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Abstract

Green processes have become an import topic for Chemistry in the last decade. Gold has been
proved to play an important role to replace hazardous material thanks to its non-toxicity and
biocompatibility. In this thesis, gold(l) complexes were employed in homogeneous catalysis for the
transformations involving the activation of carbon-carbon m-systems. Important results in term of
catalytic activity (TON and TOF) and green parameters (E-factor and EMY) were achieved in the
hydration of alkynes in neat conditions using NBusOTf as the only additive. Volatile organic solvents
were replaced with success by green solvents in the Meyer-Schuster rearrangement of 1-phenyl-2-
propyn-1-ol and in the cyclization of propargylamide, reaching also better performances. These two
studies were corroborated also by computational mechanistic investigations, unraveling the

unexpected formation of a gold-oxetene intermediate for the Meyer-Schuster reaction.

Unlike gold(l), gold(lll)-catalyzed reactions are still in their infancy and the vast majority of reports
describe the use of inorganic salts. As done for Au(l), the development of knowledge on Au(lll)
catalysis and stoichiometric reactions is mandatory. Based on our studies about the hydration of
alkynes catlyzed by L-Au-X complexes, a [Au"-(ppy)-IPr]?* catalyst was engineered to promote this
kind of reaction, while maintaining its stability. Structure, reactivity and catalytic properties have
been addressed in this thesis by means of multinuclear solution NMR and computational (DFT)

studies, with an important focus on the preequilibrium step.

NMR spectroscopy combined with DFT calculation has proved successful for the comprehension of
reaction mechanisms and to better understand the chemical structure of the catalytic species, thus

allowing the development of sustainable homogeneous gold catalysis.



Summary

In the last few years, the interest for the employment of gold in homogeneous catalysis has greatly
increased. Numerous transformations involving the activation of carbon-carbon n-systems towards
the nucleophilic attack of a large variety of nucleophiles have been studied from a mechanistic and
kinetic point of view. In particular, a copiously information about the ligand and counterion effects
in homogeneous gold(l) catalysis are present in the literature. The mechanistic understanding of all
the single steps in the nucleophilic addition to a co-ordinate alkyne, when gold(l) complexes are
used as the catalysts, provided the development of new [L-Au-X] catalysts for those reactions. On
the other hand, mechanistic proposals for reactions involving Au(lll) catalysts most often lack
reliability and few computational and experimental evidences are given, so a “trial and error”
approach in the development of new gold(lll) catalysts is still present, and the outcome is often
unpredictable and unsatisfactory. Finally, most of the gold-catalyzed transformations proceed
under unsustainable conditions, and protocols describing the use of low catalyst loadings,
room/lower temperature, solvent-/silver-free conditions and recyclable catalysts are limited.
Therefore, the design of new, efficient, and sustainable processes represents a fundamental

challenge in the future of gold-based catalysis.

In chapter 2.1.1, the results of the study of the hydration of alkynes are presented and discussed. A
green and sustainable protocol for this reaction promoted by NHC gold catalysts, in solvent-, silver-
, and acid-free conditions at room temperature has been further developed starting from a previous
work done in the research group. The activity of the [L-Au-X] catalysts by changing the nature of the
ligand L (from phosphine to NAC and NHC) has been studied. The in-situ generation of the pre-
catalyst, using silver salts as chloride scavenger, did not appear as a good strategy, owing to the
negative influence of silver on the reaction. A screening of ionic additives was also made and the

best conditions were used for the hydration of deactivated diphenylacetylene.

In chapter 2.1.2, the results of the investigation on the Meyer-Schuster (MS) rearrangement,
catalyzed by IPr-Au-X, that can deliver a,B-unsaturated carbonyl compounds in complete atom
economy fashion, are presented. Despite all the experimental advances on the gold-catalyzed MS
rearrangement, unfortunately a green development and a deep and complete understanding of the
catalytic mechanism is still lacking. We propose here a commonly accepted mechanism for gold(l)-

catalyzed alkyne reactions showing that it accounts for the formation of an unprecedented gold-
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oxetene intermediate via 4-endo-dig cyclization. This mechanism fully rationalizes the experimental

reactivity which is highly dependent on both anion and solvent effects.

The counterion and solvents effects are fully rationalized in the cyclization of the N-(prop-2-yn-
yl)benzamide to 2-phenyl-5-vinylidene-2-oxazoline in a wide set of neoteric solvents promoted by
IPr-Au-X catalysts. In most of these solvents the activity is comparable of even better than that
observed in traditional VOS. The main results are depicted in chapter 2.1.3, where kinetic
experiments and DFT calculations seem to indicate that both the characteristic of the solvent and

counterion should be taken into account.

In chapter 2.2.1, we focused our attention on the hydration of alkynes in y-valerolactone (GVL),
under acid-free conditions promoted by [2-CI]Cl and [3-CI]OTf complexes. The solution structure,
reactivity, and catalytic properties of [2-Cl]Cl and [3-CIJOTf were established by means of
multinuclear NMR and computational (DFT) studies. The overall catalytic and kinetic investigation,
supported by computational results, confirmed that the preequilibrium step of the reaction
mechanism is the RDS: water or counterion substitution by 3-hexyne in the first co-ordination

sphere of Au(lll) is the key step of the whole process.

The coordination ability of 2 towards different anionic and neutral X ligands is computationally (DFT)
investigated in chapter 2.2.2 to shed light on unexpected experimental observations on its catalytic
activity in the alkyne hydration reaction. The coordination ability trend towards Cl-, OTf, BFs, 3-
hexyne, 2-butyne and H;0 has been studied for all the systems. Also the effect of the ancillary ligand
substitution has shown to play and important rule during the catalysis. In conclusion, even if [2-
alkyne]?* appears to be a more favourable complex, the stabilization of the [2-H20]%** complex was

rationalized including within a microsolvation model.

This deep study on counterion, ligand and solvent effects in homogeneous gold(l) and gold(lll)
catalysis, based on both experimental and computational studies, allowed us to develop not only a
sustainable methodology for homogeneous gold catalysis, but also opened new directions to better

understand and rationalize the mechanism in homogeneous gold catalysis.



1. Introduction



1.1 General features

1.1.1 History

There is not a precise date about the first use of gold. It is a unique metal which differs from the
others in various physical and chemical properties. In its purest form is a bright, reddish-yellow, soft
and malleable metal. Bits of natural gold, used by Palaeolithic Man about 40,000 B.C., were found
in Spain during archaeological digs.* High value such as power, beauty and cultural elite, have been
associating to gold by humans and since it is widely spread all over the world, it has been perceived
in the same way throughout different population everywhere.? Gold artefacts, dating back to 4t
Millennium B.C., have been discovered in the Varna Necropolis (Bulgaria)® and at the Nahal Qana
cave cemetery (Occupied Palestinian Territories).* Gold played a key role in ancient Egypt culture in
the religious cult as it was considered the “flesh of the gods”.> Artisans made amulets, death masks
(Figure 1.1a), diadems, ornamental weapons, vessels, and funeral art out of gold to adorn the tombs
of pharaohs.® The Minoan civilization (or just Minoan) became very expert in modelling and
transformation of the metal already 1800 years ago.” One the most splendid example date from this
period is the Master of the Animals pendant (Figure 1.1b). The earliest worked gold recovered from
the Americas is a gold necklace (Figure 1.1c), dated 2155 to 1936 B.C. in Jiskairumoko archaeological

site (Peru).®

a.

Figure 1.1: a. Mask of Tutankhamun (1323 B.C. Valley of the Kings - Egypt).° b. Minoan 'Master of the Animals' Pendant
(18-17th century BC). Provenance: Aegina (British Museum, London).'° c. Gold necklace recovered from Jiskairumoko

(2155 to 1936 B.C — Peru).®

Nowadays, gold in its metallic forms finds application in different fields like: jewellery or gold alloys,
where the carat (kt) is the unit of measure for the purity degree: 24 kt = 999.9 grams of gold in 1000
grams of alloy; monetary use, before as exchange currency, now as gold reserve held by the central

bank; in medicine due to its chemical inertial, not-toxicity and biocompatibility for restorative
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dentistry (crowns and bridges); in the electronic devices, especially for the coating of electrical
connectors; astronautic, for the spacesuit visors because it shields the solar light; cuisine as

decorative ingredient.

Technology

Central banks & other inst.

Jewellery

Investment

Initially, the reactivity of gold was linked only to recovery and purification process. Using strong acid
condition, such as the aqua regia which form a solution of tetrachloroauric acid (HAuCls), or under
alkaline in presence of sodium or potassium cyanide (Au(CN)2 and Au(CN)s’), leading the wrong idea
of the non-reactivity of gold in chemistry. Only in the 20%"-century, gold complexes were introduced
for the treatment of rheumatoid arthritis, culminating in the introduction of Auranofin in 1985. New

medical uses of gold complexes are nowadays focused on anticancer and antimicrobial properties.!?

1.1.2 Physical and chemical properties

Gold, a group 11 element, is the heaviest transition metal'? with atomic number 79 and with an
electron configuration [Xe] 4f** 5d%° 6s! in its ground state. The lowest electrochemical potential
and the highest electronegativity, compared to the other metals, confirm the noble character of

gold.

The different behaviours between gold and the other two elements of the group 11, silver and
copper, are due to the relativistic effects which reach a maximum with this metal. The large number
of protons in the nuclei cause the velocity of electrons approaching that of light, and they must be
treated according to Einstein’s theories of relativity, especially for those in the s orbitals. The
concept of the simultaneous s-orbital contraction and d-orbital expansion, can leads to a good

explanation of the valence electrons behaviours.!3

-9.
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Accepting those assumptions, we can explain:

a. The yellowish colour attributed to the transition from the 5d band to the 6s (Fermi level) at 517
nm (2.4 eV) with strong absorption in the blue-violet region.

b. The reduced atomic and ionic radii; especially it is noticeable that Au* is much smaller than the
analogous silver cation in the presence of the same coordination sphere.

c. The access to higher oxidation state +3, thanks to the proximity of the 5d and 6s valence orbitals
and their hybridization.

d. The aurophilicity, that is the behaviour of a gold atom in a complex to approach others gold metal
centres. Depending on the nature of the ligands and counter-ions, this interaction has an energy

that is comparable to those of hydrogen bonding.

Gold presents different oxidation number: -1, 0, +1, +2, +3 and +5. There are few examples of -1, +2
and +5 oxidation state (CsAu, Au(SbFs)2, AuzF1p are just some examples of those rare states) but the

chemistry is mainly dominated by Au(l) and Au(lll).

Gold(l) is quite stable and it has an electronic configuration 5d*° 6s° with two sites of coordination

which lead to the linear geometry of the type [L-Au-X].}* The atomic orbitals (AOs) of the metal

-10 -



involved in the bond’s formation are the 5d;2, the 6s and the 6p;. The other AOs have non-bonding
character, but the dx; and dy, can interact with the m-acid ligands. The relativistic effects decrease
the 6s orbital energy and increase that of the 5d.2 orbital, approaching them energetically and

facilitating their combination, favouring the molecular orbital typical of the linear complexes.

o interaction T interaction

S d, z2 p: d yz dxz

0O—23
oO—2x
oO—2x

dxy

N
N

3—0
2—0

4 L M c

According to the hard and soft acid and base theory of Pearson,* Au(l) favours ligands such as
carbenes (C), phosphines (P), thiolates and thioethers (S) and selenates (Se), because of its soft-
metal nature.® In this electronic configuration, gold can coordinate also ligand containing a double
or triple bond ( ). These interactions are dominate by the symmetric bond L->Au o-
donation and the Au->L w;"-backdonation. The orthogonal L>Au mi-donation can also occur, and
this minor interaction is stronger for the alkynes complexes in which the ligand serves as a four-
electron donor. A weak interaction is represented by Au—>L back-donation having & symmetry

between the occupied dyy orbitals and the empty 1" of the alkyne.
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Gold(l) complexes finds different application in medicine. The gold drug Auranofin ( ) is
used to treat the rheumatoid arthritis, reducing some symptoms, such as swelling and pain in the
joints.r” In monkey trials, the drug has shown to reduce the viral reservoir of HIV that lies latent in
the body's T-cells.'® Latest studies in cell culture have shown that Auranofin may inhibit replication
of SARS-CoV-2.%° Another gold-base drugs used for the immunosuppressive anti-rheumatic effects

is the sodium aurothiomalate ( ).

Thanks to the proximity between the 5d and 6s level, the gold complexes prove to have good

luminescent abilities,?®?! and in combination with other metal can be used also as theranostic

agents (combine diagnostic and therapeutic capabilities into a single agent, ).22
OAc
0 Au. PFAu-S
AcO LAu-PEt; S
S 3
5 AcO OAc b. Naooc)\/coo'\'a . Cl

Gold(lll) complexes have a 5d® electronic configuration with a square planar geometry and a
coordination number of 4, the same as Pt(ll) whose reactivity is almost similar. The AOs involved in
the o interactions are those which belong to the x and y axis: 6s and 5d.2, that combine themselves
to form one MO, 5dx2.,2, 6pxand 6p,. The electrons can occupy the non-bonding orbitals dxy, d,., dx.

and the combined MO sd,2. The dy, orbitals can give interaction wt with the ligands.
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Unlike gold(l), Au(lll) has a more acidic behavior, thus being able to form stable complexes also with
C, N and O-donor ligands. Au(lll) is easily reduced by phosphine and sulphates due to its high redox

potential.

Owing to the fact that gold(lll) is isoelectronic and isostructural to platinum(ll), Au(lll) compounds
look very attractive for cancer treatment. Bindoli et al.? in their study on the thioredoxin reductase,
explained the mechanism of action of anticancer gold compounds as an effective druggable target,

due to the presence of selenol and thiol groups of the protein.

o interaction

o interaction T interaction

bx Py dy

Luminescence gold(lll) compounds are very rare, probably due to the low d-d energy and the
electrophilicity of the metal. Zhu et al. proved that the introduction of strong o-donating alkynyl

ligands ( ) enhances the luminescence properties of gold(lll) compounds by increasing the
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splitting of the d—d states.?* Their compounds displayed an intense luminescence at 468-611 nm in

solution at room temperature, on a excitation at A > 360 nm.

X R =H
»
b
LW
Ll R e
R

R=

CeHs
CeHa-Cl-p
CeHa-OCHs-p
CeHe-NH2-p

CeHs

Luminescent gold(lll) complexes can have use as light-emitting device?® or in reaction such as light-

induced oxidative C-H bond functionalization.2®

In the next chapter the use of gold in catalysis is examined and discussed.
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1.2 Catalysis

1.2.1 Heterogeneous catalysis

Although gold had received great interest already in ancient times thanks to the alchemists,

nowadays there is renewed interest in it, confirmed by the exponential increase in the number of

publications.?” As shown in Figure 1.8, the use of gold in catalysis in its various forms has aroused

great attention.
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Figure 1.8: Publication concerning homogeneous and heterogeneous gold catalysis on Web of Science.

The first uses of gold as catalysts date back to the 1970s, when Bond and Sermon hydrogenated and

isomerized olefins using gold catalysts supported on silica and alumina.?®%°

Nowadays, gold has a huge industrial importance,° especially in heterogeneous catalysis. Two of

the most used industrial applications are the synthesis of vinyl chloride from the hydrochlorination

of ethylene and the oxidation of carbon monoxide at low temperature (Scheme 1.1).

= . o b =\

Cl
[Au]
CO + 120, —»  CO,

Scheme 1.1: heterogeneous gold catalysis in industrial applications.
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Agueous solutions of tetrachloroauric acid can be easily reduced by various agents under different
conditions and parameters.3! One of the most used agent is the citrate,® which produces
monodisperse colloidal gold, also called gold nanospheres. The diameters could vary from 2 nm to
100 nm, with an absorption peak that ranged from 510 to 550 nm, which confers the typical ruby
colour of gold-nanoparticles (Au-NPs). Various other forms of Au-NPs can be obtained such as

nanorods, nanoshells and nanocages.

Au Silica

Sphere Rod Shell Cage

In a recent review, Carabineiro3? described the various methods of synthesis of heterogeneous
catalysts where Au-NPs are involved and their application in oxidation reactions of alcohols

(aliphatic, aromatic, cycloalcohols, diols, polyalcohols, aminoalcohols) and alkanes.

Gold nanoparticles can be combined with other metals to increase its catalytic performance. In this
context Nieuwenhuys and coworkers3* employed Au-NPs with MgO and MnOy supported on

alumina for the CO and hydrogen oxidation.

As described above, gold(l) complexes can activate the C-C multiple bonds (alkenes, alkynes, allenes,
etc.), acting as a Lewis acid. The catalytic cycle is almost the same for different substrate-nucleophile
couple, and it can be represented in a similar pathway, proceeding through an inner-sphere or

outer-sphere mechanism ( ).35
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L-Au-X represents a general gold(l) catalyst, where L is a neutral ligand (phosphine, carbene, etc.)
and X" is an anion (triflate, tosylate, trifluoroacetate, tetrafluoroborate, etc.). The cycle is composed

by three main steps:

1- The pre-equilibrium: the substrate coordinates to the metal replacing X and generating a n?
complex (intermediate I).

2- The nucleophilic attack: gold complex activates the substrate acting like a Lewis acid.

3- The proton transfer: the product is released when the proto-deauration does occur, with

regeneration of the catalyst.

In 1998, Teles et al.3® investigated the activity of gold(l) complexes bearing different phosphorous-

containing ligands in the methoxylation of 1-propyne.

L = P(OPh),
0, _ *
10% L-Au(NO)\BF;*OEt, M OMe P(OMe),

— o eO
2 12 MeOH Toar - PA-F-CeHals
PPh,

PEt,
AsPh,
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The results showed that the activity was inversely correlated to the Lewis basicity of the ligand, in
fact, higher value of turnover frequency (TOF) was obtained with the most electron-poor ligands.
Hammond and coworkers3” in 2012 tested different phosphino-gold(l) complexes in different
reactions, and proved that there is not a ligand which works better than others, but a better

understanding of the ligand behavior allows to design the best ligand for each specific reaction.

In 2003 the first use of a nitrogen heterocyclic carbene (NHC) as ligand for gold(l) for the hydration
reaction was reported by Herrmann and coworkers.3® As the chloride species of this catalyst was
inactive, the acetate ion was successfully employed. The presence of a Lewis acid was necessary to
increase the activity of this reaction. Nolan and co-workers®® performed the hydration of alkynes at
120°C in methanol/water or dioxane/water mixtures. In this reaction different NHCs were
employed. Several silver salts were also tested, and the best result was achieved using silver

hexafluoroantimonate.

[L-AuCI)/AgSbF, O
R ——— R’ > R
1,4-Dioxane/H,0 (2:1) R
120°C, 18h
/\ I\ [\
L: N N NN %/N N\é
hd Y ~
IMes IPr I1tBu

Catalyst loading between 0.1 and 0.001%, with respect to the substrate, were reached when the IPr
ligand was used. This is indeed an appreciable result since for gold homogeneous catalysis the
typical loading is from 5 to 1%. However, silver can act as co-catalyst, proving active participation in

the reaction.?®#! Shi and co-workers studied the “silver effect” on gold(l) catalysis.*?

Gold complexes are also active for the addition of other heteroatoms to unsaturated substrates.*?
Tanaka and co-workers** developed the hydroamination reaction of alkynes ( ) using the

catalyst proposed by Teles, in acidic conditions to promote the reaction.

-18 -



0.2-0.01% Ph;PAUCH
1-0.05% Acid additives NR™ NR™

70°C, Solvent free
R———R" + R"——NH, > +
— R R’
R' R"

Nolan, Brouwer and He* have employed different silver salts, showing how anions can give different

activity in the hydroamination reaction.

5% PPh,AuC/AgX

0
J\ DCE, RT
NHCb
07 NH, * > z
X = OTf, OTs, TFA, SbFg NTf, PFg
BF, CIO, NO,

Using lower coordinating anions, such as OTf or ClO4, a full conversion was achieved, while no
formation of any products was observed with the other anions (Cl-, OTs, NO3  and CF3COO") due to
their high affinity to gold. Measurement of the coordination abilities of these anions*®*” confirmed

the order found by Brouwer and He.

The anion effect in the alkoxylation of alkynes by IPr-Au(l) catalyst was studied in 2014 by Zuccaccia
and co-workers.*® The coordination ability and the basicity of the anion have a notable impact on
the catalytic performance of the gold complex, and the commonly used non-coordinative anions

(such as SbFs and BF4’) may not be the right choice in some cases.

IPr-Au-X
cDCl, 30°C H,CO_  OCH,
Et —==—Et + 2CH,OH > ></Et
X = OTs, OT, BF, Et

BArF, TFA, OAc

The tosylate anion (OTs") gives the right balance between basicity and coordination ability in this
reaction. The preequilibrium ( ) is shifted towards the OSIP, the nucleophilic attack is
promoted by the OTs™ basicity and the deactivation to gold-methoxide is prevented. The study was
then extended to other ligands and the cycloisomerization of N-(prop-2-ynyl)benzamide was also
investigated.*®>° Weakly coordinating anions generate a more electrophilic gold centre with
consequent stronger metal-mt system interaction. On the other hand, more coordinating anions can
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positively affect late-stage catalytic event such as the protodeauration and formation of ISIP.
Furthermore, basic anions can interact through hydrogen bond with the reaction partner,
determining optimal structural geometries, thus controlling chemo-, regio-, or stereo-selectivity.
The important role played by the anion in homogeneous gold catalysis is summarized in a review by

Bandini e Jia.”?

A screening of the reactivity of various gold catalysts with different ligands was conducted by
Hashmi and co-workers.>? The counterion strongly affects the catalytic activity more than the ligand
does. It was pointed out that no perfect catalyst exists for a specific reaction, and the counterion

influence is still underestimated in homogeneous gold catalysis.

The catalytic activity of gold(lll) complexes is not as well studied as that of gold(l) species, which has
many reported examples.>3=%3 Typically the use of inorganic gold(lll) salts, such as AuCls or HAuCls is
reported, which promote different type of reactions: hydroamination,®® intramolecular
hydroarylation,®>®® oxidation,®” rearrangements,®® and C-C bond cyclizations.®®’° The number of
papers where an organometallic Au(lll) complex is used as catalyst, are however increasing;’*8>
Limbach and co-workers,”* after having studied the electrochemical stability of gold(l) and gold(lIl)
species bearing a N-heterocycle carbene, applied these complexes as catalysts in the
cycloisomerization of w-alkynylfuran to give 4-isobenzofuranol ( ). The Au(lll) complex

showed a good activity (TON was 112 after 1 h, with a catalyst loading of 0.25 mol %).

N ¢
0.25 mol%[ D—Au-Cl
N

Cl
/ "
l N
O
/Q\\ 4 -
O CDCI3 RT, 1h
:4 OH
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Lee and co-workers’® employed gold(lll)-oxo complexes for the intramolecular hydroamination

reaction reaching a 70 % yield after 16 h with a catalyst loading of 5 mol%.

2
\ /)
_N\ ,N
Au

5 mol% 0. 0

Au
N N=

/

/\/\ —\ \ 7 N\
H,N >
i % CD4CN,RT, 16 h |i>7

Likewise gold(l), an important application of gold(lll) is the C-C coupling reaction. Different examples
are present in the literature. For example, Gimeno and co-workers® applied a gold(lll) complex for
the synthesis of indolizine. The reaction proceeds without the use of solvent at 60 °C, with a catalyst

loading of 0.5 mol% and a complete conversion was reached within 5 h. This synthesis represents

an example of tricomponent reaction catalysed by gold(lll).

7\
N\
RAu
RN
H (O
X o} N)
R =C4F5
G H + + H——=——Ph >
N / —
N soventless
0 H 60 °C s N/

Ph

However, the mechanistic proposal lacks reliability and the experimental and computational
evidence are frequently limited.®6°3 Mechanistic studies, stability of the Au(lll) species,

identification of the effective catalytic species and intermediates and assessment of the importance
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and role of the ancillary ligands are issues that must be explored in the coming years. Erdélyi,
Fiksdahl and Papai® in a very recent paper established the mechanism of the alkoxycyclization of a
1,6-enyne by combining computational (DFT) investigation, NMR spectroscopy and single-crystal X-

ray crystallography, focusing on the role of the ligand, counterion, and solvent.

There are different examples of hydration of alkynes in the literature.®>° Schwerdtfeger and co-
workers' in 2010 proposed for the first time the complete mechanism of the nucleophilic attack
of water to propyne promoted by AuCls. This expands and complements the work by Teles et al.3®

who proposed a possible mechanism on the basis of the experimental data.

The safeguard of the environment led the USA and Europe in the 90s to setup several laws to limit
and regulate the industrial emissions. The design of new chemical processes, not only focusing on
hazardous products but also designed to reduce the waste, pushed the scientific community to give

rise to 12 principles called of Green Chemistry.101-104

The waste prevention is the main goal of these principles. It is easier to setup an experiment with
no production of waste rather than treat or clean it. A measure of waste production is the E-factor,

introduced by Sheldon,? which relates the weight of waste to the weight of the desired product.

1- Prevent Waste 7- Use of Renewable Feedstocks

2- Atom Economy 8- Reduce Derivatives

3- Less Hazardous Synthesis 9- Catalytic rather Stoichiometric Reagents

4- Design Benign Chemical 10- Design for degradation

5- Benign Solvent & Auxiliaries 11- Real-Time Analysis for pollution Prevention
6- Design for Energy Efficiency 12- Inherently Safer Chemistry

Engineering the synthesis means to use innocuous substances or with low toxicity whenever
possible, such as using solventless systems, water, supercritical fluids, ionic liquids,® or solvents
arising from natural sources (agricultural crops, i.e., ethyl lactate).'% In this contest, the Effective
Mass Yield (EMY) parameter, introduced by Hudlicky et al.,'°” helps to evaluate how safe and
environmental friendly is a process. Catalyzed reactions are to prefer to stoichiometric ones

because of the energy efficiency and a good design of the synthetic method must provide in the
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product as much starting material as possible. Trost'°? introduced the atom economy (AE) as
parameter to evaluate and maximize the incorporation of all materials used in a given process into

the final product.

E-factor = waste mass EMY = desired product mass 100 AE

desired product mass non-benign reagents mass all products mass

_ desired product mass

In a green process, the use of a catalyst is highly desirable and, as we will see later, often it helps to
observe several of the principles. Thus, prevention of waste, atom economy, less hazardous
synthesis, reduced derivates, and energy efficiency process can be easily designed. Turnover
number (TON) and turnover frequency (TOF) are useful tools to understand and compare the

potential of a catalytic system.

TON = moles of products TOF = TO_N

moles of catalyst time

In this green context, gold can play an important role to replace all those reactions which use
hazardous material thanks to its non-toxicity and biocompatibility. For its electronic similarities to
mercury, it was possible to replace the Hg-salts with gold in industrial processes.'®® Nowadays,
protocols describing room or low temperature reactions, acid and silver-free conditions, with the
use of green solvents or even solvent-free conditions are limited.1%118 |n the gold-based catalysis

the design of efficient, new sustainable process represents an important challenge.

An environmentally friendly method to form a carbon-oxygen bond is the hydration of
alkynes, 19120 pecause this reaction satisfies both carbon efficiency and atom economy rules. Toxic

mercury salts were initially used as catalysts for the alkyne hydration.'?!

Afterward the introduction of gold(l) catalyst by Teles et al.,3® Tanaka and co-workers extended this
work to several internal and terminal alkynes using also different acids ( ).122 Once
optimized the conditions, they obtained 1000 and 1000 h'! TON and TOF, respectively, using PPhs-
Au* as the catalyst.'?® The E-factor and EMY values were 22 and 5, respectively. Nolan was able to

reduce the catalyst loading up to 10 ppm optimizing the reaction conditions using an NHC ligand
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instead of phosphine.3® By a green point of view, the process is less sustainable because of the
temperature of 120 °C and the use of 1,4-dioxane in the presence of silver salts. The E-factor and
EMY values were 8 and 15. Hu and Wu'?* performed the hydration at room temperature, under
silver and acid free condition (E-factor: 17; EMY: 10). Under neat condition and using KB(CeFs)s as

ionic additive, they were able to reach an appreciable EMY value of 67. Unfortunately, the TON and

TOF values were both very low ( ).
Tanaka'??>  Nolan® Wul24 Lt Zuccaccial?6:127

Solvent MeOH Dioxane MeOH neat  MeOH MeOH? neat GVL
TON 1000 84000 20 11 200 1200 5000 990
TOF (h}) 1000 4500 1 0.5 10 10 500 283
T(°C) 70 120 RT RT 120 120 RT 120
Ag* additive NO YES NO NO NO NO NO NO
H* additive YES NO NO NO NO NO NO NO
f:lfz('ey“ NO NO NO NO  YES YES YES NO
E-factor 22 8 17 5 2 2 0.03 2.6
EMY 5 15 10 67 34 35 97 28

2After 6 recycles

AuNHC@porous organic polymers were used by Li in order to recycle the catalyst.’?> The system
resulted poorly sustainable due to the high temperature and large amount of solvent used to
separate the product, but it showed moderate activity (TON was in the range 102-10%) and very low

value of E-factor.

In 2016 Zuccaccia and co-workers?® developed a sustainable and highly efficient methodology for
the hydration of alkynes. They worked under silver- and acid-free conditions without solvent, at
room/mild temperature with suitable ionic additives. The study further highlighted the pivotal role
of the anion in gold(l) catalysis. Once optimized the conditions, with a IPr-Au-X catalyst, they were

able to reach high values of TON and TOF (10* and 103 h'}, respectively) reducing the catalyst loading
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up to 0.01 mol% at room or mild temperature. Also the green parameters E-factor and EMY (0.03-

0.06 and 94-97) were the best reported for those type of reactions using a gold-based catalyst.

500
450
400

360 +

300
|

250 _ acetone

TOF

200 +
150 <
100

. u
nitromethane
50 S

LN LI LA L LA DL L DL L D L L L L |
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
dielectric constant g,

According to the 12 principles of green chemistry ( ), the use of solvents with sustainable
functionality (green solvents) seems to be a step towards new and sustainable gold catalyzed
reactions. Replacing the volatile organic solvents (VOS) with green solvents is a key topic in organic

128-130 |n this direction, Zuccaccia and co-workers!?’ developed the hydration and

chemistry.
methoxylation of alkynes in different green solvents obtaining both good performance (TON: 990;
TOF: 283 h!) and optimal green parameters ( . E-factor: 2.6; EMY: 28) in the case of y-
valeroactone (GVL). The role of the solvent has been underlined by the fact that the activity (in terms
of TOF) is inversely correlated to the polarity of the solvent ( ). The equilibrium between

free ion/ion pair is shifted towards the former when the dielectric constant increases.
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2. Results and discussion
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2.1 Green solvents

2.1.1 Hydration of alkynes

The hydration of alkynes is an important environmentally friendly reaction in organic chemistry. We
used gold(l) catalyst for a complete screening on alkynes hydration reaction in neat condition,
without adding acids or silver salts and operating at low or mild temperature. Once optimized, the
protocol was applied to 3-hexyne and diphenylacetylene. The compounds L-Au-X [L= IPr, BIAN,
NHC®"2, NAC, JPhos, PCys, PArf, PPhs, P(OR)s (R = tris(2,4-di-tert-butylphenyl)phosphite); X" = Cl,, OTf
, OTs’] were synthesized according to literature procedures (see Experimental Section) or generated

in situ during the catalytic tests (Table 1.3).

L-Au-X (0.1 mol%)

HO NBu,OTf (5 mol%) O

R-C=C-R + >

c=C 2 T=30°C RJ\/ R
1 (R =Et) 1a (R = Et)
2 (R=Ph) 2a (R = Ph)

Figure 1.11: Hydration of 3-hexyne and diphenylacetylene

Previous studies on the nucleophilic addition to a carbon—carbon unsaturated bond promoted by
gold(l) complexes allowed us to understand the ligand effects in the different steps of the catalytic
cycle.3” The stereo-electronic structure of the ligand modulates the acidic character of the metal

fragment in the catalytic cycle and affects the stability of the postulated intermediates.>313!

The choice of different ligands L in L-Au-X complexes were done with the purpose of varying their
stereo-electronic character. They were used to promote the catalysis in the hydration of 3-hexyne
to form 3-hexanone and of diphenylacetylene to form 1,2-diphenylethanone (Table 1.3 and Table
1.4) in solvent- and acid-free conditions in order to complete and extend our previous
investigation.'?® The role played by silver salts (Table 1.3) and ionic additives other than NBusOTf

(Experimental Section, ) on the catalytic performances has been evaluated.
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Table 1.3: L-Au-X (0.1 mol%) catalyzed hydration of 3-hexyne at 30 °C in the presence of NBusOTf%"

Entry L X AgOTf (mol%) Conv. (%)? Time® (h) (TOF)

19 IPr OTf" - >99 2 (495)
2 IPr cl- 0.1 70 2 (350)
3 BIAN cr 0.1 76 2 (380)
4 NHC? cl 0.1 76 2 (380)
5 NAC cl- 0.1 0 24

6 JPhos cl- 0.1 75 4 (188)
7 PCys cl- 0.1 0 24

8 PArf cl- 0.1 0 24

9 PPhs cl- 0.1 0 24
10 P(OR)s cr 0.1 0 24
11 IPr OTs™ - >99 3.5(285)
12 BIAN OTs™ - >99 4 (248)
13 NHCCH2 oTs™ - 98 8 (122)
14 NAC OTs™ - 9 24 (4)
15 JPhos OTs” - 74 5(148)
16 PCys oTs™ - 6 24 (3)
17 PArf OTs™ - 0 24
18 PPhs OTs™ - 3 24 (1)
19 P(OR)s oTs™ - 17 24 (7)
20 BIAN oTf - >99 2 (495)
21 NHCH? oTf" - >99 4 (248)

4 Catalytic conditions: 3-hexyne (1.75 mmol, 200 uL), 5 mol% NBu4OTf (0.087 mmol, 34.3 mg), H20 (1.92 mmol, 35 pL), L-Au-X (0.00175 mmol)
and AgOTf (0.00175 mmol, 0,45 mg) when indicated. ® mol% = (moles of catalyst / moles of alkyne) x 100. see text. ? Determined by *H NMR;
averaged value of three measurements. ¢ Time necessary to reach the reported conversion. fTOF = (N product / N catalyst) / t(h) at the reported

conversion. 9 from reference 1%,

A standard catalytic run was by mixing the alkyne, water (1.1 equivalents), the catalyst (from 0.1 to
0.01 mol% with respect to the alkyne), silver triflate (when the chloride catalyst were used) and an
additive (up to 5 mol% with respect to the alkyne) in a range of temperature from 30 to 120 °C
(Table 1.3 and Table 1.4). The complex IPr-Au-OTf has been included in Table 1.3 to compare the
catalytic results with previous data obtained by our group.'?® NMR spectroscopy was used to

monitor the catalytic process (see ). For each run the TOF value [TOF (h'!) = (number of
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mole of product)/mole of catalyst)/elapsed time, (Table 1.3 and Table 1.4)] was calculated to

evaluate the catalytic activity in different conditions.

At first, the L-gold-chloride complexes were tested in the presence of one equivalent of AgOTf (Table
1.3, entries 2-10). The catalysts bearing NAC, PCys, PArf, PPhs and P(OR)s ligands showed no
conversion after 24 h (Table 1.3, entries 5 and 7-10). On the other hand, significant but not
guantitative conversion (around 75%) of 3-hexyne into 3-hexanone was reached within 2 h using
IPr, BIAN and NHC®"? ligands (Table 1.3, entries 2-4 Figure 1.12), or 4 h using JPhos (Table 1.3, entry

6). Prolonging the reaction time to 24 h the conversion did not increase.

100 4

80

60 —

NHC™-Au-OTf
—=— NHC"™-Au-OTs
NHC"2-Au-OTf

204 —a— NHC"*-Au-OTs
BIAN-AU-OTf
—e— BIAN-AU-OTs

—*— JPhos-Au-OTs

40

Conv. (%)

T T 1
0 3 6 9
Time {h)

Figure 1.12: Hydration of 3-hexyne with 0.1 mol% of L-Au-X in the presence of 5 mol% NBu4OTf.

The TOF obtained using the IPr-Au-Cl and AgOTf system is 350 h'%, a notably lower value with respect

to that reported in silver-free condition (495 hl, see Table 1.3 entry 1 vs. entry 2).

As mentioned above, for the complexes containing PCys, PArf, P(OR)s, PPhs, and NAC ligands (Table
1.3 entries 5 and 7-10) the formation of any product was not observed within 24 h. For a better
comprehension of the gold stability, we studied the hydration reaction promoted by PPhs-Au-
Cl/AgOTf (Table 1.3 entry 9) by 3P NMR spectroscopy. At the end of the reaction the spectra were
collected (see Experimental Section for details) and the signal at 6 41.9 ppm typical of [(PPh3),Au]OTf

was observed.4”1327134 This result clearly indicates that a decomposition of the catalyst takes place,
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also confirmed by the formation of a film of gold on the walls of the reaction vessel. Decomposition

of phosphine-based gold catalyst is frequently documented in the literature.3>136

A decomposition process seems to be present also for the more stable complex bearing the IPr
ligand and promoted by the silver salt in neat- and acid-free conditions. Therefore, even prolonging
the reaction time to 24 h ( ) no quantitative conversion into 3-hexanone (Table 1.3 entry 1
vs. entry 2) was observed. The presence of silver additives in gold catalysis is still debated for both

beneficial and detrimental effects.3’

For the purpose of compare the different ligands and to avoid the silver-induced decomposition of
the gold catalyst, L-Au-OTs catalysts has been employed because L-Au-OTf complexes are not stable
and isolable with all the ligands here utilized.*®'3® With exception of JPhos-Au-OTs, which gave a
conversion of 74 % after 5 h with a TOF of 148 h'! (Table 1.3 entry 15), the decomposition or
deactivation of catalysts containing phosphine was observed, even in silver-free conditions (Table
1.3 entries 16-19). With the JPhos-Au-Cl/AgOTf system (Table 1.3 entry 6) a similar result has been
obtained.'3? |Pr-Au-OTf evidences better catalytic activity when compared to IPr-Au-OTs (Table 1.3
entry 1 vs. entry 11). A complete conversion of 3-hexyne was observed after 2 h using IPr-Au-OTf
and 3.5 h with IPr-Au-OTs species (see also Figure 1.12). An explanation of this difference could be
found in the OTs™ coordinating ability higher than that of OTf toward the gold fragment. In our
previous work we reported that in neat conditions OTs" inhibits the hydration of 3-hexyne.?® It is
plausible that the presence of an excess of NBusOTf slowly converted the non-active form IPr-Au-

OTs into the more active IPr-Au-OTf during the catalysis.

Keeping in mind that: a) phosphine-based gold catalysts showed very low activity, b) silver salts
deactivate the catalyst, and c) L-Au-OTf species showed the higher catalytic activity, we decided to
extend the investigation to other gold catalyst containing NHC ligands and OTf™ as the counterion.
Therefore, BIAN-Au-OTf and NHC"2-Au-OTf were employed for the catalysis and compared with
IPr-Au-OTf. BIAN-Au-OTf (Table 1.3 entry 20), showed the same quantitative conversion of 3-hexyne
as IPr-Au-OTf (Table 1.3 entry 1) in 2 h. NHC®"2-Au-OTf promoted the complete formation of 3-

hexanone twice the reaction time (Table 1.3 entry 21).

These results demonstrated that the best performances are obtained when there is an NHC type

ligand in L-Au-X complexes, while the use of silver salts must be avoided.
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For what concerns the ionic additives, our group has demonstrated that the rate of the reaction can
be improved in the presence of NBusOTf, because it acts as PTC (phase transfer catalysts).40

Otherwise, NH4OTf does not show any appreciable effect and [BMIM]OTf even stops the reaction.?®

Different ammonium triflate salts, in terms of different number and length of alkyl chains, were
deeply investigated to understand the effectiveness during the catalysis. We added 5 mol% of
BnsNHOTf, Bu;NH,OTf, Me;(Et)(Dec)NOTf, (Cy)NHsOTf, Aliquat-OTf in the catalytic process of IPr-
Au-OTf (see Experimental Section for details). We found that NBusOTf is the most effective additive

( ), as previously observed.!?®

We decided to apply the best combination system (IPr-Au-OTf/NBusOTf 5 mol% solvent-, silver-, and
acid-free) in the hydration of diphenylacetylene. To afford 1,2-diphenylethanone the temperature
must be increased above the diphenylacetylene melting point (62 °C). Hydration of
diphenylacetylene is frequently studied in the literature in the presence of solvent and additives
such as silver salts and acids.'#*1%> In Table 1.4 and Figure 1.13 the most salient results are

summarized. Despite this, the optimization is far from being achieved from a greener point of view.

Table 1.4: IPr-Au-OTf catalyzed hydration of diphenylacetylene®

entry Loading (mol%)® T (°C) Anion (X) Conv.c(%) Time® (h) (TOF?)

1 0.1 65 oTf 82 8 (102)
2 0.05 80 oTf 42 8 (105)
3 0.05 120 oTf 94 4 (470)
4 0.025 120 oTf 85 8 (435)
5 0.01 120 oTf 27 5 (560)
6' 0.05 120 oTf 88 8 (220)
7 0.05 120 oTs 7 8 (17)

9 Catalysis conditions: diphenylacetylene (1.75 mmol, 312 mg), 5 mol% NBusOTf (0.087 mmol, 34.3 mg) and H,0 (1.92 mmol,
35 pL). 2 (moles of catalyst / moles of alkyne) x 100.¢ Determined by *H NMR; average value of three measurements. ¢ Time
necessary to reach the reported conversion. ¢ TOF = (N product / N catayst) / t(h) at the reported conversion. fwith D20 instead of

H20.
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Diphenylacetylene, 1.1 equiv of H20, NBusOTf (5 mol%) and IPr-Au-OTf (from 0.01 mol% to 0.1 mol%
with respect to diphenylacetylene) were mixed at the desired temperature. A high conversion of
diphenylacetylene was obtained in 8 h using 0.1% mol of catalyst at 65 °C (Table 1.4 entry 1). Both
temperature and catalyst loading were varied to optimize the reaction conditions (Figure 1.12).
Increasing the temperature to 120 °C and reducing the catalyst amount to 0.05 mol% led a yield of
94% of 1,2-diphenylethanone (Table 1.4 entry 3). A reduction of IPr-Au-OTf concentration to 0.025
mol% and 0.01 mol% resulted in a progressive drop in conversion (Table 1.4 entries 4 and 5). The
highest TOF was reached at 120 °C with a catalyst loading of 0.01 mol% (560 h, Table 1.5 entry 5),
while the highest TON (3400) was obtained with 0.025 mol% of IPr-Au-OTf at the same temperature.
These catalytic conditions led to a very high EMY value (77) as well as to an excellent E-factor value

(0.03).

The comparison of the catalytic parameters obtained by us with the best ones reported to date in
the literature (see Table 1.5) highlights the excellent results obtained by applying our protocol.
Tanaka and coworkers studied the catalytic hydration of diphenylacetylene promoted by phosphine
gold complexes in 2002.3¢ A TON of 53 in 5 h was obtained in methanol under strongly acidic
conditions at 70 °C with an E-factor of 6 and EMY values of 10. In 2009 NHC gold(l) complexes were
introduced by Nolan and co-workers.3° In a 1,4-dioxane/water 2:1 mixture the catalyst loading was
reduced to 0.1 mol%, the temperature was increased to 120 °C, in acid-free condition. A maximum
TON and TOF of 770 and 42 h'! were achieved, respectively. On the other hand, the EMY value
obtained (13) was still low. The same group attained TON of 400 and TOF of 67 h'! by employing as
catalysts dimeric (NHC-Au)>S04 complexes at 80 °C.2*¢ E-factor and EMY values did not improved,
despite these conditions. We studied also this reaction using y-valerolactone (GVL) as the solvent.?’
With a catalyst loading of 0.1 mol% a maximum TOF of 283 h'! was reached. However, a marked
improvement of E-factor (2.6) and EMY (28) values was reached. However, both are still very far

from being acceptable in terms of effective green catalysis.
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Table 1.5: Main parameters for hydration of diphenylacetylene in 1,2-diphenylethanone

Tanaka3® Nolan3? Nolan?4é Zuccaccial?’ This work
MeOH/H,0 Dioxane/H,0 MeOH/H,0
Solvent y-valerolactone -
(2:1) (2:1) (2:1)
TON 80 770 400 990 3400
TOF (h) 80 43 67 283 435
T (°C) 70 120 80 120 120
Ag" additives NO YES NO NO NO
Other additives H,S0, NO NO NO NBu,OTf
E-factor 6 4.8 5 2.6 0.3
EMY? 10 13 10 28 77
2 EMY= Effective mass yield
100 4 _ _
7 / —
80 4
70—-
60—-
§ 50
E 4
8 40—-
307 < g 4
20 + / ——0,1% mol, 60°C
4 0,05% mol, 80°C
10 A —&— 0,05% mol, 120°C
i —¥—0,025% mol, 120°C
0 —4—0,01% mo\‘l120VC |
0 5 10 15 20 25
Time (h)

Figure 1.13: Hydration of diphenylacetylene with different loadings of IPr-Au-OTf, in the presence of 5 mol% NBu4OTf,

For the purpose of shed some light on the reaction mechanism, we quantify the KIE value by
conducting some experiments using D0 instead of H,O in these aprotic and apolar conditions at
high temperature (Table 1.4 entry 6). In the solvent- and silver-free hydration of 3-hexyne, the
addition of 5 mol% of NBusOTf resulted in a neat change of the KIE value from 3.8 to 2.5.1%® These
KIE values point out that the turnover-limiting step is the proton transfer. We observed a small

reduction of TOF using D20 instead of H,0, which changed from 470 to 433 h™! (see Experimental

at different temperatures.
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Section, compare in entries 3 and 6), and the KIE was 1.2. Diphenylacetylene is much less
reactive with respect to internal aliphatic alkynes, therefore it is plausible that the RDS might be the

nucleophilic attack.

As far as the role of the counterion in the pre-equilibrium step is concerned, when OTs" is employed
instead of OTf, the higher co-ordinating ability the former towards cationic gold fragments shifts
the pre-equilibrium step towards the non-active inner sphere ion pair (Table 1.3).12% In the present
work this difference is confirmed, as the conversion of 94 % (4 h), shown by IPr-Au-OTf (Table 1.4
entry 3), drops to 7 % (8 h) when IPr-Au-OTs is employed as the catalyst (Table 1.4 entry 7). We can
deduce that the counterion effect is the same as that observed for the hydration of 3-hexyne,
notwithstanding the temperature has been raised to 120 °C. Thus, when OTs is involved the

equilibrium is strongly shifted towards the precatalyst.
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2.1.2 Meyer-Shuster rearrangement

Transformations of propargyl alcohols catalyzed by gold became very popular since these species
contain both a nucleophilic hydroxy group and a potentially electrophilic alkyne moiety which can
be efficiently activate by gold, due to its soft Lewis acid nature. To this day, several transformations
of these substrates have been reported catalyzed by gold.'*” Among the others, the Meyer-Schuster
(MS) rearrangement is one of the most popular, because it can deliver a,B-unsaturated carbonyl
compounds in complete atom economy.#®14 Gold complexes allow to carry out this rearrangement
with high yields and in mild experimental conditions.!*” Unfortunately, a deep and complete
understanding of the catalytic mechanism is still lacking, despite all the experimental advances on
the gold-catalyzed MS rearrangement. During the years, a large variety of mechanisms have been
proposed on the basis of experimental results.!>>1>3 As an example, Marion et al. suggested an
unusual gold-hydroxy complex as the active catalytic species on the NHC-gold(l)-catalyzed MS
rearrangement of propargylic acetates.’® All the proposed mechanisms share two common
features: 1) they take into account the presence of either water or alcohols as the solvent; 2) the
role of the counterion is completely neglected. However, the counterion effect has been shown to
be crucial for understanding the reactivity in similar gold catalyzed processes.%8>1>2126,155-159
Experimental proof (Table 1.6 and Figure 1.14) for both a solvent and a counterion effect is given
here for the rearrangement of 1-phenyl-2-propyn-1-ol to cinnamaldehyde at 50°C catalyzed by IPr-
Au-X (X = CI, BFs, OTf, OTs, TFA") (for details see and and and in the
Experimental Section). Substitution of volatile organic solvents (VOS) with green solvents or
performing the reaction in neat conditions is a key topic in organic synthesis, but it is not common
in gold catalysis.*?” Here, VOS and green solvents, with different polarity and with the presence of
particular functional groups, have been tested. The results are summarized in Table 1.6 and Figure

1.14.

The complex IPr-Au-OTf was inactive in DMSO, with no formation of the product also after 24 h
(Table 1.6, entry 17). This can be related to the remarkable coordination ability of this solvent
towards gold.'?” On the other hand, high or even quantitative formation of cinnamaldehyde was

reached within 1-24 h using other solvents or neat conditions (Table 1.6 and Figure 1.14).
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Table 1.6: Meyer-Schuster rearrangement of 1-phenyl-2-propyn-1-ol to cinnamaldehyde at 50°C.°

Entry Solvent Catalytic system Conv.’(%) TOF¢(h?) g
VoS
1 Chloroform IPr-Au-OTf 75 300 4.81
2 Dichloromethane IPr-Au-OTf 12 53 8.93
3 Acetone IPr-Au-OTf 13 50 21
Green

4 p-Cymene IPr-Au-OTf 91 394 2.24
5 p-Cymene® IPr-Au-Cl/ AgOTs 11 44 2.24
6 p-Cymene/ IPr-Au-Cl/ AgTFA 0.4 2 2.24
7 p-Cymene? IPr-Au-Cl/AgBF, 7 28 2.24
8 p-Cymene” IPr-Au-Cl/AgOTf 30 115 2.24
9 p-Cymene’ IPr-Au-OTf/HOTf 100 400 2.24
10 p-Cymene’ IPr-Au-OTf/HOTs 93 371 2.24
11 p-Cymenek IPr-Au-OTf/P.S. 0 0 2.24
12 Limonene IPr-Au-OTf 67 246 24
13 Anisole IPr-Au-OTf 85 368 4.3
14 Ethyl Lactate IPr-Au-OTf 24 106 15.4
15 Furfuryl alcohol IPr-Au-OTf 37 161 16.9
16 v-Valerolactone IPr-Au-OTf 23 105 36.9
17 DMSO IPr-Au-OTf 0 0 46.7
18 Methyl levulinate IPr-Au-OTf 17 74 -
19 - IPr-Au-OTf 74 296 -

9Catalysis conditions: IPr-Au-OTf (0.0025 mmol, 1.8 mg), 1-phenyl-2-propyn-1-ol (0.5 mmol, 61 pL), solvent (200 pL).
bDetermined by 'H NMR; average value of three measurements after 30 minutes. “TOF = (MOlproduct/MOlcatalyst)/t calculated
after 30 minutes. % = dielectric constant. ¢IPr-Au-Cl (0.0025 mmol, 1.6 mg), 1.1 eq AgOTs. fIPr-Au-Cl (0.0025 mmol, 1.6
mg), 1.1 eq AgTFA. 9IPr-Au-Cl (0.0025 mmol, 1.6 mg), 1.1 eq AgBFa. "IPr-Au-Cl (0.0025 mmol, 1.6 mg), 1.1 eq AgOTf. IPr-Au-
OTf (0.0025 mmol, 1.8 mg), 10 mol% (respect to substrate) HOTf. /IPr-Au-OTf (0.0025 mmol, 1.8 mg), 10 mol% (respect to
substrate) HOTs. KPr-Au-OTf (0.0025 mmol, 1.8 mg), 10 mol% (respect to substrate) proton sponge (1,8-
Bis(dimethylamino)naphthalene). 'no solvent was used.

In the case of VOS, high conversion of 1-phenyl-2-propyn-1-ol into cinnamaldehyde was reached in
0.5 hiin chloroform (Table 1.6, entry 1) without formation of side products. In dichloromethane and
acetone (Table 1.6, entries 2 and 3, Figure 1.14) much less efficiently IPr-Au-OTf promoted the

formation of the reaction product in rather low yield (12-13 % after 0.5 h).
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Higher conversions were generally achieved using neoteric solvents (Table 1.6, Figure 1.14). Using
low-polarity solvent such as p-cymene, limonene, and anisole (Table 1.6, entries 4, 12 and 13,
respectively) high conversion was obtained after 0.5 h, while an about half conversion was reached
using ethyl lactate, furfuryl alcohol and y-valerolactone (Table 1.6, entries 14, 15 and 16,

respectively). The reaction slowly proceeded in methyl levulinate (Table 1.6, entry 18).

The catalysis was conducted in p-cymene with IPr-Au-Cl/AgX (X = BF4", OTf, OTs’, TFA") as the catalytic
system to understand the importance of the counterion. The efficiency is strongly dependent on the
counterion: conversion of 30 %, 11 %, 7 % and 0.4 % were observed after 30 min for OTf", OTs", BFy,,

TFA', respectively (Table 1.6, entries 5-8).

Comparing the conversion given by IPr-Au-OTf (Table 1.6, entry 4) and the one generated in situ (IPr-
Cl + AgOTf) (Table 1.6, entry 8), a neat decrease is observed in the latter case. This may suggest a
negative effect of the silver ion,*®° but the presence of an induction time connected to the activation

of the catalyst cannot be excluded.

Examining the TOF value [TOF (h'!) = moles of product/moles of catalyst/time, Table 1.6)] allows for
a deep comparison of the catalytic activity of gold catalyst in different solvents. The calculated TOFs
range from 0 h'! (DMSO) to 394 h! (p-cymene) (Table 1.6, entries 17-4). A general trend can be
observed: the value decreases when the polarity of the solvent increases (Table 1.6, Figure 1.14) as

also observed in the gold catalyzed methoxylation of 3-hexyne.?”

Furthermore, in p-cymene the catalyst efficiency strongly depends on the counterion, according to
the following order: OTf > OTs™ > BF4 > TFA" (Table 1.6, compare entries 4-7). This finding, combined

with the observed trend of TOF vs &, suggests a role of the anion during the catalysis.

We also investigated the effect of the addition of acids and bases. The addition of triflic acid (HOTf)
and p-toluenesulfonic acid (HOTs) does not alter the reaction rate and the TOF values remain around
371-400 h! (compare in Table 1.6 entries 4, 9, and 10) also indicating that, in acidic condition, the
rate does not depend on the counterion. On the other hand, the catalysis is completely stopped
when the proton sponge (P.S.) 1,8-bis(dimetilammino)naftalene (Table 1.6, entry 11) is added to the
catalytic mixture. A possible explanation can be found in the formation of a stable o-bonded gold-

alkynyl complex, with abstraction of the acidic hydrogen of the terminal alkyne by P.S. (see below).

Finally, an intermediate catalytic performance is observed when the reaction is run in y-
valerolactone, a commonly employed green solvent,>” despite its high dielectric constant, and also
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when the reaction is run in neat conditions (Table 1.6, entries 16 and 19), thus indicating that a green

version of the reaction is feasible.
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Figure 1.14: TOF vs dielectric constant for IPr-Au-OTf catalyzed Meyer-Schuster rearrangement of 1-phenyl-2-propyn-

1-ol to cinnamaldehyde at 50 °C (selected values from Table 1.6).

Motivated by the lack of a general mechanistic comprehension,3%11 3 computational study has
been carried out to both rationalize the experimental outcome and give further insights into the yet
elusive mechanism of the gold-catalyzed MS rearrangement. An accepted mechanism for gold(l)
catalysis of alkyne substrates consists of: 1) a pre-equilibrium step; 2) a nucleophilic attack step with
formation of an organogold intermediate; and 3) a protodeauration step. An essential counterion

effect has been previously found by some of us in each step of this reaction mechanism.1>8

With the intention of explaining the counterion-dependent reactivity observed for this MS
rearrangement, the gold-catalyzed intramolecular nucleophilic attack has been considered in our
study, where the complex [NHC*-Au-X] (NHC*= 1,3-dimethylimidazol-2-ylidene, X= OTf, OTs", BFs)
is used as model. This step has been found to be the rate-determining one (RDS) in similar reactions.®
The schematic representation of the mechanism is shown in Scheme 1.11. The geometries of the
stationary points and transition states have been optimized at the DFT level including relativistic
effects (BP86/ZORA/D3). Single-point energy calculations have been performed at both DFT
(B2PLYP/CPCM) and DLPNO-CCSD(T)6%163 |evels (see the Experimental Section for computational

details). All the optimized geometries are reported in
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Scheme 1.11: DFT mechanism of the intramolecular nucleophilic attack in 1-phenyl-2-propyn-1-ol rearrangement

catalysed by the [Au-NHC*]* complex and assisted by three different counterions (X'= OTf, OTs  and BF4).

Based on the well-known gold ability to activate triple bonds, the investigation started by
considering the cationic [Au-NHC*]* fragment coordinated to the alkyne moiety as our reactant
complex, RC. In principle, we expect the RC to directly convert into the product complex (PC), i.e. a
gold-aldehyde species, that should yield the cinnamaldehyde and regenerate the catalyst through
the protodeauration step. Unexpectedly, we find that, independently from the nature of the
counterion, cyclization a gold-oxetene intermediate (INT) is formed via 4-endo-dig, which
subsequently undergoes electrocyclic ring opening and yields the expected PC (Scheme 1.11). The
proposed mechanism is able to completely rationalize the observed reactivity. As represented in
Scheme 1.11, the role of the counterion in this reaction is key. It behaves as a hydrogen-bond
acceptor, by increasing the nucleophilicity of the attacking hydroxy group, and as a template, helping
the hydroxy to assume its reactive position through simultaneous interaction with the OH hydrogen
and the gold center. Furthermore, it acts as a “proton shuttle”, by transferring the proton from the
intermediate to generate the PC. Clearly, the different basicity behavior and coordination ability of
the counterions reflect in a very different reactivity, with reaction yields and TOF values highly
depending on it (Table 1.6). In particular, the anion is known to act as catalyst deactivator, by either
its strong coordinating and/or basicity power, in the pre-equilibrium step of the reaction.!>®
Preliminary calculations have been performed for this step by comparing the strongest
coordinating/basic OTf,, OTs” and TFA™ anions which have allowed us to immediately rationalize the
poorest efficiency of TFA". The results ( in the Experimental Section) show that a stable
o-bonded gold-alkynyl complex is formed through abstraction of the acidic hydrogen of the terminal
alkyne by TFA" with a low energy barrier (5.0 kcal/mol) while the expected gold-alkyne complex is

obtained for OTf and OTs". Formation of the o-complex, due to the strongest basicity of TFA"in the
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anion series and to its bidentate nature, prevents the m activation of the triple bond and is consistent
with the experimentally observed lowest efficiency of TFA". Therefore, only OTf", OTs and BF4  anions
have been compared in the nucleophilic attack step, starting from a suitable RC conformation where
the anion occupies a vicinal position to the attacking OH group. The calculated energy profiles

highlight substantial differences, as reported in Figure 1.15.

For the OTf-assisted intramolecular attack (from Figure 1.15), the lowest activation barrier is
calculated (32.6 kcal/mol), whereas, when the OTs™ and BFs anions are involved, the barriers are
higher (34.3 and 36.9 kcal/mol, respectively), in full agreement with the experimentally observed

reactivity trend.
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Figure 1.15: Energy profiles (BP86/Z0ORA/D3//B2PLYP/CPCM, see Experimental Section for details) for the intramolecular
nucleophilic attack in the 1-phenyl-2-propyn-1-ol rearrangement catalyzed by the [Au(l)-NHC*]* complex and assisted by
three different counterions (X'= OTf , in blue; OTs’, in red; and BF4, in green). Energy values refer to the corresponding

reactant complex RC taken as zero.

Enthalpy and Gibbs free energy profiles computed at the BP86/ZORA/D3//BP86/Z0RA/D3 levels are
also reported in , showing that electronic energy AE* can be considered as a good
approximation to AG". Reaction profiles calculated using different computational setups
(BP86/ZORA//B2PLYP, BP86/ZORA/D3//B2PLYP and BP86/ZORA/D3//DLPNO-CCSD(T)) are
compared in , showing that they are quantitatively similar. Interestingly, the results
of these test calculations fully validate the accuracy of a computational protocol based on BP86
optimization geometry and B2PLYP single point energy calculations suggested by us for similar gold-
catalyzed reactions.'®* Finally, the importance of solvent (p-cymene) inclusion to exactly match the
experimental trend is demonstrated, since in gas phase almost identical barriers are calculated for

OTs and OTf (31.5 vs. 31.6 kcal/mol at BP86/ZORA/D3//B2PLYP level, and 32.2 and 32.6 kcal/mol at
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BP86/ZORA/D3//DLPNO-CCSD(T) level, respectively). Notably, all the calculated reaction energy
profiles ( ) are qualitatively similar to those depicted in Figure 1.15. A rationalization
for OTf favoring the intramolecular nucleophilic attack can be reached by analyzing the three TS1

structures.

In all the TS1 structures, the anion features a bridging position between the OH and the Au center.
By comparing the hydroxy O-H distances ( in the Experimental Section), we can
observe that they match the hydrogen-bond acceptor ability of the three anions (1.021 for OTs’,
1.016 for OTf and 1.001 A for BF4), but they do not correlate with the activation energy barrier
trend. Based on the anion basicity strength, the best nucleophile activator OTs™ should give the
lowest barrier. Instead, the X-Au distances in the RC structures (2.847 for X = OTs"; 2.955 for X = OTf
: 2.976 A for X = BF4) are consistent with the anion coordinating ability trend (OTs" > OTf > BFs).
Based on the anion coordinating strength, the best CC triple bond de-activator OTs™ should give the
highest barrier. However, as previously reported by some of us, the extent of alkyne slippage (i.e.
the n2 = n! deformation occurring at the alkyne coordination to gold) can be considered as a
reactivity index. A larger alkyne slippage corresponds to a more electrophilic terminal carbon atom
(C1) and therefore to a lower activation barrier for the nucleophilic attack.”%*?7/16> |n the TS1
structures the Au-C1 distances (2.919 A for X = OTf; 2.876 A for X = OTs’; 2.817 A for X = BF4) show
that for the OTf anion-assisted attack, the largest n> > n! deformation occurs, resulting in a more
electrophilic C1 carbon atom and, as a consequence, in the lowest activation barrier. These findings
suggest that the activation of the nucleophilic hydroxy group should be counteracted by a de-
activation of the electrophilic character of the CC triple bond through interaction with the gold
center. Thus, the activation energy barrier appears to arise as a balance between the anion
hydrogen-acceptor ability and the anion affinity towards gold (extent of alkyne slippage), which is

ultimately responsible for the observed (and calculated) catalyst efficiency trend.

Preferential coordination of gold-carbene fragment to propargylic hydroxyl group with formation of
a gold-hydroxo species similar to that proposed as the catalytically active species in ref. 154 has been

also calculated. Although this species is 11.4 kcal/mol more stable than RC, the nucleophilic attack

requires a much higher activation barrier (65.3 kcal/mol) ( ) than that from RC (31.2
kcal/mol) (at BP86/ZORA//B2PLYP level, ). No reaction intermediate is formed in this
case.
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The mechanism proposed here (Scheme 1.11) is peculiar. We find that the 4-endo-dig cyclizations
and the ring opening of 4-endo products are feasible, although they are commonly kinetically very
unfavorable.>>1%® To the best of our knowledge, evidence of gold-catalyzed synthesis of oxetenes
and of the presence of gold-oxetene intermediates has been only reported few times'®’170 and

never in gold-catalyzed MS rearrangement.

In order to isolate and characterize the predicted gold-oxetene adduct, a stoichiometric reaction
between 1-phenyl-2-propyn-1-ol and IPr-Au-OTf in the presence of a 3-fold excess of 1,8-
bis(dimetilammino)naftalene in CDClz was performed. Unfortunately, the abstraction of the acidic
hydrogen of the terminal alkyne was accomplished with formation of a stable o-bonded gold-alkynyl
complex (see Experimental Section for details). The internal alkynes 3-hexyn-2-ol and 1,3-diphenyl-
2-propyn-1-ol were used in an attempt to observe the oxetene intermediate in NMR tube. Formation
of the oxetene intermediate (see Experimental Section) was not observed, despite we have changed
the temperature (up to -50°C), the base (bis(dimetilammino)naftalene and potassium carbonate),
the solvent (CDCl; and CD30D), and the gold complex (IPr-Au-OTf and IPr-Au-TFA). Failure to isolate
the oxetene intermediate is however still consistent with the computationally proposed mechanism,
since this species is predicted to very easily undergo electrocyclic ring opening (conversion from INT

to PC requires an activation barrier of 4.5 kcal/mol, see Figure 1.15).

In order to better understand the experimental conditions which may affect the mechanism, in
Figure 1.16 the gas-phase profile for the OTf-assisted nucleophilic attack is compared with those

accounting for 1) the use of more polar solvents and 2) the presence of traces of acid.
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Figure 1.16: Energy profiles (BP86/Z0ORA/D3//B2PLYP) of the intramolecular nucleophilic attack of the 1-phenyl-2-

propyn-1-ol catalyzed by the [Au(l)-NHC*]* complex in three different conditions: gas phase (OTf) (violet line), in the

-42 -



presence of explicit traces of acid (HOTf) (blue line) and with an explicit molecule of polar solvent (y-valerolactone)
replacing the anion (green line). The structure of the transition states is shown for the acid (TSaciq) and polar solvent

(TSevi) conditions. Energy values refer to the corresponding reactant complex RC taken as zero.

Possible traces of acid in solution are accounted for by protonating the OTf anion. As shown in Figure
1.16, with the HOTf species assisting the attack, no intermediate is formed since HOTf cannot behave
as a proton-shuttle. As a result, the reaction proceeds via TSacid to the PCaqg, with the latter being
thermodynamically less stable with respect to the OTf assisted attack (-6.2 vs. -19.9 kcal/mol
respectively) and with a slightly higher activation barrier (37.7 kcal/mol), consistently with the
experimental findings. This result shows that for the formation of the oxetene intermediate to occur,
the anion hydrogen bond-acceptor ability is essential. As previously pointed out, the role of the
anion in gold-catalyzed processes can be heavily modified by the polarity of the solvent.'?” In the
case of low-polarity p-cymene, the presence of a catalytically active ion pair is reasonable (i.e. [IPr-
Au(l)-(1-phenyl-2-propyn-1-ol)]*X’), with the counterion playing an active role in the reaction. By
increasing the polarity of the solvent, we expect that active free ions are predominant species in
solution (i.e. [IPr-Au(l)-(1-phenyl-2-propyn-1-ol)]* + X°), with the counterion losing its fundamental
role. As shown in Figure 1.16, when the anion is replaced with an explicit molecule of a neoteric
polar solvent (i.e. GVL), a reactivity change is observed. The structure of the TScy. suggests that GVL
is not able to substitute the role of the OTf in accepting the proton from the substrate hydroxyl
group, resulting in a one-step intramolecular nucleophilic attack without formation of the

intermediate and in a slightly higher activation energy barrier (33.4 kcal/mol).
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2.1.3 Cyclization of propargylamide

127 in a wide set of

The alkoxylation and hydration of alkynes were investigated by some of us
neoteric solvents using IPr-Au-OTf as catalyst and we found that polarity and functionalities present
in the solvent influence the three steps of the reaction pathway (pre-equilibrium, nucleophilic
attack, and protodeauration). Previously, also the counterion and ligand effects have been studied
for the cycloisomerization of N-propargylcarboxamides,* founding out that the most efficient L-Au-

X catalyst arises from balanced contributions of the properties of L and X together.

Building on this state of the art, the activity of IPr-Au-X (X~ = BF4~, OTf” OTs~, TFA™) catalysts has been
investigated in the cycloisomerization of N-(prop-2-yn-yl)benzamide to 2-phenyl-5-vinylidene-2-
oxazoline (Scheme 1.12) conducted in green solvents. Most of these solvents are comparable or
better solvents with respect to traditional VOS. Kinetic experiments coupled with DFT calculations
have allowed us to shed light on the mechanism of cycloisomerization in green conditions. The
results presented here show that the anion properties, both coordination ability and basicity

(hydrogen-bond acceptor power), should have a great impact on its “proton shuttle ability”.
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Scheme 1.12: Cycloisomerization of N-(prop-2-yn-yl)benzamide to 2-phenyl-5-vinylidene-2-oxazoline.

Gold complexes were synthesized according to literature procedures (see Experimental Section for

details). All complexes IPr-Au-X (Scheme 1.12, X~ = BF4~, OTf", OTs~, TFA™) have been tested as
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catalysts in the cycloisomerization of N-(prop-2-yn-yl)benzamide to 2-phenyl-5-vinylidene-2-
oxazoline (Scheme 1.12 and Table 1.7). Isolated IPr-Au-OTf was directly employed, whereas in all
other cases the catalyst was prepared in situ in an NMR tube by mixing equimolar amounts of the
precursor IPr-Au-Cl and the appropriate silver salt (Scheme 1.12 and Table 1.7). Interestingly, all the

solvents were used as delivered without further purification.

Table 1.7: IPr-Au-X catalysed N-(2-Propynyl)benzamide isomerization at 50°C.°

Entry Solvent Conv.b % TOF¢(h?) g
VoS
1 Chloroform 90 354 4.81
2 Dichloromethane 89 406 8.93
3 Acetone® 10 43 21
4 3-Nitrotoluene 65 281 22.2
5 Nitromethane 67 274 35.87
Green

6 Cyclohexanone 47 206 2.02
7 p-Cymene 15 63 2.24
8 Limonene® 11 50 24
9a Propionic acid 94 431 3.35
9b Propionic acid’ 16.7 65 3.35
9c Propionic acid? 39.6 154 3.35
9d Propionic acid” 90.9 354 3.35
10 Cyrene 23 94 34
11 Anisole® 13 56 43
12 Isopropyl acetate 49 223 6.3
13 MIBK 62 250 13.1
14 Ethyl Lactate 73 317 15.4
15 Furfuryl alcohol 39 148 16.85
16 Propionitrile® 12 50 27.7
17 y-Valerolactone 47 192 36.9
18 DMSO 5 21 46.7
19 Propylene carbonate 49 180 64
20 BMIM-OTf 28 120 -
21 Methyl levulinate 21 90 -

AaCatalysis conditions: IPr-Au-OTf (0.0025 mmol, 1.8 mg), N-(2-Propynyl)benzamide (0.5 mmol, 79.6 mg), solvent (200 uL).
bDetermined by 1H NMR; average value of three measurements after 30 minutes. TOF = (Mo0lproduct/MOlcatalyst)/t calculated after 30
minutes. %, = dielectric constant. ¢slightly or not soluble. fIPr-Au-Cl (0.0025 mmol, 1.6 mg), 1.1 eq AgOTs. 9IPr-Au-Cl (0.0025 mmol,
1.6 mg), 1.1 eq AgTFA. "IPr-Au-Cl (0.0025 mmol, 1.6 mg), 1.1 eq AgBFa.
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A typical catalytic run was performed by dissolving N-(prop-2-ynyl)benzamide (0.5 mM) in the
presence of 0.5 mol% of IPr-Au-OTf (or 1:1 L-Au-Cl/AgX) at 50 °C in the appropriate solvent (0.2 mL).
The progress of the reaction was monitored by NMR spectroscopy (see Experimental Section for

details).

Most reactions reached more than 90% of conversion within 8 h (see ) except those run in
acetone, limonene, anisole and proprionitrile (Table 1.7, entries 3, 8, 11, and 16) in which N-(prop-
2-ynyl)benzamide resulted slightly soluble or even insoluble, and in dimethyl sulfoxide (Table 1.7,

entry 18) due to its strong coordination capability, as previously observed.

In order to compare the catalytic activity in different solvent, the values of the initial turnover
frequency, TOF (Table 1.7) were calculated. Chloroform and dichloromethane showed the best
performance among the volatile organic solvents (VOS) giving a TOF of 354 and 406 h'%, respectively
(Table 1.7, entries 1 and 2). Less efficiently, IPr-Au-OTf promoted the formation of the reaction
product with a very similar TOF of 281 and 274 hlin the higher polar solvents 3-nitrotoluene and
nitromethane (Table 1.7, entries 4 and 5). Finally, the very low value of 43 h'! was obtained in

acetone (Table 1.7, entry 3).

Turning into green solvents, very different catalytic performances were observed, and although the
green solvents showed, on average, slower conversion with respect to VOS, propionic acid resulted
to be the best among all solvents with a TOF of 431 h! (Table 1.7, entry 9). Medium TOF values in
the range 150-300 h'! were obtained in cyclohexanone, isopropyl acetate, MIBK, ethyl lactate,
furfuryl alcohol, y-valerolactone, and propylene carbonate (Table 1.7), while lower catalytic
performances (TOFs in the range 90 - 150 h!) were observed for p-cymene, BMIM-OTf and methyl
levulinate (Table 1.7). Finally, limonene, cyrene, anisole, propionitrile and DMSO gave the worst
catalytic performances (TOFs below 90 h'') owing to coordination of the solvent to the metal

fragment (propionitrile in addition to DMSO) or low solubility of the starting material.

These results confirm our previous results concerning the hydration and alkoxylation of alkynes: a
sustainable production of chemicals with homogeneous gold catalysts in neoteric solvents is
reachable!’! and exploration of the use of gold catalysts in other nucleophilic addition reactions on

substrates with unsaturated bonds (especially alkynes) in neoteric solvents is mandatory.
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Figure 1.17: TOF values for the cycloisomerization of N-(prop-2-yn-yl)benzamide to 2-phenyl-5-vinylidene-2-oxazoline

catalyzed by IPr-Au-X (X~ = BF4~, OTf, OTs™, and TFA~) in CDCIs* and propionic acid.

In order to verify the importance of the acid-base nature and hydrogen-bond acceptor powers of
the counterion in this reaction we have just considered (Figure 1.17) the catalytic properties of IPr-
Au-X (X~ = BF47, OTf-, OTs~, and TFA”) in CDCl5.*° The catalyst activity is related to the basic strength
of the anion and the performances of the catalysts decrease (Figure 1.17) gradually with increasing
basicity and hydrogen-bond acceptor power of X~ (basic strength: BFs~ < OTf™ < OTs™ < TFA7). The
plausible scenario for IPr-Au-X is that too basic anions with higher hydrogen-bond acceptor power
(OTs™ and TFA~) do not easily release the proton to gold thus slowing down the reaction rate. In
addition, the higher coordination ability of TFA™ versus the IPr-Au* fragment probably favours the

formation of the precatalyst IPr-Au-TFA during the catalysis.

In the case of propionic acid, OTf shows the best performance followed by BF4". OTs™ exhibited the
lower activity according to the previous study. On the other hand, the most basic anion TFA" shows
better results probably due to the acid environment that is able to protonate TFA™ disfavouring the

formation of IPr-Au-TFA.

Summarizing, the experimental catalytic activity trend found here for the cyclization of
propargylamides, namely, TFA" < OTs” < OTf < BF4", shows that the performances of the catalysts
increase gradually with decreasing coordinating ability and hydrogen-bond acceptor power of X
(basicity and coordinating strength: BFs” < OTf < OTs™ < TFA"), with TFA" being by far the worst
counterion. Thus, the results presented here show that the anion properties, both coordination
ability and basicity (hydrogen-bond acceptor power), should have a great impact on its “proton

shuttle ability”. To elucidate the gold(l) catalytic activity in the cyclization of propargylamide, the
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NHC*-Au-X (NHC* = 1,3-dimethylimidazol-2-ylidene; X = BF4, OTf, OTs’) complexes have been
considered as catalysts and N-(prop-2-ynyl)benzamide as the substrate for the calculations (Scheme

1.12). The calculated reaction energy profiles for the nucleophilic attack step are shown in Figure

1.18.
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Figure 1.18: Energy profiles for the nucleophilic attack step of the cycloisomerization of N-propargylcarboxamides
reaction mechanism catalysed by NHC-*Au-X (X = BFs, OTf, and OTs’). Energy values (kcal/mol) refer to the

corresponding ICx taken as zero.

The NHC*-Au-X initial complex (IC), with the N-(prop-2-ynyl)benzamide in the second coordination
sphere, has been considered as zero energy reference structure for all the three anions. The
displacement of the coordinated anion has been calculated to be a thermodynamically favourable
process for BFs (-10.0 kcal/mol) and OTf (-0.9 kcal/mol), leading to the corresponding reactant
complexes RCgra and RCott, where N-(prop-2-ynyl)benzamide is coordinated to gold and the anion
is in the second coordination sphere weakly interacting with the NH moiety of the substrate through
a hydrogen bond. The OTs replacement with the substrate is instead an endergonic process,
yielding a destabilized RCors (4.6 kcal/mol) through a calculated energy barrier of 11.8 kcal/mol and
a tri-coordinated transition state where both N-(prop-2-ynyl)benzamide and OTs™ are bound to gold
(see ). The optimized geometries of all species are shown in . In all the
RC complexes the counterion X" is placed above gold, weakly interacting with the metal centre with
at least one basic atom (Au--O = 2.903/3.579 A for OTs", Au---O = 3.046/3.731 A for OTf’, and Au---F
= 3.028/3.839 A for BF4) and forming a hydrogen bond with substrate NH group (NH---O = 1.789 A
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for OTs’, NH---O = 1.808 A for OTf, and NH---F = 1.757 A for BFs). Starting from these RC adducts,
the oxygen atom of the substrate CO group intramolecular nucleophilic attack to one carbon atom
of the activated triple bond can easily occur, with relativity low energy barriers (12.5, 11.8 and 11.2
kcal/mol for BF4,, OTf and OTs’, respectively) (Figure 1.18). The nucleophilic attack energy barrier
trend is consistent with the partial slippage away from the symmetrical n? coordination of the triple
bond to gold favoring the charge transfer from the nucleophile to the distorted m system. In
particular, the Au-C bond distances in the transition state (TSI) structures, which are depicted in

Figure 1.19, can be related to the nucleophilic attack activation barrier.>%16>

TSI geometry shows that the Au-C1 and Au-C2 bond distances are significantly different in all the
cases, with the Au-C1 (with C1 representing the carbon atom undergoing the nucleophilic attack)
amounting to 2.676 A for OTs", 2.647 A for OTf and 2.584 A for BF4". These values show that for the
OTs anion-assisted attack, the largest n? = n! deformation occurs, resulting in a more electrophilic

C1 carbon atom and, consequently, in the lowest activation barrier.

By comparing the N-H distances (Figure 1.19), we note that they do not match the hydrogen-bond
acceptor ability trend of the three anions (1.036 A for OTs", 1.038 A for OTf, and 1.029 A for BF4).
Analogously, the X-Au distances do not follow the anion coordinating ability trend (Au---O = 3.146 A
for OTs’, Au---O = 3.392 A for OTf, and Au---F = 3.393 A for BF4). Thus, the activation energy barrier
appears to arise as a balance between the anion hydrogen-bond acceptors and coordinating abilities
(extent of alkyne slippage), suggesting an impact of the most coordinating and basic anion in

enhancing the electrophilicity of the triple bond C atom.
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Figure 1.19: Transition state (TSl) geometries for the nucleophilic attack step of the cycloisomerization of N-

propargylcarboxamides reaction mechanism catalyzed by NHC*-Au-X (X = BFs, OTf, and OTs’). Bond lengths are in A.

Formation of the vinyl gold complex (intermediate I) from this step is a slightly endergonic process
for OTf and BF4,, whereas it is exergonic for OTs™ (Figure 1.18). In the intermediate |, the acidic NH

hydrogen should be transferred to the C2 carbon atom coordinated to Au by the anion, acting as
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proton shuttle. To calculate the overall path starting from NH proton detachment, due to the very
large number of different conformations involved, molecular dynamics simulations would be

needed, which are beyond the scope of this work.

However, we started our analysis of the protodeauration step with a reactant complex consisting of
a protonated anion HX interacting with the de-protonated substrate (RCII, see ) and the
transition state for the final proton transfer from the anion to C2 (TSIl) has been located here, which

allows to completely rationalize the experimental findings.

Note that in the TSIl structure for BF4 (TSllgra in Figure 1.21), an incipient HF molecule is formed, as
expected on the basis of BF4™ instability to H* with respect to the HF elimination. For this reason, an
additional water molecule has been included in the calculations to explore the protodeauration step

for this anion (BF4/H20). Energy profiles for the protodeauration step are shown in Figure 1.20.

The energy barrier calculated from RClI follows the trend BF4/H,0 < OTf < OTs (1.3, 3.0 and 11.8
kcal/mol, respectively). However, for comparison with the nucleophilic attack step, the energy
barrier should be calculated from the ICx structure as reference since selection of any configuration

of the RCIl complex would be arbitrary.
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Figure 1.20: Energy profiles for the protodeauration step of the cycloisomerization of N-propargylcarboxamides reaction
mechanism catalyzed by NHC*-Au-X (X = BF4/H20, OTf, and OTs’). Energy values (kcal/mol) refer to corresponding ICx

taken as zero.
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As it can be seen, this step requires a higher energy barrier than that of the nucleophilic attack step
for all the three anions, in full agreement with the experimental observations (a calculation of the
transition state TSI for the nucleophilic attack step including one additional water molecule shows
that the energy barrier decreases from 12.5 for BF4 to 6.3 kcal/mol for BF4/H20). The geometries

of TSIl are compared in Figure 1.21, whereas PC structures are reported in
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Figure 1.21: Transition state (TSIl) geometries for the protodeauration step of the cycloisomerization of N-
propargylcarboxamides reaction mechanism catalyzed by NHC*-Au-X (X" = BF4,BFs/H20, OTf, and OTs’). Bond lengths

are in A.

The protodeauration energy barrier trend exactly matches both that of the catalytic performances,
namely BF47/H,0 (6.8) > OTf (16.5 kcal/mol) > OTs™ (17.9 kcal/mol) and that of the anion basicity and
hydrogen-bond acceptor power (BFs < OTf < OTs’), thus suggesting an impact of the anion in
controlling the reaction rate through releasing of the proton to C2 atom bond to gold. Interestingly,
inspection of the TSII structures in Figure 1.21 reveals that neither the coordinating ability trend
(Au--O = 3.397 A for OTs’, Au---O = 3.371 A for OTf, and Au-—-F = 3.688 A for BF4/H20) nor the
hydrogen-bond acceptor power (O--H = 1.309, H--C = 1.358 A for OTs", O---H = 1.223, H---C = 1.453
A for OTf, and O--H = 1.240, H---C = 1.433 A for BF4/H,0) separately are able to account for the
energy barrier trend, which rather arises from a balance between them. Overall, these results
suggest that too basic anions with higher hydrogen-bond acceptor power (OTs") do not easily transfer

the proton thus slowing the reaction rate, consistently with experimental findings.
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2.2 Gold ()

2.2.1 Hydration of alkynes

In this chapter we investigated the structure, catalytic properties and reactivity of [2-CI]Cl and [3-
Cl]JOTf complexes in y-valerolactone, under acid-free conditions, by means of solution NMR

spectroscopic and computational (DFT) techniques.

ol iP iPr 2
N
Au” _PPh,
=N~ "Cl AUJ/] = N’Au
S - - N/ S
\ ]
1 2 3

The precursor compound (ppy)-Au-Cl2 (1) was synthesized according to the literature’? (see
Experimental Section). From the reaction of 1 with a slightly excess of IPr-HCl and four equivalents
of KHCO3, complex [2-CI]Cl was obtained in acetonitrile overnight, at room temperature, in air, and
without the purification of the solvent or drying the salt, according to our previously reported
procedure (see Experimental Section for details).1”3 High yield and purity of the desired product has
been given with this simple one-pot reaction, avoiding oxidative addition of diazonium salt by
175

photoredox catalysis'’# that requires moisture- and air-free conditions or the use of silver salts.

Slight modifications of the literature procedures!’® led to the synthesis of the complex [3-CI]OTf.

Elemental analysis and NMR spectroscopy were employed to analyze complexes [2-CI]Cl and [3-
CI]OTf. All proton and carbon resonances were unequivocally assigned (see Experimental Section)

from H, 13C, 'H-1H COSY, *H-'H NOESY, *H-13C HSQC, and 'H-13C HMBC NMR experiments.

The most important resonances for complex [2-CI]Cl, of its 'H, 13C and >N NMR spectra, belonging

to both ppy and IPr ligands and the most important NOE signals are shown in Figure 1.22.
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Selected o (ppm)

H1 9.27
H10 6.96
H13 7.88
H21 0.70
H22 1.23
H24 1.43
H25 1.09
C11 143.2
C12 149.2
N1 -147.7
N2 -189.8

Figure 1.22: Numbering and chemical shift of the most relevant resonances of complex [2-Cl]Cl and the most important
NOE signal for structure elucidation (in red).

It is evident from these configurations of signals, that both ligands are coordinated to the metal
center with IPr trans to the N atom of ppy, and that ligands are perpendicular one to each other, as
such a configuration around the metal center leading to four different signals for the methyl groups

of the isopropyl fragments of IPr (Figure 1.22).

Complexes [2-CI]Cl and [3-CI]OTf were employed as catalysts in the hydration of 3-hexyne to 3-
hexanone. A standard catalytic run was performed by mixing the alkyne and 1.1 equivalents of H,0
in 400 pL of GVL, and in the presence of 1 mol% [2-CI]CI (or [3-CI]OTf) and 2 mol% AgX (X = BFy,
OTf, SbFe, and TFA") as the catalytic system at 50 °C. NMR spectroscopy was used to monitoring the
progress of the reaction (see Experimental Section). The TOF value was calculated for each run to

evaluate the catalytic activity in different conditions.
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Table 1.8: Complexes [2-Cl]Cl and [3-CI]OTf (1 mol%) catalyzed hydration of 3-hexyne at 50

°Cin GVL.%
Entry Complex Additive Conv. (%)° TOF?

1 1 AgOTf - -
2 [2-CI]cl - - -

3 [3-Cl]OTf - - -

4 [3-Cl]OTf AgOTf 58 14
5 [2-cl]cl AgOTf 49 12
6 [2-CI]cl AgTFA 4 1
7 [2-Cl]Cl AgSbFe 60 15
8 [2-Cl]Cl AgOTs 20 5
9 [2-Cl]Cl AgBF, 44 11
10 [2-Cl]Cl AgOAc 2 1

11¢ [2-Cl]Cl AgOTf 46 12

127 [2-Cl]Cl AgOTf 58 15

g Catalytic conditions: 3-hexyne (0.88 mmol, 100 pL), H20 (1.00 mmol, 18 uL), [2-Cl]Cl or 2 (0.0088 mmol) and AgX
(0.0166 mmol) in y-valerolactone (400 uL). ® mol% = (moles of catalyst / moles of alkyne) x 100. ¢Determined by
1H NMR after 4h; averaged value of three measurements. Y TOF = (N product / N catalyst) / t(h) at 4h of conversion. ¢ D0

instead of H,0 (1.10 mmol, 20 uL).fin the presence of HOTf (0.043 mmol, 3.8 pL).

No conversion after 24 h (entries 1-3, Table 1.8) has been shown by the precursor 1 (activated by
AgOTf) as well as [2-Cl]Cl and [3-CI]OTf (without addition of the silver salt) at 50 °C. Trace amounts
of product were observed after 24 h (entries 6 and 10, Table 1.8) with [2-CI]Cl in combination with
AgTFA and AgOAc. Conversely, with [2-CI]Cl in the presence of AgOTf, AgSbFs, AgOTs, and AgBF,,
(entries 5, 7, 8, and 9, respectively in Table 1.8 are the conversions after 4 h) quantitative (> 95%)
transformation of 3-hexyne into 3-hexanone was reached within 24 h. Also complex [3-CI]OTf, in
combination with AgOTf as halide scavenger, promoted the complete formation of 3-hexanone

(entry 4 Table 1.8: 58% of conversion after 4 h).

The TOF value [TOF (h'!) = (Nproduct) / Necatalyst) / 4h, Table 1.8] was calculated to compare the catalytic
activity in different conditions. The values obtained for [2-CI]Cl using AgBF4, AgSbFs and AgOTf, and
[3-CI]OTf using AgOTf, are in the range 11-15 h™L. Similar TOFs are reported in the literature for both
inorganic salts or organometallic complexes of gold(lll), although reflux of methanol/water mixture

and use of acidic conditions were frequently employed.19%118177-180 \When [2-CI]Cl is used in
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combination with AgOTs (Table 1.8 entry 8) about half value of TOF is obtained. This result, jointly
with the poor activity of the AgTFA and AgOAc catalytic system (Table 1.8 entries 6 and 10), suggests

a precise role of the anion during the reaction, as already observed for gold(l) catalysis.8%182

In the catalytic behavior of [2-CI]Cl the counterion effect suggests that the coordination of the
substrate could be the key step and high conversion into ketone has been found only in the case of
low and intermediate strength co-ordinating anions (SbFes, BFs,, OTf, and OTs") whereas, if anions
with stronger co-ordinating properties (TFA", Cl, and OAc’) are employed, poor or no catalytic

activity has been observed.

Before starting the study of the mechanism, we were interested in the stability in solution of the
catalytic systems employed in the hydration reaction. Therefore, complex [3-CI]OTf and AgOTf were
mixed with 10 equivalents of 3-hexyne and water in acetone-ds. The characteristic broad signal at
43.46 ppm in the 31P-NMR spectrum (see Experimental Section for details) disappeared immediately
and the contemporary formation of several sharp signals, indicated the formation of different PPhs-
containing compounds. In particular, the signals at 45.00 ppm and 25 ppm related to the well-known
[PPh3-Au-PPhs]* cation and O=PPhs, respectively, were observed.13%13318 Complex [3-CI]OTf was
not further considered for the mechanistic study because of its clear decomposition with formation

of gold(l) new species which are able to catalyze the reaction.

A sample was prepared by mixing the complex [2-CI]Cl, 1.2 equivalents of AgBF4 and 10-fold amount
of water in acetone-ds, in order to study the stability of [2-CI]Cl in catalytic conditions (Table 1.9
solution A). As can be observed in Table 1.9 (see Experimental Section for details) the *H, 3C-DEPT
and 'H-'>N HMBC NMR spectra were quite similar to those of complex [2-Cl]Cl in deuterated
acetone. The spectra indicate that phenylpyridine is still chelated to Au. In particular, H1 is at 8.69
ppm, C11 at 143.2 ppm, and N1 at -147.7 ppm.18

For the IPr ligand the resonances of the four doublets in the aliphatic region belonging to the methyl
groups are at 0.94, 1.33, 1.46, 1.13 ppm, C12 is at 150.3 ppm and that of N2 is at -190.0 ppm (Table
1.9). These patterns assess the simultaneous coordination of the N1 and C11 of ppy and C12 of IPr
(Experimental Section and Figure 1.22), confirming the integrity of the structure of the gold(lll)
complex before starting the catalysis. Then, 10 equivalents of 3-hexyne were added to the mixture
and the catalysis started. H, 3C-DEPT and 'H->N HMBC NMR spectra were again recorded at 30%
of conversion (Table 1.9 solution B). As a matter of fact, the spectra are similar to those previously

recorded (solution A) (see Experimental Section for details).
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The complex [2-H,0](BF4)2 was prepared in-situ in an NMR tube in order to deeply understand the
nature of gold(lll) species in solution during the catalysis. All proton and carbon resonances
belonging to the different fragments were unequivocally assigned (see Experimental Section) from
H, 13¢C, *H-H COSY, H-H NOESY, *H-13C HSQC, and H-3C HMBC NMR spectra recorded in CD2Cls.
Selected chemical shifts match with those observed for solution A (Table 1.9). In particular, the
coordination of water to gold (replacing inner the Cl" ion) shifted the proton resonance of H1 from
9.27 ppm to 8.75 ppm and for the resonances of carbons C11 and C12 from 143.2 and 149.2 to
143.05 and 150.6 ppm, respectively (Figure 1.22 and Table 1.9). Finally, in the 'H-'H NOESY
spectrum an intense NOE between the signal of H1 and that of water at 1.76 ppm can be observed.
From these patterns of signals, it seems clear that the predominant complex present in solution

during the catalysis is the water adduct [2-H,0]?".

Table 1.9: Selected *H, 13C, >N chemical shift (ppm) of 1, 3 and solutions

A and B (see text) in acetone-ds

1 3® A B
H1 9.28 8.75 8.72 8.72
H13 8.58 7.71 8.31 8.32
H21 0.76 0.94 0.92 0.93
H22 1.23 1.33 1.26 1.25
H24 1.49 1.46 1.45 1.46
H25 1.15 1.13 111 b
C11 143.2 143.1 143.0 143.3
C12 149.2 150.6 150.3 150.2
N1 -147.7 -144.1 -144.2
N2 -189.8 -190.0 -190.0

2 Recorded in CD2Cl.. ® Superimposed with signals of both substrate and reaction product.

The stronger Au-IPr bond (with respect to the Au-PPhs one)'>87 gllows the metal to maintain its
+3 oxidation state during the entire catalytic cycle, avoiding the reduction to Au(l) and/or to Au(0)
nanoparticles. To confirm the absence of Au(l) catalyst in solution, the [IPr-Au-Cl]/AgOTf system was
examined as catalyst for the hydration of 3-hexyne in the same exact conditions employed for [2-

Cl]Cl and higher TOF of 115 h'! was obtained (see Experimental Section for details).
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During the hydration reaction, two of the three coordination sites in [2-CI]Cl are occupied by ppy
and IPr ligands, and only one site is accessible for the substrate/nucleophile species. Therefore,
presumably a possible mechanism for the gold(lll) catalyst can be similar to that accepted for Au(l)
(Scheme 1.13) for the hydration of alkynes. The metal fragment acts as a Lewis acid by coordinating
3-hexyne, which consequently undergoes a nucleophilic attack by water, with the formation of an
organogold intermediate. The gold—carbon bond is typically split by a proton (protodeauration),
leading to the vinyl alcohol and regenerate the catalyst. In the end, keto-enol tautomerization
provides the desired product. To better understand the reaction mechanism, we decided to analyze
the influence of acid additives and the kinetic isotopic effect (KIE) for the evaluation of the rate
determining step, the order of reaction with respect to catalyst, alkyne and nucleophile and, finally,

the effect of the temperature.

H
H M Ry o M+ HO-H
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R HO @ R
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Scheme 1.13: Proposed mechanism for the alkyne hydration reaction catalyzed by complex [2-Cl]CI.

D,O was used instead of H,O (entry 11, Table 1.8) to calculate the KIE. Similar values of TOF

(compare entries 5 and 11 in Table 1.8) indicated that KIE is close to one, thus suggesting that the
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proton transfer is not the RDS. This is confirmed also by the addition of trifluoromethanesulfonic
acid (5% mol with respect to 3-hexyne; entry 12, Table 1.8) that only slightly accelerates the
progress of the reaction. The H* ions therefore do not play an active role during the catalysis and,
more importantly, the acidic environment does not poison the catalyst. In part these first findings
disagree with those reported in the literature: the addition of acid generally increases the reaction
r-ate100,118,177—180

and, moreover, the acidic condition could favored the protonation of the gold-

carbon bond of the cyclometalated ligand.8

In the presence of identical amounts of 3-hexyne and H,0, when the loading of [2-CI]Cl was
increased from 0.2 to 2% (entries 1-5, Table 1.10) an increasing of the conversion (after one hour)
was observed.'® In particular, it can be observed (Figure 1.23) a linear growth of the conversion
with catalyst concentration. As the case of the methoxylation of alkynes promoted by IPr-gold
complexes*® this trend suggests a 1%t order dependence on the catalyst. Furthermore, giving an
almost constant value of TOF (entries 1-5, Table 1.10), it can be asserted that only one gold atom is

involved in the reaction.

Table 1.10: Hydration of 3-hexyne at 50 °C in GVL 25 -
catalyzed by 1° y §10.629x + 1.1463 °
R?=0.9919
Entry  Conc. (%) Conv.(%)>¢  TOF(h?) 20 +
1 0.2 3 13 S °
= 15 1
2 0.5 7 14 9 .
o
3 1.0 13 13 g 10
O
4 1.5 19 13 .
5 -
5 2.0 24 12 .
9 Catalytic conditions: 3-hexyne (0.88 mmol, 100 pL), H.0 (1.00 0
mmol, 18 pL) in GVL (400 pL). ®mol% = (moles of [2-CI]CI / moles of 0 0.5 1 1.5 2 2.5
alkyne) x 100. ¢ Determined by 'H NMR after 1h; averaged value of Concentration %

three measurements. Y TOF = (N product / N catalyst) / 1 h.

Figure 1.23: Substrate conversion after one hour of hydration of 3-hexyne vs. concentration of [2-CI]CI.
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Table 1.11: Hydration of 3-hexyne at 50 °C in GVL catalysed by [2-CI]CI ©

Entry 3-hexyne (ul)  Water (uL) Conv. (%)’  Time® (h) (TOF9)

1 50 18 91 4(11)
2 100 18 93 8(12)
3 200 18 44 8(11)
4 100 36 87 8(11)
5 100 54 87 8(11)

4 Catalytic conditions: [2-CI]Cl (0.0088 mmol) and AgOTf (0.0166 mmol) in GVL (amount necessary
to reach a final volume of 518 pL). ®Determined by 'H NMR; average value of three
measurements. ‘Time necessary to reach the reported conversion. Y TOF = (N product / N catalyst) / t(h)
at the reported conversion.

Subsequently, the effect of alkyne and water concentration on the reaction rate (the results are
collected in Table 1.11) was determined. A standard catalytic run was performed by maintaining
constant both the loading of the catalyst (0.0088 mmol) and the final volume (518 uL). The volume
of 3-hexyne (50, 100 and 200 uL, entries 1-3, Table 1.11) and water (18, 36, 54 uL, entries 1, 4, and
5, Table 1.11) were varied. About the same value of TOF was obtained (around 11-12 h) suggesting
a pseudo-zero order reaction with respect to both reagents. In the gold(l) catalyzed addition of a
nucleophile to an unsaturated bond,*8181182,190,191 5 nseudo-zero order reaction with respect to the
substrate is frequently observed, contrarily a pseudo first-order reaction with respect to the

nucleophile is observed when the RDS is the nucleophilic attack.®181,182,190,191

In the past the hydration of alkynes promoted by gold(lll) has not been deeply studied (see the
Introduction) and the activation energy (Ea) has not been experimentally evaluated yet. For the
hydration of 3-hexyne, catalyzed by [2-CI]CI/AgOTf, the measurement of the activation parameters
was obtained by conducting the catalysis in the temperature range between 313-393 K, and by
monitoring the reaction through in situ *H NMR spectroscopy. The results are collected in Table 1.12

and Figure 1.24.

The activation energy (Ea) was obtained from the slope of the plot of In(TOF/T) against 1/T (Figure
1.24) on the basis of the Arrhenius equation: In(TOF/T) = In(A) — E2/RT. From the Figure 1.24, we
determined the activation energy equal to 46.6 kJ mol™? (11.1 kcal mol?). In the alkoxylation of 3-
hexyne catalyzed by [NHC-Au-OTf]**! we obtained a higher value of activation enthalpy (16.7-18.1

kcal molt) and, furthermore, a much higher activation energy value (15.2 kcal molt) was reported
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by Nevado and co-workers'®? in their studies on the gold(l)-catalyzed oxidative coupling of

arylsilanes and arenes.

Table 1.12: Complex [2-Cl]CI catalyzed hydration of 3-hexyne in GVL®? at different

temperatures.
Entry Temp. (K) Time (min)° TOF9(h)
1 313 396 8
2 323 205 14
3 338 92 30
4 353 28 57
5 393 12 252

aCatalytic conditions: 3-hexyne (0.88 mmol, 100 pL), H20 (1.00 mmol, 18 uL), [2-CI]CI (0.0088 mmol, 9.1 mg) and
AgOTf (0.0166 mmol) in GLV (400 pL). ® mol% = (moles of catalyst / moles of alkyne) x 100. € Time necessary to
reach 50% conversion, determined by 'H NMR; averaged value of three measurements.  TOF = (N product / N catalyst) /
t(h) elapsed, at the reported conversion.
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Figure 1.24: Arrhenius plot at 50% of conversion of hydration of 3-hexyne catalyzed by [2-CI]CI.

It can be reasonably argued that of the whole mechanistic investigated, only one gold atom is
involved in the rate determining step of the reaction. The nucleophilic attack or the protodeauration
are excluded to be the RDS. DFT calculations have been performed (see Computational Details in

the Experimental Section) to shed light on these intriguing results.

The nucleophilic attack step is commonly known to be the RDS for gold(l)-catalyzed alkyne hydration
and alkoxylation reactions,126:127.157.158 and we started our study by examining this step. For the triple
CC bond, we found the larger o donation and smaller it back-donation in Au(lll)-alkyne system,

compared to the Au(l) ones, and this result leads to a more effective activation towards nucleophilic
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attacks combined with a greater CC polarization.'®3 For the calculations the [(ppy)-Au-NHC*-OTf]OTf
(NHC* =1,3-dimethylimidazol-2-ylidene) was considered as model for catalyst [2-CI]Cl, 2-butyne and
water have been chosen as substrate and nucleophile respectively. A low energy barrier of 5.6
kcal/mol (at BP86/B2PLYP level) was calculated. The starting complex for the study of the
nucleophilic attack process, is the reactant complex RC, where 2-butyne is coordinated to gold in
trans position with respect to the C atom of the ppy ligand. The inner triflate passes in the second
sphere such as the other OTf and the water molecule. In Figure 1.25 the optimized geometry is
shown. The two OTf anion are placed one above the ppy-Au plane, with a week interaction with the
metal (Au--O = 2.821 A), and the other forms a hydrogen bond with the water. The oxygen atom of
water is at about 3.1 A distance from the closest carbon atom of the coordinated alkyne. We
considered the above conformation because it bears some analogy to the gold(l) RC
complexes, 7158 nevertheless, different positions of the triflates are possible. Interestingly, the
bond distances between the gold and the two alkynic carbons are significantly different (Au-C1 =
2.477A and Au-C2 = 2.353 A). C1 is the carbon placed at the same side of the OTf anion while and
C2 is the 2-butyne carbon atom at the opposite side. It is known that the consequences of the alkyne
coordination to gold center are the lengthening of the triple bond (1.234 A in RC), and the alkyne
distortion from linearity. A larger distortion is observed at C2 in RC with a CH3-C2-C1 bond angle of
162.5° whereas the CH3-C1-C2 bond angle is 169.1°. Compared to the corresponding RC for [IPr-
Au()]* with the OTf anion:** i) the nucleophile is activated by the water bearing one anion for an
outer-sphere addition and ii) although in gold(l) species a single anion is able to perform both the

roles, acting as template, here the anion just weakly interacting with gold.

The nucleophilic attack activation barrier can be related to the Au-C bond distance depending on
the carbon atom undergoing the nucleophilic attack.’® In fact, the charge transfer from the
nucleophile to the distorted 1 system is favored by the partial slippage from the symmetrical n?
coordination of alkyne to gold and, in particular, to the carbon atom of the triple bond farther away
from gold.'®> For this reason, the nucleophilic attack of water has been calculated both for C1 and
C2, since different Au-C1 and Au-C2 bond distances were observed. The two profiles are compared
in Figure 1.25. A lower activation energy barrier is calculated for C1 with respect to that for the
water attack towards C2 (C1: 5.6 vs. C2: 7.8 kcal/mol). In the absence of the second counterion the
lowest barrier from RC amounts to 5.6 kcal/mol is in agreement with the value calculated in ref. 1%3,
The transition states evolve to the vinyl gold intermediates PCc1 and PCc,, which are more stable

than RC by 5.9 and 5.2 kcal/mol, respectively (Figure 1.26). Main geometrical parameters of all
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nucleophilic attack transition states and products with optimized geometries are reported in Figure

1.25.
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Figure 1.25: Reactant complex RC, transition state TS and product complex PC for the water nucleophilic attack towards
2-butyne C1 and C2 carbon atoms. Energies values (kcal/mol) refer to corresponding RC taken as zero. Bond lengths are

in angstroms.

The gold-carbon bond distances can be considered as a reactivity index related to the nucleophilic
attack activation barrier. Weak interaction of the anion with gold on the same side of the 2-butyne
C atom could have a role in the partial slippage away from the symmetrical n? alkyne coordination
to gold. In the absence of both the anions, the geometry optimization of the reactant complex shows
that the two Au-C1 and Au-C2 bond distances within RCnoanion (2.477 and 2.475 A) are only slightly
different (Figure 3.40 in the Experimental Section) confirming that the anion above the ppy-Au plane

should be responsible for their different values in the RC structure in Figure 1.25.

Confirming what found in in ref. 193, gold(lll) species are generally much more efficient in the triple
bond activation than gold(l) species to the point that the nucleophilic attack for the investigated
reaction was not the rate determining step. Moreover, inclusion of the second counterion seems to

affect only slightly the nucleophilic attack process.
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The pre-equilibrium step was then considered, beginning by looking for the most stable species
formed by the di-cationic gold catalyst [(ppy)-Au-NHC*]?*, the 2-butyne substrate, the H.O
nucleophile and the two OTf anions. For the study of this process, the initial complex IC were: the
[(ppy)-Au-NHC*-OTf]OTf complex where one OTf anion is directly coordinated to gold, and water
and 2-butyne (and the second anion) are in the second coordination sphere. In Figure 1.26 the
optimized geometry is shown. The substitution of the anion by the alkyne is the first step of the
catalysis, leading to the reactant complex RC previously analyzed. The optimized geometry of the
species where the anion is replaced by water (ICh20) is shown in Figure 1.26. Due to the interaction
with the anion, the water (OTf---HOH distance 1.481 A) coordinated to gold shows one elongated O-
H distance (1.046 vs. 0.993 A) in the ICh20 species, leading to a coordinated incipient “OH” group
(Figure 1.26). This species could be responsible for catalyst deactivation, making the alkyne
substitution difficult. Indeed, the anion substitution by the water molecule is thermodynamically
favored (-3.6 kcal/mol). Then, the coordination of 2-butyne to the metal center requires the
displacement of the water. The calculated transition state for this process is also shown in Figure

1.26.
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Figure 1.26: Optimized geometries of the initial complex IC, water adduct ICrz0, and transition state for the water
substitution by 2-butyne process (pre-equilibrium step) TS. Distances are in angstroms. Energy values (kcal/mol) refer to

IC taken as zero.

An activation barrier energy of 19.6 kcal/mole has been calculated for the pre-equilibrium. The
structure of gold is penta-coordinate in the transition state, with water and 2-butyne in the inner
sphere and the triflate, initially above the gold-phenylpyridine plane, moves away from the metal
center, forming a hydrogen bond with the water molecule. The pre-equilibrium and the nucleophilic

attack step reaction energy profile (red line) are summarized in Figure 1.27.
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Figure 1.27: Reaction energy profiles for the pre-equilibrium and nucleophilic attack steps calculated at BP86/B2PLYP
level of theory in gas phase (red line) and at BP86+D/COSMO level including solvent (blue line). Energy values refer to

corresponding IC taken as zero.

The involvement of both the alkyne and the water clearly indicate that the pre-equilibrium is the

rate-determining step, and it is fully consistent with the experimental results.

The activation energy obtained experimentally (11.1 kcal/mol) is almost half compared to the
calculated one (19.6 kcal/mol). The solvent can influence this activation barrier and, therefore,
COSMO single point calculation was carried out on ICHz0 and TS structures. Nitromethane was used
as solvent since its dielectric constant is very close to that of GVL (€ nitromethane = 37.3, € y-valerolactone =
36.9) which is not available in ADF program package. In addition, we observed that inclusion of
solvent in conjunction with B2PLYP functional in ORCA is not feasible, therefore we compared first
the gas phase BP86 and BP86 including dispersion correction (BP86+D) energies as a preliminary
test for the dispersion effect (which is already included in the B2PLYP functional). A value of 22.8
kcal/mol was found for gas phase BP86 activation energy barrier, whereas gas phase BP86+D value
is 15.8 kcal/mol. So, consistently with the BP86/B2PLYP result (19.6 kcal/mol), the inclusion of

dispersion decreases the barrier. After that, we performed BP86+D/COSMO single point calculations
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to get an estimate of the combined dispersion and solvent effects on the pre-equilibrium barrier
which give a value of 9.2 kcal/mol. As result of this, solvent inclusion further decreases the pre-
equilibrium BP86+D activation energy barrier by 6.6 kcal/mol. Thus, the solvent effect largely
improves in agreement with experiment (9.2 vs. 11.1 kcal/mol). Also, for the nucleophilic attack step
we performed BP86+D/COSMO single point calculations and in Figure 1.27 (blue line) the overall
reaction profile is shown. Remarkably, the inclusion of the solvent largely stabilizes the ICh20
complex with respect to IC (-10.1 kcal/mol) and slightly decreases the nucleophilic attack energy
barrier (4.0 kcal/mol). In conclusion, the water disfavors the reaction as well as the high reactivity
of Au(lll)-alkyne make it difficult to isolate and characterize. In agreement with the experimental
evidence, the large stability of the IC20 complex makes the water adduct with gold the predominant

species for the whole catalysis.
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2.2.2 Preequilibrium study

Compared to Au(l),>37°3 catalysis by Au(lll) is far less developed and much more challenging. Au(lll)
easily tends to reduce to Au(l) or Au(0) if electron-rich species are present in the reaction
environment.893 On the other hand, the ligands that completely stabilize the charge of the metal
generate a catalytically non-active complex.'®* A theoretical study by some of us on the alkyne
activation with Au(lll) complexes with different pincer ligands has shown that the Au(lll)-alkyne
complexes very efficiently activate the alkyne triple bond to the point that the nucleophilic attack
step could cease to be the rate determining step (RDS) of the reaction, at variance with Au(l)-alkyne
complexes.’®® Then, other steps of the catalytic cycle, particularly the pre-equilibrium, were
suggested to be a key step for the reaction. The mechanism of the hydration of 3-hexyne catalyzed
by [2-CI]CI in y-valerolactone (GVL) as the solvent has been investigated (chapter 2.2.1) by some of
us both experimentally (NMR) and computationally (DFT), demonstrating that the pre-equilibrium

step is effectively the RDS.

The aim of this chapter is exactly to computationally investigate the coordination ability of catalytic
Au(lll) complexes and its dependence on the ancillary ligands on the basis of the experimental

results acquired by studying the alkyne hydration reaction.
Experimental results on the coordination ability of 2

The catalytic activity of [2-CI]Cl in the hydration of alkyne (3-hexyne) have shown a not completely

satisfactory efficiency of this complex.1®3

The reactivity of [2-Cl]Cl towards the addition of AgBFs or AgOTf in different solvents, in the
presence of 3-hexyne or water was studied, in order to characterize and isolate the reaction
intermediates of the pre-equilibrium step of the hydration reaction mechanism, namely the
complexes [2-(3-hexyne)]?*, [2-H,0]?*, [2-OTf]*, and [2-BF4]*, The starting complex (or pre-catalyst)
[2-Cl]Cl coordinates the chloride ions in the first and second coordination shells. To coordinate and
activate the 3-hexyne substrate, the CI" must be removed. Experimentally, this step requires the
addition of silver salts, and therefore AgOTf and AgBF4 were used to remove the Cl ions in different

conditions (Scheme 1.14).

By reacting in a NMR tube [2-CI]Cl with 2 equivalents of AgBF4 in non-anhydrous CD,Cl, were

generated [2-H,0](BF4); and [2-BF4]BF4 complexes (see Experimental section for details). From H,

13C, 1H-COSY, H-NOESY, H,'3C-HSQC NMR, and H,3C-HMBC NMR spectroscopies all proton and
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carbon resonances belonging to the different fragments of both complexes were assigned (see
Experimental section). The two complexes are present in about equal amount (52% of [2-BF4]BFa4)
and monitoring the chemical exchange between the two resonances of proton H1 (Scheme 1.14) by
qualitative H-EXSY NMR experiments allowed to extract the rate constant (kobs) for their

interconversion, kobs was found to be 1.0 s.

10 equiv. of 3-hexyne were added to the CD,Cl; solution containing [2-H,0](BFa4)2 and [2-BF4]BFs, in
order to synthesize the complex [2-(3-hexyne)](BFa4)2, but no variations of the resonances belonging
to both complexes were observed, indicating that no formation of the desired product did occur.
On the contrary, the addition of 5 equiv. of water quantitatively shifted the [2-H,0](BF4)2/[2-BF4]BFa

equilibrium towards the former.

Following the same procedure, we decided to try to synthesize [2-H;0](OTf), and [2-OTf]OTf
complexes, but the formation of [2-CI]OTf was obtained (Scheme 1.14). The addition of 4 equiv. of
AgOTf to a solution of [2-Cl]Cl in acetone at 50 °C overnight gave the formation of a mixture of [2-
Cl]OTf, [2-OTf]OTf, and [2-H,0]OTf in 0.22, 0.70, 0.08 ratio (see Experimental Section for details).
Also in this case, the addition of 10 equiv. of 3-hexyne to a CD;Cl; solution of the mixture did not

change its composition, while the addition of water gave the formation of a mixture of [2-CI]OTf and

2-H,0]OTH.
AgBF,: 40 umol 2] AgOQTf: 40 umol
CD,Cl;: 0.5 mL Acetone: 3 mL
15mg
18.5 pmol
AgOTf: 40 pmol CD,Cl,: 0.5 mL
A J v
[2-H,0](BF.), [2- Jort (2= Jott
[2-BF,]BF [2-H,0](OTf),
s [2-OTf]OTf
3-hexyne: H,0: H,0: 3-hexyne:
1.1eq 5eq S5eq 1.1eq
NO NO
REATION [2-H,0](BF.), [2-H,0](OTf),

REATION
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Scheme 1.14: The reactions studied in this work.

In summary, 3-hexyne does not coordinate to the 2 fragment when BF4, OTf or water are present
into the mixture. In addition, BFs~ and OTf showed the same coordinating ability towards 2 and
slightly less than water. To date, only the water-containing species [2-H,0]BF4 can be isolated and
characterized, consistently with the highly reactive character of the catalyst-substrate complex

during the catalysis.'*?

These results contrast with what found for the [IPr-Au]* fragment, where 3-hexyne and OTf are
more coordinating than water and BF4.%%°0126127.158 Aq 3 partial confirmation, Glorius and
coworkers have isolated a similar compound, [3-BF4]*, in which the BF4 ion is coordinated in the

inner sphere instead of water.74

These experimental counterintuitive results and challenges have been addressed computationally
in an attempt to rationalize them and, consequently, to optimize the catalytic efficiency of this type

of Au(lll) complexes.

As mentioned, the coordination ability of the gold(lll) monocationic/bicationic fragments towards
the counterion, alkyne or nucleophile has an impact on the pre-equilibrium step of the catalytic
cycle, favouring it or deactivating the catalyst, as demonstrated for a gold(l) monocationic

fragment.48:50,126,127,158

On the basis of the above reported experimental data, the coordinating ability of the 2 fragment
towards ClI, BFs, OTf, H,0, 3-hexyne, and 2-butyne has been computationally studied. Moreover,
the effect of the ancillary ligand modelling, namely, replacing of IPr with NHC* (NHC* = 1,3-

dimethylimidazol-2-ylidene), and of the pincer ligand substitution, namely, replacing of
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phenylpyridine (ppy) and IPr with (CANAC) (CANAC = 2,6-bis(4-'BuCgHs), pyridine dianion) and of IPr
with CI', on Au(lll) coordination ability has been investigated. Although in computational studies the
ancillary ligands are commonly simplified, a simplified model of the ligand could be no longer
acceptable when one explores the energetics of ion pair dissociation, which are strongly governed
by steric factors. The effects of dispersion and solvent inclusion in the calculations are also explicitly
estimated. In order to highlight differences and similarities between the gold +1/+3 oxidation states,
all the results are compared with those obtained for the [IPr-Au]* fragment. Finally, the pre-
equilibrium step has been studied by evaluating the activation energy for the H,0 substitution by 2-
butyne in [2-H,0]%* and [IPr-Au-H,0]* complexes under modelled experimental conditions, namely,

in the presence of explicit GVL and H,0 molecules as the solvents.
Coordination ability of the 2 fragment

The bonding energies of X (X = CI, BF4', OTf,, H,0, 2-butyne and 3-hexyne) have been evaluated in
order to study the coordination ability of the 2 fragment. We have performed calculations of

electronic energy change (AE) for the following reactions:
2+ X > [2-X]*/? (1)
[(pPY)-AU-NHC*]** + X = [(ppy)-Au-NHC*-X]"/2*  (2)
[NHC*-Au]* + X > [NHC*-AuX]/* (3)

In reaction (1) the experimental complex is taken into account, denoted as “Au(lll) real”, whereas in
reaction (2) the IPr ligand is simplified by replacing the two isopropylphenyl moieties by methyl
groups (NHC* = 1,3-dimethylimidazol-2-ylidene), denoted as “Au(lll) model”, as commonly done in
computational studies. Finally, in reaction (3), the corresponding simplified Au(l) complex, denoted
as “Au(l)” is examined, for comparison. A test calculation of the bonding AH and AG values has been
performed showing that the bonding AE values are good/reasonable approximation to AH/AG

values. The results are reported in the Experimental Section ( ).

As the X ligands are concerned, we selected all the experimentally employed species. In addition to
3-hexyne, also 2-butyne was examined, which is however usually considered as a model alkyne in

computational investigations. The results are summarized in Table 1.13.
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Table 1.13: X (X = CI, OTf, BF4, 3-hexyne, 2-butyne, and H20) bonding energies (AE in kcal/mol) to 2 (Au(lll)
real), [(ppy)-Au-NHC*]** (Au(lll) model) and [NHC*-Au]* (Au(l)).

AE cr OoTf BF4 3-hexyne 2-butyne H,0
Au(lll) real -202.3 -158.5 -153.6 -30.0 -25.8 -21.5
Au(lll) model -225.0 -187.5 -176.5 -44.9 -39.2 -28.4
Au(l) -157.0 -120.2 -110.1 -52.0 -50.2 -36.6

The bonding energies span a range of -21.5/-202.3 kcal/mol for the real catalyst and of -28.4/-225.0

kcal/mol for the model one. For Au(l) complexes the bonding energies are calculated between -36.6

and -157.0 kcal/mol. The overall energetic trend in all the different systems can be readily visualized

in Figure 1.28.
E kcal/mol0 ~ Cr OTf BF4 3-hexyne 2-butyne H,0
. ,/

-100 —
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Figure 1.28: Bonding energy trend for real and model Au(lll)X and for Au(l)X (X = CI, OTf, BFs, 3-hexyne, 2-butyne and

H20) complexes. Plotted data are taken from Table 1.13.
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As a general trend, the anionic ligands exhibit the largest bonding interactions compared to the
neutral ones. In particular, Au(lll)Cl shows the highest bonding energy, following the Au(lll)Cl >
Au(III)OTf > Au(lll)BF4 order. Note that the Cl" strongest coordination ability is in full agreement with
the difficulty experimentally encountered when attempts are made to remove the chlorine from
the first coordination shell of the Au(lll) complex. By contrast, removal of Cl- from L-Au-Cl by AgX is

easier,4850,126,127,158

Bonding energies of neutral ligands are lower, with the minimum value calculated for H,0, in the
order Au(lll)3-hexyne > Au(lll)2-butyne > Au(lll)H,0. This energetic trend is the same for all the

systems, Au(lll) real, Au(lll) model and Au(l) complexes.

However, the bonding energies along the Au(lll) real complex series are always lower than the
corresponding ones in the Au(lll) model complex series. Interestingly, the Au(lll) model systems,
which should simulate the real ones, show a different stabilization depending on the X ligand. For
instance, H,0 has a larger bonding energy in the Au(lll) model complex by 6.9 kcal/mol, whereas 2-
butyne and 3-hexyne have larger AE by 13.4 and 14.9 kcal/mol, respectively, with respect to the
Au(lll) real complex. This difference is even more pronounced for the anionic X ligands: Au(lll)OTf
model complex is stabilized by 29.0 kcal/mol with respect to the real one, whereas Au(lll)BFs and
Au(lll)Cl model species are stabilized by 22.9 and 22.7 kcal/mol, respectively. This finding, showing
a different energy gap between the model and the real systems, would suggest that replacing IPr by
NHC* could be not quantitatively safe for all the X ligands, although qualitatively the same trend is

reproduced. We will analyze this issue in detail later on.

On the other hand, the difference in AE values between Au(lll) model and Au(l) systems is
approximately constant within each ligand subset. For instance, for the neutral X ligand series, the
bonding energies are larger for Au(l) than for Au(lll) model by 7.1/11.0 kcal/mol, and for the anionic
X they are larger for Au(lll) model than for Au(l) by 66.4/68.0 kcal/mol. From these results we can
surmise that Au(lll) model and Au(l) systems can be directly compared. From Table 1.13 and Figure
1.28 we can also see that Au(lll) interacts more strongly with anionic X than Au(l) does, as one should
expect. Au(l) instead shows a larger bonding interaction with neutral X ligands: Au(lll)X complexes
bonding energy values range from -28.4 kcal/mol to -44.9 kcal/mol (or from -21.5 to -30.0 kcal/mol
for the Au(lll)X real complexes) vs. the corresponding Au(l) ones ranging from -36.6 to -52.0

kcal/mol.
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By taking the Au(lll)/Au(l)-H20 bonding energy as zero reference point and plotting the bonding
energies of all the complexes, we can separately analyze the different system series, namely Au(lll)

real, Au(lll) model and Au(l), as shown in Figure 1.29.
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Figure 1.29: Bonding energy trend for Au(lll)X real complexes (blue lines), Au(lll)X model complexes (red lines) and Au(l)X
complexes (grey lines) (X = H20, 2-butyne, 3-hexyne, BF+, OTf and CI'). For each series the bonding energy with X = H20

is taken as zero reference value. Plotted data are taken from Table 1.13.

Based on Figure 1.29, we can roughly divide the ligands into two groups: anionic and neutral ligands.
The energy gap between the two groups is larger for Au(lll) than for Au(l) complexes. The difference
between Au-BFs and Au-(3-hexyne), which represents the energetic gap between strong and weak
ligands, is 123.6 kcal/mol for the Au(lll) real, 131.6 kcal/mol for the Au(lll) model and 58.1 kcal/mol
for the Au(l) system series, respectively. Within the same ligand group, the energy gap between the
complexes is also different by moving from one system series to another: it is similar for Au(lll)

model and Au(l) series and decreases for the Au(lll) real one, where alkynes coordinate to the
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complex only slightly stronger than water, and OTf and BF4” show very similar coordination strength.
These findings suggest that the Au(lll) real system would be less selective than Au(lll) model and

Au(l) systems towards the different ligands belonging to the same group.

In the following, the coordination ability of Au(lll) and Au(l) catalyst complexes is analyzed in detail

and the results are discussed separately for anionic and neutral ligand groups.
Anionic ligands (X = CI', OTf", BFy)

The optimized structures of the [2-X]* real and [(ppy)-Au-NHC*-X]* model complexes (X = CI, OTf,

BF4") are compared in Figure 1.30.

-74 -



Figure 1.30: Optimized structures of: top) Au(lll)Cl real and Au(lll)Cl model complexes; middle) Au(lll)OTf real and

Au(lll)OTf model complexes; and bottom) Au(lll)BF4 real and Au(lll)BFs model complexes. Bond distances are in A.

The most relevant structural variation from the real to the model Au(lll)CI complex concerns the
shortening of the Au(lll)-IPr(NHC) bond distance from 2.035 to 2.013 A. The model complex is

stabilized by 22.7 kcal/mol with respect to the real one.

On comparing the coordination ability of BF4~ and OTf to the metal center, a difference of only 4.9
kcal/mol is calculated in the Au(lll) real complex, with OTf being more coordinating. This relatively
low value is unexpected on the basis of the commonly recognized, both theoretically and
experimentally, higher coordination ability of OTf compared to BFs. However, this finding nicely
explains the experimentally observed similar coordination ability of BF4 and OTf towards the 2
fragment, which is only slightly shifted in favour of the triflate ion. Interestingly, in the Au(lll) model
complex such an energy difference increases to 11.0 kcal/mol. We can surmise that the higher steric
hindrance in real complex due to the two isopropylphenyl groups of IPr is responsible for a larger
destabilization of the Au(lll)-OTf bond than the Au(lll)-BF4 one caused by the larger size and less

III

“spherical” symmetry of OTf compared to BF4". As a consequence, the coordination ability of OTf

decreases in the Au(lll) real complex, although it remains slightly more coordinating than BF4".

However, the decreasing contribution of the steric hindrance to the OTf bonding energy could be
counteracted by an additional effect due to the IPr and ppy ligands. To understand this effect, we

need to look closer at the geometries of the species shown in Figure 1.30. The hydrogens of the
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isopropylphenyl groups of IPr and of the ppy pyridine ring, which are close to the BFs and OTf
ligands, can interact with their highly electronegative (fluorine and oxygen) atoms by establishing
long-range noncovalent bonds that can contribute to the overall bonding energy. In particular, in
the Au(Ill)OTf real complex (Figure 1.30, middle), the ppy pyridine hydrogen can be found ata 2.217
A distance from a OTf fluorine atom and at 2.377 A distance from the OTf oxygen atom bound to
Au. In addition, a OTf fluorine atom is positioned at 2.309 A from a IPr isopropyl hydrogen atom
and a OTf oxygen at 2.560 A from a IPr isopropyl hydrogen atom. Similar interactions can be found
in the Au(lll)BF4 real complex, where the corresponding distances with BF4 fluorine atoms are longer
(Figure 1.30, bottom), except for the ppy pyridine hydrogen that can be found at a 2.203 A distance
from a BF4 fluorine atom. In the corresponding Au(lll)OTf model complex, the ppy pyridine
hydrogen can be found at a longer 3.242 A distance from a OTf fluorine atom and at a shorter 2.277
A distance from the OTf oxygen atom bound to Au. Two oxygen atoms of OTf move towards the
two methyl groups of the NHC* ligand, at 2.373 and 2.613 A distance, respectively, with no
interaction between NHC* and fluorine atoms. For the Au(lll)BF4 model complex, the ppy pyridine
hydrogen can be found at a much longer 3.164 A distance from a BF4 fluorine atom and at a shorter
2.372 A distance from the BF4 fluorine atom bound to Au. Only one fluorine atom is placed at a
relatively short distance of 2.424 A from the hydrogen of one methyl group of NHC*. Thus, in
general, the coordinated anion reorients with respect to IPr, and fewer hydrogen bond interactions

can be established with NHC* than with IPr.

Considering the BFs and OTf coordination in the Au(l) complex, the difference between their
bonding energies is -10.1 kcal/mol, similar to that between their bonding energies in the Au(lll)
model complex (-11.0 kcal/mol). Thus, the Au(l) and Au(lll) model systems seem to similarly interact
with the two anions. This is a surprising result on the basis of the two-charge unit difference
between the two metal centres. Taking into account the linearity of the Au(l) complex and the
absence of steric hindrance, which is also not greatly pronounced in the Au(lll) model system, then
probably the most important contribution to the OTf bonding energy in the Au(lll) real system is

the destabilizing steric effect of IPr.

Dispersion and solvation effects
The dispersion contribution for properly describing the noncovalent interactions, such as those
playing a role in the anion-ligand interactions in the Au(lll) real complexes, deserves a more detailed

analysis.
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Actually, the bonding energies in Table 1.13 have been calculated using the B2PLYP functional which
already includes dispersion. The dispersion effect on the bonding energy can be explicitly estimated
by comparing the BP86 calculated bonding energies with those obtained by BP86 plus the Grimme
dispersion correction (BP86-D3) for the Au(lll) real and model systems. The results are reported in

Table 1.14.

Table 1.14: X (X = CI', BF4, OTf) bonding energies (kcal/mol) to 2 (Au(lll) real) and [(ppy)-Au(lll)- NHC*]?* (Au(lll) model)
complexes calculated at the BP86 (AE(BP86)), BP86 including the Grimme dispersion correction (AE(BP86-D3)) and
BP86 including both the Grimme dispersion correction and solvent (AE(BP86-D3) solv) levels. Corresponding values
calculated at the B2PLYP level are also shown in parentheses for comparison. Energy differences (AE OTf/BF4’) between
coordination ability of OTf and BF4 for Au(lll) real and Au(lll) model at each level of theory are reported.

AE (BP86)  AE (BP86-D3) = AE (BP86)  AE (BP86-D3) AE (BP86-D3) solv

Au(lll) real Au(lll) model Au(lll) real  Au(lll) model
[Au(linCIy* -190.0 -196.8 (-202.3) -214.0 -220.8 (-225.0) -53.3 -60.2
[Au(l11)BF4]* -142.4 -150.7 (-153.6) -167.0 -175.7 (-176.5) -22.8 -32.6
[Au(IOTf*  -140.2 -156.2 (-158.5) -173.0  -185.8 (-187.5) -33.0 -46.0
AE OTf/BFs 2.2 -5.5(-4.9) -6.0 -10.1 (-11.0) -10.2 -13.4

From BP86 calculations an energy difference between the BFs and OTf Au(lll) real systems of 2.2
kcal/mol is obtained with Au(lll)BFs being more stable than Au(lll)OTf. This result is completely
different from that found at the B2PLYP level. Inclusion of Grimme D3 dispersion correction in the
BP86 calculations gives an energy difference of -5.5 kcal/mol, with Au(lll)OTf as the most stable
complex. This result is close to that obtained with B2PLYP calculations (-4.9 kcal/mol) and shows the
importance of the van der Waals dispersion forces in the anion coordination. These long-range
interactions are thus demonstrated to play an important role in these large dimension systems

where high polarization of the ligands fragments is expected.1°>1%

Looking at the Au(lll)BF2~ and Au(lll)OTf model complexes, the energy difference between them is -
6.0 kcal/mol at BP86 level, with Au(lll)OTf as the most stable complex. This value increases when
the Grimme D3 dispersion correction is included in the calculations (-10.1 kcal/mol), getting closer
to the B2PLYP’s one (-11.0 kcal/mol). The contribution of the dispersion forces to the bonding
energy is generally lower for the Au(lll) model systems, in agreement with the smaller number of

non-covalent interactions arising when NHC* replaces IPr. Note that for Au(lll)Cl, contribution of
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dispersion has the same value in both model and real complex (6.8 kcal/mol), as expected on the
basis of the lacking of any interaction between Cl- and both NHC* and IPr. We can conclude that
increasing the dimension of the ligands L and X the contribution of the dispersion forces to the total

energy becomes increasingly relevant.

Solvation is also expected to have an impact on the bonding energies through modulation of
dispersion interactions. In Table 1.14 values calculated at BP86-D3 level by including
dichloromethane as solvent are shown. A general decrease of the bonding energies can be
observed, although the trend of the gas phase BP86-D3 values (i.e. Au(Ill)Cl > Au(Il1)OTf > Au(l11)BF4)
is retained for both Au(lll) real and model complexes. Interestingly, the energy difference between
Au(lll)BFs and Au(Ill)OTf real complexes increases to -10.2 kcal/mol, with Au(lll)OTf as the most
stable complex, as well as that between corresponding model complexes (-13.4 kcal/mol). Thus the
dichloromethane effect appears to be beneficial for stabilizing the Au(lll)OTf" (both real and model)

complex.

Neutral ligands (X = H20, 2-butyne and 3-hexyne)

Among the neutral ligands, H,0 exhibits the smallest calculated bonding energy in all the Au(lll) real,
Au(lll) model and Au(l) complexes (Table 1.13, Figure 1.28 and Figure 1.29). On the basis of these
results, water could be considered the weakest ligand in the series, in strong disagreement with the
experiment. Indeed, in the reaction environment, only the [2-H,0]** complex could be
experimentally isolated and characterized, which would suggest H,O as the strongest ligand
between the neutral species. In particular, [2-(3-hexyne)]?* could not be isolated. To rationalize
these intriguing results we first compare the optimized structures of the [2-(H20)]** real and [(ppy)-
Au-NHC*-H,0]** model complexes depicted in Figure 1.31 (top), with those of the [2-(3-hexyne)]**
and [2-(2-butyne)]?* real and [(ppy)-Au-NHC*-(3-hexyne)]?* and [(ppy)-Au-NHC*-(2-butyne)]**

model complexes (Figure 1.31, middle and bottom).
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Figure 1.31: Optimized structures of: top) Au(lll)H20 real and Au(lll)H20 model complexes; middle) Au(lll)3-hexyne real
and Au(lll)3-hexyne model complexes; and bottom) Au(lll)2-butyne real and Au(lll)2-butyne model complexes. Bond

distances are in A.
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By comparing the Au(lll)H20 real and model geometries we can observe only slightly different bond
distances. The most relevant structural variation from the Au(lll) real to the model complex concerns
the shortening of the Au(lll)-IPr(NHC) bond distance from 2.046 to 2.036 A and the increase of the
H,O-Au distance from 2.253 (real) to 2.318 (model) A. The model complex is stabilized by 6.9
kcal/mol with respect to the real one. Note that H,O is oriented to form a hydrogen bond with the
long-range noncovalent bonds of ppy pyridine ring in both complexes (H.0-H(ppy) distance 2.308
and 2.407 A in Au(lll) real and model complexes, respectively). On the other hand, alkyne
coordination shows large structural differences between the Au(lll) real and Au(lll) model
complexes. In particular, the Au-IPr and Au-ppy distances are significantly elongated in the real
complex for both 2-butyne and 3-hexyne, whereas the two alkyne C=C distances from Au are
shortened (to 2.448 and 2.436 A for 2-butyne, and to 2.400 and 2.492 A for 3-hexyne, respectively).
Notably, in the real complex the 2-butyne C=C coordination is more “symmetric” (n2—like) than that
of 3-hexyne. In addition, hydrogen bonds are formed between a carbon atom of the IPr phenyl ring
and the hydrogen atom of the CHs (2-butyne) or CH, group (3-hexyne). Interestingly, the model
complex is stabilized by 13.4 and 14.9 kcal/mol with respect to the real one for 2-butyne and 3-
hexyne, respectively (Table 1.13). In the model complexes the C=C distances from gold are 2.491
and 2.476 A for 2-butyne 2.440 and 2.498 A for 3-hexyne, which compared to the real ones, result
larger. In particular, 2-butyne experiences the largest elongation and removal from the n?
coordination mode. The larger bonding energy calculated for the alkynes with the model complex

with respect to the real one could be then attributed to the decreasing of the NHC steric hindrance.

As a balance between the steric effects due to the IPr ligand and the stabilizing effects of hydrogen
bonds between alkyne and IPr and ppy, both the alkynes are found to be more strongly coordinating
to Au than water, with 3-hexyne having the highest bonding energy (see Table 1.13). This finding
suggests that the gold(lll) complex under study would be more m-philic than oxophilic, at variance
with common assumption in the literature that gold(lll) catalysts do have a strong oxophilic nature,

whereas gold(l) catalysts do not.81:197-199

Looking at the Au(l) complexes geometries depicted in Figure 1.32, we generally observe shorter
Au-OH,, 2-butyne C=C, and 3-hexyne C=C bond distances (2.145, 2.219 and 2.220 A, respectively)
with respect to the corresponding Au(lll) real and model complexes in a n? coordination mode,
associated with higher bonding energies (Table 1.13). This result indicates that steric effects are

very important for water and alkyne coordination. In particular, the bonding distances between the
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two alkyne carbon atoms and Au(l) are equal, and the bonding energy difference between 2-butyne
and 3-hexyne is only 1.8 kcal/mol, thus showing that the absence of steric hindrance makes the

coordination ability of the two ligands almost identical.

Figure 1.32: Optimized structures of: bottom) Au(l)H20; top) Au(l)3-hexyne (left) and Au(l)2-butyne (right) complexes.

Bond distances are in A.

In the Au(lll) real and Au(lll) model systems the steric hindrance, which is reflected in larger
structural modifications on going from the real to the model system and in longer bonding distances
compared to the Au(l) ones, increases the bonding energy difference between the two alkyne
ligands. However, the larger size 3-hexyne coordinates better than 2-butyne (AE -30.0 vs. -25.8
kcal/mol or -44.9 vs. -39.2 kcal/mol, respectively, see Table 1.13), so again the steric hindrance
should not be the only effect that contributes to the selectivity of the metal towards the considered

neutral ligands.

On comparing the bonding energy of Au(lll) real, Au(lll) model and Au(l) complexes with water and
alkynes, we observe that Au(lll) model and Au(l) complexes shows similar values of bonding energy
difference between H,0 and alkynes, which are -10.8/-13.6 for 2-butyne and -16.5/-15.4 kcal/mol
for 3-hexyne, respectively. These differences for the Au(lll) real and Au(lll) model complexes
decrease in the Au(lll) real complex from -10.8 to -4.3 kcal/mol for 2-butyne and from -16.5 to -8.5

kcal/mol for 3-hexyne.
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In conclusion, Au(lll) model and Au(l) complexes seem to behave similarly in the coordination trend
of the neutral ligands, although Au(l) complex coordinates all the three neutral ligands more

strongly than Au(lll).

Dispersion and solvation effects

To further analyse the selectivity of the metal towards the considered neutral ligands, the effect of
noncovalent interactions between H,0, 2-butyne and 3-hexyne with IPr(NHC) and ppy ligands has
been explicitly evaluated by comparing BP86 and BP86-D3 bonding energies. The results are shown
in Table 1.15.

Table 1.15: X (X = H20, 3-hexyne, 2-butyne) bonding energies (kcal/mol) to 2 (Au(lll) real) and [(ppy)-Au-NHC*]>* (Au(lll)
model) complexes calculated at the BP86 (AE(BP86)), BP86 including the Grimme dispersion correction (AE(BP86-D3))
and BP86 including both the Grimme dispersion correction and solvent (AE(BP86-D3 solv)) levels. Corresponding values
calculated at the B2PLYP level are also shown in parentheses for comparison. Energy differences between coordination
ability of H20 and 3-hexyne (AE H20/3-hexyne) and of Hz20 and 2-butyne (AE H20/2-butyne) for Au(lll) real and Au(lll)
model at each level of theory are reported.

AE (BP86) AE (BP86-D3) AE (BP86) AE (BP86-D3) AE (BP86-D3) solv

Au(lll) real Au(lll) model Au(lll) real  Au(lll) model
[Au(lll)H,0]** -14.8 -19.0 (-21.5) -20.7 -25.5 (-28.4) -12.5 -20.9
[Au(l11)3-hexyne]* -10.4 -34.4 (-30.0) -30.0 -47.2 (-44.9) -27.9 -32.8
AE H,0/3-hexyne 4.4 -15.4 (-8.5) -9.3 -21.7 (-16.5) -15.4 -11.9
[Au(Il1)2-butyne]* -9.6 -29.3 (-25.8) -28.0 -41.9 (-39.2) -25.1 -31.3
AE H,0/2-butyne 5.2 -10.3 (-4.3) -7.3 -16.4 (-10.8) -12.6 -10.4

Interestingly, for the Au(lll) real complex the BP86 bonding energy is lower for both 2-butyne and
3-hexyne than for H,0O, with a bonding energy difference of 5.2 and 4.4 kcal/mol, respectively.
Inclusion of Grimme dispersion correction changes the result: the BP86-D3 bonding energy is higher
for both 2-butyne and 3-hexyne than for H,0, with a bonding energy difference of -10.3 and -15.4
kcal/mol, respectively (-4.3 and -8.5 kcal/mol at B2PLYP level, respectively). For the Au(lll) alkyne
model complexes, the dispersion contribution to the bonding energy is generally lower than that
calculated for the corresponding Au(lll) real complexes, whereas is nearly negligible for Au(lll)H,0

model (compare bonding energies at BP86 and BP86-D3 values in Table 1.15). These results show
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again that the dispersion contribution is more relevant for the larger size ligand (IPr vs. NHC*).
Overall, this analysis shows the crucial contribution of the dispersion forces to the total bonding
energy also for neutral ligands. In addition, these results also demonstrate that dispersion forces
are responsible for the bonding energy difference between the two alkynes, making 3-hexyne more

coordinating than 2-butyne.

Inclusion of solvent effect generally lowers the bonding energies for both Au(lll) real and Au(lll)
model complexes, although the energy differences between H,O and alkynes are only slightly
affected for Au(lll) real complexes (compare BP86-D3 and BP86-D3 solv AE H,0/3-hexyne and AE
H.0/2-butyne values in Table 1.15). Instead, the latter are significantly reduced for the Au(lll) model
complexes (from -21.7 to -11.9 kcal/mol for 3-hexyne and from -16.4 to -10.4 kcal/mol for 2-butyne).
The same general trend of the gas phase BP86-D3 values (i.e. Au(lll)3-hexyne > Au(lll)2-butyne >
Au(lll)H20) is found for both Au(lll) real and model complexes. It is worth noting that
dichloromethane further lowers the bonding energy of Au(lll)H,0 real and model complexes from -

19.0to -12.5 kcal/mol and from -25.5 to -20.9 kcal/mol, respectively.

Ligand effect on the coordination ability

To shed light into the above intriguing results for neutral ligands, where H;0 results a weaker
coordinating ligand than alkynes, the ancillary ligand influence on the Au(lll) coordination ability is

now analyzed.

To be independent of any ancillary ligand interaction with X, in our analysis we selected the bis-
cyclometalated [(CANAC)-Au]* (CANAC = 2,6-bis(4-'BuCeHs3); pyridine dianion) and the
monocyclometalated [(ppy)-Au-CI]* Au(lll) complexes. In particular, alkyne complexes with
[(CANAC)Au(H)]* have been experimentally observed and characterized by Bochmann et al with
different internal alkynes.'8829 Theoretical studies on the [(CANAC)-Au(lll)]* alkyne and carbonyl
complexes have also been performed previously by some of us.?9%2% |nstead, the [(ppy)-Au-Cl]*
complex, where a Cl replaces the IPr (or NHC*) ligands in our reference complex, allows for a direct
comparison with 2, where the X interactions with IPr (or NHC*) are switched off. The optimized
structures of [(CANAC)AuX]* and [(ppy)AuCIX]* (X = H20, 2-butyne, 3-hexyne) are shown in Figure
1.33.
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Figure 1.33: Optimized structures of: upper panel bottom) [(ppy)-Au-Cl-(H20)]*; top) [(ppy)-Au-Cl-(3-hexyne)]* (left) and
[(ppy)-Au-CI-(2-butyne)]* (right) complexes; lower panel: bottom) [(CAN/C)-Au-(Hz20)]*; top) [(C*"N*C)-Au-(3-hexyne)]*
(left) and [(CANAC)-Au-(2-butyne)]* (right) complexes. Bond distances are in A.
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Analogously to 2, the bonding energies of X (X = H,0, 2-butyne, 3-hexyne) have been calculated for

the following reactions:
[(CANAC)AU]* + X = [(CANAC)AUX]*™  (4)
[(PPY)AUCI]* + X > [(ppy)AuCIX]*  (5)

The results are shown in Table 1.16, where data for Au(lll) real, Au(lll) model and Au(l) complexes

are also reported for comparison.

Table 1.16: X (X = H20, 3-hexyne, 2-butyne) bonding energies (AE in kcal/mol) to [(ppy)AuCl]*, [[CANAC)Au]?,
2 (Au(lll) real), [(ppy)-Au-NHC*]?* (Au(lll) model) and [NHC*-Au]* (Au(l)) in all the complexes.

AE [(ppy)AuCI]* [(CANAC)AU]* Au(lll) real Au(lll) model Au(l)
H,0 -26.6 -42.9 -21.5 -28.4 -36.6
3-hexyne -36.3 -64.7 -30.0 -44.9 -52.0
2-butyne -33.5 -61.1 -25.8 -39.2 -50.2

The overall energetic trend in all the systems can be readily visualized in Figure 1.34.
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Figure 1.34: Bonding energy trend for [(ppy)-Au-Cl-X]* (orange line), [(C*NAC)-Au-X]* (green line) [Au(ll)X]?* real (blue
line), [Au(lll)X]?* model (red line) and [Au(l)X]* (grey line) complexes (X = H.0, 3-hexyne, 2-butyne). Plotted data are
taken from Table 1.13 and Table 1.16.

From Table 1.16 and Figure 1.34 we can observe that: i) the coordination ability of Au(lll) is
guantitatively strongly affected by the ligands; ii) the coordination ability trend is the same for all
the complexes, namely AE (3-hexyne) > AE (2-butyne) > AE (H,0). In particular, for a given X (X =
H.0, 3-hexyne, 2-butyne), the coordination ability follows the trend [(CANAC)-Au]* > Au(l) > Au(lll)
model > [(ppy)-Au-Cl]* > Au(lll) real. Notably, only Au(lll) in [(C*NAC)-Au]* can coordinate alkynes
better than the Au(l) complex. In addition, these results suggest that Au(lll) coordination ability does
not depend on the charge of the complex: for example, [(CAN~AC)-Au]* coordinates to X more
strongly than Au(lll) model with 2+ charge which, in turn, coordinates to X more strongly than [(ppy)-
Au-Cl]*. Again, these findings seem not to support a commonly encountered postulate in the
literature, according to which Au(lll) species are more oxophilic in nature whereas Au(l) species

show a more m-philic property,®2°2 since, within the considered auxiliary ligands set, both Au(lll)
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and Au(l) show a stronger coordination ability towards alkynes than water. In other words, Au(lll)
seems to be not more oxophilic than Au(l), at least in gas phase. Finally, on comparing Au(lll) model,
[(ppy)-Au-Cl]* and Au(lll) real, replacing of IPr with NHC or Cl- has a beneficial effect on coordination

ability, thus indicating a sizable role of IPr interactions with X.

Solvation effect

Bonding energies of [(ppy)AuCl]*, [[CANAC)Au]*, Au(lll) real, Au(lll) model and Au(l) with X = H,0, 3-
hexyne and 2-butyne have been also calculated at BP86-D3 solv level of theory to analyze the

solvent effect. Results are collected in Table 1.17.

Table 1.17: X (X = H20, 3-hexyne, 2-butyne) bonding energies (AE in kcal/mol) to [(ppy)-Au-Cl]*, [[CANAC)-Au], 2
(Au(lll) real), [(ppy)-Au-NHC*]?* (Au(lll) model) and [(NHC)-Au]* (Au(l)) calculated at the BP86-D3 solv level of

theory in all the complexes.

AE (BP86-D3) solv

[(ppy)-Au-Cl]*  [(CANAC)-Aul? Au(lll) real Au(lll) model Au(l)
H,O -19.2 -36.3 -12.5 -20.9 -28.2
3-hexyne -29.0 -56.8 -27.9 -32.8 -42.5
2-butyne -27.5 -53.9 -25.1 -31.3 -41.5

As observed in the previous sections, inclusion of solvent generally lowers the bonding energies.
However, all the above observations referring to the gas phase also apply to the solvent data of
Table 1.17. Note that even inclusion of dichloromethane suggests that Au(lll) is not more oxophilic
than Au(l), i.e. bonding energies with H,O are always lower than those with alkynes for all the

considered ligands.

Substitution of H,0 with the substrate: the pre-equilibrium step

From the above study, water clearly emerges as the weakest ligand in the whole series. All the

studied Au(lll) complexes are important species in catalytic alkyne nucleophilic addition reaction.
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The first step of the reaction mechanism is represented by the pre-equilibrium, where the substrate
(alkyne) replaces the anion in the initial complex, binds to the gold center, and is activated for the
nucleophilic attack. However, in the alkyne hydration reaction, where H;0 is the nucleophile, the
anion substitution by the water molecule, i.e. formation of the water adduct from the corresponding
initial complex, has been shown to be both thermodynamically and kinetically favored with respect
to the formation of alkyne complex, in agreement with the experimental evidence, in our previous
work. 19 Therefore, starting from the experimentally isolated and characterized [2-H20]%, it is

interesting to explore the pre-equilibrium step consisting of H,0 substitution by the alkyne.

To understand the reason why [2-(3-hexyne)]?* is not experimentally observed, the experimental
conditions of the alkyne hydration reaction need to be modelled. In a reaction environment where
anionic ligands are not close to the Au(lll) catalytic complex (for instance, using highly polar solvents
or very weakly coordinating anions) the present species can be additional water, alkyne and/or high
polarity solvent molecules. To model such reaction conditions, calculations of the initial complex
(IC) and reactant complex (RC) using the Au(lll) model complex and 2-butyne have been performed
in an attempt to study the pre-equilibrium step of the hydration reaction mechanism. The initial
complex is represented by the Au(lll)-H.0 model complex with 2-butyne in the second coordination
sphere, whereas the reactant complex is the Au(lll)-2-butyne model complex with H,O in the second

coordination sphere.

A preliminary calculation of the energy difference between IC and RC when the water and 2-butyne
molecules are both present in close proximity to the Au(lll) complex shows that 2-butyne
coordinates to Au(lll) more strongly than H,O (AE=-2.2 kcal/mol). This value confirms once again the

finding that water, in the gas phase condition, is a weaker ligand than alkyne.

To account for the experimental conditions, the same IC and RC calculations have been performed
including: i) an additional water molecule to model traces of water or water solvent effect; ii) a GVL
molecule to model the polar aprotic solvent effect. The results are summarised in Figure 1.35, where

the energy profiles for the pre-equilibrium step have been shown.
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Figure 1.35: Energy profile for the pre-equilibrium step of the 2-butyne hydration reaction catalyzed by [(ppy)-Au-
NHC*]?* and [NHC*-Au]* complexes in water (Au(lll) red line, Au(l) green line) and in GVL (Au(lll) blue line, Au(l) orange
line) as solvent. Optimized structures of IC, TS and RC with relevant distances (in A) are shown. IC has been taken as zero

reference energy for all profiles.

Interestingly, in both cases IC is more stable than RC, thus indicating that water is a stronger ligand
than 2-butyne in these experimental conditions. It is remarkable that the IC stabilization is due to
an explicit interaction of the coordinated H,O with a solvent molecule, namely only microsolvation
can account for “oxophilicity” of gold(Ill) which could not be found using an implicit solvent model
(COSMO calculations). Transition state calculations for the IC = RC process show that the activation
energy barrier is 8.0 kcal/mol for H,0 and 7.5 kcal/mol for GVL. However, the reverse process RC >
IC requires only 1.6 kcal/mol for H,0 and 3.0 kcal/mol for GVL, explaining why it is not possible to
experimentally isolate the alkyne complex: anytime the complex binds to the alkyne, its substitution

with the H,0 in the first coordination shell is nearly instantaneous.

These results can be explained by assuming that the presence of a polar molecule (H20 or GVL)
which is able to establish a hydrogen interaction with water in ICh20 or ICey. polarizes the water O-

H bond, increasing the partial negative charge on the oxygen atom which becomes more
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coordinating toward the metal center. The lower activation energy barrier obtained when the
solvent is GVL, compared to water, suggests that the “activation” of the O-H bond is prevalently
caused by the hydrogen bond strength. Indeed, in TSgv. structure, the water O-H distance involved
in GVL hydrogen bond is 1.011 A, whereas in TSu20 structure the corresponding O-H distance is 1.005
A, thus indicating that GVL is more efficient in “activating” H,0 to an incipient “OH™". Notably, in
ICevL the water O-H distance is also larger than that in ICu20 (1.022 A vs. 1.010 A, respectively),

predicting a larger stabilization of ICey. compared to IChzo.

A comparison with the [NHC*-Au]* fragment, whose energy profiles for the pre-equilibrium step of
the 2-butyne hydration reaction in the same modelled experimental conditions are also reported in
Figure 1.35, shows that the most noticeable difference relies on the equally stable IC and RC.
Therefore, in the Au(l) case, water is as strong as 2-butyne as ligand, and an equilibrium between
the two species is suggested. The partial negative charge on the oxygen atom of the water O-H bond
induced by microsolvation appears to be less stabilized by gold +1 charge than +3, as one could

expect.

This study fully supports the findings on the alkyne activation with Au(lll) complexes and on the
importance of the pre-equilibrium step in Au(lll)-catalyzed alkyne hydration reaction reported in
previous works by some of us.2%32%4 The Au(lll)-alkyne complexes were found to very efficiently
activate the alkyne triple bond to the point that the pre-equilibrium becomes the rate-determining
step of the Au(lll)-catalyzed alkyne hydration reaction. In addition, it advises that the experimental
conditions of the pre-equilibrium step are crucial in Au(lll) catalysis. To experimentally isolate and
characterize the considered [2-(alkyne)]?* complex, an anhydrous environment is required together
with the utilization of very non-coordinating anion,?%> which means that alkyne hydration reaction
is not a suitable process to reach this goal. Other Au(lll)-catalyzed reactions, such as hydroarylation
of alkynes, Meyer-Schuster rearrangement of propalgyl alcohols or even alkoxylation of alkynes,

could be more appropriate for this target.
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3. Conclusion and

perspectives
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The main focus of this thesis was an extension of the previous studies on the catalytic activity of the
gold(l) L-Au-X systems in green conditions, from both experimental and theoretical point of view.
The knowledge previously acquired allowed us to investigate successfully the chemistry of gold(lll)

catalysts in green media.

At first, 3-hexyne and diphenylacetylene were used as substrates in the reaction promoted by L-Au-
X complexes in the presence of NBusOTf as an additive, in acid- and solvent-free conditions. The
effect of the neutral ligands L was firstly investigated. During the catalysis the decomposition of the
phosphorous-based ligand, with the exception of JPhos, was observed by 3P NMR spectroscopy. On
the other hand, NHC based ligands, thanks to their high stability, showed superior performances.
However, the use of silver salts promoted the decomposition even when NHC ligands were
employed. Combining all these findings, we were able to develop a green methodology for the
hydration of diphenylacetylene. The catalyst loading was reduced for the first time to 0.01 mol%,
obtaining the highest values of TON (3400) and TOF (435 h™!) reported to date, and very good values
of EMY (77) and E-factor (0.03). These results suggest that a sustainable production of ketones from

alkynes using gold-based catalysts is achievable.

The commonly accepted mechanism for the gold(l) catalyzed alkyne reactions (a sequence of pre-
equilibrium, nucleophilic attack and protodeauration steps) can also explain the Meyer-Schuster
rearrangement of 1-phenyl-2-propyn-1-ol in p-cymene as the solvent. Using the gold catalyst, the
studied mechanism showed the formation of an unprecedented gold-oxetene intermediate via
unprecedented 4-endo-dig cyclization. The experimental reactivity, which is highly dependent on
both anion and solvent effects, is fully rationalizes by this mechanism. The theoretical calculations
give insights into the experimental conditions that may modify the mechanism and favor/disfavour
the formation of the intermediate, such as the presence of traces of acid (that may alter the activity
of the counterion) and the nature of the solvent (low-polarity solvents should favor the formation
and the stabilization of the gold-oxetene intermediate due to the anion effect). The use of green

solvents in gold catalysis, instead of the traditional VOS, is further consolidated.

We extended our previous work on the cycloisomerization of N-propargylcarboxamides catalyzed
by IPr-Au-X complexes in green solvents from an experimental and theoretical point of view. At first,
we investigated the effect of the solvent employed establishing that the reaction proceeds very well
in most of the alternative solvents employed, such as cyclohexanone, isopropyl acetate, MIBK, ethyl

lactate, furfuryl alcohol, y-valerolactone, and propylene carbonate. TOFs are comparable or even
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better with respect to those obtained using VOS. On the other hand, when the reaction is performed
in DMSO or propionitrile the TOFs are much lower, owing to the presence of a coordinating
functional group (>5=0 and -C=N, respectively) that, upon coordination to the metal center, affords
inactive IPr-Au(solvent)OTf species. We also observed that the use of propionic acid resulted in a

speed up of the reaction, according to the view that protodeauration is the RDS.

Secondarily, we found, according to our previous work, that the activity of the catalyst in propionic
acid (in terms of TOF) seems to be inversely correlated to the coordinating ability and hydrogen-
bond acceptor power of X (basic and coordinating strength: BFs < OTf < OTs™ < TFA’), with TFA
being by far the worst counterion. Such a behaviour is consistent with the active role of the
counterion in all the three steps of the reaction pathway (pre-equilibrium, nucleophilic attack and
protodeauration). DFT calculations reinforce these peculiar experimental kinetic findings showing
an excellent agreement, and the suggested mechanism fully rationalizes the experimental reactivity,
which is highly dependent on both anion and solvent. These results are indeed remarkable and
suggest that a sustainable production of 2-phenyl-5-vinylidene-2-oxazoline promoted by gold

catalysts can be pursued if both solvent and counterion effects are carefully taken into account.

The structure, reactivity and catalytic properties of two Au(lll) complexes, [2-CI]Cl and [3-CI]OT{, in
the hydration of alkynes in y-valerolactone, under acid-free conditions, have been addressed in this
thesis by means of multinuclear solution NMR and computational (DFT) studies. Complex [2-CI]CI
retains its square planar structure and no reduction to Au(l) and/or Au(0) nanoparticles was
observed during the catalysis. On the other hand, deactivation of [3-CIJOTf does occur with the

formation of Au(l) species, detected by 3P NMR spectroscopy.

Experimental studies, corroborated by DFT calculations, clearly and unequivocally indicate that the
RDS of the reaction is the pre-equilibrium step. Such a conclusion arises from: KIE is very close to 1;
the addition of acid has no effect on the reaction rate; pseudo zero order was obtained for both 3-
hexyne and water. As matter of fact, the entrance in the first coordination sphere of 3-hexyne is the
key step of the whole process, with an experimental activation enthalpy of 11.1 kcal/mol. The
subsequent nucleophilic attack and the intermolecular proton transfer proceed with lower

activation barrier.

As a support of previous results, low and intermediate strength coordinating anions (BF4", SbFe’, and
OTf") facilitate the coordination of the unsaturated substrate, while the stronger coordinating anions

(OACc, CI') shown poor or no catalytic activity. The description of the mechanism of the hydration
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reported in this thesis appears therefore to be of high significance to corroborate the lack of
experimental basis in the mechanistic studies of Au(lll) catalysis. The importance of the synergistic
approach arising from the combination of deep experimental investigations and computational
studies have been highlighted. NMR spectroscopy studies and DFT calculations gave detailed
information on the reaction mechanism and on the role of both counterion and neutral ligand in

gold(lll) chemistry.

The coordination ability of Au(lll) is computationally (DFT) investigated to shed light on unexpected
experimental observations on its catalytic activity in the alkyne hydration reaction. For all the
examined complexes the coordination ability towards gold fragment is CI- > OTf > BF4” > 3-hexyne >
2-butyne > H,0. Due to the steric hindrance/dispersion interaction balance between ligand and IPr,
the Au(lll) real complex is found to be less selective towards the different ligands, with OTf and BF4
showing very similar coordination strength, in agreement with the experimentally observed
equilibrium. Inclusion of solvent within the implicit solvent model provides qualitatively analogous
results, suggesting that Au(lll) is not more “oxophilic” than Au(l), inconsistently with the
experimental evidence that only the [2-H,0]?* complex could be isolated and characterized, whereas
[2-(3-hexyne)]?* could not be identified. Remarkably, a stabilization of the [2-H20]%** complex with
respect to [2-alkyne]?* can be achieved within a microsolvation model, which reconciles theory with

experiment.

Although gold(lll) catalysis is still in its infancy, it started to appear an important tool for chemists,
able to promote the isomerization, hydration, hydroamination, C-C coupling, and cycloisomerization
reactions. On the other side, sustainable and green protocols for the reactions mentioned above
are not still fully developed. In fact, silver additives, acids, solvents, high temperature and high
catalyst loading are commonly used in homogeneous gold(lll) catalysis. NMR spectroscopy
combined with DFT calculation has been shown to be a winning combination to study reaction
mechanism and to better understand the chemical structure of the catalysis species promoting the

development of sustainable homogeneous gold(lll) catalysis.

-94 -



4. Experimental Section
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NaAuCls:2H,0, tetrahydrothiophene (THT), tert-butylamine, paraformaldehyde, glyoxal 40%,

chlorotrimethylsilane, 2,6-diisopropylphenylamine, formic acid, acetic acid,
trifluoromethanesulfonic acid (HOTf), p-toluensulfonic acid (HOTs), 1,8-
Bis(dimethylamino)naphthalene (proton sponge), acenaphthenequinone,

methoxy(methyl)chloride, triphenylphosphine (PPhs), tricyclohexylphosphine (PCys), (2-
biphenyl)di-tert-butylphosphine  (JPhos), tris(3,5-bis(trifluoromethyl)phenyl)phosphine  (PArf),
tris(2,4-di-tert-butyl)phosphite [P(OR)3], silver trifluoromethansoulphonate (AgOTf), silver p-
toluensulfonate (AgOTs), silver tetrafluoroborate (AgBF4), silver hexafluoroantimonate (V) (AgSbFs),
silver  acetate (AgOAc), silver  trifluoroacetate (AgTFA), sodium  tetrakis[3,5-
bis(trifluoromethyl)phenyllborate  (NaBArf), ammonium chloride, triethyl orthoformate,
dibutylammonium trifluoromethanesulfonate (NH.Bu,OTf), Aliquat336, dimethylethyldodecyl
ammonium triflate (Me2)(Et)(Dod)NOTf, 3-hexyne, diphenylacetylene, 1-phenyl-2propyn-1-ol, 3-
hexyn-2-ol, 1,3-diphenyl-2-propyn-1-ol, and all the solvents were purchased from Ricci Chimica,
Strem Chemicals, and Sigma Aldrich and used without further purification. All manipulations of
moisture-sensitive materials were performed in flamed Schlenk glassware on a Schlenk line,
interfaced to a high vacuum pump. All the new compounds were characterized in solution by *H,
13C, F, and 3P NMR spectroscopies. All the spectra were measured on Bruker AC-200 or Bruker
AVANCE Ill HD 400 MHz spectrometer. Referencing is relative to TMS (*H and 3C), CHsNO2 (**N),
CCI3F (*°F), and 85% HsPO4 (3'P). The elemental analyses were carried out with a Carlo Erba 1106

elemental analyzer.
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1,3-Bis(2,6-diisopropylphenyl)imidazolium chloride ( )
i) glyoxal-bis-(2,6-diisopropylphenyl)imine.

The diaryl-diazadien (DAD'"") was prepared following the procedure reported in

[/ the literature.?%® A mixture of n-propanol (20 mL), water (50 mL) and a 40%

\N aqueous solution of glyoxal (18.15 g, corresponding of 0.125 mol of glyoxal) was

added to a solution of freshly distilled 2,6-diisopropylphenylamine (49.25 g,

0.28 mol) in 200 mL of n-propanol at room temperature. The solution was

stirred at 70°C for 1 h, and then 200 mL of water was added. The white precipitate was filtered and
dried under vacuum (yield 95.1 g, 90.8%).

DAD'": IH NMR (200 MHz, CDCls, 298 K): & (ppm) 8.11 (s, 2H), 7.25-7.1 (m, 12H), 2.94 (sept, 4H, 3Jun
= 6.9 Hz), 1.21 (d, 24H, 3Jun = 6.9 Hz).

ii) Preparation of 1,3-bis-(2,6-diisopropylphenyl)imidazolium chloride

IPr-HCl was prepared following the procedure reported in the literature.??’

A 500 mL round bottom flask containing 240 mL of fresh distilled ethyl

N acetate was heated at 70°C. DAD"™ (1.0 g 26.55 mmol) and
[ » cr
+

N paraformaldehyde (0.797 g, 26.55 mmol) were added under magnetic
stirring. A solution of freshly distilled chlorotrimethylsilane (3.37 ml, 26.55
mmol) in 5 mL of dry EtOAc was added over a period of 45 minutes under

vigorous stirring, and the resulting yellow wassuspension stirred for other 2 h. The solution was
cooled down to 10°C in an ice-bath and the suspension was filtered and washed with EtOAc and

tBuOMe. The white solid was dried under vacuum (yield 78%).

1H NMR (400 MHz, DMSO-ds, 298 K): & (ppm) 10.29 (s, 1H), 8.60 (s, 2H), 7.70 (t, 2H, 3Jun = 7.8 Hz),
7.54 (d, 4H, 3Juy = 7.8 Hz), 2.37 (p, 4H, 3Juu = 6.8 Hz), 1.27 (d, 12H, 3Jun= 6.8 Hz), 1.17 (d, 12H, 3Jun =
6.7 Hz).
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1,3-Bis-(2,6-diisopropylphenyl)-4,5-dehydroimidazolium chloride ( )
i) N,N’-bis(2,6-diisopropylphenylamino)-1,2-ethandiamin dihydrochloride

This compound was prepared starting from DAD'™" and following the procedure

ipr ipy reported in the literature.?®® In a 250 mL round bottom flask containing DAD""
NH Hey  (3:92g 0.01 mol) in a mixture of MeOH/THF (100 mL) was slowly added NaBH4
[NH Hcl  (3.78 g, 0.1 mol) cooled with an ice bath. After 1.5 h the reaction (turning white

iPr iPr from yellow) was quenched using an aqueous solution of NH4Cl. The diamine was
extracted using diethyl ether (3 x 50 mL). The organic phase was washed with
distilled water (3 x 50 mL) then dried using MgSOa. The solvent evaporated by reduced pressure

giving a white powder (3.6 g, 97%).

IH NMR (200 MHz, CDCls, 298 K): & (ppm) 7.40-7.25 (m, 6H), 3.72 (s, 4H), 3.58 (sept, 4H, 3Juy = 6.6
Hz), 1.24 (d, 24H, 3Juy = 6.6 Hz). 13C {*H} NMR (200 MHz, CDCl3, 298 K): & (ppm) 151.0, 142.7, 127.1,
124.8,50.6, 27.2, 24.4. Anal. Calc. for CasHaoN2 (380.61): C, 82.05; H, 10.59; N, 7.36. Found: C, 82.72;
H, 10.23; N, 7.88.

i) 1,3-Bis-(2,6-diisopropylphenyl)imidazolinium chloride

NHC2.HCI was prepared following the procedure reported in the

iPr literature.?®® In a Schlenk tube a mixture of N,N’-bis(2,6-
N IPr diisopropylphenylamino)ethanediamine dihydrochloride (8 g, 19.2 mmol),
cr
[N,? triethyl orthoformate (100 mL) and two drops of 96 % formic acid was
iPr

ip refluxed for 45 h. The solid formed on cooling was collected by filtration and
iPr

washed with EtOAc. The solid was dried under vacuum (yield 4.82 g, 59%).
'H NMR (200 MHz, DMSO-ds, 298 K): & (ppm) 9.63 (s, 1H), 7.6-7.3 (m, 6H), 4.41 (s, 4H), 3.09 (sept,
4H, 3y = 6.9 Hz), 1.36 (d, 12H, 3Juy = 6.6 Hz), 1.25 (d, 12H, 3Juy = 6.6 Hz). 13C {*H} NMR (200 MHz,
DMSO-ds, 298 K): & (ppm) 160.0 144.0, 131.0, 129.8, 124.7, 53.7, 28.3, 25.0, 23.3. Anal. Calc. for

C27H39CIN2 (427.06): C, 75.93; H, 9.20; Cl, 8.30; N, 6.56. Found: C, 76.05; H, 9.02; N, 6.68.
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7,9-bis(2,6-diisopropylphenyl)-7H-acenaphtho[1,2-d]imidazol-9-ium chloride ( )
i) Bis[N,N’-(2,6-diisopropylphenyl)imino]acenaphthene

This compound was prepared using a modified method present in

iPr ipr literature.?®® Acenaphthenequinone (7.0 g, 38.4 mmol) was suspended in
O N acetonitrile (150mL) and heated under reflux for 60 min. Acetic acid (65 mL)
\ \ was then added, and heating was continued until acenaphthenequinone had

iPr ipr completely dissolved. To this hot solution was added freshly distilled 2,6-
diisopropylphenylaniline (16.0 g, 89.9 mmol) over a period of 30 min with the
help of a dropping funnel. The solution was heated under reflux for a further 5 h and then cooled to

room temperature. The resulting orange-yellow solid was filtered, washed with pentane (3 x 20 mL),

and dried under vacuum (yield 18.1 g, 94%).

1H NMR (200 MHz, CD,Cl,, 298 K): & (ppm) 7.88 (d, 2H), 7.36-7.26 (m, 8H), 6.63 (d, 2H), 3.03 (sept,
4H 3Juw = 7.1 Hz), 1.23 (d, 24 h, 3Jun = 6.9 Hz). 13C {H} NMR (200 MHz, CD,Cl,, 298 K): & (ppm) 161.1,
148.0, 141.2, 135.5, 131.6, 130.0, 129.2, 128.3, 124.6, 123.9, 123.5, 29.1, 23.2, 23.1. Anal. Calc. for
CssHaoN2 (500.72): C, 86.35; H, 8.05; N, 5.59. Found: C, 86.71; H, 7.98; N, 5.72.

i) 7,9-bis(2,6-diisopropylphenyl)-7H-acenaphtho[1,2-d]imidazol-9-ium chloride

BIAN-HCI was prepared using a modified method present in the

209

literature.”® In an argon-flushed Schlenk tube were added Bis[N,N’-

O N iPr (2,6-diisopropylphenyl)iminolacenaphthene (484 mg, 0.97 mmol) and

O. Nﬁ> methoxy(methyl)chloride (1.5 mL, 19.4 mmol). The reaction mixture

IPr was stirred overnight at reflux. After cooling down the temperature,

10 mL of diethylether was added with the formation of a yellow

precipitate. The resulting solid was collected by filtration, washed with diethylether (3 x 3 mL) and

then with pentane (3 x 3 mL). The bright-yellow product was dried under vacuum (yield 493 mg,
92.5%).

IH NMR (200 MHz, CD,Clz, 298 K): & (ppm) 12.11 (bs, 1H), 8.02 (d, 2H, 3/ = 8.3 Hz), 7.68 (t, 2H, 3Juu
= 8.3 Hz), 7.62 (t, 2H, *Juy = 8.3 Hz), 7.58 (d, 2H, 3y = 7.7 Hz), 7.21 (d, 2H, 3y = 7.1 Hz), 2.27 (sept,
4H, 3Jum = 6.9 Hz), 1.40 (d, 12H, 3Jum = 6.8 Hz), 1.16 (d, 12H, 3wy = 6.8 Hz). 13C {tH} NMR (200 MHz,
CD4Cly, 298 K): & (ppm) 145.4, 142.5, 138.1, 132.7, 130.8, 130.4, 129.4, 128.7, 125.4, 123.4, 123.4,
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29.7, 24.8, 23.5. Anal. Calc. for C37H41CIN2 (549.19) C, 80.92; H, 7.52; Cl, 6.46; N, 5.10. Found: C,
81.11; H, 7.21; N, 5.30.

Chloro(tetrahydrothiophene)gold(l) ( )

THT-Au-Cl was prepared according to a literature procedure.?’?
S>> Au—Cl : : .
Tetrahydrothiophen (0.47 mL, 5.3 mmol) was added dropwise to a solution

of NaAuCls2H,0 in 20 mL of H,O/EtOH 1:1 and the mixture was stirred for 15 minutes. The
precipitate was collected by filtration, washed with water (2 x 10 mL) and dried under vacuum (yield

95%).
1H NMR (400 MHz, CDCls, 298 K): & (ppm) 3.44 (bs, 4H), 2.21 (bs, 4H).
General synthesis for phosphine gold(l) chloride complexes.

The synthesis follows a modified procedure reported in literature.?!! Starting from THT-Au-Cl (1 eq.)
was dissolved in 5mL of CHCl;, and 1.1 eq of relative phosphine was then added. The reaction
mixture was stirred in the dark (using aluminium foil) for 1 hour (or more if necessary). The reaction
mixture was dried under reduced pressure and then re-dissolved with a minimum amount of DCM.
n-Pentane (4 mL) was added with formation of a solid which was filtered off, washed with of n-

pentane (3x2 mL) and then dried under vacuum.
Chloro(triphenylphosphine)gold(l) ( )

(Yield 87%). 'H NMR (200 MHz, CD,Cl,, 298 K): & (ppm) 7.56-7.24 (m, 15H).

<©>P—>Au—0| 13C {{H} NMR (200 MHz, CD,Cl,, 298K): &(ppm) 134.2, 132.2,129.3, 128.5. 31P

’ {*H} NMR (200 MHz, CDCl,, 298K): & (ppm) 33.8. Anal. Calc. for C1gH1sAuCIP
(494.71): C, 43.70; H, 3.06; Au, 39.81; Cl, 7.17; P, 6.26. Found: C, 43.61; H, 3.11.

Chloro(tricyclohexylphosphine)gold(l) ( )

(Yield 90%). *H NMR (200 MHz, CDCls, 298 K): & (ppm) 2.01-1.61 (m, 18H),

<<:>>>P—>Au—CI 1.50-1.35 (m, 6H), 1.32-1.15 (m, 9H). 13C {*H} NMR (200 MHz, CDCls, 298K):

: & (ppm) 33.4, 33.1, 30.7, 27.4, 26.9, 25.8. 3P {*H} NMR (200 MHz, CDCls,

298K): 6 (ppm) 54.01. Anal. Calc. for CigH33AuCIP (515.85): C, 42.16; H, 6.49; Au, 38.41; Cl, 6.91; P,
6.04. Found: C, 42.20; H, 6.41.
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Chloro(tris(2,4-di-tert-butylphenyl)phosphito)gold(l) ( )

(Yield 75%). *H NMR (200 MHz, CDCls, 298 K): 6 (ppm) 7.52-7.46
tBu OtP>Au—Cl
<:2 (m, 2H), 1.71(d, 1H, 3Jun = 8.5 Hz,), 1.46 (s, 9H), 1.31 (s, 9H). 13C {*H}

tBu/, NMR (200 MHz, CDCls, 298K): & (ppm) 148.28, 147.38, 139.31,
125.51, 124.30, 119.37 (d, J = 8.6 Hz), 35.23, 34.80, 31.52, 30.69. 3!P {*H} NMR (200 MHz, CDCls,
298K): & (ppm) 101.42. Anal. Calc. for Ca;He3AuClOsP (879.34): C, 57.37; H, 7.22; Au, 22.40; Cl, 4.03;
0, 5.46; P, 3.52. Found: C, 57.42; H, 7.18.

Chloro(Tris[3,5-bis(trifluoromethyl)phenyl]phosphine)gold(l) ( )

FsC (Yield 92%). 'H NMR (200 MHz, CD,Cl,, 298 K): & (ppm) 8.18 (s, 3H), 7.94
P> Au—Cl (d, 6H, 3Jcp = 13.5 Hz). 13C {*H} NMR (200 MHz, CD2Clz, 298 K): &(ppm)
e 3 134.29 (dq, 2cp = 15.3 Hz, 3Jcr = 3.3 Hz), 133.34 (dq, 2Jcr = 34.7 Hz, 3cp =
12.8 Hz), 128.62, 128.41 (d, Ycp = 67.6 Hz), 125.27 (q, Yer = 273 Hz), 122.3 (q, Yep = 273.7 Hz). 1°F
NMR (200 MHz, CD,Clz, 298 K): & (ppm) -63.38. 31P {1H} NMR (200 MHz, CD,Cl,, 298 K): & (ppm)
35.77. Anal. Calc. for CaaHoAUCIF1sP (902.69): C, 31.93; H, 1.00; Au, 21.82; Cl, 3.93; F, 37.88; P, 3.43.

Found: C, 32.05; H, 0.98.

Chloro[(1,1'-biphenyl-2-yl)di-tert-butylphosphine]gold(l) ( )
tBu_ (Yield 91%). H NMR (200 MHz, CD,Clz, 298 K): & (ppm) 7.89 (t, 1H, 3Jun =7.2
P> Au—Cl
tBu Hz), 7.50 (m, 3H), 7.38 (t, 2H, 3Juw = 7.5 Hz), 7.28 (m, 1H), 7.14 (d, 2H, 3Jun = 7.3

OO Hz), 1.40 (d, 18H, 3Ju = 15.6). 3C {*H} NMR (200 MHz, CD4Cl,, 298 K): &(ppm)

149.6, 142.0, 133.3, 132.7, 132.6, 130.0, 128.8, 128.0, 127.4, 126.2, 37.4, 37.0,
30.2, 30.2. 3P {*H} NMR (200 MHz, CD2Cl,, 298 K): & (ppm) 60.5. Anal. Calc. for C1gH2sAuCIP (504.78):
C, 42.83; H, 4.99; Au, 39.02; Cl, 7.02; P, 6.14. Found: C, 42.91; H, 4.83.

Chloro[bis(tert-butylamino)methylidene]gold(l) ( )

< NAC was prepared according to a literature procedure.?'? Tert-butylamine (69.3

~
-~

HN pL, 0.66 mmol) was added to a solution of tert-buthylisocyano gold(l) chloride

>>—>AU—C| (173 mg, 0.55 mmol) in 4 mL of dichloromethane. The mixture was stirred at

HN
room temperature and protect from the light for 3 days. Dichloromethane was

-
-

= added to the mixture (that results milky) until it became limpid. The solution was
filtered on a Silica pad and concentrated to minimum volume. The white solid precipitated by
addition of pentane was filtered and dried under vacuum (yield 154 mg, 72.6%).
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'H NMR (200 MHz, CD,Cly, 298 K): 6 (ppm) rotamer A: 6.77 (bs, 2H), 1.59 (s, 18H), rotamer B: 6.37
(bs, 2H), 6.13 (bs, 2H), 1.60 (s, 9H), 1.40 (s, 9H). 13C {*H} NMR (200 MHz, CDCl, 298 K): 6 (ppm)
189.31, 53.24, 31.48. Anal. Calc. for CosH20AuCIN; (388.69): C, 27.81; H, 5.19; Au, 50.67; Cl, 9.12; N,
7.21. Found: C, 27.79; H, 5.22; N, 7.18.
Chloro[1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene]gold(l) ( )

IPr-Au-Cl was prepared according to a literature procedure.?’® In a Schlenk
iPr tube containing 18 mL of a DCM:MeOH (5:1) mixture were added IPr-HCI
N iPr (212.1 mg, 0.5 mmol), KHCO3 (150 mg, 1.5 mmol), and THT-Au-Cl (160 mg,
[,\? ATU_CI 0.5 mmol). The tube was covered with an aluminium sheet and the mixture
[

Pr
was stirred at room temperature for 3 days. The reaction mixture was filtered

iPr
on a Celite® pad and dried under vacuum. The solid was recrystallized from
DCM/ pentane. The resulting white powder was filtered and washed (3x2 mL) with pentane and

then dried under vacuum (yield 91%).

1H NMR (400 MHz, CDCls, 298 K): & (ppm) = 7.52 (t, 2H, 3Jun = 7.8 Hz), 7.31 (d, 4H, 3/ = 7.8 Hz), 7.19
(s, 2H), 2.58 (p, 4H, 3Jun = 6.9 Hz), 1.37 (d, 12H, 3Jyy = 6.9 Hz), 1.24 (d, 12H, 3Juy = 6.9 Hz). 13C {*H}
NMR (400 MHz, CDCls, 298 K): & (ppm) 175.3, 145.5, 133.9, 130.7, 124.2, 123.0, 28.8, 24.5, 24.0.
Anal. Calc. for C27H36AuUCIN; (621.01): C, 76.29; H, 8.77; Cl, 8.34; N, 6.59. Found: C, 76.35; H, 8.65; N,

6.45.

Chloro[1,3-bis(2,6-diisopropylphenyl)-4,5-dihydroimidazolium]gold(l) ( )
NHC2-Au-Cl was prepared using a modified method present in the

iPr literature.?®® In Schlenk tube containing 30 mL of dichloromethane were

IPr added NHC™2.-HCl (51 mg, 0.079 mmol) and THT-Au-Cl (25 mg, 0.078 mmol).

N
[ P=Au-ci S . .
N The reaction mixture was stirred for 12 hours at room temperature in the

iPr
dark. The solvent was removed under reduced pressure and the compound

iPr
was dissolved in a minimum amount of DCM. Pentane was added resulting
in the formation of a yellow solid the solid, which was filtered off, washed with pentane (3 x 3 mL),

and dried under vacuum (yield 51 mg, 86%).

1H NMR (200 MHz, CD2Cla, 298 K): & (ppm) 7.53-7.35 (m, 2H), 7.25-7.22 (m, 4H), 4.05 (d, 4H, 3Jun =
7.4 Hz), 3.08-3.02 (m, 4H), 1.41 (d, 12H, 3Juy = 6.9 Hz), 1.33 (d, 12H, 3Jux = 6.9 Hz). 13C {*H} NMR (200
MHz, CD2Cl,, 298K): & (ppm) 196.0, 146.5, 134.0, 130.0, 124.7, 53.8, 28.9, 25.4, 24.0. Anal. Calc. for
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Ca27H38AuCIN2 (623.02): C, 52.05; H, 6.15; Au, 31.61; Cl, 5.69; N, 4.50. Found: C, 52.21; H, 6.01; N,
4.78.

Chloride(BIAN)gold(l) ( )
BIAN-Au-Cl was prepared using a modified method present in the

iPr literature.?®® In Schlenk tube containing 30 mL of dichloromethane

iPr

O N were added BIAN-CI (51 mg, 0.079 mmol) and THT-Au-Cl (25 mg, 0.078

> Au—Cl

Oq N> N mmol). The reaction mixture was stirred for 12 hours at room
iP

iPr

r .
temperature in the dark. The solvent was removed under reduced

pressure, the residue was dissolved in a minimum amount of DCM and
re-precipitated with pentane. The yellow solid was filtered and washed with pentane (3 x 3 mL) and

dried under vacuum (yield 51 mg, 86%).

1H NMR (200 MHz, CD,Cl,, 298 K): & (ppm) 7.84 (d, 2H, 3Ju = 8.4 Hz), 7.68 (t, 2H, 3Juy = 7.8 Hz), 7.46
(dd, 2H, 3Jun = 8.4 Hz, *Juy = 7.0 Hz), 7.45 (d, 4H, 3w = 7.9 Hz), 7.03 (d, 2H, 3Jum = 7.1 Hz), 2.83 (sept,
4H, 3Juy = 7.2 Hz), 1.38 (d, 12H, 3Jmy = 6.9 Hz), 1.21 (d, 12H, 3Ju = 6.9 Hz). 13C {*H} NMR (200 MHz,
CD,Cly, 297 K): & (ppm) 175.6, 146.1, 138.4, 133.1, 131.3, 130.5, 129.0, 128.2, 125.6, 125.0, 121.7,
29.3, 24.59, 23.91. Anal. Calc. for CasHaoAuCIN, (745.15) C, 59.64; H, 5.41; Au, 26.43; Cl, 4.76; N,
3.76. Found: C, 59.7; H, 5.47; N, 3.72.

General synthesis of P-Au-OTs (P = PPhs, JPhos, PCys, PArf, P(OR)s)

A general catalyst of the type R3P-Au-Cl (0.11 mmol) was dissolved in 5mL of CH,Cl,. Subsequently,
1.1 eq (0.12 mmol) of AgOTs was added, leading to the precipitation of AgCl. The reaction mixture
was stirred overnight, and then dried. After the addition of 2 mL of fresh dichloromethane, the
mixture was filtered on a Celite® pad the solid was washed with CHCl; (3x1 mL). The solution was
concentrated under vacuum and then n-pentane (4mL) was added, resulting in the formation of a
precipitate. The resulting solid was filtered off, washed with 3x2 mL of n-pentane, and then dried

under vacuum to afford the product as a white powder.

(Yield 78%). H NMR (200 MHz, CDCls, 298 K): & (ppm) 7.9-7.1 (m, 19H),

<©>’P—>AU-OTS 2.41 (s, 3H). 3C {*H} NMR (200 MHz, CDCls, 298 K): 6 (ppm) 141.7, 139.2,
? 134.1,132.2,129.4 129.0, 127.6, 126.5, 53.3. 3'P {*H} NMR (81 MHz, CDCls,
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298K): 6 (ppm) 27.9. Anal. Calc. for C2sH23AuO3PS (631.45): C, 47.55; H, 3.67; Au, 31.19; O, 7.60; P,
4.91; S, 5.08. Found: C, 47.19; H, 3.28; S, 4.99.

(Yield 75%). *H NMR (200 MHz, CDCls, 298 K): 6 (ppm) 7.88 (d, 2H, 3Ju

<<:>>>P—>Au—OTs =8.2Hz), 7.21 (d, 2H, 3Jun = 8.0Hz), 2.37 (s, 3H), 2.01-1.61 (m, 18H), 1.50-

: 1.35 (m, 6H), 1.32-1.15 (m, 9H). 13C {*H} NMR (200 MHz, CDCls, 298K):

8(ppm) 141.7, 139.0, 128.9, 126.4, 39.6, 33.1, 30.7, 27.4, 26.9, 25.8, 21.3. 3P {*H} NMR (200 MHz,

CDCls, 298K): 6 (ppm) 54.01. Anal. Calc. for CsHa0AuOsPS (648.59): C, 46.30; H, 6.22; Au, 30.37; O,
7.40; P, 4.78; S, 4.94. Found: C, 46.76; H, 6.11; S, 4.63.

(Yield 63%). *H NMR (200 MHz, CDCls, 298 K): & (ppm) 7.88 (d,

tBu OtP> Au—0OTs
2H, 3Juny =8.1Hz), 7.52-7.46 (m, 6H), 7.21 (d, 2H, 3Jyy = 8.1Hz), 7.15
tBu/, (m, 3H, 3Juy = 8.5 Hz), 2.36 (s, 3H), 1.465 (s, 27H), 1.311 (s, 27H).
13C {*H} NMR (200 MHz, CDCls, 298K): 6(ppm) 148.3, 147.3, 141.7, 139.3, 129.0, 126.3, 125.51,
124.30, 119.37 (d, ) = 8.6 Hz), 35.23, 34.80, 31.52, 30.69, 21.3. 31P {*H} NMR (200 MHz, CDCls, 298K):
6 (ppm) 93.2. Anal. Calc. for CagH70AuO6PS (1015.08): C, 57.98; H, 6.95; Au, 19.40; O, 9.46; P, 3.05;

S, 3.16. Found: C, 58.15 H, 6.72; S, 3.01.

FaC (Yield 72%). 'H NMR (200 MHz, CDCls, 298 K): & (ppm) 8.22 (s, 3H), 7.97
@»Au—on (d, 6H, Jup = 13.5 Hz), 7.85 (d, 2H, 3Jun = 7.3 Hz), 7.26 (d, 2H, 3Jun = 7.4 Hz),
/. 2.40 (s, 3H). 13C {tH} NMR (50 MHz, CDCls, 298K): & (ppm) 142.02, 139.26,
134.53 (m), 133.61 (m), 129.21, 128.86 (d, Lcp = 64.8 Hz), 127.79 (m), 126.38, 122.03 (m), 21.40. °F
NMR (188 MHz, CDCls, 298K): & (ppm) -63.88 (s, CF3). 3P {*H} NMR (81 MHz, CDCl3, 298K): & (ppm)

32.45 (s, P). Anal. Calc. For C31H16AuF1803PS (1038.43): C, 35.86; H, 1.55; Au, 18.97; F, 32.93; O, 4.62;
P, 2.98; S, 3.09. Found: C, 35.90; H, 1.58.

tBu
‘b Au-OTs (Yield 75%). 'H NMR (200 MHz, CDCls, 298 K): & (ppm) 7.88 (d, 2H, 3Ju = 8.2
tBu”

Hz), 7.58 (t, 3H, 3Jun = 7.3 Hz), 7.48-7.56 (m, 2H), 7.45 (t, 1H, 3wy = 7.7 Hz),
OO 7.32 (t, 1H, 3y = 5.4 Hz), 7.21 (d, 2H, 3Jux = 8.0 Hz), 7.14 (d, 2H, 3w = 7.4 Hz),
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2.37 (s, 3H), 1.43 (d, 18H, 3Juy = 15.5 Hz). 3C {*H} NMR (200 MHz, CDCls, 298 K): & (ppm) 133.6,
133.3, 130.7, 129.5, 128.8, 128.4, 126.9, 37.9, 21.0. 3P {{H} NMR (200 MHz, CDCls, 298 K): & (ppm)
56.8. Anal. Calc. for CasHs,AuOsPS (640.53): C, 46.88; H, 5.04; Au, 30.75; O, 7.49; P, 4.84; S, 5.01.
Found: C, 47.01; H, 4.90; S, 4.17.

General synthesis for NHC-anion exchange using silver salts

The NHC-Au-Cl complex (0.11 mmol) was dissolved in 5 mL of CH,Cl,, then 1.1 eq. (0.12 mmol) of
AgX (X = OTf or OTs") was added leading to the precipitation of AgCl. The reaction mixture was
stirred in the dark (using aluminium foil) overnight. The reaction mixture was dried under reduced
pressure and re-dissolved with a minimum amount of DCM, filtered on Celite® pad, concentrated
under vacuum. The addition of n-pentane (4mL) resulted in the formation of a precipitate which

was filtered off, washed with 3x2 mL of n-pentane and then dried under vacuum.

ie .1%). z 2C12 : m) /. t HH =
(Yield 85.1%). *H NMR (200 MHz, CD,Cl,, 298 K) 6 (ppm) 7.58 (t, 2H, 3

iPr 7.8 Hz), 7.37 (d, 4H, 3Jun = 7.7 Hz), 7.28 (s, 2H), 2.56 (sept, 4H, 3Juy = 6.9 Hz),

.

N iPr 1.35 (d, 12H, 3Juy = 6.8 Hz), 1.24 (d, 12H, 3Jun = 6.8 Hz). 13C {*H} NMR (200
> Au—OTf

[N u MHz, CD,Cl;, 298 K): 6 (ppm) 166.0, 162.1, 146.4, 134.4, 131.2, 124.8,

iPr

b 124.3, 116.50, 29.4, 24. 5F NMR (200 MHz, CD2Cl3, 298 K): & (ppm) -73.89

iPr

X

(s, CF3). Anal. Calc. for CsgH26AuF3N203S (734.62) C, 45.78; H, 4.94; Au,
26.81; F, 7.76; N, 3.81; O, 6.53; S, 4.36. Found: C, 45.99; H, 4.81; N, 3.92; S, 4.21.

(Yield 90%). *H NMR (200 MHz, CD,Cla, 298 K): & (ppm) 7.55 (t, 2H, 3Jux =

iPr 7.8 Hz), 7.39 (d, 4H, 3Juy = 7.7 Hz), 7.31 (d, 2H, 3Juw = 7.7 Hz), 7.21 (s, 2H),

.

NPT 6.98 (d, 2H, s = 7.4 Hz), 2.47 (sept, 4H, Yy = 6.8 Hz), 2.32 (s, 3H), 1.29
[N}’ '?:F_OTS (d, 12H, Yo = 6.8 Hz), 1.21 (d, 12H, Y = 6.8 Hz). 3C {1H} NMR (200 MHz,
o CD2Cla, 298 K): 6 (ppm) 164.5, 145.7, 133.8, 131.1, 128.8, 126.4, 124.6,
123.6, 123.2, 29.05, 24.3, 21.6, 21.6. Anal. Calc. for CseHasAUN203S

X

(757.76): C, 53.89; H, 5.85; Au, 25.99; N, 3.70; O, 6.33; S. 4.23. Found: C, 53.91; H, 5.84; N, 3.6.
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Yield 95%). *H NMR (200 MHz, CDxCl, 298 K): & (ppm) 7.53-7.35 (m, 2H
( ) ( ) ) ): 6 (ppm) (m, 2H),

iPr 7.25-7.22 (m, 4H), 4.05 (d, 4H, 3Juy = 7.4 Hz), 3.08-3.02 (m, 4H), 1.41 (d,

.

N Pr 12H, 3y = 6.9 Hz), 1.33 (d, 12H, 3wy = 6.9 Hz). 13C {1H} NMR (200 MHz,
> Au—OTf

[N U=OTr p,ch,, 298K): 5 (ppm) 196.0, 146.5, 134.0, 130.0, 124.7, 53.8, 28.9, 25.4,

iPr

i 24.0. °F NMR (200 MHz, CDCls, 298 K): & (ppm) -78.22. Anal. Calc. for

iPr

X

CagH3s8AuF3N203S (736.64): C, 45.65; H, 5.20; Au, 26.74; F, 7.74; N, 3.80; O,
6.52; S.4.35. Found: C, 49.47; H, 5.06; N, 3.92; S, 4.13.

(Yield 94%). *H NMR (200 MHz, CDCl,, 298 K): & (ppm) 7.88 (d, 2H, 3Juy =

iPr 8.2Hz), 7.53-7.35 (m, 2H), 7.25-7.22 (m, 2H), 4.05 (d, 4H, 3Juy = 7.4 Hz),

.

N IPr 3.08-3.02 (m, 4H), 2.37 (s, 3H), 1.41 (d, 12H, 3Jum = 6.9 Hz), 1.33 (d, 12H,
[N»'?ﬁr_ms 3Ju = 6.9 Hz). 3C {tH} NMR (200 MHz, CD,Cl,, 298K): & (ppm) 196.0, 146.5,
o 141.7,139.0, 134.0, 130.0, 128.9, 126.4, 124.7, 53.8, 28.9, 25.4, 24.0, 21.3.
Anal. Calc. for CssHasAuN,0sS (758.76): C, 53.82; H, 5.98; Au, 25.96; N,

X

3.69; O, 6.33; S. 4.23. Found: C, 54.03; H, 5.55; N, 3.82; S, 4.10.

(Yield 91%). 'H NMR (200 MHz, CDCl,, 298 K): & (ppm) 7.84 (d, 2H,

iPr 3Jun = 8.4 Hz), 7.68 (t, 2H, 3Juy = 7.8 Hz), 7.46 (dd, 2H, 3Juy = 8.4 Hz,
O NPT Y = 7.0 Hz), 7.45 (d, 4H, 3y = 7.9 Hz), 7.03 (d, 2H, 3wy = 7.1 Hz),
.] N>>_> /_*”_OTf 2.83 (sept, 4H, i = 7.2 Hz), 1.38 (d, 12H, %Ju = 6.9 Hz), 1.21 (d, 12H,

_ iPr 3Jum = 6.9 Hz). 13C {tH} NMR (200 MHz, CD2Cl», 298 K): & (ppm) 175.6,

o 146.1, 165.8, 138.4, 133.1, 131.3, 130.5, 129.0, 128.2, 125.6, 125.0,
121.7, 29.3, 24.59, 23.91. Anal. Calc. for CasHaoAuFsN,03S (858.76) C, 53.15; H, 4.69; Au, 22.94; F,

6.64; N, 3.26; O, 5.59; S, 3.73. Found: C, 60.08; H, 5.24; N, 3.24; S, 3.43.
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(Yield 96%). 'H NMR (200 MHz, CDCl,, 298 K): & (ppm) 7.84 (m, 4H),
iPr 7.68 (t, 2H, 3Jun = 7.8 Hz), 7.46 (dd, 2H, 3Jun = 8.4 Hz, “Jun = 7.0 Hz),

iPr
O N 7.45 (d, 4H, 3Jyn = 7.9 Hz), 7.21 (d, 2H, 3Juy = 8.0Hz), 7.03 (d, 2H, 3Jux
q )>—>Au—OTs
N iP

O =7.1Hz), 2.83 (sept, 4H, 3Juy = 7.2 Hz), 2.37 (s, 3H), 1.38 (d, 12H, 3Jun

iPr

' =6.9 Hz), 1.21 (d, 12H, 3Jun = 6.9 Hz). 3C {*H} NMR (200 MHz, CD,Cl,,

298 K): & (ppm) 175.6, 146.1, 141.7, 139.0, 138.4, 133.1, 131.3,
130.5, 129.0, 128.9, 128.2, 126.4, 125.6, 125.0, 121.7, 29.3, 24.59, 23.91, 21.3. Anal. Calc. for
Ca4H47AUN203S (880.89) C, 59.99; H, 5.38; Au, 22.36; N, 3.18; O, 5.45; S, 3.64. Found: C, 60.08; H,
5.24; N, 3.24; S, 3.43.

1 Dichloro(phenylpyridin)gold(lll) [ ]

The complex (ppy)-Au-Cl; (1) was prepared according to aliterature
_Cl procedure.l’? 1 mmol of NaAuCls - 2H,0 was dissolved in 8 mL of water in a

Au
—"~N" ClI Schlenk flask. A solution obtaining by dissolving 0.99 mmol of 2-

|
= phenylpyridine (ppy) in 1.6 mL of acetonitrile was dropwise added under
vigorous agitation. A bright yellow powder was instantly formed. After 4 h, the solid was filtered
and dried under pressure. Finally, the complex was put in an oven at 165°C for 12 h during which
time the cyclometallation occurred. The complex was used without any other purification (yield

76%). The assignment of all *H, 13C was made by means of bidimensional experiments such as *H-'H

COSY, H-13C HSQC, and H-13C HMBC.

IH NMR (400 MHz, DMSO-ds, 298 K) &(ppm): 9.54 (d, 1H, 3Jux = 6.0 Hz, Ha), 8.44 — 8.37 (m, 2H, H3-
4),7.97 (dd, 1H, 3Jm = 7.7, “Jum = 1.7 Hz, H7), 7.83 (dd, 1H, 3w = 8.1, 4y = 1.1 Hz, H10), 7.78 (td, 1H
3Ju = 5.9, “lun = 3.3 Hz, H2), 7.48 (td, 1H, 3Juw = 7.5, “Jn = 1.2 Hz, H8), 7.39 (td, 1H, 3Jun = 8.9, “Jy =
7.4, H9). 13C {*H} NMR (101 MHz, DMSO-ds, 298 K): 8(ppm) 164.46 (C5), 152.76 (C6), 148.53 (C1),
144.45(C4), 143.46 (C11), 132.13 (C9), 130.52 (C10), 129.82 (C8), 127.21 (C7), 125.80 (C2), 122.66
(C3). Anal. Calc. for C11HsAUNCi, (MW: 422.06 g-mol?) C, 31.30; H, 1.91; Au, 46.67; N, 3.32; Cl, 16.80.
Found: C, 31.4; H, 1.9; N 3.2.
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[2-cl]cl

+ In a Schlenk flask 1 eq. (0.25 mmol) of IPr-HCl, 1.1 equiv. (116.1
mg, 0.275mmol) of 1 and 4 equiv. (100.1 mg, 1 mmol) of KHCOs

were dissolved in 10 mL of acetonitrile and stirred at room

3 )
N
J/] or temperature overnight. The solvent was then removed under
Au
~

= lN/ cl vacuum. The residue was dissolved in CH2Cl2 and filtered
= through a paddle of Celite®. The volume of the solution was
reduced and then complex wasprecipitated with n-pentane. The

white microcrystalline product was collected by filtration, washed with n-pentane (2 x 2 mL), and
dried under vacuum. Yield of 94%. NMR and elemental analysis data are in accordance with those

reported in the literature.

IH NMR (400 MHz, CDCls, 298 K): 8(ppm) 9.28 (dd, 1H, 3Ju = 6.1 Hz, “Jun = 1.6 Hz, H1), 8.43 (dd, 1H,
3Ju = 8.2, “Jun = 1.4 Hz, H4), 8.34 (td, 1H, 3Juy = 7.8 Hz, “Jun = 1.6 Hz, H3), 8.06 — 7.99 (m, 3H, H7-13),
7.57 — 7.44 (m, 4H, H2-8-17), 7.35 (dd, 2H, 3Jun = 7.8 Hz, “Juy = 1.6 Hz, H18), 7.32 — 7.26 (m, 1H, H9),
7.24 (dd, 1H, 3Juy = 7.8 Hz, 3Jun = 1.5 Hz, H16), 6.95 (d, 1H, 3Juy = 7.9 Hz, H10), 3.05 (p, 2H, 3Jun = 6.7
Hz, H20), 2.89 (p, 2H, 3Jun = 6.7 Hz, H23), 1.45 (d, 6H, 3Juy = 6.6 Hz, H24), 1.27 (d, 6H, 3Jun = 6.7 Hz,
H22), 1.13 (d, 6H, 3Juy = 6.8 Hz, H25), 0.72 (d, 6H, 3Jun = 6.7 Hz, H21). 13C {*H} NMR (101 MHz, CDCls,
298 K): 6(ppm) 163.80 (1C, C5), 149.20 (1C, C12), 148.46 (1C, C6), 147.26 (1C, C1), 147.20 (1C, C19),
144.93 (2C, C15), 144.43 (1C, C3), 143.40 (1C, C11), 132.58 (1C, C9), 132.50 (2C, C14), 132.21 (1C,
C10), 131.98 (2C, C17), 130.02 (1C, C8), 128.67 (2C, C13), 127.59 (1C, C7), 125.16(2C, C16), 124.90
(2C, €18), 124.53 (1C, C2), 122.55 (1C, C4), 29.51 (2C, C23), 29.11 (2C, C20), 26.94 (2C, C25), 26.75
(2C, C22), 22.82 (2C, C21), 22.66 (2C, C24). 1N (41 MHz, acetone-ds, 298 K): §(ppm) -147.7 (1N, N1),
-189.8 (2N, N2). Anal. Calc. for CagHasAuNsCl, (MW: 810.66 g-mol?) C, 56.30; H, 5.47; Au, 24.30; N,
5.18, Cl, 8.75. Found: C, 56.1; H, 5.4; N 5.1.

3 [Chloro(phenylpyridin)(triphenylphosphin)gold(lll)]triflate

\ + A solution of 9 mL of acetone containing 1 (105.5 mg,
0.25 mmol), triphenylphosphine (72.1 mg, 1.1 eq.) and
_PPhg
/Au\ CF,50, NaCFsSOs (172.06 mg, 4 eq.) was stirred overnight in a
s N Cl
— Schlenk flask. The solvent was removed under vacuum

and replaced with dichloromethane. The solid was
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removed via filtration through Celite®. The volume of the solution was reduced and the white solid

was precipitated by addition of n-pentane. (yield 91.5%)

1H NMR (400 MHz, CD2Cl,, 298 K): 8(ppm) 9.60 (br, 1H), 8.23 (br, 2H), 7.70 (m, 17H), 7.38 (br, 1H),
6.84 (m, 1H), 6.78 (m, 1H). 31P {1H} NMR (162 MHz, CD,Cl,, 298 K): &(ppm) 43.46 (s). 1°F NMR (376
MHz, CD2Cl, 298 K): 6(ppm) -78.88 (s). Anal. Calc. for C3oH23AuCIF3sNO3sPS (MW: 797.97 g-mol?) C,
45.16; H, 2.91; Au, 24.68; Cl, 4.44; F, 7.14; N, 1.76 O, 6.02; P, 3.88; S, 4.02. Found: C, 45.1; H, 2.9; N

1.8.
[2-CI]OTf
+ The complex [2-CI]OTf was synthesized by adding in a
Schlenk flask 1.1 eq. (17.4 mg, 0.07 mmol) of silver triflate
“, “y, to (50 mg, 0.06 mmol) [2-CI]Cl in 2 mL of dichloromethane.
N
J/] cE.so.- The solution was filtered on Celite and the volume was
Au 3 3
= |N/ al reduced. The solution was filtered on Celite® and the
——

volume was reduced. The final compound was crystallized

with pentane. The complex was characterized by mono and
bidimensional *H, 13C, and °F NMR experiments. The assignment of all *H and 3C resonances was
made by means of bidimensional experiments, such as *H-'H COSY, *H-13C HSQC, H-13C HMBC, and
'H-'H NOESY.

1H NMR (400 MHz, CDCl3, 298 K): 8(ppm) = 9.27 (dd, 1H, 3Jux = 6.1, “Juw = 1.5 Hz, H1), 8.21 (td, 1H,
3Jun = 7.8 Hz, “Jun = 1.6 Hz, H3), 8.11 (dd, 1H, 3Juy = 8.3, “Jun =1.6 Hz, H4), 7.88 (s, 2H, H13), 7.78 (dd,
1H, 3Jun = 7.9 Hz, “Jun = 1.6 Hz, H7), 7.53 — 7.40 (m, 4H, H2-8-17), 7.38 — 7.29 (m, 3H, H9-18), 7.22
(dd, 2H, 3Jun = 7.8, “Jun = 1.5 Hz, H16), 6.96 (d, 1H, 3Juy = 7.8 Hz, H10), 3.03 (hept, 2H, 3Jun = 6.7 Hz,
H20), 2.86 (hept, 2H, 3Juy = 6.7 Hz, H23), 1.43 (d, 6H, 3Juy = 6.6 Hz, H24), 1.23 (d, 6H, 3Juy = 6.7 Hz,
H22), 1.09 (d, 6H, 3Juy = 6.8 Hz, H25), 0.70 (d, 6H, 3Ju = 6.7 Hz, H21). 3C{*H} NMR (101 MHz, CDCl3,
298 K) 8(ppm) = 163.79 (1C, C5), 148.67 (1C, C12), 148.53 (1C, C6), 147.40 (1C, C1), 147.21 (2C, C19),
145.04 (2C, C15), 144.14 (1C, C3), 143.19 (1C, C11), 132.89 (1C, C9), 132.53 (1C, C14), 132.47 (1C,
C10), 131.91 (2C, C17), 129.87 (1C, C8), 128.66 (2C, C13), 126.96 (1C, C7), 125.13 (2C, C16), 124.83
(2C, C18), 124.56 (1C, C2), 121.88 (1C, C4), 29.49 (2C, C23), 29.06 (2C, C20), 26.79 (2C, C25), 26.56
(2C, C22), 22.80 (2C, C21), 22.66 (2C, C24). °F NMR (376 MHz, CDCls, 298 K): 6(ppm) = -78.08.
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[2-CI]BF4

+ The complex [2-CI]JOTf was synthesized by adding in a Schlenk
flask 1.1 eq. (13.6 mg, 0.07 mmol) of silver tetrafluoroborate to
(50 mg, 0.06 mmol) [2-CI]Cl in 2 mL of dichloromethane. The

) ',
N
J/] g, solution was filtered on Celite and the volume was reduced.
4
Au
=N g The solution was filtered on Celite® and the volume was

reduced. The final compound was crystallized with pentane.
The complex was characterized by mono and bidimensional *H,

13C, and °F NMR experiments.

1H NMR (400 MHz, CD2Clz, 298 K): 8(ppm) = 9.35 (dd, 1H, 3Jun = 6.1, 4 = 1.6 Hz, H1), 8.18 (td, 1H,
3Jur = 7.8, *Jun = 1.6 Hz, H3), 7.98 (dt, 1H, Jun = 8.1, 4y = 1.1 Hz, H4), 7.80 (s, 2H, H13), 7.75 (dd, 1H,
3Jur=7.9, “Jun = 1.6 Hz, H7), 7.60 — 7.49 (m, 4H, H2-8-17), 7.41 (dd, 2H, 3Jun = 7.8, “Jun = 1.5 Hz, H18),
7.36 (td, 1H, 3Jum = 7.7, “Jun = 1.6 Hz, H9), 7.30 (dd, 2H, 3Jum = 7.8, “Ju = 1.5 Hz, H16), 7.02 (dd, 1H,
3Jur = 7.8, “Jum = 1.1 Hz, H10), 3.07 (hept, 2H, 3Juy = 6.7 Hz, H20), 2.92 (hept, 2H, 3Juy = 6.7 Hz, H23),
1.48 (d, 6H, 3Juy = 6.6 Hz, H24), 1.27 (d, 6H, 3Juy = 6.7 Hz ,H22), 1.15 (d, 6H, 3/ = 6.8 Hz, H25), 0.79
(d, 6H, 3Jun = 6.7 Hz, H21). 15F NMR (400 MHz, CD,Cl,, 298 K): & = -152.98 — -153.09 (m).

[2-OTf]OTf

+ The complex [2-CIJOTf was synthesized by adding in a
Schlenk flask 2.5 eq. (34.8 mg, 0.14 mmol) of silver triflate
", “y, to (50 mg, 0.06 mmol) [2-Cl]Cl in 2 mL of dichloromethane.
N
J/] cE.so. The solution was filtered on Celite and the volume was
Au 3 3

= lN/ Nors reduced. The solution was filtered on Celite® and the

———
volume was reduced. The final compound was crystallized

with pentane. The complex was characterized by mono and

bidimensional 'H, *3C, and °F NMR experiments.

1H NMR (400 MHz, CD,Cl,, 298 K): & (ppm)=8.79 (d, 1H, 3Juw = 5.9 Hz, H1), 8.19 (t, 1H, 3Juy = 7.8 Hz,
H3), 7.92 (d, 1H, 3Jux = 8.1 Hz,H4), 7.79 (s, 2H, H13), 7.71 (d, 1H, 3Juy = 7.79 Hz, H7), 7.67 — 7.59 (m,
2H, H17), 7.57 — 7.46 (m, 3H, H2-18), 7.36 (m, 3H, H8-16), 7.26 (td, 1H, Jun = 7.8, “Jun = 1.7 Hz, HO),
6.72 (d, 1H, 3Juy = 8.1 Hz, H10), 2.96 (p, 2H, 3Jux = 6.7 Hz, H20), 2.66 (p, 2H, *Jun = 6.7 Hz, H23), 1.52
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(d, 7H, 3Jum = 6.4 Hz, H24), 1.29 (d, 8H, 3Juy = 6.4 Hz, H22), 1.15 (d, 8H, 3Juy = 6.5 Hz, H25), 0.85 (d,
6H, 3Juy = 6.7 Hz, H21). 1°F NMR (376 MHz, CDClz, 298 K): 8(ppm) = -77.95.

[2-BF4]BF4

+ [2-BF4]BFs was generated in a NMR tube by the reaction
between [2-CI]Cl (15 mg, 18.5 umol) and 2 equiv (40 pmol) of
AgBF4 in 0.5 mL of CD2Cl. The water complex [2-H20](BFa)2

., ",
N
J I] Br, (48%) s also present in solution.
= N/AU\BF
-~ 4 IH NMR (400 MHz, CD,Cl,, 298 K): 8(ppm) = 8.55 (br, H1), 8.16

(br), 7.92 (d), 7.85-7.20 (m), 6.73 (d, 1H, 3Juy = 7.4 Hz, H10),
2.95 (br, H20), 2.65 (br, H23), 1.48 (H24), 1.30 (H22), 1.15 (d,
3Jun = 6.6 Hz, H25), 0.84 (H21). 1°F NMR (376 MHz, CD>Cls, 298 K): 8(ppm) = -152.90 (d, J = 20.8 Hz).

[2-H20](OTf)2

j 2+ The complex [2-H;0](OTf), was synthesized in an NMR
tube by adding 5 eq of water to 15 mg (0.014 mmol) [2-
“, Yy, OTf]OTf in 500 pL of deuterated dichloromethane. The
Jl] 2 CF,S0; complex was characterized by mono and bidimensional
= |N/ NoH H, 13C and °F NMR experiments. The assignment of all
H, 13C was made by means of bidimensional experiments
such as 'H-1H COSY, 'H-13C HSQC, H-13C HMBC, and H-

'H NOESY.

IH NMR (400 MHz, CD1Cl,, 298 K): 8(ppm) = 8.75 (dt, 1H, 3Jux = 5.9, “Jum = 2.0 Hz, H1), 8.18 (td, 1H,
3 = 7.9, 4un = 1.6 Hz, H3), 7.93 (dt, 1H, 3Jun = 8.2, “Juw = 1.1 Hz, H4), 7.71 (s, 2H, H13), 7.66 (dt, 1H,
3 = 7.8, 4w = 1.8 Hz, H7), 7.61 — 7.52 (m, 3H, H2-17), 7.48 - 7.41 (m, 3H, H8-18), 7.32 (dd, 2H, 3/ux
= 7.8, *Juy = 1.5 Hz, H16), 7.25 (tt, 1H, 3Jyy = 7.7, “Jun = 1.8 Hz, H9), 6.98 (ddd, 1H, 3Juy = 7.9, “Juy =
3.5 Hz, H10), 2.94 (m, 4H, H20-23), 1.46 (d, 6H, 3Jux = 6.6 Hz, H24), 1.33 (d, 6H, 3Juy = 6.7 Hz, H22),
1.13 (d, 6H, 3/ = 6.8 Hz, H25), 0.94 (d, 6H, 3/ = 6.8 Hz, H21). 1°F NMR (376 MHz, CD,Cl, 298 K):
6(ppm) = -78.08.
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[2-H20](BFa4)2

—e

1,// ',//
N
A J /] 2 BF,
u
~ |

The complex [2-H,0](BF4)2 was synthesized in an NMR tube
by adding an excess of silver tetrafluoroborate to 20 mg
(0.025 mmol) [2-CI]CI in 500 uL of deuterated
dichloromethane. To the solution was added 10 eq of water
and the tube was shaken. The complex was characterized by
mono and bidimensional H, 13C and °F NMR experiments.

The assignment of all 'H, 3C was made by means of

bidimensional experiments such as *H-*H COSY, *H-13C HSQC, H-'3C HMBC, and *H-'H NOESY.

1H NMR (400 MHz, CD2Clz, 298 K): &(ppm) = 8.75 (dt, 1H, 3Jun = 5.9, “Jun = 2.0 Hz, H1), 8.18 (td, 1H,

3Jum=7.9, “um = 1.6 Hz, H3), 7.93 (dt, 1H, 3Jun = 8.2, 4w = 1.1 Hz, H4), 7.71 (s, 2H, H13), 7.66 (dt, 1H,

3 =7.8, *Jun = 1.8 Hz, H7), 7.61 — 7.52 (m, 3H, H2-17), 7.48 - 7.41 (m, 3H, H8-18), 7.32 (dd, 2H, 3Jux

= 7.8, “um = 1.5 Hz, H16), 7.25 (tt, 1H, 3Jum = 7.7, “Jun = 1.8 Hz, H9), 6.98 (ddd, 1H, 3y = 7.9, Y =

3.5 Hz, H10), 2.94 (m, 4H, H20-23), 1.46 (d, 6H, 3Jun = 6.6 Hz, H24), 1.33 (d, 6H, 3Jux = 6.7 Hz, H22),

1.13 (d, 6H, 3Juy = 6.8 Hz, H25), 0.94 (d, 6H, 3/uy = 6.8 Hz, H21). 13C {*H} NMR (101 MHz, CD,Cl,, 298

K) 8(ppm) = 162.20 (1C, C5), 150.56 (1C, C12), 147.36 (1C, C19), 145.61 (d, 1C, C1), 144.91 (1C, C15),

144.16 (1C, C3), 143.05 (1C, C11), 134.70 (1C, C6), 133.32 (d, 1C, C10), 132.73 (1C, C9), 132.12 (2C,

C14), 131.83(2C, C17), 129.52 (1C, C8), 127.14 (2C, C13), 126.47 (1C, C7), 124.99-124.96 (4C, C16-

18), 124.42 (1C, C2), 120.97 (1C, C4), 29.22-29.17 (4C, C20-23), 26.31 (2C, C22), 26.18 (2C, C25),

22.68 (2C, C21), 22.16-22.10 (d, 2C, C24). °F NMR (376 MHz, CD,Cl, 298 K): 8(ppm) = -152.74 (d,

J=20.8 Hz).
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Hydration of 3-hexyne with L-Au-Cl ( ).

In a 2 mL glass screw-top vial were mixed L-Au-Cl (0.00175 mmol), AgOTf (0.45 mg, 0.00175 mmol),
3-hexyne (199 uL, 1.75 mmol), water (34.6 uL, 1.925 mmol), and NBusOTf (34.2mg, 0.0875 mmol).
The vial was then placed in a bath oil at 30 °C with magnetic stirring. The progress of the reaction

was checked by 'H NMR.
Hydration of 3-hexyne with L-Au-OTf or L-Au-OTs ( and ).

In @ 2 mL glass screw-top vial were mixed L-Au-X (0.00175 mmol), 3-hexyne (199 uL, 1.75 mmol),
water (34.6 uL, 1.925 mmol), and NBusOTf (0.0875 mmol). The vial was then placed in a bath oil at

30 °C with magnetic stirring. The progress of the reaction was checked by 'H NMR.

0 1H NMR (200 MHz, CDCls, ppm): & 2.49-2.32 (m, 4H, 2-1), 1.60 (m, 2H, 3), 1.05 (t,

\)l\/\ 3y = 7.3, 3H, 5), 0.89 (t, 3Jun = 7.4 Hz, 3H 4).

Hydration of diphenylacetylene ( ).

- With H;0
In a 2 mL glass screw-top vial were mixed IPr-Au-X (from 0.01 to 0.1 mmol), diphenylacetylene (312
mg, 1.75 mmol), water (34.6 pL, 1.925 mmol) and NBusOTf (34.3 mg, 0.0875 mmol). The vial was
then placed in a bath oil at a fixed temperature (60, 80 or 120 °C) with magnetic stirring. The

progress of the reaction was checked by *H NMR.

- With D;0
In a2 mL glass screw-top vial were mixed IPr-Au-X (from 0.01 to 0.1 mmol), diphenylaceteylene (312
mg, 1.75 mmol), deuterium oxide (35 pL, 1.925 mmol) and NBusOTf (34.3 mg, 0.0875 mmol. The vial
was then placed in a bath oil at 120°C with magnetic stirring. The progress of the reaction was

checked by *H NMR.

0 O 1H NMR (200 MHz, CDCls, ppm): § 8.01 (m, 2H, 2), 7.62-7.39 (m, 6H, 3), 7.31-
O 7.27 (m, 2H, 4), 4.28 (s, 1H, 1).
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Entry Le X AgOTf (mol%) Conv. (%)? Time€ (h) (TOF)

1 IPr  OTf - 10.6 0.5
429 1
77.5 1.5

99.1 2 (495)
2 IPr cr 0.1 25.6 1
66 1.5
70 2

70 2.5 (350)
3 BIAN  CI 0.1 15.4 1
67 15

75.5 2 (380)
75.5 2.5
4 NHC™?  cF 0.1 16.1 1
52.6 15

75 2 (380)
75 2.5
5 NAC  CIF 0.1 24 0
6  JPhos CI 0.1 18.3 1
29.6 1.5
46.9 2
56.6 2.5
66.9 3

75.3 4 (188)
7 PCys  CI 0.1 24 0
8 PAFF  CI 0.1 24 0
9 PPhs  CI 0.1 24 0
10  P(OR); CI 0.1 24 0
11 IPr  OTs - 14.1 1
77.7 2

99.9 3(285)
12 BIAN OTs - 2 1
2.6 15
18.1 2
63.5 2.5
93.8 3

97.8 4 (248)
13 NHC?  OTs - 0 1
0 2
2 4
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26.9 6

63.3 6.5
86.6 7
98.5 8(122)
14 NAC OTs - 3 1
4.8 2
8.7 3
9.0 4
9.1 24 (4)
15 JPhos  OTs - 19.5 1
74.5 5(148)
85.3 24
16 PCys  OTs - 0 1
0 2
2 6
6 24 (3)
17 PArf  OTs - 0 24
18 PPhs  OTs - 0 1
0 2
0 6
3 24 (1)
19 P(OR); OTs - 0 1
1.1 5
17 24(7)
20 BIAN  OTf - 24.7 1
94.3 1.5
>99 2 (495)
21 NHC™2 OTf - 0 1
25.1 2
73.7 3
>99 4 (248)

9 Catalytic conditions: 3-hexyne (1.75 mmol, 200 pL), 5% NBu4OTf (0.087 mmol, 34.3 mg), H.0 (1.92 mmol, 35 pL), L-Au-X (0.00175 mmol)
and AgOTf (0.00175 mmol, 0,45 mg) when indicated. ® mol% = (moles of catalyst / moles of alkyne) x 100. ¢ see text. ¢ Determined by *H
NMR, averaged value of three measurements. ¢ Time necessary to reach the reported conversion.  TOF = (N product / N catayst) / t(h) at the
reported conversion. ¢ from reference 2,
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100 +

80
60 <
S
> ] —¢ NHC™-Au-CI
S 40 - NHC::—AU-OTf
O —B— NHC"™-Au-OTs
—¥— NHC®"*-Au-Cl
i R NHCCH-Au-OTf
—A— NHC®"*-Au-OTs
20 - —a—BIAN-Au-CI
BIAN-AU-OTF
- —— BIAN-Au-OTs
—+— JPhos-Au-Cl
04 —#— JPhos-Au-OTs
' | ! I ' 1
0 3 6 9
Time (h)
entry Loading (mol%)® Additive Conv.c(%) Time? (h)
1 0.1 (Bu)NH,OTf 0 2.5
12.3 4
2 Aliquat-OTf 0 1
2.4 2
4.8 4
41.9 6
555 6.5
68 7
91.6 24
3 (Me);(Et)(Dod)OTf 5.03 0.5
44.1 1
76.9 1.5
92.9 2.5

aCatalysis conditions: 3-hexyne (1.75 mmol, 200 pL) and H20 (1.92 mmol, 35 pL) at 30 °C. ® (moles of catalyst / moles of alkyne)
x 100.¢ Determined by *H NMR, average value of three measurements; in brackets the products obtained (see below) with

their molar ratio.  Time necessary to reach the reported conversion.
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entry Catalyst loading (mol%)® T(°C) X Conv.c(%) Time (h) (TOFe)

1 0.1 60 oTf 26.3 2
62.4 6
72.8 7
82.3 8 (102)
88.9 24

2 0.05 80 oTf 7.5 2
215 3
27.1 4
313 5
35.0 6
42,5 8 (105)
56.2 24
60.1 72

3 0.05 120 oTf 81.6 2
94.1 4(470)
95.8 5
96.0 8
96.2 24

4 0.025 120 oTf 40.7 2
67.2 4
73.5 5
84.6 8 (435)
88..0 24

5 0.01 120 oTf 19.1 2
27.4 4
28.4 5 (560)
28.4 8
28.6 24

6f 0.05 120 oTf 47.0 2
64.9 3
75.7 4
83.6 5
86.0 6
87.7 8 (220)
89.7 24

7 0.05 120 OTs 14 2
3.4 3
4.1 4
4.6 5
6.9 6
7.4 8(17)

aCatalysis conditions: diphenylacetylene (1.75 mmol, 312 mg), 5% NBu4OTf (0.087 mmol, 34.3 mg) and H.0 (1.92 mmol, 35 pL). ? (moles of catalyst
/ moles of alkyne) x 100.¢ Determined by 'H NMR; average value of three measurements.  Time necessary to reach the reported conversion. ¢ TOF
= (N product / N catayst) / t(h) at the reported conversion. fUsing D,0 instead of H0.
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Figure 3.2: Hydration of diphenylacetylene at different temperatures and catalyst loadings.
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Figure 3.3: Hydration of 3-hexyne with H>0 and D20 at 120 °C using a 0.05 mol% catalyst loading. (Table 3.3)

31p NMR spectra for PPh3-Au-OTs and JPhos-Au-OTs after 20 hours from the beginning of catalysis
have been recorded to analyzed which species are present at the end of the hydration of 3-hexyne.
The procedure written in section 2 was applied for the hydration. The reaction mixture was put in a
NMR tube containing a capillary filled with D;0. In Table 3.4 are reported the chemical shifts of the

possible P-containing species.*%:139
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Table 3.4: 3P NMR chemical shifts

2 +
Ligand  Free Oxide Au-Cl Au-OTf Au-OTs  Aun“hexyne  [AuP;]

PPhs -54 31.6 33.8 29.4 27.9 37 45

JPhos 18.9 - 60.5 57.4 56.8 64.6 -
%_ JPhosAuOTs_NBu4OTf_3hexyne_D20
T

80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0 -5 -10
ppm
PPh3AuOTs_NBu4OTf_3hexyne_D20

—41.94

80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0 -5
ppm

Figure 3.4: 31P NMR spectra of PPhs-Au-OTs (bottom) and JPhos-Au-OTs (top) in the hydration of 3-hexyne.
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Meyer-Schuster rearrangement of 1-phenyl-2-propyn-1-ol to cinnamaldehyde catalysed by IPr-

Au-OTf ( and )-
HO\ IPr-Au-OTf (0.5%) /=O
= »
Ph/ Solvent Ph/

T: 50°C

IPr-Au-OTf (1.8 mg, 0.0025 mmol), the appropriate solvent (200 pL), and 1-phenyl-2-propyn-1-ol (61
uL, 0.5 mmol) were added into a 2 mL glass screw-top vial. The vial was placed in a bath oil at 50°C
with magnetic stirring. The reactions were checked by NMR: 10 pL of the reaction mixture was
added to a 500 uL of non-anhydrous CDCls. The progress of the reaction was monitored integrating
the signals of 1-phenyl-2-propyn-1-ol and cinnamaldehyde. Conversion was calculated from the
integral intensities of the corresponding signals (conversion [%] = (n cinnamaldehyde) / (n 1-phenyl-

2-propyn-1-ol + n cinnamaldehyde) x 100). Reported yields are an average of three runs.

NN X0 'H NMR (400 MHz, CDCls, 298 K) 8(ppm): 9.74 (d, 1 H, 3Juy = 7.7 Hz), 7.60
(dd, 2H, 3Jun = 6.8, “Jun = 2.9 Hz), 7.55 — 7.39 (m, 4H), 6.75 (dd, 1H, 3Jun =
15.9, 4Jyy = 7.7Hz).

Stoichiometric reaction of 1-phenyl-2-propyn-1-ol with IPr-Au-OTf

3.6 pL (0.027mmol) of 1-phenyl-2-propyn-1-ol and 8.6 mg (0.0401 mmol) of protonsponge [1,8-
Bis(dimethylamino)naphthalene] were added to 500 uL of CDCls. Then 20 mg (0.027 mmol) of IPr-
Au-OTf was added in the NMR tube and the solution was shaken. The formation of sigma-bonded
species was completely characterized by multinuclear NMR techniques.

IH NMR (400 MHz, CDCls, 298 K) &(ppm): 7.50 (m), 7.26
(m), 5.41 (d, 1H, 3Juy = 5.5), 2.60 (hept, 4H, 3Ju = 6.8),
2.16(d, 1H, 3Juy=5.9, H8), 1.37 (d, 12H, 3/un =6.9), 1.24
(d, 12H, 3Juy = 6.8). 13C{*H} NMR (101 MHz, CDCls, 298
K) &(ppm) = 190.77, 145.62, 142.58 (1C, C4), 134.26,
130.51 (2C, C2), 128.03, 127.35 (1C, C1), 127.03 (2C,
C3), 125.43, 124.18, 123.22, 121.63, 102.97 (1C, C6),

65.32 (1C, C5), 28.81, 24.58, 24.03.
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Entry Solvent Catalytic system Conv.’(%) TOF¢(h?) Er
VoS
1 Chloroform IPr-Au-OTf 75 300 4.81
2 Dichloromethane IPr-Au-OTf 12 53 8.93
3 Acetone IPr-Au-OTf 13 50 21
Green

4 p-Cymene IPr-Au-OTf 91 394 2.24
5 p-Cymene® IPr-Au-Cl/ AgOTs 11 44 2.24
6 p-Cymene/ IPr-Au-Cl/ AgTFA 0.4 2 2.24
7 p-Cymene? IPr-Au-Cl/AgBF, 7 28 2.24
8 p-Cymene’ IPr-Au-Cl/AgOTf 30 115 2.24
9 p-Cymene’ IPr-Au-OTf/HOTf 100 400 2.24
10 p-Cymene’ IPr-Au-OTf/HOTs 93 371 2.24
11 p-Cymenek IPr-Au-OTf/P.S. 0 0 2.24
12 Limonene IPr-Au-OTf 67 246 2.4
13 Anisole IPr-Au-OTf 85 368 4.3
14 Ethyl Lactate IPr-Au-OTf 24 106 15.4
15 Furfuryl alcohol IPr-Au-OTf 37 161 16.9
16 v-Valerolactone IPr-Au-OTf 23 105 36.9
17 DMSO IPr-Au-OTf 0 0 46.7
18 Methyl levulinate IPr-Au-OTf 17 74 -
19 - IPr-Au-OTf 74 296 -

9Catalysis conditions: IPr-Au-OTf (0.0025 mmol, 1.8 mg), 1-phenyl-2-propyn-1-ol (0.5 mmol, 61 pL), solvent (200 puL).
bDetermined by 'H NMR; average value of three measurements after 30 minutes. “TOF = (MOlproduct/MOlcatayst)/t calculated
after 30 minutes. %, = dielectric constant. ¢IPr-Au-Cl (0.0025 mmol, 1.6 mg), 1.1 eq AgOTs. fIPr-Au-Cl (0.0025 mmol, 1.6
mg), 1.1 eq AgTFA. 9IPr-Au-Cl (0.0025 mmol, 1.6 mg), 1.1 eq AgBFa. "IPr-Au-Cl (0.0025 mmol, 1.6 mg), 1.1 eq AgOTf. IPr-Au-
OTf (0.0025 mmol, 1.8 mg), 10% (respect to substrate) HOTf. /IPr-Au-OTf (0.0025 mmol, 1.8 mg), 10% (respect to substrate)
HOTs. XIPr-Au-OTf (0.0025 mmol, 1.8 mg), 10% (respect to substrate) proton sponge (1,8-Bis(dimethylamino)naphthalene).
'no solvent was used.
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Figure 3.5: Plot of conversion against time for IPr-Au-OTf catalyzed Meyer-Schuster rearrangement of 1-phenyl-2-

propyn-1-ol to cinnamaldehyde at 50°C.
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Figure 3.6: Plot of conversion against time for IPr-Au-X catalyzed Meyer-Schuster rearrangement of 1-phenyl-2-propyn-

1-ol to cinnamaldehyde at 50°C.
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TIME (h): 0.25 0.5 1 2 4 6 24
Conv. 4 Conv. 4 Conv. 4 Conv. 4 Conv. 4 Conv. 4 Conv. TOF (h-
ENTRY SOLVENT CAT %) TOF (h?) %) TOF (h?) %) TOF (h?) %) TOF (h?) (%) TOF (h?) %) TOF (h?) (%) 1
1 Chloroform 1-0Tf 57.5 460 75.1 300 84.4 169 86.9 87 91.7 46 91.5 30 94.3 8
2 Dichloromethane 1-0Tf 12.1 104 12.3 53 11.6 25 11.4 12 14.0 6 15.0 1 16.0 0
3 Acetone 1-OTf 10.4 80 12.9 50 20.0 39 36.9 36 56.7 27 68.1 22 74.0 6
4 p-Cymene 1-0Tf 66.4 574 91.1 394 98.4 213 99.7 108
5 p-Cymene® Alg_gl'?s 8.6 69 10.9 44 16.6 33 28.4 28 48.7 24 55.0 18 64.0 5
6 -Cymenef = 0.8 6 0.4 2 0.2 0 3.0 3 0.7 0 2.5 2 5.3 0
p-Cy AgTFA L ! L d . . .
1-cl/
7 p-Cymene? AgBF 8.1 62 7.3 28 11.2 21 19.9 19 26.3 10 37.2 6 82.8 7
4
8 p-Cymene” Algng 19.4 149 30.1 115 35.2 67 36.4 35 41.2 20 46.3 10 58.6 5
; 1-0Tf/
9 p-Cymene’ HOTF 100.0 800 100.4 402 100.8 202 100.4 100 100.5 50 101.6 34
; 1-0Tf/
10 p-Cymene/ HOTs 81.4 651 92.8 371 102.3 205 102.9 103 103.2 52 103.1 34
11 p-Cymene* 1-PO;-f/ 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0
12 Limonene 1-OTf 41.9 308 66.8 246 87.0 160 90.0 79 94.0 96.3 29 100.0 8
13 Anisole 1-OTf 72.7 628 85.2 368 91.0 197 91.7 99 99.8 50
14 Ethyl Lactate 1-0Tf 13.6 118 24.4 106 47.3 102 75.8 82 92.2 44 97.3 6 99.5 0
15 Furfuryl alcohol 1-0Tf 25.7 222 37.2 161 48.0 104 62.7 68 78.6 9 85.7 2 99.6 0
16 y-Valerolactone 1-OTf 16.0 147 22.9 105 31.9 73 45.8 53 63.2 24 86.7 8
17 DMSO 1-0Tf 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0.0 0.0
18 Methyl levulinate 1-0Tf 12.1 105 17.2 74 26.5 57 335 36 42.6 18 49.8 9 70.1 2
19 - 1-0Tf 59.5 476 73.9 296 86.2 172 94.1 94 96.9 48 97.5 33 96.2 8

aCatalysis conditions: IPr-Au-OTf (0.0025 mmol, 1.8 mg), 1-phenyl-2-propyn-1-ol (0.5 mmol, 61 pL), solvent (200 pL). PDetermined by 1H NMR; average value of three measurements after 30 minutes. TOF =
(molproduct/molcatalyst)/t calculated after 30 minutes. %, = dielectric constant. ¢IPr-Au-Cl (0.0025 mmol, 1.6 mg), 1.1 eq AgOTs. fIPr-Au-Cl (0.0025 mmol, 1.6 mg), 1.1 eq AgTFA. 8IPr-Au-Cl (0.0025 mmol, 1.6 mg), 1.1
eq AgBF4. "Pr-Au-Cl (0.0025 mmol, 1.6 mg), 1.1 eq AgOTf. IPr-Au-OTf (0.0025 mmol, 1.8 mg), 10% (respect to substrate) HOTf. IPr-Au-OTf (0.0025 mmol, 1.8 mg), 10% (respect to substrate) HOTs. IPr-Au-OTf (0.0025
mmol, 1.8 mg), 10% (respect to substrate) proton sponge (1,8-Bis(dimethylamino)naphthalene). 'no solvent was used.
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IPr-Au-OTf (1.8 mg, 0.0025 mmol) or IPr-Au-Cl (0.0025 mmol, 1.6 mg) and 0.0027 mmol of AgX (X" =
BFs, OTs’, TFA'), the appropriate solvent (200 uL), and N-(2-Propynyl)benzamide (79.6 mg, 0.5
mmol) were added into a 2 mL glass screw-top vial. The vial was placed in a bath oil at 50°C with
magnetic stirring. The reactions were checked by NMR: 10 uL of the reaction mixture was added to
a 500 pL of non-anhydrous CDCls. The progress of the reaction was monitored by following the
signals of N-(2-Propynyl)benzamide and 2-phenyl-5-vinylidene-2-oxazoline. Conversion was
calculated from the integral intensities of the corresponding signals (conversion [%] = (n 2-phenyl-
5-vinylidene-2-oxazoline) / (n N-(2-Propynyl)benzamide + n 2-phenyl-5-vinylidene-2-oxazoline) x

100). Reported yields are an average of three runs.

2-phenyl-5-vinylidene-2-oxazoline

'H NMR (CDCls, 400 MHz, 298 K): & (ppm) 8.01 — 7.93 (m, 2H, H3), 7.61 — 7.40 (m, 3H, H4,5), 4.82 (q,
lH, ZJHH =3.1 HZ, 4./HH =2.9 HZ, Hl), 4.66 (t, ZH, 4JHH =29 HZ, H2), 4.37 (q, 1H, Z.IHH =3.1 HZ, 4JHH =29
Hz, H1').
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Entry  Solvent Conv.%  TOF¢(h?) Er
VoS
1 Chloroform 90 354 481
2 Dichloromethane 89 406 8.93
3 Acetone ¢ 10 43 21
4 3-Nitrotoluene 65 281 22.2
5 Nitromethane 67 274 35.87
Green
6 Cyclohexanone a7 206 2.02
7 p-Cymene 15 63 2.24
8 Limonene € 11 50 2.4
9a Propionic acid 94 431 3.35
9b Propionic acid f 16.7 65 3.35
9c Propionic acid ¢ 39.6 154 3.35
9d Propionic acid " 90.9 354 3.35
10 Cyrene 23 94 3.4
11 Anisole € 13 56 4.3
12 Isopropyl acetate 49 223 6.3
13 MIBK 62 250 13.1
14 Ethyl Lactate 73 317 15.4
15 Furfuryl alcohol 39 148 16.85
16 Propionitrile € 12 50 27.7
17 g-Valerolactone a7 192 36.9
18 DMSO 5 21 46.7
19 Propylene 49 180 64
carbonate
20 BMIM-OTf 28 120 -
21 Methyl levulinate 21 90 -

9 Catalysis conditions: IPr-Au-OTf (0.0025 mmol, 1.8 mg), N-(2-Propynyl)benzamide (0.5 mmol, 79.6 mg), solvent
(200 pL). b Determined by 'H NMR; average value of three measurements after 30 minutes. ¢ TOF =
(molproduct/Molcatayst)/t calculated after 30 minutes. ¢, = dielectric constant. ¢ slightly soluble or insoluble. f1Pr-Au-Cl
(0.0025 mmol, 1.6 mg), 1.1 equiv. AgOTs. 9IPr-Au-Cl (0.0025 mmol, 1.6 mg), 1.1 equiv. AgTFA. "IPr-Au-Cl (0.0025

mmol, 1.6 mg), 1.1 equiv. AgBFa.
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Figure 3.7: Plot of conversion against time for IPr-Au-OTf catalyzed N-(2-propynyl)benzamide isomerization to 2-phenyl-

5-vinylidene-2-oxazoline at 50 °C. See Table 3.7 and Table 3.8 for details.
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Figure 3.8: Plot of conversion against time for IPr-Au-X catalyzed N-(2-propynyl)benzamide isomerization to 2-phenyl-5-

vinylidene-2-oxazoline at 50 °C. See Table 3.7 and Table 3.8 for details.
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TIME (h): 0.25 0.5 1 2

ENTRY SOLVENT Conv. (%) TOF(h?) | Conv.(%) TOF(h') | Conv.(%) TOF(h?) | Conv.(%) TOF(h?) | Conv.(%) TOF(h?) | Conv.(%) TOF(h') | Conv.(%) TOF(h?)
1 Chloroform 68 535 90 354 98 193 100 98 100 49
2 Dichloromethane 61 558 89 406 100 229 100 115
3 Acetone® 1 7 10 43 14 31 20 22 19 5
4 3-Nitrotoluene 37 319 65 281 91 198 100 108 100 54
5 Nitromethano 44 358 67 274 87 178 97 99 99 50 99 33
6 Cyclohexanone 32 278 47 206 65 142 84 91 95 52 99 36 100 27
7 p-Cymene 7 57 15 63 25 54 53 57 54 11
8 Limonene® 7 65 11 50 12 25 14 15 6 2
9a Propionic acid 77 710 94 431 99 226 99 114 99 57
9b Propionic acid' 8.7 67 16.7 65 42.9 84 77.9 76 77.6 25 77.5 18
9c Propionic acid® 26.7 208 39.6 154 58.2 113 81.2 79 90.3 29
9d Propionic acid" 77 600 90.9 354 97.7 190 97.8 95 97.1 32 97 21
10 Cyrene 14 109 23 94 41 82 66 66 85 42 91 31
11 Anisole® 9 78 13 56 20 44 29 32 29 8
12 Isopropyl acetate 32 293 49 223 67 153 76 88 85 49 90 34 93 27
13 MIBK 38 309 62 250 86 174 98 99 100 50 100 34
14 Ethyl Lactate 52 445 73 317 89 191 93 100 92 50 91 33 90 25
15 Furfuryl alcohol 24 186 39 148 64 123 90 86 98 47 100 32
16 Propionitrile® 8 67 12 50 19 42 21 23 15 4 15
17 g-Valerolactone 31 253 47 192 68 139 89 91 97 50 99 34 100 26
18 DMSO 4 34 5 21 10 22 19 21 20 5 20 4
19 g?k?!i:: 34 251 49 180 74 135 93 85 99 45 100 30
20 BMIM-OTf 17 148 28 120 50 108 78 84 98 53 99 36
21 Methyl levulinate 15 125 21 90 34 72 51 55 72 38 82 29 90 12
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General procedure

A typical run was performed by mixing 100 uL of 3-hexyne (0.88 mmol), 18 uL of water, and 0.088
mmol of catalyst in 400 pL of y-valerolactone in a 2 mL glass screw top vial. The mixture was stirred
in a bath oil at 50 °C. The progress of the reaction was checked by NMR and the sample was prepared
as follows: 10 pL of the reaction mixture was taken with a syringe and dissolved in 500 pL of non-
anhydrous CDClz. Conversion was calculated from the integral areas of the corresponding signals
(conversion [%] = (n 3-hexanone) / (n 3-hexyne + n 3-hexanone) x 100). Reported yields are an

average of three runs.

@)

\)j\/\

1H NMR (400 MHz, CDCls, 298 K): 8(ppm) 2.36-2.39 (tq, 4H, 3Juy = 7.4 Hz, 3Jun = 7.3 Hz, H2,3), 1.58
(m, 2H, H4), 1.03 (t, 3H, 34y = 7.4 Hz, H1), 0.89 (t, 3H, 3Juy = 7.4 Hz, H5).

Ligand effect

Entry 2 3 4
Cat. [2-clicl [3-CI]OTf [3-CIJOTf + AgOTf
t(h) Conv? TQFC Conv? TQFC Conv? TQFC Conv? TQFC
(%) (h*) (%) (h*) (%) (h*) (%) (h*)
0.5 0 0 0 0 0 0 12 23
1 0 0 0 0 0 0 23 23
2 0 0 0 0 0 0 38 19
4 0 0 0 0 0 0 58 14
6 - - - - - - 71 12
8 - - - - - - 80 10
24 0 0 0 0 0 0 95 4

aCatalytic conditions: 3-hexyne (0.88 mmol, 100 pL), H20 (1.00 mmol, 18 pL), catalyst (0.0088 mmol, 1%) and AgX (0.0166 mmol) in y-valerolactone

(400 pL), T: 50 °C. ® mol% = (moles of catalyst / moles of alkyne) x 100, determined by *H NMR averaged value of three measurements. ¢TOF = (n

product / N catalyst) / t(h) of conversion.

Anion effect
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Table 3.10: Hydration of 3-hexyne in standard condition. [2-CI]Cl + 2 AgX°

Entry 5 6 7 8 9 10
X oTf TFA SbF¢ OTs’ BF4 OAc
t (h) Conv? TO_Il:C Conv? TO_lFf Conv? TO_lFf Conv? TO_fC Conv? TOE“ Conv® TO_fC
(%) (h7) (%) (h7) (%) (h7) (%) (h™) (%) (h7) (%) (h™)
0.5 3 7 11 22 2 3 2 3 6 13 1 2
1 7 7 1 1 6 6 5 5 5 5 1
2 15 8 0 0 19 9 10 5 14 7 1 1
4 49 12 4 1 60 15 20 5 44 11 2 0
6 72 12 6 1 84 14 31 5 60 15 2 0
8 95 12 9 1 94 12 42 5 94 12 3 0
24 94 4 27 95 4 92 3 94 3 5 0

aCatalytic conditions: 3-hexyne (0.88 mmol, 100 pL), H20 (1.00 mmol, 18 uL), [2-CI]CI (0.0088 mmol, 1%) and AgX (0.0166 mmol) in y-valerolactone

(400 L), T: 50 °C. ®mol% = (moles of catalyst / moles of alkyne) x 100, determined by 'H NMR averaged value of three measurements. ¢ TOF = (n

product/ n catalyst) / t(h)

Acidic condition and KIE

100

Conversion (%)

oTf

—8—OTs

—o—TFA

—e—BF4

—@— SbF6

—8— OAc

—— [(ppy)-Au-PPh3-
CIJOTf + AgOTf

Figure 3.9: Hydration of 3-hexyne with 2 bearing different anions and 3 with AgOTYf.
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Table 3.11: Hydration of 3-hexyne in standard condition.? Acid and KIE

Reference HOTf 5%" KIE study®
t(h)  Conv?(%) TOF¢(h?) Conv?(%) TOF¢(h) Convé(%) TOF¢(h?) H,0/D,0
0.5 6 11 9 19 4 9 1,27
1 14 14 18 19 10 10 1,36
2 31 15 33 17 17 9 1,78
4 66 17 58 15 46 12 1,44
6 90 15 74 13 70 12 1,29
8 89 11 85 11 88 11 1,01
24 90 4 95 4 91 4 0,99

9 Catalytic conditions: 3-hexyne (0.88 mmol, 100 pL), H20 (1.00 mmol, 18 L), [2-CI]CI (0.0088 mmol, 1%) and AgOTf (0.0166

mmol) in y-valerolactone (400 pL), T: 50 °C. in the presence of HOTf (0.043 mmol, 3.8 pL). ‘D20 instead of H,0 (1.10 mmol, 20

uL). 9mol% = (moles of catalyst / moles of alkyne) x 100, determined by *H NMR averaged value of three measurements. ¢ TOF =

(n pruduct/ n catalyst) / t(h)

100 +

Conversion (%)

60 T

40 +

Time (h)

Figure 3.10: Hydration of 3-hexyne in standard condition. Acid and KIE
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Temperature effect and activation energy

T 40 °C 50 °C 65 °C 120 °C
t(h) Conv® TQFC Conv® TO_FC Conv® TQFC Conv® TO_FC Conv® TO_FC
(%) (h*) (%) (h?) (%) (h?) (%) (h) (%) (h)
0.17 - - - - - - - - 46 289
0.5 4 8 6 11 16 32 32 64 83 172
1 7 7 14 14 32 32 60 60 88 92
2 14 7 31 15 65 33 89 45 - -
4 28 7 66 17 90 22 93 23 - -
6 44 7 90 15 90 15 - - - -
8 62 8 89 11 - - - - - -
24 93 4 90 4 - - 95 4 - -

a Catalytic conditions: 3-hexyne (0.88 mmol, 100 pL), H20 (1.00 mmol, 18 pL), [2-CI]CI (0.0088 mmol, 1%) and AgOTf (0.0166 mmol) in y-

valerolactone (400 pL). ®mol% = (moles of catalyst / moles of alkyne) x 100, determined by *H NMR averaged value of three measurements. ¢ TOF

= (n product/ n catalyst) / t(h)

100 A

80

60

40 1

Conversion (%)

20 A
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Arrhenius equation

6 o
®
5 J =-5.612x + 19.974
R? = 0.9961 1T (K7)  In(TOF)
o 4 L 0.0032 1.933
2 . 0.0031 2625
[
- 37 . 0.0030  3.476
0.0028 4127
2 - °
0.0025 5.624
1 } } } i
2.5 2.7 2.9 3.1 3.3
1000/T (K1)
k=A & 51 (k) = In(A) Ea 1
= - = _—— —
e n n 2T
E, 3
R =5.612- 10° - E, =46660] = 11150 cal
Concentration
0.1% 0.2% 0.5% 1.0% 1.5% 2.0%
t(h) Conv® TOF¢ | Conv® TOF¢  Conv® TOF¢ Conv® TOF® Conv® TOF® Conv® TOF¢
(%) (h™) (%) (h™) (%) (h™) (%) (h™) (%) (h™) (%) (h™)
05 3 58 2 16 3 13 5 10 9 12 9 9
1 0 2 3 17 6 12 13 13 17 11 22 11
2 - - 3 8 13 13 28 14 30 10 44 11
4 1 3 10 13 24 12 60 15 70 11 85 11
6 0 1 12 10 35 12 87 15 88 10 89 7
8 -2 -2 21 13 58 15 92 12 87 7 90 6
24 25 10 75 16 91 8 92 4 87 2 90 2

9 Catalytic conditions: 3-hexyne (0.88 mmol, 100 uL), H20 (1.00 mmol, 18 uL), and AgOTf (twice the amount of catalyst) in y-valerolactone (400
uL), T: 50 °C. ’mol% = (moles of catalyst / moles of alkyne) x 100, determined by *H NMR averaged value of three measurements. TOF = (N product /

n catalysl) / t(h)
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Figure 3.13: Hydration of 3-hexyne in standard condition as a function of catalyst [2-Cl]Cl concentration.
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Figure 3.14: Catalyst concentration vs conversion after 1 h.
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Table 3.14: Hydration of 3-hexyne with different substrates concentration®.

3-hexyne H,0
Volume 50 pL 100 pL 200 pL 18 L 36 L 54 uL

t(h) Conv® TOF® Conv® TOF® Conv® TOF® Conv® TOF® Conv’® TOF¢ Conv® TOF*
(%) (hY) (%) (hY) (%) () (%) () (%) (b)) (%) (h?)

0.5 13 13 6 11 4 16 6 11 1 1 1 3

1 28 14 14 14 10 21 14 14 9 9 10 10

2 59 15 31 15 24 24 31 15 25 12 25 12

4 90 11 66 17 36 18 66 17 60 15 62 15

6 91 8 a0 15 42 14 90 15 86 14 87 14

8 92 6 89 11 44 11 89 11 88 11 89 11

24 90 2 90 4 49 4 90 4 88 4 88 4

aCatalytic conditions: [2-CI]CI (0.0088 mmol, 1%) and AgOTf (0.0166 mmol) in y-valerolactone (400 uL), T: 50 °C. ®mol% = (moles of catalyst / moles

of alkyne) x 100, determined by *H NMR averaged value of three measurements. ¢ TOF = (N product / N catalyst) / t(h).

100 +
80 +
e —e— 50 uL 3-hexyne
s 7 —e—100 uL 3-hexyne
(2]
o 200 uL 3-hexyne
é 20 + —+— 18 uL H20
—4— 36 uL H20
54 uL H20
20 +
0 t T |
0 10 12

Time (h)

Figure 3.15: Hydration of 3-hexyne with different substrates concentration.
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STABILITY STUDIES

In an NMR tube, the stability of [3-CIJOTf and [2-CI]Cl has been studied in a catalysis-like system,

using acetone-ds as the solvent instead of GVL.

[3-Cl]OTf

The 'H and 3'P spectra were recorded in this order:

1. [3-CI]OTf (7 mg, 0.088 mmol) in 400 L of acetone-ds;
2. + 3-hexyne (100 uL, 0.88 mmol) + H20 (18 puL, 1 mmol);
3. + 1.5 equivalent of AgOTf at 30 °C;

6. After 6h at 30 °C;

9. After 12h at 30 °C;

M
N P e
. -

Gom) (opm)
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[2-cl]cl
The H, 13C DEPT, and 'H->N HMBC spectra were recorded in this order:

IH NMR in acetone-ds

1. [2-Cl]CI (20 mg, 0.025 mmol) in 450 pL of acetone-ds;
2. Solution A: + AgBF4 (1.5 eq.) + H20 (4 uL, 0.247 mmol);
3. Solution B: + 3-hexyne (28 uL, 0.25 mmol) at 30% conversion
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Figure 3.18: 'H NMR in acetone-ds of catalysis mediated by [2-Cl]Cl.

13C NMR in acetone-ds
1. Solution A

2. Solution B
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Figure 3.19: 13C NMR in acetone-de.
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1H-15N HMBC in acetone-ds

{8.34,-190.00&B

{8.72,-144.14} {7.74,-144.14}
RN

{8.23,-144.14}

Figure 3.20: solution A.

{8.31,-191.265§

{8.72,-145.48@},{7.74,-145.48}

(8.23,-145.48)

T
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

Figure 3.21: solution B.
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4.3.5 Gold(lll) preequilibrium study - Chapter 2.2.2
General procedure

AgBF,: 40 pmol
CD,Cl,: 0.5 mL

[2-C1]

15mg
18.5 pmol

AgOTf: 40 pmol

Acetone: 3 mL

AgOTf: 40 pmol | CD,Cl;: 0.5 mL
[2-H,0](BF,), [2-Cl]OTf (-0t
[2-BF,]BF [2-H,0](OTf),
e [2-OTf]OTf
3-hexyne: H,0: H,0: 3-hexyne:
l.1leq 5eq Seq l.1leq
NO NO

REATION [2-H,01(BF,), [2-H,0](QTf), REATION

-

“ ‘,

i
%AUD |

o =BFs
o =0Tf
o=Hy0

Scheme 3.1: List of the reactions studied.
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[2-BF,]BF,

w J |

[Z-HZO](BF“)2

s g

r T T T T T T T T T T T T T T T T T T T
).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 0.5 0

(ppm)

Figure 3.22: 'H NMR spectra of the complexes [2-BF4]BFa4 vs [2-H20](BFa)..
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Complexes NHC*-Au-X (NHC* = 1,3-dimethylimidazol-2-ylidene; X = OTf trifluoromethanesulfonate
or triflate anion, OTs toluenesulfonyl or tosylate anion, BF4 tetrafluoroborate, TFA trifluoroacetate)
and 1-phenyl-2-propyn-1-ol have been used in the calculations as a model for the catalyst and the
substrate, respectively.

The computational analysis has been carried out with ADF related QUantum-regions Interconnected
by Local Description (QUILD) program,?* to identify reactant complexes, intermediates, product
complexes and transition states of the carbene-gold(l) catalyzed Meyer-Schuster rearrangement of
the 1-phenyl-2-propyn-1-ol, assisted by the OTf’, OTs", BFs” and TFA" counterions. A TZ2P basis set
with the core small approximation, the GGA BP86 functional?*>?'® and the scalar zeroth-order
regular approximation ZORA Hamiltonian?%327 for the inclusion of relativistic effects were used. This
protocol is hereafter labeled as “BP86/ZORA”.

The stationary points and transition states have also been optimized including Grimme’s D3
dispersion correction,?'21% in order to evaluate the effect of the dispersion on the geometries and,
indirectly, on the reaction energies (this protocol is labeled as “BP86/ZORA/D3”). Frequency
calculations have been carried out at the same level of theory in order to identify the stationary
points (zero imaginary frequencies) and the transition states (one imaginary frequency). The same
protocol (BP86/Z0ORA/D3) has been used for calculating the geometries of stationary points and
transition states (with relative frequencies) for two model reactions that account for experimental
conditions, i.e. traces of acid (where the OTf anion was protonated) and in presence of an explicit
molecule of y-valerolactone, in substitution of the anion.

With the BP86/ZORA protocol, other structures were optimized for modeling the preequilibrium
step with the OTf". OTs and TFA" counterions, a gold-hydroxy mechanism similar to the one reported
in Ref. >4,

Final energies have been calculated at several levels of theory. For all optimized structures, final
energies have been calculated with the same computational setup as that used for the
optimizations, i.e. either “//BP86/ZORA” and “//BP86/ZORA/D3” when dispersion was included. In
addition to this, single-point energy calculations were carried out using the ORCA program
package®?® by single-point B2PLYP perturbatively corrected double hybrid functional??* DFT

calculations, with Ahlrich’s def2-TZVP basis set???> and an effective core potential (ECP) for gold,??3
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in order to account for relativistic effects. This setup is labeled as “//B2PLYP”. The
BP86/Z0ORA//B2PLYP protocol has been proven to be very accurate when analyzing reaction paths
involving gold complexes as reactive species, as reported in previous benchmark studies. 64
Nonetheless, for the reaction profiles of the intramolecular rearrangement of the substrate assisted
by the three counterions (i.e. OTf, OTs  and BFs) and the acid- and y-valerolactone-assisted
reactions, we also calculated final energies using the DLPNO-CCSD(T) approach2163 (labelled as
“//DLPNO-CCSD(T)”), which has been shown to yield very accurate results (comparable to the
regular Coupled-Cluster approach??4) by keeping the computational cost relatively low (it has been
estimated that its computational cost is only two to four times the cost of DFT?%). The calculations
have been carried out with the ORCA program package, by using the def2-TZVP basis set and an
effective core potential (ECP) for gold. The default “NormalPNO” DLPNO settings were used as
recommended for obtaining a reasonable balance between computational cost and accuracy.?%®
The solvent effect has been taken into account for both the preequilibrium and the nucleophilic
attack steps by using the Conductor-like Polarizable Continuum Model (CPCM)?¥7-22° as
implemented in the ORCA package. Since the solvent used in the experiments (i.e. p-cymene) is not
included in the list of solvents available for such model, we used toluene, since they have very similar
dielectric constant (2.24 vs 2.38 for p-cymene and toluene, respectively) and dimension.

All the energies calculated with the methods described above are presented as electronic energy
differences. However, for a full description of the mechanism of this reaction, enthalpies and Gibbs
free energies have been calculated for the intramolecular rearrangement of the substrate assisted
by the three counterions, in order to evaluate the effect of the entropic contributions on the energy
profiles. These calculations have been carried out with the QUILD program, with the

BP86/Z0ORA/D3//BP86/Z0RA/D3 protocol.
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Figure 3.23: Optimized geometries of stationary points for the intramolecular nucleophilic attack in the 1-phenyl-2-
propyn-1-ol assisted by the OTf counterion. The most relevant bond lengths and angles at the BP86/ZORA level are
reported (value in parenthesis refer to BP86/Z0RA/D3 results).
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Figure 3.24: Optimized geometries of stationary points for the intramolecular nucleophilic attack in the 1-phenyl-2-
propyn-1-ol assisted by the OTs counterion. The most relevant bond lengths and angles at the BP86/ZORA level are
reported (value in parenthesis refer to BP86/Z0ORA/D3 results).
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Figure 3.25: Optimized geometries of stationary points for the intramolecular nucleophilic attack in the 1-phenyl-2-
propyn-1-ol assisted by the BFs counterion. The most relevant bond lengths and angles at the BP86/ZORA level are
reported (value in parenthesis refer to BP86/ZORA/D3 results).
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Figure 3.26: Energy Energy profiles for the preequilibrium step with OTf (blue line), OTs (red line) and TFA™ (green line)
counterions calculated at the BP86/Z0RA//B2PLYP/CPCM level. Energies are reported with respect to the corresponding

RC taken as zero reference energy.

Figure 3.26 shows that the pre-equilibrium step occurs via formation of a tri-coordinated
intermediate species (INTpreeq x) Where both the anion and the alkyne moiety are coordinated to the
gold center, that is favored for OTf with an activation barrier of 5.9 kcal/mol (vs. 10.6 kcal/mol for
OTs’), as expected on the basis of their coordinating ability trend. Surprisingly, the calculated
activation barrier for TFA™ is the lowest (5.4 kcal/mol), thus suggesting that coordination ability
should not be the only important feature in this step. Indeed, upon de-coordination of the anion,
the expected gold-alkyne complex (PCpreeq x) (With the anion remaining in the first coordination
sphere, simultaneously interacting with Au and the acidic hydrogen of the terminal alkyne moiety)
is obtained in a barrierless and almost thermoneutral process for OTf and OTs", whereas for TFA" a
stable o-bonded gold-alkynyl complex is formed through abstraction of the acidic hydrogen of the

terminal alkyne by the anion with an energy barrier of 5.0 kcal/mol.
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Figure 3.27: Electronic energy (AE, in blue), enthalpy (AHz9s, in red) and Gibbs’ free energy (AGzss, in green) profiles at

298 K for the OTf-assisted intramolecular nucleophilic attack in the 1-phenyl-2-propyn-1-ol calculated at the
BP86/Z0ORA/D3//BP86/Z0RA/D3 level. Energies are reported with respect to RC taken as zero reference energy.
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Figure 3.28: Electronic energy (AE, in blue), enthalpy (AH:zss, in red) and Gibbs’ free energy (AGzss, in green) profiles at

298 K for the OTs-assisted intramolecular nucleophilic attack in the 1-phenyl-2-propyn-1-ol calculated at the
BP86/Z0RA/D3//BP86/Z0RA/D3 level. Energies are reported with respect to RC taken as zero reference energy.
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Figure 3.29: Electronic energy (AE, in blue), enthalpy (AH:zss, in red) and Gibbs’ free energy (AGzss, in green) profiles at
298 K for the BFs-assisted intramolecular nucleophilic attack in the 1-phenyl-2-propyn-1-ol calculated at the

BP86/Z0ORA/D3//BP86/Z0RA/D3 level. Energies are reported with respect to RC taken as zero reference energy.

As a general result, from Figure 3.27 - Figure 3.29 we observe that electronic energies AEs can be

considered a very good approximation to both reaction enthalpies AHs and Gibbs’ free energies AGs.

-151-



32.6 BP86/Z0ORA/B2PLYP s
31.6 P86/Z0ORA/D3//B2PLYP e
31.2 BP86/ZORA/D3//DLPNO-CCSD(T) s
—
30 . N
. TS1o ggg
'] i .
. ;| 20.5
: i ’ .
20 : Yo S — 1
b 124 7 TS2g7¢
g w118 oTe
= ' % 9.6 4 "
[=} ' | — i
E 1w} ! P
S ! INTo7 "
i~ ' ¥
S 1] I‘
w 0.0 . |“
<] 0 — |'| a
RCory 3
-10 W
.20 -

Figure 3.30: Reaction profiles for the intramolecular nucleophilic attack in the 1-phenyl-2-propyn-1-ol assisted by the

OTf counterion calculated with different computational protocols. In blue the BP86/Z0RA//B2PLYP results, in red the

BP86/ZORA/D3//B2PLYP results and in green the BP86/Z0RA/D3//DLPNO-CCSD(T) results are shown. Energy are given
with respect to the corresponding RC taken as zero reference energy.
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Figure 3.31: Reaction profiles for the intramolecular nucleophilic attack in the 1-phenyl-2-propyn-1-ol assisted by the

OTs counterion calculated with different computational protocols. In blue the BP86/ZORA//B2PLYP results, in red the
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The reaction profiles in

highlight that: the BP86/ZORA//B2PLYP protocol,

which is computationally less demanding, gives very similar results to those obtained with the

BP86/ZORA/D3//B2PLYP setup for all the reaction profiles, indicating that the effect of the

dispersion (included in the geometry optimization) on the energies is very small.

These results also allow to compare the performances of the DFT double-hybrid approach

(BP86/ZORA/D3//B2PLYP) and the ab-initio one (BP86/ZORA/D3//DLPNO-CCSD(T)), highlighting

that overall the reaction profiles are very similar, validating the very good accuracy of a protocol

involving energy calculations performed at the B2PLYP level.
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In Ref. 154, a mechanism for the gold-catalyzed Meyer-Schuster rearrangement of propargylic
acetates has been proposed where a gold-hydroxo ([NHC(Au)OH]) complex is considered as the
active catalytic species in solution. Here we model a similar mechanism for our reaction, to compare

with the above calculated mechanism.

Considering that in our experimental conditions the solvent is p-cymene and water can be present

only in traces, the formation of the active gold-hydroxo species can occur via:

1) Coordination of gold to the propargylic hydroxy group (RC in ). By comparing the
energy of this RC with respect to the one in which the gold fragment is coordinated to the alkyne
triple-bond, the gold-hydroxo species is actually 11.4 kcal/mol more stable with respect to the
former. However, as reported in , the nucleophilic attack (which occurs without any
intermediate) has an extremely high activation barrier (65.3 kcal/mol), almost two times as large as

that of the gold-alkyne reactant complex rearranging to the gold-oxetene intermediate. Therefore,
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this mechanism is unlikely to take place.

2) Formation of a gold-hydroxo complex via traces of water. The authors in Ref. 154 highlight that
the high degree of water solvation of the precatalyst (i.e., a [NHC-Au-SbFs] complex) makes the
formation of the gold-hydroxo active species feasible. Moreover, they find that accounting for less
than four water molecules in the simulation (which is the quantity that should model the solvation)
makes the formation of the gold-hydroxo species unfavored (the reaction is endoergonic by 50
kcal/mol ca. with only one H,0 molecule in the simulation). In our experimental conditions, despite
traces of water in solution can be present (that can be reasonably modelled by one explicit water
molecule in the simulation), we expect, on the basis of the above results, that the formation of the

gold-hydroxo species should be unfavored.

In general, we note that the mechanism we propose here (i.e., starting from the gold-alkyne
reactant complex and forming a gold-oxetene intermediate) is energetically really similar to that
reported with an active gold-hydroxo species. Both the mechanisms depict an overall exoergonic
reaction by 30 kcal/mol ca., with an activation energy barrier for the rate-determining step of the

reaction amounting to 32 kcal/mol ca in our mechanism.

Based on the above results and discussion, the presence of a catalytically active gold-hydroxo

species is very unlikely in our specific case.
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For the DFT study, the ADF2014.0523%-232 and the related Quantum-regions Interconnected by Local
Descriptions (QUILD)?** programs were used to identify the structures of reactant complexes,
reaction intermediates, transition states and product complexes involved in the mechanism of the
NHC*-Au-X (NHC* = 1,3-dimethylimidazol-2-ylidene; X = BFs, OTf, OTs) - catalyzed
cycloisomerization of N-(prop-2-ynyl)benzamide to 2-Phenyl-5-vinylidene-2-oxazoline reaction.
Geometry optimization calculations were carried out using the GGA functional BP862%>2%¢ with
Grimme 3 BJDAMP dispersion correction (BP86-D3).2%° All atoms were treated with a Slater-type
TZ2P triple-C with two polarization functions quality basis set, using the frozen core approximation
(core small). Relativistic effects were accounted for with the scalar zero-order regular
approximation, ZORA model.?03233.234 Frequency calculations have been also performed to identify
all stationary points as minima (zero imaginary frequencies) or transition states (one imaginary
frequency). Final energies have been computed using ORCA program package??° by single point
B2PLYP perturbatively corrected doubly hybrid functional??® calculations performed on the
optimized BP86-D3 gas phase structures in conjunction with a def2-TZVP basis set for all atoms and
an ECP pseudopotential for gold to include relativistic effects. This computational set up has been
proven to be very accurate in describing catalysis by gold-containing species in benchmark
calculations.164235236 Computational mechanistic analysis is presented in electron energies, since
the entropic contribution to the reaction profile has been shown to be small (as reported in the
Supporting Information of our previous works*®126:127.158) 'A|| calculations were carried out for the

closed-shell singlet state.
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Figure 3.34: The pre-equilibrium step of the cycloisomerization of N- propargylcarboxamides reaction mechanism

catalyzed by NHC*-Au-OTs. Bond lengths are in A.

Figure 3.35: Initial complex ICots, reactant complex RCors, transition state TSlors and intermediate lors for the nucleophilic
attack step of the cycloisomerization of N- propargylcarboxamides reaction mechanism catalyzed by NHC*-Au-OTs. Bond

lengths are in A.
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Figure 3.36: Initial complex ICory, reactant complex RCory, transition state TSlors and intermediate lors for the nucleophilic
attack step of the cycloisomerization of N- propargylcarboxamides reaction mechanism catalyzed by NHC*-Au-OTs. Bond

lengths are in A.

IpFa

Figure 3.37: Initial complex ICsrs, reactant complex RCsrs, transition state TSlsra and intermediate Isr4 for the nucleophilic
attack step of the cycloisomerization of N- propargylcarboxamides reaction mechanism catalyzed by NHC*-Au-BF4. Bond

lengths are in A.
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Figure 3.38: Reactant complex RCllIx (X = OTs’, OTf, and BF4/H:0) of the protodeauration step of the cycloisomerization

of N- propargylcarboxamides reaction mechanism catalyzed by NHC*-Au-X. Bond lengths are in A.
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Figure 3.39: Product complex PCx (X = OTs’, OTf, and BF4/H:0) of the protodeauration step of the cycloisomerization of

N- propargylcarboxamides reaction mechanism catalyzed by NHC*-Au-X. Bond lengths are in A.
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For the DFT study, the ADF2014.05%3%2%2 and the related Quantum-regions Interconnected by Local
Descriptions (QUILD)** programs were used to identify the structures of reactant complexes, reaction
intermediates, transition states and product complexes involved in the mechanism of the [(ppy)-Au-NHC*-
(OTf)2] - catalyzed addition of water to 2-butyne reaction. Geometry optimization calculations were carried
out using the GGA functional BP86%'>%1¢ (BP86). All atoms were treated with a Slater-type TZ2P triple-¢ with
two polarization functions quality basis set, using the frozen core approximation (core small). Relativistic
effects were accounted for with the scalar zero-order regular approximation, ZORA model.203233234 Frequency
calculations have been also performed to identify all stationary points as minima (zero imaginary frequencies)
or transition states (one imaginary frequency). Final energies have been computed using ORCA program
package?® by single point B2PLYP perturbatively corrected doubly hybrid functional?® calculations
performed on the optimized BP86 gas phase structures in conjunction with a def2-TZVP basis set for all atoms
and an ECP pseudopotential for gold to include relativistic effects. This computational set up (referred as
BP86/B2PLYP) has been proven to be very accurate in describing catalysis by gold-containing species in
benchmark calculations.®#23>23¢ Computational mechanistic analysis is presented in enthalpy energies, since
both the entropic contribution to the reaction profile has been shown to be small (as reported in the
Supporting Information of our previous works*126127.158) and in order to compare the present results with
those previously obtained for gold(l) and gold(lll) species.'®® All calculations were carried out for the closed-
shell singlet state. Explicit dispersion effect has been evaluated by BP86 including Grimme’s D3 dispersion
correction?'® (BP86+D) single point calculations on optimized BP86 gas phase structures. Solvation has been
taken into account by the Conductor like Screening Model COSM0?2827.238 ysing nitromethane as solvent (e
nitromethane ~ € valerolactone) DY Single point calculations (BP86+D/COSMO) on optimized BP86 gas phase structures

for an estimate of the solvent effect on the activation energy barriers.
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Figure 3.40: Optimized geometry of the reactant complex RC in the absence of both OTs™ anions. Distances are in
A.
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Computational Details

DFT calculations have been performed using the Amsterdam Density Functional (ADF) (2016
version)?30-232 and the related Quantum-regions Interconnected by Local Descriptions (QUILD)?
program packages. For geometry optimization the GGA BP86 functional?*>2® (DFT/BP86) and a
Slater-type TZ2P triple zeta basis set with two polarization functions for all atoms, in the small frozen
core approximation, were used. Relativistic effects were included by the scalar zero-order regular
approximation ZORA Hamiltonian203233.23% The Grimme 3 BJDAMP dispersion correction?!® was
included in BP86 single point calculation (BP86-D3) in analyses aimed at explicitly evaluating the

dispersion forces contribution to the energy.

Unless otherwise specified, all final energies have been computed by single point B2PLYP
perturbatively corrected doubly hybrid functional??! calculations performed on the optimized BP86
gas phase structures in conjunction with a def2-TZVP basis set for all atoms and an ECP
pseudopotential for gold to include relativistic effects. This computational set up (referred as to
B2PLYP//BP86) has been shown to be very accurate in describing catalysis by gold-containing
species in benchmark calculations,64235236 with the B2PLYP functional, which includes also the

dispersion terms of energy, using ORCA program.??°

Frequency calculations have been also performed to identify all stationary points as minima (zero
imaginary frequencies) or transition states (one imaginary frequency). Bonding energies and
computational mechanistic analysis are presented in electronic energy values, AE, since both the
entropic contribution has been shown to be small (as reported in the Supporting Information of our
previous works!’4193) and to compare the present results with those previously obtained for gold(l)
and gold(lll) species.'®3 All calculations were carried out for the closed-shell singlet state. Solvation
has been included by the Conductor like Screening Model COSMO,%2%237:238 ysing dichloromethane

as the solvent, by single point BP86-D3 calculations on optimized BP86 gas phase structures.
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(BP86-D3) solv Au(lll) model

AE AH AG
[Au(IN)CI]* -60.2 -58.1 -59.2
[Au(ll1)BF4]* -32.6 -30.9 -19.2
[Au(lIl)OTf]* -46.0 -44.2 -30.1
A OTf/BF4 -13.4 -13.3 -10.9
[Au(lll)H,0]%* -20.9 -19.3 -8.5
[Au(ll)3-hexyne]?* -32.8 -31.0 -17.6
A H,0/3-hexyne -11.9 -11.7 -9.1
[Au(lll)2-butyne]?* -31.3 -29.6 -18.5
A H20/2-butyne -10.4 -10.3 -10.0
In bonding electronic energies AE, bonding enthalpies AH and bonding Gibbs free

energies AG (kcal/mol) of all the considered ligands X (X = CI, BF4', OTf, H20, 3-hexyne, 2-butyne)
to the 2 (Au(lll) model) complex calculated at the BP86 level including both Grimme dispersion
correction and solvent (BP86-D3 X (X = CI', BF4", OTf", H20, 3-hexyne, 2-butyne) solv) are compared.
Results show that electronic bonding energies are a good approximation to the bonding enthalpy
values and a reasonable approximation for the bonding free energies. Notably, energy differences
between coordination ability of OTf  and BF4” (A OTf/BF4’), H20 and 3-hexyne (A H,0/3-hexyne) and
H20 and 2-butyne (A H20/2-butyne) are very close in terms of AE, AH and AG.
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