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Zusammenfassung

In dieser Arbeit wurde eine generell anwendbare Methode zur Synthese von dinukleophilen
Verbindungen entwickelt, die sowohl mit Zinn als auch mit Bor funktionalisiert sind. Am
Beispiel eines Thiophenderivates konnte die Methode einer sowohl Nukleophil- als auch
Elektrophil-selektiven Kreuzkupplung erfolgreich gezeigt werden. Diese Art der Reaktion
erlaubt es, unterschiedliche Aromaten miteinander zu verbinden, wobei die Produkte jeweils
noch Uber eine Bor- und eine Halogenfunktion verfiigen. Am Beispiel elektronen-
armer, -reicher und neutraler Dielektrophile konnte die allgemeine Anwendbarkeit der
Reaktion gezeigt werden. Die Produkte eignen sich unter anderem fiir die Verwendung als
Monomere in Polymerisationsreaktionen und damit fiir die Synthese halbleitender
Polymere.
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Darliber hinaus konnte die erste Verbindung einer weiteren Klasse von Dinukleophilen
synthetisiert werden: Es gelang, ein Thiophenderivat herzustellen, welches sowohl liber eine
Bor- als auch eine Goldfunktion verfligt. Goldorganyle wurden bisher nur selten
stochiometrisch verwendet. Es zeigt sich allerdings, dass diese unter milden
Reaktionsbedingungen und mit guten Ausbeuten Kreuzkupplungsreaktionen eingehen.
Damit eignet sich diese neue sowohl Gold- als auch Bor-funktionalisierte Verbindung
ebenfalls flr eine potentielle dual-selektive Kreuzkupplung.

Die Synthese von hoch definiertem, regio regularem Poly(3-hexylthiophen) (P3HT) erfolgt
Uber die Methode der lebenden Polymerisation mit sowohl halogen- als auch
metallfunktionalisierten Monomeren. Problematisch ist bisher jedoch die Synthese stabiler,
isolierbarer Monomere. Es wurde daher ein Monomer entwickelt, welches aus zwei
Hexylthiophen-Einheiten besteht und einerseits eine nukleophile Goldgruppe und
andererseits eine Bromidgruppe als elektrophile Funktionalitat tragt. Dieses ist luft- und
feuchtigkeitsstabil. Ein Katalysatorscreening fir die Polymerisation ergab, dass je nach
Katalysator zwei Typen von Polymeren gebildet werden konnten. Beide waren zwar regio
reguldr, aber dennoch deutlich voneinander unterschiedlich: Zum einen ergab sich ein HH-
TT-P3HT, zum anderen konnte das erwartete HT-P3HT erhalten werden (HH = Head-to-Head,
TT = Tail-to-Tail, HT = Head-to-Tail). Diese erfolgreichen Polymerisationsreaktionen brachten
zahlreiche neue Einblicke und Erkenntnisse in Bezug auf Kupplungsreaktionen mit
Goldorganylen mit sich.






Abstract

In this thesis a general method for the synthesis of dinucleophilic compounds, containing
both a stannyl and a boron moiety, was developed. Using a thiophene derivative as
dinucleophile, it was possible to show that a both nucleophile and electrophile selective
cross-coupling reaction could be performed successfully. This type of reaction allows the
combination of different aromatic systems, where the products still contain both a halogen
and a boron functionality. It was shown for electron poor, rich and neutral dielectrophiles
that this reaction can be used as a general method. The resulting products can be used,
besides other potential applications, as monomers in polymerization reactions and thus for
the synthesis of semiconducting polymers.
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Furthermore the first compound of another class of dinculeophiles could be successfully
synthesized: A thiophene derivative which contains both a boron and a gold moiety as metal
functional groups. Organogold reagents have been rarely used in stoichiometric amounts so
far. It was shown that these compounds perform cross-coupling reactions under mild
reaction conditions and in high vyields. Therefore this type of both gold and boron
functionalized dinucleophiles are suitable for a potential use in dually-selective cross-
coupling reactions.

The synthesis of well-defined regio regular poly(3-hexylthiophene) (P3HT) is generally
performed by using the method of living polymerization. Monomers for these reactions
generally contain both a halogen and a metal functionality. Until now the synthesis of
monomers that are stable and can be isolated before use is a problem. Therefore a
monomer was synthesized, which was comprised of two hexylthiophene units and which
contained gold moiety as functional groups as well as a bromide as electrophile
functionality. This monomer was stable to air and moisture. A catalyst screening of the
polymerization reaction gave two different polymers as products, depending on the catalyst
species used. Both polymers showed high regio regularities but were considerably different
from each other: On the one hand HH-TT-P3HT was obtained, on the other hand the
expected HT-P3HT could be isolated (HH = Head-to-Head, TT = Tail-to-Tail, HT = Head-to-
Tail). These successful polymerization reactions gave new insights and findings especially on
cross-coupling reactions of organogold reagents.
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A Guide to This Thesis

This thesis is divided into 6 chapters (see Table of Contents). One part of the results in this
thesis and a short review article has been published in a peer reviewed journal, and the
original publication can be found in the subsections of chapter 3 (“Results and Discussion”).
The majority of the other results are described and put into context in the form of
manuscripts. The corresponding “Supporting Information” (SI), which includes all
experimental data of the manuscripts or publication can be found in subsections of chapter
5 (“Experimental Section”). In addition to the overall “Summary and Outlook” (Chapter 4),
each subsection contains its own outlook with further experiments. The details for these can
also be found in the SI, placed directly after the Sl-part for the corresponding manuscript. As
every publication has its own introduction, chapter 1 (“Introduction”) provides some general

information on the topics of cross-coupling reactions and semiconducting polymers.

Every publication or manuscript starts with its own numbering concerning figures, schemes,
tables and compounds. To allow a clear identification of each compound, molecules of
chapter 3.1 are specified in the outlook as P1-X, where the prefix P stands for publication;
compounds of chapter 3.2 are specified as M1-X, where the prefix M stands for manuscript.
The same procedure was done for chapter 3.3, where compounds are specified as M2-X and
in chapter 3.4, where P2-X is used. For all other compounds, figures, tables and schemes a

continuous numbering can be found.
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1 Introduction

The Nobel Price is one of the most important awards scientists can receive. The outstanding
work of the chemistry Nobel laureates of 2000 and 2010 is of high importance for both
industry and researchers in the field of synthetic organic chemistry and organic electronic
devices: In 2010, Heck,[3] Negishiw and Suzuki® were honored with the Nobel Prize for their
work on palladium catalyzed cross-coupling reactions.”” In 2000, Heeger, MacDiarmid and
Shirakawa were awarded this a prestigious prize for the discovery and development of

conductive polymers.™

1.1 Organic Semiconductors

Semiconducting polymers can be used for a large variety of applications. For example they
can be incorporated into organic electronics like organic solar cells (0SCs), organic field
effect transistors (OFETs)[Gb’ 1" and light emitting diodes (OLEDs).[S] One of the latest
developments in the field of entertainment industry is a curved OLED television set

(Figure 1).

Figure 1. LG presents their curved OLED TV as new class of home entertainment (reproduced with
permission from LG, © 2015).[9]

The general benefits arising from the use of semiconducting organic polymers, and generally
organic semiconductors, can be clarified by the example of this technical achievement:
Devices can be produced in thin shapes, they are lightweight and flexible, manufacturing
costs and power consumption are low.[*%! Concerning TVs this is why the former cathode ray
tubes (CRTs) have been largely replaced by flat screen monitors like OLED TVs (Figure 1).
These benefits also apply to solar cells: organic solar cells can be easily processed by roll-to-
roll inkjet printing.[l“ If they are printed onto a plastic film, the whole solar cell is as flexible
as the film. This procedure makes them potentially cheap in comparison to their inorganic

analogues. Both kinds of solar cells have their own advantages: The inorganic crystalline
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silicon solar cells have efficiencies up to 26 %™ and are used on roofs or in solar fields. In
contrast to this organic solar cells have lower efficiencies of 11 % at present,[lzb’ Bl but
because of their transparency and flexibility, they can be used in other complementary
areas. It is conceivable that they can be used on clothing, and they are already used as
mobile photovoltaic charger for mobile phones (Figure 2). Research groups are working on

improved materials and efficiencies.

Figure 2. A shoulder bag, bearing organic solar cells on the surface allowing to charge an electrical
device like a mobile phone induced by sunlight.

The first conducting polymer, doped polyacetylene, was discovered in 1977 by Heeger,
MacDiarmid and Shirakawa."* ** The general principle of a semiconducting polymer is that it
is made up of a large planar conjugated pi-system. In the case of polyacetylene, the cause for
its semiconducting properties can be envisioned like this: The polymer contains a system of
conjugated double bonds: if these p-orbitals form an overlap, the sp2 hybridized carbon
atoms split up into bonding (n) and anti-bonding (t*) orbitals, also called HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital). In the case of
ethylene the two electrons in the p, orbitals of the carbon atoms form the m-bond of the
double bond. They occupy the lower-energy HOMO (Figure 3).!**! For 1,3-butadiene there
are four p,-orbitals to consider: These p, orbitals form four molecular orbitals where two are
occupied and two are unoccupied. This principle can be applied for an infinite number of
orbitals, as in the case of a long polymer chain. The resulting energy levels of the different nt
and mt* orbitals are getting closer to each other and finally they form so called bands: a
valence band that is formed of the rt orbitals and a conduction band that is formed of the nt*
orbitals. Based on this simple model one would expect that the highest level of the valence
band and lowest level of the conduction band eventually overlap each other for long
polymer chains, but it is not the case concerning semiconducting organic polymers: The
Peierls distortion leads to partial localization of electrons by distorting the geometry of the

conjugated m-system.®
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Figure 3. This schematic energy diagram shows the formation of a valence band and a conduction

band in a sp>-hybridized system as it exists in semiconducting ponmers.“s]

The energy gap between the conduction band and the valence band is called band gap.
Conductivity is possible when electrons of the valence band can move into the conduction
band by thermal or photochemical excitation. This can happen if both bands overlap, for
example in case of metals. Concerning semiconductors, the band gap is narrow which means
that electrons can move into the conduction band by thermal or photochemical

excitation.™”! Concerning insulators the conducting band is energetically too far away, and

[18]

thus not possible to reach even for excited electrons. Modern conducting organic

materials are typically not doped and have intrinsically low band gaps.“gl

1.2 Polythiophenes

It has been shown that different aromatic systems like polyethylene dioxythiophenes,[zo]

22 23
)[ ] )[ ]

fluorenebenzothiazoles,®" poly(pyrroles and poly(para-phenylenes can be used as
semiconducting polymers. At present thiophene based polymers are considered to be the
most promising for applications in organic solar cells.?Y In general most polymers based on
aromatic monomers include alkyl chains in order to afford a good solubility of the polymer
and as a result an easily processable material is generated. Nowadays 2,5-poly(3-alkyl)-

thiophenes (P3ATs) belong to the best investigated and used polymers. [15, 251
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1.2.1 Characteristics and Analysis of Poly(3-alkylthiophenes)

The monomers themselves, 3-alkyl-thiophenes, are asymmetric. Therefore three different
types of 2/5-linkage can be found in the polymer backbone: head-to-tail (HT), head-to-head
(HH) and tail-to-tail (HT) (Figure 4).[26]

nHex nHex
Y tail (T)
} 5S._ - N 2s_ .
B S IR
)
head (H) nHex nHex

2,5 or head-to-tail (HT) 2,2 or head-to-head (HH) 5,5' or tail-to-tail (TT)

Figure 4. 2,5-Poly(3-alkyl)thiophene can be linked in different ways.

Commonly the sterically hindered 2-position is designated as “head”, the less hindered 5-

I”

position as “tail”. These coupling abbreviations can be used as prefix to specify the polymer
itself. It is important which kind of polymer is formed in a reaction: the properties of pure
HT-P3AT significantly differ from the polymers where HT, HH and TT couplings are also
found. Spectroscopy allows an exact characterization of the polymers regarding the
structure itself. '"H NMR spectroscopy shows broad signals which are typical for polymers.
Concerning only HT-coupled polymers there is one clear signal in the aromatic region (at 6.9
ppm) for the proton in 4-position of the thiophene ring and one signal in the alkyl region (at
2.7 ppm) for the first methylene group of the alkyl chain that is directly located on the
thiophene ring. In contrast to this, TT- and HH-coupling gives shifted signals in the aromatic
region (7.0 ppm) and a further signal in the alkyl region (at 2.5 ppm), caused by an
interaction of the neighboring alkyl chains (compare Chapter 5.4). UV-Vis spectroscopy
shows an absorption maximum of Apna= 449 nm for HT-P3HT (poly-(3-hexylthiophene));
other P3ATs show absorption maxima of A= 442-456 nm in solution. A polymer with HH or

TT defects shows a decreased absorption at lower wavelengths.m]

All these differences result from the polymer structure itself and the electronic differences

(19, 271 | only HT couplings are present, a regio regular polymer is formed

of the regioisomers.
with a planar and linear polymer backbone with a delocalized electronic system (Figure 5,
green). If all types of linkage are obtained, a regio irregular polymer is formed. Here the alkyl
chains of the thiophene blocks are disordered. The interaction of the chains in the case of a

HH coupling leads to a twist of the planes of the heterocycles of at least 30 ° against each
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other (Figure 5, red).[ZS] This twist results in torsional defects with a lowered delocalization of

the t electrons.!*”!

(a) rr-P3AT I

< x.aﬁ <

Figure 5. In general regio regular (a) and regio irregular P3AT (b) show different electronic proper-

ties. The planar backbone of the regio regular P3AT has a linear structure. The disordered alkyl chains
in the regio irregular P3AT cause a twisted polymer backbone.

1.2.2 Synthesis of Poly(3-alkylthiophenes)

Regio irregular polymers are obtained, if step growth polycondensation polymerization

reactions are used for the synthesis (Figure 6).[29] Here monomers of the type X-monomer-X

[30] [30b,

1 react with another monomer of the type M-monomer-M 2, often in a Stille*™" or Suzuki

30f, 311 cross-coupling reaction. High molecular weights can only be obtained at nearly full
conversion of the monomers. The reason is the mechanism of this type of polymerization.
After every coupling event, the catalyst leaves the polymer chain and performs another
random coupling. With this, a large number of low molecular weight chains are present in
the reaction mixture even at conversion values of > 75% conversion. When most monomers

have reacted, more and more chain-chain coupling reactions are catalyzed with the result of

an abruptly fast growth of the polymer chains (Figure 6, 3).[29]

X=X \K -

1 2 3

\.

mol. weight

0 . 100
Conversion %

Figure 6. Schematic polymerization principle for a step growth polycondensation reaction.
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If only HT coupling in P3AT is found, polymers are described as regio regular. In this type of
polymer the backbone forms a planar conjugated system of well delocalized m electrons
which results in a good conductivity. Independently of each other Yokozawa and McCullogh
developed the living polymerization process for the synthesis of P3HT (Figure 7).[243' 32 They
prepared a monomer in situ that contains both a halogen and a metal functionality on the
same molecule 4. [Ni(dppp)Cl,] as catalytic species led to a polymer 5 with a very high
proportion of regio regular HT connections in the backbone. Furthermore, the polymers
obtained showed high molecular weights and a low polydispersity index (PDI). In addition,
the end group of the polymer chain could be controlled, which gives access to block

copolymers.[33]

AN \\\

- ~ N
V

: Ve

Figure 7. Schematic polymerization principle for a living chain growth polymerization reaction and its

mol. weight

Conversion % 100

reaction kinetic.

Formally this polymerization is also a polycondensation reaction, and should follow the
kinetics of a step growth polymerization, but kinetic studies showed the behavior of a living
chain growth polymerization. Characteristic for this type of growth is the linear relationship

between the conversion of the monomer and the molecular weight (Figure 7).[243' 32]

Even if the molecular mechanism is not completely understood by now, its special feature is
the unusual reaction behavior of the catalyst species.[34] The first coupling reaction is a very
quickly initiated homo coupling of two monomers 6, where the Ni (ll) catalyst 7 becomes a
Ni (0) species 8 after reductive elimination. This species forms a so-called associated pair 8,
13: the catalyst stays on the polymer chain. The further sequential steps are typical for cross-
coupling reactions and are repeated in a catalytic cycle: Oxidative addition of the catalyst
species to the polymer chain 9, transmetalation and reductive elimination lead to a well-
defined polymer (Scheme 1, 12). The first approaches for such living polymerization were
made by using zinc and magnesium as metal functionalities, but similar reactions were

[36]

demonstrated with tin®® and boronic esters®® as metal functionalities. In the latter cases

the process was not living, although regio regular polymers were obtained.
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R reductive R
Ni(dppp)CI
/@\ Ritdeep)-e (\ _elimination m /
CIMg™ Ng” “Br — oo Dol e s \B
o NS+ N/ 8T
6 RS 7 (0) R 8
B associated pair
r
/oxidative addition
after several catalytic cycles
™ )
L. L NN
Ni” + Br{ >g s Br
reductive © 13 oxidative
elimination associated pair addition
(\LR " (\ L R R
i ML A\
Br L—Ni B
s |, S , S S r
u Br n
Br
R
0 e L5
2 omgNg B
1" 10

transmetallation

Scheme 1. Proposed mechanism for the living polymerization. *°!

If a palladium catalyst is used for the polymerization of the same monomers, the reaction
follows the kinetic of a step growth polymerization. The reason for this is that in contrast to
the nickel species palladium typically does not form an associated pair that stays together:
after the coupling event the palladium species leaves the polymer chain.™ This is a
disadvantage of this method regarding the fact that only at nearly full conversion of the
monomer, high molecular weights can be observed. However, today, there is only one
example of a flourene system with the metal functional group being a boronic ester, where a
palladium catalyst can perform a living polymerization process as well, for example when the

metal functional group on the monomeris M = boron.!?!

For many applications it is important that the band gap of the material in a device is low or
that it can be tuned. It has been shown that the combination of an electron rich and an
electron deficient heterocycle in the polymer backbone leads to a lower band gap.[37] One

possibility to combine heterocycles in the polymer backbone is to use different monomers of
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the types X-Monomerl-X (1) and M-Monomer2-M (2) in a step growth polymerization
reaction (see Figure 6).[29] This method allows the easy combination of different
heterocycles, but disadvantages like low molecular weights and high PDlIs limit their use in
electronic devices, where well-defined polymers are required. If monomers of the type X-
heterocyclel-heterocycle2-M were available, the advantages of both polymerization types
could be combined: regio regular polymers containing different heterocycles in the polymer
backbone could be synthesized with a low PDI at high molecular weights via controlled living

chain growth.

1.3 Cross-Coupling Reactions

Both the living chain growth polymerization and the step growth polymerization reactions
are based on the principle of cross-coupling reactions. Cross-coupling reactions are the most
efficient way to form new carbon-carbon bonds, providing access to highly complex
molecular structures from simple building blocks.®® The importance of this reaction type
was underlined by awarding Heck," Negishi[‘” and Suzuki® with the Nobel Prize in 2010 for
their work on palladium catalyzed cross-coupling reactions.”” The connection of sp-, sp>- and
sp3— hybridized carbon atoms by using transition metals catalysts is essential for both

laboratory research and industrial production.[gg]

Many different types of cross-coupling reactions are known, but the reaction principle is
almost always the same:* An electrophile R-X (X= 1, Br, Cl, OTf, etc.) reacts in a transition
metal catalyzed cycle with a nucleophile R-M in generally high yields, where M represents
different metal functional groups: Alkyl, vinyl or aryl derivatives can be functionalized by
halogen-metal exchange or direct metalation in situ with tin (StiIIe,ng' H] Migita[42]), boron

(Suzuki,[43] Miyaura[sl), silicon (Hiyama[44]), zinc (Negishi[4]) and magnesium (Kumada,[45]

Corriu[46]).

1.4 Selectivity in Cross-Coupling Reactions

It is well established that the order of reactivity of the electrophilic coupling partner
decreases for the different leaving groups | > OTf > Br >> 1. This order is generally found
in most types of cross coupling reaction like in Stille or Suzuki type reactions, but excetions
can be found as well: For example in iron-catalyzed Kumada cross-coupling reactions where

an order of Cl > OTf > Br > | was found."*®! This feature has been used for the development of
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electrophile selective cross-coupling reactions.*® In contrast to this, nucleophile selective
cross-coupling reactions have been rarely investigated, most of them on non-aromatic
dinucleophiles.m’ % On the one hand (alkene) substrates (14) with both a tin and a boron
functionality are often used in order to perform a Stille- selective cross-coupling reaction.”!
On the other hand compounds with two boron functionalities with different boronic ester
groups can be found in order to use their different reactivity (15).[52]

I I
X |-BR BR
RssnM 2 RZBJ(\/}n ’

14 15

Figure 8. Reported non-aromatic dinucleophiles 14 and 15 that are used for nucleophile-selective

cross-coupling reactions. [51-52]

However nucleophile selective cross-coupling reactions on aromatic dinucleophiles are
almost undeveloped.m 502,531 The different reaction conditions of Stille and Suzuki-Miyaura
reactions have been used a few times, but until 2012, there was only one report published
where a nucleophile selective cross-coupling reaction on a tin- and boron-containing
aromatic compound, para-BusSn-CgH4-B(OR),, was used.®® In 2012 J. Linshoeft performed
the first systematic study of a nucleophile selective cross-coupling reaction on a single

)'[SOa] A thiophene derivative 16 containing both a trimethyl tin

aromatic substrate (Scheme 2
group in 2-position and a boronic ester functional group in 5-position was used for Stille
coupling reactions with different brominated electrophiles in excellent chemoselectivity and
very good yields. A nucleophile-selective sequential one-pot reaction was developed, in
which the different reactivities of the Stille and Suzuki-Miyaura cross-coupling reactions

could be harnessed.

-Br, Ar?-Br,
/@\ . Stille reaction /@\ Suzuki reaction /@\
g~ "BPin ———— g~ ~BPin s~ AP
16 17 18

Scheme 2. Nucleophile-selective cross-coupling reaction.®®

The reason for this only very recent development of nucleophile selective cross-coupling
reactions is the lack of synthetic methods for dinucleophilic compounds with different metal
functionalities. Linshoeft et al. used 2,5-(di-trimethyltin)thiophene as starting material for

the synthesis of the dinucleophile 16. By using one equivalent of methyllithium and
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subsequent quenching with an isopropylboronic ester, the product could be isolated in a
yield of 55%.54 Yamamoto et al. synthesized para-BusSn-CgH4-B(OR), by using para-Br-CgHs-
B(OMIDA), as starting material, where the N-methyliminodiacetic acid (MIDA) group on the
boron was used as protecting group during the lithiation. The whole reaction was run at low
temperatures of -78 °C to avoid a cleavage of the protecting group: A halogen lithium
exchange was performed and a subsequent addition of trimethyltin chloride led to the tin-

and boron functionalized species.®

1) Lithiation

M1—‘—M1/Br 2AMX M1‘—M2
19 M= Si, Sn, B 20

Figure 9. Dinucleophiles can be synthesized by using metalated starting materials.

Another type of synthesis was described by Miller and coworkers who synthesized a
thiophene derivative containing tin and silicon as metal functionalities 24. Thiophene (21)
was lithiated in 2- and 5 position (22). By adding one equivalent trimethyltin chloride a
lithium-tin exchange was performed in one position (23). Subsequent quenching with

trimethylsilyl chloride gave the dinucleophile 241>

// \\ nBuLi (2 eq) J\ CISnMe J\ TMS-CI 78\
L i ———> Me3Sn/O\Li Measn/O\TMS

S S S S
21 22 23 24

Scheme 3. Schematic principle for the synthesis of 24 by performing a one-pot-reaction.

This type of one-pot reaction method might be used for other symmetric aromatic systems,
although it is possible that reaction conditions have to be adapted. In contrast to this
asymmetric aromatic systems like 3-alkyl thiophene might give a mixture of dinucleophiles,
because of a lack of site selectivity. In general metal functional groups are introduced by
lithiation of a halogenated compound (R-Li) and a subsequent lithium-metal exchange, direct
metalation in situ or by a cross-coupling between a halogenated (R-X) and a bis-metalated
species (M-M) like bis(trimethyl)ditin, (SnMes),;, or bis(pinacolato)diboron, (BPin);

(Scheme 4).[56]
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a) M (elemental)

b) M-M (Cross-coupling)

c) M-X (transmetalation
RX - [ RMEx) | <X )

R-Li

M = Li, Mg, Zn, Na etc. M = Mg, Zn, Sn, BO, Si etc.
M=Sn, B X =Br, |, OTf etc.

Scheme 4. General synthetic methods for introducing metal- functionalities.

If dinucleophiles are used in nucleophile selective cross-coupling reactions, both metal
functionalities should have a different reaction behavior: For example, the distinction
between tin and boron is successful, because in contrast to Stille reactions, a successful

Suzuki reaction requires a base.®

1.5 Elemental Gold and Gold in Reactions

Gold in its elemental form has always fascinated mankind. One of the
most famous art objects was manufactured 3300 years ago and is
made of 24 pounds of solid gold: the burial mask of Tutankhamun,
which can be visited in the Egyptian museum in Cairo (Figure 10).*”

Until today gold is used for the manufacture of jewelry, it is also well

known as material for tooth crowns in dental medicine. In recent

Figur 10. | Burial mask
[57]

clinical investigations it has been shown that it can be used in anti-
cancer therapy without any problems of allergic reactions as gold (0) is of Tutankhamun.
biocompatible.[ss] Furthermore it is used in industry and electronics because of its excellent
properties as conductor. It is chemically inert which includes stability against most acids and

minimizes the risk of corrosion. As it is a very soft metal, it can be processed very easily.

1.5.1 Gold as Catalyst Species

In contrast to its use in its elemental form gold was largely ignored in catalysis research,
although there was no apparent reason for it: gold(l) reagents have the same electron
configuration as Ni(0) and Pd(0); the electronic configuration of gold(lll) is equal to that of
Ni(ll) and Pd(ll). However in the last couple of decades, the use of catalytic gold has been
rapidly developed: Today gold(l) reagents play an increasingly important role in organic
chemistry. For example they are used as Lewis acids for the activation of carbon-carbon
multiple bonds which are in most cases present in alkynes, allenes or olefins 25 by a
nucleophilic attack: Gold coordinates on the m-system of the starting material. With this a

nucleophile (NuH) can coordinate on the activated multiple bond 26 and forms a new
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carbon-carbon bond 27. Then the gold leaves and by replacement with a proton, a neutral

new compound 28 is observed as well as the gold, which can act in another activation

process (Scheme 5).[60]

Au _
L [Au] [_|_] NuH R A -+ R H
R—=—R » R——R >_< o SARY
*HNG R Ni R
25 26 27 28

Scheme 5. Activation of multiple bonds by a gold(l) complex.'®”

Cyclization reactions can be gold-catalyzed by activation of carbonyl groups and alcohols.'®"

On the one hand intramolecular cyclization reactions can be obtained if the nucleophilic
group is in conjugation to the double bond resulting in conjugated systems. On the other
hand intermolecular asymmetric catalytic reactions as the aldol reaction of aldehydes with
isocyanoacetates can be performed (Scheme 6).[62] Here both the aldehyde 29 and the triple
bond of the isocyanate 30 are activated by coordination on the gold catalyst. The oxygen of
the isocyanate group is subsequently deprotonated by an amino-ligand of the catalyst
species, which indicates an intermolecular aldol reaction of the pre-oriented isocyanate and
the aldehyde and forms a new 5-membered ring. By leaving of the gold catalyst an oxazoline

derivative 31 can be found as formed product.

(0]
0 Au cat., 1 mol%, N
/=0 + -C DCM, rt X
R XJJ\/N \>
R\“ O
29 30 31, 86-94 %

Scheme 6. Catalytic asymmetric aldol reaction of aldehydes 29 and isocyanoacetates 30.1!

1.5.2 Stoichiometric use of Organogold Reagents

In contrast to the use of gold as catalyst species, the use of stoichiometric amounts of
organogold(l) reagents in cross-coupling reactions is found only occasionally.[64] In the
beginning these reactions were performed in order to investigate the mechanism of gold-
catalysis. Up to now few studies are present in the literature. [64% &) By these it was observed
that organogold(l) reagents are efficient nucleophiles in cross-coupling reactions with
electrophiles: Gold has been demonstrated that palladium-catalyzed cross-coupling
reactions with organogold reagents proceed in high vyields and under mild reaction

conditions with aIkynes.[64b’ %I It can also be used in gold dual-catalyzed rearrangement and
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cross-coupling reactions.®” In contrast to other metal containing nucleophiles like zinc or
magnesium many organogold cross-coupling reagents have an important advantage: With
triphenylphospine as ligand on the gold atom, the majority of compounds is stable in air,
which makes them very easy to handle and to work with.®% Most of the cross-coupling
reactions can be performed under mild reaction conditions and give the coupling products in
high yields by using nickel or palladium catalyst species.[64b' 64d] pifferent substituents like
aryl, alkenyl and benzyl reagents have been presented in these reactions. The mechanism
seems similar to other cross-coupling reactions: First an oxidative addition of the catalyst
species 35 takes place with the electrophile 33. Subsequently a transmetalation with the
nucleophilic gold species 32 takes place. The last step is the reductive elimination, where the

catalyst leaves the coupling product 34 and starts a new cycle (Scheme 7).

R2-X, (33)
[PACIx(PPh3),], 1-5 mol %
rt, 1-4h
R'-AuPPh; R'-R2 R, R? = aryl, alkenyl, benzyl, etc.
32 34
R1_R2 PdOLz RZ_X
34 35 33
trans-cis-isomerization oxidative addition
reductive elimination cis-trans-isomerization
; ;
R'-Pd—R? R?*Pd—X
L L
38 36

X-AuPPh; R'-AuPPh; transmetalation
37 32

Scheme 7. Example for palladium-catalyzed cross-coupling reactions with organogold reagents.*®”!

The nickel-catalyzed cross-coupling reaction mechanism seems to work in similar ways to
other metal nucleophiles that are well explored: First the active nickel(l) species 47 has to be
formed in situ. This happens by a successive double transmetalation of the organogold
reagent 40 and 43 to the used nickel catalyst 39, giving the first coupling product 46 after
reductive elimination. The resulting nickel(l) species 47 performs the coupling events with

other organogold species 40 in a catalytic cycle as well (Scheme 8).[64d]
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XAuPPh(43),
2 RAUPPh, X= Cl, Br
(40) _R _R '
LoNi(INCl2 LoNi(ll) LoNi(lN—x f’ LoNi()—X
~ ~
2 PhsPAUCI PPh; + Au(0) R-R l
(41) 44 46 l

catalytic cycle

Scheme 8. First proposed steps of nickel-catalyzed cross-coupling reactions with organogold species

where Ni(l)/Ni(1ll) species are active in the catalytic cycle.'®*"!

1.5.3 Gold Compared to Other Metals

In contrast to other organometallic compounds the research on organogold compounds has
just started in the last decade and is becoming progressively more intensive.”® The
stoichiometric use of organogold reagents offers great potential: Bulky phosphine ligands on
the gold atom make the whole compound in general stable towards air and makes them
easy to isolate by crystallization.[sga] This is a great advantage in contrast to organozinc
or -magnesium species that are generally synthesized in situ by transmetalation reactions. 1.
45481 The problem arising from this latter process is that the reagent formation is that cannot
be controlled. For Grignard reagents it is known that depending on solvent, concentration
and temperature, different aggregates and reagent compositions can be obtained. The use
of this undefined mixture in further reactions is a problem when unexpected errors occur:
For such reagents it is difficult to determine if the problem is one of the reaction itself or if
there were problems with reagent formation.

Other common organometallic compounds that are used for coupling reactions and that

avoid these complication contain boron (Suzuki[43

]) or silicon (Hiyama[44]). Both reactions are
well explored, but in contrast offer to the use of organogold reagents a potential
disadvantage: A base needs to be added for a successful coupling reaction. Especially in
natural products synthesis, where often base labile protecting groups are used, these types
of base induced coupling reactions may cause problems as some protecting groups for

esters, aldehydes, alcohols, amines are cleaved by a base.[®

When a Stille!*" or Migita[‘m coupling reaction is performed, organotin compounds are used.
These reactions require no additional reactants like a base, but these compounds have
another disadvantage: Organotin reagents are very toxic to organisms![Gg] Organogold

reagents are, like most heavy metal containing reagents, toxic as well. In case of an
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intoxication a chelation therapy can ameliorate the condition.”” In contrast to stannanes
however they are safe enough to be used in low concentration for research in anti-cancer
medicine. For this research toxicity studies gave the results that soluble gold salts are toxic
[71]

to the liver and kidneys.

[72] phosphine

Until it was known that gold () complexes offer a cardiovascular toxicity,
containing gold(l) reagents have been long time used against rheumatoid arthritis.”* Gold
(1) reagents are the most toxic compounds among organogold species which makes them a
good candidate in anti-cancer research.””® Today gold nanoparticles are frequently used in

.. . . 7
clinical research because of their non-toxuty.[sg' ol

1.6 Synthesis of Organogold Reagents

Organogold reagents are generally synthesized by using halogenated goldphosphines 49 as

59a] By

precursors, mostly CIAuPPhs, which can be synthesized from elemental gold.[
quenching lithiated species with a gold chloride the organogold reagent 50 is formed by a
transmetalation reaction.!®* Organolithium reagents are generally used for the synthesis of
other metal-containing compounds by transmetalation: Boronic ester, zinc and tin moieties

for example can be introduced on this way as well.

X-Au-PR; (49)

— ) —AUPR,

/
48 50
M= Li, Sn, B, Mg

Figure 11. Orgaongold reagents can be synthesized by metal-metal exchange reactions.

In contrast to many other metals gold can perform metal-metal exchange reactions not only

74]

with lithium but with stannylated[ and boronated!®*?! compounds as well as with Grignard

reagents[67b] (Figure 11; compare Chapter 3.4). By using organic salts like dithiocarbamates,

gold chloride forms the corresponding organogold carbamate.””

1.7 Gold Recycling

As gold belongs to the more expensive metals, an efficient way to save costs can be by using
immobilized gold that can be recycled. It is well established that catalysts can be
immobilized on a surface.”® This method has been even used for gold(l) catalysis: a NHC-
ligand that is covalently bonded to silica gel was used as linker to the active gold species

(Figure 12, 51).7¢%
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R Me
O>S/i N/=\N
Q) \(
Au Me
51 Cl

Figure 12. Schematic drawing of an immobilized gold-catalyst.”ea]

The catalyst itself, which was used in this case for a Suzuki-coupling reaction, could be
recovered by filtration after the reaction has performed. Therefore reusability and activity
has been shown for immobilized gold catalysts. Future development will show if it is possible
to use an immobilization in cases where the gold compound is used in stoichiometric

amounts.
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2 Objectives

2.1 Selective Cross-Coupling Reactions on Aromatic Dinucleophiles

Organic semiconducting materials used in applications are often made of thiophene based
polymers or oligomers. The polymer length as well as the combination with different
heterocycles in the polymer backbone allows a modification of the polymers’ properties (see
Chapter 1). For applications like organic solar cells and other electronic devices, well-defined
polymers with low polydispersities, high molecular weights and high regio regularities are
demanded. The so called “living” polymerization which was developed in 2004 by Yokozawa

32, 771 Monomers suitable for these

and McCullough gives access to these kinds of polymers.
transition metal catalyzed cross-coupling living polymerization must contain both a metal
functional group (M) and a halogen functional group (X), M-monomer-X, which is a synthetic
challenge for any but the simplest aromatic rings (compare Chapter 1). The lack of adequate
general synthetic methodology to prepare more complex monomers that combine two
different heterocycles, X-heterocycle-heterocycle-M 54 has prevented further research on
these materials (Figure 13). In order to obtain these kinds of monomers, a both nucleophile-
and electrophile selective cross-coupling reaction should be developed. A dinucleophile
containing two different metal functionalities 53 should react selectively with an electrophile
52 that contains two different halogen functionalities to give the required monomers 54.
That an only nucleophile selective reaction itself works in high yields was shown by J.
Linshoeft et al. in 2012 by using a thiophene derivative as dinucleophile containing both a

stannyl and a boron functionality.[5°a]

R, 52
Transition

PN ; . R
. metal catalysis
— BPin —_—
+
n
54 55

\Q/ BPin
53

Figure 13. The objective for the first project was to synthesize monomers 54 containing both a metal
functional group and a halogen in a both nucleophile and electrophile selective cross-coupling
reaction.
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If this kind of selective reaction leads to the required functionalized monomers 54,
polymerization reactions were to be performed (Figure 13, 55), and the obtained polymer(s)
will have to be characterized. A thiophene derivative was to be used to establish, if such a

dually- selective cross-coupling reaction can be performed successfully.

2.2 Synthesis of Aromatic Dinucleophiles

As next step further aromatic dinucleophiles (Figure 14, 56 and 57) should be synthesized
and used in similar selective cross-coupling reactions in order to obtain a large variety of
different monomers that can be eventuallyused in polymerization reactions. If it is possible,
different electron rich and electron poor aromatic (hetero)cycles could be combined by this

method and on that way, new polymers would be easily available.

. -
PinB—r  —SnMe;
PinB/@\SnMeg KE/)
56 57

Figure 14. Further dicnucleophiles 56 and 57 containing both a stannyl and a boron functional group
would give access to new monomers for polymerization reactions, if they are used in a nucleophile-
and electrophile selective cross-coupling reaction (E =N, S, C, O, etc.).

An environmental disadvantage of these dinucleophiles is the use of tin as one of the metal
functionalities because of the toxicity associated with organotin reagents. As consequence
on this a further project would be the replacement of the toxic tin(®! by other metal
functionalities. One requirement is to isolate the dinucleophiles, which is why air sensitive
zinc and magnesium cannot be used as metal functionalities in this case. In the last decade
research on the topic of gold catalysislsg] and increasingly cross-coupling with organogold
compounds, albeit mostly from the perspective of gaining mechanistic understanding,
became of high interest.®™ Therefore, a further aim was to test if gold as a metal functional
group could be combined with other metal functional groups to prepare a new class of
aromatic dinucleophile. For this reason it was the aim to synthesize both gold and boron
functionalized dinucleophiles (Figure 15,58 and 59, E=N, S, C, O, etc.).
R

-
A PinB—:(j—AuPR3
PinB~ g~ ~AuPR; E7
58 59

Figure 15. Is it possible to synthesize dinucleophiles containing gold and boron as metal
functionalities?
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2.3 Gold-Containing Thiophene-Type Monomers for Polymerization

Reactions

Today monomers of the type M-monomer-X that can be used for the synthesis of
semiconducting polymers were synthesized with different metal functionalities like zinc,
magnesium, tin and boron.”® However gold has not been used as a metal functional group
in such cross-coupling polymerizations, despite potential advantages such as air- and
moisture stability, which makes these compounds isolable. It was therefore planned to
synthesize air stable aromatic organogold compounds Au-monomer-X 60 that can be used in
polymerization reactions. As the polymer poly(3-n-hexyl)thiophene (P3HT, 61) is very well
investigated, an organogold thiophene building block should be synthesized that would give

P3HT in a polymerization reaction (Figure 16).

nHex nHex

/I {/ \]
RPAU" N7 X T [ 5
60 61

Figure 16. Does a polymerization work with gold as metal functionality on the monomer?

This would not only simplify the characterization of the polymer formed in this reaction: also
performing of the kinetic studies and the comparison with the data of the P3HT that is made

by using the common standard methods are the topics of this last project.
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3 Results and Discussion

3.1 Chemoselective Cross-Coupling Reactions
3.1.1 Nucleophile and Electrophile Selective Cross-Coupling Reactions

“Dual Selectivity: Electrophile and Nucleophile Selective Cross-Coupling Reactions on a

Single Aromatic Substrate”
A. C. J. Heinrich, B. Thiedemann, P. J. Gates, A. Staubitz, Org. Lett. 2013, 15, 4666-4669.

Reprinted with permission from ACS Publications. © 2013 American Chemical Society.

DOI: 10.1021/0l401923j

Abstract: The development of a high yielding, both nucleophile and electrophile selective
cross-coupling reaction with aromatic rings is presented. The reaction is general with respect
to functional groups. Furthermore, the products still contain a boronic ester and a bromide.
These two functional groups allow them to be easy-to-prepare, highly complex starting

materials for further reactions and avoid protecting group transformations.

A M gy et ‘&> ~ep
w_xz + g~ ~BPin ' s~ ~BPin
R

R
R = NMe, NH, OH, OMe, OTf, H, alkyl

TOC Graphic. A both nucleophile and electrophile selective cross-coupling reaction was developed.

Scientific contribution to this paper
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ABSTRACT

R = NMe, NH, OH, OMe, OTS, H, alkyl

The development of a high yielding, both nucleophile and electrophile selective cross-coupling reaction with aromatic rings is presented. The
reaction is general with respect to functional groups. Furthermore, the products still contain a boronic ester and a bromide. These two functional
groups allow them to be easy-to-prepare, highly complex starting materials for further reactions, avoiding protecting group transformations.

Cross-coupling reactions are very efficient for the
formation of new carbon—carbon bonds.! For such reac-
tions, it is well established that the order of reactivity of
the electrophilic coupling partner decreases for the leaving
groups I > OTf > Br>> CL.2 This has already been used
to great advantage for the development of electrophile

T Universitit Kiel.

¥ University of Bristol.
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selective cross-coupling reactions.> However, nucleophile
selective cross-coupling reactions on aromatic dinucleo-
philes are almost undeveloped.*

We recently addressed this synthetic problem by the first
systematic study of a nucleophile selective cross-coupling
reaction on a single aromatic substrate.*®> It was possible to
synthesize a thiophene derivative 1 with both a trimethyl tin
group in the 2-position and a boronic ester functional group
in the 5-position. Using this compound, excellent chemo-
selectivity was observed in Stille coupling reactions with
different brominated electrophiles in excellent yields.*?>

The challenge was now to extend the degree of chemos-
electivity even further: was it possible to develop both a

(4) (a) Yamamoto, Y.; Seko, T.; Nemoto, H. J. Org. Chem. 1989, 54,
4736-4737. (b) Linshoeft, J.; Heinrich, A. C. J.; Segler, S. A. W.; Gates,
P.J.; Staubitz, A. Org. Lett. 2012, 14, 5644. (c) Elmalem, E.; Kiriy, A.;
Huck, W. T. S. Macromolecules 2011, 44, 9057. On nonaromatic
dinucleophiles, chemoselelctive reactions have also been reported:
(d) Cai, M.-Z.; Zhou, Z.; Wang, P.-P. Synthesis 2006, 789. (n) Synthesis
2006, 2006, 789. (e) Sorg, A.; Briickner, R. Angew. Chem., Int. Ed. 2004,
43, 4523. (f) Cai, M.-Z.; Wang, Y.; Wang, P.-P. J. Organomet. Chem.
2008, 693, 2954. (g) lannazzo, L.; Vollhardt, K. P. C.; Malacria, M.;
Aubert, C.; Gandon, V. Eur. J. Org. Chem. 2011, 2011, 3283. (h) Ogima,
M.; Hyuga, S.; Hara, S.; Suzuki, A. Chem. Lett. 1989, 1959. (i) Malan,
C.; Morin, C. Synlett 1996, 167. (j) Pihko, P. M.; Koskinen, A. M. P.
Synlett 1999, 1966. (k) Ros Lad, A.; Lopez-Rodriguez, R.; Estepa, B.;
Alvarez, E.; Fernandez, R.; Lassaletta, J. M. J. Am. Chem. Soc. 2012,
134,4573. (1) Zhou, H.; Moberg, C. J. Am. Chem. Soc. 2012, 134, 15992.
(m) Singidi, R. R.; RajanBabu, T. V. Org. Lett. 2010, 12, 2622.

(5) For a highlight on this work, see: Knochel, P.; Barl, N. M.
Synfacts 2013, 9, 204.
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nucleophile and electrophile selective cross-coupling reac-
tion? In such a reaction, a dinucleophile M1-Heterocyclel-
M2 would selectively react with a dielectrophile X1-Hetero-
cycle2-X2 so that only one of four potential products would
be formed without the use of protecting group chemistry.

In this way, the reaction would become even more useful:
Not only would the final product still contain a nucleophilic
group for cross-coupling reactions but also an electrophilic
site would be retained alongside any functional groups
present on the aromatic rings that are tolerant toward
cross-coupling reactions.

In such a reaction, it is vital to achieve not only good
but quantitative selectivity, because all possible products
are so similar in molecular weight and structure that their
separation would be difficult or impossible. To develop
a nucleophile and electrophile cross-coupling reaction,
dinucleophile 1 was used.

As a test reaction, 1 was initially reacted with the easily
accessible dielectrophile 2 which contains a bromide sub-
stituent in the 2-position and an iodide substituent in the
S-position. We screened over 40 different reaction condi-
tions (solvents, temperatures, reaction times, catalysts,
catalyst loadings; for details see Supporting Information
(SI) Table SI-1).

Encouragingly, in all of those reactions—although de-
composition products and low conversions did occur—the
only cross-coupling product was 5a, where the iodide had
reacted in a Stille reaction. Due to this extensive screening,
it was possible to identify conditions which gave excellent
selectivity and a yield of 95%, using DMF as the solvent,
[Pd(PPhs),] as the catalyst (5 mol %) at 55 °C, and
a reaction time of 18 h (Table 1, entry 1). Alternatively,
at 70 °C, the reaction time could be shortened to 15 h with
a yield of 96% (Table 1, entry 2). However, when we
attempted to transfer these conditions to the reaction of 1
with the alkylated dielectrophile 3, the reaction was no
longer selective with respect to the electrophile: not only
the iodide but also the bromide had reacted under these
reaction conditions to give 4b (Table 1, entries 3—4). This
was surprising, given the increased steric bulk of the hexyl
group adjacent to the bromide, and is probably due
to electronic effects. Although the undesired side product
4b occurred only in small amounts, this impurity can
be expected to cause substantial problems: Its reactivity
as an electrophilic cross-coupling partner compared to 5b
would be higher. Because it was not possible to separate 4b
and 5b, it was essential to reoptimize the entire reaction.
The ratio of 4b to 5b was independent of the catalyst
loading (Table 1, entries 3—6), and therefore, low catalyst
loadings of 1—2 mol % were selected for further optimiza-
tions. A breakthrough was achieved by using a microwave
apparatus as the heat source. With a catalyst loading
of 1-2 mol %, quantitative selectivity was found in all
cases (Table 1, entries 7—11).

While a high reaction temperature of 120 °C led to
product decomposition with longer reaction times
(entries 9 and 10), the reaction gave quantitative yields at
80 °C after 3 h 30 min (Table 2, entry 7). Equally good
conditions included a temperature of 100 °C, for either

Org. Lett, Vol. 15, No. 18, 2013

20 min with 2 mol % or 30 min with 1 mol % of the catalyst
(Table 2, entries 8 and 11).

Table 1. Stille Coupling Reaction with a Reagent with

Competing Electrophilic Sites
i\
R

4 .I‘/] + QEPM ﬁjﬂrpphﬂ‘] T \R :;:: ;: :-Hex
>~ .......__......_.\
Rz: R=H 1 ~ __:-/@\BPin
3: R= n-Hex / Sa:R=H
R 5b: R= n-Hex
cat.
starting loading  temp yield 5 normalized
entry material (mol %)  (°C) time  (%)™® ratio 5:4°
1 2 5 70 15h 96 >99.7:n¢
2 2 5 55 18h 95 >99.7:n?
3 3 5 70 18h 68 93:7
4 3 5 55 39h 73 94:6
5 3 2 55 30h 79 94:6
6 3 10 55 30h 76 94:6
7 3 2 80 (MW) 3.5h >99  >99.7:n¢
8 3 2 100 (MW) 20 min >99  >99.7:n¢
9 3 2 120 (MW) 20 min 95 >99.7:n?
10 3 2 120 (MW) 30min 85 >99.7:n?
11 3 1 100 (MW) 30min >99  >99.7:n¢

“The reaction was controlled at regular intervals by GC, using
triisopropylbenzene as internal calibration standard. “If the yield is
<100%, unidentified side products were formed. The starting material
was fully converted in all cases. MW = microwave. “ The amount of
the undesired nonselective coupling product was calculated by NMR
analysis (see Figure SI 3). “The limit of detection was estimated by
comparative integration of the NMR signals to baseline to be n < 0.3%
(see Figure SI 3). Where # is indicated in the table, no byproduct peak
could be detected.

It was now important to prove that this second set of
conditions really did represent a general method for cross-
coupling with different dielectrophiles.

Therefore, a variety of different electrophiles containing
two or even three different electrophilic functionalities
(for their synthesis see SI) were reacted with the dinucleo-
phile 1 at 100 °C in the microwave using 2 mol % of
[Pd(PPh3),] as the catalyst (Table 2). Thiophene dielectro-
philes 2 and 3 gave the product in 20 min in high yields
of 89% and 95% respectively, but if the bromide was in
an ortho-position to the iodide (6), the reaction time had to
be prolonged to 2 h (entries 1—3) to achieve a similar yield
of 79%. This substituent effect in the ortho-position could
also be observed for phenyl dielectrophiles 8, 10, and 12
where the reaction with the ortho-substituted 10 took more
than four times as long (12 twice as long) as the para-
substituted 8 to proceed to completion (entries 4—6).

This effect is presumably induced by steric hindrance
(compare for example entries 2 and 3 or entries 4 and 5).°
However, despite this difference in reactivity, all of those

(6) (a) Suzuki, A. Chem. Commun. 2005, 4759. (b) Watanabe, T.;
Miyaura, N.; Suzuki, A. Synlett 1992, 207.
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Table 2. Performing Stille Cross-Coupling Reactions with

Various Dielectrophiles®

DMF, MW, 100 *C

B gl |
il i\ [Pd{PPha)a] E
\J + r-f‘.._.i.nQ*BPin = =5
1

PN
W s~ TBPin

time
entry dielectrophile product i) ;Si(;llzt;i, |
min
S
Br | f
s
1 \@/ Br ) s BPin 20 o5
-H
e 3 n-Hex Sb
S /- \
Br- | S
2 \@/ Br \ / S BPin 20 89
2 5a
! so AN
3 q \ ] s” "BFin 120 79
6 Br - 7
/- \ )
4 Br@' /O/Q\Bﬁn 60 o
8 Br 9
I () BPi
5 @ s” E 279 75
0 Br 11
|
/©i & BPi
in
6 Br Et Br S 120 79
12 Et 13
Br@/' Br. /
BPin
! TfO TO N 90 79
14 15
I
N \
| [T \"\g” ~BPin
8 0~ TIO~\=N 300 82
16 17
Br Bf
BPin
S 12
? NH, b 0 75
18 NH,
Br\@' Br.
s~ ~BPin
10 NV, 7 20 W
20 NMe,
Br- | Br. M
11 U s~ Bpin 60 65
HO HO
22 23
s~ ~BPin
2 o MeO 120 83
24 25
|
® AN
13 Br N & N S BPin 300 81
26 27

“The reactions were performed in a 1 mmol scale: electrophile

(1.00 mmol), nucleophile (1.00 mmol), and the catalyst [Pd(PPhs)s]
(2 mol %) were dissolved in DMF (4 mL) and stirred at 100 °C in the
microwave for the specified time.

dielectrophiles gave complete selectivity and high yields
(>75%). The products of these reactions are particu-
larly interesting, as they lead to regioisomers: it is well

4668

established in medicinal chemistry,” agrochemistry,® and
materials chemistry’ that regioisomers of otherwise the
same molecules can have dramatic effects on the bioactiv-
ity of a compound or, respectively, on the materials proper-
ties of the material derived from it.'” Starting materials 14
and 16 are trielectrophiles, with an iodide, a trifluoro-
methansulfonyl group, and a bromide present, and even in
those cases, only the desired cross-coupling products 15
and 17 were obtained in excellent yields of 79% and 82%
respectively (entries 7 and 8). Such compounds are highly
valuable because the additional electrophilic group can
be used for further modifications. The reaction appears
to be very robust toward both electron-rich and -deficient
dielectrophiles: amine substituted starting materials (18
and 20, entries 9 and 10), a phenol (22, entry 11), and a
methoxysubstituted reagent (24, entry 12) react in similar
yields (> 65%) to electron-deficient starting materials such
as pyridines (16 and 26, entries 8 and 13, yields > 81%).
The relatively long reaction times for the latter of 5 h are
likely to be a consequence of catalyst deactivation due to
the lone pair of the nitrogen of the pyridine ortho to the
reacting iodide.'!

The development of this dually selective coupling reaction
led to compounds comprised of two aromatic (hetero)cycles,
containing a boronic ester, a bromide, and one other
functionality.

A further aspect was to test if the reaction was elec-
trophile selective even with competing electrophiles: in
the reactions discussed so far, the first substitution during
the coupling reaction changes the reactivity of the second
electrophilic site.

To prove that selectivity can be demonstrated even if
entirely equal electrophiles were used, equimolar amounts
of competing arylbromides and -iodides (Table 3) were
used. For these electrophiles, 2-halothiophenes (28a and
28b), halobenzenes (30a and 30b), and 2-halopyridines
(32a and 32b), in the order of increasing electron defi-
ciency, only the aryliodide reacted—with quantitative
selectivity and in high yields (78—92%), although the
more electron-deficient substrates required longer reaction
times.

The compounds prepared via this nucleophile and
electrophile selective cross-coupling reaction bear both
an electrophilic and a nucleophilic group. They therefore
resemble monomers that can be used for living cross-
coupling polymerization reactions to give semiconducting

(7) (a) Chaurasia, C. S.; Li, K.; Doughty, M. B. J. Med. Chem. 1993,
36,272. (b) Rao, P. N. P.; Uddin, J.; Knaus, E. E. J. Med. Chem. 2004,
47,3972. (c) Cosyn, L.; Palaniappan, K. K.; Kim, S.-K.; Duong, H. T.;
Gao, Z.-G.; Jacobson, K. A.; Calenbergh, S. V. J. Med. Chem. 2006, 49,
7373. (d) Bailly, C.; Dassonneville, L.; Colson, P.; Houssier, C.; Fukasawa,
K.; Nishimura, S.; Yoshinari, T. Cancer Res. 1999, 59, 2853.

(8) Ladner, D. W. Pestic. Sci. 1990, 29, 317.

(9) Dubey, R. K.; Efimov, A.; Lemmetyinen, H. Chem. Mater. 2011,
23,778.

(10) From single molecule conductivity measurements, the impor-
tance of positional connectivity is well known, but bulk measurements
barely exist, due to the inaccessibility of such materials so far. See:
Lemasson, F.; Berton, N.; Tittmann, J.; Hennrich, F.; Kappes, M. M.;
Mayor, M. Macromolecules 2012, 45, 713.

(11) Solano, C.; Svensson, D.; Olomi, Z.; Jensen, J.; Wendt, O. F;
Wirnmark, K. Eur. J. Org. Chem. 2005, 3510.
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Table 3. Stille Coupling Reaction with Competitive
Electrophiles (Yield Estimated by GC)*

DMF, [Pd(PPh3)s]

o\ t . A ;
MEQSI’ID\H::.- , Arl 100°C MW Ar"[)\zm. + ArBr

s Ar-Br g =

time convl yield”

iles®!
entry electrophiles' (min) I:Br (%)

product

1 xS 20 100 g
29

28a,b
I\ ! 100:
2 ©\X Q/Q\BP"\ 20 w2
30a,b 31
A /\
N - .
3 lN/ X @/Q\Bpm 0 10 s
= n
33
32a,b

“The dinucleophile (1.00 mmol) the bromide (1.00 mmol) and the
iodide (1.00 mmol) reacted under the described reaction conditions for
the specified reaction time. X = Br (a) or I (b), 1:1. “ The conversion
was monitored by GC and reported in % with respect to the standard,
triisopropylbenzene.  The yield was isolated. “ The method detection
limit (see SI):'? n = 0.4%; the unselective product was not observed.
/The method detection limit (see SI):'*> n = 0.4%; the unselective prod-
uct was not observed. ¢ The method detection limit (see SI):'? n = 0.7%;
the unselective product was not observed.

polymers.'? Because thiophene and its derivatives'* belong
to the best understood semiconducting polymers, we chose
compound 5b as the monomer for a proof-of-concept
polymerization. Upon addition of a solution of a catalyst,
[Pd(P?Bus),], in THF to a solution of the monomer 5b in

(12) Wisconsin Department of Natural Resources 1996, Analytical
Detection Limit Guidance and Laboratory Guide for Determining Method
Detection Limits, Wisconsin Department of Natural Resources Laboratory
Certification Program, PUBL-TS-056-96.

(13) (a) Sheina, E. E.; Liu, J.; lovu, M. C.; Laird, D. W.; McCullough,
R.D. Macromolecules 2004, 37,3526. (b) Yokoyama, A.; Miyakoshi, R;
Yokozawa, T. Macromolecules 2004, 37, 1169. (c) Zhang, H.-H; Xing,
C.-H.; Hu, Q.-S. J. Am. Chem. Soc. 2013, 134, 13156.

(14) (a) Mishra, A.; Ma, C.-Q.; Béuerle, P. Chem. Rev. 2009, 109,
1141. (b) Perepichka, 1. F.; Perepichka, D. F. Handbook of Thiophene-
based Materials: Applications in Organic Electronics and Photonics;
Wiley-VCH: Weinheim, 2009. (c¢) Roncali, J. Chem. Rev. 1992, 92, 711.
(d) Marsella, M. J.; Swager, T. M. J. Am. Chem. Soc. 1993, 115, 12214.
(e) Osaka, I.; McCullough, R. D. Acc. Chem. Res. 2008, 41, 1202.
(f) Thompson, B. C.; Fréchet, J. M. J. Angew. Chem., Int. Ed. 2007, 47,
38. (g) Thompson, B. C.; Fréchet, J. M. J. Angew. Chem. 2007, 120, 62.
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THF in the presence of a base, the reaction mixture
changed its color from light green to dark red within
6 min and a dark red precipitate formed. As Suzuki
cross-coupling reactions with arylbromides catalyzed
by [Pd(P7Bus),] typically do not show such a color change,
it is likely to be indicative of the formation of an elongated
m-system. The product could be isolated by precipitation in
a yield of the crude product of 61%. Although the material
was too poorly soluble to obtain an NMR spectrum,
by MALDI-MS, we could detect oligomers of up to
10 repeating units (M = 2483 m/z). The low solubility
of polymer may be attributed to the absence of an alkyl
chain on every other thiophene unit, compared to the
soluble P3HT. This may lead to an increased propensity
for crystallization of the polymer.

In conclusion, we developed the first nucleophile and
electrophile selective one-pot cross-coupling reaction on
aromatic rings. We found high selectivities for a broad
range of electrophiles, high yields, and comparatively short
reaction times. The type of product which is now available
is highly functionalized with substituents that are still
reactive toward further transformations, without any ad-
ditional protection group operations. This new reac-
tion strategy allows the convergent syntheses of complex
molecules which is particularly useful if a large library
of building blocks is desired, for example for screening the
biological potency of a class of compounds or testing the
influence of regioisomers on the performance of a material.
In principle, the products of this reaction may be poly-
merized. Although the solubility of the resulting polymer
was low, oligomers could be unequivocally identified.
Work is ongoing to increase the solubility of the polymers,
to exploit the wide range of new monomers which are now
accessible and to establish conditions where this process
can become a living polymerization.
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3.1.2 Further Experiments and Outlook

The method of a dually-selective cross-coupling reaction could be developed successfully.
One of the resulting products P1-5b was used as monomer in a polymerization reaction. A

dark red polymer P1-34 was observed, but this precipitated from solution (see SI, Chapter 5).

THF, N32003’
[PA(P{Bus),] (2mol%), A
Br \S/ /s\ Bpin __ 30min, 15°C ‘<\/ s T
nHex P1-5b nHex P1-34

Scheme 9. Polymerization of monomer P1-5b gave an insoluble polymer P1-34.

Therefore the aim of future work on this project is to improve the solubility of the polymer.
On the one hand a further hexyl chain on the second and presently unsubstituted thiophene
moiety in P1-5b, the monomer, would lead to P3HT in a polymerization reaction. The
polymer is well characterized and soluble.™ For this strategy it would be necessary to

introduce the alkyl chain in the dinucleophile 62.

dually
nHex selective nHex
Br | ﬂ\ _CCR _ I .
+ . Br ) il
Me3Sn s BPin S BPin
MHEX 63 62 nHex 64

Scheme 10. If an alkylated dinucleophile 62 can be synthesized, the monomer 64 could be
synthesized by a dually-selective cross coupling reaction and would give a soluble polymer in a
polymerization reaction.

As described in Chapter 3.2 (see below) the synthesis of the dinucleophile 62 was successful.
S. Urrego-Riveros is continuing work now on the synthesis of new monomers that are made
of this thiophene dinucleophile 62 and electrophiles that are alkylated 63 (Scheme 10). In
order to obtain a polymer 64 with alternated aromatic systems in the backbone, other

dielectrophilic heterocycles can be envisioned, for example alkylated pyridines or benzenes.

A further concept to improve the solubility of polymers is to introduce a branched, racemic
alkyl chain on the backbone of the polymer. The synthesis of the corresponding starting
material starts with the alkylation of 3-bromothiophene P1-38 in a Kumada cross-coupling
with the Grignard-compound to give 65. Bromination followed by iodination leads to
compound 67. Further work on this project will include further improvement of the yields of

the individual steps for the synthesis of the dielectrophile, the combination of this
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dielectrophile with various dinucleophiles like P1-1 and eventually polymerization (Scheme

11).
Br Ni(dppp)Cl,, Et,0, EtHex NBs, AcOH, EtHex . e EtHex
// \< Br-Mg-EtHex // \< CHCl, @ 2, ﬂ
s T s s~ Br I~ g7 TBr
P1-38 65, 46% 66, 43% 67, 50%
EtHex="" > e | dually-
Me » selective
M | CCR
\< S / \ > <--mm—o - Br S BPi - -------------- !
\ ] s \ /S " g
EtHex 69 EtHex 68 €on “g BPin
P1-1

Scheme 11. A dielectrophile with a branched alkyl chain (67) might lead to improved solubility of the

polymer.[79]

As a long term goal, polymerization should be optimized to proceed under living conditions
and the resulting diverse range of polymers will be analyzed for their performance in

devices.
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3.2 Aromatic Dinucleophiles

3.2.1 Synthesis of Aromatic Dinucleophiles

This chapter was written in unset manuscript form with the view of a timely publication of

these results. For further desirable experiments for this project see Chapter 3.2.5.

A. C. J. Heinrich, P. J. Gates, C. Nather, A. Staubitz

Abstract: The synthesis of aromatic dinucleophiles was developed. On the one hand a high
yielding general method for the synthesis of tin-boron functionalized dinucleophiles is
presented. By using the tin-boron functionalized thiophene derivative as starting material it
was possible to synthesize the first example of a gold-boron difunctionalized derivative in a

high yield by performing a simple transmetalation reaction under mild reaction conditions.

R R
n (SnMes), /ﬁ\ CIAuPPh; /@\
PinB X PinB~ >g~ ~SnMe; PinB AuPPhg

E S

5 examples 1 example

TOC Graphic. The synthesis of aromatic dinucleophiles was developed successfully.

Scientific contribution to this manuscript

In this project | carried out all syntheses and experimental work with support of the
following people: C. Nather carried out the X-ray crystallography measurements. P. J. Gates

recorded all high resolution mass spectra.
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3.2.1.1 Introduction

We recently presented a method by which a dinucleophilic thiophene derivative could be
reacted in an electrophile- and nucleophile selective cross-coupling with thiophene

'In one

dielectrophiles as well as pyridine and benzene dielectrophiles (Chapter 3.1).[1
example we could demonstrate that it was possible to polymerize the resulting dithiophene
1 to give a dark red polymer (Scheme 1, 2). However because this dinucleophile had not

enough solubilizing side chains, it precipitated from solution.

THF, NazCO&
R [Pd(PtBug),] (2moi%), < s [/ \>
S BPin 30 min, 15 °C \ S ~
1 nHex 2

Scheme 1. Polymerization of the green monomer 1 give a polymer that precipitates as dark red solid
from solution (CHCI3).

In order to improve the solubility of a polymer one aim was to introduce an alkyl chain into
the dinucleophiles. Another aim concerned the dinucleophilic aromatic compound itself: For
many applications it is important that the band gap of the material in a device is low or that
it can be tuned. It has been shown that the combination of an electron rich and an electron
deficient heterocycle in the polymer backbone leads to a lower band gap.m With a larger
variety of dinucleophiles, the general long term goal should be attainable: The synthesis of
polymers with alternating heterocycles in the polymer backbone. The synthesis of other

aromatic dinucleophiles was required to obtain a whole library of new monomers,.

In general metal functional groups are introduced to a molecule 3 by lithiation of a
halogenated compound (R-Li, 4) and a subsequent lithium-metal exchange, direct metalation
in situ or by a cross-coupling between a halogenated (R-X, 5) and a bis-metalated species (M-

M) like bis-(trimethyl)ditin, (SnMejs),, or bis(pinacolato)diboron, (BPin), ( Scheme 2).[3]

a) M (elemental)
RX b) M-M (Cross-coupling) R-M(-X) __¢) M-X (transmetalation) RoLi
5 3 4
M = Li, Mg, Zn, Na etc. M = Mg, Zn, Sn, BO, Si etc.
M =Sn, B X =Br, |, OTf etc.

Scheme 2. General synthetic methods are shown for introducing metal-functionalities.

The amount and variety of aromatic dinucleophilic compounds 7 is significantly limited.!

The reason for this is the lack of synthetic methods for the synthesis of dinucleophilic
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compounds with different metal functionalities 7. It has been shown by three examples that
a (selective) lithium-metal exchange can be successfully used for the dinucleophile synthesis
(Figure 1, 7).[4b' *l In one case the different metal functionalities were introduced by
subsequently addition of the reagents to obtain the tin-silicon functionalized
dinucleophile.”

) Lithiation

—‘—M /Br —)—>2 MEX ML‘»M2
7

M= Si, Sn, B

Figure 1. Dinucleophiles 7 can be synthesized by using metalated starting materials 6.

This type of one-pot reaction method might be used for other symmetric aromatic systems,
although it is possible that reaction conditions have to be adapted. In contrast to this,
asymmetric aromatic systems like 3-alkyl thiophene might give a mixture of dinucleophiles

because of a lack of site selectivity.

3.2.1.2 Synthesis of Tin-Boron Functionalized Dinucleophiles

We could show that the combination of tin and a boronic ester as metal functional groups
on an aromatic substrate allows their use for nucleophile selective cross-coupling

reactions.[’ !

The synthesis of the published dinucleophile 9 was optimized by us
previously[e] using the symmetrical 2,5-dibrominated thiophene 8 as starting material,
similar to the method described by Miiller.”! The reaction itself was a one-pot reaction,
where both the 2- and 5- position was lithiated at low temperatures. By adding first
trimethyltinchloride and subsequently the isopropyl pinacole boronicester (iPrOBPin) the
product 9 was obtained in a good yield of 80% (Scheme 3).[6] However, the purification was
laborious, as the side product, a 2,5-diboronated thiophene, had to be removed by
sublimation at 20 °C before the product itself could be isolated by sublimation. This

procedure is very time consuming, but other purification methods were unsuccessful: The

product did not crystallize and the tin group was unstable on silica.

1) nBuLi, TMEDA, -78 °C, 30 min
2) Me3SnClin THF, -78 °C, 8 h Me

)~ PrO-BPin -78°C. 1h—20°C, 12h - O Me
Br S Br Me;Sn S BPin BPin = —B
8

o) Me
9, 80% Me

Scheme 3. One pot synthesis of the unsubstituted thiophene dinucleophile 9.1l
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For obtain a soluble polymer we showed that one hexyl chain every second aromatic unit is
insufficient. Consequently, a thiophene dinucleophile (13 and 14) should contain an alkyl
chain in 3- or 4-position (Scheme 4): However when the one-pot-reaction conditions of
Scheme 1 were transferred to the unsymmetrical 2,5-dibrominated n-hexylthiophene 10, the
reaction failed (Scheme 4). A mixture of different metalated thiophene species was found:
The distannylated- and the diboronated species (11 and 12) were observed as well as the
two possible mixed-metalated species (13 and 14). Although the lithiation itself was
successful on both the 2- and 5-position to 10a, the first lithium-tin exchange was obviously
not selective for one position of the thiophene derivative 10, explaining derivatives 11 and
12. The occurrence of 11 can be explained by a double transmetalation with trimethyltin
chloride: The first lithium-tin exchange will be performed in 2-position. If the trimethyltin
species is added faster than the lithium-tin exchange itself occurs: At this point, there is an
excess of unreacted trimethyltin chloride in the reaction mixture, because another lithium-
tin exchange takes place in 5-position. As a result on this, 12 is observed as well: As the
double lithiated species 10a has reacted in parts with two tin electrophiles, some double
lithiated thiophene species 10a is left in the mixture that can perform a double
transmetalation with the boronic ester in 2-an 5 position to give 12. A successive lithium-tin
exchange in 2-position followed by lithium boron exchange in 5-position explains the
formation of the desired compound 14 whereas a successive lithium-tin exchange in 5-
position followed by a lithium boron exchange in 2-position would give rise to compound 13,

suggesting little selectivity for the exchange reactions.

nHexX  suLi, TMEDA, nHex
/ﬂ\ -78 °C, 30 min /@\
Br— g~ “Br L g~ Li
10 10a
1) Me3SnCl in THF, -78 °C, 8 h
2) iPrO-BPin, -78 °C, 1 h—20°C, 12 h
l nHex l nHex l nHex l nHex
g gt g g
Me3Sn™ g~ ~SnMe; PinB™ ~g~” ~BPin Me3Sn™ g~ ~BPin PinB™ “g” ~SnMe3
1 12 13 14

Scheme 4. One-pot synthesis of the alkylated thiophene dinucleophile 13 or 14 failed, an undefined
mixture of all presented species 11-14 was found.
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The result was a mixture of all described species (11-14) that could not be separated from
each other. A qualitative analysis was performed by GC-MS, but the quantity of each formed
species could not be established due to their similar electronic structures (NMR). As this
transfer of the one-pot reaction conditions to an unsymmetrical derivative was not easily
possible, another method to introduce both the stannyl and the boron functionality into a
substance had to be developed. When using trimethyltin chloride as metalation agent a
lithium-tin exchange is required (Scheme5). This pathway would be avoided, if
di(trimethyltin), (SnMes),, was used. In this case a palladium catalyzed cross-coupling
reaction (Stille-Kelly coupling)m can be carried out on a halogenated species (Scheme 2). We
speculated that it should be possible to use a precursor 17 that already contains a boron
functionality to form the desired dinucleophile 14. It was anticipated that the boron
functional group in 17 should be inert under the coupling reaction conditions, because no
additional base is required in Stille-Kelly-couplings (Scheme 5). This was indeed the case:
First 3-n-hexyl-thiophene 15 was iodinated in 2-position by using N-iodosuccinimide (NIS).Ma]
The resulting product 16 was selectively lithiated in 5-position with the bulky bas lithium
diisopropylamide (LDA). This procedure efficiently avoids iodine-lithium exchange due to the
size of the lithium base. Subsequent quenching with isopropylpinacole boronicester
(iPrOBPin) gave compound 17, which could be isolated in a very good yield of 93%. This
compound 17, containing both a boron and a halogen functionality, was used as precursor
for the last step: The cross-coupling reaction with the ditin species (SnMes), was performed
in a microwave apparatus at 120 °C, using [Pd(PPhs),] as catalyst species and toluene as
solvent. After 20 minutes, the reaction was complete and the product 14 could be isolated
without extensive purification steps. Washing with water removed the catalyst and the

remaining tin species, which was used in an excess of 1.2 equivalents.

(SnMe3)2'
NIS, CHCI3 LDA, -78°C, Toluene, MW,
nHex acetic acid, nHex jPrOBPin, nHex [Pd(PPhs)4] nHex
7\ 20°C. 16h /m 20°C, 16h /m\ (0.5 mol%) n
S | S | S BPin Me3Sn S BPin
15 16, 88% 17, 84% 14, 86%

Scheme 5. Synthesis of the alkylated thiophene dinucleophile 14.

If a catalyst loading of 5 mol% was used, it was not possible to separate the remaining

triphenyl ligands in the mixture completely from the desired product 14. By reducing the
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catalyst loading to 0.5 mol% the reaction proceeded equally well and gave the product 14
without impurities in a yield of 86% as oil. Thus, the first asymmetric alkylated dinucleophile
could be realized (Scheme 5). Now it had to be established if this presented method can be
used as a general method for the synthesis that allows access to other (hetero)cyclic

aromatic systems.

The easiest way to test it was the transfer of the reaction conditions to the unsubstituted tin
and boron functionalized thiophene 9 (Table 1, entry 1). The both halogenated and
boronated thiophene derivative 19 was synthesized similarly to the alkylated compound 17

and could be isolated in a yield of 98% (Scheme 6).

1) THF, LDA, -78°C

2) iPrOBPin, 20°C, Me
Rl Lo

S S { Me
s 19, 98% | Me
Pinacole, Me
mol.sieve, o Me
— OH ether, 15°C, 16h -
Br— p B\/ Br<<—;/>751 Me
N OH N ° e
Me
20 21, 82%
Pinacole,
. mol.sieve, Me
r o
N ©OH N oy Me
Boc i300 Me
22 23, 95%

Scheme 6. The precursor 19 was synthesized similar to 17 by lithiation and subsequent quenching
with a boronic ester, 21 and 23 were synthesized by an esterification of the boronic acids with

pinacol.

As additional aromatic systems, phenyl, indole and pyridine derivatives were chosen. In
order to simplify the reaction and to show that this method can be used as a general
procedure for the synthesis of aromatic dinucleophiles, these derivatives did not contain any
alkyl chain at this point of development. Therefore, the precursors were either commercially
available in the case of the phenyl derivative or easy to synthesize by transferring the
boronic acid into the pinacoleboronic ester (Scheme 6). These reactions gave high yields of
82% for the pyridine derivative (21) and 99% for the indole derivative (23).” The coupling
reaction of 19 with (SnMes), in @ microwave apparatus gave the desired dinucleophile 9 in
an excellent yield of 95% (Table 1, entry 1). For the synthesis of the pyridine and indole

dinucleophiles themselves the corresponding boronic esters 21 and 23 were used as starting
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materials in the coupling reaction with (SnMejs),. Due to the different electronic structures of
the used aromatic systems, it was not surprising that the reaction time had to be adapted for

each species (Table 1).

Table 1. Synthesis of aromatic dinucleophiles.

(SnMe3)21
[Pd(PPh3)4]

B Toluene, MW Me_ O~ IT%/Ar\SnMe3
'\"e)S(O Me)S(O
Me Me

Me Me
Entry Product Reaction time Temperature Yield (isolated)
D
1 MesSn™ ~g~ ~BPin 20 min 120 °C 95%
9
nHex
2 Me;Sn S BPin 20 min 120 °C 86%
14
Me3Sn\©\
. o o
3 BPin 30 min 120 °C 93%
24
MesSn
mBPin )
4 N 60 min 120°C 96%
25 Boc
Me3Sn /N
5 N | BPin 180 min 120°C <25%, not isolated
26
Me;Sn /N
6 N | , 180 min 100°C 54%
BPin
26

In case of the benzene derivative 24 the product was obtained in a very good yield of 93% by
prolonging the reaction time to 30 minutes (Table 1, entry 3). The indole derivative 25 was
isolated in an excellent yield of 96% in a reaction time of 60 minutes (Table 1, entry 4). The
pyridine derivative 26 did not react as expected: Although at 120 °C, the starting material
was completely consumed after 180 min (Table 1, entry 5), the product had formed in a
lower yield of <25%. However, an undetermined by-product that was formed perhaps by

decomposition of the product could not be removed from the product. Consequently, the
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temperature was lowered to 100 °C. After 180 min a conversion of 60% (calculated by NMR)
was observed (Table 1, entry 6). Here a mixture of starting material 21 and product 26 could
be isolated. The starting material could be removed by sublimation to afford the product in a
yield of 54%. Attempts to prolong the reaction time in order to obtain higher conversion

failed: Either the starting material or the product started to decompose again in this case.

Finally, the aromatic dinucleophiles 9, 14, 24, 25, and 26 could be synthesized in good to
excellent yields. With this, a general method for the synthesis of dinucleophilic compounds
that contain tin and a boronic ester as metal functionalities on the same substrate could be
developed. As precursor for this method aromatic systems containing a halogen and a
boronic ester must be available. This synthetic route offers access to further aromatic

dinucleophilic systems that can be synthesized in future work.

3.2.1.3 Synthesis of Gold-Boron Functionalized Dinucleophiles

In order to synthesize other dinucleophiles with potentially new and different reactivity
patterns, it was envisioned to replace tin by another metal functionality. Similar to the tin-
boron functionalized thiophene dinucleophile 9 we wished to differentiate between the two
metal functionalities in a coupling reaction. Another attribute should be the stability of the
dinucleophile itself: In order to obtain a well characterized, easy to handle compound, a
species was required that could be isolated and, in an ideal case, handled without inert
atmosphere. For this reason lithium, magnesium and zinc were not considered to be suitable
alternative metal functionalities for this project. Organosilicon compounds are stable and
can be isolated. But to perform a Hiyama coupling reaction, a base is needed similar to the
Suzuki coupling reaction.' 9 Nevertheless, it could be difficult to find reaction conditions
where it can be distinguished selectively between silicon and boronic esters. In addition
silicon functional groups are found to be not very reactive. Searching for alternative metals
that could be used in coupling reactions, gold was considered as a possible metal functional
group: Even if the total amount of isolated aromatic organogold compounds is limited until
now, most of them are stable in air. Cross-coupling reactions have been demonstrated so
that these reactions may proceed in high yields without any need of a base, which would

compete with the cross-coupling of the boronic ester.!™”!

Organogold reagents are generally synthesized by using halogenated goldphosphines 27 as

precursors. The organogold reagent 28 is commonly formed by transmetalation reactions. In
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contrast to many other metals, gold can perform metal-metal exchange reactions not only

[1OC d[11] d[lOa]

with lithium™ but with stannylate and boronate compounds as well as with

Grignard reagentsm] (Figure 2, 29; compare Chapter 3.3). By using organic salts like dithio-

carbamates, gold chloride forms the corresponding organogold carbamate.!*®!

X-Au-PR; (27)

v 2RUTRs el —Au-PR

/ / 3
29 28

M= Li, Sn, B, Mg

Figure 2. Orgaongold reagents 29 can be synthesized by metal-metal exchange reactions.

For the synthesis of the desired organogold species we chose CIAuPPhs; (32) as a reactant.
This could be synthesized directly from elemental gold in a two-step synthesis,m] giving the
product 32 in an excellent yield of 92% (Scheme 7). The bulky phenyl ligands make the
compound stable and thus easy to handle in reactions." Only light exposure should be
omitted to avoid decomposition especially of intermediate 31. Another advantage is that
organogold compounds that contain triphenylphosphine ligands can be purified by

crystallization in most cases.

aqua regia, DCM,

150 °C, PPhs,
Au —Me2 _ ciausme, —22°C . GiAuPPh,
30 31, 94% 32, 96%

Scheme 7. Synthesis of (triphenylphosphine)gold 32 chloride from elemental gold.[l‘”

To obtain dinucleophiles containing a boronic ester and gold as metal functionalities, several
approaches were considered. As it is known that lithium-gold exchange reactions are high
yielding reactions in general, such a route was attempted initially for the dibrominated
thiophene 8. In analogy to the synthesis of the tin-boron functionalized dinucleophile 9
(Scheme 8), both 2- and 5-position were lithiated. By adding successively the boronic ester
and then the gold chloride it was expected to obtain the dinucleophile (Scheme 8, 35).
However instead of the expected product 35, surprisingly 33 was obtained in a yield of 75%
(Scheme 8). A possible explanation is that the gold chloride 32 performs a preferred metal
exchange with the boronic ester instead of with lithium. We speculate that a possible
explanation can be found in the HSAB (hard and soft acids and bases) theory: Li" is
characterized as hard acid, whereas Au" is characterized as a soft acid. A boronic ester is

described softer than lithium and thus possibly preferred for the exchange with gold.
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RN
1) n-BuLi, TMEDA, PhsPAu BPin

-78 °C, 30 min CIAUPPh; (32),
2) iPrO-BPin in THF, -78°C, 1h, .

N _mscian N 20°c12n
Br— g~ “Br Li ~g~" "BPin j\
B-Au exchange s~ TAuPPh;

preferred

33, 75%

Scheme 8. Planned synthesis of the dinucleophile 35 starting from 2,5-dibromothiophene (11) failed;
no product was observed. Compound 33 was isolated instead of the expected product.

Switching the order of addition of the boronic ester and the gold chloride to the lithiated
thiophene did also not give the expected product, 33 could be isolated in a yield of 30% by
crystallization. In this case the issue can be the reaction time of addition (3 h) or stirring
(5 h), which will need to be adapted, similar to the tin-boron functionalized thiophene 9,
(Chapter 3.1): Either for the time of addition for the gold chloride CIAuPPh; (32) or the time
of stirring when the addition of the gold compound is completed. Therefore, this route was

not pursued further for the time remaining.

Considering these results, alternative routes had to be divided: Reactions are known where

|[11] [103]

32 performs an exchange with stanny and boron groups under mild reaction
conditions. In one reported case, a boronic ester was exchanged by 32 on a thiophene
derivative containing two boron functional groups, 2,2'-bithiophene-5,5'-diboronic acid
bis(pinacol) ester. In this reaction it was found out that Cs,COs as a base had to be present.
The mild reaction conditions of 40 °C in dry isopropanol as solvent gave the product in yields
> 80%.! These reaction conditions could be transferred to the reaction of compound 36 as
starting material, where the product 37 could be isolated in a yield of 96% (Scheme 9).
Likewise, 38 could be used as starting material resulting 39 in a yield of 91%. It is important
to note that the iodo group was entirely unaffected. This is vital for further transformations

of these compounds to the desired monomers that contains of the type X-heterocyclel-

heterocycle2-M.
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CIAUPPh; (32),Cs,CO5

AN Pon2onaoc ) N
! BPin ! AuPPh;

S S
36 37, 96%
BPin  CIAUPPh; (32),Cs,CO; AuPPh;
/©/ iPrOH, 20 h, 40 °C /©
' |
38 39, 91%

Scheme 9. Test reaction for a boron-gold exchange reaction. The iodide functionality was used to
determine, if this functional group influences the reaction.

The compounds were characterized by standard analytical methods and single crystals could
be obtained. The molecular structures of 37 and 39 were determined by X-ray
crystallography. The thiophenyl gold complex 37 (Figure 3, a) is similar to the structure of 2-
triphenylphosphine-gold(l)thiophene.*® The Au1-C1 [2.039 (5) A] and Au1-P1 [2.2936 (12) A]
bond length differ only slightly from each other. The expected linear C1-Aul-P1 angle was
found to be 178.01°. The three angles between the gold Aul-P1-phenyl-C11, C21 and C31
were found to be 114.38°, 114.53° and 110.53°.

The iodophenyl gold complex 39 (Figure 3, b) shows similarities to the thiophene 37 as well.
The Aul-C1 [2.043 (4) A] and Aul-P1 [2.2888 (12) A] bond length are nearly equal. Here as
well the expected linear C1-Aul-P1 angle was found to be 174.16° and the three angles
between the gold Aul-P1-phenyl-C11, C21 and C31 were found to be 115.51°, 110.91° and

113.69° respectively.

a)

Figure 3. Molecular structure of 37 (a) and 39 (b), ellipsoids show 50% probability levels. Selected
bond distances for 37 [A]: C1-Aul 2.039 (5), P1-Aul 2.2936 (12). Selected angles [°]: C1-Aul-P1
178.201. Selected bond distances for 39 [,&]: C1-Aul 2.043 (4), P1-Aul 2.2888 (12). Selected angles
[°]: C1-Aul1-P1174.2160.
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Based on the apparently facile boron-gold exchange that proceeded without the need of a
lithium compound, a further approach to the synthesis of a gold and boron functionalized
dinucleophile 35 was to use a diboronated species 40. By adding just one equivalent of the
gold chloride, only one of the two boron functionality should exchange (Scheme 10). As it
turned out, this approached failed: Both boronic esters were removed, even if only one gold
substituent is found in the final product. *H and *!'P NMR (41.4 ppm) confirmed the identity
of (triphenyl-phosphine(gold))thiophene (33) as formed product in a yield of 45% by
crystallization. We speculate that the boron-gold-exchange is a very fast reaction. The
boronic ester chloride formed in this reaction might subsequently react with the solvent to
form the boronic ester iPrOBPin and hydrochloric acid. The latter might lead to a cleavage of
the second boron functionality of the thiophene starting material.

aN
Phs;PAu BPin

S

CIAUPPh; (32,1eq) i 35

/@\ iPrOH, 20 h, 40°C .-~
PinB~ g~ ~BPin .
40 \ \

CI-BPin B-Au exchange s~ TAuPPhz (+/PrOBpin)
preferred 33
iPrOH l
HCI + iPrOBPiIn 35 T

Scheme 10. Synthesis of the gold and boron functionalized dinucleophile 35 from the diboronated

species 40 failed.

Not only lithium and boronic esters are known for metal-metal exchange reactions with gold
chlorides: There are two different methods described in the literature where a stannyl group
also undergoes such an exchange. In these cases no base is required (Table 2, entries 1 and
2). When using the tin-boron functionalized dinucleophile 9 as starting material, the boronic
ester should stay stable while the tin exchanges with the chloride 32. For all reactions, 1.0
equivalents of the gold chloride 32 were used and the reaction was performed under inert
conditions with dry and degassed solvents. When toluene was used as solvent, the reaction
was heated to 70 °C for 16 h (Table 2, entry 1). After 1 h all reactants were dissolved. When
dichloromethane was used as solvent, the reaction was performed at 20 °C, where all
reactants were dissolved immediately (Table 2, entry 2). In both reactions no product could

be observed. Besides starting material, a crude 3P NMR spectrum showed again the 2-



3 Results and Discussion 39

(triphenylphosphinegold)-thiophene (33) as one of the compounds formed. Therefore, the
boronic ester does not require a base for the exchange reaction with gold which results in no

selectivity in both cases.

Table 2. Synthesis of thiophene 35 from the tin-boron dinucleophile 9.

CIAUPPh; (32),

solvent, time,
) /@\ temperature ) /@\
PinB™ g~ “SnMe; — — ~ PinB AuPPh3

S
9 35
Entry Solvent Time Temperature Yield
1 Toluene 16 h 70°C -
2 DCM 2h 20°C -
3 iPrOH 20 h 40 °C 76%

In contrast to the exchange reactions of boron by gold in toluene and DCM, the reaction in
isopropanol is performed with the addition of a base in the literature. Wondering if this is
necessary to obtain a boron-gold exchange, the reaction with the dinucleophile 9 was
performed in isopropanol as solvent, merely without addition of the base (Table 2, entry 3).
The reaction was heated to 40 °C and stirred for 20 h at this temperature. Both the gold
chloride 32 and the tin-boron difunctionalized thiophene derivative 9 were hardly soluble in
isopropanol. During the whole reaction, a white precipitate was visible in the mixture.
Despite this low solubility the expected product 35 could be isolated in an good yield of 76%.
Purification was simple: Isopropanol was removed in vacuo. The white residue was diluted in
DCM and filtered over Celite. The generated tin species, likely to be Me3SnOH, could be
removed by filtration over Celite. Removal of the solvent gave the pure product 35. The solid
could be crystallized by dissolving in @ minimum of DCM which was layered with hexane. In
addition to standard analysis, the molecular structure of 35 was determined by X-ray
crystallography, as single crystals were observed (Figure 4). For the first time it was possible

to synthesize a dinucleophile containing gold and boron on the same aromatic ring.
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Figure 4. Molecular structure of 35, ellipsoids show 50% probability levels. Selected bond distances
for 35 [A]: C1-Aul 2.036 (6), P1-Aul 2.2792 (12), C2-B1 1.534 (8). Selected angles []: C1-Aul-P1
176.99, 01-B-02 113.4.

The thiophene gold complex 35 (Figure 4) was similar to the structure of 2-
triphenylphosphine-gold(I)thiophene.[ls] The Aul-C1 [2.036 (6) A] and Aul-P1[2.2792 (14) A]
bond length differed only slightly from each other. The expected linear C1-Aul-P1 angle was
found to be 176.99°. The triangle between the gold Aul-P1-phenyl-C11, C21 and C33 were
found to be 110.81°, 113.35° and 115.80° respectively. The B-C2 had a bond length of
1.534(8) A. The B-01 [1.375 (7) A] and B-02 [1.348 (8) A] bond length were in the same
range. The angles of C2-B-O1 (123.4 A) and C2-B-02 (123.2 A) were found to be the same.
The angle between 01-B-02 was found to be 113.4°,

As the synthesis of the gold-boron functionalized thiophene dinucleophile 35 was successful
by starting from the corresponding tin-boron functionalized derivative 9, the other available
aromatic tin-boron functionalized dinucleophiles 14, 24 and 25 should be used as starting
materials as well (compare Chapter 3.2.1). Surprisingly no product could be observed: The
benzene-, indole- and hexylthiophene derivatives (14, 24 and 25) did not give the expected
products (Scheme 11, 41, 42, 43). Mainly starting material could be observed. The crucial
aspect of the success of this reaction seemed to be the solubility of the starting materials.
For the derivative 35, the starting material 9 was poorly soluble in isopropanol. However, all
other tin and boron functionalized dinucleophiles 14, 24 and 25 were soluble in isopropanol,
even if 2 h were required for the indole derivative 25. The dissolved dinucleophiles do

obviously not react under these conditions, a reason for this is not evident at the moment.
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M o Ar CIAuPPh; (32), Ar
(7B "SnMe;  iPrOH, 40°C, 20 h_ Me O\IIB/ ~AuPPh;
MG&O Me%vo
Me Me
Me Me
9,14, 24, 25 35,41,42,43
nHex PhsPAu PhsPAu A
PhsPAu™ ~g” "BPin  ph;pAU—">g~” ~BPin BPin N
35, 76% 41 42 43 Boc
no reaction! no reaction! no reaction!

Scheme 11. The selective gold-tin exchange is only successful for the unsubstituted thiophene
derivative 35.

3.2.1.4 Conclusion

In conclusion we could demonstrate a general method for the synthesis of aromatic
nucleophiles containing both a tin and a boron functional group. By using both halogenated
and boronated starting materials that are either commercially available or in general easy to
synthesize, the tin moiety was introduced by performing a Stille-Kelly coupling reaction. The
both tin and boron difunctionalized thiophene (9), hexylthiophene (14), phenyl (24), indole
(26) and pyridine (26) products could be isolated in overall very good vyields. Further
aromatic dinucleophiles will be synthesized using this method in future work. With these
new compounds, dually-selective cross-coupling reactions could lead to improved
monomers that would give new, soluble polymers. Another approach gave the first example
of dinucleophile that contains both gold and a boron functional group in an excellent yield,
starting from the corresponding tin-boron functionalized system. Further work will establish
nucleophile selective cross-coupling reactions for such substrates as well, which will provide

a new tool for chemoselective synthesis.
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3.2.2 An Outlook: Cross-Coupling Reactions on Aromatic Dinucleophiles

As described in Chapter 3.1 of this thesis it was possible to use newly synthesized
dinucleophiles in cross-coupling reactions. In this chapter the optimized reaction conditions
for the tin-boron functionalized thiophene derivative M1-9 were used (compare Chapter
3.1): On the one hand in order to perform a nucleophile-selective cross-coupling reaction
with 1-bromobenzene 44 as electrophile.[5oa] On the other hand 1-iodo-4-bromobenzene 48
was used as electrophile in order to perform a both nucleophile-and electrophile selective

cross-coupling reaction.™

3.2.2.1 Attempted Nucleophile Selective Cross-Coupling Reactions of Tin-Boron

Functionalized Dinucleophiles

To simplify the identification of selective reaction conditions it was planned initially to
perform merely a nucleophile-selective cross-coupling reaction, as it was presented by
J. Linshoeft in 2012.5%! Here a method of nucleophile-selective cross-coupling reaction was
developed by using the thiophene derivative M1-9 as starting material (Table 1, entry 1). The
Stille reaction with aryl bromides was performed under mild reaction conditions in toluene
as solvent at 65 °C and a catalyst system of [Pd(OAc),/SPhos]. The selective coupling
reactions gave the products in high yields within 18 h of reaction time. To assess if these
reaction conditions could be transferred to new dinucleophiles M1-14, M1-24, and M1-25,
they were used under the same conditions with 1-bromobenzene (44) as electrophile (Table
1). For the workup all reactions were filtered over a short plug of silica in order to remove
the palladium (decomposed catalyst species) from the remaining reaction mixture. For the
alkylated thiophene dinucleophile M1-14 as nucleophile, the crude *H NMR of the reaction
mixture mainly showed starting material with impurities that were either formed by
decomposition of the starting material on the silica or the impurities were caused by
unremoved catalyst material (Table 1, entry 2). For phenyl dinucleophile M1-24 as starting
material, the result was similar: There was mainly starting material which could be recovered
in a yield of 80% (Table 1, entry 3). There was no evidence that the cross-coupling reaction

itself had taken place.
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Table 1. Approaches for the nucleophile selective cross-coupling reaction.

Toluene, 65 °C

Br [Pd(OAc),/SPhos], 18 h
+ Me3Sn BPin BPin
70

M1-9, M1-14, 71a-d
M1-24, M1-25
Entry Starting Material Reaction time Yield
/\
1 Me3Sn/©\BPin 18 h 839%2
M1-9
nHex
/\
2 MeSSn/Q\BPin 18 h -
M1-14
Me3Sn\©\
3 BPin 18h i
M1-24
Me38n
mBPin
4 N 18 h -
M1-25 Boc

*To compare the reactions this experiment is already reported in Org. Lett. 2012.5% The yield was
isolated in this case, the conversion was not controlled by GC.

Similarities were found for the dimetalated indole derivative M1-25 as starting material. GC-
MS showed two species in the crude reaction mixture: On the one hand starting material
could be identified (Table 1, entry 4). On the other hand a pure compound 74 could be
isolated and characterized by *H NMR and mass spectrometry, whose genesis cannot be
easily explained (Scheme 12): The indole species 74 with a bromide substituent in 2-position
where the boronic ester was situated previously. In the reaction a metal-halogen exchange
must have taken place. This is an unusual reaction; while oxidative brominations of aromatic

80]

boronic acids have been described,[ in such cases a Br" equivalent or Br- and an oxidation

source is always present.’®!
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MesSn Me3Sn
mBPin mBr
N N

\

Bu
L- Pd L MesSn

73 )QO\\L/Pd

tBu

72

Scheme 12. Until now it is unclear how compound 74 was formed. A possibility is an oxidation by the
catalyst which transferred the bromine into the Boc-deprotected intermediate.

One explanation might be that the carbonyl function of the protection group coordinates to
the catalyst complex 72. If this happens, the catalyst may perform a ligand exchange: The

boronic ester leaves the indole, and a bromide is substituted in this position (Scheme 12).

For all reactions (Table 1), starting material could be identified as main species in the
mixture. In addition to this the catalyst species decomposed after 18 h at 65 °C or even
earlier. It is therefore expected that increasing the reaction time will not give any
improvement of the yields. Finally, improved reaction conditions have to be developed for

the nucleophile selective cross-coupling reaction as well.

3.2.2.2 Attempted Electrophile- and Nucleophile Selective Cross-Coupling

Reactions of Tin-Boron Functionalized Dinucleophiles

In 2013 (Chapter 3.1) the method of a both nucleophile and electrophile selective cross-
coupling reaction was developed using the tin- and boron functionalized thiophene
derivative M1-9 as dinucleophilic species.[som] To obtain the high selectivity described in this
publication, a large amount of optimization work had been performed. With a range of new
dinucleophiles in hand we wished to analyze, if these reaction conditions could be

transferred to these new synthesized aromatic dinucleophiles M1-14, M1-25 and M1-26.

On behalf of it, the coupling reactions were performed in the microwave at 100 °C with
[Pd(PPhs),] as a catalyst (2 mol%) in DMF and 1-bromo-4-iodobezene (75) as dielectrophile
(Table 2). For the unsubstituted thiophene derivative M1-9 the reaction gave the product
completely selective in an isolated yield of 84 % (Table 2, entry 1, compare Chapter 3.1).

When using the alkylated thiophene dinucleophile M1-14, the reaction time was extended.
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After 60 minutes the conversion was incomplete at only 13% (Table 2, entry 2). After an
additional 3 h the reaction mixture showed a conversion of 27%. However a black precipitate
was formed indicating that the palladium catalyst had decomposed (Table 2, entry 3). By
mass spectrometry it was found out that the reaction was unselective: Besides some
unidentified decomposition species, both the undesired bromo-coupled product and the
desired iodo- coupled product were found to be the main coupling products; an exact ratio
of the two coupling products could not be determined by *H NMR spectroscopy due to the
remaining by-products that gave signals in the aromatic region as well. This unselective
coupling behavior was unexpected, especially because the aromatic system was still a

thiophene and thus extremely similar to compound M1-9.

Table 2. Approaches for the nucleophile- and electrophile-selective cross-coupling reaction.

DMF, MW, 100 °C

[Pd PPh3)4] .
+ MezSn Br BPin

M1-9, M1-14, 76a-d
M1-24, M1-25
Entry Starting Material Reaction time Conversion (GC) Yield
/\
1 MesSn/Q BPin 60 min >84% 84%"
M1-9
nHex
/\
2 Me3Sn/Z:>\BPin 1h 13 % -
M1-14
nHex
3 ﬂ i 4h 27% -
ME3SH S BPin ()
M1-14
Me3Sn
4 \©\BPin 1h 31% -
M1-24
Me3Sn
5 \©\Bpin 17 h 100% -
M1-24
MesSn
mBPin ]
6 N 90 min 100% -

M1-25 Boc

*To compare the reactions, this experiment is already reported in Org. Lett. 2013.7°™ The yield was
isolated in this case, the conversion was not controlled by GC.
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As in the case of the alkylated thiophene derivative M1-14, for the phenyl derivative M1-24
it was found that a longer reaction time was required: After 1 h, a conversion of 31% of the
starting material was found (Table 2, entry 4). After 17 h a full conversion of M1-24 was
obtained. Also as in the previous case a mixture of both possible cross-coupling species was
found in an undefinable ratio (Table 2, entry 5). The reaction with the indole dinucleophile
M1-25 as starting material was stopped after 90 minutes (Table 1, entry 6), when the
catalyst decomposed visibly after this time. In the case of the indole derivative M1-25 a
mixture of two similar species was found after column chromatography in one fraction,
where the expected iodo-coupled product was found to be the main-product (> 80%). By
mass spectroscopy it was confirmed that these two species are both possible cross-coupled

products. In addition the Boc-protection group of the indole had been removed.

In summary it was not possible to transfer the optimized reaction conditions that were
developed for the thiophene dinucleophile M1-9 to the other dinucleophiles. For each
nucleophile, new and improved reaction conditions have to be found to obtain a selective
cross-coupling reaction. In addition to this, another protecting group than Boc has to be

used to make the indole derivative stable.

3.2.2.3 Further Planned Syntheses of Both Organogold- and Boronic Ester

Difunctionalized Dinucleophiles

Although the synthesis of further gold- and boron functionalized dinucleophiles could not be
demonstrated at the time of writing, it was possible to isolate the thiophene derivative M1-
35. A transfer of the newly designed method to further reagents was unsuccessful until now,
but a further investigation of this reaction type will likely lead to further gold-boron
dinucleophilic compounds, because they appear to be stable, isolatable compounds. As
solubility of the starting materials seems to have a high impact on this reaction type, polar
solvents like methanol solvents might be a good alternative to the hitherto used
isopropanol. Methanol is more polar than isopropanol and may lead to a lower solubility of
the remaining tin and boron functionalized dinucleophiles in this solvent and thus to the
formation of the desired both gold- and boron containing products M1-41, M1-42, M1-43.
Temperature and reaction time will effect this reaction as well and might lead to the desired

products.
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3.2.2.4 Attempted Nucleophile Selective Cross-Coupling Reactions on Organogold-

Boron Functionalized Thiophene

Similar to the both alkyltin and boron difunctionalized dinucleophile M1-9 the new-type
dinucleophile M1-35 was used in cross-coupling reactions with the electrophile 77 to

evaluate, if nucleophile-selective cross-coupling reactions would be possible (Table 3).

Table 3. Attempts to perform a nucleophile-selective cross-coupling reaction with organogold and
boron thiophene M1-35 as starting material.

THF, 20°C,
PinB/@AuPPhg, /O Fdeat.tme . ping /s\ \S /
M1-35 78
Entry Catalyst Time Conversion® Yield
1 [Pd(dppf)Cl5] 5h 59% -
2 [Pd(dppf)Cl] 30h 65% -
3 [Pd(PtBuUs3),] 1h 80% -
4 [Pd(PtBus),] 5h 80% -
5 [Pd(PtBus),] 30 h 79% -

®*The conversion was measured by GC and was based on the consumption of the electrophile 78.

All reactions were performed in THF as solvent due to a good solubility of the starting
materials and were stirred at 20 °C for the specified reaction time. The conversion was based
on the consumption of the electrophile 77. When [Pd(dppf)Cl,] was used as catalyst, the
conversion was 59% after 5 h and increased only slightly to 65% after 30 h (Table 3, entry 1
and 2). At this point of time, a black precipitate was found in the reaction mixture, which
indicates that the catalytic species had decomposed. When using [Pd(PtBus),] as catalyst, the
reaction appeared to be much faster (Table 3, entries 3-5). After 1 h a conversion of 80% was

obtained which did not increase after a longer reaction time.

Although the conversion was high when [Pd(PtBus),] was used as catalyst, it was not possible
to isolate product 78, which has been confirmed to be formed by GC-MS, but only in small
amounts. In fact 'H NMR spectroscopy showed a number of different aromatic species. It
was not possible to separate them from each other by crystallization or column
chromatography. This is why here it can only be speculated that the first coupling reaction,

the coupling of the gold moiety with the electrophile works well. As leaving group BrAuPPhs
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is formed, which is similar to CIAuPPh; (M1-32). This compound has been used to perform a
boron-gold exchange successfully. With this knowledge it can be possible that after a first
coupling reaction a boron-gold exchange on 78 has occurred to 79, which might have
subsequently performed another coupling reaction with the electrophile 77 to give 80
(Scheme 13). This would explain, why it was not possible to separate the species due to their

similar properties.

THF, 20°C,
) /@\ + /@ Pd cat., time PinB
PinB™ g~ TAuPPh;  Br7 g oL
32 77 T
%

BrAuPPh3

/o \
s A N _s 4__?@7_?__ Ph3PAu/O\©
\ /S \ /

Scheme 13. In the coupling reaction [BrAuPPh;] is formed. This might perform a boron-gold exchange
which would lead to compound 80 which can take part in another coupling reaction.

This was just a first attempt on this new dinucleophile M1-35, further reaction conditions
and studies have to be performed to determine how the reaction proceeds in detail. It is
very promising however that the cross-coupling of the dinucleophile itself seems to proceed.
If the resulting gold halogenide could be sequestered, the reaction could be terminated after
the first desired coupling. Alternatively, if the electrophile can be modificated in such a way
that another species than a halogenide is formed, selectivity might be achieved. It has not
been shown until now, but an alternative conceivable leaving group might be a pseudo-

halide, for example, a trifluoromethylsulfonyl group.



50 3 Results and Discussion

3.3 Gold-Functionalized Thiophene-Type Monomers in Polymerization

Reactions

3.3.1 Manuscript on Gold-Functionalized Thiophene-Type Monomers in

Polymerization Reactions

“An Unexpected Twist: The Journey to a Gold-based Method for the Synthesis of Highly
Regio Regular Head-to-Tail Poly-3-Hexylthiophene and its Counterpart Regio Regular Head-
to-Head/Head-to-Tail/Tail-to-Tail Poly-3-Hexylthiophene”

A. C. J. Heinrich, P. J. Gates, C. Nather, A. Staubitz

This chapter was written in manuscript form with the view of a timely publication of these

results. For further desirable experiments for this project see Chapter 3.3.2.

ABSTRACT: Present routes for the synthesis of regio regular P3HT are far from ideal: They
are either based on zinc or magnesium containing monomers that cannot be isolated or on
monomers that contain highly toxic tin. Alternatively they rely on Suzuki cross-coupling
methods under polar conditions that prevent the formation of long polymer chains. In this
work, the first approach for the synthesis of monomers containing gold as metal functional
group is presented. These nonpolar, stable monomers, which are much less toxic than tin-
containing monomers, can be easily isolated. Using [Pd(PtBus),] as catalyst the
polymerization follows a (living) chain growth polymerization kinetic, although the
polydispersity index is relatively high (PDI=2). The reason for this is likely to be a slow
initiation that is dependent on the length of the initial monomer. Ligand scrambling
experiments revealed that a further cause for the slow initiation is a rapid ligand exchange
between the catalyst and the phosphine ligand at the gold monomer. Almost all other
catalysts lead exclusively to head-to-head and tail-to-tail couplings, giving highly regio
regular HH-TT-P3HT. These polymerizations follow a step growth kinetic. The experimental

data are substantiated by theoretical calculations.
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_ nHex
Pd(PtBu
[ ( 3)2] ] / \ s 3
nHex -\ rr-HT-P3HT
L n
/ S_g nHex
PhsPAU" g () r
_ nHex  nHex
nHex
g I N_s. 4 N8| rHT-HH-TT-P3HT
13 other [Pd] containing s\ s\
catalyst species L Hex  nHex n

TOC Graphic. Polymerization of the monomer leads to different regio regular polymers by using

different catalyst species.

Scientific contribution to this project

In this project | carried out all syntheses and experimental work with support of the

following people: C. Nather carried out the X-ray crystallography measurement. P. J. Gates

recorded all high resolution mass spectra. A. Staubitz performed the DFT calculations.
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3.3.1.1 Introduction

Generally semiconducting polymers are synthesized by step growth polymerizations,[”

where a monomer of type X-monomer-X (with X = halogen) reacts with a monomer of type
M-monomer-M (with M = metal), most often in Suzuki®® and Stille!?* 23! coupling reactions.
Such monomers are readily available and therefore different aromatic systems can be
alternated in the polymer backbone. This allows tuning the band gap width; however
molecular weight, polydispersity and regio regularity (in the case of asymmetrically
substituted monomers) cannot be controlled, as there are 4 different possibilities of the two
monomers to react with each other. In the case of poly-3-alkylthiophenes (P3ATs) prepared
using this strategy the alkyl chains are disordered (regio irregular) which leads to a twisted
polymer backbone and results in impairing electron delocalization (Figure 1, red, (b)).[S] In
2004 a method for the “living” chain growth polymerization of aromatic heterocycles was
introduced, which revolutionized the synthesis of semiconducting polymers.[ﬁ] In contrast to
step growth polymerizations, this method leads to planar polymer systems with much lower

polydispersities, high molecular weights and high regio regularities (Figure 1, green, (a)).”!

(a) rr-P3AT ————|

(b) rir-P3AT A W

AN .2<.,/

Figure 1. In general regio regular (a) and regio irregular P3AT (b) show different electronic properties.

The planar backbone of the regio regular P3AT has a linear structure. The disordered alkyl chains in
the regio irregular P3AT cause a twisted polymer backbone.

All these factors substantially influence and improve the electronic properties of the bulk

material and therefore device performance.[s] Despite of these undoubted advantages, until
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now, there are only very few (hetero)aromatic monomers available for living
polymerizations,[g] thiophenes being a notable exception.[lo] In fact there is only one
example, where the monomer is a combination of different heterocycles.[“] Monomers
suitable for the transition metal catalyzed cross-coupling living polymerization (CCLP) must
contain both a metal functional group and a halogen functional group M-monomer-X

(Figure 2, 1), which is a synthetic challenge for any but the simplest aromatic rings.

nHex nHex

o

M N X T [ Ng
1 2

Figure 2. Monomers for the living polymerization must contain both a metal functional group and a
halogen. P3HT (2) is the best described organic semiconducting polymer.

Besides magnesium and zing, tin is used as often as boronic esters as metal functionalities
for the synthesis of organic semiconducting polymers. Examples are known for

[11]

thiophenes,m] quorenes,[13] fluorenebenzothiazoles'™™ and ponparaphenernes.[14] Whereas

zinc and magnesium containing monomers have the disadvantage that they have to be
prepared in situ, tin containing monomers can be isolated. However they are very toxic.!*”!
Boronic esters on the other hand may lead to a limitation of the chain length, due to the
basic aqueous reaction mixture that is generally needed for Suzuki coupling reactions, which
may lead to a premature precipitation of the growing, non-polar polymer chain.*® Other
metal functionalities have been rarely used for this field of research and there are no reports
on polymerizations with organogold monomers which are expected to be less toxic than tin-

containing monomers. On top of that these nonpolar, stable monomers can be easily

isolated.

Only in very recent years organogold species have been researched in detail. The focus
hereby has been on reactions that are catalytic in gold.[17] Cross-coupling reactions with
stoichiometric organogold species are very rare and have not at all been investigated for
polymerization reactions.™ In most cases the examined organogold species was used for

the investigation of the different steps in gold catalysis.

3.3.1.2 Synthesis of a Novel Organogold Monomer

To investigate the suitability of gold(l) compounds as monomers for polymerization reactions

we synthesized compound 4, which is analogous to the established monomers 1. This
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monomer was expected to give the well-established poly(3-hexyl)thiophene (P3HT, 2),

facilitating the analysis and optimization of the reaction.

LDA, -78°C

nHex nHex
CIAuPPh3
I\ 20°C, 3h [\
s Br ——————» (Ph3)PAu s Br

3 4, 74%

Scheme 1. Synthesis of compound 4.

The synthesis of compound 4 was achieved by selectively lithiating 2-bromo-3-
hexylthiophene 312 in 5-position with the bulky base LDA and transmetalation with the
organogold(l) reagent CIAUPPhs (Scheme 1).[17‘” Crystallization in hexane led to the product
in a good yield of 74%. As it is often observed for organogold(l) compounds, 4 was stable
under air conditions. The molecular structure of 4 was determined by X-ray crystallography
(Figure 3): The gold complex 4 is similar to the structure of 2-triphenylphosphine-
gold(l)thiophene.“gl The Aul-C1 [2.035 (5) A] was slightly shorter than the Aul-P1 [2.2804
(11) A] bond length.

Figure 3. ORTEP drawing of 4, ellipsoids show 50% probability levels. Selected bond distances [A]: C1-
Aul 2.035(5), P1-Aul 2.2804 (11). Selected angles [°]: C1-Aul-P1 177.21 (13).

The C-Au-P angle was almost linear with 177.21°, which is very common for this type of
compound due to the very efficient s-p and s-d orbital mixing for heavy atoms such as

gold.[lsa] On the phosphorus atom a tetrahedral geometry was observed with Au-P-C angles
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averaging around 115° and 111°, suggesting a strong donation of the phosphorus lone pair

to the gold atom.?”!

3.3.1.3 Organogold Cross-Coupling

Before the polymerization reactions were carried out, it was necessary to find suitable
reaction conditions for the intramolecular cross-coupling reaction of a gold-containing
thiophene species without the complication of the polymerization reaction. With 5 as
nucleophile and 3-n-hexyl-2-bromo-thiophene (3) and 3-n-hexyl-2-iodothiophene (6) as
electrophiles various conditions were screened (40 reactions, Scheme 2, full screening see Sl
Table SI 1). All reactions proceeded in high yields around 90% almost irrespective of
temperature, solvent and solubility. Unexpectedly the brominated species 3 gave higher
yields in a coupling reaction than the iodide 6. This is an unusual observation as aryl iodides
tend to be more reactive than aryl bromides in cross-coupling reactions,™® but exceptions

have been reported in the case of Kumada cross-coupling reactions with iron catalysts.m]

Hex Hex
reaction
U\ * @\ conditions I N_s
3: X=Br 5 7,63-97%
6: X=I

Scheme 2. Gold cross-coupling reaction with simple starting materials led to optimized reaction
conditions.

Having this monomer and suitable reaction conditions in hand the next step was to perform
the polymerization of 4 to P3HT. To our surprise under none of the previously successful
reaction conditions a reaction occurred (see S| table SI2). A thorough literature search
revealed that little was known about reactivity trends for stoichiometric gold reagents. One

report[zz]

described cross-coupling reactions with organogold species with different
electrophiles, giving generally very good vyields, but in one case, when an electron rich
electrophile was used, no reaction was observed. The case of a monomer such as 4 is special,
because the gold and the halogen are bound on the same molecule. As the gold atom has a
lower electronegativity (y= 2.4)[23] than thiophenyl (x= 2.56)[24] we speculated that the
whole thiophene ring could be too electron rich to react with itself as electrophilic

component. Therefore the use of a bithiophene as monomer (8), containing gold in 2- and a

halogen in 5’-position, seemed a more reactive monomer as we reasoned that the impact of
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the gold atom on the electrophilic site would be reduced by both distance and statistically
(ratio gold atom / thiophene units). In this molecule 8 the gold and the halogen are still on
the same substrate, but on different thiophene rings, which could lead to a more suitable

electronic structure (Figure 4).

nHex nHex

B IV s g
Ph3PAU S Br Ph3PAU S \/ r

4 8 nHex

Figure 4. The improved monomer 8 containing two thiophene units could lead to a polymer.

3.3.1.4 Synthesis of an Organogold Bithiophene Monomer

To test this hypothesis we synthesized bithiophene 8 starting from 3, which was lithiated in
5-position and then quenched with trimethyltincloride to obtain the stannylated compound
9 in ayield of 87% (Scheme 3). In a subsequent electrophile selective cross-coupling reaction
with 6, the precursor molecule 10 was isolated in a yield of 96%. In an alternative route, the
starting material 3 was used in a halogen-metal exchange reaction and by quenching with an
isopropylboronicpinacol ester compound 11 was isolated, which could be used again in a
electrophile selective cross-coupling reaction with 12 to afford 10 in a yield of 84%. The
precursor 10 was lithiated in 5’-position at 0 °C and by quenching with CIAuPPh; (13) the

new monomer 8 could be isolated in a good yield of 82% by crystallization in hexane

(Scheme 3).
nHex nHex
B /;z_gL\s Me- | |/;zTT§ 6
r nivie
LDA, S 3 S
CISnMeg 9, 84% [Pd(PPhg)q]
nHex nHex nHex
LDA,
/m 3 . /' \_ _s_ CIAuPPh; (13) 7\ s AUPPh,
Br— g Br— g W ——— > Br g 9
nHex nHex
nBuLi, 'F‘)'(?F;)Cpgs, 10, 96% 8. 829%
PinBOIPr [Pd(PPh3).] 84%
nHex nHex
PR .
PinB S Br S |
1, 81% 12

Scheme 3. Synthesis of the bithiophene monomer 8.
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3.3.1.5 Polymerization Reactions

With monomer 8, polymerization reactions were screened using a range of very different
catalysts. The catalyst loading was 5 mol% in all cases and THF was used as solvent under
reflux reaction conditions. With the exception of two catalyst complexes (Table 1, entry 4
and 5) all catalyst species gave a polymer as product. A detailed analysis of the 'H NMR
spectra of these polymers showed a repeating unit of 5 monomers (10 thiophene rings), a

251 can be found (see Figure 5, red spectrum).

recurring amount of HH-TT coupling of 5:3:2
The signals of the first methylene groups of the hexylchains, which are located on the
thiophene, show different shifts for HT (2.8 ppm) and HH (2.6 ppm) couplings. For TT

couplings no hexyl-groups are located adjacent to each other and no separated signal is

visible.
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Figure 5. A repeating unit of 5 monomers contains 10 thiophene units (colored boxes). The 'H NMR
spectrum of this polymer is shown in red and the different shifts for HT (2.8 ppm) and HH (2.6 ppm)
couplings are shown in a bigger size. The blue trace shows a ‘H spectrum of a completely rr-HT-P3HT.
These features are indicative of a highly regio regular P3HT, but one in which only HH and TT

coupling had occurred instead of the expected regio regular HT coupling we had expected.

The PDIs were between 1.5 to 3.5 and increased with the molecular weight (with maximum
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M,, values of 55.000) (Table 1, entry 1, conventional GPC at 20°C, calibrated against PS[ZG]).
This was the case despite the substantial steric and electronic differences of the catalysts
(monodentate vs. bidentate, phosphines vs. N-heterocyclic carbenes, Pd(ll) and Pd(0)
precursors). In uncontrolled step growth polymerizations to form P3HT, a regio random

cross-coupling pattern would be expected.

Table 1. Catalyst screening with 8 as monomer.

nHex cat. (56 mol%) nHex  nHex nHex
THF, reflux,
PhsPAU" g \s ) B 12h . Br/H
nHex nHex nHex nHex "
8 14
Entry Catalyst® Polymer® M® M, My© M.!  PDI
1 [Pd(dppf)Cl,-CH,Cl,] HH-TT® 16000 10000 55700 34800 3.5
2 [Pd(PPhs3)s] HH-TT® 2200 1370 3400 2100 1.5
3 [Pd(PtBu,Ph),] HH-TT® 16700 10400 39800 25000 2.4
4 [[(iPr)Pd(NQ)]2] - 400 250 1800 1100 4.1
5 [[(iMes)Pd(NQ)].] - 380 240 850 500 2.2
6 [(iPr)Pd(allyl)CI] HH-TT® 1150 720 1800 1100 1.6
7 [(iMes)Pd(allyl)Cl] HH-TT® 1800 1100 3300 2100 1.8
8 [(SiPr)Pd(allyl)CI] HH-TT® 1300 800 2600 500 2.0
9 [(SiPr)Pd(cinnamyl)Cl] HH-TT® 7800 4800 18200 11000 2.3
10 [[(iPr)PdCI,]5] HH-TT® 9000 5600 23100 14400 2.6
11 [(iMes)Pd(vs)] HH-TT® 9000 5600 25500 16000 2.8
12 [(SiMes)Pd(vs)] HH-TT® 9500 5900 28700 18000 3.0
13 [Pd(dippf)(vs)tol] HH-TT® 1500 900 2800 1800 1.8

®Full molecular structure of the catalysts can be found in the SI. ®Determinded by 'HNMR
spectroscopy: Integration of the first methylene groups of the hexyl chain that are located directly on
the thiophene. “Determinded by GPC, using polystyrene as standard. “Divided with factor 1.6 to
correct calibration against PS.*® °The Polymer structure was found in a ratio of HH-TT, 5:3:2.[%°]

As all of these polymerization reactions seemed to follow a similar type of polymerization,

kinetic studies were performed exemplary on [Pd(PtBu,Ph),] as catalyst species. Here the

reaction kinetic followed a typical step growth polymerization (Figure 6): In the beginning of
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the reaction the molecular weight increased only very slowly. Then a rapid growth of the

molecular weight was observed, yielding high molecular weights, but high PDIs as well.

18000 -
16000 - ¢
14000 -
12000 -
10000 -
8000 - IS
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4000 -
2008 * o ¢ o ¢

0 20 40 60 80 100
conversion (%)

* M,

mol. weight

Figure 6. Kinetic studies for the polymerization of 8, using [Pd(PtBu,Ph),] as catalyst species. The
conversion was calculated by 'H NMR spectroscopy.

These results were unexpected in more than one respect: A monomer that contains both a
metal functional group and a halogen on the same substrate, should lead to a regio regular
polymer as product, even if the process is not living. This high degree of HH and TT couplings
is highly unusual for P3HT, as the HT coupling should be preferred due to the steric
hindrance of the alkyl chain.®>? 1o explain the occurrence of such a well-defined HH / TT
polymer one possible hypothesis might be a polymer formation entirely by homocoupling
reactions (Scheme 4). Following this hypothesis, in the first step the palladium (0) species
would perform an oxidative addition on the electrophilic side of the monomer a to give the
Pd(Il) intermediate b. Instead of performing a transmetalation as it is common for coupling
reactions, another oxidative addition with another monomer ¢ would occur to form
palladium species d. By reductive elimination of the palladium (ll) species as PdBr,L, (or
PdL;), a new carbon-carbon bond would be formed by homocoupling to give a species
containing two gold moieties (e). Then the newly formed Pd(Il) species would perform a
transmetalation with e and BrAuPPhs; would leave and the intermediate f, which was
detected to be formed (see Chapter 3.3.2.2). Then, another monomer (g) would react in a
simple transmetalation reaction as a nucleophile and by reductive elimination the PdL, (0)
species would be re-formed as well as the newly coupled leaving group i. By performing one
more cycle a pentamer (out of 10 thiophene units) should be formed which represents the
spectroscopic unit that is detected by 'H NMR spectroscopy (Figure 5). As additional reaction

a double transmetalation reaction of the gold moieties of two monomers j and k with the
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palladium (1) species is possible which form intermediate |. By reductive elimination Pd (0)
leaves as well as the dibrominated species m which can react as electrophile in the catalytic
cycle as well to form the repeating unit in the polymer.
nHeanex nHeanex
nHeanex nHeanex nHex

HT HH HT TT HT HH HT TT HT HH

Tone more cycle

.
i

trans-cis isomerization
reductive elimination

\ % ;
Au —Pd Br Au Pcli—Br
b L \
Br— —Au
BrAuPPh3 c
oxidative addition

transmetalation

S
AU _P(:j_L Au Pld — —Au

f Br Br d

oxidative addition

BrAuPPh3

oxidative addition/

transmetalation
\
Br— —Au Au Br

BrAuPPh3 BrAuPPh3

Nt
Br— —F’d Br
reductive
elimination 4[:‘/)7 ——

Au = AUPPh3 PdL2

trans-cis-isomerization
reductive elimination

transmetalation

Scheme 4. Proposed mechanism for the formation of the regio regular HH-TT-P3HT 14.
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3.3.1.6 Regio Regular HT-P3HT

Surprisingly, only with [Pd(PtBus),] as catalyst we found a completely regio regular HT-HT
polymer 15 (Table 2, entry 1) with a PDI of 2 and a molecular weight of 14 kDa (M,). For a
controlled living polymerization process higher catalyst loadings should lead to lower
molecular weights (with ideally one palladium complex per growing chain). Therefore the
reaction was performed with 2 mol% and 5 mol% of catalyst species, but the molecular
weights were comparable (Table 2, entries 1 and 2). Another aspect was the effect of the
temperature on the polymerization. Therefore we performed the reaction at 45 °C and 66 °C
(Table 2, entry 1 and 3), which also gave comparable results. In all cases a molecular weight
(M,) of 13 to 16 kDa was found with PDIs of 2 to 2.5. In contrast to this, when toluene was
used as a solvent to allow a reaction temperature of 90 °C, we observed molecular weight of
15 kDa (M,) a much higher and PDI of 5.2 (Table 2, entry 4). It is likely that this was caused
by increased homocoupling of polymer chains due to the higher temperature; the polymer

was still regio regular within the detection limits of the NMR spectrometer.

Table 2. Polymerization reactions with 8 as monomer.

nHex nHex
[Pd(PtBus),]
nHex nHex "
15
Catalyst Loadin
Entry ¥ & T Mna Mnc Mwa MWc PDI®
(mol%)
1 5 66 °C 22700 14200 46200 28800 2.0
2 2 66 °C 25200 15700 64400 40200 2.5
3 2 45 °C 20600 12800 46800 29200 2.3
4 2 90 °C® 23700 15000 122800 76700 5.2

The reactions were quenched with 1M HCl in MeOH after 15 h. *Determined by GPC. *Toluene was

used as solvent. “Divided by factor 1.6 to correct calibration against PS."?°!

We also performed kinetic studies in THF with a catalyst loading of 5 mol%. They showed a
fast monomer conversion, which followed a nearly linear chain growth (Figure 7) and ended
after 200 minutes of reaction time at which point the PDI remained constant at ca. 2. This
protocol established a new method for the synthesis of a semiconducting polymer by using

an organogold monomer 8 as starting material. The PDI of 2 was comparatively high, but this
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could be a result of a slow initiation in case of the bithiophene 8 as monomer: If the
initiation process for a living polymerization reaction is slow, not all polymer chains start

growing at the same time, which leads to a broader molecular weight distribution.
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Figure 7. The conversion of the monomer 8 was calculated by integration of the aromatic region of
the corresponding "H NMR spectra. The error will be significant in this graphic due to the exchange of
the phosphine ligands that occurs in the reaction. Nevertheless it is visible that the chain growth is
likely to be linear.

3.3.1.7 Potential Causes for a Slow Initiation Process

a) Stability of the Monomer Against Phosphine Exchange Reactions
As it was somewhat unusual that only this catalyst would give regio regular HT-P3HT, it was
important to investigate which special feature was the reason of this behavior. As it is known

28] 4 possible cause could be that

that the ligand PtBus dissociates from palladium with ease,
the PPhs ligand on the gold in the monomer would exchange with the PtBus; from the
catalyst. As there was comparatively little catalyst existent it could be one reason for an
overall slow initiation event, where chains would be initiated not simultaneously but
sequentially - once such an exchange had taken place. Therefore as a control reaction we
tested, if the triphenylphosphine ligands of the gold species 8 performed an exchange with
the tertbutylphosphine ligands of the catalyst species [Pd(P(tBus),] by adding the phosphine
ligand without use of the palladium catalyst itself. Two reactions were performed: In the first

reaction monomer 8 (9 eq) was dissolved in THF-ds and tri(tertbutyl)-phosphine (1 eq) was

added. These ratios are the same as for the polymerization reactions with 10 mol% of
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catalyst. The reactions were monitored by 3P NMR spectroscopy. When the first NMR
spectra were recorded, the signal of the tri(tertbutyl)-phosphine at 63 ppm had already
disappeared. A new signal was visible at 92.5 ppm. The signal ratio stayed constant over the
period of 3 h indicating that a ligand exchange took place to give a stable equilibrium. To
prove that the new signal resulted from the formation of compound 16, another experiment
was performed, where tri(tertbutyl)phosphine was used in an excess (9:1): here, the signal of
the starting material 8 at 43 ppm disappeared entirely (see Figure 9). The spectrum
displayed peaks at 92.5 ppm indicative of the newly formed compound 16 at, a peak at 63
ppm, which could be attributed to the excess tri(tertbutyl)phosphine and as
triphenylphospine is liberated its signal at -5.4 ppm (Figure 8).

nHex nHex

[\ S _p, PtBus THF ]\ s
Ph3PAu ———— > {Bu:PA
3 S \ /) darid s \ /)

-

Br

8 nHex 16 nHex

/

43.3

92.5

55 50 45 40 35 30
f1 (ppm)

PPhs

C
N

95 85 75 65 55 45 35 25 15 5 0 -5
f1 (ppm)

Figure 8. Test for ligand exchange reaction. In this case PtBu; (63.0 ppm) was used in an excess (9:1)
to the monomer 8 (not visible at 43.3 ppm). As the whole monomer was converted into the
organogold species 16 (92.5 ppm), PPh; dissociated (-5.4 ppm).

This experiment suggests that an entirely different process takes place in the case of
[Pd(PtBus),] as opposed to all other catalysts that were analyzed: When using [Pd(PtBus),] as
catalyst species, the butyl ligands are exchanged with the phenyl phosphine ligands of the
gold species. Because of that it can be assumed that the active species that takes part in the

polymerization is in fact compound 16, which is formed in situ. In case of the monomer 4,
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where no polymerization could be observed under any conditions, the same experiments
were performed to test if a ligand exchange takes place: In an NMR tube, both the monomer
4 and tri(tertbutyl)phosphine were dissolved in deuterated THF. The 31p NMR measurements
show that the phosphine ligand of the monomer 4 does perform an exchange with ligand
tri(tertbutyl)phosphine to give compound 17 (Figure 9, c¢) and d)) in both cases: In the first

case PtBus was used in an excess with respect to the monomer 4 (9:1, Figure 9, a)).

4 nHex)
nHex /N
PtBU3 Ph3PAU S Br

/ \ 4 )
tBusPAu s~ Br

17

d) reference spectrum monomer 4

Ligand impurities

c) reference spectrum PtBus,

| b) monomer 4: PtBu; = 9:1

a) monomer 4: PtBu; = 1:9

95 85 75 65 55 45 35 25 15 5 0 -10
f1 (ppm)

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

Figure 9. Ligand exchange reaction with monomer 4. Reference spectra show the monomer 4
(spectrum d), 43 ppm) and the ligand itself, PtBus (spectrum c), 63 ppm). In experiment a), PtBu; was
used in an excess (9:1) with respect to the monomer 4 (no longer visible at 43.3 ppm). As the whole
monomer was converted into the organogold species 17 (92.5 ppm), PPh; dissociated (-5.4 ppm). In
reaction b) the monomer 4 (no longer visible at 43.3 ppm) was used in an excess (9:1) with respect to
PtBus (no longer visible at 63.0 ppm). The newly formed expected organogold species 17 was
formed. However in addition to this, the excess of 4 was converted to another undefined species (74

[29]

ppm); the formation of [Ph,PBr']*""" was confirmed as well (24 ppm).

The spectrum showed the expected species resulting from the exchange: A newly formed
species 17, containing a tritertbutylphosphine ligand on the gold moiety was visible (92 ppm)
and the monomer 4 was completely transformed into this species (no signal at 43 ppm

for 4). The ligand leaving the gold species 4, PPhs, was detected as well (-5 ppm). As
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expected the PtBus phosphine was visible as well as due to its use in excess (at 63 ppm with
its impurities at 27, 60 and 61 ppm -these impurities were already present in the
commercially available batch). These findings are consistent with the experiments with the
monomer 8. The reversed approach, where the monomer 4 was used in an excess with
respect to PtBus (9:1, Figure 9, b)), gave the expected new species 17 as well as a result of
the expected ligand exchange. Surprisingly however the monomer 4, which should still be
present due to its use in an excess, was no longer detectable. Instead of this, new species
were formed in addition to 17: The signal at 23 ppm could be identified as [Ph,PBr'],1**! the

d.B% |n addition it seemed as if the signals of

new species at 73 ppm could not be identifie
the impurities already present in the batch of the commercially obtained ligand showed an
increased intensity (60 and 61 ppm). We speculate that these signals might correspond to

tBu,PBr and tBuPBr,, impurities resulting of the synthesis of the ligand PtBus itself.

a) DFT calculations: Lower Rate of Initiation due to Electronic Factors

In order to prove this theory and to understand these results, we analyzed the monomer 16
and related structures by DFT calculations (for computational details see Sl, Chapter 5). For
this purpose, the structures of compounds a-e with their tri(tertbutylphosphine) ligand
(tBusP), which appear to be the relevant species in solution, were optimized and compared
(Figure 10). Our initial hypothesis, i. e. that the partial negative charge on the carbon atom
adjacent to the reacting bromide would decrease with increasing numbers of thiophenyl
units in the ring was analyzed by comparing the NBO charges (NBO = natural bond order).
Although they were indeed increasingly less negative (-0.347, -0.340, -0.339, -0.338, -0.337,
respectively), the effect was small and unlikely to be the primary cause of the observed

reactivity.

R

S
tBu;;PAuUBr tBusPAU \S/ /S\ By 1BUPAU \S/ /S\ \S/ Br
[a]R [c]

Figure 10. Growing polymer chains with tBusP-ligands on the Au atom. To simplify the calculations
ethyl groups were used instead of n-hexyl chains.
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A second hypothesis was formed based on the seminal work of Allen and Locklin and co-
workers.®Y They suggest that at least in nickel catalyzed McCullough polymerizations, n’-
bound m-complexes are relatively stable intermediates and that their formation is the first
irreversible step of the polymerization. Therefore, if this step is fast, initiation will be fast
and a living mechanism should be observed. The first step of a coupling cycle is the
coordination of the electrophilic component to the transition metal center. If in our case,
where a palladium catalyst is used, the formation of the n*-bound m-complex is the decisive
step, we have to consider the n* orbitals of the (tBusP) ligands of the monomers: these nt*
orbitals provide in our case the LUMOs with which the catalyst interacts. The lower the
LUMO, the easier is the reaction with the completely filled d™®-orbitals of the palladium
complex. Our calculations gave the outcome that the longer the thiophenyl chains are, the
lower is the energy of this LUMO. The energy distinction between a (Figure 10, one
thiophene unit) and b (Figure 10, two thiophene units) was found to be the most striking.
This high energy of the LUMO of a might be the reason for our experimental result that 4
(which is transformed to 17 under the reaction conditions) does not react in a
polymerization reaction, whereas 8 (which is transformed to 16 under the reaction
conditions) does give the required polymer due to its LUMOs lower and obviously suitable

energy (Figure 11).
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Figure 11. Energy levels of the LUMO (rt* orbitals) decreases the more thiophene units are present in
the monomer. The gap between one and two units is striking.
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3.3.1.8 Testing Further Characteristics of a Living Polymerization

Another special characteristic of a living polymerization is the associated pair that is formed
between the growing polymer chain and catalyst species: The catalyst stays at the end of the
chain and thus an elongation is possible by adding more monomers (see Chapter 1). To find
out if the chain ends in the polymerization mixture were active and thus to obtain further
proof for a living polymerization process, 4 was added to the reaction mixture, where the
monomer 8 is converted to the polymer 15 after some polymerization had already taken
place. If this would lead to the incorporation of the monomer 4 into the growing chain and in
view of the fact that 4 does not polymerize by itself, this would be highly suggestive of the
fact that the length of the first monomer, where the first the oxidative addition of the
catalyst to the m*-bond takes place, is the crucial factor in determining the kinetics of the

initiation (see above).

nHex
/ \
Ph3PAU S Br

nHex [Pd(P{Bus),] nHex nHex nHex nHex

/ \ THF, reflux,
S 20 min
PhoPAU~ g (" BT ——— H/BrL» }rﬁ
nHex nHex nHex nHex
8 18
25000 -
*

« 20000 -
=
20
g 15000 -
= * Mn(+), A
=] I *
€ 10000 —z., . - . o |eMnB

5000 - *

o*
O T T T T
0 200 400 600 800
time (min)

Figure 12. Comparing kinetic studies: After 20 minutes, compound 4 was added (M, (+), red). M,:
13900 kDa, M,,: 36400 kDa, PDI: 2.6. The molecular weights were divided by factor 1.6 to correct
calibration against Ps. 126!

Once the rate limiting step of the initiation has been overcome the addition of monomer 4

(in the reaction mixture transformed 17) to a reaction mixture of the bithiophene 8 (in the

reaction mixture transformed 16) should lead to a continued reaction consuming 17 and
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longer polymer chains are observed than without any addition of new monomers. The
experiment to prove this hypothesis was to perform a polymerization reaction with the
addition of 8 (in the reaction mixture transformed 16) and after 20 minutes: When most of
the bithiophene monomers 16 were consumed, half of the polymerization mixture was
added to a solution of monomer 4 in THF (reaction mixture (A), red, M, (+)), whereas the
other half ((B), blue, M,) was left undisturbed as control reaction. The molecular weights of
both reactions were analyzed and compared (Figure 12). The control reaction (B) gave the
expected M, of 10 kDa after 120 min and a PDI of 2.5 (Figure 12, blue, M,). In (A), an
immediate decrease of the average molecular weight was observed and a strong increase of
the PDI to 4. It was followed by an increasing of the molecular weight up to a M, of 14 kDa,
as it was expected (calculated molecular weight based on incorporation of 4 = 20 kDa),
where the PDI was found to be 2.6. These findings confirm that the chain end of the
polymerization mixture of 16 was still active. 'H NMR analysis of the samples showed that
the control reaction mixture (B) produced an entirely regio regular HT-P3HT 15 as expected.
However, the situation was different for (A): It can safely be assumed that up to the point of
adding the second monomer 4 (in the reaction mixture transformed 17) the polymer was
formed as regio regular HT-P3HT, which can easily be shown by 'H NMR spectroscopy
(Figure 13, blue). The second part of the polymer was completely different as the NMR
shows a substantial amount of HH coupling. This would mean that the monomer 17 was
introduced into the polymer backbone as a series of homo-coupling reactions (compare

Figure 13, 18).

<—HT coupling
HH coupling
M
28 2.7 26

f1 (ppm)

Figure 13. Different 2/5 couplings are visible in the 'H NMR spectra of the different structured
polymers. The NMR spectra show the signals for the first methylene groups of the hexylchain that are
located on the thiophene. Blue: Regio regular polymer 15 at 600 min (only monomer 8), red: Regio
irregular polymer 18 at 600 min (after 20 min, monomer 4 was added).
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3.3.1.9 Conclusion

In conclusion, it was successful to use gold as metal functionality for the preparation of
monomers that can be used for the synthesis of organic semiconducting polymers: Two
types of monomers of one and two thiophene units could be synthesized in very good yields
containing both a gold functional group and a halogen. Although the monomer with only one
thiophene moiety did not polymerize, it was possible to synthesize a monomer of two
thiophene units, gold as nucleophilic group. This monomer was successfully used for the
synthesis of the semiconducting polymer P3HT: For 13 catalyst species we found different,
but highly well-defined regio regular polymers with a HH-TT ratio of 5:3:2 with molecular
weights up to 50 kDa at higher PDIs of 3.5. These polymerizations seem to follow the kinetic
of a step growth polymerization. By using [Pd(PtBus),] as catalyst species it was possible to
synthesize regio regular HT-P3HT with a PDI of 2.0 and a molecular weight of 20 kDa. The
kinetic of this polymerization seems to proceed with a nearly linear molecular
weight / conversion relationship, suggesting chain growth polymerization. However, it was
found that the tri(tertbutylphosphine) ligand of the catalyst species performs an exchange
with the phenylligands of the gold moiety of the monomers 4 and 8 (in the reaction mixture
transformed 17 and 16), although only monomer 8 gives a polymer in the reaction. This
indicates that the reactive species that gives this type of regio regular HT-P3HT is formed in
situ. The ligand exchange experiments confirm that even, if the ligand on gold is
tri(tertbutylphosphine), it is the length of the first monomer, which determines whether a
polymerization can take place: The longer the monomer is, the lower is the energy of the n*
system. Additionally the ligand exchange reaction for the monomer 8 is completely selective
whereas in the case monomer 4, side products of the exchange were visible. These
unexpected species might contribute to the failure of the polymerization reaction. With
these results, it is absolutely necessary to repeat the polymerization reactions and the

kinetic studies with the improved monomer 16, which has to be synthesized as next step.
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3.3.2 Outlook and Further Experiments

3.3.2.1 Polymerization Reactions of Improved Gold Containing Monomer

All experiments indicate that the [Pd(PtBus),] catalyst performs a ligand exchange with the
organogold species M2-8. This reacts as the active species for the polymerization reaction.
The experiment described in Chapter 3.4.7, in which an excess of the ligand tBusP was added
to the monomer solution, has strong evidence for this theory. This exchange influences the
reaction kinetic of the polymerization: The initiation is slow, which causes broad
polydispersities in the living polymerization process. To circumvent the problem of slow
initiation the bithiophene monomer M2-16 has to be synthesized and used under the same

reaction conditions for the polymerization reaction (Scheme 14).

nHex nHex
[Pd(PtBU:;)z]
s THF, 70°C I\ s |.
BusPAL g () e I
n
M2-16 nHex M2-15 nHex

Scheme 14. Monomer M2-16 as starting material for the polymerization should give the rr-HT-P3HT
M2-15. The initiation is expected to be faster and may result in a living polymerization.

The synthesis of monomer M2-16 in situ is obviously easily possible but in order to avoid any
phenyl ligands that may influence the polymerization reaction, the monomer has to be
synthesized and isolated before use. This should be possible by the synthesis of CIAuPtBus as
a reagent instead of CIAuPPhs (M2-13) in the last step of the monomer synthesis (Chapter
3.3.1.4, Scheme 3).

Another experiment that was left to do is another blank test similar to the one described in
chapter 3.4.7 with monomer 8. Instead of PtBus, PPhtBu, was used as ligand in excess here.
Derived from the results in chapter 3.4.5, where the rr-HH-TT (M2-15) was synthesized, it
was expected that this ligand would not perform an exchange with the gold monomer. This
would encourage the theory that the ligands on the gold species influence the
polymerization kinetics. We found out however that we could observe an exchange of the
ligands, although the equilibrium seemed to be less on the product side. This was observed
or both ratios (9:1 or 1:9) of monomer 8 to ligand. In addition, for both cases the expected
exchange species was not a single product: When the ratio of monomer to ligand (9:1) was
used, PhsPBr* was found similar to the previous finding of the experiments on the monomer

4. In the reverse case a much larger amount of different species was formed. It can only be
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speculated about the reasons for this unusual behavior, but it is conceivable that the gold
moiety might act as Lewis acid and therefore it induces a ligand exchange on the
phosphorous atom of the ligands itself. As some Ph4PBr* could be identified,'* we think that
the bromide functional group of the monomer 8 is involved in an exchange reaction. It is
very important to understand the mechanism of these exchange reactions. One concept
might be testing different ligands with a simplified gold species like the already available
thiophene 5. If in this case more than the expected species occur as well, we would receive
information about the involvement of the bromide functional group of our monomers 4

and 8.

We found that the length of the monomer is decisive to the polymerization process and the
kinetic. With this knowledge a monomer of three thiophene units would be necessary to be
synthesized in order to compare kinetic studies of the monomers. Further projects based on
these studies offer great potential, especially the idea to use other ligands on the gold

moiety might give completely different results in polymerization reaction.

If the polymerization reaction itself is understood better, as well as the factors that obviously
influence this reaction, other gold-containing monomers 81 can be polymerized. By
combining thiophene and other heterocycles new well-defined polymers 82 would be

available using this method (Scheme 15).

nHex nHex
/3 o /3
RiPAu S - s
n
81 nHex 82 nHex

Scheme 15. Monomers of two different aromatic cycles, a halogen and a gold moiety 81 might give
new well-defined polymers 82.

3.3.2.2 Recycling

Another aspect of high importance is the possibility of recycling gold or a synthetically useful
gold species. It is well established that catalysts can be immobilized on a surface.l76% 760!
Using this it is possible to recover the active metal species. This method has been even used
for gold(l) catalysis: A ligand that is covalently bound to a surface was used as linker to the
active gold species.”®® In contrast to this, the use of immobilized stoichiometric aryl gold

organyles and their use in cross-coupling reactions have not been shown so far. In our case

we expected that after the coupling reaction the newly formed gold species was BrAuPPh;
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(83) (compare Figure 17), because for both mechanisms it is proposed that BrAuPPhs is the
leaving gold reagent. To confirm which kind of gold species is formed during the
polymerization a quenching reaction of a typical polymerization (Chapter 3.3.1.6, Table 2)
was performed by just adding methanol. With this, we were able to separate this projected
species without the decomposition typically caused by the addition of HCl. A manual
preparative column with GPC gel (PS beads) was performed for the separation of the

polymer and the resulting gold species (Figure 17).

CIAuPPhs
M2-13
A
|
BrAuPPh3
i L " \m} m ™ P TR PRIy PP WORKTOP WY POV )
Monomer

M28

e e e e
62505856545250484544%40333634{32[3923262422201316 14 12 10 8 6 4 2
1 (ppm)

Figure 17. *'P NMR of CIAuPPh; synthesized by ourselves (M2-13, blue), the commercially available
BrAuPPh; (83, green) and the isolated gold species that was formed during the polymerization
reaction (red).

The 3P NMR shows that there are at least 3 species present: Traces of remaining monomer
(M2-8, 43.3 ppm), BrAuPPhs (83, 35.2 ppm), which we expected to find and which is the
main product. Another undefined species was found at 29.3 ppm (red spectrum). In green
the *'P NMR reference spectrum of BrAuPPh; (83) is shown bought from Alfa Aesar. In blue
the *'P NMR spectrum of CIAuPPh; synthesized by ourselves (M2-13) is shown. This result is
the foundation for further experiments, where the gold species can either be attempted to
be recycled: One possibility might be the immobilization of the gold with its ligands on a

surface (compare Chapter 1).
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3.4 Minireview on (Triphenylphosphine)gold(I) Chloride
“(Triphenylphosphine)gold(l) Chloride”

A. C. J. Heinrich, Synlett 2015, 26,1135-1136.

Reprinted with permission from Georg Thieme Verlag. © Georg Thieme Verlag - New York.

DOI: 10.1055/5-0034-1380551.

Abstract: For the synthesis of all gold containing aromatic systems that | synthesized during
my Ph. D. time, CIAuPPh; was used as precursor. The phenyl ligands make the organic
compounds stable to air und therefore isolation is possible. It is a substantial advantage for
all further reactions, especially the polymerization reactions, where the correct ratio
between catalyst and monomer is of high importance. Triphenylphosphinegold(l) chloride
(35) as reagent can be used for many different types of reaction and can be easily
synthesized from elemental gold (33). In order to illustrate the many uses of this versatile

reagent a “Spotlight” was written for a publication in the journal Synlett.

aqua regia,
150°C, DCM,
Phg rt
Ay SMe: CIAuSMe, S .~ ClAUPPhs

TOC Graphic. The “Spotlight” article presents an overview using CIAuPPh; in chemical reactions.

Scientific contribution to this paper

| wrote this article, the abstracts and schemes by myself.
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Annika C. J. Heinrich

Otto-Diels Institute for Organic Chemistry, University of Kiel, Otto-Hahn-Platz 4,
24098 Kiel, Germany
aheinrich@oc.uni-kiel.de
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(Triphenylphosphine)gold(I) chloride, CIAuPPh;, is a
well characterized colorless complex' with a melting point
of 236-240 °C? and it is soluble in most common organic
solvents. Although it is commercially available, it is cheaper
to prepare it directly from elemental gold in an easy, high-
yielding two-step synthesis. In the first step, gold is dis-
solved in boiling aqua regia to form the gold(Ill) intermedi-
ate AuCl, in solution. By adding dimethyl sulfide, the com-
plex CIAuSMe, precipitates as a white solid in an excellent
yield of 93%.3

aqua regia,
150 °C, CH,Cly,
SM 1.
Al M2 lausme, PPt Giaupphg

Scheme 1 Preparation of (triphenylphosphine)gold(l) chloride

Table 1 Use of (Triphenylphosphine)gold(l) Chloride

Annika Heinrich studied chemistry at the Uni-
versity of Kiel and there she obtained her diplo-
ma degree in 2011. At the moment, she is
working as a Ph.D. student in the group of Pro-
fessor Dr. Anne Staubitz at the Institute of Or-
ganic Chemistry in Kiel. Her research focuses on
highly selective cross-coupling reactions and on
the synthesis of semiconducting polymers.
(Triphenylphosphine)gold(l) chloride is a fre-
quently used reagent in her research: It is used
for the synthesis of aromatic organogold com-
pounds that can be used in cross-coupling reac-
tions and polymerization reactions.

This precursor complex is dissolved in dichloromethane
together with triphenylphosphine to form immediately the
desired complex in a very good yield of 92% after precipita-
tion by adding methanol.* CIAuPPh; is a useful reagent in
various types of reactions. It is often used in gold catalysis
where it can act as co-catalyst or catalyst itself, or it can be
used for the formation of more complex catalytic systems.>
CIAuPPh; can also be used for the synthesis of organogold
compounds,® which can perform cross-coupling reactions
in a generally mild manner and with high tolerance towards
functional groups. Herein, some applications of CIAuPPh; as
reactant will be presented.

(A) CIAUPPh; can be used for the generation of gold nanoparticles. In
the first step, gold chloride reacts with an ethylene glycol silver car-
boxylate in a transmetallation reaction. The resulting gold(I) com-
plex generates the gold nanoparticle by thermal induction. The
resulting nanoparticles do not need any further stabilizing or reduc-
ing reagents and have size diameters of 3-6 nm with narrow size
distribution.’

CIAUPPhg g

+

O g\
o / PhgP
oo ' ) :
o

PhMe,
12h,

L ‘ _TA
25°C PhsPAU._ J\%o\/i\ - €Oz

Agw,

(B) Zhang et al. used CIAuPPh; as catalytic species for the formation
of various saturated substituted O- and N-heterocycles. The homo-
geneous oxidative functionalization of terminal alkenes leads to a
cyclization reaction that proceeds within short reaction times and
under mild reaction conditions. In mechanistic studies they found
that a conversion of C(sp?)-Au bonds into C(sp?)-C(sp?) bonds is cat-
alyzed by an Au(I)/Au(IIl) system in a cross-coupling manner when
using boronic acids as nucleophiles with Selectfluor as oxidant.?

ArB(OH); (2 equiv),
CIAUPPh;3 (5 mol%),
Selectfluor (2.0 equiv),
(YH MeCN, 60 °C,

1.5-8h
NS

(Y

R R/\_D)/\Ar
n

Y=0,N

35-94% yield

(C) Pérez-Sestelo and co-workers prepared different aryl-, alkynyl-,
alkenyl-, and alkylgold(I) compounds in very high yields using the
corresponding lithiated organic species and CIAuPPh; as reagent.
The organogold(I) compounds are used as nucleophiles in palladi-
um-catalyzed cross-coupling reactions with various electrophiles
under mild reaction conditions and in short reaction times.’

R'-X,
[PACIy(PPhg),]
CIAUPPhg, 1-5 mol%,
iy _HR.Z20°Ctort oy AuPPhg rt,14h | oige
R' = Ph (92%) R? = e.g., benzyl,
R' = PhC=C (99%) aryl, alkenyl

R' = n-Bu (83%)
R’ = (E)-1-heptenyl (not isolated)

© Georg Thieme Verlag Stuttgart - New York — Synlett 2015, 26, 1135-1136
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(D) Meyer et al. showed that trimethyltin-substituted naphthalene a) CIAuPPhg,

P . . . R SnMej > R AuPPhg
derivatives perform transmetalation reactions under very mild con- PhMe, 70°C, 2 h
ditions using CIAuPPh, as reagent. One example showed the synthe- N b) CIAuPPhs, OO

sis of a compound containing both a gold(I) moiety and an iodide | CHxClz, rt, 2h

function on the same molecule, which cannot be prepared using or- =
ganolithium or Grignard reagents in this case.'® 'R
a
b) R

H a) R =H (88%)
I b) R =1(71%)

(E) Rominger et al. used boronic acid derivatives as precursors for CIAUPPh3,

the synthesis of organogold(I) phosphane complexes. They are pre- OH Cs2C03 ®
pared in good yields of 82-98% using CIAuPPh; as reagent. This R-g  FPrOH.24h50°C . cop €94 NXS R-X + AuPPhs
method allows a higher tolerance towards functional groups than “oH s

using lithiated species as reactants. As vinyl-, aryl- and heteroaryl- ) 82-98%

gold compounds are assumed to be intermediates in homogeneous R= Zml,lvmyl

gold catalysis, Rominger et al. used the prepared compounds to ob- Y

tain more information about the mechanism of a catalytic cycle

with gold."

(F) Blum and co-workers prepared vinyl and aryl organogold(I) com- R2—=——CO,Me

pounds by treating the corresponding vinyl- or arylmagnesium bro- Pd(PPhg),Cls,

mides with CIAuPPh;. These simple compounds were used for CDxCly, 2h, gt AuPPhg R R3
continuing steps of reactions: First they performed a regio- and dia- R'-AuPPhg 25°C,2h | — R3-X

stereoselective palladium-catalyzed syn-carboauration of alkynes. R2 \CO.Me B2 COMe
In a further step, di- and trisubstituted olefins were synthesized by ~ R'-MgBr, 2 2
either performing palladium-catalyzed cross-coupling reactions or  THF, 50 °C,

electrophilic trapping reactions. These reactions demonstrate the 15 min
potential of the combination of gold and palladium in organic syn-

thesis.'?

CIAUPPhy

plexes by using CIAuPPh; and similar gold(I) precursors and differ-
ent potassium salts of the corresponding dithiocarbamates under =1 ClAUPPhg in 1
mild conditions and in short reaction times. The resulting complex- J]\ o CHzClz, Hz0, JL _AuPPhs !
es were tested for their activity against human cerival epithelioid S™ rt., 30 min 1 S

carcinoma (HeLa) cells, a type of cancer. The P-Au-S moiety seemed —
to play an important role for the activity.”

(G) Keter et al. synthesized phosphinogold(I) dithiocarbamate com- '

4

==

activity against cancer cells?
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4 Summary and Outlook

The aim of this thesis was to find new synthetic strategies for the semiconducting polymers.
One focus was on the synthesis of new aromatic dinucleophiles. With these compounds new
monomers for polymerization reactions became available, containing both a halogen and a
metal functional group. Another important aspect was the introduction of organogold

compounds into the research field of polymer synthesis.
Nucleophile and Electrophile Selective Cross-Coupling Reactions

The process of a living polymerization leads to well-defined polymers: High molecular
weights and low polydispersities can be reached simultaneously. The lack of adequate
monomers that perform this kind of polymerization limits its increasing use in the synthesis
of semiconducting polymers. It was one task of this work to develop a method for the
synthesis of new type monomers that combine different (hetero)cycles and contain besides
this both a halogen and a metal functional group. A tin- and boron functionalized thiophene
derivative as dinucleophile P1-1 was used in order to perform a both nucleophile and
electrophile selective cross-coupling reaction following a general procedure which gave the

products completely selective in high yields after an extensive optimization.

AN (S i
_>\_/_x2 * S BPin S— S BPin
R

R P1-1
R =NMe, NH, OH, OMe, OTf, H, alkyl

Scheme 17. It took more than 80 optimization reactions to find reaction conditions that proceed
completely selective in high yields with 13 different electrophiles.

By using microwave conditions, 11 examples of electron poor, neutral and electron rich
aromatic dielectrophiles and even 2 trielectrophiles could be used successfully to give the
products in overall very good yields (Scheme 17). One of these products was successfully
used as monomer in a polymerization reaction. Although the obtained polymer P1-34 was
insoluble, which made a further characterization and investigation of the polymer kinetic
impossible, a branched alkyl chain on the dielectrophilic component might lead to an
improved solubility. Another approach which will lead to an increase of the solubility of a
resulting polymer, would include dinucleophiles that contain a solubilizing substituent like an

alkyl or alkoxy chain.
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Aromatic Tin-Boron Functionalized Dinucleophiles

In order to use the products of the successful selective cross-coupling reactions as
monomers for polymerization reactions it was the task to synthesize further aromatic
dinucleophilic compounds. The use of these compounds in a dually-selective cross-coupling
reaction would lead to a whole library of new monomers, where different aromatic systems
can be combined with each other in an easy way and with this they would give an access to

new semiconducting polymers.

By developing a general method that uses aromatic systems containing both a halogen and a
boron group as starting material, it was possible to synthesize four further dinucleophilic
compounds in overall very good vyields (Scheme 18) containing both a tin- and a boron

functional group (M1-14, M1-26, M1-27, M1-28).

(SnMe3)2y
[PA(PPh3)y],

I/Br—O-BPin Toluene, MW_ Me3SnO—BPin
nHex Me3Sn MesSn._~ Me3Sn \ '
/ \ / \ | BPin
. Nx N
Me;3Sn BPin Me3Sn S BPin BPin BPin \
Boc

S
M1-9, 91% M1-14, 86% M1-26, 93% M1-28, 54% M1-27, 96%
(= P1-1)

Scheme 18. Different dinucleophiles were available by using a general method, starting from the
both halogenated and boronated corresponding species.

With these dinucleophiles dually-selective cross-coupling reactions were performed using
the optimized reaction conditions of the unsubstituted thiophene derivative p1-1.50m
Surprisingly all attempts showed low conversions and non-selective coupling reactions. Even
the attempt to use them in a just nucleophile selective coupling reaction proved to be
difficult.® As all aromatic systems are electronically and sterically different from each other,
new reaction conditions for selective reactions have to be developed again for each
compound. By screening different catalyst species, solvents, temperatures and reaction
times it will be possible to find suitable conditions for each dinucleophile. The synthesis of
further aromatic dinucleophiles like furans or benzothiadiazoles and others will be simple to

perform as well as the alkylated derivatives. The resulting cross-coupling products of these

dinucleophiles will contain both a halogen-functional group and a boron moiety. Especially
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the products of the alkylated dinucleophiles will give new, soluble polymers in a
polymerization reaction, which allow the combination of different aromatic systems in the
polymer backbone in a simple way. Their analysis and characterization will be as important
as kinetic studies on the polymerization process as well. If they show promising electronic
properties, they will be incorporated into test devices. S. Urrego-Riveros is continuing the

research on this topic at the moment.
Gold Containing Dinucleophiles

As Stille and Suzuki coupling reactions are well investigated, the combination of these two
metals in a dinucleophile was advisable to perform a dually-selective cross-coupling reaction,
for which there was no precedent in the literature. A combination of other metal
functionalities and their use in nucleophile cross-coupling reactions has not been shown
until now. Regarding the fact that organotin compounds are very toxic, it has always been
planned to replace the toxic tin moiety by other metals. Besides a lower toxicity,this metal
functionality had to be stable under air conditions which would make an isolation of the
compound possible. Gold was found to be a suitable alternative in combination with boron,
especially because it seemed to be possible to distinguish between gold and boron in a
cross-coupling reaction. By performing a selective metal-exchange reaction it was possible to
synthesize the thiophene derivative M1-36 as first compound that contains both gold and a

boron moiety starting from the dinucleophile M1-9 (Scheme 19).

CIAuPPh;,
iPrOH, 20h,
/\ 40°C s
PinB S SnMe; — > PinB s AuPPh;
M1-9 M1-36, 96%

Scheme 19. Synthesis of the first both gold and boron difunctionalized dinucleophile.

To transfer these reaction conditions to the phenyl-, hexylthiophene- or indole derivatives
(M1-17, M1-26, M1-27) remains a task for the future. The solubility of the reactants seems
to have a high impact on this type of metal-transfer reaction. With this knowledge it could
be possible to optimize these reaction conditions for other dinucleophilic compounds by
replacing the solvent to a more polar system like methanol, varying the temperature and

reaction time.
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As the present synthesis of dinucleophile M1-36 still relies on a toxic stannyl group, work is
ongoing on routes that will avoid this functional group: With a better understanding of the
reactivities of the reagents required to prepare dinucleophiles of type M1-36, one can be
confident that this functionality can be avoided in the future. One approach might be to
consider other metal-gold exchange reactions. Therefore a preferred exchange order of
different metals has to be investigated, including metals like silicon and copper as well as

metals that are introduced in situ like magnesium and zinc.

The use of this new dinucleophile M1-36 in a nucleophile selective cross-coupling reaction
led to a nearly full conversion of the electrophile. An isolation of the coupling product
however has not been possible to date, as it seems that undesired (coupling) reactions

occurred after the desired reaction.

I\ + ﬂ CCR I\ S Trappi f thi ies b
. . XAuPPh pping of this species by
PinB™ ~g~ ~AuPPh; X" g PinB™ ~g \ /  AAURENS modifying X will prevent a

M1-36 83 78 boron-gold exchange!

Scheme 20. A boron-gold exchange must be avoided. Modifying the electrophile might lead to
success by the modification of the functional group X in 85.

A particularly valuable insight is that the gold species that results from the catalytic cycle,
BrAuPPh; may perform another metal exchange reaction with the boronic ester. This in turn
was likely to be the cause of an undefined mixture of coupling products. This type of reaction
shows a large potential for further developments: Optimization reactions have to be
performed as well as mechanistic studies need to be made by isolation of intermediates. It is
speculated that trapping the gold moiety might lead to a success in this case (Scheme 20). In
general the reaction of gold with other metals seems to be a factor that requires further

investigation studies.
Gold-Functionalized Thiophene-Type Monomers in Polymerization Reactions

As it has never been shown before, it was planned to synthesize air stable aromatic
organogold compounds containing besides a halogen functional group a gold moiety. With
this the best conditions for a polymerization reaction were created that could follow the
kinetics of a living polymerization type reaction. It was possible to synthesize such a
monomer M2-8 bearing two thiophene units that could be used with success in
polymerization reactions. In a catalyst screening for the polymerization reaction two

different polymers were found: Most catalysts gave regio regular HH-TT P3HT (Scheme 21,
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M2-14) as product, only when [Pd(PtBus),] was used as catalyst species the expected regio
regular HT-P3HT was synthesized (Scheme 21, M2-15). Kinetic studies were performed and
led to a number of unusual, unexpected discoveries: The polymerization to give M2-14
appeared to be a step growth process; with [Pd(PtBus),] it was chain growth. In the former
cases the product seems to arise from homocoupling reactions that take place exclusively,

whereas in the latter case the expected cross-coupling was observed.

nHex
[Pd(tBus),] I\ s
nHex g Wl r-HT-P3HT
n M2-15
I\ s Br nHex
Ph3PAU S \ /
nHex  nHex
. nHex
W28 ,,/\ s A NS | mHT-HH-TT-P3HT
13 other [Pd] containing S \ /) S \_/ M2-14
catalyst species n

nHex nHex

Scheme 21. One monomer leads to two different, but well-defined regio-regular polymers by
changing the catalyst.

The most interesting result was that the [Pd(PtBus);] catalyst performs a ligand exchange
reaction with the phenyl ligands of the gold monomer. It seems as if the reactive species that
leads to the regio regular HT-P3HT, is formed in situ; nevertheless the reaction appears to be
chain growth. To clarify the reason for this behavior and further improve the control of the
reaction (by forcing a faster initiation event) the next step will be to synthesize and isolate
the gold monomer M2-16, which appears to be formed immediately with the catalyst
species. The synthesis of M2-16 will proceed similar to the synthesis of the monomer M2-8,
entirely with CIAuPtBus as reactant instead of CIAuPPhs. The resulting monomer M2-16 has
to be used in a polymerization reaction in order to continue and complete the kinetic studies

for this project (Scheme 22).

nHex nHex
[Pd(PtBU3)2]
s__pg _THR70°C I\ s |
n
M2-16 nHex M2-15 nHex

Scheme 22. The improved monomer M2-16 with tert-butylphenyl ligands on the gold atom has to be
synthesized and used in polymerization reactions in order to complete the kinetic studies for this
project.



84 4 Summary and Outlook

The described syntheses and methods are the basis of new semiconducting polymers and
offer alternative routes for present syntheses. The monomers can be easily synthesized of
two different aromatic systems and include a metal that allows isolation. It is a long term
goal to transfer these methods to new and promising monomers. The resulting polymers will

have to be tested on their properties in optoelectronic devices.
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5 Experimental Section
5.1 Supporting Information on Chapter 3.1.

5.1.1 Supporting Information for Org. Lett. 2013, 15, 4666-4669.
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Abbreviations

A
anhyd.
Ar
ATR
caled.
CI
COSY
d
DEPT
DMF
dppe
dppf
EA
EIl
Fur
GC
GC-MS
HMBC
HSQC
IR
LOQ
m

m
MDL
M.p.
MS
MW
n
Naph
Pin
Pyr
RF

s

s
SPhos

THF
TMEDA
Tph

area
anhydrous

aryl

attenuated total reflectance

calculated

chemical ionization

correlated spectroscopy

doublet (NMR)

distortionless enhancement by polarization transfer
N,N-dimethylformamide
1,2-bis(diphenylphosphino)ethane
1,1'-bis(diphenylphosphino)ferrocene
elemental analysis

electron ionization

furan

gas chromatography

gas chromatography-mass spectrometry
heteronuclear multiple bond coherence
heteronuclear single quantum coherence
infrared

limit of quantification

medium (concerning the intensity) (IR)
multiplet (NMR)

method detection limit

melting point

mass spectrometry

microwave

amount of substance

naphthalene

pinacol

pyridine

response factor

strong (concerning the intensity) (IR)
singlet (NMR)
2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl
triplet (NMR)

tetrahydrofuran
N,N,N’,N’-tetramethylethylenediamine
thiophene

weak (concerning the intensity) (IR)

S1
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General Methods and Materials

All syntheses were carried out using standard Schlenk techniques or in a glovebox under a dry and inert nitrogen
atmosphere. Glassware and NMR-tubes were dried in an oven at 200 °C for at least 2 h prior to use. Reaction
vessels were heated under vacuum und purged with nitrogen three times before adding reagents.

Analyses

"HNMR, *C NMR, "B NMR and '"”Sn NMR spectra were recorded at 300 K.

'H NMR spectra were recorded on a Bruker AC 200 (200 MHz) spectrometer, a Bruker ARX 300 (300 MHz)
spectrometer or a Bruker DRX 500 (500 MHz) spectrometer. *C NMR spectra were recorded on a Bruker AC
200 (50 MHz) spectrometer, a Bruker ARX 300 (75 MHz) spectrometer or a Bruker DRX 500 (125 MHz)
spectrometer. ''B NMR and '"?Sn NMR spectra were recorded on a Bruker DRX 500 (160 MHz and 187 MHz)
spectrometer.

'H NMR and *C NMR spectra were referenced against the solvent peak. ''B NMR spectra were referenced
against BF;-OEt, in CDCl;, the reference of the 19Sn NMR spectra was calculated based on the 'H NMR signal
of tetramethyl silane (TMS).

The exact assignment of the peaks was proved by 'H, >C DEPT and two-dimensional NMR spectroscopy such
as "H COSY, *C HSQC or 'H/"*C HMBC when possible.

All melting points were recorded on a LG1586 Electrothermal® IA6304 capillary melting point Apparatus and
are uncorrected.

IR spectra were recorded on a Perkin Elmer Paragon 1000 FT-IR spectrometer with a A531-G Golden-Gate-
ATR-unit.

EI/CI mass spectra were recorded on a Finnigan MAT 8200 or a Finnigan MAT 8230 apparatus.

Ultra High resolution ESI mass spectra were recorded on a Bruker Daltonics Apex IV Fourier transform Ion
Cyclotron resonance mass spectrometer. The high resolution EI mass spectra was run on a VG Analytical
Autospec apparatus.

The MALDI-Tof-Tof mass spectra were recorded on a Applied Biosystems 4700 Proteomics analyser
spectrometer and a dithranol matrix in methanol. The polymer was dissolved in THF.

GC-MS analysis was performed on a Hewlett Packard 5890A gas chromatograph, equipped with a Hewlett
Packard 5972A mass selective detector and an Agilent Technologies dimethylpolysiloxane column (19091S-
931E, nominal length 15 m, 0.25 mm diameter, 0.25 pm grain size).

GC analysis was performed on an Agilent Technologies 6890N gas chromatograph, equipped with an Agilent
Technologies 7683 Series Injector, an Agilent Technologies (5 %-phenyl)-methylpolysiloxane column (19091J-
413, nominal length 30 m, 0.32 mm diameter, 0.25 pm grain size) and a flame ionization detector (FID).

All microwave irradiation reactions were carried out on a Biotage” Initiator+ SP Wave synthesis system, with
continuous irradiation power from 0 to 300 W. All reactions were carried out in 5 mL oven-dried Biotage
microwave vials sealed with an aluminum/Teflon” crimp top, which can be exposed to a maximum of 250 C
and 20 bar internal pressure. The reaction temperature was measured by an IR sensor on the outer surface of the
process vial.

Chemicals

All reagents were used without further purification unless otherwise noted.

Compound Supplier Purity Comment
1,3,5-Triisopropylbenzene Alfa Aesar Inc. 96 % distilled
1-Bromobenzene ABCR 99.5 %
1-Bromohexane Sigma Aldrich Inc. 98 %
1-Bromo-2-iodobenzene ABCR Inc. 99 %
1-Bromo-4-iodobenzene ABCR Inc. 98 %
1-Iodobenzene Acros Inc. 98 %
1-Iodophenol Alfa Aesar Inc. 99 %
2-Bromo-3-hydroxypyridine Alfa Aesar Inc. 99 %
2-Bromopyridine VWR Inc. 99 %
2-Bromothiophene Sigma Aldrich Inc. 98 %
2-lodo-4-bromoaniline Acros Inc. 98 %
2-Iodopyridine Acros Inc. 98 %
2-lodothiophene Acros Inc. 98 %
5-Bromo-2-iodopyridine Alfa Aesar Inc. 97 %

Acetic acid Merck Inc. 99.8 % anhydrous
Ammonium chloride Griissing Inc. 99.5 %
Bromine Acros Inc. 99.99 %

S2
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Hydrobromic acid
Hydrochloric acid
Iodine

Iodomethane

K,CO;s

Magnesium
Magnesium sulfate
Mesitylene
Methyllithium
Molecular sieve, 3 A
[Ni(dppp)CL]
N-Iodosuccinimide
n-Butyllithium
[Pd(OAC),]
[Pd(PPhs),]

pinacol
p-Toluenesulfonic acid
monohydrate
Sodium

Sodium chloride
Sodium sulfate
SPhos

Thiophene

TMEDA
Trifluoromethanesulfonic  acid
anhyd.

Triisopropyl borate
Trimethyltin chloride
Zinc

Solvents

Fischer Chemicals Inc.
Griissing

Griissing

Alfa Aesar Inc.

Fluca Inc.

Merck Inc.

Griissing Inc.

Merck Inc.

Acros Inc.

Alfa Aesar Inc.
ABCR Inc.

Molekula

Acros Inc.

Strem Chemicals Inc.
ABCR Inc.

ABCR Inc.

Acros Inc.

Merck Inc.

Griissing Inc.
Griissing Inc.

Strem Chemicals Inc.
VWR Inc.

Acros Inc.

Sigma Aldrich Inc.

Strem Chemicals Inc.
Acros Inc.
Merck Inc.

48 %

37 %

99.5 %

99 %

99.99 %

99.5 %

99 %

98 %

1.6 M in diethyl ether

resublimed
distilled

99 %

95 %

2.5 M in hexanes
>908 %

99 %

99 %

98.5 %

>99 %
99.5 %
99 %

>98 %
99 %

99.5 %
>99 %

distilled

>98 %
99 %
99.99 %

All solvents were used freshly distilled after refluxing for several hours over the specified drying agent under
nitrogen and were stored in a J. Young’s-tube. If no drying agent is noted, the solvents were only distilled for

purification purposes.

Diethyl ether -
Dioxane
DMF

Ethyl acetate -

Sodium with benzophenone as an indicator; stored over 3 A molecular sieve

CaH,; stored over 3 A molecular sieve

Sodium with benzophenone as an indicator; stored over 3 A molecular sieve

n-Hexane

Methanol HPLC grade, used as received.

Pentane B

Pyridine Distilled from NaH, then dried and stored over 3 A molecular sieve

THF Sodium with benzophenone as an indicator; stored over 3 A molecular sieve

Toluene Sodiqm with benzophenone as an ?ndicator; degassed by freeze-pump-thaw
technique, stored over 3 A molecular sieve

Chromatography

For the chromatographic purification, silica gel (Macherey-Nagel Inc., grain size 0.040 - 0.063 mm) was used.
Thin layer chromatography was performed using pre-coated plates from Macherey-Nagel Inc., ALUGRAM®
Xtra SIL G/UV254. Most chromatography purifications were carried out using an Interchim Puriflash 430
system, where cadriges of Interchiem (silica HC, grain size 50 um, 120 g or 80 g) were used.

S3
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GC Optimization Reactions

The yields for the optimization reactions were determined by GC by a multiple point internal standard method,
using 1,3,5-triisopropylbenzene as a standard. The following equation was used for the calculation of the yields:

A(analyte) y n(standard)
A(standard) RF

n (analyte) =

where » 1s the amount of substance, 4 the integrated area and RF" a system specific response factor.
For the calibration curve, known amounts of the analyte and 1,3,5-triisopropylbenzene were used. The response
factor RF was obtained from the slope of the resulting calibration curve (Figures SI 1 and SI2).

1
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2 S 1\ o. Me
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n{analyte)/n{standard)

Figure SI 1. Calibration curve for 2-(5'-bromo[2,2'-bithiophen]-5-y1)-4,4.5,5-tetramethyl-1,3,2-dioxaborolane
(5a), using 1,3,5-triisopropylbenzene as an internal standard.
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Figure SI 2. Calibration curve for 2-(4'-n-hexyl-5'-bromo[2,2'-bithiophen]-5-y1)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (5b), using 1,3,5-triisopropylbenzene as an internal standard.
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General Procedure 1.
Optimization reactions under thermal conditions:

A solution of 4,4,5,5-tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (1) (186 mg, 0.50
mmol), the electrophile 2 or 3 (0.50 mmol), the catalyst (1-10 mol% and the internal standard 1,3,5-
triisopropylbenzene (100 pL, 86.0 mg, 0.43 mmol) were dissolved in the solvent and heated to the required
temperature for the specified time. After certain time intervals, a sample (0.1 mL) was taken from each reaction
vessel, filtered through a short plug of silica (5 x 3 mm; eluent: ethyl acetate) using a syringe filter, and was then

used for GC analysis.

For all reaction conditions, the parameters were varied as specified in Table SI 1.

Table SI 1. Optimization reactions for the synthesis of 2-(5'-bromo[2,2'-bithiophen]-5-yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane 5a.

e iy Aot

Me,;Sn g | Br — > °F B’

S ‘Z\Me S \ /] S \ Me

1 O Me 2 5a O] Me
Me Me

Entry  Solvent Catalyst Loading T[°C] t [h] Yield [%]

1 Dioxane [Pd(PPh;),] 5 mol% 110 0.75 13

2 Dioxane [Pd(PPh;),] 5 mol% 110 1.33 23

3 Dioxane [PA(PPh;),] 5 mol% 110 3 41

4 Dioxane [Pd(PPh;)4] 5 mol% 110 6 53

5 Dioxane [Pd(PPh;)4] 5 mol% 110 9 45

6 Dioxane [Pd(PPh;)4] 5 mol% 55 6 0

7 Dioxane [PA(PPh;),] 5 mol% 55 9 1

8 Dioxane [Pd(PPh;)4] 5 mol% 55 12 2

9 Dioxane [Pd(PPh;)4] 5 mol% 55 15 1

10 Dioxane [Pd(OAc),])/SPhos 1 mol% 110 0.75 8
[Pd(OAc),]
2 mol% SPhos

11 Dioxane [Pd(OAc),])/SPhos 1 mol% 110 1.33 7
[Pd(OAc),]
2 mol% SPhos

12 Dioxane [Pd(OAc),)/SPhos 1 mol% 110 3 8
[Pd(OAc)]
2 mol% SPhos

13 Dioxane [Pd(OAc),])/SPhos 1 mol% 110 6 8
[Pd(OAc),]
2 mol% SPhos

14 Dioxane [Pd(OAc),])/SPhos 1 mol% 110 9 6
[Pd(OAc),]
2 mol% SPhos

15 Toluene [[Pd(OACc),]/SPhos 1 mol% 110 0.75 7
[Pd(OAC),]
2 mol% SPhos

16 Toluene [Pd(OAc),])/SPhos 1 mol% 110 1.33 8
[Pd(OAc),]
2 mol% SPhos

17 Toluene [Pd(OACc),])/SPhos 1 mol% 110 5 8
[Pd(OAc),]
2 mol% SPhos

18 Toluene [Pd(OAc),])/SPhos 1 mol% 110 9 6
[Pd(OAc),]
2 mol% SPhos

19 Toluene [Pd(OACc),])/SPhos 1 mol% 110 16 5
[Pd(OACc),]
2 mol% SPhos

20 Toluene [Pd(PPh;),] 5 mol% 55 6 0
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21
22
23
24
25
26
27
28
29

30

31

32

33
35
36
37
38
39
40
41
42
43
44
45

Toluene
Toluene
Toluene
DMF
DMF
DMF
DMF
DMF
DMF

DMF

DMF

DMF

DMF
DMF
DMF
DMF
Pyridine
Pyridine
Pyridine
Pyridine
Pyridine
Pyridine
Pyridine
Pyridine

[Pd(PPh;).]
[Pd(PPh;).]
[Pd(PPhs)]
[Pd(PPhs)]
[Pd(PPh;).]
[Pd(PPh;).]
[Pd(PPhs).]
[Pd(PPh;).]
[PA(OAC),)/SPhos

[Pd(OAc),]/SPhos
[Pd(OACc),]/SPhos
[Pd(OAc),]/SPhos

[Pd(PPh,),
[PA(PPh,),
[PA(PPh,),
[PA(PPh,),
[PA(PPh,),
[Pd(PPh,),
[Pd(PPh,),
[PA(PPh,),
[PA(PPh,),
[PA(PPh,),
[PA(PPh,),
[Pd(PPh,),

T Y Y B S W M L

5 mol%

5 mol%

5 mol%

5 mol%

5 mol%

5 mol%

5 mol%

5 mol%

1 mol%
[Pd(OAc),]

2 mol% SPhos
1 mol%
[Pd(OAc),]

2 mol% SPhos
1 mol%
[Pd(OAc),]

2 mol% SPhos
1 mol%
[Pd(OAc),]

2 mol% SPhos
5 mol%

5 mol%

5 mol%

5 mol%

5 mol%

5 mol%

5 mol%

5 mol%

5 mol%

5 mol%

5 mol%

5 mol%

55
55
55
55
55
55
55
55
70

70

70

70

70
70
70
70
55
55
55
55
55
70
70
70

12
15

12
15
18
12

15

18

21

12
15
18
21

12
15
18
18
21
12

50
67
87
88
95

91
96
95
95

17
22
25
27
52
57
60

Table SI 2a. Optimization reactions for the synthesis of 2-(3'-n-hexyl-5'-bromo[2,2'-bithiophen]-5-y1)-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane 5b using reaction conditions described in General Procedure 1.

OMe

n-Hex

/ \

3

. S / \ /O Me
Me3Sn™ g B IMG I s \ S BbIMe
0]
1 Me Me n-Hex sb Me Me
Entry Solvent Catalyst Loading T [°C] t [h] Yield [%]
1 DMF [Pd(PPh),] 5 mol% 55 15 49
2 DMF [PA(PPh3)4] 5 mol% 55 18 60
3 DMF [PA(PPhs)4] 5 mol% 55 21 56
4 DMF [PA(PPh3)4] 5 mol% 55 24 64
5 DMF [PA(PPh3)4] 5 mol% 55 30 70
6 DMF [PA(PPh3)4] 5 mol% 55 39 74
7 DMF [PA(PPh3)4] 5 mol% 55 48 74
8  DMF [PA(PPhs),] 2 mol% 55 15 64
9 DMF [PA(PPh3)4] 2 mol% 55 18 65
10 DMF [PA(PPhs)4] 2 mol% 55 21 70
11 DMF [PA(PPh3)4] 2 mol% 55 24 79
12 DMF [PA(PPh3)4] 2 mol% 55 30 80
13 DMF [PA(PPh3)4] 2 mol% 55 39 69
14  DMF [Pd(PPhs),] 2 mol% 55 48 68
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15 DMF [Pd(PPhs),] 10 mol% 55 15 45
16  DMF [Pd(PPhs),] 10 mol% 55 18 54
17  DMF [Pd(PPh;).] 10 mol% 55 21 63
18  DMF [Pd(PPh;).] 10 mol% 55 24 60
19 DMF [Pd(PPhs).] 10 mol% 55 30 77
20 DMF [Pd(PPhs),] 10 mol% 55 39 69
21  DMF [Pd(PPh;).] 10 mol% 55 48 67
22 DMF [Pd(PPhs),] 5 mol% 70 72 54
23 DMF [Pd(PPh;).] 5 mol% 70 15 67
24  DMF [Pd(PPh;).] 5 mol% 70 18 68

General Procedure 2.
Optimization reactions under microwave conditions:

A solution of the electrophile 3 (372 mg, 1.00 mmol), 4,4,5,5-tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-
1,3,2-dioxaborolane (1) (448 mg, 1.2 mmol), [Pd(PPh;),] (20 mg, 2 mol%) and the internal standard 1,3,5-
triisopropylbenzene (100 pL, 86 mg, 0.43 mmol) in DMF (4 mL) was heated to 100 °C in a microwave
apparatus. After 10, 20 and 30 minutes, a sample (0.1 mL) was taken from the reaction vessel, filtered through a
short plug of silica (5 x 3 mm; eluent: ethyl acetate) using a syringe filter and was then used for GC analysis.

Table SI 2b. Optimization reactions for the synthesis of 2-(3'-n-hexyl-5'-bromo[2,2'-bithiophen]-5-y1)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane 5b using microwave reaction conditions.

n-Hex
/@\ o. Me /ﬂ\ [Pd(PPh3)4] s ]\ o Me
Me,Sn B~ | Br ————— > Br B”
3 S 4 Me S \ / S \ Me
1 O~ F~Me 3 s O] Me
Me n-Hex Me
Entry Solvent / mL Catalyst-Loading T[°C] ¢ [min] Yield [%]
1 DMEF/ 4 0.5 mol% 150 2 16
2 DMEF/ 4 0.5 mol% 150 4 18
3 DMEF/ 4 0.5 mol% 150 6 68
4 DMF/ 4 0.5 mol% 150 8 18
5 DMEF/ 4 2 mol% 120 10 88
6 DMF/ 4 2 mol% 120 20 95
7 DMEF/ 4 2 mol% 120 30 85
8 DMEF/ 4 2 mol% 100 10 88
9 DMEF/ 4 2 mol% 100 20 >99
10 DMF/ 4 2 mol% 100 30 >99
11 DMEF/ 4 2 mol% 80 10 12
12 DMF/ 4 2 mol% 80 20 24
13 DMEF/ 4 2 mol% 80 30 38
14 DMEF/ 4 2 mol% 80 45 46
15 DMEF/ 4 2 mol% 80 60 55
16 DMF/ 4 2 mol% 80 120 80
17 DMEF/ 4 2 mol% 80 210 >99
18 DMF/ 2 2 mol% 100 20 >99
19 DMF/ 2 1 mol% 100 10 71
20 DMF/ 2 1 mol% 100 20 93
21 DMF/ 2 1 mol% 100 30 >99
22 DMF/ 2 1 mol% 100 45 >99
23 DMF/ 1 1 mol% 100 10 67
24 DMEF/ 1 1 mol% 100 20 84
25 DMF/ 1 1 mol% 100 30 78
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Example of an unselective coupling reaction:

DMF,
Bre S| /@\ [Pd(PPh3)4] (5 mol%),I s I\ s I\
\ / + MesSn—~g” ~BPin 55°C,18h () s” TBPin, Br () s~ TBPin
n-Hex 4b 5b
3 n-Hex n-Hex

A solution of 4,4,5,5-tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (1) (186 mg, 0.50
mmol), the electrophile 3 (187 mg, 0.50 mmol), [Pd(PPh;)4] (28 mg, 5 mol%) and the internal standard 1,3,5-
triisopropylbenzene (100 uL, 86.0 mg, 0.43 mmol) were dissolved in DMF and heated to 55°C for 18 h. Then,
the mixture was cooled to 20 °C and diethyl ether (10 mL) was added to the solution. The aqueous layer was
washed with brine (3 x 10 mL), dried over sodium sulfate and the solvent was removed in vacuo. The resulting
green liquid was purified by column chromatography to afford the mixture of 4b and 5b (See Figure SI 3).

a)
H H
s. A\
! () s~ TBPin Br \S/ /S»\BPin
H n-Hex n-Hex H
4b 5b

I Jl | e [
i T N | [

T T T T T
7.55 7.50 7.45 7.40 7.35 7.30 7.25 7.20 7.15 7.05 7.00 6.95 6.90 6.85 6.80 6.75 6.70 6.65

7.10
f1 {ppm}

S8



94 5 Experimental Section

b)

T ra 'Y

1.8 1. 16 15 14 13 12 11 10 09 08
f1 (ppm)

- N

0.7

N s
g

693 692 691 690 689 688 687 686 685 6f.84{ ?.83 682 681 680 679 678 677 676 675
1 {ppm

T
6.74

Figure SI 3. 'H NMR spectrum of the purified mixture of 4b and 5b. a) Aryl region; b) Alkyl region; integration
of the signals was impossible due to signal overlay. For a comparison with the pure 5b, see page SI 37; c)
[lustration of the detection limit of the NMR spectrometer: the peak on the left is assigned to the product 5b
(integration value: 100), the peak to the right is the corresponding peak of the corresponding byproduct 4b. In
case of the teale spectrum (compare figure 3a), the ratio of 5b to 4b is 100:7. In case of the red spectrum it is

100: 0.3. Therefore, the detection limit of the NMR spectrometer is > 0.3%.
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Reactions with Competing Electrophiles

The yields for the reactions with the competing electrophiles were determined by GC by a multiple point internal
standard method, using 1,3,5-triisopropylbenzene as a standard. The following equation was used for the
calculation of the yields:

Afanalyte) n(standard)

A(standard) o RF

n (analyte) =

where 7 is the amount of substance, A the integrated area and RF a system specific response factor.
For the calibration curve, known amounts of the analyte and 1,3,5-triisopropylbenzene were used. The response
factor RF was obtained from the slope of the resulting calibration curve (Figures SI 3- 8).

Typical procedure for the competitive reactions under microwave conditions:

A solution of 4,4,5,5-tetramethyl-2-(5-(trimethylstannyljthiophen-2-y1}-1,3,2-dioxaborolane (1) (448 mg, 1.20
mmol), the competing electrophiles (each 1.00 mmol), [Pd(PPh;),] (23 mg, 2 mol%) and the internal standard
1,3,5-triisopropylbenzene (100 pL, 86.0 mg, 0.43 mmol) were dissolved in DMF (4 mL) and heated to 100 °C in
a microwave apparatus. After 20 minutes, a sample (0.1 mL) was filtered through a short plug of silica

(5 x 3 mm; eluent: ethyl acetate) using a syringe filter and was then used for GC analysis.

In case of pyridine as electrophile, the time had to be increased, see table SI 3.

Table SI 3. Reactions with competing electrophiles using microwave reaction conditions.

DMF, [Pd(PPhg)y],
7\ 3 C MW I\ Ar-B
Me;.,SnD\BPIn - 6L 100G > Ar/O\Bpin * r

S B S
1 ' 29, 31, 33
iankel

entry electrophiles® product time (min) con\Iie?r]zlron Yield (%)

s. I
1 ) (s’ EPn 20 100: n® 784l

2
BPIn . [d]

2 L, s 20 100: n 92

N Bpi - né -
3 2, Daa 20 23 1

N Bpin - =
4 L, s 30 25 n

N Bpin -8 .
5 L, e 60 43: 1

N Bpi BN 4 -
6 L, b e 90 47 n

Ny Bpi v g -
7 L, D 150 66: 1

N Bpi « 18 -
8 L, Y n 210 76: 1
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B

9 CL O/Q Bpin 250 86: n® -
N7 ~X =N 33

- uaw ,

10 L [ NNs”8pin 300 100: n® 89l4!
N X =N 33

* The dinucleophile (1.00 mmol) the bromide (1.00 mmol) and the iodide (1.00 mmol) reacted under the
described reaction conditions for the specified reaction time. ° X = Br or I, 1:1. ¢ The conversion was monitored
by GC. ¢ Isolated Yield. ® ¢ The method limit of detection was determined to be: n® = 0.4%; n' = 0.4%, n® =
0.7%. In none of the cases, the unselective product was observed.

Thiophene Derivatives
0.3 -
y =0.2785x
—_§ 0.25 A
T
2
s 0.2 -
<2
< 015 -
g
=
©
c 0.1 -
< r
0.05 A S
0 T T T T 1
0 0.2 0.4 0.6 0.8 1
n(analyte)/n(standard)

Figure SI 4. Calibration curve for 2-bromothiophene (28a), using 1,3,5-triisopropylbenzene as an internal
standard.

0.25 -

0.2 - y = 0.2714x

0.15 -

A (analyte)/A (standard)

0.1 -
g
0.05 - S
O T T T T 1
0 0.2 0.4 0.6 0.8 1

n(analyte)/n(standard)

Figure SI 5. Calibration curve for 2-iodothiophene (28b), using 1,3,5-triisopropylbenzene as an internal
standard.

S11



5 Experimental Section 97

Benzene Derivatives

0.5 - y = 0.439x

0.4 -
T
(5]
©
S 0.3 -
k)
§ 0.2
(V] . -
=
©
c
< 0.1 - ©\
<= Br

O T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2
n(analyte)/n(standard)

Figure SI 6. Calibration curve for 2-bromobenzene (30a), using 1,3,5-triisopropylbenzene as an internal
standard.

0.5 +
—_ =0.4126
3 04 - y X
C
©
[
©
% 03 -
S
g
> 0.2 -
©
[
K
<01 - ©\
I
O T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2
n(analyte)/n(standard)

Figure SI 7. Calibration curve for 2-iodobenzene (30b), using 1,3,5-triisopropylbenzene as an internal standard.
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Pyridine Derivatives

0.8 -~
—_ y = 0.302x
206 -
(T
©
c
©
2
; 0.4 -
2
=
©
s
— 0.2 A
< | X

~
N Br
0 T T T T 1
0 0.5 1 1.5 2 2.5
n(analyte)/n(standard)

Figure SI 8. Calibration curve for 2-bromopyridine (32a), using 1,3,5-triisopropylbenzene as an internal
standard.

0.6 ~

y =0.2903x
0.4 -

0.2 -

A (analyte)/A (standard)
o
w

0 T T T T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8

n(analyte)/n(standard)

Figure SI 9. Calibration curve for 2-iodopyridine (32b), using 1,3,5-triisopropylbenzene as an internal standard.
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The method detection limit (MDL) of 28b, 30b and 32b was determined by preparing a series of solutions of
each compound and analyzing them following an established protocol.!
The following equation was used for the calculation ratio of calculated and measured yield:

A{analyte) n{analyte)

A{standard) x RF — n(standard)

where » 1s the amount of substance, 4 the integrated area and RF a system specific response factor.
The standard deviation (S) was calculated using:

(5)? = = (B4 (xP) — CLa x)?/1l,

Where in our case x, = 1 to n with n = 10 where the values are the analytical results in % of analyte with respect
to standard. These values were obtained from 10 samples per analyte which were diluted individually for each
sample to a nominal concentration of, for 28b = 4.8% analyte to standard (7.94 umol /10 mL for the analyte);
30b = 4.9% analyte to standard (8.08 umol /10 mL for the analyte); 32b = 4.8% analyte to standard (7.98 umol
/10 mL for the analyte). This led to values of S of for 28b = 0.146%; 30b = 0.146%;; 32b = 0.241%.

The MDL is defined as
MDL = (§) x (¢),

Where the t is defined as the Student’s t-value. In our case of 10 replicates and 9 degrees of freedom, the t-value
1s: 2.821.

The limit of quantification (LOQ) is defined as

LOQ =10 x (5).
Compound MDL in %o LOQ (%)
2-Todothiophene (28b) 0.4 LS
Iodobenzene (30b) 0.4 1.5
2-Todopyridine(32b) 0.7 2.4

(1) Wisconsin Department of Natural Resaurces 1996, Analytical Detection Limit Guidance and Laboratory Guide for Determining Method
Detection Limits, Wisconsin Department of Natural Resources Laboratory Certification Program, PUBL-TS-056-96.
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Syntheses

4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (1)

M
MeSSn/@\ B’OI °

S \ Me

Me
Me

Methyllithium (625 pL, 1.00 mmol, 1.60 M in diethyl ether) was added within 10 min to a suspension of 2,5-
bis(trimethylstannyl)thiophene (410 mg, 1.00 mmol) in THF (6 mL) at -100 °C. The slightly yellow solution was
stirred for 2 h at -78 °C. 2-Isopropyloxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (186 mg, 1.00 mmol) was
slowly added at this temperature and stirred for 1 h. Then the reaction mixture was warmed to 20 °C within 12 h
without removing the cooling bath and was then quenched with water. The aqueous layer was washed with
diethyl ether (3 x 20 mL). The combined organic layer were washed with brine (1 x 20 mL) and dried over
sodium sulfate. The solvent was removed in vacuo and the crude product was purified by sublimation® (30 °C,
2 x 10 mbar) to afford 205 mg (55 %) of a colorless solid.

Note: the compound was unstable to silica gel chromatography.

"H NMR (500 MHz, CDCly): 8= 7.79 (d, 1 H, *°J = 3.2 Hz, Tph-H), 7.33 (d, 1 H, *J = 3.2 Hz, Tph-H), 1.37 (s,
12 H, pin-CHj;), 0.40 (s, 9 H, Sn(CH;);) ppm.

BC NMR (126 MHz, CDCl;): & = 146.5 (Tph-C), 137.8 (Tph-CH), 136.3 (Tph-CH), 84.1 (pin-C(CHs),), 24.9
(BO,C(CHs)y), -8.1 (Sn(CHs)s) ppm.”

9Sn NMR (187 MHz, CDCl5): & = -26.8 ppm.

"B NMR (160 MHz, CDCl5): & = 28.8 ppm.

M.p.: 84 °C.

IR (ATR): 7= 2978 (m), 2920 (w), 1510 (s), 1418 (s), 1331 (s), 1254 (m), 1138 (s), 1064 (s), 1021 (m), 957 (m),
928 (m), 853 (m), 820 (m), 770 (s), 665 (s), 533 (s) cm .

HRMS (ESI): m/z found 397.0432; calcd. for C3H,3BNaO,SSn 397.0426.

The NMR data are in agreement with the our previous work.*

2-Bromo-5-iodothiophene (2)

c b
g
Br d s  a |
In the dark, 2-bromothiophene (4.89 g, 30.0 mmol) was dissolved in a mixture of chloroform (40 mL) and acetic
acid (20 mL). Then, N-iodosuccinimide (7.88 g, 35.0 mmol) was added and the reaction was allowed to proceed
for 16 h at 20 °C. The solution was concentrated in vacuo, neutralized with NaHCO; (1M, 50 mL) and extracted
with n-hexane. The combined organic layers were dried over magnesium sulfate and the solvent was removed in

vacuo. Finally, the product was distilled (1 mbar, 70 °C) to yield 6.76 g (78 %) of a bright yellow solid.

"H NMR (200 MHz, CDCly): 6 = 7.01 (d, 1H, >J = 3.8 Hz, Tph-H), 6.73 (d, 1H,>J = 3.8 Hz, Tph-H) ppm.
BC NMR (50 MHz, CDCLs): & = 137.5 (Tph-CH), 131.7 (Tph-CH), 115.2 (Tph-C), 72.2 (Tph-C) ppm.
M.p.: 116 °C.

IR (ATR): #= 3091 (w), 1731 (w), 1567 (w), 1508 (m), 1397 (m), 1202 (m), 968 (s), 929 (m), 780 (s) cm"".
MS (EL 70 eV): m/z (%) = 290/288 (100/98) [M]", 163/161 (13/13) [M -I]".

MS (CL isobutane): m/z (%) = 291/289 (45/50) [M +H]", 290/288 (95/100) [M]".

The NMR data are in agreement with the data found in the literature where a different preparation procedure for
this compound was used.’

(2) An impurity sublimed first (25 °C, 2 x 10~ mbar).

(3) The carbon atom bound to boron was not visible due to the high quadrupole moment of the boron nucleus.
(4) J. Linshoeft, A. C. J. Heinrich, S. A. W. Segler, P. J. Gates, A. Staubitz, Org. Lett. 2012, 14, 5644.
(5)B.T. Holmes, W. T. Pennington, T. W. Hanks, Molecules 2002, 7, 447.

S15



5 Experimental Section 101

2-Bromo-3-n-hexyl-S-iodothiophene (3)
n-Hex

d s a Br

2-Bromo-3-n-hexyl-5-iodothiophene was prepared similar to a method described Smeets et al.’! and was
modified as follows:

In the dark, 2-bromo-3-n-hexylthiophene (566 mg, 2.30 mmol) was dissolved in a mixture of chloroform
(20 mL) and acetic acid (10 mL). Then, N-iodosuccinimide (697 mg, 3.10 mmol) was added in one portion and
the reaction was allowed to proceed for 16 h. The solution was neutralized using sodium hydrogen carbonate
(1M, 50 mL) and extracted with n-hexane (3 x 15 mL). The combined organic layers were dried over magnesium
sulfate and the solvent was removed ir vacuo. The crude product was purified by Kugelrohr distillation (130 °C,
0.01 mbar) to yield 710 mg (83 %) of a yellow oil.

'I{ NMR (200 MHz, CDCly): § = 6.96 (s, 1H, Tph-H), 2.50 (t, 2H, %7 = 7.8 Hz, Tph-CH,(CH,),CH,), 1.58-1.22
(m. SH, Tph-CH,(CH,),CHs), 0.95-0.84 (m, 3H, Tph-(CH,)sCH,) ppm.

BC NMR (125 MHz, CDCls): 8 = 144.3 (Tph-C-b), 138.0 (Tph-C-c), 111.7 (Tph-C), 70.9 (Thp-C), 31.6, 29.6,
29.2, 28.8, 22.6 (Tph-(CH,)sCHs), 14.1 (Tph-(CH,)sCHs) ppm.

IR (ATR): ¥= 2952 (m), 2923 (s), 2953 (m), 1536 (w), 1458 (m), 1402 (m), 1376 (w), 1191 (m), 994 (s), 902
(m), 826 (s), 725 (m), 578 (w) cm™.

MS (EI, 70 eV): m/z (%) = 373/371 (29)/(27) [M]", 300 (100) [M-BrCsHy,]".

MS (CI, isobutane): m/z (%) = 374/372 (100)/(95) [M + H]".

The NMR data are in agreement with the data found in the literature.®

4,4,5,5-Tetramethyl-2-(5-(5-bromothiophen)thiophen-2-yl)-1,3,2-dioxaborolane (5a)

c__b
sl o e
\ /) ds’a8 l\m
g f O ~Me
Me

4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (374 mg, 1.00 mmol),
[Pd(PPh3)4] (23 mg, 2 mol%) and 2-bromo-3-iodothiophene (288 mg, 1.00 mmol) were dissolved in DMF (4
mL). The mixture was heated to 100 °C in a microwave apparatus for 20 min and was then filtered over a short
plug of celite. The solvent was removed i# vacuo and the crude product was purified by column chromatography
(n-hexane, R¢ = 0.40). Subsequent recrystallization from hexane gave the product as a pale green solid in a yield
of 330 mg (89 %).
"H NMR (500 MHz, CDCly): § = 7.51 (d, 1H, °J = 3.6 Hz, Tph-H-c/f), 7.17 (d, 1H, °J = 3.6 Hz, Tph-H-c/f), 6.97
(m, 2H, Tph-H-b, H-g), 1.35 (s, 12H, pin-C(CHs);) ppm.
C NMR (125 MHz, CDCly): 8 = 143.0 (Tph-C), 138.8 (Tph-C), 137.9 (Tph-CH), 130.7 (Tph-CH), 125.1 (Tph-
CH), 124.4 (Tph-CH), 111.6 (Tph-C), 84.3 (pin-C(CHj),), 24.8 (pin-C(CH,);) ppm.’
"B NMR (160 MHz, CDCI3): § = 28.9 ppm.
M.p.: 91 °C.
IR (ATR): ¥ = 2975 (w), 1515(m), 1463 (s), 1352 (s), 1339 (s), 1315 (s), 1264 (s), 1211 (m), 1141(s), 1064 (s),
1017 (m), 957 (w), 851 (s), 795 (s), 660 (s) cm™.
MS (EI, 70 eV): m/z (%) = 371/369 (100)/(95) [M]".
MS (CI, isobutane): m/z (%) = 372/370 (89)/(100) [M + H]".
HRMS (ESI): m/z found 370.9941; caled. for Cy4H,7BBrO,3; 370.9949.

The NMR data are in agreement with the data found in the literature where the compound was prepared by a
different, lower yielding procedure. ’

(6) A. Smeets, K. V. d. Bergh, J. De-Winter, P. Gerbaux, T. Verbiest, G. Koeckelberghs, Macromolecules 2009, 42, 7638.
(7) O. Henze, D. Parker, W. 1. Feast, J. Mater. Chem. 2003, 13, 1269.
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4,4,5,5-Tetramethyl-2-(5-(5-bromo-3-n-hexylthiophen)thiophen-2-yl)-1,3,2-dioxaborolane (5b)

¢ b

Br a
\ dSaB\IMe
f O—~Me

n-Hex 9 Me

4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (374 mg, 1.00 mmol),
[Pd(PPh3)4] (23 mg, 2 mol%,) and the 2-bromo-3-n-hexyl-5-iodothiophene (288 mg, 1.00 mmol) were dissolved
in DMF (4 mL). The mixture was heated to 100 °C in a microwave apparatus for 20 min and was then filtered
over a short plug of celite. The solvent was removed in vacuo and the crude product was purified by column
chromatography (n-hexane, Ry = 0.7) to afford the product as a green oil in a yield of 351 mg (95 %).

"H NMR (500 MHz, CDCly): & = 7.43 (d, 1H, °J = 3.6 Hz, Tph-H-b/c), 7.08 (d, 1H, *J = 3.6 Hz, Tph-H-b/c),
6.84 (s, 1H, Tph-H-f), 2.48-2.43 (m, 2H, Tph-CH,), 1.55-1.49 (m, 2H, Tph-CH,CH,), 1.29-1.27 (m, 18H, Tph-
(CH,),(CH,)sCHs, pin-C(CHz)s), 0.82 (t, 3H, *J = 6.4 Hz, alkyl-CH;) ppm.

BC NMR (125 MHz, CDCLy): & = 143.4 (Tph-C-e/h), 143.0 (Tph-C-e/h), 137.9 (Tph-CH-b/c), 136.6 (Tph-C-d),
132.3 (Tph-C-g), 125.1 (Tph-C-f), 124.8 (Tph-C-b/c), 108.4 (Tph-C-a), 84.2 (pin-C(CHs)s), 31.6, 29.6, 29.5,
28.8, 22.6 (Tph-(CH,)sCHy), 24.8 (pin-C(CH3),), 14.1 (Tph-(CH,)sCH;) ppm.

"B NMR (160 MHz, CDCl;): § = 28.8 ppm.

IR (ATR): ¥ = 2926 (m), 2855 (w), 1523 (m), 1470 (s), 1425 (m), 1346 (s), 1286 (s), 1140 (s), 1065 (s), 1016
(m), 956 (w), 852 (s), 805 (m), 658 (W), 663 (s) cm .

MS (EI, 70 eV): m/z (%) = 456/454 (82)/(74) [M]", 305 (100) [M-Br-CsH;;]".

MS (CI, isobutane): m/z (%) = 457/455 (65)/(76) [M + H]", 456/454 (100)/(81) [M - H + H]".

HRMS (ESI): m/z found 455.0878; calcd. for C,0H,9BBrO,S, 455.0879.

3-Bromo-2-iodothiophene (6)

dSaI

In the dark, 3-bromo-thiophene (1.63 g, 10.0 mmol) was dissolved in a mixture of chloroform (20 mL) and
acetic acid (10 mL). Then, N-iodosuccinimide (2.70 g, 12.0 mmol) was added in one portion and the reaction
was allowed to proceed for 48 h at 20 °C. The solution was then concentrated in vacuo, neutralized with
NaHCOs; (1M, 50 mL) and extracted with n-hexane. The combined organic layers were dried over magnesium
sulphate and the solvent was removed in vacuo. Finally, the product was distilled (Kugelrohr; 50°C, 0.02 mbar)
to yield a bright orange oil in a yield of 1.65 g (57 %).

"H NMR (200 MHz, CDCl,): & = 7.41 (d, 1H, *J = 5.5 Hz, Tph-H), 6.90 (d, 1H, *J = 5.5 Hz, Tph-H) ppm.

BC NMR (50 MHz, CDCly): & = 132.1 (Tph-CH), 130.3 (Thp-CH), 120.6 (Thp-C-b) ppm.

IR (ATR): v= 3103 (w), 1729 (w), 1568 (w), 1487 (m), 1385 (m), 1334 (s), 1142 (m), 957 (m), 853 (s), 696 (s),
643 (m), 578 (s) cm .

MS (EI, 70 eV): m/z (%) = 289/287 (99/100) [M]", 163/161 (13/13) [M -I]".

MS (CI, isobutane): m/z (%) = 290/289 (40/26) [M +H]", 290/288 (77/100) [M]".

HRMS (EI): m/z found 217.8102; calcd. for C4H,BrIS 287.8105.

The NMR data are in agreement with the data found in the literature where another procedure was performed.®

(8) M. J. Marsella, Z.-Q. Wang, R. J. Reid, K. Yoon, Org. Lezt. 2001, 3, 885.
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4,4,5,5-Tetramethyl-2-(5-(3-bromothiophen)thiophen-2-yl)-1,3,2-dioxaborolane (7)

c b
hSe/\ /OMe
\/ dsaB\IMe
O Me
Me

g fgr

4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (374 mg, 1.00 mmol),
[Pd(PPh;)4] (23 mg, 2 mol%,) and the 3-bromo-2-iodothiophene (289 mg, 1.00 mmol) was dissolved in DMF (4
mL). The mixture was heated to 100 °C in a microwave apparatus for 120 min and was then filtered over a short
plug of celite. The solvent was removed in vacuo and the crude product was purified by column chromatography
(n-hexanes / ethyl acetate (9:1), R¢= 0.28) to afford the product as a pale green solid in a yield of 291 mg (79 %).

"H NMR (500 MHz, CDCl;): & = 7.58 (d, 1H, *J = 3.7 Hz, Tph-H-c), 7.49 (d, 1H, J = 3.7 Hz, Tph-H-b), 7.20
(d, 1H, °J = 5.4 Hz, Tph-H-g), 7.02 (d, 1H, *J = 5.4 Hz, Tph-H-h), 1.35 (s, 12H, pin-C(CHs),) ppm.

BC NMR (500 MHz, CDCl3): 8 = 141.1 (Tph-C-e), 137.2 (Tph-C-c), 132.3 (Tph-C-d), 132.1 (Tph-C-h), 127.8
(Tph-C-b), 124.8 (Tph-C-g), 108.5 (Tph-C-), 84.3 (pin-C(CH3),), 24.8 (pin-C(CH3)4) ppm.’

"B NMR (160 MHz, CDCl;): & = 28.8 ppm.

M.p.: 72 °C.

IR (ATR): 7= 2974 (m), 2929(w), 1506 (m), 1458 (s), 1325 (s), 1268 (s), 1212 (w), 1138 (s), 1065 (s), 1015
(m), 957 (w), 851 (s), 822 (s), 409 (s), 663 (s), 614 (m) cm .

MS (EIL, 70 eV): m/z (%) = 372/370 (100)/(88) [M]".

MS (CI, isobutane): m/z (%) =429/427 (24)/(17) [M + isobutane] ", 373/371 (100)/(99) [M + H]".

HRMS (ESI): m/z found 370.9949; calcd. for C,4H;;BBrO,S, 370.9941.

4,4,5,5-Tetramethyl-2-(5-(4-bromophenyl)thiophen-2-yl)-1,3,2-dioxaborolane (9)

c b
e ]\ 0 Me
B h d S a B\ iMe
r f O Me
g Me

4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (374 mg, 1.00 mmol),
[Pd(PPh3)4] (23 mg, 2 mol%,) and the 1-bromo-4-iodobenzene (283 mg, 1.00 mmol) were dissolved in DMF (4
mL). The mixture was heated to 100 °C in a microwave for 60 min and was then filtered over a short plug of
celite. The solvent was removed in vacuo and the crude product was purified by column chromatography (n-
hexanes / ethyl acetate (9:1), Ry= 0.28) to afford the product as a colorless solid in a yield of 308 mg (84 %).

"H NMR (500 MHz, CDCl5): & = 7.59 (d, 1H, *J = 3.6 Hz, Tph-H-b), 7.50 (apparent s, 4H, Ar-H), 7.36 (d, 1H,
3J = 3.6 Hz, Tph-H-c), 1.36 (s, 12H, pin-C(CHz)s) ppm.

BC NMR (125 MHz, CDCly): & = 149.9 (Tph-C-d), 138.2 (Tph-C-b), 133.2 (Ar-C-¢), 132.0 (Ar-C-f), 127.6 (Ar-
C-g), 124.8 (Tph-C-c), 121.8 (Ar-C-h), 84.2 (pin-C(CH3)4), 24.8 (pin-C(CHs),) ppm.’

"B NMR (160 MHz, CDCl;): § = 28.7 ppm.

M.p.: 103 °C.

IR (ATR): 7= 2988 (m), 2928 (w), 1529 (m), 1451 (s), 1353 (s), 1327 (s), 1302 (s), 1141 (s), 1112 (m),
1067 (s), 1003 (m), 951 (w), 852 (m), 805 (s), 662 (s) cm .

MS (EI, 70 eV): m/z (%) = 366/364 (52)/(100) [M]".

MS (CI, isobutane): m/z (%) = 423/421 (29)/(26) [M + isobutane + H]", 367/365 (100)/(99) [M + H]".

HRMS (ESI): m/z found 365.0391; calcd. for C,cH,;9BBrO,S 365.0377.
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4,4,5,5-Tetramethyl-2-(5-(2-bromophenyl)thiophen-2-yl)-1,3,2-dioxaborolane (11)
£ C b

9 e I\ 0 Me
h d's"a'B Me

i'B O~ 7~Me
[ r Me

4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (374 mg, 1.00 mmol),
[Pd(PPh3),] (23 mg, 2 mol%) and the 1-bromo-2-iodothiophene (283 mg, 1.00 mmol) were dissolved in DMF (4
mL). The mixture was heated to 100 °C in a microwave for 270 min and was then filtered over a short plug of
celite. The solvent was removed in vacuo and the crude product was purified by column chromatography (7-
hexanes / ethyl acetate (9:1), Ry= 0.46) to afford the product as a colorless solid in a yield of 272 mg (75 %).

"H NMR (600 MHz, CDCLy): & = 7.67 (dd, 1H, *J = 8.0, *J = 1.0 Hz, Ar-H-i), 7.62 (d, 1H, *J = 3.5 Hz, Tph-H),
7.48 (dd, 1H, * J= 7.7, = 1.5 Hz, Ar-H-f), 7.37 (d, 1H, °J = 3.5 Hz, Tph-H), 7.33 (td, 1H, *J=7.7,*J= 1.0
Hz, Ar-H-g), 7.19 (td, 1H, *J = 8.0, *J = 1.5 Hz, Ar-H-h), 1.36 (s, 12H, pin-C(CH3),) ppm.

BC NMR (150 MHz, CDCly): & = 148.7 (Tph-C-d), 137.0 (Tph-CH), 135.3 (Ar-C-e), 133.7 (Ar-C-i), 131.9
(Ar-C-f), 129.2 (Ar-C-h, Tph-CH), 127.4 (Ar-C-g), 122.7 (Tph-C+j), 84.2 (pin-C(CH;)y), 24.8 (pin-C(CH;)y)
ppm.

"B NMR (160 MHz, CDCl;): & = 28.9 ppm.

M.p.: 104 °C.

IR (ATR): ¥ = 2979 (w), 2930 (w), 1533 (m), 1482 (m), 1449 (s), 1351 (s), 1334 (s), 1298 (s), 1272 (m), 1140
(s), 1068 (m), 1019 (m), 854 (s), 819 (m), 756 (s), 749 (s), 664 (s) cm .

MS (EL 70 eV): m/z (%) = 366/364 (100)/(92) [M]".

MS (CI, isobutane): m/z (%) = 423/421 (12)/(13) [M + isobutane + H]", 367/365 (100)/(99) [M + H]".

HRMS (ESI): m/z found 365.0381; calcd. for C4H;9BBrO,S 365.0377.

4,4,5,5-Tetramethyl-2-(5-(4-bromo-2-ethylphenyl)thiophen-2-yl)-1,3,2-dioxaborolane (13)

4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (374 mg, 1.00 mmol),
[Pd(PPh3),] (23 mg, 2 mol%) and the 4-bromo-2-ethyl-1-iodobenzene (311 mg, 1.00 mmol) were dissolved in
DMF (4 mL). The mixture was heated to 100 °C in a microwave for 120 min and was then filtered over a short
plug of celite. The solvent was removed in vacuo and the crude product was purified by column chromatography
(n-hexanes / ethyl acetate (9:1), Ry= 0.67) to afford the product as a colorless solid in a yield of 310 mg (79 %).

"H NMR (500 MHz, CDCl;): 8 = 7.60 (d, 1H, *J = 3.5 Hz, Tph-H-b), 7.44 (d, 1 H, *J = 2.0 Hz, Ar-H-g), 7.33
(dd, 1H, °J = 8.2, *J=2.0 Hz, Ar-H-i ), 7.21 (d, 1H, °J = 8.2 Hz, Ar-H-j), 7.08 (d, 1H, °>J = 3.5 Hz, Tph-H-c),
2.71 (q, 2H, *J=7.5 Hz, Ar-CH,), 1.36 (s, 12 H, pin-C(CHs),), 1.16 (t, 3H, * J = 7.5 Hz, Ar-CH,CHs) ppm.

B3C NMR (125 MHz, CDCl;): & = 148.8 (Tph-C-d), 144.6 (Ar-C-¢), 137.3 (Tph-C-b), 132.7 (Ar-C-f), 132.3 (Ar-
C-j), 131.8 (Ar-C-g), 128.8 (Ar-C-i), 128.2 (Tph-C-c), 122.4 (Ar-C-h), 84.2 (pin-C(CH3),) , 26.5 (Ar-CHs), 24.8
(pin-C(CH3)4), 15.4 (Ar-CH,CH3) ppm.*

"B NMR (160 MHz, CDCl5): & = 28.8 ppm.

M.p.: 56 °C.

IR (ATR): 7= 2970 (W), 2927 (w), 2968 (w), 1535 (m), 1489 (w), 1449 (m), 1333 (s), 1293 (s), 1137 (s),
1067 (s), 1017 (m), 944 (m), 851 (m), 816 (s), 660 (s) cm .

MS (EIL, 70 eV): m/z (%) = 394/392 (100)/(99) [M]".

MS (CL isobutane): m/z (%) = 395/393 (100)/(98) [M + H]".

HRMS (ESI): m/z found 393.0702; caled. for C,sH,;BBrO,S 393.0690.
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2-Bromo-4-iodophenyl trifluoromethanesulfonate (14)
Cc

I\Cb[Br
e oTe
f
To a solution of 2-bromo-4-iodophenol (1.10 g, 3.68 mmol) and pyridine (1.88 mL) trifluoromethanesulfonic
anhydride (690 pL, 1.16 g, 4.09 mmol) was added at 0 °C over a course of 5 min. The resulting yellow mixture
was stirred at 0 °C for 5 min and then allowed to warm to 20 °C and stirred for 25 h. The resulting mixture was
poured into water (50 mL) and extracted with diethyl ether (3 x 50 mL). The ether extract was washed
sequentially with water (1 x 50 mL), 10% aqueous hydrochloric acid solution (2 x 50 mL), water (1 x 50 mL)
and a concentrated sodium chloride solution (1 x 50 mL), dried over magnesium sulfate and concentrated in

vacuo. The residue was purified by column chromatography (pentane / ethyl acetate (20:1), R= 0.9) to yield 1.36
g (86 %) as a slightly yellow oil.

"H NMR (500 MHz, CDCl;): 6 =8.03 (d, *J=2.1 Hz, 1 H, Ar-H-c), 7.71 (dd, *J= 8.6 Hz, *J = 2.1 Hz, 1H, Ar-
H-e), 7.08 (d, *J = 8.6 Hz, 1H, Ar-H-f) ppm.

BC NMR (125 MHz, CDCly): & = 147.0 (Ar-C-a), 142.6 (Ar-C-d), 138.2 (Ar-C-c), 124.3 (Ar-C-e), 119.9 (OTf-
C), 117.3 (Ar-C-f), 93.2 (Ar-C-b) ppm.’

F NMR (470 MHz, CDCl;): & = -73.2 ppm.

IR (ATR): 7= 3088 (w), 1559 (w), 1461 (m), 1426 (s), 1206 (s), 1132 (s), 1037 (s), 873 (s), 817 (m), 780 (m),
603 (s), 572 (m), 535 (m) cm™.

MS (EL 70 eV): m/z (%) = 432/430 (99)/(100) [M]".

MS (CI, isobutane): m/z (%) = 432/430 (100)/(85) [M]".

HRMS (EI): m/z found 429.7977; calcd. for C;H;BrFs10,S 429.7983.

4,4,5,5-Tetramethyl-2-(5-(3-bromo-4-trifluoromethanesulfonatephenyl)-thio-phen-2-yl)-1,3,2-
dioxaborolane (15)

4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (374 mg, 1.00 mmol),
[Pd(PPh3)4] (23 mg, 2 mol%) and 2-bromo-4-iodophenyl trifluoromethane sulfonate (431 mg, 1.00 mmol) were
dissolved in DMF (4 mL). The mixture was heated to 100 °C in a microwave for 90 min and was then filtered
over a short plug of celite. The solvent was removed in vacuo and the crude product was purified by column
chromatography (n-hexanes / ethyl acetate (9:1), Ry= 0.54) to afford the product as an off white solid in a yield
of 403 mg (79 %).

"H NMR (500 MHz, CDCly): 6 = 7.94 (d, 1H, *J = 2.2 Hz, 1H, Ar-H-f), 7.64 — 7.59 (m, 2H, Ar-H-j, Tph-H),
7.39 (d, 1H, *J = 3.6 Hz, Tph-H), 7.35 (d, 1H, *J = 8.6 Hz, Ar-H-i), 1.36 (s, 12H, pin-C(CH,),) ppm.

BC NMR (125 MHz, CDCly): & = 147.1 (Ar-C-h), 146.2, 146.2 (Ar-C-e, Tph-C-d), 138.6 (Tph-CH), 135.9
(OT£-C), 131.6 (Ar-C-f), 126.4 (Ar-C-j), 126.1(Tph-CH), 123.2 (Ar-C-i), 116.5 (Ar-C-g), 84.4 (pin-C(CHs),),
24.8 (pin-C(CH3),) ppm.>’®

""B NMR (160 MHz, CDCls): § = 28.6 ppm.

YF NMR (470 MHz, CDCl;): 8 = 73.2 ppm.

M.p.: 65 °C.

IR (ATR): ¥ = 2987 (w), 2935(w), 1531 (m), 1455 (m), 1425 (m), 1350 (s), 1327 (s), 1280 (s), 1134 (s), 1073
(m), 1023 (m), 886 (m), 875 (m), 813 (m), 785 (m), 664 (m), 602 (s) cm .

MS (EL 70 eV): m/z (%) = 514/512 (20)/(19) [M]", 381/379 (93)/(100) [M-SO,CF;]".

MS (CI, isobutane): m/z (%) = 571/569 (18)/(19) [M + isobutane + H]", 515/513 (100)/(95) [M + H]".

HRMS (ESI): m/z found 534.9649; calcd. for C{;H;sBBrF;NaOsS, 534.9638.

(9) The signal of the triflate group was not visible in the *C NMR.
S20



106 5 Experimental Section

2-Bromo-6-iodopyridin-3-yl trifluoromethanesulfonate (16)

C

—
I”e N a Br

Trifluoromethanesulfonic anhydride (690 uL, 1.16 g, 4.09 mmol) was added over a course of 5 min to a solution
of 4-bromo-6-iodopyridin-3-ol (1.10 g, 3.68 mmol) and pyridine (1.88 mL) at 0°C. The resulting yellow mixture
was stirred at 0 °C for 5 min and then allowed to warm to 20 °C and stirred for 25 h. The resulting mixture was
poured into water (50 mL) and extracted with ethyl ether (3 x 50 mL). The ether extract was washed sequentially
with water (2 x 30 mL), and a concentrated sodium chloride solution (2 x 30 mL), dried with magnesium sulfate
and concentrated in vacuo. The residue was purified by column chromatography (n-hexanes / ethyl acetate (9:1),
R¢=0.5) to yield 1.43 g (94 %) of a slightly yellow oil.

"H NMR (500 MHz, CDCly): 8 = 7.77 (d, 1H, *J = 8.4 Hz, Pyr-H-d), 7.30 (d, 1H, °J = 8.4 Hz, Pyr-H-c) ppm.

BC NMR (125 MHz, CDCly): 8 = 145.2 (Pyr-C-b), 135.3 (Pyr-C-d), 131.7 (Pyr-C-c), 119.8 (Pyr-C-a), 117.2
(OTf-C), 113.6 (Pyr-C-¢) ppm.’

F NMR (470 MHz, CDCl3): § = 72.9 ppm.

IR (ATR): 7= 3113 (w), 1551 (m), 1431 (m), 1403 (s), 1335 (m), 1204 (s), 1131 (s), 1100 (m), 1045 (s), 867 (s),
784 (s), 755 (s), 667 (m), 635 (m), 603 (s), 576 (s), 515 (m) cm .

MS (EL 70 eV): m/z (%) = 433/431 (79)/(100) [M]".

MS (CI, isobutane): m/z (%) = 434/432 (100)/(93) [M +H]".

HRMS (ESI): m/z found 430.7924; calcd. for CcH,BrINO;S 430.7936.

4,4,5,5-Tetramethyl-2-(5-(2-bromo-3-trifluoromethanesulfonate)pyridine-6-yl)-thiophen-2-yl)-1,3,2-
dioxaborolane (17)

4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (374 mg, 1.00 mmol),
[Pd(PPh;3)4] (23 mg, 2 mol%) and the 2-bromo-6-iodopyridin-3-yl trifluoromethane-sulfonate (432 mg, 1.00
mmol) were dissolved in DMF (4 mL). The mixture was heated to 100 °C in a microwave for 300 min and was
then filtered over a short plug of celite. The solvent was removed in vacuo and the crude product was purified by
column chromatography (n-hexanes / ethyl acetate (9:1), R¢= 0.42) to afford the product as a colorless solid in a
yield of 420 mg (82 %).

"H NMR (500 MHz, CDCl3): 8 =7.72 (d, 1H, *J = 3.7 Hz, Tph-H), 7.64 — 7.61 (m, 2H, Pyr-H), 7.61 (d, 1H, *J =
3.7 Hz, Tph-H), 1.36 (s, 12H, pin-C(CHs),) ppm.

BC NMR (125 MHz, CDCl;): & = 155.5 (Pyr-C-h), 152.4 (Tph-C-d), 147.1 (Pyr-C-e), 142.9 (OTf-C), 137.9
(Tph-CH), 135.3 (Pyr-C-i), 131.2 (Pyr-CH), 128.2 (Tph-CH), 119.1 (Pyr-CH), 84.5(pin-C(CHj)s), 24.8 (pin-
C(CHj),) ppm.™”

"B NMR (160 MHz, CDCly): = 28.6 ppm.

F NMR (470 MHz, CDCl;): & = 73.0 ppm.

M.p.: 121 °C.

IR (ATR): ¥ = 2986(m), 1547 (w), 1531 (m), 1482 (w), 1421 (s), 1347 (s), 1321 (s), 1206 (s), 1135 (s), 1047
(m), 874 (m), 852 (m), 789 (m), 762 (m), 665 (m), 603 (s) cm .

MS (EI, 70 eV): m/z (%) = 516/514 (100)/(84) [M]".

MS (CI, isobutane): m/z (%) = 516/514 (14)/(22) [M]", 456/454 (100)/(98) [M — CF;0,S + H]".

HRMS (ESI): m/z found 535.9608; calcd. for C¢H;sBBrF;NNaOsS, 535.9591.
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5-Bromo-2-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl)aniline (19)

4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (374 mg, 1.00 mmol),
[Pd(PPh;)4] (2 mol%, 23 mg) and the 2-iodo-4-bromoaniline (298 mg, 1.00 mmol) were dissolved in DMF (4
mL). The mixture was heated to 100 °C in the microwave for 120 min and was then filtered over a short plug of
celite. The solvent was removed in vacuo and the crude product was purified by column chromatography (n-
hexanes / ethyl acetate (9:1), R¢= 0.26) to afford the product as yellow oil in a yield of 285 mg (75 %).

"H NMR (500 MHz, DMSO-dq): & = 6.73 (d, >J = 3.6 Hz, 1H, Tph-H), 6.54 (d, >J = 3.6 Hz, 1H, Tph-H), 6.45 (d,
*J=12.4Hz, IH, Ar-H-j), 6.38 (dd, >J = 8.7,*J = 2.4 Hz, 1H, Ar-H-h), 5.93 (d, °J = 8.7 Hz, 1H, Ar-H-g), 4.48 (s,
2H, NH,), 0.47 (s, 12H, (pin-C(CHz)4)) ppm.

BC NMR (125 MHz, DMSO-dq): 8 = 147.1 (Tph-C-d), 145.4 (Ar-C-f), 138.5 (Tph-C-b), 132.2 (Ar-C-j), 131.9
(Ar-C-h), 128.1 (Tph-C-c), 120.3 (Ar-C-e), 118.3(Ar-C-g), 107.4 (Ar-C-i), 84.5 (pin-C(CHs)s), 25.0 (pin-
C(CHj),) ppm.”

"B NMR (160 MHz, CDCl5): 6 = 28.5 ppm.

IR (ATR): 7= 2978 (w), 1528 (m), 1453 (s), 1353 (s), 1257 (s), 1139 (s), 1072 (s), 1053 (m), 1018 (m), 852 (m),
806 (s), 681 (m), 663 (s) cm .

MS (EIL, 70 eV): m/z (%) = 381/379 (94)/(100) [M]".

MS (CL isobutane): m/z (%) = 381/379 (100)/(73) [M]".

HRMS (ESI): m/z found 408.0799; calcd. for C;3sH,4BBrNaO,S 408.0799.

4-Bromo-2-iodo-/N,N-dimethylaniline (20)
c

e f a NMe2
Potassium carbonate (1.38 g, 10.0 mmol) was added to a solution of the 2-iodo-4-bromoaniline (1.49,
5.00 mmol) and iodomethane (4.26 g, 30.0 mmol) in acetonitrile (30 mL). The resulting mixture was heated to
reflux for 24 h. Water (30 mL) was added to the reaction mixture and the resulting solution was extracted with
diethyl ether (3x30 mL). The combined organic layers were dried over anhydrous magnesium sulfate. The

solvent was removed in vacuo and the residue was purified by flash column chromatography (n-hexanes / ethyl
acetate (9:1), Rg=0.53) as the eluent to afford 1.04 g (64 %) as pale orange oil.

"H NMR (500 MHz, CDCl;): 8 = 7.95 (d, *J=2.3 Hz, 1H, Ar-H-c), 7.41 (dd, *J = 8.5, *J=2.3 Hz, 1H, Ar-H-e),
6.93 (d, °J=8.5 Hz, 1H, Ar-H-), 2.73 (s, 6H, N(CH,),) ppm.

BC NMR (125 MHz, CDCl5): 8 = 154.0 (Ar-C-a), 142.0 (Ar-C-c), 131.9 (Ar-C-e), 121.4 (Ar-C-f), 116.4 (Ar-C-
d), 97.4 (Ar-C-b), 44.8 (N(CH3),) ppm.

IR (ATR): v = 2940 (w), 2827 (m), 2779 (w), 1464 (s), 1449 (s), 1312 (m), 1156 (s), 1021 (s), 942 (m), 869 (m),
814 (s), 772 (s), 653 (m), 595 (s), 557 (s) cm™.

MS (EL, 70 eV): m/z (%) = 327/325 (90)/(100) [M]".

MS (CI, isobutane): m/z (%) = 328/326 (100)/(99) [M+H]".

HRMS (EI): m/z found 324.8953; calcd. for CgHoBrIN 324.8963.

The 'H NMR spectral data are in good agreement with the literature data.'

(10) Y. Chen, C.-H. Cho, R. C. Larock, Org. Lett. 2009, 11, 173.
S22



108 5 Experimental Section

5-Bromo-N, N-dimethyl-2-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-thiophen-2-yl)aniline (21)

4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (374 mg, 1.00 mmol),
[Pd(PPh;)4] (2 mol%, 23 mg) and 4-Bromo-2-iodo-N, N-dimethylaniline (325 mg, 1.00 mmol) were dissolved in
DMF (4 mL). The mixture was heated to 100 °C in a microwave for 210 min and was then filtered over a short
plug of celite. The solvent was removed in vacuo and the crude product was purified by column chromatography
(n-hexanes / ethyl acetate (9:1), Ry= 0.5) to afford the product as a colorless solid in a yield of 297 mg (73 %).

"H NMR (500 MHz, CDCl3): & = 7.63 (d, *J = 2.4 Hz, 1H, Ar-H-j), 7.57 (d, *J = 3.6 Hz, 1H, Tph-H), 7.46 (d, °J
= 3.6 Hz, 1H, Tph-H), 7.32 (dd, *J = 8.6, *J = 2.4 Hz, 1H, Ar-H-h), 6.97 (d, *J = 8.6 Hz, 1H, Ar-H-g), 2.60 (s,
6H, (N(CHs),), 1.36 (s, 12H, (pin-C(CH3)4)) ppm.

BC NMR (125 MHz, CDCls): & = 150.4 (Ar-C-f), 147.4 (Tph-C-d), 136.8 (Tph-CH), 132.5 (Ar-C-g), 131.0 (Ar-
C-i), 130.5 (Ar-C-¢), 126.9 (Tph-CH), 121.1 (Ar-C-j), 115.3 (Ar-C-h), 84.0 (pin-C(CH3)4), 43.9 (N(CH;),), 24.8
(pin-C(CHy),) ppm.’

"B NMR (160 MHz, CDCl5): § = 28.9 ppm.

M.p.: 41 °C.

IR (ATR): ¥ = 2983 (w), 1526 (m), 1450 (m), 1348 (s), 1326 (s), 1297 (m), 1139 (s), 1074 (m), 852 (m), 821 (s),
665 (s) cm .

MS (EI, 70 eV): m/z (%) = 409/407 (100)/(84) [M]".

MS (CI, isobutane): m/z (%) = 466/464 (34)/(16) [M + isobutane + H]", 409/407 (100)/(85) [M]".

HRMS (ESI): m/z found 402.0318; calcd. for C,cH,;9BBrNNaO,S 402.0306.

2-Bromo-4-iodophenol (22)
\@tisr
© a OH
f
4-lodo-phenol (10.0 g, 45.4 mmol) was dissolved in methanol (60 mL). Bromine (2.57 mL, 49.9 mmol) was
added dropwise at 0 °C over the course of 5 min. After 30 min, a saturated sodium thiosulfate solution (50 mL)
was added, the reaction mixture was extracted with diethyl ether (3 x 50 mL), washed with water (1 x 50 mL),

dried over sodium sulfate, and concentrated in vacuo. Purification by column chromatography (hexanes /
dichloromethane (2:1), Ry = 0.56) gave the product in a yield of 11.2 g (83 %).

"H NMR (500 MHz, DMSO-dj): & = 10.5 (s, 1H, Ar-OH), 7.75 (d, *J = 2.1 Hz, 1H, Ar-H-c), 7.47 (dd, >J = 8.5
Hz, *J=2.1 Hz, 1, Ar-H-¢), 6.77 (d, °J = 8.5 Hz, 1H, Ar-H-f).

BC NMR (125 MHz, DMSO-dy): & = 154.7 (Ar-C-a), 140.4 (Ar-C-e), 137.7 (Ar-C-c), 119.1 (Ar-C-f), 111.3
(Ar-C-b), 81.4 (Ar-C-d) ppm.

M.p.: 48 °C.

MS (EI, 70 eV): m/z (%) = 300/288 (100)/(93) [M]".

MS (CI, isobutane): m/z (%) = 300/288 (100)/(85) [M]".

IR (ATR): ¥ = 3365 (m), 3076 (w), 3053 (w), 1880 (W), 1737 (W), 1566 (s), 1464 (s), 1393 (m), 1328 (m), 1267
(m), 1243 (s), 1182 (s), 1036 (s), 871 (s), 809 (s), 675 (s), 606 (s), 541 (s) cm™".

HRMS (EI): m/z found 297.8496; calcd. for C4H,Brl 297.8490.

S23



5 Experimental Section 109

4,4,5,5-Tetramethyl-2-(5-(3-bromo-phen-4-ol)thiophen-2-yl)-1,3,2-dioxaborolane (23)

4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (374 mg, 1.00 mmol),
[Pd(PPh3),] (2 mol%, 23 mg) and 2-bromo-4-iodophenol (299 mg, 1.00 mmol) were dissolved in DMF (4 mL).
The mixture was heated to 100 °C in a microwave for 60 min and was then filtered over a short plug of celite.
The solvent was removed in vacuo and the crude product was purified by column chromatography (n-
hexanes / ethyl acetate (9:1), R¢= 0.15) to afford the product as a colorless solid in a yield of 246 mg (65 %).

"H NMR (500 MHz, CD,Cl,): 8 = 7.8 (d, 1H, *J = 2.2 Hz, Ar-H-f), 7.56 — 7.53 (m, 2H, Tph-H-b, Ar-H-j ), 7.31
(d, 1H,°J = 3.6 Hz, Tph-H-c), 7.06 (d, 1H, * J = 8.5 Hz, Ar-H-i), 5.72 (s, 1H, Ar-OH), 1.36 (s, 12H, (pin-
C(CH;)4) ppm.

BC NMR (125 MHz, CD,Cl,): & = 152.4 (Ar-C-h), 149.4 (Tph-C-d), 138.2 (Tph-C-b), 129.8 (Ar-C-f), 128.7
(Ar-C-e), 127.3 (Ar-C-j), 124.4 (Tph-C-c), 116.6 (Ar-C-i), 110.7 (Ar-C-g), 84.3 (pin-C(CHs)s), 24.7 (pin-
C(CH);) ppm.’

"B NMR (160 MHz, CDCl;): & = 28.7 ppm.

M.p.: 58 °C.

IR (ATR): ¥ = 2926 (m), 2855 (w), 1523 (m), 1470 (s), 1425 (m), 1346 (s), 1286 (s), 1140 (s), 1065 (s), 1016
(m), 956 (w), 852 (s), 805 (m), 658 (W), 663 (s) cm .

MS (EI, 70 eV): m/z (%) = 456/454 (82)/(74) [M]", 305 (100) [M-Br-CsH,,]".

MS (CL isobutane): m/z (%) = 457/455 (65)/(76) [M + H]", 456/454 (100)/(81) [M - H + H]".

HRMS (ESI): m/z found 403.0160; calcd. for C,¢H,sBBrNaOsS 403.0145.

2-Bromo-4-iodo-1-methoxybenzene (24)

c
|\d®b[8r
€ : a OMe
2-Bromo-4-iodophenol (600 mg, 2.01 mmol) was dissolved in THF (9 mL) and KOH (224 mg, 4.00 mmol) was
added. The mixture was stirred for 30 min under nitrogen and the Mel (320 pL, 5.16 mmol) was added. After 16
hours, water (30 mL) and diethyl ether (30 mL) were added and the mixture was stirred for another 30 min. The
organic phase was collected, and the aqueous phase was extracted with diethyl ether (2 x 30 mL). The combined

organic extracts were dried with magnesium sulfate, filtered and concentrated in vacuo. The crude product was
filtered over silica (40 g; n-hexane) to afford 437 mg (70 %) of the product as a colorless solid.

"H NMR (500 MHz, CDCly): & = 7.82 (d, *J = 2.1 Hz, 1H, Ar-H-c), 7.55 (dd, *J = 8.6, “J=2.1 Hz, 1H, Ar-H-e¢),
6.66 (d, °J = 8.6 Hz, 1H, Ar-H-f), 3.87 (s, 3H, OCHj) ppm.

BC NMR (125 MHz, CDCly): § = 141.0 (Ar-C-c), 137.3 (Ar-C-e), 113.3 (Ar-C-f), 113.0 (Ar-C-a), 101.6 (Ar-C-
b), 86.6 (Ar-C-d), 56.3 (OCH3) ppm.

M.p.: 82 °C.

IR (ATR): v= 3013 (w), 2933 (w), 1570 (w), 1471 (m), 1456 (s), 1283 (s), 1247 (s), 1147 (m), 1047 (s), 1015
(s), 877 (m), 803 (s), 675 (m), 606 (m) cm™.

MS (EL 70 eV): m/z (%) = 314/312 (100)/(94) [M]".

MS (CI, isobutane): m/z (%) = 315/313 (75)/(35) [M+H]".

HRMS (EI): m/z found 311.8656; calcd. for C;H¢BrIO 311.8647.
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4,4,5,5-Tetramethyl-2-(5-(3-bromo-phen-4-methoxy)thiophen-2-yl)-1,3,2-dioxaborolane (25)

4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (374 mg, 1.00 mmol),
[Pd(PPh3)4] (2 mol%, 23 mg) and 2-bromo-4-iodo-1-methoxybenzene (313 mg, 1.00 mmol) were dissolved in
DMF (4 mL). The mixture was heated to 100 °C in a microwave for 120 min and was then filtered over a short
plug of celite. The solvent was removed in vacuo and the crude product was purified by column chromatography
(n-hexanes / ethyl acetate (9:1), R;= 0.22) to afford the product as a colorless solid in a yield of 327 mg (83 %).

"H NMR (500 MHz, CDCLy): & = 7.84 (d, *J = 2.2 Hz, 1H, Ar-H-f), 7.57 (d, °J = 3.6 Hz, 1H, Tph-H), 7.54 (dd,
3J=8.6,%J=2.2Hz, 1H, Ar-H-j), 7.27 (d, >J = 3.6 Hz, 1H, Tph-H), 6.91 (d, °J = 8.6 Hz, 1H, Ar-H-i), 3.92 (s,
3H, OCH,), 1.35 (s, 12H, (pin-C(CHs),)) ppm.

BC NMR (125 MHz, CDCLy): 8 =155.7 (Ar-C-h), 149.5 (Tph-C-d), 138.2 (Tph-C-b), 131.0 (Ar-C-f), 128.5 (Ar-
C-e), 126.3 (Ar-C-j), 124.2 (Tph-H-c), 112.2 (Ar-C-g) 112.1 (Ar-C-i), 56.4 (OCH;), 84.2 (pin-C(CHs),), 24.8
(pin-C(CHs);) ppm.’

B NMR (160 MHz, CDCl;): & = 28.5 ppm.

M.p.: 113 °C.

IR (ATR): ¥=2977 (w), 1731 (w), 1615 (m), 1529 (m), 1487 (m), 1459 (s), 1348 (s), 1139 (s), 1066 (m), 1019
(m), 851 (s), 812 (s), 663 (s) cm .

MS (EI 70 eV): m/z (%) = 396/394 (100)/(80) [M]".

MS (CL, isobutane): m/z (%) = 453/451 (6)/(12) [M + isobutane + H]", 397/395 (100)/(88) [M + H]".

HRMS (ESI): m/z found 417.0314; calcd. for C1,H,)BBrNaO;S 417.0318.

4,4,5,5-Tetramethyl-2-(5-(2-(3-bromo)pyridin)thiophen-2-yl)-1,3,2-dioxaborolane (27)

o) Me

B\ 77\4Me
. 0 Me

! Me
4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (374 mg, 1.00 mmol),
[Pd(PPh;),4] (23 mg, 2 mol%) and the 5-bromo-2-iodopyrindine (284 mg, 1.00 mmol) were dissolved in DMF (4
mL). The mixture was heated to 100 °C in a microwave for 300 min and was then filtered over a short plug of

celite. The solvent was removed in vacuo and the crude product was purified by column chromatography (n-
hexanes / ethyl acetate (9:1), Ry=0.1) to afford the product as a colorless solid in a yield of 298 mg (81 %).

"H NMR (500 MHz, CDCl;): & = 8.62 (dd, 1H, *J=2.4 Hz, °J = 0.7 Hz, Pyr-H-i), 7.80 (dd, 1H, *J=8.5,"/=2.4
Hz, Pyr-H-g), 7.65 (d, 1H, *J = 3.7 Hz, Tph-H), 7.60 (d, 1H, *J = 3.7 Hz, Tph-H), 7.54 (dd, 1H, °J = 8.5 Hz, °J =
0.7 Hz, Pyr-H-f), 1.36 (s, 12H, pin-C(CH3),) ppm.

BC NMR (125 MHz, CDCly): 8 = 151.0 (Pyr-C-e), 150.7 (Pyr-C-i), 149.8 (Pyr-C-d), 139.2 (Pyr-C-g), 138.0
(Tph-CH), 126.4 (Tph-CH), 120.5 (Pyr-C-f), 118.9 (Pyr-C-h), 84.3 (pin-C(CH3),), 24.8 (pin-C(CH3),) ppm.?

"B NMR (160 MHz, CDCl;): & = 28.7 ppm.

M.p.: 109 °C.

IR (ATR): ¥= 2978 (w), 1571 (w), 1533 (m), 1486 (w), 1443 (s), 1346 (s), 1331 (s), 1302 (s), 1138 (s), 1071
(m), 1026 (m), 1001 (m), 853 (s), 813 (m), 742 (m), 662 (s) cm .

MS (EL, 70 eV): m/z (%) = 367/365 (100)/(84) [M]".

MS (CI, isobutane): m/z (%) = 410/408 (4)/(5) [M + isobutane + H]", 368/366 (92)/(100) [M + H]".

HRMS (ESI): Found 366.0337; calcd. for C;sH;sBBrNO,S 366.0329.
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2-(|2,2'-Bithiophen]-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (29)

c b
h S e / \ /o Me
Wi 724Me
g f O~ 7~Me
Me
This reaction was performed with two competing electrophiles to show that there is selectivity even if there are
two electrophiles available.
4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (374 mg, 1.00 mmol),
[Pd(PPh3)4] (23 mg, 2 mol%), the standard triisopropylbenzene (100 pL) and the electrophiles 2-iodothiophene
(205 mg, 1.00 mmol) and 2-bromothiophene (158 mg, 1.00 mmol) were dissolved in DMF (4 mL). The mixture
was heated to 100 °C in a microwave for 20 min and was then filtered over a short plug of celite using ethyl
acetate as solvent and used for GC measurements. The solvent was removed in vacuo and the crude product was
purified by column chromatography (n-hexanes / ethyl acetate (9:1), Ry= 0.34) to afford the product as colorless
oil in a yield of 228 mg (78 %).

"H NMR (500 MHz, CDCl;): & = 7.52 (d, 1H, *J = 3.6 Hz, Tph-H-b), 7.25 — 7.21 (m, 3H, Tph-H-c, H-f, H-h),
7.02 (, 1H,*J = 4.4 Hz Tph-H-g), 1.35 (s, 12H, pin-C(CH3),) ppm.

BC NMR (126 MHz, CDCl3): 6 = 144.1 (Tph-C-d), 137.9 (Tph-C-b), 137.3 (Tph-C-e), 127.9 (Tph-C-g), 124.9,
124.9 (2 x Tph-CH), 124.5 (Tph-CH), 84.2 (pin-C(CHs),), 24.7 (pin-C(CHj3),) ppm.’

"B NMR (160 MHz, CDCl;): § = 28.7 ppm.

IR (ATR): v= 2977 (w), 1510 (m), 1459 (s), 1360 (m), 1343 (s), 1267 (m), 1138 (s), 1064 (s), 1014 (m), 852
(m), 805 (m), 960 (s), 662 (s) cm .

MS (EI, 70 eV): m/z (%) = 292 (100) [M]".

MS (CI, isobutane): m/z (%) = 349 (23) [M + isobutane + H]", 293 (100) [M+H]".

HRMS (ESI): m/z found 293.0842; calcd. for C,H3sBO,S, 293.0836.

The NMR data are in agreement with the data found in the literature where the compound was prepared in a
different way."'

4,4,5,5-Tetramethyl-2-(5-phenylthiophen-2-yl)-1,3,2-dioxaborolane (31)

]\ o_Me
o Me

This reaction was performed with two competing electrophiles ‘!\(/)l eshow that there is selectivity even if there are
two electrophiles available.

4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (374 mg, 1.00 mmol),
[Pd(PPhs3)4] (23 mg, 2 mol%), the standard triisopropylbenzene (100 pL) and the electrophiles 1-iodobenzene
(205 mg, 1.00 mmol) and 1-bromobenzene (158 mg, 1.00 mmol) were dissolved in DMF (4 mL). The mixture
was heated to 100 °C in a microwave for 20 min and was then filtered over a short plug of celite using ethyl
acetate as solvent and used for GC measurements. The solvent was removed in vacuo and the crude product was
purified by column chromatography (n-hexanes /ethyl acetate (9:1), Ry= 0.41) to afford the product as a
colorless solid in a yield of 263 mg (92 %).

"H NMR (500 MHz, CDCl;): 8 = 7.66 — 7.63 (m, 2H, Ar-H), 7.60 (d, 1H, * J = 3.6 Hz, Tph-H), 7.40 — 7.37 (m,
3H, Tph-H, 2 x Ar-H), 7.30 (t, 1H, *J = 7.4 Hz, Ar-H), 1.35 (s, 12H, pin-C(CHs),) ppm.

BC NMR (126 MHz, CDCly): 6 = 151.5 (Tph-C), 138.3 (Tph-CH), 134.4 (Ar-C), 129.1 (Ar-CH), 128.1 (Ar-
CH), 126.4 (Ar-CH), 124.6 (Tph-CH), 84.3 (pin-C(CHs),), 24.9 (pin-C(CH3),) ppm.’

"B NMR (160 MHz, CDCl;): 6 = 28.8 ppm.

IR (ATR): 7= 2986 (m), 2932 (w), 1531 (s), 1499 (w), 1456 (s), 1443 (s), 1353 (s), 1331 (s), 1295 (s), 1137 (s),
1077 (m), 1020 (m), 854 (s), 813 (s), 758 (s), 662 (s) cm .

MS (EI, 70 eV): m/z (%) = 286 (100) [M]".

MS (CI, isobutane): m/z (%) = 287 (100) [M + H]".

M.p.: 65 °C.

(11) A. Del-Grosso, M. D. Helm, S. A. Solomon, D. Caras-Quintero, M. J. Ingleson, Chem. Comm. 2011, 47, 12459.
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HRMS (ESI): m/z found 287.1279; calcd. for C14H,0BO,S 287.1279.

The NMR data are in agreement with the data found in the literature where the compound was prepared in a
different way."

2-(5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl)pyridine (33)

a
B/
c/ N S \IMe
= O Me
d Me

This reaction was performed with two competing electrophiles to show that there is selectivity even if there are
two electrophiles available.

4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (374 mg, 1.00 mmol), Pd(PPh;),
(23 mg, 2 mol%), the standard triisopropylbenzene (100 pL) and the electrophiles 2-iodopyridine (205 mg, 1.00
mmol) and 2-bromopyridine (158 mg, 1.00 mmol) were dissolved in DMF (4 mL). The mixture was heated to
100 °C in a microwave for 20 min and was then filtered over a short plug of celite using ethyl acetate as solvent
and used for GC measurements. The solvent was removed in vacuo and the crude product was purified by
column chromatography (n-hexanes / ethyl acetate (9:1), R¢= 0.36) to afford the product as a colorless solid in a
yield of 255 mg (89 %).

'H NMR (500 MHz, CDCl;): 6 = 8.53-8.49 (m, 1H, Pyr-H-c), 7.64-7.58 (m, 3H, Pyr-H-b, Pyr-H-d, Tph-H),
7.55 (d, 1H, °J = 3.6 Hz, Tph-H), 7.09 (ddd, 1H, *J = 6.7, °J = 4.9, *J = 1.7 Hz, Pyr-H-a), 1.29 (s, 12H, pin-
C(CHs),) ppm.

BC NMR (125 MHz, CDCl3): § = 152.4 (Tph-C), 152.1 (Pyr-C), 151.0 (Tph-C), 149.7 (Pyr-C-c), 137.9 (Pyr-C-
d), 136.6 (Tph-CH), 125.9 (Tph-CH), 122.2 (Pyr-C-a) , 119.5 (Pyr-C-b), 84.2 (pin-C(CHj)s), 24.8 (pin-C(CH3),)
ppm.

"B NMR (160 MHz, CDCl5): & = 28.8 ppm.

M.p.: 52 °C.

IR (ATR): 7= 2976 (m), 2929 (w), 1583 (m), 1532 (m), 1485 (m), 1447 (s), 1428 (s), 1350 (s), 1330 (s), 1303
(s), 1136 (s), 1079 (m), 1024 (m), 991 (m), 956 (m), 852 (s), 775 (s), 664 (s), 618 (w) cm .

MS (EI, 70 eV): m/z (%) = 287 (100) [M]".

MS (CI, isobutane): m/z (%) = 288 (100) [M + H]".

HRMS (ESI): m/z found 288.1231; calcd. for C;sH;,BNO,S 288.1224.

(12) J. J. Apperloo, L. B. Groenendaal, H. Verheyen, M. Jayakannan, R. A. J. Janssen, A. Dkhissi, D. Beljonne, R. Lazzaroni, J.-L. Brédas,
Chem. Eur. J. 2002, 8, 2384.
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Poly[4-hexyl-2,2'-bithiophene] (34)

s ]\
s T
n-Hex

4,4,5,5-Tetramethyl-2-(5-(5-bromo-3-n-hexylthiophen)thiophen-2-yl)-1,3,2-dioxaborolane (200 mg, 0.540
mmol) was placed in a flask and vacuum was applied. The flask was flooded with N,. THF (stabilizer free, 30
mL) and 2 mol/L aqueous solution of sodium carbonate (6 mL) were added, and the mixture was stirred at 13 °C.
Then, a solution of [Pd(rBus),] (5.52 mg, 0.011 mmol, 2 mol % based on the monomer) in THF (2 mL) was
added. Within 30 seconds, the solution became clear yellow, then orange and subsequently dark red. After 30
min a dark red participate visible was found. The residue was precipitated in methanol (500 mL) and collected
by solution centrifugation. This procedure was repeated another two times until the methanol remained colorless.
The participate was dried in vacuo to afford a dark red polymer in a yield of 151 mg (61 %).

The polymer was insoluble in CHCl;, Pyridine, THF and pentane.

The images show the reaction progress:

t=06 sec t=9 sec

t=32sec

t=41 sec t =78 sec ' t =6 min t =30 min

Figure SI 9. Images of the reaction mixture during the polymerization progress to afford the polymer 34.

S28



114 5 Experimental Section

826.5
100

20

904.5
1074.6
80

70

60

50

% Intensity

1490.8

746.6

40

656 1738.8
4

1240.7

30 1986.9

1152.5
994.7

20 1322.7

22348

M 2482.8

0 —w—l-n-'-...t‘_..l-- o |

485 950 1420 1885 2350 2820
mfz

Figure SI 10. MALDI-Tof-Tof-MS of 34, using dithranol as a matrix. The Peak with the mass 2482.8 m/z shows
an oligomer of 10 repeating units with H-atoms as end groups. The mass difference between the peaks is exactly
one monomer with a molecular weight of 284 g/mol.
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Figure SI 11. UV-Vis spectrum of the soluble fraction of 34 in chloroform, with A, = 446 nm, which is close to
regioregular P3HT with A, = 449 nm. 13

(13) L F. Perepichka, D. F. Perepichka, Handbook of Thiophene-Based Materials: Applications in Organic Electronics and Photonics, 1st
ed., John Wiley & Sons, Ltd., Chichester, UK, 2009.
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2,5-Bis(trimethylstannyl)thiophene (35)

g
MesSn SnMe,

S

2,5-Bis(trimethylstannyl)thiophene was prepared similar to a method described in the literature by Seitz et al.!"!
and was modified as follows:

n-Butyllithium (16.0 mL, 40.0 mmol, 2.50 M in n-hexane) was added within 10 min to a solution of thiophene
(1.56 g, 20.0 mmol) and TMEDA (5.96 mL, 40.0 mmol) in n-hexane (40 mL) at 0 °C. The reaction mixture was
heated to reflux for 45 min and after cooling the suspension to 0 °C, a solution of trimethyltin chloride (7.97 g,
40.0 mmol) dissolved in THF (20 mL), was added over the course of 10 min. After removal of the cooling bath,
the reaction mixture was stirred for 15 h at 24 °C and was then quenched with a saturated solution of ammonium
chloride (50 mL). The aqueous layer was extracted with diethyl ether (3 x 50 mL) and the combined organic
layers were washed with brine (2 x 40 mL). The organic layer was dried over magnesium sulfate and the
volatiles were removed in vacuo to afford 7.65 g (93 %, Lit."*: 82 %) of a bright yellow solid.

"H NMR (200 MHz, CDCl3): & = 7.40 (s, 2H, Tph-H), 0.39 (s, 18H, Sn(CH3);) ppm.

BC NMR (50 MHz, CDCl): & = 143.0 (Tph-C), 135.8 Tph-CH), -8.2 (Sn(CH3)3) ppm.

'“Sn NMR (187 MHz, CDCl;): § = -27.9 ppm.

M.p.: 101 °C.

IR (ATR): v=3057 (w), 2982 (w), 2913 (w), 1564 (w), 1477 (w), 1390 (w), 1199 (w), 1255 (w), 1187 (w), 953
(m), 921 (w), 797 (s), 761 (s), 734 (s), 531 (s), 515 (s) cm .

MS (EI, 70 eV): m/z (%) = 411 (8) [M]", 395 (100) [M-CH3]", 365 (6) [M-C3H,]".

MS (CI, isobutane): m/z (%) = 412 (17) [M + H]", 411 (40) [M]", 165 (100) [SnMe;]".

The NMR data are in agreement with the data found in the literature."

2-Isopropyloxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (;PrO-BPin; 36)

Me
Me
Me—< 0O Me
O—B\ M
0O e
Me

2-Isopropyloxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane was prepared similar to a method described in the
literature by Andersen et al.l'* and was modified as follows:

From a solution of triisopropyl borate (16.9 g, 90.0 mmol) and pinacol (10.6 g, 90.0 mmol) in n-hexane (130
mL), an isopropanol / n-hexane azeotrope was slowly distilled at 55-60 °C. The residue was distilled (90 °C,
1.00 mbar) to give 13.7 g (89 %, Lit. '*: 89 %) of a colorless liquid.

"H NMR (200 MHz, CDCl3): & = 4.29 (septet, 1H, *J = 6.2 Hz, CH(CH;),), 1.20 (s, 12H, pin-C(CH3)3), 1.15 (d,
6H, *J = 6.2 Hz, CH(CH}),) ppm.

BC NMR (50 MHz, CDCly): & = 82.5 (pin-C(CHs),), 67.4 (CH(CHs),), 24.6 (pin-CH(CH,),), 24.4 (CH(CH;),)
ppm.

"B NMR (160 MHz, CDCL;): § = 21.8 ppm.

IR (ATR): ¥ =2979 (w), 1504 (w), 1473 (w), 1444 (m), 1373 (w), 1345 (w), 1319 (m), 1148 (m), 1121 (m), 958
(W), 905 (s), 852 (m), 727 (s), 672 (m), 648 (m) cm .

MS (EI, 70 eV): m/z (%) = 185 (12) [M]", 170 (100) [M-CH;]".

MS (CI, isobutane): m/z (%) = 186 (2) [M + H]", 171 (9) [M-CH; + H]", 145 (100) [M-C;H; + H]".

The NMR data are in agreement with the data found in the literature."

(14) D. E. Seitz, S.-H. Lee, R. N. Hanson, J. C. Bottaro, Synth. Commun. 1983, 13, 121.

(15) M. W. Andersen, B. Hildebrandt, G. Koster, R. W. Hoffmann, Chem. Ber. 1989, 122 1777.
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2,3,5-Tribromothiophene (37)

Br’U\Br

dS a

2.3,5-Tribromothiophene was prepared similar to a method described by Brandsma et a
follows:

A solution of bromine (16.7 mL, 325 mmol) in hydrobromic acid (48 %, 50 mL) was added to a mixture of
thiophene (8.00 mL, 100 mmol), hydrobromic acid (48 %, 50 mL) and diethyl ether (12.5 mL) within 3.5 h with
vigorous stirring while the internal temperature was kept below 10 °C. After the addition was finished, the
mixture was warmed up to 20 °C and was stirred for 16 h. Then, sodium thiosulfate (200 mL) was added and the
layers were separated. The aqueous layer was extracted (3 x 150 mL) with dichloromethane and the combined
organic solutions were washed with brine (2 x 150 mL), dried over magnesium sulfate and subsequently
concentrated i vacuo. The product was obtained as a colorless solid by sublimation (2*10™ mbar, 20 °C) in a
yield of 80 % (25.7 g).

1.2 and was modified as

"H NMR (500 MHz, CDCly): 8 = 6.92 (s, 1H, Tph-H-¢) ppm.

BC NMR (125 MHz, CDCly): 8 = 132.5 (Tph-CH-c), 113.7 (Tph-C-d), 112.2 (Thp-C-a), 110.8 (Thp-C-b) ppm.
M.p.: 28 °C.

IR (ATR): ¥ = 3091 (m), 1626 (w), 1500 (s), 1406 (s), 1295 (s), 1128 (s), 991 (s), 968 (s), 810 (8) cm ™.

MS (EL 70 eV): m/z (%) = 318/320/322/324 (34/90/100/30) [M]*, 239/241/243 (12/20/12) [M-Br]", 160/162
(45/39) [M-2Br]".

MS (CI, isobutane): m/z (%) = 318/320/322/324 (3/7/6/2) [M+H]".

3-Bromothiophene (38)
Br

°l \Sb
d g” a
3-Bromothiophene was prepared similar to a method described by Gronowitz and Raznikiewicz'® and was
modified as follows:
A solution of 2,3,5-tribromothiophene (128.0 g, 400.0 mmol) in acetic acid (30 mL) was added dropwise a
refluxing suspension of zinc (65.4 g, 1.00 mol), acetic acid (30.0 mL) and water (155 mL) over a course of 30
min using a cooling bath (0 °C). After the addition was complete, the reaction mixture was heated for another 4.5
h to reflux. The mixture was then allowed to cool to 20 °C and filtered. The filter cake was washed with »n-
hexane (300 mL). Then the liquid phases were separated and the aqueous phase was extracted with #-hexane (3 x
50 mL). The combined organic phases were dried over magnesium sulfate and subsequently concentrated in
vacuo. The crude product was purified by Kugelrohr distillation (110 °C, 500 mbar) to yield slightly vellow oil
in a yield of 45.8 g (70 %).

'H NMR (500 MHz, CDCly): 8 = 7.28 (dd, 1H, >J= 4.9 Hz, *7 = 3.2 Hz, Tph-H-d), 7.24 (dd, 1H, /=32 Hz, VJ
= 1.5 Hz, Tph-H-a), 7.03 (dd, 1H, *J = 49 Hz, *J = 1.5 Hz, Tph-H-¢) ppm.

BC NMR (125 MHz, CDCLy): § = 130.1 (Tph-C-c), 126.8 (Tph-C-d), 122.9 (Thp-C-a), 110.2 (Thp-C-b) ppm.
MS (EL 70 eV): m/z (%) = 164/162 (100/100) [M]".

MS (CI, isobutane): m/z (%) = 164/162 (100/98) [M]*.

IR (ATR): ¥ = 3111 (m), 1493 (s), 1399 (w), 1353 (m), 1195 (m), 1086 (w), 880 (s), 845 (), 758 (s) cm ™,

The NMR data are in agreement with the data found in the literature.'”

(16) L. Brandsma, H. D. Verkruijsse, Synth. Conumun. 1988, 18, 1763.
(17) S.R. Gronowitz, T., Organic Syntheses 1973, Coll. Vol. 5, 149.
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3-n-Hexylthiophene (39)

n-Hex

c@b

d S a

2-Bromo-3-n-hexylthiophene was prepared similar to a method described by Zhang et al.'® and was modified as
follows:

Magnesium (9.72 g, 400 mmol) was stirred without solvent under nitrogen for 1 h in order to activate the
surface. A solution of 1-bromohexane (57.4 g, 350 mmol) in diethyl ether (100 mL) was added dropwise over a
course of 30 min to a suspension of the activated magnesium in diethyl ether (150 mL) and the reaction mixture
was heated to reflux for 1 h.

The Grignard reagent was added to a solution of 3-bromothiophene (24.3 g, 280 mmol) and Ni(dppp)Cl,
(380 mg, 0.25 mol%) in diethyl ether (100 mL) at 0 °C and the orange solution was stirred for 12 h at 20 °C. The
reaction mixture was cooled to 0 °C and quenched with HCI (1 M, 100 mL). The aqueous layer was extracted
with diethyl ether (4 x 80 mL). The combined organic layers were dried over magnesium sulfate and the volatiles
were removed in vacuo. The residue was distilled (Kugelrohr; 0.03 mbar; 40 °C) to afford the product as a
colorless oil in a yield of 38.1 g (81 %).

"H NMR (500 MHz, CDCl;): 8 = 7.24 (dd, 1H, *J = 4.9 Hz, *J = 2.9 Hz, Tph-H-c), 6.94 (dd, 1H, *J=4.9 Hz, *J
= 0.9 Hz, Tph-H-d), 6.92 (dd, 1H, >J = 2.9 Hz, *J = 0.9 Hz, Tph-H-a), 2.63 (t, 2H, *J = 7.7 Hz, Tph-CH,), 1.62
(m, 2H, Tph-CH,-CH,), 1.38-1.22 (m, 6H, Tph-CH,-CH,~(CH,);CH3), 2.63 (dt, 3H, *J = 6.9 Hz, *J = 6.1 Hz,
Tph-(CH,)sCHs) ppm.

BC NMR (125 MHz, CDCly): & = 143.3 (Tph-C-b), 128.3 (Tph-C-c), 125.0 (Thp-C-d), 119.7 (Thp-C-a), 31.9-
29.0, 22.7 (Tph-(CH,)s)CH3), 14.1 (Tph-(CH,)sCH;) ppm.

IR (ATR): 7= 2956 (m), 2923 (s), 2853 (s), 1466 (m), 1378 (w), 857 (W), 835 (w), 770 (m) cm™".

MS (EI, 70 eV): m/z (%) = 168 (21) [M]", 111 (13) [M -C4H,]", 98 (100) [M -CsH,,]".

MS (CI, isobutane): m/z (%) = 169 (100) [M +H]".

The NMR data are in agreement with the data found in the literature."’

2-Bromo-3-n-hexylthiophene (40)

2-Bromo-3-n-hexylthiophene was prepared similar to a method described by Hoffmann et al.'® and was modified
as follows:

N-Bromosuccinimide (534 mg, 3.00 mmol) was added in one portion to 3-n-hexylthiophene (505 mg,
3.00 mmol) in glacial acetic acid (8 mL) at 15 °C. The reaction mixture was stirred for 2.5 h. Then, water (20
mL) was added and the reaction mixture was extracted with diethyl ether (3 x 20 mL). The organic layer was
washed with 1 M sodium hydroxide solution (50 mL) followed by drying over magnesium sulfate. The solvent
was removed in vacuo and gave the crude product which was distilled by Kugelrohr distillation (130 °C, 0.04
mbar) to afford 577 mg (78 %) of a colorless oil.

"H NMR (500 MHz, CDCl;): = 7.18 (d, 1H, *J = 5.6 Hz, Tph-H), 6.79 (d, 1H, *J = 5.6 Hz, Tph-H), 2.50 (t,
2H, *J = 7.8 Hz, Tph-CH,), 1.72-1.12 (m, 8H, Tph-CH,(CH,),-CH3), 0.89 (t, 3H, *J = 7.0 Hz, Tph-(CH,)s-CHs)
ppm.

3C NMR (125 MHz, CDCl;): & = 141.9 (Tph-C-a), 128.2, 125.1 (Tph-C-c, C-d), 108.8 (Tph-C-b), 31.9, 29.7,
29.4,28.9, 22.6 (Tph-(CH,)sCH3), 14.1 (Tph-(CH,)sCH;) ppm.

IR (ATR): ¥ = 2954 (s), 2923 (s), 2954 (s), 2850 (m), 1460 (m), 1408 (m), 1376 (w), 1228 (w), 991 (s), 829 (m),
771 (s), 683 (s), 634 (s), 580 (m) cm .

MS (EL 70 eV): m/z (%) = 246/248 (35)/(40) [M]", 174/176(100)/(96) [M-CsH,,]".

MS (CI, isobutane): m/z (%) = 247/249 (100)/(86) [M + H]".

The NMR data are in agreement with the data found in the literature."

(18) Y. Zhang, C. Zhao, J. Yang, M. Kapiamba, O. Haze, L. J. Rothberg, M.-K. Ng, J. Org. Chem. 2006, 71, 9475.
(19) K. J. Hoffmann, P. H. J. Carlsen, Synth. Commun. 1999, 29, 1607.
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2-Bromo-6-iodopyridin-3-ol (41)

—
e N g Br

2-Bromopyridin-3-ol (5.00 g, 28.7 mmol) was added to a solution of potassium carbonate (7.95 g, 57.5 mmol)
and iodine (7.51 g, 29.6 mmol) in water (40 mL) at 20 °C. The solution was stirred for 2 h before being acidified
(to pH 6.5) with 1 M HCI. The precipitate was filtered, washed with water (2 x 40 mL), and dissolved in ethyl
acetate (100 mL) and washed with 10 % solution of Na,S,0; (30 mL), brine (30 mL), dried over magnesium
sulfate and concentrated in vacuo. The solid was recrystallized from chloroform to give the desired product as an
off-white solid in a yield of 6.20 g, 72 %.

"H NMR (500 MHz, DMSO-d;): & = 11.08 (s, 1H, Pyr-H-b), 7.62 (d, >J = 8.2 Hz, 1H, Pyr-H), 7.03 (d, >’J = 8.2
Hz, 1H, Pyr-H) ppm.

BC NMR (125 MHz, DMSO-d;): & = 152.2 (Pyr-C-b), 135.1 (Pyr-CH), 130.2 (Pyr-C-¢), 126.3 (Pyr-CH), 101.7
(Pyr-C-a) ppm.

M.p.: 158 °C.

IR (ATR): v = 2956 (w), 2820 (w), 2736 (w), 2655 (w), 2582 (w), 2523 (w), 2450 (w), 1548 (m), 1452 (m),
1386 (s), 1282 (s), 1218 (s), 1167 (m), 1130 (m), 1101 (m), 1069 (s), 822 (s), 681 (s), 610 (s), 568 (w) cm .

MS (EI, 70 eV): m/z (%) =299 (100) [M]".

MS (CI, isobutane): m/z (%) = 300 (100) [M +H]".

HRMS (EI): m/z found 298.8441; calcd. for CsH;BrIN 298.8443
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NMR Spectra

4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane (1)
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2-Bromo-5-iodothiophene (2)
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2-Bromo-3-n-hexyl-5-iodothiophene (3)
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4,4,5,5-Tetramethyl-2-(5-(5-bromothiophen)thiophen-2-yl)-1,3,2-dioxaborolane (5a)
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4,4,5,5-Tetramethyl-2-(5-(5-bromo-3-n-hexylthiophen)thiophen-2-yl)-1,3,2-dioxaborolane (5b)
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3-Bromo-2-iodothiophene (6)
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4,4,5,5-Tetramethyl-2-(5-(3-bromothiophen)thiophen-2-yl)-1,3,2-dioxaborolane (7)
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4,4,5,5-Tetramethyl-2-(5-(4-bromophenyl)thiophen-2-yl)-1,3,2-dioxaborolane (9)

Me

B’O
S \ Me
Br Ie)
Me
Me
|
il
CHCl; H,0
LJ ‘ I | e
gy
888 é
= e o
T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 L5
f1 (ppm)
8 R "3 38% = ~
g g ma med 3 -
g T 3 5
| " X 2 |
1
1 ]
1 ] i
” | e P s
. s, Z i 0 Ll i
T T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 a0 70 60 50 40 30 20 10
f1 (ppm)

S41



5 Experimental Section 127

4,4,5,5-Tetramethyl-2-(5-(2-bromophenyl)thiophen-2-yl)-1,3,2-dioxaborolane (11)
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4,4,5,5-Tetramethyl-2-(5-(4-bromo-2-ethylphenyl)thiophen-2-yl)-1,3,2-dioxaborolane (13)
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2-Bromo-4-iodophenyl trifluoromethanesulfonate (14)
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4,4,5,5-Tetramethyl-2-(5-(3-bromo-4-trifluoromethanesulfonatephenyl)-thio-phen-2-yl)-1,3,2-

dioxaborolane (15)
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2-Bromo-6-iodopyridine-3-yl trifluoromethanesulfonate (16)
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4,4,5,5-Tetramethyl-2-(5-(2-bromo-3-trifluoromethanesulfonate)pyridine-6-yl)-thiophen-2-yl)-1,3,2-

dioxaborolane (17)
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5-Bromo-2-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl)aniline (19)
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4-Bromo-2-iodo-N, N-dimethylaniline (20)
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5-Bromo-N,N-dimethyl-2-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-thiophen-2-yl)aniline (21)
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2-Bromo-4-iodophenol (22)
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4,4,5,5-Tetramethyl-2-(5-(3-bromo-phen-4-ol)thiophen-2-yl)-1,3,2-dioxaborolane (23)
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2-Bromo-4-iodo-1-methoxybenzene (24)
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4,4,5,5-Tetramethyl-2-(5-(3-bromo-phen-4-methoxy)thiophen-2-yl)-1,3,2-dioxaborolane (25)
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4,4,5,5-Tetramethyl-2-(5-(2-(3-bromo)pyridin)thiophen-2-yl)-1,3,2-dioxaborolane (27)
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2-([2,2'-Bithiophen]-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (29)
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4,4,5,5-Tetramethyl-2-(5-phenylthiophen-2-yl)-1,3,2-dioxaborolane (31)
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2-(5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl)pyridine (33)
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2,5-Bis(trimethylstannyl)thiophene (35)
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2-Isopropyloxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (iPrO-BPin; 36)
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2,3,5-Tribromothiophene (37)
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3-Bromothiophene (38)
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3-n-Hexylthiophene (39)
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2-Bromo-3-n-hexylthiophene (40)
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2-Bromo-6-iodopyridin-3-ol (41)
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5.1.2 Further Experimental Data on Chapter 3.1

For general methods and materials see beginning of this chapter 5.2. The synthesis of 3-
bromothiophene is described in the main SI (chapter 5.1.1). 1-Bromo-2-ethylhexane was
purchased from VWR Inc. in a purity of 98%. Compounds 65, 66 and 67 (Outlook) were

prepared by M. Ried under my supervision during an internship.

5.1.2.1 Syntheses

3-(2-Ethylhexyl)thiophene (65)

A solution of 1-bromo-2-ethylhexane (10.2 mL, 10.9 g, 56.0 mmol) in diethyl ether (30 mL)
was added dropwise to a suspension of activated magnesium (1.36 g, 56.0 mmol) in ether
(40 mL) over a course of 20 min. [Ni(dppp)Cl;] (60 mg, 0.11 mmol) in ether (3 mL) was added
at 19°C in one portion, followed by addition of 3-bromothiophene (5.20mL, 9.13 g,
56.0 mmol) in ether (20 mL) dropwise over a course of 30 min. The reaction mixture was
heated to reflux for 15 h, was allowed to cool to 20 °C, poured into a mixture of crushed ice
and 2 m HCI, and extracted with ether (3 x 100 mL). The combined organic layers were
washed with a saturated solution of sodium hydrogen carbonate, brine and water and dried
over sodium sulfate. The solvent was removed in vacuo and the crude product was purified
by silica gel column chromatography (n-hexane, R= 0.8) to afford the product as colorless oil

in a yield of 5.09 g (25.9 mmol, 46%).

'H NMR (500 MHz, CDCl3): 8 = 7.22 (dd, 1H, *J = 4.9 Hz, 3.0 Hz, Tph-H-d), 6.93-6.86 (m, 2H,
Thp-H-a, c), 2.56 (d, 2H, 3/ = 6.9 Hz, e), 1.62-1.48 (m, 1H, f), 1.36-1.20 (m, 8H, g, h, i, k), 0.94-
0.80 (m, 6H, 1, j) ppm.

3C NMR (126 MHz, CDCl3): & = 141.9 (Tph-C-b), 128.7 (Tph-CH-a/c), 124.7 (Tph-CH-d), 120.6
(Tph-CH-a/c), 40.3 (f), 34.2 (e), 32.5, 28.9, 25.6, 23.0 (g, h, i ,k), 14.1 (j), 10.8 (I) ppm.

HRMS (EI*): m/z found 196.1284 (60) [M]"; calcd. for C1,H»0S 196.1286; found 98.1 (100) [M-
CrHus]".
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2-Bromo-3-(2-ethylhexyl)thiophene (66)

N-Bromosuccinimide (2.22 g, 12.5 mmol) was added to 3-(2-Ethyl)-hexylthiophene (2.47 g,
12.5 mmol) in glacial acetic acid (75 mL) at 15 °C and the mixture was stirred for 2.5 h. Then,
water (100 mL) was added and the reaction mixture was extracted with diethyl ether (3 x
40 mL). The organic layer was washed with 1 M sodium hydroxide solution followed by
drying over magnesium sulfate. The solvent was removed in vacuo and gave the crude
product which was distilled by Kugelrohr distillation (140 °C, 0.1 mbar) to afford the product

as colorless oil in a yield of 1.48 g (5.40 mmol, 43%).

'H NMR (500 MHz, CDCl5): & = 7.17 (d, 1H, J = 5.6 Hz, Tph-H-d), 6.76 (d, 1H, J = 5.6 Hz, Tph-
H-c), 2.50 (d, 2H, 3/ = 7.2 Hz, e), 1.66-1.55 (m, 1H, f), 1.37-1.16 (m, 8H, g, h, i, k), 0.88 (m, 6H,
i 1) ppm.

3C NMR (126 MHz, CDCl,): & = 141.1 (Tph-C-b), 128.7 (Tph-CH-c), 124.9 (Tph-CH-d), 109.4
(Tph-C-a), 39.9 (f), 33.6 (e/k), 32.4 (e/k), 28.7, 25.6, 23.0 (g, h, i), 14.0 (j), 10.8 (I) ppm.

IR (ATR): ¥ =2957 (s), 2924 (s), 2857 (s), 1458 (m), 1410 (w), 1378 (m), 1232 (w), 991 (m),
829 (m), 718 (s), 684 (s), 640 (m) cm ™.

HRMS (EI*): m/z found 274.0386 (55) [M]; calcd. for C1,H19SBr 274.0391; found 197.3/195.2
(90) [M-Br]"; found 177.9 (100) [M-C7H1s]*.
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2-Bromo-5-Iodo-3-(2-ethylhexyl)thiophene (67)

To a solution of 2-bromo-3-(2-ethyl)-hexylthiophene (910 mg, 3.30 mmol) in DCM (20 mL),
iodine (420 mg, 1.65 mmol) and iodobenzene diacetate (530 mg, 1.65 mmol) were added at
0 °C over a course of 3 min. The mixture was stirred at 20 °C for 4 h. Then, a solution of
sodium dithiosulfate (10% in water) was added and the mixture was extracted with diethyl
ether (3 x 30 mL). The organic layer was dried over magnesium sulfate. The solvent and
iodobenzene were removed in vacuo. The residue was purified by silica gel column
chromatography (n-hexane, R; = 0.92) followed by vacuum distillation (85 °C, 4.2 x 10> mbar)

to afford the product as colourless oil in a yield of 670 mg (1.65 mmol, 50%).

'H NMR (500 MHz, CDCls): & = 6.93 (s, 1H, Tph-H-c), 2.46 (d, 2H, >/ = 7.1 Hz, e), 1.65-1.48 (m,
1H, f), 1.36-1.14 (m, 8H, g, h, i, k), 0.95-0.81 (m, 6H, j, I) ppm.

3C NMR (126 MHz, CDCl,): 6 = 143.5 (Tph-C-b), 138.4 (Tph-CH-c), 112.3 (Tph-C-a), 70.9 (Tph-
C-d), 39.9 (f), 33.4 (e), 32.3 (g), 28.7 (h), 25.5 (k), 22.9 (i), 14.0 (1), 10.7 (j) ppm.

IR (ATR): ¥ = 2956 (s), 2924 (s), 2856 (s), 1458 (m), 1403 (w), 1378 (m), 1175 (w), 1005 (m),
915 (w), 831 (s), 469 (s) cm™.
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5.1.2.2 1H NMR Spectra and 13C{1H} NMR Spectra

3-(2-Ethylhexyl)thiophene (65)1
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! The compound shows impurities in the alkyl region. This impurity is caused by unreacted alkylation reagent
and is removed in the next step.
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2-Bromo-3-(2-ethylhexyl)thiophene (66)
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2-Bromo-5-lodo-3-(2-ethylhexyl)thiophene (67)
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5.2 Supporting Information on Chapter 3.2

5.2.1 Supporting Information for the Manuscript Aromatic Dinculeophiles

Supporting Information
for

Aromatic Dinucleophiles

Annika C. J. Heinrich, Paul J. Gates, Christian Nather and Anne Staubitz*

Abbreviations

General Methods and Materials

GC Optimization Reactions

Syntheses

'H NMR Spectra and *C{*H} NMR Spectra

Single Chrystal Data of (5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-

yl)(triphenylphosphine)gold 35
Single Chrystal Data of (5-lodothiophen-2-yl)(triphenylphosphine)gold 37

Single Chrystal Data of (5-lodophenyl-2-yl)(triphenylphosphine)gold 39
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Abbreviations

A area

ATR attenuated total reflectance
calcd. calculated

Cl chemical ionization

COosy correlated spectroscopy

d doublet (NMR)

DCM dichloromethane

dd doublet of doublets (NMR)

Decomp. temp.
DMF

dppe 1,2-bis(diphenylphosphino)ethane

dppf 1,1'-bis(diphenylphosphino)ferrocene
El electron ionization

GC gas chromatography

GC-MS gas chromatography-mass spectrometry
HMBC heteronuclear multiple bond coherence
HSQC heteronuclear single quantum coherence
Ind indole scaffold

IR infrared

LDA lithium diisopropylamide

m medium (concerning the intensity) (IR)
m multiplet (NMR)

M.p. melting point

MS mass spectrometry

MW microwave

n amount of substance

Phe benzenescaffold

Pin pinacol

Pyr pyridine scaffold

R¢ response factor

S strong (concerning the intensity) (IR)

S singlet (NMR)

t triplet (NMR)

THF tetrahydrofuran

TMEDA tetramethylethylenediamine

TMS tetramethylsilane

TOF time of flight

Tph thiophene scaffold

w weak (concerning the intensity) (IR)

decomposition temperature
N,N-dimethylformamide
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General Methods and Materials

All syntheses were carried out using standard Schlenk techniques or in a glovebox under a
dry and inert nitrogen atmosphere. In the cases in which argon was used or the reaction was
not performed under inert reaction conditions, this is noted specifically in the procedure.
Glassware and NMR-tubes were dried in an oven at 200 °C for at least 2 h before use.
Reaction vessels were heated under vacuum und purged with nitrogen three times before

adding reagents.

Analyses
1 13~¢1 11 31 119
H NMR, “C{"H} NMR, "B NMR, P NMR and ~“Sn NMR spectra were recorded at 300 K.

'H NMR spectra were recorded on a Bruker DRX 500 (500 MHz) spectrometer or a Bruker
Avance 600 spectrometer. *C{*H} NMR spectra were recorded on a Bruker DRX 500 (126
MHz) spectrometer or a Bruker Avance 600 spectrometer. B NMR, 31p NMR and *°Sn NMR
spectra were recorded on a Bruker DRX 500 (160 MHz, 202 MHz and 187 MHz)

spectrometer.

'H NMR and c{*H} NMR spectra were referenced against the solvent residual proton signals
(*H) or the solvent itself (**C). *'B NMR spectra were referenced against BF;-OEt; in CDCls,

the reference of the °Sn NMR spectra was calculated based on the *H NMR signal of TMS.

The exact assignment of the peaks was proved by H, *C DEPT and two-dimensional NMR

spectroscopy such as "H COSY, 3¢ HsQC or *H/*C HMBC when possible.

All melting points were recorded on an Electrothermal melting point apparatus LG 1586 and

are uncorrected.

IR spectra were recorded on a Perkin ElImer Paragon 1000 FT-IR spectrometer with a A531-G

Golden-Gate-ATR-unit.

Ultra High resolution ESI mass spectra were recorded on a Bruker Daltonics Apex IV Fourier
Transform lon Cyclotron resonance mass spectrometer or on a Bruker Daltonics micrOTOF Il
mass spectrometer. The high resolution El mass spectra were run on a VG Analytical

Autospec apparatus or a Jeol AccuTOF JMS-T100GCV mass spectrometer.

GC-MS analysis was performed on a Hewlett Packard 5890A gas chromatograph, equipped

with a Hewlett Packard 5972A mass selective detector and an Agilent Technologies
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poly(dimethylsiloxane) column (19091S-931E, nominal length 15 m, 0.25 mm diameter,

0.25 pum grain size).

GC analysis was performed on an Agilent Technologies 6890N gas chromatograph, equipped
with an Agilent Technologies 7683 Series Injector, an Agilent Technologies (5 %-phenyl)-
poly(methylsiloxane) column (19091J-413, nominal length 30 m, 0.32 mm diameter, 0.25 um

grain size) and a flame ionization detector (FID).

All microwave irradiation reactions were carried out on a Biotage® Initiator+ SP Wave
synthesis system, with continuous irradiation power from 0 to 300 W. All reactions were
carried out in 5 mL oven-dried Biotage microwave vials sealed with an aluminum/Teflon®
crimp top, which can be exposed to a maximum of 250 'C and 20 bar internal pressure. The

reaction temperature was measured by an external IR sensor.

The single crystal data were measured using an Imaging Plate Diffraction System (IPDS-1)
from STOE & CIE and were corrected for absorption using X-Red and X-Shape from STOE &
CIE (Min/max. transmission: 0.4839/0.7604). The structure was solved with direct methods

using SHELXS-97 and refinement was performed against F? using SHELXL-97.

Chemicals
All reagents were used without further purification unless noted otherwise.

The preparation of iPrO-BPin (2-isopropyloxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, P1-
36), 2-bromo-3-n-hexylthiopene (P1-40) and 2-bromo-3-n-hexyl-5-iodothiophene (P1-3) was
already described in the supporting information of Org. Lett. 2013, 15, 4666 (see chapter
5.1). 3-n-Hexylthiophene was either bought (see following table) or prepared, starting with
thiophene, which is described in the supporting information Org. Lett. 2013, 15, 4666 (see
chapter 5.1).

Name Supplier Purity Comment
Acetic acid Merck Inc. 99.8% anhydrous
Ammonium chloride Grussing Inc. 99.5%

Glacial acetic acid Grissing 99%

Gold Degussa Inc. 99.9%
1-Boc-5-bromoindole-2-boronic Alfa Aesar Inc. 95%

acid

2-(4-lodophenyl)-4,4,5,5- Sigma Aldrich Inc. 97%

tetramethyl-1,3,2-dioxaborolane
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2-Bromopyridine-5-boronic acid
2-lodothiophene
3-n-Hexylthiophene
Hexamethyldistannane
Hydrochloric acid
Magnesium sulfate
Molecular sieves, 3 A

Nitric acid
N-Bromosuccinimide
N-lodosuccinimide
n-Butyllithium

Pinacol

Sodium

Sodium chloride

Sodium hydroxide

Sodium hydrogen carbonate
Thiophene

Triisopropyl borate
Trimethyltin chloride
Triphenylphospine

Chromatography

TCl Inc.

Acros Inc.

Sigma Aldrich Inc.
VWR Inc.
Grussing Inc.
Griussing Inc.

Alfa Aesar Inc.
Grissing Inc.

Alfa Aesar Inc.
Molekula

Acros Inc.

ABCR Inc.

Merck Inc.
Grissing Inc.
Grissing Inc.
Grussing Inc.
VWR Inc.

Strem Chemicals Inc.
Acros Inc.

Alfa Aesar Inc.

>96%
98%
>99%
99%
37%
99%

68%

99%

95%

2.5 M in hexanes

99%

2 99%

99.5%

99.5%

99%

99% distilled
>98%

99%

99%

For the chromatographic purification, silica gel (Macherey-Nagel Inc., grain size 0.040 -

0.063 mm) was used. Thin layer chromatography was performed using pre-coated plates

from Macherey-Nagel Inc., ALUGRAM® Xtra SIL G/UV254. Most chromatography purifications

were carried out using an Interchim Puriflash” 430 system, where cartridges of Interchim

(silica HC, grain size 50 um, 120 g or 80 g) were used.
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Solvents

All solvents were used freshly distilled after refluxing for several hours over the specified

drying agent under nitrogen and were stored in a J. Young’s-tube. If no drying agent is noted,

the solvents were only distilled for purification purposes.

Solvent

Acetic acid

CDCl;

Chloroform
Dichloromethane
DMF

Ethyl acetate
Methanol
n-Hexane

n-Pentane

THF

Toluene

Comment

Grussig Inc.

Deutero Inc.

VWR Inc., HPLC grade

BCD Inc.

Acros Inc., CaH,; stored over 3 A molecular sieves

BCD Inc.

Baker Inc., HPLC grade

Walter CMP Inc., sodium with benzophenone as an indicator;
degassed by freeze-pump-thaw technique, stored over 3 A
molecular sieves

Walter CMP Inc., lithium aluminium hydride; degassed by freeze-
pump-thaw technique, stored over 3 A molecular sieves

Sigma Aldrich Inc., CaH, with triphenylmethane as an indicator;
degassed by freeze-pump-thaw technique, stored over 3 A
molecular sieves

BCD Inc., sodium with benzophenone as an indicator; degassed by
freeze-pump-thaw technique, stored over 3 A molecular sieves
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Syntheses

4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane
9

b ¢ g
e /@\ 0 Me
MesSn" a5y B fZi\Me
O Me
Me

Method (A)

n-Butyllithium (8.00 mL, 20.0 mmol, 2.50 M in n-hexane,) and TMEDA (2.33 g, 20.0 mmol)
were dissolved in THF (30 mL) at -78 °C. 2,5-Dibromothiophene (2.40g, 10.0 mmol) was
added dropwise within 5 min to the solution, and the mixture was stirred for 30 min. Then,
trimethyltin chloride (1.99 g, 10.0 mmol) in THF (24 mL) was added to the stirred solution
over a period of 3 h via a syringe pump. The reaction mixture was stirred for another 5 h and
then 2-isopropyloxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.86 g, 10.0 mmol) was added
in one portion and the solution was allowed to warm to 20 °C and was stirred for 14 h. After
aqueous workup and extraction with diethyl ether (3 x 20 mL), the combined organic layers
were dried over sodium sulfate. The solvent was removed in vacuo and the by-products
were removed by sublimation (25 °C, 2 x 102 mbar) to afford the product as a colorless solid

in a yield of 3.18 g (8.02 mmol, 80%).
Method (B)

2-(5-lodothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (672 mg,  2.00 mmol),
[Pd(PPhs)s] (0.50 mol%, 11.0 mg) and hexamethyldistannane (656 mg, 2.00 mmol) was
dissolved in toluene (4 mL). The mixture was heated to 120 °C in the microwave for 20 min.
Water (10 mL) was added to the reaction mixture and it was extracted with DCM (3 x 15 mL).
After aqueous workup and extraction with diethyl ether (3 x 20 mL), the combined organic
layers were dried over sodium sulfate. The solvent was removed in vacuo to afford the

product a colorless solid in a yield of 754 mg (1.90 mmol, 95%) without further purification.

'H NMR (500 MHz, CDCls): & = 7.79 (d, 1H, */ = 3.2 Hz, Tph-H-b/c), 7.33 (d, 1H, *J = 3.2 Hz,
Tph-H-b/c), 1.37 (s, 12H, g), 0.40 (s, 9H, e) ppm.
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3C NMR (126 MHz, CDCls): & = 146.5 (Tph-C-a), 137.8 (Tph-CH-b/c), 136.3 (Tph-CH-b/c), 84.1
(f), 24.9 (g), -8.1 (e) ppm.?

19, NMR (187 MHz, CDCls): & = -26.8 ppm.
1B NMR (160 MHz, CDCls): § = 28.8 ppm.

IR (ATR): ¥=2978 (m), 2920 (w), 1510 (s), 1418 (s), 1331 (s), 1254 (m), 1138 (s), 1064 (s),
1021 (m), 957 (m), 928 (m), 853 (m), 820 (m), 770 (s), 665 (s), 533 (s) cm ™.

HRMS (ESI): m/z found 397.0432 (100) [M+Na]"*; calcd. for C13H,3BNa0,SSn 397.0426.
M.p.: 84 °C.

The data agree with the literature, where the compound was prepared in a different way in

avyield of 55%.>

> The carbon atom bound to boron was not visible due to the high quadrupole moment of the boron nucleus.
). Linshoeft, A. C. J. Heinrich, S. A. W. Segler, P. J. Gates, A. Staubitz, Org. Lett. 2012, 14, 5644.
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2-(4-n-Hexyl-5-(trimethylstannyl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (14)

2-(4-n-Hexyl-5-iodothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (919 mg,
1.00 mmol), [Pd(PPhs)s] (0.50 mol%, 6.0mg) and hexamethyldistannane (393 mg,
1.20 mmol) were dissolved in toluene (4 mL). The mixture was heated to 120 °C in the
microwave apparatus for 20 min. Water (10 mL) was added to the reaction mixture and it
was extracted with DCM (3 x 15 mL). The organic layer was extracted with water (2 x 20 mL)
and the aqueous layer was extracted with diethyl ether (3 x 20 mL). The combined organic
layers were dried over sodium sulfate. The solvent was removed in vacuo to afford the
product as yellow oil in a yield of 393 mg (0.86 mmol, quantitative) without further

purification.

'H NMR (500 MHz, CDCl3): & = 7.61 (s, 1H, Tph-H-c), 2.65-2.61 (m, 2H, h), 1.62-1.57 (m, 2H, i),
1.34-1.29 (m, 18H, j, k, 1, f), 0.89 (t, 3H, 3/ = 7.0 Hz, m), 0.37 (s, 9H, g) ppm.

13C NMR (126 MHz, CDCl3): & = 152.2 (Tph-C-b), 141.0 (Tph-CH-a), 138.9 (Tph-CH-c), 83.9 (e),
32.2 (h), 31.7, 29.3 (i, k), 26.9 (j), 24.7 (f), 22.6 (1), 14.1 (m), -8.1 (Sn(CHs)3) ppm.*

1% n NMR (187 MHz, CDCl5): & = 35.6 ppm.
1B NMR (160 MHz, CDCls): & = 28.6 ppm.

IR (ATR): V= 2977 (w), 2926 (m), 1526 (m), 1123 (m), 1369 (m), 1322 (s), 1267 (m), 1142 (s),
982 (m), 853 (s), 771 (s), 665 (s), 529 (s) cm™™.

HRMS (ESI): m/z found 481.1358 (100) [M+Na]"; calcd. for C1gH35BNa0,SSn 481.1370.

* The carbon atom bound to boron was not visible due to the high quadrupole moment of the boron nucleus.
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2-lodo-3-n-hexyl-thiophene (16)

This reaction was not performed under Schlenk conditions: N-lodosuccinimide (6.75 g,
30.0 mmol) was added in one portion to 3-n-hexylthiophene (5.00 g, 40.0 mmol) in glacial
acetic acid (50 mL) at 15 °C. The reaction mixture was stirred for 16 h at this temperature.
Then, water (20 mL) was added and the reaction mixture was extracted with diethyl ether
(3 x 20 mL). The organic layer was washed with sodium hydroxide solution (1 M, 5 x 50 mL)
followed by drying over magnesium sulfate. The solvent was removed in vacuo and the
crude product was distilled (kugelrohr, 8 x 10 mbar, 70 °C) to afford 7.72 g (26.3 mmol,

88%, Lit.”: 90% with impurities) of a slightly yellow oil.

'H NMR (500 MHz, CDCl3): & = 7.38 (d, 1H, 3/ = 5.5 Hz, Tph-H-d), 6.75 (d, 1H, 3/ = 5.5 Hz,
Tph-H-c), 2.60-2.51 (m, 2H, g), 1.61-1.52 (m, 2H, h), 1.39-1.28 (m, 6H, i, j, k), 0.94-0.86 (m,

3H, I) ppm.

3¢ NMR (126 MHz, CDCl3): 8 = 147.2 (Tph-C-b), 130.3 (Tph-CH-d), 127.9 (Tph-C-c), 73.9 (Tph-
C-a), 32.1(g), 31.6, 30.0, 28.9, 22.6 (h, i, j, k), 14.1 (1) ppm.

IR (ATR): 9= 2953 (m), 2923 (s), 2854 (s), 1456 (m), 1397 (m), 963 (m), 828 (s), 713 (s), 684
(s), 634 (s) cm™.

HRMS (EI"): m/z found 293.9937 (45) [M]"; calcd. for CioH15SI 293.9939; found 222.8 (100)
[M-CsH14]".

The NMR data are in agreement with the data found in the literature.®

T Tkachov, V. Senkovskyy, H. Homber, A. Kiriy, Macromolecules 2011, 44, 2006.
T Yokozawa, R. Suzuki, M. Nojima, Y. Ohta, A. Yokoyama, Macromol. Rapid. Commun. 2011, 32, 801.
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2-(4-n-Hexyl-5-iodothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (17)

k
Me
I
f c b
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Me O
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A solution of diisopropylamine (2.42 g, 24.0 mmol) in THF (80 mL) was cooled to -78 °C and
n-butyllithium (8.00 mL, 20.0 mmol, 2.5 m in n-hexane) was added dropwise over the course
of 2 min. The mixture was warmed to 0 °C, cooled back to -78 °C and stirring was continued
for 5 min. 2-lodo-3-hexylthiophene (5.88 g, 20.0 mmol) was added dropwise over 5 min and
the reaction mixture was stirred for 1 h at -78 °C. iPrO-BPin (3.72 g, 20.0 mmol) was added
dropwise over a course of 5 min to the orange-brown suspension and the reaction mixture
was stirred at -78 °C for 15 min. Then the cooling bath was removed and the mixture was
stirred for 3 h at 15 °C. The reaction was quenched with methanol (50 mL) and the solvents
were removed in vacuo. The residue was dissolved in DCM (40 mL), washed with water (2 x
50 mL) and dried over magnesium sulfate. The solvent was removed in vacuo and the
mixture was purified by silica gel column chromatography (pentane : ethyl acetate, Rf= 0.65,
with a gradient starting with pure pentane to a mixture of pentane : ethyl acetate of 95 : 5)

to afford the product in a yield of 7.07 g (16.8 mmol, 84%, Lit.”: 30%) as a dark red oil.

'H NMR (500 MHz, CDCl): & = 7.24 (s, 1H, Tph-H-c), 2.52 (m, 2H, g), 1.63-1.53 (m, 2H, h),
1.40-1.26 (m, 18H, i, j, k, f), 0.89 (t, 3H, 3/ = 7.9 Hz, |) ppm.

3¢ NMR (126 MHz, CDCl3): & = 148.6 (Tph-C-b), 137.5 (Tph-CH-c), 84.2 (e), 82.7 (Tph-C-a),
31.9,31.6,29.9,28.9 (g, h, i, j), 24.7 (f), 22.6 (k), 14.1 (1) ppm.

1B NMR (160 MHz, CDCls): & = 28.3 ppm.

IR (ATR): ¥ = 2955 (w), 2926 (m), 2855 (w), 1540 (m), 1428 (s), 1370 (m), 1327 (s), 1294 (s),
1267 (s), 1139 (s), 1025 (m), 956 (w), 851 (s), 662 (s) cm ™.

HRMS (ESI): m/z found 443.0690 (100) [M+Na]*; calcd. for C1sH»BINaO,S 443.0687.

The NMR data are in agreement with the data found in the literature.’

T Yokozawa, R. Suzuki, M. Nojima, Y. Ohta, A. Yokoyama, Macromol. Rapid. Commun. 2011, 32, 801.
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2-(5-lodothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (19)

f c b
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A solution of diisopropylamine (1.05 g, 10.4 mmol) in THF (80 mL) was cooled to -78 °C and
n-butyllithium (4.00 mL, 10.0 mmol, 2.5 M in n-hexane ) was added dropwise over the course
of 2 min. The mixture was warmed to 0 °C, cooled back to -78 °C and stirring was continued
for 5 min. 2-lodo-thiophene (2.94 g, 10.0 mmol) was added dropwise to the solution over
the course of 5 min and the reaction mixture was stirred for 1 h at -78 °C. The boronic ester
(1.86 g, 10.0 mmol) dissolved in THF (5 mL) was added dropwise over a course of 5 min to
the orange-brown suspension and the reaction mixture was stirred at -78 °C for 15 min. The
mixture was allowed to warm to 15 °C without removal of the cooling bath and stirred for
16 h. The reaction was quenched with a saturated solution of ammonium chloride (20 mL).
The aqueous layer was extracted with ethyl acetate (3 x 30 mL) and the combined organic
layers were dried over magnesium sulfate. The solvent was removed in vacuo and gave the

product in a yield of 3.28 g (9.81 mmol, 98%) as a bright brown solid.

'H NMR (200 MHz, CDCls): & = 7.29 (d, 1H, 3J = 3.6 Hz, Tph-H-b/c), 7.72 (d, 1H, 3/ = 3.6 Hz,
Tph-H-b/c), 1.33 (s, 12H, f) ppm.

3C NMR (126 MHz, CDCl3): 6 = 138.5 (Tph-CH-b/c), 138.3 (Tph-CH-b/c), 84.3 (e), 81.5 (Tph-C-
a), 24.7 (f) ppm.8

1B NMR (160 MHz, CDCls): & = 28.2 ppm.

The NMR data are in agreement with the data found in the literature.’

& The carbon atom bound to boron was not visible due to the high quadrupole moment of the boron nucleus.
°G.A. Chotana, V. A. Kallepalli, R. E. Maleczka, M. R. Smith lll, Tetrahedron 2008, 64, 6103.
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2-Bromo-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (21)
Me
o) c— b
M7 7\
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g

2-Bromopyridine-5-boronic acid (3.00g, 14.9 mmol), pinacol (1.88g, 16.0 mmol) and
molecular sieve (3 A, 1.50 g, crushed) were placed in a Schlenk flask which was subsequently
evacuated. Then, the flask was flushed with nitrogen, and diethyl ether (65 mL) was added
to the mixture at 15 °C in one portion. Then the reaction mixture was stirred for 16 h at this
temperature. Subsequently, the mixture was filtered over Celite, washed with diethyl ether
(3 x 30 mL) and the solvents were removed in vacuo to afford the pure product as white

solid in a yield of 3.44 g (12.2 mmol, 82%, Lit."%: 85%).

'H NMR (500 MHz, CDCl3): & = 8.68 (dd, 1H, *J = 2.0 Hz, ®J = 0.7 Hz, Pyr-H-e), 7.88 (dd, 1H, *J =
7.9 Hz, *J = 2.0 Hz, Pyr-H-c), 7.48 (dd, 1H, */ = 7.9 Hz, °J = 0.7 Hz, Pyr-H-b), 1.34 (s, 12H, g)

ppm.

3C NMR (126 MHz, CDCls): & = 155.9 (Pyr-CH-e), 145.4 (Pyr-C-a), 144.4 (Pyr-CH-c), 127.6,
(Pyr-CH-b), 84.5 (f), 24.8 (g) ppm.**

1B NMR (160 MHz, CDCls): & = 30.5 ppm.

IR (ATR): ¥ = 2981 (w), 2933 (w), 1577 (m), 1545 (w), 1455 (w), 1354 (s), 1278, (m), 1140 (s),
1100 (s), 1015 (m), 962 (w), 855 (m), 823 (s), 741 (s), 660 (s) cm™.

HRMS (ESI): m/z found 283.0377 (100) [M]*; calcd. for C11H1sBNO,Br 283.0379.

M.p.: 94 °C.

The NMR data are in agreement with the data found in the literature.'®

Ve G Watson, V. K. Aggarwal, Org. Lett 2013, 15, 1346.
" The carbon atom bound to boron was not visible due to the high quadrupole moment of the boron nucleus.
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tert-Butyl-5-bromo-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H- indole-1-
carboxylate (23)

2-Bromoindole-5-boronic acid (5.40g, 15.2 mmol), pinacol (2.00 mg, 17.0 mmol) and
molecular sieve (3A, 2.00g, crushed) were placed in a Schlenk flask, which was
subsequently evacuated. Then, the flask was flushed with nitrogen and diethyl ether (65 mL)
was added to the mixture at 15 °C in one portion. The reaction mixture was stirred for 16 h
at this temperature. Then, the mixture was filtered over Celite. The organic phase was
washed with water (2 x 20 mL), saturated ammonium chloride solution (20 mL) and dried
over magnesium sulfate. The solvent was removed in vacuo to afford a highly viscous orange
oil which was dissolved in DCM (2 mL) and overlayered with n-hexane (10 mL). After storing
the flask at 4°C, a white solid was formed which was removed by filtration. The solvent of
the remaining mixture was removed in vacuo to afford a yellow oil which was filtered over
silica (diethyl ether: ethyl acetate, 9 : 1, R= 0.30). After removing the solvent in vacuo, the

product was obtained as orange oil in a yield of 5.83 g (14.5mmol, 95%).

'H NMR (500 MHz, CDCls): 6 = 7.79 (d, 1H, */ = 8.8 Hz, Ind-H-g), 7.65 (d, 1H, *J = 2.0 Hz, Ind-
H-d), 7.35 (dd, 1H, *J = 8.8 Hz, *J = 2.0 Hz, Ind-H-f), 6.76 (s, 1H, Ind-H-b), 1.67 (s, 9H, m), 1.40

(s, 12H, j) ppm.

3¢ NMR (126 MHz, CDCls): 6 = 150.7 (k), 135.2 (e), 132.9 (Ind-C-c), 127.2 (Ind-CH-f), 123.5
(Ind-CH-d), 116.3 (Ind-CH-g), 115.7 (Ind-C-h), 114.7 (Ind-CH-b), 84.7 (1), 84.3 (i), 28.2 (m), 24.8
(j).*

1B NMR (160 MHz, CDCls): & = 28.6 ppm.

IR (ATR): ¥ = 2978 (w), 2924 (w), 1721 (s), 1557 (w), 1435 (w), 1364 (s), 1350 (s), 1315 (s),
1137 (s), 1060 (m), 965 (m), 849 (s), 788 (s), 665 (s), 665 (m), 455 (w) cm™.

HRMS (ESI): m/z found 421.1054 (100) [M]"; calcd. for C19H,sBNO4Br 421.1060.

"> The carbon atom bound to boron was not visible due to the high quadrupole moment of the boron nucleus.
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2-(4-(Trimethylstannyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (24)
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2-(4-lodophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (330 mg, 1.00 mmol), [Pd(PPhs)4]
(0.50 mol%, 6.0 mg) and hexamethyldistannane (393 mg, 1.20 mmol) were dissolved in
toluene (4 mL). The mixture was heated to 120 °C in the microwave apparatus for 30 min.
Water (10 mL) was added to the reaction mixture and it was extracted with DCM (3 x 15 mL).
The organic layer was extracted with water (2 x 20 mL) and the aqueous layer was extracted
with diethyl ether (3 x 20 mL). The combined organic layers were dried over sodium sulfate.
The solvent was removed in vacuo to afford the product as a colorless solid in a yield of

342 mg (932 umol, 93%) without further purification.

'H NMR (500 MHz, CDCl3): 6 = 7.76 (d, 2H, 3J = 7.9 Hz, Phe-H-b), 7.51 (d, 2H, 3J = 7.9 Hz, Phe-
H-c), 1.34 (s, 12H, f), 0.29 (s, 9H, g) ppm.

3¢ NMR (126 MHz, CDCl5): & = 146.7 (Phe-C-a), 135.3 (Phe-CH-c), 134.0 (Phe-CH-b), 83.7 (e),
24.8 (f), -9.6 (g) ppm.*

193 NMR (187 MHz, CDCls): & = -28.1 ppm.
1B NMR (160 MHz, CDCl3): & = 30.8 ppm.

IR (ATR): ¥ = 3052 (w), 2980 (w), 2911 (w), 1592 (w), 1356 (s), 1324 (m), 1142 (s), 1100 (m),
1055(s), 1017 (w), 962(w), 858 (m), 767 (s), 655 (s), 530(s) cm™.

HRMS (ESI): m/z found 353.0741 (100) [M]"; calcd. for C14H,,B0,SSn 353.0735.

M.p.: 123 °C.

" The carbon atom bound to boron was not visible due to the high quadrupole moment of the boron nucleus.
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tert-Butyl-5-trimethylstannyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-
indole 1-carboxylate (25)
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tert-Butyl-5-bromo-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole-1-carboxylate

(422 mg, 1.00 mmol), [Pd(PPhs)4] (0.50 mol%, 6.0 mg) and hexamethyldistannane (393 mg,
1.20 mmol) were dissolved in toluene (4 mL). The mixture was heated to 100 °C in a
microwave apparatus for 180 min. Water (10 mL) was added to the reaction mixture and it
was extracted with DCM (3 x 15 mL). The combined organic phase was then extracted with
water (2 x 20 mL) and the aqueous layer was extracted with diethyl ether (3 x 20 mL). The
combined organic layers were dried over sodium sulfate. The solvent was removed in vacuo

to afford the product as highly viscous oil in a yield 484 mg (956 umol, 96%).

'H NMR (500 MHz, CDCls): 6 = 7.79 (d, 1H, */ = 8.8 Hz, Ind-H-g), 7.65 (d, 1H, *J = 1.8 Hz, Ind-
H-d), 7.35 (dd, 1H, */ = 8.8 Hz, *J = 1.8 Hz, Ind-H-f), 6.76 (d, 1H, *J = 0.7 Hz, Ind-H-b), 1.68 (s,
9H, m), 1.40 (s, 12H, j), 0.20 (s, 9H, n) ppm.

3¢ NMR (126 MHz, CDCl5): & = 150.7 (k), 135.2 (Ind-C-e), 132.9 (Ind-C-c), 127.2 (Ind-CH-f),
123.5 (Ind-CH-d), 116.3 (Ind-CH-g), 115.7 (Ind-C-h), 114.7 (Ind-CH-b), 84.7(l), 84.3 (i), 28.2
(m), 24.8 (i), -10.3 (n) ppm. **

1B NMR (160 MHz, CDCls): & = 28.7 ppm.
193 NMR (187 MHz, CDCls): & = -108.0 ppm.

IR (ATR): ¥ = 2977 (w), 2904 (w), 1725 (m), 1433 (m), 1366 (s), 1323 (s), 1138 (s), 1055 (m),
849 (m), 765 (m), 520 (m), 497 (m) cm™.

HRMS (ESI): m/z found 530.1490 (10) [M+Na]*; calcd. for C5,H34BNNaO.Sn 530.1503; found:
444.2037 (100) [M-CgH12]".

“ The carbon atom bound to boron was not visible due to the high quadrupole moment of the boron nucleus.
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2-Trimethylstannyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (26)
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2-Bromo-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (284 mg,  1.00 mmol),
[Pd(PPh3)s] (0.50 mol%, 6.0 mg) and hexamethyldistannane (393 mg, 1.20 mmol) were
dissolved in toluene (4 mL). The mixture was heated to 100 °C in a microwave apparatus for
180 min. Water (10 mL) was added to the reaction mixture and it was extracted with DCM (3
x 15 mL). The organic layer was extracted with water (2 x 20 mL) and the aqueous layer was
extracted with diethyl ether (3 x 20 mL). The combined organic layers were dried with
sodium sulfate. The solvent was removed in vacuo to afford a dark red solid as a mixture of
mainly product and starting material in a ratio of product and starting material of 21: 26 =
60 : 40 by integration of an 'H NMR spectrum. The mixture was purified by sublimation at
60 °C, 3 x 10> mbar to afford a white solid, as a pure mixture of starting material and
product. A subsequent fractionation sublimation allowed to remove the starting material at

17 °C, 3 x 10 mbar to give the product as white solid in a yield 191 mg (540 pumol, 54%).

'H NMR (500 MHz, CDCl3): & = 9.04 (dd, 1H,% = 1.7 Hz, °J = 0.9 Hz, Pyr-H-e), 7.87 (dd, 1H, *J
= 7.3 Hz, *J = 1.7 Hz, Pyr-H-c), 7.45 (dd, 1H, >/ = 7.3 Hz, >/ = 0.9 Hz, Pyr-H-b), 1.34 (s, 12H, g),
0.34 (s, 9H, h) ppm.

13C NMR (126 MHz, CDCly): & = 177.1 (Pyr-C-a), 155.6 (Pyr-CH-e), 139.4 (Pyr-CH-c), 131.0
(Pyr-CH-b), 84.0 (), 24.8 (g), -9.5 (h) ppm.*’

1B NMR (160 MHz, CDCls): & = 30.8 ppm.
19, NMR (187 MHz, CDCl5): & = -108.7 ppm

IR (ATR): U = 2968 (m), 2918 (w), 1584 (w), 1477 (w), 1347 (s), 1157 (s), 1072 (s), 1037 (s),
1016 (s), 851 (m), 807 (m), 768 (s), 753 (s), 656 (s), 524 (s), 509 (s) cm™.

HRMS (ESI): m/z found 354.0688 (100) [M]; calcd. for C13H,:BNO,Sn 354.0687.

M.p.: 136 °C.

" The carbon atom bound to boron was not visible due to the high quadrupole moment of the boron nucleus.
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Dimethylsulfide gold(I) chloride (31)1¢
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This procedure was not performed under Schlenk conditions.

Gold (4.00 g, 20.4 mmol) was dissolved in boiling aqua regia (65 mL, HCI/HNOs, 3:1). The
volume was reduced to ca. 10 mL by boiling and stirring at an external temperature of
150 °C, then HCI (ca. 50 mL, conc.) was added, and the volume again reduced to ca. 10 mL.
This procedure was repeated until the vapors produced were no longer brown using a total
of 25 mL HCI. The final solution (10 mL) was cooled to 20°C and methanol (100 mL) was
added. Ensuring minimal light exposure, SMe, (ca. 4.25 g, 5 mL, 68 mmol, excess) was added
dropwise over the course of 5 min, with continuous stirring. With the addition of each drop,
a red coloration appeared. The reaction was finished when no red color appeared when
adding SMe,. The solution became colorless and a white precipitate formed. The white
precipitate was isolated by filtration, washed with methanol (10 mL), diethyl ether (10 mL)
and pentane (10 mL) and dried in vacuo to obtain the product as colorless solid in a yield of

5.65 g (19.2 mmol, 94%, Lit.2:93%).

'H NMR (500 MHz, acetone-d): & = 2.86 (s, 6H, CHs) ppm.
3C NMR (125 MHz, CDCls): & = 25.6 (CHs3) ppm.

IR (ATR): 7= 2996 (w), 2921(w), 2954 (s), 1436 (m), 1421 (s), 1411 (s), 1317 (w), 1298 (w),
1032 (s), 993 (s), 953 (m) cm™.

HRMS (ESI): m/z found 316.6439 (25) [M+Na]*; calcd. for C,HsAuCINaS 316.9437; found
444.2037 (100) [M-C,Hg+Na]".

Decomp. temp.: 135°C

' Mm.-C. Brandys, M. C. Jennings, R. J. Puddephatt J. Chem. Soc., Dalton Trans. 2000, 24, 4601-4606.
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Triphenylphosphine gold(I) chloride (32)17

b (o]
Cl—Au-PPh;  Ph= 5@ d

Dimethylsulfide gold(l) chloride (1.20g, 4.06 mmol) and triphenylphosphine (1.07 g,
4.06 mmol) were weighed at normal atmosphere into a flask. The flask was evacuated and
flushed with nitrogen. DCM (350 mL) was added to these reagents, dissolving the starting
materials. The mixture was stirred at 20 °C for 15 min monitoring the formation of the
product by *'P NMR spectroscopy. The reaction mixture was worked up in air by reducing
the volume of the solution to 50 mL in vacuo and n-hexane (350 mL) was added resulting in
the precipitation of the complex. The solid was then filtered, washed with n-hexane (3 x
15 mL) and dried in vacuo, affording the product as a white solid in a yield of 1.93 g

(3.90 mmol, 96%, Lit.>: quantitative).

'H NMR (500 MHz, CDCls,): & = 7.60-7.40 (m, 15H) ppm.

13C NMR (125 MHz, CDCl,): 6 = 134.2 (d, *Jcp = 13.8 Hz,-b/c), 132.0 (d, *Jc.p = 2.4 Hz, d), 129.2
(d, *Jep = 11.9 Hz,b/c), 128.6 (d, *Jc.p = 48.4 Hz, a) ppm.

31p NMR (202 MHz, CDCls, 300 K): & = 33.0 ppm.

IR (ATR): = 3060 (w), 3005 (w), 1479 (m), 1433 (m), 1421 (s), 1101 (s), 997 (m), 747 (s), 712
(m), 690 (s), 544 (s), 499 (s) cm™.

HRMS (ESI): m/z found 517.0152 (100) [M+Na]"; calcd. for C1gH1sAuCINaP 517.0158.

M.p.: 236°C

N, Mezailles, L. Ricard, F. Gagosz Org. Lett. 2005, 7, 4133-4136.
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(5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2yl) (triphenyl-

posphine)gold (35)
f . h i
Me o/ \
Me— (e ,B/sz)a\A“PPh?» Ph:g‘@i
Me 0 ?
Me

[CIAUPPh3] (247 mg, 500 pmol) and 4,4,5,5-tetramethyl-2-(5-(trimethylstannyl)thiophen-2-
yl)-1,3,2-dioxa-borolane (186 mg, 500 umol) were added under a nitrogen atmosphere. The
reactants were suspended in anhydrous, degassed 2-propanol (15 mL), and the resulting
yellow mixture was stirred under argon at 40 °C for 20 h. 2-Propanol was removed in vacuo.
The remaining pale yellow residue was dissolved in anhydrous DCM (5 mL) and filtered twice
through Celite pads to yield a yellow solution. The solvent was removed in vacuo to afford
the crude product. This was diluted in DCM (5 mL) and a layer of pentane (10 mL) was
carefully placed on top and the product was crystallized at 4 °C afford the product in a yield

of 255 mg (382 umol, 76%).

'H NMR (600 MHz, CDCl3): 6 = 7.96 (d, 1H, 3/ = 3.1 Hz, Tph-H-b/c), 7.63-7.57 (m, 5H, h, i),
7.53-7.44 (m, 10H, h, i), 7.26 (d, 1H, 3/=3.1Hz, Tph-H-b/c), 1.34 (s, 12H, f) ppm.

3C NMR (151 MHz, CDCls): & = 137.3 (d, *Jc p = 7.8 Hz, Tph-CH-c), 134.4 (Tph-CH-b), 134.4 (d,
*Je p=13.8 Hz, h/i), 131.3 (d, *Jc p = 2.3 Hz, j), 130.7 (g), 130.3 (Tph-C-a), 129.1 (d, *Jc, p = 11.0,
Hz, h/i), 83.4 (e), 24.8 (f) ppm.®

1B NMR (160 MHz, CD,Cl,): 6 = 29.1 ppm.
31p NMR (202 MHz, CD,Cl,): & = -43.1 ppm.

IR (ATR): ¥ = 2977 (w), 1507 (m), 1406 (m), 1341 (s), 1315 (s), 1139 (m), 1104 (s), 1063 (m),
852 (m), 745 (s), 692 (s), 662 (s), 537 (s), 500 (s) cm™.

HRMS (ESI): m/z found 691.1273 (100) [M+Na]*; calcd. for C,sH26AuBNaO,PS 691.1282.

Decomp. temp.: 234 °C.

' The carbon atom bound to boron was not visible due to the high quadrupole moment of the boron nucleus.
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(5-Iodothiophene-2-yl)(triphenylphosphine)gold (37)

C/ \b f 9
|/an\AUPPh3 Ph= §@ "

[CIAUPPh3] (495 mg, 1.00 mmol) 2-(5-iodothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxa-
borolane ester (110 mg, 1.00 mmol), and Cs,CO3 (716 mg, 2.20 mmol) were added under an
argon atmosphere. The reactants were suspended in anhydrous, degassed 2-propanol
(30 mL), and the resulting yellow mixture was stirred under argon at 40 °C for 20 h. 2-
Propanol was removed in vacuo. The remaining pale yellow residue was dissolved in
anhydrous DCM (30 mL) and filtered twice through Celite pads to yield a yellow solution. The
solvent was removed in vacuo obtaining a violet solid. This was diluted in DCM (6 mL). A
layer of n-pentane (10 mL) was carefully placed on top and the product was crystallized at

4 °C to afford to afford the product as colorless crystals in a yield of 640 mg (958 umol, 96%).

'H NMR (500 MHz, CDCl5): 6 = 7.60-7.55 (m, 6H, Tph-H-c/b and f/g/h), 7.52-7.42 (m, 10H,
f/g/h), 6.88 (d, 1H, *J = 3.3 Hz, Tph-H-c/b) ppm.

3C NMR (126 MHz, CDCls): § = 136.8 (Tph-CH-c/b), 135.0 (Tph-CH-c/b), 134.3 (d, *Jc p =
13.7 Hz, f/g), 131.4 (h), 130.5 (Tph-C-a/e), 130.1 (Tph-C-a/e), 129.1 (d, */c » = 11.0 Hz, f/g),
74.4 (Tph-C-d) ppm.

31p NMR (202 MHz, CDCls): & = 42.7 ppm.

IR (ATR): ¥ = 3044 (w), 1586 (w), 1477 (m), 1433 (s), 1383 (m), 1098 (s), 996 (m), 902 (m), 791
(m), 740 (s), 708 (s), 688 (s), 531 (s), 499 (s), 472 (s) cm™.

HRMS (ESI): m/z found 667.9493 (100) [M]*; calcd. for Co,H17SAUIP 667.9499.

Decomp. temp.: 129 °C.
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(5-Iodophenyl-2-yl)(triphenylphosphine)gold (39)

b ¢ f 9

I—aQCTAuPPm Ph = g@ h

[CIAUPPh3] (247 mg, 500 umol), 5-iodophenylboronic ester (196 mg, 500 umol) and Cs,CO3
(358mg, 1.10 mmol) were added under an argon atmosphere. The reactants were
suspended in anhydrous, degassed 2-propanol (15 mL), and the resulting yellow mixture was
stirred under argon at 40 °C for 20 h. Then 2-propanol was removed in vacuo. The remaining
pale yellow residue was dissolved in anhydrous DCM (30 mL) and filtered twice through
Celite pads to yield a yellow solution. The solvent was removed in vacuo obtaining a violet
solid. This was diluted in DCM (6 mL) and carefully overlayered with n-pentane (10 mL). The
product was crystallized at 4 °C to afford the product as colorless crystals in a yield of 301 mg

(455 pumol, 91%).

'H NMR (600 MHz, CDCls): 6 = 7.62-7.55 (m, 8H, f/g/h), 7.54-7.44 (m, 9H, Phe-H-c, f/g/h),
7.33(dd, 2H, */ = 7.8 Hz, *J = 5.3 Hz, Phe-H-b) ppm.

3¢ NMR (151 MHz, CDCl5): 6 = 171.2 (Phe-C-d), 141.1 (Phe-CH-b), 136.1 (d, J = 6.3 Hz, Ar-CH-
c), 134.4 (d, *Jc p= 14.6 Hz, f/g), 131.2 (d, *Jc,p = 2.2 Hz, h), 130.8 (d, *Jc p= 49.8 Hz, €), 129.1
(d, 3Jc, p=11.7 Hz, f/g), 91.9 (Ar-C-a) ppm.

31p NMR (202 MHz, CDCls): & = 43.6 ppm.

IR (ATR): ¥ = 3050 (w), 1478 (m), 1432 (s), 1365 (w), 1097 (s), 1092 (m), 1052 (m), 998 (s),
789 (s), 741 (s), 690 (s), 535 (s), 495 (s), 471 (s) cm™.

HRMS (ESI): m/z found 684.9824 (100) [M+Na]*; calcd. for C,4sH1sAulNaP 684.9827.

Decomp. temp.: 145 °C.
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1H NMR Spectra and 13C{1H} NMR Spectra

4,4,5,5-Tetramethyl-2-(5-(trimethylstannyl)thiophen-2-yl)-1,3,2-dioxaborolane
(9, in CDCI)
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2-(4-n-Hexyl-5-(trimethylstannyl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (14, in CDCI3)
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2-lodo-3-n-hexyl-thiophene (16, in CDCl3)
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2-(4-n-Hexyl-5-iodothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (17,
in CDCl3)
nHex
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2-(5-lodothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (19, in CDCl3)
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2-Bromo-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (21, in CDCI3)
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tert-Butyl-5-bromo-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H- indole-1-

carboxylate (23, in CDCI3)
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2-(4-(Trimethylstannyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (24, in
CDCl3)
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tert-Butyl-5-trimethylstannyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-

indole 1-carboxylate (25, in CDCI3)
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2-Trimethylstannyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (26,
in CDCl3)
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Dimethylsulfide gold(I) chloride (31, in acetone-ds)
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Triphenylphosphine gold(I) chloride (32, in CDCl3)
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(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl) (triphenyl-
phosphine)-gold (35, in CDCI3)
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(5-Iodothiophen-2-yl)(triphenylphosphine)gold (37, in CDCl3)
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(5-Iodophenyl-2-yl)(triphenylphosphine)gold (39, in CDCl3)
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Single Crystal Data

The data were measured using an Imaging Plate Diffraction System (IPDS-1) from STOE & CIE
and were corrected for absorption using X-Red and X-Shape from STOE & CIE (Min/max.
transmission: 0.4839/0.7604). The structure was solved with direct methods using SHELXS-
97 and refinement was performed against F2 using SHELXL-97. All non-hydrogen atoms were
refined anisotropic. The C-H H atoms were positioned with idealized geometry and refined
isotropic with Uiso(H) = 1.2 - Ueq(C) (1.5 for methyl H atoms) using a riding model. Selected

crystal data and details on the structure determination can be found in tables below.

(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl) (triphenyl-
phosphine)gold (35)

S

v oA N
Meﬁ B AuPPhs
o

Me
Me

Table SI 1. Crystal data and structure refinement

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

YA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

CasH2sAUBO,PS
668.32

200(2) K
0.71073 A
Triclinic

P-1
a=28.8487(3) A
b=11.1323(4) A
c=13.7577(5) A
1350.18(8) A3

2

1.644 Mg/m3
5.607 mm1

656

0.04x0.10 x 0.14 mm?3

1.483 to 28.003°.

o= 86.810(3)°.
B=89.161(3)".
v =86.276(3)°.

-11<=h<=11, -14<=k<=14, -17<=I<=18

16713

6506 [R(int) = 0.0451]

99.6 %

Full-matrix least-squares on F2

6506 /0/ 308
1.068

R1=0.0459, wR2 =0.1209
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R indices (all data) R1 =0.0498, wR2 = 0.1240
Extinction coefficient 0.0188(12)

Largest diff. peak and hole 1.842 and -1.781 e.A-3
Comments:

All non-hydrogen atoms were refined anisotropic. The C-H atoms were positioned with
idealized geometry and refined using a riding model. A numerical absorption correction was

performed (Tmin/max: 0.2588/0.7723).

Table SI 2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A2x 103)

for staubitz10. U(eq) is defined as one third of the trace of the orthogonalized Ui tensor.

X y z U(eq)
Au(1) 3495(1) 7251(1) 4208(1) 41(1)
c(1) 2780(6) 7151(5) 2817(4) 42(1)
S(1) 973(2) 7613(1) 2465(1) 48(1)
C(2) 1270(6) 7333(5) 1259(4) 43(1)
c(3) 2741(7) 6885(6) 1146(5) 52(1)
C(4) 3571(7) 6792(6) 2016(5) 56(2)
B(1) 63(7) 7561(6) 469(5) 43(1)
0(1) -1417(5) 7933(4) 666(3) 52(1)
C(5) -2137(7) 8230(6) -274(5) 56(1)
c(6) -1104(8) 7485(6) -976(5) 55(1)
0(2) 343(5) 7407(4) -483(3) 56(1)
C(7) -2095(11) 9573(7) -460(7) 79(2)
C(8) -3765(8) 7877(9) -192(7) 76(2)
c(9) -1554(11) 6194(8) -1045(7) 74(2)
C(10) -856(10) 8065(9) -2037(6) 76(2)
P(1) 4418(1) 7327(1) 5740(1) 37(1)
C(11) 6456(6) 7058(5) 5740(4) 40(1)
C(12) 7309(7) 7820(6) 5149(5) 51(1)
C(13) 8874(7) 7581(7) 5069(5) 61(2)
C(14) 9571(7) 6584(7) 5550(5) 60(2)
C(15) 8728(7) 5828(6) 6123(5) 54(1)
C(16) 7187(6) 6063(5) 6236(4) 44(1)
c(21) 3682(6) 6204(5) 6601(4) 40(1)
C(22) 3295(6) 5119(5) 6260(4) 44(1)
C(23) 2661(7) 4269(5) 6878(5) 54(1)
C(24) 2419(7) 4490(6) 7852(5) 57(2)
C(25) 2806(8) 5565(6) 8193(5) 61(2)

C(26) 3451(8) 6421(5) 7578(5) 54(1)
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C(31) 3991(6) 8730(5) 6331(4) 43(1)
C(32) 2465(8) 9129(5) 6375(6) 57(2)
C(33) 2027(10) 10113(6) 6912(7) 74(2)
C(34) 3097(11) 10719(6) 7364(6) 73(2)
C(35) 4623(11) 10367(6) 7287(6) 70(2)
C(36) 5057(8) 9360(5) 6756(5) 54(1)

Table SI 3. Bond lengths [A] and angles [°].

Au(1)-C(1) 2.036(6) Au(1)-P(1) 2.2792(14)
C(1)-Au(1)-P(1) 176.99(15) C(4)-C(1)-Au(1) 129.4(5)
C(11)-P(1)-Au(1) 110.81(18) S(1)-C(1)-Au(1) 122.4(3)
C(31)-P(1)-Au(1) 115.8(2) C(21)-P(1)-Au(1) 113.35(19)
C(1)-C(4) 1.361(8) C(11)-C(12) 1.393(8)
C(1)-S(1) 1.715(6) C(11)-C(16) 1.395(8)
S(1)-C(2) 1.718(6) C(12)-C(13) 1.397(9)
C(2)-C(3) 1.373(8) C(13)-C(14) 1.376(10)
C(2)-B(1) 1.534(8) C(14)-C(15) 1.369(10)
C(3)-C(4) 1.409(9) C(15)-C(16) 1.381(8)
B(1)-0(2) 1.348(8) C(21)-C(22) 1.385(8)
B(1)-O(1) 1.375(7) C(21)-C(26) 1.389(8)
0(1)-C(5) 1.463(8) C(22)-C(23) 1.379(8)
C(5)-C(7) 1.506(10) C(23)-C(24) 1.387(10)
C(5)-C(8) 1.519(10) C(24)-C(25) 1.374(10)
C(5)-C(6) 1.556(10) C(25)-C(26) 1.385(9)
C(6)-0(2) 1.453(8) C(31)-C(36) 1.368(9)
C(6)-C(9) 1.524(11) C(31)-C(32) 1.395(8)
C(6)-C(10) 1.580(10) C(32)-C(33) 1.386(9)
P(1)-C(11) 1.808(5) C(33)-C(34) 1.373(14)
P(1)-C(31) 1.817(5) C(34)-C(35) 1.385(13)
P(1)-C(21) 1.819(6) C(35)-C(36) 1.402(9)

C(4)-C(1)-S(1) 108.1(4) C(31)-P(1)-C(21) 103.0(2)
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C(1)-S(1)-C(2) 95.1(3) C(12)-C(11)-C(16) 119.1(5)
C(3)-C(2)-B(1) 127.5(5) C(12)-C(11)-P(1) 118.0(4)
C(3)-C(2)-S(1) 108.2(4) C(16)-C(11)-P(1) 122.7(4)
B(1)-C(2)-S(1) 124.3(4) C(11)-C(12)-C(13) 119.6(6)
C(2)-C(3)-C(4) 113.7(5) C(14)-C(13)-C(12) 120.5(6)
C(1)-C(4)-C(3) 114.9(5) C(15)-C(14)-C(13) 119.8(6)
0(2)-B(1)-0(1) 113.4(5) C(14)-C(15)-C(16) 120.8(6)
0(2)-B(1)-C(2) 123.4(5) C(15)-C(16)-C(11) 120.2(6)
0(1)-B(1)-C(2) 123.2(5) C(22)-C(21)-C(26) 119.4(5)
B(1)-0(1)-C(5) 106.6(5) C(22)-C(21)-P(1) 118.6(4)
0(1)-C(5)-C(7) 106.6(6) C(26)-C(21)-P(1) 122.0(4)
0(1)-C(5)-C(8) 107.9(6) C(23)-C(22)-C(21) 120.5(6)
C(7)-C(5)-C(8) 110.3(7) C(22)-C(23)-C(24) 120.0(6)
0(1)-C(5)-C(6) 102.2(5) C(25)-C(24)-C(23) 119.6(6)
C(7)-C(5)-C(6) 113.8(6) C(24)-C(25)-C(26) 120.8(6)
C(8)-C(5)-C(6) 115.2(6) C(25)-C(26)-C(21) 119.7(6)
0(2)-C(6)-C(9) 106.4(6) C(36)-C(31)-C(32) 120.0(6)
0(2)-C(6)-C(5) 102.2(5) C(36)-C(31)-P(1) 123.8(4)
C(9)-C(6)-C(5) 113.4(7) C(32)-C(31)-P(1) 116.1(5)
0(2)-C(6)-C(10) 107.9(6) C(33)-C(32)-C(31) 119.6(7)
C(9)-C(6)-C(10) 109.2(6) C(34)-C(33)-C(32) 120.1(7)
C(5)-C(6)-C(10) 116.8(6) C(33)-C(34)-C(35) 120.8(6)
B(1)-0(2)-C(6) 107.7(5) C(34)-C(35)-C(36) 118.8(8)
C(11)-P(1)-C(31) 106.8(3) C(31)-C(36)-C(35) 120.5(7)
C(11)-P(1)-C(21) 106.3(2)

Table SI 4. Anisotropic displacement parameters (A2x 103). The anisotropic displacement factor

exponent takes the form: -2n2[ h2 a*2Ull + .. +2 hka* b* U12]

yt1 u22 [JEE] u23 yis yl2
Au(l)  40(1) 46(1) 37(1) 2(1) -4(1) 0(1)
C(1) 43(3) 49(3) 36(3) -5(2) -3(2) -5(2)
S(1) 43(1) 60(1) 39(1) -6(1) -3(1) 8(1)
c(2) 48(3) 43(2) 36(2) -2(2) -3(2) -1(2)
c(3) 45(3) 71(4) 41(3) -12(3) -1(2) 1(3)
C(4) 43(3) 74(4) 53(3) -14(3) -7(2) 8(3)
B(1) 46(3) 45(3) 37(3) -2(2) -2(2) -3(2)
0(1) 45(2) 67(2) 42(2) -1(2) -4(2) 5(2)
C(5) 50(3) 67(4) 50(3) 3(3) -11(3) 1(3)
c(6) 56(3) 69(4) 41(3) 0(3) -10(2) -11(3)
0(2) 46(2) 75(3) 46(2) -6(2) -4(2) -5(2)
C(7) 90(6) 66(4) 81(6) 4(4) -38(4) 9(4)

c(8) 43(3) 114(6) 72(5) -7(4) -13(3) -4(4)
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C(9) 82(5) 76(5) 68(5) -14(4) -16(4) -16(4)
c(10)  76(5) 97(6) 56(4) -1(4) -18(4) -14(4)
P(1) 36(1) 40(1) 36(1) -5(1) -2(1) 1(1)
c(11)  39(2) 43(2) 38(3) -9(2) 1(2) -1(2)
c(12)  48(3) 59(3) 44(3) -1(2) 2(2) -1(2)
C(13)  46(3) 82(4) 54(4) -2(3) 3(3) -7(3)
c(14)  41(3) 83(4) 56(4) -14(3) -5(3) 2(3)
C(15)  44(3) 56(3) 61(4) -10(3) -9(3) 8(2)
c(16)  44(3) 45(2) 45(3) 7(2) 7(2) 1(2)
c21)  36(2) 44(2) 41(3) -5(2) -2(2) 2(2)
c(22)  47(3) 44(2) 42(3) -3(2) -2(2) -1(2)
c(23)  56(3) 42(3) 66(4) 0(3) -9(3) 7(2)
C(24)  54(3) 52(3) 63(4) 8(3) 6(3) -4(2)
c(2s)  73(4) 60(3) 47(3) -1(3) 12(3) -2(3)
c(26)  74(4) 44(3) 44(3) -5(2) 4(3) -4(3)
c(31)  45(3) 37(2) 46(3) -1(2) 5(2) 4(2)
C(32)  56(3) 45(3) 70(4) -2(3) 13(3) 5(2)
c(33)  81(5) 47(3) 89(6) 1(3) 35(4) 14(3)
C(34)  120(7) 40(3) 58(4) -6(3) 23(4) 10(3)
C(35)  110(6) 42(3) 59(4) -5(3) -3(4) -8(3)
c(36)  62(3) 47(3) 52(3) -10(2) -8(3) 0(2)

Table SI 5. Hydrogen coordinates (x 10%) and isotropic displacement parameters (A2x 10 3).

X y z U(eq)
H(3) 3160 6659 538 63
H(4) 4604 6501 2042 68
H(7A) -2569 9815 -1086 119
H(7B) -2648 9985 61 119
H(7C) -1041 9795 -476 119
H(8A) -4273 8067 -815 114
H(8B) -3778 7010 -26 114
H(8C) -4295 8324 318 114
H(9A) -2529 6200 -1374 112
H(9B) -780 5739 -1416 112
H(9C) -1643 5814 -389 112
H(10A) -1818 8127 -2385 114
H(10B) -485 8871 -1995 114
H(10C) -111 7556 -2388 114
H(12) 6829 8498 4802 61
H(13) 9462 8112 4679 73

H(14) 10634 6420 5486 72
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H(15)
H(16)
H(22)
H(23)
H(24)
H(25)
H(26)
H(32)
H(33)
H(34)
H(35)
H(36)

9210
6622
3469
2389
1989
2628
3733
1731

985
2787
5361
6100

5133
5546
4960
3530
3903
5722
7155
8729
10367
11389
10800
9113

6445
6653
5595
6636
8280
8858
7824
6039
6968
7734
7589
6690

65
53
53
65
68
73
65
69
88
88
84
64
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(5-Iodothiophen-2-yl)(triphenylphosphine)gold (37)

/@\
I AuPPh;

S

Table SI 6. Crystal data and structure refinement

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

Comments:

CpoH17AUlPS
668.25

200(2) K

0.71073 A

Triclinic

P-1

a=11.2623(8) A a=89.835(9)°.
b = 13.6294(10) A B=84.181(9)".
c=14.4792(12) A y=90.722(9)°.
2210.9(3) A3

4

2.008 Mg/m3

8.220 mm-1
1248

0.08 x 0.11 x 0.14 mm3

2.414 to 28.005°.

-14<=h<=14, -17<=k<=17, -19<=I<=19
23241

10483 [R(int) = 0.0431]

99.0 %

Full-matrix least-squares on F2
10483 /0/ 515

1.048

R1=0.0381, wR2 =0.0940
R1=0.0513, wR2 =0.0997
0.0050(2)

1.684 and -1.846 e.A-3

All non-hydrogen atoms were refined anisotropic. The H atoms were positioned with
idealized geometry and refined using a riding model. A numerical absorption correction was
performed (Tmin/max: 0.2202/0.4164). The asymmetric unit consists of two
crystallographically independent molecules. In one of these molecules the five-membered

ring is disordered in two orientations and was refined using a split model.
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Table SI 7. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A2x 103).

U(eq) is defined as one third of the trace of the orthogonalized U tensor.

X y z U(eq)
Au(1) 9168(1) 24322(1) -3129(1) 31(1)
c(1) 10467(4) 25376(4) -3353(4) 32(1)
S(1) 10866(1) 26102(1) -2450(1) 40(1)
c(2) 11931(4) 26729(4) -3144(4) 31(1)
c(3) 11991(5) 26425(4) -4028(4) 34(1)
c(4) 11152(5) 25648(4) -4141(4) 36(1)
(1) 12998(1) 27834(1) -2644(1) 52(1)
P(1) 7665(1) 23168(1) -2907(1) 27(1)
c(11) 7596(4) 22524(4) -1801(4) 28(1)
C(12) 7872(6) 23048(5) -1025(4) 42(1)
C(13) 7801(7) 22596(6) -156(5) 55(2)
C(14) 7490(6) 21605(5) -67(4) 47(2)
C(15) 7244(7) 21081(5) -837(5) 50(2)
C(16) 7291(6) 21537(4) -1707(4) 41(1)
c(21) 7721(5) 22213(4) -3785(4) 33(1)
C(22) 8844(5) 21983(5) -4248(4) 41(1)
C(23) 8920(7) 21257(6) -4928(5) 56(2)
C(24) 7921(8) 20768(6) -5150(5) 58(2)
C(25) 6811(7) 20991(6) -4690(5) 58(2)
C(26) 6711(5) 21708(5) -3999(4) 42(1)
C(31) 6216(4) 23739(4) -2932(4) 31(1)
C(32) 5205(5) 23406(4) -2366(4) 39(1)
C(33) 4142(5) 23908(5) -2363(5) 49(2)
C(34) 4040(6) 24697(5) -2931(6) 55(2)
C(35) 5031(7) 25010(6) -3514(6) 61(2)
C(36) 6112(5) 24535(5) -3513(5) 47(2)
Au(2) 15359(1) 19528(1) -2484(1) 45(1)
5(2) 13201(4) 21071(4) -2847(3) 36(1)
C(41) 14050(7) 20543(7) -2068(8) 28(2)
5(2') 13400(5) 20950(4) -1520(5) 51(1)
c(41') 14103(14) 20539(12) -2583(15) 43(4)
C(42) 12379(4) 21693(4) -2013(5) 39(1)
C(43) 12749(9) 21558(8) -1167(8) 46(3)
C(44) 13744(15) 20874(12) -1188(12) 56(4)
1(2) 11040(1) 22664(1) -2318(1) 49(1)
C(43") 12511(13) 21586(14) -2978(15) 56(5)
c(a4') 13450(20) 20985(19) -3190(20) 48(7)
1(2') 11037(1) 22431(1) -1298(1) 86(1)
P(2) 16788(1) 18353(1) -2580(1) 31(1)
C(51) 17082(5) 17733(4) -3679(4) 33(1)

C(52) 16165(5) 17665(5) -4263(4) 42(1)
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C(53) 16335(6) 17116(6) -5068(5) 54(2)
C(54) 17401(6) 16658(6) -5315(5) 49(2)
C(55) 18313(6) 16730(5) -4748(5) 46(2)
C(56) 18158(5) 17269(5) -3937(4) 39(1)
c(61) 16370(5) 17407(5) -1720(4) 42(1)
c(62) 15710(7) 17678(7) -915(5) 67(2)
C(63) 15427(10) 17051(10) -203(7) 98(4)
C(64) 15771(15) 16100(9) -311(8) 132(6)
C(65) 16390(18) 15790(7) -1123(9) 152(8)
C(66) 16665(12) 16454(6) -1834(7) 98(4)
c(71) 18221(4) 18805(4) -2293(4) 35(1)
c(72) 18741(6) 18489(6) -1511(6) 64(2)
c(73) 19802(7) 18898(8) -1300(7) 83(3)
C(74) 20389(7) 19607(7) -1865(8) 75(3)
C(75) 19886(6) 19933(5) -2636(6) 52(2)
C(76) 18801(5) 19540(5) -2846(5) 41(1)

Table SI 8. Bond lengths [A] and angles [°].

Au(1)-C(1) 2.039(5) Au(1)-P(1) 2.2936(12)
C(1)-C(4) 1.359(8) C(15)-C(16) 1.398(8)
C(1)-S(1) 1.733(6) C(21)-C(26) 1.384(8)
S(1)-C(2) 1.704(5) C(21)-C(22) 1.411(8)
C(2)-C(3) 1.342(8) C(22)-C(23) 1.395(10)
C(2)-1(1) 2.090(5) C(23)-C(24) 1.368(11)
C(3)-C(4) 1.430(7) C(24)-C(25) 1.394(11)
P(1)-C(11) 1.818(5) C(25)-C(26) 1.398(9)
P(1)-C(21) 1.819(6) C(31)-C(36) 1.384(8)
P(1)-C(31) 1.821(5) C(31)-C(32) 1.403(7)

C(11)-C(16) 1.388(8) C(32)-C(33) 1.386(8)



5 Experimental Section

203

C(11)-C(12) 1.392(8) C(33)-C(34) 1.365(10)
C(12)-C(13) 1.393(9) C(34)-C(35) 1.392(11)
C(13)-C(14) 1.393(10) C(35)-C(36) 1.386(9)
C(14)-C(15) 1.375(10)

C(1)-Au(1)-P(1) 178.01(16) S(1)-C(1)-Au(1) 120.8(3)
C(4)-C(1)-Au(1) 130.8(4) C(11)-P(1)-Au(1) 114.38(17)
C(21)-P(1)-Au(1) 114.53(17) C(31)-P(1)-Au(1) 110.53(17)
C(4)-C(1)-S(1) 108.4(4) C(11)-C(16)-C(15) 120.0(6)
C(2)-S(1)-C(1) 93.2(3) C(26)-C(21)-C(22) 119.7(6)
C(3)-C(2)-S(1) 111.9(4) C(26)-C(21)-P(1) 122.4(4)
C(3)-C(2)-1(1) 125.3(4) C(22)-C(21)-P(1) 117.8(4)
S(1)-C(2)-1(1) 122.8(3) C(23)-C(22)-C(21) 119.4(6)
C(2)-C(3)-C(4) 111.6(5) C(24)-C(23)-C(22) 120.9(6)
C(1)-C(4)-C(3) 114.9(5) C(23)-C(24)-C(25) 119.8(7)
C(11)-P(1)-C(21) 105.5(2) C(24)-C(25)-C(26) 120.5(6)
C(11)-P(1)-C(31) 105.6(2) C(21)-C(26)-C(25) 119.7(6)
C(21)-P(1)-C(31) 105.6(3) C(36)-C(31)-C(32) 119.0(5)
C(16)-C(11)-C(12) 119.3(5) C(36)-C(31)-P(1) 119.1(4)
C(16)-C(11)-P(1) 122.5(4) C(32)-C(31)-P(1) 121.8(4)
C(12)-C(11)-P(1) 118.2(4) C(33)-C(32)-C(31) 119.6(6)
C(11)-C(12)-C(13) 120.4(6) C(34)-C(33)-C(32) 121.4(6)
C(12)-C(13)-C(14) 119.9(6) C(33)-C(34)-C(35) 119.1(6)
C(15)-C(14)-C(13) 119.7(6) C(36)-C(35)-C(34) 120.6(7)
C(14)-C(15)-C(16) 120.6(6) C(31)-C(36)-C(35) 120.2(6)
Table SI9. Bond lengths [A] and angles [°].

Au(2)-C(41") 2.002(19) Au(2)-C(41) 2.079(9)
Au(2)-P(2) 2.2804(13) S(2)-C(42) 1.683(7)
S(2)-C(41) 1.714(13) C(52)-C(53) 1.384(10)
C(41)-C(44) 1.37(2) C(53)-C(54) 1.375(10)
S(2')-C(42) 1.745(8) C(54)-C(55) 1.381(10)
S(2")-C(41") 1.754(19) C(55)-C(56) 1.385(9)
C(41')-C(44") 1.34(4) C(61)-C(66) 1.352(11)
C(42)-C(43) 1.346(13) C(61)-C(62) 1.371(9)
C(42)-C(43") 1.40(2) C(62)-C(63) 1.348(12)
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C(42)-1(2") 2.024(6) C(63)-C(64) 1.361(18)
C(42)-1(2) 2.099(5) C(64)-C(65) 1.376(17)
C(43)-C(44) 1.465(17) C(65)-C(66) 1.378(13)
C(43")-C(44") 1.36(3) C(71)-C(76) 1.395(8)
P(2)-C(51) 1.807(6) C(71)-C(72) 1.396(10)
P(2)-C(71) 1.808(6) C(72)-C(73) 1.375(10)
P(2)-C(61) 1.813(6) C(73)-C(74) 1.382(12)
C(51)-C(56) 1.392(7) C(74)-C(75) 1.376(12)
C(51)-C(52) 1.402(8) C(75)-C(76) 1.390(8)
C(41")-Au(2)-P(2) 172.4(6) C(41)-Au(2)-P(2) 166.7(3)
C(44)-C(41)-Au(2) 127.0(9) C(44')-C(41")-Au(2) 143.1(19)
5(2)-C(41)-Au(2) 121.5(6) S(2')-C(41")-Au(2) 115.2(13)
C(51)-P(2)-Au(2) 117.07(18) C(71)-P(2)-Au(2) 113.04(18)
C(61)-P(2)-Au(2) 109.1(2) C(42)-5(2)-C(41) 92.8(4)
C(44)-C(41)-5(2) 111.5(8) C(54)-C(53)-C(52) 121.0(6)
C(42)-5(2')-C(41") 95.2(8) C(53)-C(54)-C(55) 119.9(6)
C(44')-C(41")-S(2") 101.2(16) C(54)-C(55)-C(56) 120.0(6)
C(43)-C(42)-5(2) 112.6(5) C(55)-C(56)-C(51) 120.5(6)
C(43')-C(42)-S(2") 109.7(8) C(66)-C(61)-C(62) 118.6(7)
C(43")-C(42)-1(2") 124.4(7) C(66)-C(61)-P(2) 123.5(6)
5(2')-C(42)-1(2") 125.3(4) C(62)-C(61)-P(2) 117.9(6)
C(43)-C(42)-1(2) 125.1(5) C(63)-C(62)-C(61) 122.8(10)
S(2)-C(42)-1(2) 122.1(4) C(62)-C(63)-C(64) 118.1(9)
C(42)-C(43)-C(44) 112.1(10) C(63)-C(64)-C(65) 120.9(10)
C(41)-C(44)-C(43) 110.9(12) C(64)-C(65)-C(66) 119.3(11)
C(44')-C(43")-C(42) 106.9(19) C(61)-C(66)-C(65) 120.2(9)
C(41')-C(44")-C(43") 127(3) C(76)-C(71)-C(72) 118.4(5)
C(51)-P(2)-C(71) 105.7(3) C(76)-C(71)-P(2) 118.7(5)
C(51)-P(2)-C(61) 106.5(3) C(72)-C(71)-P(2) 122.8(4)
C(71)-P(2)-C(61) 104.5(3) C(73)-C(72)-C(71) 120.2(7)
C(56)-C(51)-C(52) 119.0(6) C(72)-C(73)-C(74) 121.1(8)
C(56)-C(51)-P(2) 122.2(4) C(75)-C(74)-C(73) 119.6(7)
C(52)-C(51)-P(2) 118.6(4) C(74)-C(75)-C(76) 119.9(6)
C(53)-C(52)-C(51) 119.5(6) C(75)-C(76)-C(71) 120.7(6)

Table SI1 10. Anisotropic displacement parameters (A2x 103). The anisotropic
displacement factor exponent takes the form: -2n2[ h2 a*2U11+ ... + 2 hka* b* U12]

yt1 u22 u3s3 u23 yis yi12
Au(1) 25(1) 29(1) 38(1) 3(1) 0(1) -5(1)
c(1) 23(2) 27(3) 44(3) 2(2) -3(2) 7(2)
S(1) 36(1) 49(1) 34(1) -1(1) 6(1) -15(1)
C(2) 22(2) 39(3) 33(3) -1(2) -2(2) -7(2)

c(3) 35(3) 39(3) 29(3) 11(2) -4(2) -12(2)
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c(4)
(1)
P(1)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
Au(2)
S(2)
C(41)
5(2)
C(41")
C(42)
C(43)
C(44)
1(2)
C(43")
c(44')
1(2')
P(2)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(61)
c(62)
C(63)
C(64)
C(65)
C(66)

37(3)
45(1)
24(1)
23(2)
49(3)
72(5)
66(4)
69(4)
60(4)
38(3)
40(3)
64(4)
82(5)
66(4)
42(3)
31(2)
33(3)
28(3)
42(3)
55(4)
36(3)
23(1)
27(2)
16(4)
33(2)
35(8)
21(2)
46(5)
53(9)
29(1)
25(7)
12(8)
52(1)
22(1)
30(2)
35(3)
49(4)
50(3)
42(3)
30(3)
45(3)
56(4)
113(8)
237(16)
330(20)
185(12)

35(3)
68(1)
27(1)
32(3)
40(3)
64(5)
48(4)
40(4)
31(3)
36(3)
47(3)
56(4)
53(4)
57(4)
48(4)
28(3)
37(3)
53(4)
44(4)
52(4)
45(4)
27(1)
41(2)
25(4)
44(3)
31(8)
36(3)
49(6)
55(8)
50(1)
53(10)
26(10)
75(1)
25(1)
36(3)
56(4)
73(5)
65(4)
52(4)
43(3)
36(3)
95(7)
127(10)
89(8)
35(5)
40(5)

36(3)
41(1)
30(1)
27(2)
36(3)
30(3)
26(3)
41(4)
32(3)
26(3)
36(3)
46(4)
40(4)
51(4)
35(3)
33(3)
45(3)
67(4)
80(5)
78(6)
58(4)
87(1)
41(2)
41(5)
75(4)
57(11)
58(4)
43(6)
61(10)
69(1)
92(15)

110(20)

123(1)
46(1)
31(3)
34(3)
41(4)
32(3)
44(4)
42(3)
41(3)
46(4)
46(5)
59(6)
75(8)
58(6)

1(2)
-12(1)
1(1)
2(2)
2(3)
-9(3)
7(3)
12(3)
4(2)
4(2)
-4(3)
-7(3)
-17(3)
-16(3)
-9(3)
2(2)
7(3)
5(3)
7(4)
24(4)
20(3)
-13(1)
-10(1)
-13(5)
-2(3)
-24(9)
-1(3)
-14(5)
0(7)
-12(1)
13(10)
15(14)
2(1)
-3(1)
6(2)
6(3)
3(3)
-5(3)
-4(3)
-2(3)
-5(3)
4(4)
4(6)
2(6)
7(5)
-2(4)

7(2)
1(1)
1(1)
3(2)
2(2)

-10(3)
-3(3)
-4(3)
-8(2)
-1(2)
5(2)
12(3)
7(3)

-18(3)
-5(2)
-6(2)
2(2)
-2(3)

-15(3)

-12(4)
-1(3)
-6(1)
-2(1)
11(4)
0(2)

25(8)
-3(2)
4(4)

-13(6)

-11(1)
-9(7)

-8(11)

27(1)
2(1)
0(2)
-3(2)

-11(3)
0(2)
4(3)
-2(2)
9(2)
12(3)

26(5)

26(8)

40(11)

34(6)

-7(2)
-28(1)
-4(1)
1(2)
-6(2)
-1(3)
6(3)
-6(3)
-9(2)
-2(2)
4(2)
14(3)
7(4)
-11(3)
-4(2)
-1(2)
0(2)
3(2)
13(3)
7(3)
0(2)
2(1)
7(1)
5(3)
6(2)
-11(6)
6(2)
26(5)
27(7)
18(1)
9(7)
-2(7)
28(1)
1(1)
4(2)
8(2)
5(3)
3(3)
10(3)
5(2)
-15(2)
3(4)
-42(7)
-99(10)
-14(8)

-1(6)
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Table SI 11. Anisotropic displacement parameters (A2x 103). The anisotropic

displacement factor exponent takes the form: -2x2[ h2 a*2U11+ ... +2 hka* b* U12]

Ull UZZ U33 U23 U13 UlZ
c(71) 25(2) 29(3) 50(3) 1(2) 4(2) 4(2)
c(72) 36(3) 72(5) 88(6) 37(4) -19(3) -11(3)
c(73) 52(4) 107(7) 97(7) 41(6) -41(4) -18(4)
C(74) 40(4) 67(5) 123(8) 15(5) -27(4) -11(3)
C(75) 39(3) 43(4) 72(5) 3(3) 0(3) -12(3)
C(76) 33(3) 39(3) 49(4) 1(3) -3(2) -6(2)

Table SI 12. Hydrogen coordinates (x 10%) and isotropic displacement parameters (A2x 103).

X y z U(eq)
H(3) 12524 26691 -4517 41
H(4) 11080 25345 -4723 43
H(12) 8110 23718 -1088 50
H(13) 7964 22963 374 66
H(14) 7448 21293 523 56
H(15) 7039 20404 777 60
H(16) 7114 21170 2234 49
H(22) 9543 22319 -4098 50
H(23) 9676 21101 -5241 68
H(24) 7984 20278 5617 70
H(25) 6117 20653 -4847 69
H(26) 5955 21848 -3678 50
H(32) 5249 22839 -1988 47
H(33) 3471 23699 -1957 59
H(34) 3302 25027 -2929 66
H(35) 4967 25555 -3916 73
H(36) 6784 24756 -3912 56
H(43) 12405 21870 620 56
H(44) 14126 20686 -660 67
H(43") 12033 21877 -3405 68
H(44') 13679 20869 -3827 58
H(52) 15433 17993 -4108 50
H(53) 15706 17056 -5456 65
H(54) 17509 16293 -5875 59
H(55) 19047 16408 -4915 56
H(56) 18792 17324 -3554 46
H(62) 15441 18335 -857 81
H(63) 15000 17266 358 118

H(64) 15580 15645 182 159
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H(65)
H(66)
H(72)
H(73)
H(74)
H(75)
H(76)

16626
17064
18361
20138
21134
20280
18451

15125
16241
17990
18689
19867
20426
19775

-1193
-2407
-1123

-757
-1722
-3023
-3373

182
117
77
100
90
62
49
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(5-Iodophenyl-2-yl)(triphenylphosphine)gold (39)

PhsPAu @I

Table SI 13. Crystal data and structure refinement

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

YA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Comments:

CasH1AUlP

662.23

200(2) K

0.71073 A

Triclinic

P-1

a=9.2321(19) A a=75.90(3)°.
b=9.806(2) A B=71.33(3)".
c=12.743(3) A y=86.17(3)".
1059.9(4) A3

2

2.075 Mg/m3

8.478 mm1

620

0.07 x0.10 x 0.13 mm3

1.735 to 29.003°.

-12<=h<=12, -13<=k<=13, -17<=I<=17
18656

5641 [R(int) = 0.0293]

100.0 %

Full-matrix least-squares on F?2

5641 /0 /245

1.027

R1=0.0257, wR2 = 0.0580

R1=0.0325, wR2 = 0.0597

0.0018(2)

0.967 and -0.961 e.A-3

All non-hydrogen atoms were refined anisotropic. The C-H atoms were positioned with
idealized geometry and refined using a riding model. A numerical absorption correction was

performed (Tmin/max: 0.2401/0.3412).
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Table SI 14. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A2x 103).

U(eq) is defined as one third of the trace of the orthogonalized Uil tensor.

X y z U(eq)
Au(1) 3617(1) 2110(1) 5286(1) 32(1)
c(1) 3322(4) 796(4) 6854(3) 33(1)
C(2) 1874(4) 281(4) 7556(3) 38(1)
C(3) 1585(4) -481(4) 8676(3) 38(1)
C(4) 2783(4) -760(4) 9120(3) 33(1)
C(5) 4244(4) -282(4) 8464(3) 40(1)
C(6) 4500(4) 491(4) 7337(3) 39(1)
(1) 2393(1) -1952(1) 10795(1) 45(1)
P(1) 3800(1) 3745(1) 3623(1) 30(1)
C(11) 3201(4) 3141(4) 2582(3) 33(1)
C(12) 3518(5) 3938(4) 1475(3) 40(1)
C(13) 3051(5) 3470(5) 689(4) 48(1)
C(14) 2274(5) 2205(5) 1014(4) 50(1)
C(15) 1938(5) 1415(5) 2113(4) 49(1)
C(16) 2397(4) 1879(4) 2911(4) 38(1)
c(21) 2607(4) 5263(4) 3897(3) 31(1)
C(22) 2903(4) 6038(4) 4589(3) 39(1)
C(23) 1997(5) 7171(5) 4836(4) 48(1)
C(24) 759(5) 7499(4) 4431(4) 46(1)
C(25) 432(5) 6707(5) 3778(3) 42(1)
C(26) 1361(4) 5585(4) 3506(3) 34(1)
C(31) 5741(4) 4408(4) 2834(3) 31(1)
C(32) 6837(4) 3409(4) 2551(4) 43(1)
C(33) 8344(5) 3820(5) 1954(4) 51(1)
C(34) 8764(4) 5214(5) 1671(4) 44(1)
C(35) 7687(5) 6210(5) 1958(4) 43(1)

C(36) 6165(4) 5819(4) 2535(3) 36(1)
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Table SI 15. Bond lengths [A] and angles [°].

Au(1)-C(1)
C(1)-Au(1)-P(1)
C(11)-P(1)-Au(1)
C(31)-P(1)-Au(1)
C(1)-C(2)
C(1)-C(6)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(4)-1(2)
C(5)-C(6)
P(1)-C(11)
P(1)-C(31)
P(1)-C(21)
C(11)-C(12)
C(11)-C(16)
C(12)-C(13)
C(13)-C(14)
C(2)-C(1)-C(6)
C(3)-C(2)-C(1)
C(4)-C(3)-C(2)
C(3)-C(4)-C(5)
C(3)-C(4)-1(1)
C(5)-C(4)-1(1)
C(4)-C(5)-C(6)
C(1)-C(6)-C(5)
C(11)-P(1)-C(31)
C(11)-P(1)-C(21)

2.043(4)
174.16(10)
115.51(13)
113.69(12)

1.395(5)

1.395(5)

1.390(6)

1.380(5)

1.382(5)

2.098(4)

1.404(6)

1.820(4)

1.824(4)

1.828(4)

1.384(6)

1.389(5)

1.387(5)

1.380(7)

116.1(3)

123.1(3)

118.9(3)

120.6(3)

119.8(3)

119.7(3)

119.3(4)

122.0(3)
103.69(16)
105.18(16)

Au(1)-P(1)
C(2)-C(1)-Au(1)
C(6)-C(1)-Au(1)
C(21)-P(1)-Au(1)
C(14)-C(15)
C(15)-C(16)
C(21)-C(26)
C(21)-C(22)
C(22)-C(23)
C(23)-C(24)
C(24)-C(25)
C(25)-C(26)
C(31)-C(32)
C(31)-C(36)
C(32)-C(33)
C(33)-C(34)
C(34)-C(35)
C(35)-C(36)
C(11)-C(16)-C(15)
C(26)-C(21)-C(22)
C(26)-C(21)-P(1)
C(22)-C(21)-P(1)
C(23)-C(22)-C(21)
C(22)-C(23)-C(24)
C(25)-C(24)-C(23)
C(24)-C(25)-C(26)
C(21)-C(26)-C(25)
C(32)-C(31)-C(36)

2.2888(12)

120.9(3)
122.6(3)

110.91(12)

1.373(7)
1.396(6)
1.384(5)
1.392(5)
1.383(6)
1.386(7)
1.376(6)
1.391(5)
1.386(5)
1.391(5)
1.387(6)
1.374(6)
1.374(6)
1.392(6)
119.5(4)
119.9(3)
121.4(3)
118.5(3)
119.9(4)
119.9(4)
120.4(4)
120.0(4)
119.9(4)
119.6(3)
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C(31)-P(1)-C(21)
C(12)-C(11)-C(16)
C(12)-C(11)-P(1)

C(16)-C(11)-P(1)

C(11)-C(12)-C(13)
C(14)-C(13)-C(12)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)

107.10(16)
119.9(3)
120.6(3)
119.4(3)
120.2(4)
119.8(4)
120.5(4)
120.1(4)

C(32)-C(31)-P(1)

C(36)-C(31)-P(1)

C(31)-C(32)-C(33)
C(34)-C(33)-C(32)
C(33)-C(34)-C(35)
C(34)-C(35)-C(36)
C(31)-C(36)-C(35)

116.2(3)
124.1(3)
120.1(4)
120.2(4)
120.1(4)
120.4(4)
119.5(4)

Table SI 16. Anisotropic displacement parameters (A2x 103). The anisotropic

displacement factor exponent takes the form: -2x2[ h2 a*2U11+ ... +2 hka* b* U12]

Ull UZZ U33 U23 U13 UlZ
Au(l)  32(1) 31(1) 31(1) -2(1) -10(1) 1(1)
c(1) 36(2) 28(2) 30(2) 0(1) -8(1) 2(1)
c(2) 36(2) 36(2) 41(2) -2(2) -16(2) -4(2)
c(3) 32(2) 34(2) 40(2) -3(2) -6(2) -5(1)
c(4) 38(2) 28(2) 28(2) -2(1) -8(1) 1(1)
c(s) 33(2) 45(2) 38(2) 0(2) -13(2) 1(2)
c(6) 32(2) 40(2) 35(2) 1(2) -5(2) 0(2)
(1) 52(1) 42(1) 33(1) 0(1) -10(1) -3(1)
P(1) 30(1) 30(1) 29(1) -5(1) -10(1) 1(1)
c(11) 30(2) 35(2) 34(2) -10(2) -11(1) 1(1)
C(12) 41(2) 44(2) 37(2) -9(2) -15(2) -5(2)
C(13) 43(2) 67(3) 38(2) -15(2) -16(2) -4(2)
C(14) 39(2) 69(3) 54(3) -31(2) -20(2) 3(2)
C(15) 38(2) 52(2) 60(3) -22(2) -12(2) 10(2)
C(16) 32(2) 40(2) 42(2) -13(2) -9(2) -2(2)
c(21) 28(2) 37(2) 24(2) -4(1) -5(1) 0(1)
c(22) 36(2) 45(2) 36(2) -14(2) -10(2) 4(2)
C(23) 52(2) 47(2) 43(2) -19(2) -8(2) 5(2)
C(24) 49(2) 39(2) 35(2) -3(2) -2(2) 9(2)
C(25) 35(2) 49(2) 32(2) -1(2) -7(2) 7(2)
C(26) 32(2) 38(2) 28(2) -1(1) -9(1) 2(1)
C(31) 32(2) 33(2) 31(2) -8(1) -14(1) -1(1)
C(32) 34(2) 38(2) 55(2) -15(2) -9(2) 1(2)
C(33) 31(2) 50(2) 71(3) -24(2) -10(2) 7(2)
C(34) 31(2) 56(2) 46(2) -15(2) -10(2) -7(2)
C(35) 45(2) 42(2) 41(2) -13(2) -9(2) -10(2)
C(36) 35(2) 37(2) 36(2) -12(2) -8(2) 0(1)
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Table SI 17. Hydrogen coordinates (x 10%) and isotropic displacement parameters (A2x 10 3).

X y z U(eq)
H(2) 1046 460 7252 45
H(3) 579 -806 9128 45
H(5) 5066 -474 8773 48
H(6) 5507 817 6889 47
H(12) 4057 4807 1253 48
H(13) 3266 4020 -70 57
H(14) 1970 1878 472 60
H(15) 1392 550 2331 58
H(16) 2161 1336 3673 46
H(22) 3727 5789 4890 46
H(23) 2221 7724 5283 57
H(24) 134 8274 4605 55
H(25) -427 6926 3514 50
H(26) 1140 5041 3051 41
H(32) 6557 2442 2766 51
H(33) 9087 3137 1741 61
H(34) 9801 5488 1275 53
H(35) 7985 7172 1762 51

H(36) 5420 6512 2723 44
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5.2.2 Further Experimental Data on Chapter 3.2

For general methods and materials see beginning of this chapter 5.2. 70 was purchased from

ABCR with an purity of 99.5%, 75 was purchased from ABCR with an purity of 98%.

GC Optimization Reactions

The yields for the optimization reactions were determined by GC by a multiple point internal
standard method, using 1,3,5-triisopropylbenzene as a standard. The following equation was

used for the calculation of the yields:

A(analyte) o n(standard)
A(standard) RF

n (analyte) =

where n is the amount of substance, A the integrated area and RF a system specific response

factor.

For the calibration curve, known amounts of the analyte and 1,3,5-triisopropylbenzene were
used. The response factor RF was obtained from the slope of the resulting calibration curve

(Figures SI' 1, SI 2 and SI 3).

0,35
0,3
' y = 0,6708 x
0,25

0,2

Me;Sn
0,15
mBPin
N

0,1 \
Boc

A (analyte)/A (standard)

0,05

0 0,1 0,2 0,3 0,4 0,5
n(analyte)/n(standard)

Figure Sl 1. Calibration curve for tert-butyl-5-trimethylstannyl-2-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-1H-indole-1-carboxylate M1-25 using 1,3,5-triisopropylbenzene as internal
standard.
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Figure Sl 2. Calibration curve for 2-(4-(trimethylstannyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane M1-24 using 1,3,5-triisopropylbenzene as internal standard.

0,25

02 y= 0,7790 X

0,15

01 nHex

/ \

0,05 MesSn~ g~ ~BPin

A (analyte)/A (standard)

0 0,05 0,1 0,15 0,2 0,25 0,3
n(analyte)/n(standard)

Figure SI 3. Calibration curve for 2-(4-(trimethylstannyl)-3-n-hexyl-thiophene)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane M1-9 using 1,3,5-triisopropylbenzene as internal standard.
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General Procedures

These procedures were used for the attempts to perform cross-coupling reactions with the

additional synthesized aromatic dinucleophiles.

General Procedure 1 (for CCR after Org. Lett. 2012)

Toluene, 65 °C

Br [Pd(OAc),/SPhos], 18 h
Me3Sn BPin BPin
70

M1-9, M1-14, 71a-d
M1-24, M1-25

A solution of the organotin/organoboron containing species (1.00 mmol), bromobenzene
(162 mg, 1.00 mmol), [Pd(OAc),;] (2.3 mg, 0.01 mmol, 1mol%) and SPhos (8.2 mg,
0.020 mmol, 2 mol%) in toluene (8 mL) was heated to 65 °C for 18 h. The reaction mixture
was cooled to 20 °C, filtered through a short plug of silica (5 x 2 cm; eluent: ethyl acetate)

and the volatiles were removed in vacuo and a crude *H NMR spectrum was taken.

Table SI 4. Results of the coupling reactions after general procedure 1.

Entry Starting Material Reaction time Yield
/\
1 Me3Sn/Q\BPin 18 h 83 %2
M1-9
nHex
|\
2 Messn/z?\spin 18 h i
M1-14
Me3Sn\©\
3 BPin 18h i
M1-22
MesSn N
BPi
4 m " 18 h -
m1-23 Boc

*To compare the reactions, this experiment is already reported in Org. Lett. 2012. [4°] The yield was
isolated in this case, the conversion was not controlled by GC.

In one case, when the indole derivative was used as starting, a pure compound could be

isolated:
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2-Bromo-5-(trimethylstannyl)-1H-indole (74)

Me;3Sn d c b
f AN @

The reaction was performed following the general procedure 1. The crude product was
purified by column chromatography (n-hexane, Ri= 0.2). One fraction gave the pure

compound 74, which must have been formed during the reaction.

'H NMR (500 MHz, CDCl3): & = 7.79 (d, 1H, */ = 8.8 Hz, Ind-H-g), 7.63 (d, 1H, *J = 2.0 Hz, Ind-
H-d), 7.31 (dd, 1H, */ = 8.8, *J = 1.8 Hz, Ind-H-f), 6.64 (d, 1H, *J = 0.7 Hz, Ind-H-b), 1.69 (s, 9H,
k), 0.31 (s, 9H, |) ppm.

3¢ NMR (126 MHz, CDCl3): & = 151.8 (i), 145.1 (Ind-C-a) 136.1 (Ind-C-e), 133.9 (Ind-C-c),
126.1 (Ind-CH-f), 122.6 (Ind-CH-d), 117.31 (Ind-CH-g), 115.6 (Ind-C-h), 114.7 (Ind-CH-b), 84.5
(i), 28.1 (k), -7.2 (1) ppm.

19 NMR (187 MHz, CDCls): & = -48.4 ppm.

HRMS (EIY): m/z found 458.9848 (5) [M]"; calcd. for CigH.,BrNO,Sn 458.9856; found:
443.98(10) [M-CH3]"; found: 387.91 (100) [M-C4Hs0]".
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2-Bromo-5-(trimethylstannyl)-1H-indole (74)
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General Procedure 2 (for CCR after Org. Lett. 2013)

DMF, MW, 100 °C

Br ~ [Pd(PPhs),] _
Me3Sn BPin > Br BPin
|
75

M1-9, M1-14, 76a-d
M1-24, M1-25

A solution of the organotin/organoboron containing species (1.00 mmol), 1-iodo-4-
bromobenzene (314 mg, 1.00 mmol), [Pd(PPhs)s] (4.5 mg, 0.010 mmol, 1 mol%) and the
internal standard 1,3,5-triisopropylbenzene (100 uL, 86.0 mg, 0.430 mmol) were dissolved in
DMF (4 mL) and the reaction mixture was heated to 100 °C for the specified reaction time.
After certain time intervals, a sample (0.1 mL) was taken from each reaction vessel, filtered
through a short plug of silica (5 x 3 mm; eluent: ethyl acetate) using a syringe filter (pore size
0.45 um), and was then used for GC analysis. The reaction mixture was cooled to 20 °C,
filtered through a short plug of silica (5 x 2 cm; eluent: ethyl acetate) and the volatiles were

removed in vacuo.

Table SI 5. Results of the coupling reactions after general procedure 2.

Entry Starting Material Reaction time Conversion (GC) Yield
/\
1 Me?,Sn/Q\BPin 60 min >84% 84 %°
M1-9
nHex
/\ -
2 Me3Sn/Z:>\BPin 1h 13%
M1-14
nHex
Me3Sn™ g~ ~BPin 0
M1-14
Me3Sn\©\
0 ,
4 BRIn 1h 31%
M1-22
Me3Sn\©\
0 ,
5 BPin 17 h 100 %
M1-22
Me3Sn
mBPin
6 N 90 min 100 % B
Mm1-23 Boc

*To compare the reactions, this experiment is already reported in Org. Lett. 2013. The yield was
isolated in this case, the conversion was not controlled by GC.
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5.3 Supporting Information for Chapter 3.3

5.3.1 Supporting Information for the Manuscript Gold-Functionalized Thiophene-

Type Monomers in Polymerization Reactions

Supporting Information

For

Gold-Functionalized Thiophene-Type Monomers in

Polymerization Reactions

Annika C. J. Heinrich, Paul J. Gates, Christian Nather and Anne Staubitz*

Abbreviations

General Methods and Materials

GC Optimization Reactions

Syntheses

Polymerization Kinetic Studies

'H NMR Spectra and *C{*H} NMR Spectra

2-Bromo-3-n-hexyl-5-(triphenylphosphin)gold(l)-thiophene (4)
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Abbreviations

A area

ATR attenuated total reflectance
calcd. calculated

Cl chemical ionization

COosy correlated spectroscopy

d doublet (NMR)

DCM dichloromethane

dd doublet of doublets (NMR)

Decomp. temp.
DMF

dppe 1,2-bis(diphenylphosphino)ethane

dppf 1,1'-bis(diphenylphosphino)ferrocene
El electron ionization

GC gas chromatography

GC-MS gas chromatography-mass spectrometry
HMBC heteronuclear multiple bond coherence
HSQC heteronuclear single quantum coherence
IR infrared

m medium (concerning the intensity) (IR)
M, number average molecular weight

M.p melting point

MS mass spectrometry

My weight average molecular weight

MW microwave

N amount of substance

PDI polydispersity index

Phe benzene scaffold

PS polystyrene

Pin pinacol

R¢ response factor

S strong (concerning the intensity) (IR)

S singlet (NMR)

t triplet (NMR)

THF tetrahydrofuran

TMEDA tetramethylethylenediamine

TMS tetramethylsilane

TOF time of flight

Tph thiophene scaffold

w weak (concerning the intensity) (IR)

decomposition temperature
N,N-dimethylformamide
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General Methods and Materials

All syntheses were carried out using standard Schlenk techniques or in a glovebox under a
dry and inert nitrogen atmosphere. In the cases in which argon was used or the reaction was
not performed under inert reaction conditions, this is noted specifically in the procedure.
Glassware and NMR-tubes were dried in an oven at 200 °C for at least 2 h before use.
Reaction vessels were heated under vacuum und purged with nitrogen three times before

adding reagents.

Analyses
1 13 11 31 119
H NMR, °"C NMR, "B NMR, *"P NMR and “~“Sn NMR spectra were recorded at 300 K.

'H NMR spectra were recorded on a Bruker DRX 500 (500 MHz) spectrometer or a Bruker
Avance 600 spectrometer. Bc{*H} NMR spectra were recorded on a Bruker DRX 500
(126 MHz) spectrometer or a Bruker Avance 600 spectrometer. B NMR, 31p NMR and *sn
NMR spectra were recorded on a Bruker DRX 500 (160 MHz, 202 MHz and 187 MHz)

spectrometer.

'H NMR and c{*H} NMR spectra were referenced against the solvent residual proton signals
(*H) or the solvent itself (**C). *'B NMR spectra were referenced against BF;-OEt; in CDCls,

the reference of the °Sn NMR spectra was calculated based on the *H NMR signal of TMS.

The exact assignment of the peaks was proved by H, *C DEPT and two-dimensional NMR

spectroscopy such as "H COSY, 3¢ HsQC or *H/*C HMBC when possible.

All melting points were recorded on an electrothermal melting point apparatus LG 1586 and

are uncorrected.

IR spectra were recorded on a Perkin ElImer Paragon 1000 FT-IR spectrometer with a A531-G

Golden-Gate-ATR-unit.
UV/Vis spectra were recorded on a Perkin Elmer Lambdal4 spectrometer.

Ultra High resolution ESI mass spectra were recorded on a Bruker Daltonics Apex IV Fourier
Transform lon Cyclotron resonance mass spectrometer or on a Bruker Daltonics micrOTOF I
mass spectrometer. The high resolution EI mass spectra were run on a VG Analytical

Autospec apparatus or a Jeol AccuTOF JMS-T100GCV mass spectrometer.
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The MALDI-TOF-TOF mass spectra were recorded on a Applied Biosystems 4700 Proteomics
analyzer spectrometer and a dithranol matrix in methanol. The polymer was dissolved in

THF.

GC-MS analysis was performed on a Hewlett Packard 5890A gas chromatograph, equipped
with a Hewlett Packard 5972A mass selective detector and an Agilent Technologies
poly(dimethylsiloxane) column (19091S-931E, nominal length 15m, 0.25 mm diameter,
0.25 um grain size).

GC analysis was performed on an Agilent Technologies 6890N gas chromatograph, equipped
with an Agilent Technologies 7683 Series Injector, an Agilent Technologies (5 %-phenyl)-
poly(methylsiloxane) column (19091J-413, nominal length 30 m, 0.32 mm diameter, 0.25 um

grain size) and a flame ionization detector (FID).

M, and M, were determined on a Viscotec GPCmax VE2001, equipped with a Viscotek
VE3580 Rl detector (columns: Viscotek LT50000L 300 x 7.8 mm and LT4000L 300 x 7.8 mm).

All microwave irradiation reactions were carried out on a Biotage® Initiator+ SP Wave
synthesis system, with continuous irradiation power from 0 to 300 W. All reactions were
carried out in 5 mL oven-dried Biotage microwave vials sealed with an aluminum/Teflon®
crimp top, which can be exposed to a maximum of 250 'C and 20 bar internal pressure. The

reaction temperature was measured by an external IR sensor.

The single crystal data were measured using an Imaging Plate Diffraction System (IPDS-1)
from STOE & CIE and were corrected for absorption using X-Red and X-Shape from STOE &
CIE (Min/max. transmission: 0.4839/0.7604). The structure was solved with direct methods

using SHELXS-97 and refinement was performed against F using SHELXL-97.

Chemicals

All reagents were used without further purification unless noted otherwise. The preparation
of iPrO-BPin (2-isopropyloxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, P1-36) and 2-bromo-
3-n-hexylthiopene (3, P1-40), 2-bromo-3-n-hexyl-5-iodothiophene (12, P1-3) was described
in the supporting information of Org. Lett. 2013, 15, 4666 (see chapter 5.1). 3-n-
Hexylthiophene was either bought (see following table) or prepared, starting with

thiophene, which is described in the supporting information of Org. Lett. 2013, 15, 4666 (see
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chapter 5.1). Dimethylsulfide gold(l) chloride (M1-31) was prepared as described in Chapter

5.2.

Name

Acetic acid
Ammonium chloride
Glacial acetic acid
Gold
2-lodothiophene
3-n-Hexylthiophene
Hydrochloric acid
Magnesium sulfate
Nitric acid
N-Bromosuccinimide
N-lodosuccinimide
n-Butyllithium
Pinacol

Sodium

Sodium chloride
Sodium hydroxide
Sodium hydrogen carbonate
Thiophene
Triisopropyl borate
Trimethyltin chloride
Triphenylphospine
(Triphenylphosphin)gold(l)-
bromide

Catalyst species

Name

Allylchloro[1,3-bis(2,6-
diisopropyl-phenyl)imidazol-2-
ylidene]palladium(Il)
Allylchloro[1,3-bis-(2,6-
diisopropyl-phenyl)imidazol-2-
idinylidene]palladium(ll)
Allylchloro[1,3-bis-(2,4,6-
trimethylphenyl)imidazol-2-
ylidene]palladium(Il)

Supplier
Merck Inc.
Grissing Inc.
Grissing
Degussa Inc.
Acros Inc.
Sigma Aldrich Inc.
Grissing Inc.
Grissing Inc.
Grussing Inc.
Alfa Aesar Inc.
Molekula
Acros Inc.
ABCR Inc.
Merck Inc.
Griussing Inc.
Griussing Inc.
Grissing Inc.
VWR Inc.

Strem Chemicals Inc.

Acros Inc.
Alfa Aesar Inc.
Alfa Aesar Inc.

Abbreviation

[(iPr)Pd(allyl)CI]

[(SiPr)Pd(allyl)Cl]

[(iMes)Pd(allyl)Cl]

Purity
99.8 %
99.5%
99 %
99.9 %
98 %
>99 %
37 %
99 %
68 %
99 %
95 %

99 %
299 %
99.5%
99.5%
99 %
99 %
>98 %
99 %
99 %
99.99%

Supplier
(CAS-No)
Umicore Inc.

(478980-03-9)

Umicore Inc.

(478980-01-7)

Umicore Inc.

(478980-04-0)

Comment
anhydrous

2.5 M in hexanes

distilled

(metals basis)
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1,1'-Bis(diphenylphosphino)- [Pd(dppf)Cl,-CH,Cl,] Sigma Aldrich

ferrocene]dichloropalladium(ll), Inc.

complex with dichloromethane (379670)

[1,3-Bis(2,4,6-trimethylphenyl)-  [(SiMes)Pd(vs)] Umicore Inc.

2-imidazolidinylidene][1,3- (1004291-85-3)

divinyl-1,1,3,3-tetra-

methyldisiloxane]palladium(0)

[1,3-Bis(2,4,6-trimethyl- [(iMes)Pd(vs)] Umicore Inc.

phenyl)imidazol-2-ylidene][1,3- (441018-46-8)

divinyl-1,1,3,3-tetramethyl-

disiloxane]palladium(0)

Bis(1,4-naphthoquinone)bis[1,3-  [[(iPr)Pd(NQ)];] Umicore Inc.

bis(2,6-diisopropylphenyl)- (649736-75-4)

imidazole-2-ylidene]-

dipalladium(0)

Bis(1,4-naphthoquinone)bis[1,3- [[(iMes)Pd(NQ)],] Umicore Inc.

bis(2,4,6- (467220-49-1)

trimethylphenyl)imidazol-2-

ylidene]dipalladium(0)

Bis(tri-tert- [Pd(PtBus),] Sigma Aldrich

butylphosphine)palladium(0) Inc.
(53199-31-8)

Bis(di-tert-butyl- [Pd(PtBu,Ph),] Alfa Aesar Inc.

phenylphosphine)palladium(0)

Bis(tricyclohexylphosphine)-
nickel(ll) dichloride

[Ni(PCy3).Cl,]

(52359-17-8)

Sigma

Aldrich O\ /O

Inc. O/" < /O
(19999-87-2) O/ U

Chlorophenylallyl[1,3-bis(2,6- Umicore Inc.

diisopropylphenyl)-2-

[(SiPr)Pd(cinnamyl)Cl]

(884879-24-7)
imidazolidinylidene]palladium(ll)
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Dichloro(di-p-chloro)bis[1,3- [[(iPr)PdCl,],] Umicore Inc.
bis(2,6-diisopropylphenyl)- (444910-17-2)
imidazol-2-ylidene]-

dipalladium(ll)

(1,3-Divinyl-1,1,3,3- [Pd(dippf)(vs)tol] Umicore Inc.
tetramethyldisiloxane)[1,1’- (252062-59-2)
bis(diisopropylphosphino)-

ferrocene]palladium(0) toluene

solution
1,3-Bis(diphenylphosphino)- Ni(d Cl Sigma Aldrich N S
[ (p vlphosp ) [Ni(dppp)Cl;] g ng
propane]dichloronickel(ll) Inc. (P o
Ni
Cl
(15629-92-2) //ij
e N
Tetrakis-(triphenylphosphin)- [Pd(PPh3)4] Sigma Aldrich ©
palladium(0) Inc. @P o
(14221-01-3) @
Chromatography

For the chromatographic purification, silica gel (Macherey-Nagel Inc., grain size 0.040 -
0.063 mm) was used. Thin layer chromatography was performed using pre-coated plates
from Macherey-Nagel Inc., ALUGRAM® Xtra SIL G/UV254. Most chromatography purifications
were carried out using an Interchim Puriflash” 430 system, where cartridges of Interchim

(silica HC, grain size 50 um, 120 g or 80 g) were used.

Solvents

All solvents were used freshly distilled after refluxing for several hours over the specified
drying agent under nitrogen and were stored in a J. Young’s-tube. If no drying agent is noted,

the solvents were only distilled for purification purposes.
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Solvent

Acetic acid

CDCl;
Chloroform
Dichloromethane
Diethyl ether
DME

DMF

Ethyl acetate
Methanol
n-Hexane

n-Pentane

THF

Toluene

Comment

Grissig Inc.

Deutero Inc.

VWR Inc., HPLC grade

BCD Inc.

BDC Inc.

Acros Inc., Sodium with benzophenone as an indicator; stored over
3 A molecular sieves

Acros Inc., CaH,; stored over 3 A molecular sieves

BCD Inc.

Baker Inc., HPLC grade

Walter CMP Inc., sodium with benzophenone as an indicator;
degassed by freeze-pump-thaw technique, stored over 3 A
molecular sieves

Walter CMP Inc., lithium aluminium hydride; degassed by freeze-
pump-thaw technique, stored over 3 A molecular sieves

Sigma Aldrich Inc., CaH2 with triphenylmethane as an indicator;
degassed by freeze-pump-thaw technique, stored over 3 A
molecular sieves

BCD Inc., sodium with benzophenone as an indicator; degassed by
freeze-pump-thaw technique, stored over 3 A molecular sieves



5 Experimental Section 227

GC-Optimization Reactions

The yields for the optimization reactions were determined by GC by a multiple point internal
standard method, using 1,3,5-triisopropylbenzene as a standard. The following equation was
used for the calculation of the yields:

A(analyte) o n(standard)
A(standard) RF

n (analyte) =

where n is the amount of substance, A the integrated area and RF a system specific response

factor.

For the calibration curve, known amounts of the analyte and 1,3,5-triisopropylbenzene were
used. The response factor RF was obtained from the slope of the resulting calibration curve

(Figures Sl 1 and SI2).

2,5 -
y = 3,5987 x

2 .
1,5 -
11 Hex

A (analyte)/A (standard)

O T T T
0 0,1 0,2 0,3 0,4 0,5 0,6

n(analyte)/n(standard)

Figure Sl 1. Calibration curve for 2-bromo-3-n-hexylthiophene (X), using 1,3,5-triisopropylbenzene as
internal standard.
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Figure SI 2. Calibration curve for 2-iodo-3-n-hexylthiophene (X), using 1,3,5-triisopropylbenzene as
internal standard.
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General procedure for Cross-Coupling Reactions with Organogoldthiophene:

A solution of the electrophilic component (0.500 mmol), 2-(triphenylphosphine)-
gold(l)thiophene (374 mg, 0.550 mmol), catalyst (12 mg, 0.010 mmol, 2 mol%) and the
internal standard 1,3,5-triisopropylbenzene (50 pL, 43.0 mg, 0.213 mmol) in the solvent
stated (4 mL) were stirred at the stated temperature for the specified time. A sample
(0.1 mL) was taken from each reaction vessel, filtered through a short plug of silica
(5 x 3 mm; eluent: ethyl acetate) and a syringe filter (pore size: 0.2 um) and was then used

for GC analysis.

Table SI 3. Optimization of the Gold cross-coupling.

Hex Hex
reaction

@x . Q\Auppm conditions %

3. X=Br 5 7

6: X=I

Entry X Solvent Temperature Time (h)  Conversion(%)

1 I Acetonitrile 60 °C 2 63
2 I Acetonitrile 60 °C 4 66
3 I Toluene 60 °C 1.5 79
4 I Toluene 60 °C 2.5 81
5 I Toluene 60 °C 3.5 85
6 Br Acetonitrile 60 °C 2 90
7 Br Acetonitrile 60 °C 4 90
8 Br Toluene 60 °C 1.5 94
9 Br Toluene 60 °C 2.5 97
10 Br Toluene 60 °C 35 98
11 Br THF 60 °C 1.5 93
12 Br THF 60 °C 2.5 95
13 Br THF 60 °C 4 9%
14 Br DMF 60 °C 1.5 90
15 Br DMF 60 °C 2.5 93
16 Br DMF 60 °C 4 95
17 Br Dioxane 60 °C 1.5 93
18 Br Dioxane 60 °C 2.5 95
19 Br Dioxane 60 °C 4 97
20 Br Diethyl ether reflux 1.5 84
21 Br Diethyl ether reflux 2.5 85
22 Br Diethyl ether reflux 4 93
23 Br THF 20°C 3 87
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24 Br THF 20°C 5 88
25 Br THF 20°C 10 91
26 Br DMF 20°C 3 87
27 Br DMF 20°C 5 87
28 Br DMF 20°C 10 89
29 Br Dioxane 20°C 3 86
30 Br Dioxane 20°C 5 87
31 Br Dioxane 20°C 10 90
32 Br Toluene 20°C 3 88
33 Br Toluene 20°C 5 87
34 Br Toluene 20°C 10 94
35 Br THF? 60°C 1.5 90
36 Br THF® 60°C 2.5 93
37 Br THF? 60°C 4 97
38 Br THF® 20°C 1.5 85
39 Br THF® 20°C 2.5 85
40 Br THF® 20°C 5 97

The conversion was determined by GC, using triisopropylbenzene as an internal standard. Amount of
catalyst: 2 mol%. °The catalyst species was [Pd(PtBus),].

It was unexpected that the bromo-substituted electrophile gave higher yields than the iodo-
derivative (Table SI3, compare entries 1-5 with entries 6-10). Generally, at 60 °C
independently of the solvent, all reactions gave very high yields of >90% within 4 hours
(Table SI 3, entries 6-22), even if the gold starting material was poorly soluble (esp. in DMF,
diethyl ether, dioxane and acetonitrile). It was also possible to lower the temperature to
20°C to obtain milder reaction conditions and by concomitant prolonging of the reaction
time to 10 hours, we could obtain again yields of ca. 90% (Table SI 3, entries 23-34). To test a
palladium (0) species, [Pd(PtBus),] was employed as an alternative catalyst species, which
gave at both 60°C and 20°C overall very good results (Table Sl 3, entries 35-40). Under all
conditions we tested this reaction seemed very robust; especially the mild set of conditions

were considered very suitable to be transferred to a polymerization of monomer 4
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Syntheses
2-Bromo-3-n-hexyl-5-(triphenylphosphin)gold(I)-thiophene (4)

A solution of diisopropylamine (111 mg, 1.10 mmol) in THF (10 mL) was cooled to -78 °C and
n-butyllithium (0.40 mL, 1.0 mmol, 2.5 M in hexanes) was added dropwise over the course of
1 min. The mixture was warmed to 0 °C over the course 3 min, then cooled to -78 °C and
stirring was continued for another 5 min. 2-Bromo-3-hexylthiophene (247 mg, 1.00 mmol)
was added dropwise over the course of 3 min and the reaction mixture was stirred for 1 h at
-78 °C. A solution of [CIAUPPhz] (495 mg, 1.00 mmol) in THF (10 mL) was added within 10 min
to the orange-brown suspension and the reaction mixture was stirred at -78 °C for 30 min.
Then the cooling bath was removed and the mixture was stirred for 3 h at 15 °C. The
reaction was quenched with methanol (10 mL) and the solvents were removed in vacuo. The
residue was diluted in DCM (15 mL) and washed with water (2 x30 mL) and dried over
magnesium sulfate. The solvent was removed in vacuo and the mixture was diluted DCM
(1 mL) and in n-hexane (10 mL) to afford at 4 °C the product as white crystals in a yield of
523 mg (741 mmol, 74%).

'H NMR (500 MHz, CDCls): 6 = 7.56 (m, 5H, I/m/n), 7.53-7.42 (m, 10H, |/ m/n), 6.84 (d, 1H,
*Jup = 3.2 Hz, Tph-H-c), 2.60-2.52 (m, 2H, e), 1.59 (dd, 2H, >/ = 15.3 Hz, 7.7 Hz, f), 1.40-1.22
(m, 6H, g, h, i), 0.88 (t, 3H, >/ = 6.9 Hz, j) ppm.

3C NMR (125 MHz, CDCl3): 6 = 141.7 (Tph-C-d), 135.0 (Tph-CH-c), 134.3 (d, *Jcp = 13.7 Hz, I/
m), 131.4 (n), 130.5 (k/Tph-C-b), 130.1 (k/Tph-C-b), 129.2 (d, */c p= 11.0 Hz, I/m), 110.6 (Tph-
C-a), 31.7 (e), 30.0, 29.6, 29.1, 22.6 (f, g, h, 1, i), 14.1 (j) ppm.

3'p NMR (202 MHz, CDCl3): & = 43.0 ppm.

IR (ATR): V= 2951 (w), 2922 (m), 2852 (w), 1478 (w), 1434 (m), 1099 (m), 997 (w), 743 (s),
710 (m), 690 (s), 536 (s), 499 (s), 442 (m) cm ™.

HRMS (MALDI-MS): m/z found 727.0469 (5) [M+Na]*; calcd. for C,sH,sAuBrNaPS 727.0474;
found 721.1 (100) [Au(PPhs),].

M.p.: 104 °C.
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2-(Triphenylphosphin)gold(I)-thiophenel? (5)

f 9

¢, —b
3.
4 Vs~ 2 AuPPhy Ph=§— h

n-Butyllithium (0.80 mL, 2.00 mmol, 2.5 M in hexanes) was added to a stirred solution of
thiophene (168 mg, 2.00 mmol) in THF (2 mL) at O °C over the course of 5 min. After 30 min,
the reaction was warmed to 20 °C and stirred for 1 h. [CIAuPPh3] (990 mg, 2.00 mmol) was
added in one portion. After 3 h, the reaction was quenched by adding methanol (200 pL).
Then, the solvents were removed in vacuo. DCM (20 mL) was added, and the organic layer
was washed with water (3 x 15 mL), dried over sodium sulfate, filtered and concentrated
under reduced pressure. The resulting gum was stirred overnight in n-hexane (5 mL). The
resulting suspension was filtered. The solid was recrystallized from DCM/n-hexane to afford

the product as colorless crystals in a yield of 865 mg (1.60 mmol, 80%, Lit."*: 65%).

'H NMR (500 MHz, CDCl3): & = 7.63 (d, 1H, 3/ = 4.8 Hz, Tph-H-b), 7.63-7.54 (m, 5H, f, g, h),
7.54-7.44 (m, 10H, f, g, h), 7.42 (dd, 1H, */ = 4.8 Hz, 3/ = 2.9 Hz, Tph-H-c), 7.19 (d, 1H, 3/ = 2.9
Hz, Tph-H-d) ppm.

3C NMR (126 MHz, CDCl): 6 = 134.4 (d, Jc p= 13.7 Hz, f/ g), 133.2 (Tph-CH-b/c/d), 131.3 (h),
130.7 (Ph-C-e), 130.3 (Tph-CH-b/c/d), 129.1 (d, *Jc » = 10.9 Hz, f/g), 127.0 (m, 1 x Tph-C-a, 1 X
Tph-CH-b/c/d, e) ppm.

31p NMR (160 MHz, CDCl3): & = 43.3 ppm.

IR (ATR): 7= 3021 w), 1478 (m), 1433 (s), 1100 (s), 997 (w), 834 (w), 812 (w), 744 (s), 709 (m),
687 (s), 532 (s), 501 (s), 474 (m), 442 (m), 432 (m) cm™™.

HRMS (ESI): m/z found 565.0427 (100) [M+Na]"; calcd. for C,;H1sAuNaPS 565.0425.

Decomp. Temp.: 158 °C.

The NMR data are in agreement with the data found in the literature.*

B Bonati, A. Burini, B. R. Pietroni, R. Galassi, Gazz. Chim. Ital. 1993, 123, 691.
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2-lodo-3-n-hexyl-thiophene (6)

This reaction was not performed under Schlenk conditions: N-lodosuccinimide (6.75 g,
30.0 mmol) was added in one portion to 3-n-hexylthiophene (5.00 g, 40.0 mmol) in glacial
acetic acid (50 mL) at 15 °C. The reaction mixture was stirred for 16 h at this temperature.
Then, water (20 mL) was added and the reaction mixture was extracted with diethyl ether
(3 x 20 mL). The organic layer was washed with sodium hydroxide solution (1 M, 5 x 50 mL)
followed by drying over magnesium sulfate. The solvent was removed in vacuo and the
crude product was distilled (kugelrohr, 8 x 10 mbar, 70 °C) to afford 7.72 g (26.3 mmol, 88%

Lit.%°: 90% with impurities) of a slightly yellow oil.

'H NMR (500 MHz, CDCls): & = 7.38 (d, 1H, *J = 5.5 Hz, Tph-H-d), 6.75 (d, 1H, ®/ = 5.5 Hz, Tph-
H-c), 2.60-2.51 (m, 2H, g), 1.61-1.52 (m, 2H, h), 1.39-1.28 (m, 6H, i, j, k), 0.94-0.86 (m, 3H, I)
ppm.

3¢ NMR (126 MHz, CDCl3): 8 = 147.2 (Tph-C-b), 130.3 (Tph-CH-d), 127.9 (Tph-C-c), 73.9 (Tph-
C-a), 32.1(g), 31.6, 30.0, 28.9, 22.6 (h, i, j, k), 14.1 (1) ppm.

IR (ATR): 7= 2953 (m), 2923 (s), 2854 (s), 1456 (m), 1397 (m), 963 (m), 828 (s), 713 (s), 684

(s), 634 (s) cm™.

HRMS (EI"): m/z found 293.9937 (45) [M]"; calcd. for CioH15SI 293.9939; found 222.8 (100)
[M-CsH14]".

The NMR data are in agreement with the data found in the literature.?!

207 Tkachov, V. Senkovskyy, H. Homber, A. Kiriy, Macromolecules 2011, 44, 2006.
2T Yokozawa, R. Suzuki, M. Nojima, Y. Ohta, A. Yokoyama, Macromol. Rapid. Commun. 2011, 32, 801.
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5'-Bromo-3,4'-dihexyl-5-triphenylphosphine-2,2'-bithiophene (8)

A solution of diisopropylamine (243 mg, 2.40 mmol) in THF (70 mL) was cooled to -78 °C and
n-butyllithium (0.80 mL, 2.0 mmol, 2.5 M in hexanes) was added dropwise over the course of
2 min. The mixture was warmed to 0 °C for 30 min, and then cooled to -78 °C while stirring
was continued for 5 min. 2-Bromo-3-hexylthiophene (828 mg, 2.00 mmol) was added
dropwise over the course of 3 min and the reaction mixture was stirred for 1 h at 0 °C.
[CIAUPPh3] (989 mg, 2.00 mmol) was added in one portion to the orange-brown suspension
and the reaction mixture was stirred at 0 °C for 15 min. Then the cooling bath was removed
and the mixture was stirred for 5h at 18 °C. The reaction was quenched with methanol
(30 mL) and the solvents were removed in vacuo. The residue was diluted in benzene (2 mL)
and filtered over Celite. The solvents were removed in vacuo. The residue was diluted in n-
hexane (40 mL) at 50 °C and stored at 4 °C to crystallize the product. The product was
washed with cold n-hexane (4 °C, 3 x 30 mL) and dried in vacuo to afford pale yellow crystals

(1.41g,1.62 mmol, 82%)

Note: In order to obtain high purities, it is essential to analyze the purification step by
31p NMR spectroscopy. If the 3p NMR spectrum still indicates the presence of impurities, the
compound should be re-diluted in benzene, filtered over Celite and crystallized again until

*'P NMR shows only one signal.

'H NMR (500 MHz, CDCl3): 6 = 7.61-7.55 (m, 6H, p/a/r), 7.53-7.44 (m, 9H, p/q/r), 6.96 (d, 1H,
3J = 2.6 Hz, Tph-H-b), 6.75 (s, 1H, Tph-H-f), 2.75-2.69 (m, 2H, i), 2.56-2.49 (m, 2H, i%), 1.65-
1.59 (m, 6H, j, j*, k/k?), 1.32 (m, 10H, k/k%, 1, m, I>, m?), 0.90-0.86 (m, 6H, n, n%) ppm.

3¢ NMR (126 MHz, CDCl3): & = 142.0 (Tph-C-g), 140.1 (Tph-C-a), 138.0 (Tph-C-e), 137.1 (Tph-
CH-b), 134.3 (d, *Jc » = 13.8 Hz, p/q), 132.2 (Tph-C-d), 131.3 (r), 130.6 (0), 130.2 (Tph-C-c),



234 5 Experimental Section

129.1 (d, *Jc p = 11.0, Hz, p/q), 125.3 (Tph-CH-f), 106.9 (Tph-C-h), 31.8, 31.6, 30.9, 29.7, 29.6,
29.5,29.4,28.9, 22.6, 22.6 (all i-m, i>-m?), 14.1, 14.1 (n, n®) ppm.

3'p NMR (202 MHz, CDCl3): & = 43.2 ppm.

IR (ATR): ¥= 2953 (m), 2923 (s), 2854 (s), 1457 (m), 1410 (w), 1377 (w), 1195 (w), 1004 (w),
831 (s), 722 (s), 687 (m), 648 (s), 467 (w) cm™.

HRMS (EI*): m/z found 870.1387 (5) [M]"; calcd. for C3gHa3AuBrPS, 870.1393; found 721.1
(100) [Au(PPhs),]".

M.p.: 63 °C.
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2-Bromo-3-n-hexyl-5-trimethyltin-thiophene (9)

BrTa>g”7d SnMe3

A solution of diisopropylamine (3.04 g, 30.0 mmol) in THF (80 mL) was cooled to -78 °C and
n-butyllithium (11.2 mL, 28.0 mmol, 2.5 M in hexanes) was added over the course of 5 min.
The mixture was warmed to 0 °C for 30 min, then cooled to -78 °C and stirring was continued
for another 5 min. Then, 2-bromo-3-n-hexylthiophene (6.92 mg, 28.0 mmol) in THF (20 mL)
was added dropwise over the course of 10 min and the reaction mixture was stirred for 1 h
at -78 °C. CISnMes (5.58 g, 28.0 mmol) in THF (20 mL) was added dropwise over the course of
10 min to the bright yellow suspension. The suspesion was stirred at -78 °C for 15 min. Then
the cooling bath was removed and the mixture was stirred for 3 h at 17 °C. The reaction was
quenched with water (60 mL). DCM (70 mL) was added and the phases were separated. The
organic layer was washed with water (100 mL) and dried over magnesium sulfate. The
solvent was removed in vacuo to afford the crude product as orange oil, which was distilled
(kugelrohr, 3 x 10”2 mbar, 90 °C) to yield 9.69 g (23.6 mmol, 84% Lit.”%: 79%) of a slightly

yellow oil.

'H NMR (500 MHz, CDCl3): & = 6.86 (s, 1H, Tph-H-c), 2.59-2.55 (m, 2H, e), 1.62-1.55 (m, 2H,
f), 1.39-1.30 (m, 6H, g, h, i), 0.90 (t, 3H, %/ = 7.0 Hz, j), 0.36 (s, 9H, k) ppm.

3 NMR (126 MHz, CDCls): 6 = 143.1 (Tph-C-b), 137.9 (Tph-C-d), 136.3 (Tph-CH-c), 113.4
(Tph-CH-a), 31.6 (e), 29.9, 29.2, 29.0, 22.6 (f, g, h, i), 14.1 (j), -8.3 (k) ppm.

1% n NMR (187 MHz, CDCl3): & = -24.5 ppm.

IR (ATR): ¥= 2955 (w), 2924 (m), 2855 (w), 1457 (w), 1396 (w), 1191 (m), 956 (w), 909 (w),
833 (m), 770 (s), 720 (m), 531 (s), 513 (s), 491 (m) cm™.

HRMS (EI*): m/z found 409.9731 (20) [M]’; calcd. for C13H»3BrSSn 409.9726; 359.0 (100) [M-
CHs]*.

The NMR data are in agreement with the data found in the literature.?

22, Burkhart, P. P. Khlyabich, T. Cakir Canak, T. W. LaJoie, B. C. Thompson, Macromolecules 2011, 44, 1242.
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5'-Bromo-3,4'-dihexyl-2,2'-bithiophene (10)

Method (A)

2-Bromo-3-n-hexyl-5-trimethyltin-thiophene (374 mg, 1.00 mmol), [Pd(PPhs3)s] (23 mg,
0.020 mmol, 2.0 mol%) and 3-bromo-2-iodothiophene (289 mg, 1.00 mmol) were dissolved
in DMF (4 mL). The mixture was heated to 100 °C in a microwave apparatus for 45 min. The
reaction mixture was diluted with ethyl acetate (30 mL), washed with water (20 mL) and
brine (20 mL). The residue was distilled by kugelrohr distillation (starting material: 70 °C,
4 x 10 mbar and product: 2 x 10° mbar, 150 °C) to afford the product as a bright yellow oil
396 mg (957 umol, 96%).

Method (B)

To a solution of 2-bromo-3-n-hexyl-5-iodothiophene (2.03 g, 5.44 mmol) in DME (25 mL),
[Pd(PPhs)]4 (243 mg, 0.210 mmol, 4.00 mol%) was added. After the mixture was stirred for
10 min at 18 °C, 2-(3-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.60 g,
5.44 mmol) and an aqueous solution of sodium hydrogen carbonate (1 m, 16 mL) were
added. The reaction mixture was heated to reflux under vigorous stirring for 18 h. Then, the
reaction was cooled to 20 °C and quenched with water (100 mL). The organic layer was
separated and the aqueous layer was extracted with diethyl ether (3 x 30 mL). The combined
organic layers were dried over sodium sulfate followed by the removal of the solvent in
vacuo. The crude product was purified by flash chromatography (petrol ether, R= 0.40) to
afford the product as a bright yellow oil in a yield of 1.88 g (4.57 mmol, 84%, Lit.: 62%).

BT, Beryozkina, V. Senkovskyy, E. Kaul, A. Kiriy, Macromolecules 2008, 41, 7817.
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'H NMR (500 MHz, CDCl): & = 7.16 (d, 1H, >/ = 5.2 Hz, Tph-H-h), 6.91 (d, 1H, 3/ = 5.2 Hz,
Tph-H-g), 6.79 (s, 1H, Tph-H-c), 2.72-2.68 (m, 2H, i%), 2.58-2.54 (m, 2H, i), 1.63-1.58 (m, 4H, j,
i%), 1.36-1.29 (m, 12H, k, I, m, k?, 1>, m?), 0.91-0.88 (m, 6H, n, n*) ppm.

3C NMR (126 MHz, CDCls): § = 142.6 (Tph-C-b), 139.9 (Tph-C-f), 135.7 (Tph-C-d), 130.0 (Tph-
C-e), 129.9 (Tph-CH-g), 126.8 (Tph-CH-c), 123.9 (Tph-CH-h), 108.5 (Tph-C-a), 31.6, 31.6, 30.7,
29.6,29.6, 29.2, 29.1, 28.9, 22.6, 22.6 (i-m, i*-m?), 14.1, 14.1 (n, n®) ppm.

IR (ATR): ¥i= 2953 (m), 2923 (s), 2854 (s), 1457 (m), 1410 (w), 1377 (w), 1195 (w), 1004 (w),
831 (s), 722 (s), 687 (m), 648 (s), 467 (w) cm™.

HRMS (EI*): m/z found 412.0888 (100) [M]"; calcd. for CooH29BrS, 412.0894.

The NMR data are in agreement with the data found in the literature.?*

2T, Beryozkina, V. Senkovskyy, E. Kaul, A. Kiriy, Macromolecules 2008, 41, 7817.
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2-(3-Hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (11)

0 Me
d's"a B iMe
o Me

Me ¢
n-Butyllithium (6.40 mL, 15.0 mmol, 2.5M in n-hexane) was dissolved in THF (50 mL)
at -78 °C. Then, 2-bromo-3-n-hexylthiophene (3.71 g, 15.0 mmol) was added dropwise over
the course of 10 min to the yellow solution and the mixture was stirred for 60 min.
2-lsopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.97 g, 15.0 mmol) was added in one
portion to the yellow solution. The mixture was allowed to warm to 15 °C within 12 h and
was then quenched with a saturated aqueous solution of ammonium chloride (15 mL). The
aqueous layer was extracted with diethyl ether (3 x 30 mL), the combined organic layers
were washed with brine (20 mL) and were dried over magnesium sulfate. The solvent was
removed in vacuo and the crude product was purified by flash chromatography (n-pentane,

R¢= 0.25) as eluent to yield 3.56 g (12.1 mmol, 81%, Lit.”: 92%) of a slightly yellow oil.

'H NMR (200 MHz, CDCl3): 6 = 7.48 (d, 1H, *J = 4.7 Hz, Tph-CH-d), 7.01 (d, 1H, *J = 4.7 Hz,
Tph-CH-c), 2.92-2.85 (m, 2H, g), 1.61-1.53 (m, 2H, h), 1.40-1.15 (m, 18H, i, j, k, f), 0.88 (m, 3H,
[) ppm.

3C NMR (126 MHz, CDCl3): 6 = 154.7 (Tph-C-b), 131.2 (Tph-CH-d), 130.3 (Tph-CH-c), 83.5 (e),
31.8 (g), 31.7, 30.1, 28.9, 22.6 (h, i, j, k), 24.8 (f), 14.1 (l) ppm.*®

1B NMR (160 MHz, CDCls): & = 29.1 ppm.

IR (ATR): 7= 2956 (w), 2977 (w), 2926 (m), 2856 (w), 1529 (m), 1467 (w), 1430 (s), 1379 (m),
1370 (m), 1334 (s), 1303 (s), 1270 (m), 1165 (m), 1142 (s), 1101 (w), 1028 (m), 958 (w), 855
(s), 738 (m), 667 (w), 644 (m), 578 (w) cm™.

HRMS (EI"): m/z found 294.1819 (50) [M]"; calcd. for CigH,70,SB 294.1825; found 224.1
(100) [|V|-C5H11]+.

ZE . Dell, B. Capozzi, K. H. DuBay, T. C. Berkelbach, J. R. Morneo, D. R. Reichman, L. Venkataraman, L. M.
Campos, J. Am. Chem. Soc. 2013, 135, 11724.
?® The carbon atom bound to boron was not visible due to the high quadrupole moment of the boron nucleus.
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Triphenylphosphine gold(I) chloride (13)2”

b C
Cl—Au-PPh;  Ph= E@ d

Dimethylsulfide gold(l) chloride (1.20g, 4.06 mmol) and triphenylphosphine (1.07 g,
4.06 mmol) were weighed at normal atmosphere into a flask. The flask was evacuated and
flushed with nitrogen. DCM (350 mL) was added to these reagents, dissolving the starting
materials. The mixture was stirred at 20 °C for 15 min monitoring the formation of the
product by *P NMR spectroscopy. The reaction mixture was worked up in air by reducing
the volume of the solution to 50 mL in vacuo and n-hexane (350 mL) was added resulting in
the precipitation of the complex. The solid was then filtered, washed with n-hexane (3 x
15 mL) and dried in vacuo, affording the product as a white solid in a yield of 1.93 g

(3.90 mmol, 96%; Lit.%: quantitative).

'H NMR (500 MHz, CDCls, 300 K): 6 = 7.60-7.40 (m, 15H, b, ¢, d) ppm.

3¢ NMR (125 MHz, CDCl3): & = 134.15 (d, *Jc.p = 13.8 Hz, b/c), 131.99 (d, *Jcpr = 2.4 Hz, d),
129.24 (d, *Jcp = 11.9 Hz, b/c), 128.6 (d, *Jc.p = 48.4 Hz, a) ppm.

31p NMR (202 MHz, CDCls, 300 K): & = 33.0 ppm.

IR (ATR): ¥= 3060 (w), 3005 (w), 1479 (m), 1433 (m), 1421 (s), 1101 (s), 997 (m), 747 (s), 712
(m), 690 (s), 544 (s), 499 (s) cm™™.

HRMS (ESI): m/z found 517.0152 (100) [M+Na]"; calcd. for C1gH1sAuCINaP 517.0158.

M.p.: 236°C.

27 N. Mezailles, L. Ricard, F. Gagosz Org. Lett. 2005, 7, 4133-4136.
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rr-HH-TT-P3HT (14)

In the glove box, 5'-bromo-3,4'-dihexyl-5-triphenylphosphine-2,2'-bithiophene (174 mg,
200 umol) and [Pd(PtBu,Ph),] (5 mol%) were placed in a Schlenk flask, which was closed and
removed from the glovebox. Then, under Schlenk conditions, THF (8 mL) was added to the
solution and the mixture was stirred at 70 °C for 12 h. The reaction mixture was cooled to
20 °C and quenched by adding a 1 m solution of HCl in methanol (5 mL). DCM (10 mL) and
water (5 mL) was added. The layers were separated and the organic phase was dried over
sodium sulfate, filtered and the solvents were removed in vacuo. Half of the resulting red
residue was diluted in chloroform (HPLC grade, 4 mL) and used for GPC analysis. The other

half was used for NMR analysis. Due to this procedure, no yield was determined.

'H NMR (500 MHz, CDCl3): 6 = 6.99-6.85 (m, 10H, Tph-H-c), 2.77-2.62 (m, 12H, e), 2.56-2.42
(m, 8H, k), 1.66-1.52 (m, 20H, f, I), 1.37-1.20 (m, 60H, g, h, i, m, n, 0), 0.88-0.72 (m, 30H, j, p)

ppm.28

3C NMR (126 MHz, CDCl3): & = 142.9 (Tph-C), 140.2 (Tph-C), 139.7 (Tph-C), 135.3 (Tph-C),
128.6 (Tph-CH), 128.1 (Tph-C), 127.1 (Tph-C), 126.6 (Tph-CH), 30.7, 30.5, 29.6, 29.5, 29.1,
28.9, 26.9, 26.9, 22.6, 22.6 (e-l, k-0), 14.1 (j, p) ppm.

Amax (CHCl3) =431 nm.

M, (GPC in CHClIs, calibrated against PS) = 17 kDa.

% NMR signals show a pentamer (10 thiophene units) as repeating units, calculated from the 'H NMR spectra.
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M,, (GPC) = 40 kDa.

PDI (GPC) = 2.4.

e HH-HT-TT- P3HT

normalized absorbance

280 330 380 430 480 530 580

wavelength (nm)

Figure Sl 4. Full absorption spectrum of rr-HH-TT-P3HT in solution (CHCI3).
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rr-HT-P3HT (15)

In the glove box, 5'-bromo-3,4'-dihexyl-5-triphenylphosphinegold-2,2'-bithiophene (174 mg,
200 umol) and [Pd(PtBus);] (5.10 mg, 10.0 umol, 5.00 mol%) were placed in a Schlenk flask.
THF (8 mL) was added to the solution and the mixture was stirred at 70 °C for 14 h. The
reaction mixture was cooled to 20 °C and quenched by adding a 1 m solution of HCI in
methanol (5 mL). A dark red solid started directly to precipitate. This was collected by
filtration, and diluted in @ minimum of DCM (1 mL) and precipitated into stirring methanol
(100 mL). A dark red solid was collected by filtration, washed with methanol (3 x 5 mL) and
dried in vacuo to yield the regio regular polymer as product in a yield of 4.00 mg (12.0 umol,

61%).

'H NMR (600 MHz, CDCl3): & = 6.98 (s, 1H, Tph-H-b), 2.88-2.74 (m, 2H, €), 1.76-1.65 (m, 2H,
f), 1.46-1.30 (m, 6H, g, h, i), 0.91 (t, 3H, >/ = 6.7 Hz, j) ppm.

3¢ NMR (126 MHz, CDCl5): & = 139.9 (Tph-C-d/b), 133.79 (Tph-C-a), 130.5 (Tph-C-d/b), 128.6
(Tph-CH-c), 31.9, 31.7, 29.6, 29.4, 22.7 (e, f, g, h, i), 14.1 (j) ppm.

M, (GPC, in CHCls, calibrated against PS) = 26 kDa.
M., (GPC) = 54 kDa.

PDI (GPC) = 2.0.
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e HT-P3HT

normalized absorbance
o
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Figure Sl 3. Full absorption spectrum of rr-HT-P3HT in solution (CHCI3).
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Polymerization Catalyst Screening

For the synthesis of P3HT, different catalyst species were used for a screening. All reactions

(Table SI 4) were performed similar to the following procedure (analysis see above):

General Procedure:

nHex cat. (5 mol%) nHex  nHex
THF, reflux, /I s
2h S H/B
PhsPAu s \ ) s r
nHex nHex nHex

In the glove box, 5'-bromo-3,4'-dihexyl-5-triphenylphosphine-2,2'-bithiophene (174 mg,
200 umol) and catalyst (5 mol%) were placed in a Schlenk flask, which was closed and
removed from the glovebox. Then, under Schlenk conditions, THF (8 mL) was added to the
solution and the mixture was stirred at 70 °C for 12 h. The reaction mixture was cooled to
20 °C and quenched by adding a 1 m solution of HCl in methanol (5 mL). DCM (10 mL) and
water (5 mL) were added. The layers were separated and the organic phase was dried over
sodium sulfate, filtered and the solvents were removed in vacuo. Half of the resulting red
residue was diluted in chloroform (HPLC grade, 4 mL) and used for GPC analysis. The other

half was used for NMR analysis.
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Table Sl 4. Catalyst screening with 8 as monomer.

Entry Catalyst® Polymer® M,¢ My* PDIC
1 [Pd(dppf)Cl,-CH,Cl] HH-TT, 5:3:2 16016 55723 3.48
2 [PA(PPh3)4] HH-TT, 5:3:2 2218 3398 1.53
3 [Pd(PtBu,Ph),] HH-TT, 5:3:2 16745 39778 2.4
4 [[(iPr)Pd(NQ)],] - 431 1771 4.11
5 [[(iMes)Pd(NQ)],] - 385 848 2.20
6 [(iPr)Pd(allyl)CI] HH-TT, 5:3:2 1152 1796 1.55
7 [(iMes)Pd(allyl)CI] HH-TT, 5:3:2 1815 3297 1.82
8 [(SiPr)Pd(allyl)CI] HH-TT, 5:3:2 1289 2570 1.99
9 [(SiPr)Pd(cinnamyl)Cl] HH-TT, 5:3:2 7794 18169 2.33
10 [[(iPr)PdCl,]5] HH-TT, 5:3:2 9023 23136 2.56
11 [(iMes)Pd(vs)] HH-TT, 5:3:2 8981 25480 2.84
12 [(SiMes)Pd(vs)] HH-TT, 5:3:2 9547 28701 3.0
13 [Pd(dippf)(vs)tol] HH-TT, 5:3:2 1573 2796 1.78
14 [Pd(PtBus),] HT-HT, 1:1 26390 54376 2.06
15 [Pd(PtBus),]" HT-HT, 1:1 25243 64430 2.55
16 [Pd(PtBus),]® HT-HT, 1:1 20638 46854 2.27
17 [Pd(PtBus),]" HT-HT, 1:1 23736 122802 5.17

All reactions were carried out in THF as a solvent at 70 °C, if not noted otherwise. 5 mol% of the
catalyst species was used. ®Determined by 'H NMR spectra: Integration of the first alkyl-CH, groups.
‘Determined by GPC, using polystyrene as calibration standard.’2 mol% catalyst species. *The
reaction temperature was 45 °C. Toluene was used as solvent and the reaction temperature was
90 °C.
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Polymerization Kinetic Studies
a) Kinetic for rr-HT-P3HT with different catalyst loadings

General Procedure:

nHex nHex

T S [Pd(PtBus),]

I\ s
PhsPAU" g \/BrLH s T

8 nHex 15 nHex "

In the glove box, 5'-bromo-3,4'-dihexyl-5-triphenylphosphinegold-2,2'-bithiophene (174 mg,
200 umol) and [Pd(PtBus);] (2 mol% and 5 mol%, respectively) were placed in a Schlenk flask.
THF (8 mL) was added to the solution and the mixture was stirred at 70 °C for the specified
time. In regular intervals (see tables SI5 and 6), a sample (0.3 mL) was taken out of the
reaction mixture and quenched with a 1 M solution of HCI in methanol (3 mL). The sample
was taken out of the glovebox, opened to air and diluted with DCM (4 mL) and water (2 mL).
After shaking the vial, the layers were separated. The organic phase was dried over sodium
sulfate, filtered and the solvents were removed in vacuo. Half of the resulting red residue
was diluted in chloroform (HPLC grade, 4 mL) and used for GPC analysis. The other half was
diluted in CDCl3 and used for NMR analysis.

Table SI 5. Results for polymerization reaction with 8 as monomer. The reactions were performed in
THF as solvent at 70 °C, the catalyst species was [Pd(PtBus),] with a catalyst loading of 2 mol%.

time (min) M, M,, PDI
0.3 - - -
0.75 4709 6519 1.38
1.5 4084 6143 1.5
3 4080 6716 1.65
6 4458 7858 1.76
12 5357 9343 1.74
25 5879 10423 2.14
50 5947 10890 2.11
90 5100 10504 2.06
150 5594 11227 2
210 5860 11615 1.98
310 6145 12412 2.02
420 6162 13442 2.1
620 7777 15565 2
900 10743 25150 2.3
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Chart SI 1. Kinetic control of the polymerization reaction at 70 °C with 2 mol% of the catalyst species

(left: M,, and M,; right PDI).

Table SI 6. Results for polymerization reaction with 8 as monomer. The reactions were performed in
THF as solvent at 70 °C, the catalyst species was [Pd(PtBus),] with 5 mol%.

time (min) Mn Mw PDI
0.3 3801 4967 1.3
0.75 3944 5801 1.47
1.5 4065 6814 1.67
3 4330 7778 1.7
6 5497 8951 1.72
12 5899 10393 1.76
25 7186 12860 1.83
50 7946 14708 1.95
a0 9545 20789 2.1
150 9926 22610 2.27
210 9883 22870 2.3
310 9700 21953 2.29
420 9487 21837 2.28
620 9671 21896 2.29
900 9097 20813 2.29
= 25000 ah ., 55
20000 | 4 ' = o= .
;15000 A AM, £ 24a"
3 10000 £ eee o o * M, B
< 5000 =15
£ 0 ' ' - 1 . . .
0 300 600 900 0 300 600 900
time time

Chart SI 2. Kinetic control of the polymerization reaction at 70 °C with 5 mol% of the catalyst species

(left: M, and M,,; right PDI).
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Chart SI 3. 'H NMR spectra of the kinetic experiment, exemplary for
70 °C and with a catalyst loading of 5 mol% [Pd(PtBus),]. Shown are

T
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; 245
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the reaction described above at
the aryl and alkyl region over a

period of 900 min. The reactions were quenched by HCl. This procedure leads to a substitution of the

gold group against a proton and results in 5'-bromo-3,4'-dihexyl-2,2

"-bithiophene (proton signals at

6.78, 6.90 and 7.16 ppm). The singlet of the RR P3HT (6.98 ppm) is presented, its CH, group (2.8 ppm)
and the CH, groups of the quenched monomer (2.70 and 2.55 ppm). Between 12 and 25 min, the

monomer signals are disappearing. At this point of reaction, the mo
complete.

25000
20000
15000
10000

5000

molecular weight

nomer conversion is apparently

40 60

conversion (%)

80 100

Chart 4. The conversion of the monomer 8 was calculated by integration of the peaks in the aromatic

region of the corresponding 'H NMR spectra. The error will be significant in this graphic due to the

exchange of the phosphine ligands that occurs in the reaction. Nevertheless, it is visible that the

polymerization kinetic is likely to be chain growth.



5 Experimental Section 249

b) Kinetic for rr-HT-P3HT at different temperatures

General Procedure:

nHex nHex
[Pd(PtBU3)2]
/' \ s I \_ s
PhaPAU~ g () Br THE . y1g @ H/Br
n
8 nHex 15 nHex

In the glove box, 5'-bromo-3,4'-dihexyl-5-triphenylphosphinegold-2,2'-bithiophene (174 mg,
200 umol) and [Pd(PtBus),] (5 mol%) were placed in a Schlenk flask. THF (Toluene) was
added to the solution and the mixture was stirred at 45 °C, 70 °C and 90 °C for the specified
time. In regular intervals (see tables SI 7 and 8), a sample (0.3 mL) was taken out of the
reaction mixture and quenched with a 1 m solution of HCl in methanol (3 mL). The sample
was taken out of the glovebox, opened to air and diluted with DCM (4 mL) and water (2 mL).
After shaking the vial, the layers were separated. The organic phase was dried over sodium
sulfate, filtered and the solvents were removed in vacuo. Half of the resulting red residue
was diluted in chloroform (HPLC grade, 4 mL) and used for GPC analysis. The other half was
diluted in CDCl3 and used for NMR analysis.

Table SI 7. Results for polymerization reaction with 8 as monomer. The reactions were performed in
THF as solvent at 45 °C, the catalyst species was [Pd(PtBus),] (2 mol%).

The reaction was performed in THF at 45°

time (min) M, My PDI
1 3644 5743 1.57
2,5 2838 4594 1.62
5 3268 5823 1.78
10 4495 7736 1.72
15 5802 10313 1.772
30 5996 10855 1.81
45 6850 11033 1.75
60 6616 11450 1.88
90 6439 11586 1.8
150 6562 11852 1.95
210 6857 12882 1.87
310 7265 13078 1.8
420 7158 13209 1.84
620 7671 13538 1.76
900 7084 12907 1.8
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Chart SI 5. Kinetic control of the polymerization reaction at 45 °C with 2 mol% of catalyst species
(left: Mn and Mw; right PDI).

Table SI 8. Results for polymerization reaction with 8 as monomer. The reactions were performed in
toluene as solvent at 90 °C, the catalyst species was [Pd(PtBus),] (2 mol%).

The reaction was performed in toluene at 90 °C

time (min) M, M. PDI
0,3 1155 1220 1.056
0,75 1124 1364 1.213
1,5 1486 1880 1.265
3 2813 3789 1.37
6 3766 6589 1.75
12 4228 7803 1.82
25 12105 21052 2.1
50 9783 22003 2.249
90 21894 55468 2.53
150 15940 38904 2.44
210 20579 60464 2.94
310 20929 57993 2.77
420 21789 69079 3.17
620 22539 68042 3.019
900 30328 75494 2.489
80000 - N "
%n A A 3 . L
g 60000 - N A M, § 25 . " -
- o M < u
c_su 40000 1 a n S o =
3 . s = PDI
S 20000 (a4, ¢ e & o ¢ 1,5
€ o
o # . . . 1 .
0 300 600 900 0 300 600 900
time time

Chart SI 6. Kinetic control of the polymerization reaction at 90 °C with 2 mol% of catalyst species
(left: M, and M,,; right: PDI).
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c) Phosphin Ligand Exchange

As a control reaction, we tested if the triphenylphosphine ligands of the gold species 8 and 4
perform an exchange with the tertbutylphosphine ligands of the catalyst species

[Pd(P(tBus),]. The experiments were performed with 2 different ratios of monomer to ligand.

1) In a NMR tube, monomer 8 (9.0 eq, 78 mg, 90 umol) was dissolved in THF-dg (0.6 mL) and
tri(tertbutyl)-phosphine (1.0 eq, 2.0 mg, 10 umol) was added. These ratios are the same as
for the polymerization reactions with 10 mol% of catalyst. The reaction was monitored by
3p NMR spectroscopy at 65 °C. When the first NMR spectra were recorded, the signal of the
tri(tertbutyl)-phosphine at 63 ppm had already disappeared. A new signal was visible at
92.5 ppm (species 16). The monomer 8 gave a very broad, slightly shifted signal at 39.7 ppm.
The signal ratio stayed constant over the period of 3 h, indicating that a ligand exchange

takes place to give a stable equilibrium.

nHex nHex
PtBU3 / \
S THF, 70°C S
PhoPAu g~ (B ———— BuPA g
8 nHex 16 nHex
&8 y
o o
o v

—— T T — 1~

95 85 75 65 55 45 35 25 15 5 0 -5
f1 (ppm)
Figure SI 5. Blank test for ligand exchange reaction. In this case, the monomer 8 (broad signal at
39.7 ppm) was used in an excess (9:1) to the ligand. When the first *'P NMR spectra were recorded,
the signal of the tri(tertbutyl)-phosphine at 63 ppm had already disappeared. A new signal was visible
at 93.8 ppm.
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2) To prove that the new signal resulted from the formation of compound 16, another
experiment was performed, where tri(tertbutyl)-phosphine was used in an excess (9:1): In a
NMR tube, Monomer 8 (1.0 eq, 8.7mg, 10 umol) was dissolved in THF-dg (0.6 mL) and
tri(tertbutyl)-phosphine (9.0 eq, 18 mg, 90 umol) was added. The reaction was monitored by
3P NMR spectroscopy. Here, the signal of the starting material 8 at 43 ppm disappeared
entirely (see Figure Sl 6). The spectrum displayed peaks at 92.5 ppm indicative of the newly
formed compound 16 at, a peak at 63 ppm, which could be attributed to the excess
tri(tertbutyl)phosphine and, as triphenylphospine is liberated, its signal at -5.4 ppm
(Figure 6). This experiment suggests that an entirely different process takes place in the case
of [Pd(PtBus),) as opposed to all other catalysts that were analyzed: When using
[Pd(P(tBus),] as catalyst species, the butyl ligands are exchanged with the phenyl phosphine

ligands of the gold species.

nHex nHex
PtBU3 / \
S THF S
PrsPAU~ g () B BuPAI g o
8 nHex 16 nHex

- N

--92.5
433

PtBUg 2
o et ety
\ Q 50 45 40 35 y
f1 (ppm)

PPh;

N
N

95 85 75 65 55 35 25 15 5 0 -5

45
1 (ppm)

Figure Sl 6. Ligand exchange reaction. In this case, PtBus (63.0 ppm) was used in an excess (9:1) to
the monomer 8 (not visible at 43.3 ppm). As the whole monomer was converted into the organogold
species 16, 92.5 ppm), PPh; became a free ligand (-5.4 ppm).
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Both experiments with monomer 4 were performed similar to those with monomer 8:

nHex nHex
PtBus,
THF I\
PhsPAU~" g~ Br — tBusPAU~ g~ “Br

4 17
3) In a NMR tube, monomer 4 (9.0 eq, 63 mg, 90 umol) was dissolved in THF-dg (0.6 mL) and
tri(tertbutyl)-phosphine (1.0 eq, 2.0 mg, 10 umol) was added. These ratios are the same as
for the polymerization reactions with 10 mol% of catalyst. The reaction was monitored by

31p NMR spectroscopy (Figure SI 7, b)).

4) In a NMR tube, Monomer 4 (1.0 eq, 7.2 mg, 10 umol) was dissolved in THF-ds (0.6 mL) and
tri(tertbutyl)-phosphine (9.0 eq, 18 mg, 90 umol) was added. The reaction was monitored by

1P NMR spectroscopy.

( nHex
nHex PtBu, PhsPAU" g~ ~Br
/ \ 4
BusPtAu S Br i ~

17

d) reference spectrum monomer 4

‘ Ligand impurities

c) reference spectrum PtBu,

Ph,PBr*
¥

| l
b) monomer 4: PtBuy = 9:1

a) monomer 4: PtBu; = 1:9

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

95 85 75 65 45 25 15 5 0 -10

fl (ppm)

Figure SI 7. Ligand exchange reaction with monomer 4. Reference spectra show the monomer 4
(spectrum d), 43 ppm) and the ligand itself, PtBus (spectrum c), 63 ppm). In experiment a), PtBu; was
used in an excess (9:1) with respect to the monomer 4 (no longer visible at 43.3 ppm). As the whole
monomer was converted into the organogold species 17, 92.5 ppm), PPh; dissociated (-5.4 ppm). In
reaction b), the monomer 4 (no longer visible at 43.3 ppm) was used in an excess (9:1) with respect
to PtBus (no longer visible at 63.0 ppm). The newly formed, expected organogold species 17 was
formed. However, in addition to this, the excess of 4 was converted to another, undefined species

(74 ppm); the formation of [Ph4PBr+][29] was confirmed as well (24 ppm).
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d) Kinetic Studies II: Addition of monomer 4 to a growing polymer chain to

analyze if the reaction follows a living mechanism.

nHex

/
Ph3PAU S Br

nHex [Pd(P{Bus),] nHex
THF, reflux,
20nun
PhsPAU s \/ HBF&»
nHex nHex

17
In the glove box, 5 -bromo-3,4'-d|hexyl-5-tr|phenylphosphlnegold-2,2'-bithiophene (174 mg,

200 pmol) and [Pd(tBus),] (5.1 mg, 10 umol, 5 mol%) were placed in a Schlenk flask. THF
(8 mL) was added to the solution and the mixture was stirred at 70 °C for 20 min. In another
flask, 2-bromo-3-n-hexyl-5-triphenylphosphinegold-thiophene (3 eq., 211 mg, 0.300 mmol)
was diluted in THF (2 mL) and warmed to 70 °C. After 20 min, 4 mL of the polymerization
mixture was added to the stirring mixture of the monomer 4. After the 25, 40, 60, 90, 150,
210, 330, 600 and 900 min, a sample (0.3 mL) was taken out of the reaction mixture and
quenched with a 1 m solution of HCl in methanol (3 mL). The sample was taken out of the
glovebox, opened to air and diluted with DCM (4 mL) and water (2 mL). After shaking the
vial, the layers were separated. The organic phase was dried over sodium sulfate, filtered
and the solvents were removed in vacuo. Half of the resulting red residue was diluted in
chloroform (HPLC grade, 4 mL) and used for GPC analysis. The other half was diluted in
CDCI3 and used for NMR analysis.

Table SI 9. Results for polymerization reaction where 2-bromo-3-n-hexyl-5-triphenyl-phosphinegold-
thiophene (4) was added after 20 min to a growing polymer chain to analyze if the reaction follows a

living mechanism.

time (min) M, M, PDI Mn (+) M, (+) PDI (+)
25 9195 19827 2.15 8013 17705 2.2
40 9046 19414 2.1 7946 14708 1.95
60 9097 20381 2.2 2207 9318 4.2
90 9113 20970 2.3 3292 11017 3.3
150 10947 23690 2.2 4838 14741 3.04
210 8809 20519 2.3 11463 26367 2.3
330 9343 21281 2.2 11466 25459 2.2
600 9209 21987 2.3 12495 32587 2.6
900 8621 20717 24 22324 58321 2.6
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Chart SI 7. Shown are the results of kinetic control. M, (+) and M,,(+) (red) present the reaction with

addition of the second monomer 4, where M, and M,, (blue) present the control reaction that was

running in parallel.
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n
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| |
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=
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1000
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Chart SI 8. Shown are the PDI results of kinetic control. PDI (+) (red) present the reaction with

addition of the second monomer 4, where PDI (blue) present the control reaction that was running

parallel.
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Chart SI 9. Shown are the H NMR results of kinetic control (aryl and alkyl region). At t= 25 min,
without monomer 4, the reference spectrum of the parallel running polymerization reaction without

addition of the monomer 4 is shown (at 6.98 ppm, the signal presents a satellite of chloroform.) At

t= 25 min, two clear doublets are shown. During the work-up, the added monomer 4 was quenched
by HCI, resulting in 2-bromo-3-n-hexylthiophene. In addition, the singlet of the rr-P3HT (6.9 ppm) is
present, its CH, group (2.7 ppm) and the CH, group of the monomer (2.5 ppm). At t=40 min, it is

clearly visible that a lot of smaller chains are formed which are getting longer until at t = 210 min, a

“homogenous” polymer is formed. These results corresponding will with the GPC data. The ratio of

CH, groups at 2.7 ppm and 2.5 ppm = 50 : 50.
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e) For rr-HH-TT-P3HT with [Pd(PPhtBu:):] as catalyst species at 70 °C

nHex cat. (5 mol%) nHex nHex
THF, reflux, J s
12h S
PhsPAU s \ ) oW H/Br
nHex nHex nHex

In the glove box, 5'-bromo-3,4'-dihexyl-5-triphenylphosphinegold-2,2'-bithiophene (174 mg,
200 pumol) and [Pd(PPhtBu;),] (5 mol%) were placed in a Schlenk flask. THF (8 mL) was added
to the solution and the mixture was stirred at 70 °C for the specified time. In regular
intervals (see table SI 10), a sample (0.3 mL) was taken out of the reaction mixture and
guenched with a 1 m solution of HCl in methanol (3 mL). The sample was taken out of the
glovebox, opened to air and diluted with DCM (4 mL) and water (2 mL). After shaking the
vial, the layers were separated. The organic phase was dried over sodium sulfate, filtered
and the solvents were removed in vacuo. Half of the resulting red residue was diluted in
chloroform (HPLC grade, 4 mL) and used for GPC analysis. The other half was diluted in CDCl3

and used for NMR analysis.

Table SI 10. Kinetic Data measured by GPC.

Entry M, M, PDI
1 683 739 1
2 675 710 1
3 798 852 1
4 915 1114 1.21
5 1353 2369 1.75
6 8202 14290 1.87
7 10856 26383 2.4
8 14971 36133 2.41
9 16745 39778 2.4
£ 40000 N N 3
% 30000 N <> ] = " "
3 20000 L, am, S . .
S 10000 R : oM, S1m = PDI
E 0 s b : : . 0 i . . .
0 200 400 600 800 0 200 400 600 800
time time

Chart SI 10. Shown are the results of the kinetic control reaction with [Pd(PPhtBu,),] as catalyst
species at 70 °C.
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Chart SI 11. The conversion of the monomer 8 was calculated by integration of the corresponding

'H NMR spectra which may result in some error. Nevertheless it is clearly visible that the

polymerization to give high molecular weights starts very slowly. The molecular weight starts to

increase after a conversion of 60%.
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f) Comparing Data of rr-HT-P3HT and rr-HH-TT-P3HT

Many data points for the different polymers were measured. Here, some of the most

significant differences are presented to a better comparison of the two species:

Kinetic
25000 -
TR 4
20000 - ¢
n
£ 15000 - ¢ ]
@
2 ¢ @ HT-P3HT
g 10000 - . * - B HH-HT-TT-P3HT
¢ |
L 4
5000 | &
0 _1! . T . .I I. T 1
0 20 40 60 80 100

conversion (%)

Chart SI 12. The polymers HT-P3HT (15, blue) and HH-TT-P3HT (14, red) were prepared by using the
same monomers but different catalyst species. The chain growth shows distinct differences: while
HH-TT-P3HT was formed slowly and high molecular weight can be observed at high conversion
(>70%), the HT-P3HT was formed in a continuous way of chain growth.

UV-Vis

0,8 -

06 - Monomer 8 (Amax= 332 nm)

04 e HH-TT-P3HT 14 (Anax= 431 nm)
= HT-P3HT 15 (Amax= 451 nm)

normalized absorbance

0,2 -

0 T T T T I I
280 330 380 430 480 530 580

wavelength (nm)

Figure SI 7: UV spectra of the monomer (8, yellow), HH-TT-P3HT (14, red) and the HT-P3HT (15, blue).



260 5 Experimental Section

a)

Figure SI 8. Pictures of the two P3HT species in solution (CHCIs); a) under day light; b) under UV-light
(420 nm). Clear color differences are visible.
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1H NMR Spectra and 13C{1H} NMR Spectra
2-Bromo-3-n-hexyl-5-(triphenylphosphin)gold(I)-thiophene (4, CDCl3)
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2-(Triphenylphosphin)gold(I)-thiophene (5, in CDCl3)
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2-lodo-3-n-hexyl-thiophene (6, in CDCl3)
n-Hex
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5'-Bromo-3,4'-dihexyl-5-triphenylphosphine-2,2'-bithiophene (8, in CDCl3)
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2-Bromo-3-n-hexyl-5-trimethyltin-thiophene (9, in CDCl3)
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5'-Bromo-3,4'-dihexyl-2,2'-bithiophene (10, in CDCl3)
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2-(3-Hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (11, in CDCl3)
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Triphenylphosphine gold(I) chloride (13, in CDCl3)
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RR-P3HT (15, in CDCls)
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Single Crystal Data

2-Bromo-3-n-hexyl-5-(triphenylphosphin)gold(I)-thiophene (4)

n-Hex

/ \

Phs;PAu s Br

The data were measured using an Imaging Plate Diffraction System (IPDS-1) from STOE & CIE
and were corrected for absorption using X-Red and X-Shape from STOE & CIE (Min/max.
transmission: 0.4839/0.7604). The structure was solved with direct methods using SHELXS-
97 and refinement was performed against F2 using SHELXL-97. All non-hydrogen atoms were
refined anisotropic. The C-H H atoms were positioned with idealized geometry and refined
isotropic with Uiso(H) = 1.2 - U¢g(C) (1.5 for methyl H atoms) using a riding model. A numerical
absorption correction was performed (Tmin/max: 0.2761/0.3969). Selected crystal data and

details on the structure determination can be found in table 11-15 (see below).

Table SI 11. Crystal data and structure refinement for CygH,3SPBrAu.

Empirical formula CysH26AUBIrPS

Formula weight 705.42

Temperature 200(2) K

Wavelength 0.71073 A

Crystal system triclinic

Space group P-1

Unit cell dimensions a=8.9278(3) A o=70.108(3)°.
b =10.9973(4) A B=77.035(3)".
c=14.8969(5) A v =89.177(3)".

Volume 1337.21(8) A3

z 2

Density (calculated) 1.752 Mg/m3

Absorption coefficient 7.147 mm-1

F(000) 684

Crystal size 0.12 x 0.09 x 0.06 mm3

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.00°

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

1.97 to 27.00°.

-11<=h<=11, -14<=k<=14, -19<=I<=18

16381

5813 [R(int) = 0.0377]

99.7 %

Full-matrix least-squares on F2
5813/0/279

1.074
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Final R indices [I>2sigma(l)] R1=0.0310, wR2 = 0.0669
R indices (all data) R1=0.0379, wR2 = 0.0693
Largest diff. peak and hole 1.043 and -0.800 e.A-3

Table SI 12. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (A2x 103).
U(eq) is defined as one third of the trace of the orthogonalized U;; tensor.

X y z U(eq)
Au(1) 3803(1) 7589(1) 4439(1) 39(1)
c(1) 3402(5) 8135(4) 3070(4) 41(1)
S(1) 1913(1) 9086(1) 2768(1) 44(1)
c(2) 2422(5) 9167(4) 1559(4) 42(1)
Br(1) 1262(1) 10075(1) 669(1) 53(1)
c(3) 3676(5) 8489(4) 1374(3) 39(1)
c(4) 4207(5) 7915(4) 2256(4) 40(1)
C(5) 4389(6) 8322(5) 421(4) 50(1)
C(6) 4087(6) 6957(6) 420(5) 57(1)
c(7) 2417(7) 6650(6) 477(6) 70(2)
c(8) 2038(8) 5274(6) 512(6) 71(2)
c(9) 2008(12) 4262(8) 1472(7) 101(3)
C(10) 1542(11) 2908(8) 1553(9) 115(3)
P(1) 4339(1) 6911(1) 5953(1) 35(1)
c(11) 3883(5) 8008(4) 6631(3) 39(1)
C(12) 4797(5) 8202(5) 7220(4) 44(1)
C(13) 4370(6) 9016(5) 7747(4) 52(1)
C(14) 3019(6) 9631(5) 7710(5) 59(1)
C(15) 2112(7) 9451(6) 7131(5) 67(2)
C(16) 2529(6) 8648(5) 6587(4) 54(1)
c(21) 3315(4) 5372(4) 6760(4) 39(1)
C(22) 2889(6) 5052(5) 7768(4) 50(1)
C(23) 2057(6) 3882(5) 8359(5) 58(1)
C(24) 1643(6) 3041(5) 7934(5) 55(1)
C(25) 2069(6) 3349(5) 6933(5) 56(1)
C(26) 2898(5) 4516(5) 6339(4) 46(1)
C(31) 6380(5) 6673(4) 5864(3) 38(1)
C(32) 6929(5) 5469(5) 6241(4) 47(1)
C(33) 8504(6) 5335(6) 6102(5) 58(1)
C(34) 9520(6) 6393(7) 5600(5) 66(2)
C(35) 8994(6) 7595(7) 5231(5) 65(2)

C(36) 7418(5) 7747(5) 5352(4) 52(1)
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Table SI 13. Bond lengths [A] and angles [°].

Au(1)-C(1) 2.035(5) C(11)-C(16) 1.394(6)
Au(1)-P(1) 2.2804(11) C(12)-C(13) 1.378(7)
C(1)-C(4) 1.360(7) C(13)-C(14) 1.378(8)
C(1)-S(1) 1.723(5) C(14)-C(15) 1.368(9)
5(1)-C(2) 1.728(5) C(15)-C(16) 1.385(8)
C(2)-C(3) 1.365(6) C(21)-C(22) 1.383(7)
C(2)-Br(1) 1.874(5) C(21)-C(26) 1.391(6)
C(3)-C(4) 1.433(6) C(22)-C(23) 1.395(7)
C(3)-C(5) 1.491(7) C(23)-C(24) 1.381(8)
C(5)-C(6) 1.529(7) C(24)-C(25) 1.374(9)
C(6)-C(7) 1.511(8) C(25)-C(26) 1.392(8)
C(7)-C(8) 1.535(8) C(31)-C(32) 1.381(7)
C(8)-C(9) 1.478(11) C(31)-C(36) 1.392(7)
C(9)-c(10) 1.510(11) C(32)-C(33) 1.388(6)
P(1)-C(11) 1.810(5) C(33)-C(34) 1.368(9)
P(1)-C(31) 1.819(4) C(34)-C(35) 1.368(9)
P(1)-C(21) 1.820(5) C(35)-C(36) 1.393(7)
C(11)-C(12) 1.390(6) C(12)-C(11)-C(16) 118.8(5)
C(1)-Au(1)-P(1) 177.21(13) C(12)-C(11)-P(1) 122.8(3)
C(4)-C(1)-S(1) 108.8(4) C(16)-C(11)-P(1) 118.3(4)
C(4)-C(1)-Au(1) 129.7(3) C(13)-C(12)-C(11) 120.5(4)
S(1)-C(1)-Au(1) 121.5(3) C(12)-C(13)-C(14) 120.3(5)
C(1)-S(1)-C(2) 92.7(2) C(15)-C(14)-C(13) 119.7(5)
C(3)-C(2)-S(1) 112.5(4) C(14)-C(15)-C(16) 120.9(5)
C(3)-C(2)-Br(1) 127.0(4) C(15)-C(16)-C(11) 119.8(5)
S(1)-C(2)-Br(1) 120.5(3) C(22)-C(21)-C(26) 119.3(5)
C(2)-C(3)-C(4) 109.5(4) C(22)-C(21)-P(1) 122.3(4)

C(2)-C(3)-C(5) 126.6(4) C(26)-C(21)-P(1) 118.4(4)
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C(4)-C(3)-C(5) 124.0(4) C(21)-C(22)-C(23) 120.6(5)
C(1)-C(4)-C(3) 116.5(4) C(24)-C(23)-C(22) 119.7(5)
C(3)-C(5)-C(6) 113.4(4) C(25)-C(24)-C(23) 120.0(5)
C(7)-C(6)-C(5) 112.8(5) C(24)-C(25)-C(26) 120.6(5)
C(6)-C(7)-C(8) 115.0(5) C(21)-C(26)-C(25) 119.9(5)
C(9)-C(8)-C(7) 113.6(6) C(32)-C(31)-C(36) 119.5(4)
C(8)-C(9)-C(10) 115.0(7) C(32)-C(31)-P(1) 122.6(3)
C(11)-P(1)-C(31) 105.4(2) C(36)-C(31)-P(1) 117.9(4)
C(11)-P(1)-C(21) 105.3(2) C(31)-C(32)-C(33) 120.1(5)
C(31)-P(1)-C(21) 106.4(2) C(34)-C(33)-C(32) 120.3(5)
C(11)-P(1)-Au(1) 115.39(15) C(35)-C(34)-C(33) 120.4(5)
C(31)-P(1)-Au(1) 111.03(15) C(34)-C(35)-C(36) 120.2(5)
C(21)-P(1)-Au(1) 112.63(15) C(31)-C(36)-C(35) 119.6(5)

Table SI 14. Anisotropic displacement parameters (Azx 103). The anisotropic
displacement factor exponent takes the form: -2n2[ h2 a*2ull + .. + 2 hka* b* U12]

ull u22 u33 u23 ul3 ul2
Au(l)  38(1) 46(1) 34(1) -13(1) -13(1) 4(1)
S(1) 37(1) 56(1) 39(1) -16(1) -11(1) 10(1)
Br(1) 50(1) 59(1) 49(1) -9(1) 27(1) 3(1)
c(3) 40(2) 38(2) 37(2) -13(2) -9(2) -4(2)
c(4) 38(2) 43(2) 40(3) -14(2) -13(2) 4(2)
C(s) 53(3) 54(3) 39(3) -17(2) -2(2) -4(2)
c(6) 60(3) 58(3) 53(3) -26(3) -5(3) -2(2)
c(7) 67(3) 67(4) 81(5) -34(4) -17(3) -4(3)
c(8) 78(4) 71(4) 77(5) -36(4) -28(4) 0(3)
c(9) 142(7) 79(5) 97(7) -32(5) -55(6) 6(5)
c(10)  121(7) 74(5) 144(9) -24(6) -40(7) -15(5)
P(1) 34(1) 42(1) 33(1) -14(1) -11(1) 5(1)
c(11) 34(2) 40(2) 39(2) -12(2) -6(2) 3(2)
C(12) 45(2) 50(3) 43(3) -22(2) -11(2) 5(2)
C(13) 54(3) 55(3) 50(3) -26(3) 7(2) -4(2)
C(14) 62(3) 52(3) 66(4) -32(3) -2(3) 6(2)
C(15) 54(3) 65(4) 90(5) -39(4) -12(3) 23(3)
C(16) 45(3) 60(3) 63(4) -28(3) -16(2) 15(2)
c(21) 29(2) 47(2) 46(3) -22(2) -12(2) 7(2)
c(22) 57(3) 50(3) 42(3) -20(2) 7(2) 1(2)
C(23) 60(3) 54(3) 50(3) -17(3) 3(3) -2(2)
C(24) 45(2) 41(3) 70(4) -13(3) -6(2) -3(2)
C(25) 56(3) 48(3) 73(4) -25(3) -27(3) 1(2)
C(26) 49(2) 50(3) 49(3) -24(2) -20(2) 7(2)
C(31) 34(2) 45(2) 34(2) -16(2) -4(2) 2(2)

C(32) 38(2) 57(3) 53(3) -26(2) -15(2) 8(2)
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C(33) 45(3) 72(4) 66(4) -31(3) -19(3) 21(3)
C(34) 32(2) 102(5) 74(4) -46(4) -10(3) 11(3)
C(35) 42(3) 82(4) 66(4) -28(3) 3(3) -13(3)
C(36) 40(2) 56(3) 53(3) -14(3) -4(2) -1(2)

Table SI 15. Hydrogen coordinates (x 104) and isotropic displacement parameters (A2x 10 3).

X y z U(eq)
H(4) 5078 7408 2270 48
H(5A) 5515 8520 269 60
H(5B) 3981 8954 -105 60
H(6A) 4731 6870 -186 68
H(6B) 4399 6318 986 68
H(7A) 2122 7278 -101 83
H(7B) 1777 6775 1070 83
H(8A) 1020 5244 358 85
H(8B) 2814 5079 -1 85
H(9A) 1284 4494 1988 121
H(9B) 3046 4262 1605 121
H(10A) 1533 2306 2214 172
H(10B) 2280 2647 1068 172
H(10C) 511 2890 1430 172
H(12) 5722 7770 7259 53
H(13) 5011 9154 8138 62
H(14) 2717 10178 8085 71
H(15) 1185 9882 7103 81
H(16) 1894 8534 6184 65
H(22) 3166 5634 8060 59
H(23) 1777 3665 9052 69
H(24) 1063 2249 8334 66
H(25) 1796 2762 6645 67
H(26) 3178 4727 5647 56
H(32) 6228 4732 6595 56
H(33) 8878 4504 6357 70
H(34) 10597 6294 5506 79
H(35) 9706 8327 4891 78

H(36) 7054 8579 5087 63




5 Experimental Section 275

DFT Calculations on Chapter 3.3

All calculations were performed using the program Gaussian 9.0, revision D01.%° The results
were visualized with the program GaussView 5.0.%° The optimizations and, based on these,
more expensive and more accurate single point calculations were performed using the
recommendations of Belanzoni and Belpassi and co-workers, who performed benchmark
calculations on Au(l) complexes:*® The structures were optimized using the restricted
PBEPBE functional with the def2-svp basis set. To estimate the key thermochemical
properties, full geometry optimization was followed by vibrational frequency calculations.
These confirmed that true minima (only positive frequencies) or transition states (one
negative frequency) were obtained. They also allowed obtaining corrections for zero-point
energy, internal energy, and free energy (at 298.15 K) in the rigid-rotor harmonic oscillator
limit. Charges were derived from calculating natural bond orbital (NBO) charges for
optimized structures.? All energies presented in this work are given in hartrees per particle
and for comparison, the electronic energies, E, the zero-point energy corrected energies Ezpe
(at 0 K), enthalpies AH (at 298.15 K), and free energies AG (at 298.15 K) are given. To obtain
more accurate energies, single point energies were calculated using B3LYP* as a functional

and def2-tzvp as the basis. These energies are presented as Eggjp-def2tzvp-

? Gaussian 09, Revision D.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P.
Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J.
Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F.
Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi, J. Normand, K.
Raghavachari, A. Rendell, J. C. Burant, S. S. lyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E.
Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R.
Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J.
Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox,
Gaussian, Inc., Wallingford CT, 2013. .

%% Gaussian, Inc. 340 Quinnipiac St Bldg 40, Wallingford, CT 06492 USA, Copyright 2000-2008 Semichem. Inc.
Authors: R. D. Dennington Il, T. A. Keith, J. M. Millan.

) Ciancaleoni, S. Rampino, D. Zuccaccia, F. Tarantelli, P. Belanzoni, L. Belpassi, J. Chem. Theory Comput.
2014, 10, 1021.

32 a) A. E. Reed, L. A. Curtiss, F. Weinhold, Chem. Rev. 1988, 88, 899. B) NBO Version 3.1, E. D. Glendening, A. E.
Reed, J. E. Carpenter, and F. Weinhold.

33 a) A. D. Becke, J. Chem. Phys. 1993, 98, 5648; b) C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785.
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Structures of the compounds (optimization with the DFT functional PBEPBE and def2svp)

a) DFT-tBus-Au-Tph-Br

Center Atomic Number X y z
1 6 4.143238 -0.286304 -0.092950
2 6 3.928001 1.061854 -0.349042
3 6 2.519451 1.346117 -0.369527
4 6 1.678272 0.259595 -0.144175
5 16 2.656589 -1.169405 0.107091
6 1 2.138049 2.361218 -0.559757
7 35 5.815129 -1.156242 0.039919
8 79 -0.352603 0.120239 -0.070837
9 15 -2.717833 -0.038471 0.027310
10 6 5.009774 2.096804 -0.530973
11 1 5.900440 1.616129 -0.988001
12 1 4.656450 2.859779 -1.257189
13 6 5.420322 2.785515 0.780970
14 1 5.817851 2.047208 1.506473
15 1 6.206067 3.549164 0.605128
16 1 4.555112 3.289295 1.258524
17 6 -3.504180 1.581576 -0.704801
18 6 -3.268235 -0.253792 1.880428
19 6 -3.294305 -1.578286 -1.013967
20 6 -2.690510 1.983104 -1.957563
21 1 -1.612052 2.089234 -1.721510
22 1 -2.785745 1.270547 -2.794498
23 1 -3.061424 2.967266 -2.316277
24 6 -4.995511 1.461992 -1.069616
25 1 -5.356545 2.448957 -1.431384
26 1 -5.175934 0.736352 -1.885515
27 1 -5.627373 1.176961 -0.207385
28 6 -3.320871 2.730370 0.309273
29 1 -2.262987 2.841724 0.620683
30 1 -3.622325 3.679116 -0.183497
31 1 -3.949912 2.619689 1.211867
32 6 -4.763368 0.004460 2.142412
33 1 -4.980616 -0.202802 3.212522
34 1 -5.054063 1.056149 1.956910
35 1 -5.425747 -0.647106 1.542104
36 6 -2.911708 -1.683442 2.339244
37 1 -1.850204 -1.929228 2.135222
38 1 -3.058480 -1.742536 3.438651
39 1 -3.554180 -2.460542 1.884881
40 6 -2.411930 0.698935 2.746821
41 1 -2.640095 0.500006 3.815828
42 1 -1.328401 0.522724 2.589664
43 1 -2.613231 1.767422 2.560515
44 6 -3.132500 -1.246826 -2.512392
45 1 -2.110276 -0.886970 -2.745721
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46 1 -3.295313 -2.179376 -3.093379
47 1 -3.866383 -0.504903 -2.878350
48 6 -2.316580 -2.741655 -0.726062
49 1 -2.388544 -3.135519 0.302038
50 1 -2.553789 -3.577821 -1.418162
51 1 -1.264767 -2.439299 -0.906050
52 6 -4.739532 -2.036881 -0.745636
53 1 -4.974932 -2.888988 -1.419242
54 1 -4.883400 -2.398967 0.290098
55 1 -5.488033 -1.246583 -0.944023

ERPBE-PBE = -4152.55224302

Ezpe = -4152.093523

AH = -4152.062089

AG = -4152.155900

Esgipt-def2tp = -4155.6521113

Charge at the C atom connected to Br=-0.347 (range: + 0.933)
LUMORPBE.pBE= 0.01602 (T[* see below)

LUMOsgipt-defatzvp = 0.03192

HOMOgpge_pre = -0.19049 (at the S atom connected to P)
HOMOsgipt-gefatzvp = -0.21703

b) DFT-tBus-Au-Tph,-Br

Center Atomic Number X y z
1 6 0.030342 0.745330 -0.006676
2 6 0.675946 1.979524 -0.069041
3 6 2.105928 1.930677 -0.046973
4 6 2.585605 0.611412 0.038984
5 16 1.232097 -0.511291 0.078654
6 1 0.119028 2.924636 -0.129526
7 6 3.933600 0.084607 0.100250
8 6 4.326592 -1.241099 0.291315
9 16 5.369916 1.095631 -0.079359
10 6 5.736557 -1.470736 0.301006
11 1 3.594663 -2.049282 0.436870
12 6 6.421587 -0.278958 0.104484
13 6 2.998790 3.150538 -0.106409
14 1 3.707651 3.122565 0.752485
15 1 3.648608 3.081447 -1.009202
16 6 6.377166 -2.826221 0.458932
17 1 5.771425 -3.426309 1.170725




278 5 Experimental Section

18 1 7.377242 -2.700560 0.924100
19 6 2.278149 4.500522 -0.115935
20 1 3.009527 5.332720 -0.146618
21 1 1.615901 4.606100 -0.999230
22 1 1.653118 4.636437 0.790101
23 6 6.521686 -3.589219 -0.867905
24 1 6.984118 -4.584647 -0.706968
25 1 5.536340 -3.744820 -1.352635
26 1 7.158980 -3.027638 -1.580404
27 35 8.289437 -0.036381 0.041101
28 79 -1.946994 0.259604 -0.004271
29 15 -4.249516 -0.317271 0.001761
30 6 -4.463962 -2.080221 -0.790679
31 6 -3.958709 -3.143289 0.207961
32 1 -4.620133 -3.270453 1.085292
33 1 -3.924515 -4.121538 -0.317127
34 1 -2.931480 -2.923414 0.561582
35 6 -3.526775 -2.167179 -2.017863
36 1 -3.557243 -3.206449 -2.409642
37 1 -3.816510 -1.495133 -2.843157
38 1 -2.477802 -1.935351 -1.742677
39 6 -5.905122 -2.426175 -1.210154
40 1 -6.280233 -1.775297 -2.022703
41 1 -5.924430 -3.467299 -1.598592
42 1 -6.621488 -2.376317 -0.368656
43 6 -5.238939 0.995966 -1.035092
44 6 -6.763564 0.971309 -0.821041
45 1 -7.215240 -0.006414 -1.073647
46 1 -7.052309 1.229692 0.215401
47 1 -7.231223 1.730772 -1.484227
48 6 -4.932473 0.778721 -2.532025
49 1 -5.363448 1.629748 -3.101089
50 1 -3.842245 0.765172 -2.731854
51 1 -5.382611 -0.145011 -2.940633
52 6 -4.684396 2.396584 -0.684170
53 1 -5.147919 3.138730 -1.368898
54 1 -4.909443 2.715645 0.347841
55 1 -3.585266 2.442247 -0.825719
56 6 -4.901968 -0.337054 1.833378
57 6 -3.820794 -1.002219 2.717586
58 1 -4.133739 -0.912612 3.779982
59 1 -3.675519 -2.075472 2.506775
60 1 -2.840109 -0.496259 2.607060
61 6 -5.026595 1.117438 2.332821
62 1 -5.228088 1.093257 3.424838
63 1 -4.086535 1.685749 2.183633
64 1 -5.859717 1.671738 1.861648
65 6 -6.248109 -1.059249 2.029056
66 1 -6.187802 -2.138714 1.793588
67 1 -6.545766 -0.979106 3.096768
68 1 -7.066326 -0.620392 1.427376
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ErpBe-pBE = -4782.24218047
Ezpe = -4781.683026
AH = -4781.643825
AG = -4781.756638

Esglpt-defotzvp = =-4786.2064138
Charge at the C atom connected to Br=-0.340 (range: + 0.933)
LUMORPBE_pBE= 0.00313 (T[* see bE|OW)

LUMOsgipt-defatavp = 0.01888

HOM Ogpge_pge = -0.18987 (at the S atom connected to P)
HOMOsgipt-defatzvp = -0.21675

c) DFT-tBusP-Au-Tphs-Br

Center Atom number X y z
1 6 -1.645271 0.688631 -0.035344
2 6 -0.986435 1.918497 -0.040114
3 6 0.441604 1.854933 -0.039757
4 6 0.909404 0.526436 -0.035207
5 16 -0.457535 -0.582950 -0.031260
6 1 -1.534311 2.870789 -0.042756
7 6 2.249730 -0.013458 -0.031492
8 6 2.628519 -1.359737 -0.035220
9 16 3.691967 0.989874 -0.017354
10 6 4.028654 -1.597069 -0.026251
11 1 1.880844 -2.163823 -0.044287
12 6 4.768187 -0.399001 -0.015031
13 6 1.345419 3.067626 -0.042740
14 1 2.020606 3.017582 0.842083
15 1 2.029728 3.006754 -0.919775
16 6 4.653997 -2.973548 -0.028379
17 1 5.325300 -3.065138 0.855914
18 1 5.333262 -3.058899 -0.907224
19 6 0.636632 4.423699 -0.054496
20 1 1.375582 5.249776 -0.056860
21 1 -0.002335 4.544388 -0.952932
22 1 -0.009591 4.556284 0.837038
23 6 3.671253 -4.146012 -0.037047
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24 1 4.216202 -5.110810 -0.037132
25 1 3.012127 -4.134302 0.854780
26 1 3.021385 -4.129083 -0.935566
27 79 -3.631155 0.240468 -0.018299
28 15 -5.948543 -0.270598 0.018333
29 6 6.193016 -0.153234 -0.001725
30 6 6.847464 1.082531 0.017282
31 16 7.389566 -1.448443 -0.008179
32 6 8.272727 1.021228 0.026797
33 1 6.289953 2.029282 0.024900
34 6 8.697578 -0.302736 0.014509
35 6 9.210528 2.206301 0.047462
36 1 9.884336 2.106248 0.927280
37 1 9.887070 2.134965 -0.833127
38 6 8.532479 3.576447 0.068678
39 1 7.891417 3.703212 0.964929
40 1 9.288777 4.386167 0.083284
41 1 7.894750 3.732718 -0.825289
42 35 10.477919 -0.911227 0.021217
43 6 -6.230696 -2.033332 -0.752388
44 6 -6.577752 -0.251108 1.858020
45 6 -6.909712 1.063745 -1.019093
46 6 -7.688041 -2.335684 -1.147977
47 1 -8.052654 -1.680419 -1.961604
48 1 -7.747021 -3.379273 -1.525556
49 1 -8.389584 -2.253570 -0.296677
50 6 -5.745427 -3.103901 0.248164
51 1 -5.750158 -4.086592 -0.269671
52 1 -4.706654 -2.915254 0.585806
53 1 -6.397885 -3.203724 1.135620
54 6 -5.314107 -2.161657 -1.991612
55 1 -5.593451 -1.488811 -2.819824
56 1 -4.254331 -1.961568 -1.733276
57 1 -5.383182 -3.203076 -2.372817
58 6 -7.944857 -0.925716 2.077976
59 1 -7.923096 -2.009517 1.855354
60 1 -8.227186 -0.822802 3.147849
61 1 -8.754857 -0.467034 1.480113
62 6 -5.508938 -0.943995 2.735752
63 1 -4.513864 -0.470231 2.612376
64 1 -5.808235 -0.837532 3.800524
65 1 -5.400125 -2.022650 2.530965
66 6 -6.646267 1.211822 2.343076
67 1 -6.832099 1.206398 3.438118
68 1 -5.689765 1.746082 2.173664
69 1 -7.467164 1.789142 1.877819
70 6 -6.304215 2.448870 -0.691178
71 1 -6.754686 3.198868 -1.376040
72 1 -6.501613 2.785140 0.340873
73 1 -5.206665 2.456712 -0.851208
74 6 -6.632131 0.822005 -2.517825
75 1 -7.042649 1.681513 -3.089251
76 1 -5.545888 0.770490 -2.732632
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77 1 -7.118838 -0.089989 -2.910478
78 6 -8.431178 1.093360 -0.782817
79 1 -8.694849 1.373681 0.254723
80 1 -8.881895 1.861607 -1.447658
81 1 -8.921448 0.129901 -1.017813

ErpBe-pBE = -5411.93292796

Ezpe = -5411.273087

AH = -5411.226271

AG = -5411.357207

Esgipt-def2tzvp = -5416.7609219
Charge at the C atom connected to Br=-0.339 (range: + 0.933)
LU MORPBE—PBE =-0.00224 (T[* see bE|OW)
LUMOsgipt-defatzvp = 0.01318

HOMORgpge_pge = -0.19117 (at the S atom connected to P)
HOMOsgipt-defatzvp = -0.21765

d) DFT-tBusP-Au-Tph,-Br

Center Atomic Number X y z
1 6 -3.451588 0.796972 -0.033569
2 6 -2.864878 2.062968 -0.034730
3 6 -1.435670 2.081464 -0.036452
4 6 -0.891823 0.781861 -0.037334
5 16 -2.192816 -0.404147 -0.035159
6 1 -3.466728 2.982007 -0.033647
7 6 0.476242 0.319817 -0.038281
8 6 0.927431 -1.005213 -0.048835
9 16 1.861778 1.399385 -0.021848
10 6 2.336272 -1.168306 -0.043588
11 1 0.222903 -1.847223 -0.060411
12 6 3.012330 0.069169 -0.028475
13 6 -0.602337 3.343489 -0.036443
14 1 0.075934 3.328520 0.847310
15 1 0.082938 3.324131 -0.914621
16 6 3.032251 -2.510264 -0.053300
17 1 3.707306 -2.571019 0.830483
18 1 3.716240 -2.553770 -0.931197
19 6 -1.387799 4.656721 -0.042531
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20 1 -0.697595 5.523898 -0.043307
21 1 -2.034255 4.743098 -0.939533
22 1 -2.038973 4.748749 0.850481
23 6 2.111926 -3.732247 -0.069823
24 1 2.706794 -4.667123 -0.076270
25 1 1.453363 -3.761690 0.822051
26 1 1.461866 -3.743980 -0.968336
27 79 -5.403319 0.216017 -0.017444
28 15 -7.669317 -0.486567 0.019889
29 6 4.418726 0.388344 -0.017499
30 6 5.008229 1.657737 -0.002124
31 16 5.680827 -0.834187 -0.020392
32 6 6.427542 1.666682 0.007983
33 1 4.401667 2.573201 0.002015
34 6 6.965340 0.365019 -0.000018
35 6 7.265798 2.924615 0.026058
36 1 7.941870 2.893098 0.910746
37 1 7.950442 2.913057 -0.852517
38 6 6.484039 4.239697 0.037226
39 1 5.831157 4.320604 0.929984
40 1 7.177367 5.103817 0.051698
41 1 5.841684 4.342358 -0.860901
42 6 8.331870 -0.105964 0.006230
43 6 8.779182 -1.431223 0.002614
44 16 9.721121 0.979742 0.019200
45 6 10.195285 -1.600189 0.009928
46 1 8.077947 -2.276851 -0.004930
47 6 10.827686 -0.361558 0.019341
48 6 10.929815 -2.920836 0.008254
49 1 11.607629 -2.946381 0.890197
50 1 11.611993 -2.941936 -0.870468
51 6 10.040173 -4.164259 0.002788
52 1 10.656493 -5.085070 0.002511
53 1 9.383756 -4.203201 0.896077
54 1 9.389101 -4.199276 -0.894571
55 35 12.682145 -0.047656 0.032291
56 6 -7.900939 -1.962537 -1.223229
57 6 -8.113758 -1.071854 1.820489
58 6 -8.818888 0.994981 -0.493715
59 6 -7.116729 -1.627555 -2.514018
60 1 -7.536285 -0.776324 -3.076389
61 1 -6.053589 -1.401171 -2.294509
62 1 -7.146984 -2.514278 -3.182886
63 6 -7.235223 -3.222592 -0.631287
64 1 -7.217371 -4.006541 -1.417949
65 1 -6.185230 -3.034335 -0.330095
66 1 -7.786499 -3.641830 0.230843
67 6 -9.366848 -2.280822 -1.572792
68 1 -9.863569 -1.453722 -2.114962
69 1 -9.391318 -3.165553 -2.244974
70 1 -9.977523 -2.527791 -0.683911
71 6 -6.917538 -1.882922 2.371212
72 1 -5.974480 -1.301573 2.318516
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73 1 -7.115647 -2.116208 3.439293
74 1 -6.755806 -2.841734 1.850068
75 6 -9.401510 -1.909675 1.926610
76 1 -9.321943 -2.880128 1.400441
77 1 -9.591429 -2.140168 2.997103
78 1 -10.293964 -1.380715 1.542365
79 6 -8.240359 0.170336 2.728289
80 1 -8.320640 -0.176949 3.780268
81 1 -7.346262 0.822542 2.664164
82 1 -9.141411 0.776501 2.518731
83 6 -10.304841 0.813067 -0.132119
84 1 -10.470973 0.751681 0.959941
85 1 -10.872510 1.696673 -0.495538
86 1 -10.755926 -0.081816 -0.601008
87 6 -8.269230 2.275018 0.178392
88 1 -8.846775 3.145687 -0.199778
89 1 -8.358201 2.272827 1.277944
90 1 -7.202264 2.435560 -0.078446
91 6 -8.690078 1.225332 -2.013940
92 1 -9.213805 2.171784 -2.266360
93 1 -7.632159 1.339936 -2.324332
94 1 -9.156620 0.425413 -2.618528

ErpgE.paE = -6041.62482103

Ezpe = -6040.864182

AH = -6040.809780

AG = -6040.957784

Esglpt-def2tvp = -6047.3169775

Charge at the C atom connected to Br=-0.338 (range: + 0.933)
LU MORPBE-PBE =-0.00524 (T[* see bF_‘lOW)

LU M05g|pt_def2tzvp = 0-01029

HOMORgpge_pge = -0.19264 (at the S atom connected to P)

HOMOsgipt-defatzvp = -0.21878
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e) DFT-tBusP-Au-Tphs-Br

Center Atomic Number X X z

1 6 -5.262027 0.800269 -0.032980
2 6 -4.662094 2.060159 -0.039676
3 6 -3.232909 2.063727 -0.044833
4 6 -2.702614 0.758326 -0.042607
5 16 -4.016061 -0.413958 -0.033479
6 1 -5.254375 2.985409 -0.040268
7 6 -1.339906 0.281719 -0.045164
8 6 -0.903570 -1.048688 -0.052858
9 16 0.057352 1.345859 -0.034652
10 6 0.502847 -1.227671 -0.049898
11 1 -1.617596 -1.882704 -0.060691
12 6 1.193193 0.002578 -0.039653
13 6 -2.386166 3.316726 -0.051202
14 1 -1.706428 3.297799 0.831362
15 1 -1.702831 3.286542 -0.930597
16 6 1.183770 -2.577233 -0.057012
17 1 1.859370 -2.642996 0.826004
18 1 1.866128 -2.630419 -0.935649
19 6 -3.157423 4.638300 -0.060977
20 1 -2.457883 5.497932 -0.066725
21 1 -3.804775 4,728003 -0.956997
22 1 -3.805630 4,741014 0.833015
23 6 0.249874 -3.788883 -0.069125
24 1 0.834293 -4.730306 -0.073847
25 1 -0.407776 -3.808613 0.823691
26 1 -0.401421 -3.795695 -0.966793
27 79 -7.218587 0.235441 -0.012240
28 15 -9.488016 -0.455664 0.028362
29 6 2.602281 0.305044 -0.032149
30 6 3.205732 1.569192 -0.021565
31 16 3.850712 -0.930692 -0.033137
32 6 4.623544 1.564144 -0.013876
33 1 2.608049 2.490523 -0.019166
34 6 5.149402 0.255302 -0.018932
35 6 5.473777 2.813910 -0.001236
36 1 6.149003 2.779017 0.883691
37 1 6.159368 2.789995 -0.878510
38 6 4,704474 4,136261 0.002613
39 1 4.052365 4.228759 0.894845
40 1 5.405908 4.993931 0.012359
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4.063123
6.507388
6.938693
7.908541
8.345781
6.225852
9.037579
9.024233
9.696640
9.707816
8.088616
8.671930
7.428988
7.440215
10.451357
11.057978
11.695886
12.484242
10.465873
12.958716
14.760051
13.377135
14.051576
14.058231
12.648510
12.008356
12.000870
13.374322
-9.726582
-9.932966
-10.631623
-8.941897
-0.358138
-7.877603
-8.976566
-9.065694
-9.052231
-8.014504
-9.617611
-11.194098
-11.687820
-11.222850
-11.804954
-11.223474
-11.147674
-11.413616
-12.114323
-8.739046
-7.794334
-8.937694
-8.580155
-10.055168
-10.136509

4.240332
-0.229037
-1.560763
0.831208
-1.742751
-2.395910
-0.515607
-3.093651
-3.160870
-3.149057
-4.303995
-5.245943
-4.322520
-4.310792
-0.215058
1.045219
-1.463905
1.037939
1.970841
-0.269520
-0.810446
2.257186
2.188683
2.203955
3.601185
3.727081
3.711014
4.438297
-1.929913
-1.040258
1.031151
-1.597497
-0.744058
-1.376052
-2.483640
-3.193049
-3.976836
-3.009315
-3.610120
-2.241619
-1.411611
-3.125216
-2.487511
-1.873873
-2.844342
-2.104235
-1.341676
-1.855595
-1.276882
-2.089919
-2.814048
0.201649
-0.146341

-0.896114
-0.013998
-0.020300
0.002193
-0.012494
-0.030461
0.000332
-0.017321
0.868193
-0.895057
-0.031230
-0.033767
0.860134
-0.930970
0.011641
0.023918
0.012005
0.033700
0.025758
0.028464
0.036879
0.047560
0.929869
-0.830720
0.056464
-0.840544
0.950204
0.066919
-1.215632
1.829065
-0.483017
-2.506760
-3.068248
-2.287798
-3.176172
-0.624820
-1.411717
-0.324988
0.237947
-1.564286
-2.104726
-2.237789
-0.675238
1.935389
1.408685
3.005869
1.551897
2.378444
2.326514
3.446195
1.855781
2.737900
3.789564
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94 1 -9.158864 0.850861 2.674348
95 1 -10.954194 0.811046 2.529043
96 6 -10.075882 2.308315 0.189517
97 1 -10.650266 3.181653 -0.187309
98 1 -10.163668 2.305552 1.289154
99 1 -9.008556 2.464738 -0.068390
100 6 -10.503336 1.261914 -2.003213
101 1 -11.024142 2.210217 -2.254718
102 1 -9.445310 1.373150 -2.314482
103 1 -10.973014 0.463762 -2.607679
104 6 -12.117995 0.855182 -0.120116
105 1 -12.283239 0.792635 0.971995
106 1 -12.682142 1.741879 -0.481464
107 1 -12.573537 -0.036922 -0.590004

ERPBE-PBE = -667131665534

Ezpe = -6670.455222

AH = -6670.393210

AG = -6670.559328

Esgipt-def2tzvp = -6677.872899

Charge at the C atom connected to Br=-0.337 (range: + 0.933)
LUMOgpge-pee = -0.00715 (1* see below)

LU Mosglpt-dethzvp =0.00847

HOMOgpge_pre = -0.19357 (at the S atom connected to P)
HOMOsngt-dethzvp =-0.21946
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5.3.2 Further Experimental Data for Chapter 3.3

For general methods and materials see this chapter 5.3.1. BrAuPPh; (83) was purchased

from Alfa Aesar Inc. in a purity of 98%.

Recycling

To determine the type of gold species formed during the polymerization, a quenching
experiment of the reaction was performed by adding methanol. With this, it was possible to
separate the species without the decomposition caused by HCl. A manual preparative
column with GPC gel (PS beads from Sigma Aldrich Inc., in CHCl3) was used for the separation

of the polymer and the resulting gold species.

CIAuPPh;

“— M2-13

X

J

|

(

BrAuPPhs ¥ |

83
) Lo (Y o A A " 'l‘.._u._ o L o AT L 4 Py v Y|
Monomer \
M2-8

L
Ww

S T T T L T T u T T T T T T T
62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 ] 6 4 2
f1 (ppm)

Figure S1 9. *'P NMR of the synthesized CIAuPPh; (M2-13, blue), the commercially obtained BrAuPPh;
(83, green) and the isolated gold species that was formed during the polymerization reaction (red).

The *'P NMR spectrum showed that there were at least 3 phosphorus containing species in
the reaction mixture: traces of monomer (M2-8, 43.3 ppm), BrAuPPh; (83, 35.2 ppm), which
we expected to find and which is obviously the main product. Another undefined species
was found at 29.3 ppm (red spectrum). In green the *'P reference spectrum of BrAuPPh; (83)
is shown, bought from Alfa Aesar. In blue, the 3p NMR spectrum of the synthesized
CIAuPPh3 (M2-13) is shown. BrAuPPhs (83) was the main compound that was formed during

the polymerization reaction.
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Ligand exchange with PPhtBu;

nHex nHex
PPhtBus

s THF I\ s

PhsPAU g () B Bu,PhPAL g ® Br

M2-8 nHex 85 nHex

1) In a J. Young’s NMR tube, monomer M2-8 (9.0 eq, 78 mg, 90 umol) was dissolved in THF-
ds (0.6 mL) and tri(tertbutyl)-phosphine (1.0 eq, 2.02 mg, 10 umol) was added. These ratios
are the same as for the polymerization reactions with 10 mol% of catalyst. The reaction was

monitored by *'P NMR spectroscopy.

2) In a J. Young’s NMR tube, monomer M2-8 (1.0 eq, 8.7mg, 10 umol) was dissolved in THF-
ds (0.6 mL) and tri(tertbutyl)-phosphine (9.0 eq, 20 mg, 90 umol) was added. The reaction

was monitored by 31p NMR spectroscopy.

nHex ™

/ S
PhsPAI~g” () Br

8 nHex

U A S 4T GROR L A0 B F 1 R  S T
d) reference spectrum monomer 8

Ligand impurities, already
presentin the phosphine

reagent "PPhtBu;
1 = | Lid
nHex c) reference spectrum PPhtBu,
\
tBuPhPAU" g \S/ Br / PPh,
| 85 nHex Ar
\ L I._z' N o
b) monomer 8: PPhtBu, = 1:9
Ph,PBr+
a) monomer 8: PPhtBu, = 9:1
110 95 85 75 65 55 45 35 25 15 50 -10

fl (ppm)

Figure SI 10. Ligand exchange reaction with monomer M2-8. Reference spectra show the monomer
M2-8 (spectrum d), 43 ppm and the ligand itself, PPhtBus (spectrum c), 39 ppm. In experiment a), the
monomer 8 was used in an excess (9:1) with respect to PPhtBus_ In experiment b), PPhtBus; was used
in an excess (9:1) with respect to monomer M2-8.
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This spectrum (very clear in spectrum b)) showed a a large number of impurities (at 102, 48,
43 and 41 ppm) of the commercially obtained ligand, which should have a purity of 95 %. In
experiment a), the monomer M2-8 (no longer visible at 43 ppm) was used in an excess (9:1)
with respect to PPhtBus (no longer visible at 63.0 ppm). The expected organogold species 85
(79 ppm) was formed. In addition to this, the signal at 23 ppm could be identified as
[Ph,PBr*].>

Because of the monomer:ligand ratio of 9:1, the monomer would be expected to be still
present, but no signal was visible at 43 ppm. Instead, the impurities that were already
present in the batch of the commercially obtained ligand were found in a higher
relativeintensity than was to be expected from the addition of ligand. In addition, their
intensity relative to onanother appeared to have changed: The signals at 102 and 61 ppm
disappeared, whereas the signals at 48 and 41 became much more intense. It would appear
therefore that the monomer M2-8 was transferred to other species, which could not be

identified up to now.>

Similar findings were made for the experiment b), where PPhtBus was used in an excess (9:1)
with respect to the monomer M2-8 (no longer visible at 43.3 ppm). Interestingly, besides the
expected species 85 (80 ppm), free PPhs (-5.4 ppm) was detected, but in such a high amount
that another ligand transfer at the phosphine itself may have occurred. In this case, two
more species were found at 61 ppm and 40 ppm as well as the PPhtBus ligand itself (39 ppm,

broad signal). These species could not be identified up to now.

*D. Marcoux, A. B. Charette, Adv. Synth. Catal. 2008, 350, 2967.

*> The species that were initially considered could be excluded due to their reported chemical shifts: PPh,tBu,
BrPPh,, BrPPh;’, BrPtBu,, BrPPhtBu. For other species, no chemical shifts are reported, so that they cannot be
confirmed or excluded at this point: BrPPh,tBu’, BrPPhtBu,’, Br,PPhBu’ or corresponding THF containing
species.
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