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Kurzzusammenfassung

Kurzzusammenfassung

Fir viele Katalysatoren ist die katalysierte Reaktion gut erforscht, wohingegen der
Aktivierungsmechanismus des Prakatalysators weniger gut erforscht und oft unbekannt ist.

In dieser Arbeit werden verschiedene synthetische und spektroskopische Methoden beschrieben, die
in Kombination mit theoretischen Rechnungen einen Einblick in Aktivierungsmechanismen von

bekannten Komplexen liefern.

Die Kohlenstoffmonoxiddehydrogenase (CODH) ist ein Enzym mit Molybdan im aktiven Zentrum, das
zur Familie der Xanthin-Oxidasen gehort. Es wird in anaerobischen Bakterien gefunden, die ihren
gesamten Energie- und Kohlenstoffbedarf durch Kohlenstoffmonoxid decken. Das aktive Zentrum der
CODH enthalt ein bimetallisches Molybdan- und Kupfer-Zentrum, wobei beide Metalle durch einen
Mo-Suflid Liganden verbriickt ist. Die Rolle des Kupferatoms ist nicht abschlieRend geklart und die
Synthese von biomimetischen CODH-Komplexen, die die exakte Koordinationsgeometrie des aktiven
Zentrums nachbilden, war bisher nicht erfolgreich. Die Synthese und Charakterisierung des
biomimetischen CODH-Vorliuferkomplexes der Form Mo"(®L),(SSiR;R’); mit 2-Iminopyrrolato
Liganden bietet einen Startpunkt fir die Synthese eines Komplexes, der das aktive Zentrum der CODH
nachahmt. Die olige, nicht feste Natur dieser Komplexe stellte eine Herausforderung fir die
Strukturaufkldarung da. Diese Herausforderung wurde mittels
2D-Kernspinresonanz-(NMR)-Spektroskopie sowie Dichtefunktionaltheorie (DFT) Rechnungen
Uberwunden. Cyclovoltammetrie (CV) zeigte, dass eine irreversible Oxidation stattfindet. Die versuchte
Spaltung der S-Si Bindung mit Selectfluor und die darauffolgende Behandlung mit NaOMe fiihrte zu
einem Signal in der UV/vis Spektroskopie, das einer neuen Verbindung zugeordnet wurde. Obwohl
keine Verbindung des Typs Mo"'(®'L),S, nachgewiesen wurde, konnte diese theoretisch berechnet

werden.

Acyclische (Aryl)(Amino)Carben Gold(l) Komplexe wurden von _ aus der Gruppe von
Prof. Dr. _ an der Witwatersrand-Universitat synthetisiert, charakterisiert und
erfolgreich in der Katalyse eingesetzt. Darauf aufbauende von mir durchgefiihrte CV-Experimente
halfen bei der Wahl eines passenden Oxidationsmittels fiir die Ein-Elektronenoxidation der ferrocenyl
substituierten Gold(l) Komplexe. Die Oxidation erzeugte ein Elektronenspinresonanz (ESR) Signal, das
einer Gold(ll)-Spezies zugeordnet wurde. Stopped Flow UV/vis-Experimente bei tiefen Temperaturen
bestdtigten, dass eine schnelle initiale Oxidation der Gold(l) Komplexe am ferrocenyl Rickgrat
stattfindet. Durch temperaturabhangige ESR-Spektroskopie wurde die Aktivierungsbarriere der
darauffolgenden Valenzisomerisierung der oxidierten Gold(l)/Eisen(lll) Komplexe hin zu
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Gold(ll)/Eisen(ll) Spezies bestimmt. DFT-Rechnungen lieferten weitere Einblicke in die Molekdilstruktur

dieser katalytisch aktiven Spezies und in den Prozess der Valenzisomerisierung.

Theoretische Rechnungen der Di-substituierten ferrocenyl Fischer Gold(l) Komplexe lieferte Einblicke

in die Struktur dieser Verbindungen. Die positive Ladung der ersten Oxidation ist Uber beide

Gold-Atome verteilt, wahrend die zweite Oxidation am Ferrocen-Riickgrat des Komplexes stattfindet.

Vi



Abstract

Abstract

For many catalysts, including enzymes, the catalyzed reactions are well known, while often the
activation mechanism is unexplored.
This work describes different synthetic and spectroscopic methods, as well as theoretical approaches

to gain insight into activation mechanism of known complexes.

The carbon monoxide dehydrogenase (CODH) is a molybdenum containing enzyme of the xanthine
oxidase family. It is found in aerobes, a class of bacteria who are supplying their whole energy and
carbon need through carbon monoxide. The active center of the CODH consists of a bimetallic
molybdenum and copper center, bridged by a u,-suflide ligand. The role of the copper atom is not
entirely clear and the synthesis of CODH mimicking complexes resembling the exact coordination
geometry of the active center has not been successful. The synthesis and characterization of
biomimetic CODH precursor complexes of the form Mo'"(®YL),(SSiR2R’), with 2-iminopyrrolato ligands
offers a staging point for the synthesis of a CODH mimicking complex. The non-solid but oily
appearance of these complexes proofed challenging to characterization attempts. The challenge was
overcome relying extensively on 2D-nuclear magnetic resonance (NMR) spectroscopy and density
functional theory (DFT) calculations. Cyclic voltammetry (CV) experiments unraveled an irreversible
oxidation taking place. Cleavage of the S—Si bond with Selectfluor and subsequently NaOMe yielded
the appearance of a new species detected via UV/vis spectroscopy. Although no species of the type

Mo"(*®L),S, was isolated so far, theoretical calculations gained insight into the geometry of it.

Acyclic (aryl)(amino)carbene gold(l) complexes were synthesized, characterized and applied in
catalysis by _ of the group of Prof. Dr. _ at the university of the
Witwatersrand, in Johannesburg, South Africa. CV experiments conducted by me aided in finding a
suitable oxidant, which was used in the one electron chemical oxidation of the ferrocenyl substituted
carbene gold(l) complexes. This yielded an electronic paramagnetic resonance (EPR) signal, which was
assigned to a gold(ll) species. Stopped flow UV/vis-experiments at low temperatures confirmed a fast
initial oxidation, while temperature depending EPR spectroscopy gained insight into the activation
barrier of the subsequent valence isomerization of the oxidized gold(l)/iron(lll) species towards a
gold(ll)/iron(ll) species. DFT calculations delivered further insight into the geometry of these

catalytically active species and shed light onto the valence isomerization process.
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Theoretical calculations of the di-substituted ferrocenyl Fischer gold(l) complex yielded insights into
the structure. The positive charge after first oxidation accumulates at both gold atoms, while a second

oxidation takes place at the ferrocenyl backbone of the complex.
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Introduction

1 Introduction

1.1 Gold complexes as catalysts

For a long time, the noble metal gold was considered to be unreactive and thus not interesting for
catalytic applications.[*"?! Early examples of olefin gold(l) complexes with weakly coordinating anions
are known since the late seventies which were unreactive in catalysis.® In 1986 /to and coworkers
presented a first example for the application of gold(l) in catalysis. The addition of isocyanides to an

aldehyde was catalyzed by an in situ formed chiral gold(l) complex (scheme 1).14/!

R  CO,Me
0 [AULIBF, (1 mol%) 2
RCHO + Z - L=
\o)k/N CH,Cl, , 25 °C o N
N4

Scheme 1: Gold(l) catalyzed addition of isocyanides to an aldehyde presented by /to.1*/!

Back then the work from /to was considered as just an “exception that proved the rule” considering
gold complexes as unreactive.®! This paradigm shifted with a seminal publication from Teles and
coworkers in 1998. They presented a cationic gold(l) complex, that catalyzed the addition of oxygen
containing nucleophiles to acetylenes (scheme 2).7”! The catalyst is formed in situ through protonation
of the pre-catalyst 1 with methyl sulfonic acid, which functions as co-catalyst. It already was known,
that gold(lll) halide catalysts such as NaAuCl, perform the same reaction, but suffered from
deactivation through reduction.!® Utilizing the less nucleophilic counter ion mesylate instead of
chloride, alongside a cationic gold complex was the crucial advancement achieved by Teles.”®! The
catalyst performed with exceptional turnover numbers (TON), several orders of magnitude higher
compared to the previously used mercury(ll) catalyzed process.® Internal alkenes are attacked at the
sterically less hindered position under formation of a ketal 2, with the formation of the corresponding

enol ether 3 as side product. Propargyl alcohol dimerizes and forms a cyclic ketal 4.



[\
__/ AuMe(PPhy) 1.H' 4 4 o7
\ MeOH, 40 °C M
2 3

AuMe(PPh;) 1, H* o~

Ph—==—Ph
MeOH, 40 °C .
e ’ Ph)\’ Ph
OMe
AuMe(PPh,) 1, H* O
OH Au 3) 1, _ j’
/ MeOH/ Dioxan, 55 °C w--l:O
OMe 4

Scheme 2: Examples for the addition of methanol to alkynes, the catalyst is prepared from AuMe(PPhs) and

methanesulfonic acid.!”!

The reaction introduced in this paper to generate catalytic active gold(l) species, was applied by
numerous authors, was used in a plethora of examples and is still used today in gold(l) catalysis./°}-*%
This general reaction starts with complexes of the form Au(L)X, which function as pre-catalysts.
Important for the reaction are a good solubility of the pre-catalyst in common organic solvents and an
adequate stability.[*?! The catalytic active species [AuL]* is then generated in situ. Since the ligand (L)
needs to stabilize the catalytic active complex cation, it is electron donating e.g. a phosphane or a
N-heterocyclic carbene (NHC). X is either covalently bound, like in the Teles example, or an anion.”! To
generate the catalytic active [Aul]® cation the pre-catalyst needs to be activated. This is done by
exchanging X with a weakly coordinating ion.!*? One way to remove covalently bound X is the use of
strong acids.”? When X is a halide, silver salts with poor coordinating anions like AgBFs, AgSbFs, AgOTf
are used, since the silver halides are insoluble and easily separated through filtration.” This method
to generate catalytic active [AuL]* cations has downsides, too. One problem concerning solutions with

[AuL]* cations is their short-term stability which prevents storage.!*?

1.1.1 Exploring the scope of gold catalysts

Over the years the field of gold catalysis has expanded rapidly. Nowadays gold complexes have been
reviewed heavily and are employed in numerous different types of catalytic reactions.®/10V131-16] The
most common substrates contain C—C-multiple bonds, however the activation of substrates with
C=0-bonds is known as well.[?V14

Reactions between activated gold complexes and alkynes show a higher reactivity than with alkenes.
Interestingly, activated gold complexes do not prefer coordination to C=C- over C=C-bonds as shown
in *H-'H-NOESY experiments on enyne substrate 5 at 223 K (scheme 3).1*”) For alkynes, the electro- and
nucleophilic attacks are more favored, compared to alkenes, which ultimately determines the higher

reactivity of gold complex towards alkyne containing substrates over alkene containing one.*7/118]
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MeO,C
MeO,C _
== [Aul fBut E —ISbFa
MeO,C -
IVI:OEC [Au] [Au] = P—Au—NCMe
2 — ]
- = -
5 MeO,C
MeO,C -

Scheme 3: An activated gold catalyst binds equally to alkyne and alkene functions of the enyne substrate 5.1”!

The cyclisation of N-propargyl amides to oxazolines is commonly used to determine the reactivity of
gold(l) complexes. 22 This reaction also gives information about the oxidation state of the gold
center during catalysis: while gold(l) catalysts transform N-propargyl amides to oxazolines, oxazoles

are the end product of gold(lll) catalysts (scheme 4).[231124]

(@]
O% Aucat. L Au'll cat. O§
R/L\N R ”/\\\ R/{\\N

Scheme 4: The product of the N-propargyl amide cyclization is determined by the oxidation state of the gold

catalyst.[23124)

The following mechanism leads to the cyclisation of N-propargyl amide (scheme 5). After activation of
a pre-catalyst, the gold(l) complex binds to the alkyne in a m-type fashion (scheme 5, 1.).1%°
Withdrawing electron density from the alkyne, leads to an elongated C-C triple bond, which is
confirmed through infrared (IR) spectroscopy.”® The intermolecular carbonyl group attacks the
activated alkyne as a nucleophile (scheme 5, 2.). Tautomerization (3.), deprotonation (4.) and
subsequent de-auration (5.) conclude the catalytic cycle and release the oxazole while regenerating

the activated gold(l) complex.



[Au'] precatalyst

activation ji
R N
[Au] 0 N
1.
j\ [Au]
IU
RN
H
G
) E/\[AUJ@
2.

Scheme 5: The catalytic cycle of a gold(l) catalyzed cyclisation with N-propargyl amide as substrate.[?®!

1.1.1.1 Hydrohalogenation

Hydrochlorination of acetylenes was first discovered 1976 by Thomas as a side product of the oxidation
of the same substrate with chloroauric acid.?”? Chloroauric acid catalyzed the oxidation of phenyl
acetylene in an aqueous methanol solution. The ketone 6 was obtained as major product (38 %) with

ether 7 and vinyl chloride 8 as byproducts (each < 5 %) (scheme 6).14

~
o) o) cl
Z [AUCIH (7 mol%)
> +
H,O / MeOH "
6 7 8
38 % <5% <5%

Scheme 6: Oxidation of phenyl acetylene in the presence of chloroauric acid, with hydrochlorination side product

8.

The role of gold as catalyst was not discovered until 1985, when different metal chlorides supported
on a carbon surface were tested as catalyst and gold(lll) turned out to be the most active metal chloride

tested in the vapor phase reaction to form vinyl chloride monomers through the hydrochlorination of
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acetylene.” A detailed study of the reaction mechanism revealed the anti-addition of HCl, forming

the anti-Markovnikov product 9 (scheme 7).%°!

Cl

C
/_H cl, H, 7
N =
A1 / N
H™, D H[ D cl, . H
o T l - ‘Al D
\ | Cl,, Cl cl”
cl., ' .Cl AU |
LT N ~ CI
JAu c” a
c” cl l
H, D “
=
cl CI” 7N\
cl,, .Cl H, 7 cl, A H
Au + ' -~ u
cl” ci Dr\H clv ci
9

Scheme 7: Proposed reaction mechanism for the hydrochlorination of acetylene with DCI.1*!

The conversion rate correlates with the bulkiness of the alkyne, with internal alkynes e.g. hex-2-yne
being least reactive (<2%). A mechanism involving a simultaneous coordination of both alkyne and HCI
to the gold center was ruled out through DFT calculations.!?®!

The hydrofluorination of acetylenes with a NHC gold(l) fluoride catalyst leads to the trans product.
Interestingly, the intermediary fluorovinyl gold(l) complex 10 was isolated and stable enough for
investigations through X-ray diffraction (XRD) (scheme 8).5% The complex Au(O'Bu)(SIPr) (SIPr =1,3-
Bis-(2,6-diisopropylphenyl)imidazole-2-ylidene) or the combination of the complex AuCI(SIPr) with
AgBF, both lead to catalytic active species. Best results however were obtained with the bulkier and
less electron-rich NHC-ligand 4,5-dichloro-1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene with
addition of a mild HF source. The scope of this reaction includes dialkyl-, diaryl-, and aryl/alkyl- or

thienyl/alkyl-substituted alkynes (scheme 8).E%

Ar
N
F [ »—Au—O0
_ N 2.5 mol%
n-CgHq3 Ar
ﬁi PhNMe,*HOTf, 10 mol% F-_n-CgHi3
Et;N3HF / KHSO,
/ CH,Cl, tt, 18-30 h, 74% ]
S \
— Ar = 2,6-(i-Pr),CgH3
10

Scheme 8: Left: fluorovinyl gold(l) intermediate 10, right: Au catalyzed hydrofluorination.[*?30



1.1.1.2 Hydroamination

The addition of aniline derivatives to aromatic and aliphatic alkynes is feasible with the gold(l) catalyst
introduced by Teles after activation with an acid promoter under solvent free conditions.* The best
results were achieved with heteropoly acids with nearly quantitative vyields or with
trifluoromethanesulfonic acid. A turn over number (TON) of up to 9000, with respect to the Au content,
and near to 90% yield were achieved with AuMe(PPhs) as precatalyst (0.01 mol%) and H3PW1,04 as
acid promoter (0.05 mol%).3Y Anilines with electron-withdrawing substituents such as bromo-, cyano-
and nitro-groups in trans position to the amino group were used in this case. Electron withdrawing
substituents and steric hindrance in the aniline derivate did not hamper the activity, however aliphatic
amines were unreactive. Internal alkynes are less reactive probably due to steric hindrance

(scheme 9).53Y

AuMe(PPhs) 0.01-0.5 mol% R/\W R2

Acidic promoter 0.05-1 mol% NR
Ri———R;, + HoN-R; 3
solvent free, 70°C +
R, = alkyl, aryl NR5
R, = H, alkyl R
R; = aryl R1)k/ 2

Scheme 9: Solvent free gold(l) catalyzed hydroamination of alkynes with anilines.!

1.1.1.3 Hydroalkoxylation

The most prominent example for hydroalkoxylation of alkynes is the above mentioned reaction
between methanol and various alkynes, published by Teles.[”? Countless other examples are known,
including intramolecular hydroalkoxylations and the use in natural product total synthesis

(scheme 10).132133]

o~ AuCI(PPh;), AgSbFg
PhMe, H,0, 40°C O OH
OH - - '

4

Iz

NsHN
11

Scheme 10: Gold(l) catalyzed hydroalkoxylation step in the total synthesis of andrachcinidine 11.533%!

1.1.1.4 Hydrogenation

Since the middle of last century, it is known that gold surfaces are able to activate hydrogen. Couper
and Eley converted para-hydrogen to ortho-hydrogen on a palladium/gold alloy surface.’3* B3> Another
example of a reaction on a gold surface is the hydration of olefins at temperatures above 200°C on

Si0,, y-Al,03 or MgO surfaces impregnated with HAuCl,.1361-381
6
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Ito and Sawamura demonstrated that gold not only actively catalyzed heterogenous hydrogenation
reactions, when they reported an interesting example of a homogeneous gold catalyst. They used an
Au'Cl(Xantphos) complex 12 and HSiEts, to catalyze the dehydrogenative silylation of alcohols with high
chemoselectivity and solvent tolerance.® They were able to selectively silylate the steroid derived
substrate 13, while a plethora of functional groups was tolerated. Later studies revealed a mechanism,

that involves a gold(l) hydride species 14 as key intermediate (scheme 11).[28140]

o OH

Et;SiH  Et3SiCl

CLO L L0

DMF, CHCl3

Ar,P PAr.
i S 50°C, 6 h

Arzp\A - PArZ

12 Cl 1 mol% H

7
" o 7
o

HCI Ar2 P\ - PArz
Ay

Scheme 11: Reaction mechanism of the gold(l) catalyzed dehydrogenative silylation of substrate 131181401

1.1.1.5 Oxidation

The majority of gold catalyzed oxidations are heterogeneous.®''® Gold supported on different
surfaces, such as silica,!*" carbon!*? or even Ce0,** was successfully used in the oxidation of sugar,!*?
alcohols!*%3! and various hydrocarbons.*y Gold nanoparticles proved to be active in a variety of
oxidation reactions, t00.*"*1 Not only in heterogeneous reactions, but also in homogeneous
reactions gold complexes were catalytically active.*®! The noble metal gold has a high oxidation state

stability, which is an advantage when combined with mild oxidants.*®! Gold(l) and gold(Ill) complexes

7



have been used as catalysts to oxidize a variety of substrates, alongside different oxidants, such as
sulfoxides,*’ N-oxides® and other oxygen based oxidants (scheme 12).51-531 When gold(l) complexes
are paired with strong oxidants however, they tend to be oxidized to gold(lll) species, which
subsequently undergo reductive elimination.*® Selectfluor® or hypervalent iodine reagents®®! are

examples for oxidants strong enough to oxidize gold(l) to gold(lll).

AuCI (5 mol%)
OH | (6.3 mol%) o .
N N

toluene, O,, 90°C O

Scheme 12: Gold catalyzed oxidation of benzyl alcohol to benzaldehyde. !>

1.1.1.6 Gold in cross coupling reactions

Oxidative addition, migratory insertion, transmetallation and reductive elimination are key reaction
steps in cross-coupling reactions to generate C—C bonds with transition metal catalysts.””! Nickel,!>®
copper® and most prominently palladium® complexes are typically used in cross coupling reactions
and the associated mechanisms are well understood.!*®! For gold complexes especially the oxidative
addition proved to be a problematic step, due to the high redox potential of the Au'/Au" pair,
compared to the isoelectronic Pd’/Pd" couple.®™) However it is possible to use gold in cross coupling
reactions, albeit with implementing auxiliary steps compared to palladium cross coupling reactions
and several strategies have emerged to overcome these challenges.[*®1%2 One strategy to oxidize Au'
to Au" is the addition of a sacrificial oxidant e.g. Selectfluor’® or hypervalent iodine species® (vide
supra). Oxidant free methods rely on a photosensitizer, e.g. [Ru(bpy)s:]** in order to facilitate the
photochemical oxidation towards gold(l11),®® or on rational ligand design to lower the required energy
for a direct oxidation.!®* Examples of direct oxidative addition without oxidant, light or special ligand
design have emerged.®°'%¢! pqgtjl used aryldiazonium salts with various organostannanes in a gold
catalyzed cross coupling reaction (scheme 13).16¢!

AUCI(PPhs) (7 mol%)

R=SnBu;  +  (AM)BFa)  oeN 60 °C g R—Ar

T reductive

elemination
R-SnBus Au/Sn R
; ArN>)(BF [

. transmetalation Au(PPhs)(R)( 2)(BF4) PhyP-Aul—R
AuCI(PPhs) Au/AU" ,Lr
oxidation

Scheme 13: Gold catalyzed cross coupling reaction, using aryldiazonium salts and organostannanes.©?
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1.1.2 Activating Gold(l) complexes

1.1.2.1 Problems related with silver salt activation

As above mentioned gold(l) complexes need to be activated in order to be catalytically active, which is
often done with strong acids or silver salts.”'°'1121 Especially silver salts tend to have a range of
problematic abilities. Silver salts are expensive, light-sensitive, have a poor solubility in several
important organic solvents, high adsorptive properties and are easily reduced to metallic silver.*2/67]
The high metallophilic attraction of gold and silver in their low oxidation states towards each other
opens a path to side reactions of the precatalyst with the dehalogenation agent and further hinders
the complete silver removal.[%®172 Another problem is the non-innocence of silver(l) salts in catalytic
reactions. Several reactions, that were thought to be genuine gold catalyzed, show different selectivity
depending on the presence of silver salts, or have no turnover at all when silver salts are omitted
(scheme 14, 1.).! It is even possible to combine both metals in cooperative silver/gold catalysis and
in some cases both metals catalyze the same reaction (scheme 14, 2.)."7475] Examples of the inhibition
of gold catalyzed reactions with silver salts have been reported, according to the authors this is due to

the interaction with gold intermediates./”®

1 Ph cat.
Ph@
/W CH,Cl, rt
only gold only silver

cat. 1% [Au(PPhs)]BF, 5% AgBF,

Au + Ag

1% AuCI(PPh3)/AgBF, 1% [Au(PPh3)]BF,4
+ 1% AgBF,

yield 4h, 0% 4h, 0% 10 min, 95% 30 min, 92%
OAc |
: -,
- i 'Pr
N .
N CH,Cl, rt oAc |
Bu 2~72, Bu Pr N
JPr= i ]
only gold only silver Au + Ag ipr N
cat. 2% [Au(IPr)]BF 4 5% AgBF, 2% AuCI(IPr)/AgBF 4 Gipr
yield 10 min, 87% 6h, 83% 10 min, 90%

Scheme 14: 1. Example for a catalytic reaction, where only the combination of gold and silver yield a product,”?

2. example for a catalytic reaction, where also the silver salt is catalytically active.73771078]

Since solutions with activated [AuL]* cations and poor coordinating anions such as BF4~, SbFs~ and OTf~
are not long term stable, other anions were investigated.'? Reacting equimolar amounts of AuCl(L),
(L =NHC or Ph3P), and AgNTf, (NTf = Bis(trifluormethanesulfonyl)imide) in CH,Cl, at room temperature

yields complexes of the form Au(L)(NTf,) which are long term stable under air and moisture and are



easily purified by crystallization.*"8% Even though Ag is used in the activation process, this class of
catalysts introduced by Gagosz ensures a silver free catalysis and has successfully been used in several

examples. (1210

1.1.3 Strategies for silver-free activation of gold complexes

Over the years many different approaches to omit silver salts as activating agent have emerged in gold

chemistry.

1.1.3.1 Using polar solvents

Water as solvent gives the advantage of catalytic active complexes without the need of external
activation. Neutral complexes of the form AuCl(L), L = NHC or phosphane, show moderate activity in
aqueous solutions.® In order to get gold complexes water soluble, ligands with cationic moieties need
to be used, such as alkyl sulfonates,®? zwitterionic complexes!®® or ammonium groups.'®* Even simple
gold complexes of the form AuCI(IPr) are catalytically active in a MeOH/water mixture and catalyze the
hydration of terminal alkynes (scheme 15, 1.).8" Next to gold complexes bearing NHC ligands also
complexes bearing PMes as ligand are catalytically active in water.®® Complexes of the form
AuCl(PMes) catalyze a tandem addition/cyclization of terminal alkynes with o-alkynylaryl aldehydes in

a water/toluene mixture in the presence of i-Pr,NEt (scheme 15).15]

1. [AuCI(IPr)] 0.5-1 mol% O

R——— + Hzo - )K
MeOH/H,0O (2:1), 110-120 °C, 6-12 h R
89-99% yields

Ph
2. Q Ph [AuCI(PMe;)] 5 mol% Il
H i-Pr,NEt 20 mol%
| - o}
H,O/toluene (1:1), 70 °C, 1 d
X Z>ph
Ph
81% vyield

Scheme 15: 1. Gold catalyzed hydration of terminal alkynes in water without activation of the catalyst,®? 2. gold

catalyze tandem addition/cyclization of terminal alkynes with o-alkynylaryl aldehydes in water without activation

of the catalyst. 81118

In these reactions water not only is a solvent but also functions as educt, which is troublesome in other
reactions if it is not desired.’®8] Other problems using polar solvents to activate gold(l) catalysts are

solubility related, limiting the choice of catalysts and substrates.
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1.1.3.2 Using alternative metal salts

Metal salts, other than silver salts, are also able to activate gold(l) complexes for catalysis.”? A plethora
of metal salts were successfully used in the activation of gold(l) catalysts such as the triflic salts of Ga",
Y"1 cu!, cu, In", Bi", Zn" and In(NTf,)s.B7 88 Next to heavy metal salts, alkali metal salts with
non-coordinating anions such as NaBArf, or KPF¢ are also suitable activators for gold pre-catalysts.[~
B The first example of activating gold(l) complexes with alternative metal salts was reported by Shi,
who used Yb(OTf)s as activator in the cyclization of epoxy alkynes.? The metal salts not only activated
the gold catalyst, but also functioned as co-catalyst. Yb(OTf)s as activating agent produced higher yield,
compared to catalysts activated with AgOTf.®2! Zn(ClO,), was successfully used as activating agent in a
gold(l) catalyzed tandem hydroamination-annulation reaction of 4-yne-nitriles and also delivered
higher yields than parallel experiments with AgSbFs used for activation.®®

The Cu' and Cu" salts are the most interesting alternative metal salt activators and are even used in
gram-scale reactions, because they offer advantages at higher temperatures over silver(l) salts.[°*"1°°!
At elevated temperatures the activated gold complexes tend to decompose to nano particles which
are visible as a purple colored solution and subsequently decomposition to a gold(0) mirror which
deactivates the catalyst. Silver salts convert gold complexes instantly and quantitatively to the active
form [Aul]*, which is exposed to the harsh conditions at elevated temperatures and rapidly
decomposes into gold(0) and catalytically inactive [AuL;]* species.®® Cu" salts however activate the
gold pre-catalyst reversibly in a slow way, so that a low catalyst concentration is maintained while the
temperature stable pre-catalyst functions as reservoir for the active species (scheme 16).54.1%!

1. Cu(OTf),

AUCI(PPh3)] ~—==— [Au(PPh;)]OTf + CuCI(OT
[AuCI( 3)]—Cu(OTf)2[u( 3)]OTf + CuCI(OTH)

o O [AUCI(PPhs)] 0.1 mol% o O
Cu(OTH), 10 mol%

NHBn > NHBn
toluene

x 110 °C, 1h

100%

Scheme 16: 1. reversible activation with Cu(OTf)2,®4 2. copper(ll) activated and gold catalyzed intramolecular

hydroalkylation of alkenes.?®

One disadvantage shared by all metal salts is the high molar amount needed for the activation, which
is often up to 10 mol%.!*”! On the contrary only an equimolar amount of silver salts is needed to

activate gold complexes.”

11



1.1.3.3 Halogen-bond donors

Metal free activation is achieved by using halogen bond donors for the activation of gold pre-catalysts.
A halogen bond donor, such as an iodonium salt, forms a halogen bond with the chloride atom of the
gold pre-catalyst, withdrawing electron density from the chloride and subsequently the gold center,
activating it for catalysis.®”! Hints towards the formation of an equilibrium of the pre-catalyst with, the
proposed active species [Au(PPhs),]* is found by 3!P-NMR-spectroscopy. Possible activation with

[BArf4] and molecular iodine was ruled out through further experiments (scheme 17).°7)

1. 1 R2_| BArF,

e oW e We il
N N | F
® @
O O , ;'\ CF3)¥N F
¥ R I I \
F F

N F
/ 1
CBH17 ! CBH17
R'=R?=H |
R'= Me, R?= H : ! '
R'=R2= Me !
Y F F
3. o activator 2 mol%
)J\ [AUCI(PPh3)] 2 mol% o
Ph” "N =
N CcDClh t,3h Ph)\N
92 %

Scheme 17: Compounds as halogen bond donors. 1. iodonium salts,®”%% 2 jodofluorobenzenes,®® 3. catalyzed

reaction with iodonium salt as activator.®”]

1.1.4 Self-activating gold(l) chloride complexes

1.1.4.1 Activation by intramolecular chloride transfer

Similar to the above mentioned activation of gold(l) chloride complexes through an intermolecular
halide bond, self-activation through an intramolecular hydrogen bond is feasible. In a prove of principle
reaction Gabbai used a phosphane ligand with a secondary amine in close proximity to the gold(l)
chloride unit.?% In the solid state two units of the complex 15 are held together through hydrogen
bonding between the NH group and a chloride of a second complex (scheme 18). The interaction is
accompanied by aurophilicinteractions of the central atoms. In solution, pulse gradient spin-echo NMR
spectroscopy pointed to an equilibrium between the monomer 15 and the dimer of the complex. The
complex was only moderately active in catalyzing the cyclization of N-propargyl benzamides, with a
conversion rate of up to 53% after 24h of reaction time, but proofed the method of activation through

hydrogen bonding feasible.”
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Cl
A Au 15 5 mol%
N - ~

x
CH,Cls, t, 24 h N
MeO 53 %
15

Scheme 18: 1. self-activating gold(l) complex by Gabbai and 2. catalyzed reaction.?%!

Incorporating the same activation method into a carbene ligand let to a better catalytic activity of the
activated gold(l) complex 16 as demonstrated by Helaja, reaching full conversion after 3 hours with a
lower catalyst loading compared to the reaction presented by Gabbai.*® DFT calculations point
towards a dual NH bridge formation between each the complex and the substrate with the chloride,
which is not coordinating the central gold atom anymore, freeing up a coordination site on the later

for substrate coordination (scheme 19).

16 N

n-complex (transition state)

’ j\ 16 1 mol% O’/é
mol“e
Ph” N7 Ph/@N

N
H N CD,Cl,t, 3h

95 %

Scheme 19: 1. self-activating complex by Helaja and 2. DFT calculated m-complex state.[*%0)

Echavarren then incorporated bidentate H-bond donors into a ligand scaffold for the activation of
gold(l) complex 17 and screened a variety of phosphane ligands for their activity in gold(l) catalyzed
reactions.!*®¥ They found a correlation between H-bonding ability of the ligand and catalytic activity of
the complex 17, which led to the conclusion that H-bonding indeed aids chloride abstraction from the
gold(l)-Cl fragment (scheme 20, 2.). The proposed catalytic cycle, unraveled by kinetic and
computational data, suggest the protodeauration to be the turnover-limiting step.l**) The H-bond
donation not only self-activates the complex 17, but also forms H-bridges with the carbonyl group of

the substrate.
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1. Ph 2. R
Ph Oﬁ/ 7
P—Au—Cl
~— N\
H ! '
I \ ' ® NS

N— Au cl
N\_/ Ar \ ,, \\

Ph-p H

- H
Ph ‘
17 @ N_ N~ar

n-complex (transition state)

Scheme 20: 1. self-activating gold(l) complex by Echavarren, 2. coordination of a substrate with complex 17

forming a m-complex transition state.1%!

In a separate work the same group further explored the enantioselective catalysis with ligands bearing
bidentate H-bond donors.[*°? The afore mentioned activation of gold(l) complexes by dual H-bridge
formation was adjusted in a way, that the H-bridges do not aid the self-activation of the complex, but
stabilize an ion pair of the gold(l) complex with the chiral counter ion of a silver salt. This silver salt
activates the gold complex via classical chloride abstraction. They combined an achiral
Johnphos-derived phosphano urea gold(l) chloride complex 18 (Johnphos = (2-biphenyl)di-tert-
butylphosphane), bearing the bidentate H-bond donor, with a chiral BINOL-derived phosphoramidate
Ag' salt 19 (BINOL = [1,1'-binaphthalene]-2,2'-diol), which resulted in complexes which performed
enantioselective catalytic reactions with high yields and high enantiomeric ratios (scheme 21, 1.).1102

Marinetti & Guinchard used a similar approach on enantioselective gold(l) catalysis. They tethered a
gold(l) complex via a chiral BINOL-derived phosphane ligand to a phosphate counter ion.'! The
self-activation then occurs through weakly basic nucleophiles, abstracting HCl from complex 20
(scheme 21, 2.). The phosphate subsequently coordinates the gold(l), resulting in the stabilization of
the catalytically active species 21. Gold(l) is no longer coordinated linearly, but in a slightly bend
fashion (P-Au-0 angle: 160 °), which results in an energetically higher laying species and facilitates

substrate coordination.®”
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2.

Scheme 21: 1. Example for a prochiral gold(l) complex 18 and a chiral silver salt 19,[°% 2. self-activating gold(l)

complex 20 and activation by basic HCl abstraction, forming the transition state 21.11%]

1.1.4.2 Activation by positively charged ligands

A new way to activate gold(l) complexes is the incorporation of g-acceptor ligands behaving as Lewis
acids into gold(l) complexes. The ligand receives electron density from the metal center, which
increases its electron withdrawing capability and tweaks the catalytic activity of the complex.[67+104]
The importance for a ligand design, which brings the Lewis acidic ligand site in close proximity of the
gold(l) center 22.11%! A complex synthesized by Gabbai implements this by positioning a Lewis acidic
Sb"' atom in close proximity to the gold(l) center (scheme 22, 1.). Natural bond orbital analysis as well
as XRD analysis revealed only limited Au-Sb interactions. The interaction however was noticeable
experimentally. The addition of PPh; let to the full abstraction of the gold bound chloride by the
auxiliary antimony, while the new introduced PPhs-ligand occupied the free coordination site at the
gold(l) center. During catalysis a similar activation takes place, with the role of the PPhs-ligand filled by
the substrate (scheme 22, 2.). The functionality of the system was demonstrated, however it was

inferior to the Gagosz complex (see above).[*%!
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Scheme 22: 1. Gold(l) complex with an auxiliary antimony group for self-activation, 2. proposed m-complex with

a substrate during catalysis, 3. catalyzed reaction.[*%!

Tauchert pursued a similar approach by using a metalloligand with positively charged Lewis-acids to
stabilize the Au-metal bond (M = Ag*, Cu*, Zn%). The Au/Zn complex was highly active in the cyclisation
of N(2-propyn-1-yl)benzamids. For activating the complex, chloride scavengers (X =Cl) or weakly
coordinating anions (X = OTf, NTf,) were still necessary (scheme 23, 1.).12%!

In another example from the same group, they use xanthylium, acridinium or fluorenyl cations
juxtaposed to the gold center for a similar activation of the gold(l) center.!!?”-10% The negatively
charged carbenium center acts as strong c-acceptor with a low lying empty p«-orbital. The addition of
chloride to the system let to the oxidation of the gold center to gold(lll) and a subsequent coordination
to the carbenium center. A likewise activation of the gold center during catalysis is estimated
(scheme 23, 2.).

\

1. | 2.

N

-N X

’/ Q o IBF X Q Cl |8,
% sub >~

|
Au =<— sub.

\ \\ A|u — T = |
Ph——IP_AU_‘R—-Ph PPh2 PPhZ
Ph x/ Ph

M = Ag*, Cu*, Zn?* X =0, NMe
X = Cl, OTf, NTF,

Scheme 23: 1. Complexes with incorporated Lewis acids by Tauchert,[1%! 2. self-activating gold(l) complex with a

carbenium incorporated into the ligand and proposed activation mode during catalysis. 67107

1.1.4.3 Activation through oxidation and redox-switchable catalysis

In order to establish an activation through oxidation, a redox-active unite must be introduced into the

ligand coordinating the gold(l) center, which oftentimes is a ferrocenyl group.'® Oxidizing the redox
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active ferrocenyl moiety with a suitable oxidant leads to a more electron-withdrawing ligand and
subsequently increases the electrophilicity of the gold(l) center, enabling catalysis.

Sarkar synthesized heterobimetallic Au/Fe complexes with a pendant ferrocenyl backbone 23a,b
(scheme 24).1**Y The oxidant acetylferrocenium tetrafluoroborate activated the complexes which were
able to catalyze the cyclization of N-propargyl benzamide, whereas the neutral forms showed no
conversion after 5h.'% Through spectro-electrochemical measurements the reversibility of the
oxidation was proven and calculations of the oxidized forms of 23a,b revealed the spin density
distributed on the ferroceniumyl moieties and not on the gold(l) center.

The same group also synthesized mesoionic gold carbene complexes with different ferrocenyl to gold
ratios (2:1 24 and 1:2 25a,b).1?!) These complexes were reversibly oxidized similar to complexes 23a,b
at the ferrocenyl moieties, which was confirmed through CV experiments, UV-vis measurements and
DFT calculations. By synthesizing the respective iridium-carbonyl complexes, the donor abilities of the
ligands were determined. This was done by determining the Tolman electronic parameter (TEP) of the
ligands by measuring the CO stretching frequencies via IR.[**? The ferrocenyl triazolylidene ligand of
complex 24 changes from being better donating than imidazoline-2-ylidene NHCs in their neutral form,
to being as electron poor as tricyclohexyl phosphane ([24]*: TEP = 2056.9 cm™). A second oxidation of
complex 24 pushed the donor properties of the corresponding ferrocenyl triazolylidene ligand in the
range of the even electron poorer triphenyl phosphane ([24]**: TEP = 2068.3 cm™).1?Y The complexes
were almost inactive in catalytic reactions, with conversion rates of 5% after 5h for the cyclisation of
N(2-propyn-1-yl)benzamide, but were active after oxidation. Complexes 25a,b performed better than
complex 24 which was attributed to different solubility in CH,Cl,.[2%

In contrast to complex 24, Bezuidenhout substituted a ferrocene with two Fischer gold(l) carbenes

26.1"31 However no further measurements were performed and 26 was not tested as catalyst.

N N \N:N\ /O
N:N. N:N\ Cl \_/N_'Ar ) Au—Cl
NN NTE A
F A F A cque) u F(_iep Ai’ iy
e u e u Ar— )w
< | < N™™ Cl -
cl of N=N M Au—c]
\ -0 Y
23a,b 24 25a,b 26
i i
Ar = Pr Pr
a b

Scheme 24: Ferrocenyl gold(l) complexes by Sarkar and Bezuidenhout, with redox active ferrocenyl

moieties. 211 1111.[113]
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Changing the position of the ferrocenyl group in complex 27 bound to a nitrogen atom rather than a
carbon atom as compared to complexes 23a,b - 25a,b increased the electron withdrawing capabilities
and thus the catalytic activity.**¥ For complex [27]* it was possible to re-reduce it after oxidation with
decamethylferrocene as reduction agent, stopping the catalytic reaction (scheme 25).

o)
M
Ph ”/\\\
[Fe(°-CsH,COMe)CpI[BF,] N mE

N )\(N‘@ T /L(N-@ 27 1 mol%,
Ph

Oxidant 1.25 eq

Fe
A\J <& "~ ,'.\tj == CH.Cly 1t, 24 h
“ Fe(Cp"), cl
27 271 i

ph” N
Scheme 25: Oxidation and reduction of redox-switchable complex 27 and cyclisation of

N(2-propyn-1-yl)benzamide with oxidized [27]*.1*4

Exchanging the ferrocenyl moieties with cobaltocene resulted in complex [28], which readily catalyzed
the reaction of N(2-propyn-1-yl)benzamide even without the addition of oxidants.™***! The TEP value of
the cobaltoceniumyl triazolylidene ligand (2109 cm™) is in the range of the electron poorest phosphane
PFs. Reducing the complex with cobaltocene shut off the catalytic activity, but it was not possible to
reactivate the complex, so [28] is not redox-switchable (scheme 26, 1.).[*%!

Peris synthesized a ferrocenyl containing Gold(l) carbene complex 29 that, after oxidation with
acectylferrocenium tetrafluoroborate, was active in the hydroamination of phenylacetylene with
arylamines and in the cyclisation of 2,5-dimethylfuran.[**® In the hydroamination reaction, the complex
29 was performing only slightly better after oxidation, than in the neutral form. They explained it with
a deprotonation of the protonated form of the complex by the basic aniline substrate, which
regenerated the unoxidized catalyst 29. In the cyclisation of 2,5-dimethylfuran however, 29 was only

active after oxidation (scheme 25, 3.).
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1, “N=N NES 2.
e 9 J@
Co [28] 1 mol%
C& A\“ <= Ph)J\H/\\\ CH,Cl,, 1t, <2 h ph)\N
< | 100 %
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Scheme 26: 1. Catalytically active cobaltocene complex [28],1**) 2. catalyzed reaction,*** 3. ferrocenyl gold(l)

complex 29 by Peris with redox active ferrocenyl moiety.[*1¢!

Hey-Hawkins placed three ferrocenylphosphane moieties onto different arene centers 30a-c.[**”!
During catalysis the neutral forms showed low activity in the cyclisation of N-propargyl benzamide
(turn over frequency (TOF): 30a: 1.97 h™%, 30b: 2.54 h™%, 30c: 0.017 h™), in contrast the monomeric
complex 30 was completely inactive as catalyst.??’ Upon oxidation, complexes 30a-c were active in
catalysis. Adding one equivalent of oxidant resulted in a 5.5-fold (TOF:[30a]*: 11.2 h™!), two
equivalents in a 10-fold (TOF: [30a]*: 19.1h™) and three equivalents in a 13-fold increase
(TOF: [30a]**: 24.7 h™?) in the activity for 30a.!??

A 30a (X=C, R = H)
X“=X @ 30b (X=C,R = F) =
30c (X = N)

Fe
Fe ! QS 31

thp“Au—~0|

Scheme 27: 1. Ferrocenyl gold(l) complexes 30a-c by Hey-Hawkins with redox active ferrocenyl moieties and

complex 31 for comparison.[221117]

They ascribe the enhanced activity to cooperative effects. Using NaBArf, as chloride scavenger to
activate the complexes 30a-c however decreased the TOF compared to complex 31, when used in the
same concentration in respect to gold. This decrease in activity was explained due to side reactions

forming P,P’-dicoordinated gold(l) complexes, which are more stable for complex 30a compared to
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complex 31. Interestingly all Au—-Cl bonds remain intact upon oxidation, as confirmed through XRD,
pointing to an activation mode differing from the [Aul]* cations generated by halide abstraction
(scheme 27). The Au-Cl bond stayed intact for all above mentioned redox-switchable catalysts. It
remained unclear how a catalytic reaction is taking place without freeing a coordination site for the
substrate.
A possible answer to the question of the active species of ferrocenyl gold(l) complexes after activation
with an oxidant was given by Heinze. Activating a ferrocenyl gold(l) Fischer carbene complex 32 with
the oxidant [N(p-CsH4Br)s][SbCls] (Magic Blue) resulted, after an induction period of two and a half
hours, in an active complex which catalyzed the cyclisation of N(2-propyn-1-yl)benzamide
(scheme 28).1191 |t was possible to stop the catalysis with the reductant decamethylferrocene and turn
it back on with another equivalent of Magic Blue. X-band EPR spectroscopy revealed a broad resonance
around g = 2 after oxidizing 32 with different oxidants in different solvents.
j)\
Ph ﬁ/\\\
0 [N(p-CgH,Br);][SbClg] o0/
CI—Au% /_\ CI—Au” 321 mol%.
Fe v CI_Sb—CI I ggggl B':f[e; 525 a
<= Fe(Cp*), C' o é e

32 OJ€
</ 100 %

ph” N

Scheme 28: Activation of ferrocenyl Fischer gold(l) complex 32 with presumed active species and cyclisation of

N(2-propyn-1-yl)benzamide.[*?

This resonance, which was assigned to a gold(ll) species, increased over time while the built up
matched the observed induction period during catalysis (scheme 29, 1.). The induction period and the
built up of the EPR resonance were explained through a reorganization taking place at the gold atom.
First the oxidation takes place at the ferrocenyl moiety generating a Fe"/Au' species, then slowly a
conversion towards a Fe'/Au'' isomer occurs, with a concurrent geometrical reorganization taking place
at the gold atom from a linear coordination towards a square-planar coordination. DFT calculations
suggest the stabilization of the Fe'/Au' species through the chelating coordination of the SbCls
counterion of the oxidant Magic Blue. The coordination of oxygen nucleophiles, such as the substrate
used in catalysis, tend to stabilize the Fe''/Au" species, too.*?! After oxidation, complex [32]* showed a
higher TOF ([31]*: 29.88 h™!) during catalysis than the oxidized complexes [23a,b]* — [25]* and
[27]*.2U11URM The neutral form of the ligand of 32 already possesses a high TEP value

(TEP = 2054 cm™), thus a low donicity and is even less donating after oxidation.!*®!
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Expanding the distance between the ferrocenyl moiety and the gold center by an additional nitrogen
alters the characteristics of complexes 33a,b significantly (scheme 29, 2.).[!*8) Determined through CV
experiments the oxidation of complex 32 takes place at 580 mV vs. ferrocene, complexes 33a,b are
oxidized at a lower potential of 105mV/115 mV, under the same conditions.*?'118 While the initial
ferrocenyl to ferroceniumyl oxidation of complex 32 happens instantaneously, rapid freezing the
solution of complexes 33a,b with Magic Blue at 195 K revealed EPR signals derived from N-substituted

ferrocenium ions as well as residue Magic Blue.[***18] The Magic Blue signal vanished over time while

a new broad signal at around g = 2 appeared, which is characteristic for gold(l) species.[**®
dAldB
1. soh 2.
10000+ ‘[ H R
| |
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5000+ R
0 Fe |
= ¢
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g
Scheme 29: 1. EPR resonance detected after oxidation of 32 with Magic Blue,[*?! 2. ferrocenyl acyclic diamino

carbene gold(l) complexes 33a,b.[12¢!

Since Teles” work the noble metal gold has been used successfully as a catalyst in a plethora of
reactions. Over time numerous new methods to activate gold(l) complexes have been published, each
using slightly different approaches. Next to catalysis with gold(l) complexes and the well-known
catalysis with gold(l1l) complexes,***! also gold(Il) complexes are catalytically active and are a topic of

research.[120b121]

1.1.5 Gold(ll) complexes

The most stable gold complexes are in oxidation states +l or +lll and way fewer gold compounds with
the oxidation state +Il are known. Especially mononuclear compounds with oxidation state +Il are
scarce, since gold(ll) complexes either tend to dimerize or to form mixed-valent gold(l)/gold(ll)
compounds with only formal oxidation state +I1.[1221123] One explanation of the instability of the
oxidation state +ll in gold compounds lies in relativistic effects.'? Gold(ll) has a d° electron
configuration and the unpaired electron is located in the dy-yz or the dy, orbital, which is energetically
high lying and thus the atom is easily ionized.'?2/1125] The unpaired electron in the dy-y2 orbital is the
reason for the tendency of mononuclear gold(ll) complexes to form gold(ll)/gold(ll) dimers or to
mitigate this unfavoured electron configuration via disproportionation into gold(l) and gold(I11).[2%! This

disproportionation is observed in the mixed-valent “AuCl,” salt 34, which is consisting of gold(l) and
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gold(lll) ions.?”! A comproportionation however was observed in perovskite-type mixed-valence
compounds Cs,Au'Au"Xs (X = Cl, Br, 1). Under high pressure of 52 x 108 Pa the gold atoms became
spectroscopically indistinguishable, which means the presence of gold(ll) ions.!*28/112% Recently a solid
state mixed-valent gold(Il)/gold(lll) structure featuring a mononuclear gold(ll) atom was
synthesized.3% |n the perovskite CsisAu"Au",Cli; the gold(ll) as well as the gold(lll) center are
coordinated in a square planar fashion.

Several examples for dimeric gold(ll) complexes with a bridging ligand have been reported. Wickleder
determined the crystal structure of AuSO,4 35, which turned out to not be a mixed-valent species but
rather contains [Au]** cations supported by two bridging sulfate anions with a gold(I1)-gold(ll) distance
of 2.49 A (scheme 30).13 This close Au—Au contacts are a result of relativistic effects, as determined
through DFT calculations.!*3?! Another true gold(ll) salt is Au(SbFs),.1**¥! Each gold atom is coordinated
square planar by three oxygen and one gold atom (scheme 30). Other bridging ligands include
(CH,PR,CH3)™ and (S(CNR3)S)", supporting a plethora of complexes with a central [Au]** cation,

different counterions and gold(l1)—gold(ll) distances in the range of 2.5-2.7 A.[1221[134]
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Scheme 30: 1. Mixed-valent Au'Cl; salt 34, [*271 2. coordination of the [Au2]* cation in the molecule structure of
AuSO; 35,1831 3, example for a dimeric gold(ll) complex with two bridging (CH2PR2CH2)™ ligands.'?? Au—Au

distances shown.

There are also examples for dimeric gold(Il) complexes with unsupported gold(ll)-gold(ll) bonds. Yam
reacted [Aux(dppn)Cl,], [Ag(MeCN)4]PFs and dppn (dppn = 1,8-bis(diphenylphosphano)naphthalene) in
MeCN and obtained the complex [(Au"(dppn)Cl),](PFe)2 [36], which featured a single unsupported
gold(11)-gold(ll) bond with a length of 2.61 A (scheme 31).135 A similar example of a complex with
unsupported gold(ll)-gold(ll) bond was synthesized by Bochmann via reduction of two gold(lll)
complexes, featuring a gold(l1)-gold(ll) distance of 2.49 A.113¢l Under thermal conditions the complex
37 was stable, but disproportionated on irradiation in solution to give a mixed-valent gold(l)/gold(lll)
aggregate.™” Through CV experiments the gold(l1)-gold(ll) dissociation energy was determined to be

of 1981 kJ/mol.[138
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Scheme 31: Unbridged dimeric gold(ll) complexes [36] by Yam'***! and 37 by Bochmann.[*3®!

There are only few mononuclear gold(ll) complexes known.[*?! One series of mononuclear gold(ll)
complexes prepared by Seppelt rely on hard donor ligands, stabilizing a planar [AuXe;]** cation with
two Sb,F1;~ anions, which feature three weak contacts with the central cation.!*3® The compound was
only stable under 10 bar of Xe pressure and temperatures below -40 °C. Other examples of gold(ll)
compounds received from the AuFs:/Xe/HF/SbFs system under different conditions include
[Au"Xes][SboF11]2, [trans-Au"Xe,][SbFelz, [cis-Au'"Xe,][ShaF11], and [(u-F)-Au'Xe;][SbFg]s.M40 41 These
compounds only exist, because the solvent and counter ions are weaker bases than atomic xenon
(scheme 32, 1.).1**Y The nature of the Au-Xe bond was investigated thoroughly and is of the o-donor
type. A positive charge on the xenon is generated through donation of electron density from the filled
5d orbital into the vacant 5d orbital of the gold(l1).142-*44 |n HF acidified with SbFsand the absence of

xenon, AuFs is reduced to [Au'(HF),(SbFe)],, which features a square planar [AuFs] coordination

(scheme 32, 2.).114

1. !':-szF']o F108b2 |I:|,: Sb2F1O I::-SDZF'IO
Xe,, 1 .Xe Xe, ' . Xe  FyuSbyF., ' .Xe FsSb-F,, wXe
AU“ "Aull "Aull "Aull
Xe/ ‘ \Xe Xe/" \Xe F1DSb2-F/: \Xe Xe/ \F'SbF5
F-SbyF 1o F-SbyF 1o F-SboF 1o
[Au'"Xe4l[SbsF 1412 [cis-Au"'Xes][SboFq4]a  [trans-Au''Xe,][SbFglo
FsSb-F.,, | F-SbFs 2.
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[(u-F)-Au",Xe,][SbF el [Au(HF),(SbFe)]

Scheme 32: 1. Mononuclear gold(ll) compounds, with Xe—~Au and F-Au bonds by Seppelt,[*3*-141 2 without Xe

present.[14°]
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Six-coordinating thioether ligands are also able to stabilize gold(ll) complexes.[**®! The gold(ll) center is
coordinated in a Jahn-Teller distorted octahedral [Au"Sg]** environment, similar to Cu" complexes of
the same 3d°electron configuration.[**” The typical pathways to mitigate the oxidation state in gold(Il)
such as disproportionation or dimerization are not accessible through the shielding nature of the
thioether ligand. Replacing the two sulfur atoms in the Jahn-Teller distorted axis with oxygen resulted
in a similar complex with a [Au"S;0,]%* core.'*® Experimental studies however revealed the
non-innocent nature of the thioether ligands, with only about 25-30% spin density located in the Au
5dyy orbital, with the rest distributed at the sulfur donor atoms of the thioether (scheme 33, 1.).[2491(250]
A mononuclear neutral gold(ll) complex of the form Au'(TPP) (TPP = tetraphenylporphyrinato) 38 was
realized by reduction of the corresponding gold(lll) complex with KCs, cobaltocene or
1-benzyl-1,4-dihydronicotinamide (scheme 33, 2.).">Y DFT calculations place the spin density in the
5d.-y2 orbital, suggesting a true gold(ll) complex. This spin density distribution prevents possible
dimerization pathways, since the TPP-ligand shields the AuN4 plane. The nitrogen gold(ll) bonds are
not equal, but rather feature a two plus two coordination of two longer and two shorter N-Au bonds,
due to a distortion of the TPP-ligand, similar to the gold(ll) thioether complex. This second-order
Jahn-Teller distortion is attributed to relativistic effects in the gold center, lowering the energy gap
between the 6s orbital and the 5d orbitals.!*>?

Next to the known gold(ll) compounds a plethora of transient intermediary gold(ll) species are
suggested in catalytic cycles, especially in light-induced gold-catalyzed reactions involving
radicals.[63V[153-1160]  These intermediates however never have been characterized and any

spectroscopic evidence is missing.
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Scheme 33: 1. Mononuclear gold(ll) compounds stabilized with thioether derivative ligands,!**711148 and 2.

stabilized by a TPP-ligand.[*>!
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1.2 Molybdenum complexes mimicking carbon monoxide dehydrogenase

Before discussing how Mo complexes can be designed to mimic enzymes, the first section is a short
introduction to the sulfide ligand, followed by a section summarizing the structure and function of Mo

containing enzymes.

1.2.1 The sulfide ligand

The strong nucleophile sulfide (S*) is not only found as ligand in Mo containing enzymes, but also in a
number of other enzymes with different roles and coordination modes.!*6*1162 |t js found in complexes
for metal storage, catalysis and in biological processes such as regulation, sensing and electron
transfer.[16111163-169) | o sylfide salts are often insoluble compounds, in organisms the formation of
this compounds is prevented by incorporating them into protein environments, facilitating cluster
formation.'®Y Of these metal sulfide clusters, iron-sulfur-clusters are among the most important
classes of cofactors and are found in a multitude of enzymes and nearly all organisms, mostly to
facilitate electron transfer.'’® In iron-sulfur-clusters the sulfide ligand is found in p,-S and ps-S binding
modes depending on the cluster geometry.’® Even p4-S binding modes are known, in the Cu/S cluster
of the nitrous oxide reductase where a sulfide ligand bridges four Cu atoms.*’* In molybdenum
containing enzymes, the sulfide ligand is found as terminal ligand in the xanthine oxidase family and in

the carbon monoxide dehydrogenase as a bridging ligand between a Mo and a Cu atom.[3!

1.2.2 Mo in enzymes

Molybdenum is the highest concentrated transition metals in sea water, caused by the soluble
molybdate [Mo00Q4]* anion and the only known second row transition metal found in enzymes of all
organisms (eukaryota, bacteria and archaea) including humans.[*’?"73 Molybdenum shuttles between
different oxidation states, ranging from —Il to +VI and coordination numbers from four up to eight.[*”3!
Molybdenum often is accompanied by sulfide ligands, due to the small energy gap between
molybdenum 4d orbitals and the sulfur 3p orbital, which gives rise to a plethora of molybdenum sulfur
complexes, clusters, solids and over 50 active enzyme sides.[283M174.075] Molybdenum enzymes mostly
catalyze oxido-transfer reactions and play important roles in the carbon, nitrogen and sulfur
metabolism of various organisms.[*7®

Molybdenum enzymes are classified by Hille into three different groups, exemplified by the enzymes
sulfite oxidase (SO), DMSO reductase (DMSOR) and xanthine oxidase (XO) (Scheme 34).01631172] The
enzymes of these families in their oxidized form have a Mo" center in common and one or two
pyranopterin cofactors as ligands, which covalently bind the Mo atom via the dithiolate
moiety.163V172L076L11771 The nijtrogenase is the only molybdenum enzyme unsuitable for this

classification, since the molybdenum is incorporated into a [MoFesSo] cluster rather than coordinated
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by a pyranopterin cofactor.!*%311721 While all three enzyme classes have pyranopterine ligands in
common, the co-ligands differ. In the XO family the pyramidal coordination geometry is complemented
by a hydroxide and a sulfide ligand, in some cases the sulfite is replaced by either selenide or a sulfide
bridged copper atom.[163/1172L1176L1177) | the similar coordination sphere of the enzymes of the SO
family, the equatorial sulfide ligand is replaced by an oxide ligand and the hydroxide ligand by a
cysteine. The DMSOR family is the structurally most diverse class of molybdenum enzymes.!*¥! The
enzymes of this class all feature an equatorial coordination of two dithiolate moieties of the
pyranopterin cofactor.1631172L1176L077] Their trigonal prismatic coordination geometry is complemented
by an oxido ligand, which is replaced by a sulfide or selenide ligand in some members of the family.
The fourth ligand in the coordination geometry is an amino acid, such as serine, aspartate, cysteine or
selenocysteine, while a hydroxide group coordinates to the molybdenum center in the arsenate

oxidase (Scheme 34).116311172],1176],1177]
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o) () (-OH)
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“ M IVf
f( 'Mo'v 5( 0"” NSy §
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xanthine oxidase family sulfite oxidase family DMSO reductase family
PR S
/ -
’<s— HN” N N

pyranopterin cofactor

Scheme 34: Structures of Mo centers of the three mononuclear molybdenum enzymes, as well as the structure

of the pyranopterin cofactor that is found by all three enzyme families.[*6%!

The pyranopterin cofactor coordinating the Mo atom (Moco) fulfills multiple roles within the enzyme.
The Moco positions the catalytically active Mo atom in the active center of the enzyme through
hydrogen bonding and is suggested to be involved in electron transfer steps from and towards the Mo
atom, since it is oriented towards redox active cofactors found in the enzymes.[1631[172}[176},[177]

All three families of molybdenum enzymes catalyze oxygen atom transfer reactions. The general
reaction mechanism for substrate oxidation starts with a substrate entering the binding pocket of the
enzyme and the formation of an enzyme-substrate complex. The nt*-orbitals of the oxido ligand of the
active Mo center are attacked nucleophilic by the substrate, reducing the molybdenum to a
Mo"-species (scheme 35, 1.).[778179 Theoretical studies show that the nucleophilicity of the substrate

is increased through hydrogen bond formation in the binding pocket of the enzyme.'80-182 |p
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molybdenum centers coordinated by two oxido ligands, the bond of the equatorial oxido ligand
weakens during the oxygen atom transfer. The bond of the axial oxido ligand however becomes more
n-donating, resulting in one o and two 1t bonds. The activation barrier of the oxygen atom transfer step
is ultimately lowered through the increased bond strength of the axial oxido ligand, this effect is known
as spectator oxo effect.[*8183L1284] |n the next step the oxidized substrate is liberated by hydrolysis
(2.).831 The oxidized Mo"' species is then regenerated through intramolecular proton-coupled electron
transfer steps (3., 4.).['78118% Electron transfer occurs along a chain of redox active cofactors, such as

iron-sulfur clusters, flavines and or cytochromes, which differ for each family of enzymes.[1631[172}.[180]

o)
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Sub + H,0 === Sub-0 + 2H"+ 2e~

Scheme 35: Catalytic cycle for the general oxygen atom transfer reaction for substrate oxidation, catalyzed by
mononuclear molybdenum enzymes. Cred and Cox stands for electron carriers, such as iron sulfur clusters, flavines

or cytochromes, [178111861,1187]

Enzymes of the XO family commonly catalyze the oxidative hydroxylation of a substrate’s carbon
atom.[*®3! A common feature of members of the XO family are additional redox-active centers, such as
[2Fe-2S] clusters and or flavine adenine dinucleotides (FAD) at which the oxidizing agents O, or
nicotinamide adenine dinucleotide (NAD*) react at.!**3 Follow-up intramolecular electron transfer
takes place from the FAD side of the enzyme via the iron-sulfur-clusters towards the molybdenum
center.l®3 Enzymes of the XO family found in eukaryotes consist of two identical subunits (a),, whereas

in bacterial enzymes of the XO family, organizations with more subunits such as (aB), or (aBy):

occur.[16310172]

1.2.3 Carbon monoxide dehydrogenase

Carbon monoxide dehydrogenase (CODH) is a member of the xanthine oxidase family of molybdenum

enzymes. It is found in aerobes, a class of bacteria which rely on carbon monoxide as their only energy
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and carbon source.[*631188L118%] CODH catalyzes the oxidation of carbon monoxide to carbon dioxide.
Hence aerobes, such as Oligotropha carboxidovorans are responsible of fixing 2 x 10® tons of CO
annually.'*% 1% The specific CODH variant of this organism will now be discussed in more detail.

The redox-active centers found in this CODH are two [2Fe-2S] clusters and one FAD. The enzyme
consists of a dimer with three subunits (aBy): (Scheme 36).[19211%3] The two [2Fe-2S] clusters, FAD and
the Mo centers are organized in three separate subunits.*®?/[2%3] The unique feature of CODH in
comparison to other enzymes of the XO family is the exchange of the sulfide ligand with a u-sulfide
ligand that, bridging the Mo atom with a Cu atom.[**2-11%4 The coordination sphere of the Cu atom is
saturated with a cysteinato ligand and a water ligand with a longer bond of 2.40 A.['88] |n contrast to
other members of enzymes of the XO family, the Mo atom in the CODH is not coordinated by a

hydroxydo ligand, but rather a second terminal oxido ligand.!**!

Scheme 36: Left: ribbon representation of the CODH with each subunit colored differently, right: cofactors of the
CODH, from top to bottom: Molybdo-oxido group, [2Fe-2S] cluster, [2Fe-2S] cluster and FAD, bottom: structural

motif of the active center of the CODH.[1%3!

The current knowledge about the mechanism of the oxidation of carbon monoxide catalyzed by the
CODH of Oligotropha carboxidovorans is based on CV,[**® EPR and XRD measurements on the
molecular structure of the enzyme with and without suicide inhibitors,**3 multiple approaches of
computational modelling™®7-2%! 35 well as the synthesis of biomimetic complexes.l?°t-1203] First,
carbon monoxide coordinates to the Cu' atom (Scheme 37, 1.). An oxido ligand of the Mo center attacks
the carbon atom of the carbon monoxide as a nucleophile, leading to the oxidation of the substrate
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(2.). The product carbon dioxide is released and the vacant coordination site on the Mo atom is
occupied by a glutamate residue, located in close proximity (3.).2°! A water molecule exchanges the
glutamate residue by coordinating to the central Mo atom (4.) and lastly two protons and two
electrons are released, to re-oxidize the molybdenum and re-establish the coordination geometry
(Scheme 37, 5.). The rate determining step is the carbon dioxide release, with an energy barrier of

11.4 kcal/mol (calculated: 12.6 kcal/mol).[*951200]
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Scheme 37: One proposed catalytic cycle of the oxidation of carbon monoxide catalyzed by CODH, with net

reaction equation (bottom).[2°!

1.2.4 Biomimetic molybdenum model complexes for CODH

Enzymes are complex structures with the active center often buried inside the enzyme scaffold, which
complicates direct examination. Biomimetic complexes are artificial inorganic complexes, modelling
the active center of an enzyme to get insight into the mechanism on more accessible systems.

Mimicking the active center of the CODH has proven to be particularly challenging.?°? Some aspects
to consider in a CODH mimicking complex are the square pyramidal coordination geometry of the Mo
atom, the correct ligands in the coordination sphere of the Mo atom and the linear coordination of a
Cu atom via a bridging sulfide ligand. Another problem arises from the combination of Mo"' with

anionic sulfur donors, which tend to reduce the Mo"' center.?®! Exchanging the central atom with
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tungsten avoids this reduction reaction, since W containing model complexes tend to be more stable
than Mo complexes towards reduction (scheme 38).120412051 Molybdenum and tungsten model
complexes for the CODH have some similarities, since their isoligated five and six-coordinated
complexes are isoelectronic, isostructural and nearly isometric.2412% However tungsten based model
complexes for Mo containing biomimetic complexes may show different reactivity, which limits their
scientific value in this regard.[202[206]

Several model complexes mimicking the active center of CODH have been reported.202204.1207 Often
times the structural motif of one unsupported Mo—(u,-S)—Cu bridge is exchanged with two W,-S bridges

between the metal centers, preventing a CO coordination on the Cu atom and thus an oxidation of

CcoO [208]-[210]
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Scheme 38: Reported complexes mimicking the active center of CODH.[2081-[210]

Realizing a complex with a single unsupported Mo—(l;-S)-Cu bridge is feasible, albeit with
compromises towards the coordination sphere at the Mo atom. Complex 42 has this structural motif,
but features molybdenum in a +V oxidation state and coordination of both metal centers by nitrogen
donors rather than sulfides (scheme 39).2'Y The group of Mankad presented another model complex
of the CODH active site with a W' instead of Mo"' center and a NHC ligand coordinating the Cu' instead
of a second sulfide ligand [43].12°3! 42 shows a similar deactivation process with cyanides, as proposed
for the CODH active site, but no activity in the oxidation of CO just as [43].203/211.1212) | ord and
Groysman used a design with a heterobimetallic ligand to bring Mo"' and Cu' in spatial proximity [44],
[45] but excluded any sulfide ligands.?*®! Exchanging Cu' with a metal carbonyl fragment simulated a
CO coordination in close proximity to a Mo"' center, but in both instances no CO; release was

observed.?13214]
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Scheme 39: Several takes on complexes mimicking the active center of the CODH.[2031[211}.[213].[214]

The model complex [46] from Mougel relies on a Mo"' center coordinated by a dithiolene ligand and
two Mo—(p2-S)—Cu bridges and an additional cyanide coordinating the Cu' center.?** In contrast to the
mechanism of CODH, [46] reacts with CO; in a two-electron reduction, transferring the oxido-ligand
from Mo to CO,, generating a carbonate anion and a Mo" center in an irreversible reaction.!?*> The
weak Lewis-acidic character of the Mo center is lowered further by the two-electron reduction, which
leads to it becoming basic enough to facilitate the oxido transfer towards CO,.[?**! Reducing the
generated complex [46]..4 further by a one electron reduction generates an active complex [46]2red,

catalyzing the reduction of CO, to formate and H, as side product (scheme 40).[2**!
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Scheme 40: Activation of the precatalyst [46] by two reduction steps (left) and catalyzed reactions (right).[2**!
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Molybdenum bis(dithiolene) complexes have been investigated mimicking the coordination of the
pyranopterine-ligand, universal to all classes of Mo enzymes classified by Hille.[*372) Holm presented
a series of Mo complexes [Mo'VO(S,CaR,)2]% with different substituents R, which are all oxidized
reversibly at around (E12 = —0.25 - +0.94 V vs. FcH/FcH"). They were also able to apply a silyl protection
group at the terminal oxido ligand with ‘BuPh,SiCl.[?1¢!

Applying the combination of silyl protection groups at terminal sulfido ligands coordinated to a Mo
complex was done by Back (AK Heinze). He used trimethylsilyl protected monodentate thiolate ligands
in  six-coordinated Mo"  complexes.?'”!  Reacting K,Mo00,S;  with  H®L  (H®L=
[1 H-pyrrole-2-yl)methylene]-4-(tert-butyl) aniline) under presence of a silyl chloride resulted in the
formation of the Mo complexes of the form Mo'V(®L),(SSiMes), 47 (scheme 41).1227] The highly water
instable complex 47 was characterized via NMR, IR, EPR and UV/vis spectroscopy, as well as with CV
and mass spectrometry.?'”! It was however not possible to cleave the S-Si bonds, to generate free

sulfide ligands at the molybdenum center.
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Scheme 41: Synthesis of the Mo' complex 47 with silyl protection groups at the terminal sulfido ligands.?'”) Since
it is not entirely clear what the reducing agent is in this reaction, it is not possible to balance the reaction

equation.

A CODH mimicking complex with the same coordination sphere found in the enzyme, including an
unsupported Mo—([>-S)—Cu bridge, which is also active in the oxidation of carbon monoxide has not

been found.
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2 Aim of the work

For many catalytic systems, even with established reactions, the underlying reaction mechanism is not
fully understood. This is not only the case for artificial systems, but also for biological systems, such as
enzymes. Exploring the catalytic cycle in enzymes is even more challenging, since the catalytically

active center is embedded into a protein scaffold, complicating measurements.

The enzyme carbon monoxide dehydrogenase (CODH) from the xanthine oxidase family is uniquely
build, with a bimetallic molybdenum / copper active center, with the role of the copper atom not
entirely clear. It has not been possible to remodel the active center synthetically. The synthesis of
complexes with a cis-[Mo"!(L)(S)2] unit have not yet been achieved, since terminal sulfido ligands are
highly reactive and tend to form polysulfides.?”’ The synthesis of a complex with a cis-[Mo"'(L)2(SR):]
unit with R = SiMes has been successful, but the complex has a high instability against water and other
proton sources.!?'’]

It is aimed to synthesize and characterize complexes with a cis-[Mo"'(L)2(SR)2] unit and bulkier
substituents that are more stable. The deprotection of a complex with a cis-[Mo"'(L)2(SR),] center to
generate a complex with a cis-[Mo"'(L)2(S)2] center is another task to be carried out. The properties of

the complexes will be studied with NMR and UV/vis spectroscopy as well as CV experiments.

Furthermore, theoretical calculations of all suggested complexes will be calculated as well.

In a series of works, transient gold(ll) species have been postulated as intermediates, especially in
light-induced gold-catalyzed reactions involving radicals.3(*53-1601 These intermediates however
never have been characterized and any spectroscopic evidence is missing. Redox-switchable catalysis
is a way to activate gold(l) complexes for catalysis with an oxidant.!** The complexes are catalytically
active after oxidation, and a hypothesis for the active species included a gold(ll) species coordinated
by the counter ion of the oxidant. This postulated active state offers a free coordination site at the
gold(l) atom. It is not known in detail, how this active species forms. One class of complexes
successfully employed in redox-switchable catalysis are ferrocenyl substituted Fischer carbene gold(l)
complexes.*

In this work, synthesizing derivatives of known ferrocenyl substituted Fischer carbene gold(l)
complexes with different substituents is planned, to show if a redox active moiety is needed to
generate an active complex for catalysis. Furthermore, it will be aimed to unravel the detailed process
of the activation of redox switchable catalysis and how different oxidants perform in it. The different
catalytic steps will be studied with UV/vis, EPR and NMR spectroscopy at different temperatures, as
well as CV measurements. It is planned to support all measurements with DFT calculations and to
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expand these calculations to the known system with a di-substituted ferrocenyl Fischer gold(l) center

introduced by Bezuidenhout.[**3!
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Results and discussion

3 Results and discussion

The synthesis and characterization of Mo(™®"L),(SSi('Pr)s), and Mo(®UL),(SSi‘Bu(Ph),). is described in the
section 3.1 “Synthesis of biomimetic molybdenum model complexes for the CODH.” The structure of
Mo(™YL),(SSi(’Pr)s), is investigated by 2D-NMR experiments and DFT calculations. CV experiments

unravel an irreversible oxidation and possibilities to cleave the S—Si bond are evaluated.

The findings of the chapter 3.2 were published as: “Maurice P. Schrick, G. Kabelo Ramollo,
Cristina-Maria Hirschbiegel, Manuel Fernandes, Andreas Lemmerer, Christoph Forster, Daniela I.
Bezuidenhout*, and Katja Heinze*, Organometallics, 2024, 43, 69-84. Redox Activation of Acyclic

(Aryl)(Amino)Carbene Gold(l) Complexes” in Organometallics.

The manuscript “Redox Activation of Acyclic (Aryl)(Amino)Carbene Gold(l) Complexes” in section 3.2
describes the application of (aryl)(amino)carbene gold(l) complexes in a catalytic reaction and the
uncovering of the activation mechanism. The synthesis, characterization and catalytic studies were
performed by - -, the mechanistic investigation was performed by Maurice Schrick.
Through a combination of EPR measurements, CV experiments, stopped flow UV/vis spectroscopy and
DFT calculations, the mechanism for the activation of ferrocenyl substituted aryl amino carbene gold(l)
complexes was unraveled. The initial fast oxidation takes place at the ferrocenyl moiety, followed by
an intramolecular slow valence isomerization. The generated EPR-active gold(ll) resting state is
coordinated by the counterion of the oxidant. Dissociation of the counterion from this gold(ll) species

leads to a catalytically active complex and after reduction the pre-catalyst is fully recovered.

Theoretical investigations of a di-substituted Fischer gold(l) carbene complex are described in section
3.3. DFT calculations of the neutral and oxidized form of this complex elucidate which part of the
molecule is oxidized and how this impacts the gold—gold interactions. Initial oxidation is taking place
at the gold(l) atoms and only a second oxidation at the ferrocenyl backbone. A proposed covalent bond

between the two gold center was not found experimentally.
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3.1 Synthesis of biomimetic molybdenum model complexes for the CODH

Taking up the reaction introduced by Back (AK Heinze) to synthesize 1, the complexes 2 and 3 of the

form Mo'V(*UL),(SSiR2R’), were synthesized and characterized (scheme 1).
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Scheme 1: Synthesis of complexes of the form Mo'V(*YL),(SSiR2R’). with different silyl chlorides. Since it is not

entirely clear what the reducing agent is in this reaction, it is not possible to balance the reaction equation.

Since 1is soluble in a plethora of organic solvents (Et,O, THF, petroleum ether 40-60°, acetone, MeCN,
benzene, toluene, DMSO, dichloromethane and HMDSO) even at low temperatures, all attempts to
obtain the complex as a crystalline compound failed so far. Three possible isomers are conceivable for
1, two C; and one C;s isomer, since only one set of ligand NMR resonances was observed.?”! DFT
calculations suggest the C; isomer with the pyrrolato moieties oriented trans to each other (OC-6-4-4)
to be favored by 44 kJ / mol™ compared to the C; isomer with imine moieties oriented trans to each
other (OC-6-3-3). The OC-6-4-4 isomer is again favored by 34 kJ / mol™ compared to the Cs isomer
(0C-6-1-2) with trimethylsilylthiolato ligands oriented trans to each other, probably owing to the trans

influence of the trimethylsilylthiolato ligands (scheme 2).

S

NPpyrrole

Npyrrole

0C-6-4-4 0C-6-3-3 0C-6-1-2 f/)

0 kJ/mol +44 kJ/mol +34 ki/mol

Scheme 2: Optimized geometries of isomers of 1 with respective energies. The underlined numbers indicate the
Cahn-Ingold-Prelog (CIP) priority for the stereodescriptor, protons are omitted for clarity.?”12221 For an

extensive explanation of the priority rules applied, see comment found in the references here:?%3!

To generate a precursor complex of the CODH, 1 needs to be desilylated and the Mo" center oxidized
to MoV, to generate free sulfide ligands which are available for further functionalization. DMSO should
fulfill both roles as oxidant, since it is facile reduced to dimethylsulfide, and as deprotecting agent

(scheme 3).1224 Silicon and oxygen have a high affinity for each other and form bonds with high bond
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Results and discussion

energy, since the 3d orbitals of the Si participate in the formation of the pr—d: bond with partial

ni-character.??!
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Scheme 3: Proposed reaction mechanism for the deprotection of 1 with DMSO.

A solution of 1 in C¢Ds is mixed with an excess of DMSO-d® and heated for six hours at 40 °C and a
'H-NMR spectrum measured. No change in the signal intensity is visible in comparison with the *H-NMR
resonances of 1 without the addition of DMSO-d®. Elevating the temperature to 60 °C for eight hours
and subsequently to 75 °C over night does not impede any change on the *H-NMR resonances of 1, nor

on the DMSO-d® concentration (scheme 4).
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Scheme 4: 'H-NMR spectra of 1 in C¢Ds with an excess of DMSO-d®. a) 40 °C for 6 h, b) 60 °C for 8 h, c) 75 °C over

night. The asterisk denotes the solvent residue signal.

Hence, DMSO is not suitable to deprotect 1 and other substance classes are considered. N-oxides are

strong oxidation agents and also bear oxygen atoms, to actively cleave the Si—S bond (scheme 5).[22¢!
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Scheme 5: Proposed reaction mechanism for the deprotection of 1 with p-nitropyridine-N-oxide.

A solution of 1 in CD3CN is mixed with an excess of p-nitropyridine-N-oxide, heated to 40 °C over night
and a 'H-NMR spectrum measured. Since no change in the *H-NMR resonances occurs, it is further
heated to 60 °C for another eight hours. Again the H-NMR signals of neither complex 1 nor
p-nitropyridine-N-oxide change in intensity, indicating p-nitropyridine-N-oxide to not be a suitable

substance for the removal of the trimethylsilyl protection group (scheme 6).
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Scheme 6: *H-NMR spectra of 1 in CDsCN with an excess of p-nitropyridine-N-oxide. a) room temperature, b)

40 °C over night, c) 60 °C 8 h. The asterisk denotes the solvent residue signal.

3.1.1 Synthesis of complex Mo'V(BYL),(SSi(’Pr)3), 2

The complex Mo"(®UL),(SSi('Pr)3), 2 was synthesized following the same protocol as for the synthesis
of 1, but a longer reaction time of four hours was used (scheme 7). A higher reaction time is required
since the Si(’Pr)s groups are sterically more demanding than the SiMes groups but should lead to a

more stable complex. Complexes 1 and 2 are both highly viscose red-brown liquids.
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Scheme 7: Synthesis of the complex 2. Since it is not entirely clear what the reducing agent is in this reaction, it

is not possible to balance the reaction equation.

In the aromatic region of the *H-NMR spectrum of 2 the resonances of the protons of the ligands
appear only slightly chemically shifted into the lower field, compared to the resonances of the protons
of 1.1 The highest chemical shift is observed for proton H® with a change of A = 0.28 ppm, compared
to proton H® of 1. Since only one set of resonances is detectable in the *H-NMR spectrum of 2, each
ligand ™YL~ and each silyl isopropyl group must be chemically equivalent (scheme 8). The septet
resonance of the proton H* of the silyl isopropyl group, as well as the doublet resonance of protons
H™> both integrate to values expected for a 1:1 ratio between the isopropyl silyl group and the ligand
Bul . The assignment of the resonances to the corresponding protons was ensured through 2D-NMR

experiments (see chapter 6.1).
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Scheme 8: 'H-NMR spectrum of complex 2 in CsDs, with zoomed aromatic region of the spectrum. The asterisk

denotes the solvent residue signal.

Also, for the 3C-{*H}-NMR spectrum of 2 all resonances were assigned through 2D-NMR experiments

(scheme 9).
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Scheme 9: 13C-{*H}-NMR spectrum of complex 2 in CsDs. The asterisk denotes the solvent resonance.

Complex 2 is a highly viscose liquid for which all crystallization attempts failed, so no XRD
measurements and thus no information about the spatial arrangement is available. Through
'H-IH-ROESY-NMR experiments the dipolar coupling of two protons in spatial proximity is measured,
which is giving information about the molecular structure of 2. The distance between two protons
should not be longer than 5 A to generate nuclear Overhauser enhancement (NOE) cross signals in the
'H-'H-ROESY-NMR experiment.l??”! In the 'H-'H-ROESY-NMR spectrum, cross signals between the
protons H¥* and H'® of the isopropyl group and the proton of the pyrrole ring H!! are visible
(scheme 10). Some weaker NOE cross signals exist between proton H® and the ligand protons H, H?,

H’, H%® and H*®. Another weak NOE cross signal exists between H* and H3®,
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Results and discussion

Bl. 0 71. 5 7I. 0 6‘. 5
Scheme 10: *H-'H-ROESY-NMR spectrum of complex 2 in CsDs, with zoomed details. Lines are added to guide the

eye.

Additionally, all possible isomers of complex 2 are geometry optimized through DFT calculations
(scheme 11). As in complex 1 the OC-6-4-4 isomer is determined to be the energetically favored
isomer, the OC-6-3-3 isomer is energetically unfavoured by 43 kJ/mol and the isomer OC-6-1-2 is
energetically unfavoured by 58 kJ/mol. In the energetically favored OC-6-4-4 isomer of complex 2, the
molybdenum atom is coordinated in a distorted octahedral fashion, with a dihedral angle of 92.6°
between the two ®UL" ligands. The molybdenum NPY™2®° hond lengths with 2.093 A and 2.150 A are in
the same range than the bond lengths found in the DFT calculated isomer OC-6-4-4 of 1 (2.098 A,
2.126 A), and in the same range as literature known mixed oxido/imido phosphane Mo" complexes
MoO(®L),(PMes) 2.126(4) A and Mo(®"L),(N'Bu)(PMes) 2.155(2) A.271218 The molybdenum N™ne
bond lengths (2.237 A and 2.360 A) are in the same range in comparison to the bond lengths found in
the DFT calculated isomer OC-6-4-4 of 1 (2.278 A, 2.310 A), but elongated to the literature known
complexes Mo(*®L)o(N'Bu)(PMes) (2.182(4) A, 2.213(4) A) and Mo(®“L),(N‘Bu)(PMes) (2.220(2) A,
2.201(2) A).2171218) The molybdenum sulfur bond lengths with 2.329 A and 2.344 A are the same as
calculated for isomer OC-6-4-4 of 1 (2.330 A, 2.338 A). They are slightly longer than the bridging sulfide
bond found in the CODH (2.27 A).1"%3 The S—~Mo-S’ angle is calculated to be 93.5°, which differs slightly
from the ideal octahedral angle, but differs significantly from the calculated angle in complex 1
(101.1°).2*) This is explained with the bulkier isopropyl substituents, requiring more space. The

NPyrolato_jo—NPY™lRt" gnele 161.4° (1: 156.6°) the N™"—Mo-S and N™"*—Mo-S’ angles (158.9° and
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163.5°), (1: 160.0° and 163.3°) and the N™"—Mo— N™"" angle with 77.3° (1: 82.1°) are evidence of the
strong distortion of 2.12'” Compared to 1 the distortion of the ®L" ligands is similar, but the bulkier
isopropyl groups require more space which causes a compression of the S-Mo—S" and Nm"e—\o— N™min¢’

angles.

0C-6-3-3 0C-6-1-2
0 kJ/mol +43 kJ/mol +58 kl/mol

Scheme 11: Optimized geometries of the isomers of 2 with respective energies. Protons are omitted for clarity.

The distance between the protons H'* and H*® with the protons H2-H! of all isomers obtained through
DFT calculations are summarized and compared to the result of the *H-H-ROESY-NMR experiment
(table 1). Even though an upper threshold for the appearance of cross signals in the *H-'H-ROESY-NMR
experiment is determined to be 5 A, a tighter upper threshold of shorter than 4 A was chosen for
complex 2. In the 'H-'H-ROESY-NMR experiment cross signals for proton H'* with all listed ligand
protons are found, but for H'* only cross signals appear for H!* and a weak one for H3*. In the calculated
isomer OC-6-1-2 the distances found are short enough to explain the cross signals, for isomers
0C-6-4-4 and OC-6-3-3, one of the ligand protons has a longer distance to proton H**. Even though the
spatial distances calculated for isomer OC-6-1-2 explains the appearance of cross signals, it is
energetically the least favored isomer. Conclusively the *H-'H-ROESY-NMR experiment did not rule out
any possible isomers decisively. The calculated energies and the similar pattern of the chemical shifts
in complexes 1 and 2 are pointing towards complex 2 taking the form of isomer OC-6-4-4, as assumed

for 1.12471
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Results and discussion

Table 1: Measured smallest distance between the protons H* and H® and the protons of both ligands for each
calculated isomer of 2 determined through DFT calculations. Distances < 4 A in green, between 4 A and 5 A in

orange and > 5 Ain red.

Isomer Isomer OC-6-4-4 Isomer 0OC-6-3-3 Isomer 0OC-6-1-2
Ligand proton H4 H H4 H H4 H¥
H11 2,71/ 2.13/3.82 2.72/5.82 3.12/5.07 2.31/3.49 2.23/3.07
H1o 3.44 /6.42 3.67/ /7.66 3.30/6.46 3.50/3.79 3.32/3.91
H?® 3.42 /5.02 3.64/3.91 | 5.65/6.50 3.78/5.43 3.22/3.47 3.66/3.73
H8 2.70/3.20 3.64/3.71 /5.09 3.99/ 3.75/3.75 2.94 /3.07
H35 2.29/2.79 2.28/3.32 2.18/3.03 2.60/3.21 2.49/2.66 2.28/2.84
H%® 3.57/ 3.24/3.86 | 2.58/2.98 2.81/3.52 3.32/3.74 3.21/3.44

3.1.2 Synthesis of complex Mo'Y(t8UL),(SSitBu(Ph),), 3

Complex Mo"(™L),(SSi‘Bu(Ph),), 3 was synthesized and obtained as red-brown oil, using the same

procedure to synthesize 2, except the bulkier tert-butyldiphenylsilylchloride was used (scheme 12).

5 //_(/j 6 (Ph),'BuSICI I\ ﬁ’f‘/rBu
N Q THF, rt, over night _ N, N S’Sl\Ph

- Mo,
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Scheme 12: Synthesis of the complex 3. Since it is not entirely clear what the reducing agent is in this reaction, it

is not possible to balance the reaction equation.

In the *H-NMR spectrum the imine proton H’ is easily assigned to the resonance at 8.14 ppm, all other
resonances were assigned through 2D-NMR experiments (scheme 13). The aromatic systems of the
chelate ligand should produce characteristic 'H coupling patterns, an ABC spin system with two
doublets and one triplet for the pyrrole ring and a AA’BB’ spin system for the para substituted phenyl
ring, as found in the 'H-NMR spectra of complexes 1 and 2. The resonances of the pyrrole protons are
found at 7.48 ppm (H°), 7.45 ppm (H!) and 6.56 ppm (H). The resonance of the para substituted
phenyl ring is found at 6.59 ppm (H*®), while the other doublet (H*>*) overlaps with the resonances of
the aromatic protons, H and H¢ between 7.22 ppm and 7.12 ppm.

The total correlation spectroscopy (TOCSY) *H-'H-NMR experiment shows the isolated spin systems
which helps to distinguish the protons of the silyl phenyl group from the para substituted phenyl ring

(see chapter 6.1).1228! Correlations between proton H* with H*® are detected in the TOCSY-NMR
43



spectrum, which are explained with a common chemical shift of both phenyl groups in 3. The phenyl
silyl group has an ABC-spin system with one doublet and two triplets. The doublet resonance at
7.67 ppm is assigned to proton H?, while both triplets share a chemical shift with proton H*>® as a

multiplet and are not distinguishable.
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Scheme 13: H-NMR spectrum of complex 3 in CsDs, with zoomed aromatic region of the spectrum.

The 3C-NMR resonances were assignhed through heteronuclear single-quantum correlation (HSQC)
spectroscopy H-13C-NMR experiments to determine the direct proton carbon correlations and all
other resonances of quaternary carbon atoms were assigned through heteronuclear multiple-bond
correlation (HMBC) spectroscopy H-3*C-NMR experiments.??®! The **C-NMR resonances for carbons
C®, C° and CY could not be assigned, since two of these signals are overlaid by the solvent signal

(scheme 14).
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Scheme 14: 3C-{*H}-NMR spectrum of complex 3 in CsDs. The asterisk denotes the solvent resonance.

The H-N-HMBC-NMR spectrum reveals only two nitrogen resonances, which points towards a
complex with a C; or C; symmetry with a ligand to silyl ratio of 1:1, determined through the integration
of *H-NMR signals (see chapter 6.1.). The N™"¢ js coupling with only two proton resonances (H” and
H%®) while NP¥™'3t js coupling with four proton resonances (H’, H°, H** and H9).

Comparing all proton resonances of the common ligand ®YL™ in the complexes 1, 2 and 3 measured in
CeDs delivers no clear trend for the resonances of the protons H*> and H%® (table 2). For the resonances
of the pyrrolato protons a low field shift becomes apparent. The resonance of the protons H? shifts
from 6 = 6.74 ppm in complex 1 to 6 = 7.48 ppm in complex 3, a change of Ad = 0.54 ppm. A possible
explanation is the higher shielding of the silylthiolato ligands, preventing the CsD¢ solvent molecules
interacting with the ligand through m-m-interactions. The low field shift of the pyrrolato protons
between complexes 2 and 3 is even stronger than between complexes 1 and 2, in accordance to the

even higher shielding of the silylthiolato ligands in complex 3.
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Table 2: Chemical shifts of all protons of the ligand 'L~ in the complexes 1, 2 and 3 measured in CsDs in ppm. 121"

1 2 3

H3 s, 1.27 s,1.31 s,1.18

H3> d,7.29,/=85Hz d,7.35,/=85Hz d, 6.59,/=85Hz
*H26 d, 7.12,J=85Hz d, 7.22,/=85Hz m, 7.22-7.12

H’ s, 8.17 s, 8.33 s,8.14

*H? | dd, 6.74,J=3.5Hz,J=1.5Hz dd,7.01,/=3.5Hz,/=1.4Hz s, 7.48

H1O t,6.35,/=3.1Hz t,6.45,/=3.1Hz t,6.56,/=3.2 Hz
*H! s, 6.97 s,7.11 s, 7.45

* The resonance of the protons H>® in 3 are overlaid by further proton resonances, forming a multiplet. For

proton H® in 3 no coupling constants were found due to low resolution; for H'! a doublet is expected for all

complexes but not resolved due to low resolution.

The UV/vis spectrum of 2 has a broad low energy shoulder tailing to around 4 =500 nm and a

maximum at 4 =330 nm (scheme 15). The low energy shoulder is very similar to the UV/vis-spectrum

of 1 and both complexes share a maximum at the same wavelength.?*”! Through TDDFT calculations

the maximum of 1 was attributed to LMCT transitions from the ligand ®YL™ to the [Mo"/(SSiMes),]%*

moiety and MLCT transitions to the ligand ®L~.2”! This is also assumed for 2, since the maxima are at

the same wavelength and the coordination geometry at the central Mo-atom is the same. During the

synthesis of 2, traces of H®L are generated which are not separable from 2, since both have the same

solubility, thus no extinction coefficient was determined.
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Scheme 15: UV/vis spectrum of 2 in THF at 22°C with traces of HBL,
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Results and discussion

Traces of H,O or another unknown proton source led to decomposition of 2 and the formation of
colorless crystals. XRD measurements of these crystals reveal a monoclinic unit cell and the molecular
structure of a decomposition product 5. The ligand ®L™ is covalently bound to the isopropyl! silyl
protection group through the NP'™€ atom and accompanied by a protonated ligand (scheme 16).
Between the protonated ligand H®'L and an adjacent protonated ligand in the same unit cell, hydrogen

bonds exist.
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Scheme 16: Possible reactions leading to the formation of 5: silyl migration and hydrolysis. Partially labeled

ellipsoid plot (50% probability) of the decomposition product 5. CH hydrogen atoms omitted for clarity.

To convert 2 to a CODH precursor complex, the isopropyl protection groups need to be removed and
the molybdenum center oxidized. In order to find a suitable oxidant, complex 2 is investigated by CV
experiments in THF with ["BusN][B(CeFs)4] as supporting electrolyte. The cyclic voltammogram of 2 in
THF shows an irreversible oxidation wave at E,=+0.82V against the FcH/FcH* redox couple
(scheme 17). The wave is assigned to an irreversible oxidation from Mo to MoV and lies in a range of
reported Mo complexes.?*®'271 Compared to the peak potential of complex 1 the irreversible

oxidation wave of 2 is AU = 0.08 V higher.[?*”)
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Scheme 17: Left: cyclic voltammogram of 2 in THF with ["BusN][B(CsFs)a] as supporting electrolyte. Right:

reported Mo" complexes with similar irreversible peak potentials.[26-217]

Since 2 is oxidized at E, = +0.82 V, the choice of an oxidant is limited and [N(CsH3Br.-2,4)3][SbCls], Magic
Green, with an sufficiently high enough oxidation potential of E; =+1.14 V vs. FcH/FcH* in MeCN is
chosen.’?% Just as 1, the neutral form of complex 2 is EPR silent as expected for diamagnetic Mo"
complexes with d? electron configuration.?’”! The chemical oxidation of 2 did not led to a single
oxidized species, as expected for the irreversible nature of the oxidation, but rather to a complex mix
of resonances in the EPR spectrum (scheme 18). The g-values observed in the EPR spectrum of complex
[2]* six hours after addition of Magic Green in THF are below g = 2.0, with g = 1.9847, g = 1.9656 and
g =1.9516. Next to the three most intensive resonances a total of seven resonances is found. This
accounts for the °*’Mo hyperfine coupling observed.?*1232 |n contrast, for complex [1]* one
distinguished signal with gis, = 1.9607 and a ***”Mo hyperfine coupling was found after oxidation with

Magic Green, which is typical for single mononuclear MoV species.?'”!
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Scheme 18: EPR spectrum of 2 in THF at room temperature, six hours after addition of 0.9 equivalents of

[N(CsH3Br2-2,4)3][SbCls], Magic Green.

Since removal of the protection group on complex 1 did not succeed with neither DMSO nor N-oxides,
fluorine containing compounds are tested as deprotecting agents. Combining an electrophilic
F*-source like Selectfluor with a fluoride source circumvents the toxicity of directly using elemental
fluorine gas.!?*¥! Selectfluor not only functions as a F*-source, but also as oxidant, oxidizing the Mo"
center to a Mo" center.[?** Combining Selectfluor with a fluoride source and using it to de-protect 2

would result in formation of complex 4 (scheme 19).
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Scheme 19: Proposed synthesis of complex 4 through deprotection of 2 with Selectfluor and a fluoride ion

source.
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A solution of Selectfluor in MeCN is added to a solution of complex 2 in MeCN and the reaction progress
was followed spectroscopically. In the UV-vis spectra of 2 after Selectfluor addition, isosbestic points
at =276 nm and 4 = 347 nm are detected, indicating that a reaction between Selectfluor and 2 takes

place and no intermediates are present (scheme 20).
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Scheme 20: UV/vis spectra of 2 in MeCN after Selectfluor addition, recorded every 5 minutes for a total time of

one hour. Arrows indicate change of the spectra intensity over time.

The Selectfluor addition is followed by addition of a fluoride source, to conclude the deprotection of
2. Adding a solution of [Cs(18-crown-6),"]F~ or [K(18-crown-6)*]F~ to a solution of Selectfluor and 2 did
not result in a change of the UV/vis spectrum and thus no further reaction took place. Using the small,
non protic oxygen source NaOMe) instead, let to a follow up reaction visible by UV/vis spectroscopy
(scheme 21). After adding NaOMe(,) and continuously stirring the solution let to the appearance of an
isosbestic point at 338 nm and a gradual shift of the maximum from A =327 nm towards 4 =361 nm
over time. Since NaOMe is added as a solid, a slower heterogeneous reaction takes place while this
change in the reaction rate is visible in the UV/vis spectra. The first spectrum recorded after NaOMe)
addition appears to be similar to the spectra depicted in scheme 20, but a gradual change towards

spectra derived from a new species are apparent.
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Scheme 21: UV/vis spectra of 2 and Selectfluor in MeCN after NaOMe(s) addition, recorded every 15 minutes for

a total of two hours. Arrows indicate change of the spectra intensity over time.

Viewing the reaction of 2 with Selectfluor and NaOMe() with *H-NMR spectroscopy shows one
resonance which is assigned to the protons of the methyl group of methanol (scheme 22). After
removing all volatiles in vacuum, this resonance disappears, alongside another resonance which was
not assigned, but resembles the doublet of an isopropyl group. It is however not possible to assign the
resonance to an isopropyl group, since in the *H-NMR spectrum of an isopropyl group a doublet
coupling with a septet is expected, which is absent in the spectrum. Three resonances belong to the
N-chloromethyl-triethylenediammonium (tetrafluoroborate) cation formed after F* transfer from
Selectfluor and all remaining resonances are similar to the resonances of the ligand 'L, albeit have
other chemical shifts and no resonance from the NP"™*—H proton is detected in the *H-NMR spectrum,

suggesting a coordination of the ligand ®L™ to the Mo atom.
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Scheme 22: 'H-NMR spectrum of the reaction of 2 with Selectfluor and NaOMe) in MeCN-d3. Top: after
completion of the reaction, bottom: after removing all volatiles in vacuum and re-dissolving in MeCN-d3. The

asterisks denotes the solvent residue signals.

Although these results seem promising, no hints to the formation of complex 4 were found through
mass spectrometry and all crystallization attempts were unsuccessful. One problem using Selectfluor
is the removal of the remaining N-chloromethyl-triethylenediammonium (tetrafluoroborate) cation
after F* transfer, since the solubility of the cation and the possible complex 4 might be similar.
Literature procedures to remove the cation rely on column chromatography, a method not suitable
for a complex coordinated by the anionic ligand ®UL, since it would lead to cleavage of the N-Mo bond

and protonation of the ligand to H®YL.[235)236]

3.1.3 Geometry optimizations of complex 4 via DFT calculations

Since complex 4 has not yet been isolated and characterized, DFT calculations are used to predict the
geometry and possible isomers. In contrast to the possible isomers of complexes 1 and 2 no OC-6-1-2
isomer was found for complex 4 (scheme 23). Since sulfide ligands are m-donor ligands, they exert a
strong trans influence and avoid this coordination. Out of the two possible isomers, OC-6-4-4 is
energetically favored by 39 kJ/mol compared to isomer OC-6-3-3.

In the OC-6-4-4 isomer of complex 4 the calculation reveals a distorted octahedral geometry, as found

in the molecular structure (XRD) of the know dioxido substituted complex 6.8 The molybdenum
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NPYmolate hond lengths with 2.092 A are the same range as measured in complex 6 (between 2.081(2) A
and 2.066(2) A). The molybdenum N™"® bond lengths of 4 (2.335 A) lay in the same range as measured
for complex 6 (between 2.353(2) A and 2.320(2) A).28!

The molybdenum sulfur bond length calculated in the OC-6-4-4 isomer of 4 with 2.157 A is in
accordance to the molybdenum sulfide bond length (2.15 A) found in the active center of the oxidized
form of the aldehyde oxidoreductase found in D. gigas but slightly shorter than the bond lengths found
in complexes [Mo"'(Mes(phen))O(0SiPhs),S] (2.203(2) A) and [Mo¥'0(OCsH4Bu-2)S(Tp™)], with Tp™ =
hydrotris(3-isopropylpyrazol-1-yl)borate) (2.193(3) A).[72.237-241] The S—Mo-S’ angle is with 107.6°
close to the measured O—-Mo-0’ angles found in 6 (106.0° and 105.5°).[2%8 With 153.2° the NPy™lato—
Mo—NPY™la%" gngle is less distorted than the one measured in 6 (151.6° and 149.0°).1218 The N™re—Mo—
S and N™"—~Mo-S’ angles (159.7° and 158.9°) are again close to the measured N™"*~Mo—0/QO’ ones
found in complex 5 (163.5° and 159.5°).218 The N™"e—Mo— N™"¢’ angle is with 72.3° (5: 77.9° and 74.5°)

tighter compared to the one found in 5.28

S

t
pyrrole’ Bu
N Nimin / \
|
N, |04o
/ PR
\ 2 N7 | o
| N
5 \ /)
0C-6-4-4 0C-6-3-3 H
0 kJ/mol +39 kiJ/mol 6

Scheme 23: Optimized geometries of isomers of 4 with respective energies. Protons omitted for clarity. Right:

reference complex 6.2
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Fischer-type carbene gold(l) pre-catalysts featuring

R R
[0} . . .
2 B o Clll 2 ph—{ / redox-active  substituents were synthesized and
1 N_H m N-H ( ’N
— G = H . . . .
oA x 8"<A, Ph\(cj% characterized. Single electron oxidation of the ferrocenyl
. S \
\ \ N . .
Ar= . f””@ substituted gold(l) pre-catalysts leads to a fast reversible
4 |
Fe - catalysis o . . . L.
NMe, =  soppedfowkineics  gxjdation at the ferrocenyl moiety. This is followed by slow
R =Me, NMe, « EPR spectroscopy
[XI" = [SbCll, [PFel, INO5I-, CI + DFT calculations

valence isomerization from an Au'/Fe"

species to an
Au'/Fe" species. The generated Au" species is EPR-active and coordinated by the counterion of the
oxidant. After dissociation of the counterion, the complex becomes catalytically active in the
cyclisation of N-propargyl amide. It is possible to turn the catalytic reaction off with a suitable reductive
agent. The activation process is unraveled and analyzed thoroughly by CV experiments, temperature

depending EPR and stopped-flow UV/vis spectroscopy as well as by computational methods.
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ABSTRACT: Activation of halido gold(I) precatalysts Au(L)X to
a cationic species [Au(L)]" with a vacant coordination site for
substrate binding typically requires abstraction of the halide X™.
The Fischer-type carbene gold(1) precatalysts 2—4 feature redox-
active dimethylanilinyl, 2-furyl, and ferrocenyl substituents without
(2a—4a) and with (2b—4b), a dangling dimethylamino substituent.

After single-electron oxidation, 2—4 catalyze the cyclization of

N(2-propyn-1-yl)benzamide to 2-phenyl-S-vinylidene-2-oxazoline
without the presence of a halide scavenger. While all
dimethylanilinyl and 2-furyl substituted precatalysts likely form
catalytically active nanoparticles after oxidation, the ferrocenyl
substituted gold(I) complexes 4a and 4b operate in a
homogeneous fashion. The dimethylamino substituted ferrocenyl
precatalyst 4b is the most active one. The formation of the catalytically active molecular species after oxidation was probed by
stopped-flow experiments, quantitative EPR spectroscopy, and quantum chemical calculations to arrive at a consistent mechanistic
picture that involves one-electron oxidation of the ferrocene, valence isomerization to a go]d(H) species and anion coordination to
the gold(II) center. This oxidation/isomerization/coordination activation mechanism is fundamentally different from the typical
activation of gold(I) precatalysts by halide abstraction and opens new avenues in gold catalysis beyond gold(I) and gold(III)

catalyses.

B INTRODUCTION

Chlorido gold(I) complexes with phosphane or carbene
ligands are highly useful precatalysts for a variety of organic
transformations, in particular with substrates containing
carbon—carbon multiple bonds with a considerable number
of reviews documenting the huge progress of the research
field.' ™' Activation of the precatalyst to a cationic species with
a vacant coordination site for substrate binding is required.
This is most often realized by halide abstraction using silver(I),
copper(l), or alkali metal salts with weakly coordinating
counterions or halogen-bond donors, either isolated in a
separate step before the catalysis or prepared in situ.'"™*’
Silver- or additive-free methods, using so-called self-activating
precatalysts, operate by intramolecular hydrogen bonding to
activate the halido—gold bond.”*™"* Potentially self-activating
(and counterion-binding) precatalysts A—E (Chart la) with
N—H groups in ligand side arms reported by Gabbai, Helaja,
Marinetti & Guinchard, and Echavarren have been suggested
to abstract the chlorido ligand from the gold(I) center
providing the cationic gold(I) species with a vacant
coordination site.”"™*

An alternative method to inter- or intramolecular halide
abstraction employs positively charged ligands (Chart
lb).‘”* * The charge seems to form highly electrophilic gold
centers, while the halide remains coordinated to the gold(I)

© 2024 American Chemical Society

< ACS Publications

69

Ar = & X X
o
= Fe - catalysis
NM: « stopped-flow kinetics
R =Me, NMe, Kz » EPR spectroscopy
( = DFT calculations
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ion. Sarkar et al. developed chlorido gold(l) precatalysts with
ferrocenyl-substituted mesoionic carbene ligands (F™; Chart
1b).%7* Oxidation of FA* with acetylferrocenium tetrafluor-
oborate to the ferrocenium complex [F*]** yields the
catalytically active species for the cyclization of N(2-propyn-
1-yl)benzamide to 2-phenyl-S-vinylidene-2-oxazoline. The high
activity of [F**]** was rationalized by the strongly electron-
withdrawing character of the cationic mesoionic carbene
ligand; however, a vacant coordination site at the two-
coordinate gold(I) center is not easily conceivable. Similarly,
Gabbai placed a cationic fluorenylium, xanthylium, or
acridinium substituent close to the gold(I) center achieving
highly active catalysts by dative bonds ([G]*; Chart 1b) or
noncovalent interactions ([H]*, [I]*; Chart 1b), apparently
without chloride dissociation (Chart 1b).>**" With two
positively charged cobaltoceniumyl substituents close to the
gold center, Sarkar et al. developed a highly active catalyst [J]**
(Chart 1b) without the need for addition of halide scavengers,
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Chart 1. Gold(I) Complexes Pertinent to the Current
Study; (a) Self-Activating/Anion-Binding Pre-Catalysts A—
E with N—H Hydrogen Bond Donors for Chloride
Abstraction; (b) Catalysts with Positively Charged Ligands
[F*])**—[M®]", and (c) Cationic Gold(I) Catalysts [2]*"—
[4]** with Redox-Active Aryl Units, N—H Hydrogen-Bond
Donors and NMe, Functionalized Side Chains Investigated
in the Present Study; Red Arrows Indicate Possible Flow of
Electron Density; Black Arrows Indicate Possible Chloride
Abstraction

a) Self-activating gold(l) complexes by intramolecular chloride transfer
R
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b) Activated gold(l) complexes by positively charged ligands
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yet a vacant coordination site is not easily envisioned as well.

Furthermore, an induction period is observed pointing to some
as-yet undiscovered self-activation mechanism.*® Placing
positively charged Lewis acids (M = Zn*, Cu', or Ag')
close to a di(phosphane) gold(1) fragment [K™]"* (Chart 1b),
Tauchert observed high activity in the cycloisomerization of
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N(2-propyn-1-yl)benzamide. Yet weakly coordinating anions
(X = OTf, NTf,) or chloride scavengers are required (X =
C1).”” The ligand scaffold suggests an electron-deficient T-
shaped tricoordinate go]d(I) center as the catalytically active
site.

Peris et al. reported a ferrocenyl imidazolylidene gold(I)
complex, which becomes active in the hydroamination of
phenylacetylene with arylamines and in the cyclization of 2,5-
dimethylfuran after oxidation with acetylferrocenium tetra-
fluoroborate.”” However, protonated species, probably arising
from traces of water, were detected after oxidation. These
might be the active species in the catalytic reactions after
chloride abstraction from gold(I) via hydrogen-bonding to the
newly formed NH group (cf. self-activating gold(I) complexes,
Chart 1a). The combination of ferrocenyl ligand oxidation by
[FcOAC][AI{OC(CF;)3},] and chloride abstraction by Na[B-
{Cg¢H;(CF;),},4] forms highly active cationic complexes for the
hydroamination of alkynes as reported by Breher et al.*'
Clearly, activation of gold(I) precatalysts by ligand oxidation
or cationic ligand side arms shows many facets and not all
atomistic aspects are fully understood. Notably, gold(III)
chloride AuCl; also transforms N(2-propyn-1-yl)benzamide to
2-phenyl-S-vinylidene-2-oxazoline, which further isomerizes to
the 2,5-disubstituted oxazole under these conditions.*
Consequently, both gold(I) and gold(III) derived precatalysts
can be active for this transformation.

We reported the Fischer-type ferrocenyl ethoxycarbene
gold(T) complex L (Chart 1b) as being active in the cyclization
of N(2-propyn-1-yl)benzamide to 2-phenyl-5-vinylidene-2-
oxazoline after oxidation to [L]*" with the oxidant [N(4-
C¢H,Br),][SbCls] (Magic Blue)**** without requiring chlor-
ide scavengers.JS No protonation to cationic complexes was
observed. Instead an EPR-active species with a broad
resonance around g = 2,017 forms quantitatively over time.*
The increasing amount of EPR-active species correlates with
the catalytic activity. As the EPR resonance is even observed at
room temperature, the evolving EPR-active species is not a
ferrocenium ion, which would be EPR-silent at room
temperature.”* ™"

Magic Blue oxidizes the acyclic ferrocenyl diaminocarbene
gold(T) complexes M® to the respective ferrocenium ions
[MR]** (Chart 1b). These could be trapped by rapid freezmg
and EPR spectroscopically detected at low temperature.*” At
room temperature, these ferrocenium ions slowly convert to
the species with the characteristic broad EPR resonance at g &
2.014."> This EPR-active species had been assigned to a
persistent gold(II) radical with the unpaired electron
occupying an orbital of mainly 5d.:_2 character.*** These
proposed active gold(Il) species are hence placed in between
gold(1) and gold(IIl) catalysts.

Genume mononuclear gold(II) complexes are, however,
very rare™ ™ due to their propensity to dimerize via gold—
gold ¢ bonds or to disproportionate into gold(II) and
gold(1)/gold(0).**'=%* Radical addition to linearly coordi-
nated go]d(l) complexes can yield T-shaped gold(IT)
complexes,”~** which have been proposed as intermediates
in thermal radical addition reactions and in photoredox
catalytic cycles.l’;‘(’ﬂ_%— Gold(1I) species [Au(tpy)(OH,)]**
has been proposed to arise from hydrogen-atom transfer to
the hydroxido gold(HI) complex [Au(tpy) (OH) 1> (tpy =
2,2:6’ 2-terpyridine).’ 7 Gold(11) radicals [Au' X,]” were
generated in the gas phase by Au—C bond homolysis from
[Au™(CF3)X;)™ (X = F, Cl, Br) and a T-shaped geometry was

https://doi.org/10.1021/acs.organomet.3c00395
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assigned on the basis of quantum chemical calculations.”’
Computationally, neutral unsaturated AuX, ss?ecies coordinate
an additional X~ ligand to give [Au"X,]™."" Yet, preparative
isolation of three-coordinate gold(Il) complexes had not been
reported, and these are likely highly reactive, electrophilic and
Lewis-acidic species.Mf82

To elucidate the role of oxidizable units in the ligand for the
activation of gold(I) precatalysts by their electron withdrawing
or even electron accepting nature (Chart 1b) and the potential
role of N—H groups for self-activation (Chart 1a), we report
novel Fischer-type carbene gold(l)g"’_85 precatalysts 2—4
(Chart 1c) for the cyclization of N(2-propyn-1-yl)benzamide
to 2-phenyl-S-vinylidene-2-oxazoline. Importantly, these pre-
catalysts can potentially be activated by oxidation of the
oxidizable substituents dimethylanilinyl (4-DMA), 2-furyl, or
ferrocenyl (Fc) to [2]*%, [3]**, and [4]®", respectively.
Additionally, the [2b]**, [3b]**, and [4b]** derivatives possess
basic and potentially coordinating dimethylamine side chains
for stabilization of unsaturated gold intermediates, substrate
coordination by hydrogen bonding or assistance in the
protodeauration step.*>”” The nature and reactivity of the
resulting radical cations [2]*7, [3]**, and [4]** will be probed
by cyclic voltammetry, EPR spectroscopy, kinetic studies,
stopped-flow experiments, quantum chemical calculations, and
catalytic experiments in comparison to a carbene gold(I)
precatalyst 1 lacking oxidizable side chains, N—H, and NMe,
groups. These mechanistic studies serve to arrive at a
consistent mechanistic picture for the oxidative activation of
Fischer-type carbene gold(I) precatalysts.

B RESULTS AND DISCUSSION

Synthesis and Characterization. The targeted (aryl)-
(amino)carbene chlorido gold(I) complexes 2a—4b were
prepared starting from corresponding aryl ethoxycarbene
pentacarbonyl tungsten complexes with aryl being 4-
dimethylanilinyl (4-DMA), 2-furyl, or ferrocenyl (Fc) sub-
stituents.™™* Transmetalation to gold(T) with AuCl(tht)
gives the gold(I) complexes P2—P4 (Scheme 1, Figures S1—

Scheme 1. General Scheme for the Synthesis of
(Aryl)(amino)carbene Gold(I) Complexes 2a—4b from Aryl
Ethoxycarbene Gold(I) Precursor Complexes P2—P3 and
Reference Complex 1%

Rg
o} HaN-CH,CHp-R
CI*AU‘< —_—
Ar

THF, 20 °C
(90 - 95 %)

Ar‘ Ph ‘4-DMA‘2-fury\‘ Fc

‘1‘P2‘P3‘P4

S4, Supporting Information; tht = tetrahydrothiophene).
Subsequent aminolysis with n-propyl amine or N,N-dimethy-
lethylenediamine yields 2a—4a (R = Me) and 2b—4b (R =
NMe,), respectively, in nearly quantitative yields (Scheme 1).
The phenyl ethoxycarbene gold(I) complex 1% lacking a redox
active unit Ar, N—H moieties, and basic NMe, sites serves as a
reference complex (Scheme 1; Figures SS and S6, Supporting
Information).
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Gold(I) complexes 2—4 were characterized by NMR and IR
spectroscopy, HR-ESI mass spectrometry, and elemental
analyses (Figures S7—S21, Supporting Information). The
chemical shifts of the carbene *C resonance of §(**C_pene)
=196.0/195.9 (3a/3b), 214.0/213.0 (2a/2b) and 216.7/215.8
ppm (4a/4b) correlate with the Tolman electronic parame-
ter” (TEP) of the carbene ligands with Fc < 4-DMA < 2-
ﬁerL%‘gl The 2-furyl substituent stabilizes the carbene p,
orbital best, while the ferrocenyl substituent is less involved in
inductive or 7-resonance stabilization of the p, orbital. The
pendant NMe, group has only a minor influence on
3(*Cearpene)- Yet, the NMe, group exerts a moderate to strong
effect on the NH proton resonance with §('Hyy) = 8.86/9.37
(2a/2b), 9.21/9.43 (3a/3b), and 8.29/9.11 ppm (4a/4b) in
CDCl, (Figures §7, 9, S11, S13, SIS and S17, Supporting
Information). The shift of 8(*Hyy) to lower field observed for
the NMe, substituted complexes indicates hydrogen bonding
of the NH group. In full agreement, the comparably sharp IR
absorption bands of the N—H stretching vibrations of 2a/3a/
4a at gy = 3333, 3318, and 3329 cm™! in CH,CI, broaden to
absorption bands of 2b/3b/4b at Ty = 3266, 3273, and 3266
cm™, respectively, with the original N—H stretching bands
diminished to weak shoulders (Figures S19—S21, Supporting
Information). This further supports the formation of NH--
NMe, hydrogen bonds of 2b—4b in noncoordinating solvents.

Single crystals suitable for X-ray diffraction (Tables S1 and
S2, Figures S22 and S23, Supporting Information) were
obtained for ethoxy carbene go]d(T) complexes P2—P4 and the
amino carbene gold(I) complexes 2a, 2b, 3a, 4a, and 4b
(Figure 1). The Au—C, e, bond lengths (1.982(4)—
2.011(12) A) fall within the range for gold(I) complexes
with an spz—hybridized carbon trans to a chlorido
ligand."*"*™™* The Cpee—N bond lengths [1.294(6)—
1.338(15) A] are indicative of a bond order larger than one.
The amino carbene complexes exhibit the expected linear
cootdination of gold(I) with C_pene—Au—Cl of 177.4(11)—
179.8(14)° and a trigonal coordination of the carbene C atom
with  Cipiq=Cearene—N bond angles between 116.0(3)—
120.8(10)°. The more acute Ciygq—Cyrpene—C bond angles of
P2—P4 ranging between 112.2(4)—114.6(13)° (Figure 522,
Supporting Information) suggest a stronger z-donation of the
amino substituent as compared to the ethoxy substituent. The
(hetero)aryl rings lie approximately in the plane of the carbene
ligand, except for 4a and 2a with C,—C,,,—C —N torsion
angles of 28.2(6) and 18.6(6)°, respectively.

All amino carbene gold(I) complexes except 4b lack Au--Au
contacts with Au--Au distances being well above 4 A. Instead
these complexes display short intermolecular contacts between
the amino group and the chlorido ligand of a neighboring
complex with N---Cl distances of 3.294(4), 3.29(1), 3.298(4),
and 3.265(4) A for 2a, 2b, 3a, and 4a, respectively, indicative
of NH--Cl hydrogen bonding (Chart 2a). These values are
even shorter than the distance found for the diamino carbene
complex M™ in the solid state (3.402(4) A, Chart 1).** The
NMe, substituted complex 2b possesses a short intramolecular
N--N distance of 2.86(1) A indicative of an intramolecular
NH:~N hydrogen bonding interaction in addition (Chart 2a).

Complex 4b crystallized together with its hydrochloric acid
adduct [H-4b]Cl in a I:1 ratio with the NMe, substituent
protonated to the ammonium group NHMe,". 4b and [H-4b]*
form gold(I)—gold(l) dimers with an Aul—Au2 distance of
3.0783(5) A (Figure $23, Supporting Information). These
dimers are connected to chains via intermolecular NH---N

carbene

https://doi.org/10.1021/acs.organomet.3¢00395
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Figure 1. Partially labeled ellipsoid plots (50% probability) of
complexes 2a, 2b, 3a, 4a, and 4b. Solvent molecules and CH
hydrogen atoms were omitted for clarity. Selected bond lengths (A),
bond angles (deg), and torsion angles (deg) for 2a Au—C_pene
1.992(5), Ceubene=N 1.306(6), Ceybene=Cipso  1.468(6), Au—Cl
2308(11), Coppene—Au—Cl 177.5(12), N—Copene—Ciso 117.4(4),
Ca—Cipso—Clambene=N 18.6(6); 2b Au=Cypene 2.011(12), Ceppene—N
1.338(15), Cearbene™Cipso 1.457(16), Au—Cl 2.299(3), C_penc—Au—
Cl 179.2(4), N=Ceypene—Cipso 120.8(10), Co—Cipso=Cearbene=N
10.0(18); 3a Au=Ceipene 1:991(5), Corpene™N 1294(6), Cerrhene™
Cipso 1.450(7), Au—Cl 2.294(12), C ypenc—Au—Cl 179.8(14), N—
Ceabene=Cipso) 116.6(4), Co=Cipeo—Carbene—N 4:3(6); 42 Au=Cpiene
1.982(4), Cebene=N 1.310(5), Ceybene=Cipso  1447(S), Au—Cl
2.292(11), Cepene—Au—Cl 177.4(11), N=C_pene—Cinso 116.0(3),
Cu=Cipso=Contene—N 282(6); 4b Au—Cpiune 2000(3); Contpone—N
1.300(4), Ceubene—Cipso 1.454(5), Au—Cl 2.311(9), Ceytpenc—Au—Cl
178.6(9), N=Cupene—Cipso 117.0(3), Cu—Cireo—Ceapenc—N 3.7(5).

ipso ipso

Chart 2. (a) Hydrogen Bonding Motifs Observed in the
Solid State and in Solution and (b) Conceivable Hydrogen
Bonding Interactions with the Substrate N(2-Propyn-1-
yl)benzamide (Green) and Oxidative Activation of the
Gold(I) Pre-Catalyst

a) Me Me
Me Me N Me e Me e
N (i i
i it ( _>
N—H-----Cl—Au—{ N-H.__ __.H-N
cl—Au—(’ Ar Cl—Au—( kel Y—Au-Cl
Ar Ar Ar
b
N Ph Me Me

N

[

Al

Heeoo H R
’I/\C)WH\ —/_Rph\gﬁ N\_\ —HPhINﬂ {1

hydrogen bonds between NHMe" and NMe, groups with an
N---N distance of 2.750(4) A and via the additional chloride
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ion coordinated by two NH groups of the amino carbene
ligands with N--Cl distances of 3.101(3) and 3.102(3) A
(Chart 2a).

These intra- and intermolecular interactions in the solid
state confirm the possibility for NH substituents acting as
intermolecular hydrogen bond donors to free and coordinated
chloride ions and for NMe, substituents acting as hydrogen
bond acceptors as already inferred from 'H NMR and IR
spectroscopy. NMe, substituents in these substituted amino
carbene gold(I) complexes are even competent as Bronsted
bases thanks to their high basicity [cf. pK,(NMe,) = 4.2].7°
Consequently, it appears feasible that the substrate for
cyclization to the oxazoline N(2-propyn-1-yl)benzamide can
also interact with the gold(I) precatalyst via hydrogen bonding
involving the NH,, ;4. or the CO,,,;4. moiety of the substrate
(Chart 2b).

To probe the oxidative activation (Chart 2b), all gold(I)
complexes 1, 2a—4b were investigated by cyclic voltammetry
in CH;CN with ["Bu,N][PF] as the supporting electrolyte
(Figures $24—S30, Supporting Information). Only 4a and 4b
show reversible oxidative waves at 0.31 and 0.34 V vs
ferrocene, respectively (Figure 2). These are assigned to the

a)

035V
100 pA

027V

-0.5 0.0 0.5 1.0 15 2.0
E/V vs. FcH/FcH*

b)

-0.5 0.0 0.5 1.0 1.5 2.0
E/V vs. FcH/FcH*

Figure 2. Cyclic voltammograms of (a) 4a (red) and (b) 4b (blue) in
CH;CN/["Bu,N][PF]. The shoulder at 0.28 V possibly arises from
partially protonated 4b (vide supra) which disappears after
consecutive scans (Figure $30, Supporting Information).

ferrocenium/ferrocene couple, with the potentials in between
those of the ferrocenyl carbene complexes L (0.60 V) and M*'/
M (0.105/0.115 V)."** All other complexes are irreversibly
oxidized with peak potentials E, = ~1.0, 0.71, 0.44, 0.98, and
0.66 V for 1, 2a, 2b, 3a, and 3b, respectively. Oxidation of
gold(I) complexes is mostly irreversible, often leading to
gold(I1I) species.”*™'** The significantly lower potentials of 2b
and 3b as compared to 2a and 3a arise from the irreversible

https:/doi.org/10.1021/acs.organomet.3c00395
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NMe,%** oxidation followed by deprotonation.'”® For

comparison, NEt; is irreversibly oxidized in CH;CN at 0.47
V.* Oxidation of the Ph, 4-DMA, and 2-furyl substituents
seems to be irreversible as well and occurs at comparably high
potentials. Nevertheless, activation for catalysis by oxidation
with a strong oxidant*' %97 yag attempted for all potential
precatalysts 1, 2a—4b.

Oxidatively Induced Catalysis. The precatalysts 2a—4b,
the ethoxy carbene complex 1 without a side chain and N,N-
dimethylethylenediamine (DMEN) mimicking the side arm of
2b, 3b, and 4b (1 mol % loading) were employed in catalytic
experiments with and without the oxidant [N(4-C4H,Br),]-
[SbCls] (Magic Blue, E, , = 0.67 V, 1.25 mol %) as a cocatalyst
in CH,Cl,. The cyclization of N(2-propyn-1-yl)benzamide to
2-phenyl-S-vinylidene-2-oxazoline served as the catalytic test
reaction (Scheme 2, Table 1).

Scheme 2. Intramolecular Cyclization of N(2-Propyn-1-
yl)benzamide to 2-Phenyl-5-vinylidene-2-oxazoline
Catalyzed by Carbene Gold Pre-Catalysts and Magic Blue as
Oxidant. No Chloride Scavenger Was Added

S
PhJ{N /

H

pre-cat (1 mol-%)
Magic Blue (1.25 mol-%)

Ph \ﬁcj%

CH,Cly, 24 h

Table 1. Screening of Reaction Conditions”

entry precatalyst addition of Magic Blue  yield (%) after 24 h”

1 DMEN - 0
2 DMEN + 0

3 1 + 2(2)
4" 2a + 40(6)
st 2b + 71(0)
6" 2b - 0

7b 3a + 42(2)
8" 3b + 71(1)
9" 3b - 1(1)
10 4a + 59(9)
11 4a - 2(1)
12 4b + 88(6)
13 4b - 0

14 4b + Hg' + 83

“Catalytic experiments were performed in duplicates, and standard
deviations are indicated in parentheses. “Formation of a gold mirror
on the reaction vessel surface was observed. “Excess Hg(1) was added
to the reaction tube.

While DMEN and ethoxy derivative 1 gave essentially no
conversion under these conditions (Table 1, entries 1—3), all
amino carbene gold(I) precatalysts 2—4 catalyzed the reaction
in the presence of the oxidant (Table 1, entries 4, $, 7, 8, 10,
12). Notably the NMe,-substituted precatalysts 2b, 3b, and 4b
were more active than the unsubstituted counterparts 2a, 3a,
and 4a, with yields increased from 40 to 71%, from 42 to 71%
and from $9 to 88%, respectively (Table 1). No product
formation is observed in the absence of oxidant (Table 1, 6, 9,
11, 13) suggesting that 2b, 3b, 4a, and 4b are not self-
activating precatalysts (cf. examples shown in Chart 1a). This
suggests that the N—H group of the amino carbenes is
incompetent for chloride abstraction, possibly caused by the
inappropriate position of the NH group (cf. Chart la and
Figure 1).

73

Importantly, ethoxy carbene 1 and the 4-DMA and 2-furyl
amino carbene derivatives 2 and 3 produced a gold mirror on
the tube wall during the reaction. This suggests that gold
nanoparticles' " ™*'* decorated with amino carbene ligands
instead of a homogeneous catalytic active species might be the
catalytically active species. On the other hand, no gold mirror
or gold precipitate is observed with the ferrocenyl substituted
precatalysts 4a and 4b substantiating the formation of a
molecular catalytically active species. Addition of mercury
(mercury poisoning test)'* does not significantly reduce the
yields of the 4b/oxidant catalyzed reaction confirming the
homogeneous nature of the catalytically active species (Table
1, entries 12/14).

Attempts to regenerate the reduced precatalysts 2b and 3b
employing the reductant decamethylferrocene FeCp,* (1.05
equiv; E,;, = —0.48 V*) in the absence or presence of the
substrate yielded only complex mixtures including the amides
ArC(O)NHCH,CH;NMe, (Ar = 4-DMA, 2-furyl). This
liberation and oxidation of the carbene ligand is consistent
with the irreversible oxidation of 2b and 3b observed in the
cyclic voltammograms (Figures S26 and S28, Supporting
Information) and the formation of a gold mirror during
catalysis. On the other hand, the ferrocenyl complex 4a was
successfully regenerated after the catalytic reaction by
reduction with decamethylferrocene FeCp,* (1.05 equiv)
according to 'H NMR spectroscopy in 92 + 5 spectroscopic
yield (Figure S31, Supporting Information) in agreement with
the reversible oxidation and the mercury poisoning test.

Consequently, the ferrocenyl precatalysts 4a and 4b
essentially retain their structural integrity during the catalysis.
However, as no chloride scavenger has been added, the gold(I)
center remains coordinated by the chlorido ligand and binding
of the alkinyl substrate to the linearly coordinated gold(I)
center appears difficult. This contradicts the observed high
activity of 4a and 4b in the presence of the oxidant (Table 1).
To investigate this discrepancy, we spectroscopically inves-
tigated the outcome of the oxidation of 4a and 4b with various
oxidants.

Mechanistic Investigations. Stopped-flow kinetics of the
reaction of 4a/4b with Magic Blue were recorded to probe the
initial oxidation event and potential follow-up reactions in
CH,Cl, at 22 °C and —90 °C, respectively (Figure 3 for 4b
and Figure S32 for 4a, Supporting Information).

In all cases, the characteristic absorption band of Magic Blue
at 728 nm (Figure S$33, Supporting Information) has
completely vanished already after the mixing time. This
suggests that the electron transfer from 4a/4b to [N(4-
C¢H,Br);]** is faster than the dead time of the stopped-flow
spectrometer (0.7 ms). The electron transfer gives rise to the
cations [4a]*t and [4b]*", respectively, with a characteristic
absorption band at 480 nm (Figure 3). According to time-
dependent DFT calculations on [4a]**, this band possesses
gold(T) to iron(III) charge transfer character (Figure S32c,
Supporting Information). The band persists up to 40 ms at
—90 °C (Figure 3b), while at 22 °C, this band loses intensity
and a new band at 353 nm appears (Figure 3a). Consequently,
a slower, thermally activated follow-up reaction takes place
after the fast initial electron transfer at room temperature.

Oxidation of ferrocenyl carbene complexes 4a and 4b with
the oxidant [N(4-C¢H,Br);]** in THF bleached the sharp EPR
resonance of [N(4-C¢H,Br);]*" at g = 2.016.>° Initially, no
other EPR-active species is detected, yet over minutes, broad
EPR resonances appear at g = 2.021 and 2.028, respectively

https://doi.org/10.1021/acs.organomet.3c00395
Organometallics 2024, 43, 69-84
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Figure 3. (a) UV—vis spectra of 4b in CH,Cl, recorded (a) at 22 °C
40 ms (light blue) and 4 h (blue) after mixing with Magic Blue
including a time trace observed at 4 = 480 nm (inset) and (b) at —90
°C 4 ms (light blue; essentially identical to the 40 ms trace) and 40
ms (blue) after mixing with Magic Blue.

(Figures 4ab and S34 and S35, Supporting Information).
These resonances are very similar to those obtained for the
cationic complexes [K]** and [L¥]** with g = 2.017 and 2.014,
respectively (Chart 1b).*** In CH,Cl, solution, the EPR
resonances of the radical cations derived from 4a and 4b are
much broader suggesting some aggregation phenomena and
solubility issues associated with this solvent (Figures S36 and
S37, Supporting Information).

As ferrocenium ions are generally EPR-silent at room
temperature,”*™"' the broad resonances are assigned to
different paramagnetic species generated from the initially
formed ferrocenium cations [L]**, [MR]**, [4a]**, and
[4b]**.** A slow intramolecular electron transfer (valence
isomerization) from gold(I) to iron(III) had been suggested
resulting in a gold(II)/iron(II) character of the paramagnetic
EPR-active species.""’Sz As ferrocene possesses a diamagnetic
low-spin iron(II) ion, the unpaired electron is essentially
localized at the gold center. We note that complexes 1—3 do
not furnish any detectable X-band EPR resonances after
oxidation with Magic Blue initially to the reactive and unstable
radical cations [1]°*—[3]°" suggesting that the gold nano-
particles formed after oxidation of 1—3 are EPR-silent.''*''?
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Figure 4. EPR spectra of (a) 4a and (b) 4b with Magic Blue added in
THEF at 22 °C and time delays 0.5, 3, and 6 h. (c) Plot of the doubly
integrated intensity of the EPR resonance versus time at selected
temperatures for 4a. (d) Arrhenius plots of the observed zeroth-order
rate constant k,, for the reaction of 4a and 4b with Magic Blue in
THE.

Using different oxidants (aminiumyl radical cations in [N(4-
C¢H,Br);][SbCl¢], thianthrenium radical cations in
[C1,HS,][SbCl] or [C,HS,][PF4] and cerium(IV) ions in
ceric ammonium nitrate [NH4]1[Ce(NO3)6])M'106’]07 deliver
essentially identical EPR signatures, confirming that the

https://doi.org/10.1021/acs.organomet.3c00395
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resonances arise from the oxidized gold complexes and not
from oxidant-derived species (Figures S34—S37, Supporting
Information). Similar to the oxidation with [N(4-C4H,Br);]*",
the sharp EPR resonance of the thianthrenium radical cation
[C,HgS,]*" of [C),HgS,][PF¢] at g = 2.016 has completely
vanished confirming the successful and quantitative oxidation
also with these oxidants (Figure S38, Supporting Information).

Addition of potentially coordinating chloride anions (1
equiv) as ["Bu,N]CI to the oxidation experiment of 4a with
[C,HgS,][PF,] did not inhibit the formation of the EPR-
active species (Figure S36, Supporting Information). This
suggests that chloride dissociation from [4a]®" is an unlikely
pathway in this case. In contrast, Nataro et al. observed CI~
loss instead of oxidation for (AulCl),(P N P) after treatment
with [N(4-C4H,Br);][B(C4Fs),] to yield [Au,(u-Cl)(P N
P)][B(CgFs)4] (P N P = various 1,1"-bis(phosphano)ferrocene
ligands)."'® On the other hand, treatment of 4a with [N(4-
C¢H,Br);][Al{OC(CF;);},] yielded no significant amounts of
EPR-active species.

This series of various oxidant salts suggests that at least a
weakly coordinating anion X~ = [SbCls]~, [PF4]~, [NO;]™ or
CI™ is required for the development of the EPR-active species
from the initially formed ferrocenium cation [4a]*". In the
following, we denote this EPR-active, anion-dependent species
4a-X. For [4b]**, coordination of a counterion (4b-X) or the
NMe, group [4b’][X] is conceivable.

At this point, we summarize that electron transfer from 4a or
4b to various oxidants is fast, initially yielding EPR-silent
ferrocenium ions [4a]® and [4b]*". EPR-active molecular
species 4a-X and 4b-X/[4b"][X] form over time in a follow-up
reaction. 4a-X and 4b-X/[4b’][X] form independently from
the type of oxidant. This reaction is rather slow and hence an
appreciable activation barrier is associated with it.

To study this activation barrier, we measured the rates of the
total reaction of 4a/4b with Magic Blue to the EPR-active
species 4a-X and 4b-X/[4b’][X] in THF at various temper-
atures (—10 to +50 °C) using quantitative EPR spectroscopy
(double integration calibrated with Cu(TPP), TPP*~ = meso-
tetraphenylporphyrinato(2—); Figure 4¢; Figures S39 and $40,
Supporting Information)."'” The NMe,-substituted complex
4b reacts faster than 4a (Figures 4, S41 and $42, Supporting
Information) confirming an accelerating effect of the NMe,
substituent.

Within the experimental uncertainty of the EPR double
integration technique, complexes 4a and 4b reach quantitative
conversion within 1000 min at 30 °C and within 400 min at S
°C, respectively (Figures 4, S41 and S42, Supporting
Information). Formation of the EPR-active species is linear
with time almost up to consumption of all material. This
behavior corresponds to a reaction of (pseudo)zeroth order
(d[4-X]/dt = kg).'"® Arrhenius plots of the temperature
dependence of the observed rate constant In(k,,) =In A — E,/
RT of the reaction of 4a/4b with Magic Blue are linear over
the observed temperature ranges giving activation barriers E, =
82 + 7 and 58 + 14 kJ mol™!, respectively (Figure 4d). The
smaller barrier for 4b confirms the positive influence of the
pendant NMe, group for the formation of the EPR-active
species 4b-X/[4b’][X] in agreement with its higher catalytic
activity (Table 1). The experimental (pseudo)zeroth order rate
law indicates that a pre-equilibrium is rate-determining
followed by a faster follow-up reaction. The barriers obtained
are thus associated with the rate-determining step of this pre-
equilibrium. Such a mechanistic scenario has been found, for
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example, for the iodination of acetone, where the tautomeriza-
tion to the enol of acetone is rate-determining and the overall
rate is independent of iodine and acetone concentra-
tions, 119120

As the initial oxidation of 4a and 4b to the ferrocenium ions
[4a]** and [4b]*" is very fast (vide supra), these ferrocenium
cations [4a]** and [4b]*" are likely involved in the pre-
equilibrium. Furthermore, we suggest that the counterions X~
of the oxidant plays a role for [4a]** as the very weakly
coordinating anion [AI{OC(CF;);},]” does not support the
formation of the EPR-active species 4a-X, while [SbCl],
[PF4]7, or [NO,4]™ do. Coordinating Cl” ions do not inhibit
the formation of the EPR-active species 4a-X and 4b-X/
[4b’][X].

A minimal model (Scheme 3) accounting for the
experimental data consists of a slow, reversible valence-

Scheme 3. Proposed Mechanism for the Oxidative
Activation of Ferrocenyl Substituted Amino Carbene
Gold(I) Pre-Catalysts 4a and 4b to Ferrocenium Cations
[4a]**/[4b]** Followed by a Slow Au'Fe™/Au"Fe" Valence
Isomerization by Coordination of X~ or the NMe, Group
Giving the EPR-Active and Catalytically Competent
Gold(IT) Species 4a-X and [4b’][X]; One-Electron
Reduction and Dissociation of X~ Regenerates 4a and 4b,
Respectively

R R X
2 X e
N—H f N—H initially formed
o= l/:' c= i’
—
= =
4a (R = Me) [4a][X] (R = Me)
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isomerization of the initially formed ferrocenium ions
[4a]**/[4b]** to Au"Fe" valence isomers 4a-X and [4b'][X]
initiated by counteranion or NMe, coordination to the gold
center. In agreement with the lower activation barrier,
[4b’][X] forms faster than 4a-X thanks to the chelate
assistance of the NMe, substituent (Scheme 3). These species

https://doi.org/10.1021/acs.organomet.3c00395
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are proposed to act as catalytically active molecular species.
Rereduction likely dissociates the anion X~ and the NMe,
donor reforming 4a and 4b, respectively, with two-coordinate
gold(T) centers (Scheme 3) as observed experimentally for 4a
(Figure S31, Supporting Information).

Consistent with our mechanistic model involving Au'Fe"
valence isomers, a related (ferrocenyl oxazoline) palladium(IT)
complex is oxidized by silver(I) salts to EPR-active d’
palladium(I1I) species instead of the initially assumed
oxidation of the ferrocenyl moiety."”*" A chlorido (ferrocenyl
oxazoline) gold(I) complex is also oxidized by AuCl(SMe,) at
the gold ion instead of the ferrocenyl substituents, yet a
diamagnetic gold(1I) dimer with a gold—gold o-bond
forms. 221>
not seem to play a major role in the present case as spin
quantification suggests essentially quantitative formation of
EPR-active species (Figure 4¢). In order to identify the nature
of potential EPR-active Au''Fe!! valence isomers of [4a]** and
[4b]** in the absence and presence of coordination anions X,
we turned to quantum chemical calculations.

Density Functional Theory Calculations. All open-shell
species were optimized on the UB3LYP/def2-TZVP level of
theory including relativistically adjusted basis sets, dispersion
correction, and a solvent model. Mulliken spin population
analyses were used to identify the localization of the electron
hole in the radical cations [1]°"—=[4]". In [1]*", the spin
density is distributed over Au, Cl, and the phenyl carbene unit,
while in [2a]*" and [3a]**, the spin density is more localized
on the DMA and furyl substituents (Figure S43, Supporting
Information). A larger spin density at the gold center is
accompanied by a larger deviation from a linear Cl—-Au—C
coordination.

The NMe, substituted complexes [2b]** and [3b]** localize
most spin density on the NMe, moiety (Figure 5). This is
consistent with the assignment of the oxidative redox waves of
2b and 3b in the cyclic voltammograms to the irreversible
NMe,**"? oxidations (vide supra). Coordinating the NMe,
group of [2b]*" and [3b]*" to the gold center forming a six-
membered chelate ring and a T-shaped coordination geometry
at the gold is favored by a few k] mol™' leading to sharing of
the spin density between gold and NMe, ([2b']** and [3b"]*";
Figure S). Yet this thermodynamically only slightly favored
coordination [2b’]** and [3b’]*" apparently cannot compete
with the irreversible deprotonation and decomposition of the
unstable NMe,** radical cation substituent of [2b]** and
[3b]**.[5

The radical cations [4a]** and [4b]*" are genuine and stable
ferrocenium ions according to the spin density distribution
(Figure 6) as expected and in agreement with the EPR-silent
character at room temperature. Coordination of the NMe,
group of [4b]*" to the gold center forms a six-membered
chelate ring and a T-shaped coordination geometry at the gold
center ([4b’]*"). Importantly, the amine coordination shifts
the spin density to gold forming the Au"Fe' valence isomer
(Figure 6). However, this valence isomer [4b’]*" is
destabilized by 36 k] mol™" relative to the Au'Fe'' valence
isomer [4b]** (Figure 6) and hence should not be present in
high yields.

Adding the counterions hexachloroantimonate, hexafluor-
ophosphate, and nitrate (experimentally introduced with the
cationic oxidants [N(4-C¢H,Br);][SbCls], [C;,HgS,][SbCL],
[C,HS;][PE], and [NH,],[Ce(NO;)s]) to [4a]™ and
[4b"]** yields the gold(II) complexes 4a-X/4b-X and

Such a dimerization to diamagnetic species does
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Figure S, DFT-optimized geometries and spin densities of (a)
[2b]**/[2b"]*" and (b) [3b]*'/[3b"]*". Spin densities are displayed
in orange at a contour value of 0.01 a.u.; CH hydrogen atoms omitted.
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Figure 6. DFT-optimized geometries and spin densities of [4a]®",
[4b]**, and [4b']**. Spin densities are displayed in orange at a
contour value of 0.01 a.u.; CH hydrogen atoms omitted.

[4b'][X] with X~ = [SbCl]™, [PFe]™, and [NO,]™ (Figure
7). For 4a-X/4b-X, the Au—Cl, Au—F, and Au—O distances
amount to 2.468/2.452, 2.251/2.259, and 2.133/2.140 A,
respectively, suggesting a true bonding interaction (Figure
7a,b). Notably, the X~ anions coordinate trans to the carbene,
while attempts to coordinate the anion in cis position lead to
dissociation of X™. Again, the resulting spin density of the
Au'Fe” valence isomers 4a-X/4b-X is not exclusively located
at the gold(II) center (Mulliken spin densities of 0.40—0.43)

https://doi.org/10.1021/acs organomet.3¢00395
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Figure 7. (a) DFT-optimized geomemes of (a) 4a-X, (b) 4b-X, and
(c) [4b'][X]/4b’-NO; with X~ = [SbCl]", [PE]™, and [NO;]~.
Spin densities are displayed in orange at a contour value of 0.01 a.u.;
CH hydrogen atoms omitted.

but also partially delocalized over the chlorido ligand
(Mulliken spin densities of 0.34—0.36) and the C_,ene atom
(Mulliken spin densities of 0.11—0.17) (Figure 7a,b).

Coordinating the NMe, group in [4b’][SbCls] and
[4b"][PF,] substitutes the anion forming ion pairs of T-
shaped gold cations with the anions located at Au--Cl and
Au--F distances of 3.21 and 3.30 A, respectively (Scheme 3,
Figure 7c). These chelate structures are strongly stabilized
relative to 4b-X by 90 and 121 kJ mol™" for X~ = [SbCl]™ and
[PF¢]", respectively. The spin density is shared between the
gold and nitrogen atom of the coordinated NMe, group with
Mulliken spin densities of 0.39—0.41 and 0.38—0.40,
respectively), similar to [2b]**, [3b’]**, and [4b’]** (Figures
S and 6). In contrast to the weakly coordinating [SbCl,]~ and
[PF4]™ anions, the nitrate remains coordinated trans to the
carbene in 4b’-NOj; with an Au—O distance of 2.167 A giving
an approximately square-planar four-coordinate gold(Il) ion.
The NMe, chelation in 4b’-NOj is favored by 43 kJ mol™ as
compared to 4b-NOj. The spin density is shared between the
gold center and the coordinated chlorine, nitrogen, carbon,
and oxygen atoms with Mulliken spin densities of 0.40, 0.22,
0.20, 0.11, and 0.03 respectively.

In order to follow the anion coordination and gold — iron
electron transfer computationally, we chose a chloride ion
Cl(cis) approaching the gold center of [4a]** as a well-
defined reaction coordinate (Au---Cl™(cis) distance; Figure 8).
The monatomic chloride anion eliminates complications
through further degrees of freedom, which would arise from
multiatomic anions such as [SbCl¢]~, [PF¢]™, and [NO,;]™. As
the calculated energies along this pathway merely reflect the
intramolecular modes and neglect the solvent motion, in
particular, the entropic changes, when polar solvent molecules
are released from the solvent shell around anion and cation, we
refrain from discussing the calculated energy values and merely
focus on the intramolecular structural changes along the
Cl™(cis) coordination/dissociation pathway and the electron
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gold(I) complexes. Upon approaching the additional Cl™(cis)
to the gold center from 2.8 to 2.6 A, the Au—Cl and Au—C
distances slightly increase to 2.344 and 2.017 A, respectively.
Importantly, the shortened Fe—Cp .nyoiq distances of 1.678/
1.668 A correspond to typical values calculated for
ferrocenes.*” ™" In agreement with the characteristic structural
changes at the iron center, the Mulliken spin density of 1.27 in
the ferrocenium ion [4a]®" is reduced to 0.0S in the ferrocene
valence isomer 4a-Cl at 2.6 A distance (Figure 8).
Concomitantly, the spin density at gold has increased from
zero to 0.39 in 4a-Cl at 2.6 A distance (Figure 8). The spin
density is further distributed over the coordinated Cl™(cis) and
carbon atoms (0.04, 0.11). This spin evolution substantiates
the reaction coordinate with an approaching X~ ion as suitable
electron transfer coordinate (within the limits of neglecting the
explicit solvent reorganization).

The possible dimerization of the T-shaped radical 4a-ONO,
(Figure 7a) via formation of a gold(II)—gold(II) o-bond in the
three possible isomeric configurations of (4a-ONO,), has
been probed computationally. Figure 9 displays the most stable

Figure 9. DFT-optimized geometry of the most stable diamagnetic
dimer SP-4-2-(4a-ONO,), with a gold—gold o-bond.

isomer SP-4-2-(4a-ONO,),; the two other dimers derived
from SP-4-3 and SP-4-4 isomers which are 11 and 119 kJ
mol™" higher in energy are shown in Figure S44 (Supporting
Information). In the SP-4-2-(4a-ONO,), dimer, the Au—Au
distance amounts to 2.624 A (Figure 9). For comparison, the
reported chlorido (ferrocenyl oxazoline) gold(II) syn/anti
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dimers possess shorter Au—Au distances of 2.565/2.533 A.'”>

The bond dissociation energy of the most stable SP-4-2-(4a-
ONO,), isomer to give two 4a-ONO, is calculated as 103 kJ
mol™! (neglecting entropic contributions). The reported bond
dissociation energy of a [Au"CANAC()], complex neglecting
entropic contributions is with 198 kJ mol™" almost twice as
largeAﬁl

In spite of the sizable calculated bond dissociation energy of
SP-4-2-(4a-ONO,), (neglecting entropic contributions),
dimerization seems to be only a minor pathway for 4a-X and
4b-X as the EPR yield of the paramagnetic species is
quantitative within uncertainty and hence the formation of
diamagnetic dimers appears negligible. Possibly, a coordinated
solvent molecule, the coordinated NMe, group in 4b’-X, or a
semichelating [SbCl¢]™ anion in 4a-SbCl; and 4b-SbCl,; with a
longer Au--Cl distance around 3.0 A (Figure 7) gives a square-
planar gold(II) coordination environment that prevents
dimerization of the gold(1T) radicals. This situation resembles
the geometric and electronic structure of Au"(TPP) with the
Sde_, orbital of the gold(Il) ion carrying the major spin
density and the porphyrin’s N atoms carrying minor fractions,
thereby efficiently inhibiting dimerization.**

Discussion of the Proposed Mechanism. With the
proposed mechanistic picture for the ferrocenyl precatalysts 4a
and 4b depicted in Scheme 3, the role of the reversible
ferrocenium ferrocenyl redox couple is to provide a stable hole
reservoir, which slowly oxidizes the gold(I) center to T-shaped
gold(1I) with the aid of coordinating anions X~ and chelating
NMe, groups (for 4b) giving 4a-X and [4b’][X]. Con-
sequently, the proposed active species 4a-X and [4b’][X] form
in the presence of coordinating anions X™. This contrasts the
conventional gold(I) catalysis requiring the scavenging of
coordinating chloride anions to form the catalytically active
species [Aul(L)]".w_27 The ferrocenium hole reservoir
prevents irreversible nanoparticle formation as found for
organic 4-DMA and 2-furyl substituents in 2a, 2b, 3a, and
3b and allows regeneration of the precatalyst by reduction as
also observed for the L/[L]*" redox couple (Chart 1b)
showing redox-switchable catalysis.*’

The role of the NMe, group in 4b might primarily be
assisting the gold(II) formation by chelation lowering the
barrier for valence isomerization (Scheme 3). Furthermore, the
proposed catalytically active T-shaped gold(Il) species are
cationic for [4b’]* but neutral for 4a-X, which might increase
their electrophilicity. Additionally, hydrogen bonding and
eventually deprotonation of the substrate’s amide g{oup as
well as assistance with the protodeauration step®™"’ might
occur during catalysis after dissociation from gold(II) (Chart
2b). The observation of protonated 4b in single crystals
corroborates this possibility. All these features of the NMe,
group in 4b might serve to explain the better catalytic
performance of 4b as compared to 4a.

On the other hand, the N—H group of the amino substituted
carbenes 2—4 does not seem to be actively involved in the
formation of catalytically active species as the ethoxy carbene
complex L is also active after oxidation and as 2—4 are not self-
activating in contrast to catalysts A—E (Chart 1a).

Bl CONCLUSIONS

(Aryl) (amino)carbene chlorido gold(I) complexes 2—4 with 4-
dimethylanilinyl (4-DMA), 2-furyl, or ferrocenyl (Fc) sub-
stituents and amino side arms with (2b, 3b, and 4b) and
without a pendant NMe, group (23, 3a, and 4a) catalyze the
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ring closure reaction of N(2-propyn-1-yl)benzamide to 2-
phenyl-S-vinylidene-2-oxazoline after oxidation without requir-
ing chloride scavengers. Precatalysts with 4-DMA and 2-furyl
substituents (2a, 2b, 3a, and 3b) are only irreversibly oxidized
and form gold mirrors during catalysis suggesting ligand
dissociation, gold nanoparticle formation, and hence a
heterogeneous catalytic reaction. The ferrocenyl substituted
precatalysts 4a and 4b are reversibly oxidized to the
ferrocenium cations [4a]®* and [4b]**, respectively. Initiated
by anion X~ or NMe, coordination, a slow valence
isomerization of the initially formed Au'Fe'! isomers to the
EPR-active and catalytically active Au"Fe" isomers 4a-X and
[4b"][X] follows with barriers of E, = 82 + 7 and 58 + 14 kJ
mol™!, respectively. These species retain their structural
integrity and molecular nature. Coordination of the NMe,
substituent to the gold center lowers the barrier for the valence
isomerization compared to anion-assisted valence isomer-
ization and provides cationic active T-shaped species. The
hemilabile and basic NMe, group of 4b/4b-X might
additionally serve to bind the substrate by hydrogen bonding
and to assist in the protodeauration step explaining the higher
activity of precatalyst 4b as compared to 4a,

In summary, one-electron oxidative activation of chlorido
(ferrocenyl) (amino)carbene gold(I) precatalysts to homoge-
neous molecular active species circumvents the need for
chloride scavengers to form the classical active species
[Au'(L)]*. Instead, T-shaped gold(Il) o-radicals form in the
presence of X~ or chelating NMe, side arms as a novel type of
active species for the cyclization reaction complementing the
known cationic gold(I) and gold(III) catalysts. Oxidation and
addition of a Lewis base X~ is a net radical X* addition to
Au'CI(L), conceptually similar to the often proposed addition
of radicals R* to Au'CL(L).®*™® Future studies aim at
transferring this redox/coordination activation to reactive
gold(1I) species toward other types of catalytic reactions.

B EXPERIMENTAL SECTION

General Considerations. The preparation, purification, and
reactions of the complexes described were carried out under an
atmosphere of dry, oxygen-free N, or Ar using standard Schlenk or
glovebox techniques. The precursors W(CO)s[ C(OEt)(Ar)] (Ar = 2-
furyl, 4-DMA, Fc)," ™ AuCl(tht)"** and 1% as well as the oxidants
[C12HsS:][SbCle], [C12HgS,][PF] and [N(4-CeH,Br),][AI{OC-
(CF3)3}4] were prepared according to literature procedures.'’'"”
New complexes of gold(I) reported were synthesized following
literature reports of similar carbene complexes.%’% Synthesis,
characterization, and structures of the gold(I) ethoxycarbene
precursors AuCl[C(OEt)(Ar)] (Ar = 4-DMA, P2; Ar = 2-furyl, P3)
are reported in the Supporting Information. P4 (Ar = Fc) was
prepared according to a literature procedure.”* Anhydrous diethyl
ether and n-hexane were distilled from sodium, tetrahydrofuran
(THF) was distilled from potassium, and dichloromethane and
acetonitrile were distilled from CaH,. All other reagents were
commercially available and used as received.

Elemental analyses were carried out using an Elementar
varioELcube CHNS-O analyzer. Melting points were measured with
a Stuart SMP10 melting point apparatus.

NMR spectra were recorded on Bruker Avance-111-400 and Bruker
Avance-111-500 spectrometers using CDCly, THF-dg, and CD,Cl, as
solvents at 25 °C. The NMR spectra were recorded for 'H at 400.13
and 500.13 MHz and for *C at 100.63 and 125.78 MHz."*

Infrared spectroscopy was performed on a PerkinElmer Spectrum
FT-IR spectrophotometer over the range 4000—1400 cm™!. Solution
IR spectra were recorded in CH,Cl, using a NaCl cell with a path
length of ca, 1.0 mm,
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Mass spectrometric analyses were performed on a Bruker Compact
Q-TOF mass spectrometer (Bruker Daltonics, Bremen, Germany)
with a positive electron spray as the ionization technique by direct
infusion at 0.3 mL min~' in the range of m/z = S0—1000 in
acetonitrile. Prior to analysis, the instrument was calibrated with
sodium formate ($ mM) in resolution mode.

Cydlic voltammetry experiments were carried out on a BioLogic
SP-200 voltammetric analyzer using platinum wires as counter and
working electrodes and a 0.01 M Ag/AgNO, electrode as reference
electrode using 0.1 M ["Bu,N][PF] as the supporting electrolyte in
CH;CN at scan rates of 0.050—0.100 V s™". Potentials are referenced
to the ferrocene/ferrocenium couple (between E,;, = 0.085 and 0.140
V under the experimental conditions).

Stopped-flow spectroscopy experiments were performed using a
stopped-flow mixing system SFM-4000/S-stopped-flow-mixer from
BioLogic Science Instruments with a Cryo-stopped flow accessory and
a MMS-VIS-SPEN high-speed-diode array spectrometer in CH,Cl, at
22 and =90 °C with concentrations of 6.15 X 107> M™' (4a/4b,
[N(4-C¢H,Br);][SbCl]) and a path length of 1 cm. The mixing time
given by BioLogic is 0.7 ms.

X-band CW EPR spectra were recorded on a Miniscope MS 300
with a TC HO02 temperature controller (Magnettech GmbH, Berlin,
Germany). g factors are referenced to external Mn** in ZnS (g =
2.118, 2.066, 2.027, 1.986, 1.946, and 1.906). Quantification of EPR
resonances was performed via an adapted literature procedure,****!"7
EPR tubes with an internal diameter of 2.0 mm were used. The
calibration curve was recorded using commercially available meso-
tetraphenylporphyrinato copper(II) Cu(TPP) in THF. All samples
were prepared in a glovebox under argon. The EPR tubes were filled
with 400 uL of the solution and sealed with Critoseal. They were
inserted into the EPR spectrometer at a position 10.4 cm measured
from the top of the Teflon holder. Four concentrations (¢ = 1.67,
0.84, 0.42, and 0.21 mM) in THF were used for the calibration.
Settings for calibration and sample EPR spectra were as follows:
temperature = 298 K, field = 2999 G, sweep = 2498 G, sweep time =
60 s, modulation = 2000 mG, MW attenuation = 10 dB, and number
of passes = 3. The double integral of the experimental, baseline
corrected spectra was plotted against the concentration. The resulting
calibration by linear regression y = (1.45 + 0.07) X 10° X ¢ (mm) —
(0.19 £ 0.05) x 10° X ¢ (mm) (R? = 0.9939) was used to quantify the
experimental EPR spectra of 4a/4b after oxidation with Magic Blue.

Crystals for single-crystal X-ray diffraction were grown by slow
diffusion of n-hexane into a concentrated CH,Cl, solution of the
carbene complex at 4 °C. Single crystal X-ray diffraction data for
complexes P2, P4, 2a/2b, 3a, and 4a/4b were collected at 173 Kon a
Bruker Apex II CCD diffractometer, while data for complex P3 were
collected at 173 K using a Bruker Venture D8 Photon CMOS
diffractometer, with a graphite-monochromated Mo—K,, (1 = 0.71073
A) radiation using an Oxford Cryostream 600 cooler. All data
reductions were carried out using the program SAINT+, version
6.02,""7 and empirical absorption corrections were made using
SADABS.'?” Space group assignments were made using XPREP."?’
The structures were solved in the WinGX'>® Suite of programs, using
intrinsic phasing through SHELXT"”” and refined using full-matrix
least—sguares/diﬂerence Fourier techniques on F* using SHELXL-
2017."* All carbon bound hydrogen atoms were placed at idealized
positions and refined as riding atoms with isotropic parameters 1.2
times those of their parent atoms, The N—H hydrogen atom positions
in 2—4 were located and refined. All diagrams and publication
material were generated using OLEX2, ORTEP-3,'*® and PLA-
TON.©

Density functional theory calculations were carried out using the
ORCA program package (version 4.1.2).">" All calculations were
performed using the B3LYP functional *>~"** and the RIJCOSX
approximation was employed“iuh Relativistic effects were calculated
at the zeroth order regular approximation (ZORA) level.'*” The
ZORA keyword automatically invokes relativistically adjusted basis
sets. To account for solvent effects, a conductor-like screening model
(CPCM) modeling CH,Cl, was used in all calculations,"**'**
Geometry optimizations were performed using Ahlrichs’ split-valence
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triple-& basis set ZORA-def2-TZVP'* An auxiliary basis set for
General-purpose Coulomb fitting SARC/] decontracted def2/] up to
Kr was used."*'™"*" The segmented all-electron relativistically
contracted (SARC) auxiliary basis set beyond Kr, SARC-ZORA-
TZVP, was used for gold and a special grid of 7 (default 4). Atom-
pairwise dispersion correction was performed with the Becke-Johnson
damping scheme (D3B])."*!* The presence of energy minima was
checked by numerical frequency calculations. To assign the
absorption band of the initially formed oxidation product [4a]®", S0
vertical spin-allowed transitions were calculated by TD-DFT. A
transition at 553 nm (f = 0.002999) possesses gold(I) to iron(III)
charge transfer character according to the difference electron density.

AUCI[C(NH"Pr)(2-Furyl)] (3a). "PrNH, was slowly added to a
brown-orange solution of P3 (0.100 g, 0.28 mmol) in THF at room
temperature. The mixture was stirred for 1 h, and the THF
subsequently removed under reduced pressure. The resulting gray-
black paste was washed with n-hexane (4 X 10 mL) and cannula-
extracted with CH,CI, to give a pale gray powder after drying. Yield =
0.093 g, 90%. mp (dec) 135—137 °C. 'H NMR (400 MHz, CDCL,):
9.21 (s, br, 1H, NHCH,CH,CHj), 7.70 (d, br, >J(HH) = 1.7 Hg, 1H,
Fu-H,), 7.51 (d, 3J(HH) = 3.9 Hg, 1H, Fu-H,), 6.60 (dd, *J(HH) =
3.7 Hz, *J(HH) = 1.8 Hz, 1H, Fu-Hp), 3.94 (q, ’J(HH) = 6.8 Hz, 2H,
NHCH,CH,CHj), 1.86 (h, *J(HH) = 7.4 Hz, 2H, NHCH,CH,CH;,),
101 (t, J(HH) = 74 Hz, 3H, NHCH,CH,CH;). "C{'H} NMR
(101 MHz, CDCL): & 196.0 (Ceyrpene)s 1544 (Fu-Cyy,), 148.4 (Fu-
C,), 1296 (Fu-C,), 1142 (Fu-Cy), 56.7 (NHCH,CH,CH,), 23.0
(NHCH,CH,CH,), 11.2 (NHCH,CH,CH,). IR (CH,CL): %(NH)
= 3318 cm™', Anal. Calcd for CgH,,NOCIAu: C, 26.00; H, 3.00; N,
3.79. Found: C, 26.48; H, 3.06; N, 3.84. ESLHRMS (15 V, positive
mode, m/z): caled for [CgH | NOAu]*, 334.0506; found, 334.0467.

The analogues AuCI[C(NH"Pr)(Ar)] [Ar = 4DMA (2a), Fc (4a)]
and AuCI[C(NH(CH,CH,)NMe,)(Ar)] [Ar = 4-DMA (2b), 2-furyl
(3b), Fc (4b)] were prepared in analogous procedures as lime-green
powders (2a, 2b), red powders (4a, 4b), and a gray powder (3b).

AuCI[C(NH"Pr)(4-DMA)] (2a). Yield = 0.196 g, 93%. mp 96—98 °C.
'H NMR (500 MHz, CDCL,): & 8.86 (s, br, 1H, NHCH,CH,CH,),
7.88 (d, 3J(HH) = 9.1 Hz, 2H, DMA-H,,), 6.75 (d, >J(HH) = 85
Hz, 2H, DMA-Hy), 4.04 (dt, *J(HH) = 7.6 Hz, °J(HH) = 62 Hz,
2H, NHCH,CH,CHj,), 3.09 (s, 6H, DMA-N(CH.),), 1.88 (h, ¥J
(HH) = 7.3 Hz, 2H, NHCH,CH,CH,), 1.04 (t, J(HH) = 7.4 Hz,
3H, NHCH,CH,CH,). “C{'H} NMR (126 MHz, CDCL,): 5 214.0
(Cevtene), 1531 (DMA-C,), 133.0 (DMA-C,p,,), no. (DMA-C, ),
112.6 (DMA-Cy), 56.4 (NHCH,CH,CHs,), 41.1 (DMA-N(CH,),),
232 (NHCH,CH,CH,), 113 (NHCH,CH,CH,). IR (CH,CL,):
P(NH) = 3333 cm™". Anal. Caled for C,,H 4N,ClAu: C, 34.10; H,
429; N, 6.63. Found: C, 34.12; H, 422; N, 6.39. ESLHRMS (15 V,
positive mode, m/z): caled for [C,,HgN,Au]", 387.1136; found,
387.1103.

AuCI[C(NH(CH,CH,)NMe,)(4-DMA)] (2b). Yield = 0.259 g, 96%.
mp 91-93 °C. 'H NMR (500 MHz, CDCL): § 9.37 (s, br, 1H,
NHCH,CH,N(CH,),), 7.87 (d, J(HH) = 8.4 Hz, 2H, DMA-H,,),
6.64 (d, *J(HH) = 8.3 Hz, 2H, DMA-H, ), 4.08 (¢, *J(HH) = 5.4 Hz,
2H, NHCH,CH,N(CH,),), 3.07 (s, 6H, DMA-N(CH,),), 2.73 (t,
J(HH) = 5.4 Hz, 2H, NHCH,CH,N(CH,),), 2.36 (s, 6H,
NHCH,CH,N(CH,);). “C{'"H} NMR (126 MHz, CDCL): &
213.0 (Capene)y 1542 (DMA—Cq), 133.5 (DMA—C“M), 127.3
(DMA—Q,_,E), 111.3 (DMA—QM), 57.5 (NH@LCHZN(CHQZ),
50.8 (NHCH,CH,N(CH,),), 45.3 (NHCH,CH,N(CH,),), 402
(DMA-N(CH,),). IR (CH,Cl,): #(NH) = 3266 (br), 3333 (sh)
cm™'. Anal. Caled for Cj3H, N;ClAu: C, 34.56; H, 4.69; N, 9.30.
Found: C, 35.19; H, 4.75; N, 9.28. ESILHRMS (15 V, positive mode,
m/z): caled for [C,3H, N3Au]", 416.1401; found, 416.1386.

AuCI[C(NH(CH,CH,)NMe,)(2-Furyl)] (3b). Yield = 0.300 g, 95%.
mp 119—121 °C. 'H NMR (400 MHz, CDCly): § 9.43 (s, br, 1H,
NHCH,CH,N(CH,),), 7.71 (d, *J(HH) = 1.8 Hz, 1H, Fu-H,), 7.58
(d, ’J(HH) = 3.6 Hz, 1H, Fu-H,), 6.62 (dd, }J(HH) = 3.6 Hz,
(HH) = 1.8 Hz, 1H, FuHy), 402 (r, JJ(HH) = $8 Hz, 2H,
NHCH,CH,N(CH,),), 2.67 (t, J(HH) = 5.8 Hz, 2H,
NHCH,CH,N(CH,),), 2.33 (s, 6H, NHCH,CH,N(CH,),).
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BC{'H} NMR (101 MHz, CDCL): 6 196.0 (Cepenc)s 154.6 (Fu-
Cipo)s 1483 (Fu-C,), 130.0 (Fu-C,), 1142 (Fu-Cy), 57.0
(NHCH,CH,N(CH;),), 51.5 (NHCH,CH,;N(CHs),), 45.3
(NHCH,CH,N(CH,),). IR (CH,CL): #(NH) = 3273 (br), 3311
(sh) cm™. Anal. Calced for CyH/N,OClAu: C, 27.12; H, 3.54; N,
7.03. Found: C, 27.23; H, 337; N, 7.80. ESL-HRMS (15 V, positive
mode, m/z): caled for [CyH,N,OAu]", 363.0772; found, 363.0756.

AuCI[C(NH"Pr)Fc] (4a). Yield = 0.286 g, 93%. mp 119—120 °C. 'H
NMR (400 MHz, CDCl,): 6 8.29 (s, br, 1H, NHCH,CH,CH,), 4.87
(dd, 3](HH) = 1.7 Hz, ’J(HH) = 1.9 Hz, 2H, FeCp’-ﬂ(_,an), 4.74 (dd,
*J(HH) = 1.5 Hz, *J(HH) = 1.8 Hz, 2H, FeCp'-Hyy), 4.35 (s, SH,
FeCp), 3.89 (q, *J(HH) = 6.8 He, 2H, NHCH,CH,CH,), 1.85 (h,
*J(HH) = 7.3 Hz, 2H, NHCH,CH,CH,), 1.06 (t, *J(HH) = 7.4 Hz,
3H, NHCH,CH,CH,). *C{'H} NMR (101 MHz, CDCL,): & 216.7
(Cabene)s 842 (FeCp'-Cypy, ), 74.4 (FeCp'-Cpy), 71.2 (FeCp'-Cyp),
70.7 (FeCp), 56.5 (NHCH,CH,CHj,), 23.1 (NHCH,CH,CHj,), 11.2
(NHCH,CH,CHS,). IR (CH,Cl,): #(NH) = 3329 cm™". Anal. Calcd
for C,,H;NCIFeAu: C, 34.49; H, 3.51; N, 2.87. Found: C, 34.59; H,
3.56; N, 2.15. ESI-HRMS (15 V, positive mode, m/z): caled for
[C14H,-NFeAul", 452.0376; found, 452.0149.

AuCI[C(NH(CH,CH,)NMey)Fc] (4b). Yield = 0.098 g, 90%. mp
117-119 °C. 'H NMR (300 MHz, CDCL): & 9.11 (s, br, 1H,
NHCH,CH,N(CH,),), 491 (s, 2H, FeCp'-H,,), 473 (s, 2H,
FeCp'-Hyy), 434 (s, SH, FeCp), 3.97 (t, *J(HH) = 5.6 Hz, 2H,
NHCH,CH,N(CH,),), 273 (t, J(HH) = 5.7 Hz, 2H,
NHCH,CH,N(CH3),), 239 (s, 6H, NHCH,CH,N(CH,),).
BC{IH} NMR (126 MHz, CDCL): § 2158 (Coupene)y 840
(FeCp'-Cypeo), 74.3 (FeCp'-Cyyp), 714 (FeCp'-Cyy), 70.6 (FeCp),
57.6 (NHCH,CH,N(CH,),), 5.6 (NHCH,CH,N(CH,),), 45.4
(NHCH,CH,N(CH,),). IR (CH,ClL,): %(NH) = 3266 (br), 3329
(sh) em™. Anal. Calcd for C,;H,(N,ClFeAu: C, 34.88; H, 3.90; N,
5.42. Found: C, 35.19; H, 3.90; N, 5.38. ESI-HRMS (15 V, positive
mode, m/z): caled for [C,sHyyN,FeAu]’, 481.0641; found, 481.0628.

Gold-Catalyzed N(2-Propyn-1-yl)benzamide Cyclization.
N(2-Propyn-1-yl)benzamide (0.016 g, 0.10 mmol) was dissolved in
CD,Cl, (1 mL) in an inert-gas NMR tube. The precatalyst (1.0 X
107 mmol, 1 mol %), tris(4-bromophenyl)ammoniumyl hexachlor-
oantimonate (Magic Blue; 1.00 mg, 1.25 X 107> mmol, 1.25 mol %),
and 1,4-di-tert-butylbenzene (0.019 g 0.10 mmol) as internal
standard were added. The reactions were monitored by ‘H NMR
spectroscopy wherein conversion of the substrate to the cyclic
product was calculated by integration of the resonance of the NCH,
group of the product with respect to the internal standard.

EPR Experiments. All samples were prepared in an Ar filled
glovebox.

In the absence of chloride: complex 4a or 4b (1.67 mmol) was
dissolved in THF or CH,Cl, (0.5 mL). The respective oxidant (1.67
mmol) was dissolved in THF or CH,Cl, (0.5 mL) and added to the
complex solution. The final mixture (0.4 mL) was filled in an EPR
tube, which was sealed with Critoseal. The temperature was
controlled with a water bath.

In the presence of chloride: complex 4a or 4b (1.67 mmol) was
dissolved in THF or CH,Cl, (0.3 mL). The respective oxidant (1.67
mmol) was dissolved in THF or CH,Cl, (0.3 mL) and added to the
complex solution. A solution of ["Bu,N]Cl (1.67 mmol) in THF (0.3
mL) was added. The final mixture (0.4 mL) was filled in an EPR tube,
which was sealed with Critoseal.

Regeneration Experiments with 2b. 2b (8.6 mg, 0.019 mmol)
was dissolved in CD,Cl, (0.5 mL) at room temperature. After 'H and
3C NMR analyses, tris(4-bromophenyl)ammoniumyl hexachloroan-
timonate (Magic Blue; 16 mg, 0.019 mmol) was added to the NMR
tube. 'H and “C NMR spectra were thereafter recorded, indicating a
new NH resonance and disappearance of the original Cgypene
resonance, Decamethylferrocene (0.019 mmol) was added to the
NMR tube in an attempt to reduce the oxidized species back to 2b
and NMR spectra were recorded. The spectra indicated no recovery
of 2b.

Regeneration Experiments with 3b. 3b (7.6 mg, 0.019 mmol)
and tris(4-bromophenyl)ammoniumyl hexachloroantimonate (Magic

80

Blue, 16 mg, 0.019 mmol) were dissolved in CD,Cl, (0.5 mL) at
room temperature. NMR spectra immediately after oxidation and
after 24 h showed complex mixtures. After purification attempts, the
NMR spectra indicated the presence of the amide protonated at the
NMe, group [(4DMA)C(O)NHCH,CH,NMe,H]*.

Regeneration experiments with 3b in the presence of substrate: in
this case, the substrate was also added to the NMR tube in an attempt
to stabilize the oxidized species upon addition of Magic Blue. 3b
(0.019 mmol), Magic Blue (16 mg, 0.019 mmol), and N(2-propyn-1-
yl)benzamide (0.019 mmol) were dissolved in CD,Cl, (0.5 mL) in an
NMR tube. Immediate formation of the catalytic product 2-phenyl-5-
vinylidene-2-oxazoline was observed in both the 'H and “C NMR
spectra, as well as the presence of broad signals attributed to the
oxidized gold complex. After 24 h, no clear presence of a carbene gold
complex was observed.

Regeneration Experiments with 4a. N(2-Propyn-1-yl)-
benzamide (15.92 mg, 0.1 mmol) was dissolved in CD,Cl, (1 mL)
in an inert-gas NMR tube. The precatalyst 4a (4.88 mg, 0.01 mmol,
10 mol %), tris(4-bromophenyl)ammoniumyl hexachloroantimonate
(Magic Blue; 8.16 mg, 0.01 mmol), and 1,4-di-tert-butylbenzene (1.90
mg, 0.0l mmol) as internal standard were added. A 'H NMR
spectrum was recorded immediately. The catalysis was stopped after
ca. 20 min (79% conversion) by pouring the solution onto solid
decamethylferrocene (3.43 mg, 0.0105 mmol). A 'H NMR spectrum
was recorded. Recovery was calculated based on the CHj resonance
of the precatalyst and the CHj resonance of the internal standard.
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Results and discussion

3.3 Di-substituted Fischer gold(l) carbene complexes

In 2014 the Bezuidenhout group published a complex with a ferrocene substituted at each Cp ring with
a Fischer carbene gold(l) chloride, 7.1**3! Starting from the corresponding tungsten complex, they
synthesized the Fischer carbene complex 7 through transmetallation onto a gold(l) precursor
(scheme 1).123 |nteresting about 7 is a relative short Au—-Au distance in the solid state of 3.035 A,
determined through XRD measurements. This distance is well below the sum of two van der Waals
radii (3.80 A) and is attributed to aurophilic interactions.11324?]

1. n-BuLi, TMEDA

Petrolether, rt, o.n.
1 — Au—cCl
Z e e g e g
& -e0°C 1h, THF AuCI(tht)
Fe - fe THF, -5°C, 1
< o B HCN o
3. CH,Cl,,
2¥2 & ,SU\ P —W(CO)s )>—Au—Cl
O/ (@] ~0 ~0

7

Scheme 1: Synthesis route towards complex 7 used by Bezuidenhout.[**3

Even though the complex 7 was fully characterized by them, no further investigations on its oxidized
form [7]* were performed and no UV/vis or CV measurements were carried out. Since the mono
substituted ferrocenyl Fischer carbene gold(l) complex is catalytically active after oxidation and an
induction period of two and a half hours, it was of interest how two gold center in one molecule would
affect the activation process and possibly the catalytic performance.™ As shown in chapter 3.2 for
similar complexes, the initial oxidation takes place at the ferrocenyl backbone and through
coordination of the counter ion of the oxidant and a subsequent valence tautomerization a catalytically
active gold(ll) species is generated.

Having a second gold(l) center adjacent could stabilize the first gold center through aurophilic
interactions or by forming a bond with bond order 0.5 upon oxidation. For each gold center a T-shaped
crystal field is assumed, since each gold(l) center is linearly coordinated by a chlorido ligand, a carbene
ligand and interacting with a second gold(l) in a 90° angle. Through the d-orbital splitting of the
T-shaped crystal field the dy. orbital is the energetically highest laying orbital. Oxidation of the
complex 7 with charge distributed at the gold(l) atoms and linear combination of the d. orbitals
would lead to molecule orbitals. The occupation of the bonding orbital would be two electrons and
the antibonding orbital would be occupied with one electron, thus a bond order of 0.5. This bond

formation could mitigate the use of external cations to stabilize the catalytically active gold(ll) species.
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Scheme 2: d-Orbitals in a T-shaped ligand field with linear combination of the atom orbitals of each a gold(l) and
a gold(l)* atom. The linear combination of both d.z.y2 orbitals could lead to the formation of bond orbitals and a

bond order 0.5.

The molecular geometries in the neutral and in the oxidized state were calculated, to investigate the
nature of the Au—Au interactions upon oxidation. The calculations were performed on the
B3LYP/ZORA-def2-TZVP level of theory, with relativistically adjusted basis sets, dispersion correction
and a CPCM solvent model (CH,Cly).

The DFT optimized structure of 7 differs slightly from the structure obtained via XRD measurements
(scheme 3). The calculated Au—Au distance (3.141 A) is slightly longer than the one obtained from the
XRD measurement (exp. 3.035(1) A), for the Fe—Cpcentroid distance (calcd. 1.675 A, exp. 1.657(4) A) and

the Cpcentroii—Fe—Cpeentroid angle (calcd. 174°, exp. 173°) the calculation reflects the measured values.
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1.657(4) Z\I

Scheme 3: Left: molecular structure of 7 with partially labeled ellipsoid plots (50% probability). Hydrogen atoms

omitted for clarity.[!*3 Right: DFT optimized geometry of 7. Cpcentroic—Fe and Au—Au distances shown for both.

Chart 1: Selected bond length and angles for the molecular structure and the DFT calculation of complex 7.1223!

7 (molecular structure) 7 (DFT)
Au-Au [A] 3.035(1) 3.141
Au—Cl [A] 2.294(1), 2.283(2) 2.328,2.330
CPeentroia—Fe [A] 1.657(4) 1.675
Cearbene—AU [A] 1.969(7), 1.960(5) 1.985, 1987
Cpcentroid—Fe—CpPcentroid [°] 173 174
Cl-Au-Au—Cl [°] -74 -78
O—Cearbene=Cipso [°] 112 113

In the calculated structure of the oxidized species [7]* the spin density is localized at the two gold(l)
centers (Scheme 4). [7]* contains a shorter Au—Au distance (2.714 A) than in the calculated neutral
form of 7 (3.141 A). The positive charge located at the gold atoms also lead to shorter Au—Cl bonds of
2.309 A and 2.310 A (7: 2.328 A and 2.330 A). The majority of the spin (Mulliken spin population of
0.364 and 0.358) is localized at the gold(l) centers, presumably in the d., orbitals and small shares are
at the chlorides. The spin density localization shared at both gold centers implies a stronger interaction
and a bond order of 0.5 for both gold atoms, but does not impede any structural changes on the

ferrocenyl part of the molecule when compared to the calculated neutral complex 7.

Au Au
A 2 0.364 .
1.675 A 0 > 16754 O ( ) - 17554 0 (0.351)
I 4 o I . 9 I 3 0.
3.141 AI al 2.714AIJ‘\ v ﬁj 9 (0.095)
i al
> o v 0072) (1283 PR - 2
Au . i
° o (0338 0 (0.349)

Scheme 4: Optimized geometries and spin density plots of 7, [7]* and [7]** with Cpcentroic—Fe and Au—Au distances

shown, Mulliken spin population in parentheses. The contour value is at 0.01.

A second oxidation of complex [7]* could lead to a bond order of 1 for both gold atoms, which implies

a covalent bond between the gold centers. Calculating the double oxidation [7]** leads to a spin density
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distribution located at both gold atoms (Mulliken spin population of 0.351 and 0.349), numbers slightly
lower than for [7]*. The majority of the spin however is located at the ferroceniumyl moiety (Mulliken
spin population of 1.283). Smaller contributions are again found at the chlorides. Since the second
oxidation takes place at the ferrocenyl backbone, the bond order of the gold atoms does not change
and the possibility of a covalent bond with bond order one between the gold centers is discarded.

With the oxidation to a ferroceniumyl in [7]** the geometry changes in comparison with [7]* in this
part of the molecule. The Fe—Cpcentroid distance enlarges upon double oxidation ([7]* 1.675 A, [7]*
1.733 A and 1.734 A) and the Cpcentroic—Fe—Cpeentroia angle enlarges as well ([7]* 173°, [7]** 177°). As
expected, the calculated Au—Au distance stays the same ([7]* 2.714 A, [7]** 2.714 A), since there are
no changes in the spin density distribution for the gold atoms of [7]**. The Au—Cl bonds are shorter in
[7]* with bond lengths of 2.292 A and 2.293 A, compared to [7]*(2.309 A and 2.310 A), continuing the
trend of shorter Au—Cl bonds with higher oxidation states. The more electron withdrawing

ferroceniumyl leads to a positive polarization of the Au atoms and a shorter ionic bond (chart 2).11%3!

Chart 2: Selected bond length and angles of 7, [7]* and [7]%.

7 71 [71*

Au-Au [A] 3.141 2.714 2.714
Au—Cl [A] 2.328,2.330 2.309, 2.310 2.292,2.293
CPeentroia—Fe [A] 1.675 1.675 1.733,1.734
Cearbene—AU [A] 1.985, 1987 2.010, 2.0121 2.004, 2.006

Cpcentroid—Fe—Cpcentmid [°] 174 173 177

Cl-Au-Au—Cl [] -78 -77 -80

O—Cearbene—Cipso [°] 113 115 114
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4 Summary and outlook

In this work synthetic, spectroscopic and theoretical approaches were taken to gain insight into known
classes of complexes and their behavior during oxidation and catalysis.

The search for precursor complexes mimicking the active center of the CODH with a mixed
cis-[MoO(u2.S)Cul?* unit let to the synthesis and characterization of 2-iminopyrrolato bis(silylthiolato)
molybdenum(lV) complexes Mo(®UL)y(SSi('Pr)s). and Mo(®UL),(SSi'Bu(Ph);), as complexes with
protected sulfide ligands (section 3.1). The synthesis proceeds through the deoxygenation of the
precursor Kx2Mo0,S; with K(*®L), the addition of a silylchloride and delivers the complexes in good
yields as red-brown oils. The spatial arrangement of complex Mo(™®"L),(SSi(’Pr)s), was characterized
through 2D-NMR experiments and DFT calculations. Investigation of the redox properties unraveled
an irreversible Mo"/Mo" oxidation at 0.82 V versus FcH/FcH*. UV/vis spectroscopy revealed a
maximum at A =330 nm and a broad low energy shoulder tailing to around A =500 nm. Chemical
oxidation with Magic Green delivered a complex EPR signal, while the neutral complex is EPR silent. In
analogy to the know Mo(%®"L),(SSiMes), complex, this is hinting towards a Mo oxidation state of the
Mo(®UL),(SSi('Pr)s). complex. The molecular structure of a decomposition product of
Mo(™UL),(SSi('Pr)s), with likely H,0 reveals that the migration of the isopropyl-silyl group to the Ni™ne
nitrogen of the UL~ ligand took place, while also 'L~ becomes protonated. Cleavage of the S-Si bond
of Mo(™®L),(SSiMes), with DMSO and p-nitropyridine-N-oxide, as possible ways to synthesize a
molybdenum(VI) complex Mo(®UL),S, with free sulfide groups, was ruled out. Using Selectfluor in
combination with NaOMe) on Mo(*™®"L)y(SSi('Pr)s). however let to a visible change in the UV/vis
spectrum. The appearance of isosbestic points is hinting towards a successful cleavage of the S—Si
bond, albeit no complex was isolated. The structure of the molybdenum(VI) complex Mo(®“L),S,, which
would form after successful cleavage of the S—Si bonds was determined via DFT calculations. In
contrast to complexes of the form Mo(*®"L),(SSi(R)3), with three possible isomers, only two possible
isomers are found, since the trans influence of the sulfide ligands prevents them from this coordination
geometry.

Another idea, which has not yet been tested to cleave the S—Si bonds and to isolate the resulting
complex, is the use of N-fluoropyridinium triflate. The pyridine remaining after fluorination is simply
removable in vacuum, in contrast to the cation remaining after using Selectfluor and could lead to
successful crystal growth for structure determination.

After removal of the silyl protection groups and the generation of Mo(™®"L),S,, a reaction with a suitable

[Cu"L’]** complex could yield a complex Mo(®UL),S(SCu'L’) mimicking the active center of the CODH.
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Chlorido (ferrocenyl)(amino)carbene gold(l) pre-catalysts with redox-active substituents are able, after
oxidation, to catalyze the cyclisation of N(2-propyn-1-yl)benzamide to 2-phenyl-
5-vinylidene-2-oxazoline, without additional chloride scavengers needed for activation (section 3.2).
The catalytic reaction did not proceed, if the complex is missing an oxidize-able moiety. Investigation
of the redox properties of the complexes showed reversible oxidation between 0.27 V and 0.40 V for
ferrocenyl substituted gold(l) precatalysts. For complexes with dimethylanilinyl and 2-furyl substituted
gold(l) precatalysts only irreversible oxidations were found. Using Magic Blue as a single electron
oxidant on the ferrocenyl substituted gold(l) precatalysts let to the detection of signals derived from
gold(ll) species in the EPR spectra. Through EPR measurements at different temperatures a zeroth
order reaction rate for the generation of the EPR active species was determined and the activation
barrier calculated. Stopped-flow UV/vis spectroscopy demonstrated the initial oxidation to be faster
than 0.7 ms at —90°C in dichloromethane. Oxidation and re-reduction experiments confirm the
switchable nature of these complexes. DFT calculations of the active species aided in uncovering the
activation process. The initial fast oxidation takes place at the ferrocenyl moiety, followed by a slow
valence isomerization towards a gold(ll) species. In the generated EPR-active resting state, the
counterion of the oxidant coordinates the gold(ll) center and after dissociation, the complex becomes
catalytically active. Of interest is the implementation of this redox/coordination activation to perform

other catalytic reactions.

Incorporating two Fischer gold(l) carbenes on each cyclopentadienyl ring of a ferrocene was
demonstrated by the Bezuidenhout group. DFT calculations yielded more insight into the electron
structure of the mono and double oxidized products (section 3.3). After initial oxidation the positive
charge is distributed between both gold atoms, the second oxidation takes place at the ferrocenyl
moiety. Comparing the calculations with experimental data and applying this knowledge in catalytic

reactions are topics of interest in the future.
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Supporting Information

6 Supporting Information

6.1 Supporting Information to chapter “Synthesis of biomimetic molybdenum

model complexes for the CODH”

General procedures. All reactions were performed under an inert argon atmosphere. THF was distilled
from potassium, acetonitrile was distilled from calcium hydride and petroleum ether 40-60°C distilled
from sodium. K;Mo00,S,, H®L and K®L were prepared according to literature procedures.217}12181,[243]
'Pr3SiCl (98 %) and Ph,'BuSiCl (98 %) were dried over molecular sieve (3 A). All other reagents were
used as received from commercial suppliers (Acros, Sigma-Aldrich). NMR spectra were recorded on a
Bruker Avance DRX 400 spectrometer at 400.31 MHz (*H), 100.657 MHz (*3C). All resonances are
reported in ppm versus tetramethylsilane and referenced against the solvent signal as internal
standard (CsDs: *H S (ppm) = 7.16, 3C & (ppm) = 128.06, CD3CN: *H 5 (ppm) = 1.94, 5 (ppm) = DMSO-d®:
2.50).12441

UV/vis-spectra were recorded on a Varian Cary 5000 spectrometer in quartz glass cuvettes with 1 cm
path length under argon atmosphere. Electrochemical experiments were carried out with a BioLogic
SP-50 voltammetric analyzer using platinum wire as counter and working electrodes and a 0.001 M
Ag/AgNO;s electrode as reference electrode.

The cyclic voltammetry measurements were carried out at a scan rate of 100 mV s using 0.1 M
[NBusN][B(CsFs)a] as supporting electrolyte in acetonitrile. Potentials are referenced against the
ferrocene/ferrocenium couple (E12 = 220 £+ 5 mV under the experimental conditions).

Intensity data of 5 was collected with a STOE IPDS-2T diffractometer from STOE & CIE GmbH with an
Oxford cooling system using Mo K, radiation (A = 0.71073 A). The diffraction frames were integrated
using the STOE X-area!®*! software package and were corrected for absorption with MULABS?*®! of the
PLATON software package?’l. The structures were solved with SHELXT??*®) and refined by the
full-matrix method based on F? using SHELXL?*®! of the SHELX ?°% software package and the ShelXle!?5!!
graphical interface. All non-hydrogen atoms were refined anisotropically, while the positions of all
hydrogen atoms were generated with appropriate geometric constraints and allowed to ride on their
respective parent atoms with fixed isotropic thermal parameters.!18

DFT calculations were carried out using the ORCA program package (version 4.1.2).1252 All calculations
were performed using the B3LYP functionals?>*12°l and employed the RIJCOSX approximation.12°61[257]
Relativistic effects were calculated at the zeroth order regular approximation (ZORA) level.?>® The
ZORA keyword automatically invokes relativistically adjusted basis sets. To account for solvent effects,

a conductor-like screening model (CPCM) modelling THF was used in all calculations.?>°'260) Geometry
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optimizations were performed using Ahlrichs’ split-valence triple-& basis set ZORA-def2/J-old-
TZVP.126112621 Atom-pairwise dispersion correction was performed with the Becke-Johnson damping
scheme (D3BJ).2531[264] The presence of energy minima was checked by numerical frequency

calculations.

Synthesis of Mo"/(™UL),(SSi(*Pr)s)2 2. KxM00,S; (100 mg, 0.37 mmol) was added to a solution of K®UL
(195.5 mg, 0.74 mmol) in THF. 'Pr3SiCl (0.47 mL, 2.20 mmol) was added dropwise while stirring. The
solution was stirred over night at room temperature. The red solution was then filtered and all volatiles
removed in vacuum. The red oily residue was re-dissolved in petroleum ether 40-60°C (10 mL) and the
solution filtered for a second time. After removing all volatiles in vacuum to yield 2 (128.53 mg, 74%
yield) as a red-brown oil.

'H-NMR (CsDs, 400 MHz, 300 K); &(ppm) = 8.33 (s, 2H, H’), 7.35 (d, J = 8.5 Hz, 4H, H*?), 7.22 (d, J =
8.5 Hz 4H, H*®), 7.11 (m, 2H, H'!), 7.01 (dd, J = 3.5 Hz, 1.4 Hz, 2H, H%), 6.45 (t, J = 3.1 Hz, 2H, H'?), 1.91
(sept, 6H, H'*), 1.31 (s, 18H, H), 1.16 (m, 36H, HY).

13C-{*H}-NMR (CsDs, 100 MHz, 300 K); &(ppm) = 150.3 (C7), 150.1 (C*), 147.69 (C!), 137.1 (C?), 131.8
(C1), 126.1 (C35), 122.4 (C°), 120.4 (C?F), 111.5 (CI9), 34.2 (C12), 31.3 (C3), 18.3 (C*), 13.7 (C4).
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Figure 1: 3C-{*H}-HSQC-NMR spectrum of complex 2 in CgDs.
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Figure 2: 3C-{*H}-HMBC-NMR spectrum of complex 2 in CgDs.
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Synthesis of Mo"(*®UL),(SSi(*Bu)(Ph),)2 3. KxM00,S; (100 mg, 0.37 mmol) was added to a solution of
K®™YL (195.5 mg, 0.74 mmol) in THF. ‘Bu(Ph),SiCl (0.577 mL, 2.20 mmol) was added dropwise while
stirring. The solution was stirred over night at room temperature. The red solution was then filtered
and all volatiles removed in vacuum. The red oily residue was re-dissolved in petroleum ether 40-60°C
(10 mL) and the solution filtered for a second time. After removing all volatiles in vacuum, 3 was

yielded (351 mg, 87% yield) as a red-brown oil.

'H-NMR (CsDg, 400 MHz, 300 K); 8(ppm) =8.17 (s, 2H, H’), 7.67 (d, J = 5.9 Hz, 4H, H?), 7.48 (d, J = 2.3 Hz,
1H, H%), 7.45 (s, 1H, H), 7.22-7.12 (m, 8H, H>**), 6.59 (d, J = 8.5 Hz, 2H, H%%), 6.56 (t, J = 3.2 Hz, 1H,
H), 1.18 (s, 9H, H*3), 1.14 (s, 9H, H°).

13C-{*H}-NMR (CsDs, 100 MHz, 300 K); &(ppm) = 150.0 (C7), 147.6 (C*), 137.8 (C8), 135.1 (C?), 134.1 (CY),
131.3 (CY), 129.6 (C™), 128.1 (2 C™), 125.9 (C>5), 120.5 (C*6), 118.6 (C%), 112.8 (C9), 34.3 (C12), 31.5
(C23), 28.2 (C®), 19.9 (Cf).
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Attempted removal of protection groups of 2 with DMSO. To a solution of 2 (25 mg, 0.033 mmol) in
CsDs (0.5 mL) an excess of DMSO (0.5 mL) was added. The solution was heated to 40 °C for 6h and a
'H-NMR spectrum recorded. The same solution was heated to 60 °C for 8h and another H-NMR
spectrum recorded. A third *H-NMR spectrum was recorded after heating the solution to 75 °C over

night.

Attempted removal of protection groups of 2 with p-nitropyridine-N-oxide. To a solution of 2 (10 mg,
0.013 mmol) in CgDg (0.3 mL) and CDsCN (0.7 mL) p-nitropyridine-N-oxide (1.8 mg, 0.013 mmol) was
added. The first *H-NMR spectrum was measured immediately and a second one after the solution was
heated to 40 °C over night. A third *H-NMR spectrum was recorded after heating the solution to 60 °C
for 8h.

Oxidation of 2 with Magic Green. To a solution of 2 (11.2 mg, 0.0121 mmol) in THF (0.5 mL) Magic
Green (11.5 mg, 0.0109 mmol) in THF (0.5 mL) was added. The color of the solution changed from dark
red to light brown. After six hours EPR measurements at room temperature were performed. Main

resonances detected: g = 1.9847, g = 1.9656 and g = 1.9516.
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Supporting Information

crystallographic data of 5 o
. e - e 4 "‘\“‘,/w\“*‘
Empirical Formula Formula Weight N ¥ )¢ hid
C39 H56 N4 Si 608.96 g/mol (Z = 4) N ¢ "’;*4,/"’“*»\&31/«'*’
4 \ %
e \
Crystal Syst-em Space group ‘;\Q\ZL -~ /)‘” ‘ »d’h*’ ]
monoclinic P 21/n % Y &
< /a/"
. Final Rconv pd W
Parameter / Reflections (0bs) T <
R(obs =5.69 % 1
409/ 5241 R(all) ~ 1094 % &
Unit Cell Dimensions Crystal System Space group
a =4.658(3) A o =90° -
monoclinic P 21/n
b =9.0932(18) A B =90.48(3)°
c=26.980(5) A y=90° Detector Type Monochromator
V =3596.1(12) A3 .
Image plate graphite
Generator Settings Frame Width Scan Type Scan Time
50 kV /40 mA 1° Omega scan 2 min
Crystal Size Crystal Shape Crystal Color Temperature
0.770 x 0.307 x 0.050 needle colorless 120(2) K
mm?3
Wavelength Theta Limits HKL-Limits
0.71073 A 2.636 — 28.056° -19<h<17,-11<k<11,-35<1<35

Reflections Collected

Unique Reflections

Observed Reflections

Completeness

23386 5241 8451 99.3%
Abs.Coefficient Abs.Correction Type T min/max Decay
0.097 / mm Semi-empirical from 1.21980/0.87739 ?%/h
equivalents
R int R sigma Diffraction Density Measured Density

8.96% 5.80% 1.125 g/cm?3 1.125 g/cm?®
Reflections(obs) / Restraints / Parameter GOF F(000)
8451 /0 /409 1.019 1328

R conv, R w(0bs) R conv, R w(all) Obs. Criteria Peak / Hole

5.69%, 12.67% 10.94%, 15.14% I > 2s(l) 0.444/-0.413

Extinction Method

none

Extinction Coefficent

n/a

Flack Parameter

Hydrogen Solution

geom
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Supporting Information

Cartesian coordinates of the DFT calculated

geometry of OC-6-4-4 of 1:

42
16

DO DR, PP OOFRP DD, FPORPROOFRPR OO NNRP,POORPOORLRPPOODOOTOONR, PPN

-0.540149000
-2.722514000
-0.700789000
-0.751506000
-0.756706000
-0.835104000
-0.848810000
-0.724135000
-0.887333000
-0.914787000
0.255506000
1.634787000
-0.262197000
1.956313000
0.750745000
-1.318366000
2.940084000
0.613456000
-0.762332000
-0.859403000
2.347539000
3.399925000
-0.668169000
1.689212000
2.300557000
2.314453000
2.827831000
2.844321000
1.893289000
3.355862000
2.786495000
3.367279000
2.825554000
3.739421000
-0.863352000
-2.009017000
0.057232000
-2.221899000
-2.750744000
-0.163709000
0.946147000
-1.308537000
-3.127777000
0.573750000
3.900385000
3.873442000
3.021676000

-3.097120000
-2.314994000
-4.792896000
-4.621079000
-6.139072000
-5.862986000
-6.825142000
-6.523383000
-6.040610000
-7.895960000
-1.243453000
-1.027067000
-0.120696000
0.241858000
0.810512000
-0.033306000
0.684330000
1.787149000
-3.286535000
-3.055620000
-2.038145000
-1.924473000
-2.341769000
-3.112618000
-4.032560000
-5.392822000
-3.590709000
-6.294596000
-5.744489000
-4.500529000
-2.537104000
-5.874918000
-7.344384000
-4.128081000
-0.996126000
-0.634248000
-0.005009000
0.691145000
-1.387322000
1.308991000
-0.264423000
1.693973000
0.930679000
2.050839000
-6.850981000
-8.305373000
-6.748275000

2.369811000
2.604020000
1.144790000
-0.242505000
1.373688000
-0.861669000
0.170767000
2.379257000
-1.924539000
0.058800000
3.041162000
2.912944000
3.596595000
3.403624000
3.842630000
3.780628000
3.423105000
4.280224000
-0.700265000
-1.757290000
2.251253000
2.008584000
0.190396000
1.902621000
1.014512000
1.298947000
-0.201384000
0.385631000
2.228033000
-1.104578000
-0.448263000
-0.838912000
0.639295000
-2.046044000
-0.211413000
-0.917677000
0.128097000
-1.287375000
-1.152344000
-0.249565000
0.681688000
-0.960346000
-1.825826000
0.028709000
-1.891445000
-1.402665000
-3.154860000

R R RPRRPRRRPRPRPRRLROOCDDORRPRLRREPRERRRERRERER®

=R e
o o))

P RPRRPRORRPRRPRIORRPRPORRPRPRIOIRRPRLROOR R RO

5.354796000
4.485436000
2.857821000
4.271048000
3.047175000
3.374361000
1.982762000
5.739882000
5.430600000
5.996504000
-1.519242000
-2.819088000
-1.581817000
-0.340756000
-2.825115000
-3.696131000
-2.919427000
-0.660867000
-1.731426000
-2.410454000
-0.479047000
0.610089000
-0.274277000
-0.344295000
1.424923000
-3.576176000
3.037734000
2.986671000
3.291118000
3.838409000
1.522511000
2.395299000
1.617419000
0.633875000
1.069747000
1.001744000
1.871887000
0.128837000
-3.969640000
-3.056523000
-4.466575000
-4.635260000
-5.163142000
-5.676493000
-4.944268000
-5.839368000
-2.407525000
-2.331243000
-2.784711000
-1.413269000

-6.487706000
-8.441255000
-8.636769000
-8.957581000
-5.742849000
-7.446181000
-6.990095000
-7.177475000
-5.475808000
-6.552443000
3.165879000
3.390084000
4.004652000
3.652046000
2.832991000
3.095098000
4.450452000
3.919001000
5.059707000
3.677158000
4.702858000
3.561412000
3.070640000
-4.460349000
-4.199491000
-2.468949000
-4.718072000
-5.751214000
-4.081343000
-4.646050000
-2.425087000
-2.326503000
-1.711652000
-2.170987000
-5.356317000
-6.393506000
-5.285124000
-5.091237000
-4.281371000
-4.876487000
-4.384190000
-4.669846000
-1.453356000
-1.491979000
-0.408841000
-1.841788000
-1.768178000
-0.682768000
-2.018293000
-2.195332000

-2.248598000
-0.508390000
-1.177261000
-2.182861000
-3.578109000
-3.918552000
-2.919747000
-3.003791000
-2.649106000
-1.366850000
-1.326600000
-2.110647000
-0.034253000
-2.193433000
-3.049980000
-1.530808000
-2.350701000
0.544575000
-0.277080000
0.597712000
-2.459910000
-1.666308000
-3.115891000
4.258850000
5.541243000
4.632625000
4.717048000
4.370508000
3.872108000
5.459265000
6.163649000
6.816071000
5.347239000
6.743154000
6.991205000
6.655844000
7.731271000
7.478350000
4.952859000
4.962241000
5.921933000
4.179527000
4.556131000
5.521088000
4.324224000
3.791658000
5.928551000
5.851990000
6.924072000
5.815133000
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Supporting Information

Cartesian coordinates of the DFT calculated

geometry of OC-6-3-3 of 1:

42 0.033146000
-2.274612000
0.176347000
0.358134000
0.107302000
0.415155000
0.256570000

-0.040811000
0.545035000
0.244576000
2.266429000
2.825901000
3.276333000
4.224773000
4.508934000
3.100560000
4.919818000
5.476758000
0.381464000
0.503823000
1.957189000
2.332727000
0.252796000
0.667942000

-0.220353000

-1.262752000

-0.075927000

-2.131895000

-1.388239000

-0.950518000
0.711497000

-2.002894000

-2.923237000

-0.812468000
0.121650000

-0.661476000
0.731809000

-0.815919000

-1.181161000
0.562645000
1.324813000

-0.219599000

-1.440847000
1.044744000

-2.954216000

-4.035598000

-3.650559000

[y
(o)}

DO DR PR OOFRP DR RFPOFRPRORFRPROODDDOONNRP,POORPROOR PPN R, RPN

-3.026041000
-2.850734000
-2.177022000
-0.801611000
-2.592170000
-0.363971000
-1.502723000
-3.631143000
0.654937000
-1.561752000
-2.897696000
-3.893135000
-2.121095000
-3.719594000
-2.586906000
-1.253497000
-4.350838000
-2.143298000
-0.145404000
0.930966000
-4.864891000
-5.695549000
-0.853196000
-4.784387000
-5.756002000
-6.253545000
-6.230395000
-7.208280000
-5.896762000
-7.182967000
-5.843749000
-7.694177000
-7.569832000
-7.519960000
-0.190514000
0.955609000
-0.719794000
1.561556000
1.356717000
-0.113077000
-1.615573000
1.038775000
2.440826000
-0.557059000
-8.732662000
-9.173982000
-8.129091000

2.486662000
2.179072000
0.373736000
0.338534000
-0.892625000
-1.005049000
-1.787072000
-1.137531000
-1.336223000
-2.864399000
2.356876000
1.561559000
2.768862000
1.497697000
2.257717000
3.385380000
0.965708000
2.433025000
1.566790000
1.628220000
1.064139000
0.475938000
2.673769000
1.336970000
0.801637000
1.579901000
-0.506317000
1.065944000
2.591288000
-1.006494000
-1.140668000
-0.236890000
1.706795000
-2.025876000
3.919920000
4.050581000
5.056846000
5.293360000
3.189870000
6.288476000
4.965977000
6.442044000
5.354869000
7.150109000
-0.837356000
0.157951000
-2.073656000

-2.148600000
-3.601172000
-4.661340000
-4.683259000
-2.929501000
-4.335380000
-4.225445000
-2.815294000
-1.389677000
-1.646815000
-0.414663000
-1.298148000
-1.087529000
0.956009000
-0.862170000
-2.299200000
-1.402569000
-0.473093000
-1.246754000
-2.055549000
0.827706000
1.614276000
1.452750000
-0.040445000
1.796410000
-3.496070000
2.848037000
3.252251000
2.275733000
3.686350000
1.143708000
1.980379000
0.531182000
0.536063000
2.782001000
3.305082000
3.518956000
2.130288000
-3.835379000
-2.905265000
-4.512977000
-4.296929000
-5.102266000
-5.799038000
-4.912256000
-5.580227000
-2.681905000
-2.502274000
-3.345867000
-1.729351000

-9.976833000
-9.631996000
-8.336171000
-9.914315000
-7.840920000
-8.859053000
-7.242178000
-10.725683000
-9.730202000
-10.423592000
1.646835000
2.900872000
0.601115000
2.033687000
3.685874000
2.680240000
3.295979000
-0.294468000
1.018796000
0.301102000
2.463450000
1.168336000
2.774267000
-4.294187000
-4.963389000
-2.747834000
-3.531234000
-2.945009000
-2.876338000
-3.938979000
-5.952842000
-6.343327000
-5.325769000
-6.795125000
-6.074890000
-5.488265000
-6.632960000
-6.788969000
-4.542901000
-5.045637000
-4.579823000
-5.083978000
-1.888761000
-1.877733000
-0.855985000
-2.406710000
-1.827525000
-0.781037000
-1.869571000
-2.281048000

-1.261463000
1.049028000
0.472511000

-0.315741000

-2.840066000

-2.512361000

-1.797882000
-1.696197000

-2.005528000
-0.400096000
7.832736000
7.801017000
8.745048000

8.422233000
7.179389000
7.424617000
8.813415000
8.848206000
9.742267000
8.337876000

9.418736000

8.512083000

7.791276000

4.445201000
5.451812000
4.005258000

6.075325000
5.250791000
6.734467000
6.648007000
6.919375000
7.505528000
7.570818000
6.582209000
4.297548000
3.543673000
4.882175000
3.790825000
4.483822000
4.752349000
5.341728000
3.655293000
3.509957000
4.352999000
3.208947000
2.675603000
5.428702000
5.184125000
6.297366000
5.697170000
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Cartesian coordinates of the DFT calculated

geometry of OC-6-1-2 of 1:

42

[y
(o)}

DO DR, PP OOFRP DD, FPORPROOFRPR OO NNRP,POORPOORLRPPOODOOTOONR, PPN

96

0.848669000
-1.457750000
1.515467000
1.595749000
2.017310000
2.152203000
2.424398000
2.064607000
2.337999000
2.855865000
0.275625000
0.280005000

-0.180664000
-0.187015000
-0.481874000
-0.290131000
-0.296114000
-0.863887000
1.128888000
1.135040000
0.698518000
0.734216000
0.666949000
1.029666000
1.445548000
0.523293000
2.793475000
0.948221000
-0.519035000
3.204367000
3.512073000
2.295797000
0.206183000
4.258869000
0.191489000
-1.026420000
0.927792000
-1.497117000
-1.599561000
0.450431000
1.891892000
-0.769589000
-2.447750000
1.055522000
2.803157000
1.663209000
3.774801000

-1.805451000
-2.089951000

-1.317123000
0.051036000
-1.941786000
0.267714000
-1.006916000
-3.015643000
1.225495000
-1.229122000
-2.374235000
-3.755799000
-1.823003000
-4.048646000
-2.810512000
-0.756820000
-5.032011000
-2.646953000
0.907990000
1.984219000
-4.558738000
-5.641553000
0.385256000
-3.960990000
-4.702157000
-5.048328000
-4.995593000
-5.674099000
-4.796374000
-5.621064000
-4.706640000
-5.964498000
-5.920115000
-5.828693000
1.256649000
0.994239000
2.372264000
1.830383000
0.133423000
3.194321000
2.571243000
2.943060000
1.592562000
4.038952000
-6.610200000
-6.935103000
-5.637156000

-1.319691000
-1.912024000

-3.262497000
-3.514392000
-4.355224000
-4.777417000
-5.309546000
-4.408564000
-5.238393000
-6.273081000
0.652161000
0.858255000
1.803817000
2.139885000
2.742419000
1.901927000
2.570551000
3.738004000
-2.504075000
-2.652463000
-0.220874000
-0.133597000
-1.395807000
-1.329075000
-2.465134000
-3.444684000
-2.657922000
-4.613172000
-3.301239000
-3.826500000
-1.902144000
-4.836227000
-5.358958000
-3.955465000
-0.386597000
0.232203000
0.018075000
1.239173000
-0.082900000
1.026754000
-0.432938000
1.666811000
1.694752000
1.330673000
-6.129086000
-7.103507000
-6.827174000

R R RPRRPRRRPRPRPRRLROOCDDORRPRLRREPRERRRERRERER®

=R e
o o))

P RRPRRPRRRPRPRRPREPRPRLRRLRIOIARLRIIRPOIRL IR ORLO

3.543493000
0.947156000
1.123103000
2.076277000
4.633754000
4.146706000
3.271562000
3.911840000
4.398858000
2.874860000
-1.242813000
-2.596665000
-0.203477000
-1.384019000
-3.382676000
-2.549902000
-2.887970000
0.771707000
-0.528717000
-0.080902000
-1.718364000
-0.435597000
-2.116490000
3.177337000
3.694859000
-2.205881000
3.343334000
2.276961000
5.557846000
6.088877000
2.826041000
3.120658000
-4.038177000
-4.171058000
-1.364067000
-1.427837000
-2.024632000
-4.517923000
-4.543908000
-2.679385000
-1.001632000
-2.309755000
-0.313328000
-1.866494000
5.798221000
5.923199000
3.761095000
3.816915000
3.107870000
1.744221000

-7.920110000
-7.635440000
-6.036085000
-7.395631000
-5.406645000
-6.077503000
-4.698488000
-8.387399000
-7.743478000
-8.625259000
3.863685000
3.428346000
3.844327000
5.301742000
3.444822000
2.423245000
4.114116000
4.195055000
4.493262000
2.832542000
5.969926000
5.682503000
5.341284000
-1.623955000
-1.332988000
-1.195384000
-2.894248000
-3.089117000
-1.023657000
-1.880004000
0.176193000
1.075082000
-1.648842000
-2.732608000
-1.944184000
-3.033435000
0.679101000
-1.257196000
-1.225655000
1.110114000
0.981044000
1.085899000
-1.664691000
-1.586668000
-0.141694000
-0.859487000
-2.777679000
-3.757687000
0.296653000
0.087625000

-5.795070000
-6.668239000
-7.407484000
-8.003120000
-6.195198000
-7.755706000
-7.070273000
-6.711637000
-5.141432000
-5.296026000
2.795349000
3.371813000
3.934235000
2.258254000
2.613897000
3.796286000
4.169902000
3.593349000
4.751264000
4.327202000
3.055865000
1.876330000
1.448796000
-0.766899000
1.334884000
-3.757066000
2.324613000
2.411381000
1.303428000
0.882264000
2.045190000
1.502400000
-3.755528000
-3.737560000
-5.262824000
-5.239106000
-3.724279000
-4.657126000
-2.885095000
-4.487213000
-3.941283000
-2.752759000
-5.314313000
-6.166705000
0.706121000
2.321405000
3.329255000
1.853544000
3.095380000
1.983144000



Supporting Information

Cartesian coordinates of the DFT calculated

geometry of OC-6-4-4 of 2:

42
16

7
6
6
6
6
1
1
1
7
6
6
6
6
1
1
1
6
1
6
1
7
7
6
6
6
6
1
6
1
6
1
1
6
6
6
6
1
6
1
6
1
1
6
6
6
6
1
1
1
1
1
1
1
1
1
6
6
6
6
1
1
1
1
1
1
1

0.074804000
-2.044913000
-0.127458000
-0.194714000
-0.176468000
-0.273827000
-0.280518000
-0.134119000
-0.325303000
-0.347439000
0.839741000
2.180374000
0.352124000
2.506680000
1.344822000
-0.664438000
3.465342000
1.219324000
-0.181504000
-0.172288000
2.842539000
3.857289000
-0.163361000
2.195505000
2.772784000
2.902833000
3.154331000
3.389132000
2.596116000
3.637421000
3.023658000
3.754862000
3.461452000
3.903371000
-0.206041000
-0.884514000
0.415971000
-0.899639000
-1.429190000
0.391277000
0.927755000
-0.258359000
-1.444128000
0.893817000
4.232305000
4.320928000
3.234861000
5.627510000
5.023450000
3.348553000
4.669799000
3.170449000
3.547785000
2.235936000
5.972122000
5.617071000
6.351781000
-0.252567000
-1.018967000
-0.908440000
1.204996000
-0.582560000
-2.069375000
-0.981821000
-0.385367000
-0.892414000
-1.947606000
1.228985000

-2.529866000
-2.029803000
-4.285524000
-4.173987000
-5.618967000
-5.440572000
-6.357874000
-5.961556000
-5.660709000
-7.432547000
-0.662424000
-0.368089000
0.389405000
0.891756000
1.367524000
0.396177000
1.380965000
2.304369000
-2.878057000
-2.753480000
-1.292949000
-1.123853000
-1.846065000
-2.380163000
-3.250708000
-4.606910000
-2.767397000
-5.470558000
-4.984004000
-3.640443000
-1.716402000
-5.013134000
-6.520460000
-3.240907000
-0.556956000
-0.328884000
0.533239000
0.931496000
-1.129610000
1.785668000
0.402003000
2.021118000
1.052385000
2.597368000
-5.949795000
-7.409342000
-5.876955000
-5.510664000
-7.526906000
-7.790886000
-8.032679000
-4.867056000
-6.547735000
-6.174157000
-6.170093000
-4.490571000
-5.556503000
3.422254000
3.475876000
4.417394000
3.852256000
2.807341000
3.206789000
4.491218000
4.445383000
5.424753000
4.142602000
4.851846000

1.056712000
1.882500000
-0.063983000
-1.451458000
0.222094000
-2.021558000
-0.950218000
1.242159000
-3.076362000
-1.016985000
1.797639000
1.514954000
2.484273000
2.040795000
2.656816000
2.832072000
1.967132000
3.177366000
-1.989982000
-3.067616000
0.704407000
0.357768000
-1.186673000
0.362305000
-0.595276000
-0.323453000
-1.847889000
-1.295488000
0.640205000
-2.811201000
-2.074698000
-2.563575000
-1.052221000
-3.781620000
-1.782371000
-2.985108000
-1.172658000
-3.570870000
-3.467004000
-1.765004000
-0.236799000
-2.981146000
-4.496468000
-1.254509000
-3.677144000
-3.211585000
-4.851169000
-4.162336000
-2.383745000
-2.893525000
-4.037367000
-5.259197000
-5.655363000
-4.524158000
-4.962850000
-4.549008000
-3.345816000
-3.596801000
-4.924896000
-2.619241000
-3.858272000
-5.670038000
-4.795003000
-5.324587000
-1.662263000
-3.042655000
-2.428603000
-4.299436000
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1.786282000
1.693646000
0.618490000
2.235463000
3.875525000
3.603289000
2.183605000
2.275771000
1.836127000
2.087457000
3.367065000
0.855920000
4.341023000
5.010159000
2.689130000
0.348216000
3.758054000
2.413912000
2.522983000
-0.290885000
0.050028000
0.150364000
5.321659000
4.720371000
5.888354000
3.538419000
4.704373000
5.159693000
3.313615000
3.359391000
4.331091000
0.733452000
0.823296000
-0.003332000
-3.599352000
-2.721265000
-3.569935000
-4.495300000
-2.732716000
-3.618355000
-4.834789000
-4.890861000
-4.787999000
-5.767929000
-6.551632000
-5.810166000
-6.158555000
-6.995178000
-3.469687000
-5.055024000
-4.724466000
-5.606163000
-6.423819000
-6.004391000
-4.841745000
-2.767413000
-1.693960000
-3.272652000
-2.802937000
-3.024248000
-4.354255000
-2.369398000
-2.968361000
-2.676730000
-4.012128000

3.876950000
3.160847000
-3.898486000
-3.304605000
-3.382294000
-2.977574000
-4.694256000
-5.612620000
-1.566104000
-0.889572000
-4.653642000
-4.769639000
-4.827502000
-2.509193000
-1.169655000
-1.372679000
-1.304347000
-1.752211000
-0.115206000
-1.650002000
-1.970807000
-0.323446000
-2.821038000
-1.458222000
-2.577564000
-5.458816000
-5.284171000
-4.855093000
-3.781059000
-5.541393000
-4.625313000
-3.909448000
-5.668425000
-4.796952000
-3.336918000
-1.495982000
-3.778033000
-3.712168000
-3.700613000
-1.805804000
-1.342222000
-0.257816000
-1.765152000
-1.685514000
-0.349970000
1.009862000
-0.016295000
0.002238000
-0.909822000
-0.954722000
-0.574761000
-2.370499000
-2.355741000
-2.784072000
-3.056708000
0.859461000
0.711482000
1.657973000
2.645327000
1.169256000
1.809862000
2.566014000
1.650622000
1.082150000
1.943671000

-2.935307000
-4.548614000
2.879762000
4.256536000
3.274815000
2.301731000
5.573606000
4.981758000
4.938525000
4.118478000
6.553785000
6.338998000
3.048048000
3.825063000
6.154288000
5.261797000
5.987656000
7.036035000
6.398765000
4.425747000
6.125517000
5.502202000
4.824896000
3.876609000
3.174117000
2.661740000
3.971022000
2.322294000
7.206843000
7.194915000
6.044380000
7.000850000
6.963700000
5.666212000
-0.967692000
-1.606634000
-1.968816000
-0.469447000
-0.419384000
-1.069753000
-1.887699000
-1.987568000
-2.896345000
-1.436512000
0.197071000
1.036037000
1.158614000
1.864377000
0.607517000
1.673641000
2.647100000
1.888076000
2.615656000
0.958912000
2.257744000
0.478871000
0.342464000
-0.729543000
-0.744745000
-1.670769000
-0.695427000
1.761372000
1.779415000
2.664171000
1.909585000
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Cartesian coordinates of the DFT calculated

geometry of OC-6-3-3 of 2:

42
16

7
6
6
6
6
1
1
1
7
6
6
6
6
1
1
1
6
1
6
1
7
7
6
6
6
6
1
6
1
6
1
1
6
6
6
6
1
6
1
6
1
1
6
6
6
6
1
1
1
1
1
1
1
1
1
6
6
6
6
1
1
1
1
1
1
1
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0.621779000
-1.650263000
0.537283000
0.556697000
0.642884000
0.657782000
0.708527000
0.653742000
0.686967000
0.773688000
2.673859000
2.879373000
3.792310000
4.186425000
4.763279000
3.877609000
4.631743000
5.756869000
0.616980000
0.602677000
1.822173000
1.940069000
0.713190000
0.666510000
-0.293919000
-0.788576000
-0.731597000
-1.667081000
-0.458636000
-1.628143000
-0.377845000
-2.116984000
-2.019765000
-1.958452000

0.658699000
-0.440180000

1.697640000
-0.506890000
-1.264231000

1.624242000

2.551080000

0.514576000
-1.388050000

2.447528000
-3.114590000
-3.618331000
-4.332479000
-2.432380000
-2.805244000
-4.120809000
-4.336673000
-4.046730000
-5.054447000
-4.827911000
-3.133707000
-2.088621000
-1.569008000

0.458729000
-0.838558000

0.544664000

1.649242000
-0.945320000
-1.718091000
-0.830077000

1.473917000
0.501029000

-0.284537000
1.624854000

-2.143597000
-1.868082000
-0.666864000
0.671411000
-0.716978000
1.465245000
0.577904000
-1.658244000
2.543809000
0.832424000
-2.065069000
-3.033798000
-1.349664000
-2.895108000
-1.826735000
-0.528732000
-3.507327000
-1.428050000
0.946202000
1.970858000
-3.899064000
-4.709378000
-0.051052000
-3.764734000
-4.793238000
-5.505723000
-5.124914000
-6.564376000
-5.238164000
-6.167417000
-4.558480000
-6.913955000
-7.100019000
-6.392121000
0.216288000
0.857235000
-0.200907000
1.058833000
1.153688000
0.014139000
-0.704104000
0.634325000
1.537544000
-0.320688000
-8.048748000
-8.669441000
-7.504426000
-9.149926000
-9.113186000
-7.929300000
-9.460012000
-7.096337000
-8.306121000
-6.714001000
-9.965554000
-8.764400000
-9.558417000
0.794387000
1.467667000
-0.597804000
1.653295000
2.471326000
0.884153000
1.557445000
-1.107935000
-0.503448000
-1.229476000
1.767864000

0.671337000
1.208324000
-0.915898000
-0.550019000
-2.261130000
-1.699646000
-2.787234000
-2.785629000
-1.728747000
-3.833754000
-0.162753000
-1.140921000
-0.073583000
-1.668578000
-0.993116000
0.622516000
-2.437708000
-1.127142000
0.833795000
1.196704000
-1.403580000
-2.116321000
1.666682000
-0.746957000
-0.967591000
0.116538000
-2.250051000
-0.076923000
1.108685000
-2.430550000
-3.102665000
-1.351147000
0.792077000
-3.436430000
3.056606000
3.620476000
3.889460000
4.997780000
2.984673000
5.254591000
3.458494000
5.846251000
5.400519000
5.872625000
-1.597621000
-0.287899000
-2.370383000
-2.433051000
0.290084000
0.338605000
-0.513321000
-3.340575000
-2.543296000
-1.804397000
-2.626634000
-3.394465000
-1.902907000
7.367995000
7.834548000
8.025525000
7.837922000
7.417614000
7.554277000
8.922699000
7.768898000
9.113415000
7.701764000
8.924582000
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1
16
14

6
1
6
1
6
1
6
6
6
6
6
6
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
6
1
1
1
1
6
6
1
1
1
1
1
6
1

2.603250000
1.609945000
1.763320000
0.717850000
-1.108265000
-1.423915000
1.722201000
1.628764000
0.872369000
-0.035554000
1.126593000
3.213029000
-1.303797000
-1.994926000
0.835579000
2.072997000
-0.013348000
1.745722000
0.766852000
2.060852000
3.018225000
2.065492000
-1.728006000
-1.939098000
-3.040289000
-0.695207000
-1.051841000
-2.347302000
1.201720000
1.670398000
0.076832000
3.372686000
3.756421000
3.665397000
-3.876723000
-3.417261000
-4.238474000
-4.443244000
-2.837023000
-4.035568000
-5.494457000
-5.660424000
-5.786653000
-6.175962000
-6.495080000
-5.554736000
-5.817005000
-6.378044000
-3.353555000
-4.582795000
-3.987106000
-4.999230000
-5.581649000
-5.624000000
-4.131117000
-2.780461000
-1.776434000
-3.623485000
-3.199559000
-3.654633000
-4.652285000
-2.191151000
-2.653729000
-2.032437000
-3.630800000

1.197042000
2.647762000
-3.244493000
-4.361005000
-3.868671000
-3.771691000
-3.833442000
-2.742713000
-6.207571000
-6.404091000
-4.335305000
-4.180267000
-2.494928000
-4.933961000
-7.133430000
-6.547374000
-6.932279000
-7.035008000
-8.177524000
-5.980152000
-6.332552000
-7.612837000
-5.097924000
-5.895509000
-4.611433000
-1.733155000
-2.507004000
-2.179513000
-5.419598000
-3.896005000
-4.063145000
-5.261279000
-3.765443000
-3.781960000
-4.610964000
-4.737011000
-5.641180000
-4.003780000
-4.598450000
-4.104720000
-4.266325000
-3.927147000
-5.320406000
-3.713827000
-1.662203000
-0.725810000
-0.814145000
0.085216000
-2.341582000
-0.966939000
-0.051973000
-1.087108000
-0.212837000
-1.968357000
-1.163698000
-2.100832000
-2.533690000
-2.853735000
-2.720117000
-3.925154000
-2.486413000
-0.495864000
-0.614901000
-0.078535000
-0.128395000

7.569370000
7.387503000
2.368447000
3.981511000
4.113216000
3.072027000
5.517446000
5.508264000
3.483938000
2.902212000
6.842163000
5.421134000
4.758379000
4.773148000
4.711056000
2.593054000
5.365676000
5.306003000
4.390318000
1.662172000
3.096979000
2.342158000
5.819835000
4.259773000
4.748648000
4.278573000
5.820353000
4.667206000
6.934999000
7.684398000
6.954815000
5.427571000
6.276164000
4.511742000
1.621931000
-0.454274000
1.705965000
2.331045000
1.937203000
0.186137000
-0.268398000
-1.291435000
-0.218512000
0.381000000
-0.379674000
-1.534988000
-0.479934000
-0.204191000
-0.104943000
0.422098000
0.324113000
1.894672000
2.204567000
2.059267000
2.552246000
-1.911381000
-1.929030000
-2.948534000
-3.949657000
-2.746493000
-2.979775000
-3.252458000
-2.269244000
-1.551945000
-2.304310000



Supporting Information

Cartesian coordinates of the DFT calculated

geometry of OC-6-1-2 of 2:

42 5.155978000
16  2.856232000

5.305191000
5.888449000
5.394326000
6.283302000
5.974089000
5.036151000
6.738749000
6.142452000
4.765264000
4.049721000
5.174491000
3.988920000
4.707476000
5.740288000
3.498510000
4.869072000
6.008919000
6.409120000
3.639738000
3.049688000
5.654665000
3.986921000
3.498660000
4.361136000
2.139205000
3.874916000
5.412627000
1.666135000
1.456704000
2.518798000
4.575986000
0.604893000
5.745141000
6.976370000
4.579119000
7.041904000
7.883499000
4.657071000
3.624092000
5.886571000
8.016670000
3.735141000
1.947991000
3.026083000
0.876624000
1.303836000
3.800393000
3.505023000
2.567819000
0.064591000
0.447909000
1.312710000
0.892295000
0.493023000
2.044277000
5.916553000
7.346742000
5.160298000
5.228702000
7.929137000
7.874641000
7.312523000
4.118502000
5.175693000
5.626957000
5.244237000
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0.304914000
-0.356998000
-1.549003000
-2.607339000
-1.832950000
-3.596162000
-3.100021000
-1.142983000
-4.543933000
-3.590603000
1.716473000
2.844506000
1.935685000
3.751307000
3.167981000
1.201281000
4.712221000
3.590325000
-2.502374000
-3.335202000
2.914298000
3.759332000
-1.395044000
1.966417000
1.998536000
1.795356000
2.195443000
1.826036000
1.633933000
2.211516000
2.307126000
2.026937000
1.679196000
2.352710000
-1.283362000
-1.166530000
-1.218581000
-0.949067000
-1.229539000
-1.008729000
-1.286238000
-0.848508000
-0.843918000
-0.948135000
2.048707000
1.806260000
0.949398000
3.424159000
2.575867000
0.833099000
1.827081000
1.081761000
0.972433000
-0.038237000
3.457766000
3.628673000
4.221653000
-0.554145000
-0.403737000
0.763208000
-1.702825000
-1.316819000
0.418750000
-0.190705000
0.699150000
0.997468000
1.590052000
-1.502326000

-1.086073000
-0.587618000
-2.395365000
-1.706285000
-3.712197000
-2.622366000
-3.896743000
-4.457353000
-2.378499000
-4.842910000
0.476023000
0.082872000
1.758525000
1.138594000
2.205387000
2.300819000
1.126285000
3.184568000
-0.310466000
0.263257000
-1.263985000
-1.605934000
0.289987000
-2.087397000
-3.415920000
-4.488475000
-3.665674000
-5.790871000
-4.294090000
-4.968314000
-2.832889000
-6.062875000
-6.599723000
-5.128042000
1.706674000
2.338185000
2.467947000
3.712648000
1.753099000
3.835247000
1.966495000
4.488759000
4.166452000
4.399157000
-7.484188000
-8.548808000
-7.626817000
-7.749948000
-8.523723000
-8.422936000
-9.539477000
-6.910660000
-8.631607000
-7.464258000
-8.761749000
-7.049166000
-7.654221000
5.990807000
6.526207000
6.256079000
6.754635000
6.386275000
6.039135000
7.596352000
5.939321000
7.323287000
5.715893000
7.828681000
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4.187880000
5.744835000
7.128400000
1.624619000
2.601193000
3.524299000
0.985641000
0.704470000
0.192843000
0.705296000
2.982074000
1.937750000
2.076775000
-0.265135000
-0.691926000
-0.659277000
-1.103929000
-0.584635000
-0.076057000
2.480243000
1.679905000
2.904370000
-0.117355000
-1.209675000
-1.458238000
-1.395778000
-1.210024000
-0.044307000
3.678310000
2.108415000
3.466067000
1.773706000
0.974292000
2.582223000
9.484023000
8.251731000
8.858496000
9.763542000
8.591208000
7.655454000
8.993457000
8.026261000
9.693284000
9.786521000
10.666809000
9.844776000
10.933570000
10.648204000
11.149270000
11.865930000
10.209488000
8.821614000
9.600602000
10.516506000
9.300494000
6.052592000
7.210393000
6.499977000
5.709310000
8.697679000
7.946363000
7.248350000
8.449420000
6.406666000
7.185567000

-1.821621000
-2.648794000
1.096998000
-1.888219000
-3.522521000
-3.252959000
-1.276870000
-0.234286000
-1.972013000
-2.011556000
-4.000599000
-4.640373000
-1.281412000
-2.018994000
-3.223539000
-0.694995000
-1.926892000
-1.605865000
-3.083657000
-2.283185000
-0.917605000
-0.632896000
-4.141866000
-3.286032000
-3.207126000
-0.710491000
-0.594281000
0.198359000
-4.843683000
-4.330745000
-3.204226000
-4.343735000
-4.943166000
-5.526002000
-0.081747000
2.563479000
2.562992000
3.162254000
1.660488000
1.131883000
1.949377000
3.242027000
0.604941000
0.011960000
1.061885000
2.786288000
3.566873000
4.610196000
3.142508000
3.559959000
1.764229000
2.873239000
3.401883000
3.369675000
4.448660000
3.730690000
5.047960000
4.568305000
5.292992000
5.706389000
5.317562000
6.133215000
5.064070000
3.835614000
4.131113000

6.450168000
6.575821000
-2.074470000
-1.532099000
-1.616476000
-2.130015000
-3.227230000
-3.048132000
-0.254724000
0.713025000
-0.209707000
-2.431951000
-4.298143000
-3.723679000
-0.354782000
-0.272376000
-3.033697000
-4.686460000
-3.875480000
-4.463136000
-5.249608000
-4.024948000
-0.230443000
-1.313343000
0.427819000
0.538003000
-1.210772000
-0.150964000
-0.265241000
0.357692000
0.355773000
-3.468892000
-2.016941000
-2.443220000
-0.169244000
-0.830813000
2.024078000
1.899799000
0.814469000
1.005720000
2.920667000
2.214165000
0.654190000
1.568887000
0.467415000
-1.857885000
-1.102870000
-0.958252000
-0.121351000
-1.675928000
-2.007828000
-3.793754000
-3.241835000
-3.840032000
-3.161101000
-2.486055000
-2.629835000
-1.953969000
-1.738117000
-0.726814000
-0.036622000
0.176212000
0.896450000
0.054558000
-0.651515000
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Cartesian coordinates of the DFT calculated

geometry of OC-6-4-4 of 4:

42
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0.661792000
0.131297000

1.702303000

1.979041000

2.198154000

2.653088000

2.794947000

2.089548000

2.988197000

3.265231000
-0.792531000
-1.999811000
-0.845730000
-2.806837000
-2.070411000
-0.010124000
-3.796620000
-2.382137000

1.535052000

1.697175000
-2.153565000
-3.058138000

0.942351000
-1.188754000
-1.225081000
-1.536157000
-0.883091000
-1.481981000
-1.789050000
-0.836051000
-0.645649000
-1.114232000
-1.709760000
-0.554727000

0.378291000
-0.418616000

0.566074000
-1.033160000
-0.583673000
-0.050551000

1.187985000
-0.880039000
-1.658938000

0.104883000
-0.975034000
-1.314272000

0.481970000
-1.920495000
-2.344755000
-0.650727000
-1.198661000

0.763813000

0.606299000

1.172707000
-1.815632000
-1.699445000
-2.961412000
-1.595671000
-2.462052000
-2.507813000
-0.555019000
-1.864262000
-3.241538000
-2.951212000
-1.934457000
-3.040719000
-3.244320000
-1.058943000

-1.791677000
-3.790048000
-1.364653000
-0.041439000
-2.134119000
0.006798000
-1.327668000
-3.205606000
0.898758000
-1.670531000
-1.397971000
-0.829037000
-1.576405000
-0.654104000
-1.136221000
-1.995291000
-0.225381000
-1.155740000
0.932468000
1.990006000
-0.555045000
-0.084550000
0.524474000
-0.893857000
-0.533659000
0.766160000
-1.470740000
1.127446000
1.507016000
-1.099333000
-2.481885000
0.210442000
2.150830000
-1.846744000
1.445532000
2.500418000
1.268985000
3.347996000
2.643198000
2.118270000
0.458137000
3.166763000
4.142451000
1.944046000
0.585012000
2.058418000
0.336285000
-0.289452000
2.291095000
2.729139000
2.273784000
-0.710529000
0.601626000
0.940023000
-0.039088000
-1.351332000
-0.126055000
4.032364000
5.121639000
3.130321000
4.715421000
5.806261000
4.694027000
5.706728000
2.368038000
3.730390000
2.621916000
5.330458000

-1.786089000
-2.400024000
-3.550474000
-3.871603000
-4.559302000
-5.089154000
-5.520441000
-4.540840000
-5.594757000
-6.428231000
-0.333812000
-0.719186000
1.015067000
0.402176000
1.502861000
1.550260000
0.411819000
2.534960000
-2.954692000
-3.144617000
-2.092411000
-2.467830000
-1.873950000
-2.892840000
-4.257751000
-4.651324000
-5.233676000
-5.994030000
-3.904461000
-6.565101000
-4.936890000
-6.978913000
-6.256409000
-7.295397000
-0.964589000
-1.404496000
0.407134000
-0.487595000
-2.464234000
1.307555000
0.756000000
0.887229000
-0.868364000
2.364293000
-8.456847000
-8.718820000
-8.898393000
-9.303596000
-8.441824000
-8.168746000
-9.782989000
-8.777512000
-9.951339000
-8.305722000
-10.362210000
-9.186258000
-9.015289000
1.927605000
1.281739000
2.783805000
2.836736000
0.676175000
0.647691000
2.063003000
3.313244000
3.525651000
2.157826000
3.586561000
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1
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0.062361000
0.104993000
2.264739000

3.984764000
5.360301000
-1.953222000

3.361497000
2.251972000
-0.352401000
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Cartesian coordinates of the DFT calculated

geometry of OC-6-3-3 of 4:
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1.249784000
-0.684799000
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2.795523000
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4.577318000
4.243273000
4.028545000
5.455872000
0.364871000
0.682459000

-0.382972000
0.101002000
-0.574031000
-0.763894000
0.174180000
-1.141846000
1.759670000
1.624719000
1.445730000
1.732967000
0.933324000
1.811886000
2.630208000
3.773527000
2.297484000
4.576648000
4.052923000
3.103687000
1.408107000
4.268288000
5.463424000
2.817980000

-1.194884000
-1.666601000

-0.515374000
0.828389000
-1.005094000
1.174130000
0.010510000
-2.038212000
2.151017000
-0.114809000
-1.360854000
-2.551853000
-0.647669000
-2.564197000
-1.356628000
0.324594000
-3.361449000
-1.010250000
1.534764000
2.594247000
-3.452184000
-4.413331000
0.915062000
-3.142205000
-4.062112000
-4.601984000
-4.422635000
-5.483433000
-4.324152000
-5.300979000
-4.012434000
-5.846142000
-5.870052000
-5.559844000

-0.142703000
0.694759000
-1.558243000
-1.885931000
-2.199669000
-2.769562000
-2.968161000
-2.101549000
-3.189885000
-3.581698000
-2.216767000
-2.852191000
-3.056092000
-4.142547000
-4.270278000
-2.785435000
-4.865943000
-5.119701000
-1.293937000
-1.480733000
-2.121686000
-2.533767000
-0.460600000
-0.885735000
-0.170904000
-0.750764000
1.135196000
-0.031679000
-1.759110000
1.838763000
1.592986000
1.279294000
-0.512611000
2.850076000
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6
6
1
6
1
6
1
1
6
6
6
6
1
1
1
1
1
1
1
1
6
6
6
6
1
1
1
1
1
1
1
1
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1

-0.127564000
-0.922732000
-0.368272000
-1.928203000
-0.765552000
-1.370945000
0.241088000
-2.173592000
-2.524971000
-1.523336000
5.149493000
6.360968000
5.663368000
4.319364000
6.056651000
7.006549000
6.954930000
6.295031000
6.254979000
4.940903000
3.469903000
3.937236000
-3.260469000
-4.017677000
-4.274651000
-2.608585000
-3.350605000
-4.528762000
-4.773277000
-3.795010000
-5.050085000
-4.755591000
-3.372331000
-2.093638000
-1.882529000
2.667378000
4.840361000

1.677734000
2.493116000
1.633522000
3.270152000
2.520536000
2.412911000
1.001008000
3.253370000
3.887959000
2.366753000
-6.778622000
-7.292474000
-6.009700000
-7.992429000
-7.863047000
-6.474664000
-7.951486000
-6.659098000
-5.143410000
-8.665419000
-7.689704000
-8.548891000
4.104760000
4.972298000
3.181924000
5.035123000
5.665968000
4.364360000
5.562202000
2.568752000
3.779874000
2.514674000
5.650641000
4.469093000
5.699159000
-1.113040000
-5.656283000

0.106385000
-0.693449000
1.479988000
-0.124956000
-1.764467000
2.032857000
2.110453000
1.248184000
-0.780387000
3.103429000
2.114110000
1.324977000
3.348254000
2.576904000
0.444883000
0.998216000
1.961159000
3.959289000
3.043668000
3.172457000
3.190782000
1.718132000
1.909515000
0.895310000
2.613946000
2.952128000
0.378880000
0.145887000
1.417823000
3.378269000
3.099047000
1.895064000
3.433673000
3.729574000
2.477546000
1.486323000
3.971197000
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Synthesis and characterisation of P2 and P3

AuCI[C(OEt)(4-DMA)] P2. A dried mixture of AuCl(tht) (0.0.163 g, 0.51 mmol) and W(CO)s[C(OEt)(4-
DMA)] (0.255 g, 0.51 mmol) was dissolved in CH>Cl; (10 mL) and stirred for 16 hours at =78 °C. The
resulting dark brown solution was warmed up to room temperature, at which point the CH,Cl; solvent
was completely removed under reduced pressure. The resulting brown paste was washed with n-
hexane (2 x 10 mL). The product was extracted with CH,Cl, (10 mL) via cannula filtration methods and
dried under reduced pressure to give a yellow powder. Yield = 0.199 g, 97 %. Mp (dec) 143 — 145 °C,
'H NMR (500 MHz, CDCl,): §=8.20 (s, br, 2H, DMA-Hq.), 6.68 (d, 2J(HH) = 9.5 Hz, 2H, DMA-Hgg), 5.06
(q, 3J(HH) = 7.1 Hz, 2H, OCH,CHs), 3.18 (s, 6H, DMA-N(CHs),), 1.58 (t, 3J(HH) = 7.2 Hz, 3H, OCH,CH3).
13C{*H} NMR (126 MHz, CD:Cl5): 5=246.2 (Ccarvene), 157.3 (DMA-Cg), 131.0 (DMA-Cjpso), n.0. (DMA-Caa),
111.9 (DMA-Cgp), 78.9 (OCH;CH3), 40.9 (DMA-N(CH3),), 15.2 (OCH>CH3). Anal. Calcd for C11H1sNOCIAu:
C32.25,H3.69, N 3.42. Found: C 32.80, H 3.63, N 3.42. ESI-HRMS (15 V, positive mode, m/z): calcd for
[C11H1sNOAu]* 374.0819, found 374.0792.

The analogue AuCI[C(OEt)(2-furyl)] P3 was similarly prepared as an orange powder.

AuCI[C(OEt)(2-furyl)] P3. Yield = 0.308 g, 96 %. Mp (dec): 131 — 132 °C.*H NMR (500 MHz, CD:Cl,): 5=
8.23 (s, br, 1H, Fu-H,), 8.06 (s, br, 1H, Fu-Hd), 6.82 (s, br, 1H, Fu-Hg), 5.21 (g, 3}(HH) = 6.7 Hz, 2H,
OCH,CHs), 1.65 (t, 3J(HH) = 7.2 Hz, 3H, OCH,CHs). **C{*H} NMR (126 MHz, CD:Cl5): & = 235.7 (Ccarbene),
159.2 (FU-Cipso), 154.5 (Fu-Gy), 142.1 (Fu-Cy), 116.6 (Fu-Cg), 82.7 (OCH,CHs), 15.2 (OCH,CH3). Anal. Calcd
for CsHs0,ClAu: C 23.58, H 2.26. Found: C 23.49, H 2.25. ESI-HRMS (15 V, positive mode, m/z): calcd
for [C7HsO2Au]* 321.0190, found 320.9951.
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Figure S1. 'H NMR spectrum of P2 in CD,Cl,.
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Figure S2. C{*H} NMR spectrum of P2 in CD,C
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Figure $3. 'H NMR spectrum of P3 in CD,Cl..
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5.32 CD2CI2
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Figure S6. 3C{*H} NMR spectrum of 1 in CD,Cl,.
S5



Supporting Information

m
19}
[a)]
(8]
o) o~ O O n owmn st mnmao o o ® N Y n T o
o @@ N KK S22g9cgsa o aRR@ 999
=2} ~ONS ~ O T < T T T [l — o — -
| ~ \ ~ b I e
NH
Cl—Auﬂ(
/N4
L]
, |
A _ﬁL ,LJLA— |
& 'y % =) S ry =3
[} (=} ] o ~N o —
=] — — ~ [n) ~ ™
0.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6. 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0
f1 (ppm)
Figure $7. *H NMR spectrum of 2a in CDCls.
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Figure 58. *C{*H} NMR spectrum of 2a in CDCls.
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—7.26 CDCI3
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Figure S9. 'H NMR spectrum of 2b in CDCls.
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Figure 511. *H NMR spectrum of 3a in CDCls.
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Figure 512. *C{*H} NMR spectrum of 3a in CDCls.
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Figure 516. 3C{*H} NMR spectrum of 4a in CDCl.
S10

111



112

—7.26 CDCI3

— T 0NWY TN
- ONMOOO NKNNM
o T F MM aa A
| NESENCA Y ~—
Né
NH
Cl—Au——
y
é
-
|
DY LL J h
Iy FErY & &
] (=N =1 =} ™ (=]
o A A A N9
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.
f1 (ppm)
Figure $17. *H NMR spectrum of 4b in CDCls.
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Figure S18. *C{*H} NMR spectrum of 4b in CDCls.
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Figure $19. IR spectra of aminocarbene complexes 2a (black) and 2b (red) in CH,Cl, in the ¥y region.
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Figure S20. IR spectra of aminocarbene complexes 3a (black) and 3b (red) in CHxCl; in the ¥y region.
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Figure S21. IR spectra of aminocarbene complexes 4a (black) and 4b (red) in CH,Cl> in the Vxu region.
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Table S1. Crystal data and summary of data collection and refinement for complexes P2 — P4.

P2 P3 P4

Chemical formula Ci11H1sAuCINO 0.5(C28H32AU4C|408), CisH1sAuCIFeO
0.5(C2H4Cl2)

M: 409.66 798.03 474,51

Crystal system Orthorhombic Orthorhombic Orthorhombic

Space group Pna2: Pnma Pca21

Temperature (K) 173 173 173

a (A) 7.3391(8) 10.1229(6) 16.9502(4)

b(A) 15.5386(17) 6.4542(4) 7.3598(2)

c(A) 10.7564(11) 32.0692(19) 10.4161(2)

a (%) 90 90 90

B(°) 90 90 90

v(°) 90 90 90

Vv (A3 1226.7(2) 2095.2(2) 1299.41(5)

z 4 4 4

§ (mm™) 12.185 14.514 12.578

Crystal size (mm) 0.174x0.153 x0.14 | 0.401x 0.3 x 0.19 0.219 x 0.214 x 0.042

Tonin, Tmax 0.057, 0.190 0.053, 0.164 0.146, 0.901

measured 11184 23083 18202

independent 2962 2818 3202

observed [/> 20(/)] 2151 2724 2883

Rint 0.0978 0.0244 0.0343

(sin 8/A)max (A1) 0.6604 0.6672 0.6668

RIF*> 20(F?)] 0.0387 0.0274 0.0175

wR(F?) 0.0877 0.0636 0.0304

S 0.937 1.343 0.836

No. of reflections 2962 2818 3202

No. of parameters 139 151 154

No. of restraints 1 0 1

H-atom treatment Constrained Constrained Constrained

Apmax, Apmin (€ A’3) 2.33,-0.94 0.89, -2.35 0.64, -0.51
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Table S2. Crystal data and summary of data collection and refinement for complexes 2a, 2b, 3a, 4a

and 4b-[H-4b]CI.

2a 2b 3a 4a 4b-[H-4b]Cl
Chemical C12H18AUCIN | C13H21AuCIN3 CsH11AuCINO | CiaH17AuCIFeN | CisH2:AuClFeN2,
formula 2 CisH20AuCIFeN.,
CHCls, CI
M; 422.70 451.74 369.59 487.55 1189.02
Crystal system Monoclinic Monoclinic Monoclinic Orthorhombic | Monoclinic
Space group P21/c P2:/c P21/c P212121 P21/n
Temperature (K) | 173 173 173 173 173
a (A) 14.4677(9) | 15.7593(16) 8.5012(3) 7.2466(4) 10.7145(3)
b(A) 8.4912(5) 10.7545(11) 17.1550(8) 13.9354(9) 18.4675(5)
c(A) 22.2849(14) | 9.2841(9) 7.7212(3) 14.1747(9) 19.2118(5)
a (%) 90 90 90 90 90
B(°) 92.979(3) 101.503(4) 116.4296(16) | 90 93.5689(14)
v () 90 90 90 90 90
v (A3) 2734.0(3) 1541.9(3) 1008.35(7) 1431.42(15) 3794.07(18)
z 8 4 4 4 1
i (mm) 10.934 9.702 14.808 11.418 8.910
Crystal size 0.23x0.205 | 0.563x0.112x | 0.321x 0.343 x 0.085 0.513x0.219 x 0.036
(mm) % 0.038 0.06 0.214 x x 0.066
0.105

Tinin, Trmax 0.225,0.760 | 0.378, 0.746 0.087,0.305 | 0.063, 0.644 0.059, 0.775
measured 44099 48955 10720 14445 61787
independent 6816 4383 2509 3561 9431
observed [/> 5484 3814 2107 3458 7645
20(N)]
Rint 0.0501 0 (merged in 0.0484 0.0282 0.0426

TwinAbs in

point group

2/m)
(sin 8/A)max (A1) | 0.6679 0.6604 0.6670 0.6676 0.6681
RIF?> 20(F?)] 0.0280 0.0362 0.0266 0.0157 0.0245
WR(F?) 0.0550 0.0976 0.0640 0.0367 0.0490
S 1.035 1.165 1.035 1.029 1.020
No. of 6816 4383 2509 3561 9431
reflections
No. of 295 168 110 164 410
parameters
No. of restraints | 0 0 0 0 0
H-atom Constrained | Constrained Constrained Constrained Constrained
treatment

Apmax, APmin (e

A7)

3.00,-0.75

1.58,-1.52

1.23,-1.76

0.64, -0.68

1.54,-0.90
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Figure S22. Ellipsoid plots of precursor ethoxycarbene complexes P2 — P4 (50% probability level). A
second molecule was removed from P3. Solvent molecules were also removed from P3 for clarity.
Selected bond lengths (A), bond angles (°) and torsion angles (°): P2 Au—Cearbene 2.001(15), Cearbene—O
1.314(17), Cearbene—Cipso 1.410(2), Au—Cl 2.301(4), Ccarbene—Au—Cl 177.4(4), O—Ccarbene—Cipso 114.6(13), Co—
Cipso—Ccarbene—N  0.0(2); P3 Au—Ccarbene 1.956(7), Cearbene—O 1.299(8), Ccarbene—Cipso 1.411(10), Au—Cl
2.279(19), Ccarbene—Au—Cl 176.4(2), O—Ccarbene—Cipso 113.2(7), Co—Cipso—Cearbene—O 0.0(2); P4 Au—Ccarbene
1.972(5), Cearbene=0 1.309(6), Cearbene—Cipso 1.424(7), Au—Cl 2.285(13), Cearbene—Au—Cl 177.4(15), O-
Cearbene=Cipso 112.2(4), Co—Cipso=Cearbene—0 10.6(6).

ab-[H-ab]cl

Figure S23. Partially labeled crystal structures of complexes P3 and 4b depicting aurophilic interactions
(Aul-Au2 distances of 3.3641(3) A and 3.0783(2) A, respectively). Structure 2b is shown here as an
example of the absence of these interactions from the rest of the complexes. Complex 4b shows a
gold-gold interaction with its N-protonated counterpart [H-4b]Cl.
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2nd - 4th run

E IV vs. FcH/FcH"

Figure S24. Cyclic voltammograms of 1 in CH3CN with ["BuaN][PFe] as supporting electrolyte.

2nd - 4th

-0.5 0.0 0.5
E/V vs. FcH/FcH*

Figure $25. Cyclic voltammograms of 2a in CH3CN with ["BusN][PF¢] as supporting electrolyte.
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2nd - 4th

-0.5 0.0 0.5
E/V vs. FcH/FcH*

Figure $26. Cyclic voltammograms of 2b in CHsCN with ["BusN][PF¢] as supporting electrolyte.

0.0 0.5 1.0
E/V vs. FcH/FcH'

Figure $27. Cyclic voltammograms of 3a in CHsCN with ["BusN][PFs] as supporting electrolyte.
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Figure S28. Cyclic voltammograms of 3b in CHsCN with ["BusN][PFs] as supporting electrolyte.
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Figure S29. Cyclic voltammograms of 4a in CH3CN with ["BuaN][PF¢] as supporting electrolyte.
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2nd - 4th

030V
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05 0.0 0.5 1.0
E/V vs. FcH/FcH"

Figure $30. Cyclic voltammograms of 4b in CH3CN with ["BusN][PFs] as supporting electrolyte.
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Figure S31. 'H NMR spectra of 4a (0.01 mm; 10 mol-%; circles) and Magic Blue (1.0 eq) in CD,Cl, at the
beginning of the catalytic reaction (top) and after ca. 79 % conversion of N(2-propyn-1-yl)benzamide
(triangles) to 2-phenyl-5-vinylidene-2-oxazoline (stars) (bottom) stopped by addition of FeCp*; (1.05
eq with respect to 4a) indicating a 92+5 % recovery. 1,4-Di-tert-butylbenzene (squares) was used as

internal standard.
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Figure S32. a) UV/Vis spectra of 4a in CH,Cl, recorded a) 40 ms (light red) and 4 h (red) after mixing
with Magic Blue at 22 °C including a time trace observed at 1 = 480 nm (marked with an arrow and
inset) and b) 4 ms (light red) and 40 ms (red) after mixing with Magic Blue at =90 °C. c) Difference
electron density of the TD-DFT calculated transition (553 nm assigned to the experimental 480 nm
band (purple = electron loss; orange = electron gain; displayed at an isosurface value of 0.01 a.u.).
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Figure $33. UV/Vis/NIR spectrum of Magic Blue in CH,Cl,.
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a.u._

:
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Figure $34. Normalized X-band EPR spectra of 4a with oxidants [N(4-CsH4Br)s][SbCl¢] (red),
[C12HsS2][SbCle] (light red) after 3 h in THF at 35 °C and [NH4]2[Ce(NOs)e] (dark red) after 3 h in THF at
22 °C.

Figure $35. Normalized X-band EPR spectra of 4b with oxidants [N(4-CsH4Br);][SbCle] (blue),
[C12HsS,][SbCle] (light blue) after 3 h in THF at 35 °C and [NH.4]2[Ce(NOs)¢] (dark blue) after 3 h in THF
at 22 °C.
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Figure S36. Normalized X-band EPR spectra of 4a with oxidants [N(4-CgH4Br)3][SbCle] (red),
[C12HsS;][PFe] (light red), [C12HsS2][SbClg] (dark red) and [C12HsS:][PFs] in the presence of 1 eq
["BusN]ClI (orange) after 3 h in CH2Cl, at 35 °C.
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Figure S37. Normalized X-band EPR spectra of 4b with oxidants [N(4-CsH4Br);][SbCle] (blue),
[C12HsS,][PFs] (light blue) and [C12HsS,][SbCle] (dark blue), after 3 h in CHxCl, at 35 °C.
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Figure S38. X-band EPR spectrum [C1,HsS;][PF¢] (black) in CH2Cl; at 22 °C.
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Figure $39. X-band EPR spectra of Cu(TPP) at different concentrations in THF used for calibration of

the EPR resonance intensity.
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Figure $40. Calibration curve obtained from the double integration of the Cu(TPP) EPR resonances.
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Conversion | %

HH Nmﬁ
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Figure S41. Conversion vs. time plot obtained from the double integration of the EPR resonances
arising from 4a and Magic Blue in THF at various temperatures.
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Figure S$42. Conversion vs. time plot obtained from the double integration of the EPR resonances
arising from 4b and Magic Blue in THF at various temperatures. Please note the different scale of the
x-axis as compared to Figure S41.
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a) b) c)
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Cl

158.8°
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Figure S43. DFT calculated geometries and spin-densities of a) [1]**, b) [2a]**, c) [3a]**, d) [2b”']** with
hydrogen bond and e) [3b]**. Spin densities are displayed in orange at a contour value of 0.01 a.u.;
CH hydrogen atoms omitted.
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of

N\ O TAu
N
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Fe

Figure S44. DFT calculated geometry of a the less stable dimers SP-4-4-(4a—ONO-); (top, 119 kJ mol™?)
and SP-4-3-(4a—ONO;); (bottom, 11 kJ mol™) with a gold(l1)-gold(Il) o bond (singlet multiplicity).
Energies relative to the dimer of Figure 9. CH hydrogen atoms omitted.
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6.3 Supporting Information to chapter “Di-substituted Fischer gold(l) carbene

complexes”

DFT calculations were carried out using the ORCA program package (version 4.1.2).1° All calculations
were performed using the B3LYP functionals?>*12°% and employed the RIJCOSX approximation.[2°61257]
Relativistic effects were calculated at the zeroth order regular approximation (ZORA) level.?>® The
ZORA keyword automatically invokes relativistically adjusted basis sets. To account for solvent effects,
a conductor-like screening model (CPCM) modelling CH,Cl, was used in all calculations.[?>/[260]
Geometry optimizations were performed using Ahlrichs’ split-valence triple- & basis set
ZORA-def2-TZVP.[261112621 Atom-pairwise dispersion correction was performed with the Becke-Johnson
damping scheme (D3BJ).[2%31264] The presence of energy minima was checked by numerical frequency
calculations.

Cartesian coordinates of the DFT calculated Cartesian coordinates of the DFT calculated

geometry of 7: geometry of [7]*:

6  2.379600000 4.020904000 9.988883000 6  2.318540000 3.987575000 10.054803000
79  -0.362390000 6.356506000 9.796539000 79 -0.170264000 6.318623000 9.687844000
79  2.581686000 5.687458000  8.929398000 79  2.391745000 5.713791000 9.028332000
26 0.097331000 2.212374000 9.075746000 26 0.116056000 2.253384000 9.079395000
17 0.321414000 7.923011000 11.380660000 17 0.496634000 7.896339000 11.237430000
6  1.403022000 1.259407000 7.752019000 6  1.394969000 1.338912000  7.689230000

1 1.107749000 0.827290000  6.810090000 1 1.088976000 0.951953000 6.731437000

17  2.878774000 7.580733000 7.606170000 17 2.730384000 7.587757000  7.722403000

-1.143576000
2.518376000
1.783889000
1.857414000
2.045872000

-1.692427000

5.158583000
3.924956000
2.598132000
3.372927000
2.769723000
2.527305000

7.232915000
11.274886000
7.960880000
7.215786000
9.369302000
8.108823000

-1.159271000
2.515980000
1.780441000
1.853490000
2.063760000

-1.710913000

5.137502000
3.878991000
2.663960000
3.463188000
2.767804000
2.509683000

7.184851000
11.320107000
7.951423000
7.232106000
9.367806000
8.162250000

-1.806787000 2.541966000 7.038443000 -1.855804000 2.483835000 7.095762000
-1.005412000 4.984915000 8.511434000 -0.952142000 4.947714000 8.439680000
-1.345887000 3.656155000  8.933843000 -1.338063000 3.670029000  8.934753000

-1.821073000
-2.039298000
1.789629000
1.860924000
-1.248713000
-0.978581000
-1.551574000
-1.529123000
1.403442000
1.113052000
2.830714000
3.673859000

1.403092000
0.397385000
1.506999000
1.313450000
3.181704000
3.784614000
1.807388000
1.158073000
0.588477000
-0.436071000
5.106307000
5.624391000

8.953178000
8.632886000
10.011999000
11.068556000
10.293577000
11.144584000
10.295167000
11.154799000
9.012018000
9.178014000
12.059344000
11.608405000

-1.805413000
-2.025629000
1.810463000
1.890577000
-1.192575000
-0.906591000
-1.496087000
-1.446992000
1.405459000
1.107296000
2.756416000
3.477943000

1.420971000
0.402879000
1.474649000
1.232308000
3.244291000
3.872251000
1.874230000
1.257420000
0.611203000
-0.417071000
5.052932000
5.700780000

9.052301000
8.776078000
9.954710000
11.000548000
10.311393000
11.139176000
10.369902000
11.251842000
8.917490000
9.039612000
12.151222000
11.659866000

3.079514000 4.736835000 13.048934000 3.148489000 4.663717000 13.083915000
1.956601000 5.753343000 12.088341000 1.811665000 5.567500000 12.304884000
-0.810684000 6.442140000 6.641171000 -0.798127000 6.399711000 6.548717000
-1.387924000 7.221984000 7.132547000 -1.277787000 7.215570000 7.083996000
-1.082852000 6.353636000 5.594370000 -1.174975000 6.321234000 5.535300000

0.255961000

132

6.622946000

6.755853000

0.283878000

6.503428000

6.559004000
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Cartesian coordinates of the DFT calculated geometry of [7]**:

6 2.361038000 4.019527000 10.092840000
79 -0.181917000 6.310352000 9.684423000
79  2.389716000 5.726495000 9.042679000
26 0.108998000 2.177151000 9.060557000
17 0.533664000 7.826775000 11.248129000
6 1.513641000 1.273976000 7.762969000

1 1.255687000 0.851576000 6.805570000

17  2.618929000 7.586776000 7.723917000
8  -1.192482000 5.179128000 7.169798000
8 2.583599000 3.901287000 11.337756000
6 1.836826000 2.626663000 8.012497000

1 1.896250000 3.415178000 7.279582000
6 2.067437000 2.764294000 9.425411000
6 -1.760262000 2.536973000 8.069504000
1 -1.869072000 2.530646000 6.996952000
6  -0.969537000 4.981049000  8.405004000
6  -1.333090000 3.652441000 8.862892000
6  -1.919460000 1.435688000 8.930635000
1 -2.173727000 0.433309000 8.624411000
6 1.896177000 1.474088000 10.024905000
1 1.950803000 1.256810000 11.079365000
6  -1.249269000 3.211588000 10.229769000
1  -0.963053000 3.817264000 11.074472000
6 -1.605686000 1.844601000 10.259753000
1 -1.610563000 1.211579000 11.132109000
6 1.551886000 0.570468000 9.003256000
1 1.299080000 -0.468124000 9.146102000
6 2.886852000 5.063144000 12.181068000
1 3.521459000 5.748446000 11.626604000
1 3.393945000 4.653563000 13.046408000
1 1.941311000 5.524329000 12.452886000
6  -0.868264000 6.461585000 6.533245000
1 -1.205677000 7.268096000 7.178148000
1  -1.404419000 6.446903000 5.592026000
1 0.207194000 6.492624000 6.38127600
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