pd nanocatalysts and the judicious structure/activity
relationships explored in other heterogeneous catalytic processes, there is significant scope
for an exploration of how these two concepts can be effectively combined. Typical conditions
for the synthesis Pd nanocatalysts begin with reduction of the Pd precursor Na,PdCls by

ascorbic acid, in the presence of PVP 12 as a stabiliser and KBr as a surface capping agent.
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By using varying ratios of these reagents, as well of modification of the temperature and
duration of the synthesis, a number of structurally varied catalysts can be prepared (some

examples are highlighted in Table 15).188

Table 15 Nanoparticle shapes obtained through variation of synthetic conditions.

Entry Reducing agent Capping agent Temp./°C Particle shape
1 Ascorbic acid - 100 Truncated octahedron
2 - - 100 Hexagonal/triangular plate
3 Ascorbic acid KBr 100 Rod
4 Ascorbic acid KBr 80 Cube

The nanocatalysts could be supported on activated carbon to generate supported particles,*8
in order to mimic the operational ease found with commercially available Pd/C, as well as
preventing distortions of the size or morphology of the desired catalyst. With these well-
defined Pd catalysts in hand, a screen of various heterocyclic compounds against the direct
arylation protocols developed in this project could be performed. There is also potential for
site selectivity to be affected in those heterocycles with multiple activated C—H bonds. It
would be remarkable if this site selectivity could be achieved through perceptive choice of
nanocatalyst morphology, providing an important link to the development of rationally-
designed heterogeneous palladium nanocatalysts which can be used to perform differing,

selective transformations.

Finally, the evidence that Pd»(dba)s- CHCI3 238 serves as a competent source of PANPs raises
the possibility that the activity of these particles can be evaluated (Chapter 4). Aging studies
on 238 could be used to provide PANPs of different sizes and/or morphologies, the activity
of which could be tested and compared in a model catalytic reaction, in order to gain
important mechanistic insight. Crucially, this would extend the reported equilibrium between
‘L,Pd® and ‘L,Pd°(n?-dba)’ to include multinuclear Pd colloids with varying ratios of dba
247 ligand (Figure 47).
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6.1 General Experimental Details

Solvents and Reagents

Commercially sourced solvents and reagents were purchased from Acros Organics, Alfa
Aesar, Fisher Scientific, Fluorochem, Sigma-Aldrich or VWR and used as received unless
otherwise noted. Petrol refers to the fraction of petroleum ether boiling in the range of 40-60
°C. Dry acetonitrile, dichloromethane, THF and toluene were obtained from a Pure Solv MD-
7 solvent machine and stored under nitrogen. The acetonitrile, dichloromethane and THF
were also degassed by bubbling nitrogen gas through the solvent with sonication. Dry
methanol was obtained by storing over activated 3 A molecular sieves under nitrogen. Dry
chloroform was obtained by stirring with K2COs overnight, then distilling over P,Os under
N2. Dry acetone was obtained by distilling over K,COs under N2. Dry Et;N and DIPEA were
obtained by distillation over potassium hydroxide and stored under nitrogen. Dry DMSO was
purchased from Acros Organics and used as received. Dry, degassed CDCl; was obtained by
stirring over anhydrous CaH, for 24 h then using the freeze-pump-thaw method (3 cycles).
This was then distilled at high vacuum (0.03 mm Hg) and stored in a Braun Unilab dry glove
box. Dry, degassed DMSO-ds was obtained by stirring over activated molecular sieves for 4
days then using the freeze-pump-thaw method (3 cycles). This was then distilled at high
vacuum (0.03 mm Hg) under heating and stored in a Braun Unilab dry glove box.

Typical Conditions

Room temperature (RT) refers to reactions where no thermostatic control was applied and
was recorded as 16-23 °C. Reactions requiring anhydrous or air-free conditions were
performed in dry solvent under an argon or nitrogen atmosphere using oven- or flame-dried
glassware. Nitrogen gas was oxygen-free and dried immediately prior to use by passing
through a column of potassium hydroxide pellets and silica. Where indicated, a Braun Unilab

dry glove box was used (<0.5 ppm O5).
Flash Chromatography

Thin layer chromatography (TLC) analysis was performed using Merck 5554 aluminium

backed silica plates. Spots were visualised by the quenching of ultraviolet light (Amax = 254

nm) then stained and heated with one of p-anisaldehyde or potassium permanganate as

appropriate. Retention factors (Ry) are quoted to two decimal places and reported along with

the solvent system used in parentheses. All flash column chromatography was performed
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using either Merck 60 or Fluorochem 60 A silica gel (particle size 40-63 pm) and the solvent

system used is reported in parentheses.
Optical Rotations

Optical rotations were recorded using a digital polarimeter at 20 °C (using the sodium D line,
259 nm) with a path length of 100 mm, with the solvent and concentration used indicated in
the text. The appropriate solvent was used as a background with ten readings taken for each

sample and the average [a], values in units of 10 deg cm® g* quoted to one decimal place.
Melting Points

Melting points were recorded using a Stuart digital SMP3 machine using a temperature ramp
of 3 °C min* and are quoted to the nearest whole number. Where applicable, decomposition

(dec.) is noted.
Nuclear Magnetic Resonance Spectroscopy

All NMR spectra were recorded on either a Jeol ECS400, Jeol ECX400 or Bruker AV500
spectrometer at 298 K, unless otherwise specified. Chemical shifts are reported in parts per
million (ppm) of tetramethylsilane. Coupling constants (J) are reported in Hz and quoted to
+0.5 Hz. Multiplicities are described as singlet (s), doublet (d), triplet (t), quartet (q), quintet
(quin), sextet, (sext), heptet (hept), multiplet (m), apparent (app) and broad (br). Spectra were
processed using MestReNova. Copies of NMR spectra for all compounds are provided in

Appendix 7.

Proton (*H) spectra were typically recorded at 400 MHz. Alternatively and where specified,
spectra were recorded on a Bruker AV500 spectrometer at 500 MHz. Chemical shifts are
internally referenced to residual undeuterated solvent (CHCIs o4 = 7.26 ppm) and given to

two decimal places.

Carbon-13 (*C) spectra were recorded at 101 MHz. Chemical shifts are internally referenced

to residual solvent (CDCl; 8¢ = 77.16 ppm) and given to one decimal place.

Boron-11 (B) spectra were recorded at 128 MHz and obtained with *H decoupling.

Chemical shifts are externally referenced to BFs-OEt; and given to one decimal place.

Fluorine-19 (*°F) spectra were recorded at 376 MHz and obtained with *H decoupling.

Chemical shifts are externally referenced to CFCls and given to one decimal place.

Phosphorus-31 (®'P) spectra were recorded at 162 MHz and obtained with *H decoupling.

Chemical shifts are externally referenced to HsPO4 and given to one decimal place.
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Mass Spectrometry

Electrospray ionisation (ESI) mass spectrometry was performed using a Bruker Daltronics
micrOTOF spectrometer. Liquid induction field desorption ionisation (LIFDI) mass
spectrometry was performed using a Waters GCT Premier mass spectrometer. Mass to charge
ratios (m/z) are reported in Daltons with percentage abundance in parentheses along with the
corresponding fragment ion, where known. Where complex isotope patterns were observed,
the most abundant ion is reported. High resolution mass spectra (HRMS) are reported with

less than 5 ppm error.
Infrared Spectroscopy

Infrared spectra were recorded using a Bruker Alpha FT-IR spectrometer and were carried
out as ATR. Absorption maxima (vmax) are reported in wavenumbers (cm™) to the nearest

whole number and described as weak (w), medium (m), strong (s) or broad (br).
UV-Visible Spectroscopy

UV-visible spectroscopy was performed on a Jasco V-560 spectrometer, with a background
taken in the appropriate solvent prior to recording spectra, using a quartz cell with a path
length of 1 cm. The wavelength of maximum absorption (Amax) iS reported in nm along with
the extinction coefficient (€) in mol dm™cm. Copies of the appropriate absorption spectra

and Beer—Lambert plots are given in Appendix 3.
Gas Chromatography

Gas chromatographic analysis was carried out using a Varian GC-430 gas chromatogram.
Statistical analyses were performed using Microsoft Excel and Origin. Method details and

copies of the appropriate calibration plots are provided in Appendix 5.
Elemental Analysis

Elemental (CHN) analysis was carried out using an Exeter Analytical CE-440 Elemental

Analyser. All values are given as percentages to two decimal places.
X-Ray Crystallography

Diffraction data were collected at 110 K on an Agilent SuperNova diffractometer MoKa
radiation (A=0.71073 A). Data collection, unit cell determination and frame integration were
carried out with CrysalisPro. Absorption coefficients were applied using face indexing and
the ABSPACK absorption correction software within CrysalisPro. Structures were solved

and refined using Olex2'*® implementing SHEL X algorithms and the Superflip!®:13 structure
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solution program. Structures were solved by charge flipping, Patterson or direct methods and
refined with the ShelXL! package using full-matrix least squares minimisation. All non-
hydrogen atoms were refined anisotropically. Where applicable, absolute configurations
were established by anomalous dispersion. Resolved structures, crystal data and structural

refinement are provided in Appendix 2.
Transmission Electron Microscopy

Transmission electron microscopy was performed at the Department of Biology Technology
Facility, University of York, using an FEI Technai 12 G2 BioTWIN microscope operating at
120 kV, and images were captured using an SIS Megaview Il camera. Samples were
prepared by suspending ca. 1 mg of material in reagent grade ethanol with vigorous shaking,
applying a small amount to a TEM grid, and allowing the solvent to evaporate. The grids
used were 200 mesh copper grids with a Formvar/carbon support film. The resulting images
were enlarged and particle sizes measured manually. Statistical analyses were performed and

histograms drawn using Microsoft Excel 2010 with the Data Analysis ToolPak.
6.2 General Procedures

General Procedure A: Synthesis of aryldiazonium tetrafluoroborates in water!?

The appropriate aniline (1 eq.) was dissolved in deionised water and HBF4 (50 wt% in H20,
2 eq.) before being cooled to 0 °C with stirring. A solution of NaNO; (1 eq.) in deionised
water was then added dropwise and the mixture was stirred vigorously for 30 min during
which time a precipitate formed. After 30 min this was collected by filtration through a glass
sinter and the solid dissolved in a minimum amount of acetone. Et,O was then added to
precipitate the aryldiazonium tetrafluoroborate which was collected by filtration through a
glass sinter and washed with further Et,O until the filtrate ran clear, then dried in vacuo to

afford the desired compound, which was subsequently stored at —18 °C.
General Procedure B: Synthesis of aryldiazonium tetrafluoroborates in ethanol**

The appropriate aniline (1 eq.) was dissolved in ethanol and HBF4 (50 wt% in H,O, 2 eq.)
before being cooled to 0 °C with stirring. A 90% solution of tert-butylnitrite (2 eg.) was then
added dropwise and the mixture was allowed to warm to room temperature with stirring for
1 h. After 1 h Et;O was added to precipitate the aryldiazonium tetrafluoroborate which was
collected by filtration through a glass sinter and washed with further Et,O until the filtrate
ran clear, then dried in vacuo to afford the desired compound, which was subsequently stored
at—18 °C.
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General Procedure C: Direct arylation of tryptophan with aryldiazonium salts

To a microwave tube was added tryptophan 74 (50 mg, 0.192 mmol, 1 eq.), the appropriate
aryldiazonium salt (0.192 mmol, 1 eq.), Pd(OAC). (2.2 mg, 9.6 umol, 5 mol%) and EtOAc
(5 mL). The reaction mixture was stirred at RT for 16 h. After 16 h the resulting brown
reaction mixture was filtered through Celite then washed with sat. ag. NaHCO3. The organic
layer was collected and dried over MgSQy, filtered and evaporated to give a brown solid.
When purification was required, it was performed using dry-loaded flash column
chromatography with a SiO, stationary phase and the solvent system specified for each

compound.
General Procedure D: Kinetic study of the direct arylation of heterocycles

To a microwave vial fitted with magnetic stirrer bar was added diaryliodonium salt 233 (309
mg, 0.84 mmol, 1.4 eq.), Pd catalyst (5 mol%) and EtOH (3 mL). To initiate the reaction,
substrate (0.6 mmol, 1 eq.) was added, the vial sealed with a septum and the reaction stirred
at 60 °C for 24 h in a pre-heated solid heating block. The progress of the reaction was
monitored by GC, using an external standard solution of mesitylene (139 pL in 100 mL
EtOH, 9.975 x 103 mol dm). Sampling was performed by taking 80 pL aliquots, adding
these to an Eppendorf tube containing Celite and centrifuging for 10 min. After 10 min 30
pL of the supernatant layer was removed and diluted with mesitylene standard (0.6 mL). This
sample was then analysed by GC, using an initial temperature of 60 °C (1 min), followed by
a ramp of 30 °C min* to 250 °C, giving a total run time of 9.33 min. Three injections were

performed for each data point.
6.3 Synthetic Procedures and Compound Data

Throughout this section, laboratory notebook references are given for the experiment from
which the synthetic procedure is quoted. For experiment references for specific data, see the
relevant NMR spectra in Appendix 7. Known compounds prepared using literature
procedures are indicated with a literature reference next to the compound name. Known
compounds prepared using novel procedures are compared to literature analytical data and

referenced accordingly.
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Methyl (2S)-2-amino-3-(1H-indol-3-yl)propanoate hydrochloride (135)?

H
N
/

HCI*H,N o<
o]
To a round-bottomed flask was added MeOH (50 mL) which was cooled to —15 °C, before
addition of thionyl chloride (4.3 mL, 7.02 g, 59 mmol, 2.4 eq.) dropwise at —15 °C. After
complete addition, L-Tryptophan 73 (5 g, 24.5 mmol, 1 eq.) was added in three portions,
resulting in a white suspension. The mixture was then warmed to RT and stirred for 24 h,
during which time a clear orange solution was formed. Deionised water (5 mL) was added to
the reaction mixture and the solvent evaporated to afford the title compound as an off-white
solid (6.24 g, quant.).

M.P. 205-206 °C dec. (lit.**® 214 °C dec.); *H NMR (400 MHz, CDsOD, §): 10.61 (br s, 1H),
7.54 (dt, J = 8.0, 1.0 Hz, 1H), 7.40 (dt, J = 8.0, 1.0 Hz, 1H), 7.22 (s, 1H), 7.14 (ddd, J = 8.0,
7.0, 1.0 Hz, 1H), 7.07 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 4.33 (dd, J = 7.5, 5.5 Hz, 1H), 3.79 (s,
3H), 3.46 (dd, J = 15.0, 5.5 Hz, 1H), 3.37 (dd, J = 15.0, 7.5 Hz, 1H); *C NMR (101 MHz,
CDs0D, 3): 170.8, 138.3, 128.2, 125.6, 122.9, 120.3, 118.8, 112.7, 107.4, 54.6, 53.6, 27.5;
ESI-MS m/z (ion, rel. %): 219 ([Ci2H1sN20-]*, 100); ESI-HRMS m/z: 219.1130
[C12H15N202]* (C12H15N20; requires 219.1128); IR (solid-state ATR, cm™): 3259 (w), 2856
(w, br), 1747 (s), 1501 (m), 1436 (m), 1351 (m), 1210 (m), 1108 (m), 730 (s); Elemental
anal.: C 56.44, H 5.85, N 10.87 (C12H15CIN,O; requires C 56.58, H 5.94, N 11.00).

Lab book reference number: AJR-8-710
Methyl (2S)-2-acetamido-3-(1H-indol-3-yl)propanoate (74)*?

H

N

4
o]

)I\N o\

H o

To a two-necked round-bottomed flask fitted with a reflux condenser was added tryptophan
135 (3 g, 13.7 mmol, 1 eq.), EtsN (2 mL, 1.45 g, 14.3 mmol, 1.05 eq.) and THF (150 mL).
The mixture was stirred to give a white suspension before being cooled to 0 °C, then acetic
anhydride (1.4 mL, 1.5 g, 15.1 mmol, 1.1 eq.) was added in one portion. The reaction was

then stirred for 2 h at reflux to give a white suspension. After 2 h this was added to deionised
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water (150 mL) and extracted into EtOAc (3 x 150 mL). The organic layers were combined
and washed sequentially with 1 M ag. HCI (100 mL), sat. ag. NaHCO3 (100 mL) and brine
(100 mL). The organic layer was collected, dried over MgSOQs., filtered and evaporated to
afford the title compound as an off-white solid (2.69 g, 75%).

Rr 0.08 (petrol/EtOAc, 1:1.5, VIV); [a], = +41.5 (¢ 0.10, CHCIls); M.P. 154-155 °C (lit.1%
155-156 °C); 'H NMR (400 MHz, CDCls, 8): 8.27 (s, 1H), 7.53 (dd, J = 8.0, 1.0 Hz, 1H),
7.39-7.33 (m, 1H), 7.19 (ddd, 8.0, 7.0, 1.0 Hz, 1H), 7.12 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 6.97
(d, J=8.0Hz, 1H), 6.03 (d, J = 8.0 Hz, 1H), 4.96 (dt, J = 8.0, 5.0 Hz, 1H), 3.70 (s, 3H), 3.35
(dd, J=15.0, 5.0 Hz, 1H), 3.30 (dd, J = 15.0, 5.0 Hz, 1H), 1.95 (s, 3H); *C NMR (101 MHz,
CDCls, 6): 172.6, 1694, 136.1, 127.1, 123.7, 120.1, 118.4, 118.0, 111.5, 109.6, 53.2, 51.8,
27.1, 22.3; ESI-MS m/z (ion, %): 261 ([M+H]*, 5), 283 ([M+Na]*, 100); ESI-HRMS m/z:
283.1053 [M+Na]* (C14H1sN203Na requires 283.1053); IR (solid-state, ATR, cm™): 3405
(w), 3315 (m), 1732 (s), 1661 (s), 1520 (s), 1434 (m), 1220 (s), 1123 (m), 746 (s), 665 (M),
613 (m), 519 (s), 427 (s); Elemental anal.: C 64.34, H 6.23, N 10.47 (C14H1sN205 requires C
64.60, H 6.20, N 10.76).

Lab book reference number: AJR-8-711

Methyl (2S)-2-acetamido-3-(2-phenyl-1H-indol-3-yl)propanoate (75)

Method A: To a microwave tube was added phenylboronic acid 14 (47 mg, 0.384 mmol, 2
eq.), aryliodonium salt 22 (123 mg, 0.384 mmol, 2 eq.), Pd(OAC): (2 mg, 9.6 umol, 5 mol%)
and AcOH (5 mL). The reaction mixture was stirred at 40 °C for 10 min. To the resulting
orange-brown solution was added tryptophan 74 (50 mg, 0.192 mmol, 1 eq.). The reaction
was stirred at 40°C for 16 h. After 16 h the resulting black reaction mixture was filtered
through Celite and evaporated to give a brown solid. This was dissolved in EtOAc (10 mL)
then washed with sat. ag. NaHCOs. The organic layer was collected, dried over MgSQa,
filtered and evaporated to give a brown solid. Purification by dry-loaded flash column
chromatography (SiO-, petrol/EtOAc, 1:1.5, v/v) afforded the title compound as an off-white
solid (36 mg, 56%).

Method B: To a microwave tube was added tryptophan 74 (50 mg, 0.192 mmol, 1 eq.),
diaryliodonium salt 140 (181 mg, 0.384 mmol, 2 eq.), Pd(OACc). (2 mg, 9.6 umol, 5 mol%)
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and EtOAc (5 mL). The reaction mixture was stirred at 25 °C for 16 h. After 16 h the resulting
black reaction mixture was filtered through Celite then washed with sat. ag. NaHCOs. The
organic layer was collected and dried over MgSQy, filtered and evaporated to give a brown
solid. Purification by dry-loaded flash column chromatography (SiO-, petrol/EtOAc, 1:1.5,
v/v) afforded the title compound as an off-white solid (55 mg, 85%).

Method C: Synthesised using general procedure C with aryldiazonium salt 48 (37 mg, 0.192

mmol, 1 eq.) to afford the title compound as an off-white solid (65 mg, quant.).

Method D: Synthesised as in method C using Pd(OTs)2(MeCN), 215 (5.1 mg, 9.6 pmol, 5
mol%) in place of Pd(OAc);and a reaction time of 6 h to afford the title compound as an off-

white solid (65 mg, quant.).

Method E: Synthesised as in method D using Pd(OTs)2(MeCN). 215 (1 mg, 1.92 umol, 1
mol%) and a reaction time of 16 h to afford the title compound as an off-white solid (65 mg,
quant.).

Method F: To a microwave tube was added tryptophan 74 (52 mg, 0.20 mmol, 1 eq.),
diaryliodonium salt 233 (147 mg, 0.40 mmol, 2 eq.), Pd/C (5 wt%, 21 mg, 10 umol, 5 mol%)
and EtOH (2 mL). The reaction mixture was stirred at 60 °C for 22 h. After 22 h the reaction
mixture was allowed to cool to RT, then filtered through a silica pad with EtOAc. The solvent
was evaporated and the crude mixture purified by dry-loaded flash column chromatography
(SiOy, petrol/EtOAC, 1:1.5, viv) afforded the title compound as an off-white solid (57 mg,
85%).

Method G: Synthesised as in method F using Pd/charcoal (5 wt%, 21 mg, 10 umol, 5 mol%)
in place of Pd/C. Purification by dry-loaded flash column chromatography afforded the title

compound as an off-white solid (66 mg, 98%).

R:0.27 (petrol/EtOAc, 1:1.5, vIV); [a], = +47.3 (¢ 0.10, CHCIs); M.P. 83-84 °C (lit.1% 85-86
°C); 'H NMR (400 MHz, CDCls, §): 8.20 (s, 1H), 7.60-7.54 (m, 3H), 7.51-7.45 (m, 2H),
7.42-7.34 (m, 2H), 7.21 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 7.14 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H),
5.79 (d, J = 8.0 Hz, 1H), 4.84 (dt, J = 8.0, 5.0 Hz, 1H), 3.55 (dd, J = 15.0, 5.0 Hz, 1H), 3.52
(dd, J=15.0,5.0 Hz, 1H), 3.29 (s, 3H), 1.66 (s, 3H); *C NMR (101 MHz, (CDCls, 8): 172.3,
169.8, 136.1, 135.8, 133.3, 129.6, 129.3, 128.9, 128.4, 128.2, 127.4, 122.7, 120.2, 119.0,
111.1, 106.9, 52.9, 52.2, 26.7, 23.0; ESI-MS m/z (ion, %): 337 ((M+H]", 40), 359 ([M+Na]*,
100); ESI-HRMS m/z: 337.1546 [M+H]" (C20H21N203 requires 337.1547); IR (solid-state
ATR, cm™): 3272 (w, br), 1735 (m), 1651 (m), 1519 (m), 1436 (m), 1373 (m), 1215 (m), 739
(s), 696 (s), 496 (M); UV—vis (EtOAc, nm): Amax 304 (¢ = 17626 mol dm™ cm?).
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Crystals suitable for X-ray diffraction were grown by slow diffusion from a solution of
hexane/Et,0 (1:3, v/v).

The analytical data obtained was in accordance with the literature.%
Lab book reference number (method A): AJR-1-82

Lab book reference number (method B): AJR-3-252

Lab book reference number (method C): AJR-4-365

Lab book reference number (method D): AJR-6-596

Lab book reference number (method E): AJR-7-605

Lab book reference number (method F): AJR-8-741

Lab book reference number (method E): AJR-8-759

Deuterium-labelling experiment in the direct arylation of tryptophan (75/ds-75)

To a microwave tube was added ds-phenylboronic acid ds-14 (49 mg, 0.384 mmol, 2 eq.),
aryliodonium salt 22 (123 mg, 0.384 mmol, 2 eq.), Pd(OAC)2 (2 mg, 9.6 pmol, 5 mol%) and
AcOH (5 mL). The reaction mixture was stirred at 40 °C for 10 min. To the resulting orange-
brown solution was added tryptophan 74 (50 mg, 0.192 mmol, 1 eq.). The reaction was stirred
at 40 °C for 16 h. After 16 h the resulting black reaction mixture was filtered through Celite
and evaporated to give a brown solid. This was dissolved in EtOAc (10 mL) then washed
with sat. ag. NaHCOs. The organic layer was collected, dried over MgSO., filtered and
evaporated to give a brown solid. Purification by dry-loaded flash column chromatography
(SiOy, petrol/EtOACc, 1:1.5, v/v) afforded the two title compounds as inseparable off-white
solids (24 mg, 37%).

Rt 0.27 (petrol/EtOAc, 1:1.5, v/v); ESI-MS m/z (ion, %): 337 ((M+H]*, 8), 342 ([ds-M+H]*,
10), 359 ([M+Na]*, 90), 364 ([ds-M+Na]*, 100); ESI-HRMS m/z: 359.1369 [M+Na]*
(C2H20N2NaOs requires 359.1366), 364.1681 [ds-M+Na]* (CxoHisDsN2NaOs requires
364.1680).
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Lab book reference number: AJR-2-93

(25)-2-[(2R)-2-[(2S)-2-acetamidopropanamido]-3-(2-phenyl-1H-indol-3-yl)

propanamido]propanoic acid (137)

by

HN

Method A: To a microwave tube was added peptide 136 (10 mg, 0.026 mmol, 1 eq.),
phenylboronic acid 14 (16 mg, 0.13 mmol, 5 eq.), Cu(OAc); (2.8 mg, 0.0156 mmol, 60
mol%), Pd(OAc); (1.8 mg, 7.8 umol, 30 mol%) and AcOH (1 mL). The reaction mixture was
stirred at 40 °C for 16 h. The solvent was removed under reduced pressure to give a brown
residue, which was analysed by HPLC-ESI-MS.

Method B: To a microwave tube was added peptide 136 (10 mg, 0.026 mmol, 1 eq.),
diaryliodonium salt 140 (25 mg, 0.052 mmol, 2 eq.), Pd(OAc). (0.6 mg, 2.6 pmol, 10 mol%)
and 'PrOH (1 mL). The reaction mixture was stirred at 25 °C for 16 h. The resulting brown
reaction mixture was filtered through Celite with MeOH (5 mL) and the solvent removed

under reduced pressure to give a brown residue, which was analysed by HPLC-ESI-MS.

Method C: To a microwave tube was added peptide 136 (10 mg, 0.026 mmol, 1 eq.),
aryldiazonium salt 48 (10 mg, 0.052 mmol, 2 eq.), Pd(OACc). (1.2 mg, 5.2 umol, 20 mol%)
and 'PrOH (1 mL). The reaction mixture was stirred at RT for 16 h. The resulting brown
reaction mixture was filtered through Celite with MeOH (5 mL) and the solvent removed

under reduced pressure to give a brown residue, which was analysed by HPLC—ESI-MS.
ESI-MS m/z (ion, %): 465 ([M+H]*, 100).

Lab book reference number (method A): TIW/7/53/597 (reaction conducted by T. Williams)
Lab book reference number (method B): AJR-6-543

Lab book reference number (method C): AJR-6-539
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(2S)-2-[(2R)-2-{2-[(2R)-2-acetamido-3-hydroxypropanamido]acetamido}-3-(2-phenyl-
1H-indol-3-yl)propanamido]propanoic acid (139)

¢)
HN —
NH

HO

Method A: To a microwave tube was added peptide 138 (10 mg, 0.022 mmol, 1 eq.),
phenylboronic acid 14 (13 mg, 0.11 mmol, 5 eq.), Cu(OAc); (2.4 mg, 0.0132 mmol, 60
mol%), Pd(OAc); (1.5 mg, 0.0066 mmol, 30 mol%) and AcOH (1 mL). The reaction mixture
was stirred at 40 °C for 16 h. The solvent was removed under reduced pressure to give a

brown residue, which was analysed by HPLC-ESI-MS.

Method B: To a microwave tube was added peptide 138 (10 mg, 0.022 mmol, 1 eq.),
diaryliodonium salt 140 (21 mg, 0.044 mmol, 2 eq.), Pd(OAc). (0.5 mg, 0.0022 mmol, 10
mol%) and 'PrOH (1 mL). The reaction mixture was stirred at 25 °C for 16 h. The resulting
brown reaction mixture was filtered through Celite with MeOH (5 mL) and the solvent
removed under reduced pressure to give a brown residue, which was analysed by HPLC-
ESI-MS.

Method C: To a microwave tube was added peptide 138 (10 mg, 0.022 mmol, 1 eq.),
aryldiazonium salt 48 (8.4 mg, 0.044 mmol, 2 eq.), Pd(OACc), (1.0 mg, 4.4 pumol, 20 mol%)
and 'PrOH (1 mL). The reaction mixture was stirred at RT for 16 h. The resulting brown
reaction mixture was filtered through Celite with MeOH (5 mL) and the solvent removed

under reduced pressure to give a brown residue, which was analysed by HPLC—ESI-MS.
ESI-MS m/z (ion, %): 538 ([M+H]", 100).

Lab book reference number (method A): TIW/7/55/598 (reaction conducted by T. Williams)
Lab book reference number (method B): AJR-6-544

Lab book reference number (method C): AJR-6-540
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Phenyl(2,4,6-trimethylphenyl)iodonium trifluoromethanesulfonate (140)

2501

Aryliodonium salt 22 (3.22 g, 10 mmol, 1 eq.) and 1,3,5-trimethylbenzene 141 (1.54 mL,
1.32 g, 11 mmol, 1.1 eq.) were added to a round-bottomed flask and dissolved in CHCl, (20
mL) with stirring. The mixture was cooled to 0 °C then trifluoromethanesulfonic acid (0.96
mL, 1.65 g, 11 mmol, 1.1 eq.) was added dropwise with stirring. After complete addition the
reaction was stirred for 2 h over which time it was allowed to warm to RT. After 2 h the
mixture was evaporated to give an orange-white residue to which Et;O was added to
precipitate a white solid. This was filtered through a glass sinter and washed on the filter with
further Et,O until the filtrate ran clear. This was then dried in vacuo at 100 °C to afford the
title compound as a white solid (4.49 g, 95%).

M.P. 149-150 °C (lit.1%" 147-148 °C); *H NMR (400 MHz, CDCls, 8): 7.69 (d, J = 7.5 Hz,
2H), 7.51 (t,J =7.5 Hz, 1H), 7.39 (t, J = 7.5 Hz, 2H), 7.09 (s, 2H), 2.61 (s, 6H), 2.34 (s, 3H);
13C NMR (101 MHz, CDCls, 8): 144.5, 142.6, 133.1, 132.4, 131.9, 130.5, 120.5, 111.8, 27.2,
21.2; F NMR (376 MHz, CDCls, 8): —78.2; ESI-MS m/z (ion, %): 323 ([M—OTf]*, 100);
ESI-HRMS m/z: 323.0303 [M—OTf]* (CisHasl requires 323.0291); IR (solid-state, ATR, cm’
1): 3060 (W), 2919 (w), 1445 (m), 1247 (s), 1222 (s), 1158 (s), 1025 (s), 985 (M), 945 (w),
857 (m), 741 (s), 683 (M), 632 (s), 574 (m), 515 (s), 454 (m); Elemental anal.: C 40.43, H
3.24 (C16H16F3103S requires C 40.69, H 3.41).

Lab book reference number: AJR-4-318

Optimisation of the direct arylation of tryptophan

To a microwave tube was added tryptophan 74 (50 mg, 0.192 mmol, 1 eq.), diaryliodonium
salt 140 (181 mg, 0.384 mmol, 2 eq.), Pd(OAC): (2 mg, 9.6 umol, 5 mol%) and solvent (5
mL). The reaction mixture was stirred at 25 °C for 16 h. After 16 h the resulting reaction
mixture was filtered through Celite then washed with sat. ag. NaHCOs. The organic layer
was collected and dried over MgSQs,, filtered and evaporated to give a brown solid, which

was subsequently analysed by *H NMR spectroscopy.
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Lab book reference number (AcOH): AJR-3-212 (conducted at 40 °C)
Lab book reference number (MeCN): AJR-3-247

Lab book reference number (Acetone): AJR-3-249
Lab book reference number (DCM): AJR-3-248

Lab book reference number (DMF): AJR-4-285

Lab book reference number (DMSO): AJR-3-251

Lab book reference number (1,4-dioxane): AJR-3-260
Lab book reference number (H,0): AJR-3-258

Lab book reference number (MeOH): AJR-3-255

Lab book reference number (EtOH): AJR-3-256

Lab book reference number (‘PrOH): AJR-3-261

Methyl (2S)-2-acetamido-3-[2-(2,4,6-trimethylphenyl)-1H-indol-3-yl]propanoate (142)

Method A: Title compound was isolated as an off-white solid side product from the synthesis
of 75 by method B (2 mg, 3%).

Method B: Synthesised using general procedure C (with a reaction time of 24 h) with
aryldiazonium salt 48 (45 mg, 0.192 mmol, 1 eq.). Purification by dry-loaded flash column
chromatography (SiO,, petrol/EtOAc, 1:1, v/v) afforded the title compound as an off-white
solid (60 mg, 83%).

Method C: Synthesised as in method B using Pd(OTs).(MeCN), 215 (5.1 mg, 9.6 pmol, 5
mol%) in place of Pd(OACc).. Purification by dry-loaded flash column chromatography (SiO»,
petrol/EtOAc, 1:1, v/v) afforded the title compound as an off-white solid (55 mg, 75%).

Method D: Reaction conducted as in method C using Pd(OTs)2(MeCN), 215 (2.5 mg, 4.8
umol, 2.5 mol%) to afford a crude brown solid. *H NMR spectroscopic analysis indicated
72% conversion to the title compound, which was not purified.
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Method E: Reaction conducted as in method C using Pd(OTs)2(MeCN), 215 (1 mg, 1.92
umol, 1 mol%) to afford a crude brown solid. *H NMR spectroscopic analysis indicated 45%

conversion to the title compound, which was not purified.

Rr 0.31 (petrol/EtOAc, 1:1, VIV); [a], = +35.2 (¢ 0.10, CHCIs); M.P. 158-159 °C; *H NMR
(400 MHz, CDCls, 8): 7.89 (br s, 1H), 7.61 (m, 1H), 7.37-7.33 (m, 1H), 7.20 (ddd, J = 8.0,
7.0, 1.5 Hz, 1H), 7.14 (ddd, J = 8.0, 7.0, 1.5 Hz, 1H), 6.99 (s, 1H), 6.97 (s, 1H), 5.64 (d, J =
7.5 Hz, 1H), 4.72 (dt, J = 7.5, 5.0 Hz, 1H), 3.47 (s, 3H), 3.17 (dd, J = 15.0, 5.0 Hz, 1H), 3.02
(dd, J = 15.0, 5.0 Hz, 1H), 2.35 (s, 3H), 2.11 (s, 3H), 2.10 (s, 3H), 1.75 (s, 3H); °C NMR
(101 MHz, (CDCls, 6): 172.5, 169.9, 138.9, 138.3, 138.2, 135.9, 134.7, 128.8, 122.1, 119.9,
118.8,110.9, 108.0, 100.1, 53.1, 52.3, 27.2, 23.1, 21.3, 20.4, 20.3; ESI-MS m/z (ion, %): 379
([M+H]*, 40), 401 ([M+Na]*, 100); ESI-HRMS m/z: 379.2015 [M+H]* (C23H27N2O3 requires
379.2016); IR (solid-state, ATR, cm™): 3402 (w), 3289 (w, br), 2953 (w), 2919 (w), 2852
(w), 1741 (s), 1646 (s), 1515 (m), 1458 (m), 1435 (s), 1373 (m), 1304 (w), 1293 (w), 1260
(w), 1239 (w), 1218 (s), 1129 (m), 1031 (m), 1012 (m), 987 (w), 854 (m), 798 (m), 744 (s),
591 (m), 505 (s), 445 (M); UV—vis (DMSO, nm): Amax 288 (€ = 15092 mol dm= cm?).

Crystals suitable for X-ray diffraction were grown by overnight diffusion from a solution of
CHCl.

Lab book reference number (method A): AJR-3-252
Lab book reference number (method B): AJR-5-402
Lab book reference number (method C): AJR-7-654
Lab book reference number (method D): AJR-7-647
Lab book reference number (method E): AJR-7-631

Phenyl(2,4,6-tri-iso-propylphenyl)iodonium trifluoromethanesulfonate (143)'%

TO  pr
+
)
'Pr 'Pr

Aryliodonium salt 22 (805 mg, 2.5 mmol, 1 eq.) and 1,3,5-tri-iso-propylbenzene (665 pLL,
562 mg, 2.75 mmol, 1.1 eq.) were added to a round-bottomed flask and dissolved in CH>Cl;
(5 mL) with stirring. The mixture was cooled to 0 °C then trifluoromethanesulfonic acid (241
ML, 413 mg, 2.75 mmol, 1.1 eq.) was added dropwise with stirring. After complete addition

the reaction was stirred for 2 h over which time it was allowed to warm to RT. After 2 h the
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mixture was evaporated to give an orange-white residue to which Et;O was added to
precipitate a white solid. This was filtered through a glass sinter and washed on the filter with
further Et,O until the filtrate ran clear. This was then dried in vacuo at 100 °C to afford the

title compound as a white solid (1.19 g, 86%).

M.P. 177-179 °C (lit.}** 169-179 °C); 'H NMR (400 MHz, CDCls, 8): 7.70-7.65 (m, 2H),
7.58-7.52 (m, 1H), 7.47-7.40 (m, 2H), 7.19 (s, 2H), 3.25 (quin, J = 6.5 Hz, 2H), 2.96 (hept,
J =7.0 Hz, 1H), 1.26 (dd, J = 15.0, 7.0 Hz, 18H); *C NMR (101 MHz, CDCls, 8): 155.9,
152.6, 132.7, 132.1, 125.5, 120.4, 113.0, 39.7, 34.4, 24.4, 23.8; ESI-MS m/z (ion, %): 407
([M—OT({]*, 100); ESI-HRMS m/z: 407.1247 [M—-OTf]* (CaHasl requires 407.1230);
Elemental anal.: C 47.26, H 4.93 (Ca2H2sF3103S requires C 47.49, H 5.07).

Lab book reference number: AJR-2-165

Phenyl(2,4,6-trimethylphenyl)iodonium tetrafluoroborate (144)'%*

5501

Phenylboronic acid 14 (305 mg, 2.5 mmol, 1 eq.) was added to a round-bottomed flask,
dissolved in CH.Cl (50 mL) and cooled to 0 °C. BF3-OEt, (0.3 mL, 390 mg, 2.75 mmol, 1.1
eq.) was added dropwise and the solution stirred for 10 min before addition of a solution of
aryliodonium salt 23 (910 mg, 2.5 mmol, 1 eq.) in CH>Cl, (10 mL) dropwise over 10 min.
After complete addition the reaction was stirred for 2 h over which time it was allowed to
warm to RT. After 2 h a sat. ag. sodium tetrafluoroborate solution (50 mL) was added and
the solution stirred vigorously for 30 min. After this time the phases were separated and the
aqueous layer extracted twice with CH,Cl (2 x 50 mL). The organic layers were combined,
dried over MgSQs,, filtered and evaporated to give an off-white solid. The product was
precipitated from a hot CHClI; solution of the crude residue by addition of cold Et,O. This
solid was filtered through a glass sinter and washed with Et,O before being dried in vacuo to

afford the title compound as a white solid (728 mg, 71%).

'H NMR (400 MHz, CDCls, §): 7.75-7.65 (m, 2H), 7.62-7.52 (m, 1H), 7.44 (ddt, J = 8.5,
8.0 Hz, 2H), 7.13 (dd, J = 1.5, 1.0 Hz, 2H), 2.63 (s, 6H), 2.37 (s, 3H); *C NMR (101 MHz,
CDCls, §): 145.1, 143.1, 133.0, 132.8, 132.2, 130.8, 118.9, 110.7, 101.0, 27.4, 21.3; “B NMR
(128 MHz, CDCls, 8): ~2.0; F NMR (376 MHz, CDCl3, 8): ~147.3 (m, }_ 105, 4F), —147.3

(M, Y_ 115, 4F); ESI-MS miz (ion, %): 323 (IM—BF,]", 100); ESI-HRMS m/z: 323.0306

160



Chapter 6: Experimental

[M—BF4]* (CisHisl requires 323.0291); Elemental anal.: C 44.04, H 3.83 (CisHisBFul
requires C 43.94, H 3.93).

Lab book reference number: AJR-2-158

Phenyl(2,4,6-trimethylphenyl)iodonium hexafluorophosphate (145)%

S5 ot

Phenylboronic acid 14 (305 mg, 2.5 mmol, 1 eq.) was added to a round-bottomed flask,
dissolved in CH.Cl (50 mL) and cooled to 0 °C. BF3-OEt, (0.3 mL, 390 mg, 2.75 mmol, 1.1
eq.) was added dropwise and the solution stirred for 10 min before addition of a solution of
aryliodonium salt 23 (910 mg, 2.5 mmol, 1 eq.) in CH>Cl, (10 mL) dropwise over 10 min.
After complete addition the reaction was stirred for 2 h over which time it was allowed to
warm to RT. After 2 h a sat. ag. sodium hexafluorophosphate solution (50 mL) was added
and the solution stirred vigorously for 30 min. After this time the phases were separated and
the aqueous layer extracted twice with CH2Cl> (2 x 50 mL). The organic layers were
combined, dried over MgSQsy, filtered and evaporated to give an off-white solid. The product
was precipitated from a hot CH,Cl; solution of the crude residue by addition of cold Et,0O.
This solid was filtered through a glass sinter and washed with Et,O before being dried in

vacuo to afford the title compound as a white solid (443 mg, 38%).

M.P. 182-183 °C; *H NMR (400 MHz, (CD3).SO0, 8): 8.03-7.92 (m, 2H), 7.68-7.58 (m, 1H),
7.55-7.45 (m, 2H), 7.22 (s, 2H), 2.60 (s, 6H), 2.29 (s, 3H); *C NMR (101 MHz, (CD3).SO0,
8): 143.1, 141.6, 134.5, 131.9, 129.8, 122.6, 114.5, 26.3, 20.5; *°F (376 MHz, (CD3).SO0, d):
—70.0 (d, Wep = 711.5 Hz); 3P NMR (162 MHz, (CD3),S0, 8): —143.6 (hept, *Jp £ = 711.5
Hz); ESI-MS m/z (ion, %): 323 ([M—PF¢]*, 100); ESI-HRMS m/z: 323.0303 [M—PF¢]"
(CisH1el requires 323.0291); IR (solid-state, ATR, cm™): 1584 (w), 1564 (w), 1470 (w), 1444
(w), 1383 (w), 1302 (w), 982 (w), 825 (s), 732 (m), 677 (w), 648 (w), 556 (), 448 (w);
Elemental anal.: C 38.70, H 3.28 (C1sHisFsIP requires C 38.48, H 3.44).

Lab book reference number: AJR-2-163
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Phenyl(2,4,6-trimethylphenyl)iodonium hexafluorostibate (146)%

o

Diaryliodonium trifluoromethanesulfonate salt 140 (945 mg, 2.0 mmol, 1 eq.) was added to
a round-bottomed flask equipped with a magnetic stirrer, dissolved in MeCN (3 mL) and
stirred at RT for 5 min. To this was added a solution of NaSbFg (1.55 g, 6.0 mmol, 3 eq.) in
deionised water (20 mL) and the resultant mixture stirred vigorously for 30 min at RT. After
30 min CH.Cl, was added and the phases separated. The aqueous layer was then extracted
three times with CH,Cl; (3 x 50 mL). The organic layers were combined, dried over MgSOQOa,
filtered and Et,O added to precipitate a white solid. This solid was filtered through a glass
sinter and washed with Et,O before being dried in vacuo to afford the title compound as a
white solid (1.05 g, 94%).

M.P. 172-173 °C; *H NMR (400 MHz, (CD3).SO0, 3): 8.02-7.94 (m, 2H), 7.67-7.59 (m, 1H),
7.50 (ddd, J = 8.5, 7.5, 1.5 Hz, 2H), 7.26-7.18 (m, 2H), 2.60 (s, 6H), 2.29 (s, 3H); 3C NMR
(101 MHz, (CDs)2S0, 8): 143.2,141.6, 134.5,131.9, 129.8, 122.6, 114.5, 26.3, 20.5; 1°F (376
MHz, (CDs).S0, 6): —77.7; ESI-MS m/z (ion, %): 323 ([M—SbFs]*, 100); ESI-HRMS m/z:
323.0294 [M—SbFg]* (C1sHisl requires 323.0291).

Lab book reference number: AJR-4-338

Counter-ion screen for the direct arylation of tryptophan

To a microwave tube was added tryptophan 74 (50 mg, 0.192 mmol, 1 eq.), the appropriate
diaryliodonium salt (0.384 mmol, 2 eq.), Pd(OAC)2 (2 mg, 9.6 pmol, 5 mol%) and EtOAc (5
mL). The reaction mixture was stirred at 25 °C for 16 h. After 16 h the resulting reaction
mixture was filtered through Celite then washed with sat. ag. NaHCOs. The organic layer
was collected and dried over MgSQsy, filtered and evaporated to give a brown solid, which

was subsequently analysed by *H NMR spectroscopy.
Lab book reference number ("OTf): AJR-3-252

Lab book reference number ("BF4): AJR-3-263
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Lab book reference number ("PFg): AJR-3-264
Lab book reference number ("SbFs): AJR-4-340
Diphenyliodonium tosylate (132)!%°

|+“0Ts
Diphenyliodonium tetrafluoroborate 233 (2.02 g, 5.49 mmol, 1 eq.) was added to a round-
bottomed flask equipped with a magnetic stirrer and dissolved in CH2Cl, (25 mL). To this
was added a solution of NaOTs (10.7 g, 55 mmol, 10 eq.) in deionised water (50 mL) and the
resultant mixture stirred vigorously for 30 min at RT. After 30 min the phases were separated
and the aqueous layer extracted three times with CH2Cl,. The organic layers were combined
and evaporated, before being redissolved in CH>Cl, (25 mL). To this was added a solution of
NaOTs (10.7 g, 55 mmol, 10 eq.) in deionised water (50 mL) and the resultant mixture stirred
vigorously for 30 min at RT. After 30 min the phases were separated and the aqueous layer
extracted three times with CH,Cl.. The organic layers were combined and evaporated, then
Et:O was added and the mixture kept at —18 °C overnight. The resultant precipitate was

filtered through a glass sinter and washed with Et,O before being dried in vacuo to afford the

title compound as an off-white solid (1.26 g, 51%).

M.P. 152155 °C (1it.2%° 160-161 °C); *H NMR (400 MHz, (CDs),SO, &): 7.93 (d, J = 8.0
Hz, 4H), 7.46 (t, J = 7.5 Hz, 2H), 7.41 (d, J = 8.0 Hz, 2H), 7.30 (t, J = 7.5 Hz, 4H), 6.97 (d,
J=8.0 Hz, 2H), 2.27 (s, 3H); 3C NMR (101 MHz, (CD3)2S0, 8): 142.7, 139.4, 135.4, 131.6,
131.6, 128.6, 126.0, 115.7, 21.4; ESI-MS m/z (ion, %): 281 ([M—OTs]*, 100); ESI-HRMS
m/z: 280.9827 [M—OTs]" (C12H1ol requires 280.9822).

Lab book reference number: AJR-5-433

Evaluation of Ackermann conditions in the direct arylation of tryptophan

To an oven-dried Schlenk tube equipped with a magnetic stirrer bar was added tryptophan

74 (65 mg, 0.25 mmol, 1 eq.) and diphenyliodonium salt 132 (170 mg, 0.375 mmol, 1.5 eq.).

For entries 3 and 4, Pd(OAC)2 (2.8 mg, 12.5 umol, 5 mol%) was also added at this stage. The
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Schlenk tube was then evacuated and backfilled with N (3 cycles) for entries 1 and 3; for
entries 2 and 4 it was left open to air. Dry DMF (2 mL) was added and the reaction stirred at
100 °C for 17 h. After 17 h the reaction was allowed to cool to RT, then those reactions
containing Pd(OACc). (entries 3 and 4) were filtered through Celite with EtOAc. Deionised
water (5 mL) was added and extracted into EtOAc (2 x 20 mL). The organic layers were then
combined and dried over MgSQsy, filtered and evaporated to give a brown solid, which was
subsequently analysed by *H NMR spectroscopy.

Lab book reference number (entry 1): AJR-5-436
Lab book reference number (entry 2): AJR-5-438
Lab book reference number (entry 3): AJR-5-437
Lab book reference number (entry 4): AJR-5-439

Methyl (25)-2-[(2S)-2-{[(tert-butoxy)carbonyl]amino}-4-methylpentanamido]-3-(1H-
indol-3-yl)propanoate (149)*2

H

N

4
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o N 0
~
T !
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Acid 148 (463 mg, 2 mmol, 1 eq.), amine 135 (560 mg, 2.2 mmol, 1.1 eq.) and DEPBT (718
mg, 2.4 mmol, 1.2 eqg.) were added to a round-bottomed flask which was fitted with a septum
and flushed with argon from a balloon for 20 min. After 20 min dry, distilled DIPEA (1.4
mL, 1.03 g, 8 mmol, 4 eq.) and dry CH»Cl, (20 mL) were added via syringe to give a yellow
solution and the reaction stirred at RT for 2 h. After 2 h the reaction mixture was washed
with sat. ag. NH4Cl and extracted three times with CH,Cl,. The organic layers were
combined, dried over MgSO., filtered and evaporated to give a crude yellow residue.
Purification by dry-loaded flash column chromatography (SiO., petrol/EtOAc, 1:1, viv)
afforded the title compound as an off-white solid (473 mg, 55%).

Ry 0.42 (petrol/EtOAc, 1:1, v/v); 'H NMR (400 MHz, CDCls, §): 8.26 (br s, 1H), 7.52 (d, J =
8.0 Hz, 1H), 7.33 (d, J = 8.0 Hz, 1H), 7.17 (td, J = 8.0, 7.5, 1.0 Hz, 1H), 7.10 (td, J = 7.5,
7.1, 1.0 Hz, 1H), 7.05-6.98 (m, 1H), 6.59 (d, J = 8.0 Hz, 1H), 4.95-4.79 (m, 2H), 4.11 (br s,
1H), 3.65 (s, 3H), 3.31 (d, J = 5.0 Hz, 2H), 1.68-1.53 (m, 2H), 1.41 (s, 9H), 0.94-0.80 (m,
5H); °C NMR (101 MHz, CDCls, 8): 172.4, 172.2, 155.7, 136.2, 127.7, 123.2, 122.3, 119.7,
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118.7, 111.4, 109.9, 80.1, 53.3, 53.0, 52.5, 41.5, 28.4, 27.7, 24.8, 23.0, 22.0; ESI-MS m/z
(ion, %): 432 ([M+H]*, 100), 454 ([M+Na]*, 100); ESI-HRMS m/z: 432.2494 [M+H]*
(C23H34N30s requires 432.2493).

Lab book reference number: AJR-4-312

Methyl (25)-2-[(2R)-2-amino-4-methylpentanamido]-3-(1H-indol-3-yl)propanoate
(150)126

Iz

To a round-bottomed flask equipped with a magnetic stirrer bar was added N-Boc dipeptide
149 (440 mg, 1.02 mmol, 1 eq.), which was then dissolved in a mixture of CH,Cl, (8 mL)
and trifluoroacetic acid (2 mL). Anisole (220 uL, 221 mg, 2.04 mmol, 2 eq.) was then added
and the reaction stirred at RT for 2 h, during which time the solution turned dark red. After 2
h the solvent was evaporated to afford a brown solid (338 mg, quant.) which was used in the

next step without further purification or characterisation.
Lab book reference number: AJR-4-316

Methyl (25)-2-[(2R)-2-[(2S)-2-amino-3-methylbutanamido]-4-methylpentanamido]-3-
(1H-indol-3-yl)propanoate (152)*2
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Acid 151 (202 mg, 0.93 mmol, 1 eq.), amine 150 (338 mg, 1.02 mmol, 1.1 eq.) and DEPBT
(335 mg, 1.12 mmol, 1.2 eq.) were added to a round-bottomed flask which was fitted with a
septum and flushed with argon from a balloon for 20 min. After 20 min dry, distilled DIPEA
(0.65 mL, 481 mg, 3.72 mmol, 4 eq.) and dry CH>Cl, (9.3 mL) were added via syringe to
give a yellow solution and the reaction stirred at RT for 2 h. After 2 h the reaction mixture
was washed with sat. ag. NH4Cl and extracted three times with CH,Cl,. The organic layers

were combined, dried over MgSOs, filtered and evaporated to give a crude yellow residue.
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Purification by dry-loaded flash column chromatography (SiO-, petrol/EtOAc, 1:1, viv)
afforded the title compound as an off-white solid (266 mg, 54%).

Rr 0.22 (petrol/EtOAC, 1:1, v/v); *H NMR (400 MHz, CDCls, 8): 8.44 (br s, 1H), 7.49 (dd, J
= 8.0, 1.0 Hz, 1H), 7.33 (dt, J = 8.0, 1.0 Hz, 1H), 7.16 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 7.09
(ddd, J =8.0, 7.0, 1.0 Hz, 1H), 7.01-6.95 (m, 1H), 6.64 (d, J = 8.0 Hz, 1H), 6.34 (d, J=8.5
Hz, 1H), 4.98 (d, J=9.0 Hz, 1H), 4.86 (dt, J = 8.0, 5.5 Hz 1H), 4.46 (td, J = 9.0, 5.5 Hz, 1H),
3.90 (t,J=7.5Hz, 1H), 3.65 (s, 3H), 3.29 (dd, J = 5.5, 3.0 Hz, 2H), 2.14-2.01 (m, 1H), 1.69—
1.53 (m, 2H), 1.44 (s, 9H), 0.94-0.76 (m, 11H); 3C NMR (101 MHz, CDCls, §): 172.1,
171.8, 171.3, 136.2, 127.6, 123.4, 122.2, 119.7, 118.6, 111.5, 109.6, 80.5, 60.2, 52.8, 52.5,
51.6, 40.8, 30.6, 28.4, 27.6, 24.7, 23.0, 22.0, 19.3, 17.5; ESI-MS m/z (ion, %): 531 ((M+H]",
60), 553 ([M+Na]*, 100); ESI-HRMS m/z: 553.3010 [M+Na]* (C2sHs2NsNaOs requires
553.2997).

Lab book reference number: AJR-4-317

Methyl (2S)-2-[(2R)-2-[(2S)-2-amino-3-methylbutanamido]-4-methylpentanamido]-3-
(1H-indol-3-yl)propanoate (153)*2?
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To a round-bottomed flask equipped with a magnetic stirrer bar was added N-Boc tripeptide
152 (240 mg, 0.45 mmol, 1 eq.), which was then dissolved in a mixture of CH,Cl, (3.6 mL)
and trifluoroacetic acid (0.9 mL). Anisole (100 uL, 97 mg, 0.90 mmol, 2 eg.) was then added
and the reaction stirred at RT for 1 h. After 1 h the solvent was evaporated to afford a red
solid (194 mg, quant.) which was used in the next step without further purification or

characterisation.

Lab book reference number: AJR-4-321
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Methyl (2R)-2-amino-4-methylpentanoate hydrochloride (155)

o
HCI-H,N
2 0/

Thionyl chloride (3.04 mL, 4.98 g, 41.9 mmol, 1.1 eq.) was added dropwise at 0 °C to a
round-bottomed flask containing MeOH (30 mL). L-Leucine 154 (5 g, 38.1 mmol, 1 eq.) was
then added in three portions, resulting in a white suspension. The reaction mixture was
warmed to 40 °C and stirred for 16 h. During this time a clear solution was formed. Water (5
mL) was added to the reaction mixture and the solvent removed under reduced pressure to
afford the title compound as an off-white solid (6.72 g, 97%).

IH NMR (400 MHz, CDsOD, &): 4.04 (t, J = 6.5 Hz, 1H), 3.84 (s, 3H), 1.87-1.65 (m, 3H),
0.99 (dd, J = 6.0, 4.0 Hz, 6H); **C NMR (101 MHz, CDs0D, 8): 171.5, 53.8, 52.5,40.6, 25.5,
22.5, 22.4; ESI-MS m/z (ion, %): 146 ([C/H1sNO:]*, 100); ESI-HRMS m/z: 146.1176
[C7H16NO:]* (C7H1sNO: requires 146.1176).

The analytical data obtained was in accordance with the literature.?
Lab book reference number: AJR-4-320

Methyl (2R)-2-[(2S)-2-{[(tert-butoxy)carbonyl]amino}-4-methylpentanamido]-4-
methylpentanoate (156)2°

o] o]
>Loxﬁ¢ﬁ¢/

Acid 148 (1 g, 4.32 mmol, 1 eq.), amine 155 (863 mg, 4.75 mmol, 1.1 eq.) and TBTU (1.66
g, 5.18 mmol, 1.2 eq.) were added to a round-bottomed flask which was fitted with a septum
and flushed with argon from a balloon for 20 min. After 20 min dry, distilled DIPEA (3 mL,
2.2 g, 17.28 mmol, 4 eq.) and dry CH3sCN (43 mL) were added via syringe to give a yellow
solution and the reaction stirred at RT for 2 h. After 2 h the reaction mixture was washed
with sat. ag. NH4Cl and extracted three times with CH,Cl,. The organic layers were
combined, dried over MgSQO., filtered and evaporated to give a crude yellow residue.
Purification by dry-loaded flash column chromatography (SiO-, petrol/EtOAc, 1:1, viv)
afforded the title compound as a white solid (1.37 g, 88%).
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Rf 0.58 (petrol/EtOAc, 1:1, v/v); *H NMR (400 MHz, CDCls, 8): 6.43 (d, J = 8.5 Hz, 1H),
4.93-4.79 (m, 1H), 4.61 (td, J = 8.5, 4.5 Hz, 1H), 4.16-4.02 (m, 1H), 3.72 (s, 3H), 1.73-1.60
(m, 6H), 1.44 (s, 9H), 0.98-0.87 (m, 12H); **C NMR (101 MHz, CDCls, 8): 173.3, 173.3,
172.3, 100.1, 52.4, 50.7, 28.4, 24.9, 24.8, 23.0, 21.9; ESI-MS m/z (ion, %): 359 ([M+H]",
50), 381 ([M+Na]*, 100); ESI-HRMS m/z: 359.2539 [M+H]* (CisH3sN2Os requires
359.2540).

Lab book reference number: AJR-4-322

(2R)-2-[(2S)-2-[(methoxycarbonyl)amino]-4-methylpentanamido]-4-methylpentanoic
acid (157)1%

o O
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To a round-bottomed flask equipped with a magnetic stirrer bar was added O-Me dipeptide
156 (800 mg, 2.23 mmol, 1 eq.) and LiOH-H>0O (374 mg, 8.92 mmol, 4 eq.). MeOH (22 mL)
was then added and the solution stirred at RT for 16 h. After 16 h the solution was acidified
to pH 1 using 1M HCI, then extracted into CH:Cl. three times. The organic layers were
combined, dried over MgSO., filtered and evaporated to afford a white solid (744 mg, 97%),

which was used in the next step without further purification or characterisation.
Lab book reference number: AJR-4-325

Methyl (25)-2-[(2R)-2-[(2S)-2-[(2R)-2-[(2S)-2-{[(tert-butoxy)carbonyl]amino}-4-
methylpentanamido]-4-methylpentanamido]-3-methylbutanamido]-4-

methylpentanamido]-3-(1H-indol-3-yl)propanoate (158)*%
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Acid 157 (141 mg, 0.41 mmol, 1 eq.), amine 153 (194 mg, 0.45 mmol, 1.1 eq.) and DEPBT
(147 mg, 0.49 mmol, 1.2 eq.) were added to a round-bottomed flask which was fitted with a
septum and flushed with argon from a balloon for 20 min. After 20 min dry, distilled DIPEA
(0.29 mL, 212 mg, 1.64 mmol, 4 eq.) and dry CHsCN (4.1 mL) were added via syringe to
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give a yellow solution and the reaction stirred at RT for 2 h. After 2 h the reaction mixture
was washed with sat. aq. NH4Cl and extracted three times with CH,Cl.. The organic layers
were combined, dried over MgSOQs, filtered and evaporated to give a crude yellow residue.
Purification by dry-loaded flash column chromatography (SiO-, petrol/EtOAc, 1:3, v/v)
afforded the title compound as a brown solid (209 mg, 67%).

Rf 0.50 (petrol/EtOAC, 1:3, v/v); *H NMR (400 MHz, CD30D, §): 7.50 (dt, J = 8.0, 1.0 Hz,
1H), 7.32 (dt, J = 8.0, 1.0 Hz, 1H), 7.11-7.05 (m, 2H), 7.00 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H),
4.70 (dd, J = 7.5, 6.0 Hz, 1H), 4.45 (ddt, J = 9.0, 6.0, 2.5 Hz, 2H), 4.13-4.04 (m, 2H), 3.63
(s, 2H), 3.28-3.17 (m, 2H), 2.04-1.93 (m, 1H), 1.70-1.50 (m, 9H), 1.46-1.41 (m, 9H), 0.98—
0.79 (m, 24H); °C NMR (101 MHz, CDsOD, §): 175.6, 174.5, 174.4, 173.7, 173.3, 157.8,
138.0,128.7,124.5,122.4,119.8, 119.1, 112.3, 110.4, 80.5, 60.1, 54.8, 54.7, 54.5,53.2, 52.9,
52.6, 52.6, 42.1, 42.0, 32.1, 30.1, 28.7, 28.5, 25.9, 25.8, 25.7, 23.5, 23.5, 23.4, 22.3, 22.1,
19.8,19.7,18.9; ESI-MS m/z (ion, %): 757 ([M+H]*, 7), 775 ([M+NH.]*, 60), 779 ((M+Na]*,
100); ESI-HRMS m/z: 779.4692 [M+Na]* (CsHssNsNaOsg requires 779.4678).

Lab book reference number: AJR-4-326

Methyl (25)-2-[(2R)-2-[(2S)-2-[(2R)-2-[(2S)-2-{[(tert-butoxy)carbonyl]amino}-4-
methylpentanamido]-4-methylpentanamido]-3-methylbutanamido]-4-

methylpentanamido]-3-(2-phenyl-1H-indol-3-yl)propanoate (159)
o}
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To a microwave tube was added peptide 158 (145 mg, 0.192 mmol, 1 eq.), aryliodonium salt
140 (181 mg, 0.384 mmol, 2 eq.), Pd(OACc), (13 mg, 0.058 mmol, 30 mol%) and EtOAc (5

mL). The reaction mixture was stirred at 25 °C for 16 h. After 16 h the resulting black reaction

N LZT

mixture was filtered through Celite then washed with sat. ag. NaHCOs. The organic layer

was collected and dried over MgSQOs, filtered and evaporated to give a brown solid.
The title compound could not be isolated from starting material 158.

ESI-MS m/z (ion, %): 855 ([M+Na]*, 20); ESI-HRMS m/z: 855.4980 [M+Na]*
(CasHesNsNaOs requires 855.4996).

Lab book reference number: AJR-4-341
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Methyl (25)-2-[(2R)-2-{[(tert-butoxy)carbonyl]amino}-4-methylpentanamido]-3-(2-
phenyl-1H-indol-3-yl)propanoate (160)
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To a microwave tube was added dipeptide 149 (83 mg, 0.192 mmol, 1 eq.), phenylboronic
acid 14 (47 mg, 0.384 mmol, 2 eq.), Cu(OAc): (3.5 mg, 0.0192 mmol, 10 mol%), Pd(OAc):
(2 mg, 9.6 umol, 5 mol%) and AcOH (5 mL). The reaction mixture was stirred at 40 °C for
16 h. After 16 h the resulting black reaction mixture was filtered through Celite and the
solvent removed under reduced pressure to give a brown solid. This was dissolved in EtOAc
(10 mL) then washed with sat. ag. NaHCOs. The organic layer was collected, dried over
MgSQ., filtered and evaporated to give a brown solid. Purification by dry-loaded flash
column chromatography (SiO., petrol/EtOAc, 1.5:1, v/v) afforded the title compound as an
off-white solid (30 mg, 31%).

Rr 0.37 (petrol/EtOAc, 1.5:1, v/v); M.P. 55-58 °C; 'H NMR (400 MHz, CDClg, §): 8.24 (br
s, 1H), 7.63-7.54 (m, 3H), 7.51-7.45 (m, 2H), 7.41-7.33 (m, 2H), 7.20 (ddd, J = 8.0, 7.0, 1.0
Hz, 1H), 7.15 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 6.35 (d, J = 7.5 Hz, 1H), 4.81 (d, J = 7.5 Hz,
1H), 4.56-4.43 (m, 1H), 3.92 (s, 1H), 3.50 (d, J = 6.0 Hz, 2H), 3.30 (s, 3H), 1.57-1.47 (m,
3H), 1.41 (s, 9H), 0.84 (dd, J = 6.5, 2.5 Hz, 6H); *C NMR (101 MHz, CDCls, 8): 172.2,
172.0, 136.0, 135.8, 133.2, 129.7, 129.5, 129.3, 128.4, 128.3, 122.8, 120.2, 119.2, 115.5,
111.1, 52.2, 41.6, 28.4, 27.2, 24.7, 23.2; ESI-MS m/z (ion, %): 508 ([M+H]*, 30), 530
(IM+Na]*, 100); ESI-HRMS m/z: 508.2814 [M+H]* (C2H3sN3:Os requires 508.2806); IR
(solid-state, ATR, cm™): 3395 (m, br), 3312 (m, br), 2956 (m), 2929 (m), 2870 (m), 2028
(w), 1885 (w), 1696 (s), 1659 (s), 1604 (w), 1594 (w), 1501 (s), 1455 (s), 1367 (s), 1248 (m),
1217 (m), 1164 (s), 1047 (w), 1021 (w), 910 (w), 741 (s), 698 (m); UV-vis (DMSO, nm):
Amax 308 (€ = 12870 mol dm™ cm?),

Lab book reference number: AJR-4-308
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Methyl (2S)-2-{[(tert-butoxy)carbonyl]amino}-3-(1H-indol-3-yl)propanoate (161)2%2

To a round-bottomed flask containing a solution of tryptophan 135 (1 g, 3.9 mmol, 1 eg.) and
K2COs (539 mg, 3.9 mmol, 1 eq.) in deionised water (10 mL) was added a solution of di-tert-
butyl dicarbonate (851 mg, 3.9 mmol, 1 eq.) in acetone (10 mL) at O °C with stirring. The
solution was stirred for 2 h during which time it was allowed to warm to RT. After 2 h the
acetone was removed under reduced pressure and deionised water added. This was extracted
into EtOAc three times, dried over MgSQ,, filtered and evaporated to afford the title
compound as an off-white solid (1.06 g, 85%).

[a]» = +43.1 (c 0.10, CHCIs); Mp 146-148 °C (lit.?®® 145-146 °C); 'H NMR (400 MHz,
CDCls, 9): 8.20 (br s, 1H), 7.55 (d, J = 8.0 Hz, 1H), 7.35 (dt, J = 8.0, 1.0 Hz, 1H), 7.19 (ddd,
J=8.0,7.0, 1.0 Hz, 1H), 7.12 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 6.99 (d, J = 8.0 Hz, 1H), 5.09
(d, J=8.0 Hz, 1H), 4.64 (dt, J = 8.0, 5.0 Hz, 1H), 3.68 (s, 3H), 3.31 (dd, J = 15.0, 5.0 Hz,
1H), 3.29 (dd, J = 15.0, 5.0 Hz, 1H), 1.43 (s, 9H); *C NMR (101 MHz, CDCls, §): 172.9,
155.4, 136.3, 127.6, 123.0, 122.1, 119.5, 118.6, 111.4, 109.8, 80.0, 54.3, 52.3, 28.4, 28.0;
ESI-MS m/z (ion, %): 319 ([M+H]", 14), 341 ([M+Na]*, 100); ESI-HRMS m/z: 341.1465
[M+Na]" (C17H22N2NaQOs requires 341.1472).

Lab book reference number: AJR-4-337

Methyl (2S)-2-{[(tert-butoxy)carbonyl]amino}-3-(2-phenyl-1H-indol-3-yl)propanoate
(162)

To a microwave tube was added tryptophan 161 (61 mg, 0.192 mmol, 1 eq.), diaryliodonium
salt 140 (181 mg, 0.384 mmol, 2 eq.), Pd(OAC)2 (2 mg, 9.6 umol, 5 mol%) and EtOAc (5
mL). The reaction mixture was stirred at 25 °C for 16 h. After 16 h the resulting reaction
mixture was filtered through Celite then washed with sat. aq. NaHCOs. The organic layer

was collected and dried over MgSO., filtered and evaporated to give a brown solid.
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Attempted purification by dry-loaded flash column chromatography (SiO., petrol/EtOAC,

1:1, v/v) could not afford the title compound.
Lab book reference number: AJR-4-315
(2S)-2-Acetamido-4-methylpentanoic acid (163)%*

e

\n’N OH

(¢]

To a round-bottomed flask containing r-Leucine 154 (1 g, 7.6 mmol, 1 eq.) was added a
mixture of 1,4-dioxane and deionised water (26 mL, 1:1, v/v) to form a white suspension,
then NaHCOs3 (1.28 g, 15.2 mmol, 2 eq.) was added with stirring. Acetic anhydride (0.72 mL,
776 mg, 7.6 mmol, 1 eq.) was added dropwise over 10 min then the reaction was heated to
60 °C to form a clear solution. The solution was stirred at 60 °C for 16 h then evaporated.
The resulting residue was redissolved in deionised water and acidified to pH 1.5 with 1M
HCI. This was extracted into EtOAc three times, dried over MgSQy, filtered and evaporated
to afford the title compound as a white solid (1.11 g, 84%).

'H NMR (400 MHz, CD30D, §): 4.48-4.34 (m, 1H), 1.98 (s, 3H), 1.78-1.64 (m, 1H), 1.64—
1.54 (m, 2H), 0.97 (d, J = 6.5 Hz, 3H), 0.93 (d, J = 6.5 Hz, 3H); *C NMR (101 MHz, CD;0D,
8): 176.1, 173.4,52.1, 41.6, 26.1, 23.4, 22.3, 21.8; ESI-MS m/z (ion, %): 174 ([M+H]", 10),
196 ([M+Na]*, 100); ESI-HRMS m/z: 174.1124 [M+H]* (CsH1sNOs requires 174.1125);
Elemental anal.: C 55.69, H 8.72, N 8.05 (CsH1sNO;3 requires C 55.47, H 8.73, N 8.09).

Lab book reference number: AJR-4-309

Methyl (2S)-2-[(2R)-2-acetamido-4-methylpentanamido]-3-(1H-indol-3-yl)propanoate
(164)
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Acid 163 (200 mg, 1.15 mmol, 1 eq.), amine 135 (323 mg, 1.27 mmol, 1.1 eq.) and DEPBT
(413 mg, 1.38 mmol, 1.2 eq.) were added to a round-bottomed flask which was fitted with a
septum and flushed with argon from a balloon for 20 min. After 20 min dry, distilled DIPEA
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(802 uL, 595 mg, 4.60 mmol, 4 eq.) and dry CH2Cl, (12 mL) were added via syringe to give
a yellow solution and the reaction stirred at RT for 2 h. After 2 h the reaction mixture was
washed with sat. ag. NH4Cl and extracted three times with CH,Cl,. The organic layers were
combined, dried over MgSQO., filtered and evaporated to give a crude yellow residue.
Attempted purification by dry-loaded flash column chromatography (SiO,, EtOAc/MeOH,
98:2, v/v) could not afford the title compound.

Lab book reference number: AJR-4-311

Methyl (2S)-3-(1H-indol-3-yl)-2-(trifluoroacetamido)propanoate (92)

FsC” "N
H

To a round-bottomed flask containing tryptophan 135 (1.27 g, 5 mmol, 1 eq.) was added
triethylamine (0.75 mL, 0.54 g, 5 mmol, 1 eq.) and MeOH (2.5 mL) and the resulting
suspension stirred for 5 min. After 5 min ethyl trifluoroacetate 165 (0.85 mL, 1.01 g, 6.35
mmol, 1.27 eq.) was added and the mixture stirred at RT for 16 h, during which time a clear
solution formed. After 16 h the solvent was evaporated and the resulting residue acidified
with 2M HCI, before being extracted into EtOAc three times. The organic layers were
combined then washed with brine, dried over MgSQO., filtered and evaporated to afford the

title compound as an off-white solid (1.35 g, 90%).

R¢0.16 (petrol/EtOAc, 3:1, vIV); [a], = +50.7 (¢ 0.10, CHCls); M.P. 108-109 °C (lit.?® 107—
109 °C); *H NMR (400 MHz, CDCls, §): 8.25 (br s, 1H), 7.54-7.47 (m, 1H), 7.36 (dt, J =
8.0, 1.0 Hz, 1H), 7.22 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 7.15 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H),
6.96 (d, J = 8.0 Hz, 1H), 6.95 (s, 1H), 4.94 (dt, J = 8.0, 5.0 Hz, 1H), 3.73 (s, 3H), 3.42 (m,
2H); **C NMR (101 MHz, CDCls, 8): 170.8, 156.9 (q, 2Jc.r = 37.5), 136.2, 127.4, 123.1,
122.6, 120.0, 118.3, 116.3 (q, *Jc r = 287.0), 111.6, 108.8, 53.5, 53.0, 27.2; °F NMR (376
MHz, CDCls, 8): —75.8; ESI-MS m/z (ion, %): 315 ([M+H]*, 50), 332 ([M+NH.]*, 40), 337
(IM+Na]*, 100), 353 ([M+K]*, 10); ESI-HRMS m/z: 315.0950 [M+H]* (C1sH1FsN;03
requires 315.0951).

The analytical data obtained was in accordance with the literature.?%®

Lab book reference number: AJR-4-343
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(2R)-4-Methyl-2-(trifluoroacetamido)pentanoic acid (166)
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To a round-bottomed flask containing r-Leucine 154 (1 g, 7.6 mmol, 1 eq.) was added
triethylamine (1.06 mL, 769 mg, 7.6 mmol, 1 eqg.) and MeOH (7.6 mL) and the resulting
suspension stirred for 5 min. After 5 min ethyl trifluoroacetate 165 (1.13 mL, 1.35 g, 9.5
mmol, 1.25 eq.) was added and the mixture stirred at RT for 16 h, during which time a clear
solution formed. After 16 h the solvent was evaporated and the resulting residue acidified
with 2M HCI, before being extracted into EtOAc three times. The organic layers were
combined then washed with brine, dried over MgSQO, filtered and evaporated to afford the

title compound as an off-white solid (1.67 g, 97%).

[a], = +31.6 (c 0.10, CHCIs); M.P. 75-77 °C (lit.?°” 7677 °C dec.); 'H NMR (400 MHz,
CDs0D, 9): 4.48 (dd, J = 10.0, 5.0 Hz, 1H), 1.81-1.60 (m, 3H), 0.97 (d, J = 6.0 Hz, 3H), 0.94
(d, 3 =6.0 Hz, 3H); *°C NMR (101 MHz, CDs0D, 8):174.4, 158.9 (q, 2Jc ¢ = 38.0 Hz), 117.5
(q, Yc-r = 287.0 Hz), 52.4, 40.7, 26.1, 23.3, 21.5; F NMR (376 MHz, CDs0D, §): —77.0;
ESI-MS m/z (ion, %): 250 ([M+Na]*, 100); ESI-HRMS m/z: 250.0665 [M+Na]*
(CsH12FsNNaOs3 requires 250.0661).

The analytical data obtained was in accordance with the literature.2%®
Lab book reference number: AJR-4-334

Methyl (2S)-3-(1H-indol-3-yl)-2-[(2R)-4-methyl-2-trifluoroacetamido)pentanamido]
propanoate (167)
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Acid 166 (500 mg, 2.2 mmol, 1 eq.), amine 135 (616 mg, 2.42 mmol, 1.1 eq.) and DEPBT
(790 mg, 2.64 mmol, 1.2 eq.) were added to a round-bottomed flask which was fitted with a
septum and flushed with argon from a balloon for 20 min. After 20 min dry, distilled DIPEA
(2.5 mL, 1.14 g, 8.8 mmol, 4 eq.) and dry CH,Cl, (22 mL) were added via syringe to give a

yellow solution and the reaction stirred at RT for 2 h. After 2 h the reaction mixture was
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washed with sat. ag. NH4Cl and extracted three times with CH,Cl,. The organic layers were
combined, dried over MgSQ., filtered and evaporated to give a crude yellow residue.
Purification by dry-loaded flash column chromatography (SiO-, petrol/EtOAc, 1:1, viv)
afforded the title compound as an off-white solid (568 mg, 60%).

Rr 0.48 (petrol/EtOAc, 1:1, VIV); [a], = +33.9 (c 0.10, CHCIs); M.P. 129-131 °C; *H NMR
(400 MHz, CDCls, d): 8.19 (br s, 1H), 7.48 (d, J = 8.0 Hz, 1H), 7.36-7.33 (m, 1H), 7.23—
7.08 (m, 2H), 6.98 (d, J = 2.0 Hz, 1H), 6.45 (d, J = 8.0 Hz, 1H), 4.97-4.84 (m, 1H), 4.51-
4.36 (m, 1H), 3.70 (s, 3H), 3.38-3.25 (m, 2H), 1.68 (s, 1H), 1.62-1.41 (m, 3H), 1.29-1.18
(m, 3H), 0.89-0.75 (m, 6H); °F NMR (376 MHz, CDCls, 5): —75.6; *C NMR (101 MHz,
CDCls, 8): 172.0, 170.4, 157.1 (q, 2Jc-¢ = 37.5 Hz), 136.2, 127.5, 123.3, 122.5, 120.0, 118.4,
116.6 (q, 3Jcr = 288.0 Hz), 111.5, 109.3, 53.2, 52.7, 52.2, 41.5, 27.6, 24.7, 22.7, 22.1; ESI-
MS m/z (ion, %): 428 ([M+H]", 75), 450 ([M+Na]*, 100); ESI-HRMS m/z: 450.1612
[M+Na]* (C20H24F3N3NaO4 requires 450.1611); IR (solid-state, ATR, cm™): 3277 (w, br),
3084 (w), 2959 (w), 2933 (w), 2873 (w), 1714 (s), 1652 (s), 1551 (m), 1439 (m), 1341 (m),
1209 (s), 1184 (s), 1156 (s), 1094 (w), 1010 (w), 988 (w), 742 (s), 719 (m), 652 (m), 632 (m),
521 (m); UV—vis (DMSO, nm): Amax 282 (¢ = 5734 mol dm™ cm'?).

Lab book reference number: AJR-4-344

2-(Trifluoroacetamido)acetic acid (169)

To a round-bottomed flask containing glycine 168 (826 mg, 11 mmol, 1 eq.) was added
triethylamine (1.5 mL, 1.11 g, 11 mmol, 1 eq.) and MeOH (5.5 mL) and the resulting
suspension stirred for 5 min. After 5 min ethyl trifluoroacetate 165 (1.7 mL, 1.99 g, 14 mmol,
1.27 eq.) was added and the mixture stirred at RT for 16 h, during which time a clear solution
formed. After 16 h the solvent was evaporated and the resulting residue acidified with 2M
HCI, before being extracted into EtOAC three times. The organic layers were combined then
washed with brine, dried over MgSOQs., filtered and evaporated to afford the title compound
as a white solid (1.68 g, 89%).

M.P. 119-121 °C (lit.2° 118-119 °C dec.); *H NMR (400 MHz, CDsOD, 8): 4.00 (s, 2H);
13C NMR (101 MHz, CD30D, 8): 171.5, 159.4 (q, ?Jc_r = 37.5 Hz), 117.4 (q, YJcr = 286.0
Hz), 41.7; ®F NMR (376 MHz, CD30D, §): —77.3; ESI-MS m/z (ion, %): 194 ([M+Na]*,
100); ESI-HRMS m/z: 194.0033 [M+Na]" (C4HsFsNNaOs requires 194.0035).
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The analytical data obtained was in accordance with the literature.?!
Lab book reference number: AJR-4-342

Methyl (2S)-3-(1H-indol-3-yl)-2-[2-(trifluoroacetamido)acetamido]propanoate (170)
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Acid 169 (100 mg, 0.58 mmol, 1 eq.), amine 135 (163 mg, 0.64 mmol, 1.1 eqg.) and TBTU
(225 mg, 0.70 mmol, 1.2 eq.) were added to a round-bottomed flask which was fitted with a
septum and flushed with argon from a balloon for 20 min. After 20 min dry, distilled DIPEA
(0.4 mL, 300 mg, 2.32 mmol, 4 eq.) and dry CH3CN (5.8 mL) were added via syringe to give
a yellow solution and the reaction stirred at RT for 2 h. After 2 h the reaction mixture was
washed with sat. ag. NH4Cl and extracted three times with CH,Cl,. The organic layers were
combined, dried over MgSQO., filtered and evaporated to give a crude yellow residue.
Purification by dry-loaded flash column chromatography (SiO., petrol/EtOAc, 1:3, v/v)
afforded the title compound as an off-white solid (201 mg, 93%).

R¢ 0.52 (petrol/EtOAC, 1:3, Viv); [a], = +40.7 (¢ 0.10, CHCI3); M.P. 53-55 °C; *H NMR (400
MHz, CDCls, §): 8.28-8.18 (br s, 1H), 7.50-7.44 (m, 1H), 7.38 (t, J = 5.0 Hz, 1H), 7.30 (dt,
J=8.0,1.0 Hz, 1H), 7.18 (ddd, J = 8.0, 7.0, 1.2 Hz, 1H), 7.11 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H),
6.94 (d, J = 2.5 Hz, 1H), 6.57 (d, J = 8.0 Hz, 1H), 4.93 (dt, J = 8.0, 5.5 Hz, 1H), 3.85-3.74
(m, 2H), 3.73 (s, 3H), 3.37-3.24 (m, 2H); *C NMR (101 MHz, CDCls, 8): 172.3, 166.8,
157.3 (g, 2Jc¢ = 38.0 Hz), 136.2, 127.4, 123.2, 122.5, 120.0, 118.3, 116.6 (q, *Jc_¢ = 287.0
Hz), 111.6, 109.4, 53.2, 52.8, 42.5, 27.5; 1°®F NMR (376 MHz, CDCls, §): —75.6; ESI-MS
m/z (ion, %): 372 ([M+H]", 10), 394 ([M+Na]*, 100); ESI-HRMS m/z: 394.0988 [M+Na]*
(C1sH16F3N3NaO4 requires 394.0985); IR (solid-state, ATR, cm™): 3391 (m), 3341 (m), 1729
(m), 1704 (s), 1654 (m), 1560 (m), 1532 (m), 1445 (m), 1351 (m), 1215 (s), 1184 (s), 1150
(s), 1005 (m), 968 (m), 742 (s), 608 (s), 536 (S), 428 (s); UV—vis (DMSO, nm): Amax 284 (¢ =
10138 mol dm™ cm™).

Lab book reference number: AJR-4-345
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Methyl (2S)-3-(2-phenyl-1H-indol-3-yl)-2-(trifluoroacetamido)propanoate (171)

To a microwave tube was added tryptophan 92 (58 mg, 0.192 mmol, 1 eq.), aryliodonium
salt 140 (181 mg, 0.384 mmol, 2 eq.), Pd(OACc)2 (2 mg, 9.6 pumol, 5 mol%) and EtOAc (5
mL). The reaction mixture was stirred at 25 °C for 16 h. After 16 h the resulting black reaction
mixture was filtered through Celite then washed with sat. ag. NaHCOs. The organic layer
was collected and dried over MgSQO., filtered and evaporated to give a brown solid.
Purification by dry-loaded flash column chromatography (SiO., petrol/EtOAc, 3:1, viv)
afforded the title compound as an off-white solid (59 mg, 82%).

Rr 0.32 (petrol/EtOAC, 3:1, VIV); [a], = +42.4 (¢ 0.10, CHCl3); M.P. 155-156 °C; *H NMR
(400 MHz, CDCls, 6): 8.15 (br s, 1H), 7.58-7.52 (m, 3H), 7.50 (dd, J = 8.0, 7.0 Hz, 2H),
7.44-7.36 (m, 2H), 7.23 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 7.19-7.14 (m, 1H), 6.64 (d, J = 8.0
Hz, 1H), 4.83 (dt, J = 8.0, 5.5 Hz, 1H), 3.61 (dd, J =5.5, 1.0 Hz, 2H), 3.35 (s, 3H); *C NMR
(101 MHz, CDCls, 8): 170.7, 156.7 (q, 2Jc¢ = 37.5), 136.5, 135.8, 132.6, 129.3, 129.1, 128.5,
128.4, 122.9, 120.4, 118.7, 114.9 (q, YJc.r = 288.0 Hz), 111.2, 105.6, 53.4, 52.6, 26.5; °F
NMR (376 MHz, CDCls, 3): —75.9; ESI-MS m/z (ion, %): 391 ([M+H]*, 10), 408
([M+NH4]*, 35), 413 ([M+Na]*, 100), 429 ([M+K]*, 10); ESI-HRMS m/z: 413.1074
[M+Na]* (C2H17FsN2NaOs requires 413.1083).

The analytical data obtained was in accordance with the literature.?!
Lab book reference number: AJR-4-346

Methyl (2S)-2-(trifluoroacetamido)-3-[2-(2,4,6-trimethylphenyl)-1H-indol-3-yl]
propanoate (172)

Method A: Title compound was isolated as an off-white solid side product from the synthesis
of 171 (14 mg, 17%).
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Method B: To a microwave tube was added tryptophan 92 (60 mg, 0.192 mmol, 1 eq.),
aryldiazonium salt 196 (45 mg, 0.192 mmol, 1 eq.), Pd(OAc) (2 mg, 9.6 pmol, 5 mol%) and
EtOAc (5 mL). The reaction mixture was stirred at RT for 16 h. After 16 h the resulting
brown reaction mixture was filtered through Celite then washed with sat. ag. NaHCO3. The
organic layer was collected and dried over MgSOQy, filtered and evaporated to give a brown
solid. Purification by dry-loaded flash column chromatography (SiO., petrol/EtOAc, 3:1, v/v)
afforded the title compound as an off-white solid (54 mg, 65%).

R¢0.42 (petrol/EtOAC, 3:1, V/V); [a], = +34.4 (¢ 0.10, CHCI3); M.P. 58-60 °C; *H NMR (400
MHz, CDCls, 6): 8.00 (br s, 1H), 7.59 (dd, J = 8.0, 1.0 Hz, 1H), 7.39-7.34 (m, 1H), 7.22
(ddd, J=8.0, 7.0, 1.0 Hz, 1H), 7.17 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 6.99 (d, J = 2.5 Hz, 2H),
6.58 (d, J = 7.5 Hz, 1H), 4.76 (td, J = 7.0, 5.5 Hz, 1H), 3.50 (s, 3H), 3.26 (dd, J = 15.0, 5.5
Hz, 1H), 3.13 (dd, J = 15.0, 7.0 Hz, 1H), 2.36 (s, 3H), 2.10 (s, 3H), 2.09 (s, 3H); *C NMR
(101 MHz, CDCls, 8): 170.8, 157.0 (q, 2Jc¢ = 38.0 Hz), 139.0, 138.1, 135.9, 135.2, 128.7,
128.3, 128.0, 122.2, 120.0, 118.4 (q, *Jc_¢ = 288.0 Hz), 111.1, 106.7, 53.5, 52.7, 27.0, 21.2,
20.1; F NMR (376 MHz, CDCls, §): —75.7; ESI-MS m/z (ion, %): 433 ([M+H]*, 5), 450
([IM+NH4]*, 40), 455 ([M+Na]*, 100), 471 ([M+K]*, 5); ESI-HRMS m/z: 455.1547 [M+Na]*
(Ca3H2sFsN2NaOs requires 455.1553); IR (solid-state, ATR, cm™): 3391 (w, br), 2955 (w),
2919 (w), 2851 (W), 1712 (s), 1614 (w), 1543 (w), 1458 (m), 1439 (m), 1378 (w), 1344 (w),
1292 (m), 1206 (s), 1163 (s), 1011 (w), 909 (m), 853 (w), 731 (s), 510 (m); UV-vis (DMSO,
nm): Amax 288 (¢ = 9725 mol dm™ cm?).

Lab book reference number (method A): AJR-4-346
Lab book reference number (method B): AJR-5-427

Methyl (2S)-2-[(2R)-4-methyl-2-(trifluoroacetamido)pentanamido]-3-(2-phenyl-1H-
indol-3-yl)propanoate (173)

Method A: To a microwave tube was added dipeptide 167 (82 mg, 0.192 mmol, 1 eq.),
diaryliodonium salt 140 (181 mg, 0.384 mmol, 2 eq.), Pd(OAc)2 (2 mg, 9.6 pmol, 5 mol%)
and EtOAc (5 mL). The reaction mixture was stirred at 25 °C for 16 h. After 16 h the resulting
black reaction mixture was filtered through Celite then washed with sat. ag. NaHCOs. The

organic layer was collected and dried over MgSO,, filtered and evaporated to give a brown
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solid. Purification by dry-loaded flash column chromatography (SiO-, petrol/EtOAc, 3:1, v/v)
afforded the title compound as a yellow solid (63 mg, 65%).

Method B: To a microwave tube equipped with magnetic stirrer bar was added dipeptide 167
(43 mg, 0.10 mmol, 1 eq.), diaryliodonium salt 233 (74 mg, 0.20 mmol, 2 eq.), Pd/C (5 wt%,
11 mg, 5 mol%) and AcOH (1 mL). The vial was sealed with a septum and the reaction stirred
at 60 °C for 16 h. After 16 h the reaction mixture was allowed to cool to RT, filtered through
a silica pad with EtOAc and evaporated to give a brown residue, which was subsequently

analysed by *H NMR spectroscopy.

Rr 0.19 (petrol/EtOAc, 3:1, V/V); [a], = +43.8 (¢ 0.10, CHCI3); M.P. 83-85 °C dec; *H NMR
(400 MHz, CDCls, 8): 8.18 (brs, 1H), 7.57-7.53 (m, 3H), 7.49 (ddt, J = 8.0, 6.5, 1.0 Hz, 2H),
7.42-7.35 (m, 2H), 7.25-7.19 (m, 1H), 7.15 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 6.91-6.84 (m,
1H), 5.93-5.83 (m, 1H), 4.79 (dqg, J = 7.5, 5.5, 5.0 Hz, 1H), 3.96 (td, J = 8.0, 5.0 Hz, 1H),
3.65-3.48 (m, 2H), 3.38 (s, 3H), 1.54-1.34 (m, 3H), 0.82-0.75 (m, 6H); 3C NMR (101 MHz,
CDCls, 8): 171.7,170.1, 156.6 (q, 2Jc-¢ = 37.5 Hz), 136.2, 135.8, 132.9, 129.3, 129.2, 129.1,
128.4,128.3,128.2, 122.8, 120.2, 118.6 (q, "Jc ¢ = 287.5 Hz), 111.2, 106.2, 53.3, 52.3, 51.8,
42.0, 26.6, 24.6, 22.7, 22.1; °F NMR (376 MHz, CDCls, §): —72.4; ESI-MS m/z (ion, %):
504 ([M+H]*, 5), 521 ([M+NH4]*, 15), 526 ([M+Na]*, 100), 542 ([M+K]*, 5); ESI-HRMS
m/z: 526.1925 [M+Na]* (CzsH2sFsN3NaOs requires 526.1924); IR (solid-state, ATR, cm™?):
3337 (w, br), 3061 (w), 2958 (w), 2930 (w), 2873 (w), 1715 (m), 1658 (s), 1530 (m), 1448
(m), 1209 (s), 1155 (s), 742 (s), 698 (s); UV—vis (DMSO, nm): Amax 308 (¢ = 20467 mol dm

Scm).
Lab book reference number (method A): AJR-4-348
Lab book reference number (method b): AJR-8-737

Methyl (2S)-2-[(2R)-4-methyl-2-(trifluoroacetamido)pentanamido]-3-[2-(2,4,6-
trimethylphenyl)-1H-indol-3-yl]propanoate (174)
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Title compound was isolated as a yellow solid side product from the synthesis of 173 (13 mg,
12%).
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Rr 0.29 (petrol/EtOAC, 3:1, V/V); [a], = +31.1 (c 0.10, CHCIs); *H NMR (400 MHz, CDCls,
8): 7.87 (br's, 1H), 7.61-7.56 (m, 1H), 7.39-7.34 (m, 1H), 7.22 (td, J = 8.0, 7.5, 1.0 Hz, 1H),
7.17 (td, J = 7.5, 1.0 Hz, 1H), 7.03 (d, J = 3.5 Hz, 2H), 6.91-6.85 (m, 1H), 5.67 (d, J = 7.0
Hz, 1H), 4.69 (td, J = 7.5, 4.5 Hz, 1H), 4.19-4.08 (m, 1H), 3.54 (s, 3H), 3.23 (dd, J = 15.0,
5.0 Hz, 1H), 3.01 (dd, J = 15.0, 7.5 Hz, 1H), 2.35 (s, 3H), 2.12 (s, 3H), 2.08 (s, 3H), 1.54—
1.41 (m, 3H), 0.96-0.64 (m, 6H); *C NMR (101 MHz, CDCls, §): 171.8, 170.3, 156.7 (q,
2)c £=37.5Hz), 139.4, 138.3, 137.9, 135.8, 134.7, 129.00, 128.9, 128.4, 128.0, 122.4, 120.1,
118.4,116.5 (q, YJc = 288.0 Hz), 111.1, 107.6, 53.5, 52.5, 51.8, 42.6, 29.6, 27.1, 24.6, 22.8,
22.3,21.2,20.3; 1°F NMR (376 MHz, CDCl3, 5): —75.8; ESI-MS m/z (ion, %): 546 ([M+H]",
2), 563 ([M+NH,]", 15), 568 ([M+Na]*, 100), 584 ([M+K]*, 2); ESI-HRMS m/z: 568.2384
[M+Na]* (C2gH34F3N3NaO4 requires 568.2394); IR (solid-state, ATR, cm™?): 3391 (w), 3341
(w, br), 2957 (w), 2927 (w), 1710 (m), 1661 (s), 1529 (m), 1458 (m), 1439 (m), 1353 (W),
1210 (s), 1155 (s), 1008 (s), 909 (w), 853 (w), 731 (s); UV—vis (DMSO, nm): Amax 290 (g =
8712 mol dm3 cm'?).

Lab book reference number: AJR-4-348

Methyl (2S)-3-(2-phenyl-1H-indol-3-yl)-2-[2-(trifluoroacetamido)acetamido]
propanoate (175)

Method A: To a microwave tube was added dipeptide 170 (71 mg, 0.192 mmol, 1 eq.),
diaryliodonium salt 140 (181 mg, 0.384 mmol, 2 eq.), Pd(OACc). (2 mg, 9.6 umol, 5 mol%)
and EtOAc (5 mL). The reaction mixture was stirred at 25 °C for 16 h. After 16 h the resulting
black reaction mixture was filtered through Celite then washed with sat. ag. NaHCOs. The
organic layer was collected and dried over MgSO,, filtered and evaporated to give a brown
solid. Purification by dry-loaded flash column chromatography (SiO., petrol/EtOAc, 1.5:1,
v/v) afforded the title compound as an off-white solid (41 mg, 48%).

Method B: To a microwave tube equipped with magnetic stirrer bar was added dipeptide 170
(74 mg, 0.20 mmol, 1 eq.), diaryliodonium salt 233 (147 mg, 0.40 mmol, 2 eq.), Pd/C (5
wit%, 21 mg, 5 mol%) and AcOH (2 mL). The vial was sealed with a septum and the reaction
stirred at 60 °C for 16 h. After 16 h the reaction mixture was allowed to cool to RT, filtered
through a silica pad with EtOAc and evaporated to give a brown residue, which was

subsequently analysed by *H NMR spectroscopy.
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Rr 0.28 (petrol/EtOAc, 1.5:1, V/V); [a], = +51.0 (¢ 0.10, CHCIls); M.P. 82-84 °C; *H NMR
(400 MHz, CDCls, 8): 8.22 (br s, 1H), 7.55-7.49 (m, 3H), 7.46 (dd, J = 8.0, 7.0 Hz, 2H),
7.40-7.33 (m, 2H), 7.22 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 7.12 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H),
6.93 (br s, 1H), 6.00 (d, J = 7.5 Hz, 1H), 4.83 (dt, J = 7.5, 5.0, 1H), 3.70-3.60 (m, 2H), 3.42
(s, 3H), 3.30-3.20 (m, 2H); *C NMR (101 MHz, CDCls, §): 171.6, 166.1, 156.7 (q, Xc ¢ =
37.5 Hz), 141.9, 136.3, 135.8, 133.2, 129.4, 129.2, 128.3, 128.3, 128.1, 122.9, 120.3, 118.7,
114.9 (q, YJcF = 287.0 Hz), 111.2, 106.2, 53.3, 52.6, 42.0, 26.3; F NMR (376 MHz, CDCl;,
8): —75.7; ESI-MS m/z (ion, %): 470 ([M+Na]*, 100); ESI-HRMS m/z: 470.1292 [M+Na]*
(C22H20F3N3NaOs requires 470.1298); IR (solid-state, ATR, cm™): 3340 (w, br), 3061 (w),
2954 (w), 2930 (W), 1722 (m), 1666 (m), 1528 (m), 1441 (m), 1351 (m), 1211 (s), 1153 (s),
1074 (w), 1004 (m), 908 (m), 730 (m), 698 (s), 515 (5); UV—vis (DMSO, nm): Amax 308 (& =
20684 mol dm= cm'?).

Lab book reference number (method A): AJR-4-349
Lab book reference number (method B): AJR-8-736

Methyl (2S)-2-[2-(trifluoroacetamido)acetamido]-3-[2-(2,4,6-trimethylphenyl)-1H-
indol-3-yl]propanoate (176)

Method A: Title compound was isolated as an off-white solid side product from the synthesis
of 175 (4 mg, 4%).

Method B: To a microwave tube was added dipeptide 170 (71 mg, 0.192 mmol, 1 eq.),
aryldiazonium salt 196 (45 mg, 0.192 mmol, 1 eq.), Pd(OAc)2 (2 mg, 9.6 pmol, 5 mol%) and
EtOAc (5 mL). The reaction mixture was stirred at RT for 24 h. After 24 h the resulting
brown reaction mixture was filtered through Celite then washed with sat. ag. NaHCO3. The
organic layer was collected and dried over MgSQy, filtered and evaporated to give a brown
solid. Purification by dry-loaded flash column chromatography (SiO., petrol/EtOAc, 1:1, v/v)
afforded the title compound as an off-white solid (43 mg, 46%).

R¢ 0.57 (petrol/EtOAC, 1:1, V/V); [a], = +33.3 (¢ 0.10, CHCI3); M.P. 90-92 °C; *H NMR (400
MHz, CDCls, 8): 7.87 (brs, 1H), 7.56 (dd, J = 8.0, 1.0 Hz, 1H), 7.36 (dt, J = 8.0, 1.0 Hz, 1H),
7.22 (ddd, J=8.0, 7.0, 1.0 Hz, 1H), 7.16 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 7.05-7.00 (m, 2H),

6.89 (d, J = 1.0 Hz, 1H), 5.74 (d, J = 7.5 Hz, 1H), 4.76 (dt, J = 7.5, 5.5 Hz, 1H), 3.74 (dd, J
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=17.0, 4.5 Hz, 1H), 3.57 (dd, J = 17.0, 4.5 Hz, 1H), 3.50 (s, 3H), 3.18 (d, J = 5.5 Hz, 2H),
2.36 (s, 3H), 2.14 (s, 3H), 2.10 (s, 3H); *C NMR (101 MHz, CDCls, §): 171.7, 166.2, 156.0
(9, 2Jcr = 37.5 Hz), 139.3, 138.2, 138.1, 135.8, 134.7, 128.9, 128.8, 128.6, 128.6, 122.3,
120.0,118.4,115.7 (q, Uc ¢=287.0 Hz), 111.1, 107.4, 53.5,52.5,42.1, 27.0, 21.2, 20.3, 20.2;
F NMR (376 MHz, CDCls, 8): —75.7; ESI-MS m/z (ion, %): 512 ([M+Na]*, 100); ESI-
HRMS m/z: 512.1773 [M+Na]* (C2sH26F3NsNaO, requires 512.1768); IR (solid-state, ATR,
cm?): 3339 (w, br), 2959 (w), 2919 (w), 2850 (w), 1718 (m), 1670 (m), 1523 (m), 1458 (m),
1437 (m), 1260 (s), 1157 (s), 1006 (m), 853 (m), 800 (m), 744 (s), 517 (m); UV-vis (DMSO,
nm): Amax 288 (¢ = 12188 mol dm™ cm'?).

Lab book reference number (method A): AJR-4-349
Lab book reference number (method B): AJR-5-429

Benzenediazonium tetrafluoroborate (48)

+ -
@/ N2 BF4

Method A: Synthesised using general procedure A from phenylamine 177 (0.91 mL, 931 mg,
10 mmol, 1 eq.) in deionised water (5.5 mL) to afford the title compound as a white solid
(1.25 g, 65%).

Method B: Synthesised using general procedure B from phenylamine 177 (0.91 mL, 931 mg,
10 mmol, 1 eq.) in EtOH (3 mL) to afford the title compound as a white solid (1.92 g, quant.).

M.P. 103-105 °C (lit.?2 101 °C dec.); '"H NMR (400 MHz, (CD3)2SO, 3): 8.67 (dd, J = 8.5,
1.0 Hz, 2H), 8.26 (tt, J = 7.5, 1.0 Hz, 1H), 7.98 (ddt, J = 8.5, 7.5, 1.0 Hz, 2H); *C NMR (101
MHz, (CD3).S0, 8): 140.8, 132.7, 131.2, 116.1; “B NMR (128 MHz, (CDx),S0, 3): —2.3;
9F NMR (376 MHz, (CD3);S0, 8): —148.1 (m, 13, 10,, 4F), —148.1 (m, 4_ 11, 4F); ESI-MS

m/z (ion, %): 105 ((M—BF.]*, 100); ESI-HRMS m/z: 105.0480 [M—BF.]* (CsHsN. requires
105.0447).

The analytical data obtained was in accordance with the literature.?
Lab book reference number (Method A): AJR-4-360

Lab book reference number (Method B): LAH-1-78 (reaction conducted by A. Hammarback)
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4-Methylbenzene-1-diazonium tetrafluoroborate (192)

/©,N2 "BF,

Synthesised using general procedure B from 4-amino-1-methylbenzene 178 (1.07 g, 10
mmol, 1 eq.) in EtOH (3 mL) to afford the title compound as a white solid (1.78 g, 86%).

M.P. 106-107 °C (Iit.2* 101-102 °C); *H NMR (400 MHz, (CDs),SO, 5): 8.58-8.51 (m, 2H),
7.83-7.75 (m, 2H), 2.57 (s, 3H); 3C NMR (101 MHz, (CD3)S0, 8): 153.94, 132.7, 131.8,
112.0, 22.4; B NMR (128 MHz, (CD3)2SO, 3): —2.3; F NMR (376 MHz, (CD3):SO, 3):

—148.0 (M, Yk 10g, 4F), —148.1 (m, e 115, 4F); ESI-MS m/z (ion, %): 119 ((IM—BF4]", 100);
ESI-HRMS m/z: 119.0603 [M—BF.]* (C7H7N2 requires 119.0604).

The analytical data obtained was in accordance with the literature.?:
Lab book reference number: THS-1-3 (reaction conducted by T. Sheridan)

4-tert-butylbenzene-1-diazonium tetrafluoroborate (193)

Synthesised using general procedure B from 4-tert-butylaniline 179 (0.8 mL, 746 mg, 5
mmol, 1 eq.) in EtOH (1.5 mL) to afford the title compound as a white solid (963 mg, 78%).

M.P. 93-94 °C (lit.2 91 °C); 'H NMR (400 MHz, (CD3).SO, ): 8.62-8.56 (m, 2H), 8.06—
8.00 (m, 2H), 1.35 (s, 9H); 3C NMR (101 MHz, (CD3)SO, 8): 165.5, 132.8, 128.5, 112.2,
36.5, 30.2; ‘B NMR (128 MHz, (CDs):SO, 8): —2.3; °F NMR (376 MHz, (CDs).SO, §):

~148.1 (M, s 19, 4F), —148.1 (m, L 115, 4F); ESI-MS m/z (ion, %): 161 ((M—BF,]*, 100);
ESI-HRMS m/z: 161.1070 [M—BF4]* (C10H13N2 requires 161.1073).

The analytical data obtained was in accordance with the literature.?*4

Lab book reference number: AJR-8-716
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1-Naphthalene-1-diazonium tetrafluoroborate (194)

Synthesised using general procedure B from 1-naphthylamine 180 (0.48 g, 3.33 mmol, 1 eq.)
in EtOH (1.7 mL) to afford the title compound as a brown solid (0.75 g, 93%).

M.P. 104-106 °C (lit.2*® 105-107 °C); 'H NMR (400 MHz, (CDs),S0, §): 9.20 (dd, J = 8.0,
1.0 Hz, 1H), 8.94 (dt, J = 8.5, 1.0 Hz, 1H), 8.51 (dg, J = 8.5, 1.0 Hz, 1H), 8.43 (ddd, J = 8.0,
1.0, 0.5 Hz, 1H), 8.12 (ddd, J = 8.5, 7.0, 1.5 Hz, 1H), 8.06 (t, J = 8.0 Hz, 1H), 7.97 (ddd, J =
8.0, 7.0, 1.0 Hz, 1H); *C NMR (101 MHz, (CDs)2S0, 5): 142.6, 137.2, 132.6, 132.2, 130.3,
129.9, 127.1, 126.4, 122.4, 111.1; B NMR (128 MHz, (CD3)2S0, 8): —2.3; °F NMR (376

MHz, (CD5)zS0, §): —148.1 (m, J 105, 4F), —148.1 (m, HJr 115, 4F); ESI-MS m/z (ion, %):
155 ([M—BF.]*, 100); ESI-HRMS m/z: 155.0607 [M—BF.]* (C1oH:N. requires 155.0604).

The analytical data obtained was in accordance with the literature.?
Lab book reference number: LAH-1-39 (reaction conducted by A. Hammarback)

4-Phenylbenzene-1-diazonium tetrafluoroborate (195)

+ -

00

Synthesised using general procedure B from 4-phenylaniline 181 (846 mg, 5 mmol, 1 eq.) in
EtOH (1.5 mL) to afford the title compound as a brown solid (870 mg, 65%).

M.P. 118-119 °C (lit.27 111-112 °C); *H NMR (400 MHz, (CDs),SO0, 8): 8.76-8.70 (m, 2H),
8.36-8.29 (m, 2H), 7.95-7.88 (m, 2H), 7.65-7.56 (m, 3H); *C NMR (101 MHz, (CDs),SO,
8): 151.5, 136.4, 133.5, 130.8, 129.6, 129.0, 128.0, 113.3; B NMR (128 MHz, (CDs),SO,

8): —2.3; F NMR (376 MHz, (CD3),S0, 8): —148.1 (m, 1105, 4F), —148.1 (m, YJr 115, 4F);
EI-MS m/z (ion, %): 154 ([M—BFs—Ng]*, 100); EI-HRMS m/z: 154.0782 [M—BF4—N,]*
(C12H10 requires 154.0783).

The analytical data obtained was in accordance with the literature.?®

Lab book reference number: AJR-8-717

184



Chapter 6: Experimental

2,4,6-Trimethylbenzene-1-diazonium tetrafluoroborate (196)

.

Method A: Synthesised using general procedure A from 2,4,6-trimethylphenylamine 182 (1.4
mL, 1.35 g, 10 mmol, 1 eq.) in deionised water (5.5 mL) to afford the title compound as a
white solid (1.09 g, 47%).

Method B: Synthesised using general procedure B from 2,4,6-trimethylphenylamine 182 (1.4
mL, 1.35 g, 10 mmol, 1 eq.) in EtOH (3 mL) to afford the title compound as a white solid
(2.34 g, quant.).

M.P. 84-85 °C; 'H NMR (400 MHz, (CDs)S0, 8): 7.40 (s, 2H), 2.57 (s, 6H), 2.39 (s, 3H);
13C NMR (101 MHz, (CD3)2S0, 9): 153.4, 143.7, 130.7, 112.0, 22.1, 18.1; “B NMR (128
MHz, (CD3)2S0, 8): —2.3; °F NMR (376 MHz, (CD3)2S0, 8): —148.1 (m, 'J_ 10, 4F), —148.2

(m, Y 115, 4F); ESI-MS m/z (ion, %): 147 (IM-BF.]*, 100); ESI-HRMS m/z: 147.0916
[M—BF4]" (CoH11N2 requires 147.0917).

The analytical data obtained was in accordance with the literature.?®
Lab book reference number (Method A): AJR-5-376
Lab book reference number (Method B): LAH-1-38 (reaction conducted by A. Hammarback)

4-Methoxybenzene-1-diazonium tetrafluoroborate (197)

N
N, BF,
I

Method A: Synthesised using general procedure A from 4-methoxyaniline 183 (1.23 g, 10
mmol, 1 eq.) in deionised water (5.5mL) to afford the title compound as a white solid (182
mg, 8%).

Method B: Synthesised using general procedure B from 4-methoxyaniline 183 (1.23 g, 10
mmol, 1 eq.) in EtOH (3 mL) to afford the title compound as a white solid (2.16 g, 98%).

M.P. 145-147 °C (lit.2° 143 °C); 'H NMR (400 MHz, (CDs),SO, §): 8.64-8.58 (m, 2H),
7.51-7.45 (m, 2H), 4.04 (s, 3H): °C NMR (101 MHz, (CD3).SO, &): 168.8, 136.2, 117.3,
103.4, 57.5; B NMR (128 MHz, (CD3)2SO0, 3): —2.3; F NMR (376 MHz, (CD3)2SO, 5):
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~148.1 (M, 3_ 10, 4F), —148.1 (m, YJ_ 11, 4F); ESI-MS m/z (ion, %): 135 ((M—BFa]*, 100);
ESI-HRMS m/z: 135.0548 [M—BF4]" (C7H7N20 requires 135.0553).

The analytical data obtained was in accordance with the literature.?*2
Lab book reference number (Method A): AJR-5-406
Lab book reference number (Method B): LAH-1-34 (reaction conducted by A. Hammarback)

4-Phenoxybenzene-1-diazonium tetrafluoroborate (198)

0y
O

Synthesised using general procedure B from 4-phenoxyaniline 184 (1.85 g, 10 mmol, 1 eq.)
in EtOH (3 mL) to afford the title compound as an off-white solid (2.71 g, 95%).

M.P. 167-170 °C (Iit.2%2 177-178 °C); *H NMR (400 MHz, (CD3),SO0, 8): 8.67-8.60 (m, 2H),
7.61-7.54 (m, 2H), 7.45-7.37 (m, 3H), 7.33-7.27 (m, 2H); *C NMR (101 MHz, (CDs),SO,
8): 167.1, 152.7, 136.6, 131.0, 126.9, 121.0, 118.7, 106.0; B NMR (128 MHz, (CDs),SO,

8): —2.3; 1°F NMR (376 MHz, (CDs)2SO0, 8): —148.1 (m, g 10g, 4F), —148.1 (m, g 11g, 4F);
ESI-MS m/z (ion, %): 197 (I[M—BF.]*, 100); ESI-HRMS m/z: 197.0706 [M—BF.]*
(C12H9N20 requires 197.0709).

The analytical data obtained was in accordance with the literature.?
Lab book reference number: AJR-8-722

4-Fluorobenzene-1-diazonium tetrafluoroborate (199)

.
F

Method A: Synthesised using general procedure A from 4-aminofluorobenzene 185 (0.95 mL,
1.11 g, 10 mmol, 1 eq.) in deionised water (5.5 mL) to afford the title compound as a white
solid (1.10 g, 52%).

Method B: Synthesised using general procedure B from 4-aminofluorobenzene 185 (0.95 mL,
1.11 g, 10 mmol, 1 eq.) to afford the title compound as a white solid (2.05 g, 98%).

M.P. 164-165 °C (lit.22 161162 °C); *H NMR (400 MHz, (CDs),SO, 8): 8.83-8.77 (m, 2H),
7.93-7.85 (m, 2H); C NMR (101 MHz, (CD3);S0, 8): 168.4 (d, J = 267.0 Hz), 137.0 (d, J
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= 12.0 Hz), 119.4 (d, J = 25 .0 Hz), 111.9 (d, J = 3.0 Hz); ‘B NMR (128 MHz, (CDs),SO,
8): =2.3; %F NMR (376 MHz, (CDs)2S0, 8): —87.1, —148.0 (m, 1], 10,, 4F), —148.1 (m, *J__

11, 4F); ESI-MS m/z (ion, %): 123 ([M—BF4]*, 100); ESI-HRMS m/z: 123.0353 [M—BF4]"
(CsH4FN; requires 123.0353).

The analytical data obtained was in accordance with the literature.?
Lab book reference number (Method A): AJR-5-415
Lab book reference number (Method B): LAH-1-25 (reaction conducted by A. Hammarback)

4-Bromobenzene-1-diazonium tetrafluoroborate (200)

+ -
/©/N2 BF4
Br

Method A: Synthesised using general procedure A from 4-aminobromobenzene 186 (1.72 g,
10 mmol, 1 eq.) in deionised water (5.5 mL) to afford the title compound as a white solid
(887 mg, 33%).

Method B: Synthesised using general procedure B from 4-aminobromobenzene 186 (1.72 g,
10 mmol, 1 eq.) in EtOH (3 mL) to afford the title compound as a white solid (2.52 g, 93%).

M.P. 138-140 °C (lit.2*% 138 °C dec.); *H NMR (400 MHz, (CDx),S0, 5): 8.60-8.55 (m, 2H),
8.29-8.24 (M, 2H); 3C NMR (101 MHz, (CD5),S0, ): 136.6, 134.5, 134.0, 115.2; 1B NMR
(128 MHz, (CD3):S0, 8): —2.3; °F NMR (376 MHz, (CDs)2S0, 8): —148.1 (m, YJ_ 10, 4F),

~148.2 (m, YJ_ 11, 4F); ESI-MS m/z (ion, %): 183 ([IM—BF,]*, 100); ESI-HRMS m/z:
182.9556 [M—BF4]* (CeH4BrN: requires 182.9552).

The analytical data obtained was in accordance with the literature.?*2
Lab book reference number (Method A): AJR-5-373

Lab book reference number (Method B): LAH-1-23 (reaction conducted by A. Hammarback)
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3-Bromobenzene-1-diazonium tetrafluoroborate (201)

+ -
Br\©/ N2 BF4

Method A: Synthesised using general procedure A from 3-aminobromobenzene 187 (1.09
mL, 1.72 g, 10 mmol, 1 eq.) in deionised water (5.5 mL) to afford the title compound as a
white solid (1.18 g, 44%).

Method B: Synthesised using general procedure B from 3-aminobromobenzene 187 (1.09
mL, 1.72 g, 10 mmol, 1 eq.) in EtOH (3 mL) to afford the title compound as a white solid
(2.71 g, quant.).

M.P. 140-142 °C (lit.2® 145 °C); *H NMR (400 MHz, (CD3).S0, 8): 8.96 (dd, J = 2.0, 2.0
Hz, 1H), 8.69 (ddd, J = 8.5, 2.0, 1.0 Hz, 1H), 8.49 (ddd, J = 8.5, 2.0, 1.0 Hz, 1H), 7.92 (dd,
J =85, 8.5 Hz, 1H); *C NMR (101 MHz, (CDs),SO0, §): 143.8, 134.3, 132.8, 131.9, 122.3,
117.8; B NMR (128 MHz, (CD3)S0, 3): —2.3; 9F NMR (376 MHz, (CD3)2S0, §): —148.0
(M, Y. 105, 4F), —148.0 (m, J_ 11, 4F); ESI-MS m/z (ion, %): 183 ((M—BF4]*, 100); ESI-

HRMS m/z: 182.9548 [M—BF4]* (CsH4BrN- requires 182.9552).

The analytical data obtained was in accordance with the literature.?

Lab book reference number (Method A): AJR-5-390

Lab book reference number (Method B): LAH-1-31 (reaction conducted by A. Hammarback)

4-Chlorobenzene-1-diazonium tetrafluoroborate (202)

/©,N2 "BF,
cl

Method A: Synthesised using general procedure A from 4-aminochlorobenzene 188 (1.28 g,
10 mmol, 1 eq.) in deionised water (5.5 mL) to afford the title compound as a white solid
(556 mg, 25%).

Method B: Synthesised using general procedure B from 4-aminochlorobenzene 188 (1.28 g,
10 mmol, 1 eq.) in EtOH (3 mL) to afford the title compound as a white solid (2.15 g, 95%).

M.P. 138-139 °C (lit.212 134 °C dec.); *H NMR (400 MHz, (CD3)SO0, §): 8.73-8.64 (m, 2H),
8.15-8.07 (M, 2H); *C NMR (101 MHz, (CDs),S0, 5): 146.5, 134.4, 131.6, 114.8; "B NMR
(128 MHz, (CD3)2S0, 8): —2.3; °F NMR (376 MHz, (CD3)2S0, 3): —148.0 (m, 108, 4F),
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-148.0 (M, YJrue, 4F); ESI-MS m/z (ion, %): 139 ([M—BF,]*, 100); ESI-HRMS m/z:
139.0054 [M—BF4]* (C¢H4CIN; requires 139.0058).

The analytical data obtained was in accordance with the literature.?
Lab book reference number (Method A): AJR-5-375
Lab book reference number (Method B): LAH-1-24 (reaction conducted by A. Hammarback)

3-Chlorobenzene-1-diazonium tetrafluoroborate (203)

+ -
C|\©/N2 BF4

Method A: Synthesised using general procedure A from 3-aminochlorobenzene 189 (1.10
mL, 1.28 g, 10 mmol, 1 eq.) in deionised water (5.5 mL) to afford the title compound as a
white solid (1.06 g, 47%).

Method B: Synthesised using general procedure B from 3-aminochlorobenzene 189 (1.10
mL, 1.28 g, 10 mmol, 1 eq.) in EtOH (3 mL) to afford the title compound as a white solid
(2.26 g, quant.).

M.P. 147-148 °C (lit.?'° 148 °C dec.); *H NMR (400 MHz, (CDs3),SO, 8): 8.85 (dd, J = 2.0,
2.0 Hz, 1H), 8.67 (ddd, J = 8.5, 2.0, 1.0 Hz, 1H), 8.37 (ddd, J = 8.5, 2.0, 1.0 Hz, 1H), 8.01
(dd, J = 8.5, 8.5 Hz, 1H); 3C NMR (101 MHz, (CD3),SO, 8): 141.1, 134.6, 132.9, 131.7,
131.6, 117.8; 1'B NMR (128 MHz, (CD3),S0, §): —2.2; °F NMR (376 MHz, (CD3),S0, §):
—148.0 (m, Y_ 105, 4F), —148.0 (m, "J_ 11, 4F); ESI-MS m/z (ion, %): 139 ((M—BF.]*, 100);
ESI-HRMS m/z: 139.0055 [M—BF4]* (CsH4CIN; requires 139.0058).

The analytical data obtained was in accordance with the literature.?
Lab book reference number (Method A): AJR-5-382

Lab book reference number (Method B): LAH-1-32 (reaction conducted by A. Hammarback)

189



Chapter 6: Experimental

4-(Trifluoromethyl)benzene-1-diazonium tetrafluoroborate (54)

+ -

FsC

Method A: Synthesised using general procedure A from 4-aminobenzotrifluoride 190 (0.63
mL, 805 mg, 5 mmol, 1 eq.) in deionised water (2.75 mL) to afford the title compound as a
white solid (416 mg, 32%).

Method B: Synthesised using general procedure A from 4-aminobenzotrifluoride 190 (1.26
mL, 1.61 mg, 10 mmol, 1 eq.) in EtOH (3 mL) to afford the title compound as a white solid
(2.38 g, 92%).

M.P. 118-119 °C (lit.?* 105-106 °C); *H NMR (400 MHz, (CDs):SO, 5): 8.91 (d, J = 8.5
Hz, 2H), 8.42 (d, J = 8.5 Hz, 2H); *C NMR (101 MHz, (CD3)S0, §): 113.8, 128.3, 122.3
(g, J = 274.0 Hz), 121.3, 110.5; B NMR (128 MHz, (CD3).SO, §): —2.3; °F NMR (376
MHz, (CD3)2S0, 8): —62.5, —148.0 (m, “J__ 105, 4F), —148.1 (m, 1], 11, 4F); ESI-MS m/z (ion,

%): 173 ([M—BF4]*, 100); ESI-HRMS m/z: 173.0325 [M-BFa4]" (CsHsFsN2 requires
173.0321).

The analytical data obtained was in accordance with the literature.??
Lab book reference number (Method A): AJR-4-368
Lab book reference number (Method B): LAH-1-44 (reaction conducted by A. Hammarback)

4-Nitrobenzene-1-diazonium tetrafluoroborate (204)

+ -

o
O,N

Synthesised using general procedure A from 4-nitroaniline 191 (1.38 g, 10 mmol, 1 eq.) in
EtOH (3 mL) to afford the title compound as a white solid (2.24 g, 95%).

M.P. 148-151 °C (lit.2*2 155 °C dec.); *H NMR (400 MHz, (CDs);SO, 8): 8.95-8.90 (m, 2H),
8.75-8.69 (M, 2H); 13C NMR (101 MHz, (CD5),S0, 8): 153.3, 134.6, 126.1, 121.9; 1B NMR

(128 MHz, (CD3)2S0, 8): —2.3; °F NMR (376 MHz, (CD3)2S0, 3): —148.1 (m, J¢ 10, 4F),

~148.1 (m, Yet1g, 4F); ESI-MS m/z (ion, %): 150 ([M—BF,]*, 100); ESI-HRMS m/z:
150.0304 [M—BF,]* (CeHaN:O; requires 150.0298).

The analytical data obtained was in accordance with the literature.?
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Lab book reference number: LAH-1-41 (reaction conducted by A. Hammarback)

Methyl (2S)-3-[2-(4-methylphenyl)-1H-indol-3-yl]-2-acetamidopropanoate (76)

Method A: Synthesised using general procedure C with aryldiazonium salt 192 (40 mg, 0.192

mmol, 1 eq.) to afford the title compound as a brown solid (67 mg, quant.).

Method B: Synthesised as in method A using Pd(OTs),(MeCN), 215 (5.1 mg, 9.6 pmol, 5
mol%) in place of Pd(OAc), to afford the title compound as a brown solid (67 mg, quant.).

R¢0.32 (petrol/EtOAC, 1:1, v/V); [a]» = +51.9 (¢ 0.10, CHCI3); M.P. 97-99 °C; *H NMR (400
MHz, CDCls, 6): 8.14 (br s, 1H), 7.56 (d, J = 8.0 Hz, 1H), 7.49-7.43 (m, 2H), 7.38-7.33 (m,
1H), 7.31-7.27 (m, 2H), 7.20 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 7.13 (ddd, J = 8.0, 7.0, 1.0 Hz,
1H), 5.77 (d, J = 8.0 Hz, 1H), 4.82 (dt, J = 8.0, 5.5 Hz, 1H), 3.54 (dd, J = 15.0, 5.5 Hz, 1H),
3.52 (dd, J =15.0, 5.5 Hz, 1H), 3.33 (s, 3H), 2.41 (s, 3H), 1.66 (s, 3H); 1*C NMR (101 MHz,
(CDCls, 8):172.4,169.7,138.2,136.2,135.7,130.3, 130.0, 129.6, 128.3, 122.5,120.1, 118.9,
111.0, 106.6, 52.9, 52.2, 26.8, 23.0, 21.4; ESI-MS m/z (ion, %): 351 ([M+H]*, 10), 373
(IM+Na]*, 100); ESI-HRMS m/z: 373.1524 [M+Na]* (C21H22N2NaOs requires 373.1523).

The analytical data obtained was in accordance with the literature.**
Lab book reference number (method A): AJR-8-715
Lab book reference number (method B): THS-1-64 (reaction conducted by T. Sheridan)

Methyl (2S)-3-[2-(4-tert-butylphenyl)-1H-indol-3-yl]-2-acetamidopropanoate (205)

Method A: Synthesised using general procedure C with aryldiazonium salt 193 (48 mg, 0.192

mmol, 1 eq.) to afford the title compound as a brown solid (75 mg, quant.).

Method B: Synthesised as in method A using Pd(OTs).(MeCN), 215 (5.1 mg, 9.6 pmol, 5

mol%) in place of Pd(OAC), to afford the title compound as a brown solid (75 mg, quant.).
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R¢ 0.30 (petrol/EtOAc, 1:1.5, VIV); [a], = +68.6 (¢ 0.10, CHCI3); M.P. 153-155 °C; *H NMR
(400 MHz, CDCls, 6): 8.14 (br s, 1H), 7.56 (d, J = 8.0 Hz, 1H), 7.50 (s, 4H), 7.36 (d, J = 8.0
Hz, 1H), 7.19 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 7.13 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 5.77 (d, J
= 8.0 Hz, 1H), 4.84 (dt, J = 8.0, 5.5 Hz, 1H), 3.56 (app d, J = 5.5 Hz, 2H), 3.28 (s, 3H), 1.64
(s, 3H), 1.36 (s, 9H); *C NMR (101 MHz, (CDCls, 8): 172.3, 169.7, 151.3, 136.1, 135.7,
130.4, 129.6, 128.1, 126.2, 122.5, 120.1, 118.9, 111.0, 106.5, 52.9, 52.1, 34.9, 31.4, 26.6,
23.0; ESI-MS m/z (ion, %): 393 ([M+H]*, 10), 415 ([M+Na]*, 100); ESI-HRMS m/z:
393.2169 [M+Na]* (C24H29N203 requires 393.2173); IR (solid-state ATR, cm™): 3282 (w,
br), 2960 (m), 1738 (m), 1660 (m), 1518 (m), 1436 (m), 1372 (m), 1260 (m), 1214 (m), 1013
(m), 837 (m), 799 (m), 741 (s), 588 (m).

Lab book reference number (method A): AJR-8-718
Lab book reference number (method B): THS-1-65 (reaction conducted by T. Sheridan)

Methyl (2S)-2-acetamido-3-[2-(1-naphthylphenyl)-1H-indol-3-yl]propanoate (206)

Method A: Synthesised using general procedure C with aryldiazonium salt 194 (50 mg, 0.192
mmol, 1 eq.) to afford the title compound as a brown solid (74 mg, quant.).

Method B: Synthesised as in method A using Pd(OTs)2(MeCN), 215 (5.1 mg, 9.6 umol, 5
mol%) in place of Pd(OAc), to afford the title compound as a brown solid (74 mg, quant.).

Rr 0.15 (petrol/EtOAc, 1:1, v/v); M.P. 78-79 °C dec.; *H NMR (400 MHz, CDCls, 3): 8.45
(brs, 1H), 7.94 (d, J = 8.0 Hz, 2H), 7.80 (d, J = 8.0 Hz, 1H), 7.64 (d, J = 8.0 Hz, 1H), 7.58—
7.45 (m, 4H), 7.37 (d, J = 8.0 Hz, 1H), 7.24 (ddd, J = 7.5, 1.0 Hz, 1H), 7.19 (ddd, J = 7.5,
1.0 Hz, 1H), 5.58 (d, J = 8.0 Hz, 1H), 4.68 (dt, J = 8.0, 5.0 Hz, 1H), 3.50-2.98 (m, 5H), 1.26
(br s, 3H); 3C NMR (101 MHz, (CDCls, 8): 172.2, 169.6, 136.0, 134.8, 134.0, 132.4, 130.3,
129.2, 128.8, 128.7, 128.7, 127.2, 126.5, 125.7, 125.6, 122.6, 120.1, 119.0, 111.1, 108.8,
52.9, 52.0, 26.8, 22.6; ESI-MS m/z (ion, %): 387 ([M+H]*, 20), 409 ([M+Na]*, 100); ESI-
HRMS m/z: 387.1695 [M+H]* (C24H23N203 requires 387.1703); IR (solid-state, ATR, cm™):
3254 (w, br), 1734 (m), 1653 (s), 1506 (m), 1435 (m), 1371 (s), 1214 (s), 1011 (s), 908 (M),
804 (m), 779 (m), 727 (m), 494 (w).
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Lab book reference number (method A): LAH-2-110 (reaction conducted by A.

Hammarback)
Lab book reference number (method B): AJR-7-679

Methyl (2S)-2-acetamido-3-[2-(4-phenylphenyl)-1H-indol-3-yl]propanoate (207)

Method A: Synthesised using general procedure C with aryldiazonium salt 195 (52 mg, 0.192

mmol, 1 eq.) to afford the title compound as a brown solid (79 mg, quant.).

Method B: Synthesised as in method A using Pd(OTs),(MeCN), 215 (5.1 mg, 9.6 pmol, 5
mol%) in place of Pd(OAC), to afford the title compound as a brown solid (79 mg, quant.).

R¢ 0.27 (petrol/EtOAc, 1:1.5, VIV); [a]» = +94.8 (c 0.10, CHCIs); M.P. 205-206 °C; *H NMR
(400 MHz, CDCls, 6): 8.32 (br s, 1H), 7.74—7.67 (m, 2H), 7.66—7.61 (m, 4H), 7.60-7.56 (m,
1H), 7.52-7.44 (m, 2H), 7.43-7.35 (m, 2H), 7.21 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 7.15 (ddd,
J=8.0,7.0,1.0 Hz, 1H), 5.84 (d, J = 8.0 Hz, 1H), 4.87 (dt, J = 8.0, 5.5 Hz, 1H), 3.62 (dd, J
=15.0, 5.5 Hz, 1H), 3.59 (dd, J = 15.0, 5.5 Hz, 1H), 3.32 (s, 3H), 1.66 (s, 3H); °C NMR
(101 MHz, (CDCls, 6): 172.3, 169.7, 140.9, 140.3, 135.9, 135.7, 132.2, 129.7, 129.1, 128.7,
127.9, 127.1, 122.8, 120.2, 119.0, 111.1, 107.2, 100.1, 53.0, 52.2, 26.8, 23.0; ESI-MS m/z
(ion, %): 413 ([M+H]*, 10), 435 ([M+Na]*, 100); ESI-HRMS m/z: 413.1871 [M+H]*
(C26H25N203 requires 413.1860); IR (solid-state, ATR, cm™): 3406 (w), 3378 (w), 1746 (m),
1655 (s), 1460 (m), 1449 (m), 1374 (m), 1314 (m), 1184 (m), 1008 (w), 982 (w), 842 (w),
767 (m), 743 (s), 734 (m), 697 (m), 535 (s), 512 (m).

Lab book reference number (method A): AJR-8-719

Lab book reference number (method B): THS-1-66 (reaction conducted by T. Sheridan)
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Methyl (2S)-2-acetamido-3-[2-(4-methoxyphenyl)-1H-indol-3-yl]propanoate (77)

Method A: Synthesised using general procedure C (with a reaction time of 24 h) with
aryldiazonium salt 197 (43 mg, 0.192 mmol, 1 eq.) to afford the title compound as a brown
solid (70 mg, quant.).

Method B: Synthesised as in method A using Pd(OTs)2(MeCN), 215 (5.1 mg, 9.6 umol, 5
mol%) in place of Pd(OAc), to afford the title compound as a brown solid (70 mg, quant.).

Method C: Reaction conducted as in method B using Pd(OTs)2(MeCN), 215 (2.5 mg, 4.8
umol, 2.5 mol%) to afford a crude brown solid. *H NMR spectroscopic analysis indicated

49% conversion to the title compound, which was not purified.

Method D: Reaction conducted as in method B using Pd(OTs).(MeCN). 215 (1 mg, 1.92
umol, 1 mol%) to afford a crude brown solid. *H NMR spectroscopic analysis indicated 40%

conversion to the title compound, which was not purified.

Rr 0.15 (petrol/EtOAC, 1:1, vIv); [a], = +34.9 (¢ 0.10, CHCI3); M.P. 202-205 °C; *H NMR
(400 MHz, CDCls, 8): 8.56 (br s, 1H), 7.54 (d, J = 8.0 Hz, 1H), 7.49-7.44 (m, 2H), 7.33 (d,
J =8.0 Hz, 1H), 7.17 (ddd, J = 8.0, 7.0, 1.5 Hz, 1H), 7.12 (ddd, J = 8.0, 7.0, 1.5 Hz, 1H),
6.95-6.90 (m, 2H), 5.85 (d, J = 8.0 Hz, 1H), 4.81 (dt, J = 8.0, 5.5 Hz, 1H), 3.81 (s, 3H), 3.52
(dd, J = 15.0, 5.5 Hz, 1H), 3.48 (dd, J = 15.0, 5.5 Hz, 1H), 3.34 (s, 3H), 1.66 (s, 3H); 1*C
NMR (101 MHz, (CDCls, 8): 172.4, 169.8, 159.5, 136.1, 135.7, 129.6, 129.5, 125.6, 122.2,
119.9, 118.6, 114.6, 111.1, 105.9, 55.5, 53.0, 52.2, 26.7, 23.0; ESI-MS m/z (ion, %): 367
([M+H]*, 50), 389 ([M+Na]*, 100); ESI-HRMS m/z: 389.1458 [M+Na]* (Cz:H22N2NaO,
requires 389.1472).

The analytical data obtained was in accordance with the literature.*
Lab book reference number (method A): AJR-5-410
Lab book reference number (method B): AJR-7-653
Lab book reference number (method C): AJR-7-638

Lab book reference number (method D): AJR-7-627
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Methyl (2S)-2-acetamido-3-[2-(4-phenoxyphenyl)-1H-indol-3-yl]propanoate (208)

Method A: Synthesised using general procedure C with aryldiazonium salt 198 (55 mg, 0.192
mmol, 1 eq.) to afford the title compound as a brown solid (82 mg, quant.).

Method B: Synthesised as in method A using Pd(OTs)2(MeCN), 215 (5.1 mg, 9.6 umol, 5
mol%) in place of Pd(OAc), to afford the title compound as a brown solid (82 mg, quant.).

Rf 0.29 (petrol/EtOAc, 1:1.5, V/V); [a], = +85.3 (¢ 0.10, CHCIs); M.P. 72-74 °C; *H NMR
(400 MHz, CDCls, 8): 8.32 (br s, 1H), 7.56 (d, J = 8.0 Hz, 1H), 7.52-7.47 (m, 2H), 7.42—
7.36 (m, 2H), 7.35-7.32 (m, 1H), 7.22-7.16 (m, 2H), 7.15-7.11 (m, 1H), 7.10-7.04 (m, 4H),
5.85 (d, J = 8.0 Hz, 1H), 4.84 (dt, J = 8.0, 5.5 Hz, 1H), 3.52 (dd, J = 15.0, 5.5 Hz, 1H), 3.49
(dd, J=15.0,5.5 Hz, 1H), 3.38 (s, 3H), 1.72 (s, 3H); *C NMR (101 MHz, (CDCls, 5): 172.4,
169.7, 157.6, 156.5, 135.8, 135.7, 130.1, 129.8, 129.5, 127.9, 124.1, 122.6, 120.1, 119.6,
119.0, 118.9, 111.1, 106.6, 53.0, 52.2, 26.8, 23.1; ESI-MS m/z (ion, %): 429 ([M+H]*, 20),
451 ([M+Na]*, 100); ESI-HRMS m/z: 451.1622 [M+Na]* (CzH2aN2NaO. requires
451.1628); IR (solid-state, ATR, cm™): 3266 (w, br), 2961 (w), 1736 (m), 1654 (m), 1588
(w), 1487 (s), 1458 (m), 1436 (m), 1372 (w), 1229 (s), 1012 (m), 869 (m), 840 (m), 795 (M),
743 (s), 692 (M), 486 (W).

Lab book reference number: AJR-8-723
Lab book reference number (method B): THS-1-67 (reaction conducted by T. Sheridan)

Methyl (2S)-3-[2-(4-fluorophenyl)-1H-indol-3-yl]-2-acetamidopropanoate (120)

Method A: Synthesised using general procedure C with aryldiazonium salt 199 (40 mg, 0.192

mmol, 1 eq.) to afford the title compound as a brown solid (68 mg, quant.).

Method B: Synthesised as in method A using Pd(OTs)2(MeCN), 215 (5.1 mg, 9.6 pmol, 5

mol%) in place of Pd(OAc), to afford the title compound as a brown solid (68 mg, quant.).
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Rr 0.23 (petrol/EtOAc, 1:1, VIV); [a], = +54.4 (¢ 0.10, CHCIs); M.P. 213-216 °C dec.; H
NMR (400 MHz, CDCls, 8): 8.18 (br s, 1H), 7.56 (ddt, J = 8.0, 1.5, 1.0 Hz, 1H), 7.54-7.48
(m, 2H), 7.34 (dt, J = 8.0, 1.0 Hz, 1H), 7.20 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 7.17-7.12 (m,
3H), 5.84 (d, J = 8.0 Hz, 1H), 4.83 (dt, J = 8.0, 5.5 Hz, 1H), 3.51 (dd, J = 15.0, 5.5 Hz, 1H),
3.46 (dd, J = 15.0, 5.5 Hz, 1H), 3.33 (s, 3H), 1.70 (s, 3H); 3C NMR (101 MHz, (CDCls, §):
172.3,169.7, 162.9 (q, YJc_r = 249.0 Hz), 135.8, 135.1, 130.3 (d, 3Jc = 8.0 Hz), 129.5, 129.4
(d, YJcr = 3.5 Hz), 122.8, 120.3, 119.0, 116.3 (d, 2Jc ¢ = 21.5 Hz), 111.1, 107.0, 52.9, 52.2,
26.8, 23.1; 1°F NMR (376 MHz, CDCls, 8): —112.8—112.9 (m); ESI-MS m/z (ion, %): 355
([M+H]*, 60), 377 ([M+Na]*, 100); ESI-HRMS m/z: 355.1442 [M+H]* (Ca0H20FN,O3
requires 355.1452).

The analytical data obtained was in accordance with the literature.?!
Lab book reference number (method A): AJR-5-417
Lab book reference number (method B): AJR-7-655

Methyl (2S)-3-[2-(4-bromophenyl)-1H-indol-3-yl]-2-acetamidopropanoate (79)

Method A: Synthesised using general procedure C with aryldiazonium salt 200 (52 mg, 0.192
mmol, 1 eq.) to afford the title compound as a brown solid (80 mg, quant.).

Method B: Synthesised as in method A using Pd(OTs).(MeCN), 215 (5.1 mg, 9.6 pmol, 5
mol%) in place of Pd(OAC), to afford the title compound as a brown solid (80 mg, quant.).

Rr0.31 (petrol/EtOAc, 1:1, vIV); [a], = +44.0 (c 0.10, CHCIs); M.P. 74-75 °C dec.; 'H NMR
(400 MHz, CDCls, 6): 8.36 (br s, 1H), 7.60—7.54 (m, 3H), 7.44-7.39 (m, 2H), 7.34 (dt, J =
8.0, 1.0 Hz, 1H), 7.21 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 7.14 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H),
5.85(d, J = 8.0 Hz, 1H), 4.83 (dt, J = 8.0, 5.5 Hz, 1H), 3.52 (dd, J = 15.0, 5.5 Hz, 1H), 3.47
(dd, J=15.0,5.5 Hz, 1H), 3.33 (s, 3H), 1.70 (s, 3H); *C NMR (101 MHz, (CDCls, 8): 172.3,
169.8, 135.9, 134.8, 132.4, 132.2, 129.9, 129.5, 123.0, 122.2, 120.3, 119.1, 111.2, 107.4,
53.0, 52.2, 26.9, 23.1; ESI-MS m/z (ion, %): 415 ([M+H]*, 30), 437 ([M+Na]*, 100); ESI-
HRMS m/z: 437.0474 [M+Na]* (C2H1sBrN2NaOs requires 437.0471).

The analytical data obtained was in accordance with the literature.*4
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Lab book reference number (method A): AJR-5-401
Lab book reference number (method B): AJR-7-656

Methyl (2S)-3-[2-(3-bromophenyl)-1H-indol-3-yl]-2-acetamidopropanoate (209)

Method A: Synthesised using general procedure C with aryldiazonium salt 201 (43 mg, 0.192
mmol, 1 eq.) to afford the title compound as a brown solid (80 mg, quant.).

Method B: Synthesised as in method A using Pd(OTs)2(MeCN), 215 (5.1 mg, 9.6 umol, 5
mol%) in place of PA(OAC).. Purification by dry-loaded flash column chromatography (SiOo,
petrol/EtOAc, 1:1, v/v) afforded the title compound as a brown solid (55 mg, 69%).

Rr 0.28 (petrol/EtOAC, 1:1, vIV); [a], = +50.5 (¢ 0.10, CHCIs); M.P. 82-84 °C dec.; *H NMR
(400 MHz, CDCls, 8): 8.27 (brs, 1H), 7.71 (t, J = 1.5 Hz, 1H), 7.58 (ddt, J = 8.0, 1.5, 1.0 Hz,
1H), 7.53-7.48 (m, 2H), 7.38-7.32 (m, 2H), 7.22 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 7.15 (ddd,
J=8.0,7.0,1.0Hz 1H),5.84 (d, J = 8.0 Hz, 1H), 4.85 (dt, J = 8.0, 5.5 Hz, 1H), 3.53 (dd, J
= 15.0, 5.5 Hz, 1H), 3.48 (dd, J = 15.0, 5.5 Hz, 1H), 3.34 (s, 3H), 1.72 (s, 3H); 3C NMR
(101 MHz, CDCls, 6): 172.3, 169.7, 135.9, 135.3, 134.4, 131.2, 131.1, 130.8, 129.4, 127.1,
123.2, 123.1, 120.4, 119.2, 111.2, 107.9, 52.9, 52.2, 26.8, 23.1; ESI-MS m/z (ion, %): 415
(IM+H]*, 50), 437 ([M+Na]*, 100); ESI-HRMS m/z: 415.0658 [M+H]" (Ca0H20BrN;Os
requires 415.0652); IR (solid-state, ATR, cm™): 3264 (w, br), 3057 (w), 2951 (w), 2924 (w),
2850 (w), 1732 (m), 1651 (s), 1596 (m), 1518 (m), 1435 (s), 1372 (m), 1261 (m), 1214 (s),
1010 (m), 787 (m), 741 (s), 687 (s), 594 (m), 507 (M), 437 (m); UV—vis (DMSO, nm): Amax
312 (e = 19398 mol dm™ cm?).

Lab book reference number (method A): AJR-5-407

Lab book reference number (method B): AJR-7-666
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Methyl (2S)-3-[2-(4-chlorophenyl)-1H-indol-3-yl]-2-acetamidopropanoate (210)

Method A: Synthesised using general procedure C with aryldiazonium salt 202 (43 mg, 0.192
mmol, 1 eq.). Purification by dry-loaded flash column chromatography (SiO., petrol/EtOAc,
1:1, vlv) afforded the title compound as a brown solid (52 mg, 73%).

Method B: Synthesised as in method A using Pd(OTs)2(MeCN); 215 (5.1 mg, 9.6 umol, 5
mol%) in place of PA(OAC).. Purification by dry-loaded flash column chromatography (SiOz,
petrol/EtOAC, 1:1, v/v) afforded the title compound as a brown solid (57 mg, 80%).

Rf 0.39 (petrol/EtOAc, 1:1, V/V); [a], = +45.6 (¢ 0.10, CHCI3); M.P. 202 °C dec.; 'H NMR
(400 MHz, CDCls, 9): 8.19 (br s, 1H), 7.57 (dt, J = 8.0, 1.0, 1.0 Hz, 1H), 7.53-7.48 (m, 2H),
7.47-7.43 (m, 2H), 7.38-7.33 (m, 1H), 7.22 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 7.15 (ddd, J =
8.0, 7.0, 1.0 Hz, 1H), 5.82 (d, J = 8.0 Hz, 1H), 4.84 (dt, J = 8.0, 5.5 Hz, 1H), 3.51 (dd, J =
15.0, 5.5 Hz, 1H), 3.46 (dd, J = 15.0, 5.5 Hz, 1H), 3.33 (s, 3H), 1.71 (s, 3H); *C NMR (101
MHz, (CDCls, 8): 172.3,169.7, 135.9, 134.8, 134.2, 131.7, 129.6, 129.5, 129.5, 123.0, 120.4,
119.1, 111.2, 107.5, 53.0, 52.2, 26.9, 23.1; ESI-MS m/z (ion, %): 371 ([M+H]*, 30), 393
(IM+Na]*, 100); ESI-HRMS m/z: 371.1166 [M+H]" (C2H20CIN2Os requires 371.1157).

Crystals suitable for X-ray diffraction were grown by slow diffusion from a solution of
CHCl.

The analytical data obtained was in accordance with the literature.?!
Lab book reference number (method A): AJR-5-405

Lab book reference number (method B): AJR-7-667
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Methyl (2S)-3-[2-(3-chlorophenyl)-1H-indol-3-yl]-2-acetamidopropanoate (211)

Method A: Synthesised using general procedure C with aryldiazonium salt 203 (43 mg, 0.192
mmol, 1 eq.). Purification by dry-loaded flash column chromatography (SiO, petrol/EtOAc,
1:1, vlv) afforded the title compound as a brown solid (45 mg, 63%).

Method B: Synthesised as in method A using Pd(OTs)2(MeCN)2 215 (5.1 mg, 9.6 umol, 5
mol%) in place of PA(OAC).. Purification by dry-loaded flash column chromatography (SiOz,
petrol/EtOAC, 1:1, v/v) afforded the title compound as a brown solid (57 mg, 80%).

Rr 0.26 (petrol/EtOAC, 1:1, vIV); [a], = +54.4 (¢ 0.10, CHCIs); M.P. 78-79 °C dec.; *H NMR
(400 MHz, CDCls, 3): 8.19 (br s, 1H), 7.61-7.54 (m, 2H), 7.47 (dt, J = 7.5, 1.5 Hz, 1H),
7.45-7.39 (m, 1H), 7.36 (ddd, J = 7.5, 2.5, 1.5 Hz, 2H), 7.22 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H),
7.15 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 5.83 (d, J = 8.0 Hz, 1H), 4.85 (dt, J = 8.0, 5.5 Hz, 1H),
3.54 (dd, J = 15.0, 5.5 Hz, 1H), 3.51 (dd, J = 15.0, 5.5 Hz, 1H), 3.34 (s, 3H), 1.72 (s, 3H);
13C NMR (101 MHz, (CDCls, 8): 172.3, 169.7, 135.9, 135.2, 135.1, 134.5, 130.6, 129.5,
128.3, 128.2, 126.6, 123.2, 120.4, 119.3, 111.2, 107.9, 52.9, 52.2, 26.9, 23.1; ESI-MS m/z
(ion, %): 371 ([M+H]*, 90), 393 ([M+Na]*, 100); ESI-HRMS m/z: 393.0963 [M+Na]*
(C20H1sCIN2NaOs requires 393.0976); IR (solid-state, ATR, cm™): 3271 (w, br), 3059 (w),
2952 (w), 2852 (w), 1733 (m), 1651 (s), 1597 (m), 1520 (m), 1436 (m), 1372 (s), 1214 (s),
788 (s), 737 (s), 688 (m); UV—Vis (DMSO, nm): Amax 312 (¢ = 15639 mol dm™ cm™?).

Lab book reference number (method A): AJR-5-408
Lab book reference number (method B): AJR-7-667

Bis(acetonitrile)palladium ditosylate (215)?%2

TsO_ /OTS
Pd
AN
MeCN MeCN

Pd(OAC), (500 mg, 2.23 mmol, 1 eq.) was added to a Schlenk tube equipped with a magnetic
stirrer which was then sealed, evacuated and purged with N three times. Dry MeCN (45 mL)
was added with stirring to give an orange—brown solution. To this was added a solution of

para-toluenesulfonic acid (2.07 g, 12.04 mmol, 5.4 eq.) in dry MeCN (30 mL) via cannula,
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which resulted in a yellow solution. Dry Et,0 (50 mL) was then added to precipitate a yellow
solid and the mixture left to stand for 20 min with no stirring. After 20 min the excess Et.0
was removed by filter cannula and the resulting solid washed with dry Et,O (20 mL), which
was then removed by filter cannula. The resulting solid was dried briefly under vacuum to

afford the title compound as a cream solid (944 mg, 80%).

Note: Dissociation of MeCN ligands is facile in solution, the ratio of complexed p-
TsOH:complexed MeCN:free MeCN by *H NMR was measured as 1:0.6:1.3.

Mp 130-135 °C dec; *H NMR (400 MHz, CDs0D, d): 7.72 (d, J = 8.0 Hz, 4H), 7.25 (d, J =
8.0 Hz, 4H), 2.56 (s, complexed MeCN, 2H), 2.38 (s, 6H), 2.03 (s, free MeCN, 4H); 3C
NMR (125 MHz, CD;0D, §): 142.6, 137.6, 130.0, 127.0, 21.3; IR (solid-state, ATR, cm™):
3007, 2992, 2929, 2337, 1595, 1491, 1398, 1348, 1283, 1177, 1142, 1097, 1028, 1015, 947,
814, 712, 675, 642, 629, 554, 507, 438.

Lab book reference number (method A): AJR-6-532

Effect of MeCN on direct arylation of tryptophan

To a microwave tube was added tryptophan 74 (50 mg, 0.192 mmol, 1 eq.), aryldiazonium
salt 48 (37 mg, 0.192 mmol, 1 eq.), Pd(OAC)2 (2 mg, 9.6 umol, 5 mol%), MeCN (1 pL, 789
ug, 19.2 umol, 10 mol%) and EtOAc (5 mL). The reaction mixture was stirred at RT for 16
h. After 16 h the resulting brown reaction mixture was filtered through Celite then washed
with sat. ag. NaHCOs. The organic layer was collected and dried over MgSQsu, filtered and

evaporated to afford the title compound as an off-white solid (64 mg, quant.).
Lab book reference number: AJR-7-681

Attempted direct arylation of indole

H

To a microwave tube was added phenyldiazonium salt 48 (58 mg, 0.30 mmol, 1 eq.) and
Pd(OAC): (3.4 mg, 15 pmol, 5 mol%). Indole 45 (35 mg, 0.30 mmol, 1 eq.) was then added.

Upon addition phenyldiazonium salt 48 visibly darkened to red, followed by black. This
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heated up rapidly and began visibly smoking, which subsided after 2 min. EtOAc (3 mL) was
added to give a dark red solution which was stirred at 60 °C for 16 h. After 16 h TLC analysis

of the reaction mixture indicated a large number of species, so the reaction was abandoned.
Lab book reference number: AJR-5-453

Attempted direct arylation of methylindole

To a microwave tube was added 1-methylindole 33 (37 pL, 39 mg, 0.30 mmol, 1 eq.),
phenyldiazonium salt 48 (58 mg, 0.30 mmol, 1 eq.), Pd(OACc): (3.4 mg, 15 umol, 5 mol%)
and EtOAc (3 mL). The mixture was then stirred at 60 °C for 16 h. After 16 h TLC (SiOx,
petrol/EtOAC, 4.1, viv) analysis of the reaction mixture indicated a large number of species.
The resulting dark red reaction mixture was filtered through Celite then washed with sat. ag.
NaHCOs. The organic layer was collected and dried over MgSOs, filtered and evaporated to
give a brown residue. Analysis by *H NMR spectroscopic analysis indicated a large number

of species, so the reaction was abandoned.
Lab book reference number: AJR-5-454

Attempted direct arylation of indazole

To a microwave tube was added indazole 222 (35 mg, 0.30 mmol, 1 eq.), phenyldiazonium
salt 48 (58 mg, 0.30 mmol, 1 eq.), Pd(OAC)2 (3.4 mg, 15 pmol, 5 mol%) and EtOAc (3 mL).
The mixture was then stirred at 60 °C for 16 h. After 16 h the reaction mixture was filtered
through Celite then washed with sat. ag. NaHCOs. The organic layer was collected and dried
over MgSOs., filtered and evaporated to give a brown residue. Analysis by 'H NMR
spectroscopic analysis indicated only starting material. Purification by dry-loaded flash
column chromatography (SiOz, petrol/EtOAc, 1:1, v/v) afforded the starting material as an
off-white solid (35 mg, quant.).

Lab book reference number: AJR-6-468
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Attempted direct arylation of 7-azaindole at 60 °C

O
To a microwave tube was added 7-azaindole 223 (35 mg, 0.30 mmol, 1 eq.),
phenyldiazonium salt 48 (58 mg, 0.30 mmol, 1 eq.), Pd(OAC): (3.4 mg, 15 pumol, 5 mol%)
and EtOAc (3 mL). The mixture was then stirred at 60 °C for 16 h. After 16 h TLC (SiOo,
petrol/EtOAC, 1:1, v/v) analysis of the reaction mixture indicated a large number of species.
The reaction mixture was filtered through Celite then washed with sat. aq. NaHCOs. The
organic layer was collected and dried over MgSQy, filtered and evaporated to give a brown
residue. Analysis by *H NMR spectroscopic analysis indicated a large number of species, so
the reaction was abandoned.

Lab book reference number: AJR-6-469

Attempted direct arylation of 7-azaindole at 40 °C

m—@
N
H

N

To a microwave tube was added 7-azaindole 223 (35 mg, 0.30 mmol, 1 eq.),
phenyldiazonium salt 48 (58 mg, 0.30 mmol, 1 eq.), Pd(OACc): (3.4 mg, 15 pmol, 5 mol%)
and EtOAc (3 mL). The mixture was then stirred at 40 °C for 16 h. After 16 h TLC (SiOg,
petrol/EtOAC, 1:1, v/v) analysis of the reaction mixture indicated no conversion of starting

material, so the reaction was abandoned.
Lab book reference number: AJR-6-477

Attempted direct arylation of 7-azaindole at RT

OO

NZ N
To a microwave tube was added 7-azaindole 223 (35 mg, 0.30 mmol, 1 eq.),
phenyldiazonium salt 48 (58 mg, 0.30 mmol, 1 eq.), Pd(OACc): (3.4 mg, 15 umol, 5 mol%)
and EtOAc (3 mL). The mixture was then stirred at RT for 16 h. After 16 h TLC (SiOo,

petrol/EtOAc, 1:1, v/v) analysis of the reaction mixture indicated no conversion of starting

material, so the reaction was abandoned.

Lab book reference number: AJR-6-473
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1-Methylindazole (224)*2

N

\

To a round-bottomed flask equipped with a magnetic stirrer bar was added indazole 222 (1
g, 8.46 mmol, 1 eq.). This was dissolved in acetone (10 mL) with stirring, before being cooled
to 0 °C. KOH (1.42 g, 25.4 mmol, 3 eq.) was then added, the flask was sealed with a septum
and flushed with N, from a balloon. The reaction mixture was then stirred at 0 °C for 1 h,
then Mel (0.8 mL, 1.8 g, 12.7 mmol, 1.5 eq.) was added dropwise at 0 °C. After complete
addition the reaction was allowed to warm to RT with stirring for 1 h. After 1 h the KOH was
filtered off using a glass sinter and the solvent evaporated. Purification by wet-loaded flash
column chromatography (SiOz, petrol/EtOAc, 4:1, v/v) afforded the title compound as a white
solid (810 mg, 72%).

Rt 0.55 (petrol/EtOAc, 4:1, v/v); M.P. 60-61 °C (lit.}2 58-59 °C); 'H NMR (400 MHz,
CDCls, 8): 7.99 (s, 1H), 7.73 (dt, J = 8.0, 1.0 Hz, 1H), 7.41-7.38 (m, 2H), 7.18-7.12 (m, 1H),
4.08 (s, 3H); *C NMR (101 MHz, CDCls, 8): 140.0, 132.8,126.3,124.1, 121.2, 120.5, 109.0,
35.6; EI-GC-MS m/z (ion): 132 [CeHsN2]*; EI-HRMS m/z: 132.0688 [CsHsN2]* (CsHsN>
requires 132.0687).

Lab book reference number: AJR-6-498

Attempted direct arylation of 1-methylindazole (225)

To a microwave tube was added 1-methylindazole 224 (40 mg, 0.30 mmol, 1 eq.),
phenyldiazonium salt 48 (58 mg, 0.30 mmol, 1 eq.), Pd(OACc). (3.4 mg, 15 umol, 5 mol%)
and EtOAc (3 mL). The mixture was then stirred at 60 °C for 16 h. After 16 h TLC (SiOy,
petrol/EtOAc, 1:1, v/v) analysis of the reaction mixture indicated no conversion of starting

material, so the reaction was abandoned.

Lab book reference number: AJR-8-758
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Attempted Tfa-protection of 1-methylindazole (226)

N
o)\CF‘*
To a round-bottomed flask equipped with magnetic stirrer bar was added indazole 222 (100
mg, 0.85 mmol, 1 eq.). The flask was sealed with a septum and flushed with nitrogen from a
balloon for 10 mins, then EtsN (131 pL, 95 mg, 0.94 mmol, 1.1 eq.) and solvent (0.85 mL)
were added via syringe. The mixture was cooled to 0 °C, then ethyl trifluoroacetate 165 (112
pL, 134 mg, 0.94 mmol, 1.1 eq.) was added dropwise. After complete addition the reaction
was allowed to warm to RT and stirred for 20 h. No conversion of starting material was
observed.

Lab book reference number (MeCN): AJR-6-495
Lab book reference number (THF): AJR-6-501

Boc-protection of 1-methylindazole (227)*2

N
%
To a round-bottomed flask equipped with magnetic stirrer bar was added indazole 222 (591
mg, 5 mmol, 1 eq.) and DMAP (12 mg, 0.1 mmol, 2 mol%). The flask was sealed with a
septum and flushed with nitrogen from a balloon for 10 mins, then dry MeCN (7 mL) was
added via syringe. To this mixture was added a solution of Boc,O (1.31 g, 6 mmol, 1.2 eq.)
in dry MeCN (3 mL) to give a clear solution. This was stirred at RT for 3 h. After 3 h the
solvent was evaporated and the residue redissolved in Et,O. Deionised water was added and
the mixture extracted into Et,0 three times. The organic layers were collected and dried over
MgSQ., filtered and evaporated to give an orange oil. Purification by wet-loaded flash

column chromatography (SiO-, petrol/Et,0, 2:1, v/v) afforded an inseparable mixture of the

title compound and 228 as a clear oil (1.0 g, 98%).

Lab book reference number: AJR-6-487
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Attempted Ac-protection of 1-methylindazole (229)

N

I/~

o]

To a round-bottomed flask equipped with magnetic stirrer bar was added indazole 222 (100
mg, 0.85 mmol, 1 eq.). The flask was sealed with a septum and flushed with nitrogen from a
balloon for 10 mins, then EtsN (131 pL, 95 mg, 0.94 mmol, 1.1eq.) and MeCN (0.85 mL)
were added via syringe. The mixture was cooled to 0 °C, then Ac.O (89 pL, 96 mg, 0.94
mmol, 1.1 eq.) was added dropwise. After complete addition the reaction was allowed to
warm to RT and stirred for 20 h. After 3 h deionised water was added and the mixture
extracted into EtOAc three times. The organic layers were collected and washed with 1M
HCI and brine, then dried over MgSOsu, filtered and evaporated to give a clear oil. Purification
by wet-loaded flash column chromatography (SiO,, petrol/EtOAc, 4:1, v/v) afforded an
inseparable mixture of the title compound and 230 as a white solid (107 mg, 79%).

Lab book reference number: AJR-6-494
1-Methyl-7-azaindole (231)*

A
I,N

N

—

To a round-bottomed flask equipped with a magnetic stirrer bar was added 7-azaindole 223
(1 9, 8.46 mmol, 1 eq.). This was dissolved in DMF (5 mL) with stirring, before being cooled
to 0 °C. The flask was sealed with a septum and flushed with N from a balloon for 10 mins,
then NaH (244 mg, 10.15 mmol, 1.2 eq.) was added and the reaction stirred at 0 °C for 1 h.
After 1 h Mel (0.58 mL, 1.32 g, 9.31 mmol, 1.1 eq.) was added dropwise at 0 °C. After
complete addition the reaction was allowed to warm to RT with stirring for 1 h. After 1 h ice-
cold deionised water was added to quench the reaction, which was then extracted into EtOAc
three times. The organic layers were combined and washed five times with deionised water,
then washed with brine, dried over MgSOs., filtered and evaporated to give an orange oil.
This was purified directly by filtration through a silica plug (SiO-, EtOAC) to afford the title
compound as a yellow oil (0.98 g, 88%).

'H NMR (400 MHz, CDCls, 8): 8.34 (dd, J = 5.0, 1.0 Hz, 1H), 7.91 (dt, J = 8.0, 1.0 Hz, 1H),
7.18 (d, J = 3.5 Hz, 1H), 7.05 (ddd, J = 8.0, 5.0, 1.0 Hz, 1H), 6.45 (dd, J = 3.5, 1.0 Hz, 1H),
3.90 (d, J = 1.0 Hz, 3H); 3C NMR (101 MHz, CDCls, §): 147.9, 142.9, 129.2, 128.9, 120.7,
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115.6, 99.4, 31.4; ESI-MS m/z (ion, %): 133 ([M+H]*, 100); ESI-HRMS m/z: 133.0763
[M+H]* (CsHgN; requires 133.0760).

Lab book reference number: AJR-6-480

1-methyl-2-phenyl-7-azaindole (232)

N
I,,\I

NTOR

Method A: To a microwave tube equipped with magnetic stirrer bar was added 1-methyl-7-
azaindole 231 (40 mg, 0.30 mmol, 1 eq.), aryldiazonium salt 48 (58 mg, 0.30 mmol, 1 eq.),
Pd(OAC), (3.4 mg, 15 umol, 5 mol%) and EtOH (3 mL). The reaction mixture was stirred at
40 °C for 22 h. After 22 h the reaction mixture was filtered through Celite with EtOAc then
washed with sat. ag. NaHCOs. The organic layer was collected and dried over MgSOs,
filtered and evaporated to give a brown solid, which was subsequently analysed by *H NMR
spectroscopy.

Method B: To a microwave tube equipped with magnetic stirrer bar was added 1-methyl-7-
azaindole 231 (100 mg, 0.76 mmol, 1 eq.), diaryliodonium salt 233 (390 mg, 1.06 mmol, 1.4
eq.), Pd(OAC), (8.4 mg, 37.5 umol, 5 mol%) and EtOH (3.8 mL). The vial was sealed with a
septum and the reaction stirred at 60 °C for 22 h. After 22 h the reaction mixture was allowed
to cool to RT, then filtered through Celite with EtOAc, washed with sat. ag. NaHCOs, dried
over MgSQq, filtered and evaporated to give a brown residue. Purification by dry-loaded flash
column chromatography (SiO;, petrol/Et,0, 1:1, v/v) to afford the title compound as a yellow
oil (125 mg, 79%).

R¢0.26 (petrol/Et;0, 1:1, v/v); 'H NMR (400 MHz, CDCls, 8): 8.36 (dd, J = 5.0, 1.5 Hz, 1H),
7.91 (dd, J = 8.0, 1.5 Hz, 1H), 7.58-7.54 (m, 2H), 7.52-7.47 (m, 2H), 7.46-7.41 (m, 1H),
7.09 (dd, J = 8.0, 5.0 Hz, 1H), 6.52 (s, 1H), 3.89 (s, 3H); *C NMR (101 MHz, CDCls, §):
149.4,142.8,142.0, 132.5, 129.3, 128.8, 128.4, 128.3, 120.8, 116.2, 99.5, 30.0; ESI-MS m/z
(ion, %): 209 ([M+H]*, 100); ESI-HRMS m/z: 209.1074 [M+H]* (CisHisN, requires
209.1073).

Lab book reference number (method A): AJR-6-520

Lab book reference number (method B): AJR-6-489
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Diphenyliodonium tetrafluoroborate (233)*%°

|+_BF4
To a round-bottomed flask equipped with a magnetic stirrer bar was added mCPBA (<77%,
7.39 g, 33 mmol, 1.1 eq.), which was then dissolved in CH,Cl. (100 mL). lodobenzene 1 (3.4
mL, 6.12 g, 30 mmol, 1 eq.) was added to this solution, then BF;-OEt, (9.2 mL, 10.6 g, 75
mmol, 2.5 eq.) was added dropwise. The resultant solution was stirred at RT for 30 min, then
cooled to 0 °C. PhB(OH), 14 (4.02 g, 33 mmol, 1.1 eqg.) was then added at 0 °C. After
complete addition, the reaction was allowed to warm to RT with stirring over 15 min. After
15 min the crude reaction mixture was filtered through a silica pad, first eluting with CHCl,
then CH2Cl,/MeOH (20:1, v/v). The second fraction was collected and concentrated in vacuo.
Et,O was added to precipitate an off-white solid, which was filtered through a glass sinter

and washed with further Et,O, before being dried in vacuo to afford the title compound as an
off-white solid (7.82 g, 71%).

M.P. 136-138 °C (lit.2 136-138 °C); 'H NMR (400 MHz, (CD3)SO, 5): 8.25 (dd, J = 8.0,
1.0 Hz, 4H), 7.73-7.62 (m, 2H), 7.57-7.51 (m, 4H); *C NMR (101 MHz, (CD3),SO, §):
135.2,132.1, 131.8, 116.5; ESI-MS m/z (ion, rel. %): 281 ([C12H10l]*, 100); ESI-HRMS m/z:
280.9824 [Ci2H10l]* (Ci2H10l requires 280.9822).

Lab book reference number: AJR-8-727

2-Phenylindole (234)

H

To a microwave tube equipped with magnetic stirrer bar was added indole 45 (35 mg, 0.30
mmol, 1 eq.), diaryliodonium salt 233 (155 mg, 0.42 mmol, 1.4 eq.), Pd(OAc). (3.4 mg, 15
umol, 5 mol%) and EtOH (1.5 mL). The vial was sealed with a septum and the reaction stirred
at 60 °C for 22 h. After 22 h the reaction mixture was allowed to cool to RT and purified
directly by wet-loaded flash column chromatography (SiO,, pentane/EtOAc, 9:1, viv) to
afford the title compound as a white solid (32 mg, 55%).

Ry 0.46 (pentane/EtOAC, 9:1, v/v); *H NMR (400 MHz, CDCls, §): 8.33 (br's, 1H), 7.70-7.64
(m, 3H), 7.49-7.40 (m, 3H), 7.38-7.31 (m, 1H), 7.22 (m, 1H), 7.15 (m, 1H), 6.85 (s, 1H);
13C NMR (101 MHz, CDCls, 8): 138.0, 136.9, 132.5, 129.4, 129.2, 127.9, 125.3, 122.5, 120.8,
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120.4, 111.0, 100.1; ESI-MS m/z (ion, %): 194 ([M+H]*, 100); ESI-HRMS m/z: 194.0968
[M+H]* (C14H12N requires 194.0964).

Lab book reference number: AJR-7-641

Attempted direct arylation of indazole

To a microwave tube equipped with magnetic stirrer bar was added indazole 222 (35 mg,
0.30 mmol, 1 eq.), diaryliodonium salt 233 (155 mg, 0.42 mmol, 1.4 eq.), Pd(OAc) (3.4 mg,
15 pmol, 5 mol%) and EtOH (1.5 mL). The vial was sealed with a septum and the reaction
stirred at 60 °C for 22 h. After 22 h analysis of the crude reaction mixture by TLC (SiOx,
petrol/EtOAc, 1:1:, v/v) indicated no conversion of starting material, so the reaction was
abandoned.

Lab book reference number: AJR-6-470

Attempted direct arylation of 7-azaindole

A
I,N
H

N

To a microwave tube equipped with magnetic stirrer bar was added 7-azaindole 223 (35 mg,
0.30 mmol, 1 eq.), diaryliodonium salt 233 (155 mg, 0.42 mmol, 1.4 eq.), Pd(OAC). (3.4 mg,
15 pmol, 5 mol%) and EtOH (1.5 mL). The vial was sealed with a septum and the reaction
stirred at 60 °C for 22 h. After 22 h analysis of the crude reaction mixture by TLC (SiO,
petrol/EtOAc, 1:1, v/v) indicated no conversion of starting material, so the reaction was

abandoned.
Lab book reference number: AJR-6-471

Attempted direct arylation of pyridazine
A NzN
I
N
To a microwave tube equipped with magnetic stirrer bar was added pyridazine 235 (36 mg,

0.30 mmol, 1 eq.), diaryliodonium salt 233 (155 mg, 0.42 mmol, 1.4 eq.), Pd(OACc), (3.4 mg,
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15 pmol, 5 mol%) and EtOH (1.5 mL). The vial was sealed with a septum and the reaction
stirred at 60 °C for 4 days. After 4 days analysis of the crude reaction mixture by TLC (SiO»,
petrol/EtOAC, 4:1, viv) indicated no conversion of starting material, so the reaction was

abandoned.
Lab book reference number: AJR-6-479

Attempted direct arylation of 1-methylindazole (225)

To a microwave tube equipped with magnetic stirrer bar was added 1-methylindazole 224
(40 mg, 0.30 mmol, 1 eq.), diaryliodonium salt 233 (155 mg, 0.42 mmol, 1.4 eq.), Pd(OAc):
(3.4 mg, 15 umol, 5 mol%) and EtOH (1.5 mL). The vial was sealed with a septum and the
reaction stirred at 60 °C for 4 days. After 4 days analysis of the crude reaction mixture by
TLC (SiO,, petrol/EtOAc, 4:1, v/v) indicated no conversion of starting material, so the

reaction was abandoned.
Lab book reference number: AJR-6-478

Catalyst screening for 1-methyl-2-phenyl-7-azaindole (232)

CIO—5
NZ N

\

To a microwave tube equipped with magnetic stirrer bar was added 1-methyl-7-azaindole
231 (40 mg, 0.30 mmol, 1 eq.), diaryliodonium salt 233 (155 mg, 0.42 mmol, 1.4 eq.), Pd
catalyst (5 mol%) and EtOH (1.5 mL). The vial was sealed with a septum and the reaction
stirred at 60 °C for 22 h. After 22 h the reaction mixture was allowed to cool to RT, then
filtered through Celite with EtOAc, washed with sat. ag. NaHCOs, dried over MgSOy, filtered
and evaporated to give a brown residue, which was subsequently analysed by *H NMR

spectroscopy.

Lab book reference number (Pd/C, 5 wt%): AJR-6-511
Lab book reference number (Pd/C, 10 wt%): AJR-6-517
Lab book reference number (Pd/charcoal): AJR-6-512
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Lab book reference number (Pd black): AJR-6-516
Lab book reference number (Lindlar): AJR-6-515
Lab book reference number (Pearlman’s). AJR-6-513
Lab book reference number (PdO): AJR-6-514
PVP-Pd (13)

To a three-necked round-bottomed flask fitted with a mechanical stirrer and reflux condenser
was added PdCl, (255 mg, 1.44 mmol, 1 eq.), HCI (0.2 M, 14.4 mL) and deionised water
(706 mL). The reaction mixture was stirred for 1 h to give an orange solution. PVP 12 (3.2
g, 28.3 mmol, 14 eq.), deionised water (672 mL) and EtOH (1000 mL) were added and the
reaction heated to reflux with stirring for 4.5 h. The mixture was cooled to ambient
temperature and the solvent removed under reduced pressure to give a brittle, glassy black
solid. This was crushed with a pestle and mortar then dried in vacuo to give the product as a
black crystalline solid (3.40 g).

IR (solid-state ATR, cm™): 2953 (w, br), 1640 (s), 1421 (s), 1288 (s).
Lab book reference number: AJR-1-33, AJR-8-709
DMF-stabilised PANPs (236)

To a 250 mL two-necked round-bottomed flask equipped with a magnetic stirrer bar and
reflux condenser was added DMF (15 ml). This was heated to 140 °C before a suspension of
PdClI; (2.6 mg, 15 umol) in deionised water (150 pL) was added. The resulting solution was
heated at 140 °C for 6 h to yield the product as a clear yellow solution. Often the product

could not be obtained, and a black particulate solution was seen instead.
Lab book reference number: AJR-5-463, AJR-5-464
Diphenyliodonium trifluoromethanesulfonate (38)!%
I+'0Tf
SA®
Aryliodonium salt 22 (1 g, 3.1 mmol, 1 eq.) and benzene 237 (303 pL, 266 mg, 3.41 mmol,
1.1 eq.) were added to a round-bottomed flask and dissolved in CH,Cl, (6 mL) with stirring.

The mixture was cooled to 0 °C then trifluoromethanesulfonic acid (301 uL, 512 mg, 3.41

mmol, 1.1 eq.) was added dropwise with stirring. After complete addition the reaction was
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stirred for 2 h over which time it was allowed to warm to RT. After 2 h the mixture was
evaporated to give an orange-white residue to which Et,O was added to precipitate a white
solid. This was filtered through a glass sinter and washed on the filter with further Et,O until
the filtrate ran clear. This was then dried in vacuo at 100 °C to afford the title compound as
an off-white solid (1.02 g, 76%).

M.P. 174-176 °C (lit.2 175-177 °C); *H NMR (400 MHz, (CD3).S0, 5):8.28-8.22 (m, 4H),
7.70-7.64 (m, 2H), 7.57-7.50 (m, 4H); *C NMR (101 MHz, (CDs),SO, 5): 135.2, 132.1,
131.8, 116.5; 1°F NMR (376 MHz, CDCls, 8): —77.7; ESI-MS m/z (ion, %): 280 ([M—OTf]",
100); ESI-HRMS m/z: 280.9830 [M—OTf]* (C12H1ol requires 280.9822).

Lab book reference number: AJR-8-726

Screening for the direct arylation of tryptophan (75)

To a microwave tube equipped with magnetic stirrer bar was added tryptophan 74 (52 mg,
0.20 mmol, 1 eq.), diaryliodonium triflate salt 38 (172 mg, 0.40 mmol, 2 eq.) or
diaryliodonium tetrafluoroborate salt 233 (147 mg, 0.40 mmol, 2 eq.), Pd catalyst (5 mol%)
and solvent (2 mL). The vial was sealed with a septum and the reaction stirred at 60 °C for
16 h. After 16 h the reaction mixture was allowed to cool to RT, filtered through a silica pad
with EtOAc and evaporated to give a brown residue, which was subsequently analysed by *H

NMR spectroscopy.

Lab book reference number (entry 1): AJR-8-712
Lab book reference number (entry 2): AJR-8-729
Lab book reference number (entry 3): AJR-8-730
Lab book reference number (entry 4): AJR-8-720
Lab book reference number (entry 5): AJR-8-714
Lab book reference number (entry 6): AJR-8-728

Lab book reference number (entry 7): AJR-8-725
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Lab book reference number (entry 8): AJR-8-735
Lab book reference number (entry 9): AJR-8-733
Lab book reference number (entry 10): AJR-8-734

1-Methyl-2-phenylindole (34)

Method A: The initial kinetics for formation of the title compound were recorded using
general procedure D (temperature decreased to 50 °C) with Pd/C (64 mg), PVP-Pd 13 (40
mg), Pd(OAC): (6.7 mg) or Pdz(dba); 238 (15.5 mg).

Method B: The initial kinetics for formation of the title compound were recorded using
general procedure D with Pd/C (64 mg), PVP—Pd 13 (40 mg), Pd(OAc) (6.7 mg) or Pdz(dba)s
238 (15.5 mg).

'H NMR (400 MHz, CDCls, 3): 7.64 (d, J = 8.0 Hz, 1H), 7.56-7.46 (m, 4H), 7.45-7.36 (m,
2H), 7.28-7.23 (m, 1H), 7.18-7.12 (m, 1H), 6.57 (s, 1H), 3.76 (s, 3H); *C NMR (101 MHz,
CDCls, 8): 141.7, 138.5, 133.0, 129.5, 128.6, 128.1, 128.0, 121.8, 120.6, 120.0, 109.7, 101.8,
31.3.

Lab book reference number (method A, Pd/C): In_1a_ 07 (reaction conducted by L. Neumann)

Lab book reference number (method A, PVP-Pd): In_1c_04 (reaction conducted by L.

Neumann)

Lab book reference number (method A, Pd(OAc),): In_1f 05 (reaction conducted by L.

Neumann)

Lab book reference number (method A, Pdy(dba)s): In_1g 05 (reaction conducted by L.

Neumann)
Lab book reference number (method B, Pd/C): In_1a 06 (reaction conducted by L. Neumann)

Lab book reference number (method B, PVP—Pd): In_1c_02_new (reaction conducted by L.

Neumann)

Lab book reference number (method B, Pd(OAc),): In_1f 03 (reaction conducted by L.

Neumann)
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Lab book reference number (method B, Pdx(dba)s): In_1g 02 (reaction conducted by L.

Neumann)
Comparison of PVP-Pd batches using 1-Methyl-2-phenylindole

The initial kinetics for formation of the title compound were recorded using general
procedure D with PVP—Pd 13 (40 mg).

Lab book reference number: In_1c_02_old (reaction conducted by L. Neumann)
Lab book reference number: In_1c_02_new (reaction conducted by L. Neumann)

2-phenylbenzofuran (240)

OO

The initial kinetics for formation of the title compound were recorded using general
procedure D with Pd/C (64 mg), PVP—Pd 13 (40 mg), Pd(OAc) (6.7 mg) or Pd»(dba); 238
(15.5 mg).

To a microwave tube equipped with magnetic stirrer bar was added benzofuran 239 (33 L,
35 mg, 0.30 mmol, 1 eq.), diaryliodonium salt 233 (155 mg, 0.42 mmol, 1.4 eq.), Pd(OAc)
(3.4 mg, 0.015 mmol, 5 mol%) and EtOH (1.5 mL). The vial was sealed with a septum and
the reaction stirred at 60 °C for 22 h. After 22 h the reaction mixture was allowed to cool to
RT, filtered through a silica pad with EtOAc and evaporated to give a brown residue, which
was purified directly by wet-loaded flash column chromatography (SiO-, petrol) to afford the
title compound as a white solid (18 mg, 31%).

IH NMR (400 MHz, CDCls, 5): 7.92-7.87 (m, 2H), 7.63-7.59 (m, 1H), 7.57-7.53 (m