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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’
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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).

37



Chapter 1: Introduction
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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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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.

54



Chapter 1: Introduction

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
d
74
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
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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.

81



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

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.
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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),
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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
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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.
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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).
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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%.
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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
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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.

149



Chapter 6: Experimental

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
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[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?

H
N
Y/,
Ir“ i
H,N N N o<
) Ho o

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)

H
N
Svad)
b ©
XOTN N o
o 0

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.
180



Chapter 6: Experimental

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
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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)

187



Chapter 6: Experimental

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)
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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, 1H),
7.50-7.44 (m, 2H), 7.40-7.35 (m, 1H), 7.31 (ddd, J = 8.0, 7.0, 1.5 Hz, 1H), 7.26 (ddd, J =
8.0,7.0, 1.5 Hz, 1H), 7.05 (d, J = 1.0 Hz, 1H); *3C NMR (101 MHz, CDCls, §): 156.0, 155.0,
130.6, 129.3, 128.9, 128.7, 125.1, 124.4, 123.1, 121.0, 111.3, 101.4; EI-GC-MS m/z (ion):
194 [C14H100]"; EIFHRMS m/z: 194.0720 [C14H100]* (C14H100 requires 194.0732).

Lab book reference number (Pd/C): In_3a (reaction conducted by L. Neumann)
Lab book reference number (PVP—Pd): In_3c (reaction conducted by L. Neumann)
Lab book reference number (Pd(OAc).): In_3f (reaction conducted by L. Neumann)

Lab book reference number (Pdx(dba)s): In_3g (reaction conducted by L. Neumann)
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Lab book reference number: AJR-7-642

4-n-butyl-2-phenylthiophene (242)

i/ \
S

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(OACc). (6.7 mg) or Pdz(dba); 238
(15.5 mg).

Method A: To a microwave tube equipped with magnetic stirrer bar was added 2-n-
butylthiophene 241 (42 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

(SiOy, petrol) to afford the title compound as a clear oil (32 mg, 49%).

Method B: Synthesised as in method A using PVP—Pd 13 (20 mg, 0.015 mmol, 5 mol%) in
place of Pd(OAC),. Purification by wet-loaded flash column chromatography (SiO., petrol)

afforded the title compound as a clear oil (45 mg, 69%).

IH NMR (400 MHz, CDCls, 8): 7.61-7.56 (m, 2H), 7.42-7.36 (m, 2H), 7.31-7.25 (m, 1H),
7.24 (d, J = 1.5 Hz, 1H), 7.09 (dt, J = 1.5, 1.0 Hz, 1H), 2.87 (t, J = 7.5 Hz, 2H), 1.77-1.67
(m, 2H), 1.50-1.38 (m, 2H), 0.97 (t, J = 7.5 Hz, 3H); *C NMR (101 MHz, CDCls, §): 146.8,
141.9, 136.4, 128.8, 127.0, 126.4, 1235, 117.9, 33.9, 30.0, 22.4, 14.0; ESI-MS m/z (ion):
217 [CaH17S]*; ESI-HRMS m/z: 217.1024 [C14H17S]* (C1aH17S requires 217.1045).

Lab book reference number (Pd/C): In_5a (reaction conducted by L. Neumann)

Lab book reference number (PVP-Pd): In_5c (reaction conducted by L. Neumann)
Lab book reference number (Pd(OAc).): In_5f (reaction conducted by L. Neumann)
Lab book reference number (Pdz(dba)s): In_5g (reaction conducted by L. Neumann)
Lab book reference number (method A): AJR-7-643

Lab book reference number (method B): AJR-7-731
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5-n-butyl-2-phenylfuran (246)

I\

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(OACc). (6.7 mg) or Pdz(dba); 238
(15.5 mg).

The initial kinetics were also studied using procedure D, with the temperature increased to
70 °C over 10 h, using Pd/C (64 mg).

Method A: To a microwave tube equipped with magnetic stirrer bar was added 2-n-butylfuran
243 (42 pL, 37 mg, 0.30 mmol, 1 eq.), diaryliodonium salt 233 (155 mg, 0.42 mmol, 1.4 eq.),
PVP—Pd 13 (20 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 dry-loaded flash column chromatography (SiO,
petrol) to afford the title compound as a clear oil (27 mg, 45%).

Method B: Synthesised as in method B using Pd/C (32 mg, 0.015 mmol, 5 mol%) in place of
PVP-Pd 13. Purification by dry-loaded flash column chromatography (SiO-, petrol) to afford
an inseparable mixture of the title compound and biphenyl as a clear oil (45 mg).

'H NMR (400 MHz, CDCls, §8): 7.68-7.63 (m, 2H), 7.40-7.34 (m, 2H), 7.23 (tt, J = 7.5, 1.0
Hz, 1H), 6.56 (d, J = 3.0 Hz, 1H), 6.08 (dt, J = 3.0, 1.0 Hz, 1H), 2.70 (app t, J = 7.5 Hz, 2H),
1.70 (tt, J = 7.5, 6.5 Hz, 2H), 1.44 (app sext, J = 7.5 Hz, 2H), 0.97 (t, J = 7.5 Hz, 3H); C
NMR (101 MHz, CDCls, §): 156.6, 152.2, 131.4, 128.7, 126.8, 123.4, 107.0, 105.8, 30.4,
28.0, 22.4,14.0; EI-GC-MS m/z (ion): 200 [C14H160]*; EFHRMS m/z: 200.1202 [C14H160]"
(C14H160 requires 200.1201).

Lab book reference number (Pd/C): In_6a (reaction conducted by L. Neumann)

Lab book reference number (PVP—Pd): In_6c (reaction conducted by L. Neumann)
Lab book reference number (Pd(OAc).): In_6f (reaction conducted by L. Neumann)
Lab book reference number (Pdz(dba)s): In_6g (reaction conducted by L. Neumann)
Lab book reference number: AJR-8-743

Lab book reference number (method A): AJR-8-732
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Lab book reference number (method B): AJR-8-739, AJR-8-740, AJR-8-742

(1E,4E)-1,5-diphenylpenta-1,4-dien-3-one (247)

T
To a round-bottomed flask equipped with a magnetic stirrer was added NaOH (4.7 g, 117
mmol, 2.5 eq.), deionised water (91 mL) and EtOH (66 mL), before being cooled to 0 °C.
Acetone (3.45 mL, 2.73 g, 47 mmol, 1 eq.) and benzaldehyde (9.60 mL, 9.98 g, 94 mmol, 1
eq.) were then added dropwise with stirring over 15 min. After complete addition the reaction
was allowed to warm to RT over 40 min with stirring, during which time a yellow precipitate
formed. After 40 min this was filtered through a glass sinter and washed with deionised water
(3 x 25 mL). The resultant solid was dissolved in a minimum amount of hot (70 °C) ethyl
acetate and then rapidly cooled to 0°C using an ice bath to produce yellow crystals. These
were dried in vacuo to afford the title compound as a yellow crystalline solid (6.86 g, 62%).

M.P. 111-112 °C (lit.??° 110-112 °C); *H NMR (400 MHz, CDCls, 8): 7.75 (d, J = 16.0 Hz,
2H), 7.65-7.58 (m, 4H), 7.45-7.38 (m, 6H), 7.09 (d, J = 16.0 Hz, 2H); **C NMR (101 MHz,
CDCls, d): 189.3, 143.7, 135.2, 130.9, 129.4, 128.8, 125.8; ESI-MS m/z (ion, %): 235
(IM+H]", 100), 257 ([M+Na]*, 40); ESI-HRMS m/z: 235.1110 [M+H]* (C17H1s0 requires
235.1117); IR (solid-state ATR, cm™): 1649 (m), 1588 (m), 1446 (m), 979 (s), 753 (s), 691
(s); Elemental anal.: C 87.20, H 6.04 (C17H140 requires C 87.15, H 6.02).

Lab book reference number: AJR-1-3

Tris((1E,4E)-1,5-diphenylpenta-1,4-dien-3-one)dipalladium(0)-CHClI; (238)7

Major isomer Minor isomer

Method A: To a round-bottomed flask equipped with a magnetic stirrer was added Pd(OAC):

(100 mg, 0.45 mol, 1 eq.), dba 247 (209 mg, 0.89 mmol, 2 eq.), NaOAc (365 mg, 4.45 mol,
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10 eq.) and MeOH (10 mL). The reaction was stirred at 40 °C for 3 h. After 3 h the resultant
dark precipitate was filtered through a glass sinter and washed with MeOH (2 x 5 mL),
deionised water (3 x 5 mL) then MeOH (2 x 5 mL). The dark purple residue was rinsed
through the sinter with dry, freshly distilled CHCI; (30 mL) and the solvent removed to yield
a purple residue. This was redissolved in a minimum amount of dry, freshly distilled CHCl;
(7 mL), then dry, freshly distilled acetone (20 mL) was added and the solution kept at —18
°C for 18 h. After 18 h the dark purple precipitate formed was filtered through a glass sinter
and washed with cold (5 °C) dry, freshly distilled acetone (2 x 5 mL) then dried in vacuo at
40 °C for 30 min to afford the title compound as a purple crystalline solid (188 mg, 82%).
The purity was subsequently measured by *H NMR spectroscopic analysis as 84%.

Method B: To a Schlenk tube equipped with a magnetic stirrer bar was added Pd(OAc). (100
mg, 0.45 mol, 1 eq.), dba 247 (209 mg, 0.89 mmol, 2 eq.) and NaOAc (365 mg, 4.45 mol, 10
eq.). The Schlenk tube was placed under vacuum and refilled with nitrogen three times, then
dry MeOH (10 mL) was added and the mixture stirred at 40 °C for 3 h. After 3 h the solvent
was removed by filter cannula and the residue washed with dry MeOH (2 x 5 mL). The
resulting residue was then redissolved in dry CHCIs (20 mL) and the solution transferred to
a clean Schlenk tube under N via filter cannula. The reaction Schlenk tube was then rinsed
with dry CHCI; (10 mL) and this was transferred under N> via filter cannula to the CHCls
solution. This solvent was then removed to give a dark purple residue, which was redissolved
in dry CHCI3 (20 mL). Dry acetone (80 mL) was then added and the solution kept at —18 °C
for 16 h. After 16 h the solvent was removed via filter cannula and the dark purple precipitate
washed with cold (5 °C) dry acetone (2 x 5 mL) then dried in vacuo to afford the title
compound as a purple crystalline solid (128 mg, 55%). The purity was subsequently

measured by *H NMR spectroscopic analysis as 91%.

Note: the integrals for multiplets in the *H NMR data have not been reported due to the
coincidence of multiple environments from both isomers and dissociated free ligand
rendering such assignment extraneous. Signals corresponding to the minor isomer have been

denoted with an asterisk.

M.P. 120-122 °C dec. (lit.?®® 120-122 °C dec.); *H NMR (500 MHz, CDCls, 3): 7.75 (d, J =
16.0 Hz, 1H,), 7.65-7.60* (m), 7.45-6.92* (m), 6.83-6.31* (m), 6.15 (d, J = 13.0 Hz, 1H),
6.03* (d, J = 12.5 Hz, 1H), 6.00-5.90* (m, 3H), 5.87 (d, J = 12.5 Hz, 1H), 5.65* (d, J = 14.0
Hz, 1H), 5.33 (d, J = 12.5 Hz, 1H), 5.13 (d, J = 13.0 Hz, 1H), 5.03* (d, J = 13.0 Hz, 1H),
4.96 (appt, J = 13.0 Hz, 2 H), 4.90-4.80* (m, 3 H); LIFDI-MS m/z (ion, %): 235 ([C17H150]",
100), 915 ([M+H]*, 10); IR (solid-state ATR, cm): 1609 (m), 1574 (m), 1539 (m), 1484
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(m), 1442 (m), 1332 (m), 1184 (m), 974 (w), 757 (s), 696 (s), 557 (m); Elemental anal.: C
60.25, H 4.30 (Pd2Cs2H4305Cls requires C 60.34, H 4.19).

Crystals suitable for X-ray diffraction were grown by layering of a saturated CHCI; solution
with n-hexane to afford the Pd,(dba)s-CHCI; adduct 238. Crystals of the Pd,(dba)s-CH,Cl.
249 and Pdy(dba)s-CsHs 250 adducts were grown by slow evaporation from saturated

solutions of CH2Cl, and benzene, respectively.
Lab book reference number (Method A): AJR-8, pp. 91-92
Lab book reference number (Method B): AJR-4-335

N, N-dimethylanilinium tetrafluoroborate (252)

+

H
\.N/

i [BF4]

To Schlenk tube fitted with a magnetic stirrer was added aniline 251 (1 mL, 1 g, 8.25 mmol,
1 eq.). The Schlenk tube was then evacuated and backfilled with N> three times, before dry
Et,O (5 mL) was added with stirring. HBF4-OEt, (1.2 mL, 1.42 g, 9.08 mmol, 1.1 eq.) was
then added dropwise and after complete addition a biphasic mixture was formed, consisting
of a cloudy upper Et,0 layer and a lower brown oil layer. The Et,O layer was removed via
cannula and the brown oil evaporated to form an off-white solid. This was redissolved in dry
CHCI; (5 mL), then dry Et,O (5 mL) was added with stirring which formed the same brown
oil as before. The Et,0 layer was removed via cannula and the brown oil evaporated to form
an off-white solid. This was redissolved in dry CH2Cl, (5 mL), then dry Et,O (5 mL) was
added with stirring, which caused an off-white solid to precipitate. The Et,O was removed
via cannula, then the solid with washed with fresh dry Et,O (5 mL). This was removed via
cannula then the solid was dried in vacuo to afford the title compound as an off-white solid
(1.54 g, 89%).

M.P. 48-51 °C; *H NMR (400 MHz, CD,Cly, 8): 9.51 (br s, 1H), 7.65-7.50 (m, 5H), 3.33 (d,
J=5.0 Hz, 6H); °C NMR (101 MHz, (CD,Cly, §): 142.3, 131.5, 120.6, 85.3, 48.6; ''B NMR

(128 MHz, CDCly, ): —1.9; 1°F NMR (376 MHz, CD:Cl,, 8): —151.1 (m, 2J¢10g, 4F), ~151.1

(m, e 11, 4F); ESI-MS m/z (ion, %): 122 ([M—BF4]*, 100); ESI-HRMS m/z: 122.0965
[M—BF4]" (CgH12N requires 122.0964).

Lab book reference number: AJR-7-680
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Behaviour of 238 in dry, degassed CDCIl; under anhydrous conditions

To a Young’s NMR tube handled in a dry glove box was added complex 238 (5 mg, 4.4
umol, 1 eq.) dissolved in dry, degassed CDCls (0.5 mL). *H NMR spectra were then recorded
at 500 MHz 10 min after dissolution, then every 30 min for 24 h.

Lab book reference number: AJR-2-132
Behaviour of 238 in reagent grade CDCls

To an NMR tube was added complex 238 (5 mg, 4.4 umol, 1 eq.) dissolved in CDCl; (0.5
mL). *H NMR spectra were then recorded at 500 MHz 10 min after dissolution, then every
30 min for 24 h.

Lab book reference number: AJR-2-128
Behaviour of 238 under anhydrous conditions with 1 eq. acid 252

In a dry glove box, acid 252 (0.92 mg, 4.4 umol, 1 eq.) was dissolved in dry, degassed CDCl3
(0.5 mL). This solution was then added to complex 238 (5 mg, 4.4 umol, 1 eq.) and the
resultant solution transferred to a Young’s NMR tube. *H NMR spectra were then recorded
at 500 MHz 10 min after dissolution, then every 30 min for 24 h.

Lab book reference number: AJR-2-138
Behaviour of 238 under anhydrous conditions with 3 eq. acid 252

In a dry glove box, acid 252 (2.8 mg, 13.2 umol, 1 eq.) was dissolved in dry, degassed CDCl3
(0.5 mL). This solution was then added to complex 238 (5 mg, 4.4 umol, 1 eq.) and the
resultant solution transferred to a Young’s NMR tube. *H NMR spectra were then recorded
at 500 MHz 10 min after dissolution, then every 30 min for 24 h.

Lab book reference number: AJR-2-141
Behaviour of 238 under anhydrous conditions with 10 eq. AcOH

To a Young’s NMR tube handled in a dry glove box was added complex 238 (5 mg, 4.4
pmol, 1 eq.) dissolved in dry, degassed CDCls (0.5 mL). This was removed from the glove
box and AcOH (2.5 pL, 2.6 mg, 44 pmol, 10 eq.) was added under a flow of nitrogen. *H
NMR spectra were then recorded at 500 MHz 10 min after dissolution, then every 30 min for

16 h. No degradation of the complex was observed during this period.

Lab book reference number: AJR-7-639
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Behaviour of 238 under anhydrous conditions with 359 eq. AcOH

To a Young’s NMR tube handled in a dry glove box was added complex 238 (5 mg, 4.4
pmol, 1 eq.) dissolved in dry, degassed CDCl; (0.5 mL). This was removed from the glove
box and AcOH (100 pL, 95 mg, 1.58 mmol, 359 eq.) was added under a flow of nitrogen. H
NMR spectra were then recorded at 500 MHz 10 min after dissolution, then every 30 min for

16 h. No degradation of the complex was observed during this period.
Lab book reference number: AJR-7-677
Behaviour of 238 under anhydrous conditions with 10 eq. TFA

To a Young’s NMR tube handled in a dry glove box was added complex 238 (5 mg, 4.4
pumol, 1 eq.) dissolved in dry, degassed CDCl; (0.5 mL). This was removed from the glove
box and TFA (3.4 uL, 5 mg, 44 umol, 10 eq.) was added under a flow of nitrogen. *H NMR
spectra were then recorded at 500 MHz 10 min after dissolution, then every 30 min for 16 h.

Lab book reference number: AJR-7-670
Behaviour of 238 under anhydrous conditions with 298 eq. TFA

To a Young’s NMR tube handled in a dry glove box was added complex 238 (5 mg, 4.4
pmol, 1 eq.) dissolved in dry, degassed CDCls (0.5 mL). This was removed from the glove
box and TFA (100 pL, 149 mg, 1.31 mmol, 298 eq.) was added under a flow of nitrogen.
Visible decomposition to Pd black was observed within seconds. A *H NMR spectra was
recorded at 500 MHz 10 min after dissolution, which matched that of the free ligand 247.

Lab book reference number: AJR-7-675
Behaviour of 238 under anhydrous conditions with HBF4-OEt;

To a Young’s NMR tube handled in a dry glove box was added complex 238 (5 mg, 4.4
pmol, 1 eq.) dissolved in dry, degassed CDCl; (0.5 mL). This was removed from the
glovebox and HBF4-OEt, (0.6 pL, 0.7 mg, 4.4 pmol, 1 eq.) was added under a flow of
nitrogen. Visible decomposition to Pd black was observed within seconds. A *H NMR spectra

was recorded at 500 MHz 10 min after dissolution, which matched that of the free ligand 247.

Lab book reference number: AJR-7-637
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ESI-MS study of complex 238

To a microwave tube equipped with a magnetic stirrer was added complex 238 (10 mg, 8.8
pmol, 1 eq.) and CHCI; (0.5 mL). In a separate microwave vial, acid 252 (1.8 mg, 8.8 umol,
1 eq.) was dissolved in CHCI; (0.5 mL). The latter solution was then added to the solution
containing complex 238, the microwave vial was sealed and the reaction stirred at RT for 5
h. After 5 h an aliquot (4 pL) was removed and diluted 100-fold with a solution of
CH.Cl2:MeOH (400 pL, 2:1, v/v). This was then analysed by ESI-MS with a carrier gas flow
rate of 1200 pL h™.

Lab book reference number: AJR-7-688
ESI-MS study of complex 238 over eight hours

In a glove (dry) box, complex 238 (100 mg, 0.09 mmol, 1 eq.) was dissolved in dry, degassed
CHCls (5 mL) in a microwave vial equipped with magnetic stirrer. In a separate microwave
vial, acid 252 (18 mg, 0.09 mmol, 1 eq.) was dissolved in dry, degassed CHClI3 (5 mL). The
latter solution was then added to the solution containing complex 238, the microwave vial
was sealed and the reaction stirred at RT for 5 min. After 5 min an aliquot (10 pL) was
removed, then 4 pL of this solution was diluted 100-fold with a solution of CH2Cl,:MeOH
(400 pL, 2:1, viv). This was then analysed by ESI-MS with a carrier gas flow rate of 1200
uL h. This sampling process was repeated every 30 min for 8 h.

Lab book reference number: AJR-8-705
ESI-MS study of complex 238 over 30 minutes

In a glove (dry) box, complex 238 (100 mg, 0.09 mmol, 1 eq.) was dissolved in dry, degassed
CHCI; (5 mL) in a microwave vial equipped with magnetic stirrer. After complete
dissolution, an aliquot (10 pL) was removed, then 4 pL of this solution was diluted 100-fold
with a solution of CH,Cl:MeOH (400 pL, 2:1, v/v). This was then analysed by ESI-MS with
a carrier gas flow rate of 1200 pL h’. In a separate microwave vial, acid 252 (18 mg, 0.09
mmol, 1 eq.) was dissolved in dry, degassed CHCIs (5 mL). This solution was then added to
the solution containing complex 238, the microwave vial was sealed and the reaction stirred
at RT for 2 min. After 2 min an aliquot (10 pL) was removed, then 4 pL of this solution was
diluted 100-fold with a solution of CH,Cl,:MeOH (400 pL, 2:1, v/v). This was then analysed
by ESI-MS with a carrier gas flow rate of 1200 pL h™. This sampling process was repeated

every 2 min for 30 min.
Lab book reference number: AJR-8-707
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ABSTRACT: Pd%(dba)y (dba = EEdiberzylidene acetone)
is the most widely wsed Pd sowrce in Pd-medisted
transiommations. P& (dba-Z), (Z = dba aryl substituents)
complexes exhibit remadkable and diferential catalytic
performance in an eclectic aray of cos-coupling reactions.
The precise strecture of these types of complexes has been
confounding, since eady gtudiesin 1970s to the present day. In
this stidy the solution and slid-gate sactures of Pd%(dba)y
and Pd’( dba-Z), have been determined. Isotopic labeling (*H

and "'C) has allowed the solution structures of the freely exchanging major and minor somers of Pd’, (dba), to be determined at

high Geld (700 MHz). DFT caleulations support

the experimentally determined major and minor somedc stnsctures, which

dhow that the major somer of?d“z(dh)a possesses bridgng dba ligands found exchesively in 3 s-cit,s-trans conformation. For the
minor isomer one of the dba ligands is fowend exdusively in a s-trans s-frams conformation. Single crystal Xeray difraction analysis
of Py (dba)yCHCl, (high-quality data) shows that all three dba ligands are found over two positions. NMR spectroscopic
analysis of Pd’y(dba-Z), reveals that the aryl substituent has a profound effect on the rate of Pd-olefin exchange and the global
aability of the complexes in wlhtion, Complexes containing the aryl substiteents, 4-CF,, 4-F, 4-+-Bu, 4-hexoxy, 40Me, exduibit
well-resolved "H MMR spectra at 208 K, whereas those containing 3,5-0Me and 34,5-0Me exhibit broad spectra. The solid-state
structures of three Pd“,(dbn-z}, complexes (4F, 4 0Me, 3,5-0Me) have been determined by single crystal Xeray difraction
methods, which have been compared with Goodson’s Xeray structure of P&, {dba4-0H)

B INTRODUCTION

P, (dba), is the most widely used Pd’ precursar complex in
synthesds and catalyde’ Since early studies in the 1970s,
determination of the predse structure of PA%y(dba); has proven
confounding vide mfra, Dba acts a8 an olefin, enone,” or 14-
dien-3-one ligand and & often noninnocent” (ie, imvolved in
key steps) in catalptic processes’ [Pd(rdba)L] (L =
phosphine or Nheterocyclic carbene) compleses are formed
in catalytic processes, generated by addition of ligand to
Pd'(dba), in sing® dbaligation affects the concentration of
PdL, spedes avallable for exdative addition with omgano-
halides, the Erst committed step in cross-coupling processes,
and can act positively in regulating the concentration of PA'L,
when reactive organolalides are used (eg, ArT) and reduce Pd
sglomention which can form lurge inactive Pd® chstes”
Recent selected exmples whene Pd®y(dba), has been employed
o a powerful catalyst system are given in Scheme 1, which
range from a remarkable macrocydization” N'selective
arylation of wsymmetrical i:md.tm]e;" and 3 highly selective
polycondensation pwoem“

By electronically hening the aryl growups of dba (eg, dbaZ,'”
where 7 = OMe, i-By, H, F, CF,), the nonimsocent belavior
has been exploited experimentally in several cross-coupling
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processes,’” and their effects supported by theoretizal studies ™
The dba-Z ligands dso infleence transmetalation and reductive
dimimation steps” and reduce the mte of fhydrogen
eimination in “Pd"-salkyl” complerss '* This latter finding
facilitates intramolecular Hedk reactions of alkenyl tethered
alkyl bromides to give sxo-cyclopentene products (previding
dba-4-OMe is used). Ferthemmore, dba-4-Z (Z = CF, or OMe)
ligands influence regiochemical effects in the cos-coupling of
aryl halides with allylic slloste salts.'® The design of dia-
structures incorporating thienyl (th) rings affords P ,(ﬂnnsa)21
compless, allowing oxddative addition rates to be contralled”
Pd,(dba4-0H), and Pd,(dba4-0Ac), complexes lave been
adapted for use in agueous Swuruki polycondensation
mactiong"”

In this paper we detad the synthess and dancterzation of
several Pd' compleses containing symmetrical aryl-substituted
‘dba-Z ligands, In order to achieve this tsk it ks been
neceisary to dudy the sohtion and solid-state structeres of the
parent comples, Pd’ (dba)y, and unambigeousy determine its
grscture by we of isotopic labeling (*H and YC). The solid-
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Scheme 1. Powerful Pd, (dba)-Mediated Coupling Processes
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state characterization of a series of Pdy(dba-Z)CH,CL,
complexes (Z = 3,50Me, 4OMe, and 4F) las been
conducted by Xeray difrsction. The study & placed into
context with that reported for Pdy( dba4-0H),,'"" specifically
the importance asssodated with intermolecdar H-bonding
stabilizing one someric form { with no apparent conform atiomnal
disorder) of the dbabackbone in the dimsclear Pd” compleses.
For several Pd, (dba-Z),., complexes it has been posible to
probe their solution belavior and stability, by 'H NMR
spectroscopy, which is comparable to the spectroscopic data for
P dba),

W RESULTS AND DISCUSSION

Structure of Pd%(dba); in CDCl and Additional
Context. In 1978 the solution behavier of PA%(dba) »CHC,
[lereaft er ‘Pdn,(clbah' unless reference is made to an
alternative solvate] was valimtly mvestigated by Fawanra
and co-workers'® by a combination of 'H NMR spectroscopy
(at 100 MHz), *H labelirg, and ietaticnal simulation This
wark showed that esch olefin in Pd"y(dba)y can be found in a
digtinct chemical environment. That & six olefins coordinate to
two chemically unique P stoms, with each dba acting a5 a o'
alefin " olefin” bidging lgand To explain why six olefins are
observed spectroscopically one needs to consider that: (i) dba
can exist in one of three | 4-dien-3-one conformations (I=11,
Fi 1)y (i) the preferred conformation for dba in binding
Pd'in the dinedear complex, Pd, (dba) ,, being s-cis s-trans (IT);
and (i) the strength of the n olefin-metal bonding
interactions, via coordination through scis and s-trans olefins,
is different; the proposed solution-state structure of “Pd,(dba),”
(one of two posdble somers) & diown in Figure 1.

The Kawarura shuhf" relied on two pieces of information:
(i) NOE proton contacts between neighboring olefins within
two of the three coordinating dba ligands; and (i) the chemical
shift difference between o and f-protons within individial
olefing (Aaf = §F — a). This latter information can provide an
indication of the enone conformation in dba.'® For example in
the noncoordirated dba the scis form has a misdmem Ao

g-oieis, | a-oig.drang, Nl

Figure L Three confonmations for dba (I-II) and the solution
strucmre(s) of Pd%(dha), Bold lines denoes strong alefin bonding
interactions (f > & > d), and doshed lines denote weak olefin bonding
interactions (< > b >a). (A) and (B) are the somers proposed as most
likely in the Kawzmma smdy.

value of 05 ppm and in the sfrans foan 3 madmum valse of
L3

Defomation toward the sskew form casses Aaff to increxse
for the svn conformmer, whereas it decreases for the strans
conformer. By extrapoltion coordinated olefing with a small
Al value (6 00690, 186 ppm) were proposed to be in the s
as fom, whereas those with a large value (5 0.631-0.965 ppm)
were in a sfram form However, our mecent work™ on dba-
coondinated’ metal complexes (Rly, Pd, P, and Cu)™ show that
these ranges are endemstimated, leaving the structural
connectivity meliant on NOE contacts and a low-resohetion
'H NMR spectrum. It is dear that there are fow structures
containing palladiem that are more spectroscopically con-
founding than Pd® (dba)y.

In a study reported in 2012, Zalesskiy and Ananikov
reported ™ high-field (600 MHz) NMR. gpectroscopic data for
‘Pdn,(clba}a' a5 a mivture of two somes—the first time a
second ‘minor’ somer was reported in solution™ Through a
combination of COSY, LR-COSY, HSQC, HMBC, and
NOESY messurements, the authors proposed that the dba
ligands in Pdy(dba), were in fect found in a sesss
conformation, standing in stak contrast with the Kawazun
study. "H DOSY measurements confirmed that the major and
minor isomeric speces had identical difusion coeffidents, ie,
two Brms of Pd’(dba),. Following on from work on P, (dba-
Z), complexes, we were aware of their intricate solution NMR
spectra (see later), due to their inherent low symmetry, dba-Z
Libiity, and inter- and intrmolecular exchange. On symanetsy
reasons alone it seemed unlikely that a s-cig-as confonmation
would be preferred, ie, on the NMR time scale all three ligands
and asocited olefins (dx) would be expected to bind Pd to
the same extent, eg., = veraged signak with only two @ and
frproton environments, which is not the cse (free exchange
occus at ca 298 K) The sonsas conformations were
discounted for these rexons in the Fawarura study." Given
these details, an independent high-field NMR spectrosco pic
gudy on the structere of PA% (dba); in solution (CDCl) was
conducted We selected Pd(dba)ydba a5 from experience
some free dba ligand is observed spectroscopically in solutions
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of Pd"(dba), sclvent (solvent = CHCI,, CH,Cl, or berzene).
At this point it & worth noting that Pd% (da), & potentialy
sendtive in solution to photooxidation [L., = 520 nm
(MLCT) in CHCL]™ in addition to thermal degradation A
'H NMR spectrum (700 MHz) of Pd%(dba),dba [bereafter
Pd’(dbaly] in alumina-fltered CDCly reveals the Pd%olefin
Ton ding intersctions (Figure 2).

this solution to 238 K, where negligible inter- or intramolecular
exchange occurs (establidhed by EXSY experiments), resulted
in the broad aromatic protons shifting to higher chemical shift
(three broad sigmals at ca § 7.0, 7.55 and 7.85), leaving 12
resolved Pd’-olefin protens signals.

The three dba ligands thus bridge two Pd® atoms in an
wisymimetrical manner, eg, “-olefingolefin”, nvlving the
coondination of a5 independent alkenes, Le., three diginct dba

| mE
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Figure 2. 700 MHz 'H NMR spectra of Pd%(dba)dbe 2t 238 K
(bottom) and 238 K (top) (in CDLC;, referenced to residual CHCL, at
4 7:26). Key: dosed black square, free din; dosed gray circle, artho-ayl
prowons; open crcles, oldin protans in major spedes; closed black
circles, dlefin protons in minor species.

Free dba ligand & observed in the 'H NMR spectrum
(highlighted by black squares). Proton integration reveal the
stoichiometry as Py(dba)ydba (in agreement with the CH
composition indicated by elemental analysis). Two broad
signals, indicative of an exchange process, am observed at ca. §
B35—665 ppm which are the ddelded ortho-protons of the
aromatic groups (ca 12 H) comnecting the 1,4-dienone
moieties of three dba ligands in Pd’y(dba), (indicated by
gray cirdles). These broad signals overbip with resolved olefin
protons in the same chemical shift region (at 208 K). Cooling

ligands. Shown by open drdes are the olefin protons attributed
to six unique clefins in Pd,(dba), In both specta run at 298
and 238 K, a minor speces was alo observed, akin to that
reported by Zalessdddy and Ananikov Highlighted by black
drdes are eight olefin protons (Figure 2), which belong to the
minor spedes (ratio of major/minor Bomede speces 1023 at
298 K).

The connectivity of each alkene in both major and minor
womers needed to be confirmed by a combination of NMR
experiments and sotopic labeling (desterium and C; Figures
3and 4). The latter was necessary to ascertain the position of

n..f*}—%_,., nﬂn}'kn. }
P Pooah ot " ; L PR ] I -
TN WG e
T T »
h,-_fj“‘%,.. ,,a}‘km
P (caaly Pt P 4

Fignme 4. “C Isompically labeled P4%(dba), complems syntheszed
for this study (black circle indicates the position of 7C).

R TR

the @ and f-protons, which could allow each olefin to be
located accurately. The isotopically hibeled dba ligands and pd
complexes were prepared in an identical manmer to 1?'11‘]2(111‘.@}3
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Figure 3. 700 Mz 'H NME spedra (& 298 K) of PA%(D(2,4)-dba-FhD, ), P4, (D(1,5)-dba-PHD, ), and Pd",(dba-FhiD, ), (red and green @loms
used to depict the @- and f-protons in the major isomer). Note that "H—"H spin—spin couplings are not observed in these spedra.
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on small scale (typically 100 mg)ﬁFigue 4). The 'H NMR
spectra of the deuteriem-labeled Pd™ complexes are shown in
Figure 3.

Corsidering the major isomer then, the 'H NMR spectrum
for P’ (dba-PhiDy ), dhows the a-protons (red) and fprotons
(green ), which were located by ¢ gon with the spectra of
Py (D(1,5)-dba-PhD,), and Pd’y(D(24 )-dba-PhDg),. The
protons do ot exhibit spin—spin coupling to dewteriem due
to exchange at 298 K (in combination with small g Lar
elfects). The gpectra for Pd,(D{24)-dba-PhDy), and Pd',(D-
(1,5)-dba-PhDg ), also reveal additional minor isomeric proton
sigmals, shown in light green for the former comples and orange
for the latter complex. Thes momen wen ovedapping with the
major species in the spectrum of Pd"(dba Phl )y [and
unlabeled Pd’,(dbal,].

s the *H labeling had been successfil in locating the a- and
fFprotons in the major somer of PA",(dba) ; (and most of them
in the minor isomer), we anticipated that C labeling would
provide valiable ''C NMR spectroscopic daty; due to the
limited solubility of Pd,(dba), in CDCL, (ca § mg/mL) it was
deemed necessary to symthedze libeled analogues. The
BCi'H} NMR ?eﬁ:a of P, C(3)-da)y, PAL(MC(24)
dba)y, and P&, (M C(1,5)-dba ), are shown in Figure 5, and the
spectroscopic data is collated in Table 1. "'C labeling shovs the
positions of all the “C nuclei within the 14-dien-3-one
backbone of the three dba ligands, in both major and minor
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Figure 5. VC{'H} MMR rm (at 300 K, 125 MHz) of: (A)
Pdg:?’f-‘{ﬁldh]:: (B) P& (FC(24)-dba)y (C) Pd("C(L3)-
din)y (D) "C{'H} NMR spectrum following addition of 1 equiv of
BC(1,5)-dba to a CDMI, solution of PA%(FC(3)-dba),.

a3

somers, and abo reveals valuable "C="C spin—spin coupling
information, eg, in PA,(C(24)-dba),.

For the major and minor species of Pd”,(dba), there are six
independent olefing, confirming their isomeric relationship. In
the major somer the carbonyl moieties [located from
P, (MC(3)-dba),] are all found in diferent chemical environ-
ments and shifted between & 4.5-84 from the free dba ligand
(& 189.2). The minor somer exhibits a similar coondination
shift for two of the three dba ligands (5 5.3 and 6.4). However,
the remaining C=0 sgmal exhibits a shift of only & 0.2, which
is very cloge to the fee lgand This latter signal could belong to
a dba contaminant, rather than the minor somer, leaving the
memaining dba C=0 overlapping with the major isomer of the
P, (MC(3)-dba)

The a-carhons (six) in the major isomer are in different
chemical emvironments shifted to & 844—945, and Yoo
coupling & observed between olefing within the mme dba
ligand Three a-carbons can be gouped § 84.4—855 and the
remaining @-cabons 4 893945 The magnitude of the
coupling acrom the six a-carbons s 15.8=162 He (0.1 Hz).
Similar carbon signals ame seen for the minor somen; indeed the
average coordination shifts from the free ligand are similar in
both major and minor somers (376 and 364 ppm,
respectively). The coordination shift difference between the
lowest and highest chemical shift sigmals was 10.1 and 8.0, for
the major and minor isomers, respectively.

The fi-carbons (gx) in the major somer are abio in diferent
chemical envimnments shifted to § 855—111.2 Three §-
carbons can be grouped § 855975 and the remaining f-
carbons & 107.7=1112 Four fi-carbon sigrals for the minor
iwomer can be grouped § BRO-98.1, with the remaining f-
carbons & 1114=1130. The aversge coordination shifts from
the free ligand are similar in both jor and minor isomers
(433 and 443 ppm, respectivelyl The coordination shift
difference between the lowest and highest chemical shift signals
was 257 and 25.0 ppm for the major and minor isomers,
respectively. Interestingly, four of the feabon sighals in the
minor gomer have a coordination shift =45 ppm, whereas only
three of the faarbon signals are =45 ppm in the major isomer.
It is dear from these 'C NMR spectra that the fearbons are
more mesporsive to coordination to Pd” than the a-carbons.
EXSY expedments on this sotopically labeled dedvative show
that the exchange medsanism is complex (see ST for spectra).
Spectrum D (Figure 5) shows the rapid exchange of added

C(1,5)-dba to Pd’(VC(3)-dba), (in CDCL,).

Inn keeping with the Kawaun stedy three of the olefing (HI
through to H&) are involved in strong binding to Pd” (denoted
by *S"in Table 1), and three olefins (HT—H12) are involved in
weak binding (denoted by W in Table 1). This was originally
proposed by considering the average olefin chemical shifie'* It
i noticesble that all the § olefins are Buesd in a strans
conformation with respect to the carbonyl group, wheres W
olefing are found in a sos conformation. Ths, the °S' olefin
lsave average chemical dhifts of §5.18 (clefin ), 5.45 (olefin e),
and & 5.56 (olefin d) and W olefins § 643 (olefin ¢), & 6.51
{olefin b), and § 672 (olefin a). A "C—COSY expedment
confimmed the connection of a-carbors (Moo coupled), which
along with "H=""C HSQC experiments (see SI) allowed all the
a- and freabons to be connected 1o their respective protons

Hew couplings (ca 157— 160 Hz) are observed in "H NMRE
spectra of both Pd",("'C(24)-dba), and PE("C(1,5)-dba),,
although no change in the magnitede of coupling as a function
of chemical environment was recorded.

e dbloogy 10102 1480 250 | £ dm. rom. Soc 2014, 195, 89 E-290
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Table 1. Combined 'H and "'C NMR Spectroscopic Data for the Major omer of P&,(dba), in CDCI,
alefin hin, comformer/olefin {a—f)/dha
dlefi™ 8 /ppm®™  Hy/ppm” ﬁ Byt IHR® NOoE M‘?‘ HMoC t:-r.'l:t)"[‘l
HI-HS: 49 (H1)  59(Hs) 10 S48 12T Yy
Cl=G5  M9(Cl) 975(CS) 126 910 158Y o PO ¥ C-Hi-H shans 5 1
Hi-H4 50 (H1) 536 (He) 038 S18 124 Yhnsw  HUE
CI-C4 844 (C2) 855 (C4) 12 M7 162 Y. ., Hi § Ci—Hy-H2 shaes (1L
H3-Hé 5146 (H3) 596 (Hs) LF] 556 130 op o
C3-C6  WS(C3) 918(cE) 17 W9 1saY, . e @ E-Ha-Hs shaes 4, 101
H7-H11  &18 (H7) 63 (H1Z) 085 &80 132 Yy o
C=012 2946 (C7) 1%1 ) 185 987 158 Yoo  HaHER w C12-Hiz-H7 sy by, WL
=12
Hi-H9 438 (HE) 448 (H9) a1 643 132 Yoy o
Co-v  sss(CE)  mTiCs) 223 sed sy, oW w 9-Ha-hE sl
Hio- a7 76 (HII) o &7 1a4
Hn (Hio) j— H1a- w Q1= P
Clo-C11 #93 (C10) 1112 118 0 Yy, ., BY H11--Hig
{1
demumﬂﬂdﬁmhlmtwsm[ﬂl]wwdmtishﬁ[ﬂlz].hmd'u-nldﬂ- was bocated from the "Hand

" NMR spectra of the *H and '*C hbeled P&, (dba); mmples. “Chemical shift diflerence between a- f-protons. “Average chemical shift
between i and f.promns. *Spin—spin coupling constants determined from 10 ' H and B¢ NMR spectra [with assistance from 'H—COSY and B
HMIC spectra (at 298 K],see!il].‘i}eﬁ:m::imdl:yNﬁE measurements (quantitative; magnitude of NOE, ca. 10% ). %trength of olefin binding: for
the strongest binding average 'H and *C chemical shifis of - and f-protons 8, 5.18—5.56 (5 847—929) and weakest binding &, 643—672 (.
%6.4—100). "The 'H-""C corelations were determined by an HM(C experiment with Pd%("C(1,5 hdha), described & gy ad Hfap 280 "Esaes
and 'J;. ;g - ‘Conformation of alkens conneced to the =0 growp (detenmined by NOE), specific olefin (fom 'H—COSY) lettered acording to
average "H and '*C chemical shifs of - and fl-prosmns (the olefin with the weak st binding = Pd”is denowd 2’ and thar with the strongest binding
f. P00 COSY (125 MHz) mumelated sgmals for P4 P0(24)-dba); are 945 (C3) and 89.6 (C7) (conformer 10); 893 (C10) d 84.4 (C2)
| conformer 11); 85.5 (C8) and 849 (C1) (confarmer 1)

With the data abeve in hand one can employ HSQC/ solid state (denoted isomer M in Table 2). omer M has the
HMOC and NOESY experdments to fiully connect the protons lowest relative energy (set to 0) of the four Bomede strsctures.
and carbon environments in the individieal dba ]Fuh The full Altering the conformation of one dba ligand in isomer M, ie,
strsctisal comnectivity of the major isomer of PA, (dba), could the conformation of one enone (g6~ stnns) gives isomen
be esentially deduced from the "H=COSY and MOESY data of Noand Q. The somer containing a s-franss-frans ligand is lower
the unlabeled Pd’,(dba), (at 238 K, where there & negligible in relative energy than the isomer containing a s-ciss-ds ligand.
inter- or intramolecular exchange) (Figure 6 and Table 1). The The structure containing all s-trans enones at Pdl and all »-ds
WOE interactions (cross-peaks) provide unequivocal proof that enones at Pd2 has the highest relative energy of the seres. The
each ligand in the major isomer is s-ciss-trans. Speciically, H5f- order of relative energy (stability) is M < N < O = P.
Hia, H4FH10a, and H&f-HTa (summarized in Figure 7). Therefore, the most likely isomers, in comparison with the

The spectroscopic data for the minor somer of PA%(dba); NMR spectroscopic data presented above, are M and N, ie,
are collated in the ST (summarized in Figure 8). Four of the maajor and minor somers of Pd,(dba)y, respectively ( Figure 9).
olefins (H1" through to HE') are involved in strong binding to Tt is interesting to note that the olefins ocoupying a strans
pd (g < 55 ppm), and two cleins (H9-HI2') are confyrmation in isomers M and N are more strongly bound to
involved in wesk binding (detected by "'C—'H cormelations, Pd’ in both isomeric trsctures, which i in keeping with the

HMOQC, having very small off chemical shift separations). aynergic (badebonding) arguments that the s-frans olefin
The NOE data for the unlabeled complex allowed two of the protons are more shielded than the s-ci olefing,
olefins in one dba ligand to be paired, that is the fprotons Single Crystal X-ray Structure of Pd%(dba);CHCI.

H5'f and HT'f, which is therefore s-franss-frans. 2D NOESY There have been several X-ray crystal structure detenminations
on the P, (D(24)-dba PhD,}, compound showed the same of P (dba)y-solvent (solvent = CH,CL™ and CHCly™ for
NOE eross-peak between the f protens HS' and H7'. A weak the fomner two ligands were found to be sase-trans and one
correlation is seen for HE'§ with a proton at d 6.76. Due to ligand s-ﬁsﬁm, wherest the litter showed all ligands to be &
resohstion ssues we could not fully deduce the proton—carbon dgs-tram )" The ‘best stnacture’ was reported by Pregosin and
connectivity for the minor isomer from HMOQC or HSQC co-workers™ in the late 19905, which indicated that two of the
experiments (see SI). The “C-"'C COSY (125 MHz) dba ligands were disordered over two positions (around the

spectrm of PA"("C(24)-dba)y in CDCl, showed well- L A-dien-3-one moieties),™ that is complicated by confoma-
resolved comelated sgnals: 936 and 89.1; 92.3 and BS.6; BRD tional changes in the dba ligand (vis-3vis s-ds and strans
and §6.2. geometrical issues). Following many attem pts over the lat 10

DFT Calculations. We estimate that there are 64 potential years we are pleased to have accomplished a high-quality Xoray
somers of Pd®(dba)y, Considering the substantial computa- stricture determination of Pd”y(dba),-CHCL, (the crystallized

tional effort needed to determine accurate structures for all of P, (dba )y CHCl, was dissobed in fresh CHCly and layered
these isomers, DFT calculations were conducted on the four with hemne affording small purple crystals), gving find R
ot likely isomers of Pd”,( dba), (Table 2). The starting point indeves [ 2 2o (T)] R, = 00333, wR, = 00720 (monodinic,
wsed for the clodlations was Goodson's Xeray structure of P2, /nspace group, Z = 4). The data show that all three ligands
P, (dba44-0H),,"” which shows only one isomer in the are disordered over two positions each, with a mtio of 79:21
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(Figure 10; note the s-ds olefins are shown bonded in green
and s-trans olefins shown bonded in orange). Both somerc
forms are shown for darty (A and B). The Pd(1)-Pd(2) bond
distance is 3244 A. The average s-ds C=C bond distances in
somer 1is 13603 A For the s#uans C=C bonds the average
distance is 1393 A It is noticesble from the C=Pd bond
distances that the s C=C bonds are coordinabing in an
asymmetric fshion (average Ca—Pd = 2247 A Cf-Pd =
2287 L), wheneas the strans C=0C bonds are more symmetc
(average Ca—Pd = 2228 A, Cf-Pd=2229 &), ml.wng that
there is more back-bonding in the s-fraws C=C bonds.”
Synthesis and Chamcterization of Pd”;(dba-Z); Com-
plexes. The Pdy(dbaZ)yL complesss containing different

8333

Figure 7. Proton connectivity in the major isomer of Pd%(dbha),,
established by COSY and NOESY experiments.

e = e
‘Weoak mbe = Y.L
= = Strong Pd-olefin

©f = Weak Pd-okefin
sem = epmlarmation
ot #stabiis hed

8. Proton connectivity in the minor isomer of Pd%(dha),,
established by COSY and NOESY experiments. Mot that it was not
possible to acoumaiel y asign the positions of § protons, which have not
been mumbered, but they are weakly coordinated.

Table 2. Relative Energies for PA% (dba), Isomers by DFT

Eomer AEEmol™  AGg, Afmad
Pdi{s 252+ E), Pd1{sEsEsE), M a a
Pdi(s Es-Es-E), Pd1(s B+ E5-E), N E] 5
Pdi(s 25 EsZ), M1+ Z5-25-E), O 16 18
Pdi(s 2525 Z), Pl(sEsEsE), P 6 n

dba-Z ligands with varfing aryd substiteents were prepared by
the method descibed by Ishil in 1970 (procedure A, Figure
LA large gtock solution of NaPACL in MeOH was wed
for the synthesis of several Pd,(dba-Z),., complexes The
required dba-Z. ligand (3 equiv) was added to a MeOH sohstion
of Na;PACL and heated to 60 °C until complete dissohstion.
The exact com position of this mixtere rermaing unknown Apd"
complex, eg, Mo PdCl,,(dba-Z),, is a likely structure for the
intermediste species, which is subsquently reduced Six equiv
of NaOde were added to this solution, ssisting the reduction
process in aleoholic solvent (Pd" — Pd"). On cooling solutions
to ambient temperature the complexes predpitate a brown-
maroon o purple solids (note: Pd Black i formed in ol caes—
wasally deposited on the glusware surface). Following
precipitation from sohstion, which wsually ocoers at 80 °C,
the complexes are fltered (at ambient temperature), washed
with Me OH and water, and then dred in vecuo (on a gl frit);
amall quantities of acetone or acetone/water (1:2, w'v) can be
wied to improve the purity of the complexes (note: for the
majority of the complees some product disscletion wa
observed using acetone alone, which lowers the overall yields).
A sedes of Pdy(dba-Z )L compleses were prepared in this
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Eﬁme?.Dﬂuhnhﬁedsmuo&[A]dumjum' of
'(dha); (M) ad (B) the minor isomer of Pd'y(dba), (W) (most
likely isomers in L bonds shown in green highlight the 5
gis olefins md those shown in aange the strans olefims.

manner in acceptable yields (Table 3). The purity of the
compleses was ascertained principally by element analysis
(based on carbon and hydrogen percentage compositions).
While one can amcertain the Pdidba ratio for Pdadba,dba in
CDCl, by 'H NMR spectroscopy, we believe it is not suitable
for amaying the purty of Pdy(dbaZ )L complees, as they
degrade to give Pd manopartidles/particles in CDCl, (ie, the
outcome is dependent on the time between dissolution and
spectroscopic amalyds). This degradation process is welllonown
for Pd%(dba)y in certain solvents’’ or redudng conditions,
being a valuable precuser to Pd manopartides ™

For reactions where the dba-Z ligand was not fully dissolved,
Pd' particle formation occured quite readily (infered by
elemental analysis and low carbon and hydrogen composition
and the appearance of e particulate Pd bladk).™

It is pertinent to mention that several of these Pd,{ dba-Z.), L
complexes react deanly with PPh, (in DMF) to afford Pd"(5-
dba-Z)(PPhy ), compleses, which have bheen characterized by
Nhfﬁbspechmap:ic analysis and cpdic voltammetric meth-
ods.

We have also tested the synthesis of the Pd,fdbaZ)L
mﬁnsb&rﬂte method described by Tl in 1974 (procedure
B), from PACL, [dba-Z ligand (33 equiv) and NaDAc (ca.
8 equiv) in MeOH, beated for § min at 50 *C, then PACl, (1
equiv) added with heating for 4 h] The Pd(dba44'—
OHexy )y dba-44"—=0OHexyl complex was prepared by this
procedure Disolution in CHCly showed that P, dba-4.4 "=
OHexyl )y, was as stable as the parent complex (TEM analysis
showed neglgible Pd nanopaticde fomnation). Pd,(da-4-r-

e

Figure 10. Xoay structure of Pd%(dba)CHOL,: (A) samer 1; (B)
isomer 2. Thermal ellipsaids set & 50% (not shown for the phenyl
groups for reasons of danity; Heatams not shown). The fagmented
bond denotes the Pd(1)--Pd(2) bond. The bonds shown in gresn
}ig}digh(t}!s-a'sd:ﬁuanddmdwminm:lg!d!s-kﬂmnghﬁn
(arbitrary atom numbering used).

Mg P, M
(i O squiv L
| T e Pgjhen-Zhe
B0C.ca2h

S
(.
z [Beaquin] z

Fignre 1L Synthesis of symmetrical Pd;(dbe-Z); L complems.

Table 3. Yields of Pd;(dba-Z), L Complexes

P&{5Z), L (L - da ox HO)
Pdy|dha-3 4,50 Me ]y
P, (a3, 5 Ohee ), dha 3,5-Obde
Pd, (a4 (Me ),
Pd,{dba 4 OHerg) ; dia 4 OHexyl
Pdy{dba-t Ba )y
Pd,{dha4-F) HDO
Pd,{Jha4-CF, ), Jhat-CF,

yiad s

L
53
k73
Ta
75
Lol
]

Bu)ydba-4-t-Bu was also synthesed via procedure B in a
amiar yield [ T8%).

'H NMR Spectroscopic Analysis of Pd;(dba-Z);
Complexes. 'H NMR spectra of the PdydbaZ ) complexes
in CDCly (e 5 myg in 0.7 mL) were obtained {Figure 12).
Complezs where 7= OMe possess limited solubility in CDC,
(especially 34,5-0Me and 3,5-0Me dervatives, spectra A and
B, Figure 12). Moreover, within hours thess complexes degrade
in CDCly (liberating free dba? ligand). Mevertheless a 'H
NMR spectral overlay shows that all the complexes exhibit
diagnostic Pd%olefin interactions (ca. 5-7 ppm), akin to
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6.6 61 5.6 5.1

Figure 12, 'H NMR spectra of Pd%(dba-Z), in CINI,; & 300 K (500

unless otherwise specified): (A) Pd"(dba-3.45-OMely (B)
Pd, [ dha-3,5-0Me)y; (C) P& dba-d-OMe); (D) PAY( dba-4 OHex-
H); (note 400 MHz spectum); (E) Pd%(dbaed-t-Buly (F)
Pd'y(dba)y (G) Pd;(dbad-Fly (H) Pd’(dba-4CF,),

P’ (dba)y. That is in most cases there are 12 olefinic protons
a expected in these dinsdexr Pd complexes "H COSY spectra
of sveral compleves exhibit proton—proton cormelations that
are similar to Pdnz(dh)‘,_ We did not observe spectral
broadersing for Pd,(dba-4-OMe), and Pd,{dba4-OHexyl),.

Some broadening is observed for Pd, (dba4-CF,),, although
the sigmals for the major somer are relatively sharp. Minor
womers for several of thes ewes (uncharacterized ) are
evidenced by the small peaks in the "H NMR spectra, akin to
Py dba),

Tt is interesting to note that the position (chemical shift) of
the olefin protons i affected 1o a certain degree by the remote
aryl substituents, indicative of electronc commuenication in the
complexes and in keeping with the eectronic differences
observed at the olefins in dba-7 dedvatives.'™ Paticarly
noticeable is the shift of the most shielded olefin protons, H1
and H, in spectra C and D in Figure 12

The limited m]ulxilif?' of the Pdydba-Z), complexes
prevented their sohution C NMR spectra from being obtained.
However, the solidstate “C MAS spectra of a nember of
complexes gave some wsefil information (Figure 13). The
parent complex, P, (dba), exhibits “C signals for Pd-olefins
(ca. & BO=105 ppm) and carbonyl maoieties (ca. & 180 ppm).
Spinning side-bands are observed on the outer edges of the
spectrum. For Pd(dba4-F)y the intdnsic line width is quite
high (spectral resolution is relatively limited), which could be a
result of fuorine being in the system. For all other complexes
there i a hint that the intingic line widths are relatively low,
ie, there are a high number of overlapping lines with similar
shifts that limits the resolution, evidence for ligand
inequivalence in each complex and multiple structeres (ie.,
conformen) in the asymmetric unit Bt is important to
emplasize that the solidstate structures of the Pd% (dbaZ),
complexes mirror that of Pd’ (dba), by “C MAS NMR.

8335

200 150 ppm 180 ) [l
Figmre 13. Selected "(C-MAS spectra [100.56 MHz (recycle delays ca.
2-5 i 10 kHz)| of the dha- 7, : (A
P byt Sor)y (8] P4 ChdeTy (€], Pt
Bu)y (D) Pd%(dba)y (E) Pd"(dba-4Fly (F) Pd"(dbe-4CF,);
Peaks colored arange are attributed as Pd-olefin carbon signals and red

are atwibuted carhonyl sgnals.

¥eray Structures of Selected Pd,(dba-Z);'L Com-
plexes. Three Pdy(dbaZ), compless (Z = 35-0Me, 4
OMe, and 4-F) could be crystallized from a CH,Cly sohetion
layered with diethyl ether at mom tempenatere As with
Pyl dba) ¢ CHCly we were able to obtain X-ray diffraction data
for which structural refinement was e For example
Pdy( dba-3,5-0Me)-CH,Ol, arystallized in the PL/c space
goup (monodinie, Z = 4) (Figure 14). The two alkenes in
each ligand coordimating both P& centers are essentially
edipsed Interestingly, the complex contang one dba-3,5-0Me
ligand that can be found over two peditions (occupancy =
QAE2(3D0318(3) or ca 21:1). Similar disorder was noted for
Pdy(dba-H)  CHyCl, wde supra. The pheny]l moieties and
positions of the cabony groeps in both conformers were
resolved in the case of Pd,f dba-3,5-0Me) y CH,Cly. In esmence,
for each conformer there is a strict requirement for these
moleties to exhibit diferent oentations. The Pd-«Pd distance
B 32314(5) & which compares with 3244 A in our Xray
structire of Pd,(dba-H),-CHCl, and s indicative of a
nonbonding interaction; the electron cownt on eads Pd” center
is 16. The tightly packed structure of Pdy(dba-3.5-
OMe) ¢ CHyCL, is also dhstrated in Figure 14, which shows
that each PE atom i efectively shielded Bom sobvent [ or other
ligands) in the solid state There is also significnt steric
congestion between the 3,5-methoxy substituents in neighbor-
ing dba-3,5-0Me ligands

Considering the major isomer of [Pd,(dba-3,5-
OMe) ¢ CHyCL], it is istroctive to compare the C=C bond
lengths of the coordinated ligand to each Pd center (Figare 15).
For Pdl the C=C bond, C[$24)—=C(53A), orientated s-trans
to the C=0 group is significantly longer than the other two
C=C bonds, one odentated s-as, C(10)=C(11 ), and the other
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230



Appendix 1: Published Papers

Journal of the American Chemical Society

Figure 14. Top: Xemy strocture of Pdy(dbe-35-OMe) CHLCL
Hydrogens and 1 CH (), molecule amited for dasity; one dbar3,5

OMe is fomd over 2 positions [:u-_, C[49A)-C(504) and
C[524)- L[i“]] [MIJ‘F -uu'\.e ligand shown). The bonds
shown in green hig sm and those shown in omnge

ﬂu:rmo.l:ﬁm[rbm:ryamnunhﬂmgwd] Bottom: Space-
filling models (zach ligand has been olored red, biue and green to
allow differentigtion), left - side-on perspective and right - endon

pempective.

1.33%1 7]

\@/‘5—03 . R
L @”’

Fres ligand:
Med:

|zr|{|| ERLLE
-*3_‘/
amam : :m( znruu

Fr.l1 1

EE U Hh.-o..' |
238754

"\-\.
31
[EL L 2 EﬂH

S 22044|
L T

Figure 15. Selected bond lengths (X-ray diffraction data) of the olefins
in the fres ligand, dba-35-0Me, md Pd,(dha-35-0Me)  CH,CL, We
noe that C#a—C50a i 2 prtmbrdy short C=C bond (larger
estimated standard deviations are observed within the disordered
ligand). The bonds shown in green highlight the s.ds olefins and thoe
shown in orange the sfram o efns

strans, C(31)=C(32). The latter s-ds and s-trns C=0C bonds
are identical (within the error limits ).

For Pd2 it is apparent that the C—=C bond orientated s frans
tor the C=0 group, C(7)—C(8), is significantly longer than the
two C=C bonds orlentated s-cis, C[ 28)}—C(29) and C(49A)-
C($0A) (for the Latter, reshortening of this C=C bond can
be explined in part by excesive thermal mation). Thus, for

each palladiem center there is a strums C=C bond that &
substantially longer than the other C=C bonds, indicative of
back-bonding. The free ligand dba-3,5-0Me (see SI for Xray
srsctere) was found to (Buitoudy) adopt a s-dgs-trans
conformation in a single crytal with both C=C bonds
showing the same distance (within error). The longest C=C
bond, C(524)=C(53A) in the compler is ca 0.09 A longer
than the same bond in the free ligand

The X-ray difraction dsta for Pdy(dbs-4-OMe), CH,Cl,
(monodinic, P2/n space goup, Z = 4) and Pdy(dba4-
F)yCHClL (tdclinic, P1, Z = 2) show that dba-Z ligand
disorder 8 seen about the 1 4-dien-3-one moieties. In the case
of Pd(dba-4-F)CH,Cl, each dba-4-F ligand i discrdered
over two positions; all could be satishotordy modeled in a
smilar manmer to Pd*y(dba),-CHCly (vide supra). The sobvate
malecules uft.r!,'sh]].rzath appear to be crucal In this context
the Noray structure’” of Pd%(dba-4,4'—0H), requires further
examination. In this stnacture extersive H-bonding intersc o
between neighbodog hydmxys and carbonyl groups lodk and
stabilire the structure (Figire 16), which leads to cnly one
isomeric form being observed in the solid-state. This is a wigue
case and dands in contrast to the other related structures
detailed in this paper.

m _am

Ly -nm

wan

Figure 16. H-bonding network seen for PJ';(dba-4.4'-0H) . Key H-
bonding interactions (shown as blue fagmented bonds): O(2)-H-
(74)=0(7) = L6583 A O[5)k-HI44)—- 0[4,‘1 = L1819 A, O[7)~H-
(981=-0(2) = 1910 A, O(8)--H[8A)}—=0(6) = 1.808 A The bond
shown in green highlight the svis olefins and thove shown in orange
the strans olfine.

B CONCLUSION

The solution and solidstate sroctues of Pd%(dba), and
Pd'y(dba-Z) rtype complexes have been comprehensively
determined. In the case of the former parent complex isotopic
Libeling (°H and “C) was necessary to determine the sohstion
structumes of the freey exchanging major and minor isomers of
P, (dba )y in the case of the major isomer of Pd” (dba), this &
umambigueous It comsists of three s-ags-trans lgands, whene the
scis olefins are weakly bound to Pd" and the sfnms olefins
strongly bound Asymmetric dba coordination results, with one
Pd" atom coordinated to two strs olefing and one s-as olefin,
and the second Pd* atom coordinated to two son olefins and
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one s-Fas olefin The minor isomer ocEPd"z(d]n)a posesmes 3
s-trams,s-frums ligand and the chemical shifts of the fprotons
indicate that four of the six olefius are s-frans and strongly
bownd to both Pd” centers, with other two olefins being s-cis.
This study brangs sbout a resolubion to the confounding
moleculsr structure’™™ of this ubiguitows comples in sohation.

Theoretical caloulations (DFT) support the feasbility of the
experimentally determined major and minor isomeric stractures
in solution. The major isomer of Pd%(dba)y contained three
bridging dba ligands found esclegvely in a sviss-trans
conformation. The minor isomer of Pd(dba), reveaks that
one dba ligand is found exclusively in a sframss-trans
conformation. A high-resolution X-ry nscture detennination
of Pd'y(dba),-CHCl, shows that all three dba ligands are
disordered over two positions, which is an issue asociated with
the conformational fexibility around the 14-dien-3-one molety
in the solid-state.

NMR spectroscopic amalysis of PA%( dba-2 ), reveals that the
aryl substitent has a profound effect on the rate of Pd-clefin
exchange (evidenced by the relative sharpness of their "H NMR
spectra), in addition to their stabdity in sohstion (eg., in
CDCl). The solid-state structures of three Pd’(dba-
Z)ysolvent compleses (4-F, 40OMe, 3,50Me) have heen
determined by single crystal Neray difraction methods. As with
Py (dba)y CHCl, varping degrees of dba-Z disorder were
observed, where the Z-substituent affects the distribution of
somens prodeced, an observation especially noticeable in the
solid-state.

W EXPERIMENTAL SECTION

General details for this section (NMR, MS, IR, UV—vis, Xeray,
ehnﬂuludpns,ﬁh(]mdmhdmﬂzﬁlwm
and chara
m (D24 )-dba- ML D[H}dh.PhD Pdaz[D[l,S] d.ln
PhD,‘]1D[l,5]-dh.PhD‘ and Pd;,[d.h -PhD; ) dba PhD, compless
have been repored Dietaib of the 7 Clabeled dba
nldildhﬂhzlgnds,mg:mmﬁg‘i[nwhdxg
NMR
Gmudiynmﬂsnfﬁi,{dh},{.ﬂ Pd,(dbaZ)yL L= dba/
dba-Z or sclvate) Procdurs A: Na(l (128 g, 56 mmol) was added
to a solution of PACL (497 g 28 mmol) in methanol (140 mL.) and
stirred at amhient temperature mder an inert atmosphere for 24 h
Thech:llnwumsnltmmﬂmlﬁhedﬂumghaﬂcsm(m
wool and conentrated in vacus to ane-half of its
original volume. The solution was i 60 “C, and then dba (88
mmal, 3.1 equiv) was added (or dbaZ). The resuliing mixhwe was
stired & 60 °C for 15 min, and then sodium acemte (1178 g, 168
miol, & equiv) was addsd The mivture was dlowed to @mol to ambient
temperature (with no external moling) and stimed for 2 h mtil 2 dark-
red fpurple predpiate was which was filtered and washed
with methanol (2 % 100 ml), water (2 ¥ 50 ml.), and finally ac=tone
(2% 5 mL). The produc was partially dried nnder suction. The solid
was translerred to 2 Schlenk flask and dowly dried by psage o
n.tmg:ngu (with stiming) ovemnight This gave the desired conplees
microcrystalline solids. These reactions work on 2
mkuhwuuﬂlg?dﬂammwmngﬁmﬁmm&
solutions of Na,PdC], in methanad
Procednre B: This procsdure is similar w0 that reportsd by Ishii and
mmm’"[pdf_:l,dhaduz.Na::A:mMcoHan—so%]
andlqruu'smq) for Pd%(th,-dba),-th,-dbha derhatives.
Characterization data for Pd,(dba),CHClL: Anal caled for
CoHGOPLCL (1135.09) C 6034, H 419% Found, C 6035, H
'L"I \n@wﬂko\fﬂ-smmmgmﬁmam
(1, solution byered with hewane, whidh gave puple modlke
crystak from which one single aptl was selected for Xemy
diffraction. Also noted were the formation of hemgon oystals,

a7

however the X-ray diffraction data quality was poor, and a reasonable
struciure could not be determined.

Characterization Data for Pdy[dba-Z),-dba-Z. In all cases the
given are for the major isamer. The aromatic regions are broad in all
cxes; overlapping 93:ukmdluned.f\ncr|mdlmq'uutdmilm
mmch\nmﬁw complex. In all cases whers resolved olefin
Fm:g:ukmnbwnd,mpwupme&xthlg:ndsuﬁqﬁasw

ns conformation, i, having a smilar strucmre to the major isomer
&sz[h]?mmmmtypm]ymuns Q1025 g of
Pdi

[P fdba-4-Fl, H,0] Yield = 80%; Mp 134—136 “C; UV (THE,
nm) 518 (d—d); 'H NMR 482 (1H, d, Y5, = 125 Hz, H1), 4.87
(1H, 4, "J':m = 12.5 Hz, H2), 5.05 (1H, d.“l':m = 13 Hz, H3J, 530
(1H, d, J'm:— 115 Hz, H4), 5.85 (IH, 4, "fq, = 135 Ha, HS), 5.9
(1H, & "o = 13 Hz, HE), 603 (1H, d. e = 13.5 Haz, HT), 6.2
(1H, d, "5y = 13 Hz, HE), 641 (1H, d, fg, = 135 Hz, HI), 644
703 (ca 27 H, AtH, 3 HI0-HI2); Anal aled for
Gy HyyFoO0 P, (104168), C 5880, H 3.68; Found, C 5895 H 4.10.
Crystals suitble for Xeray analysis were grown from 2 CH(, solution
of the compler (. 20 mg) Liyered with disthyl sther.

[P’ fdba-d--Bul). Yield = 75%; Mp 139-140 °C; UV (THF,
nm) 533 (d«d); "H NMR 4.91 (1H, d, *5, = 13 Hz, H1), 495 (1H, d,
o = 125 Hz, H2), 509 (1H, d, i, = 13 Ha, H3), 530 (1H, 4,
“how = 12 Hz, H4), 587 (1H, d "o, = 135 He, HS), 581 (1H, 4,
e = 13 Hz, HE), £12 (1H, d, o = 13 Hz, HT), 631 (1H, 4 Yy
= 13.5 Hz, H8), 6.37 (1H, 4, g, =135 Hz, HI), 650 (1H, d, "y =
13.5 Hz, H10), &85 (1H, d "f,p, =135 Hz, H11), 6.74 llﬂ.dﬂhm—
13.5 Hez, HI2), 6.39—&54 (c2 6H, br m, overhpping with olefin
protons H9—H10), 693721 (ca 12H, br m). Now: $Bu

with free l a & 1.34; ESI-MS: m/z 821.1 [Pd(dba4-
EBu), + Na]* (5), 929.1 [P, (dba4+-Bu)Na]® (58); Anal cdad for
CosHogO5Pd; (1252.36), C 71.93, H 7.24; Found, C 7231, H 6.77.
Crystals were grown fom 11'_!'[.21'_129011@10\{&: ocln]iu (= 20
mig) layered with diethyl ether, however these gave poor quality Xeray
diffraction data (a oif file is amilable from the mthors).

[P’ dba-4-OMe)y]. Yield = T2% Mp 141-143 °C; UV (THF,
nm) 533 (d—d); '"H NMR 4.78 (1H, d, *,p = 12.5 Hz, H1}, 479
(1H, d, "y = 12 Hz, H2), 491 (1H, d, ¥y, = 13 Hg H3J, 5.24 (1H,
d!“.’:ll‘.l[: 12 Hz, H4), 584 [1!‘[,1‘],"],,—_,;: 12.5 He, HS ), 5.85 (IH, d,
“hen = 125 Hz, H&), 599 (1H, d, g, = 13 Ha, H7), 616 (1H, 4,
"y = 13 Hz, HS), ﬁ-:ﬂ [1H. d, Yhge = 13 Hz, H9), <2 &1-7.5 (.
TH, br m, over pratons H10-—H12). Mote:

misthory signaks at & 179, 380, and 3.82 (broad signak);
ESLMS: m/z (%) = 7169 [Pd(dbe-4.0Me), + Na]* (&), 8249
[Pdy(dba-4-OMe):Na]” (66), 929.9 [Pdy(dba-4-OMe).Na]" (61),
1035.8 [Pd{dbo-4OMe),Na]” (84} Anal clal for CoH, 0P,
(1095.87), C 62.47, H 4.97; Found, CC 6203, H 495 Crystabs suitable
hu'x-nym]yﬂ's“rc mmﬁmaﬁ(ﬁ_hmdﬁcmqh
(= 20 mg) layersd with disthyl ether.

[P’ jdba-4-OH exyl) - dba-4-OFHexyl]. Yield = 709%; Mf 104—107
C; UV (€D, nm) 540 (d—d); "H NMER 479 (1H, & g, = 125
Haz, H1), 480 (1H, d "y, = 12 Hz, H2), 493 (1H, d, Y, = 13 Hz,
H3), 525 (1H, d, fyq = 12 Hz, H4), 585 (1H, d, Y, = 125 Ha,
HS), 587 (1H, d, "y = 13 Ha, H&), 601 (1H, d, Yy, = 13 Fiz, HT),
618 (1H, d, Y, = 13.5 Hz, HE), &35 (1H, 4, "0, = 135 Hz, HI),
641480 (ca 27H, br m, overlapping with olefn HI~
HI2). Note: Overlapping allyd protons with free ligand at 092, 1.35,
148, 1.80, and 398 (broad signals). LIFDI-MS: m/z (%) = 15169
[Pd idbad-OHerd),[* (100, 151666 (cled); Anal caled for
CyaH 0 P, (151566), C 714, H 7.85; Found, C 7161, H 7.76.

[P ffdba-4-CF ot paiba—4-CF o HyOH. Yield = 69%; Mp 151-152 °C;
UV (THF, nm) 534 (d—d); "H NMR 4.95 (1H, 4, g, = 13 Hz, H1),
S02 (IH, d, Yy = 12.5 Hz, H2), 519 (1H, 4, Y5, = 13 Hz, H3),
539 (1H, d, Yy = 12.5 Hz, H4), 588 (1H, d, Y, = 13 Hz, H5),
595 (1H, d, ", = 13 He, H6), 6.12 (1H, d, i, = 13 Hz, HT), 6,35
(1H, 4, "fyp = 135 Hz, HE), 6.45 (1H, 4, ", = 13.5 Hz, H9), £41—
480 (ca 15H, br m, overlgpping with defn protons H10-HI2),
T2T-758 (ca 12H, br m); ESI-MS: m/z (%) = 846 [Pd,(dba4-

e, clelorrg T T2 10 29 | £ A, e, S 201 3, 134, AR NN
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CFyl:]" (10), 975 [Pdy(dba-4-CF;):Na]” {15); And. caled for
CoH P 0LPd (865.01), © 5276, H 3.03; Fownd, C 5272, H 298
P, jdba-3,5-0Me) r dba-35-0Me]. Due to the broadness of the
promn signals the proton integrals ae not relishls; seleced dam is
compling constants are averaged because of the svchange on the NMR
time scale [due to intrar and intermolecular & ). Yield = 53%
Mp 134-135 °C; UV (THE, nm) 530 (d—d); 'H NMR 434 (IH 4,
12 Hz, H1), 5.04 (2H, d, 12 Hy, HE/H3), 5.29 (2H, d, 12 Hz, H4/
H5), 578 (1H,d, 12 Hz, H6), @ 62-7.5 (ca. 24 H, overl pping with
alehin protons H7—H12). Nok: methoxy at &
157=3.77 (brmad signaks] The free higand exhibits 2 methoxy signal at
B4 ESL-MS: m/z (%) = 838.9 [Pd,(dba- uam]z + Ma]® (14],
9449 [Pd,(dba-3,5-0Me)Na]* (100); Anal caled for CoH,, O, Pd
(815:21), C 61.88, H 5.44; Found, © 6255, H 519 Crystals suitable
for Xoray anal from a solution of the
(e 0 1) By s oy e, o
P’y jdba-3.4,5-0Maly]. Due to du broadness of the proton
signals, the proton inte grals are not relisble; selected data is therefore
uoted (i, the peaks ohserved ). Yield = 59%; Mp 194—197 °C; UV
.(111:5, nm) 529 (d—d); 'H NMR 432 (2H, 4, 11 Hz, H1/H2), 5.05
(2H, d, 11 Hz, H3/H4), 5.21-531 (broad signal), 5.30-5.42 (broed
ignal |, 5£.82—393 (broad signal), 602—6.10 (broad signal), 6.17—6.55
{iwond. sgeal), 669676 (wad sgnal). Note: Overlapping me
sgnds at 362, 168 180, and 383 (broad signak). The Lberated
ligmnd exhibits methory = at 390 and 19% And cded for
o005, P, (145619), C 5691, H 540; Found, C 5731, H 544
Details of DFT Calculations. All calouations were
the WRMMD.LE V510 the resolution of
ms:dmuy[m]aw. ! "'Inur‘hs" mscmpa-hmedu
the (RI-JBPSS/SV(F) Iﬂd,fnﬂmmd by Feqency caloulations at the
same level All minima were confirmed as such by the absence of
imaginary frequencies. Energies, geomietries, and vibrational frequen-
cies are presented in the 5L Single-paint calmbtions on the
RI-JBPS&/SVIF med ties were ed using the
bl PR St sl e tble A TEVE b s The
(RI-JPEEQ}/d=f2-TZVPP SCF energies were comected for their zemo
ies [AE), thermal and entr obtained from
5.: [mf\'\f{?}lﬂ :WFW thmuw [u 2915 K
Alrggs). In all almbtions, 3 28 slscron qusirebtvistic ECP
the core electrons of Pd Mo symmetry constrainks were
B ASSOCIATED CONTENT
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A Pd-medisted direct C-H bond functionalsstion of tryptophan
has been developed, both as a single amino acid residue and within
peplides. Important mechanistic insight into this process has been
gained by characterising a Pd catalytically competent nanopanticle
phaze which evolves during the eafy stages of readion.

The functionalisation and modification of complex biomolecules
by the formation of C-C bonds has benefited significantly from the
development of mild eonditions for Pd-mediated emsscoupling
reactions.” Pioneering work by Davis and co-workers has, for
oample, demonstrated that it is possible to perform Sumiki-
Miaum reactions on proteins containing genetically incorporated
anl iodides.” Metalmediated direct functioralisation of C-H
bonds in complex molecule synthesis is a rapidly expanding field,
including in the total synthesis of nanral mrrpmnﬂs"’\'-b have
reporied the mild and selective direct C-H functioralisaton of highly
sensitive purine nucleosides, 2g. adenosine and a"demg.a&rmint’
#As part of these studies we have been able to gain valuable mecha-
nistic insight, most notably chamcterizing the formation of Pd/'Cu-
containing nanoparticles during substrate turnover, In this stdy,
we have turned our atiention to the mild® C-H bond function-
alisation of amino acids,” specifically tryprophan, a hydrophaobic
indolecontaining amino acid which altem the structure and
function of pmieins, and is a fluorescent mardcer.”

The C-H bond functionalisation of indoles mediated by Pd is
well established.” We recognised that Sanford's mﬂlﬂﬂ]l%“d
could be applied to selectively functionalise typtophan, which
employs PhE(OH): and Phi{OAc): as reagents, forming diayl-
iodonium salts in sif,® and catalytic Pd{OAc),. These reactions
could proceed vizg a pd'™ eatalytic manifold.” In this paper we
detail the seleetive arylation of tnyptophan and oyptophan-
containing peptides under mild catalytic conditions.

Deparmmen of Chemisyy, Uniresiy of Yok, York, UK Y040 500

Email: ian fairiomb@yariac uk

# Electronic suppl smentary information [E5l) awmilable Experim ental details and
aysallographic data. DODWC 968490 and 958491, For ESl and erpstallographic
data in CIF ar other electronic format see DOI: 10, 1039/ cloc4 B4Rl
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tryptophans and tryptophan-containing peptides:
a catalytic role for Pd® nanoparticles?t

Thomas J. Williams, Alan J. Reay, Adrian C. Whitwood and lan J. 5. Fairlamb*

Pu[ﬂ&:h [ mnmj. AcHN
Pmromz t2 auJ
za{sa%;

Fig.1 Direst anftaBon of tryplophan urder mid conditione

.AGOH 15 h, 40 °C

Sanford's reaction conditions were initially applied to
N-acetyl, O-methyl potected-ryptophan 1 to afford, after column
chromatography, 2phenyiryptophan 2 in 56% vield (Fig. 1).
Changes to the catalytic conditions included modifying the
Pd catalyst and loading, solvent, inert atmosphere and reaction
temperature, but no increase in yidd was recorded. Optimal
turnover numbers and yields were seen between 2.5-5 maol% Pd.

Intriguingly, reaction of 1 with PhE{OH): and PhDAc): led to
the rapid formation of Pd® nanoparticles (PdNPs) during the first
few minutes of the reacton. This finding is in keeping with
another Pd-mediated C-H bond functonalisation of benzoazoles
using Phl{0Ac),, which we recently meported upon!” The in stu
generated PANPs from reaction 1 — 2a were encapsulared by
addition of exogenous polymer stabilizer (Le polyvinyipymol-
idinone, PVP), which was added to an aliguot of the reaction
mixture after 1 h (2.5 mL, containing ~ 4.8 pmol Pd; 10 equiv,
PVP added and AcOH removed at 40 “C and co. 0.750 mmHg).
This allows reliable analysis of the size and distribution of the
PdNPs without concern that solvent removal leads o metal
aggregaton. Transmission electron microscopy [TEM) confimmed
the presence of the encapsulated PANPs (r = 100; avemge PANP
size is 2.52 nm, represented in Fig. 2).%*

Presynthesised PVP-PANEs'™ (average size ~LE nm, Pd°,
5 mul%) were also found to be a viable catalytie species for the
tryptophan arylation, affording 2a in 57% yield (Fig. 3). This
result shows that PANPs are catalytically competent under the
reaction conditions. In the example given in Fig. 1, we propose
that the PANPs are acting as a reservoir for Pd”, akin to related
Heck arylation chemistry.™ Glorius and coworkers have nicely

Ths joumal k=49 The Royal Sodety of Chamisty 2014
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tencapailated by PYFL k) TEM image of PYP-encapiulated PANPL after
1 h heating: jc) appearance of PdNPs in reaction.

PYP-PAME (1.8 nmj
5 mol)

2a [57%)

Ag for Fig. 1
Fig.3 Pre-gynitesised PYP-PANPL are catalylicaly compaent specis in

the andation of 1 to allond 2a.

PRINOHI; | PrIjOA,

1 P polyma
o POy, =
woH 1, | o

E L A PAHP

PYR-RaiP

\\tum

Scheme 1 PYP-encapsulation of in ik gensrsted PANPs fom the raac-
tian detaied in Fig. 1 [TEM characterisaan in Fig. 2]
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Fig 4 Changs in the IR specta sbeerved an the rasction of PdlO),
{1616 Y with 1, alfording PSOA1); {1608 eml).

shown that heterogeneous C-H bond activation is viable in
benzo[bjthiophene arylation (Scheme 1).*

The maction of tryptophan 1 with Pd{0Ac): (1:1) in THF at
ambient temperature (0.5 h) was monitored by in situ infrared
spectmseopy [Fig. 4). The carbonyl stretching band at 1616 em ™" is
Pd|Oc),, which disappears on addition of 1, with the appeamnce
of a now band at 1606 em ™", proposed to be PA{0AC){1),. Only
small changes were noted by 'H NMR specroscopic anabsis,
which is in keeping with the typtophan ligand being weakly
coomdinated to Pd", Crucially, Pd{OAc),(1), rapidl reduces to form
Pd® and is the sced that leads to the generation of PANPs under
the catalytic conditions - amine ligands lower the Fd" reduction
potential to give Pd” ions.**
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AeHN K Pa{OAC); |5 molt) ACHN= K
] CulQAck (10 mal%),
m ArBIOH); (5 eq.) @/\g_
H — A
m AcOH, 16 h, H
1 40 °C, air

Ar = CgHy. 29, 93%

A= 4-Me-CgHy, 2, 88%
A = 4-F-CyHy, 26, TT%
A = 4-CFyCeHe, 24, 58%
Ar = 4-OMe-CgHy, 20, 28%

Fig.5 Anfstion of tryptophan using CulOAc): & & co-catalyst.

Following this study, some limitations were revealed in temms
of the substrate scope using Pd(OAc), as the precamlystt For
eample, a sim ple switch from PhB[0H], to 4-MeCH,BOH), led
to the biayl compound derived from the latter only {Phi{0Ac),
could be aiding oxidative homocoupling of the ar boronic
acid}.’ Simply switching the oxidant o CufOAc), afforded 2a
in 93% yield (under the conditions described in Fg. 5). Here,
Cul0Ac), is assisting the reoxidation of pd” [with O from air).
This was confirmed by condueting the same reaction under an
Ar atmosphere, which showed ~11% conversion to Za, ie. a
single turn-over of the Cu' co-catalyst. A series of analogues
[2b-2d) were formed in good yields using this procedure. The
electron-rich p-anisoyl boronic acid was susceptible to axidative
homocoupling, leading to 2e being formed in modest vield,
expected under oxdative conditions,

The specific optical rotations of the produets, and analysis
by chiral HPLC, indicated that the arylated tryptophan products
maintained their stereochemical purity |see ESIT).

Single crystal X-ray diffraction structures for analogues 2e and
2d (Fig. 6), confirm absolutely their structural connectivity, The
data shows in the solid-state that the aryl and indole groups
deviate from planarity, which is likely a erystal packing effeet. The
conformational preference of the ester, amino and aryl moieties
could affect the intrinsiec fluoreseence properties and provide a
useful starting point for future TDDFT cakulations.

UVvis and fluorescence measurements reveal the effect of the
different aryl gmups within the tryprophan framework (Fig. 7).
The most electronically distinet analogues, 2d (4-CF,) and 2e
[4-DMe), exhibit the highest absorption shifts, generating a
characteristic V-shape. Such a correlation has been reported by
Marder and coworkers in 1 4-his| p-R-phenylethynyljbenzenes

Fig.& Singhe crystal X-my structures for 26 e and 2d {righl); slipacids
shorwn at S0%, H-atoms amitbed.

Chem. Commun, 2014, 50, 3052-3054 | 3053
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Table 1 UV -vis dala and Slokes shifts for 2-aryl-ty plophans 28—

Compound Abs, A (nm) Em. (nm) Stokes shift sem ™ mol™ dm™

2a 308 ] 62 G130
2h 30 am 65 8893
2 £ 416 110 14684
2d E L 368 50 10297
2e a0 L 44 11644

*Sohutions of 2a-e in CHO,.

0 PADASY (S makE),
DALY (10 marw)
PREICH) 6 g ) Y

AcHM, -
H

AEOH, ar.
16k, 40 G

3 4 [#05% fodn By HPLC)

A5 ADOVE, using:
PallflAz); (30 moit)
H CalHAn| 3 13wt
T

Lys Leuv'alGhy AlaoH
o L Ky AeHN
o Q

[ 8 (36% conv. by HPLC)

Scheme 2 Direct C—H functionafisation of two seecied peplides

AH

and 2,5-his[phenylethynyl) thiophenes, and could be an indication of
a push-pull type system within the series 2a-e.” ‘The Lrgest
fluorescence intensity is seen for 2a - the other compounds Zb-e
exhibit lower fluorescence intensity, Within the series of 2a-¢, 2e
[+F) exhibits the largest Stokes shift. Moreover, the emission wave-
length is red-shified relative to free ypiophan jr 360 nm) (Table 1)

Selective arplation of peptides. We have successfully applied
our best reaction conditions [given in Fig. 5) to the andation of
dipeptide 3 (Scheme 2), which gave 4 in *95% conversion (by
HPLC analysis ). When applied to a more complicated system —
the six residue peptide AcTrplysLeuValGlyalaOH 5 - in a
reaction with PhB[OH), to give 6 - it was necessary to increase
catalyst loading to 30 mol% and &0 mol% for Pd and Co
respectively. This reaction proceeded in good conversion | B6%).

In summary, we have reported 2 mild and selective direct C-H
functionalisation reaction for the amino acid oyptophan, both as a
single residue and as a residue in shortand longer-chained peptides.
It is empting to suggest that the amino acid may play some role
in interacting with and stabilising the PANPs, partcularly for the

3054 | Crem Commun, 2014, 50, 3052-3054
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longer peptides, especially as it is kmown that certain peptides
temphate (by reduction] the formation of specifically-sized and
shaped PdNPs. " These aspects pertaining to C-H bond function-
alisation are currently being investigated within our labomtories.

We thank Dr Meg Stark for TEM measurements, Mr Henoy
Dumnt for exploracory work. FPSRC funded TJW. (DTA PhD, grane
code EP/PS05176/1) and Royal Society parth-funded L]S.F. (URF).
This articke is published in celebration of the 50th Anniversary of
the opening of the Chemistry Department at the University of York.
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Unified mild reaction conditions for C2-selective
Pd-catalysed tryptophan arylation, including
tryptophan-containing peptidest

@ e
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Cite this Org Biomol Chem, 2015,
13, 5258

Man J. Reay, Thomas J. Williams and lan J. 5. Fairlamb*

Pd-mediated C-H bond funcbonalisation protocols have been designed and developed on tryptophan
deratives and tryptophan-containing peptides. The examination of different andation reactions (three
=tz of different conditions A-C), all of wiich are notable for their low temperatures (<40 *C), allowed

Recesved A0th June 2015, identification of unifed and complementary gynthetic approadnes toward a senes of functonalised

Published on 06 July 2015, Downloaded by University of York on 240720 1508:39:59,

AccEphed 2GRN A 2015 tryptophan-containing products. Tryptophan-containing peptides demonstrated to be susceptible to aro-
DO 30038/ Sob 01T 4d rnatic caddati on were successiully and selectively modified through the appbcation of dansiodaniunm salts
wharwirse orglobe ingood yields.

Introduction on non-natural peptidic scaffolds.'™ The conditions facilitated

Pd-modiated erosscouplings for the formation of C-C bonds
are well esmblished and effective methods for selective functio-
nalisation and modification of simple maolecular sysll:ms.'
Metal-mediated  direct ©-H bond  functonalisation has
emerged as a viable alternative” to elassical crosscoupling
methodologies as they eliminate, either in part or in full, the
need for substrate pre-functionalisation, which potentially pre-
sents improved utility in the synthesis of natural products”
and biomaolecules.* For example, we have reported the mild®*
and selective direct C-H bond functionalisation of sensitive
purine nucleosides, adenosine and 2'decxyadenosine” In this
paper we have focused onthe development of unified synthetie
protocols facilitating the mild and efficient arylation of rypto-
phan derivatives and tryptophan-containing peptides.
Tryptophan is a hydrophobic, indole-containing amino acid
which alters the structure of pmoteins and is a natural fluo-
rescent marker.” Extension of the r-system within tryptophans,
through conjugation with an aromatic group, significantly
improves the intrinsic photophysical properties of the indolke
matif, which has been evidenced in a-aryl-,' 5-aryl- and -aryl-
tryptophans.® The 2-aryl-tryptophans can be accessed wa clas-
sical Pd-mediated cmss-couplings,” or frontier-leading C-H
bond functionalisations." Ackermann et al have reported the
selective metal-free arylation of engineered indole derivatives

Deparemant of Chemistry, Unfrersicy of York, Heslngron, York WHO 500, UK
Fmall: dan_dambiiyorkacul Te: +44 [0]1904 324091

tHeamonic supplemenary infyrmadon (ESI) awilible HPLCESIMS dara for
pepdde andations, UW-Vis spectma for novel compounds and NME spectra for all
enmponds. Se DOL: 1001039 Soha1174d

B298 | Owy. Bonal Chem, 2005, 13 29509

selective C2-arylation of the smthetic indole, in the presence
of a ryptophan.™®

Recently, we communicated a convenient method for the
Ci-selective Pd-mediated direet arylation of a typtophan
derivative 1a and oyprophan-containing peptides.” The initial
work for our Pd-mediated C-H bond functionalisation prmo-
cesses utilised conditions reported by Sanford ef gl using
PhE{OH), and Phf0OAc),." This allowed access to the desired
C2-arylation product 2a in moderate vield |[“Conditions A%,
Scheme 1). The notable advantage of this protocol is the mild
temperature and use of readily available reagents to effect the
desired transformation.

It was found subsequently that eliminating PhijOAc), and
adding Cu(0Ac), as a co-catalyst for re-mxidation of the Pd®
(atmospheric air being the terminal oddant) afforded 2a in an
improved vield of 93%. This methodology was then demon-
strated on a series of arylbomnic acids under the conditions
described in Scheme 2 (“Conditions B).

“Conditions B* were successfully applied to the arylations
of two selected myptophancontaining peptides 3 and 5

o Me
" P 5 ok .
AcHN p%ai 2 an. I] AcHN
FhIOAc (2 2g.)
Wy ————————— o
ﬂ AcOH, 40°C, 16 h ﬂ
1a 2a BE%

Scheme 1 Direct arylstion of tryptophan with PhilOAck wsing "Caon-
ditions A",

This joural is @ Tre Ropsl Sacely of Cresviy 2015
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- Pdi0AC} (5 malt [oe
. e {6 malt) .
Ak CalDhl 1D mory AEHNY
ArBIOH); (5 8g.)
Wi m—— .
N AcDH 40°C, 16k, uir W
H H
ia Ar = CgHa, 26, 93%

Ar = d-ble-CyHy. Zh. 8%
Ar = 4-0hetyH,. 20 28%
Ar=4-F-LgHy. 24 77%

AF = 4-CF CH,, 20, 58%

Scheme 2  Direct anfation of 1a with CulDAc): a8 3 co-catalyst using
“"Conditions B™.

i PO 5 MO .
15 ma
"‘HN"-’J’LN"' G| QA (10 mafi) "J'L
H PRAICH; {5 #q.)
—
k AcOH_ 40 °C, @ b Q
H 1€ h, air 1]
3 4 [=86% nonv. by HPLG)
Az above, using:
Paiiney [30 molt] O
HM CulDicly (B0 mol®}  H
- -
. LysLautiaiCiyaiaH @ g LRI TH
o
5 6 {BE% com. try HPLG )

Scheme 3 Direct aration of two siected peplides usng "Conditons B

(Scheme 3), both of which afforded high conversion to the
desired arylation products 4 and &, mespeetively.

Results and discussion

With the primary goal of identifying unified smnthetie proto-
cols facilitating the mild and efficient arylation of tryptophan
derivatives and tryptophan-containing peptides, a focus was
placed on understanding the role of the proposed oxidant in
the reaction described in Scheme 1, namely Phi[0Ac),.

An analogous experiment was conducted using di-PhB-
[OH], (Scheme 4], which allows the delineation of the strueture

PDA) (5 malts o
(5 maits)
Au-m" danB{é!Hh g  AoHET
PrilOAc 2 et
A5OR 40-C, 181
A= by, 28 .
Pl EER R

Seheme 4 Direct arylation of tryptophan with d,-PHB(OH), using
“Conditions A", Ratio of wotopologus 28 and 2a-ch determined by
ESI-HRMS.

This prusnial & € The Royal Socety af Chemty 2005
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of the arylating reagent formed & situ, Le. whether the arylat-
ing reagent was derived from PhB[OH],, Phi{0OAc), or both.

ESI-HRMS (+ve mode) analysis of the product isotopologues
from  this reaction indicated that an  approximately
1:1 mixture of H- and D-labelled products were formed under
the reaction conditions. The outcome suggests that Phi[OAc),
is not simply acting as an oxidant. Indeed, it has been pm-
posed previously that a mixture of an organoboronic acid and
Phi[0OAc), can form an 1"'-based ardating agent fn sity under
similar reaction conditions. Our observation makes a more
convincing case for a mle of an in situ generated symmetrical
Ph,l" species, which adequately aceounts for our observation.™

The non-selective aryl donation from the diaryliodonium(m)
species presented a potential synthetic problem, as it required
that the aryl group of the organobomnic acid matched that of
the I'' reagent, an issue which would become significant for
the intmduction of substitted aromatic groups. The higher-
yielding “Conditions B" appeared an ideal way of cicumvent-
ing this dilemma.

In other work on the peptide arylation reactions mediated
by Pd and Cu, in the presence of PhE{OH], alone, it was found
that two specific oyptophan-containing peptides were suscep-
tible to aromatic oxidation, namely Ac-AlaTrpAla-OH and Ac-
SerGlyTrpAla-OH 9 [Scheme 5). From the maction of AlaTr-
pala-OH 7, arylation was noted along with complete loss of
starting material; HPLC-MS analysis also revealed the for-

oAk (30 mafs) Ph
CuiCAch; B0 mars)
" F‘hﬂl%lshl L

u{rw

8, \,!-l!-bnonv by HPLD)

=N

ALOH, 40 °C
6 noar

A.:ww;
(% o By HPLD)

ueiu it by HPLT)

FliCAc); (0 mofs]  Fh

AL (B |
HN FREOH), (Seg)  HNTW y
HH  H - Hl H o
>=o AnOH, 40T }=0
eHNBaraly WhoE el
L] 10, (423% come. by HPLED)
AN Sy

(ETH o, by HPLD)

Scheme 5 Direct anfation of two paplides contsining & C-terminsl
alanine rasidue using "Canditions 5

Oy, Biovred, Cherre, 2015, 13, BPeB-HI09 | 8209
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mation of dihydroeylated byproducts as well as diarylated
byproducts (selectivity mtio 1:0.6 :0.1). The reaction of Ac-Ser-
GlyTrpala-OH 9 afforded the desired arylation product and
similar dihdroxylation bypmducts | selectivity mtio 1: L4). The
involvement of Cu'' in the oxidation pmocess [J'_e_ oxidative C-H
bond activation)™ appears to be eritical, as does the presence
of aterminal alanine neighbouring typtophan. Free C-termi-
nus alanines are known to form stable com plexes with cu''*®
therefore it is proposed that such species are mespansible for
the observed hydroxylation of the arylated peptide products.

Given these limitations we chose to avoid the use of Cu'' as
a co-catalyst, thus circumventing the over-oxidation issues. It
was hypothesised that utilising a single arylating reagent
would be mome appealing, also awoiding O, as the terminal
oxidant required in the Pd/Cu chemistry. Upon recalling our
observations regarding the formation of Ph,I” species in sity,
we examined the reactivity of pre-synthesised highly dectro-
philic diaryliodine{nr) salts, which have garnered a great deal
of i.nmmst for use in C-H bond functionalisations in recent
vears * These species ean be furnished with a sterically-
hlm:lcncd aryl group which does not transfer in the uta.lvtl.c
pmcess to Pd (and the oganic substrate], in tandem with a
second aryl gmoup that can incorpomte a range of chemical
substituents.

Reaction of two equivalents of the [MesPhI]JOTE salt 1ia
(readily synthesised in a highvielding one-pot procedun)”
with 1a is shown under the eonditions described in Table 1.
Pleasingly, in acetic acid this gave the desired arylation
pmduct 2a in ayvield of 65% [entwy 1), indicating that a Cu" co-

Table 1 Sobent screening in the direct arylstion of 1a wsing
[MesPHIIOTE

3, Me
AcHN
Pe{0AC]; (5 mol%)
——— L.
obsent], 25°C, 16 1 o

Mai2 eq) & =Fh, 20
Ar = Mes, 21
24, % o, %
Entry Solent (vield, w)° (vield, %)
1 AcOH fat 40 7C) 70 (65) [}
2 [ [}
3 Acetone [} [}
4 DMF [} [}
5 MeOH 12 [}
[3 EA0H 15 []
7 "PriH 47 3
8 EtOAc? a1 (85) 4 @)
E Et0Ac/ 50 0

“All reactions conducted with 1a (00192 mmol), 11a (0384 mmaol),
PO, (5 mol¥) and solvent (5 mL) at 25 °C, unless otherwise gated.
*Comesion determined by MME  spectmecopic  anabsis,
“Following flash column chromatography. ?Referred to throughout as
“Conditions C. " Using iodonium triflate salt 11b (0384 manol),
comainimg a 2.4 ftri-dsopropylphenyl group, instead of ila f50% 2a,
10 2 rather than 2f, 30% stanting material (1a).

B300 | Crg Biowmod Chen, 2015 13 82985309
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catalyst is not necessary for the maction. Variation of the
solvent showed that MeCHN, acetone or DMF were not viable
(entries 2-4). Increasing vields, in a range of aleohals, were
recorded, in the order MeOH < EfOH < 'PrOH (entries 5-7).
The best solvent however, was found to be EtOac, which
showed full conversion to 2a (entry &, “Conditions C*).

In addition to the desired phenylated product 2a, a small
amount of the mesitlated product 2f was also isolated,
formed by donation of the sterically hindered mesityl group,
giving a produc ratio of 2a:2f of ca. 10:1 prior to purifi-
cation. In an attempt to prevent this nonselective arylation,
the optimised conditions found in the solvent screen (Table 1,
entry E) were used with another sterically-hindered 24 f-tri-
isopropylphenyl gmoup on the iodonium salt [11b). This
however did not have the desired effect, as it appeared to lower
the ractivity of the system and reduce product selectivity, with
the ratio of 2a to triisopropylphenyl side produet 2g being 5 :1
(Table 1, entry 9).

Application of “Conditions C* to small tryptophan-contain-
ing peptides was nest eamined to assess the methodology
against more structurally compler systems, A protection/
deprotection strategy was chosen to prepare small tryptophan-
containing dipeptides, but the N-Ac pmotecting group pre-
viously used for compound 1a proved smthetically challenging
when utilised in these dipeptides. A switch to an N-Boc pmo-
tecting group was therefore explored. During these efforts it
was discovered that when the optimised arylation conditions
shown in Table 1, entry & [“Conditions C*) were applied to
N-Boc, O-Me protected typtophan 1b, only a trace of the
desired arylation product was observed. Unreacted starting
material 1a was recovered along with the expected side pro-
ducts from the diaryliodonium salts used [i.e_ indobenzene/
indomesitylene). A switch to the N-Tfa protecting gmoup
circumvented this problem and when “Conditions C were
applied to the N-Tfa, O-Me protected tryptophan 1c the desired
arylation product 12a was obtained in 82% isolated vield [with
17% of the undesired mesityl product 12b) (Scheme 6).

“Conditions C* were demonstrated on the dipeptides Tfa-
GlyTrp-OMe 13 and Tfa-LeuTrp-OMe 15 (Scheme 7), affording
the desired arybtion products 14a and 1ea in modemte to
good vields, thus highlighting the utility of this protocol when
applied to small tryptophan-containing peptides.

“Conditions C" were also applied to peptides 7 and 9,
which had proved pmblematic with the Cucontaining “Con-
ditions B* [Scheme 5), affording the desined arylation products

Cinbde
PGHN"’ FEHN
. OT
o wcm:p; [5 Ml
Ph
EI.I'JA.; 25°C, Bh
H
B = .l‘c.:. 1a Ma(Zeqh PG = Az, 2a, B89
PG o= o 1B PG = Bog, Iacs
PG = Th, 12 PG = Tia, 12, 52%

Scheme 6 Effect of N-protecting group on the direct arylstion of
try ptophans wsing "Conditions C°.
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Ar = Ph, 14a, 45%

L, or
K'l/ "~pi
TieHM 12eal
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B ———
Et0AC, 25 °C,
18 1, 8ir

ThaHK,

Ar = Bh, 18a, B5%
Ar = Mas, 16b, 12%
Scheme 7 Dirsct arylation of two selected peptides using & diary bodo-
nium salt ("Conditions C7

Lo
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[2eq) HN
OH DUIORGJ; (10 makE)
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"“"N} 180, ar
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a
HN .
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AcHNSarEy 'mn W AcHNSerGl

" 1E b, air i, [56% conv. by HPLE)

Scheme 8 Direct anfation of peptides susceptible to dihydraylation
using a diary lodonium it

& and 10 (Scheme &); for these polar molecules, isopropanaol
was used in place of ethyl acetate as the reaction solvent. Bone
of the mesityl byproduct was detected in these reactions, poss-
ibly because of greater steric encumbrance from the peptides
as compared to a single tryptophan residue. Importantly “Con-
ditions C* provide complete selectivity for the desired arylation
products, addmessing the drawbacks of “Conditions B* high-
lighted, pleasingly this is also achieved at significantly lower
catalyst loadings.

Conclusion

The global aim of this study was to develop synthetic pmtocols
that facilitate the mild and efficient arylation of tryptophan
derivatives and tryptophan-containing peptides. This has been
bmadly achieved, with the different reaction conditions [A-C)
being particularly atractive and highly complementary.
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Our previous work demonstrated the use of both an aryl
bomnic acidfiodobenzene diacetate system (“Conditions A¥) as
well as conditions utilising Cu{n) as a co-catalyst [“Conditions
E")." These conditions allowed several C2-ar tryptophan ana-
logues to be accessed in high yields. The use of a Cu'' salt was
shown to be incompatible with certain peptidic motifs; in the
examples tested a free Cterminal alanine neighbouring trypto-
phan proved pmblematic, leading to aromatic oxidation
(major competing side reactions) and also diarylation (minor
competing side reaction), demonstrting poor product selecti-
vity (1: 0,6: 0.1 and 1: L4).

Our methodology was therfore extended to the use of pre-
synthesised asymmetric diaryliodonium salts (“Conditions C¥),
the arylation conditions for which havwe been developed and
optimised to proceed effectively at 25 °C in ethyl acetate under
air (which iz not necessary as an oxdant, but allows reactions
to be run conveniently without the need for inert conditions).
Other advantages of “Conditions C* include the avoidance of
strong oxidants and metal co-catalysts [eg. Cu'). These con-
ditions have been successfully applied to small tryptophan-
containing peptides and the desired arylation products
obtained with complete selectively and in synthetically useful
vields, without the undesimble ammatic oxidation previously
observed.

Our current work is involved with extending these methodo-
logies to more comple systems, as well as oamining the
underlying mechanisms involed with the arylation of 1a and
derivatives under the different reaction condidons described
within this paper.

Experimental

General experimental details

Commercially available reagents were purchased from Sigma
Aldrich, Fluorochem, Fisher Scientific, Alfa Aesar or Acros
Ormganics and used as received unless otherwise noted. Room
temperature (rt) refers to reactions where no thermostatic
control was applied and was recomded as 1e-2: °C. Petml
refers to the fmetion of petmleum ether boiling in the range of
40-60 °C. Dry THF was first obmained from a Pumre Solv MD-7
solvent machine and stored under nitrogen, then dried further
and any hydroperoxide species removed by reflwdng over
sodium for 3 days and distilling under agron. Dry methanol
was obtained by dryving over activated 3 A molecular sieves and
storing under nitmogen. Triethylamine (Et,N) and diisopropyl-
cthylamine (DIPEA) were distilled from potassium hydroxide
and stored under nitrogen. Air sensitive procedures were per-
formed using standard Schlenk techniques and carried out in
oven- or flame-dried glassware. Nitrogen gas was cygen free
and dried immediately prior to use by passing through a
column of potassium hydroxide pellets and silica. Thin layer
chromatography (TLC) analysis was performed using Merck
5554 aluminium backed silica plates and visualised using UV
light (i, = 254 nm). All flash column chromatography was
performed using Merck silica gel 60 (particle size 40-63 pm)
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and a solvent system as stated in the ted. Retandation factors
are quoted to two decimal places. Optical rotatdons were
recorded using a JASCO DIR-370 digital polarimeter at 20 °C
[using the sodium D line, 259 nm) using a path length of
100 mm and at a concentraton indicated in the text The
appmpriate solvent was used as a background with ten read-
ings taken for each sample and the average [a], values in units
of 107" deg em” g7 are quoted to one decimal place. Melting
points were meeorded using a Stuart digital SMP3 machine and
are quoted to the nearest whole number. Where applicable,
decomposition (dec) is noted. NMR spectra were recorded on
cither a Jeol ECS400 or Jeol ECXAD0 spectrometer and pro-
cessed using MestReNova, Spectra were typically recorded at
298 K, unless otherwise specified. Chemical shifts are reported
in parts per million (ppm). Coupling constants are reported in
Hz and quoted to +0.5 Hz. Multiplicities are described as
singlet (s), doublet (d), triplet (t), quartet (g), guintet (quin],
sextet, (sext), heptet (hept), multiplet (m), apparent (app) and
bmoad (br). 'H NMR spectra were typically recorded at
400 MHz. Chemical shifts are internally referenced to residual
undeuterated solvent and given to two decimal places. ™C
NME spectra were mecorded at 101 MHz. Chemical shifts are
internally referenced to residual undeuterated solvent and
given to one decimal place. "B NMR spectra were recorded at
128 MHz and obtained with 'H decoupling. Chemical shifts
are eiternally referenced to BF,-OQEL, and given to one decimal
place. "F NMR spectra were recorded at 376 MHz and
obtained with *H decoupling. Chemical shifts are externally
referenced to CFCL, and given to one decimal place. *'P NMR
spectra were mcorded at 162 MHz and obtained with 'H
decoupling. Chemical shifts are externally referenced to H PO,
and given to one decimal place. Mass spectrometry was per-
formed using a Bruker Daltronics micrOTOF spectrometer
using electmspray ionization (ESI). Mass to charge ratios (miz)
are reported in Daltons with percentage abundance in paren-
theses along with the corresponding fragment ion, where
known. Wher complex isotope patterns were observed, the
maost abundant ion is reported. High resolution mass spectm
are reported with <5 ppm error. IR spectmometry was per-
formed using a Bruker Alpha FI-IR spectmometer and signals
are mported in wavenumbers (em™ ') to the nearest whole
number. UV-visible spectmscopy was performed using a Jasco
V-560 spectometer. A baseline in the appropriate solvent was
obtained prior to recording spectra. Elemental (CHN) analysis
was carried out using an Exeter Analytical CE-440 Elemental
Analyser. All values are given as percentages to two decimal
places. “Conditions A" and “Conditions B* are also reported in
our preliminary communication on this work.®

General procedure 1: direct arflation using aryboronic acids
[“Conditions B"|*

To a microwave tube was added substmate (1 eq.), the desired
boronic acid (2 eq.), Cu[OAc), (10 mol%), Pd(OAc), (5 mol¥)
and AcOH. The reaction mixture was stirred at 40 °C for 16 h.
The resulting brown reaction mixture was filtered through
Celite then washed with sat aq. NaHCO,. The organic layer
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was collected and dried over MgS0,, filtered and the solvent
removed under reduced pressure to give the crude residue.
The msidue was dy-loaded onto silica gel and purified by
flash column chromatography to give the title compound.

General pmcedure 2: preparation of diaryl iodond um salts™
Bis(acetyloxyiphenyl+’-iodane (1 eq.) and the desired aryl sub-
strate (1.1 eq.) were added to a round-bottomed flask and dis-
solved in CH,Cl,. The midumr was oooled to 0 °C then
trifluoromethanesulfonic acid (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 solvent was removed under redueed pressure to give an
omnge-white residue to which Et,() was added to precipitate a
white solid. This was filtered through a glass sinter and
washed on the filter with more Et,0 until the filtrate ran clear
of eoloured components. The solid was then dried in vacuo at
100 °C to give the title com pound.

General procedure 3: direct arylation using diard iodonium
salts | “Conditions C*)

To a microwave tube was added substrate (1 eq.), the desired
diaryl iodonium salt (2 eq.), Pd{0Ac) (5 mol%) and EfDAc.
The reaction mixture was stirred at 25 2C for 16 h. The result
ing black reaction mixture was filtered through Celite then
washed with sat. ag. NaHOD,. The organic laver was collected
and dried over MgS0,, filtered and the solvent removed under
reduced pressure to give the crude residue. This was dry-
loaded onto silica gel and purified by flash eolumn chromato-
graphy to give the title compound.

Methyl (28} 2-amino-3-{ 1H-indol-3-yl)propancate hydrochlo-
ride.”™ To a Schlenk mbe under M, was added dry MeOH
(50 mL). Thionyl chloride (4.3 mL, 7.02 g, 59 mmaol, 2.4 eq.)
was added dropwise at —15 °C. -Tryptophan 20 (5 g,
24.5 mmol, 1 eq.) was then added in three portions, resultng
in a white suspension. The maction mixture was warmed to
ambient tempemture and stirred for 24 h. During this time a
clear omnge solution was formed. Water (5 mL) was added to
the reaction mixture and the solvent removed under reduced
pressure to give product as an off-white solid (6,18 g, 99%). Mp
205-206 °C dee (L™ 214 °C dec); "H NME (400 MHz, CD,0D,
&) 1061 (br 5, 1H), 7.54 (dt, f = 8.0, 1.0 Hz, 1H), 7.40 (dt, j =
8.0, 1.0 Hz, 1H), 7.22 (5, 1H), 7.14 (ddd, f = 6.0, 7.0, L0 Hz,
1H), 707 (ddd, J = &0, 7.0, L0 Hz, 1H), 4.33 (dd, = 7.5,55
Hz, 1H), 3.79 (s, 3H), 3.46 (dd, J = 15.0, 5.5 Hz, 1H), 3.37 (dd,
J =150, 7.5 He, 1H); V'C NMR (101 MHz, CDL0D, 8): 170.8,
138.3, 1282, 125.6, 1229, 1203, 118.8, 112.7, 107.4, 54.6, 53.6,
27.5 ESFMS myz [ion, %) 219 ([M — CIT', 100); ESI-HRMS m/z:
219.1130 [M — CI]" [cale. for C,H, M0, 2191128} R (solid
state ATR, em™): 3259, 2856, 1747, 1501, 1436, 1351, 1210,
1108, 73y anal. cale. for CpaHaeClNOy: C 5658, H 594,
M 1100 found: C 56.44, H 5.85, N 10.E7.

Methyl  (25)-2-acetamid o-3- 1 H-indol-3-y1 ) propanoate,
1a.™ To a thmwe-necked round-bottomed flask fitted with a
reflux condenser and purged with N, was added methyl
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(25 }2-amino-3- 1H-indol-3-yljpropancate  hydrochloride (3 g,
11.7 mmol, 1 eq.), dry THF (150 mL] and dry triethylamine
(2 mL). The mixture was stirred to give a white suspension
before being cooled to 0 °C, then acetic anhydride (14 mL,
L5 g, 15.1 mmal, 1.1 eq.) was added in one portion. The reac
tion was then stirred for 2 h at 80 °C to give a white suspen-
sion. This was added to deionised water (150 mL) and
eatracted into EtOAc (3 < 150 mL). The organic lavers were
combined and washed sequentialy with 1 M ag. HC
(100 mL), sat. ag. NaHOOs (100 mL) and brine (100 mL). The
organic layer was collected and dried over MgS0,, filtered and
the solvent removed under reduced pressure to give a colour-
less oil. Trituration with Et0 resulted in the product as an off-
white solid (293 g, 82%). [a], = +L5 ¢ 010, CHOL); Mp
154-155 °C [lit." 155-156 °C); "H MMR (400 MHz, CDCly, &):
827 (s, 1H), 7.53 (dd, f = 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 = &0, 7.0, 1.0 Hz,
1H), 6.97 (d, J = 2.5 Hz, 1H), 6.03 [d, J = &0 Hz, 1H), 1.96 (dt,
J=8.0,50 Hz, 1H), 3.70 (5, 3H), 3.35 (dd, J = 15.0, 5.0 Hz, 1H),
326 (dd, j = 150, 5.0 Hz, 1H], 1.95 (s, 3H); “'C NME (101 MHz,
CDCL, &) 1726, 166.4, 136.1, 127.1, 123.7, 120.1, 1164, 1180,
1115, 109.6, 53.2, 518, 27.1, 20.3; ESFMS miz (ion, %) 261
(M + H]', 5), 263 ([M + Na]", 100); ESI-HRMS m/z: 2831053
[M + Ma]* (cale. for CyH, N,0,Na 2831053 IR (solid state,
ATR, cm™"): 3405, 3315, 1732, 1661, 1520, 1434, 1220, 1123,
Fa6, 665, 613, 519, 427; anal. cale. for Cp H N0 © 6460,
H 6.20, N 10.76 found C 64.34, H 6.23, N 1047,

Methd (28} 2-{[{tert-butoxy) carbony Jamino 34 1H-indol-3-
W propanocate, 1b.** To a round-bottomed flask containing a
solution of methyl (25}2-amino-3-{14-indol-31) propa noate
hydrochloride (100 mg, 0.39 mmol, 1 eq.) and K,C0, (54 mg,
0.39, 1 eq.) in deionised water (1 mL) was added a solution of
di-tert-butyl dicarbonate (85 mg, 0.39 mmol, 1 eq.) in acetone
(1 mL]) at 0 °C with stirring. The solution was stired for 2 h
during which time it was allowed to warm to rt. After 2 h the
acctone was emoved under reduced pressure and deionised
water added. This was eoracted into EtDAc three times, dried
over Mgsoy, filtered and the solvent removed under reduced
pressure to give the product as an offwhite solid (117 mg,
01%). [alp = +43.1 [c 010, CHCL); Mp 146-148 °C (lit™
145-146 °Cl; "H NMR (400 MHz, CDCl,, 8 820 [br s, 1H),
7.58-7.53 (m, 1H), 7.35 (dt, /= £.0, L0 Hz, 1H), 7.19 (ddd, J =
80, 7.0, L0 Hz, 1H), 7.12 (ddd, J = 8.0, 7.0, L0 Hz, 1H), 6.99
(s, 1H), 506 (d, J = 8.0 He, 1H), 4.71-4.59 [m, 1H), 3.68 (s, 3H),
320 (dd, J = 5.5, 3.0 Hz, 2H), 1.43 (s, 9H); C NMR 101 MHz,
CDCL, 8): 172.9, 1554, 136.3, 127.6, 123.0, 1221, 119.5, 1186,
1114, 1098, BO0, 54.3, 533, 284, 280 ESEMS myz (ion, %):
319 ([M + HJ, 14), 341 ([M + Na]', 100); ESFHRMS miz:
341.1465 [M + Na] (cale. for o H,,N,Na 0, 341.1472),

Methyl (28)-3-{1H-indol-3-d }2-{trifluomacetamido)pmopano-
ate, 1e.* To a round-bottomed flask containing methyl
(28}2-amino-34{1H-indol-3-vi) propancate hydmchlonde (127 g,
5 mmol, 1 eq.) was added E,N (0.75 mL, 0.54 g, 5 mmol,
1eq.) and MeOH (2.5 mL) and the resulting suspension stirred
for 5 min. After 5 min ethyl trifluorcacetate (0.85 mL, 101 g,
6.35 mmol, 1.27 eq.) was added and the mixture stirred at rt
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for 16 h, during which time a clear solution formed. After 16 h
the solvent was removed under reduced pressure and the
resulting residue acdified with 2 M HCI, before being
extracted into EtOAC three imes. The organic layers were com-
bined then washed with brine, dried over MgS0,, filtered and
the solvent removed under reduced pressure to give the
product as an off-white solid (1.35 g, 90%). B 0.16 (3: 1 petrol/
EtOAe viv); [a]o = +50.7 (¢ 010, CHCL); Mp 108-109 oC (lit™
107-109 °CJ; "H NMR (400 MHz, (DO, 5): 8.30-8.18 (br s,
1H), 7.54-7.47 (m, 1H), 7.36 (dt, J = £.0, L0 Hz, 1H), 7.22 (ddd,
J=E0,7.0, L0 Hz, 1H), 7.15 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 6.96
(d, J = 2.5 Hz, 1H), 6.95 (s, 1H), 494 (dt, J = 8.0, 5.0 Hz, 1H),
373 (s, 3H), 3.42 (dd, J = 5.0, L0 Hz, 2H); C NMR (101 MHz,
CDCly, 8k 1708, 1569 (g, Y = 37.5), 1362, 127.4, 1231,
1226, 120.0, 1183, 116.3 (g, Jop = 287.0), 111.6, 1088, 51.5,
53.0, 27 2; ""F NMR (376 MHz, CDCl,, §): —75.8; ESI-MS mjz
(ion, %) 315 ([M + HJ, 50), 332 (M + NH,], 40), 337
([M + Ma]", 100), 353 ([M + K], 10); ESFHRMS myz: 3150950
[M + H]" (cale. for C, H, FiM,0, 315.0951).

Mathyl (28}2-acetamido-3-{2-phenyl1 Heindol-3-y Jpropano-
ate, 2a. Method A (“Conditions A"} To a microwave tube was
added phenylboronic acid (47 mg, 0381 mmol, 2 eq.), bisfacetyl-
oxyjphenyl-it-iodane (123 mg, 0.384 mmol, 2 eg.), Pd[OAc),
(2 mg, 9.6 pmol, 5 mol%) and AcOH (5 mL). The maction
mixture was stirred at 40 °C for 10 min. To the resulting
omnge-brown solution was added methyl [25)-2-acetamido-3-
(1H-indol-3-vi jpropanoate (50 mg, 0,192 mmol, 1 eq.) 1a. The
reaction was stirred at 40 2C for 16 h. The resulting black reaec-
tion mixture was filtered through Celite, and the solvent
removed under reduced pressure to give a brown solid. This
was dissolved in EtDAc (10 mL) then washed with sat aq.
NaHCOO,. The organic layer was collected and dried over
Mgs0,, filtered and the solvent removed under reduced
pressume to give 2 brown solid. This was dry-loaded onto silica
gel and purified by flash column chromatography [ 40% petrol/
EtOAc, wv) to give product as an offwhite solid (36 mg, 56%).
Method B: Synthesised using General Procedure 1 from
methyl | 25} 2-acetamido-3-{1H-in dol-3-v1jpropancate 1a (50 mg,
0.192 mmal, 1 eq.), phenylboronic acid (417 mg, 0384 mmaol,
2 eq.), Cu[0Ack (3.5 mg, 19.2 pmol, 10 mol%) and Pd{OAc),
(2 mg, 9.6 pmol, 5 mol%) in AcOH (5 ml). Fash column
chromatography (40% petrol/EtOAc, viv) gave the product as
an off-white solid (60 mg, 93%). Method C: Synthesised using
General Procedum 3 from methyl | 28}-2-acetamido-3-{15-
indal-3vl jpropanoate 1a (50 mg, 0.192 mmol, 1 eq.), phenyl
(24, 6-trimethyiphenylliodonium  triflucromethanesulfon ate
11a (181 mg, 0.384 mmol, 2 eq.) and Pd{OAc): (2 mg, 9.6 pmal,
5 mol%) in EfAc (5 mL). Flash eolumn chromatogmphy (40%
petrol/EtDAc, wv) gave the product as an offwhite solid
(55 mg, B5%). Ry 027 (40% petrol/EtOAc viv); [a], = #4473
(¢ 010, CHCL); Mp E3-B4 °C (lit™ B5-86 °C); "H NMR
(400 MHz, CDCls, §): £.20 (s, LH), 7.60-7.54 (m, 3H), 7.51-7.45
(m, 2H), 7.42-7 34 (m, 2H), 7.21 (ddd, = 8.0, 7.0, L0 Hz, 1H),
7.14 (ddd, J = &0, 7.0, L0 Hz, 1H), 5.79 (d, /= 8.0 Hz, 1H), 4.84
(dt, J = 6.0, 5.5 Hz, 1H), 3.55 (dd, J = 5.5, L0 Hz, 2H), 3.29
(s, 3H), 166 (s, 3H}; “C NMR (101 MHz, (CDCl,, &: 1723,
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1699, 1361, 1359, 1333, 1294, 1291, 1284, 1280, 1225,
1200, 1188, 1112, 106.5, 5.9, 521, 266, 22.9; ESIMS m/z
(iom, %) 337 ([M + HJ, 40), 359 ([M + Na], 100}; ESI-HRMS
mjz: 3371546 [M + H] (cale for CuH,,MN,0, 337.1547);
IR (solid state ATR, cm™"): 3272, 1735, 1651, 1519, 1436, 1373,
1215, 739, 696, 496,

Methyl  (25)}2-acetami do-3-{2- +-methylphenyl - LH-indol-
3+ [propanoate, 2h. Synthesised using General Procedure 1
from methyl (25}2-acetamido-34{ 14-indol-3-l jpropanoate 1a
(50 mg, 019 mmaol, 1 eq), 4-methylphenyiboronic acid
(52 mg, 0384 mmol, 2 eq.), Cu[OAc), (1.5 mg, 192 pmol,
10 mol%) and Pd[OAc), (2 mg, 9.6 pmal, 5 mol%) in AcOH
(5 mL). Flash column chromatography (1: 1 petrol/EtOAc, viv)
gave the product as an offwhite solid (59 mg, B8%). B 0.32
(111 EtDAc/petrol); fo)e = #5198 (¢ 0,11, CHOL}, Mp 97-99 C;
'H NMR (100 MHz, CDCL,, & 8.09 (5, 1H), 7.56 (d, J = 8.0 Hz,
1H), 7AB-7.44 (m, 2H), 7.36 (d, J = B0 Hz, 1H), 730 [d, J =
£.0 Hz, 2H), 719 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 7.13 (ddd, J =
8.0, 7.0, L0 Hz, 1H), 5.77 (d, J = 8.0 Hz, 1H), 4.82 (dt, J= &0,
5.5 Hz, 1H), 3.53 (d, f = 5.5 Hz, 1H), 3.52 (d, J = 5.5 Hz, 1H),
3.33 (s, 3H), 241 (s, 3H), 166 [s, 3H); ™C NMR (126 MHz,
CDCB, &) 172.3, 169.8, L3R0, 136.2, 135.7, 130.3, 128.2, 1224,
1200, 1188, 1111, 1064, 60.5, 530, 52.1, 26.7, 22.9, 21.3,
14.3; ESTMS myz (ion, %) 391 ([M + H]"), 100); ESFHRMS miz:
3501628 [M + H] (cale. for CoHnMN2D: 350.1630); IR (solid
state ATR, cm™") 3331, 2951, 1731, 1657, 1506, 1372,
1305, 1215, 1010, 22, 742; UV-Vis (DMS0, nm) A, 310 (&=
BEY3 mal dm™ em~).

Methydl  (25)-2-acetamido-3-{244-methoxyphenyl }-1H-indol-
3+ Jpropancate, 2e Synthesised using Geneml Procedure 1
from methyl (25}-2-acetamido-34 14-indol-3- jpropanoate 1a
(50 mg, 0.192 mmol, 1 eq), 4-methoxyphenylboronic acid
(58 mg, 0384 mmol, 2 eq.), Cu[OAc), (1.5 mg, 192 pmol,
10 mol%) and Pd[OAc), (2 mg, 9.6 pmol, 5 mol%) in AcOH
(5 mL). Flash column chromatography (1: 1 petrol/EtOAC, viv)
gave the product as a brown solid (20 mg, 26%). K015 (1:1
EtOAc/petrol wiv); [a]o = +34.9 (¢ 0.10, CHCL); Mp 202-205 °C;
'H NMR (400 MHz, CDCl,, &) 56 [br s, 1H), 7.57-7.51
(m, 1H), 7.46-7 39 (m, 2H), 7.34-7 28 (m, 1H), 7.17 (dd, /= 7.0,
L5 Hz, 1H), 7.12 (dd, J = 7.0, L5 Hz, 1H), 695-6.90 (m, 2H),
5.85 (d, J = B0 Hz, 1H), 4.81 (dt, J = &0, 55 Hz, 1H), 3.81
(s, 3H), 348 (d, J = 55 Hz, 2H), 3.34 (5, 3H), 166 (5, 3H);
YC MMER (101 MHz, (CDCL,, & 1724, 169.8, 159.5, 136.1,
135.7, 1296, 1295, 1256, 1222, 1199, 1186, 1146, 111.1,
1055, 55.5, 530, 523, 267, 23.0; ESEMS m/z (ion, %) 167
(M + H]", 50), 389 [M + Na]", 100); ESI-HRMS m/z: 3891458
[M + Na]’ [eale. for CuHaaNaNaD, 389.1472).

Methyl (25} 2-acetamido-3{2-{4-fluorophenyl | 1H-indol-3 41}
pmopanoate, 2d. Synthesised using Geneml Proeedure 1
from methyl (25}2-acetamido-34{ 14-indol-3-v jpropanoate 1a
(50 mg, 019 mmol, 1 eq.), 4-fAuorophenylboronic acid
(34 mg, 0384 mmol, 2 eq.), Cu[OAc)k (3.5 mg, 192 pmaol,
10 mol%) and Pd[OAc), (2 mg, 9.6 pmol, 5 mol%) in AcOH
(5 mL). Flash column chromatogmphy (1: 1 petrol/EtOAc, viv)
gave the product as a brown solid (52 mg, 77%). & 023 (1:1
EtOe/petrol vivl; [a], = +54.4 (¢ 0.10, CHCL}; Mp 213-216 *C
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dec; "H NMR (100 MHz, CDCl,, &: 818 (br 5, 1H), 7.56 (ddt,
J = 8.0, L5, 1.0 He, 1H), 7.54-7.48 (m, 2H), 7.34 (dt, /= 8.0, 1.0
Hz, 1H), 7.20 (ddd, f = £.0, 7.0, L.0 Hz, 1H), 7.17-7.12 (m, 3H),
5.84 (d, J= 8.0 Hz, 1H), 4.83 (dt, J = B.0, 5.5 Hz, 1H), 3.56-3.40
[m, 2H), 3.33 (5, 3H), L.70 (s, 3H); “'C NMR (101 MHz, [CDCL,,
&) 1723, 169.7, 1629 (d, Y = 249.0 Hz), 1358, 135.1, 1303
(d, Mep = 8.0 Hz), 129.5, 129.4 (d, Ygp = 3.5 Hz), 122.8, 120.3,
1190, 1163 (d, Jor = 215 Hz), 11L1, 107.0, 529, 52.2, 26.5,
231; F NMR (376 MHz, CDCl, & -112.6—1129 [m};
ESI-MS myz (ion, %): 355 ([M + HJ', 60), 377 ([M + Ma]", 100);
ESI-HRMS myz 3551442 [M + H] [cale. for CaH, FNLO,
355.1452),

Methyl (25} 2-acetamido-3-{2-{4-{triffuommethyl Jpheny -LH-
indol-3yi}propanoate, 2e. Synthesised using General Pro-
cedure 1 from methyl  [25)-2-acetamido-34{1 Hindol-3-l )
propanoate La (50 mg, 0.192 mmaol, 1 eg.), 4-4{mifluoromethyl -
phenylboronic acid (36 mg, 0384 mmol, 2 eq.), CulDAc),
(3.5 mg, 19.2 pmol, 10 mol%) and Pd{OAc)h (2 mg, 9.6 pmaol,
5 mol%) in AcOH (5 mL). Flash column chromatogmphy (1:1
perol/EtDAc, v/v) gave the product as a brown solid (15 mg,
5E%). Rp 0.34 (1:1 EtDacipetral); [a], = +62.0 (¢ 0.13, CHCL);
Mp 202-206 °C; 'H NMR (400 MHz, CDCL3, §): BA4L (5, 1H),
7.72-7.63% (m, 4H), 7.58 (d, f = 8.0 Hz, 1H), 7.35 (d, J = 8.0 Hz,
1H), 7.22 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.15 [ddd, J = £.2, 7.0,
1.2 Hz, 1H), 5.87 (d, J = £.0 Hz, 1H), 4.84 (dt, J = £.0, 52 He,
1H), 3.59-3.48 (m, 2H), 3.29 (s, 3H), L67 (s, 3H}; “'C NMR
(101 MHz, CIXCL3, &) 1722, 169.9, 136.9, 136.1, 134.3, 1299
(g, Yop= 32,0 Hz), 129.5, 126.5, 126.1 (g, Yfoe = 4.0 Hz), 1241
[, Yo = 247.0 Hz), 1233, 120.4, 1192, 1114, 1082, 53.0,
533, 27.0, 23.0; ESFMS mz (ion, %) 405 ([M + HJ, 30), 427
(M + Ma]", 100); ESI-HREMS mjz: 4051410 [M + H]" (cale. for
CynHaeFyN, 0, 405.1421 ); IR (solid state ATR, em™") 3288, 2925,
ZB60, 1730, 1651, 1505, 1438, 1285, 1245, 1215, 1027, B35, 743;
UV-Vis (DMS0, nm) &, 318 (e= 10257 mol dm™ em™").

Methyl  (2§)2-acetamido-3-{2-2,4,6-trimethylpheny }-1H-
indol-3-jpropancate, 2f Synthesised using General Pmo-
cedure 3 from methyl  (28)-2-acetamido-3-{1H-indol-3-vi}
propanoate 1a (50 mg, 0.192 mmaol, 1 eq.), phenyl [2,4,6-
trimethylphenyl jiodonium  trifluoromethanesulfonate  11a
(181 mg, 0384 mmol, 2 eq.) and Pd{OAc): (2 mg, 96 pmoaol,
5 mol%) in EtOAc (5 mL). Flash column chrom atogmphy (40%
petrol/EtOAc, viv) gave the product as an offwhite solid (2 mg,
3%). Br 031 (1:1 EtOAcipetmol viv)y [e], = +352 (¢ 0.0,
CHCL); Mp 158-15% °C; "H NMR (400 MHz, CDCl,, &): 7.89 (br
s, 1H), 7.61 [ddt, f = 7.5, L5, 1.0 Hz, 1H), 737-7.33 (m, 1H),
720(dd, f= &0, 1.5 Hz, 1H), 7.16 [d, J = 7.5 Hz, 1H), 6.99 (ddt,
J =40, L5, 1.0 Hz, 2H), 5.64 (d, J = 7.5 Hz, 1H), 4.72 (ddd, =
7.5, 7.0, 5.0 Hz, 1H), 347 (s, 3H), 3.17 (dd, J = 15.0, 5.0 He,
1H), 3.02 (dd, J = 15.0, 7.0 Hz, 1H), 2.35 (s, 3H), 211 (d, J =
1.0 Hz, &6H), 1.75 (s, 3H}; “C NMR (101 MHz, (CDCL,, 5 172.5,
169.9, 1389, 1383, 1382, 1359, 134.7, 12R.8, 1287, 1287,
128.6, 122.1, 119.9, 118.8, 110.9, 108.0, 100.1, 53.1, 52.3, 27.2,
23.1, 2L3, 20,4, 20.3; ESFMS miz (ion, %): 379 ([M + H]', 40),
401 ([M + Ma]", 100); ESI-HRMS miz: 379.2015 [M + H] (cale.
for CuH, N0, 3702016} IR (solid state, ATR, cm ™"} 3402,
3289, 2953, 2019, 2853, 1741, 1646, 1515, 1458, 1435, 1373,
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1304, 1293, 1260, 1239, 1218, 1129, 1031, 1012, 987, B34, 798,
744, 591, 505, 445 UVVis (DMSO, nm): L., 2BE (¢ =
15092 mol dm ™ em™).

Z-Acetamidoacetic acid. To a round-bottomed flask was
added glycine (5 g, 66.6 mmol, 1 eq.) and water (150 mL). To
this, acetic anhydride (189 mL, 20.4 g, 200 mmol, 3 eq.) was
added dropwise and the reaction mixture was stirred at rt for
1 h. The mixture was then cooled to 4 2C for 16 h, and the
resulting precipitate collected by filtration through a sintered
funnel to give product as a white solid (4.46 g, 57%). Mp
W7-208 4C (L™ 206-208 °C decl "H MMR (400 MHz,
[CD,),S0) & 1251 (s, 1H), B.18 (s, 1H), 3.71 (d, f = 6.0 Hz, 2H),
LE4 (5, 3H); V'C NMER (101 MHz, [CD:)LS0O) & 1715, 1696,
40.6, 22 3; ESEMS myz (ion, %) 118 (M + H]", 40), 140 ([M +
Nal', 100); ESFHRMS miz: 1180501 [M + H] (cale for
CHNO, 118.0499); IR (solid state ATR, cm™") 3350, 1944,
1897, 1717, 1580, 1547, 1439, 1379, 1351, 1276, 1227, 1137,
993, 902, BEL.

Methyl (23)-2-2-acetamidoacetamid o)-3-{1 H-indol-3-y1)-
propanoate, 3. To a Schlenk twbe was added methyl [25)-
Z-amino-3-{1H-indol-341)propancate hydmchloride (190 mg,
0,672 mmaol, 1 eq), ZAcetamidoacetic acid (102 mg,
0,672 mmol, 1 eq.] and N-{3-Dimethylaminopropyl)-8-ethyl
carbodiimide hydrochloride (EDC-HCL) (167 myg, 0.B72 mmol,
1 eq.). The reaction mivture was placed under vacuum and
refilled with M., and this process repeated twice. Dry CH,Cl,
(5 mL) was added, and the mixture stired for 16 h at ambient
temperature.  The solvent was mmoved under redoced
pressure, The resulting residue was dissolved in EfOAc (15 mL)
and washed with 1 M ag. HCl (20 mL), sat. aq. NaHOO,
(40 mL) and brine (40 mL). The organic layer was collected
and dried owver Mg50,, filtered and the solvent removed under
reduced pressure to give product as a white solid (96 mg,
35%). [a]p = +36.5 (£ 0.10, CHCL,); Mp 98-102 °C (lit ™ 178 °C);
"H NME (400 MHz, CD,0D) & 7.48 (dt, J = §0, L0 Hze, 1H),
7.31 (dt, J = B0, L0 Hz, 1H), 7.10-7.04 (m, 3H), 7.00 (ddd, j =
8.0, 7.0, L0 Hz, 1H), 4.73 (dd, J = 7.0, 6.0 Hz, 1H), 3.63 (d,J =
16.5, 1H), 3.78 (d, J = 16.5 Hz, 1H), 3.64 (5, 3H), 3.27 (ddd, j =
14.5, 7.0, 0.5 Hz, 1H), 3.19 ([ddd, J = 14.5, 7.0, 0.5 Hz, 1H]), 1.92
(5, 3H); V'C NMR (101 MHz, CD,0D) § 173.9, 1737, 1714,
1380, 12687, 124.6, 1225 1199, 119.1, 112.3, 110.3, 54.8, 52.7,
49.0, 43.4, 28.4; ESI-MS myz (ion, %) 318 ([M + H]', 20), 340
M + Na]", 100); ESFHRMS mz: 3161433 [M + H]" [cale. for
CoeHagMo0y 318,144 8); IR (solid state ATR, cm™) 3286, 2947,
1737, 1655, 1610, 1508, 1460, 1439, 1372, 1285 1248, 1215,
1177, 1030,

Methyl (25)-242-aceta midoacetamido}-3-4{2-phenyl-1H-indol-
3+l jpropanoate, 4. Synthesised using General Procedure 1
from methyl (25}2-2-acetamidoacetamido )34 LH-indaol-3 41)-
propanoate 3 (10 mg, 0,032 mmaol, 1 eq.), phenylboronic acid
20 mg, 0.16 mmal, 5 eq.), Cu[OAc), (006 mg, 3.2 pmal, 10 mol
%) and Pd{OAck (036 mg, 16 pmol, 5 mol%) in AcOH
(0.5 mL). Flash column chmomatography (2% MeOH/EtOAc,
wv) gave the pmoduct as an offwhite solid (12 mg, 68%).
Br 0.24 (2% MeOH/EOAC, viv); [a], = +32.1 (¢ 0.10, CHCL);
Mp 199 °C dec "H NMR (400 MHz, CDCL,) & 850 (s, 1H],
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7.61-7.50 (m, 3H), 7 50-7.41 (m, 2H), 7.39-7.33 (m, 2H), 7.19
(ddd, J = 8.0, 7.0, 1.5 Hz, 1H), 7.15 (s, ddd, J = 8.0, 7.0, L5, 1H),
6.18 (br d, J = 8.0 Hz, 1H), 595 [br t, f = 5.0 Hz, 1H), 4.680
[dt, J = 8.0, 5.5 Hz, 1H), 3.66-3.38 (m, 4H), 3.34 (5, 3H), L7
(s, 3H); ¥'C NMR (101 MHz, CDCL) § 17LE, 1703, 1683,
1362, 1359, 133.2, 1204, 1293, 1264, 1282, 1228, 120.2,
T1R.8, 1113, 1065, 77.4, 53.1, 503, 42.7, 26.6, 23.0; ESIMS
mjz (iom, %) 394 [[M + H]', 10), 416 ([M + Na]", 100); ESI-HRMS
mjz: 394.1763 [M + H]" [cale. for C.,H,, N0, 394.1761).

Arylated product of AcTrpLysLeuValGlyila-OH 5, 6. To a
microwave tube was added peptide 5 (10 mg, 0.014 mmoal, 1
eq.), phenylboronic acid (8.5 mg, 0.07 mmol, 5 eq.), CulOAc),
(15 mg, 00084 mmol, 60 mol%), Pd{DAck (08 mg,
00042 mmol, 30 mol%) and AcOH (1 mL). The maction
mixture was stirred at 40 “C for 16 h. The solvent was emoved
under reduced pressure to give a brown residue, which was
analysed by HPLC-ESI-MS. ESEMS myz [ion, %): 791 (M, 86).

Arylated product of Ac-AlaTrpAla-OH 7, 8. Mehod A: To a
microwave tube was added peptide 7 (10 mg, 0,026 mmol,
1 eq.), phenylbomonic acid (16 mg, 0.13 mmol, 5 eg.), CufOAc):
(28 mg, 00156 mmol, 60 mol%), Pd{OAc), (LB mg,
00078 mmol, 30 mol%) and AcOH (1 mL). The maction
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 7 (10 mg, 0.026 mmal, 1 eq.), phenvi{2,4,6-
trimethylphenyl iodonium  trifluoromethanesulfonate,  11a
(25 mg, 0.052 mmol, 2 eq.), Pd{OAc), (06 mg, 0LO026 mmoal,
10 mol%) and "PrOM (1 mL). The reaction mixture was stirred
at 25 °C for 16 h. The resulting brown reaction misture was fil-
tered through Celite with MeOH (5 mL) and the solvent
remived under reduced pressumre to give a bown residue,
which was analysed by HPLC-ESI-MS. ESFMS m/z ion, %): 465
([M + H]', 100]).

Arylated product of Ac-SerGly TrpAla-OH 9, 10, Method A: To
a microwave tube was added peptide 9 (10 mg, 0.022 mmoal,
1 eq.), phenylboronic acid |13 mg, 0.11 mmol, 5 eg.), CufOAc):
(24 mg, 00132 mmol, 60 mol%), Pd{OAc), (15 mg,
00066 mmol, 30 mol%) and AcOH (1 mL). The maction
mixture was stirred at 40 “C for 16 h. The solvent was emoved
under reduced pressure to give a brown residue, which was
analysed by HPLC-ESI-MS. Method B: To a microwave tube was
added peptide 9 (10 mg, 0.022 mmal, 1 eq.), phenvi{2,4,6-
trimethylphenyl iodonium  trifluoromethanesulfonate,  11a
(21 mg, 0.044 mmol, 2 eq.), Pd{OAc) (0.5 mg, 0.0022 mmoal,
10 mol%) and "PrOM (1 mL). The reaction mixture was stirred
at 25 °C for 16 h. The resulting brown reaction misture was fil-
tered through Celite with MeOH (5 mL) and the solvent
remived under reduced pressumre to give a bown residue,
which was analysed by HPLC-ESI-MS. ESFMS m/z ion, %): 538
([M + H]", 100].

Phenyl2,4 f4rimethyiphenyljiodonium — rifluoromethane-
sulfonate, 11a. Synthesised using General Procedure 2 from
bis(acetyloxy)phenyl-i’-iodane (3.22 g, 10 mmol, 1 eg), 13,5
trimethylbenzene (1.54 mL, 132 g, 11 mmal, 1.1 eq.) and
trifluoromethanesulfonic acid (0.9 mL, 165 g 11 mmoal,
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L1 eq.) in CH,Cl, (20 mL) to give the product as a white solid
(449 g, 95%). Mp 148-150 °C (lit™ 147-148 *C); 'H NMR
(400 MHz, CDCls, 8): 7.69 (d, f = 7.5 Hz, 2H), 7.51 [, J = 7.5 Hz,
1H), 7.39 (t, J = 7.5 Hz, 2H), 7.09 (s, 2H), 2.61 (s, 6H), 2.34
(5, 3H); Y'C NMR (101 MHz, CDCly, 8 144.5, 1426, 1331,
1324, 13L%, 1305, 1205, 11LE, 272, 212; "F NMR
(376 MHz, CDCL, 5} —78.2 (5, 3F); ESFMS myz [ion, %) 323
([M — OTE]", 100); ESI-HRMS myiz: 3230303 [M — OTf] (calc.
for C,qH,.0 323.0201); IR (solid state, ATR, cm™"}: 3060, 29149,
1445, 1247, 1222, 1158, 1025, 985, 945, B57, 741, 683, 632, 574,
515, 454; anal. cale. for C, H,F10,% C 4069, H 3.41 found:
CA40.43, H3.24,

Phenyl 2,4, 6t isopropypheny jiodoniam triffuormmnetha ne-
sulfonate, 11b. Synthesised using General Procedure 2 from
bis{acetyloxyjphenyl-1 " odane (805 mg, 2.5 mmal,1 eq.), 1,3,5
miisopropylbenzene (665 pl, 562 mg, .75 mmol, 1.1 eq.) and
trifluoromethanesulfonic acid (241 pl, 413 mg, 275 mmaol,
L1 eq.) in CHxCl: (5 mL) to give the product as a white solid
(119 g, B6%). Mp 177-179 °C (lit"7 169-179 *C) 'H NMR
(400 MHz, CDCly, &): 7.70-7.65 [m, 2H), 7.56-7.52 (m, 1H),
7.47-7.40 (m, 2H), 7.19 (s, 2H), 3.25 (quin, [ = 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, CDCL,, &) 193.8, 1559, 152.6, 132.7, 132.1, 1255,
1204, 113.0, 1001, 39.7, 34.4, 34.4, 238 ESI-MS m/z [ion, %):
wr ([M - OTf]", 100}; ESFHRMS m/z: 407.1247 [M — OT(]
(eale. for CyH,l 4071230 anal. cale. for CoH.F,H0LS:
47,49, H 5.07 found: C 47.26, H .93,

Methyl (25)}-34{2-phenyl-1H-indol3-d -2 trifluomacetamido)-
propanoate, 12a. Synthesised using General Procedure 3 from
methyl (28}-34 1H-indol-3- }-2-{trifluomacetamido) propa noate
1c (58 mg, 0,192 mmol, 1 eq.), phenyl (2,4,6-orimethyiphenyl)-
indonium trifluoromethanesulfonate 11a (181 mg, 0384 mmol,
2 eq.) and Pd[OAc), (2 mg, 9.6 pmal, 5 mol%) in EtOAe (5 mL).
Flash column chromatogmphy (3 11 petrol/EtOAc, viv) gave the
product as an offwhite solid (59 mg, 82%). Rr0.32 (3: 1 petrol/
Etac, vivl [a], = +424 (¢ 010, CHCL); Mp 155-156 °C;
'H NMR (400 MHz, CDCl, 8k B15 [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 = &0, 7.0, L0 Hz, 1H), 7.1%-7.14 [m, 1H), 6.64 (d, J =
8.0 Hz, 1H), 4.83 (dt, J = £.0, 5.5 Hz, 1H), 361 (dd, J= 55,
L0 Hz, 2H), 3.35 (s, 3H}; *C NMR (101 MHz, CDCl,, 5} 170.7,
156.7 (g, J = 37.5), 136.5, 135.8, 1326, 129.3, 129.1, 1285,
1264, 1229, 1204, 1187, 114.9 (g, J = 2860 Hz), 111.2, 1056,
534, 526, 26.5; °F NMR (376 MHz, CDCl,, 5 —75.9; ESFMS
mjz [ion, %) 391 ([M + HJ', 10), 408 ([M + NH,], 35), 413
(M + Na]", 100), 429 (M + K", 10); ESIHRMS miz: 4131074
[M + Ma]" [cale. for CooHarFaMaMaOy 413.1083).

Methyl (25)-3{2-phenyl- 1 indol 31 }-2-{rifluomacetamido)-
propanoate, 12h. Synthesised using Geneml Procedure 3 from
methyl (25}-34 14-indol-3- }-2-{trifluomacetamido) propa noate
1c (58 mg, 0.192 mmol, 1 eq.), phenyl (2,4, 6-rimethylphenyl)-
iodonium trifluoromethanesulfonate 11a (181 mg, 0384 mmaol,
2 eq.) and Pd(OAc), (2 mg, 9.6 pmal, 5 mol%) in ErOAc (5 mL).
Flash column chromatogmphy (3 11 petrol/EtOdc, viv) gave the
product as an offwhite solid (14 mg, 17%). Rr0.42 (3: 1 pewol/
EtAe viv); [a], = +34.4 (¢ 0,10, CHCL,); Mp 58-60 °C; "H NMR
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[400 MHz, CDCL,, 8): 8.00 (br s, 1H), 7.59 (dd, J = &0, 1.0 Hz,
1H), 739-7.34 (m, 1H), 7 22 (ddd, J = &0, 7.0, 1.0 Hz, 1H), 7.17
(ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 6.99 (d, f = 2.5 Hz, 2H), 6.58 (d,
J =75 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 (5, 3H), 2.08 (s, 3H); ™C NMR (101 MHz, CDCLy,
&) 170.8, 157.0 (g, Jep = 380 Hz), 139.0, 1381, 135.9, 135.2,
1287, 1283, 1280, 1222, 1200, 1184 (g, Jor = 2880 Hz),
1111, 106.7, 53.5, 527, 27.0, 2.2, 20.1; "°F NMR (376 MHz,
CDCly, 8): —75.7; ESEMS miz (ion, %): 433 ([M + HJ, 5), 450
M + NH,], 40), 455 ([M + Ma]", 100), 471 ([M + KJ', 5k
ESI-HRMS m/z: 4155.1547 [M + Ma] (cale for Gy H, F N Na0,
155.1553); IR (solid stte, ATR, cm™'): 3391, 2955, 2919,
2851, 1712, 1614, 1543, 1458, 1439, 1378, 1344, 1292 1206,
1163, 1011, 909, 853, 731, 510; UV-Vis (DMSO, nm): dme 268
[e = 9725 mol dm™ em ™).

2{Irifluomacetamido)acetic acid.™ To a round-bottomed
flask containing glyeine (826 mg, 11 mmal, 1 eq.) was added
EtyM (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 (1.7 mL, 199 g, 14 mmoal, 1.27 eq.) was added
and the mixture stirred at rt for 16 h, during which tme a
clear solution formed. After 16 h the solvent was mmoved
under reduced pressure and the resulting residue acidified
with 2 M HCI, before being extracted into EtQAc three times.
The organic layers were combined then washed with brine,
dried over MgS0,, filtered and the solvent removed under
reduced pressure to give the product as a white solid (168 g,
E9%). Mp 119-121 °C (lit*™ 118-119 °C dec); "H NMR
(100 MHz, CDLOD, &} 4.00 (s, 2H); C NMR (101 MHe,
CD,OD, 8} 171.5, 159.4 (q, e = 375 Hz), 1174 (g, Yo =
286.0 Hz), 41.7; *F NMR (376 MHz, CD,0D, 8): —77.3; ESIMS
mjz [iom, %) 194 ([M + Na]", 100}, ESIHRMS m/z: 1940033 [M
+ Ma]" eale. for CH,F,NRa(), 194.0035).

Methyl (25)-3-{1H-indol-3-W }-2{2{trifluorcacetamido) acet-
amidolpropancate, 13 2{Trifuorcacetamidojacetic  acid
(100 mg, 0.58 mmol, 1 eq.), methyl (25}-2-amine-34{ Li-indol-
Ayl)propancate (163 mg, 0.64 mmol, 1.1 eq.) and O+/benzo-
triazol-1-vl N, NN N tetramethyluronium — tetrafluo-roborate
(TBTU) (225 mg, 0.70 mmol, 1.2 eq.) were added to a mund-
bottomed flask which was fitted with a septum and flushed
with argon from a balloon for 20 min. After 20 min dry, dis-
tilled DIPEA (0.4 mL, 300 mg, 232 mmol, 4 eq.) and dry
CH,CN (5.8 mL) were added vig syringe to give a clear solution
and the reaction was stirred at rt for 2 h. After 2 h CH2Cl, was
added, then the reaction mixture was washed with sat aq.
NH{C] and extmeted three times with CHeCla. The organic
layers were combined, dried over Mg80,, filtered and the
solvent removed under mduced pressure to give a crude
residue. This was dryloaded onto silica gel and purified by
flash column chmmatography (3:1 EtDAc/petrol, viv) to
give the product as an offwhite solid (200 mg, 93%). kr 0.52
[3:1 ErDAc/pemrol wiv) [o], = +40.7 (¢ 0.10, CHCL) Mp
53-55 °C; "H NMR (100 MHz, CDCl,, 8): B.28-8.18 [br s, 1H),
7.50-7.44 (m, 1H), 738 (t, J = 5.0 Hz, 1H), 7.30 (dt, J = &0,
1.0 Hz, 1H), 7.18 (ddd, J = 8.0, 7.0, 1.2 Hz, 1H), 7.11 (ddd, J=
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B.0, 7.0, L0 He, 1H), 6.94 (d,J = 2.5 He, 1H), 6.57 (d, J = B.0 Hz,
1H), 4.93 [dt, J = 8.0, 55 Hz, 1H), 3.85 3.74 (m, 2H), 3.73
(5, 3H), 337-3.24 (m, 2H}; ™'C NMR (101 MHz, CDCly, 8):
1723, 166.8, 157.3 (g, Yo = 38.0 Hz), 136.2, 1274, 1233,
1225, 1200, 1183, 1166 (g, Jop = 2670 Hz), 1116, 1094,
53.2, 52.8, 42.5, 27.5 ™F NMR (376 MHz, CDOl, &: -75.6;
ESI-MS m/z (ion, %) 372 ([M + H], 10), 394 ([M + Na]", 100);
ESI-HRMS miz: 3940988 [M + Na] (cale. for CasHasFsNaNaOs,
3940985} IR (solid state, ATR, cm™"): 3391, 3341, 1729,
1704, 1654, 1560, 1532, 1445 1351, 1215, 1184, 1150,
1005, 968, 742, 608, 536, 426; UV-Vis [DMSO, nm}: 4., 284
[e= 10138 mol dm™ em ™).

Methyl  (25)-3-(2-phenyl1 Hindol-3-yI}-2{24{rifluoroaceta-
midojacctamido] propancate, 14a. Synthesised using General
Pocedure 3 from methyl [25}3-{1Hindol3-d |2 2-{rifluoro-
acetamido jJacetamido]pmpancate 9 (71 mg, 0.192 mmaol, 1 eq.),
phenyl  (2,4,6-timethyiphenyl)iodonium  trifluormmethane-
sulfonate 11a (181 mg, 0.381 mmol, 2 eq.) and Pd{OAc): (2 mg,
9.6 pmaol, 5 mol%) in EfOAc (5 mL). Flash column chromato-
graphy (40% EtOAc/petrol, viv) gave the product as an off-white
solid (41 mg, 46%). By 0.28 (40% EtOAc/petrol, viv); [a]s =
4510 (¢ 0,10, CHCL,}; Mp 82-84 °C; "H NMR (400 MHz, CDCl,,
&) 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 He, 1H), 7.12
(ddd, j = B0, 7.0, LO 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), 330-3.20 [m, 2H}; “C NMR (101 MHz, CDCl,, &):
1716, 166.1, 1567 (g, s = 37.5 Hz), 1419, 1363, 1358,
1332, 1204, 1202, 1283, 1283, 128.1, 1229, 1203, 1187,
114.9 (g, Yer = 287.0 Hz), 1112, 106.2, 553, 52.6, 42.0, 26.3;
"UF NMR (376 MHz, CDCly, 8): =75.7; ESI-MS miz (ion, %): 470
([M + Na]", 100); ESI-HRMS myiz: 4701292 [M + Na] (cale. for
CpH,oF N Mal, 470.1298); 1R (solid state, ATR, em™"): 3340,
3061, 2954, 2930, 1722, 1666, 1528, 1441, 1351, 1211, 1153,
1074, 1004, 908, 730, 628, 515 UV-Vis (DMSO0, nm}: b, 308
[e= 20684 mal dm™ em™).

Methy [ 28)-2{2{triffuomacetamido)acctamidol-3-[2-(2,4,6-
trimethyiphenyl)- 14-indol-3-yi]propancate,  14b. Swnthesised
using General Procedure 3 from methyl (25 )3+ 1H-indol-341)-
2{2{trifluomacetamido)acetamidolpropancate 13 (71 mg,
0.192 mmol, 1 eq.), phenyl (2,4 p-trimethylpheny jindonium
trifluoromethanesulfonate 11a (181 mg, 0384 mmol, 2 eq.)
and Pd(0Ac), (2 mg, 9.6 pmol, 5 mol%) in EfOAc (5 mL). Flash
column chromarography [40% EtOAc/petml, wv) gawe the
pmoduct as an offwhite solid (4 mg, 4%). B 038 (40% EfOA
petrol, viv; o], = +33.3 (e 0,10, CHCL); Mp 90-92 °C; "H NMR
[400 MHz, CDCL, 8 7.67 (br s, 1H), 7.56 (dd, J = 8.0, L0 Hz,
1H), 7.36 (dt,J = 8.0, 1.0 Hz, 1H), 7.22 (ddd, J = &.0, 7.0, 1.0 Hz,
1H), 7.16 (ddd, [ = £.0, 7.0, 1.0 Hz, 1H), 7.05-7 .00 (m, 2H), 6.89
[d, J= 1.0 Hz, 1H), 574 (d, J = 7.5 Hz, 1H), 4.76 (dt, J = 7 5,
5.5 Hz, 1H), 3.74 (dd, J = 17.0, 4.5 Hz, 1H), 3.57 (dd, J = 1710,
4.5 Hz, 1H), 3.50 (s, 3H), 3.18 (d, = 5.5 Hz, 2H), 2.36 (s, 3H),
2.14 (5, 3H), 2.10 (s, 3H); ™C NMR (101 MHz, CDCl, §): 1717,
166.2, 156.0 (g, Yo = 37.5 Hz), 139.3, 1382, 1381, 1358,
134.7, 1289, 128.8, 1286, 1286, 1223, 1200, 1184, 1157
(@, Y = 267.0 Hz), 111.1, 1074, 53.5, 52.5, 421, 27.0, 21.2,
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20.3, 20.2; "*F NMR (376 MHz, CDCl,, &): —75.7; ESI-MS m/z
(iom, %) 512 ([M + Ma]", 100); ESFHRMS mjz: 5121773
[M + Na]" (cale. for CasHasFaM:Maty 5121768} IR (solid state,
ATR, em™ "} 3339, 2050, 29149, 2850, 1718, 1670, 1523, 1458,
1437, 1260, 1157, 1006, 853, 800, 744, 517; UV-Vis (DMSO,
nm }: 4, 288 (& = 12 188 moldm™ cm™).

(28)-4-Meth-2-{trifluomacetamido jpentanoic add ™ To a
round-bottomed flask containing t-leucine (1 g, 7.6 mmal, 1
eq.) was added Et,N (106 mL, 769 mg, 7.6 mmaol, 1 eq.) and
MeOH (7.6 mL)and the resulting suspension stirred for 5 min,
After 5 min ethyl wrifluorcacetate (113 ml, 135 g, 9.5 mmol,
125 eq.) was added and the mixture stirred at rt for 16 h,
during which time a clear solutdon formed. After 16 h the
solvent was removed under reduced pressure and the resulting
residue acidified with 2 M HCL, before being extracted into
EtOAc three times. The organic layers were ecombined then
was hed with brine, dried over MgS0,, filtered and the solvent
removed under reduced pressure to give the product as a white
solid [L67 g, 97%). [a], = +31.6 [c 0.10, CHCL,}; Mp 75-77 °C
[lit.** 76-77 °C dec); "H NME (400 MHz, CDyOD, &) 4.48 (dd,
J = 10,0, 5.0 Hz, 1H), LEI-L&0 (m, 3H), 057 (d, J = 6.0 He,
3H), 094 (d, J = 6.0 Hz, 3H); ”'C NMR (101 MHz, CD,0D, )
174.4, 158.9 (q, e = 38.0 Hz), 117.5 (g, Yep = 267.0 Hz), 524,
40.7, 26.1, 23.3, 21.5; '°F NMR (376 MHz, CD,0D, & —77.0
ESI-MS miz (ion, %) 250 ([M + Na]', 100); ESFHRMS miz:
250.0665 [M + Ma]” (cale. for CuH,,FyNNa0y, 250 .0661).

Methyl [ 25)-3-{1H-indok3-y F2-{(2R - -methyl-24ri-luom-
acetamido ido] pmopancate, 15 [2R}4-Methyl-2-
[trifluomacetamido)pentanoic acid (500 mg, 2.2 mmol, 1 eq.),
methyl  (28)-2-amino-3-{1H-indol-3-yljpropancate (616 mg,
242 mmol, 11 eq.) and 3-4{Dicthmyphosphonylomy)-1,2,3-
benzotriazin-4[3-Hj-one [DEPET) (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 (1.5 mL, 1.14 g, &8 mmal,
4 eq.) and dry CH,Cl, (22 mL) were added vig syringe to give a
vellow solution and the raction was stirred at rt for 2 h. After
2 h the reaction mixture was washed with sat ag. NH,Cl and
extracted three times with CH,Cl,. The organic layers were
combined, dried over Mg80,, filtered and the solvent removed
under redueed pressure to give a erude yellow msidue. This
was dry-doaded onto silica gel and purified by flash column
chromatography (1:1 EtDAc/petml, viv) to give the product as
an off-white solid (5368 mg, 60%). Ry 048 (1:1 EtDAc/peetmol
vi); [ade = +33.9 (¢ 0.10, CHCL); Mp 128-131 °C; "H NMR
(400 MHz, CDCl,, &) 819 (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),
645 (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), L68 (5, 1H), 1.62-1.41 [m, 1H),
129-118 [m, 3H), 0.89-075 (m, 6H}; “C NMR [101 MHz,
CDCly, 8 1720, 1704, 157.1 (g, Yfop = 37.5 Hz), 1362, 127.5,
1233, 1225, 1200, 1184, 1166 (g, Jop = 2880 Hz), 1115,
1093, 53.2, 527, 52.2, 415, 27.6, 24.7, 227, 22.1; ""F NMR
(376 MH=z, CDCl,, &): —756; ESFMS mjz (ion, %} 428
M + HJ, 75), 450 [[M + Na]’, 100); ESI-HRMS mjz:
450.1612 [M + Na]" [cale. for C,.H,F,N,NaQ, 450.1611);
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IR (solid state, ATR, em™~ "} 3277, 3084, 2959, 2933, 2673, 1714,
1652, 1551, 1439, 1341, 1200, 1184, 1156, 1094, 1010, Y8R, 742,
719, 652, 632, 521; UV-Vis (DMSO0, nmj: dowe 262 (¢ = 5734 mal
dm em™?),

Methd  (25)2-](2R F-methd-2-{trifluoroace am-ido jpentan-
amido]-3-{2-phenyHl H-indol-3-yljpropancate, 16a. Synthesised
using General Procedure 3 from methyl (2534 14-indol-341)-
2[2&}-4-methyl-2{rifluomacetamidopen tanamidojpropanoare
15 (82 mg, 0.192 mmol, 1 eq.), phenyl (2,4,6-rimethyiphenyl)-
indonium trifluoromethanesulfonate 11a (181 mg, 0384 mmol,
2 eq.) and Pd[OAc), (2 mg, 9.6 pmal, 5 mol%) in ErOAe (5 miL).
Flash column chromatography (3 :1 petrol/EtOAc, viv) gave the
poduct as a yellow solid (63 mg, 65%). Rr 0.19 (3:1 petraol/
EtDAC, wiv); [a], = +43.E8 (¢ 0.10, CHCL);, Mp B3-85 °C dec;
'H NMR (400 MHz, CDCly, &) 818 (br s, 1H), 7.57-7.53 [m,
3H), 7.49 (ddt, J = B0, 6.5, L0 Hz, 2H), 7.42-7.35 [m, 2H),
7.25-7.19 (m, 1H), 7.15 [ddd, J = B0, 7.0, LO Hz, 1H),
6.91-6.84 (m, 1H), 5.93-5.83 (m, 1H), 4.79 [dq, f = 7.5, 5.5,
5.0 Hz, 1H), 3.96 (td, J = 8.0, 5.0 Hz, 1H), 3.65-348 (m, 2H),
138 [s, 3H), 1.54-L34 (m, 3H), 0.82-0.75 (m, 6H}; ©'C NMR
(101 MHz, CDCL,, 8} 1717, 1701, 156.6 (g, Y = 37.5 Ha),
1362, 1358, 1329, 1203, 12023, 1201, 1284, 1283, 1282,
1228, 1202, 118.6 (q, “fiop = 267.5 Hz), 1112, 106.2, 53.3, 523,
SLE, 420, 26,6, 24,6, 22.7, 22.1; '"F NMR (376 MHz, CDCL,, &:
—72.4; ESI-MS my/z (ion, %} 504 ([M + H]", 5], 521 ([M + NH.]',
15), 526 ([M + Na]", 100), 542 ([M + K], 5); ESI-HRMS m/z:
5261925 [M + Ma] (cale. for C.H,.F,N,MaD, 526.1924);
IR (solid state, ATR, em™~ "} 3337, 3061, 2958, 24930, 2673, 1715,
1658, 1530, 1448, 1208, 1155, 742, 698; UV-Vis (DMSO, nm):
Aunax 306 [£ = 20467 mol dm™ em™).
amid o]-3-{24 2,4,6-rimethyiphen y -1 H-indol-3-y1] propanoat e,
16b. Synthesised using Geneml Procedure 3 from methyl (25)-
3 1H-indol-3-v1)-2-(2K}-4-methyl-2{ rifluomacctamido jpen tan-
amido]propanoate 15 (B2 mg, 0.192 mmol, 1 eq.), phenyl
(2,4,6trimethylpheny Jiodonium  trifluoromethanesulfonate
11a (181 mg, 0.384 mmol, 2 eq.)and Pd(OAc), (2 mg, 9.6 pmol,
5 mol%) in Ef0Ac (5 mL). Flash eolumn chromatography (311
petrol/EtOAe, vv] gave the product as a vellow solid (13 mg,
12%). Rr 0.29 (3:1 pemol/EtOAc, viv); [a]o = +3L1 (¢ 0.10,
CHCL); 'H NMR (100 MHz, CDCl, &) 7.87 (br s, 1H),
7.61-7.56 (m, 1H), 739-7.34 (m, 1H), 7.22 (ud, J = 8.0, 75,
L0 Hz, 1H), 7.17 (ud, 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, f = 15.0, 7.5 Hz, 1H), .35 s, 3H),
2.12 (5, 3H), 2.08 (5, 3H), 1.54-1.41 [m, 3H), 0.96-0.64 [m, 6H);
B NMR (101 MHz, CDCly, 8): 1718, 170.3, 1567 (g, Yoy =
37.5 Hz), 139.4, 1363, 137.9, 135.8, 134.7, 129,00, 128.9, 1264,
1280, 1224, 120.1, 1184, 1165 (g, Yo = 2880 Hz), 1111,
1076, 53.5, 5.5, 518, 426, 296, 27.1, 24.6, 22.8, 223, 21.2,
20,3 °F NMR (376 MHz, CDCly, 8): —75.8; ESFMS m/z [ion,
) 546 ([M + HJ, 2), 563 ([M + NH,]", 15), 568 ([M + NaJ",
100, 584 ([M + K], 2} ESI-HRMS m/z: 5682384 [M + Ma]
(eale. for C,.H,F,N,Na(), 5682304} TR (solid state, ATR,
cm ™"} 3391, 3341, 2957, 2927, 1710, 1661, 1529, 1456, 1439,
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1353, 1210, 1155, 1008, 909, 853, 731; UV-Vis (DMS0, nm}:
A 280 (= 8712 mol dm™ em™).
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This feature article examines the potential of heterogeneows Pd species to mediate catalytic C—H bond
functionaslication procetes employing sultable substrates (g, sromaticheter caromatic Conmpounds).
A focus k& placed on the reacthity of supported and non-supported Pd nanoparticle [PdMPs) catatysts,
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Introduction

Great effort has been directed towards the selective and catalytic
functionalisation of C-H bonds.'* These processes are usnally
mediated by a transition metal for which the reaction mechanisms
amre often intriguing and where the products formed are useful in
meany areas of scientific research and endeavour,

Remaoving substrate pre-functionalisation usually minimises
downsiream chemieal waste, while eliminating the need for
prior mandatory reaction steps for the installation of chemical
functionality which is uli mately lost in the final and desired
chemical transformation. One can compare three complementary
reactions (Scheme 1) (a) a radidonal cross-coupling reaction of
an organchalide with an organometallic reagent; (b) the direet
reaction of an organochalide or organometallic with a substrate
containing a reactive C-H bond (nur: a base is needed for the
former and an oxidant for the latter); (¢) the selective reaction of
two substrates containing C-H bonds (by an oxidative dehydm-
genative process). There is thus a strong case for developing
symthetic methods that facilitate the selective C-H bond functio-
nalisation of any desired molecule. Couplings at C-H bonds can
be made involving sp, sp* and sp’ cenires, although the latter
might be viewed as challenging.

In terms of elemental sustainability it is important that
effort is directed towards unlocking the potental of cheaper,
less toxic and more abundant metals as catalysts, In doing so it
is essential to examine the overall waste associated with a given
chemical tmansformation. It is also imperative that current
clemental usage levels, as well as issues regarding the eriticality
of supply chains, are examined before making the assertion

Deparement of Chemizery, [Mnfrersity of Yok, Heshingson, York W10 500, DR
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jpotential future topics for study in the area of catalytic C—H bond functionalisation processes.

that a cheaper and maore abundant element today will be more
readily available than a preciows element in, for example,
&0 years.”

Given the breakthroughs made in the field of catalytic
Pd-catalysed cross-coupling chemistry, it is not unreasonable
to ask whether research should shift focus to other, more
elementally sustainable first-row transition metals such as
Mn,** Fe™" or Co " While that is of global importance, it is
of equal value to determine whether Pd eatalysts can be better
utilised and recycled,” ™ so that future generations can exploit
and benefit from the remarkable reactivity of this precious
metal. Furthermore, one can question whether the reaction
mechanisms involving Pd are fully understood, especially those
reactions involving the cawalytic functonalisation of C-H
bonds, To date the mechanistic picture is dominated by homo-
geneous cataltic cycles invobring one or two Pd atoms, involving
pd®, pd", Pd"' and Pd™ mddation states’ ! Moreover, researchers
are often quick to rule out or entirely gmore a mle for hetero-
geneous species in catalsis, either direetly (fe. by substrate activa-
don) or indirectly [ actng a5 a catalyst reservoir, regulating the
catalyst concentration).

Central to the topic of this paper is to recognise that
precious metal catalysts such as Pd can play a crtical role in

R~$R)
base, additives

(oxidant)
Scheme 1 A gerere wheme (o reprsmen vaditional cross-coupling and
- H band fundibnaitabion e s | i sample R and F° ane carbarn-
contred, M = metsl and X = halide or paeudohalics, [e. eaving group).
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the C-H bond functionalisation of organic molecules, where
current and new methodologies ean be exploited for years to
come, A foeus is placed on understanding that common Bd
precursor catalysts (precatalysts) are able to aggregate to form
higher order Pd species [Le usually nanoparticles), which can
become catalytically relevant under an eelectic array of reaction
conditions. Established processes and findings from the fidd
of tmdi tonal cross-coupling chemistry are described to provide
prior context, particularly: (1) the use of well-defined and
supparted Pd nanoparticles (PANPs) as catalysts; (2) the evolution,
propagation and catalytic role of PdNPs formed in &tu from
common Pd precatalysts. Examples from C-H bond functionalisa-
ton reactions smdied in our labomtories are showeased, while
recent developments in the use of heterogencous Pd catalysts
from a number of sources, including welldefined PANPs in
catalytic C-H bond functionalisation reactions, are discussed in
detail. A perspective on the future of this topical area of research is
offered at the end of this article.

A brief overview of the role played by
Pd nanoparticles in Mizoroki—Heck,
Sonogashira and Suzuki-Miyaura
cross-coupling reactions

Background

Historically, concerning the nature of the active Pd catalyst
species in Mizoroki-Heck eross-coupling reactions, there has
been significant debate about the involvement of homegeneous
and heterogeneous Pd species. There is unequivoeal evidenee
showing that homogeneous Bd precatalyst sources (e Pd(0Ac),)
can aggregate to form higher order species such as PdNPs;
spherical PANPs are typically 24 nm in size, with substantially
different surface amas. The key question for cross-coupling
chemistry concerns the catalytic role of PANPs. Are the aggre-
gated Pd species simply a dead-end for catalysis, L2 an inactive
form, or can they act as a Pd reservoir, controlling the active Pd
within the catalytic cycle, or are they directly participating in
surface catalysis? It is possible to represent this phenomenon
as shown in Scheme 2.
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Scheme 2 A schematic representation showing 4 role for aggregated
spiverical Pd | Pd reservairn) with leached dngle Pd stomi.
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Fig.1l Top: A nammal roundaboul exempliling a dingle cabilytic ouele
bottant the reality of Pd-catalyred cosi-couping chemistry fin the sbdence
af strongly coondinated and well-gefined Igands) and their mutipe catalyic
eydes, hene sxemplified by e ‘magic roundaboul in Swindon, UK (s
sourced fram Google images, under cmative commaons UK seandh].

It is important to recognise that most smdies point to single
Pd atoms leaching from the surface of PdNPs. By way of an
cxample, a 2 nm PANP consists of about 250 Pd atoms, thus if
the PAMPs are spherical fLe. tuncated icosahedm with (111)
planes, then about one fifth of these Pd atoms are available for
a reaction on the surface. The equilibrivm position between Pd
reservoir and leached Pd is therefore ertical to catalytic aetivity
and efficacy.™ Many articles and key reviews have grappled
with this subject over the years™** It is not the intention of
this artiele to mare broadly discuss these issues, but simply to
provide a context to better understand the potential role that
higher order Pd species can play in catalytic C-H bond functional-
isation ehemistry. It is however elear that a multiensemble of
higher order Pd speeies plays a key mle in tradidonal eatalytic
cross-coupling processes, meaning that several catalytic cycles
can be operative in solution. The mechanistic picture is nicelr
ilustrated by eomparing a simple road mundabout, fe a catalytic
cyele involving a single species, with the multiple ‘magic round-
about' found in Swindon in the United Kingdom, the analogy
being that several catalytic species operate in similar cyeles which
contribute to an overall catalytic pmcess (Fig. 1).

The evidence from Mizoroki-Hedk and Sonogashira cross-
coupling reactions
Central to the topic of this article is recognition of the existence
of a Pd reservoir in catalytic crosscoupling processes. Workers
at DSM pharma chemicals discovered that the Mizoroki-Heck
cross-coupling of bromobenzene with n-butyl acrylate mediated
by Pd{Oic), exhibited an inverse relations hip (negative onder in
Pd) of catalyst activity with catalyst conceniration (Fig. 2.
The Pd catalyst loading which gave the highest yield was
found to be 0.0E mol% (39 ppm; calculated from the experi-
mental data reported in the original paper). Moving to either
lower or higher Pd catalyst loadings resulted in aloss of catalyst
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Fig. 2 Irverse relslionuhip betwesn cataytic acivity and concentration
in 4 Mizoroki-Heck cros-coupling |de Vies of al, 200307 Adapted with
pamisgon fram Org. Lett, 2003 5, 3285,

activity. This obseration can be attributed to the aggregation
of Pd at higher Pd concentrations, which ean be associated with
the predpitation of Pd black [often seen at the end of cross-
coupling reactions when the subsirate is exhausted). At this
concentration of Pd it is not entirely obvious what the structure
of the Pd catalyst is. ESFMS studies (—ve mode) provided some
insight, showing the presence of PdEr,” under working reaction
conditions. This phenomenon was ako noted in the Sonogashim
cross-coupling of 4-bromoacetophenone with phenylacetlene
using palladacyelic preeatalysts in work conducted by our group
[Fig. 3).™ In this case, optimal trnover frequencies (TOFs) were
recorded ab 001 mol% Pd (92 ppm Bd). & is notable that in
mechanistically distinet cross-coupling reactions with differing
reaction conditions (Le. catalyst structure, solent tpe and addi-
tives), these reactions are most active when the concentration of Pd
is below 100 ppm. We can confidently prediet that this is the case
for the majority of crosscoupling processes utilising activated
organchalide substrates, where transmetalbton and reductive
dimination are not seen as problematic, &g side reactions such
as homocoupling and hydrodehalogeration/protodemetalation
am not seen.

It is worthy of note that Leadbeater and eo-workers deter-
mined that Pd concentrations as low as ca. 20-50 ppb were able
o effect certain crosscoupling reactons under microwave
conditions in water.™ Again, these types of reaction typically
employ activated substrates (aryl halides), for sample reaction
of 4+-bromoacetophenone with phenylboronic acid in the presence
of Pd{OAc), (100 ppb) using K,CO0, afforded the coss-coupled
product in good vidd. These research findings serve to show that:
(1) low Pd concentrations can be used for certain cross-coupling
processes involving activated substrates {Ii'ms are also a poor
test for catalyst screening); (2) that aggregated Pd species
can ultimately cause a dropoff in catalyst efficacy at higher
concentrations, leading to nondinear rate relationships with
respect to Pd concentration.*®

Ths jourmal 5@ The Royal Society of Chamisy 2015

Vigwr Asticle Dnling

Feature Article

[Pd] (0.1 b D.001 mal¥).
Cul 08 mol%),
—_—
CHICN, EtzN

o yO==C
100 %G, 16k

Pd = vaious palladacycles (see below)

Turnaver Fraquency | TOF {sec)
ERERS

g

-]
L]

=

ana 004 aos et} aid

[Pd] mol%
Fig.3 EMectof Pd catalyst laading in B Sorogashina cross-coupling of
an activated any halide with a terminal alyne [Faidamb ot s, 2004

For Mizoroki-Heck cross-couplings the role of the Pd reservoir
has been investigated by seveml research gmoups, in order to
determine whether this reservoir simply releases single atoms
into a homogencous catalytic cyde, or whether the activation
of aryl halides occurs directly at Pd surfaces. Evidence for the
leaching of catalytically active Pd has been mported from
supported Pd catalysts (g PAIC, PAISI0,, Pdfy-AlLO,) Y
The release of Pd is concomitant with recapture of Pd at the
surface. The mechanism of leaching has been studied by
Dupont and co-workers, who showed that oxidised Pd" species
were released into solution from higher order aggregated Pd
species stabilised by quatemary ammonium salts,

Chem. Commun, 2015, 51, 1628516307 | 16291
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Further support for the leaching of Pd from larger PANPs
(~15 nm) has been observed in work by Rothenberg and
co-workers. ™ Using a reactor containing a membrane which
was able to select for particles < 5nm it was demonstrated that
sintering of the PdNPs occurred under Mizomki-Heck cross-
coupling conditions (note: PANPs of less than 5 nm can in
theory contain several thousand Pd atoms). In keeping with
the work deseribed above, Rothenberg also characterised
Pd"{X)Ar(L)n’ species under working reaction conditions. The
same group dso followed the formation and subsequent growth
of Pd clusters from several pd" precursars using UV-visible
spectroscopy, allowing for modelling of the reduction, elster
growth and aggregation of such speces.™

X-ray absorption spectroscopic (MAS) analysis by Baiker and
co-workers led them to concdude that Pd atom leaching occurs
under working reaction conditions. Quick scanning extended
¥-ray abaorption fine structure (QEXAFS) measurements allowed
the characterization of PdNPs leached from a solid Pd catalyst
(Pd on an ALD, support) to be moniored in real Hme on a sub-
second timescale. ® This teehnique, requiring symehmtron radiation,
allows the local structure of ondered materials such as PANPs o be
characterised, in addifon to molecular species lke PdBr™ and
P, Br*~ anions, The Mizomki-Heck reaction of bromobenzene and
styrene mediated by PdiAliOs only leached Pd at meaction tempera-
tures of 150 . Crucially, the species released at this temperature
were found to be PANPs . 2 nm [fe during substrate turnover).
Interestingly, when the reaction rate started to decrease, pronounced
changes in the EXAFS spoctm were noted, leading to the character-
isation of evolving PdBr,™ and PdBr~ anions. Sach species
appear to be present towards the latter stages of reaction when
the concentration of bromobenzene is low and the concentration
of Br~ high The authors concluded that the leached PANPs can
act beyond a simple Pd reservoir and are themselves catalytically
active speeies, in addition to providing single-atom Bl species
which are capable of entering into a tmaditdonal homogenous
catalytic cycde.

Working in collaboration with Lee, our group was able to test
the catalytic competence of well-defined, polymer-supported
PdNPs in a Suzuki-Mivaura cross-coupling reaction of phenyl-
baronic acid and iodoanisole in methanol.”™*" The (polyjvinyk
pyrrolidone (PVP) polymer used is known to support and
stabilise PdNPs, preventing agglomeration.”™™ A colloidal
seeding method could therefore be employed to allow prepara-
ton of four different sizes of PVP-PdNPs, with mean diameters
between LB and 4.0 nm, which could be stored and manipu-
lated easily under air. Upon comparison of the activity of these
catalysts as a functon of TOF against the total number of
surface Pd atoms, a clear rend was observed, with smaller
particles displaying greater activity. If however the TOF was
normalised against only those Pd atoms comtained within
defect sites on the truncated cuboctahedral particles, no differ-
ence between particle sizes was observed (Fig. 4). This observa-
tion makes clear that it is the abundance of surface defect sites
which determines the reactivity of such particles in this reaetion;
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Society of Chamistry.

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

It is possible however that this trend was observed due to a
preferential solubility of low-coordinate Pd species, leadingto a
more homogeneous catalytic manifold. To probe this effect
further in operando X-ray ahsorption spectmscopy (MXAS) was
used to effectively monitor the conrdinaton environment of the
PdNPs, allowing for detailed analysis of the heterogeneity of
the reaction under normal working conditions. These measure-
ments indicated no sintering or leaching of the catalytically
relevant particles during the reaction under the conditions
used (Fig. 5), a result confirmed by EXAFS, X-ray photoelectron
speciroscopy (XPS) and transmission electron microscopy
[TEM) studies. Importantly no induction perind was seen,
which is consistent with the observation that nanoparticulate
Pd is not simply acting as a precatalyst or Pd reservoir (vide
supra); [Ad] responded in a first manner (in contrast to Pd(0Ac),)
which exhibits a negative order under the same raction eondi-
tions ). Finally, poisoning tests using elemental mereury (detaled
below) performed during active substrate murnover caused
immediate cessation of catalytic actvity; the resultant Pd
core/Hg shell particles were successfully characterised by XPS
and a 1:1 correlation between the surface Pd and Hg atoms was
observed.

Subsequent work by MeGlacken and co-workers probed the
shape sensitivity of a Suzuki-Miyaura coupling of phenylboronic
acid and bromoanisole, eatalysed by palladivm nanocubes
[PANCs), octahedra (PAOCTs) and cuboctahedra (PACUOCE).*
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Intriguingly the authors found that nanocatalysts containing
the smallest number of edge and corner atoms (PdNCs) proved
the most active in this reaction (Fig. 6a), suggestng a link
between activity and the presence of Pd (100) surface facets,
rather than the defeet sites highlighted wide supra. This was
further investigated through use of both 10 nm and 20 nm
PdNCs (Fig. 6b), the larger particles possessing a much smaller
percentage of edge and corner atoms {U. 16% for a 20 nm cube
compared to 0.4% for a 10 nm cube). Almost identical reaction
profiles for the different PANCs were obtained, with the Pd
coneentration adjusted to allow for the same number of surface
Pd atoms.

This difference in reactivity was aseribed to preferential
leaching from the (100] facets of PANCs, promoted by oddative
etching from O, TEM analysis of the nanocatalysts used appeared

O
[Pl] {05 medh)
oo e O
KAC0y EIOHIRG (3:1)

m, 3"

% Conversion

Fig. 6 Shape senitivity in & Suruki-Miysurs coupling catalysed by Pd
nanocslayss with ddined wiface fcels (McGlacken ef o, 20143
Reproduced with permision from Angew. Chem, Int Ed, 2014, 53
4142 Copyright 2014 Wiksy-VCH Verag GmbH & Ca.
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to show shape distortions resulting from the reaction conditions,
while inductively coupled plasma mass spectrometry (ICP-MS)
showed the presenee of leached Pd in the post-reaction mixtures
of all the nanocatalysts used. Greater quantities of leached Pd
weme found in those reactions which contained PdNCs. Critically
this study indicates that the proposed mxidative etching is shape
sensitive in nature and that the reaction likel proceeds g a
(guasijhomogeneous catalytic cvele. It is interesting to note the
perceived difference between a hetemgenecus and homogeneous
manifold in two very similar reactions (Fig. 4 and 6} possibly this
results from the different quantiies of O, present in these
reactions, however it is likely that stabilization of the PANPs by
PVP in the former example plays a key role.

A smudy on the stability of PVP-Pd catalysts shows that
for those particles with low-index surfaces, high energy facets
such as the (110) present in PANCs ame the least stable due o
their preferential susceptibility to oxidation, while octahedral
particles containing mostly (111 facets display corres pondingly
greater stability. Conversely those particles with high-index
surfaces, such as concave nanocubes (PACNCs), display superior
stability due to stronger chemisorption to the PVP polymer™
Notably the particles used in the study by Fairlamb et al. consist of
PVP-capped truncated cuboctahedra, which presents an interest-
ing explamation for the mechanistic dichotomy observed. Work
by MeGlacken and cosworkers extended this concept when exam-
ining the use of high-index PACNCs in a similar Suzuki-Mivaura
couplings. In the absence of a stabilising agent such as PP, the
(730) facets present in PACNCS resuled in greater leaching and
thus higher activity when compared to the low-index (100) facets
present in PANCs. ™

The relevance of Pd nanoparticles as
active catalysts in C-H bond
functionalisations

Degmdation (activation) of Pd{OAc),

As with the traditional cross-coupling reactions detailed above,
it is important to recognise that common Pd (prejeatalysts can
often act as Pd reservoirs for the subsequent generation of
pd” particles, or indeed as PANP sources in their own right.
During our group's development of conditions for the direct
Cg-arylation of the purine nucleoside adenosine (Scheme 3),*
it was observed that agglomerates of insoluble Bd black were
formed rapidly from Pd{0wc), [note that this precursor com plex
usually derives from Pds{OAc)s) under the readtion conditions
employed. In these studies, the formation of Pd/Cu-containing
nanoparticles was alko observed during substrate turnover. TEM
analysis of the reaction mixture demonstrated the formation of
3 nm PdNPs during the latter stages of the reaction. Thisanalysis
was conducted using 3 method developed to rap PANPs that are
generated m sitw, through addition of 10 monomer equivalents of
cxngenous PVP polymer to an aliquot of the raction mixture.
This polymer acts as a stabiliser for the particles,*™™ ensuring
that they are not modified by solvent removal ar other techniques
employed in the preparation of the sample for TEM, thus

Cham. Commun., 2015, 51 16280-16307 | 16203

254



Appendix 1: Published Papers

Published on 06 October 2015 Downloaded on 01 12015 154123

Feature Article

R

ﬁqu;l Pd-tms) (5 mal%) @—ﬁqﬁ

cu| G000, DMF
1207C, 13h
OoH aH OH aOH
11 examgles
<55% wiald

Scheme 3 Dired CB-andafon of adenoine wing PAOACL (Faifamb
et al, 2008)*

enabling more accurate characterisation of the mactive particles.
Subsequent investigation of several soluble Pd sources produced
the same observation, while maintaining equivalent levels of
substeate eonversion. Correspondingly insoluble Pd sourees such
as Pd{OHC and PVP-Rd also functioned as an effective catalyst
for this reaction, although the use of high temperatures and DMF
(a highly palladophilic solvent) appeared to result in ectensive
leaching from these nominally heterogeneous Pd sources, produ-
cing a quasi-homogeneous catabtic manifold

During subsequent studies on the direct CE-awvlatdon of the
mare sensitive 2'-deosyadenosine substrate (Scheme 4),% the
previously observed Pd/Cu nanoparticles were shown to be
critical to precatalyst activation. Trace levels of dimethylamine
impurities in the DMF used for this reaction were found
necessary for effective substrate turnover. Screening of several
amine additives in this reaction revealed that piperidine was
able to produce a similar effeet; preparation of the corre-
sponding trans Pd(0Ack| piperidine), catalyst allowed for a
maore detailed investigation of this phenomenon. This catalyst
was observed to rapidly degrade to form well-defined 1.7 nm
DMF-PANPs under the reaction conditions (B0 “C), wa a
proposed Pd{piperidine),(DMF), complex. More recenty, Oborma
and co-workers have prepared stabilised forms of both DME-
PdNPs and DMFP-Cw/PdNEs, "™ Alami ef ol have also performed
the direct Clarybtion of adenines mediated by Pearlman's
catalyst (PA/OH],/C) at clevated tempemiures in polar apmtic
solvents such as DMF and NMP.*** No specific mention of Pd
speciation is made, however this likely occurs under these condi-
tions [see mample by Fagnou et ol, Scheme 11)*
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Scheme 4 Direct CB-anfation of 2'-Gecnyadenasing via & Pa™piperifine
compiex forming D MF-PINPs in sty [Faiamb ot al, 2005
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The importance of polar solvents for PANP proliferation

Such evidence of DMF-stabilised PANPs makes it clear that
solvent effects can prove non-innocent with regards to the
nature of the active catalyst formed in many reactions. The
sokent must therefore be considered as an intrinsic mechanistic
factor. Work by Hii and co-workers™ on the speciation of
Pd{OAc), in a Suzuki-Mivaura reaction allowed the potential
factors affecting the catalyst activation process to be investi-
gated. It was found that water specifically offects a rapid
hydrolytic dissociation of the Pdy{0OAc) trimer cluster to create
an intermediate species, which is subsequently reduced o Pd®
(in this case by arylboronic acids ). The quantity of water present
thus specifically controls the amount of catalytically relevant
pd” available in the reaction mixture. Furthermare, the nuclearty
of Pd[0OAc), appeared to be directly correlated to the dipole
moment of the solvent of choice and more independent of the
diclectric constant. Polar aprotic solvents with large dipole
moments such as DMF will therefore result in a greater degree
of dissociation of Pd{OAc), (as was indirectly observed in our
work detailed ahn'w:) than those with small dipole moments,
such as toluene.

A method of probing the heterogeneity of Mizoroki-Hedck
reactions performed in polar aprotic solvents at elevated tem-
peratures has been developed by Djakovitch and co-workers, ™
They found that produet selectivity when using cyelic alkenes is
strongly dependent on the nature of the catalytic Pd species
involved (Scheme 5). Specifically, in their Mizonoki-Heck coupling
the most active Pd species are solubilised molecular Pd, while
reaction on the suface of metalic Pd promotes dehalogenation.
They concluded that concurrent homogeneous and hetemgencous
manifolds are therefore in operation. Chol et ol have also docu-
mentod a HALCG-MS technique to allow detection of ultrasmall
DMF-PdNPs, which might have passed unobserved by other
analytical methods such as TEM.™

The degradation of Pd(OAc), and Pd,(dba), has been utilised
by Gomez et al. to produce PANPs of ca. 2 nm, stabilised by
imidazolium-containing ionic liquids™ (dmwing comparison with
the earlier work by Dupont and m—lwkms],“ while propagation
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Scheme 5 Mizoroki-Heck reaction weng cyelie alenes o a probe for
detection of homogensous vi. heteogeneous Pd species (Djakoviteh
et al, 2004
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of PdNPs from Pd{0OAc), in DMF has also been observed by Ranu
et gl in the direct acylation of aryl halides™ and the direct
arylation of benzothiazole™” This effect was alio noted by Langer
and co-workers in the direct andation of pyrmles performed in
ionic liquids at elevated temperatures. This protocol was shown to
be effective when catalysed by preformed PVE-supported PdNPs of
amund 1-2 nm** Felpin and coworkers added charcoal as a
stabiliser for PANPs formed in sitw from Pd[OAc), in their direct
intramolecular formation of phenanthrenes from stlbenes,
with ICP-MS of the post-reaction mixtures used to highlight
the affinity of charcoal for these cataltic Pd species.™ Ananikov
and eoworkes have also gained detailed insight into the degra-
dation behaviour of Pda(dba)s in chlomform,™ demonsirating an
cfficient capture mechanism of the resultant PANPs by activated
carban at 40 “C. By using these reactive Pd markers, they were
ahle to demanstrate = 2000 reactive centres per 1 pm® of carbon
surface area.”

More recently, Bedford and co-workers have demonstrated
the facile hydrolysis and aleoholysis of Pd[0Ac), (from its native
rimeric form, Pd,(0Ac),).™ Their work makes clear that in any
catalytic process utilising Pd{OAc),, intermediates such as those
shown in Scheme & should be considered as relevant species.
Furthermore, Pd{OAc), must be viewed as a highly labile (pre)-
catalyst in solution.

Propagation of PANPs in €-H bond functionalisations

Our group has established that considerations regarding the
activation of Pd{OAc), and other related precursors to form
well-defined PANPs can also be extended to several C-H bond
functonalisaton protocols, allowing for the activity of pre-
synthesised PANP catalysts to be independently tested and
compared in these reactions.™ For example under the conditions
detailed in Scheme 4, use of a stabilised PYP-PANP catalyst
allowed for the reaction temperature to be lowered to 60 °C, with
no appreciable decrease in conversion.

During studies on the direct C2-arylation of benzoxazole and
benzothizzole under the Pd/Cu<catalysed conditions shown in
Scheme 7, a significant deleterious air effect was noted on the
reaction when using Pd(OAc), as the catalyst. If however pre-
synthesised PVE-PdNPs were used, rigorous exclusion of air
was not required to obtain similar yields of the desired 2-ary
products.

TEM analysis of the reaction mixture using our previously
developed sampling technique™ revealed that the PdNPs
generated from Pd[OAc): under Schlenk conditons were larger
and mare varied in size than those generated when air was not
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rigonrously excluded. This led to the conclusion that these larger
particles formed in the absenee of air, and were also more
aetive under the reaction conditons. Interestingly however,
the pre-synthesised PVP-PdNPs which evidenced equivalent
activity, without rigorous exclusion of air, were smaller than
those generated from Pd{OAc),. The PVP polymer may therefore
be preventing oxddative Pd leaching in this ecample (see study
on PVP-PANP smbility by McGlacken et al*' above). Other
conditions for the selective Cl-arylation of benzoxazole were
also investigated to determine the potentdal involwement of
PANPs in a mwported Pd""Y eatalytic manifold (Scheme 8.

The literature conditions for this process necessitated the
use of a hypervalent iodine reagent, Phl(0Ac),, as the aryl
coupling partmer. The similarity to our conditions using iodo-
benzene and DMF however prompied us to further examine the
behaviour of the Pd catalyst. Upon addition of DMSO to the
reaction mixture, a cear colour change to the dark brown of
colloidal PANPs was observed. TEM analysis of this reaction
mixture demonstrated PdNPs that were uniformly <5 nm in
size, which suggested that pd” species were catalytically rele-
vant under these conditions [Fig. 7). Subsequently, it was found
that Phl(OAc), rapidly degrades to Phl within 10 min at 150 “C
in DMSO; correspondingly, use of Phl as the aryl coupling
partner in place of the oxidising Phl{0Ac), had no effect on the
vield of the reaction. In light of these findings it was proposed
that this reaction does in fact proceed through a pd™" manifold,
where PANPs propagated from the degradation of Pd{OAc), are
key catalytic species.”™

Mare recently, Sanford's conditions for the direct Carylation
of N-methylindole with phenylboronic acid and iodobenzene in
acetic acid were explored.™ It was noted that PANPs were visibly
formed within seconds of substrate additon, so PVE-Pd was

Pd{0Az); (5 molih)
1,10-Phenanthrolng

PhI{DAG PRI
-

C2 -
Cs;C0,, OME0
150°C. 20 h 84% yiekd

Scheme B Direct C2-antation of benzoxarole with PRIIDACk or PH
IFairami =t al, 2013.™
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Fg. 7 PANP: formed in silu fram the reduction of PAOAc), in DMSO for
the direct C2-arylation of benzoxaroie [Faidamb et al, 2051 ™ Reprinted
fram Tekahegron, 2014, 70, 6174 Capyright 2014, with permision from
Elsvier.

utilised as a catalyst for this reaction and provided the desired
aryl product in 59% vield [Scheme 4).

This methodology was subsequently applied to the direct
2-arylation of a protected tryptophan dervative,™ ™ whereupon
the rapid propagation of PdNPs was observed within minutes.
TEM analysis of the reaction mixture highlighted the presence of
AcOH- and PVP-stabilised nanoparticles; as with the direct arvla-
tion of benzoxazole, these partickes were uniformly <5 nm in
size. Once again, a3 PVP-Pd camlyst demonstrated equivalent
activity in this transformation (Scheme 10).

The examples highlighted above establish that in many reac-
tions, propagaton of PANPs from common Pd precursors to form
catalytieally competent pd” species is a crucial factor. Moreover,
presupported PANE catalysts such as IWP-Pd are a demaonstrably
viahle catalyst for many C-H bond functionalisation protoecols.

m PRBICH) 5, PRIOAS), @?_@
& h (773

Me  AcOH_20°C, 1
PA0AE], B4%

PYVP-PdNPe, 59%

Scheme @ Direct C2-anyition of N-methylindsie using PEOAL (Sanfosd
& &l 2008 ™ ared PVP-PANPS (Fairtarm = al, 2014)7

[P (5 miolth)

Cabde
AtHN™ [Fd] (5 mals)
—_— -
PhB{OH o, PhI{OAC)s
o AcOH, 40 *C 16 b
H

PIDAC);, 57%
PWP-PAMNPs, 57%

Scheme 10 Direct C2-arylsbon of  tryplophan derivative wing P OASL-
derted in sk and suppoded PAN: (Fairarm o al 20141 ™
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The use of such catalysts allows for a greater degree of control
over potentially complex catalytic manifolds, where a muli-
ensemble of higher order Pd species often play a key role.

Activity of supported Pd nanoparticles
in C—H bond functionalisation
chemistry

Background

Ta date there are only a handful of supported Pd nanoparticulate
eatalysts that have been deseribed in the literature for use in C-H
bond functionalisation chemistry,™ in contrast to maore tradi-
tional Pd-catalysed crosscoupling reactions.™ ™ Despite their
limited number these catalysts are highly vared and correspond-
ingly they display diverse reactivities. Interestingly both pd” and
pd" supported species am reponed, although proposed mechan-
isms understandably centre on Pd*/Pd" manifolds; external oxi-
dants are often employed however, allowing for higher oxidation
state manifolds to be potentally aceessed. A common feature of
these catalytic systems is their low Pd loadings, typically resulting
from a heterogeneous system where extensive Pd leaching is not
observed. This naturally allows for a mare effective use of this
precious metal catalyst, with some exceptions (vide infiz). A wide
range of organic and inorganic supports have been utilised for the
prepamtion of these species, which have been broadly grouped
together into simiar clsses for the purposes of this article

The work highlighted in this article and others™ " makes
it clear that determining the extent of homogeneous vs. hetem-
geneous catalysis in a given system is often a difficult task,
made more so by the lack of any single absolute empirieal test
for the confirmation of the true nature of the catalytically
competent metal species. In many of the examples diseussed
below, a plethora of tests to indicate proposed heterogeneous
behaviour are utilised; for ease these are summarised here and
referred to in brief for each esample highlighted.

The ‘Hg drop test' involves the addition of a large excess
[ca 200-500 eq.) of elemental Hg to a reaction mixture, both
from the start of a reaction and maore commaonly, during active
tumaover of the catalyst under normal working conditions. Hg
has been shown to inhibit surface reactions through poisoning
of the catalyst; this is believed to occur as a result of surface
amalgamation of the mereury with any heterogeneous particles
present in the reaction mixture. Addition of mercury to a
catalytically relevant metal nanoparticle will therefore retard
the ability of such particles to effectively catalyse reactions.™
A positive result indicates that after addition of Hg, substmte
tumaver ceases, It is important to note however that due to the
high density of clemental Hg, stirring efficiency can have a
pronounced effect on the dispersion of the metal throughout
the reaction, thus affecting the reliability of this test.

The hot filtration test is applied by filtering the entire reaction
mixture through a pre-heated Celite [nr other distomaceous metal
suwl.-ngt:r) pad during catalyst turnover. Any nanopaticulate
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metal species would in theary be filtered out of the mixture by
this process, whereas soluble mononucear species would pass
through. Any heterogeneous bases or magents (eg. K,C04)
are recharged and the maction is continued under normal
conditions. A positive result indicates that after filtmton,
substrate turnover ceases. This test cannot however isolate very
small andjor solubilised nanoparticles.

The three-phase test comprises a solid-supported substrate
(immobilised on a non-reactive polymer e, Wang resin) used
in place of the normal substmte, with analysis of both reaction
mixture and solid support at the end of the reaction to test for
leaching. Active homogencous catalyst species should be able
to access the supported subsirate and produce solid-supported
product under the nommal mwaction conditions. If the active
catalyst is hetemgencous however, it should be unable to interact
sufficiently with the encapsulated substrate and provide little or
no observable product. It is of course possible that inactive
homogeneous particles could be formed vz leaching, analytical
measurements such as ICP-MS ean be used to test for this
scenario. In order to maintain appropriate scientific rigour,
several variants of this basic test are normally performed as
control experiments. Typieally, the following scenarios amr
required: (1) nomal reaction conditions with solid support
added to test for reaction in hibition by the polmer, (2) reaction
using both supported and unsupported substrate to observe
whether product is formed in solution or on the polymer
[or both), (1) reacton using only solid-supported substrate o
observe whether produet is formed in solution or on the
polymer. A positive result for heterogeneous catalytic behaviour
would indicate: (1) normal conversion, (2] product seen only in
solution, [3] no product observed either on the support or in
solution (which would indicate leaching).

The use of wsins to distinguish between homogencous and
heterogeneous manifolds is not without its complications
however. Fagnou and co-workers utilised this approach when
investigating intra- and intermolecular direct arylation reactions
mediated by Pd[OH),AC (Scheme 11)"" In their case, anchoring of
an aryl halide to Wang resin afforded complete conversion to the
desired cyclic product, potentially indicating a homogeneous
process as a result of Pd leaching.

This experiment does not however confirm whether the
active catalytic species are mononuclear Pd or small Pd dusters,
as the pore size of Wang mesin is sufficiently large as to allow

}T 1
A
R | |
A.B —_—
@[ Po{OHIIC (10 mal%) |
KOwae, D

0- 0 o

140°C, 12-24 h
19 examples
=55% yimld
Scheme 11 Direct intra- and imtermalecular andation readions using
PHOM) L C [Fagnou et al, 2005] %
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Fig.B TEM images evidencing encapiilation of PANP: within meso-
porows silicas and their amocisted pore-size distributions (Faidamb ef al,
2010).** Reproduced fram rel 48 with pemissan fam The Rayal Sodety
of Chemistry.

seeding and encapsulation of multinuclear clusters. It has for
cxample been shown that thiclated resins such as Quadrasil-MP,
in addition to unfunctionalised mesopomous silicas, are capable of
sequestering PANPs (Fig. 8)" such supports therefore cannot be
considered selective for soluble Pd. Hazrati and coworkers have
also used Pd/OH)./C to effect the direct C2-anvlation of pymoles at
elevated temperatures in tiethanolamine, conditions which likely
produce similar Pd speciation.” Other tests for heterogeneity
often used in addition to the methods detailed above are:
(a) characterisation of the prepared catalysts before and after
usg [b) analysis of the metal content of the post-reaction
mixture, and (c) catalyst recyclability studies.

Metal-metal frameworks

One of the largest classes of supported Pd nanocatalysts are
metal-metal frameworks incorporating the catalytic Pd source
with at least one other metal. An early demonstration of this
approach by Djakovitch and cosworkers reported the construetion
of C2-functionalised indoles (Scheme 12a) and their subsequent
Ciandaton (Scheme 12h).%

This was achieved using both a micropomus Pd nano-
composite [Pd(NH,],J/Na¥, prepared by ion exchange from a
MNaY zeolite and a mesoporous silica-based catalyst Pd/SBA-LS,
prepared by grafiing of a Pd-alkoxide eatalyst into the pores of
a caleined silica (SBA-15). While both catalysts performed
equally well in the constuction of C2-indoles [Scheme 12a),
the mesoporous Pd/SEA-LS proved much mare effective in the
subsequent Ci-arvlation (Scheme 12b). Recyelability and leaching
experiments for the reaction shown in Scheme 12a indicated that
for the microporous [Pd[NH; | JMa¥ catalyst, leaching was exten-
sive and led to a rapid drop-off in eonversion upon catalyst reuse.

Chem. Cormmun, 2015, 51, 16289-16307 | 16297
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o CL
MHR' R

[Pel] cat. {1 mal% )

ey

EtM, DMFIHGO (8:1) {

A0 'C, <8 days R'
R'=H.Ts 16 mamples
A = Ph, "B G{GH)0H, (CHylhCOCH, (B substratas)
[Pd] = [PENHa L HaY, PASRA-1S <85% yield

R
O
b} Q]\ |Pd] cat. (1 moi) ]
T
B eh

NadAc, NMP ™ pp
140 °C, 12 days H
R=F N 4 EnamphEs
[Pd] = |PENH. L HaY, PASBA-1S (2 sunserates)
<36% yakl

Scheme 12 Comstruction of C2-funcBonalised indoles and fheir subse
quent C-andation wEng microporous and metoporows Pd catalyats
{Diakeniteh et al, 2008 ™

This is to be expected under such forcing conditions [l'lgh
temperatures, excessive reaction tlmcs) in palldophilic solvents
such as DMF. Interestingly, this was not observed for the meso-
pomus PA/SEA-LS catalyst, which demonstrated very little leaching
of Pd into soltion, possibly indicating a more heterogeneous
catalytic manifold.

Subsequent work from the same group established the first
completely selective heterogencously catalysed Cl-arylation of
2-substituted, free N-H indoles (Scheme 13) using the Pd
nanocomposite, [Pd(NH:L)NaY."™ The authors demonsrated
that 1 mol% of this heterogeneous catalyst affords the desired
produets in similar eonversions to those when using 5 mol®% of
Pd{OAc),, an observation accounted for by the formadon of
catalytically inactive Pd black in the latter ease. lodobenzene
substrates were incompatible with this system; surprisingly this
was not due to homocoupling to produce biphenyl derivatives,
as antic pated, but rather because dehalogenation to produce
the corresponding benzene derivatives was observed in signifi-
cant yields |=20%). This may hint at the halide-capturing
ability of the nanocom posite, drawing i nteresting comparisons
to commonly utilised Ag salts, often proposed to act as halide
scavengers in other C-H bond functionalisation prclu:nls."’

Surprisingly, this catalyst also appeared to be highly selective
for the C3 position of indole, as no migration to the C2 position to
produce 2-phemylindole was observed [as would often be the case
with homogencous Pd manifolds). In general, electron-rich aryl

e «
ae)

[Pel{NH )W NaY (1 molds)
—_—

R 1 d-diocanag H R
refux, 24-46 h
R' = H, CHa, Ph 18 examples
R? = H, TN, MOy, OCH,, CHs, C <B5% yield

Scheme 13 Selective C3-andation of C2-subatituted indols wing a Pd/
Ha' catalyst [Djakoviteh et &l 2008 ™

16298 | Chem. Commun, 2015, 51, 1628318307

View Article Onling

Chern Com m

bromides gave higher vields of the desired products than electron-
deficient examples.

Ying and coworkers have investigated the use of Pd-poly-
oxometalate (POM) nanomaterials supported on carbon with
the general formula Pd-PV, Mo /C (2= 0-3, y = 12-9), where the
composite material can act as an electron-transfer mediator
for reoxidaton of the heterogeneous Pd source [0_1 is used
as a terminal oxidant).™ These materials were prepared by
reduction of a Pd{NOy), salt with NaBH, in the presence of a
carbon support and the appropriate POM , which also provides
a suitable capping agent during the synthesis of the PdNPs,
ensuring that they are uniform and well-dispersed with dameters
of 2-3nm fin contrast to particles formed in the absence of POM).
These catalysts were subsequently evaluated in the C-C bond-
forming reaction between acetanilide and nbutd acrylate in
which the Pd-PV,Mo,/C catalyst was found to give the highest
vield by a small margin (Table 1, entry 4).

Whilk not commented on by the authors, it appears that
there was a slight negative correlation between the Pd loading
of the POM catalysts and the vield observed in this reaction (La
lower Pd loadings by weight in the POM gave a higher yield, all
reactions contained 5 maol% Pd) Increasing the temperature to
B0 °C allowed the desired product to be obtained in an isolated
vield of 76%. The recyelability of the PAd-PVaMos/C catalyst was
also investigated, whereupaon it was discovered that significant
POM losses (54%) occurred under the reaction conditions;
recovery of the catalyst by centrifugatdon and reuse mesulted
in a large drop in productyield (by 23% ). If however the catalyst
was meovered and reloaded with POM prior to reuse the catalyst
retained Y7% activity after one use, and 7% after three uses.

Exploraton of other methods for the recovery of these
precious metal catalysts has demonstrated that magmetism
can provide an operationally simple process for catalyst recyeling.
Lee et ol have reported the direct Ci-arylation of imidazo[l,2-
a]prvri.dinc with aryl bromides, mediated by a magnetically
recoverable Pd-Fe, 0, nanoparticle catalyst (Scheme 14).

Following the direct arylation protocol, isolbtion of the catalyst
using a neodymium magnet followed by washing allowed for up
o 98 % of the catalyst to be recovered. Impressively, the recovered
catalyst demonstrated identical catalytic activity under the condi-
tions shown in Scheme 14 even after ten recovery/reuse oeles.

Table 1 Catalyfc activity of Pd—POM nanomateriale iin the oddative
reaction betwesn acetanide and n-butiaorylate [Ying o al, 20017

H
[Fd] (5 mal¥)
@[NT oSO
[} tokiEn, Oy
H 80 °C. 18 h
Entry Catalyst Pl (i) POM [with) Yield (%)
1 Pd-PMoy, .1 15.2 44
2 Pd-FVi Mow [C 12.5 15.1 39
3 Pd-PVaMow/C 10.4 14.8 41
4 Pd-PV; Moo/C 7.9 152 54
L} PAIC 17.0 00 [}
& PAIC + PV, Moy 17.0 00 £

This journal s & The Royal Socety of Chemisiry 2015

259



Appendix 1: Published Papers

Publizhed on 06 October 2015 Downloaded on 01172015 15:41 23

ChemComm

g di 1

@' (1 mol®: Pd)
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11 examples

SB-85% yiekd
Scheme 14 Direct C3-arylation of imidazol12-alpyriding wsing & mag-
netically recoverabie Pd—FegOy nanocatsiyst fLes of o 2019 %

=3 nm)|

Along similar lines, Wang and eo-workes have utilised silica-
coated Fe,0, nanoparticles (Si0,@Fe,(,) to genemte immobi-
lised, magmetically recoverable Bd" nanopariculate catalysts wa
an azide-promaoted “click'* reaction to give the key 1 A-substituted
12 3-rizole linker which acts as a monodentate ligand for Pd'
(obtained from Pd(OAc):).™ These Si0w@FesOu-triszole-Pd
particles had good size uniformity, with an average diameter
of 140 nm. The prepared catalysts demonstrated good activity
in the direct C2z-arylation of a range of indoles with aryl boronic
acids, although requiring the use of an acidic additive [H2504)
and molecular oxidant [K,5,0,) (Scheme 15).

N-Methyl protected indoles proved the maost effective in this
protocol, eleetron-deficient indoles gave lower vields but a
variety of aryl boronic acids (electron-rich, electron-poor and
sterically hindered) were well twlerated. As with the previous
oample, after magnetic recovery and washing these catalysts
demaonstrated excellent recyclability, with a decrease inyield of
only 5% after cight uses. ICP analysis also demonstmated that
catalyst leaching was not an issue for this system, as the post-
reaction mixture contained less than 0.20 ppm Pd.

Arisawa and cowaorkers have developed a sulfur-modified
Au-supported Pd ecatalyst, SAuPd, prepared by heating of the
SAu material in the presence of PA[OAck to afford surface-
bound PdNPs of ca 5 nm.** This was demonstrated to offec-
tively catalyse the alkynylation of a range of aliphatic amides
all eontaining an E-aminoquinoline directing group with a
TIPS-protected bmmoallyme (Scheme 16).

This reaction required extensive optimisation; LiCl was
found to inhibit formation of the dialkynylated product (albeit
with reduced yield of the desired moncalkynylated product),
AgOAc was effective as a oxidant but eaused uncontrolled
leaching of Pd into the reaction mixture, hence the reaction was

sogg o
kil
Ty @ o
"'25'34 K550y "
MBCH, 1. 10 h R
22 examplas
56-82% yiald

Seheme 15 Direct 3o andation of indoies with and banani a8 ing 4
magneticaly recoverable, diica costed Pd' nanocatalyst (Wang = al,
20045
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u] SauPd (-0 2-0.4 mol% Pd)
" B—=—TIPS (0.9 eq.)
H | —ba remove S0P
f N xylans, 136 °C, 4 h
Br—=—TIPS (LG nq.)
MOM. LIl 8 pramples
31=-83% yield
|35 °C, 10 b

Scheme 16 AlymylaBon of an aliphatic amide wing a sulfur-mo dified
Au-mupparted Pd catalyst (Arisawa et al, 2004) ™

divided into two steps with the SAnPd removed prior to addition
ofthe AgOAc and LiCL. The catabtically active species under these
conditions appears to be Pd"; this species has difficulty rerning
to the SAn surface following leaching, contmlling the rate of
leaching was therefore critical for catalyst recyelability.

ICP-MS analysis of the reaction mixture and the SAuPd catalyst
before and after each reaction was used to determine the eoent of
leaching and it was found that the catalst could be recyeled and
reused up to ten dmes, although by the tenth reuse the yvield had
significantly dropped (to 14% from 53%); a more realistic reoycle
rate would be five times as the yield had decreased by only 7% at
this point (Table 2). Inductively coupled plsma mass speciro-
metry (1CP-MS) performed on the post-reaction mixture show that
this corresponds to decreasing amounts of Pd available for the
reaction with each reuse (Le lower catalyst loadings). This cata-
lytic system is therefore interesting becanse it does not prechude
leaching, rather it has been tailored to make offective use of
a system where leaching cannot be controlled (if the desired
product is to be formed).

A subsequent publication from the same group utilised the
SAuPd catalystfor the synthesis of N-substituted benzotriazoles

Table 2 Cuantity of Pd fownd in post-reaction mixtuee sfer ten cycded of
the direcied skymtation of an amide wing SAUPd Aitawa &t al, 20049 ™

1y SAuPd (~0.2-0.4 mol% P}

Br==—TIPS (18909}
N i} remave SAuPd N
H i} AgOe, LiCI H
M |r TIPS (06 eq.) M
—Il-

TIPS

sylang, 135 °C, 14 h

Entryreaction cycle Leached PA* (ppm, mmdol) Yield (%)
1 1710 + 327 {10, 8) 53
2 1248 + 510 (7, 5) 51
E] 906 + 622 (5, 4) 50
4 57 217 (3, 3) 29
5 743 4 448 (4, 3) a6
6 570 =+ 216 (3, 3) a0
7 308 + 118 (2, ) a6
'] 480 + 108 (3, 3) D1
£l 323 4 115 (2, 2) 23
10 233 + 110 (1, 1) 14
* Leached Pd in rg.
Chem. Commun., 2015, 51, 16288-16307 | 16299
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R

Scheme 17 Synthess of N-sibstitsted benrotriazoles wing a sulfer-
modified Au-supporied Pd catalyst JArisawa et al, 204) 52

1ig a succinct Pd-mediated 1,7-migration/cyclization/dealkylation
sequence (Scheme 17)% Ik should be noted that a molecular
ceddant was again required for this ransformation, hinting at the
involvement of a catalytically relevant pd"! species.

Glorius and eo-workers have demonstrated the efficacy of
alumina-supported Pd (Pd/ALO,) in the direct thioladon and
selenation of electron-rich hetercarenes (Scheme 18).* The
heterogeneous catalysts Bd/C, PdSi0, and Pd(0H),/C ako demon-
strated some activity for this transformation. High selectivity was
observed for reaction at the C5 position (C3 for 6,5ing systems)
over the C©3 position (2 for 6,5-ring systems). A broad mnge of
thiophenes containing elect on-domating and elecronswithdrawing
foups were tolermated, although increased vields were observed for
those clectron-donating examples. Comespondingly, elecron-rich
disulfides echibited higher reactivities than electron-poor examples.

Several synthetic protocols were employed to test the hetero-
geneity of this reaction. The concentmton of Cu and Pd in
solution after 16 h under the reaction conditions was measured
v total reflection X-ray fluorescence (TXRFY; in toluene <80 ppm
Cu and <5000 ppm Bd were found, in DCE 440 ppm of Cu
and 234 000 ppm Pd were found, after centrifugation values of
< B0 ppm Cu and = 5000 ppm Pd were obtained. Despite these
seemingly large values for leached Pd, the hot filtraton test
showed no further conversion to product after filtraton and
the three-phase test demonstrated that no active homogeneous
palladium species were formed under the reaction conditions.
The authors also note that the reaction was dependent on
rapid stirring mies, again suggesting heterogencous catalytic
behaviour. Perhaps because of extensive leaching, the Pd/ALO,
catalyst demonstrated poor recyclability in this system, with
vields of 63% and 42% being obtained for the second and thind
catalyst cycles, espectively (gf 75% for the first cycle).

s PaAL0y (10 melte) o7~ Ar
R @ +  AeSBAr = R— |
ae N Cully, DCEfoluana fr e

BO-130 G, 16 h
= 34 exarmples
X =5, 0, NMa 27— 9% yiokd
s Pl Oy (10 melth) @~ Ph
R + PhSeSePh ———————= R— ||
Caye CuCly, DCEAciusne Sy ety
B0-130"C, 16 h
X=15 NMe 4 mmples
A5-81% yiekd

Scheme 16 Direct thiolation and selenation of ekdron-rch heterocydes
wsing P/l Oy | Glorius ot al, 2005 =
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Scheme 15 Syriwsis ol N-{2-pyrigyindsies fram N-and-2-amiopyridine
A @t e Ay ming NAP-Mg-Pd” [Kertam st al, 79 %

Mare recently, Kantam and co-workers have used a nano-
crystalline magnesium mxidestabilised PENP catalyst [MAP-
MgPd”) for the synthesis of N-{2-pyridyljindoles viz a concise
oxdative C-H bond functionalisation of MN-anl-2-amino-
pyridines with substitted allynes (Scheme 19).** This catalyst
was prepared by first caleining the magnesium oxide at 450 °C
before treatment with Na,PdCl, to afford a NAP-Mg-PdClL,
catalyst. This was then redueed with NMaBH, to afford the
supported pd” catalyst, conaining around 0.8 wit Pd. It would
appear that in this reaction the N-pyridyl motif is required as
a directing group for the Pd catalyst to ensure high regiosdec-
tivity. During screening it was found that of seveml oxidants
tested, only Cull, proved efficacious, while other supported
pd” catalysts such as Pd/C provided no conversion.

This pmtocol was applied to a small rangre of aryl-amino-
pyridines and alkynes, demonsirating good toleranee for
clectron-donating and electron-withdrawing aryl substituents,
while the least hindered C-H bond was selectively functonal-
ised in all ecamples tested. Slight differences in conversion
were observed with 3-substituted aromaties over the equivalent
4-substituted aromatics. The recyclability of this catalyst was
investigated vig recovery with cenrifugation and found to be
excellent, with consistent aetivity found after four eyveles. Corres-
pondingly, atomic ahsorption spectroscoy (AAS) demonstrated no
leached Pd in the catalyst after being subjected to the reaction
conditions, while TEM indicated no change in size or momphology.

A Pd"/Mg-La mived ooxide catalyst prepared by Kantam
and co-workers has been demonstrated to effectively catalyse
the cyanation of a range of aylpridines, using a mixture of
NHHOO, and DMSO as the ‘“"CN' source (Scheme 20).° This
catalyst was prepared by formation of the Mg-1a axide from
Mg{MOs ) and La(NOs ), followed by impregnation with Pd[NOs).
This process produced a matedal with Pd paricle sizes of oo
25 nm, containing 9.8 wt% Pd as measured by AAS. Relatively
forcing conditions such 2 devated temperatures and an external

[5,5 mnm Pdj
NH,Hc:ojDMso
140 "C. 1B h
1% axamples
B384 yiedd

Scheme 20 Cyanation of aryipyridine wsing a mixed Mg-La supported
Pe” cide cataiyst (Hantam of al, 2015)%
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Cu mxidant were required however, in addition to the directing
prridyl motif, although the desired pmoduets were obtained in
good to ewcellent vields, acmss a range of election-donating and
awithdrawing arylpridines. It is also interesting to consider
whether the nitrate anions are redox active in this chemistry.
The preparation of the catalyst from metal nitrates presents
an interesting observation, as Pd nitrates or systems containing
both Pd species and nitrate sources) are known to act as strong
ceddants in their own right, particularly when used with directing
substmtes such as avlpyridines, piperidines or quinolines.™
Additionally, PANOu): is kmown to undergo facile hydrolysis o
Pd(OH),, which can adversely affect the templating process used to
smthesise other Pd-metal nanocatalysts™ AAS messurements of
the post-reaction mixture indicated amund 10% Pd leaching from
the catalyst after each reaction cycle, although reawchbility of the
catalyst over four cyeles shown no appreciable decrease in conver-
sion, It was therefore proposed by the authors that leached Pd
species are the relevant catalytic species in this reaction; removal
of the catalst from the reaction micture after 3 h did not affect
conversion, hinting at the involvement of such leached Pd species.

Metal-organic frameworks

In addidon to those metal-metal catalysts detailed above,
supported Pd nanoparticulate catalysts incorpomting the catalytic
Pd source within metal-organic frameworks (MOFs) have also
been reported.”™® Cao and co-workers described the direct
CZ-avlton of indoles with aryl halides using the Creontaining
MOF MIL-101 impregnated with PdNPs (Scheme 210" The
resulting Pd/MIL-101 material demonstrated two different cavity
sizes within its mesoporous structure, 29 nm and 3.4 nm, which
contained PANPs with an average diameter of 2.6 = (.5 nm. These
PdNPs were confirned as Pd” by XPS and were present at an
approxdmately 0.5 wit loading.

Good to excellent yields were observed for a range of electmon-
donating and electronwithdrawing aryl iodides in the mets- and
para- positions; aryl bromides and chlorides proved much less
effective however, requiring increased temperatures and reaction
times. The N-substiment on the indole proved critical; elecron-
donating N-Me and N-nBu indoles generally gave high yields
while free N-H or electron-withdrawing N-Ac indoles resulted in
severcly decreased yidds, Finally, a small electronic effect was
seen for substitients on the indole ring, with electron-rich
indoles providing higher vields, mirroring the offect of the N
Protecting group.

Postwokup analysis using inductively coupled plasma atomic
emission specroscopy (ICPAES) showed the presence of only

PaMIL-101 R! a3
m @’ (0.1 molts P} m@
H H
RE OMF, 120 ‘G 24h LS
18 axamples
<f1% yiald

Scheme 21 Direct C2-arylation of indoles with and jodide wing & Or
MOF-supparted PANP catalyst {Cao & al, 201"
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Schems 22 Direct C2-anytation of indaoks with aryl boronic acids using a
Cr MOF-supported PANP calalys iCao o al, 2013)"™

0.4 ppm Pd, indicating litle Pd leaching under the reaction
conditdons, while no leached Cr was observed. Correspondinghe
this catalyst demonstmted excellent recyelability, with a decrease
in vield of only 4% after five uses; TEM analysis after cach use
indicated litthe or no PANP growth or distortion. The hot filoration
test alko showed no further conversion to product after filmaton
of the catalyst.

To address the high temperatures and long reaction tmes
necded for this transformation, aryl bomonic acids were used in
place of aryl halides for the direet Cl-arylation of indoles
catalysed by Pd/MIL-101 in later wortk from the same group
($cheme 22)."™

To facilitate high conversion, it was found that acidic condi-
tions and an oxdising atmosph ere were required in this instanee,
allowing for significant reductions in both reacton time and
tempemture. Interestingly, greater quantities of the Ci-arylated
and C2,3diarylated byproducts were observed in this system
when compared to the aryl halide protocol. A broad range of aryl
boronic acids were tolemted under these conditons, as were
MN-Me and free N-H indoles. N-Ac and N-Boc indoles were also
effective in several cases, but proved problematic when coupled
with electron-deficient indole rings. Addition of the radical
inidator TEMPO along with KF circumvented this limitation
and allowed aecess to the desired produets in high yieds.

As with the previous methodology, application of the hot
filtration test indicated that the catalytically competent species
was likely heterogeneous in nature, while ICPAES analysis
demonstmted only 0.9 ppm Bl in the postreaction mixture.
Catalyst recyclability was also very good, with a decrease in yield
of only 3% after five catalysts uses; powder X-my diffracton
(¥RD) indicated that the catalyst had retained its crystallinity
even after several recoveryireuse cycles.

Silicon-based frameworks

Another reasonably well-explored method of supporting PANPs
is through the use of modified silicas. One such early example
by Cai and coworkers utilised fluorous silica gel to support
PdNPs which had been tagged with a perfluoroalkane; this
enabled stabilisation by exploiting fluorous-fluorous inter-
actions between the tagged PANEs and the silica gel support.™
By this method, PANPs of around 2 nm were obtained. This
catalyst (here defined as Pd/F5G) was evaluated in the direct
(C2-arylation of a range of indoles with aryl halides (Scheme 23],

As with previous examples highlighted above, K-Me indoles
proved the most effective, with free N-H indoles giving reduced
yields and N-Ac indoles giving none of the desired product;
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Scheme 23 Direct C2-anplation of indoles with and jodide wing a
Fusarows dilica gel-supported PANP catalyst {Cai ef al, 2011) 14
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clectmn-deficient indole rings also resulted in lower yields. Aryl
indides were found to give higher vields of the desired products
than aryl bromides, although a mnge of aryl iodides containing
electron-withdmwing or eleetron-donating groups were toler
ated and as =peced, enhe-substituted aryl iodides reacted
maore slowly than parg-substituted examples. A simple recyeling
experiment demonstrated excellent catalyst recyclability after
five runs (a decrease in vield of 6% was seen), while the hot
filtration test and ICP analysis indicated that a heterogeneous
catalytic manifold was likely in operation.

Uozumi and co-workers have developed a silicon nanowine
hybrid Pd catalyst, SiNA-Pd, obtained by reduction of K,PdCl,
onto & prepared Si nanowire surface.™ This produced PdNPs
of ca. 5-10 nm diameter, which demonstrated high activity in
the direct arylation of a small number of thiophenes and indoles
(Scheme 24). Mo investigation of catalyst recyeling or mechanistic
determination on this system was performed, although good
recychbility was observed when using this catalyst for a seres
of Mioroki-Heck couplings of aryl halides with terminal alkenes.
The typical hot filiration and 1CP-AES tests indicated a probable
heterogencous manifold.

A caleined mesoporous silica has been used by Srinivasu
and coworkers to support highly dispersed PdNPs, obtained
through loading with Pd(0Ac),"™ The PS-3 catalyst contains
particles of approximately 7-8 nm which display well resolved
(111}, (200) and (220) planes, indicating face-centered cubic
structures. This demonstrated good activity in the artho-
arylation of benzamides with aryl iodides (Scheme 25). A broad
range of aryl iodides were tolerated, although electron-deficient
substrates gave noticeably lower yields. Similady, amides

I SiMA-Pd
(0.3 malt Pd)
R+ T R

CE0AC
DMF, 140 *C, 20 h

R = CHy, B0%
R = CyHg, 81%
R | SiNA-Pd R
Co O 2= 00
+
N Cs0Ae N
Me OMF, 140 °C. 48 h e
= GHy, B
R o=H, T0%"
*C2CHCANCI, 421

Scheme 24  Direct andation of thiophens and indoled with iodobenzens
using & siioon nanowine-supparted PANP catalyst {Uozemd ef al, Zl:lld-].m
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wia & S -supparked Pd-catalysed direct cougling [Weldh & al, 2005

containing dectron-donating aromatic groups provided higher
vields than electron-withdrawing ecamples.

Catalyst recycling in this system was very good, with equiva-
lent activity and selectivity obtained after five re-uses. Additdon-
ally, no leached Pd was detected in the post-reaction mixture by
ICP whilst wide-angle XRD performed on the recovered catalyst
demonstrated metallie Pd at similar binding energies to the
fresh P5-3 catalyst

Welch and eo-workes have explored the activity of a com-
mercially available siliaCat™ Pd-containing catalyst, DPP-Pd,
in a direct sp*-sp* coupling reaction to form a phthalimide-
thiophene-based semiconduetor (Scheme 26)."” In this exsample,
the Pd catalyst is tethered to a silica support wa an alkyl
phosphine ligand.

Carbon-based frameworks

Several eamples of Pd nanocatalysts supported on organic
frameworks, in vadous forms, havwe been demonstrated to be
effective in C-H bond functonalisation processes. Hierso and
co-workers have prepared a palladiom-polpyrrole catalyst,
PdigPPy, which contains nanoparticulate Pd of approzimately
2 nm stabilised within spherical polypyrrole structures™
These were casily prepared by the reduction of [Pd{NH;)Cl:]
in the presence of polypyrrole, affording a material notable for
its unusually high nanoparticulate Pd loading (35 wt%). Other
key features of these nanocatalysts are their highly colloidal
nature, as indicated by SEM and TEM images, as well as their
high ratio of surface-bound to bulk Pd, as indicated by XPS
analysis. This catalyst was shown to be effective in the direet
C-arylation of furans and thiophenes with bromoamrnes
(Scheme 27).
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Scheme I Direct C2-arylation of furars and thiophenes with broma-
areres using a Pd-palypyrmole nanocatalysts (Hierso of al, 2011) 1%

Eleetron-rich and eleetron-poor aryl bromides were well
tolemted under these conditions and 2 examples using bromo-
quinolines provided the desired products in high conversion
without catalyst poisoning. Steric effects were however shown
to be critical, with no conversion seen when using the hindered
24, e-rimethylbromobenzene. Catalyst mecyclability was inves-
tigated and found to give inconsistent results; coupling of
A-n-butylfuran with 4-bromobenzonitrile could be repeated at
similar conversions using the recycled catalyst whilst the
equivalent coupling with 4-bromoacetophenone failed upon
catalyst reuse. Subsequent investigation using TEM established
a growth of the PANP particle sizes from 4 to 7 nm under the
reaction conditions, which is likely the canse of the loss of
catalytic actvity, smaller particles in general providing greater
activity due to their higher proportion of surface defect sites
(vide supra). Interestingly SEM images indicated no distortion
of the sphereal polypoyrrole support, implying that the majority of
the PANPS dispemsed throughowt the structure are catalytically
relevant (and correspondingly their growth oocurs concomitantly).

Ethylenediamine functionalised cellulose (EDAC) has been
used to support Cu' and 5-10 nm PdNPs by Shaabani and
oo-workers, with the rmulﬁngD.l',n’PdNﬁ@BDAC catalyst demon-
sirating activity in a 13-dipolar cycloaddition/direct arylation
sequence (Scheme 28).™ This procedure tolerated a range of and
halides containing electron-donating and eleetmonwithdraving
funetiomality, with the eatalyst demonstrating excellent recyel-
ability over four recovery'reuse cycles.

A catalyst comprising PdNPs supported on an amino-
functionalised mesocellular foam (Pd"-AmPMCF) prepared by
the Backvall group™ has been utilised by Olofsson and
eo-workers in the direet C2-arylation of indoles with arylindonium
salts (Scheme 249).°"" This support contains many mesoporous
cavities enabling the stabilisadon of well-dispersed 2-3 nm
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Scheme 25 Syrfhesic of trisubdituted triazoles using 4 celulme
supporied Cull PENP catalyst [Shasbani o al 2014
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Scheme 29 Direct C2-andation of indoles with aniodonium alts wing
an amino-funcBanalised mesocaular faam (Olo Bson et al, 2014

PdNPs; XPS analysis revealed the presence of both Pd” and pa"
particles in an approxdimately 3:1 ratio. The analogous non-
reduced Pd"-AmP-MCF did however display decreased meactivity,
implving that the Pd® species are more competent catalysts in this
system,

A series of edectron-donating, electron-withdrawing and
sterically hindered aryliodonium salts were demonstrated to
be effective under the reaction conditions. Some modification
of the electmnic nature of the indole ring also allowed good
conversion to the desired products, notably free N-H indoles
were tolerated in some eases. Unfortunately however the use
of differentially substituted diarvliodonium salts containing
the non-transfemble 2 A f-trimethylphenyl (mesityl) or 2,4,6-
triisopropylphenyl [TRIF) dummy groups were less active in
this system, limiting their use for the insalhton of more
complex functionality. The recyelability of this catalyst was also
investigated, albeit with significantly reduced yields, with
losses of 33% conversion observed in the third cyce. ICROES
analysis however indicated very little leached Pd in the post-
reaction mistire (0.6 ppm), hence dispersion of Pd within the
mesoporous foam away from the active nanoclusters, into less
active aminopropyl groups was suggested as an explanation for
the loss of activity, This also may provide an explanation as to
why the Pd"-AmP-MCF demonstrated lower activity under these
reaction conditions.

A family of macroeyelie eveurbituril frameworks have been
used to support PANPs by Cao and coworkers, the resulting
catalysts being demonstrated to effectively catalyse the direct
arylation of a range of fluoroarenes with aryl halides.™ OF the
four ring sizes tested (5-8), CB[6HPdNPs (c2 3.8 nm) afforded
the highest conversion to the desired products (Scheme 30).
This is rationalised on the basis of the distnet structures
obtained, with TEM indicating that while the PANPs are uni-
formly distributed throughout each catalyst, the specific mor-
phology of each differs according to the specifie macrocyele
used. The shape of the CB6 -PdNPs appear to be more regular,
with less partide clustering than in the CB[5], CB[7] or CB[E]
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Scheme 30 Direct anistion of fluaroarenes with aryl halides using a
euscurbitE] uril PANP catalyst {Cao o al 2015 "
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examples, resulting in greater exposed surface areas for the
CB[e}PdNPs. Additionally, "H NME spectroscopic stdies indi-
cated stronger interactions between the subsirates and CB[5],
CE[7] and CB[E], while CE[6] appears to act purcly as a RINP
stabilising agent with no substrate/CB[6] intemction observed.

This pmtocol demonstrated good tolerance for electron-
donating and electronswithdrawing aryl halides, providing
maoderate to high conversions for a range of challenging tri-,
tetra- and pentafluorinated aromaties, albeit with high tem-
peratures and long reaction times, The standard Hy dop and
hot filration tests inhibited the reaction, providing good
indications of heterogeneity in this system. This was further
supported by high catalyst meyclability, with around 90% of
reactivity refained in the fifth cyele HR-TEM indicated that
while the particle size increased during the reaction (to around
10 nm), ctitically the defect sites on the surface of the PdNPs
were well-maintmined.

Ellis and coworkers have probed the reaction of pd"MPs
supported on multiwalled carbon nanotubes [Pd"/MWCNT) in
several chelation-assisted direct Ep'1 C-H bond functionalisation
reactions (Scheme 31)."" Intriguingly, in many of these examples
reactivity distinet from that seen when using the more commaonly
emploved Pd[0Ac), was mealised; increased activity but meduced
substrate tolerance was seen in some acctoxylation reactions
(Scheme 31a), reduced yiekis obtained in some alkoglations
(Scheme 31h) and significantly increased rates observed in halo-
genations using N-bromo- or N~chlorosuccinimide (Scheme 31c).
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Scheme 31 Diredt C-H bond funcBonaliSation of N-chelating dubdtrated
under cidising condiiond UEing 4 carbon nanokibe suppored PE'NP
catalyst (B ot al, 2015
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Specifically, eatalyst meyeling in the methmybtion of B-methyl-
quinolone was superb with minimal loss of activity afier 16
recoveryreuse cycles (B% decrease); 1CP-MS analysis of the
postreaction mixture comespondingly demonstated almost no
leaching with < 250 ppb Bd found, while the hot filtration test was
seen to prevent further conversion.

Xi and co-workers have prepared a Pd nanocatalyst sup-
ported on funetional graphene oxdde (Pd"FRGO), obmined by
doping of a pre-prepared graphene axide with PdCl; in DMF at
room temperature, producing particles of ca & nm with the
bulk solid containing approximately 4.8 wit% Pd. This catalyst
was shown to be effective in Pd-catalysed emosscoupling processes
such as the Swuki-Mivaura and Mizomki-Heck reactions, in
addition to the direct arvlation of 2-ethylthiophene (Scheme 32).

Pd/C for direct C-H bond functonalisation
Despite its widespread use as a heterogencous hydrogenation
catalyst, Pd/C has only recently been examined for other
Pd-mediated catalysis, usually in eross-coupling reactions.* '
Glorius and eosworkers are particulady notable for their contiming
devdopment of C-H bond functionalisation reactions using this
catalyst. The first such example described the direct arylation of
benza{bjthiophenes with arvl chlorides, affording Ci-arvlted
products with extremely high selectivity (Scheme 33)."" Despite
the mcellent Ci-selectivity, high temperatmres and long reaction
times were required to provide synthetically useful vields,
although the use of typicaly less activated aryl chlorides over aryl
iodides or bromides is of significant benefit. A broad range of aryl
chlorides were tolerated, incduding those with arthe-substiments
while Cul was found to be necessary to ensume higheryields, with
Lewis acid activation of the benzofbjthiophene its proposed role.
As with more recent work from this group, the hot filtraton
test showed no further conversion to product after filtration,
the three-phase test demonstrated that no active homogeneous
palladium species were formed under the reaction conditions
and the reaction was seen to be dependent on rapid siming
rates. TXRF spectroscopy demonstrated =4 ppm Pd in the
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Scheme 33 Dirsct Cl-anylation of bermolt{fiophens wih an chioride
wsing PAIC iGonie & al, 20051
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post-reaction mixture. Interestingly the source of Pd/C used for
this reaction had a pronounced effect on yield, with variaton of
up to 59% between suppliers observed. This would suggest that
the mature of the support or Pd morphology (vide supm) is
critical to reactivity; correspondingly for other catalytic systems
material from different suppliers may prove more efficacious.
Some nominally homogeneous Pd catalysts proved able to catalyse
this reaction, although fascinatingly these gave a eomplete switch
in selectivity, with exchisively Clarylated products being obtained.

Subsequent devdopment in the arylation of thiophenes,
benzo[blthiophenes and other related heterocycles replaced
the aryl chlorides with aryliodonium salts, which allowed for
much milder conditions to be used (Scheme 34)."* This new
protocol also demonstrated wide-ranging applicability with
regard to substitients on both the thiophene and arylating agent,
with differentially substituted aryliodonium salts containing the
TRIP dummy group utilised to vary the installed arene. A brief
substrate screen also indicated that indoles, furans and benzo-
fumns were reactive under these conditions.

The same heterogencity tests as before were performed,
again indicating a heterogeneous catalytic manifold despite
the strongly mddising conditions, Catalyst recycling was however
poor, with a significant decrease [41%) in vield obsewved after
three cycles. Pd(Oc), was also shown to catalyse this reaction,
albeit with lower efficiency than Pd/C. Inriguingly when the
conditions employing Pd|0Ac), were subjected to the three-
phase test, they indicated possible heterogeneous behaviour,
leading the authors to suggest that Pd{OAc), could be acting
as a reservoir for heterogeneous Pd species Le PdNPs [.u
highlighted vide supna).

More recently, a modification of this protocol wasapplied to
the direct arvlaion of wiphenylene, naphthalene and other
related polyammatic hydrocarbons (PAHs) [Scheme 35)°7
Surprisingly, arylation typically occurred at the most hindered
position in these systems, with high 2 : f sdleetivity observed in
MAny eases.

A series of electmon-donating and electron-withdrawing
substiments were also demonstrated to give good yidds for
triphenylene and naphthalene. Attempts to functionalise sub-
stituted naphthalenes however met with limited or no suceess.
In all cases side-products were found which resulted from
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Scheme 34 Direct anylaBion of thiophenes and related heteraoycles with
aryodonim satts using PAIC |Glonius o al, 2014) "
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Scheme 35 Dirscl arylslion of liphenylens, naphthaiens and relaed
PAHs with arySodaniem saits ubng PAIC (Glonius ef al, 2015117

pobaryhtion of the PAH; suppressing this is, to quote the authors,
“an unmet challenge”. Interestingly, PA/ALO, ako proved an
effective catalyst, although it gave reduced yields when eompared
o Fd/C.

Tests for heterogeneity all indicated the same results as with
previous methods using PA/C (wde supra), although the authors
note that the high temperatures and oxidative conditions used
mean it is probable that Pd leaching does oceur in this case.
The tests performed would seem to indicate that homogeneous
Pd was not active in this system, but that does not preclude the
possibility of heterogeneous leached Pd (Le. PANPs) being the
active catalyst. The reaction was found to be firstorder for
Pd, with decreasing induction periods at higher Pd loadings,
which is indicative of formation of the active catalyst being the
rate-determining step. The reaction was also found to be
zeroth-order for naphthalene, with an unusual inverse kinetie
isotope effect [KIE) of 0.54, while reactivity was inhibited tw
addition of TEMPO, BHT and B(). These mechanistic studies
led the authors to eonclude that insoluble PANPs leached into
solution from the Pd/C support are the catalytically relevant
species in a Pd®/Pd" manifold, involving a key carbon-centred
radical intermediate formed by single electron reduction of the
aryliodonium salt.

Conclusions

The case for the involvement of mononuclear (quasijhomogeneous
and multinuclear [quasijheterogenecus catalysis has been made in
this article. Bxsamination of the discoverics made in the field of
traditional Pdcatalysed crosscoupling with regard to ults-low
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catalyst loadings (ppm to ppb), invemse rate comelations and the
ability of common Pd precursors to act as catalyst reservoirs,
creates a solid foundaton upon which to smdy C-H bond
functionalisation processes. An undestanding of these complex
offects will allow future research to make more effective use of
precious Pd, both through reductions in eatalyst loading and the
recyclability that heterogeneous catalysis can offer.

Dispoveries in this area thus far fall into two classificati ons;
groups who wish to develop heterogencous Pd catalysts then
design a system which is cxemplified on tpically simple
substrates, or researchers in the process of creating a desired
structural maotif encounter heterogencous behaviour in one of
their catalytic transformations and perform tests to evaluate
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Appendix 2: X-Ray Diffraction Data

Appendix 2: X-Ray Diffraction Data

Crystallographic data for compound 75

Figure 51 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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Appendix 2: X-Ray Diffraction Data

Table 16 Crystal data and structure refinement for ijsf1413 (compound 75).

Identification code ijsf1413

Empirical formula C20H20N203

Formula weight 336.38

Temperature / K 110.05(10)

Crystal system trigonal

Space group R3

alA 21.2602(5)

b/A 21.2602(5)

c/A 10.1814(3)

a/A 90

B/A 90

v/ A 120

Volume / A3 3985.4(2)

No. of formula units per unit cell, Z 9

Pealc Mg / mm? 1.261

m/ mm? 0.086

F(000) 1602.0

Crystal size / mm?3 0.2757 x 0.1814 x 0.1572
Radiation MoKo (A =0.71073)

20 range for data collection / ° 5.966 to 64.01

Index ranges —23<h<31,-26<k<25,-15<1<13
Reflections collected 6369

Independent reflections 4199 [Rin: = 0.0191]
Data/restraints/parameters 4199/1/236
Goodness-of-fit on F2 1.049

Final R indexes [I>=20 (I)] R: =0.0363, wR; = 0.0863
Final R indexes [all data] R1 =0.0404, wR, = 0.0901
Largest diff. peak/hole / e A3 0.28/-0.22
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Appendix 2: X-Ray Diffraction Data

Crystallographic data for compound 142

Figure 52 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).
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Appendix 2: X-Ray Diffraction Data

Table 17 Crystal data and structure refinement for ijsf1488 (compound 142).

Identification code

Empirical formula

Formula weight

Temperature / K

Crystal system

Space group

alA

b/A

c/A

a/A

B/A

v/ A

Volume / A

No. of formula units per unit cell, Z
Pealc Mg / mm?

i/ mmt

F(000)

Crystal size / mm?3

Radiation

20 range for data collection / °
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [I>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

ijsf1488

C23H26N203

378.46

110.05(10)

monoclinic

P2,

8.7152(3)

13.5902(4)

8.7625(3)

90

100.507(3)

90

1020.44(6)

2

1.232

0.655

404.0

0.2485 x 0.1431 x 0.0656
CuKo (A = 1.54184)
10.268 to 134.116
-9<h<10,-16<k<16,-10<1<10
6691

3634 [Rint = 0.0256, Rsigma = 0.0341]
3634/1/357

1.029

R: =0.0334, wR, = 0.0865
R; =0.0350, wR, = 0.0882
0.21/-0.18
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Appendix 2: X-Ray Diffraction Data

Crystallographic data for compound 210

Figure 53 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)-
Cl(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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Appendix 2: X-Ray Diffraction Data

Table 18 Crystal data and structure refinement for ijsf1487 (compound 210).

Identification code

Empirical formula

Formula weight

Temperature / K

Crystal system

Space group

alA

b/A

c/A

a/A

B/A

v/ A

Volume / A

No. of formula units per unit cell, Z
Pealc Mg / mm?

i/ mmt

F(000)

Crystal size / mm?3

Radiation

20 range for data collection / °
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [I>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

ijsf1487

C20H19CIN2O3

370.82

110.05(10)

trigonal

R3

20.7806(2)

20.7806(2)

11.18107(13)

90

90

120

4181.48(10)

9

1.325

2.004

1746.0

0.183 x 0.1321 x 0.0705
CuKa (A= 1.54184)

8.51 10 134.026
—24<h<24,-24<k<24,-13<1<13
19066

3300 [Rint = 0.0214, Rsigma = 0.0128]
3300/1/245

1.051

R; =0.0217, wR; = 0.0550
R =0.0219, wR; = 0.0552
0.16/—0.23
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Appendix 2: X-Ray Diffraction Data

Crystallographic data for compound 238

Figure 54 Single crystal X-ray diffraction structure of complex 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(4127C(45): 1.359(5). Pd(1)-Pd(2) bond distance:
3.244 A.

Figure 55 Single crystal X-ray diffraction structure of complex 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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Appendix 2: X-Ray Diffraction Data

Table 19 Crystal data and structure refinement for ijsf1227 (compound 238).

Identification code

Empirical formula

Formula weight

Temperature / K

Crystal system

Space group

alA

b/A

c/A

a/A

B/A

v/ A

Volume / A

No. of formula units per unit cell, Z
Pealc Mg / mm?

m/ mm?

F(000)

Crystal size / mm?3

20 range for data collection / °
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [I>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

ijsf1227

Cs2H43Cl303Pd:>

1035.01

110.00(10)

monoclinic

P2i/n

13.3506(2)

13.27319(12)

24.3667(3)

90

101.3288(14)

90

4233.77(9)

4

1.624

1.084

2088.0

0.1342 x 0.1177 x 0.1018
5.9t0 60.16
-9<h<18,-16<k<18,-34<1<28
25517

12430 [Rint = 0.0250]
12430/26/631

1.073

R; =0.0333, wR, = 0.0720
R; = 0.0464, wR, = 0.0796
0.84/-0.61
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Appendix 2: X-Ray Diffraction Data

Crystallographic data for compound 249

Figure 56 Single crystal X-ray diffraction structure of complex 249 (major isomer). Thermal
ellipsoids shown with 50% probability, hydrogen atoms and solvating methylene chloride removed
for clarity.
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Table 20 Crystal data and structure refinement for ijsf1232 (compound 249).

Identification code ijsf1232

Empirical formula Cs2H14Cl205Pd;

Formula weight 1000.57

Temperature / K 110.00(10)

Crystal system triclinic

Space group P-1

alA 12.2214(4)

b/A 12.8052(3)

c/A 15.0153(3)

a/A 114.651(2)

B/A 96.795(2)

v/ A 95.356(2)

Volume / A 2094.03(9)

No. of formula units per unit cell, Z 2

Pealc Mg / mm? 1.587

m/ mm? 1.031

F(000) 1012.0

Crystal size / mm?3 0.3172 x 0.1571 x 0.0798
20 range for data collection / ° 5.94 to0 64.28

Index ranges —-17<h<18,-18<k<18,-21<1<22
Reflections collected 37706

Independent reflections 13493 [Rint = 0.0487]
Data/restraints/parameters 13493/21/635
Goodness-of-fit on F2 1.086

Final R indexes [I>=20c (I)] R1 =0.0395, wR, = 0.0907
Final R indexes [all data] R; =0.0531, wR, = 0.1009
Largest diff. peak/hole / e A3 1.06/—1.34
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Appendix 2: X-Ray Diffraction Data

Crystallographic data for compound 250

Figure 57 Single crystal X-ray diffraction structure of complex 250 (major isomer). Thermal
ellipsoids shown with 50% probability, hydrogen atoms and solvating benzene removed for clarity.
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Table 21 Crystal data and structure refinement for ijsf1302 (compound 250).

Identification code ijsf1302

Empirical formula Cs7H1303Pd:

Formula weight 993.75

Temperature / K 109.95(10)

Crystal system monoclinic

Space group P2i/c

alA 13.6130(3)

b/A 23.3621(5)

c/A 15.2236(4)

a/A 90

B/A 114.397(3)

v/ A 90

Volume / A 4409.22(17)

No. of formula units per unit cell, Z 4

Pealc Mg / mm? 1.497

m/ mm? 0.862

F(000) 2024.0

Crystal size / mm?3 0.0881 x 0.0626 x 0.0492
20 range for data collection / ° 5.710 50.7

Index ranges —-15<h<16,-24<k<28,-18<1<12
Reflections collected 17380

Independent reflections 8075 [Rint = 0.0377]
Data/restraints/parameters 8075/15/662
Goodness-of-fit on F2 1.062

Final R indexes [I>=20 (I)] R: = 0.0440, wR, = 0.0953
Final R indexes [all data] R; =0.0613, wR, = 0.1038
Largest diff. peak/hole / e A3 0.71/-0.87
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Appendix 3. UV-Visible Spectroscopic Data
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Figure 58 UV-visible spectroscopic analysis for compound 142.
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Figure 59 UV-visible spectroscopic analysis for compound 160.
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Absorbance
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Figure 60 UV-visible spectroscopic analysis for compound 167.
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Figure 61 UV-visible spectroscopic analysis for compound 170.
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Figure 62 UV-visible spectroscopic analysis for compound 172.
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Figure 63 UV-visible spectroscopic analysis for compound 173.
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Figure 64 UV-visible spectroscopic analysis for compound 174.

287



Appendix 3: UV-Visible Spectroscopic Data
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Figure 65 UV-visible spectroscopic analysis for compound 175.
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Figure 66 UV-visible spectroscopic analysis for compound 176.
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Figure 67 UV-visible spectroscopic analysis for compound 209.

290



Appendix 3: UV-Visible Spectroscopic Data

Absorbance

Absorbance

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

1 = ().00005

w=().00004
s 0.00003

1 w—=().00002

s ().00001

270 320 370 420 470 520 570 620 670

Wavelength / nm

y = 15639x
R2=0.9996

0 0.00001 0.00002 0.00003 0.00004 0.00005

Concentration/ mol dm

Figure 68 UV-visible spectroscopic analysis for compound 211.
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Arylation Products of 136

Method A
|nten38-_ cew-rs97b_72334_1-C,9_01_76285.D: BPC 50.0-1300.0 +All MS
X109 | Ac-AlaTrp*Ala-OH, m/z 497, 37% Ac-AlaTrp*Ala-OH, m/z 465, 54%
4; \ 14
N - A «— Ac-AlaTrp"Ala-OH,
1 f 1 m/z 541, 8%
0 T T T T T T T T T T T T T j\;{\IT T 4: |5 6| T T T T T T T T T T T
05 1.0 1.5 2.0 25 Time [min]

Figure 69 HPLC-ESI-MS chromatogram (BPC) of the crude reaction material (arylated tryptophan
donated Trp”, diarylated tryptophans donated Trp™, dihydroxylated byproducts donated Trp?).
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Figure 70 ESI-MS of dihydroxylated side products from arylation of 136.
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Cmpd 3, 1.59 min
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Figure 71 ESI-MS of arylation product 137.

Cmpd 4, 1.69 min
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Figure 72 ESI-MS of diarylated side products from arylation of 136.
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Method B
|men$g: BPC 50.0-1000.0 +All MS, Masses excluded, Smoothed (0.31,1,GA)
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Figure 73 HPLC-ESI-MS chromatogram (BPC) of the crude reaction material (arylated tryptophan
donated Trp”, starting material donated Trp).
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Figure 74 ESI-MS of starting material 136.
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Cmpd 2, 2.8 min
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Figure 75 ESI-MS of arylation product 137.
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Cmpd 3, 3.4 min
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Figure 76 ESI-MS of starting material 140.
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Method C
Intensg._ BPC 50.0-1000.0 +All MS, Masses excluded, Smoothed (0.31,1.GA)
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Figure 77 HPLC-ESI-MS chromatogram (BPC) of the crude reaction material.
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Figure 78 ESI-MS of arylation product 137.
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Cmpd 2, 3.8 min
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Figure 79 ESI-MS of 'Pr-ester formed during workup from arylation product 137.
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Arylation Products of 138

Method A
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Figure 80 HPLC-ESI-MS chromatogram (BPC) of the crude reaction material (arylated tryptophan
donated Trp”, dihydroxylated byproducts donated Trp?).
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Figure 81 ESI-MS of dihydroxylated side products from arylation of 138.
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Figure 82 ESI-MS of arylation product 139.
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Method B
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Figure 83 HPLC-ESI-MS chromatogram (BPC) of the crude reaction material (arylated tryptophan
donated Trp”, starting material donated Trp).
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Figure 84 ESI-MS of starting material 138.
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Cmpd 2, 2.7 min
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Figure 85 ESI-MS of arylation product 139.
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Cmpd 3, 3.5 min
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Figure 86 ESI-MS of starting material 140.
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Method C
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Figure 87 HPLC-ESI-MS chromatogram (BPC) of the crude reaction material.
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Figure 88 ESI-MS of arylation product 139.
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Appendix 5: GC Data

Calculations

Mesitylene Reference Solution

Maximum concentration of substrate in the reaction:

) 0.6 mmol "
Cmax (reaction) = BT 0.2 mmol mL™

For sampling a 30 uL aliquot is taken and diluted with 0.6 mL mesitylene standard. This
gives a maximum substrate concentration in the GC sample of 0.0095 mmol mL*;

V (aliquot)
Viotar (GC sample)
0.03mL
0.63mL

Cmax (GC sample) = cyqy (reaction) -

= 0.2 mmolmL™ - = 0.0096 mmol mL™1!

0.6 mL of mesitylene reference solution should have the maximum substrate concentration:

NGe sample(Mesitylene) = €y, (GC sample) - Viorq (GC sample)

= 0.0095 mmol mL™! - 0.63 mL = 0.006 mmol

M (mesitylene)

Véc sampie(mesitylene) = - n(mesitylene)

p (mesitylene)

_ 12019 gmol™!
~ 0.8637 gmlL1

-0.006 mmol = 0.835 puL

Vic sampie(mesitylene)
Vmesitylene (GC sample)

Vreference (meSitylene) = : V(reference)

. 0.835uL

-100 mL = 139 ulL
0omp 100mL=139u

Calibration Solutions

Five solutions used at 100%, 80%, 60%, 40% and 20% concentrations of cmax(Substrate). All

solutions contain c(mesitylene) = 100% Cmax(Substrate), with Vi = 1 mL
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Calculation of Conversion from Peak Area

To calculate the substrate concentration in the GC sample:

av. peak area (substrate)
av.peak are (standard)

RRF (substrate)

c(substrate) = - c(mesitylene)

To calculate the substrate concentration in the reaction solution:

c(substrate) = cgc sampie (Substrate)

Viotar (reaction) /

Veotar (GC sample) - Vic sample (Substrate)

Viotar(reaction)
To convert substrate concentration into conversion:

Creaction (Substrate)

n(substrate)% = -
Cmax (Teaction)

Calculation of Error

The maximum possible error is always accounted for. This is based on the maximum ratio of
peak areas for three injections, as well as the standard error of the slope from the calibration

curve:

Cee sample (SubStrate)max

(peak area (substrate) / )
_ max peak area (standard)

slope (RRF) - (1 — standard error)

" Cgc sample (Substrate)
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Calibrations
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Figure 89 Calibration plot to determine RRF for 1-methylindole 33.
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Figure 90 Calibration plot to determine RRF for benzofuran 239.
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Figure 91 Calibration plot to determine RRF for butylthiophene 241.
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Figure 94 1% order exponential decay for arylation of 1-methylindole 33 with PVP-Pd 13.
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Figure 96 1%t order exponential decay for arylation of benzofuran 239 with Pd/C.
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Figure 97 Exponential decay suggesting non-1% order kinetic profile for arylation of benzofuran 239
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Figure 98 1% order exponential decay for arylation of butylthiophene 241 with Pd/C.
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Figure 99 Exponential decay suggesting non-1% order kinetic profile for arylation of butylthiophene

241 with PVP-Pd 13.
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Figure 100 Exponential decay suggesting non-1% order kinetic profile for arylation of

butylthiophene 241 with Pd(OAC)..
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Figure 101 1% order exponential decay for arylation of butylthiophene 241 with Pdx(dba)s 238.
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Figure 102 1% order exponential decay for arylation of butylfuran 243 with Pd/C.
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Figure 103 1% order exponential decay for arylation of butylfuran 243 with PVP-Pd 13.
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Figure 104 1% order exponential decay for arylation of butylfuran 243 with Pdx(dba)s 238.
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Figure 105 1% order exponential decay for arylation of butylfuran 243 with Pd/C at 70 °C.
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Appendix 6: ESI-MS Data for Pdx(dba)y Clusters
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Figure 107 Measured vs. simulated mass values for [Pdz(dba).H]* cluster.
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Figure 108 Measured vs. simulated mass values for [Pd»(dba).Na]* cluster.
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Figure 109 Measured vs. simulated mass values for [Pd4(dba).H]* cluster.
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Figure 110 Measured vs. simulated mass values for [Pd4(dba).Na]* cluster.
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Figure 111 Measured vs. simulated mass values for [Pds(dba).H]* cluster.
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Figure 112 Measured vs. simulated mass values for [Pde(dba).H]* cluster.
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Figure 113 Measured vs. simulated mass values for [Pd4(dba)sH]* cluster.
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Figure 114 Measured vs. simulated mass values for [Pd4(dba)sNa]* cluster.
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Figure 115 Measured vs. simulated mass values for [Pds(dba)sH]* cluster.
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Figure 116 Measured vs. simulated mass values for [Pdg(dba)sH]* cluster.
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Figure 117 Measured vs. simulated mass values for [Pda(dba)sNa]* cluster.
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Figure 118 Measured vs. simulated mass values for [Pds(dba)sH]* cluster.
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Figure 119 Measured vs. simulated mass values for [Pds(dba)sH]* cluster.
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Figure 120 Measured vs. simulated mass values for [Pde(dba)sH]* cluster.
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Figure 121 Measured vs. simulated mass values for [Pdg(dba)sNa]* cluster.
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Figure 122 Measured vs. simulated mass values for [Pds(dba);Na]* cluster.
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Figure 123 Measured vs. simulated mass values for [Pd7(dba)sH]* cluster.
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Figure 124 Measured vs. simulated mass values for [Pdg(dba)sH]* cluster.
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Figure 125 Measured vs. simulated mass values for [Pdg(dba)sNa]* cluster.
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Figure 126 Measured vs. simulated mass values for [Pdg(dba)i1Na]* cluster.
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Figure 136 *H NMR spectrum of 142 (400 MHz, CDCls).
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Figure 154 3C NMR spectrum of 149 (101 MHz, CDCls).
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Figure 155 *H NMR spectrum of 152 (400 MHz, CDCls).
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Figure 159 *H NMR spectrum of 156 (400 MHz, CDCls).
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Figure 160 3C NMR spectrum of 156 (101 MHz, CDCls).
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Figure 161 *H NMR spectrum of 158 (400 MHz, CDCls).
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Figure 171 **F NMR spectrum of 92 (376 MHz, CDCl5).
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Figure 174 **F NMR spectrum of 166 (376 MHz, CDCly).
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Figure 177 **F NMR spectrum of 167 (376 MHz, CDCly).
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Figure 178 *H NMR spectrum of 169 (400 MHz, CDs0OD).
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Figure 179 3C NMR spectrum of 169 (101 MHz, CDs;OD).
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Figure 180 **F NMR spectrum of 169 (376 MHz, CDCly).
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Figure 183 **F NMR spectrum of 170 (376 MHz, CDCly).
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Figure 186 °F NMR spectrum of 171 (376 MHz, CDCly).
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Figure 187 *H NMR spectrum of 172 (400 MHz, CDCls).
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Figure 189 *F NMR spectrum of 172 (376 MHz, CDCly).
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Figure 190 *H NMR spectrum of 173 (400 MHz, CDCls).
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Figure 191 3C NMR spectrum of 173 (101 MHz, CDCls).
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Figure 192 F NMR spectrum of 173 (376 MHz, CDCly).
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Figure 193 'H NMR spectrum of 174 (400 MHz, CDCls).
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Figure 194 3C NMR spectrum of 174 (101 MHz, CDCls).
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Figure 195 *F NMR spectrum of 174 (376 MHz, CDCly).
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Figure 196 *H NMR spectrum of 175 (400 MHz, CDCls).
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Figure 197 3C NMR spectrum of 175 (101 MHz
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Figure 198 °F NMR spectrum of 175 (376 MHz, CDCls).
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Figure 199 *H NMR spectrum of 176 (400 MHz, CDCls).
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Figure 201 **F NMR spectrum of 176 (376 MHz, CDCly).
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Figure 202 *H NMR spectrum of 48 (400 MHz, (CD3).S0).
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Figure 203 *3C NMR spectrum of 48 (101 MHz, (CD3)2S0).
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Figure 204 !B NMR spectrum of 48 (128 MHz, (CD3),SO).
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Figure 205 **F NMR spectrum of 48 (376 MHz, (CD3);SO).
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Figure 206 *H NMR spectrum of 192 (400 MHz, (CD3),S0).
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Figure 207 *3C NMR spectrum of 192 (101 MHz, (CD3)2S0O).
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Figure 208 !B NMR spectrum of 192 (128 MHz, (CD3)2S0).
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Figure 209 *°F NMR spectrum of 192 (376 MHz, (CD3).S0).
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Figure 210 *H NMR spectrum of 193 (400 MHz, (CD3),S0).
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Figure 211 *3C NMR spectrum of 193 (101 MHz, (CD3)2S0).
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Figure 212 !B NMR spectrum of 193 (128 MHz, (CD3)2S0).
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Figure 213 *°F NMR spectrum of 193 (376 MHz, (CD3),S0).
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Figure 214 *H NMR spectrum of 194 (400 MHz, (CD3),S0).
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Figure 215 3C NMR spectrum of 194 (101 MHz, (CD3)2S0O).
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Figure 216 *H NMR spectrum of 195 (400 MHz, (CD3),S0).
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Figure 217 *3C NMR spectrum of 195 (101 MHz, (CD3)2S0).
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Figure 218 !B NMR spectrum of 195 (128 MHz, (CD3)2S0).
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Figure 219 *°F NMR spectrum of 195 (376 MHz, (CD3).S0).
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Figure 220 *H NMR spectrum of 196 (400 MHz, (CD3),S0).
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Figure 221 3C NMR spectrum of 196 (101 MHz, (CD3)2S0).
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Figure 222 1B NMR spectrum of 196 (128 MHz, (CD3)2S0).
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Figure 223 °F NMR spectrum of 196 (376 MHz, (CD3),S0O).
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Figure 224 *H NMR spectrum of 197 (400 MHz, (CD3),S0).
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Figure 225 3C NMR spectrum of 197 (101 MHz, (CD3)2S0O).
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Figure 226 !B NMR spectrum of 197 (128 MHz, (CD3)2S0).
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Figure 227 F NMR spectrum of 197 (376 MHz, (CD3),S0).
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Figure 228 *H NMR spectrum of 198 (400 MHz, (CD3),S0).
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Figure 229 3C NMR spectrum of 198 (101 MHz, (CD3)2S0O).
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Figure 230 B NMR spectrum of 198 (128 MHz, (CD3)2S0).
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Figure 231 *°F NMR spectrum of 198 (376 MHz, (CD3),S0O).
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Figure 232 *H NMR spectrum of 199 (400 MHz, (CD3),S0).
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Figure 233 3C NMR spectrum of 199 (101 MHz, (CD3)2S0).
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Figure 234 1B NMR spectrum of 199 (128 MHz, (CD3)2S0).
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Figure 235 °F NMR spectrum of 199 (376 MHz, (CD3),S0O).
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Figure 236 *H NMR spectrum of 200 (400 MHz, (CD3),S0).
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Figure 237 3C NMR spectrum of 200 (101 MHz, (CD3)2S0O).
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Figure 238 !B NMR spectrum of 200 (128 MHz, (CD3)2S0).
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Figure 239 °F NMR spectrum of 200 (376 MHz, (CD3),S0).
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Figure 240 *H NMR spectrum of 201 (400 MHz, (CD3),S0).
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Figure 241 3C NMR spectrum of 201 (101 MHz, (CD3)2S0O).
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Figure 242 1B NMR spectrum of 201 (128 MHz, (CD3)2S0).

Filename: c6156ajr
Reference: Alan Reay AJR-5-390

14795
801

—-147.95
—-148.01

1l

T
-148.0

T T T T

T T T T
-1476 -147.8 -148.2 -1484

T LA B S S L S B B L S A R L A N L T A R T 1
0 180 100 80 60 40 20 0 -20 -40 -60 -80

T T T T T T T T
160 140 120 -100 120 -140 -160 -180 -2

Figure 243 °F NMR spectrum of 201 (376 MHz, (CD3),S0O).
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Figure 244 *H NMR spectrum of 202 (400 MHz, (CD3),S0).
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Figure 245 3C NMR spectrum of 202 (101 MHz, (CD3)2S0O).
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Figure 246 !B NMR spectrum of 202 (128 MHz, (CD3)2S0).
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Figure 247 °F NMR spectrum of 202 (376 MHz, (CD3),S0).
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Figure 248 *H NMR spectrum of 203 (400 MHz, (CD3),S0).
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Figure 249 3C NMR spectrum of 203 (101 MHz, (CD3)2S0).
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Figure 250 !B NMR spectrum of 203 (128 MHz, (CD3)2S0).
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Figure 251 *°F NMR spectrum of 203 (376 MHz, (CD3),S0).
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Figure 252 'H NMR spectrum of 54 (400 MHz, (CD3).S0).

Filename: ch756ajr
Reference: Alan Reay AJR-4-368

39.52 DMSO-d6

T T T T T T T T T

T T T T T T T T T
30 180 170 160 160 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Figure 253 3C NMR spectrum of 54 (101 MHz, (CD3)2S0O).
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Figure 254 1B NMR spectrum of 54 (128 MHz, (CD3),SO).
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Figure 255 °F NMR spectrum of 54 (376 MHz, (CD3);SO).
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Figure 256 *H NMR spectrum of 204 (400 MHz, (CD3),S0).
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Figure 257 3C NMR spectrum of 204 (101 MHz, (CD3)2S0O).
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Figure 258 *H NMR spectrum of 76 (400 MHz, CDCly).
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Figure 260 *H NMR spectrum of 205 (400 MHz, CDCls).
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Figure 261 3C NMR spectrum of 205 (101 MHz, CDCls).
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Figure 262 *H NMR spectrum of 206 (400 MHz, CDCls).
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Figure 263 3C NMR spectrum of 206 (101 MHz, CDCls).
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Figure 264 'H NMR spectrum of 207 (400 MHz, CDCls).
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Figure 265 3C NMR spectrum of 207 (101 MHz, CDCls).
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Figure 266 *H NMR spectrum of 77 (400 MHz, CDCls).
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Figure 267 3C NMR spectrum of 77 (101 MHz
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Figure 268 *H NMR spectrum of 208 (400 MHz, CDCls).
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Figure 269 3C NMR spectrum of 208 (101 MHz
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Figure 270 *H NMR spectrum of 120 (400 MHz, CDCls).
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Figure 271 3C NMR spectrum of 120 (101 MHz
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Figure 272 F NMR spectrum of 120 (376 MHz, CDCly).
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Figure 273 *H NMR spectrum of 79 (400 MHz, CDCls).
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Figure 274 3C NMR spectrum of 79 (101 MHz, CDCls).
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Figure 275 *H NMR spectrum of 209 (400 MHz, CDCls).
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Figure 276 3C NMR spectrum of 209 (101 MHz
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Figure 277 *H NMR spectrum of 210 (400 MHz, CDCls).
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Figure 278 3C NMR spectrum of 210 (101 MHz
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Figure 279 'H NMR spectrum of 211 (400 MHz, CDCls).
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Figure 280 *3C NMR spectrum of 211 (101 MHz
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Figure 281 *H NMR spectrum of 215 (400 MHz, CDs;OD).
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Figure 282 3C NMR spectrum of 215 (125 MHz, CDs;OD).
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Figure 283 *H NMR spectrum of 224 (400 MHz, CDCls).
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Figure 284 13C NMR spectrum of 224 (101 MHz, CDCls).
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Figure 285 *H NMR spectrum of 231 (400 MHz, CDCls).
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Figure 286 3C NMR spectrum of 231 (101 MHz, CDCls).
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Figure 287 *H NMR spectrum of 232 (400 MHz, CDCls).
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Figure 289 *H NMR spectrum of 233 (400 MHz, (CD3),S0).
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Figure 290 3C NMR spectrum of 233 (101 MHz, CDCls).
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Figure 291 *H NMR spectrum of 234 (400 MHz, CDCls).
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Figure 293 *H NMR spectrum of 38 (400 MHz, (CD3).S0).
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Figure 294 3C NMR spectrum of 38 (101 MHz, (CD3)2S0O).
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Figure 296 *H NMR spectrum of 34 (400 MHz, CDCly).
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Figure 297 3C NMR spectrum of 34 (101 MHz, CDCls).
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Figure 298 'H NMR spectrum of 240 (400 MHz, CDCls).
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Figure 299 3C NMR spectrum of 240 (101 MHz, CDCls).
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Figure 302 *H NMR spectrum of 246 (400 MHz, CDCls).
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Figure 305 3C NMR spectrum of 247 (101 MHz, CDCls).

423



Appendix 7: NMR Spectra

617
9%
B6'v
WG I
vhs
ZE'S
YE'G +
958G
625 b
165 L
76
v6'G
£1g
919
vE9
£9
or'g 3
vr'g
Sr'g
9 L
059
059
159
159
859
£99
99 I
599
zi9
£9 +
vi9
5.9 v
6.9 poooa
189 I BEZ
169 L g6l
659 vl
002
0L = ozee
€04 v 1961
0L ¥ W
502 - 88y

804
204 =
80/ Whﬂqm_.

604

LA L
Tl
G4 +Z90Z

I
. 1L r
Bl'L T
1z 1
Zz L 3
vZ'L
£1009 92 4
524
1L
8zL
0EL
08/
e,
€L
9EL F
L
6/
Iy L
[
oL
£r's
794
£9'1
gL

Minor isomer

.

.-Pd

~
1

PP

.

Major isomer

O

Pg----=--m

)

Reference: Pd2(dba)3.CHCI3 dry conditions

Filename:AJR-4-335/128 scans

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
Figure 306 *H NMR spectrum of 238 (500 MHz, CDCls).
424

9.0

9.5

105 10.0

.0



[AleTdapeRacyey

Appendix 7: NMR Spectra

Reference: Alan Reay AJR-7-680

Filename: a1279ajr

e w]
£8°E]
EE'E]
PE'EY
PE'EY
FEE

052
[A=Fa
A=y
254
€54
£5'2
(3=
(3=
€54
€54
3=
=W
=P
P4
PS4
L=
G54
G54
G54
G54
G54
954
95/
954
54
951
4529
251
251
859
2529

20 156 1.0 05

25

3.0

3.6

80 75 7.0 65 6.0 565 50 45 4.0

8.5
Figure 307 *H NMR spectrum of 252 (400 MHz, CD.Cl,).

9.0

9.5

T

105 10.0

Reference: Alan Reay AJR-7-680

Filename: a1329ajr

.0

ogar—

€10200 00°PS—

GE'5e—

BE0Z1—

PELEL—

PECRL—

30

40

50

170 160 150 140 130 120 110 100 90 80 70 60
Figure 308 3C NMR spectrum of 252 (101 MHz, CD.Cly).
425

180

0



Appendix 7: NMR Spectra

Filename: a1279ajr
Reference: Alan Reay AJR-7-680

-191

T T T T T T T T T T T T T T T T T T T

T T T T y T T |
0 120 110 100 9 80 70 60 &0 40 30 20 10 O -10 -20 -30 40 -50 -60 -70 -80 -90 -100 -110 120 -1

Figure 309 B NMR spectrum of 252 (128 MHz, CD,Cl,).

Filename: a1279ajr
Reference: Alan Reay AJR-7-680

151.02
151.02

<

|
o
2

L e e e L i S B e B S B B S | T T T T

T T T T T T T
190 170 150 130 110 90 70 50 30 10 -10 -30 -50 -70 90 -110 -130 -150

T T

T T
-170  -190

Figure 310 B NMR spectrum of 252 (376 MHz, CD,Cl,).

426



Abbreviations

Abbreviations

Ac
AE
AMLA
aq.
Ar
ATR
Bn
Boc
B.P.
bpy
Bu

Bz

cat.
CMD
conv.
CPBA
Cy
dba
DCE
DCM
dec.

DEPBT

acetyl

atom economy

ambiphilic metal-ligand activation
aqueous

arene

attenuated total reflectance
benzyl
tert-butoxycarbonyl
boiling point
2,2'-bipyridine

butyl

benzoyl

concentration

catalyst, catalytic
concerted metalation deprotonation
Conversion
chloroperbenzoicacid
cyclohexyl
dibenzylideneacetone
1,2-dichloroethane
dichloromethane
decomposition

3-(Diethoxyphosphoryloxy)-1,2,3-benzotriazin-4-(3H)-one
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Abbreviations

DFT
DIPEA
DME
DMEDA
DMF
DMSO
DOSY
dtbpy
El

eq.

ESI

Et
EXAFS
FMoc
FT
FWHM
GC
HPLC
HR

Hz

ICR

IPE

density functional theory

N, N-di-iso-propylethylamine
dimethyl ether
N,N’-dimethylethylenediamine
dimethylformamide
dimethylsulfoxide

diffusion-ordered NMR spectroscopy
2,6-di-tert-butylpyridine

electron ionisation

equivalents

electrospray ionisation

ethyl

extended X-ray absorption fine structure spectroscopy
fluorenylmethyloxycarbonyl

Fourier transform

full-width at half-maximum

gas chromatography

high performance liquid chromatography
high resolution

hertz

iso-

ion cyclotron resonance
di-iso-propylether

infrared
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Abbreviations

LIFDI

lit.

Me
Mes
MHz
Ml
M.P.
Ms
MS
Mw
NBS
NMP
NMR

OE

PdNPs
Ph

pin
Piv
ppm

Pr

ligand

liquid introduced field desorption ionisation
literature

meta-

mol dm=

methyl

mesityl, 1,3,5-trimethylphenyl
megahertz

mass intensity

melting point
methanesulfonic, methanesulfonyl
mass spectrometry

molecular weight
N-bromosuccinamide
N-methyl-2-pyrrolidone
nuclear magnetic resonance
optimum efficiency

para-

palladium nanoparticles
phenyl

pinacol ester

pivaloyl

parts per million

propyl
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Abbreviations

PVP

pyr.

quant.

Rt

RME

RT

SEM

TBS

TBTU

TEM

Tf

Tfa

TFA

THF

TLC

TOF

Tol

TPPTS

Ts

uv

VT

(poly)vinylpyrrolidone
pyridine

quantitative yield

retention factor

reaction mass efficiency

at ambient temperature
2-trimethylsilylethoxymethyl
tertiary
tert-butyldimethylsilyl

O-(Benzotriazol-1-yI)-N,N,N’,N’-tetramethyluronium
tetrafluoroborate

transmission electron microscopy
triflic, trifluoromethanesulfonic
trifluoroacetyl

trifluoroacetic acid
tetrahydrofuran

thin layer chromatography
turnover frequency

tolyl, p-methylphenyl
3,3",3"-phosphanetriyltris(benzenesulfonic acid) trisodium
tosyl

ultraviolet

volts

variable temperature
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Abbreviations

XAS

XPhos

XPS

watts

with respect to

leaving group

X-ray absorption spectroscopy
2-dicyclohexylphosphino-2',4',6'-tri-iso-propylbipheny!l

X-ray photoelectron spectroscopy
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