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Abstract

The interest in organogold compounds has seen a great development during the last
years. Gold(IIl) complexes are investigated as potential anti-cancer drugs and
homogeneous catalysts for organic transformations. Nucleophilic additions to alkenes are
of high practical value but also very challenging. Gold(III)-mediated methods for these
reactions are underdeveloped, but alkyl gold(III) complexes are assumed to be important
intermediates in the catalytic process. Here, the synthesis of a number of novel alkyl
gold(IIl) complexes, that have been characterized by NMR spectroscopy, mass
spectrometry and X-ray crystallography, is presented. A DFT geometry optimization of
the structure of one of the new alkyl gold(III) complexes and its isomers was performed
to shed light on the stabilities of different isomers. Geometry optimization of the
solid-state structure was performed and a good agreement between the X-ray and DFT
structure was found. Some unexpected products were obtained and possible mechanisms

regarding the formation were proposed and discussed.
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Overview of key compounds
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Aim of the project

The use of gold compounds as catalysts has seen an impressive development in recent
years. In the last few years, the focus of the Tilset group has shifted towards gold(III)
chemistry. Efficient synthesis protocols for cyclometalated gold(IlI) complexes have
been the starting point for many novel complexes including the first crystallographically

characterized gold(II) alkene complex shown below."?!

R F
= F
— ©) ©
Ny © BArf = H3B
/ \ BArf 3
Me F

The reactivity of gold complexes is examined with particular emphasis on properties of
relevance for catalytic reactions. The Tilset group focuses on gold(Ill) compounds, as
the chemistry of such species remains less investigated than the more commonly
encountered gold(I) compounds in catalysis.”! The research on this gold chemistry has
been the topic of several master’s and PhD theses in our group.®™" Gold is particularly
well known for its ability to catalyze transformations of unsaturated organic molecules,
such as alkenes and alkynes. The Tilset group very recently described the

gold(I1T)-mediated nucleophilic attack of trifluoroacetate at ethylene, shown below.!”

< > g > H2C CH, < > g >

Fgcoco “ocock, F3COCO OCOCF3

The aim of this project was to investigate the reactivity of Au(OCOCE,),(tpy) towards a
wide variety of different alkenes and dienes, including synthesis and characterization of
the new alkyl gold(III) complexes. The starting point for the experimental work was the

recently published, efficient synthesis of Au(OCOCF,),(tpy)."
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1 Introduction

1.1 General Introduction to Gold

Gold is one of the most popular and well-known native metals. It can be found in nature
as nuggets or veins in a rock matrix, but also occurs in very low concentrations in
seawater.” Gold is known for its value and special properties since the eatliest of time. It
was always associated with wealth, power and beauty. Already in prehistoric time it was
collected and processed. Old civilizations such as Aztec, Inca and Egyptian amassed
huge amounts of gold. The coffin of Tutankhamun (Egyptian pharaoh 1415-1403 B.C.)
contained 112 kg of gold.”! The fact that some of the oldest gold artifacts found in
Mesopotamia date from 6000 B.C."" proves the immense durability of this precious
metal. Because of its ductility and unusual stability is gold an outstanding material for

crafting jewelry.

Nowadays, the usage of gold is not only bound to handcrafts anymore. Due to its high
electrical conductivity and corrosion resistance, gold coating finds great applications in
the electronics manufacturing industry'""! such as electrical connectors in mobile devices
and computers. Also astronauts benefit from the thin gold layer on their space helmet
visor. The gold coat reflects the electromagnetic radiation of the sun and protects the
user against the effects of radiant energy. Gold also plays an important part in the fields

2P In contrast to gold in its ionic form, elemental gold is

of dental care and medicine.
biocompatible and has even an E-number’, E175, which allows its use as food additive.
However, since metallic gold is inert to all body fluids, it has no taste, provides no
nutrition and leaves the body unaltered. Gold has therefore an advantage as drug
candidate compared to for example nickel, because as a result of the highly positive
normal potential of gold (E° = +1.691 V') the main degradation pathway of gold
complexes leads to non-toxic metallic gold. Gold drugs have shown effectiveness against
bronchial asthma and different kinds of arthritis."” One example being auranofin (17,

Figure 1), a monomeric gold(I) complex, used to treat rheumatoid arthritis."! Cisplatin

(¢is-PtClL,(NH;),) is the renowned anti-cancer drug but interest towards alternative

'E numbers are codes for substances approved as food additives for use within the European Union ("E"
stands for "Europe").



compounds still retains, since cisplatin is highly toxic to patients and new agents with
improved specificity and decreased toxic side effects are needed. The square-planar
geometry of Pt(Il) is significant for its anti-tumor activity. Special interest is given to the
exploration of anti-cancer properties of gold(IIl) derivatives, since Au(IIl) is
isoelectronic with Pt(II) and therefore likely to show similar activity. Studied compounds
are amongst others the neutral monomeric gold(Ill) complex 18 and the cationic
dinuclear gold(III) species 19 (Figure 1) with structures related to the gold(III) complexes
that will be presented in this thesis. Complex 18 shows compared to cisplatin higher
activity against a leukemia cell line and complex 19-(PF,), is cytotoxic against certain

cisplatin-resistant tumor cells. M7

OAc — | N = |
o_ N
0 \_/ NN NS
AcO S—AuPEt N @/Au\ Au\@
AcO 3 A N o’ N7 |
OAc s=c=N" s-C=N P «
9

17 18 1

Figure 1: Anti-arthritic gold(I) drug auranofin (17)I':13 and two organogold(Ill) complexes 18
and 19 (PFe), with cytotoxicl!®H17l properties.

In addition to the potential applications in medicine, several organogold(IIl) complexes
show luminescence properties and are studied as luminophors in organic light emitting
diodes (OLEDs), which are used to create digital displays in devices such as television

screens or mobile phones,“sj

The potential of gold chemistry kept unexplored for a long time, probably because the
misconception that gold was a noble immutable element has hindered any progress. But
the interest in gold is renewed, with catalysis as its centerpiece."” Gold is now an element

of major importance in heterogeneous as well as homogeneous catalysis showing

201,

exceptional activity for a lot of diverse reactions.”?" Gold catalysis occurs often under

much milder reaction conditions than required by other catalysts and that makes it so

desirable to work with, even though the origin of this enhanced activity provides still

[22],[23],[24]

basis for discussion. There are even efforts made to bridge the gap between

homogeneous and heterogeneous gold catalysis in order to shed light on the nature of

the active gold species involved in the reaction.”



1.2 Homogeneous Gold Catalysis

Kharasch ez al. reported the first C-H bond activation za gold(III) already in 1931 but it

I So the rather

took many years until further research was conducted in this direction.
young field of homogeneous gold catalysis remained almost silent up to the report by
Hashmi ez a/. about the rediscovery of AuCl, as an effective catalyst for the synthesis of
furans.”) Homogeneous gold catalysis is of high interest in organic synthesis with

applications in total synthesis, asymmetric synthesis and C—H activation reactions.”*H*H>

Activation of cumulated, conjugated, or isolated C-C multiple bonds is the most
common reactivity mode in gold-catalyzed organic reactions.?"P!l The ability of gold
to behave as a soft and carbophilic Lewis acid allows it to activate unsaturated
functionalities such as alkenes, alkynes, allenes but also carbonyls and imines for the
attack of a nucleophile.[32]’[19] That enables the formation of C-C, C-O, C-N, and C-S
bonds under mild conditions. Scheme 1 displays a general catalytic cycle for a gold(I) or
gold(II) catalyzed nucleophilic addition to a C-C multiple bond. It is believed that first
the gold catalyst 20 interacts with the n-system of the alkene or alkyne to form the
intermediate complex 21, followed by nucleophilic attack yielding the gold alkyl or vinyl
complex 22, respectively. There is much evidence that the nucleophile
diastereoselectively adds an# to gold to give 22, but in the cases of norbornenes as well as

191,[33],

gold silyl complexes syz addition was reported.! P In the last step protodeauration of

the organogold intermediate 22 gives the product and regenerates the gold catalyst 20."”

R H
R—===R
Ni R [Au]
20
®
H
e
R [Au] [Aul
Nu R R—R
22 \< 21
Nue

Scheme 1: General mechanistic scheme for gold-catalyzed activation of C-C multiple bonds.!1%)



The peculiar m-affinity of gold is not the only factor responsible for its activity and
effectiveness. In contrast to most Lewis acids gold is way less oxophilic which holds
many advantages. It was recognized quite early that most of the reactions tolerate oxygen,
water, alcohols and acidic protons, so neither air nor humidity need to be excluded.?""!
That stands in sharp contrast to most air- and moisture-sensitive Lewis acids or

transition metal transformations."”

Also the high tolerance of functional groups, the
fine-tunability, for example through varying counter ions, and the ability for asymmetric
synthesis have contributed to the success of gold(I) and gold(Ill) in organic
synthesis.”"? Nevertheless, from the catalytic point of view, there are still limitations in
the stability of the homogeneous gold catalysts, which tend to precipitate inactive
metallic gold with time and therefore have the handicap of catalyst recovery.™ It should
be also mentioned that many gold catalyzed reactions require the presence of silver

salts. 221241

It has been largely assumed that all of these reactions are catalyzed merely by
the gold cation if the silver salt did not catalyze the reaction itself. But it was shown by
Shi and co-workers that the presence of silver cleatly influenced the gold complexes in
solution.” The appearance of the complexes formed by mixing gold and silver cations is

still under investigation.*”

While the knowledge about gold(I) catalysts has reached an advanced level, gold(III)
catalysis is mainly limited to the use of inorganic gold(Ill) salts.*"** Most of the
organic transformations are catalyzed by rather simple and commercially available
gold(Ill) compounds like AuCl; and HAuCl,-3H,0." One example being the
cycloisomerization of allenyl ketone 23 to the furan derivative 24 catalyzed by AuCly

(Scheme 2).""

0
}Et 0.1 mol% AuCls Et \@/Et

CH;CN

rt
23 24

Et/_

Scheme 2: AuCls-catalyzed cycloisomerization of allenyl ketone 23.127]

The assumed mechanism for AuCl;-catalyzed activation and cyclization of substituted
allenes involves n-complexation of an allene unit at the gold(III) center in the first step,
followed by nucleophilic attack »zz an internal nucleophile, and protodeauration in the

final step, giving the heterocyclic product as well as regenerating the catalyst."



However, the simple binary gold(III) halides as well as tetrachloroauric acid are sensitive
to air and moisture. It is therefore desirable to use gold(III) complexes with auxiliary
ligands since they are easier to handle due to less sensitivity to air and water, the
tolerance towards a larger variety of solvents as well as the possibility to store the
complexes without decomposition for a long time.”! The complexation of gold(II)
catalysts might also lead to certain selectivities or significantly different reaction rates in
the transformation of the substrates. The latter was impressively demonstrated by Che
and co-workers with a report about synthesizing furans iz cycloisomerization of
allenones catalyzed by different gold(I1T) agents."*) Scheme 3 depicts the transformation
of allenone 25 using a catalyst loading of 1 mol% gold(IlI) porphyrin 27, yielding 88% of

the furan derivative 26. Whereas the AuCl;-catalyzed reaction yielded under the exact

[44]

same reaction conditions only 49% of the heterocyclic product 26.

[Au]:

(e]
}Ph 1 mol% [Au] @/Ph
. TFA, acetone \ /
60 °C, 30 min
25 26 88%

Scheme 3: Cycloisomerization of allenone 25 catalyzed by gold(I1I) porphyrin 27.144

As shown above, even though AuCly and the other rather simple gold(IIl) catalysts are
noted to be reactive catalysts, the efforts to develop more robust and highly

chemoselective gold(IIl) catalysts are worthwhile and recompense in improved yields.



1.3 Synthesis of Cyclometalated Gold(III) Complexes

The key step in the synthesis of new cyclometalated gold(IIl) complexes is ¢yclometalation,

a term first introduced by Trofimenko!™

in 1973. If a ligand in a transition metal
complex undergoes an, in general, intramolecular metalation forming a chelate ring that

contains a metal-carbon o-bond, the reaction is called cyclometalation (Scheme 4).

N\
H-C—-----—E— M-X — M+ H-X
<C/

Scheme 4: General scheme for cyclometalation. E: donor atom, M: transition metal, X: leaving
group. 4l

Due to direct interaction of the ligand with the metal substrate and hydrogen elimination
supported by a suitable leaving group the metal-carbon o-bond is formed. However, in
most cases the reaction proceeds vz an intermediate ligand-metal complex where the

metal-carbon o-bond is not formed yet."

Until the late 1980’s cyclometalation of gold(III) complexes by direct reaction of a ligand
with a gold compound was relatively uncommon. Most prevalent was, and still is, the
formation of cyclometalated gold(III) complexes iz transmetalation from

WS The transfer of the organic group from Hg to Au is

organomercury(Il) compounds.
probably one of the most versatile methods for the synthesis of cycloaurated gold(III)
complexes.* It is often supported by the use of NMe,Cl to encourage precipitation of
[NMe,],[Hg,Cl], shifting the equilibrium in favor of the organogold complex.”
Nevertheless, the use of highly toxic organomercury(Il) compounds® is rather

unattractive and hampers the potential use as chemotherapeutics.

Direct metalation is a great method to avoid the use of severely toxic organomercury(Il)
compounds and time consuming preparation of any organometal reagents needed for
transmetalation. Constable and Leese published in 1989 the preparation of the
cycloaurated complexes AuCl(ppy) (30) by transmetalation from the organomercury
derivative, giving 90% yield, as well as by direct auration, giving 80% yield from
AuCly(ppyH) (29)." The reaction of 2-phenylpyridine (28) with H[AuCl,] gives the
square-planar N-bonded AuClL(ppyH) (29) that yields the cyclometalated gold(III)

complex 34 after heating in an MeCN/H,O solution at reflux temperature (Scheme 5).



HAWC O—Q O@

MeCN, H0 MeCN, H,0
oN 2 2 / \

AuCI3
_ rt reflux, 3 h

28 29 98% 30 80%

Scheme 5: Synthesis of AuClx(ppy) (30) reported by Constable and Leese.[>?!

Other researchers, including our group, had problems reproducing the results of the

mercury-free reaction pathway presented by Constable and Leese. (301

I Risenberg and
co-workers reported quantitative recovery of AuCly(ppyH) (29) when the thermolysis
reaction was attempted.” They indicated that the reflux temperature of the MeCN/H,O
solution might have been too low for what is required to activate the ortho C-H bond

and form the cyclometalated complex, AuCl,(ppy) (30).""

12 years later Henderson e al. followed the same method for the cycloauration as
reported by Constable ¢f @/ but used 2-(p-tolyl)pyridine (31) instead of 2-phenylpyridine
(28) (Scheme 6).”! The methyl group in the gold(Il) 2-(p-tolyl)pyridine derivative 33
unambiguously differentiates between the pyridyl and phenyl rings, for example by
reducing the possibility of crystallographic disorder in X-ray crystal structure

150]

determination,”™ and is therefore a very useful starting material in the study of

cyclometalated gold(I1I) complexes.

HAUCI,* xH,0O \ N/ \ r\f
- AN
MeCN \ MeCN, H,0 Au
| SNt 12h AuCls; reflux, 6 h CI/ \Cl
_—
. 32 73% 3338%

Scheme 6: Synthesis of AuClx(tpy) (33) reported by Henderson e# al. 1531

The poor yield of 38% of AuCl,(tpy) (33) could neither be improved by changing the
MeCN/H,O ratio of the solvent mixture, nor by switching to a solvent with a higher
boiling point (propionitrile). The latter led instead to some decomposition of the gold(I1I)

complex to metallic gold.”



The synthesis methods for cyclometalated gold(IIl) complexes presented so far either
contain undesirable toxic transition metal complexes, require long reaction times or give
only poor yields. That leaves not only space for improvements but downright demands
for further enhancement. A former postdoctoral researcher in our group, Dr. Anthony P.
Shaw, addressed the problem and developed a procedure for direct cycloauration using
microwave technology as a different form of heating.!"! Microwave-assisted synthesis has

POLET Tt has been shown that

been widely used in inorganic and organic chemistry.
microwave heating significantly reduces reaction times, increases product yields, and
improves product purities by reducing undesired side reactions compared to

conventional heating methods.”

The microwave technology enables the use of
temperatures above the boiling point of the solvent and a microwave oven equipped
with a thermocouple ensures good temperature control.”” Even though this method has
been successfully used in the transition metal-catalyzed synthesis of organic compounds,
there are still relative few reports of microwave-assisted syntheses of transition metal

complexes.[()o]’[m]’[éz]

The same starting materials as Henderson e a/. used for obtaining AuCl,(tpy) (33) via

direct auration®™

were used in the reported microwave-assisted synthesis, only the
solvent was changed from an MeCN/H,O mixture to pure water.! 2-(p-tolyl)pyridine
(31), the gold acid, HAuCl, 3H,0O, and water were combined and the aqueous suspension
was heated to 160 °C in a sealed vessel in a microwave oven, yielding 87% of the desired
cyclometalated gold(III) complex 33 (Scheme 7). Microwave heating reduced the

reaction time substantial while the obtained yield of pure product was more than

doubled compared to the method using conventional heating.

HAUCI, - 3H,0 \ ,\{
AN
MW, H,0 Al
| SN 160 °C, 30 min a’ ai
=
31 3387%

Scheme 7: Microwave-assisted synthesis yielding AuClx(tpy) (33).1"

Several other neutral and cationic cyclometalated gold(III) complexes could be obtained

through a method that gives higher yields and cleaner products without any use of



mercury. In addition to the cyclometalated gold(IlI) complexes bearing chelated C-N
ligands, some complexes bearing bipyridin (bipy) ligands were also synthesized using the
microwave-assisted procedure. Amongst others were the cationic cyclometalated gold(I1I)

complexes 34 and 35 (Figure 2) that have not been reported previously."!

/) \ / \
\ o N / \ o N /
N7/ N/
Au\ PF6® Au\ PF6®
CI/ Cl CI/ Cl
34 35

Figure 2: Cationic cyclometalated gold(I11) complexes 34 and 35 synthesized using microwave
technology.

The basis of the work presented in this thesis is the synthesis of the starting material,
Au(OCOCE,),(tpy) (1), which was used for all the reactions presented herein. The
microwave-assisted synthesis of Au(OCOCF;),(tpy) (1) was developed by a former
doctoral student in our group, Dr. Eirin Langseth.” 2-(p-tolyl)pyridine (31), gold acetate,
trifluoroacetic acid (TTFA) and water were combined and the aqueous suspension was
heated to 120 °C in a sealed vessel in a microwave oven, yielding 94% of the desired
cyclometalated gold(III) complex 1 (Scheme 8). It was also an alternative route explored,
using the less expensive gold hydroxide, Au(OH),, as starting material. But it turned out
that the synthesis with gold hydroxide is less reliable and therefore less favorable than

with gold acetate.l%l

Au(OAC)s \_/
> AN
MW, H,O/TFA (1:1) Al
SN 120 °C, 30 mi 7
| , 30 min F,cOcO_ OCOCF,
P
31 194%

Scheme 8: Microwave-assisted synthesis of Au(OCOCF3)2(tpy) (1).4



1.4 Gold(IIT) Alkene Complexes

Gold(I1I) catalysis is currently considered as a hot topic in organic synthesis.”* Tt is
important to gain insight in the mechanism and knowledge about all steps involved in
the catalytic cycle to provide a better understanding of the matter and subsequential to
improve its applications. An unsaturated hydrocarbon function is in most reactions the
prime target of the catalysis and it is commonly believed that the acceptor properties of a
coordinatively unsaturated gold(II) species are essential for the activation of these

[211,[63].[6

multiple bonds. “ Analogous to gold(I) chemistry, gold(I1I) n-adducts of olefins are
assumed to be key intermediates in the catalytic functionalization of alkenes.” But in
contrast to the plenty characterized representative examples for the primary attack of
gold(I) catalysts at unsaturated organic substrates to give isolable n-coordinated
intermediates of a gold(I) unit, there is only little experimental evidence for this
n-coordination of a gold(Il) unit."” First structural evidence has been provided by
Bochmann and co-workers in 2013 when they reported the first solution characterization
of a series of gold(Ill) alkene complexes bearing the C*N”C pincer ligand, the ethylene
complex 36 depicted in Figure 3.’ The complexes could be prepared by protonolysis of
a gold hydroxide as well as by acetate abstraction, all in the presence of the desired
alkene. The report was closely followed by the Tilset group, presenting the first
crystallographically characterized Au(IIl) alkene complex 37 (Figure 3).”! The complex
was synthesized by protonolysis of a gold alkyl compound in the presence of
1,5-cyclooctadiene. These new structural insights into gold(IIl) chemistry validate the

inclusion of alkene complexes in mechanistic proposals and will add to better

understanding of mechanisms that potentially involve Au(Ill) alkene complexes.

| ® I A
@
B ,'.\|® B A<
u u u
e Me/ Me
36 37

Figure 3: First reported gold(IIl) alkene complexes that were solution characterized,
36-(CgF5)sBOCOCEFS3, as well as crystallographically characterized, 37-B[3,5-CsH3(CF3)2]4.18113]
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1.5 Alkyl Gold(IIT) Complexes - Nucleophilic Addition to Alkenes

I However, metal-promoted

Olefin functionalizations are of high practical value.
nucleophilic additions to inactivated C-C multiple bonds are considered as very
challenging and there are only few reports concerning gold(Ill)-mediated alkene

U9 Tn order to explore these reactions it is not enough to

functionalizations.
unambiguous demonstrate the existence of the n-coordinated gold(III) olefin complexes,
it is important to analyze the alkyl gold(III) complex furnished from the nucleophilic
attack at the activated C-C double bond. These experiments provide evidence and
information for the elementary step of gold-mediated nucleophilic addition to

alkenes. [

In 2013 Rezsnyak ez al. reported the first direct reactions of alkenes with gold(IlI) that
occur without reduction of the gold(Ill) and lead to alkyl gold(Ill) complexes.” They
investigated the reactivity of different gold(Ill) complexes towards ethylene and
propylene in water at moderate temperatures and with pressures less than one
atmosphere. As depicted in Scheme 9, the difunctionalized organic products ethylene
glycol (39) and chloroethanol (40) were the major observed products in the reaction of
HAuCl, with ethylene at 70 °C, while the use of 41:Cl or 41-PF, as gold agent yielded

(701

quantitatively the B-hydroxyalkyl gold(III) complexes 42-Cl and 42-PF, respectively.

Hzc:CHz

HAuCI, >~ [Aul\ + HO_~,, + Cho
H,0, 70 °C, 48 h OH OH OH
38 7% 39 59% 40 29%
\ 7 N/ H,C=CH, N\ N/
N.® N N.® N
NS Ny S
Ad H,0, 50 °C, 48 h /Au\
o’ “ci HOH,CH,C~  CH,CH,OH
41 42

Scheme 9: Selected examples of gold(ITI) complexes reacting with ethylene.”” Counteranion Cl
or PF(:.

To obtain stereochemical information about the site of the nucleophilic attack
Rezsnyak ef al. studied the reactivity of the gold(IIl) complexes towards propylene
(Scheme 10)." With HAuCl, as gold(I1T) complex isopropanol and acetone were formed

as products, consistent with Markovnikov attack by OH ™ at the coordinated propylene.
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No ethylene glycol or chloroethanol analogues were observed. The use of of 41-Cl or
41-PF, led quantitatively to the B-hydroxyalkyl gold(Ill) complexes 43-Cl and 43-PF,,

respectively.” The nucleophilic attack on propylene yielded selectively the Markovnikov

product.””
H,C=CHCHj )O\H j\
HAUC|4 > +
H,0, 22 °C, 24 h HsC™ “CHs, HaC” “CHj
51% 32%
/AN - /7N
\ o N /  HiC=CHCH; \ Vo N /
Au H,0, 70°C, 24 h /Au\
CI/ \CI H3CHOHCH,C CH,CHOHCH3
41 43

Scheme 10: Selected examples of gold(I1T) complexes reacting with propylene.” Counteranion
Cl or PF .

Changing the counter anion in complex 41 altered its solublity in water but seemed to
make no appreciable difference regarding the reaction outcome for the reactions with
ethylene or propylene."” Regarding the products formed from reactions with gold(I1I)
agent 41, it is noteworthy that the bis(8-hydroxyalkyl) gold(Ill) complex was selectively
formed. This indicates an unusual stability of the bis(3-hydroxyalkyl) gold(III) complex

over the mono B-hydroxyalkyl gold(IIT) complex, which was not observed at any time."”

Bochmann and co-workers demonstrated a gold(III)-mediated nucleophilic addition at
ethylene at room temperature, using the gold(III) complex 44 bearing a C"N"C pincer
ligand (Scheme 11).) Corresponding to the observations made by Rezsnyak ef al, the
alkyl gold(II) complex 45 was assumedly formed by a nucleophilic attack of

trifluoroacetate at the n-coordinated ethylene. "™

12
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DR D DU O O
Au tBu CD20|2

rt, 3d

|
OCOCF,

OCOCF,
44 45 95%

Scheme 11: Reaction of gold(I1I) complex 44 with ethylene. %]

Bourissou and co-workers very recently reported the first migratory insertion of alkenes
into a gold-carbon bond." They investigated the reaction of the cyclometalated gold(IT)
dimethyl complex 46 with B(CF;); at -80 °C in the presence of different alkenes
followed by trapping with Lewis bases or #Bu,NCL" Approaches using ethylene or
styrene were unsuccessful as NMR monitoring indicated no reaction of either of these
alkenes under the given conditions."? Whereas, as depicted in Scheme 12, the reaction
with the more reactive olefin norbornene followed by addition of #Bu,NCI yielded the
norbornyl gold(III) complex 47. Analogous products to 47 could be obtained using the

Lewis bases lutidine or pyridine instead of #Bu,NCl in the last step."”

Me 1, ﬁb Cl

| |
iProP—Au—Me B(CqF5)3 iProP—Au
OO 2. nBuyNCl OO Me
CH,ClI,, -80 °C
46 47 56%

Scheme 12: Formation of norbornyl gold(I1I) complex 47 upon formal insertion of norbornene
into Au-Me bond of 46.17!

In contrast to the ant/ addition process that is mostly encountered for gold-mediated
nucleophilic attacks at alkenes the formal norbonene insertion reported by Bourissou
and co-workers proceeds in a sy# manner.”""™ Bourissou and co-workers assume that
the reaction takes place »iz a highly reactive tricoordinate cationic methyl gold(IlI)
intermediate that resulted from methyl group abstraction of 46 through the strong Lewis

acid B(C,F.),."

The starting point of the interest of the Tilset group in the reactivity of our complexes

towards alkenes was the success of the unambiguous demonstration of the existence of

13



gold(I11) alkene complexes and the great practical value of alkene functionalization.

Inspired by the work accomplished by the groups of Rezsnyak"” and Bochmann® the
Tilset group investigated the reactivity of Au(OCOCF,),(tpy) (1) towards ethylene.”

The reaction of Au(OCOCEF;),(tpy) (1) with ethylene in TFA at room temperature gave
after two hours the alkyl gold(IIT) complex 2 in good yields (Scheme 13)." The reaction
occurs selectively #rans to nitrogen, the atom with the weakest #ans effect in the chelate

ligand."”

\ / H2C:CH2 \ /
a TFA u
RN /
F,cOCO~  OCOCF, i, 2 h F5COCO \/\OCOCFS
1 2 76%

Scheme 13: Reaction of gold(IIT) complex 1 with ethylene in TFA.[

Comparing the 'H-NMR spectra of starting material 1 with product 2 reveals an
indicative shift of the singlet signal (labeled with * in Figure 4) from the tpy ligand
towards the lower field. Later on the observation of this significant shift while
monitoring a reaction of gold(IlI) complex 1 with an alkene will be considered as strong
evidence that a gold(III)-mediated attack of a nucleophile at the olefin took place,

yielding an alkyl gold(III) complex.

14



UL \«k ] J J.j } | \J %\

/ p v \
v\ J bod N o
[PETNETL. Nty g Pmcpmpedar VA oS Ny U S NPT U AU SISV AP

A \ I || ,‘\ ‘ |
): :‘j l\ \ q 'A' J[ \ | H L it |
Y A AN

) |

e NN

Figure 4: Comparison of the aromatic region in 'H-NMR spectra of 1 (blue) and 2 (red).
Indicative shift of singlet (labeled with *) to the lower field.

Langseth ef al. also reported, supported by experimental as well as computational results,
that the formed product in the reaction of Au(OCOCE,),(tpy) (1) with
¢is-1,2-dideuterioethylene in TFA arises from an external nucleophilic attack of
trifluoroacetate.”’ The reaction gave a single stereoisomer with the observed coupling
constant between the two alkyl protons in the range expected for the stereochemistry
corresponding to an an# addition, which supports an external nucleophilic attack and is
consistent with observations made by Rezsnyak et a/™™" Experimental and
computational data led to the conclusion that the substitution of the trifluoroacetate
ligand #rans to nitrogen with ethylene proceeds in an associative mannet, is rate-limiting
and followed by an external an# attack of the dissociated ligand at the coordinated

ethylene."”

As depicted in Scheme 14, Tilset and co-workers could also demonstrate that ethylene-d,
and ethylene undergo an exchange at gold.”" However, this exchange does not occur
through complete reversal of all steps back to 1, but by an associative ethylene exchange

via an intermediate, in which two ethylene units are simultaneously bonded to gold."”
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/ D,C=CD / H,C=CH /
\ ¥ 2 2 <\ N> g > 2 2 \ N
N - = N py
a

AL TFA-d, 1t A Bo TFA-d, 1t PN
F2COCO"  OCOCF; F2COCO 1% ococr, F2COCO ﬁOCOCFB
1 2-d, 2

Scheme 14: Ethylene-4; and ethylene undergo exchange at Au.l

Langseth e a/. investigated in addition to the reactivity of Au(OCOCE,),(tpy) (1) towards
ethylene in TFA also its reactivity in trifluoroethanol (TFE)." The reaction of
Au(OCOCE,),(tpy) (1) with ethylene in TFE at room temperature gave after two hours
the alkyl gold(I1T) complex 48 in good yields (Scheme 15).”

N\ 7/ H,C=CH, N\ /
N\ N\
AN TFE /Au\/\
FsCOCO~  OCOCF; ft, 2 h F5COCO OCH,CF
1 48 68%

Scheme 15: Reaction of gold(I1I) complex 1 with ethylene in TFE.[]

The reaction occurs selectively #ans to nitrogen, corresponding with the observations
made in the reaction using TFA. Monitoring this reaction by "H-NMR displayed that
formation of 48-d, in TFE-4; took with 30 minutes considerably longer than formation

of 2-din TFA-d, which was completed after 5 minutes.”

Observing alkyl gold(III) complex 48, rather than 2, as major product in the reaction in
TFE led towards investigations regarding reversibility. Dissolution of alkyl gold(III)
complex 2 in TFE-d, resulted in the formation of alkyl gold(Ill) complex 48-d,,
suggesting a process involving external nucleophilic addition of solvent to an
intermediate gold(IlI) alkene complex (Scheme 16).”" Analogous, isolated complex 48

was dissolved in TFA-d at room temperature, yielding only 2.

/ /
\ N\ TFE-d3 \ N\
/Au\/\ ) /Au
TFA-d
F;COCO OCOCF, F;COCO OCD,CF,
2 48-d,

Scheme 16: Interconversion between complexes 2 and 48-d; in solution.!]
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2 Synthesis and Characterization of New Alkyl Gold(III)

Complexes

A number of novel alkyl gold(III) complexes, yielding from gold(III)-mediated
nucleophilic attack at alkenes, have been synthesized as a part of this project. The
synthetic route to these complexes is presented in this chapter and some of the
characterization techniques are described with focus on NMR spectroscopy. The single

crystal X-ray analyses of eleven new compounds are presented in chapter 3.

2.1 Gold(IIT)-mediated Nucleophilic Attack at Alkenes — TFA

2.1.1 Internal Alkenes (Cis and Trans)

Since the gold(III)-mediated nucleophilic attack of TFA at ethylene gave such promising
results!”, our group wanted to investigate the reactivity of Au(OCOCF,),(tpy) (1) towards
substituted alkenes further. Other group members explored reactions using simple,
terminal alkenes as well as cycloalkenes.”"™ But most of the obtained products were
instable and decomposed upon removal of the solvent or could only be observed at low

temperatures.”H"

These reactions involved terminal alkenes or cycloalkenes, so it is coherent to explore
linear internal alkenes. 2-Hexenes and 3-hexenes were investigated. They were selected

because of their similarity to the already investigated 1-hexene!™

as well as their slightly
different symmetrical properties compared to each other, which could lead in terms of
analyzing the stereo chemistry to a better insight in the reaction mechanism of

gold(I1I)-mediated nucleophilic addition to alkenes.

The reactions were carried out in NMR tubes and monitored by 'H-NMR. The general
procedure involved taking a 'H-NMR reference spectrum of the alkene and
1,2-dichloroethane as internal standard in TFA-4 first, adding Au(OCOCE,),(tpy) (1) in a
second step and then monitoring the reaction by 'H-NMR over time until no further
changes in the spectra could be observed. All four reactions, using cs-2-hexene, #rans-2-
hexene, ¢s-3-hexene, and #ans-3-hexene, proceeded in a similar manner. All alkenes were
stable in TFA-4 and, according to the recorded 'H-NMR spectra, a reaction occurred

upon adding the gold(IIT) complex 1. However, the main product observed after only a
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few hours was the free ligand 2-(p-tolyl)pyridine, which indicates decomposition of the
gold(III) complex. In none of the cases it was possible to determine the structure of any

reaction intermediates.

To clarify the described procedure, the example of ¢s-3-hexene and the examination of
its NMR-scale reaction with Au(OCOCE,),(tpy) (1) in TFA-4 at room temperature is
given in detail. The '"H-NMR reference spectrum of cis-3-hexene and 1,2-dichloroethane
in TFA-d was recorded and showed that ¢is-3-hexene is stable under the given conditions

(Figure 5).

E g

5.0 4.5 4.0 3.5 3.0 25 20 15 ppm

Figure 5: 'H-NMR (600 MHz, TFA-d) of cis-3-hexene and 1,2-dichloroethane in TFA-d.
Close-up view in the bottom.

Then Au(OCOCFE,),(tpy) (1) was added. The main indicator of a reaction with the
gold(III) compound 1 taking place is the shift of the characteristic singlet at 6.90 ppm to
the lower field. The 'H-NMR spectrum recorded one hour after the addition showed still
gold(IIl) starting material, indicated by the remaining signal at 6.90 ppm, but also
complete conversion of the alkene. So, after 1.5 hours another 1.5 eq. ¢s-3-hexene were
added, resulting in full conversion of the gold starting material. After 21 hours reaction

time one major product could be observed in the 'H-NMR spectrum (Figure 6).
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Figure 6: Stacked 'H-NMR (600 MHz, TFA-d) following the reaction of «s-3-hexene and
1,2-dichloroethane in TFA-d with Au(OCOCE3)(tpy) (D).

2D NMR experiments were performed but it was not possible to determine the structure
of any intermediate. However, according to the experience gained from the former
conducted experiments and the observed indicative shift of the singlet it is assumed that
the reaction proceeds viz intermediate 49, but because of instability the gold(III) complex

decomposes to free ligand 31-d and metallic gold (Scheme 17).

O |G

N N — D
PaN TFA-d AU OCOCF; Q
F;COCO  OCOCF; rt F,COCO | N
=
1 49 31-d

Scheme 17: Assumed reaction pathway in the reaction of gold(Ill) complex 1 with ¢s-3-hexene
in TFA-d.

To prove the assumption that the major product observed in the "H-NMR spectrum is
the free ligand the sample was spiked with 0.5 pl 2-(p-tolyl)pyridine (31). The resulting
"H-NMR spectrum showed significant growth of the peaks belonging to the free ligand

while the other peaks stayed unaltered (Figure 7). Also no additional peaks appeared
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upon spiking the sample with 2-(p-tolyl)pyridine (31). This observation suggests that the
formed intermediates are not stable under the given conditions and decompose to free
ligand as well as metallic gold, as indicated by the formation of a brown mirror at the
wall of the NMR tube. The same procedure was followed for the other internal hexenes

and resulted in similar outcomes, yielding 31-d.

- Jll L ﬁ!ﬁ Uu l'l\.\

L] L R i WYY S I

. . . . ‘ . . ; . . ‘ .
85 8.0 7.5 [ppm]

u-lJn e J | i 7,,‘\-«JJLK

T T T T T
8 6 4 2 [ppm]

Figure 7: 'TH-NMR (600 MHz, TFA-d) of cis-3-hexene and 1,2-dichloroethane in TFA-d4 with
Au(OCOCF;3)2(tpy) (1) (blue) stacked with the '"H-NMR spectrum of the sample spiked with
2-(p-tolyl)pyridine (red).
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2.1.2 1,4-Pentadiene

After the investigation of different kinds of olefins in the reaction of gold(III)-mediated
nucleophilic attack of trifluoroacetate at alkenes, the focus of interest is now shifted
towards dienes. While reactions using a variety of alkenes gave interesting results,
exploring dienes offers new opportunities besides functionalization of only one double
bond. It could be possible to functionalize each double bond, for example by forming a
dimer when both double bonds of the diene interact with different gold(I1I) complexes.
1,4-Pentadiene was chosen because it consists of two terminal double bonds, which

seemed so far to lead to more stable products.

The reaction of 1,4-pentadiene with Au(OCOCE;),(tpy) (1) in TFA-4 was first carried out
in an NMR tube and monitored by 'H-NMR. The gold(IlT)starting material was fully
converted by 'H-NMR within minutes and the recorded 'H-NMR spectrum showed a
clean reaction with one major product formed. In order to isolate the product and ease
the determination of its structure the reaction was repeated on larger scale. However,
product isolation was not possible because of decomposition upon removal of the
solvent. Possible reasons for this instability that was also observed also for other

products will be discussed in the end of chapter 2.1.

N\ 7/ X N\ 7/
N N
N N
/AU\ TFA /AU OCOCF3
F,COCO~  OCOCF,4 t, 1h F,COCO

1 3 \
Scheme 18: Reaction of gold(III) complex 1 with 1,4-pentadiene in TFA.

The reaction of Au(OCOCE;),(tpy) (1) with 1,4-pentadiene in TFA at room temperature
proceeded, analogous to the reactions described so far, in a Markovnikov manner
yielding the alkyl gold(III) complex 3 (Scheme 18). Only one double bond of the diene
was functionalized in this reaction. The obtained 'H-NMR spectrum of complex 3
(Figure 8) shows the expected peaks from the tpy ligand in the aromatic region, including
the shifted singlet signal from the tpy ligand towards the lower field signalizing a
gold(I1I)-mediated nucleophilic attack at 1,4-pentadiene. The small peaks in the aromatic
region as well as the TFA residue peak at 9.7 ppm indicate partial decomposition of the

product leading to the free ligands trifluoroacetic acid and 2-(p-tolyl)pyridine.
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Figure 8: 'H-NMR (400 MHz, CDCls) of alkyl gold(ITI) complex 3. Close-up views in the
bottom. Peak at 9.7 ppm is due to TFA residue.

The doublet of doublets of triplets at 5.82 ppm and the distorted doublet of doublets at
5.24-5.12 ppm are typical shifts for vinylic protons, indicating the existence of a double
bond in the molecule. As depicted in Figure 9, the COSY shows that these protons
couple with each other. The HSQC shows that the two protons from the distorted
doublet of doublets signal are bonded to the same carbon atom, supporting the existence
of a double bond. Correspondingly, the two protons close to the gold atom, which
overlap with the methyl group signal from the tpy ligand, are bonded to the same carbon
and couple with the multiplet at 5.46-5.38 ppm. The proton giving this multiplet is the
only proton bonded to its carbon. The shift of this proton is at a lower field compared to
the other alkyl shifts and therefore suggests that the trifluoroacetate is bonded to this
carbon, too. That leaves the multiplet at 2.75-2.57 ppm as protons of the methylene
group next to the terminal double bond, substantiated by them being bonded to the

same carbon as well as coupling to the two protons that are each part of a methine group.
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Figure 9: Close-up view of COSY (top) and HSQC (bottom) of complex 3.
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2.1.3 1,5-Hexadiene

Since the reaction with 1,4-pentadiene was successful, reactions with other dienes were
also investigated. 1,5-Hexadiene was chosen because of its analogy to the already

analyzed 1-hexene, 2-hexenes and 3-hexenes.

The reaction of 1,5-hexadiene with Au(OCOCEF,),(tpy) (1) in TFA-J was first carried out
in an NMR tube and monitored by 'H-NMR. The gold(IlT)starting material was fully
converted by 'H-NMR within minutes and the recorded 'H-NMR spectrum showed a
clean reaction with one major product formed. In order to isolate the product and ease
the determination of its structure the reaction was repeated on larger scale. However,
product isolation was not possible because of decomposition upon removal of the
solvent, which came along with a rapid color change of a white to a purple solid,
indicating gold nanoparticle formation. The reaction was repeated under dry conditions
and argon atmosphere. The product was handled in the glove box but the degradation

took place anyway, even though significantly slower than under non-inert conditions.
p yway, gh s1g y

Y/ /W /)
\ - \
\Au \Au
N TFA y
F,COCO OCOCF; rt, 1h FsCOCO
1 4 OCOCF;

Scheme 19: Reaction of gold(I1II) complex 1 with 1,5-hexadiene in TFA.

The expected product resulting from functionalization of only one double bond was not
observed. Instead, the astonishing and unexpected alkyl gold(Ill) complex 4 was
obtained in the reaction of Au(OCOCE,),(tpy) (1) with 1,5-hexadiene in TFA at room
temperature (Scheme 19). We assume that the reaction proceeds zia substitution of the
trifluoroacetate ligand #ans to nitrogen with one double bond of 1,5-hexadiene, followed
by cyclization through an intramolecular attack of the non-coordinated double bond at
the coordinated one. The dissociated trifluoroacetate then attacks the formed secondary
carbocation furnishing product 4 (Figure 10). Formation of six-membered rings is
energetic favorable and therefore a strong reaction driving force. However, our
observation is contrary to reported reactions of 1,5-hexadiene with Ni(Il) or Pd(II)

75],[76]

catalysts, which exclusively yield five-membered rings.! This reveals the unique

properties of gold(III) complexes.
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Figure 10: Suggested mechanism for formation of complex 4.

The obtained 'H-NMR spectrum of complex 4 (Figure 11) shows the expected peaks in
the aromatic region resulting from the tpy ligand, including the indicative shift of the
singlet signal from the tpy ligand towards the lower field, which is a strong evidence that
a gold(IlI)-mediated attack of a nucleophile to the olefin took place. There are no peaks
indicating the existence of a double bond in complex 4, contrasting the observations
made in the reaction with 1,4-pentadiene, which excludes the possibility of the

participation of merely one double bond of 1,5-hexadiene in the discussed reaction.

Crystals suitable for single crystal X-ray analysis were obtained by vapor diffusion using
CH,(CI, as solvent and #-pentane as anti-solvent. The solid-state structure of the selected

specimen verifies complex 4.
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Figure 11: 'H-NMR (400 MHz, CD2Cly) of alkyl gold(IlI) complex 4. Close-up views in the
bottom. Peak at 3.7 ppm is due to TFA residue.
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Presumably, the six-membered ring adopted the most stable chair-conformation with the
substituents in equatorial positions to achieve the least steric hindrance and avoid strains.
According to this assumption, the protons at 2.5 ppm and 5.0 ppm that are bonded to
the same methine group carbon atoms as gold and trifluoroacetate, respectively, occupy
axial positions. The six-membered ring possesses mirror symmetry, with the methine
group carbon atoms of the ring and their bonded hydrogen atoms lying in the mirror

plane, giving two equal sets of proton signals in the 'H-NMR spectrum (Figure 12).

H

@ & o ®

[Au] ,-N\\.ﬁ\/"JULWJ m‘L._
s oot BB B Bl

1
1.8 ppm

2.00

2
Figure 12: Assignment of proton peaks in the six-membered ring of complex 4.

As depicted in Figure 14, the HSQC spectrum shows that the orange and blue labeled
hydrogens as well as the green and black labeled ones are bonded to the same carbon
atom, corresponding with the observed coupling in the COSY to the respective closest
hydrogen bonded to the methine group carbon (Figure 12). The hydrogens were
assigned to equatorial and axial positions according to the Karplus equation, which
predicts large vicinal couplings at H-C-C-H dihedral angles of 180° and 0°, and zero

vicinal coupling for dihedral angles at 90° (Figure 13).I""

H > H
ﬁ 180° \, 60° ml—l ) 60°
Y :l H
H
H Jaxeax = 10-14 Hz Jogeq = 2-5 Hz

ax-ax Jax-eq =2-6 Hz eg-eq

Figure 13: Generalized information regarding vicinal proton-proton couplings in cyclohexane.[”8]

So, the proton peaks with the more detailed splitting pattern (black and blue) show larger
couplings, indicating diaxial coupling with a dihedral angle of 180° and therefore
occupation of an axial position. While the proton peaks with the less detailed splitting
pattern (green and orange) show smaller couplings, indicating no diaxial coupling and

therefore occupation of an equatorial position (Figure 12, Figure 13).
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2.1.4 1,5-Heptadiene

The intriguing result of the reaction with 1,5-hexadiene in TFA gives new opportunities
for exploration of the reactivity of gold(Ill) complex 1 towards alkenes. It would be
interesting to investigate 1,5-heptadiene as alkene, assumed it comes to a six-membered
ring formation as well, to determine the preference of gold coordinating to an internal
or terminal alkene. Hence the definite position of the methyl group at the ring is
dependent on the reaction mechanism, it provides valuable information about the

reactivity of Au(OCOCE,),(tpy) (1).

The reaction of 1,5-heptadiene with Au(OCOCE;),(tpy) (1) in TFA-d was first carried out
in an NMR tube and monitored by 'H-NMR. The gold(Il) starting material was fully
converted by 'H-NMR within minutes and the recorded 'H-NMR spectrum showed a
mix of products. The reaction was also repeated on larger scale but product isolation was

not possible.

/ NN

\_ = < > g > < > g >
N
A TFA

FsCOCO"  OCOCF;  rt,2h F,c0c0” \Cl/ F3COCO n

OCOCF3 OCOCF3

Scheme 20: Assumed products resulting from reaction of gold(Ill) complex 1 with
1,5-heptadiene in TFA.

The reaction of Au(OCOCE;),(tpy) (1) with 1,5-heptadiene TFA at room temperature
yielded presumably the alkyl gold(III) complexes 5 and 50, indicating formation of a
six-membered ring corresponding with observations made in the reaction with
1,5-hexadiene (Scheme 20). The obtained 'H-NMR spectrum shows the expected peaks
from the tpy ligand in the aromatic region, including the shifted singlet signal from the
tpy ligand towards the lower field signalizing a gold(IlI)-mediated nucleophilic attack at
1,5-heptadiene (Figure 15). However, closer examination of the spectrum reveals the
presence of two sets of peaks, some overlapping, in the ratio 2:1, indicating two different
products. The peaks in the aliphatic region are similar to the peaks observed for complex

4, except the additional two sets of doublets at 1.3 ppm and 1.0 ppm.

28



el E 9 e

1 10 9 8 7 6 5 4 3 2 1 ppm

*

5 1o fAess B e W W e g

T T T T T
75 7.0 6.5 6.0 5.5 26 24 14 12 ppm

Figure 15: 'H-NMR (400 MHz, TFA-d) of reaction products of gold(Ill) complex 1 and
1,5-heptadiene in TFA. Close-up views in the bottom. (* presumably indicates complex 50)

The most significant peaks in the recorded "H-NMR spectrum are the proton peaks of
the methyl group bonded to the six-membered ring at 1.3 ppm and 1.0 ppm. It is
assumed that the major product (selected peaks labeled with * in Figure 15) is complex
50, bearing the methyl group close to the gold atom. The correlations shown by COSY
and HSQC provide no definite prove for this assumption. However, the supporting
evidence they provide is indicated in Figure 16. While the hydrogen bonded to the same
carbon as trifluoroacetate at 4.8 ppm couples with the protons bonded to the
neighboring carbons of the ring, the methyl group bonded to the ring couples
accordingly to a proton bonded to another carbon as the ones described so far.
Therefore, it is assumed that the methyl group is positioned close to gold. Furthermore,
as shown in the HSQC spectrum, the hydrogen coupling to the methyl group (labeled
with * in Figure 16) is the only hydrogen bonded to its carbon. No conclusion can be

drawn about the minor isomer with the peak for the methyl group hydrogens at 1.3 ppm.

Crystals suitable for single crystal X-ray analysis were obtained by vapor diffusion using
CH,(CI, as solvent and #-pentane as anti-solvent. The solid-state structure of the selected

specimen verifies complex 5.

29



_M

ONC)

[Au] 3.0
Me
( * 3.5

HaC CHa 4.0

& H OCOCF, 45

5.0

T
.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 ppm

100

E110

- £120

e F130

- 140

8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 2.0 15 ppm

Figure 16: Close-up view of COSY (top) and HSQC (bottom) of reaction products of gold(III)
complex 1 and 1,5-heptadiene in TFA.
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2.1.5 1,5-Heptadiene (DFT-Calculations)

Since NMR analysis showed presumably complex 50 as major product, while X-ray
analysis of a chosen single crystal resulted in structure 5, density functional theory (DFT)
calculations for structure optimization of complexes 5 and 50 were performed to shed
light on the stability of different isomers with six-membered rings #ans to nitrogen

(Figure 17).

All calculations were carried out at the DFT level with Gaussian09"™ on the Abel
supercomputer™” at the University of Oslo. For geometry optimizations, all atoms apart
from Au were described with the triple-{ 6-311+G** basis set®™™ whereas Au was
described with a Stuttgart-Koln basis set including a small-core quasi-relativistic
pseudopotential.® Geometries were fully optimized without any constraint. Vibrational
frequencies were computed to verify that the stationary points found were minima. The
calculations were performed in collaboration with Dr. David Balcells, a researcher at the

CTCC (Centre for Theoretical and Computational Chemistry) of the University of Oslo.

OCOCF,

[Au]/F/OCOCF3 [Au]

isomer 1, trans N

[Aul/ﬂ/OCOCF;;

isomer 4, trans N

(A \ =\ ococr,

isomer 7, trans N

!

isomer 2, trans N

:

[Au] OCOCF;

isomer 5, trans N

v\ 1\ ococF,

isomer 8, trans N

[Au]/a/ocooF3

isomer 3, trans N

aul T\ _ococr,
[

isomer 6, trans N

Au~ -\ ococr,

isomer 9, trans C

X-ray structure

Figure 17: Structure optimization was performed for the shown isomers. Trans N and trans C
indicate the position of the six-membered ring.

The free energy and enthalpy for eight isomers, differing in the position of the methyl
group at the ring, as well as for isomer 9 were calculated (Table 1). The values are given
relative to the values obtained for the isomer that is equivalent to the solid-state structure.
The results of the structure optimization are illustrated in Figure 18. It shows that the

crystal structure and isomers 1, 4 and 7 have the lowest free energies, which are quite
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similar. As a rule of thumb the difference in free energy becomes significant when it
exceeds 1 kcal/mol.™ It is obvious that the isomer with the six-membered ring located
trans to carbon, isomer 9, is clearly less stable than the other isomers investigated and
supports therefore the observation that all the gold(IlI)-mediated reaction took place
exclusively #ans to nitrogen. Since the geometries were optimized for a solution in
CH,Cl,, the assumption drawn from the NMR spectrum that the major isomer observed
in solution is complex 50 is supported by the low free energies for isomers 1 and 7, both
bearing the methyl group close to the gold atom. The structure based on the crystal,
however, bears the methyl group close to the trifluoroacetate and has not the lowest
calculated free energy, although the difference in energy is less than 1 kcal/mol. That it
was formed anyway can have different reasons. First of all the analysis of one selected
specimen gives no information about the composition of the overall sample.
Furthermore, for crystal formation the free energy of the complex is not the only
important criterion, also interactions between the molecules are crucial factors for crystal
packing and these effects are not considered in the structure optimization. In addition it
must be considered that the kinetic product possibly crystallizes before the
thermodynamic product does, which could also explain the discrepancy between NMR

and X-ray analysis.

Table 1: Calculated relative values for the free energy and enthalpy of isomers.

G, [kcal/mol] H,,, [kcal/mol]

Isomer 1 (I1) -0.5 -0.6
Isomer 2 (12) 3.7 5.1
Isomer 3 (I3) 1.4 1.3
Isomer 4 (14) 0.2 0.1
Isomer 5 (I5) 2.9 3.5
Isomer 6 (I6) 1.4 1.6
Isomer 7 (I7) 0.2 0.8
Isomer 8 (crystal) 0.0 0.0
Isomer 9 (transC) 22.0 21.3
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Figure 18: Graph depicting the relative free energy of the isomers.

The obtained solid-state structure was also compared with the geometry optimized in gas
phase. The deviations of bond lengths are < 0.1 A (Table 3) and indicate together with
the root-mean-square deviations (RMSD) from the geometry optimized structure (Table

2) a good agreement between the X-ray and DFT structures.

?:1(%‘)’1’)2
n

RMSD =

x = X-ray parameter; y = optimized geometry parameter

Table 2: The root-mean-square deviations (RMSD) from the X-ray structure of complex 5 and
the DFT optimized structure. Only the selected bond lengths and angles from Table 3 and Table
4, respectively, were taken into consideration.

Au-ligand distances (A)  Other distances (A)  Angles (°)
RMSD 0.013 0.038 2.3
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Table 3: Deviations (D)* from the X-ray structure of complex 5 and the DFT calculated
structure.

X-ray structure Calculated

Atoms Bond length (A) Bond length (A) D* (A)
Au(1)-N(1) 2.124 2.149 -0.025
Au(1)-C(1) 2.003 2.006 -0.003
Au(1)-O(4) 2.102 2.101 0.001
Au(1)-C(13) 2.052 2.055 -0.003
O(1)-C(106) 1.483 1.455 0.028
C(13)-C(14) 1.523 1.521 0.002
C(13)-C(18) 1.512 1.521 -0.009
C(14)-C(15) 1.537 1.529 0.008
C(15)-C(106) 1.541 1.516 0.025
C(16)-C(17) 1.523 1.519 0.004
C(17)-C(18) 1.527 1.535 -0.008
C(17)-C(19) 1.422 1.522 -0.100

a D = x —y; x = X-ray parameter; y = optimized geometry parameter

Table 4: Deviations (D)* from the X-ray structure of complex 5 and the DFT calculated

structure.

X-ray structure Calculated
Atoms Angle (°) Angle (°) D* (°)

C(1)-Au(1)-N(1) 81.5 81.0 0.5
C(1)-Au(1)-O4) 174.3 170.1 4.2
C(1)-Au(1)-C(13) 93.7 94.1 -0.4
O#)-Au(1)-N(1) 93.5 89.0 4.5
C(13)-Au(1)-N(1) 174.4 175.0 -0.6
C(13)-Au(1)-O4) 91.5 95.8 -4.3
C(8)-N(1)-Au(1) 113.4 112.7 0.7
C(2)-C(1)-Au(l) 112.9 113.09 -0.2
C(13)-C(14)-C(15) 109.1 109.3 -0.2
C(16)-C(15)-C(14) 108.4 110.1 -1.7
C(16)-C(17)-C(18) 109.6 109.0 0.6
C(13)-C(18)-C(17) 111.0 111.7 -0.7
O(1)-C(16)-C(17)-C(19) 64.2 61.4 2.8

2D = x —y; x = X-ray parameter; y = optimized geometry parameter
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2.1.6 1,5-Cyclooctadiene

The reactivity of gold(IIl) complex 1 towards dienes as well as cycloalkenes was
investigated, so it is coherent to explore the reactivity towards cyclic dienes as a next step.

1,5-Cyclooctadiene was chosen due to its flexibility and thus versatility.

The reaction of 1,5-cyclooctadiene with Au(OCOCFE;),(tpy) (1) in CD,Cl,/TFA-d (1:1)
was first carried out in an NMR tube and monitored by "H-NMR. The gold(IIl) starting
material was fully converted by '"H-NMR within minutes and the recorded 'H-NMR
spectrum showed a clean reaction with one major product formed. In order to isolate the
product and ease the determination of its structure the reaction was repeated on larger
scale. However, product isolation was not possible because of decomposition upon

removal of the solvent.

\/ O <\Nf%§f

N AN
AL CH,CIo/TFA (1:1) o OCOCF,
F3COCO OCOCF; rt, 0.5 h F3COCO
1 6

Scheme 21: Reaction of gold(IIl) complex 1 with 1,5-cyclooctadiene in CH>Cl,/TFA (1:1).

The reaction of Au(OCOCE,),(tpy) (1) with 1,5-cyclooctadiene in CH,Cl,/TFA (1:1) at
room temperature yielded the alkyl gold(III) complex 6 (Scheme 21). Only one double
bond of the diene was functionalized in this reaction. The obtained "H-NMR spectrum
of complex 6 (Figure 19) shows the expected peaks from the tpy ligand in the aromatic
region, including the shifted singlet signal from the tpy ligand towards the lower field
signalizing a gold(Ill)-mediated nucleophilic attack at 1,5-cyclooctadiene. The small
peaks in the aliphatic region are due to free 1,5-cyclooctadiene residues and the peak at
9.2 ppm is due to TFA residues. The most significant peaks in the recorded 'H-NMR
spectrum of complex 6 are the proton peaks of the hydrogens bonded to the remaining
double bond as well as the protons bonded to the other two methine group carbons in
the eight-membered ring. The assignment of these peaks (Figure 19) is substantiated by
the couplings observed in the COSY and HSQC, showing that the blue labeled
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hydrogens as well as the red labeled one couple with each other and that all four

hydrogens are bonded to methine group carbon atoms (Figure 20).
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Figure 19: 'TH-NMR (600 MHz, CD,Cl) of alkyl gold(Ill) complex 6. Close-up views in the
bottom. Peak at 9.2 ppm is due to TFA residue.
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Figure 20: Close-up view of COSY (top) and HSQC (bottom) of complex 6. HSQC spectrum
obtained from small scale experiment, therefore additional peaks from starting material and
internal standard.
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2.1.7 Instability of Complexes

A major issue for the presented reactions in TFA is the instability of the formed
products. Except the alkyl gold(III) complexes 2 and few other investigated complexes,
obtained from reactions with relatively small and simple alkenes, all products decompose

upon removal of the solvent and could therefore not be isolated.

It is assumed that this instability of the alkyl gold(III) complexes is attributed to the
reversibility of the nucleophilic addition of trifluoroacetate as well as the reversibility of
the alkene coordination. These reversibilities were indicated by the experiments
conducted with ethylene.” Since trifluoroacetate is a good leaving group, removing the
solvent for isolation might change the equilibrium and therefore forces the reverse

reaction to take place, leading eventually to decomposition of the gold(III) complex.

In a follow-up experiment the assumption of reversibility of the ethylene coordination
could be supported further. The reaction of alkyl gold(III) complex 2 with the chloride
source Bu,NClI in TFA-4 yielded AuCl,(tpy) (33) (Scheme 22).

\ 7 BuyNCl \ 7
a TFA-d a
/ /7 N\
F,COCO \/\O COCF, cl cl
2 33

Scheme 22: Reaction of alkyl gold(III) complex 2 with BusNCl in TFA-d.

After adding Bu,NCI to a solution of 2 in TFA-d precipitation of a yellow solid was
observed immediately. The recorded 'H-NMR spectrum showed no signals in the
aromatic region, indicating that no gold(IlI) complex remained in solution and therefore
implying that the reaction proceeded in a quantitative manner (Figure 21). In the next
step the solvent was removed 7z vacuo, the residues dissolved in DMSO-d,; and spiked
with AuCl,(tpy) (33) to verity the nature of the precipitate. Since 33 is poorly soluble,
even in DMSO-d,, more solvent was added to increase the amount of dissolved complex.
As depicted in Figure 22, the resulting "H-NMR spectrum shows growth of the peaks
belonging to the gold(Ill) complex while the other peaks stay unaltered, except solvent
and water peaks due to addition of DMSO-d,. Also no additional peaks appeared upon
spiking the sample with AuCL(tpy) (33), which suggests that the precipitate only contains

33 and the ammonium salts.
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Figure 21: Stacked '"H-NMR (200 MHz, TFA-d). Showing the result of the reaction of ethylene
(°) with Au(OCOCF3)a(tpy) (1) in TFA-4, with 1,2-dichloroethane(¥) as internal standard (blue).
Recorded spectrum after addition of BusNCI (ammonium salt peaks are labeled with *) (red).
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Figure 22: Stacked 'H-NMR (200 MHz, DMSO-ds (*)). Showing the precipitate of the reaction
of 2 with BusNCl (ammonium salt peaks are labeled with *) (blue) and the recorded spectrum

after spiking with 33 and adding DMSO-4s to increase the solubility (red). Water residues are
labeled with ©.
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2.2 Gold(1IT)-mediated Nucleophilic Attack at Alkenes — TFE

2.2.1 1,5-Hexadiene

Inspired by the new alkyl gold(IIl) complex 48 obtained in the reaction of
Au(OCOCFE;),(tpy) (1) with ethylene in TFE, the reaction of 1,5-hexadiene in TFE was
investigated in order to explore the influence of another nucleophile towards the

six-membered ring formation.

The reaction of 1,5-hexadiene with Au(OCOCE,),(tpy) (1) in TFE-d, was first carried out
in an NMR tube and monitored by "H-NMR. The gold(IIT)starting material was fully
converted by 'H-NMR within minutes and the recorded 'H-NMR spectrum showed a
mix of products. The reaction was also repeated on larger scale but product isolation was

not possible.

\ 7 NNF < > { >
N\
FAN TFE
FsCOCO"  OCOCF;  rt,2h Fscoco” \Q F3COCO

OCH,CF5

\

CHZCFS

hi

Scheme 23: Assumed products resulting from reaction of gold(Ill) complex 1 with
1,5-hexadiene in TFE.

The reaction of Au(OCOCEF;),(tpy) (1) with 1,5-hexadiene in TFE at room temperature
yielded after cannula filtration a white precipitate and a solution that presumably
contained the alkyl gold(III) complexes 51 and 52 as main products (Scheme 23). The
precipitate was only pootly soluble in standard solvents (CD,Cl,, MeCN and DMSO), so
no good '"H-NMR spectrum could be obtained. However, it is assumed to be a polymer
formed through polymerization of the double bonds in the molecule, which would
explain the poor solubility. The obtained 'H-NMR spectrum of the remaining solution is
depicted in Figure 23. It seems like two major products are observed. One product
contains a double bond, showing typical shifts for vinylic protons (labeled with *), similar
to the shifts observed in product 3, resulting from reaction with 1,4-pentadiene in TFA.
And the other product seemingly formed a six-membered ring (labeled with °), showing
proton shifts similar to product 4, resulting from reaction with 1,5-hexadiene in TFA. As

depicted in Figure 24, these assignments also correspond with the couplings observed in
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the COSY and HSQC. Since so many peaks are overlapping, not every signal could be
unambiguously assigned but the significant peaks support the assumption of complex

formation of 51 and 52 quite well.

o s LJMMUM_

T T T T T T T
8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 ppm

T T T T T T
8. 2 8. 0 7 8 7 6 7 4 ppm pm 24 22 20 1.8 1.6 ppm

Figure 23: 'TH-NMR (400 MHz, CD,Cly) of reaction products of gold(Ill) complex 1 and
1,5-hexadiene in TFE. Close-up views in the bottom. (* indicates complex 52, © indicates
complex 51)

The dependency on the solvent in the formation of the six-membered ring in the
reaction with 1,5-hexadiene might be attributed to the different nucleophilicities of TFA
and TFE, with TFE being the better nucleophile. In the reaction with 1,5-hexadiene in
TFA it is conceivable that after one double bond of the diene is already coordinated to
gold, the non-coordinated double bond represents a better nucleophile compared to
trifluoroacetate and therefore the diene attacks itself. While it is possible that in the
reaction in TFE the nucleophilicities of the non-coordinated double bond and TFE are
more equal, so that ring formation as well as functionalization of only one double bond
occur in the same reaction, depending on the nucleophile attacking the coordinated

double bond.
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Figure 24: COSY (top) and HSQC (bottom) of the products in the reaction of gold(Ill)

complex 1 with 1,5-hexadiene in TFE.
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2.3 Gold(IIT)-mediated Nucleophilic Attack at Alkenes — EtOH

Changing the solvent to TFE did not improve the isolability of the products, so
instability of the products remains a major issue. This problem was addressed by
exploring the usage of non-fluorinated solvents in the reactions with ethylene.” While
full conversion to the expected product was observed after one day in the reaction using
EtOH, the reaction in acetic acid took twelve days until completion.” For obvious

practical reasons further investigations were focused on reactions in EtOH.

Other group members explored reactions using simple, terminal alkenes and managed
the first time to isolate some of the products deriving from reactions with those

[73],[74]

olefins. However, all products contained small impurities that could not be removed.

2.3.1 1,4-Pentadiene, 1,5-Hexadiene

The use of TFE as solvent showed an alteration of the product formation in the reaction
with 1,5-hexadiene compared to the reaction using TFA. To investigate these different
behaviors further, the reactivity of Au(OCOCE,),(tpy) (1) towards dienes in EtOH was

explored.

The reaction of Au(OCOCE,),(tpy) (1) with 1,4-pentadiene in EtOH at room
temperature yielded presumably the alkyl gold(III) complexes 53 and 15 as main products
(Scheme 24).

[Au]
\ ,\{ NN <\ N/> g > OEt
\A > \A +
A EtOH Pin OEt OEt
F,COCO~  OCOCF, i, 1d F4COCO
[Au]
1 53\ 15

Scheme 24: Assumed products resulting from reaction of gold(Ill) complex 1 with
1,4-pentadiene in EtOH. [Au]: Au(OCOCEF3)(tpy).

The obtained '"H-NMR spectrum shows a product mixture (Figure 25). One product
contains a double bond, showing typical shifts for vinylic protons of a terminal double
bond (labeled with * in Figure 25), similar to the shifts observed in product 3, resulting

from the reaction with 1,4-pentadiene in TFA.
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Crystals suitable for single crystal X-ray analysis were obtained by vapor diffusion using

CH,(CI, as solvent and #-pentane as anti-solvent. The solid-state structure of the selected

specimen verifies the dimer 15. This observation is possibly in agreement with the

recorded 'H-NMR spectrum that shows two sets of triplets at 1.2 ppm. These triplets

originate from the methyl groups of the ethoxy groups in the alkyl gold(Ill) complexes

that have different environments, which is given in complexes 53 and 15.

9.0

85 80 75

7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 20 15 ppm

T T T T T
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Figure 25: 'H-NMR (200 MHz, CD,Cly) of reaction products of gold(III) complex 1 and
1,4-pentadiene in EtOH. Close-up views in the bottom. (* indicates complex 53)

The reaction of Au(OCOCEF,),(tpy) (1) with 1,5-hexadiene in EtOH at room temperature

yielded presumably the alkyl gold(III) complexes 54 and 16 as main products (Scheme

25).

VRN

F3COCO

OCOCF;

[Au]
NNF \ ,\{ EtO
N +
EtOH /AU OEt
i, 2 d F4COCO OEt
[Au]
54 — 16

Scheme 25: Assumed products resulting from reaction of gold(Ill) complex 1 with
1,5-hexadiene in EtOH. [Au]: Au(OCOCEF3)(tpy).
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The obtained 'H-NMR spectrum shows a product mixture (Figure 26), where one
product contains a double bond, showing typical shifts for vinylic protons of a terminal

double bond (labeled with * in Figure 26), analogous to the reaction with 1,4-pentadiene.

Crystals suitable for single crystal X-ray analysis were obtained by vapor diffusion using
CH,(CI, as solvent and #-pentane as anti-solvent. The solid-state structure of the selected
specimen verifies the dimer 16. The argumentation regarding the recorded 'H-NMR
spectrum is resembling the one of 1,4-pentadiene, here two sets of triplets at 1.1 ppm are
observed as well. It should be mentioned that the splitting pattern corresponding to the
six-membered ring is not observed in the "H-NMR spectrum of this reaction, which

indicates a higher nucleophilicity of EtOH compared to TFA and TFE.

The observations made for the reaction with 1,5-hexadiene are analogous to the ones
described for the reaction with 1,4-pentadiene in EtOH and suggest a resembling
reaction pathway for both dienes. It is assumed that the increased nucleophilicity of
EtOH compared to trifluoroacetate allows not merely functionalization of one double
bond due to a nucleophilic attack, but attack at both double bonds, hence furnishing the

dimer.

8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 20 1.5 ppm

JMMJMLMJUUL

58 56 54 52 11 ppm

Figure 26: 'H-NMR (200 MHz, CD2Cly) of reaction products of gold(IIl) complex 1 and
1,5-hexadiene in EtOH. Close-up views in the bottom. (* indicates complex 54).
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2.4 Gold(1IT)-mediated Nucleophilic Attack at Alkenes — MeOH

The results of the reactions in EtOH were promising and shifted the focus of
investigation towards other alcohols. As discussed before, the reversibility of these
gold(I1I)-mediated nucleophilic additions at alkenes is assumed to be the major reason
for the instability of the products. Since the methoxy group is an even poorer leaving

group than the ethoxy group is, MeOH was investigated as solvent.””

Other group members explored reactions using simple, terminal alkenes as well as

cycloalkenes. ™

While most of the obtained products were instable and decomposed
upon removal of the solvent when the reaction was performed in TFA, all reactions
performed in MeOH were successful and yielded the expected alkyl gold(IlI) products,

which were stable and could be isolated.™

2.4.1 Cis-3-hexene

Inspired by the interesting results regarding isolation of the alkyl gold(IIl) complexes
synthesized from the reactions in MeOH compared to the instability of the TFA

analogous products, reactions in MeOH using linear internal alkenes were investigated.

The reaction of Au(OCOCE;),(tpy) (1) with ¢s-3-hexene in MeOH at room temperature
gave after two days the alkyl gold(IIl) complex 7 in very good yields (Scheme 26).

N\ N
/AU\ MeOH /AU OMe
F3COCO OCOCF; rt,2d F;COCO
1 7 96%

Scheme 26: Reaction of gold(IIl) complex 1 with ¢s-3-hexene in MeOH.

The recorded 'H-NMR spectrum shows only minor impurities, probably an isomer
(Figure 27). The assighment of the peaks is straight forward with the expected peaks in
the aromatic region from the tpy ligand as well as the proton peaks from the hydrogens
bonded to the methine group carbons in the expected region. The hydrogen with the
shift to the lower field is bonded to the same carbon as the methoxy group, while the

other hydrogen is bonded to the same carbon as gold. The peak at 3.4 ppm is due to the
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methoxy group. It is interesting that the 'H-NMR spectrum is so clean, indicating that

the reaction occurs really selective at the cs-isomer, allowing no or just minor scrambling.

Crystals suitable for single crystal X-ray analysis were obtained by vapor diffusion using
CH,C, as solvent and #-pentane as anti-solvent. The solid-state structure of the selected
specimen verifies complex 7 and suggests that the nucleophilic attack occurred in an anti

mannet.
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Figure 27: 'H-NMR (600 MHz, CD>CL) of alkyl gold(III) complex 7. Close-up views in the
bottom.
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2.4.2 Trans-3-hexene

The reaction of Au(OCOCE,),(tpy) (1) with #uans-3-hexene in MeOH at room
temperature yielded after two days the alkyl gold(II) complex 8 (Scheme 27). The
product was not obtained entirely pure and contained approximately 15% starting

material 1.

\ 7 AN \ 7
N\ N\
A MeOH P
F,c0CO” OCOCF; rt, 2d F4COCO )—(7
OMe
1 8

Scheme 27: Reaction of gold(IIl) complex 1 with #rans-3-hexene in MeOH.

The recorded 'H-NMR spectrum shows besides the starting material only minor
impurities, probably an isomer (Figure 28). The assignment of the peaks is straight
forward with the expected peaks in the aromatic region from the tpy ligand as well as the
proton peaks from the hydrogens bonded to the methine group carbons in the expected
region. The hydrogen with the shift to the lower field is bonded to the same carbon as
the methoxy group, while the other hydrogen is bonded to the same carbon as gold. The
peak at 3.4 ppm is due to the methoxy group. Corresponding with the recorded
"H-NMR spectrum of complex 7, also this spectrum is quite clean, indicating that the

reaction occurs really selective at the #ans-isomer, allowing no or just minor scrambling.

Crystals suitable for single crystal X-ray analysis were obtained by vapor diffusion using
CH,(CI, as solvent and #-pentane as anti-solvent. The solid-state structure of the selected
specimen verifies complex 8 and suggests that the nucleophilic attack occurred in an anti

manner.
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Figure 28: '"H-NMR (600 MHz, CD2Cly) of alkyl gold(III) complex 8. Close-up views in the
bottom.
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2.4.3 Trans-2-hexene

To investigate if the bulkiness of the substituents at the internal alkene is influencing the
preference of the position where the nucleophilic attack is taking place, the reaction with

trans-2-hexene was explored.

The reaction of Au(OCOCE,),(tpy) (1) with #uans-2-hexene in MeOH at room
temperature gave after three days the alkyl gold(III) complexes 9 and 10 in an overall
yield of 96% (Scheme 28). The product ratio of complex 9 to 10 is approximately 2:1
(Figure 29).

N\A N\A + N\A
u u /]
F3;COCO OCOCF3 rt,3d F;COCO F;COCO
OMe OMe
10

Scheme 28: Reaction of gold(I1I) complex 1 with #ans-2-hexene in MeOH.
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Figure 29: 'H-NMR (600 MHz, CD,Cl,) of reaction products of gold(Ill) complex 1 and #ans-2-
hexene in MeOH.
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The products could be isolated through crystallization of the mixture by vapor diffusion
using CD,Cl, as solvent and #-pentane as anti-solvent. It was possible to observe two
kinds of crystals differing in their appearance and morphology. The solid-state structures
of the selected specimen verify complexes 9 and 10. The crystal structures suggest that
the nucleophilic attack occurred in an an#/ manner. The crystals were separated by hand

and new NMR spectra were recorded for each complex.

The major isomer resembles complex 9, supported by NMR (Figure 30) as well as crystal
data. The assignment of the peaks is straight forward with the expected peaks in the
aromatic region from the tpy ligand as well as the proton peaks from the hydrogens of
the methine groups in the expected region. The hydrogen with the shift to the lower field
is bonded to the same carbon as the methoxy group, while the other hydrogen is bonded

to the same carbon as gold. The peak at 3.4 ppm is due to the methoxy group.

L
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Figure 30: '"H-NMR (600 MHz, CD2Cly) of alkyl gold(III) complex 9. Close-up views in the
bottom. Peak at 1.5 ppm is due to water.

The minor isomer resembles complex 10, supported by NMR (Figure 31) as well as
crystal data. The assignment of the peaks of complex 10 is analogous to the assignment

in complex 9. The peak at 3.5 ppm is due to the methoxy group.
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Figure 31: '"H-NMR (600 MHz, CD2Cly) of alkyl gold(III) complex 10. Close-up views in the

bottom. Peak at 1.6 ppm is due

The 'H-NMR spectra of complex 9 and 10 show both minor peaks of the other isomer.
The samples were monitored by 'H-NMR over a period of two weeks and no

interconversion of the isomers was observed, the ratio of the peaks stayed the same in

both samples. That support

each sample can be ascribed due to inaccuracy in the separation by manual crystal

picking. This absence of in

to water.

s the assumption that the presence of the other isomer in

terconversion of isomers indicates a good stability of the

complexes and that no reverse reaction is taking place.

Furthermore, the product ratio of approximately 2:1 for 9 to 10 suggests a preference of

the nucleophilic attack occurring at the site of the double bond that is substituted with

the longer alkyl chain.
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2.4.4 Styrene

Styrene is of special interest because it bears the electron withdrawing phenyl group,
which might open new possibilities for the investigated gold(IlI) mediated nucleophilic
additions at alkenes. Styrene was also tested as alkene in the reaction with TFA as solvent.
While styrene is not stable in pure TFA, due to polymerization, the use of solvent
mixtures with different TFA/CH,Cl, ratios did not result in any reaction in the presence
of Au(OCOCE,),(tpy) (1). However, since the use of MeOH as solvent gave promising
results for alkyl substituted alkenes the interest in the exploration of the reaction with

styrene was renewed.

The reaction of Au(OCOCEF,),(tpy) (1) with styrene in MeOH at room temperature gave
after one day the alkyl gold(III) complex 11 in good yields (Scheme 29). Crystals suitable
for single crystal X-ray analysis were obtained by vapor diffusion using CH,Cl, as solvent
and #-pentane as anti-solvent. The solid-state structure of the selected specimen verifies
complex 11 and suggests that the nucleophilic attack occurred in Markovnikov manner.

Furthermore, HR-MS was taken and confirmed the structure of product 11.

Qo O Qo

/
F,coco’ OCOCF, rt, 1 F;COCO

1 11 68%

Scheme 29: Reaction of gold(III) complex 1 with styrene in MeOH.

The assignment of the peaks in the recorded 'H-NMR spectrum is straight forward with
the expected peaks in the aromatic region from the tpy ligand as well as the expected
proton peaks from the phenyl ring of the former styrene (Figure 32). The proton peak
from the hydrogen bonded to the same carbon as the methoxy group is in the expected
region and the diastereotopic hydrogens that are bonded to the same carbon as gold

show a reasonable splitting pattern. The peak at 3.2 ppm is due to the methoxy group.
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Figure 32: '"H-NMR (600 MHz, CD2Cly) of alkyl gold(III) complex 11. Close-up views in the
bottom. Peak at 1.6 ppm is due to water.

2.4.5 1,5-Cyclooctadiene, 1,4-Pentadiene, 1,5-Hexadiene

After obtaining informative and satisfying results regarding selectivity as well as product
stability from the reactions with monoalkenes in MeOH, the investigations were focused

on reactions using dienes.

The reaction of Au(OCOCE;),(tpy) (1) with 1,5-cyclooctadiene in MeOH at room
temperature yielded after three hours a product mixture that could not be identified by
"H-NMR and contained approximately 10% starting material 1 (Scheme 30). However, it
was possible to obtain crystals suitable for X-ray analysis out of the mixture by vapor
diffusion using CD,Cl, as solvent and #-pentane as anti-solvent. The solid-state structure
of the selected specimen verifies complex 12 and suggests that the nucleophilic attack
occurred in an anfi manner. Extension of the reaction time to two days led to

decomposition of the complex, indicated by a golden mirror at the wall of the flask.
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Scheme 30: One of the products obtained from the reaction of Au(OCOCF3)2(tpy) (1) with
1,5-cyclooctadiene in MeOH.

The reaction of Au(OCOCE,),(tpy) (1) with 1,4-pentadiene in MeOH at room
temperature yielded after one day a product mixture (Scheme 31). This mixture
presumably contains, based on the recorded 'H-NMR spectrum and the experience

gained in the other reactions using 1,4-pentadiene, complexes 55 and 56.

[Au]
\ ,\{ NN \ ,\f OMe
\A \A +
Pa N MeOH Vin OMe OMe
F,cO0cO” OCOCF, i, 1d F4COCO
[Au]
1 55  \ 56

Scheme 31: Assumed products resuling from reaction of gold(Il) complex 1 with
1,4-pentadiene in MeOH.

The obtained 'H-NMR spectrum shows a product mixture (Figure 33), where one
product contains a double bond, showing typical shifts for vinylic protons of a terminal
double bond (labeled with * in Figure 33), analogous to the reaction with 1,4-pentadiene
in EtOH. The recorded "H-NMR spectrum also shows two sets of singlets at 3.3 ppm.
These singlets probably originate from the methoxy groups in the alkyl gold(III)
complexes that have different environments. This observation of two sets of signals is
analogous to the one made for the reaction in EtOH and might suggest the presence of

the dimer 56.
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Figure 33: 'H-NMR (200 MHz, CD:Cly) of reaction products of gold(Ill) complex 1 and
1,4-pentadiene in MeOH. Close-up views in the bottom. (* indicates complex 55)

The reaction of Au(OCOCE,),(tpy) (1) with 1,5-hexadiene in MeOH at room
temperature yielded after two days a white solid, presumably the alkyl gold(IIl) complex
13 (Scheme 32). Observation of complex 13 indicates that the addition of the nucleophile
proceeds in a Markovnikov manner, consistent with the results obtained from other

reactions.

\ ’\1 NNF \ N/
N N
/AU\ MeOH /AU OMe
F,COCO~  OCOCF; rt, 2 d F,COCO
1 13 —

Scheme 32: Reaction of gold(III) complex 1 with 1,5-hexadiene in MeOH.

The white solid was only poorly soluble in standard solvents (CD,Cl,, MeCN, DMSO
and acetone), so the obtained 'H-NMR spectrum might not reflect the true nature of the
product. However, the recorded 'H-NMR spectrum showed next to the product 13 only

minor impurities (Figure 34). The assignment of the peaks is straight forward with the
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expected peaks in the aromatic region from the tpy ligand as well as the typical shifts for

vinylic protons of a terminal double bond. The peak at 3.4 ppm is due to the methoxy

group.
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Figure 34: 'H-NMR (600 MHz, CD»Cl,) of alkyl gold(III) complex 13. Close-up views in the
bottom.
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2.5 Gold(IIT)-mediated Nucleophilic Attack at Alkenes — MeCN

2.5.1 Styrene

As mentioned before, the combination of styrene and Au(OCOCE;),(tpy) (1) in
CH,CL,/TFA solvent mixtures did not result in any reaction. In order to address this
problem the solvent mixture was changed to MeCN/TFA/H,O. In fact, upon switch of

the solvent a reaction occurred but did not yield the expected alkyl gold(III) analogue.

Instead, the astonishing and unexpected alkyl gold(IIT) complex 14 was obtained in good
yields in the reaction of Au(OCOCE;),(tpy) (1) with styrene in MeCN/TFA/H,O at
room temperature (Scheme 33). HR-MS analysis of the product shows that the cation

contains one oxygen and two nitrogen atoms.

— ©/\ —
N\ \

/
N\ N\E) o
/AU\ MeCN/TFA/H,0 Pau OCOCF,
F,COCO~  'OCOCF, it 1d ))J(\
Y X=0 or NH
1 14 829% Y= 0 or NH

Scheme 33: Reaction of gold(I1I) complex 1 with styrene in MeCN/TFA /H-O.

The recorded "'H-NMR spectrum shows besides the starting material only minor
impurities, probably an isomer (Figure 35). The expected peaks were observed in the
aromatic region, originating from the tpy ligand as well as the phenyl ring of former
styrene. The broad peak at 10.6 ppm is assigned to the hydrogen bonded to the nitrogen,
which is not part of the tpy ligand. The peaks for the hydrogen atom bonded to the same
carbon as the phenyl ring as well as the hydrogen atoms bonded to the same carbon as
gold are broadened, which might indicate dynamic behavior. Also the peak originating
from the methyl group that is not part of the tpy ligand is broadened. However, to prove
this assumption of dynamic behavior further investigation is needed, for example by
low-temperature NMR. Couplings observed in the COSY (Figure 36) and HSQC spectra
(Figure 37) support this peak assignment. Neither the 'H-"N-HMBC nor the NOESY
spectrum could give further information regarding the position of the NH-group. The

NMR analysis needs to be redone with improved recording parameters.
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Figure 35: 'H-NMR (600 MHz, CD»Cl) of alkyl gold(III) complex 14. Close-up views in the
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Figure 36: COSY of gold(III) complex 14.
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Figure 37: HSQC of gold(Ill) complex 14.

Crystals suitable for single crystal X-ray analysis were obtained by vapor diffusion using
CH,(CI, as solvent and #-pentane as anti-solvent. The solid-state structure of the selected
specimen verifies complex 14 and indicates that oxygen is bonded to gold (X-position)
while the NH-group occupies the other position (Y-position). A detailed discussion of

the crystal structure is given in the next chapter.

Interestingly, formation of a similar complex 57 was observed in the reaction of

Au(OCOCF,),(tpy) (1) with ethylene in MeCN/H,O at room temperature (Scheme 34).”

/ - § />—/< >*
\ N H,C=CH, . \ Ne
©
Au

Au MeCN/H,0 y OCOCF,
HN )

RN
F,cOCO~  'OCOCF, rt

O
1 57

Scheme 34: Reaction of gold(I1I) complex 1 with styrene in MeCN/H,O.[™l

The structure of complex 57 was unambiguously determined by utilization of diverse

NMR techniques, HR-MS analysis and X-ray analysis."” The resulting complex structure
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of 74 was also supported by computational data.”” However, in product 57 the positions
of the oxygen and NH-group are switched compared to the by X-ray analysis suggested

structure of complex 14.

Depicted in Scheme 35 is a proposed reaction mechanism in the reaction with ethylene.
First step is the substitution of the trifluoroacetate #ans to nitrogen by ethylene, which
then gets attacked by water. In the next step substitution of the trifluoroacetate #rans to
carbon by MeCN takes place, followed by nucleophilic attack of the oxygen at the

quaternary carbon of the coordinated MeCN, furnishing complex 57.

§ />—§ % = § />—§ % Q >—/< %
\ N H,C=CH, \_ ® H,0
Au u

A OCOCFS ococ;F3
F,COCO~  OCOCF; F,coco” F,c0cO” j
®

1 H,0

\ 4 \ Y
N.® [H]-shift N.® MeCN
AN - AN -

Au Au

/ /
HN ) ococ:F3 & N ] OCOCF3 Fscoco” j HOCHOCF,
- A

Scheme 35: Proposed reaction mechanism for formation of complex 57.

For the reaction with styrene, however, this mechanism would not lead to the suggested
structure for complex 14 with the oxygen being bonded to gold. Therefore another
mechanism is proposed for the reaction with styrene (Scheme 306). It is assumed that
water substitutes the trifluoroacetate #rans to carbon. The oxygen of the water then
attacks the nitrile carbon of MeCN and the nitrogen attacks the double bond, followed

by binding of the coordinated styrene to gold.
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Scheme 36: Proposed reaction mechanism for formation of complex 14.

In earlier work by the group coordination of H,O as well as MeCN #ans to carbon was
observed.” Tt is assumed that the coordination of H,O to gold is stronger than of MeCN
to gold, which would favor the former in a competing reaction, leaving MeCN as
nucleophile to attack the alkene. However, since MeCN is a weaker nucleophile than
water, it cannot attack ethylene because its double bond is not activated enough. So for a
reaction taking place MeCN coordinates to gold, while water attacks the alkene. That is
not the case with styrene, there the double bond is activated enough due to the electron

withdrawing phenyl group and nucleophilic attack by MeCN can take place.

These proposed reaction mechanisms are preliminary working hypotheses and no further

evidence is given to support them.
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3 Single Crystal X-Ray Diffraction Analysis of New

Gold(IIT) Complexes

Eleven new compounds have been characterized using single crystal X-ray diffraction
analysis. X-ray quality crystals were grown at about 4 °C sia vapor diffusion using CH,Cl,
as solvent and #-pentane as anti-solvent. Data collection and refinement has been done
by MSc. Sigurd Qien-Ddegaard. All of the datasets were obtained using the in-house
Bruker D8 Venture instrument with Mo K, radiation or Cu K, radiation. All presented
compounds with chiral centers are crystals of both enantiomers. The quality of the
datasets is good and all structures are unambiguously determined, except the data for
complex 16 being not sufficient as independent proof of structure. The crystals of
complexes 15 and 16 were very disordered. The crystals of complex 8 has a twin
component that is responsible for 2.5% of the diffraction pattern. This is strong enough
to distort the electron density map, but too weak to integrate as a separate domain. The
single crystal X-ray diffraction was not followed up by powder X-ray diffraction and no
comment can be made about the overall compositions of the samples. However, in most
cases the crystals resembled each other in morphology and color. The following
ORTEP-plots are drawn in Diamond 4.0 with ellipsoids at the 50% level of probability.
Crystallographic data can be found in the appendix.

A strong driving force for crystal growth of all shown complexes is the observed
pairwise parallel displaced m-n stacking, which is a strongly attracting force, of the 2-(p-

tolyl)pyridine ligands that was observed in all solid-state structures (Figure 38).

Figure 38: In Au-tpy structures commonly observed pairwise parallel displaced n-n stacking
exemplified by the crystal packing of complex 6.
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3.1 Crystallographically Determined Structure of Complex 4

\ 4
N\
/Au
F4COCO \O\
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Figure 39: ORTEP view of the solid-state structure of complex 4.

The X-ray analysis of complex 4 shows a square planar coordination geometry, as
expected for gold(III) complexes, with near linear C(1)-Au(1)-O(1) and C(13)-Au(1)-N(1)
angles. The bond angle described by the two non-chelating ligands is close to 90° and the
chelate angle is normal for such cyclometalated species at 81.44(16)°."" The bond
distances from gold to its neighbor atoms in complex 4 are quite similar to the
corresponding distances of the already reported alkyl gold(I1l) complex 2, which resulted

from the reaction with ethylene.”

As expected, the cyclohexane segment adopted the most stable chair-conformation with
the substituents in equatorial positions to achieve the least steric hindrance and avoid
strains. The C-C-C bond angles of the cyclohexane ring are very close to the ideal

tetrahedral angle of 109.5°.""
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Table 5: Selected bond lengths and bond angles of complex 4.

Bond Bond length (A)

#
1
2
3
4
5
6
7
8
9

10
11

Au(1)-C(1)
Au(1)-C(13)
Au(1)-O(1)
Au(1)-N(1)
O(3)-C(16)
C(13)-C(14)
C(13)-C(18)
C(14)-C(15)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)

2.002(4)
2.056(4)
2.102(3)
2.125(4)
1.499(7)
1.501(7)
1.525(7)
1.542(7)
1.536(8)
1.470(9)
1.528(7)

Bond

Angle (°)

NoTENNe' IR B NS 2 B O S R N N B =

—_ =
N o= O

C(1)-Au(1)-C(13)
C(1)-Au(1)-O(1)
C(13)-Au(1)-O(1)
C(1)-Au(1)-N(1)
C(13)-Au(1)-N(1)
O(1)-Au(1)-N(1)
C(2)-C(1)-Au(l)
C(8)-N(1)-Au(1)
C(13)-C(14)-C(15)
C(13)-C(18)-C(17)
C(16)-C(17)-C(18)
C(16)-C(15)-C(14)

93.74(18)
174.35(16)
91.90(16)
81.44(16)
174.43(16)
92.96(13)
112.93)
113.1(3)
110.5(4)
109.5(4)
109.9(5)
110.1(5)
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3.2 Crystallographically Determined Structure of Complex 5
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Figure 40: ORTEP view of the solid-state structure of complex 5.

The X-ray analysis of complex 5 shows a square planar coordination geometry, as
expected for gold(III) complexes, with near linear C(1)-Au(1)-O(4) and C(13)-Au(1)-N(1)
angles. The bond angle described by the two non-chelating ligands is close to 90° and the
chelate angle is normal for such cyclometalated species at 81.5(2)°." The bond distances
from gold to its neighbor atoms in complex 5 are quite similar to the corresponding

distances observed in complex 4.

Cotresponding to structure 4, the cyclohexane segment adopted the most stable
chair-conformation with the substituents in equatorial positions to achieve the least steric
hindrance and avoid strains. The C-C-C bond angles in the cyclohexane ring differ
slightly from those in complex 4. This could be caused by the cyclohexane ring adjusting
itself in order to decrease the steric hindrance resulting from the methyl group as
additional substituent. The methyl group is pootly defined, maybe due to twinning, but
no twin law could be found yet. There are also some empty voids in the structure, which

may contain disordered solvent molecules responsible for anomalous diffraction.
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Table 6: Selected bond lengths and bond angles of complex 5.

H Bond Bond length (A)

1 Au(1)-N(1) 2.124(6)

2 Au(1)-C(1) 2.003(6)

3 Au(1)-O4) 2.102(5)

4 Au(1)-C(13) 2.052(7)

5 O(1)-C(10) 1.483(9)

6 C(13)-C(14) 1.523(10)

7 C(13)-C(18) 1.512(10)

8 C(14)-C(15) 1.537(11)

9 C(15)-C(106) 1.541(11)

10 C(16)-C(17) 1.523(11)

11 C(17)-C(18) 1.527(11)

12 C(17)-C(19) 1.422(19)
i Bond Angle (°)
1 C(1)-Au(1)-N(1) 81.5(2)
2 C(1)-Au(1)-O(4) 174.3(2)
3 C(1)-Au(1)-C(13) 93.7(3)
4 O®4)-Au(1)-N(1) 93.5(2)
5 C(13)-Au(1)-N(1) 174.4(2)
6 C(13)-Au(1)-O(4) 91.5(3)
7 C(8)-N(1)-Au(1) 113.4(4)
8 C(2)-C(1)-Au(l) 112.9(4)
9 C(13)-C(14)-C(15) 109.1(7)
10 C(13)-C(18)-C(17) 111.0(6)
11 C(16)-C(15)-C(14) 108.4(7)
12 C(16)-C(17)-C(18) 109.6(7)

1 O01)-CA6)-CA7)-C(19)  64.2(12)
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3.3 Crystallographically Determined Structure of Complex 16
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Figure 41: Crystal structure of complex 16. Emphasizing six-membered carbon chain connecting
two gold atoms in dimer (top). Emphasizing packing of dimers (bottom).

The crystal data for complex 16 is not good enough to use it as independent proof of
structure. This poor data quality can be explained by the very small crystal, which results
in weak diffraction and hampers the X-ray diffraction analysis, in addition to
crystallographic defects. Due to the poor quality no bond lengths and bond angles were
specified.

However, it clearly shows an alkyl gold(IIl) dimer complex and therefore corresponds
with the assumption of dimer formation made based on the observed peaks in the
'H-NMR spectrum. The solid-state structure also shows an interesting packing pattern of

stacked dimer molecules, where one dimer is “S”-shaped and the other one “U”-shaped.
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3.4 Crystallographically Determined Structure of Complex 15
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Figure 42: ORTEP view of the solid-state structure of complex 15.
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The packing diagrams show pairwise intermolecular Au(1)-Au(l)’ distances of
3.4702(8) A that are longer than the sum of van der Waals radii for two gold atoms
(3.32 AN however, gold-gold attraction might still contribute to the packing of the

molecules in the solid state.®

The X-ray analysis of complex 15 shows a square planar coordination geometry at both
gold atoms, as expected for gold(III) complexes, with the angles C(5)-Au(1)-O(1) and
C(15)-Au(1)-N(1) being slightly less linear than the angles C(23)-Au(2)-N(2) and
C(28)-Au(2)-O(5). This deviation in planarity can be explained due to the discrepancy of
the preferred distance between the tpy ligands of the dimer and the distance allowed and
restricted by the strain coming from the backbone, the five-membered carbon chain.
Therefore the alignment of gold atoms is a compromise and not perfectly planar. In
comparison to the stacking pattern of complex 16, the longer six-membered carbon
backbone allows an external tpy ligand to stack in between the tpy ligands of the dimer

to comply their preferred stacking distances.

While the chelate angles at 82.0(4)° for Au(1l) and at 81.2(6)° for Au(2) are normal for
such cyclometalated species, the bond angles described by the two non-chelating ligands
alter in both directions from 90°, which can also be attributed to the effect of the strains

coming from the backbone.”

Furthermore, the crystal structure of complex 15 shows that the product resulted from
an addition of the nucleophile at the coordinated double bond in Markovnikov manner,

corresponding with the observations made by Rezsnyak e /™
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Table 7: Selected bond lengths and bond angles of complex 15.

# Bond Bond length (A)

1 Au(1)-O(1) 2.106(8)

2 Au(1)-N(1) 2.114(9)

3 Au(1)-C(5) 1.982(10)

4 Au(1)-C(15) 2.045(10)

5 Au(2)-O(5) 2.099(10)

6 Au(2)-N() 2.112(10)

7 Au(2)-C(28) 1.88(2)

8 Au(2)-C(23) 2.064(12)

9 O(3)-C(16) 1.447(13)

10 O4)-C(20) 1.434(13)

11 C(15)-C(16) 1.520(14)

12 C(16)-C(19) 1.484(14)

13 C(19)-C(20) 1.504(15)

14 C(20)-C(23) 1.517(17)
# Bond Angle (°)
1 O(1)-Au(1)-N(1) 86.4(3)
2 C(5)-Au(1)-O(1) 168.4(4)
3 C(5)-Au(1)-N(1) 82.0(4)
4 C(5)-Au(1)-C(15) 93.9(4)
5 C(15)-Au(1)-O(1) 97.7(4)
6 C(15)-Au(1)-N(1) 175.2(4)
7 O(5)-Au(2)-N(2) 97.5(5)
8 C(28)-Au(2)-O(5) 173.7(4)
9 C(28)-Au(2)-N(2) 81.2(6)
10 C(28)-Au(2)-C(23) 97.3(6)
11 C(23)-Au(2)-O(5) 83.7(5)
12 C(23)-Au(2)-N(2) 177.3(5)
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3.5 Crystallographically Determined Structure of Complex 12
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Figure 43: ORTEP view of the solid-state structure of complex 12.

The X-ray analysis of complex 12 shows a square planar coordination geometry, as
expected for gold(III) complexes, with near linear C(5)-Au(1)-O(1) and C(15)-Au(1)-N(1)
angles. The bond angle described by the two non-chelating ligands is close to 90° and the

chelate angle is normal for such cyclometalated species at 81.4(2)°."

In the eight-membered ring all C-C bond lengths are normal for C-C single bonds and
the bond length of C(20)-C(21) is with 1.337(11)A in the range for C-C double bonds.

The crystal structure of complex 12 shows that the product resulted from an#; addition of
the nucleophile at the coordinated 1,5-cyclooctadiene, which is corresponding with the
observations made for the alkyl gold(IlI) complex 2-d, resulting from the reaction of

ethylene in TFA and with the observations made by Rezsnyak ez a/”"
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Table 8: Selected bond lengths and bond angles of complex 12.

# Bond Bond length (A)

1 Au(1)-O(1) 2.109(5)

2 Au(1)-N(1) 2.150(6)

3 Au(1)-C(15) 2.068(6)

4 Au(1)-C(5) 2.004(6)

5 0(3)-C(16) 1.423(8)

6 C(15)-C(16) 1.517(9)

7 C(15)-C(23) 1.528(9)

8 C(16)-C(18) 1.534(10)

9 C(18)-C(19) 1.508(10)

10 C(19)-C(20) 1.494(11)

11 C(20)-C(21) 1.337(11)

12 C(21)-C(22) 1.489(11)

13 C(22)-C(23) 1.548(11)
# Bond Angle (°)
1 O(1)-Au(1)-N(1) 92.5(2)
2 C(15)-Au(1)-O(1) 93.2(2)
3 C(15)-Au(1)-N(1) 173.9(2)
4 C(5)-Au(1)-O(1) 173.9(2)
5 C(5)-Au(1)-N(1) 81.4(2)
6 C(5)-Au(1)-C(15) 92.9(3)
7 C(3)-N(1)-Au(1) 112.6(4)
8 C(4)-C(5)-Au(1) 112.5(5)
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3.6 Crystallographically Determined Structure of Complexes 9 and 10

F,cocd”

Figure 44: ORTEP view of the solid-state structure of complex 9.

Surprisingly as well as impressively, it was possible to crystallize both isomers, which
were both observed by NMR, out of the reaction mixture za vapor diffusion using
CH,(CI, as solvent and #-pentane as anti-solvent. It was possible to observe two kinds of
crystals differing in their appearance. While complex 9 grew as big crystal rocks, the

crystals formed of complex 10 were rather small.

The X-ray analysis of complex 9 shows a square planar coordination geometry, as
expected for gold(III) complexes, with near linear C(5)-Au(1)-O(1) and C(15)-Au(1)-N(1)
angles. The bond angle described by the two non-chelating ligands is close to 90° and the

chelate angle is normal for such cyclometalated species at 81.72(10)°.
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Table 9: Selected bond lengths and bond angles of complex 9.

# Bond Bond length (A)

1 Au(1)-O(1) 2.1102)

2 Au(1)-N(1) 2.131(2)

3 Au(1)-C(5) 2.007(3)

4 Au(1)-C(15) 2.069(3)

5 0(3)-C(16) 1.441(4)

6 C(15)-C(16) 1.520(4)

7 C(15)-C(21) 1.540(4)

8 C(16)-C(18) 1.536(5)

9 C(18)-C(19) 1.519(5)

10 C(19)-C(20) 1.538(5)
# Bond Angle (°)
1 O(1)-Au(1)-N(1) 91.92(9)
2 C(5)-Au(1)-O(1) 172.20(9)
3 C(5)-Au(1)-N(1) 81.72(10)
4 C(5)-Au(1)-C(15) 95.89(11)
5 C(15)-Au(1)-O(1) 90.39(10)
6 C(15)-Au(1)-N(1) 177.44(10)
7 C(3)-N(1)-Au(1) 112.50(19)
8 C(4)-C(5)-Au(1) 112.1(2)
1 CE@D-C15-C16)-03)  -60.7(3)
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Figure 45: ORTEP view of the solid-state structure of complex 10.

The X-ray analysis of complex 10 shows a square planar coordination geometry, as
expected for gold(III) complexes, with near linear C(5)-Au(1)-O(1) and C(15)-Au(1)-N(1)
angles. The bond angle described by the two non-chelating ligands is close to 90° and the

chelate angle is normal for such cyclometalated species at 81.44(14)°."

The crystal structures of complex 9 and 10 show that the products resulted from an#
addition of the nucleophile at the coordinated #uns-2-hexene, which is corresponding
with the observations made for the alkyl gold(III) complex 12 and with the observations

made by Rezsnyak ez a/™"
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Table 10: Selected bond lengths and bond angles of complex 10.

C(19)-C(15)-C(16)-O(3)

# Bond Bond length (A)

1 Au(1)-O(1) 2.116(3)

2 Au(1)-N(1) 2.127(3)

3 Au(1)-C(5) 2.009(4)

4 Au(1)-C(15) 2.074(4)

5 0(3)-C(16) 1.448(5)

6 C(15)-C(16) 1.522(6)

7 C(16)-C(18) 1.518(6)

8 C(15)-C(19) 1.509(6)

9 C(19)-C(20) 1.529(6)

10 C(20)-C(21) 1.504(6)
# Bond Angle (°)
1 O(1)-Au(1)-N(1) 91.94(12)
2 C(5)-Au(1)-O(1) 172.51(13)
3 C(5)-Au(1)-N(1) 81.44(14)
4 C(5)-Au(1)-C(15) 96.81(16)
5 C(15)-Au(1)-O(1) 90.14(14)
6 C(15)-Au(1)-N(1) 173.79(15)
7 C(3)-N(1)-Au(1) 112.9(3)
8 C(4)-C(5)-Au(1) 112.5(3)
1

-57.3(4)
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3.7 Crystallographically Determined Structure of Complex 14
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Figure 46: ORTEP view of the solid-state structure of complex 14.
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The X-ray analysis of complex 14 shows co-crystallization of complex 14 with MeCN.

The X-ray analysis of complex 14 shows a square planar coordination geometry, as
expected for gold(III) complexes, with near linear C(13)-Au(1)-O(1) and C(3)-Au(1)-N(2)
angles. The bond angle described by the two non-chelating ligands is close to 90° and the

chelate angle is normal for such cyclometalated species at 81.7(4)°."

As discussed in chapter 2.3.1, there is an uncertainty of the positions of O(1) and N(1).
Since gold is a strong scatterer, and the electron densities of oxygen and nitrogen are
relatively similar, also X-ray analysis cannot provide clear evidence for the positions of
O(1) and N(1) in this case. However, the trifluoro acetate is quite close to N(1), which
indicates positive attraction and could be explained with a N(1)-H(1)---O(1) hydrogen
bond (Figure 46, bottom). If N(1) and O(1) switch positions, the adjancy of O(1) and
O(3) would contrast the repulsive interactions between the oxygen atoms. Therefore, the

X-ray analysis supports the assignment of the positions shown in Figure 46.

Furthermore, the crystal structure of complex 14 shows that the product resulted from
an addition of the nucleophile, here acetonitrile, at the coordinated double bond in

Markovnikov manner, corresponding with the observations made by Rezsnyak e# o/
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Table 11: Selected bond lengths and bond angles of complex 14.

# Bond Bond length (A)

1 Au(1)-O(1) 2.083(7)

2 Au(D)-N(2) 2.107(9)

3 Au(1)-C(3) 2.034(10)

4 Au(1)-C(13) 1.997(11)

5 om)-C(1) 1.272(13)

6 N(1)-C(1) 1.303(13)

7 N(1)-C(2) 1.484(12)

8 C(2)-CB3) 1.511(14)

9 C(2)-C(4) 1.515(15)

10 C#4)-C(5) 1.390(14)

11 C#)-C(9) 1.406(15)

12 C(6)-C(7) 1.399(17)

13 C(7)-C(8) 1.379(18)

14 C(5)-C(6) 1.374(15)

15 C(8)-C(9) 1.405(17)
# Bond Angle (°)
1 O(1)-Au(1)-N(2) 92.0(3)
2 C(3)-Au(1)-O(1) 90.4(4)
3 C(3)-Au(1)-N(2) 177.1(4)
4 C(13)-Au(1)-O(1) 172.8(4)
5 C(13)-Au(1)-N(2) 81.7(4)
6 C(13)-Au(1)-C(3) 95.9(4)
7 C(1)-O(1)-Au(l) 126.3(7)
8 C(11)-N(2)-Au(1) 113.0(7)
9 C(1)-N(1)-C(2) 127.0(9)
10 C(2)-C(3)-Au(l) 112.6(7)
11 C(12)-C(13)-Au(l) 112.5(7)
12 O(1)-C(1)-N(1) 124.4(10)
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3.8 Crystallographically Determined Structure of Complex 7
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Figure 47: ORTEP view of the solid-state structure of complex 7.

The X-ray analysis of complex 7 shows a square planar coordination geometry, as
expected for gold(III) complexes, with near linear C(5)-Au(1)-O(1) and C(15)-Au(1)-N(1)
angles. The bond angle described by the two non-chelating ligands is close to 90° and the

chelate angle is normal for such cyclometalated species at 81.29(9)°.""

The crystal structure of complex 7 shows that the product resulted from an# addition of
the nucleophile at the coordinated ¢s-3-hexene, which is corresponding with the

observations made for the alkyl gold(IlI) complexes 9, 10 and 12.
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Table 12: Selected bond lengths and bond angles of complex 7.

# Bond Bond length (A)

1 Au(1)-O(1) 2.0999(17)

2 Au(1)-N(1) 2.131(2)

3 Au(1)-C(15) 2.071(2)

4 Au(1)-C(5) 2.015(2)

5 O(3)-C(106) 1.436(3)

6 C(15)-C(16) 1.527(3)

7 C(15)-C(20) 1.525(3)

8 C(16)-C(18) 1.543(3)

9 C(20)-C(21) 1.526(4)

10 C(18)-C(19) 1.519(4)
# Bond Angle (°)
1 O(1)-Au(1)-N(1) 95.97(8)
2 C(15)-Au(1)-O(1) 86.54(3)
3 C(15)-Au(1)-N(1) 177.48(8)
4 C(5)-Au(1)-O(1) 175.11(8)
5 C(5)-Au(1)-N(1) 81.2909)
6 C(5)-Au(1)-C(15) 96.22(10)
7 C(3)-N(1)-Au(1) 112.72(16)
8 C(4)-C(5)-Au(1) 112.36(18)
1 C(20)-C(15)-C(16)-C(18)  -61.2(3)
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3.9 Crystallographically Determined Structure of Complex 8
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Figure 48: ORTEP view of the solid-state structure of complex 8.

The X-ray analysis of complex 8 shows a square planar coordination geometry, as
expected for gold(III) complexes, with near linear C(5)-Au(1)-O(1) and C(15)-Au(1)-N(1)
angles. The bond angle described by the two non-chelating ligands is close to 90° and the

chelate angle is normal for such cyclometalated species at 81.4(2)°.!"

The crystal structure of complex 8 shows that the product resulted from ax# addition of
the nucleophile at the coordinated #uns-3-hexene, which is corresponding with the

observations made for the alkyl gold(III) complex 7.

It is also interesting to see, when comparing complex 7 and 8, that it is possible to draw
conclusions about the former conformation of the alkene by comparing the torsion
angles of the bond C(20)-C(15)-C(16)-C(18), proving that the «s and #rans isomers give

different products.
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Table 13: Selected bond lengths and bond angles of complex 8.

# Bond Bond length (A)

1 Au(1)-O(1) 2.106(4)

2 Au(1)-N(1) 2.129(5)

3 Au(1)-C(5) 2.014(6)

4 Au(1)-C(15) 2.071(6)

5 O(3)-C(106) 1.442(8)

6 C(15)-C(20) 1.522(9)

7 C(15)-C(16) 1.526(9)

8 C(18)-C(19) 1.521(11)

9 C(16)-C(18) 1.511(10)

10 C(20)-C(21) 1.517(10)
# Bond Angle (°)
1 O(1)-Au(1)-N(1) 95.12(19)
2 C(5)-Au(1)-O(1) 175.3(2)
3 C(5)-Au(1)-N(1) 81.4(2)
4 C(5)-Au(1)-C(15) 96.7(2)
5 C(15)-Au(1)-O(1) 87.02)
6 C(15)-Au(1)-N(1) 174.8(2)
7 C(3)-N(1)-Au(1) 113.5(4)
8 C(4)-C(5)-Au(l) 112.2(4)
1

C(20)-C(15)-C(16)-C(18)  -178.4(6)

84



3.10 Crystallographically Determined Structure of Complex 11

Figure 49: ORTEP view of the solid-state structure of complex 11. The asymmetric unit of of 11
contains two complexes, but for clarity only one complex is shown.
The X-ray analysis of complex 11 shows co-crystallization of complex 11 with CH,CI,

and that two molecules comprise the asymmetric unit.

The X-ray analysis of complex 11 shows a square planar coordination geometry, as
expected for gold(III) complexes, with near linear C(5)-Au(1)-O(1) and C(15)-Au(1)-N(1)
angles. The bond angle described by the two non-chelating ligands is close to 90° and the

o [7]

chelate angle is normal for such cyclometalated species at 81.44(10)° and 81.95(10)°.

Furthermore, the crystal structure of complex 11 shows that the product resulted from
an addition of the nucleophile at the coordinated double bond in a Markovnikov manner,

corresponding with the observations made for complexes 14 and 15.
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Table 14: Selected bond lengths and bond angles of complex 11. Complex 1 and Complex 2
denotes the two complexes which together constitute the asymmetric unit.

Complex 1 Complex 2
# Bond
Bond length (A) Bond length (A)
1 Au(1)-O(1) 2.1159(17) 2.1022(18)
2 Au(1)-N(1) 2.126(2) 2.113(2)
3 Au(1)-C(5) 2.010(2) 2.002(2)
4 Au(1)-C(15) 2.054(2) 2.044(3)
5 O(3)-C(106) 1.425(3) 1.424(3)
6 C(15)-C(106) 1.523(3) 1.513(3)
7 C(16)-C(18) 1.517(3) 1.515(4)
8 C(18)-C(19) 1.381(4) 1.393(4)
9 C(18)-C(23) 1.389(4) 1.394(4)
10 C(19)-C(20) 1.393(4) 1.382(4)
11 C(20)-C(21) 1.381(4) 1.386(5)
12 C(21)-C(22) 1.368(5) 1.376(5)
13 C(22)-C(23) 1.395(4) 1.384(4)
" Bond Complex 1 Complex 2
Angle (°) Angle (°)
1 O(1)-Au(1)-N(1) 91.20(8) 88.90(8)
2 C(5)-Au(1)-O(1) 172.50(9) 170.84(10)
3 C(5)-Au(1)-N(1) 81.44(10) 81.95(10)
4 C(5)-Au(1)-C(15) 92.8(1) 94.07(11)
5 C(15)-Au(1)-O(1) 94.63(9) 95.09(9)
6 C(15)-Au(1)-N(1) 173.14(9) 175.07(10)
7 C(3)-N(1)-Au(1) 112.86(18) 113.01(18)
8 C4)-C(5)-Au(l) 112.45(19) 112.4(2)

86



4 Conclusion and Future Prospects

Gold(IIT)-mediated nucleophilic addition reactions to alkenes have been investigated,
testing several different nucleophiles as well as a wide variety of alkenes. A number of
novel alkyl gold(IIl) complexes have been synthesized and characterized by NMR
spectroscopy, mass spectrometry and X-ray crystallography and studied by
computational methods. The reaction of Au(OCOCEF;),(tpy) with 1,5-hexadiene in TFA
yielded an especially intriguing and unexpected product due to the formation of a
six-membered ring. This observation could underline the special properties of gold(IlI)
complexes, since formation of a six-membered ring was never observed upon reaction of

1,5-hexadiene with other metal compounds like Ni(II) or Pt(II) complexes.

However, the products obtained from the reactions in TFA were unstable and could not
be isolated, but changing the solvent to MeOH increased the product stability immensely.
It is assumed that the methoxy group is a worse leaving group than trifluoroacetate and
therefore hinders the reverse reaction of the nucleophilic attack, leading to more stable

alkyl gold(I1I) complexes.

Also the use of MeCN as solvent led to unexpected products. A preliminary reaction

mechanism was proposed but is still object of further investigations.

One major goal for future work is the achievement of a catalytic reaction. The main issue
that needs to be addressed is that the protonation of C(sp’) is favored over C(sp’).
Therefore the tpy ligand will be cleaved off upon protonation before the alkene can be
released. A possible solution would be the adjustment of the gold(IlI) complex, so that
the gold atom is also bonded to a C(sp’) atom of the ligand. Until now, there are only
few examples reported for this kind of complexes, which offers a lot of opportunities for

further development.l87j’[88l

Last but not least, expanding the scope of investigated alkenes and nucleophiles is
anticipated for the future. Exploration of reactions using nitrogen nucleophiles or
alkenes containing hetero atoms, like allyl vinyl ether, to name just a few, present

interesting targets.
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5 Experimental Section

All reagents, unless specified, were used without further purification as purchased from
commercial suppliers. Au(OAc); was purchased from Alfa Aesar and ABCR. All alkenes
were purchased from Sigma Aldrich. Dry CH,Cl, and MeCN were dried by use of the
MB SPS-800 Solvent Purification System from MBraun. MeOH was dried over
molecular sieves. Distilled water was used and aqueous solutions were prepared on site.
Argon gas was used to perform reactions under inert atmosphere. Vacuum line (1 x 107
mbar) was used for removal of solvents unless otherwise noted. All reactions were

shielded from light using aluminum foil.

The microwave synthesis was performed using a microwave oven of the type Milestone

MicroSYNTH with a rotor of the type SK-10.

'H, PC, 'H-'H COSY, NOESY, HSQC and HMBC NMR experiments were recorded in
CD,Cl,, CD,CN, TFA-d or DMSO-d using either a Bruker Avance DPX200, AVII400,
DRX500, AV600 or AVII6O0 instrument with residual solvent peaks as references
(CHD,CN (8H = 1.94 ppm), CHDCI, (8H = 5.32 ppm), TFA-d (8C = 116.6 ppm,
164.2 ppm), DMSO-4; (8C = 39.5 ppm) or CD,Cl, (8C = 54.0 ppm) as an internal
standard). Chemical shifts (8) are given in parts per million (ppm) and coupling constants
() are given in Hertz (Hz). Multiplicities are abbreviated as: s - singlet; d - doublet; t -
triplet; dd - doublet of doublets; dt - doublet of triplets; td - triplet of doublets; ddt -

doublet of doublets of triplets; m - multiplet; br. - broad.

Mass spectra were obtained on a Micromass QTOF II spectrometer (ESI) by Osamu

Sekiguchi.
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5.1 Synthesis of Au(OCOCE,),(tpy) (1)

A solution of Au(OAc); (384 mg, 1.03 mmol, 1.0 eq.) and 2-(p-tolyl)pyridine (186 ul,
1.09 mmol, 1.06 eq.) in 30 ml H,O/TFA (1:1) was heated up in a microwave oven for
30 min at 120 °C. The mixture was filtered after cooling down for 30 min at room
temperature. By addition of 30 ml H,O to the filtrate and cooling down to 0 °C the
product precipitated. It was collected in a fine frit, washed with H,O (3 x 5 ml) and
diethyl ether (5 ml), and dried under a stream of air for 1 h. The product was obtained as
a pale yellow solid (582 mg, 0.99 mmol, 96%). Spectroscopic data was in agreement with

reported literature data.
'H-NMR: (200 MHz, CD,CN) §[ppm] = 8.44 (d, ] = 6.0 Hz, 1 H, H-1), 824 (t, ] =

8.1 Hz, 1 H, H-3), 7.99 (d, ] = 8.2 Hz, 1 H, H-4), 7.60-7.47 (m, 2 H, H-2,5), 7.28 (d, ] =
7.9 Hz, 1 H, H-6), 6.76 (s, 1 H, H-8), 2.38 (s, 3 H, H-7).
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3 4 5 6
2 \ / 7
1 N\ 8
Au
F3COCO/ \OCOCF3
. J

Figure 50: 'H NMR (200 MHz, CD3CN) of compound 1.
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5.2 Synthesis of Complex 2!’

A solution of Au(OCOCE,),(tpy) (1, 100 mg, 0.17 mmol, 1.0 eq.) and 5 ml TFA in a flask
capped with a septum and equipped with a vent needle was bubbled through by ethylene
gas for 2 h at room temperature. The solvent was removed 7 vacuo to yield a pale yellow
solid (70.7 mg, 0.11 mmol, 68%). Spectroscopic data was in agreement with reported

literature data.

'H-NMR: (200 MHz, CD,CL,) 8[ppm] = 8.41 (d, ] = 5.8 Hz, 1 H, H-1), 8.06 (¢, | =
7.6 Hz, 1 H, H-3), 7.94 (d, ] = 8.0 Hz, 1 H, H-4), 7.65 (d, ] = 7.9 Hz, 1 H, H-5), 7.50 (t, ]
= 6.5 Hz, 1 H, H-2),7.39 (s, 1 H, H-8),7.23 (d, ] = 7.9 Hz, 1 H, H-6), 4.82-4.73 (m, 2 H,
H-10), 2.46 (s, 3 H, H-7), 2.47-2.39 (m, 2 H, H-9).

2 \ / 7
1 N\ 8
/AU 10
F,COCO é/\o COCF,
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& (e gt

T T T T T T T T T T T T T T T 1
8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 20 15 1.0 ppm

Figure 51: '"H NMR (200 MHz, CD,Cl,) of compound 2. Peak at 2.39 ppm is due to TFA
residue.
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5.3 Synthesis of Complex 3

1,4-Pentadiene  (10.5ul, 0.102 mmol, 1.2eq) was added to a solution of
Au(OCOCE,),(tpy) (1, 50.0 mg, 0.085 mmol, 1.0 eq.) in 3 ml TFA. After 2 h reaction
time the reaction was completed under full conversion of starting material 1. The
product could not be isolated since it is only stable in solution and decomposes upon

removal of the solvent.

'H-NMR: (400 MHz, CD,CL,) 8[ppm] = 8.32 (d, ] = 4.9 Hz, 1 H, H-1), 8.05 (td, ] =
79Hz, ] = 1.5 Hz, 1 H, H-3), 7.94 (d, ] = 82 Hz, 1 H, H-4), 7.63 (d, ] = 7.9 Hz, 1 H,
H-7), 749 (t, ] = 6.5 Hz, 1 H, H-2), 7.39 (s, 1 H, H-11), 7.23 (d, ] = 7.9 Hz, 1 H, H-8),
5.82 (ddt, ] = 17.2 Hz, ] = 102 Hz, ] = 7.0 Hz, 1 H, H-16), 5.46-5.38 (m, 1 H, H-14),
5.24-5.12 (m, 2 H, H-17), 2.75-2.57 (m, 2 H, H-15), 2.47-2.39 (m, 5 H, H-10,13).

BC-NMR: (100 MHz, CD,Cl,) 8[ppm] = 160.9 (C-5), 157.7 (g, ] = 42 Hz, CO), 146.6
(C-1), 143.6 (C-12), 142.5 (C-3), 140.7 (C-9), 136.1 (C-6), 133.1 (C-16), 132.5 (C-11),
130.0 (C-8), 126.3 (C-7), 124.8 (C-2), 120.7 (C-4), 119.7 (C-17), 115.1 (q, ] = 286 Hz,
CF,), 80.3 (C-14), 41.0 (C-15), 33.0 (C-13), 22.0 (C-10). The missing carbons from the
COCEF, groups were not observed.

R qu | HM e HE@

Figure 52: 'H NMR (400 MHz, CD2Clz) of compound 3.
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5.4 Synthesis of Complex 4

1,5-Hexadiene (12.1 ul, 0.102 mmol, 1.2eq) was added to a solution of
Au(OCOCE,),(tpy) (1, 50.0 mg, 0.085 mmol, 1.0 eq.) in 5 ml TFA. After 1.5 h reaction
time the reaction was completed under full conversion of starting material 1. The
product could not be isolated since it is only stable in solution and decomposes upon

removal of the solvent.

'H-NMR: (400 MHz, CD,CL,) 8[ppm] = 8.32 (d, ] = 5.5 Hz, 1 H, H-1), 8.00 (td, ] =
7.7Hz, ] = 1.5Hz, 1 H, H-3), 794 (d, ] = 8.0 Hz, 1 H, H-4), 7.68 (d, ] = 7.9 Hz, 1 H,
H-7),7.45 (t, ] = 6.4 Hz, 1 H, H-2), 7,29 (s, 1 H, H-11), 7.22 (d, ] = 7.9 Hz, 1 H, H-8),
499 (tt, ] = 11.4 Hz, ] = 4.7 Hz, 1 H, H-16), 2.54-2.43 (m, 4 H, H-10,13), 2.36-2.25 (m,
2 H, H-14eq), 2.24-2.11 (m, 2 H, H-15¢q), 2.06-1.94 (m, 2 H, H-14ax), 1.78-1.65 (m, 2 H,
H-15ax).

BC-NMR: (100 MHz, CD,CL) 8[ppm] = 146.7 (C-1), 141.9 (C-3), 131.0 (C-11), 129.6
(C-8), 126.0 (C-7), 124.5 (C-2), 120.5 (C-4), 78.5 (C-106), 53.0 (C-13), 34.1 (C-15), 31.4
(C-14), 22.4 (C-10). Quaternary carbons were not observed.
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Figure 53: 'H NMR (400 MHz, CD-Cly) of compound 4.
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5.5 Synthesis of Complexes 5 and 57

1,5-Heptadiene  (13.6 ul, 0.102 mmol, 1.2eq.) was added to a solution of
Au(OCOCE,),(tpy) (1, 50.0 mg, 0.085 mmol, 1.0 eq.) in 5ml TFA. After 1 h reaction
time the reaction was completed under full conversion of starting material 1. The NMR
shows isomers. It was not possible to separate them. The products could not be isolated

since they are only stable in solution and decompose upon removal of the solvent.

FsCOCO \CZ/ F3COCO /\Cl

| LA .
I |- I T l)m?jﬁé EE
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T T T T
80 75 70 65 60 55 ppm 26 24 22 14 12 ppm

Figure 54: 'H NMR (400 MHz, TFA-d) of reaction of gold(I1I) complex 1 with 1,5-heptadiene.
Close-up views in the bottom.
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5.6 Synthesis of Complex 6

1,5-Cyclooctadiene (4.0 ul, 0.042 mmol, 1.7eq.) was added to a solution of
Au(OCOCE,),(tpy) (1, 15.0 mg, 0.025 mmol, 1.0 eq.) in 0.5 ml CH,Cl, and 0.5 ml TFA.
After 30 min reaction time the reaction was completed under full conversion of starting
material 1. The product could not be isolated since it is only stable in solution and

decomposes upon removal of the solvent.

'H-NMR: (600 MHz, CD,CL) 8[ppm] = 8.40 (d, ] = 5.4 Hz, 1 H, H-1), 8.17 (¢, ] =
7.9 Hz, 1 H, H-3), 8.06 (d, ] = 8.2 Hz, 1 H, H-4), 7.77 d, ] = 7.9 Hz, 1 H, H-7), 7.73 (s,
1H, H-11), 7.62 (¢, ] = 6.5 Hz, 1 H, H-2), 7.36 (d, ] = 7.9 Hz, 1 H, H-8), 6.95-6.88 (m,
1H, H-18), 6.86-6.80 (m, 1 H, H-17), 5.69 (dt, ] = 11.6 Hz, | = 43 Hz, 1 H, H-14),
3.28-3.18 (m, 2 H, H-13,162), 2.97-2.85 (m, 2 H, H-16b,192), 2.81-2.72 (m, 1 H, H-15a),
2.71-2.59 (m, 3 H, H-19b,20), 2.48 (s, 3 H, H-10), 2.34-2.28 (m, 1 H, H-15b).

BC-NMR: (151 MHz, TFA-d) 8[ppm| = 147.5 (C-1), 143.5 (C-3), 135.1 (C-18), 133.0
(C-17), 132.9 (C-11), 131.6 (C-8), 127.1 (C-7), 126.2 (C-2), 121.9 (C-4), 79.6 (C-14), 56.9
(C-13), 35.2 (C-20), 29.3 (C-15), 29.2 (C-16), 25.2 (C-19), 22.1 (C-10). Quaternary
carbons were not observed.
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Figure 55: 'H NMR (600 MHz, CD2Cl,) of compound 6.
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5.7 Synthesis of Complex 7

Cis-3-hexene (12.5 pl, 0.102 mmol, 1.2 eq.) was added to a solution of Au(OCOCE,),(tpy)
(1, 50.0 mg, 0.085 mmol, 1.0 eq.) in 3 ml MeOH. After 2 days reaction time the solvent

was removed 7 vacuo to yield a yellow solid (48.3 mg, 0.081 mmol, 96%).

'H-NMR: (600 MHz, CD,CL) 8[ppm] = 8.30 (d, ] = 5.4 Hz, 1 H, H-1), 7.96 (t, ] =
7.8 Hz, 1 H, H-3), 7.91 (d, ] = 8.1 Hz, 1 H, H-4), 7.64 (d, ] = 7.9 Hz, 1 H, H-7), 7.42 (s,
1H, H-11), 7.39 (t, ] = 6.4 Hz, 1 H, H-2), 7.16 (d, ] = 7.9 Hz, 1 H, H-8), 3.56-3.50 (m,
1 H, H-16), 3.37 (s, 3 H, OCH,), 2.71-2.64 (m, 1 H, H-15), 2.42 (s, 3 H, H-10), 1.89-1.83
d, J = 8.1Hz, 1H, H-17a), 1.76-1.67 (m, 1 H, H-14a), 1.66-1.58 (m, 1 H, H-17b),
1.35-1.27 (m, 1 H, H-14b), 1.16 (t, ] = 7.3 Hz, 3 H, H-13), 0.96 (t, ] = 7.5 Hz, 3 H, H-18).

BC-NMR: (151 MHz, CD,CL,) 8[ppm] = 161.4 (q, ] = 37 Hz, CO), 160.7 (C-5), 147.1
(C-1), 142.1 (C-12), 141.5 (2 C, C-3,9), 137.2 (C-6), 132.3 (C-11), 129.2 (C-8), 126.0 (C-7),
1243 (C-2), 120.3 (C-4), 118.7 (q, J = 290 Hz, CF,), 85.1 (C-16), 65.8 (C-15), 56.9
(OCH.), 25.9 (C-14), 24.7 (C-17), 22.3 (C-10), 15.9 (C-13), 8.7 (C-18).
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Figure 56: 'H NMR (600 MHz, CD>Clz) of compound 7.
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5.8 Synthesis of Complex 8

Trans-3-hexene (12.6 yl, 0.102 mmol, 1.2eq.) was added to a solution of
Au(OCOCE,),(tpy) (1, 50.0 mg, 0.085 mmol, 1.0 eq.) in 3 ml MeOH. After 3 days
reaction time the solvent was removed 7z vacuo to yield a colorless oil. The product could

not be obtained entirely pure and contained approximately 15% starting material 1.

'H-NMR: (600 MHz, CD,CL) 8[ppm] = 8.28 (d, ] = 5.5 Hz, 1 H, H-1), 7.98 (¢, ] =
7.8 Hz, 1 H, H-3), 7.93 (d, ] = 8.1 Hz, 1 H, H-4), 7.66 (d, ] = 7.9 Hz, 1 H, H-7), 7.52 (m,
1 H, H-10), 7.43-7.40 (m, 1 H, H-2), 7.19 (d, ] = 7.9 Hz, 1 H, H-8), 3.49-3.44 (m, 1 H,
H-16), 3.41 (s, 3 H, OCH,), 2.62-2.55 (m, 1 H, H-15), 2.43 (s, 3 H, H-10), 2.13-2.04 (m,
1H, H-172), 1.84-1.75 (m, 1 H, H-14a), 1.74-1.63 (m, 2 H, H-17b,14b), 1.15 (¢, ] =
7.4 Hz, 3 H, H-13), 0.93 (t, ] = 7.4 Hz, 3 H, H-18).

BC-NMR: (151 MHz, CD,CL) 8[ppm] = 147.0 (C-1), 141.7 (C-3), 133.0 (C-11), 129.3
(C-8), 126.1 (C-7), 124.4 (C-2), 120.3 (C-4), 85.1 (C-10), 67.7 (C-15), 58.9 (OCH,), 29.1
(C-17), 26.6 (C-14), 22.3 (C-10), 16.1 (C-13), 9.8 (C-18). Quaternary carbons were not
observed.
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Figure 57: 'H NMR (600 MHz, CD-Cly) of compound 8.
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5.9 Synthesis of Complexes 9 and 10

Trans-2-hexene  (12.8 pl, 0.102 mmol, 1.2eq.) was added to a solution of
Au(OCOCE,),(tpy) (1, 50.0 mg, 0.085 mmol, 1.0eq.) in 3 ml MeOH. After 3 days
reaction time the solvent was removed 7z vacuo to yield a white solid as product mixture
of 9 and 10 in an approximate ratio of 2:1 (48.1 mg, 0.081 mmol, 96%). It was possible
to isolate each product through crystallization of the mixture by vapor diffusion using

CD,(Cl, as solvent and #-pentane as anti-solvent.
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Figure 58: 'H NMR (600 MHz, CD>Cly) of product mixture 9 and 10.
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Mayor isomer 9:

'H-NMR: (600 MHz, CD,CL) 8[ppm] = 8.32 (d, /] = 5.5 Hz, 1 H, H-1), 7.99 (¢, ] =
7.8 Hz, 1 H, H-3), 7.94 (d, ] = 8.1 Hz, 1 H, H-4), 7.67 (d, ] = 7.9 Hz, 1 H, H-7),
7.47-7.40 (m, 2H, H-2,11), 720 (d, | = 7.9 Hz, 1H, H-8), 348339 (m, 4H,
H-15,0CH,), 2.65-2.57 (m, 1 H, H-14), 2.44 (s, 3 H, H-10), 1.97-1.90 (m, 1 H, H-16a),
1.68-1.59 (m, 1 H, H-16b), 1.52-1.45 (m, 2 H, H-17), 1.44 (d, ] = 7.0 Hz, 3 H, H-13),
0.88 (t, ] = 7.4 Hz, 1 H, H-18).

BC-NMR: (151 MHz, CD,Cl,) 8[ppm] = 161.4 (q, ] = 37 Hz, CO), 160.7 (C-5), 147.0
(C-1), 142.6 (C-12), 141.6 (C-3), 141.2 (C-9), 137.9 (C-06), 132.0 (C-11), 129.3 (C-8), 125.9
(C-7), 124.4 (C-2), 120.4 (C-4), 84.3 (C-15), 59.2 (OCH,), 56.2 (C-14), 39.0 (C-10), 22.2
(C-10), 19.2 (C-17), 18.3 (C-13), 14.6 (C-18). The carbon from the CF; group were not
observed.
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Figure 59: 'H NMR (600 MHz, CD2Cly) of 9. The peak at 1.54 ppm is due to water.
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Minor isomer 10:

'H-NMR: (600 MHz, CD,CL,) 8[ppm] = 8.29 (d, ] = 5.4 Hz, 1 H, H-1), 7.99 (t, ] =
7.8 Hz, 1 H, H-3), 7.94 (d, ] = 8.2 Hz, 1 H, H-4), 7.67 (d, ] = 8.0 Hz, 1 H, H-7), 7.55 (s,
1H, H-11), 7.44 (t, ] = 6.4 Hz, 1 H, H-2), 7.20 (d, ] = 7.9 Hz, 1 H, H-8), 3.57-3.49 (m,
1 H, H-17), 3.35 (s, 3 H, OCH), 2.65-2.55 (m, 1 H, H-16), 2.44 (s, 3 H, H-10), 1.81-1.69
(m, 2 H, H-14a,152), 1.59-1.52 (m, 1 H, H-15b), 1.49-1.43 (m, 1 H, H-14b), 1.41 (d, ] =
6.1 Hz, 3 H, H-18), 0.92 (t, ] = 7.2 Hz, 3 H, H-13).

BC-NMR: (151 MHz, CD,Cl,) 8[ppm] = 161.4 (q, ] = 37 Hz, CO), 160.7 (C-5), 147.0
(C-1), 142.4 (C-12), 141.7 (C-3), 141.4 (C-9), 137.2 (C-6), 133.2 (C-11), 129.3 (C-8), 126.0
(C-7), 124.5 (C-2), 120.4 (C-4), 118.6 (q, | = 289 Hz, CF.), 80.1 (C-17), 57.3 (OCH,),
56.2 (C-16), 35.9 (C-15), 24.8 (C-14), 22.2 (C-10), 21.7 (C-18), 14.7 (C-13).
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Figure 60: 'H NMR (600 MHz, CD2Cly) of 10. The peak at 1.64 ppm is due to water.
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5.10 Synthesis of Complex 11

Styrene (11.7 pl, 0.102 mmol, 1.2 eq.) was added to a solution of Au(OCOCEF,),(tpy) (1,
50.0 mg, 0.085 mmol, 1.0 eq.) in 3 ml MeOH. After 23 h reaction time the solvent was
removed 7z vacuo, the pale blue solid dissolved in CH,Cl, and filtered afterwards. The

solvent was removed 7 vacuo to yield a white solid (35.5 mg, 0.058 mmol, 68%).

'H-NMR: (600 MHz, CD,CL) 8[ppm] = 8.41 (d, ] = 5.4 Hz, 1 H, H-1), 8.01 (¢, ] =
7.8 Hz, 1 H, H-3),7.92 (d, ] = 8.1 Hz, 1 H, H-4), 7.62 (d, ] = 7.8 Hz, 1 H, H-7), 7.46 (t,
J=65Hz 1 H, H2),741 d, ] = 7.5 Hz, 2 H, H-16), 7.34 (t, ] = 7.5 Hz, 2 H, H-17),
7.29-7.24 (m, 2 H, H-11,18), 7.17 (d, ] = 7.8 Hz, 1 H, H-8), 453 (dd, /] = 8.9 Hz, | =
5.1 Hz, 1 H, H-14), 3.20 (s, 3 H, OCH,), 2.61 (dd, ] = 10.4 Hz, ] = 5.1 Hz, 1 H, H-13a),
2.50-2.45 (m, 1 H, H-13b), 2.40 (m, 3 H, H-10).

BC-NMR: (151 MHz, CD,CL) 8[ppm] = 1614 (q, ] = 37 Hz, CO), 160.8 (C-5), 146.7
(C-1), 143.7 (C-15), 142.5 (C-12), 141.9 (C-3), 141.0 (C-9), 136.9 (C-6), 132.7 (C-11),
129.3 (C-8), 129.0 (C-17), 128.0 (C-18), 127.2 (C-16), 125.9 (C-7), 124.4 (C-2), 120.5
(C-4), 1185 (q, ] = 290 Hz, CF,), 84.1 (C-14), 57.0 (OCH,), 41.3 (C-13), 22.2 (C-10).

MS (ESI, MeCN) m/z (rel %): 1113(100), 1045(36), 636(M-Na*, 2), 500(M*-OCOCF,,
78).

HR-MS (MeCN): 636.1031, calculated for C,,H, NO,F,AuNa: 636.1036 (-0.0005 ppm).
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Figure 61: 'H NMR (600 MHz, CD,Clz) of compound 11.
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5.11 Synthesis of Complex 12

This reaction was carried out under varying conditions, however, none yielded clean

product. The tested experimental procedures are described below.

( )
N\ 7/
N
/Au o—
F;COCO
. J/

Method 1:

1,5-Cyclooctadiene (125 pl, 0.102 mmol, 1.2eq) was added to a solution of
Au(OCOCE;),(tpy) (1, 50.0 mg, 0.085 mmol, 1.0 eq.) in 3 ml MeOH. After 1 h reaction
time the solvent was removed 2 vacno. The product could not be obtained pure and
contained approximately 40% starting material 1. However, crystals suitable for X-ray
analysis were obtained through crystallization by vapor diffusion using CD,Cl, as solvent

and #-pentane as anti-solvent.
Method 2:

1,5-Cyclooctadiene (125 pl, 0.102 mmol, 1.2eq) was added to a solution of
Au(OCOCE,),(tpy) (1, 50.0 mg, 0.085 mmol, 1.0 eq.) in 3 ml MeOH. After 3 h reaction
time the solvent was removed 2 vacno. The product could not be obtained pure and

contained approximately 10% starting material 1.
Method 3:

1,5-Cyclooctadiene (125 pl, 0.102 mmol, 1.2eq) was added to a solution of
Au(OCOCFE,),(tpy) (1, 50.0 mg, 0.085 mmol, 1.0eq.) in 3 ml MeOH. After 2 days
reaction time the solvent was removed 7 vacuo. The observed product was mainly free

ligand.
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5.12 Synthesis of Complex 13

1,5-Hexadiene (12.1 ul, 0.102 mmol, 1.2eq.) was added to a solution of
Au(OCOCE,),(tpy) (1, 50.0 mg, 0.085 mmol, 1.0eq.) in 3 ml MeOH. After 2 days
reaction time the solvent was removed 7z vacuo yielding a grey solid. The product was
only poorly soluble in standard solvents (CD,Cl,, MeCN, DMSO, and acetone), so the

obtained NMR spectra might not reflect the true nature of the product.

'H-NMR: (600 MHz, CD,CL) 8[ppm] = 8.40 (d, ] = 5.5 Hz, 1 H, H-1), 8.02 (¢, ] =
7.9 Hz, 1 H, H-3), 7.94 (d, ] = 8.0 Hz, 1 H, H-4), 7.66 (d, ] = 7.9 Hz, 1 H, H-7), 747 (¢, ]
= 6.5 Hz, 1 H, H-2), 7.41 (s, 1 H, H-11), 7.20 (d, ] = 7.9 Hz, 1 H, H-8), 5.84 (ddt, ] =
17.2Hz, ] = 103 Hz, ] = 6.6 Hz, 1 H, H-17), 5.01 (t, ] = 17.2 Hz, 1 H, H-18,,), 4.93 (t,
] =103 Hz, 1 H, H-18,), 3.55-3.49 (m, 1 H, H-14), 3.38 (s, 3 H, OCH,), 2.48 (dd, ] =
10.1 Hz, ] = 6.4 Hz, 1 H, H-13a), 2.43 (s, 3 H, H-10), 2.30 (dd, J = 10.1 Hz, | = 7.1 Hz,
1 H, H-13a), 2.27-2.20 (m, 1 H, H-16a), 2.19-2.11 (m, 1 H, H-16b), 1.82-1.70 (m, 2 H,
H-15).

BC-NMR: (151 MHz, DMSO-4,) §[ppm] = 159.1 (C-5), 145.8 (C-1), 142.6 (C-12), 141.7
(C-3), 140.5 (C-9), 138.5 (C-17), 135.3 (C-06), 131.7 (C-11), 129.0 (C-8), 126.4 (C-7), 124.9
(C-2), 120.7 (C-4), 114.7 (C-18), 79.9 (C-14), 56.1 (OCH,), 36.9 (C-13), 35.2 (C-15), 29.5
(C-16), 21.4 (C-10). The carbons from the COCF; groups were not observed.

4

3 7 8
’ )
N\ : i\ Y/
1

N
~ 12 1

U\ O
Ve 13
»15

Uﬂl L A
sidin

1.0 ppm

Figure 62: 'H NMR (600 MHz, CD2Clz) of compound 13.
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5.13 Synthesis of Complex 14

Styrene (11.7 pl, 0.102 mmol, 1.2 eq.) was added to a solution of Au(OCOCEF,),(tpy) (1,
50.0 mg, 0.085 mmol, 1.0 eq.) in 4.00 ml MeCN, 0.50 ml TFA and 0.05 ml H,O. After
21 h reaction time the solvent was removed 7 vacuo, the purple solid was dissolved in

CH,Cl, and filtered afterwards. The solvent was removed 7 vacuo to yield a yellow solid

(36.5 mg, 0.692 mmol, 82%).

'H-NMR: (600 MHz, CD,Cl,) 8[ppm] = 11.05-10.22 (br., 1 H, NH), 8.71 (d, ] = 5.1 Hz,
1H, H-1), 810 (t, ] = 7.9 Hz, 1 H, H-3), 7.97 (d, ] = 8.1 Hz, 1 H, H-4), 7.67 (d, ] =
7.9 Hz, 1 H, H-7), 7.58 (t, ] = 6.5 Hz, 1 H, H-2), 7.45 (d, ] = 7.3 Hz, 2 H, H-16), 7.38 (t,
J=74Hz 2H, H17),7.33 (t, ] = 7.3 Hz, 1 H, H-18), 7.22 (d, ] = 7.9 Hz, 1 H, H-8),
7.19 (s, 1 H, H-11), 4.91-4.81 (br., 1 H, H-14), 2.98-2.84 (br., 1 H, H-13), 2.47-2.41 (br.,
3 H, H-20), 2.39 (s, 3 H, H-10).

BC-NMR: (151 MHz, CD,Cl,) 8[ppm] = 175.7 (C-19), 160.8 (C-5), 145.9 (C-1), 143.3
(C-12), 142.7 (C-3), 140.9 (C-9), 135.8 (C-6), 132.0 (C-11), 130.0 (C-8), 129.6 (C-17),
128.8 (C-18), 127.2 (C-16), 126.4 (C-7), 124.6 (C-2), 120.6 (C-4), 54.0 (C-14), 39.4 (C-13),
232 (C-20), 22.1 (C-10).

MS (ESI, MeCN) m/z (rel %): 1129(4), 576(10), 527(M", 100).
HR-MS (MeCN): 527.1378, calculated for C,,H,,N,OAu: 527.1397 (-3.74 ppm).

3 4 7 8
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2 N 5 N 10
\ o}/
N -;:\) A
1 F 12 11 ~
u
" T\s OCOCF;
16
19 14 ,
20 Y | | X= 0 or NH
18~.718  y=0 or NH
17

J | mJLJ;__J\_JLtL__

3 meeEsEeEs £ EN:

2 1 ppm

1 10
Figure 63: 'H NMR (600 MHz, CD,Cl») of compound 14.
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5.14 Reaction of Au(OCOCF,),(tpy) (1) with Internal Alkenes in
TFA-d

Au(OCOCE,),(tpy) (1, 5 mg, 0.01 mmol, 1.0 eq.) was added to a solution of ¢s-3-hexene
(1.3 pl, 0.01 mmol, 1.0 eq.) in 0.45 ml TFA-4 and 0.5 pl 1,2-dichloroethane. After 60 min
no full conversion was observed, so more ¢s-3-hexene (1.5 pl, 0.01 mmol, 1.0 eq.) was

added, yielding free ligand as main product after another 30 min.

Au(OCOCE,),(tpy) (1, 5mg, 0.01 mmol, 1.0 eq.) was added to a solution of #rans-3-
hexene (1.3 ul, 0.01 mmol, 1.0 eq.) in 0.45 ml TFA-4 and 0.5 ul 1,2-dichloroethane. After
40 min no full conversion was observed, so more #rans-3-hexene (2.0 ul, 0.02 mmol,

1.9 eq.) was added, yielding free ligand as main product after another 20 min.

Au(OCOCE,),(tpy) (1, 5mg, 0.01 mmol, 1.0 eq.) was added to a solution of frans-2-
hexene (1.3 pl, 0.01 mmol, 1.0 eq.) in 0.45 ml TFA-J and 0.5 pl 1,2-dichloroethane. After
45 min no full conversion was observed, so more #rans-2-hexene (3.0 ul, 0.02 mmol,

2.8 eq.) was added, yielding free ligand as main product after another 3 h.

5.15 Reaction of Au(OCOCEF,),(tpy) (1) with 1,5-Hexadiene in TFE

1,5-Hexadiene (12.1 ul, 0.102 mmol, 1.2eq) was added to a solution of
Au(OCOCE,),(tpy) (1, 50.0 mg, 0.085 mmol, 1.0 eq.) in 3 ml TFE. After 2 h reaction

time the reaction mixture was cannula filtrated, yielding a white precipitate. The white
solid was only pootly soluble in standard solvents (CD,Cl,, MeCN, DMSO, and acetone).

The obtained NMR spectrum showed product mixture.

5.16 Reaction of Au(OCOCF,),(tpy) (1) with 1,4-Pentadiene in EtOH

1,4-pentadiene (10 ul, 0.10 mmol, 1.2 eq.) was added to a solution of Au(OCOCE,),(tpy)
(1, 50.0 mg, 0.085 mmol, 1.0 eq.) in 3 ml EtOH. After 1 day reaction time the solvent
was removed 2 vacuo yielding a purple solid. The obtained NMR spectrum showed

product mixture.

105



5.17 Reaction of Au(OCOCF,),(tpy) (1) with 1,5-Hexadiene in EtOH

1,5-Hexadiene (12.1 ul, 0.102 mmol, 1.2eq) was added to a solution of
Au(OCOCE,),(tpy) (1, 50.0 mg, 0.085 mmol, 1.0 eq.) in 3ml EtOH. After 2 days
reaction time the solvent was removed 7 vacuo yielding an air-sensitive purple solid. The

obtained NMR spectrum showed product mixture.

5.18 Reaction of Au(OCOCF,),(tpy) (1) with 1,4-Pentadiene in MeOH

1,4-pentadiene (10 ul, 0.10 mmol, 1.2 eq.) was added to a solution of Au(OCOCEF;),(tpy)
(1, 50.0 mg, 0.085 mmol, 1.0 eq.) in 3 ml MeOH. After 1 day reaction time the solvent
was removed i vacno yielding a black solid. The obtained NMR spectrum showed

product mixture.

5.19 Reaction of Complex 2 with Bu,NCl

A solution of Au(OCOCE,),(tpy) (1, 6 mg, 0.01 mmol, 1.0 eq.) and 0.45 pul TFA-J in a
NMR-tube was bubbled through by ethylene gas for 1 min at room temperature. Bu,NCI

(5 mg, 0.02 mmol, 2.0 eq.) was added, then the solvent removed 7 vacuo yielding a yellow

solid.
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6 Appendix

6.1 Complex 1™

\
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Figure 64: 'H NMR (200 MHz, CD3;CN) of compound 1.

6.2 Complex 2"

Figure 65: '"H NMR (200 MHz, CDCly) of compound 2. Peak at 2.39 ppm is due to TFA
residue.
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6.3 Complex 3
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Figure 66: 'H NMR (400 MHz, CD2Cl») of compound 3. Peak at 9.7 ppm is due to TFA residue.
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Figure 67: 'H-NMR (400 MHz, CD2Cly) of alkyl gold(III) complex 3. Close-up views in the
bottom. Peak at 9.7 ppm is due to TFA residue.
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Figure 68: (400 MHz, CD:Cly) Close-up view of COSY (top) and HSQC (bottom) of complex 3



Ppm
|
E2
— B
4
5
= "
L7
= .
‘ 9
) £10
o s & 71 & s 3 ppm
Figure 69: NOESY (400 MHz, CD2Cl) of complex 3.
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Figure 70: 3C-NMR (100 MHz, CD:Cl,) of complex 3.
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6.4 Complex 4

Figure 71: HMBC (400 MHz, CD:Cl,) of complex 3
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Figure 72: 'H NMR (400 MHz, CD,Cl») of compound 4. Peak at 3.7 ppm is due to TFA residue.
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Figure 73: 'TH-NMR (400 MHz, CD>Cly) of alkyl gold(III) complex 4. Close-up views in the
bottom. Peak at 3.7 ppm is due to TFA residue.
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Figure 74: Close-up view of COSY (400 MHz, CD2Cl,) of complex 4.
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Figure 75: HSQC (400 MHz, CD>Cl,) of complex 4.
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Figure 76: NOESY (400 MHz, CD,Cly) of complex 4.
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Figure 77: BC-NMR (100 MHz, CD:Cl,) of complex 4.
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Figure 78: 'H NMR (600 MHz, CD,Cl») of compound 6.
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Figure 79: 'H-NMR (600 MHz, CD:Cl,) of alkyl gold(IIl) complex 6. Close-up views in the
bottom. Peak at 9.2 ppm is due to TFA residue.
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Figure 80: Close-up view of COSY (600 MHz, CD>Cl)of complex 6.
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Figure 81: HSQC (600 MHz, TFA-d) obtained from small scale experiment yielding complex 6,
therefore additional peaks from starting material and internal standard.
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Figure 82: NOESY (600 MHz, CD2Clz)of complex 6.
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Figure 83: 3C-NMR (151 MHz, TFA-d) obtained from small scale experiment yielding complex
6, therefore additional peaks from starting material and internal standard.
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Figure 84: 'H NMR (600 MHz, CD,Cl») of compound 7.
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Figure 85: 'H-NMR (600 MHz, CD2Cly) of alkyl gold(IlI) complex 7. Close-up views in the
bottom.
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Figure 86: (600 MHz, CD,Cl). Close-up view of COSY (top) and HSQC (bottom) of complex
7.

. Al 1
ov
2R
| ) iy
Lo
0 i
Aﬂ‘ ] 0 )H:
: F3
| e
4
rs
1 I
F6
I i b
P
i
“79 1] & _8
4

T
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 ppm

Figure 87: NOESY (600 MHz, CD2Cl,) of complex 7.
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Figure 89: BC-NMR (151 MHz, CD:Cl,) of complex 7.

120



6.7 Complex 8
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Figure 90: 'H NMR (600 MHz, CD>Cly) of compound 8.
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Figure 91: 'TH-NMR (600 MHz, CD>Cl,) of alkyl gold(Ill) complex 8. Close-up views in the
bottom.
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Figure 92: DEPT135 (151MHz, CD,Cl) of alkyl gold(11I) complex 8.
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Figure 93: COSY (600 MHz, CD2Clz)of complex 8.
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Figure 94: NOESY (600 MHz, CD2Clz)of complex 8.
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Figure 95: HSQC (600 MHz, CD:Cly)of complex 8.
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6.8 Complex 9
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Figure 96: 'H NMR (600 MHz, CD2Cl) of 9. The peak at 1.54 ppm is due to water.
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Figure 97: 'H-NMR (600 MHz, CD»Cl,) of alkyl gold(III) complex 9. Close-up views in the
bottom. Peak at 1.5 ppm is due to water.
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Figure 98: COSY (600 MHz, CD,Cl) of alkyl gold(III) complex 9.
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Figure 99: HSQC (600 MHz, CD,Cly) of alkyl gold(I1l) complex 9.
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Figure 100: 3C-NMR (151 MHz, CD2Cl,) of alkyl gold(I1I) complex 9.
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Figure 101: '"H NMR (600 MHz, CD:Cl) of 10. The peak at 1.64 ppm is due to water.
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Figure 102: '"H-NMR (600 MHz, CD,Cl,) of alkyl gold(III) complex 10. Close-up views in the
bottom. Peak at 1.6 ppm is due to water.
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Figure 103: COSY (600 MHz, CD>CL) of alkyl gold(IIT) complex 10.
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Figure 104: 3C-NMR (151 MHz, CD>Cl) of alkyl gold(I1I) complex 10.
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Figure 105: NOESY (600 MHz, CD,Cly) of alkyl gold(II) complex 9 and 10.
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6.10 Complex 11
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Figure 106: 'H NMR (600 MHz, CD,Cly) of compound 11.
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Figure 107: '"H NMR (600 MHz, CD:Cl,) of compound 11. Close-up view in the bottom.
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Figure 108: COSY (600 MHz, CD>Cl,) of compound 11.
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Figure 109: HSQC (600 MHz, CD>Cl,) of compound 11.
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Figure 110: 3C-NMR (151 MHz, CD:Cl») of compound 11.
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Figure 111: NOESY (600 MHz, CD2Cly) of compound 11.
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Figure 112: HMBC (600 MHz, CD2Cl») of compound 11.

6.11 Complex 13
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Figure 113: '"H NMR (600 MHz, CD>Cl,) of compound 13.
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Figure 114: COSY (600 MHz, CD2Cl) of compound 13.
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Figure 115: HSQC (600 MHz, CD2Clz) of compound 13.
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Figure 116: HMBC (600 MHz, CD2Cly) of compound 13.
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Figure 117: 13C (151 MHz, CD,Cl») of compound 13.
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6.12 Complex 14
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Figure 118: '"H NMR (600 MHz, CD:Cl) of compound 14.
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Figure 119: COSY (600 MHz, CD2Cl) of compound 14.
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Figure 120: HSQC (600 MHz, CD>Cl) of compound 14.
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Figure 121: '"H-"N-HMBC of compound 14.
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Figure 122: NOESY (600 MHz, CD>Cl,) of compound 14.
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Figure 123: HMBC (600 MHz, CD2Cl;) of compound 14.

137



T T T T T T T T T T T T T T T
160 150 140 130 120 110 100 90 80 70 60 50 40 30 ppm

Figure 124: 3C-NMR (151 MHz, CD>Cl) of compound 14.
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Complex 7

Table 1 Crystal data and structure refinement for FI-85new_a_pl.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

B/e

v/°

Volume/A®

4

Qeu/ e’

w/mm’”

F(000)

Crystal size/mm’

Radiation

FI-85new_a_pl
C,,H,;AuF;NO,
593.39

100.15

triclinic

P-1

7.6029(7)
10.2775(9)
13.8220(12)
78.224(2)
86.720(2)
77.086(2)
1030.48(10)

2

1.912

7.187

576.0

0.31 X 0.28 x 0.06
MoKa (A = 0.71073)

20 range for data collection/°4.62 to 56.596

Index ranges

Reflections collected

Independent reflections
Data/restraints/parameters
Goodness-of-fit on I
Final R indexes [I>=20 (I)]
Final R indexes [all data]

-10=h=<10,-13=k=13,-18<1=18

14141
5103 [R,, = 0.0265, R
5103/0/266
1.263

R, = 0.0172, wR, = 0.0474
R, = 0.0189, wR, = 0.0579

Largest diff. peak/hole / e A20.80/-1.67
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Complex 8

Table 1 Crystal data and structure refinement for FI-91-ignoretwin_a_pl.

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

o/

B/

v/°

Volume/A’

Z

Qeac/ cn’

w/mm’”

F(000)

Crystal size/mm’

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F
Final R indexes [I>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

F1-91-ignoretwin_a_pl

C,H,;AuF;NO,

593.39

100.15

monoclinic

P2,/c

7.4994(5)

30.2042(18)

9.5331(6)

90

99.9490(10)

90

2126.9(2)

4

1.853

6.964

1152.0

0.20 X 0.16 X 0.15

MoKa (A = 0.71073)

5.678 to 61.162
-10£h=10,-362k<43,-13<1513
21881
6491 [R,,
6491/6/266

1.615

R, = 0.0508, wR, = 0.1101
R, = 0.0523, wR, = 0.1105
3.08/-4.31

=0.0222, R,

sigma

= 0.0218]
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Complex 9

Table 1 Crystal data and structure refinement for FI-083_a_pl.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

B/e

v/°

Volume/A®

4

Qeu/ e’

w/mm’”

F(000)

Crystal size/mm’

Radiation

FI-083_a_pl
C,,H,;AuF;NO,
593.39

100.15

monoclinic

C2/c

31.585(3)
10.7421(12)
13.1516(14)

90

109.409(2)

90

4208.6(8)

8

1.873

7.039

2304.0

0.37 X 0.17 X 0.12
MoKa (A = 0.71073)

20 range for data collection/°4.904 to 63.336

Index ranges

Reflections collected

Independent reflections
Data/restraints/parameters
Goodness-of-fit on I
Final R indexes [I>=20 (I)]
Final R indexes [all data]

46 <h=<41,-15=k=15,-19<1=<19

33617
7074 [R,, = 0.0358, R,
7074/0/266
1.177

R, = 0.0257, wR, = 0.0620
R, = 0.0351, wR, = 0.0724

Largest diff. peak/hole / e A31.76/-1.63
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Complex 10

Table 1 Crystal data and structure refinement for FI-083tiny_a_pl.

Identification code FI-083tiny_a_pl

Empirical formula C, H,;AuF;NO,

Formula weight 593.39

Temperature/K 100.15

Crystal system triclinic

Space group P-1

a/A 8.6722(9)

b/A 10.9879(11)

c/A 12.6673(13)

o/° 114.020(3)

g/° 102.946(3)

v/° 94.562(3)

Volume/A’ 1054.56(19)

Z 2

Oeacg/cm’ 1.869

w/mm’” 7.023

F(000) 576.0

Crystal size/mm’ 0.06 x 0.04 x 0.03
Radiation MoKa (A = 0.71073)

20 range for data collection/°4.91 to 54.354

Index ranges A11<h=<11,-14<k=<14,-16 <1516
Reflections collected 12911

Independent reflections 4670 [R,,, = 0.0409, Ry,.,, = 0.0547]
Data/restraints/parameters ~ 4670/0/266
Goodness-of-fit on F* 1.033

Final R indexes [[>=2c (I)] R, = 0.0293, wR, = 0.0514
Final R indexes [all data] R, = 0.0409, wR, = 0.0541

Largest diff. peak/hole / e A32.63/-1.09
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Complex 11

Table 1 Crystal data and structure refinement for Fi-92_a_pl.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

B/e

v/°

Volume/A®

4

Qeu/ e’

w/mm’”

F(000)

Crystal size/mm’

Radiation

Fi-92_a_pl
CrHyuyAu,CLEN,Oq
1311.68

100.15

monoclinic

P2,/n

9.0549(5)
23.7874(14)
21.0134(12)

90

99.6010(10)

90

4462.7(4)

4

1.952

6.764

2536.0

0.33 X 0.16 X 0.07
MoKa (A = 0.71073)

20 range for data collection/°4.288 to 64.134

Index ranges

Reflections collected

Independent reflections
Data/restraints/parameters
Goodness-of-fit on I
Final R indexes [I>=20 (I)]
Final R indexes [all data]

-13<h=<13,-35=k=35,-31 <1=<31

76829
15566 [R,,,
15566/0/617
1.020

R, = 0.0262, wR, = 0.0475
R, = 0.0390, wR, = 0.0507

Largest diff. peak/hole / e A?1.50/-1.30
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Complex 12

Table 1 Crystal data and structure refinement for FI-80_a_pl.

Identification code FI-80_a_pl
Empirical formula C,;H,;AuF,NO;
Formula weight 617.41
Temperature/K 100.15

Crystal system monoclinic

Space group P2,/c

a/A 8.6597(9)

b/A 25.737(3)

c/A 9.7108(10)

o/° 90

g/° 99.250(3)

v/° 90

Volume/A’ 2136.1(4)

Z 4

Oeacg/cm’ 1.920

w/mm’” 6.938

F(000) 1200.0

Crystal size/mm’ 0.07 x 0.07 x 0.02
Radiation MoKa (A = 0.71073)
20 range for data collection/°4.534 to 56.742
Index ranges 11 <h=<11,-34<k<34,-1251<12
Reflections collected 39145

Independent reflections 5331 [R,, = 0.0463, R, = 0.03006]
Data/restraints/parameters ~ 5331/0/282
Goodness-of-fit on F 1.329

Final R indexes [[>=20 (I)] R, = 0.0484, wR, = 0.0868
Final R indexes [all data] R, = 0.0599, wR, = 0.0895
Largest diff. peak/hole / e A3313/-2.88
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Complex 14

Table 1 Crystal data and structure refinement for FI-72-new_a_pl.

Identification code FI-72-new_a_pl

Empirical formula C,sH,sAulF;N, O,

Formula weight 681.46

Temperature/K 100.15

Crystal system monoclinic

Space group P2,/n

a/A 7.7466(11)

b/A 12.1649(10)

c/A 27.101(4)

o/° 90

B/° 98.153(4)

v/° 90

Volume/A’ 2528.1(6)

Z 4

Ocucg/cm’ 1.790

w/mm’ 5.874

F(000) 1328.0

Crystal size/mm’ 0.21 X 0.04 x 0.01
Radiation MoKa (A = 0.71073)

20 range for data collection/° 4.52 to 50.754

Index ranges 9<h=<9,-14<k=<14,-32<1<32
Reflections collected 39829

Independent reflections 4633 [R,, = 0.1008, Ry,,, = 0.0659]
Data/restraints/parameters 4633/24/328
Goodness-of-fit on F 1.397

Final R indexes [I>=20 (I)] R, =0.0674, wR, = 0.1163
Final R indexes [all data] R, = 0.0893, wR, = 0.1205

Largest diff. peak/hole / e A3 1.87/-3.43
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Complex 15

Table 1 Crystal data and structure refinement for FI-70a_a_pl.

Identification code FI-70a_a_pl

Empirical formula C,:Hos55A0, 53F, N, 5,0,
Formula weight 743.09

Temperature/K 100.15

Crystal system monoclinic

Space group P2/c

a/A 15.1382(8)

b/A 12.1805(7)

c/A 20.0502(11)

o/° 90

g/° 98.109(2)

v/° 90

Volume/A’ 3660.1(3)

Z 6

Oeacg/cm’ 2.023

w/mm’” 8.086

F(000) 2136.0

Crystal size/mm’ 0.06 x 0.04 x 0.03
Radiation MoKa (A = 0.71073)

20 range for data collection/°4.31 to 50.274

Index ranges 18 <h=<18,-14<k=<14,-23<1<23
Reflections collected 67318

Independent reflections 6519 [R,, = 0.07306, R, = 0.0418]
Data/restraints/parameters ~ 6519/0/482
Goodness-of-fit on F 1.143

Final R indexes [[>=20 (I)] R, = 0.0536, wR, = 0.1059
Final R indexes [all data] R, =0.0750, wR, = 0.1123
Largest diff. peak/hole / e A33.32/-3.02
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Complex 16

Table 1 Crystal data and structure refinement for FI-69-Cu_a_pl.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

B/e

v/°

Volume/A®

4

Qeu/ e’

w/mm’”

F(000)

Crystal size/mm’

Radiation

20 range for data collection/®

Index ranges

Reflections collected

Independent reflections
Data/restraints/parameters
Goodness-of-fit on I
Final R indexes [I>=20 (I)]
Final R indexes [all data]

FI-69-Cu_a_pl
CosHgeAugF sNO 1
3243.62

293(2)

monoclinic

P2,/c

10.2796(9)
34.310(3)
18.9669(19)

90

100.311(5)

90

6581.5(11)

2

1.637

12.957

3075.0

0.05 x 0.05 % 0.02
CuKoa (A = 1.54178)
5.39 to 73.644

T=h=7,-26=k=206,-14<1=<14

22031
3152 [R,,
3152/0/324
1.112

R, = 0.1222, wR, = 0.3383
R, = 0.1434, wR, = 0.3530

Largest diff. peak/hole / e A2 1.62/-1.03

147
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