TESIS DE LA UNIVERSIDAD 2022
DE ZARAGOZA 1 58

Mario Perez Tarragona

Multi-Phase Power Factor
Correction for Domestic
Induction Heating

Heéctor Sarnago Andia
Oscar Lucia Gill

155N 2254-T606




© Universidad de Zaragoza
Servicio de Publicaciones

ISSN 2254-7606



«2s Universidad
Zaragoza

Tesis Doctoral

MULTI-PHASE POWER FACTOR CORRECTION
FOR DOMESTIC INDUCTION HEATING

Autor

Mario Pérez Tarragona

Director/es

Heéctor Sarnago Andia
Oscar Lucia Gil

UNIVERSIDAD DE ZARAGOZA
Escuela de Doctorado

Programa de Doctorado en Ingenieria Electronica

2020




Repositorio de la Universidad de Zaragoza — Zaguan http://zaguan.unizar.es



-.-"".' Departamento de
a ! " Quimica Inorgdnica

..—. Universidad Zaragoza
5

ONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS

C

Instituto de Sintesis Quimica y Catalisis Homogénea

PhD Thesis

New Insights into Trifluoromethyl
Gold Chemistry

Memoria presentada por Alberto Pérez Bitrian, Graduado en Quimica y
Maéster Universitario en Quimica Molecular y Catalisis Homogénea, para
optar al grado de Doctor en Ciencias Quimicas con “Mencion de Doctorado

Internacional” por la Universidad de Zaragoza.

Zaragoza, 5 de mayo de 2020






New Insights into Trifluoromethyl Gold Chemistry

Esta Tesis Doctoral se presenta en la modalidad de Tesis por compendio de
publicaciones, e incluye cinco articulos publicados en revistas cientificas
internacionales que se encuentran indexadas en el Journal Citations Reports. Todas ellas

pertenecen al primer cuartil (Q1) dentro de su categoria.

Las publicaciones incluidas en la Tesis son las siguientes:

1. Gold(l) Fluorohalides: Theory and Experiment

Miguel Baya, Alberto Pérez-Bitridn, Sonia Martinez-Salvador, José M. Casas,

Babil Menjon, Jesis Orduna. Chemistry — A European Journal 2017, 23,
1512—1515.
DOI: 10.1002/chem.201605655.

2. Gold(Il) Trihalide Complexes from Organogold(I11) Precursors

Miguel Baya, Alberto Pérez-Bitridn, Sonia Martinez-Salvador, Antonio Martin,

José M. Casas, Babil Menjén, Jesus Orduna. Chemistry — A European Journal
2018, 24, 1514—1517.
DOI: 10.1002/chem.201705509.

3. An Organogold(I11) Difluoride with a trans Arrangement
Alberto Pérez-Bitridn, Miguel Baya, José M. Casas, Antonio Martin, Babil

Menjon, Jests Orduna. Angewandte Chemie International Edition 2018, 57,
6517-6521.

DOI: 10.1002/anie.201802379.

Angewandte Chemie 2018, 130, 6627-6631.

DOI: 10.1002/ange.201802379.



https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/chem.201605655
https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/chem.201705509
https://onlinelibrary.wiley.com/doi/10.1002/anie.201802379
https://onlinelibrary.wiley.com/doi/10.1002/ange.201802379

4. Anionic Derivatives of Perfluorinated Trimethylgold

Alberto Pérez-Bitrian, Sonia Martinez-Salvador, Miguel Baya, José M. Casas,
Antonio Martin, Babil Menjén, Jesus Orduna. Chemistry — A European Journal
2017, 23, 6919-6929.

DOI: 10.1002/chem.201700927.

5. (CF3)sAu as a Highly Acidic Organogold(l11) Fragment
Alberto Pérez-Bitrian, Miguel Baya, José M. Casas, Larry R. Falvello, Antonio

Martin, Babil Menjon. Chemistry — A European Journal 2017, 23, 14918-
14930.
DOI: 10.1002/chem.201703352.



https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/chem.201700927
https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/chem.201703352

BABIL MENJON RUIZ, Investigador Cientifico del CSIC en el Instituto de Sintesis

Quimica y Catélisis Homogénea (Universidad de Zaragoza — CSIC)

JOSE MARIA CASAS DEL POZO, Catedratico de Universidad del Departamento de
Quimica Inorgénica de la Facultad de Ciencias de la Universidad de Zaragoza

CERTIFICAN:

Que la presente Memoria titulada “New Insights into Trifluoromethyl Gold Chemistry”
ha sido realizada en el Departamento de Quimica Inorgénica de la Universidad de
Zaragoza y en el Instituto de Sintesis Quimica y Catélisis Homogénea (ISQCH) bajo su
direccion y AUTORIZAN su presentacion para que sea calificada como Tesis Doctoral

en la modalidad de compendio de publicaciones.

Zaragoza, a 5 de mayo de 2020.

Fdo. Dr. Babil Menjon Ruiz Fdo. Prof. Dr. José Maria Casas del Pozo






Abstract

The chemistry of gold trifluoromethyl complexes containing one to three CF3 groups
has been investigated. The gold(l) [PPh4][CF3;AuX] complexes (X = CI, Br, 1) have
been prepared, which easily undergo oxidation with halogens, X,, to afford the
corresponding [PPh4][CF3AuX3] complexes. By means of tandem mass spectrometry,
the unprecedented mixed [F—Au—X] anions have been detected to arise from the
former upon CF, extrusion in the gas phase, whereas the rare [Au"Xs] ™ anions (X = ClI,
Br) are formed upon Au—C bond homolysis in the latter. The first organogold(lIl)
difluoride with a trans arrangement, [PPhy][trans-(CF3),AuF;], has been prepared by
reaction of [PPh4][CF3;AuUCF;] and XeF; and it has been thoroughly characterized. The
unimolecular decomposition of the [trans-(CF3).AuF,] anion enabled the detection in
the gas phase of the whole series of [CFsAuF,] anions (x = 1, 2, 3), as well as [Au"Fs]
and [Au'F,]” in further stages of the experiment. The fluoride ligands in [PPh,][trans-
(CF3),AuF,] are readily replaced by any other heavier halide and cyanide, with retention
of the stereochemistry. In fact, the comparison of the crystal structure of the isoleptic
ans isomorphous complexes [PPhy][trans-(CF3);M(CN);] (M = Ag, Au) led to the
conclusion that Au(lll) and Ag(lll) have similar covalent radii in their square-planar
geometry. An efficient entry to the (CF3)sAu unit has been found through the complex
[PPh4][(CF3)sAul], which is formed upon photooxidative addition of CF3l to
[PPh4][CF3AUCF3]. This Au(lll) species opens the door to the synthesis of different
anionic derivatives for which no [(CHs);AuX] counterpart is known. Additionally, the
fluorinated analogue of trimethyl gold, (CF3)sAu-OEt,, has been prepared and is
presented as a suitable synthon of the unsaturated 14-electron species (CF3)3Au, which
has been assessed to be the strongest R;Au Lewis acid to date (R = organyl group). This
T-shaped (CF3)3Au unit is characterized by a marked stereochemical stability with an
associated reluctance to undergo reductive elimination of CFs—CF3, which is in sharp
contrast with the behavior observed for the non-fluorinated analogue (CHs)sAu. A
number of neutral complexes containing ligands with different donor abilities and donor
atoms have been prepared and characterized, showing a significantly higher stability in
contrast with their non-fluorinated analogues. Decomposition pathways of the prepared
anionic complexes are different in the gas phase, where only unimolecular processes

occur, and in the condensed phase, where lower-energy intermolecular paths are open.






Resumen

Se ha realizado un estudio exhaustivo de la quimica de trifluorometil complejos de oro
que contienen entre uno y tres grupos CFs;. Con ese objetivo, se han preparado los
complejos de oro(l) [PPh4][CFsAuX] (X = ClI, Br, 1), que son oxidados facilmente por
halégenos, X,, para dar lugar a los complejos [PPhs][CF3;AuX3] correspondientes.
Mediante espectrometria de masas en tandem, los primeros conducen a los aniones
mixtos [F-~Au—X] a través de la extrusion de CF; en fase gas, mientras que los aniones
[Au"X5]" (X = CI, Br) se generan por homdlisis del enlace Au—C en los complejos de
Au(Ill). Por reaccién de [PPhs][CF3AUCF;3] con XeF, se ha preparado y caracterizado
totalmente el primer difluoruro organometalico de oro(lll) con disposicion trans,
[PPhy][trans-(CF3),AuF,]. El estudio de la descomposicion unimolecular del anion
[trans-(CF3),AuF;] ha permitido detectar las especies [CFsAuF,] (x =1, 2, 3) en fase
gas, asi como los aniones [Au"Fs]” y [Au'F,] en etapas posteriores del experimento.
Ademas, los ligandos fluoruro en el complejo [PPh,][trans-(CF3),AuF] son sustituidos
facilmente por los halogenuros méas pesados y por cianuro, con retencion de la
estereoquimica. De hecho, por comparacion de las estructuras cristalinas de las especies
isolépticas e isomorfas [PPh,][trans-(CF3),M(CN),] (M = Ag, Au), se pudo concluir
que Au(l1l) y Ag(ll) tienen radios covalentes similares en su geometria plano cuadrada.
La obtencion del complejo [PPhy][(CF3)sAul] por fotoadicion oxidante de CFsl sobre
[PPhy][CF3AuUCF3] constituye la ruta de acceso mas apropiada al fragmento (CF3)s;Au.
Esta especie de Au(lll) abre la puerta a la sintesis de diferentes derivados anionicos,
cuyos analogos [(CH3)sAuX] no se conocen. Ademas, se ha preparado el analogo
fluorado del trimetil oro, (CF3);Au-OEt,, que es un sinton adecuado de la especie
insaturada de 14 electrones (CF3)sAu. Este fragmento es el &cido de Lewis RzAu (R =
grupo organilo) mas fuerte descrito hasta la fecha. Esta unidad (CF3)sAu, que presenta
forma de T, se caracteriza por una marcada estabilidad estereoquimica y una baja
tendencia a la eliminacion reductora de CF3;—CF3, contrariamente al comportamiento
observado para el andlogo no fluorado (CHgz);Au. También se han preparado y
caracterizado diversos complejos neutros con ligandos de diferente capacidad dadora y
distintos &tomos dadores, que presentan una estabilidad muy superior a sus analogos no
fluorados. Los complejos anidnicos de Au(lll) descritos presentan vias de
descomposicion distintas en fase gas, donde solo ocurren procesos unimoleculares, y en

fase condensada, donde son posibles caminos intermoleculares de menor energia.
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aHF Anhydrous hydrogen fluoride
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course.
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27 [PPh4][(CFs3)sAu(CN)]
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Roman numbers are given for complexes used as starting materials, previously

described in the literature.

Those species which have been only detected in the gas phase by tandem mass

spectrometry are identified by a number written in italics.
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Introduction

.1. Ashortoverview on gold chemistry

Gold is a unique element found native in Nature, which has fascinated mankind for
millennia because of its beauty and unalterability. Its usage in jewelry and currency,
among others, gives clear evidence of the omnipresence of gold along history.™?
Nevertheless, the chemistry of gold remained largely unexplored due to the remarkable
inertness of the bulk metal at ambient conditions. In fact, it had a late start, but has been
rapidly developing since the last decades of the 20" century. Nowadays it has evolved
into an important field of research with many applications in areas such as catalysis,

medicine, or nanotechnology.*

Relativistic effects play a decisive role in determining the properties of gold and its
compounds.®® They are important in the chemistry of other 5d elements as well, but a
pronounced maximum is reached at the Au atom in Group 11 (Figure I.1). As a
consequence of the high nuclear charge of the gold atom, the speed of the 6s electrons is
not negligible with respect to the speed of light and leads to an increase in the mass of
these electrons and a contraction and stabilization of the 6s orbital (direct relativistic
effect). This stabilization results in a more effective shielding of the nuclear charge,
which leads to an expansion and destabilization of the 5d orbitals (indirect relativistic
effect).

50 m—"
NR R

Figure 1.1. Schematic view of the relativistic (R) and non-relativistic (NR) orbital energies for
AuH (adapted from Ref. [7c]).
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The smaller energy gap between the 6s and the 5d orbitals, which is consequence of the
stabilization of the former and destabilization of the latter, accounts for the yellow color
of gold. Otherwise, the excitation energy between those valence levels would be much
larger and would lie in the UV, as for most metals, instead of being small enough to
absorb blue light. These relativistic effects also account for the unique atomic properties
of gold, such as its high electronegativity (2.54 in the Pauling scale),’ electron affinity
(-2.309 eV)!% and the first ionization potential (9.2255 eV).*! In fact, the high
exothermic character of the electron affinity of gold justifies the unusual stability of the
auride anion Au", which can be found in some ionic structures as in that of CsAu."*
According to this, gold could be regarded as a pseudohalogen, since it is actually almost
as electronegative as iodine (2.66 in the Pauling scale),” and its electron affinity is not
qualitatively different from that of this element (~3.059 eV).["

Several oxidation states are known for gold, ranging from —I to V,'*3!? the most
common being 1 and I11. In the former, with closed-shell [Xe]4f**5d™ configuration, a
linear coordination is favored as a consequence of the high s-character of the LUMO,
which derives from the high stabilization of the 6s orbitals with respect to the 6p.* In
the latter, a [Xe]4f**5d® configuration leads to low-spin complexes with square-planar
stereochemistry. Aurophilicity plays a key role in Au(l) complexes, as it justifies the
conformation and aggregation of these compounds and is responsible for a number of
photophysical phenomena.l*®! Aurophilic interactions have been assigned a dispersive
nature, the dispersion actually increasing because of the relativistic effects, and being
comparable in energy to hydrogen bonds. They are mainly established between
seemingly closed-shell Au(l) centers (d*°), yet a few examples of aurophilicity

involving Au(111) centers have also been investigated.!*3*4!

A quite different chemical element is fluorine. The marked chemical inertness of gold is
in sharp contrast with the fierceness of fluorine. The large electronegativity and the
small atomic size of fluorine make this element especially appropriate to stabilize high
oxidation states, such as Au(V).*® In fact, when fluoride ligands are coordinated to
gold centers, compounds of singular properties are formed.™®*¥ Similarly, fluorinated
ligands, among which the CF3 is the simplest one, also impart interesting properties to
gold complexes when coordinated to this metal and have allowed for the still-ongoing
development of a rich chemistry.*"?% These kinds of compounds and their most salient

characteristics will be presented in the next sections.

4



Introduction

1.2. The fluorides of gold

The existence of gold fluorides was reported only after the isolation of fluorine by Henri
Moissan'?! and the chemistry of these compounds has always remained much less
explored than that of the heavier homologues chlorine, bromine and iodine. ™™ This
may be due to the difficulties in handling these highly-reactive species, which are
moisture sensitive and which usually require specialized equipment for its synthesis and

characterization.

The oxidation state Il in gold is significantly stabilized because of the relativistic
effects in comparison to oxidation state I, as commented above.®™ This fact is clearly
brought to light for binary gold fluorides, since AuFs is the simplest isolable one. It has
been actually used as precursor for the preparation of most of the gold fluorides
known.'*%1 After failed efforts by Lehnen® and Ruff*® Sharpe succeeded in
preparing AuFs; in 1949 by using BrF; as the fluorinating agent.”” His method
consisted in dissolving gold powder in BrFz, which is liquid at room temperature,
whereby AuFs-BrF; was formed. Upon pyrolysis at 180 °C of this adduct, which can
also be formulated as [BrF,]" [AuF4], AuF; could be obtained (Scheme 1.1). However,
since it contained a very little amount of bromine as an impurity, other methods were
developed later, such as halogen exchange reaction of F, and AuCl; at high

temperatures,®! or the direct synthesis from the elements (Scheme 1.1).%2°]
Au + 312 F,

800 °C

180 °C > 500 °C
Au+2BrF; — = AuFyBrFf; —— = m T s Au+32F,
—1/2 Br, — Brf,

300 °C
- 3/2Cl,

AuCl; + 3/2 F,

Scheme 1.1. Different synthetic routes to prepare AuF; and thermal decomposition of the

compound.[24'26]
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AuF; is an orange solid, which decomposes thermally at around 500 °C to render
metallic gold, with fluorine release. It is also readily hydrolyzed to give Au(OH)3; and
HF in an exothermic way, and reacts violently with benzene and alcohol. However, it is
able to yield chlorofluorocarbons upon reaction with CCl, at 40 °C.1**! Only recently, it
has been shown that small amounts of AuF; can be dissolved in MeCN below —25 °C
with formation of AuFs(NCMe).*"! After an initial study by X-ray powder
diffraction,®? the structure of AuFs in the solid state could be established by single-
crystal X-ray diffraction.!”®2?8] The compound was found to be a polymeric fluoride-
bridged helical chain (Figure 1.2). Indeed, it consists of approximately square-planar
AuF, units linked by two cis bridging fluorides, with the bridging Au-F bond lengths
being longer (204 pm) than the terminal distances (191 pm). Additionally, the chains are
cross-linked by weak fluorine contacts (269 pm). In the gas phase, however, the
monomer AuF; exhibits an almost T-shaped structure, as calculated by computational
methods and established by gas-phase electron diffraction.’*>?=" Additionally, dimeric
Au,Fg has been detected in matrix-isolation experiments® and its planar structure has

been determined by gas-phase electron diffraction.*!

a) i b)
F\ : F
z , F \F
F/ ",”’/ 3 :
//’/4," ”! //F/:S: E‘EQE
F — il 5 Fu E \9\ WF
F Yy, H “‘“\\\
\F l\ —=aF T~ N e—
£ /F\n 'WU”’F F E‘josz F
: ¢
A\ o
EF

Figure 1.2. a) Scheme of the crystal structure of AuF;. b) Gold environment in the polymeric
structure of AuF;. Terminal and bridging Au—F distances, as well as weak contacts are indicated
[pm], as reported by Bartlett et al. in 1967.1%"]

The related [AuF,] anion was first synthesized in 1959 as its potassium salt upon
reaction of gold metal, KCI and BrFs.? It is far more stable than AuFs. This binary

species is highly electrophilic and reacts with a number of metal fluorides to afford
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different salts of the square-planar [AuF,]~ anion.!*¢*°331 M'[AuF,] salts are known for
alkali cations, as well as for other metallic or more complex monocations (e.g. AgF” or
XeFs"). Additionally, M"[AuF,], salts have been prepared with a variety of dications
such as earth-alkaline Mg®* and Ba®*, as well as other d-block metals (e.g. Ni** or Zn®"),
including Au®*, which gives an overall AusFg stoichiometry.*!! Interestingly, the first
salts of [AuF4]” with organic cations, [NR4]" (R = Me, Et), were recently isolated upon
reaction of AuFs with the corresponding [NR4]Br in a Bro/BrF; mixture.’”! The Au-F
bond lengths in these two salts show very little variation: 189.9-191.6 pm. These salts
are especially interesting, since they can be handled in many dry organic solvents,
contrary to AuFs or even Cs[AuF,]. For instance, solutions of Q[AuF,] (Q = Cs" or
[NMe4]?) in pyridine rendered a mixture of pyridine fluoride gold(lll) species, being
AUF3(py) the main product in CH,Cl, solution.!”!

Contrary to these stable Au(lll) fluorides, the simplest Au(l) fluoride AuF is very
unstable and has not been isolated as a pure substance. Theoretical calculations on the
lattice energy of AuUF demonstrated that the synthesis from the elements is an
endergonic process and also that it would disproportionate to Au and AuF3, according to
thermodynamic data.®® In 1992, the first spectroscopic evidence for the existence of
AuUF was presented during the etching of gold films using O,-CF, and O,-SF¢ plasmas,
but the authors also admitted that the observed emission could equally arise from AuO,
AuF" or AuO*.B¥ Soon after, theoretical calculations predicted the formation of AuF in
the gas phase,”! and its spectroscopic properties were anticipated.® In 1994, Schwarz
and coworkers finally reported clear evidence of the existence of this elusive species in
the gas phase by using neutralization-reionization mass spectrometry.*! Its existence
was later confirmed by microwave spectroscopy.l***"! Interestingly, in a noble-gas
matrix, AuF coordinates a noble gas atom giving [NgAuF] species (Ng = Ne, Ar).[?
The complex anion [AuF;] should be more stable, as has been predicted by theoretical
calculations.®® However, it has only been detected in the gas phase via tandem mass
spectrometry.[*) Additionally, it appeared among the decomposition products of
[AUF,] ™ in its ESI(—) mass spectrum, together with the Au(l1) anion [AuFs] "

Similarly, although computational studies on the properties of AuF, and related
molecules have been performed,®®* this open-shell binary species has only been
detected and characterized under cryogenic conditions in neon and argon matrices.!*”!

Quantum-chemical calculations demonstrated that AuF, is stable against homolytic
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bond cleavage and disproportionation.!”®! Recent theoretical investigations showed that
under high pressures, AuF, should be stable and exhibit a bulk structure of quasi-linear
molecules interacting among them.[****] The related binary, open-shell gold fluoride
AuF, has never been observed. In fact, oxidation state IV in gold is elusive and only
recently the AuO?* dication has been detected by mass spectrometry and characterized
theoretically.*®! However, in recent studies, it has been shown that AuF, might be stable
under high pressure and should therefore be experimentally synthesized.!*!
Interestingly, two different structures have been predicted for AuF,: a tetragonal
structure containing square-planar molecular AuF, units®* and a monoclinic one
consisting of a polymer containing two non-equivalent AuFg octahedral units connected

through two bridging fluorides.[*!

The highest oxidation state currently known for gold, Au(V), is achieved only with
fluorine.* The only two Au(V) species known are indeed gold fluorides: the binary
AuFs and the anionic [AuFs] . Since the first Au(V) complex [Xe,Fi1][AuFs] was
synthesized by reaction of AuF; with an excess of XeFs,*! various other [AuFe]  salts
with different counterions have been prepared (Scheme 1.2).[**%4® For example, upon
reaction of [Xe,F11][AuFs] and CsF the cesium salt Cs[AuF] was formed.™”) However,
KrF, can react directly with elemental gold to render [KrF][AuFs].*® Additionally,
oxidation of [AuF,] salts, dissolved in anhydrous HF (aHF), with F, and UV light at
room temperature also yields the corresponding [AuFe]™ salts.*® A similar procedure
using photodissociated F; is also useful to prepare M"[AuFe]. salts, starting from AuFs;
and the appropriate MF; species. The [AuFg] ™ anion exhibits an octahedral geometry, as
established by X-ray diffraction on single crystals of [XesFi][AuFe],*” and by

Méssbauer spectroscopy.®!

The binary compound AuFs is prepared by thermal decomposition of [KrF][AuFg] or
[O;][AuFg] and is obtained in pure form as a dark red solid after sublimation (Scheme
1.3).1%2 1t is a dimer in the solid state, Au,F1o, as established by single-crystal X-ray
diffraction.®® It is an extremely powerful oxidant and fluorinating agent, which makes
it difficult to handle. In aHF solution it releases F, with reduction to AuF; (Scheme 1.3).
The five-coordinate monomer AuFs is actually the strongest neutral Lewis acid known

to date.>
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F, (69 atm) + CsF

a) AuF;+2 XeF, A00°C o Xe,F i ]IAUFg] %» Cs[AuFg]

€rg

20 °C
b) 2Au+7KrF, 5K—> 2 [KrF][AuFg]
- r

| aHF, RT |
Cc) MIAUF,] +F, — M'[AuFg]
A%

aHF, RT
d) 2AuF;+M'Fy+2F, — M'"[AuFg],
A%

Scheme 1.2. Examples of different synthetic routes to prepare [AuF¢] salts: a) first preparation
by Leary and Bartlett;*" b) direct access from elemental gold;"*" c) fluorination of a M'[AuF]
salt;® d) synthesis of M"[AuFg], salts by direct fluorination.®®!

60-65 °C 150-180 °C
KIFIAURS) — = (AvFs | [Ol[AuF e

~0,/-1/2F,

aHF

AUF3 + F2

Scheme 1.3. Synthetic routes to prepare AuFs and its decomposition in aHF.[*95253]

The neutral molecule AuFg has been claimed to be the strongest oxidizer according to
computational calculations,™ but it has never been prepared nor even detected. In fact,
the most powerful oxidizers currently known, namely NiF, and AgF; dissolved in
acidified aHF (whereby solvated cationic Ni(IV) and Ag(lll) species are formed), are
not able to oxidize the [AuFg] anion to AuFe.® However, recent theoretical

investigations have shown that AuFs might exist under high pressure.[*44°!

The extremely high oxidation state Au(V1I) was reported for a putative AuF; species in
1986.57 Its formulation, however, was later challenged® and computational
calculations finally confirmed that AuF; as such is intrinsically unstable, being best

formulated as an adduct of AuFs with an end-on coordinated F, molecule, AuFs-F,.%
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This result also illustrates the strong Lewis acidity of AuFs. Recent theoretical
calculations also corroborated the instability of AuF; as a Au(V11) species,’™ which

makes Au(V) the highest oxidation state known for Au.!**!

Gold fluorides are highly reactive and therefore, its chemistry is difficult to develop, as
clearly demonstrated along this section. The introduction of appropriate ancillary
ligands can lead to a substantial stabilization of the Au—F unit in mixed gold fluoride
complexes.™ This way, the properties and reactivity of Au—F bonds can be studied

under milder conditions, as will be discussed in the following section.

1.3.  The chemistry of organogold fluoride complexes

Organometallic fluorides can be defined as those compounds which contain
metal—fluorine (M—F) and metal-carbon (M—C) bonds at the same metal center.[®!
Their properties largely differ from those of their heavier-halide homologues. For late-
transition metals (TM), this fact can be justified by the filled/filled orbital interactions
discussed by Caulton.’® According to this hypothesis, destabilizing interactions appear
between halide lone-pair electrons and filled d orbitals of the late-TM. Thus, within a
series of organometallic halide complexes, it is reasonable to expect that these
destabilizing interactions would reach the maximum in the case of fluorine, which is the
strongest 7t donor and leads to short M—F bonds.[®! Until recently, organometallic
fluoride complexes have been much less studied than their heavier-halide homologues,
mainly because of the lack of suitable synthetic procedures to introduce the fluoride
ligand.®® However, convenient synthetic routes have been developed in the last

years.[1664

The distinct effects that fluoride ligands impart to metal centers are especially
conspicuous in gold chemistry.***" Gold is a “soft acid” (according to Pearson’s HSAB
theory)[65] or a “class b” metal (based on the original classification of Ahrland, Chatt
and Davies)® in its most common oxidation states I and I11. Accordingly, coordination
of large polarizable ligands is preferred.’®”! Since fluoride is a hard base, the soft-hard
difference in Au—F bonds becomes prominent, which together with the dn—p= repulsion
between the fluoride and the gold center,’®®? makes these bonds very labile and

reactive.
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Organogold fluorides form a relatively new class of compounds, generally difficult to
isolate, and characterized by their high reactivity.'**1 Thus, despite being largely
sought, these complexes are still scarce. Although Willner and coworkers generated and
studied spectroscopically a mixture of species [(CF3)xAuF, 4] (x = 1-3) in 2004, their
isolation was not possible.’®® The first organogold(1) fluoride was isolated by the group
of Sadighi in 2005, making use of an N-heterocyclic carbene (NHC) ligand to stabilize
the “Au-F” fragment.®® Complex (SIDipp)AuF (SIDipp = 1,3-bis(2,6-
diisopropylphenyl)-4,5-dihydroimidazol-2-ylidene) was prepared by protonolysis of the
tert-butoxide precursor with Et;N-3HF (Scheme 1.4a). Computational calculations
located a substantial negative charge on the fluoride ligand, demonstrating the highly
ionic character of the Au—F bond. This complex was later found to react with 3-hexyne
to form a (trans-B-fluorovinyl)gold(l) species (Scheme 1.4b) in a reversible way, from
which the fluoroalkene could be obtained upon reaction with trifluoroacetic acid.'” A
catalytic version of this overall hydrofluorination reaction could actually be developed.
The mononuclear complex (SIDipp)AuF enabled to prepare the only other
organogold(l) fluoride complex currently known, namely the dinuclear derivative with a
bridging fluoride ligand, [{(SIDipp)Au},(u-F)]BF4 (Scheme 1.4c)."™ Additionally, the
[CF;AuUF] anion was detected to arise in the gas phase by collision-induced-
dissociation of the precursor [Au(O,CCF3),] "2 It is worth noting that the Werner-type
complex (PPhg)AuF could not be prepared by halide metathesis from the well-known
chloride complex (PPh3)AuCl and AgF.l"d

The chemistry of organogold(l1l) fluorides is also recent, but comparatively more
developed, with several reports since 2010.1*1 A small set of monofluoride derivatives
is currently known, which comprises 15 complexes, including [PPh4][(CF3)3sAuF], to be
described in Chapter 3. Interestingly, the number of isolated organogold(I1l) fluorides
decreases dramatically when the number of fluorine atoms directly bound to the metal
increases. In fact, only 6 difluoride derivatives have been prepared (including
[PPhy][trans-(CFs3),AuF,], which will appear in Chapter 2) and just a single
organogold(111) trifluoride species has been isolated (see below).
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N N N N N N
) R 'X—/ TR  +NaOtBu R X/ TR  +1/3Et;N-3HF R X TR
a —_— —_— >
— NaCl - Et;N
A|u A|u — tBUOH A|u
Cl OtBu
N N N N H
RTIXA TR RT X7 TR .cr,cooH
b) \( + Fft———Ft =—7> Y e, BN A Et
Alu Au
Bt _~
Et + unespecified (SIDipp)AuX

+

R R
Na N~ IL l\\l
R \( R 4 [PhyCIBF.] A ~au
— T -
©) ~PhyCF \ y \(( ] | [BF
Au N N

N\

R R

Scheme 1.4. a) Synthesis of the first organogold(l) fluoride complex (R = 2,6-
diisopropylphenyl), reported by Sadighi et al. in 2005, b) its reactivity towards alkynes,!"™

and c) its use for the synthesis of a dinuclear p-fluoro cationic organogold(l) complex.[™

Methods for introducing a fluoride ligand include the use of AgF and a heavier-halide
precursor, as already exploited by Moissan in the late XIX century.[”® This way, the
Toste group prepared the first terminal organogold(111) fluoride complexes CF3AuF(4-
Me-CsH4)(PPhs) and CFsAuF(4-F-CeH.)(PCys), which contain a single fluoride ligand
(Scheme 1.5a)."¥ Soon after, the Nevado group prepared a set of organometallic
gold(I1l) monofluoro derivatives containing a cyclometalated (N~C"C)-ligand
framework using a similar procedure (Scheme 1.5b)."! Additionally, they studied the
reactivity of the Au—F bond in one of the (N*C"C)AuF complexes towards different
terminal alkynes and aryl boronic acids to obtain alkynyl™ and aryl™® derivatives,
respectively (Scheme 1.6). Similarly, using a 2-phenylpyridine-based C*N ligand to
stabilize the Au(lll) center,l’” they prepared two new monofluoride complexes
(CAN)AURF (Scheme 1.5¢; R = CH3, 3,5-(CF3),-CgHs3).
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+ AgF (20 eq.)
) CH,Cl,, sonication
a CF > CF
/ 3 ~Agl 3
/Au /Au\
PhsP N PhsP

O e O
CH2C|2

b) cl >

Au\/ - AgCl o Ali/
(L) (L)
< 7\ R 7\
R= 4-tBU-C6H4
R +AgF (6 eq.) R
F / CH,Cl, F /
A > A
C) / u\ — AgBr / u\
l XN Br | XN
F F

R= 3,5-(CF3)2-06H3, CH3

Scheme 1.5. Organogold(I1l) fluoride complexes containing one Au-F bond, prepared by
halide-exchange reactions with AgF: a) One of the examples reported by the Toste group.™ b)
One of the examples of the organogold(lll) fluoride complexes containing a N*C"C ligand
reported by the Nevado group.™ c) Organogold(IIl) fluoride complexes containing a CAN

ligand reported by the Nevado group.!™

The C”N platform was also successfully used by Nevado and coworkers to isolate two
organogold(l1l) difluoride complexes, which were also prepared by facile halide
exchange with AgF (Scheme 1.7a)."®! However, some years before, the Toste group had
reported the preparation of the first organogold(I1l) difluoride complex using XeF, to
reach the oxidation state 111, while introducing two fluoride ligands (Scheme 1.7b).["®]
The monomeric compound, cis-(IDipp)Au(CH3)F, (IDipp = 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene), was in equilibrium with a cationic double
fluoride-bridged dimer, which was actually the species that crystallizes preferentially. In
fact, no crystallographic evidence of the monomeric species has been found thus far.

The binuclear species is favored at high concentrations and also by the other ligands, as

13



Introduction

concluded from similar reactions with related systems. The difluoride complex rapidly
reacts with aryl boronic acids to afford the C—C coupling product. The stability of cis-
(IDipp)Au(CHs)F; is exceptional for this kind of compounds, since the oxidation of
other alkyl gold(l) analogues (IDipp)AuR with XeF, affords mixtures of the C(sp®)-F
coupling product and alkenes resulting from B-hydride elimination, if the R group
contains at least a hydrogen atom in that position.””) However, in several cases, cis-
(IDipp)AuF;R intermediates were observed by **F NMR spectroscopy but could not be

isolated.

e Q

R
.- /
—H A
R O \
Q R' = CO,Me, Ph, 4-tBu-CgHs, 3,5-(CF3)y-CeHs

u

\
N

74

C—

R'=4-tBu, 3,5-F,, 2,4,6-F3, 2,3,4,5,6-F5

Scheme 1.6. Reactivity of Nevado’s organogold(IIT) fluoride complex containing a N*"CAC

ligand (R = 4-tBu-CgH,) towards terminal alkynes and aryl boronic acids.[">™

Most organogold(lll) difluoride species described thus far exhibit a cis
stereochemistry!’®"87 and, in fact, no trans organogold(lIl) difluoride complex had
been reported prior our compound [PPh,][trans-(CF3).AuF,], which will be presented in
Chapter 2. Following our report, two more trans organogold(l11) difluoride derivatives

were prepared by the Riedel group (see below). Additionally, cationic Werner-type
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gold(Il) difluoride complexes with trans arrangement, containing imidazole and
pyridine ligands, were reported later.®” Interestingly, and as in our own case, the latter
were also prepared by oxidation of the corresponding Au(l) species with XeF,, again
leading to a trans stereochemistry instead of the cis arrangement found by Toste in the

aforementioned analogous process (Scheme 17.b).178"]

R2 RZ
R, R, R, Ry
R cl 4(;AgC (8eq.) R R F R H
H,CI =F;Rp =
a R a o R a TTRRes
| \N/ \CI —2AgCI \N/ AN R1 = H, R2 = OMe
F F
IDi IDi CH
. +Xe SN PPN T
b) IDipp—Au—CH; ———» Al _ 12 Au Al 2"
- Xe / N\ /7 .7 \\|..
H5;C H3C IDipp

+ PhB(OH), O/CHS

Scheme 1.7. Synthesis of cis-difluoride organogold(l1l) complexes by a) halide-exchange
reaction with AgF,"® and b) oxidation of a gold(l) precursor with XeF,. Although other Au(l)
precursors containing the SIDipp ligand and the tBu group were used, the example shown is the
only one which allowed to isolate the mononuclear complex. The counterions of the dimer are
formally F~ anions, but their nature was not unambiguously established in the structure

refinement.["8)

The only organogold(l1l) trifluoride complex that has been isolated and characterized to
date, AuF3(SIMes) (SIMes = 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-
ylidene), was reported by Riedel and coworkers in 2018.%Y It was prepared by careful
reaction of AuF; and the SIMes ligand in dichloromethane (Scheme 1.8). Coordination
of the carbene ligand tames the reactivity of the strong-oxidizing AuFs; unit. This
complex is, in fact, more stable than AuF3;(NCMe), which is detected in solution at low
temperature!?”! The fluoride in the trans position of the SIMes (Au—F: 197.2(1) pm) in
compound AuF3;(SIMes) seems to be more weakly bound to the Au(lll) center than the
mutually trans-standing fluoride ligands (Au—F: 191.9(1) pm av.). In fact, it was found
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to be stereoselectively substituted by a chloride or a pentafluoroorthotellurate group
upon treatment with Me3SiX reagents (X = Cl, OTeFs), leading to the corresponding
difluoride complexes with trans stereochemistry (Scheme 1.8).5

es
+ Me3S|CI
>>7Au—CI
- Me3S|
M

es

/ \ Mes

Mes/N\/N\Mes
Au >>7Au— -]
CH20|2

Mes

es

+ Me3SI(OTeF5

>>—Au—0TeF5
- Me3S|

M

es

Scheme 1.8. Synthesis of the only known organogold(I11) trifluoride complex reported by the

Riedel group (Mes = mesityl),’® and its reactivity towards Me;SiX reagents.[*?

Organogold fluorides play an important role in a variety of fluorination processes.®
The current interest in preparing new fluorinated organic molecules with interesting
applications via gold catalysis has stimulated the search for this kind of species.***" In
particular, in the area of redox gold catalysis,**®* the main difficulty was to overcome
the high oxidation potential of the redox couple Au"'/Au' (1.41 V) compared to the
well-studied Pd"/Pd® system (0.95 V).°! In those cases, a stoichiometric external
oxidant is generally required,!**3¥ as for instance XeF,.[’ However, when searching
for the fluorination of organic substrates, C—F reductive elimination seems to be the key
turnover step in the catalytic cycle, since it is thermodynamically favorable, yet exhibits
high activation barriers.® In fact, in some cases the reductive elimination process does

not result in fluorination but in C—C bond formation.

I.4.  The trifluoromethyl group in transition-metal chemistry

Organofluorine chemistry has been established over the years as a well-defined research

field owing to the importance of C—F bonds in a myriad of applications.’®”? C—F bonds

16



Introduction

are the strongest bonds formed by carbon with any chemical element (485 kJ mol*).1%8!
Fluorination of an organic molecule causes marked changes in its physicochemical
properties, which is a consequence of the highly polarized C—F bond.¥8% The
significant C**~F°~ component is indeed responsible for the unusual thermal stability
and low chemical activity of the compounds, which also exhibit changes in their
volatility, lipophilicity, ability to form hydrogen bonds or n-donor behavior. Although
fluorine is the 13™ element in the Earth’s crust,®® the vast majority of organofluorine
compounds currently known are synthetic and very few natural products have been

identified to contain fluorine.[®Y

The most simple perfluorinated organic group CF3, was unknown until Swarts prepared
PhCF; in 1898.°% This group gives a clear example of the effects caused by
fluorination, since its properties are significantly different from those of its non-
fluorinated analogue CHj3 (Figure 1.3). The group electronegativity in Pauling units rises
from 2.28 in the methyl to 3.49 in the trifluoromethyl group, which makes CF3 even
more electronegative than chlorine (yc = 3.16).L° % Moreover, according to its effective
van der Waals radius (220 pm), the CF3z group is similar in size to an isopropyl
group.®¥ The reactivity of a CF5 group is also significantly different from that of a CHs
group. Therefore, all these differences justify that “the trifluoromethyl group should be
considered more appropriately as a distinct functional group rather than as a substituted

methyl group”, as claimed by Prof. Ritter.[®"]

¢

M-CHj; M-CF;
y [Pauling units] 2.28 3.49
Mvaw [pm] 180 220

Figure 1.3. Comparison between CH; and CF; groups bound to a generic TM: y = group

electronegativity in Pauling units; rqw = effective van der Waals radius in pm.
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The striking differences between both alkyl groups are especially remarkable in
organometallic chemistry.'®®! In fact, TM trifluoromethyl complexes generally show an
enhanced thermal stability with respect to their methyl analogues. This higher stability
has been attributed at least in part by assuming the existence of fluoride negative
hyperconjugation'®® and M—C r-back-bonding between filled d orbitals of the metal
center and o* orbitals of the CF3 group.”! This leads to an explanation of the [M]—CF3
bonding through three indistinguishable resonance structures (Scheme 1.9).

F F
[M]—~—F - M= F
F F

Scheme 1.9. One of the three indistinguishable resonance structures involving fluoride negative
hyperconjugation and M—C n-back-bonding for the [M]—CF; unit.

Structural and spectroscopic features of TM trifluoromethyl complexes are in agreement

with this model, and include:

a) Shortening of the M—C bond.

b) Elongation of the C—F bonds with respect to the values found in non-metallic
organofluorine compounds.

c) Lower frequency associated with the v(C—F) vibration modes.

d) Signals appearing at considerably higher frequencies in **F NMR spectra when

compared to non-metallic organofluorine compounds.

Although the CF3 group has been traditionally considered as electron-withdrawing,® it
has recently been proposed to act as a better c-donor than a methyl group in TM
chemistry.®®%! In particular, the [M]-CFs o bond has been calculated to have a
significant 2s character from the C atom, enhanced by contributions from the C—F c*
orbitals.®®¥ In contrast, the n-back-donation to the C—F o* orbitals is relatively weak,
and becomes insignificant in the methyl analogues. This model involves highly
polarized M® —C®" bonds with high positive charge on the CF3 carbon as the ground
state. This polarized bond is opposite to the precise electronegativity concept and,
moreover, it is not in agreement with the high electronegativity of the CF3; group. What

seems clear is that the CF3; group imposes a higher trans influence than CHs in its TM
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complexes. M—CF; bonds are generally shorter,®®*1% especially in mid and late-TM,
since for comparable titanium complexes, the Ti—CF3; bond length has been found to be
longer than the Ti—CHs distances calculated in their non-fluorinated analogues.**!

The CF3 group has also been considered as a redox non-innocent c-ligand able to induce
ligand-field inversion in late-TM complexes,® in which the d orbitals of the metal are
substantially stabilized and the LUMO is predominantly formed by a combination of the
orbitals of the ligands, contrary to the classical ligand-field splitting. The most
controversial trifluoromethyl complex has been the [(CF3),Cu] anion. Its bonding
scheme and the oxidation state of the metal center have been discussed™®>'%% since
Snyder first formulated it as a linear organocopper(l) species [CF3CuCFz] with two
additional CF;" and CF5 . Calculations on the electronic structures of the heavier
homologues [(CF3)sAg] %! and [(CF3)sAu] %! have unveiled ligand-field inversion in
all three Group 11 metal complexes. This implies that the frontier orbitals of these
derivatives are mainly ligand-centered, with a substantial contribution of the 6s metal
orbital in the gold species due to relativistic stabilization (Figure 1.1). The [(CF3)sM]"
complexes (M = Cu, Ag, Au) show qualitatively similar behavior in the gas phase: the
observed homolytic splitting of the M—C bonds denotes a marked covalent character of
this bond,™® contrary to the ionic model initially suggested for the copper

derivative.[*%

The chemistry of TM complexes containing perfluoroalkyl ligands has significantly
evolved in the last decades, ™ since the synthesis of the very first TM
perfluoroorganyl complex, CF;Mn(CO)s, which was reported by the groups of
Closson, ™ stonel*®! and McClellan,*! independently. Nowadays, a good number of
TM trifluoromethyl complexes are known, especially for mid and late-TM. However,
the development of the chemistry of these derivatives has been historically hindered by
the scarcity of appropriate synthetic methods to coordinate the CF3 group to metal

centers,[95:107d]

1.4.1. Synthesis of transition-metal trifluoromethyl complexes

The synthesis of TM trifluoromethyl derivatives faces the difficulty that organolithium

CFs;Li and organomagnesium CF3MgX reagents are not available for synthetic
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purposes, contrary to their non-fluorinated analogues.™ In fact, the easy generation of
the stabilized singlet difluorocarbene :CF, from CFsLi renders its synthesis difficult.l"*?
It is worth noting that the perfluoroethyl homologue LiC,Fs, which is more stable, has
been prepared and its structure has been determined in the solid state.'*! Despite being
for a long time invoked as a transient species in a variety of trifluoromethylation
processes, the CF; anion was not identified in the condensed phase until 2014,
when Prakash et al. were able to stabilize it with the [K(18-crown-6)]" cation. This
unusual salt, [K(18-crown-6)]*CF5, was characterized by *°F and **C NMR at -78 °C
(Scheme 1.10a).** However, Grushin and coworkers demonstrated the existence of
naked CF3; anion by preparation (Scheme 1.10b) and crystallization of the ionic salt
[K(crypt-222)]"CF5, in which the K* cation encapsulated by the enclosing cryptand
ligand is inaccessible to the CF3 - anion.™% Nevertheless, the solid-state structure of this
salt has been controversial.['*") These results are very recent and therefore have been not
been exploited from a synthetic point of view yet. However, a variety of different
synthetic methods to introduce the CF3 group into the coordination sphere of a TM exist

nowadays, which are summarized in Scheme 1.11 and will be described next.!*®!

+ [K(18-crown-6)]*

THF (~78 °C)
a)  iPrsSIiCF; + tBuO- > [K(18-crown-6)]*CF3”
— iPr;SiOtBu
+ iPr3SiCF3 + cryp-222
b) THF (-78 °C) THF (-78 °C)
K(crypt-222)]*[tBu0]” —————> [K(crypt-222)]*CF;~ <*——— [K(18-crown-6)]*CF3~
[K(cryp N ] ~ iPr,SiOtBu [K(cryp )I'CF3 1Bcrown® [K( )J'CF3

Scheme 1.10. Generation and isolation of the discrete CF; anion with a) the [K(18-crown-6)]"
cation;** and b) the [K(crypt-222)]" cation.*®!

Thermal decarbonylation of an acyl complex, [M]-C(O)CF;3, afforded the first TM
trifluoromethyl complex, CFsMn(CO)s, (Scheme 1.12).11%% The same method was
successfully used later on.r*"%*8 Decarboxylation of [M]-OC(O)CF5 precursors has
also been used to reach other [M]—CF; species, as for instance the well-known
Hg(CF3),, which can be prepared from Hg(O,CCF3), in the presence of K,CO5.!
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Scheme 1.11. Overview of the general methods to introduce CF3; groups into the coordination
sphere of a TM.[*!

110 °C
(CF5COMN(CO); ———» CF3Mn(CO);

Scheme 1.12. Synthesis of the first TM trifluoromethyl complex.[%810

More vigorous methods which also require specific equipment have been developed,
but they have not found wide use.™®! Thus, direct fluorination of the corresponding
methyl analogues at low temperature afforded Hg(CFs),1**Y and W(CFs3)s,*?? whereby
the M—C bonds are preserved (Scheme 1.13). Another methodology which cannot be
implemented in standard synthetic laboratories because of the expensive and
complicated equipment is the use of plasma-generated CF3" radicals, obtained by
homolytic cleavage of the CFs;—CF5 bond caused by electric glow discharge.**” These
radicals can combine with the appropriate precursor, either element halides or element
atoms, to afford the corresponding [M]—CF;3 derivative, as long as the final product is
stable enough to withstand the high-energy conditions required. For example, low-
temperature cocondensation of metal vapors with trifluoromethyl radicals furnished a
number of unsaturated Group 10™%! and Group 11M* trifluoromethyl derivatives,

which were stabilized by PMes coordination (Scheme 1.14).
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F2 / He + PEt3
W(CH3)6 W(CF3)6 _— W(CF3)6PEt3
CFCl3, —90 °C CFCly

Scheme 1.13. Direct fluorination of W(CHj) and further stabilization."??

+2 CF3'(g) + 2 PMe, Me3P\ /CF3
Pd(g) —>1 96 °C Pd(CF3), —>78 o /Pd\
a B F3C PM63

Scheme 1.14. First synthesis of a TM trifluoromethyl complex by combination of metal vapors

and plasma-generated CF;’ radicals.*?*!

The transformation of cyano ligands, [M]—CN, into trifluoromethyl groups, [M]-CF;
arised as a promising method after Willner and coworkers successfully applied it for the
synthesis of [B(CF3)s] .**! They were able to prepare this weakly coordinating anion
by fluorination of [B(CN),;] with CIF or CIF; in aHF. The process bears some
relationship with the transformation of nitriles, RCN, into trifluoromethyl groups, RCFs3,
in organic molecules, using BrFs.*?! In TM chemistry, the synthesis of gold®! and
platinum™®®” trifluoromethyl derviatives from the corresponding cyano complexes
[AU(CN)J], [Pt(CN)4]* or [Pt(CN)s]*" by reaction with CIF in aHF or CH,Cl, was also
attempted. However, unlike in the [B(CFs)s] case,** these processes were non-
selective and afforded complex reaction mixtures of trifluoromethyl derivatives from
which no single species could be isolated. The lack of selectivity and the high stability

requirements, together with the need for special equipment, are important drawbacks.

An interesting reagent to coordinate CF3 groups to TM centers in low oxidation states is
CF31.%%1%7 This reagent shows inverted 1°"~C® polarity with respect to CHgl,*?®
according to the higher electronegativity of the CF3 group with respect to iodine.”*!
This versatile reagent, obtained by Emeléus in 1948,1**! was one of the first available
trifluoromethyl precursors used to prepare TM complexes, the first examples being (°-
CsHs)Co(CO)(CF3)I**) and CF3Fe(CO)l (Scheme 1.15).1%Y |t is interesting to note
that CF3l is a source of CF3' radicals especially under thermal, photochemical,
electrochemical or chemical activation.™? In organotransition metal chemistry, it has

been successfully applied to d® and d'° metal precursors.[**27
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+ CF3l
Fe(CO)s —_o—= CFsFe(COl

Scheme 1.15. One of the first syntheses of a TM trifluoromethyl complex by oxidative addition

of CF;l to a low-valent derivative.[*!)

Probably the most used method to prepare TM trifluoromethyl complexes has been via
metathesis or transmetalation processes by using different CFs-transfer reagents.!>%"
To this aim, Group 12 metal compounds have been widely used. The first of these
reagents to be available was Hg(CF3),, which was initially prepared by oxidation of
elemental mercury with CF3l under thermal or photochemical activation.**®! By ligand
exchange reaction of HgQ(CF3), and Cd(CHs),, different Cd(CF3),-L adducts were
isolated (L = dme, diglyme, thf or py).'*¥ A more convenient route was later reported
using CFsl as the trifluoromethylating agent."**! Cadmium reagents were preferred over
mercurials due to their higher reactivity. In particular, Cd(CF3),-dme became the most
popular reagent of this family.®®*¥ Different zinc complexes are known (e.g.
Zn(CF3),, CFsZnX (X = CI, Br, 1) and Zn(CFs)(py).),™ but with poorer

trifluoromethylating ability than Cd(CFs),-dme.!"

Owing mainly to the toxicity of cadmium, the well-performing Cd(CF3),-dme reagent
has been superseded by the commercially available Ruppert—Prakash reagent,
MesSiCF3. This convenient and safer reactant is typically used in the presence of a hard
Lewis base, usually - [1%6] Upon coordination of the fluoride to Me3sSiCF; at low
temperature in thf, a five-coordinate Si(IV) species is generated, [MesSi(CF3)F] ")
which can readily transfer the CF3 group to the appropriate metal precursor (Scheme
1.16). However, when a metal fluoride, hydroxide or alkoxide complex is used as
precursor, no additional fluoride source is required.®™ Concomitant formation of
volatile Me3SiF occurs, which can be easily separated. This methodology, although
largely known in organic synthesis,™® was applied in organotransition metal chemistry
in 1997.113%!

When Me3SiCF; is used in combination with AgF as the fluoride source in a N-donor
solvent, solutions of trifluoromethyl silver, “CF3Ag”, are generated, which have
themselves been used as trifluoromethylating agents.***! Some representative examples

include a number of Rh,[% |r, 140 Nj 41 pgt42] or AUl trifluoromethyl complexes.
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In these “CF3Ag” solutions, there are equilibrium mixtures of various species, including
CFsAg(solvent) and [CFsAgCFs] .31l The latter anion, [CFsAgCFs]’, has been
isolated only recently as its Cs*, [NBus]* and [PPh,]" salts by our group*®! and that of

Pérez-Temprano,*? independently.

CF,
' THF | Me *IMI-X
MesSiCF; + F- ——» Me—Si™" [M]-CF
-90°C | YMe  -Me;SiF
F _X~

Scheme 1.16. General trifluoromethylation of a TM with the MesSiCFs/F~ system. The reaction

proceeds via the five-coordinate intermediate shown.™**"!

In addition to the nucleophilic trifluoromethylating species just described, several
electrophilic trifluoromethylating reagents are also known.*®! The most popular is
probably Umemoto’s reagent (Figure 1.4),11 which exhibits a high stability under
ambient conditions and is commercially available since year 2000.24*4 Some iodine(I11)
compounds have also arisen as very efficient electrophilic trifluoromethylating species,
among which Togni’s reagents are probably the best known (Figure 1.4).1#1 Both
Umemoto’s and Togni’s reagents have been successfully used to prepare high-valent

Ni(IV)M8 and Pd(1V) complexes,**¥ from their corresponding M(I1) precursors.

O FsC—I——0 FsC—I——0
TfO™ ©)< @/g

|
CF,

w+

Umemoto's reagent Togni's reagent | Togni's reagent II

Figure 1.4. Selection of electrophilic trifluoromethylating reagents.

1.4.2. Reactivity patterns of transition-metal trifluoromethyl complexes

Transition-metal trifluoromethyl complexes display an interesting reactivity which
widely differs from that of their non-fluorinated analogues.!®®%%7%¢l Some of the most

prominent reactivity patters include:™®
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a) Trifluoromethylation of organic molecules.
b) Formation of difluorocarbenes by C—F activation.
c) Stabilization of complexes with metals in high oxidation states and highly acidic

metal fragments.

1.4.2.1. Trifluoromethylation of organic molecules

The trifluoromethyl group alters the physicochemical and/or biological properties of
organic molecules, so that they frequently find interesting applications as
pharmaceuticals, agrochemicals or in material science."#%5% For this reason, many
efficient and selective synthetic routes have been developed over the years to
incorporate this valuable substituent to organic molecules. Among them, TM mediated
or catalyzed trifluoromethylation processes have become very popular owing to the
plethora of CF3 sources and metal substrates currently available, which are actually able
to promote CFj transfer.[689:95:99.132b136.1511 compaunds containing M—CFs bonds are
proposed to participate in these processes, but they are not always isolated or even
detected. It is interesting to note that TM catalyzed and mediated C—CF; bond
formation is challenging because of the strong M—CF; bonds deriving from the bonding
interactions between the metal d orbitals and the C—F o* orbitals of the CF5 group.*”
This often results in a higher activation barrier for the C-CF; reductive
elimination.[88%%1070&152] The most suitable complexes are those containing late-TM,

mainly Group 10 and Group 11 metals.

Probably the most used trifluoromethylating copper-based system has been in-situ
generated “CF3Cu>, 8629013201362 15105001 \\hyich \was discovered in the late 1960s,% yet
its precise nature is still unknown."*! However, some well-defined copper complexes
have resulted useful in the transfer of CF3 groups to organic molecules, as for instance
(NHC)Cu(CF3) species,™ (phen)Cu(CFs3),™® or the [CFsCuCFs]  anion.’>"%% |n
fact, the cesium salt of the [CF3CuCFs] anion has been selectively prepared and
isolated very recently, and its role in the trifluoromethylation of arenes has been

investigated experimentally and computationally.!**®

The development of trifluoromethylation reactions by using Cu(lll) complexes is very

recent. Most of the studied C—CF3; bond-formation reactions mediated of catalyzed by
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copper(111) involve neutral (CF3)sAuL complexes™® (L = py,%% ppy, %Y phen).[*®? |n
some of these reactions, radical trifluoromethylation processes occur,**®** as it also
happens with the homoleptic [(CF3)sCu] , which is able to transfer CF3" radicals under
photoirradiation.™® Concerted reductive elimination processes leading to R—CF3 from
anionic [(CF3)sCuR] complexes (R = alkyl, aryl) have been also reported recently
(Scheme 1.17).11%!

CF
N / 3 A [ ]
u —_ — + u -
/C Y R-CF3 CF3CuCF3

F.C° R

FsC

Scheme 1.17. Reductive elimination R—CF3; (R = alkyl, aryl) from Cu(lll) trifluoromethyl

complexes. The cation is [NBu,]".1**

Trifluoromethylation reactions catalyzed or mediated by palladium complexes have
been thoroughly investigated.[#6:95:901510.dg-L152] |ntarestingly, the reductive elimination
affording the trifluoromethylated organic molecule is highly dependent on the nature of
the ancillary ligands at the Pd(Il) center, and particularly on their steric requirements.
For example, in a series of bis(phosphino)ferrocene ligands used by Sanford and
coworkers, it was found that the rate of reductive elimination increases with the size of
the phosphine substituents.®! The key role of the steric demand of the ligands has also
been assessed by computational studies.*®! It has further been suggested that the
changes in steric repulsions to access the transition state (TS) are actually responsible

for the energy barriers of the reductive elimination of Ph—CF3.[**®!

Reductive elimination from octahedral Pd(IV) complexes also takes place under mild
conditions. The Sanford group reported in 2010 the synthesis of the first Pd(IV)—CF;
complex and described the first reductive elimination of aryl-CF3; from a Pd(IV) center
(Scheme 1.18),*1 the mechanism of which was later investigated.™®®
Trifluoromethylation of benzo[h]quinoline (Hbzq) in moderate yields was also achieved
via reductive elimination from the octahedral complex (bzq)Pd"(CF3)(OAC),(OH,),:*%!
which is generated by electrophilic trifluoromethylation of the dinuclear Pd(ll)
derivative [Pd(bzq)(u-O,CMe)], through an oxidation—fragmentation sequence

proceeding via a Pd"'-Pd"" or Pd"V«—Pd" intermediate.™™
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[ S -
N\ /CF3 TfO™ N\ | /CF3
Pd - Pd —» Ar-CFj3
/N CICH,CH,CI N~ | = PhNO,
N Ar 23°C OTf 80 °C

Scheme 1.18. Synthesis of the first Pd(IV) trifluoromethyl complex and subsequent C(sp?)—CFs;
bond formation.**”!

Ni-mediated trifluoromethylation of arenes has only been recently achieved. Initial
studies by Vicic™™ and Grushin*™ were rather unsuccessful, and oxidatively-induced
aryl-CF3 bond formation from Ni(Il) complexes was demonstrated in 2018 by Klein
and van der VIugt."”? An in-depth study by Sanford and coworkers on the reductive
elimination of Ph—-CF; from (P*P)Ni(Ph)(CF3) complexes when treated with
ferrocinium salts showed a great dependence on the diphosphine ligand, PAP.I}"3
Aryl-CF; bond-formation processes from isolated Ni(11)*™ and Ni(1v)!48d
complexes containing a tris(pyrazolyl)borate scaffold have also been reported by the
Sanford group. Complex (CF3),NiF2(py),, obtained by reaction of (CF3),Ni(py), with
XeF,, was the first Ni(IV) derivative to enable direct C—H trifluoromethylation of

arenes.l*"

1.4.2.2. Formation of difluorocarbenes

Many TM trifluoromethyl derivatives are prone to undergo C—F bond activation. These
processes are found mainly in those cases with significant fluoride negative
hyperconjugation in the [M]-CF; unit (Scheme 1.9), which leads to substantial
weakening of the C—F bonds in o position.”® Fluoride abstraction is generally
promoted by Brensted or Lewis acids whereby a metal difluorocarbene species,
[M]=CF,, is formed (Scheme 1.19a).[1°17%] The stability of these [M]=CF, compounds
significantly depends on the particular metal, its oxidation state, and on the nature of the
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other coordinated ligands. Some of these [M]=CF, complexes are stable enough to be
detected in solution and even isolated and characterized.9"**"®l However, many of
them are highly reactive and readily undergo hydrolysis via nucleophilic attack by a
molecule of water, whereby HF elimination affords a carbonyl complex [M]-CO
(Scheme 1.19b). Hence, sometimes they can only be proposed as reaction intermediates.

Some of these species will be discussed next.

F

‘s,
a) " —rERE [M]:<
F " F

~
N
N
N

F
b) [M]:< _tH0 [M]_TT:\F — [M]—CO
F H,0

Scheme 1.19. a) Formation of a metal difluorocarbene complex by attack of an electrophile (E)
or a Brensted acid (H") on a TM trifluoromethyl derivative. b) Transformation of a
difluorocarbene complex to a carbonyl one via nucleophilic attack by water.:07**7]

Most of the isolated TM difluorocarbene complexes contain early and mid-TM. In fact,
the [M]=CF, unit seems to be particularly stable for d® Group 8 metals.”® For instance,
direct treatment of complex Ru(CF;3)CI(CO)(MeCN)(PPhs), with dry HCI affords the
difluorocarbene derivative, which is easily hydrolyzed to the carbonyl derivative
(Scheme 1.20)."1 Additionally, it also reacts with MeOH and Me,NH to yield the
corresponding fluorocarbene species (Scheme 1.20). On the other hand, complex
RUuHF(CO)L, (L = PtBu;Me) reacts with Me3SiCF3 to directly afford a [Ru]=CF,
species, RUHF(CF,)(CO)L,, instead of the expected [Ru]-CF5 compound.™®1® This is
due to an o-fluorine migration from the proposed intermediate RuH(CF3)(CO)L;, the
metal center of which would act as a Lewis acid. A different route to generate a
difluorocarbene complex is via two-electron reduction of a metal trifluoromethyl
derivative. It actually occurs by a-F elimination, as in the case of (n°-CsMes)Ir'(CF,)(L)
complexes (L = CO, PMe;), which were prepared from their corresponding (n’-

CsMes)Ir'"'(CF3)I(L) precursors upon reaction with KCg.[!"™!
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+Hy0
2 [Rul—CO
~2HF
PPh, PPh,
NM
MeCN/,,,“ ‘ ‘\\\\\\C| +HC|(g) C|//,,,,' ‘ ‘\\\\\\C| + Me,NH €-
‘RuU. Ru__ »  [Rul=<
oc” | “NcF,  ~MecN oc” | ~cr, ~HF .
PPh; PPh,
+ MeOH OMe
L »
—HF [R”]:<
F

Scheme 1.20. Transformation of a [Ru]-CF; unit into a [Ru]=CF, one and its subsequent

reactivity towards different nucleophiles.!””

When moving from early to late-TM, diflurocarbene complexes become more reactive
and therefore more difficult to detect or even isolate. Anyway, they are usually invoked
as intermediates in the fluoride-abstraction process of [M]—CF; derivatives.® For
example, in the neutral complexes cis-(CF3),Pt(py). and cis-(CF3),Pt(L"L) (L"L = bpy,
tmeda), the transformation of one CF3 group into a CO ligand requires the action of
strong acids such as aqueous HCI or HC10,.8 In the case of the homoleptic complex
anion [(CF3)4Pt]*", however, the reaction occurs simply by the action of ambient
moisture, whereby compound [NBu,][(CF3)sPt(CO)] is formed.'®) By reaction of
[NBu4][(CF3)sPt(CO)] with pyridine-2-thiol in the presence of ONMe; the gem
difluorinated [NBu,][(CF3).Pt(CF2NCsH,S-xC,kS)] derivative was isolated in good
yield (Scheme 1.21). This complex can be considered to contain a difluorocarbene-
platinum fragment stabilized by intramolecular base coordination, which arises from
C—F activation and subsequent C—N coupling (Scheme 1.21). It was actually the first
clear evidence of the involvement of highly reactive [Pt]=CF, unit along the

degradation of a Pt—CF3 bond in the presence of acids.**"

The first Group 10 difluorocarbene complex to be isolated was the tetrahedral derivative
Ni(CF,)(dppe){P(OMe)s}, which was prepared by reduction of compound
Ni(CF3)(dppe)(O.CCF3) with KCg in the presence of P(OMe); (Scheme 1.22).1184
Together with Ni(CF,){P(OMe)s}s, they are the only examples of formal d'° metal
fluorocarbenes. Additionally, Ni(Il) and Pd(Il) difluorocarbene complexes containing
the pincer ligand «P,kC,«P-(2,6-(iPr,PO),-CsH3) were prepared in solution upon
treatment of the corresponding trifluoromethyl derivative with a Lewis acid, but only

the nickel species could be crystallized."®! In the case of Group 11 metals, no
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difluorocarbene complex has been isolated so far,®® but gold difluorocarbenoid

complexes have been detected for the first time recently, as will be described in the next

section.
— |:2 -
FSC\ /CF3 / | + ONM63 F3C\ A'C\N_
P ol ) > P
- 2
FsC©  CO N" "SH HNMegF FsC S /
co,
* ONMe; | ~ (12
~ : ,F _ ~ 'i __
FsC_ C—F +NM FsC_ C—F
N/ & - N7
/N RN
F,.¢” s \ / F.¢” s \ /

Scheme 1.21. Formation of a [Pt]=CF, complex fragment stabilized by intramolecular base
coordination (upper path) and suggested reaction mechanism (lower path). In all cases the cation
is [NBu,]*.[!

Ph,
+ P(OMe)s, + 2.2 KCq Ph,
[P\N/OZCCF3 THF EP//,,I, /P(OMe)3
| i
7N\ ~ K[O,CCF PY N\
Eh2 CF4 i KL 2CCFl Ph, CF»

Scheme 1.22. Synthesis of one of the first Group 10 metal difluorocarbene complex with d*°
electron count. The oxidation states changes from Il to 0 and the complex changes its geometry

from square-planar to tetrahedral.®?

1.4.2.3. Stabilization of high oxidation states and highly acidic metal fragments.

Trifluoromethyl ligands are especially suited to stabilize complexes of TM in high
oxidation states. This is mainly due to the marked electron-withdrawing character of the

CF; ligand, which derives from its high group electronegativity and the hardness of the
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C-donor atom. This same reason makes it also appropriate to afford highly acidic

organometallic “M(CF3),” moieties.*

For instance, trifluoromethyl ligands are able to stabilize Cu(Ill) complexes,!*%163184]

among which the complex anion [(CF3)4Cu] has been subject of much debate regarding
its oxidation state.'1%1%1 \/ery few complexes are known containing silver is its
highest oxidation state 111.1%%¢9 Although complexes [PPh4][(CF3)sAg(CHs)] and
[PPhy][trans-(CF3)sAg(CN)] have been prepared and thoroughly characterized, some
other Ag(Ill) trifluoromehyl derivatives have only been detected by NMR
spectroscopy.™® Interesting examples of Ag(l11) trifluoromethyl derivatives have been
recently synthesized in our group. The homoleptic [(CF3)4Ag] anion has been prepared
and isolated as its [PPhy]" salt via one-pot reaction of the organosilver(l) derivative
[CF;AQCF3] with Phl(O,CCF3), and MesSiCF; in the presence of CsF (Scheme
1.23).11%! Additionally, the first organosilver(111) fluoride complex, [(CF3)sAgF], has
been prepared by chlorination of [CF3AgCF3] , to afford [(CF3)3AgCl] , and subsequent
treatment with AgF (Scheme 1.23).1:%!

+ Me3SiCF3
* sk FsC_  CFs|
+ PhI(0,CCF3), 3 NG 3
, > g
~ MesSiF FC \CF,
[cF3—Ag—CFs]” —
+ PhICI, . F3C\Ag CFs + Ag Fac\Ag CFs
—TAQCI,T o / — AgCl 7 N\
[AgCla] F.c” cl 9 FsC

Scheme 1.23. Synthesis of Ag(lll) trifluoromethyl complexes reported by Joven-Sancho et al. In

all cases the cation is [PPh,]".11%5:12¢]

A very useful strategy to access trifluoromethyl complexes in high oxidation states is by
oxidative addition processes. Besides RX reagents such as CFsl, which introduce an
additional organic group, oxidative addition of halogens has also been useful in the

synthesis of Group 10 metal derivatives in oxidation state IV (Figure 1.5). For example,
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the square-planar organoplatinum(ll) compound [NBu4].[(CF3)4Pt] reacts with halogens
X, (X = ClI, Br, 1) in a stereoselective way to afford octahedral organoplatinum(IV)
complexes [NBug]z[trans-(CFs)sPtX2].*¥1 Additionally, reaction of the parent Pt(ll)
compound with SOCI; in acetone at room temperature enables to obtain the cis isomer
of [NBu4]o[(CF3)sPtCl,].[*® This reaction proceeds through the intermediate species
[trans-(CF3),PtCI(SOCI)]*", which evolves into the complex [NBus]z[cis-(CF3)4PtCly],
whereby the “(CF3)4Pt” unit undergoes a stereochemical rearrangement. The cis isomer
is more reactive than the trans species and reacts with the equimolar amount of aqueous
HCI to afford [NBug],[fac-(CF3)sPtCls]. However, to obtain the mer isomer, oxidative
addition of Cl, to [NBu,]o[(CF3)sPtCI] in CH,Cl, is required.[*®]

Although oxidation state IV is less common for lighter Group 10 metals,
Ni(IV)H8731900 ang pd(1v), 11480 149.167.168.189.1911 complexes can also be stabilized by
coordination of CF3 groups (Figure 1.5). Many of them bear a tripodal ligand, the only
exception in the case of nickel being (CF3),NiF,(py)2, which is obtained by reaction of
cis-(CF3)2Ni(py), with XeF,.!H"

Cl CF5 2- Br 2>
| wWCF3 ( Noy,,, | WCF3 FsCu,, | WCF3 FsCu,, | WCF3

Pd t :
N O Fc” | e Fc” | “VCFs

F O Cl Br

Figure 1.5. Examples of Group 10 metal trifluoromethyl complexes in oxidation state 1V,

1,

obtained by oxidation of suitable M(II) precursors. The cation is [NBu,]® where

appropriate.[">187-189

The compounds just discussed contain up to four CF3; groups per metal atom and there
are very few species containing a greater ratio. Regarding homoleptic derivatives, the
Au(V) [Au(CF3)s]” anion has been calculated to be unstable.®® Complexes U(CF3)s and
W(CF3)s appear in the literature, but they are poorly characterized.*?'% The
homoleptic Pt(IV) complex [Pt(CFs)s]* has been detected to arise in the reaction of
[Pt(CN)e]* with CIF in CH,Cl,, but could not be isolated from the complex reaction
mixture.'?”! The complexes with the highest CF5 content which have been isolated and
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characterized to date are the anionic derivatives [(CF3)sPtX]> (X = CI, Br, 1) and

[(CF3)sPtL]™ (L = CO, MeCN, py, H,0, tht), reported by our group (Scheme 1.24).1!

Fs,C.  CF
3 N4 3
AN
F,¢~ CF,
+ CFyl CFs )
+L F3Cu, | WCF3
: o
-S Fc” | “NCF,
L
CF; 2— CF3 B
FsCun, | wCFs +Ag*/S FaCus,, | CF3 L =CO, py, tht
“Pte — Pt —
FC” | NCFy| A9 FC” | “NCF,
i S
CFs 2
S = Hzo, MeCN + X~ F3C/,,/“ | “\\\\\CFg
s
- Xodl | cr,
X
X =Cl, Br

Scheme 1.24. Synthetic routes to access highly trifluoromethylated Pt(1V) derivatives

containing neutral and anionic ligands. In all cases the cation is [NBu,]".***!

An interesting evidence of the electron-withdrawing character of the CF3; group in
comparison with other related ligands is given by the homologous series of compounds
[X3Pt(CO)] (X = CF3, CgFs, Cg¢Cls, CI, Br, 1). Within this series, complex
[(CF3)sPt(CO)]™ shows the highest v(CO) value (Table 1.1).18% This fact suggests that
with X = CF3, the metal center has the least electron density, and accordingly, the

(CF3)sPt fragment exhibits the highest Lewis acidity. We will turn to this idea later on.

Table 1.1. Vibrational frequency v(CO) of the Pt(ll) monocarbonyl
Q[X3Pt(CO)] compounds (Q* being a cation).?

X »(CO) [cm ™™
CF; 2117
CeFs 2084
CeCls 2073

Cl 2098

Br 2089

| 2075

[a] Adapted from Table 1 in Ref. [181a]. [b] IR spectra were registered in
CH,CI, solution.
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1.5.  Gold trifluoromethyl complexes

Whereas the first gold methyl complexes were prepared in 1939, the first gold
trifluoromethyl complexes were not reported until 1973 by Johnson and Puddephatt.!***!
The chemistry of gold trifluoromethyl complexes has experienced a significant
development ever since because of the interesting reactivity, properties and applications
of these compounds.[zo] This is in contrast with the few higher perfluoroalkyls currently
known. In fact, only (C,Fs)Au(PEts) had been detected prior to the beginning of this
Thesis but it was not isolated.™® However, a set of Au(l) and Au(lll) complexes
containing primary and secondary perfluoroalkyl ligands has been isolated and
characterized recently.**1 On the other hand, it has to be noted that the chemistry of
gold with fluoroaryl ligands was largely developed in our Department over the years by

R. Uson, A. Laguna, M. Laguna, and their coworkers.[**!

Gold trifluoromethyl derivatives are more stable than their non-fluorinated analogues,
as it occurs with other TM trifluoromethyl complexes. An interesting example which
clearly evidences this fact is the comparison between the pairs of homoleptic complex
anions [CF3AuUCF3] / [CH3AuCHs] and [(CF3)4Au] / [(CH3)sAu] . Whereas the
[PPh4][(CF3)4Au] salts start to decompose at 275 °C (x = 2) and 370 °C (x = 4),
respectively,[™*? their non-fluorinated analogues [Li(pmdta)][(CH3)xAU] (X = 2, 4)
readily decompose at 140 °C.*®? This difference can be attributed to stronger Au—CFs
bonds compared to Au—CHg3 ones, which becomes clear from the corresponding Au—C
distances. Taking the same couples of compounds, it can be observed that for both of
them, Au—CF5 bonds are shorter than Au—CHz ones (Table 1.2).19% Additionally,
when comparing the Au—CF; bond length between the species in the two oxidation
states | and 111, it is observed that they are longer in the Au(l11) derivatives, whereas the
C—F bonds are shorter (132(1) pm av.) than in the Au(l) species (137.8(3) pm av.). A
rehybridization of the orbitals involved in the Au—C and C—F bonds when changing the
coordination number and the oxidation state of the gold center may account for this
difference, the 2s character of the C atom decreasing in the Au(l11)—C orbital whereas it
increases in the C—F orbitals.*”
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Table 1.2. Au—C bond distances in the homoleptic Au(l) and Au(lll) methyl and
trifluoromethyl complexes.

d(Au—C) [pm, av.]

X = Hi2ou X = Elodl
QI(CXs)Au] 207.5(6) (Q = [NBu4]") 203.3(2) (Q = [PPhy]")
QI(CXs)sAu]  210.0(4) (Q = [NMey(CH,Ph),]") 208.0(7) (Q = [NBu4]")

Gold complexes containing CF; ligands can be prepared by using the wide variety of
synthetic methods currently available for the generation of M—CF3; bonds (see previous
section). Most of the Au(l) complexes have been prepared by using Me3sSiCF3 as the
trifluoromethylating reagent in the presence of a fluoride source, whereas Au(lll)
derivatives have been mainly synthesized by oxidative addition reactions, either of

halogens, X, or alkyl halides, RX.1*%!

Many neutral gold(1) trifluoromethyl complexes CFsAuL are known.? For example, a
series of complexes where L is a phosphine or a fluorophosphine was obtained by
treatment of the chloride derivative AuCIL with Cd(CF3),-dme (Scheme 1.25a).[1%:202
Similarly, Puddephatt and coworkers prepared complex CF3Au(CNMe) and used it for
the preparation of gold films by chemical vapor deposition.”®! The less toxic reagent
MesSiCF3 has enabled to prepare trifluoromethyl complexes starting from AuL(OR)
complexes (L = phosphine; R = CH(CFs),, Ph; Scheme 1.25b).1?*! The combination of
MesSiCF3 with AgF in a N-donor solvent, whereby “CF3Ag” is formed, enabled to
prepare gold(l) complexes containing different phosphine, phosphite, isocyanide and
NHC ligands, starting from the corresponding choro or iodo derivarives (Scheme
1.25¢).1%%1 By reaction of [N(PPhs);][AUCI(CeFs)] with “CFsAg”, a mixture of
[(CF3)xAu(CgFs)—«] anions (x = 0, 1, 2) was obtained, together with minor amounts of
[CF3AgCF3] .M From this mixture, single crystals of [N(PPhs)-][CFsAu(CeFs)] were
obtained and studied by X-ray diffraction.

Although collision-induced dissociation of the [Au(O,CCF3);] anion enabled the
detection in the gas phase of complex anions [CF3Au(O,CCF3)]” and [CFsAuF] "2
complex [CF;AuCF3] was the first anionic gold(l) trifluoromethyl derivative which
was prepared in practical amounts. It is synthesized by reaction of AuCl or AuCl(tht)
and MesSiCF3 in the presence of F~, as reported by Tyrra®®! and our own group,***!
independently (Scheme 1.26a). When AuCls is used as the starting material, a mixture of

the Au(l) and the Au(lll) homoleptic species is obtained, which can be successfully
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separated using [PPhs]" as the cation (Scheme 1.26b).**) Different salts of the
[CF3AUCF3]™ anion are known, containing cations such as [PPh,]*,M%% [NMe,]*,2*®
[N(PPhs),] ", 2% [K(18-crown-6)1",°1 [Ag(py)2]*, ! [Au{(FsCCeH4)sPY.1" " or
simply Cs*.1*%® The salt [NMe,][CFsAuCFs] was found to generate monodisperse gold
nanoparticles by hydrolytic decomposition.!?®® This process was suggested to proceed
via o-F bond activation, whereby a short-lived CF;AuCO species was formed, which

decomposed further.

+ Cd(CF3),-dme

a —Au— » L—Au—CF
) L—Au—Cl - CdCly, — dme 3
L = CNMe, PR3, PF,X
b + Me3SiCF3
) L—Au—OR — MoSoR L—Au—CF;

L = phosphine; R = CH(CF3),, Ph

+ Me;SiCF3, + AgF
— Me,SiF, — AgCl

c) L—Au—Cl L—Au—CF;4

L = phosphine, phosphite, isocyanide, NHC

Scheme  1.25. Synthesis of neutral  Au(l) trifluoromethyl complexes via

transmetalation,43196.202-204]

a)  AuCI(tht) + MesSICF; + CsF + [PPhyBr ——" =  PPh, [CF3—Au—CFy]

— Me,SiF
— tht

Q|[CF3—Au—CF;]|

, THF
b) AuCl; + MesSICF3 + CsF + QBr ———» +
— Me,SiF
= [NBuy,]* or [PPh,]*
Q = [NBuy]" or [PPhy] F3C\ /CF3
Q /Au\
F3C CFj

Scheme 1.26. Synthesis of the homoleptic [CFsAuCF5]™ and [(CFs),Au]” anions.™*
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The gold(l) carbonyl derivative CF3;AuCO could be prepared by low-temperature
reaction of [PPh4][CF;AuUCF;] and BF3;-OEt, in CHCl,, as later reported by our group
(Scheme 1.27a)."*?%®!  This compound is highly moisture-sensitive, rapidly
decomposing to Au° in the presence of water. However, under rigorously anhydrous
conditions it could be crystallized and studied by single-crystal X-ray diffraction.
Additionally, it is worth noting the high v(CO) vibration in the solid state for CF;AuCO
(2194 cm™) within the homologous series of neutral XAuCO compounds shown in
Table 1.3,[*%2%8) \which denotes the significant electron-withdrawing character of the

CF3 group in comparison with other related ligands.

Table 1.3. Vibrational frequency v(CO) of the Au(l)
neutral monocarbonyl XAuCO compounds.®

X »(CO) [em ™!
CFs 2194 (solid)

2180 (CH,Cl,)

Cl 2162 (CH,Cl,)
OSO,F 2195 (solid)
BH(pz*);™ 2144 (solid)

2125 (cyclohexane)

[a] Adapted from Table 1 in Ref. [199]. [b] Experimental
details are given for each compound. [c] pz* = 3,5-
bis(trifluoromethyl)pyrazolyl.

The CO ligand is highly labile, being readily substituted at 0 °C by neutral ligands to
afford complexes CFsAuL (L = tBUNC, MeCN, py, tht),[’* and by Br~, whereby
complex [CFsAuBr]  is formed (Scheme 1.27b).°! Complex CF;AuCO can thus be
considered as a convenient synthon of the “CFsAu” fragment.*¥ Its formation might
proceed through a difluorocarbene intermediate, which could not be detected, probably
due to fast hydrolysis occurring even at —80 °C.[1%9%%1 The transient CFsAuCF, species
could be possibly stabilized by Et,O coordination before evolving to the final carbonyl
product. Interestingly, related gold(l) difluorocarbenoid species R3PAUCF,X were
detected recently, but could not be isolated.’®” In fact, these gold difluorocarbene
complexes are so deprived of electron density, that they bind even weakly coordinating
anions such as triflate or triflimide (X = OTf, NTf,;). These compounds were
characterized at —50 °C by NMR spectroscopy, since they rapidly decompose above that

temperature (Scheme 1.28).
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F
_  +BF3OE _§
a) [CF;—Au—CF;] ——  “»  F3C—Au= —» CF3;—Au—CO
- [BF,] e
Et,0
+L
————>  CF;—Au—L
-CO
L = CNtBu, NCMe, py, tht
b) cF;—Au—CO —— Py
+Br- _
L » [CF;—Au—BI]
-Co

Scheme 1.27. a) Suggested reaction path for the synthesis of CF;AuCO.M%®! b) Synthesis of
neutral and anionic Au(l) trifluoromethyl complexes by substitution of the highly labile CO
ligand in CF;AuCO. In all cases the cation is [PPh,]".[X2%!

F
+ Me3SiX
F3C—Au—PPh3 —_— C—Au—PPh;
— Me3SiF N
'
X

X = OTf, NTf,

Scheme 1.28. Generation of neutral gold(l) difluorocarbenoid complexes in CH,Cl,. They were
detected at —50 °C by NMR spectroscopy. In the case of the triflate anion, other phosphines

have also been used.?°”!

The salt [Ag(py).][CFsAUCF;3] is useful to prepare the dinuclear Au(ll) species
(CF3)4Auz(py)2, which is obtained upon UV irradiation (A = 352 nm) of a CDCl3 or
CD3CN solution of this precursor (Figure 1.6).12%! It contains a very short unsupported
Au(ID—Au(ll) bond (250.62(9) pm) which is of covalent nature, as shown by DFT
calculations.™ The compound was characterized in the solid state, but no data could
be obtained in solution, as it disproportionates into a mixture of CFzAu(py) and
(CF3)sAu(py).”*! Only another dinuclear Au(ll) complex is currently known, which
contains two bridging bis(ylide) ligands (Figure 1.6).P**! This compound, (CF3),Au{u-
PhoP(CH>)2}2, in which the CF3 ligands are found in the Au(l)-Au(ll) axis, was
prepared by exchange reaction of the axial chloride ligands in AuCl;{u-Ph,P(CH>).}»
with Cd(CFs),-dme.[?!
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Ph,
P
CF
\\CF3 | 3
py —AU——Au—py F;C—Au Au—CF,
4 |
FsC CF3
P
Ph,

Figure 1.6. The only two Au(ll) trifluoromethyl complexes isolated to date 1206211

Compound [PPh4][CF;AUCF;] is also oxidized by halogens X, to render the oxidative
addition products, [PPhg][trans-(CF3),AuX;] (X = CI, Br, 1), as shown in Scheme
1.29a.1*%1 Analogous halogenation reactions have been useful to access neutral
trifluoromethyl gold(l11) derivatives (Scheme 1.29b). One interesting example is that of
complex CFsAu(IDipp), which also reacts with halogens and ICI to afford the trans
Au(l11) complexes.'¥ These Au(lll) derivatives were isolated in high yield except in
the case of trans-CF;Au(IDipp)l,, which is unstable and rapidly eliminates CF3l even at
low temperature. However, upon UV irradiation, CF3;X is reductively eliminated from
trans-CFsAu(IDipp) Xz (X = Cl, Br; Scheme 1.29b).14*]

X
_ + X5
a) |[CF3—Au—CF3]~ ———» | F,C—Au—CF;
X
X =Cl, Br, |
X
+ X | ) hv
——» F;C—Au—IDipp ———» X—Au—IDipp
- 3
X
X =Cl, Br
b) F,c—Au—IDipp ——] Stable
|
+ |
L2 F3C—A|u—IDipp —e = —Au—IDipp
- 3
|
Unstable

Scheme 1.29. Oxidative addition of halogens X, to: a) Anionic Au(l) trifluoromethyl species. In
all cases the cation is [PPh,]".'*"! b) Neutral Au(l) trifluoromethyl compounds and subsequent
thermal or photochemical reductive eliminations. Cl, was used in the form of PhICl,. Complex

trans-CF;Au(IDipp)l, is unstable and was detected but not isolated.!**!
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Another method that has been widely used to access Au(lll) trifluoromethyl complexes
Is via oxidative addition of CFsl. In fact, it was already used to prepare the first gold
trifluoromethy! derivatives.™*>?*?l They were isolated upon reaction of CHsAuL (L =
phosphine) with CF;l, the product depending on the precise phosphine ligand. When L
= PMes, PMe,Ph, mixtures of the cis and trans isomers of the Au(lll) complexes
CF3Au(CHs),L were obtained (Scheme 1.30), which were dependent on the solvent.
From these mixtures, only the trans isomers were isolated. The stoichiometry of the
obtained products requires that the reaction proceeds via a two-step process: 1)
oxidative addition of CF3l to the Au(l) compound to give a CF3Au(CHs)IL
intermediate, and 2) subsequent CHj; for | exchange effected by still unreacted Au(l)
complex. However, for L = PPhs, the Au(l) species CFsAu(PPh3) was the only isolated
product (Scheme 1.30), probably formed by the reductive elimination of CH3l from the
putative intermediate CF3Au(CHs)I(PPhs), which was not detected. In the case of L =
PMePh,, a mixture of the Au(l) and Au(lll) species was obtained (Scheme 1.30).
Similar results as in the case of the PPh; derivative were later obtained when carrying
out analogous reactions starting from  {CH(SiMes),}Au(PPh3)?*®!  and
CH3AU(PCys),[? the latter leading to CFsAu(PCys) only upon irradiation of the

mixture with ambient light.

— > CFsAu(CHa)L + L—Au—I

L = PMes, PMe,Ph, PMePh,

+ CFl
HsC—Au—L |

L » F;c—Au—L
— CHyl
L = PMePh,, PPh,

Scheme 1.30. Oxidative addition of CF;l to different Au(l) methyl complexes. The observed

reaction products depend on the precise phosphine ligand.™**#2

Oxidative addition of CF;l to CFsAu(PR3) complexes (R = Me, Et) gave mixtures of the
cis and trans isomers of (CF3),Aul(PR3), the cis one being the major product.t*%2%2]
These compounds undergo ligand-exchange processes with the starting gold(l) material
to give mixtures of (CF3)sAu(PRs) and Aul(PR3).*® Compound (CF3)sAu(PMes) was

actually prepared from (CF3)Aul(PMe3) via a transmetalation reaction with
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Cd(CF3),-dme in a CF3l atmosphere to prevent reductive elimination of this molecule

from the parent species.[?%%"]

A radical pathway was initially suggested to operate in the aforementioned oxidative
addition processes of CFsl, since the reactions were inhibited in the presence of a
radical scavenger.l*%2022121 This proposal was recently confirmed by Toste, who
thoroughly studied the mechanism of the oxidative addition of CF3l to phosphine aryl
Au(l) complexes under near-UV light.”*¥ The reaction was found to proceed via a
photoinitiated radical chain mechanism (Scheme 1.31). First, a photoexcited molecule
[CFs1]* would oxidize the Au(l) precursor while generating the radical anion [CF3l]™.
Homolytic cleavage of the C—I bond of [CF3l]” would generate I” and CF3’ radicals,
able to oxidize the Au(l) species to a three-coordinate Au(ll) intermediate. The latter
molecule would abstract an iodine atom from CFsl, whereby the CF;' radicals are

regenerated.

Au(l)  [Au()]t

hv
CFil === [CF,I]* N A [CFal]™

F'

CF3Aul(PR3)R u(PRs)R
CF3l

CF3AU PR3

Scheme 1.31. Proposed radical chain mechanism for the photoinitiated oxidative addition of

CF;l to Au(l) complexes. PR; = phosphine; R’ = aryl.**4

Other varied methods have been used to prepare [Au]—CF3; compounds, but have been
exploited to a lesser extent because of the need of special requirements or being of little
synthetic use.” For example, the naked compound (CFs)sAu was apparently isolated in
a matrix as an unstable species from the gas-phase reaction of Au atoms and CF3’
radicals, and further stabilized upon coordination of PMe; to afford complex
(CF3)sAu(PMe;)."*! Dinuclear complexes [(CFs),Au(u-X)]2 (X = Br, 1) have been
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similarly prepared by vapor cocondensation of gold atoms and CF3X.1**! On the other
hand, the reaction between [NBu4][Au(CN)4] and CIF in CH,Cl, afforded a mixture of
species of stoichiometry [(CF3)s x yAuClF,]™ (x = 0-2, y = 0-4), the main components
being [(CF3)sAuF]., [(CF3)sAu]” and [trans-(CFs),AuFCI] .8 These species were

perfectly characterized by NMR spectroscopy, but no compound could be isolated.

Among the anions just mentioned, the homoleptic [(CF3)4Au] is of especial interest,
since the delocalization of its negative charge over 12 fluorine atoms makes it an
unusual weakly coordinating anion with a flat shape, according to computational
calculations performed by Preiss and Krossing.[?® In fact, it has been used for the
preparation of superconducting organic materials.™*” The synthesis of the first simple
salt of the homoleptic [(CF3)4,Au] anion was described in our group by reaction of
AuCl; and Me;SiCF; in the presence of CsF (Scheme 1.26b).1%% It could be isolated
with [PPh,]" as the counterion, after separation from the [CF3AuCF3]™ anion, which
arises from the partial reduction of the starting material during the reaction. This anion
is highly stable and does not react with Lewis acids such as BF3-OEt, or Me3SiOTf in
CH,Cl,.! However, the neutral difluorocarbene complex (CFs)sAu(CF,) seems to be
experimentally feasible.® In the gas phase, the [(CFs)sAu]” anion undergoes CF.,
extrusion, giving rise to [(CFs)sAuF]~.%® The synthesis and study of this
organogold(l11) fluoride complex is part of this Thesis (see Chapter 3). Additionally,
[(CF3)4Au] formally eliminates C,Fg, whereby the [CF3AUuCF3]™ anion is formed. The
calculated energy for the homolytic dissociation of a Au—CF3 in the Au(l1l) homoleptic
complex (AG® = 197.5 kJ mol ™) is considerably higher than that of the lighter Group 11
metals Cu (AG® = 120.9 kJ mol™) and Ag (AG® = 132.2 kJ mol™). These calculations
were also confirmed by the experimental evaluation of the strength of the Au—-CF; bond
by energy-resolved mass spectrometry (ERMS). %! Unlike the Cu and Ag analogues,
the ability of [(CF3)4Au] to transfer CF3" radicals to arenes upon UV photoirradiation is
almost negligible, according to the higher stability of the Au—CF3 bond.[**!

A number of studies were actually undertaken on the potential activity of some Au(lll)
trifluoromethyl complexes as trifluoromethylating agents, especially in the last years.
As discussed in the previous section, reductive elimination of C.y—CF3 remains a
challenging step due to the strong M—CF; bonds. In fact, complexes CF;Au(aryl)I(PR3)
undergo Cayi—I reductive elimination rather than C,—CF3 bond formation when heated

at 110 °C in toluene-ds. However, upon treatment of the complexes with AgSbFe, Caryi—
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CF; reductive elimination occurs in less than 1 min (Scheme 1.32a)./2* A subsequent
study on this system showed that the selectivity of the reductive elimination depends on
the halide ligand (Scheme 1.32b).L"4 In the case of the fluoride derivative within the
halide series CFzAu(4-Me-CsHa)(PPhs3)X, only reductive elimination of C,,—CF3 takes
place. This process becomes less important when going down the halogen group and is
actually absent in the case of the iodide derivative, for which only Cqy—I is observed.
The mechanism of the reductive elimination was later studied computationally and the
key role of the halide ligand was confirmed,'?*®! again pointing out the large differences
between fluoride and its heavier homologues. In addition, it was found both
experimentally and theoretically that dissociation of the phosphine was the initial step

prior to reductive elimination from a three-coordinate species.!?**2#]

+ AgSbFg
CD,Cl, I CF tol-dg
~10°C AN 122 °C
a) Ar—CF,; == Al - Ar—l
— [Au(PPh3)][SbFg] / N\ — CF3Au(PPhy)
_Agl PhsP Ar

— Ar—X + CF3Au(PPhj)

X_ CFs tol-dg X = Cl, Br, |
N\ 122 °C T
b) /Au/
PhoP”  Ar

L » Ar—CF; + XAu(PPhy)
X =F, Cl, Br

Scheme 1.32. a) Divergent reductive elimination from Au(l1l) complexes.”*¥ b) Halide-
dependent reductive elimination from Au(lll) complexes. The selectivity for C,,—CF; bond
formation increases in the order X = | < Br < Cl < F, being inexistent when X = | and exclusive
when X = F (Ar = aryl).["¥

The particular behavior of CF3 ligands in this kind of processes significantly differs
from that of their closely related CHF,. In a recent study, Cay—CHF, bond formation
from (CHF,)AuCI(4-F-CsH4) (PCys) was found to be much faster than that of its
trifluoromethyl analogue, CFsAuCI(4-F-CgH4)(PCys).**! In particular, reductive
elimination of C,—CHF; takes place with full conversion and quantitative formation of
the product at 115 °C after 80 min in CCls, whereas C,y—CF3 only occurs at 150 °C
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after 6 h with 90% of conversion and only generates the trifluoromethylated arene in
34% yield. Additionally, the mechanism is completely different: unlike the phosphine
dissociation pathway proposed for the [Au]-CF; derivatives,?#® a concerted C-C
reductive elimination pathway through a three-membered-ring TS seems to be preferred

for the CHF, analogues.

Canyi—CF3 coupling has also been achieved at gold centers through a photoinitiated
process via a chain radical mechanism.”?? In particular, an aryl radical, which is
generated upon reaction of an aryldiazonium salt with the photoredox catalyst
[Ru(bpy)s][PFe]2, is added to the Au(l) complex to generate a Au(ll) intermediate. In
turn, this intermediate is oxidized to a Au(lll) cation species from which reductive

elimination takes place.

Finally, a very interesting mechanism was found for the formal C(sp®)-CF; reductive
elimination from gold(l1l) centers. The reaction does not consist in a real reductive
elimination, but it involves the cleavage and reassembly of a CF; group catalyzed by
B(CsFs)s through a series of three steps, including a fluoride abstraction, a migratory
insertion and a C—F reductive elimination.'”?! In fact, the authors themselves already
referred to it as a “fluoride-rebound mechanism”. This methodology enabled the
preparation of highly-functionalized organic derivatives and pharmaceuticals, as well as
8F_labeled CFs-containing compounds which can be promising as radiotracers for

positron emission tomography.

1.6. Thematic focus and Thesis structure

This Doctoral Thesis is placed within the previously explained context of Inorganic and
Organometallic Chemistry and, in particular, it deals with organogold complexes, gold
fluorides and gold trifluoromethyl derivatives. It covers the synthesis and
characterization of organogold complexes containing different number of CF; ligands.
The fundamental behavior of many of these compounds in the gas phase has been
studied by tandem mass spectrometry and the observed results have been rationalized
with the aid of quantum-chemical calculations. Our results are divided into three

different chapters.
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Chapter 1. Monotrifluoromethyl Gold Complexes as Precursors of Highly Unstable

Species

This chapter focuses on the synthesis and characterization of complexes with
[PPh4][CF3AuX;] stoichiometry (X = Cl, Br, I; n = 1, 3). Their study by tandem mass
spectrometry enabled us to detect highly unstable species which were previously

unknown (see Scheme 1.33). Results corresponding to this Chapter include:

a) The detection of the mixed gold(I) fluorohalides [F-Au—X] (X = CI, Br, 1),
obtained via CF, extrusion from the parent [CF;AuX] anions.

b) The detection of gold(Il) trihalides [AuX3] (X = CI, Br), which arise from the
unexpected homolytic splitting of the only Au—C bond in the organogold(III)
[CF3AuUX3] anions.

These results are included in the following two peer-reviewed articles:

M. Baya, A. Pérez-Bitrian, S. Martinez-Salvador, J. M. Casas, B. Menjon, J. Orduna.
Gold(l) Fluorohalides: Theory and Experiment. Chem. Eur. J. 2017, 23, 1512—1515.
DOI: 10.1002/chem.201605655.

M. Baya, A. Pérez-Bitrian, S. Martinez-Salvador, A. Martin, J. M. Casas, B. Menjon, J.
Orduna. Gold(I1) Trihalide Complexes from Organogold(I11) Precursors. Chem. Eur. J.
2018, 24, 1514—1517. DOTI: 10.1002/chem.2017055009.

_ Ms? _
[CF3—Au—X|” —— |[F—Au—X]
- CF,
l+X2

>|< _
CF3_A|U_X
X

Scheme 1.33. Schematic overview of Chapter 1.
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Chapter 2. An Organogold(l11) Difluoride with a trans Arrangement

This Chapter is dedicated to the synthesis, characterization and study of the first
organogold(l11) difluoride with a trans stereochemistry, [PPhy][trans-(CFs3),AuF,] (see
Scheme 1.34). Additionally, its properties in the gas phase were investigated and further
unstable organogold fluoride anions were detected. Initial studies on its reactivity are

also presented.
These results are included in the following peer-reviewed article:

A. Pérez-Bitridn, M. Baya, J. M. Casas, A. Martin, B. Menjon, J. Orduna. An
Organogold(111) Difluoride with a trans Arrangement. Angew. Chem. Int. Ed. 2018, 57,
6517-6521. DOI: 10.1002/anie.201802379. Angew. Chem. 2018, 130, 6627-6631. DOI:
10.1002/ange.201802379.

PPh, [CF3—Au—CF3|

l+Xe
X

+ X~

( h — I:>|:)h4 CF3_AU_CF3
X
PPh, | CF3—Au—CF, —
MS? _
L ) L "> > [CFsAUF (x=1,2,3)

Scheme 1.34. Schematic overview of Chapter 2.

Chapter 3. Anionic and Neutral Derivatives of the Highly Acidic (CF3);Au Unit

In this Chapter, an efficient synthetic access to the (CF3)sAu fragment is described and
its chemistry is investigated. With this aim, several anionic and neutral derivatives
containing this unit have been synthesized, including the perfluorinated analogue of
trimethyl gold, (CF3)sAu-OEt,, which serves as a convenient synthon of the (CF3)sAu
moiety (Scheme 1.35). The properties of this unsaturated fragment are analyzed and
compared to those of its non-fluorinated analogue (CHs)sAu. Finally, the decomposition
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of the anionic derivatives is investigated in the gas phase (unimolecular) by tandem

mass spectrometry, as well as in the condensed phase (bulk matter).

Results corresponding to this section are included in the following peer-reviewed

papers:

A. Pérez-Bitrian, S. Martinez-Salvador, M. Baya, J. M. Casas, A. Martin, B. Menjon, J.
Orduna. Anionic Derivatives of Perfluorinated Trimethylgold. Chem. Eur. J. 2017, 23,
6919-6929. DOI: 10.1002/chem.201700927.

A. Pérez-Bitrian, M. Baya, J. M. Casas, L. R. Falvello, A. Martin, B. Menjon. (CF3)sAu
as a Highly Acidic Organogold(l1l) Fragment. Chem. Eur. J. 2017, 23, 14918-14930.
DOI: 10.1002/chem.201703352.

PPh, [CF3—Au—CF3|

+ CF3l
F3C\ /CF3 . x F3C\ /CF3
PPh, /Au —» PPhy /Au\
FsC \I FsC X
+AgC|O4
+ Et,0
FsC CF Fs;C CF
39 / 3 +L N / 3
/Au\ R /Au\
FsC OEt, Fs;C L

Scheme 1.35. Schematic overview of Chapter 3.
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Objectives

Fluorine and fluorinated groups confer distinct properties to transition metal centers to
which they get bound. In particular, the simplest perfluorinated ligand, CF3, has special
properties that substantially differ from those of the methyl group and, for instance,
leads to more stable transition-metal complexes. In comparison with the huge progress
made in the last decades in organogold chemistry and gold catalysis, the chemistry of
gold perfluoroalkyl compounds has remained much less developed. Gold
trifluoromethyl complexes exhibit singular structural and chemical properties, which
make them potentially interesting for a number of applications. On the other hand,
organogold fluoride complexes were unknown before 2005 and are therefore a
relatively new class of compounds, with still few representatives. Nowadays, they are of
exceptional interest because of their important role in a wide variety of gold-mediated

and gold-catalyzed fluorination processes.

The main purpose of this Thesis is to study the fundamental chemistry of organogold
complexes containing up to three CF3 groups, with special focus on molecules also
containing fluoride ligands. Following their syntheses and characterization, we will
investigate their properties, including stability, reactivity, and behavior in the gas phase,
where only intramolecular processes operate. Under these unimolecular conditions we
have been able to detect rare and highly unstable species, which are usually elusive in

the condensed phase.

The known complex [PPh4][CF3;AuCF;3] has been our starting material from which most
of our new compounds are derived. Typical reagents enabling to obtain organogold(I11)
complexes from this Au(l) precursor include halogens, XeF, and CFsl. In this regard,
we were particularly interested in the study of the properties of the rather unexplored
(CF3)3Au unit and its derivatives, since trimethyl gold has been a key species in
organogold chemistry but little knowledge existed on its perfluorinated analogue

previous to this work.
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M.1. General synthetic procedures and materials

Unless otherwise stated, reactions and manipulations were carried out under purified
argon using Schlenk techniques in oven-dried or flame-dried glassware. Previously
degassed solvents were dried with an MBraun SPS-800 System in case of CH,Cl,, Et,0,
n-hexane and thf. All other solvents, namely acetone, acetonitrile and isopropanol, were
dried over activated 3 A molecular sieves prior to degasification. Deuterated solvents
for NMR spectroscopy were also dried over activated 4A (CD,Cl,) or 3A (CDsCN)

molecular sieves and next degassed.

In all the work presented in this Thesis, compound [PPh4][CF;AuCF;] (1) is used as the
starting material. Its preparation was carried out as described a few years ago in our
group,™ and needs AuClI(tht) as precursor, which was prepared according to a literature
procedure.!”! The synthesis of complex | consists on the coordination of two CF3 groups
to a gold center by means of Me3SiCF; in the presence of CsF. In Chapter 2 and
Chapter 3, compound | is directly used to access compounds of different
stoichiometries; i.e. [trans-(CF3),AuX,] complexes (Chapter 2) and derivatives
containing the fragment (CF3);Au (Chapter 3). However, the starting material for the
synthesis of compounds described in Chapter 1 is CF;AuCO (1), which is obtained
upon low-temperature treatment of | with BF3;-OEt, in CH,Cl,. This synthetic procedure
to obtain 11 was recently developed in our group™™! and the suitability of this compound
as a useful synthon of the CFsAu fragment was also explored.™ The synthesis of
[PPh4][(CF3)sAul] (22), which is described in Chapter 3 and was used as a starting

material for further reactions, was scaled up to obtain 2.5 g.

All other chemicals were purchased from standard commercial suppliers and used as
received. Solutions (0.25 M) of Cl, and Br, were prepared by passing a slow stream of
dry Cly(g) through CCl, or by diluting a measured volume of Br; in CCly, respectively.
Both of them were titrated before use. The solution (1.857 M) of CF3l in n-hexane was
prepared by condensing a measured volume of dry CF3l(g) and subsequent addition of a
measured amount of dry n-hexane. Samples of AgCl and AgBr were prepared by
precipitation from aqueous solutions of AgNOs3 with the corresponding halide. Finally,
we had to be especially cautious when using AgCIlO, for the synthesis of (CF3)sAu-OEt;
(28), since perchlorate salts are potentially explosive when in contact with organic

solvents and ligands.™ For this reason, only small amounts of 28 were prepared and we
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did not actually encounter any problem working under the conditions described in this
Thesis. In spite of its potential explosive character, AgClIO, was used because the
resulting [PPh4]CIO, salt formed in the synthesis of 28 can be cleanly removed (see
Chapter 3).

M.2. Characterization techniques

Different spectroscopic and analytical techniques have been used for the
characterization of the compounds prepared in this Thesis. The equipment used and the
procedures associated to each technique are described in the following sections.

M.2.1. Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) spectroscopy is the most powerful and probably the
most widespread technique for the characterization of diamagnetic compounds in
solution in the field of inorganic chemistry.!® In fact, it often allows to fully establish
the molecular configuration of a precise species. *H and **C are by far the most useful
nuclei to be routinely measured not only in organic chemistry and biochemistry

laboratories, but also in research in organometallic and coordination chemistry.

In the field of fluorine and organofluorine chemistry, '°F arises as the most helpful
nucleus to be measured, since it possesses a nuclear spin | = %, and °F NMR
spectroscopy becomes the most powerful technique to structurally characterize
fluorinated compounds in solution.[”? In addition, its natural abundance of 100% and its
high gyromagnetic ratio (about 0.94 times that of *H) make *°F a “routine” spin that can
be casily measured. The range of chemical shifts, 6¢, covers a region of around 600
ppm. Hence, o changes substantially with a small variation in the structure of the
studied molecule. The most accepted internal reference for the measurement of °F
NMR spectra is trichlorofluoromethane (CFCI5).[®! However, other secondary references
such as trifluoroacetic acid, hexafluorobenzene, trifluoromethylbenzene or ethyl
trifluoroacetate have been used, especially in the past. Furthermore, coupling constants
between chemically inequivalent *°F nuclei or between *°F and neighboring *H, *C or

31p nuclei are very variable and characteristic of the environment. It is also interesting to
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note that, despite *H-"H coupling, **F—'°F coupling can be transmitted both through

bonds and through space.!”?

In the case of metal trifluoromethyl complexes, [M]-CF; chemical shifts are usually
found between +40 and —40 ppm (relative to the CFCl; reference).l’? In the particular
case of gold trifluoromethyl compounds, it has been observed that ‘°F chemical shifts
appear in a much narrower range in Au(l) complexes (less than 10 ppm) than in Au(lll)
derivatives (more than 35 ppm).”"! However, the range in which fluoride ligands [M]-F
appear is extremely large, from positive numbers up to +164.5 ppm in WFg,[" to
negative o lower than —300 ppm, as in some recently-reported organogold(l11) fluoride

complexes trans-AuF,(SIMes)X [

F NMR spectroscopy has been the most widely used technique in the development of
this Thesis, not only to characterize the final isolated products, but also to follow the
progress of the reactions and check if a process was finished, or to characterize the
products arising from the thermolysis of a specific complex. Additionally, *H, **C and
1P NMR spectra have been recorded when the characterization of a species required it.
In relation to this, **F—*°F decoupling experiments or two-dimensional **F—*°F and *H-
'H COSY experiments have aided in characterizing the prepared complexes when

needed.

NMR spectra were recorded on Bruker ARX 300 or AV 400 spectrometers. Most of the
measurements were carried out at room temperature. However, in the case of thermally
unstable products or dynamic processes which required to be slowed down,
measurements were performed at lower temperatures. Chemical shifts (6 in ppm) are
given with respect to the standard references: SiMe, (*H and **C), CFCl; (**F), and 85%
aqueous HsPO, (3'P). NMR parameters associated with the [PPh,]* and [PPhsCH,Ph]*
are unexceptional and are not described at any point. Simulations of NMR spectra

which required to be satisfactorily analyzed were carried out using gNMR.!*%

Trace solvents appearing in *H and *3C spectra have been assigned according to
literature values.™ Different literature sources have been also used to assign the *°F
NMR signals and to identify the organic fluorinated products arising from the
thermolyses of the different complexes.®*®! Gold trifluoromethyl species were
identified according to a previous report!*! or with the aid of previous results obtained

during the development of this Thesis.
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M.2.2. Infrared spectroscopy

Infrared (IR) spectroscopy allows to know which functional groups exist in a molecule,
according to their characteristic vibrational frequencies. Within the framework of this
Thesis, IR has been especially useful in the characterization of metal-halide (M—X)
bonds. In coordination complexes, these vibrations depend on the oxidation number of
the metal center, its mass and its coordination number, as well as on the stereochemistry
of the precise species.™ The M-X stretching bands appear in a specific region
depending on the halide ligand.!*®! The stretching frequencies of terminal M—X bonds in
organometallic complexes decrease on going down the halogen group: 800-400 cm*
for v(M—F), 550-200 cm™* for v(M—Cl), 450-140 cm* for v(M—Br) and 260-100 cm*
for v(M-I). Similarly, the C=N bond exhibits also a characteristic stretching frequency,
usually in the 2000-2300 cm* range,™" which is very useful for identifying complexes
containing ligands such as cyano,™ nitriles!* or isonitriles.”® Complexes containing

these ligands are also described in this work.

The IR spectra of the complexes presented in this Thesis were recorded on neat solid
samples using a PerkinElmer Spectrum FT—IR spectrometer (4000-250 cm ™) equipped
with an ATR (attenuated total reflectance) device, therefore avoiding any sample

preparation. Due to the range of measurement, no M-Br or M-I could be observed.

M.2.3. Mass spectrometry

Mass spectrometry is a very sensitive technique which is useful for determining the
composition (empirical formula) of a compound under study as long as gaseous ions can
be produced from it.?!! It has the additional advantage that very little amount of sample
is required to perform the analysis. In mass spectrometers, gas-phase ions are generated,
separated according to their mass-to-charge ratio (m/z) using electric or magnetic fields
in a high-vacuum and counted in a detector. Several methods are available for the

ionization of the sample, as well as for the separation of the ions by their m/z ratio.

With the aim of characterizing the anionic compounds presented in this Thesis, matrix-
assisted laser desorption/ionization (MALDI) or electrospray ionization (ESI) have been
used to generate the gaseous ion species.??? MALDI uses a solid matrix which is co-

crystallized along with the sample. A short UV-laser pulse vaporizes the sample and the
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matrix at the same time, forming a dense gas cloud that expands supersonically into the
vacuum and ions are generated during this expansion. In the case of ESI, which is a soft
ionization method that does not barely fragment the parent species, ions are directly
transferred from solution into the gas phase. In particular, a fine aerosol is created in a
strong electric field from a solution containing the ionic species under study.
Evaporation of the solvent contained in the drops results in the generation of

individually charged ions.

Standard mass spectra (MS) of the anionic species presented in this Thesis were
registered by MALDI-TOF techniques on Bruker MicroFlex or AutoFlex spectrometers,
using DCTB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile)
as the matrix in all cases due to its good performance. High-resolution mass spectra
(HRMS) were registered using electrospray ionization (ESI) techniques on a MicroToF-
Q (Bruker Daltonics) spectrometer, using sodium formate clusters as external reference.
No clear peaks were detected for any of the neutral species described in this Thesis by

using either positive or negative MALDI or ESI techniques.

M.2.4. Single crystal X-ray diffraction

X-ray diffraction analysis on single crystals provides structural information of the
complex under study. Fluoride complexes as those reported in this Thesis have the
problem of being moisture sensitive and therefore, M—F bonds can be easily
hydrolyzed. This leads to two challenges when using this technique to characterize gold
fluoride complexes:®! (a) handling of moisture-sensitive crystals, and (b)
distinguishing between Au-OH and Au—F bonds. The second problem arises from the
fact that both ligands have similar electron density, but it can be overcome if the data
quality is enough to identify the Au—OH proton in a difference electron density map.
The structures of two fluoride complexes are presented in this Thesis, [PPhg4][trans-
(CF3)2AuUF;] (12) (Chapter 2) and [PPh4][(CF3)sAuF] (24) (Chapter 3). In both cases, no
hydrogen atom corresponding to an OH group was found in the difference electron
density map. Furthermore, the *H and °F NMR of the single crystals were recorded
after the data collection and the mass spectra (ESI-) were registered, checking that the

Au-F bonds were not hydrolyzed.
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Regarding the CF3 groups, they usually appear highly disordered over two or more
positions.?” Two reasons account for this rotational disorder: (a) they exhibit a high
symmetry, and (b) the rotation around a threefold symmetry axis has a very low energy
barrier. Hence, they have to be modeled by using soft restraints as two sets of positions

with the same or different partial occupancies summing to unity.

During the development of this Thesis, single crystals suitable of X-ray diffraction
analysis were obtained by slow evaporation of the solvent of a saturated solution of the
corresponding compound or by slow diffusion of a layer of a solvent in which the
complex is insoluble into a solution of the corresponding compound, both solvents

being miscible.

X-ray intensity data were collected on an Oxford Diffraction Xcalibur diffractometer.
The radiation used in all cases was graphite-monochromated Mo-Ka. (A = 71.073 pm).
The diffraction frames were integrated and corrected from absorption by using the
program CrysAlisPro.”®! The structures were solved by Patterson and Fourier methods
and refined by full-matrix least squares on F? with ShelxL.!*®! All non-H atoms were
assigned anisotropic displacement parameters and refined without positional constraints.
All H atoms were constrained to idealized geometries and assigned isotropic
displacement parameters equal to 1.2 times the Uijs, values of their attached parent

atoms.

M.2.5. Elemental analyses

Elemental analysis allows to determine the weight percentage of carbon, hydrogen,
nitrogen and sulfur in the compound under analysis. Additionally, if the composition of
the complex is known in advance, for example by means of HRMS, elemental analyses
serve as an indication of the sample purity by comparison of the obtained values against
those expected for the pure compound.®

In this Thesis, elemental analyses were performed to check the purity of the samples.
The analyses of all the compounds were carried out with a PerkinElmer 2400 CHNS/O

Series Il microanalyzer.
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M.3. Tandem mass spectrometry (MS")

The gas phase chemistry of gold has been thoroughly investigated in the last decades,
since the study of gold complexes in the gas phase under high-vacuum conditions is one
of the best methods to investigate and understand their fundamental properties.?”? The
main advantage is that they allow a high level of control over the experimental
conditions, therefore circumventing some of the problems arising when studying
condensed-phase reactivity. Some of these complications include the presence of
solvent molecules or counter ions that can interact with the species under study, or the
formation of new species (oligomers, etc.) present in complex equilibria. Moreover,
gas-phase experiments open up a great opportunity to investigate highly unstable and
reactive species, sometimes containing elements in unusual oxidation states, owing to
the lack of interactions between the mass-selected ions with the environment and also
among themselves. The results obtained in gas-phase experiments are better understood
with the aid of computational calculations and, at the same time, these experiments
serve to validate calculated properties of gold complexes. In fact, the improved
performance of theoretical methods to accurately describe metal complexes and the
progress done in the equipment for gas-phase experiments have led to a better
understanding not only of the fundamental chemistry of coinage-metal complexes, but
have also indirectly helped gain knowledge on condensed-phase processes.

The technique of tandem mass spectrometry (MS/MS or MS", where n is the number of
stages of mass spectrometry) has been widely used to study the gas phase chemistry of
organogold complexes.”®! In particular, it has served to investigate the fragmentation
reactions of organogold ions aiming at identifying their structures or their unimolecular
decomposition pathways. Charged species, as the anionic complexes presented in this
Thesis, can be easily brought into the gas phase via electrospray ionization (ESI; see
Section M.2.3). At this point, two possibilities exist: either more than one mass analyzer
needs to be used to separate ions according to their m/z ratio, or the ions are trapped in a
small volume of space where repeated experiments can be performed. Both of them will
be further described below. The ions must be then fragmented, which is usually
achieved by means of collision-induced dissociation (CID).*®! This activation method
consists in the thermal excitation of the ions upon collision with an inert gas such as

helium. Some of the translational energy of the accelerated ions is transformed into
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internal energy and the increase of the latter induces the unimolecular decomposition or

fragmentation of these excited ions.

One the most used analyzers in tandem mass spectrometry is the quadrupole ion trap (or
simply ion trap) due to its versatility and good capabilities to performing several
MS/MS operations (MS").Y Once the gaseous ions are injected into the ion trap, they
are captured inside and their trajectories controlled through oscillating electric fields.
The ions of a specific m/z ratio are retained in the trap by selectively ejecting all others,
and are afterwards excited by CID (MS?). The fragment ions are then detected to
generate a daughter ion mass spectrum and can also be subsequently studied. The next
stage of the experiment, MS®, is achieved by ejecting all other fragment ions except the
new one under study from the trap, and repeating the same operations as in the MS?
experiment just described. Therefore, reiterated MS/MS operations are separated in
time, yet take place in the same ion trap. The combination of the capabilities of the
quadrupole ion trap and ESI as the ionization technique, provides a powerful “complete

gas-phase chemical laboratory”, as stated by Prof. O’Hair.?d

On the other hand, tandem mass spectrometry can also be carried out in a
quadrupole/orthogonal-ToF (Time-of-Flight) spectrometer (Q-ToF), where ions are
thermally excited by CID in a collision cell placed between two analyzers.*" In these
instruments, a single ion is selected as passing through a quadrupole (MS') and then
arrives to a collision cell within which it is fragmented. Finally, the ionic fragments
formed by CID are introduced in an orthogonal-ToF analyzer (MS?), which is used to
separate the fragments according to their m/z ratio and collect the daughter ion
spectrum. In the ToF analyzer, ions are accelerated by an electric field for a specific
time and then are allowed to travel freely along a tube. Since the lightest ions will

acquire higher speeds, they will reach the detector first.

Despite the Q-ToF analyzer is more sensitive and exhibits a higher resolution (lower
m/z fragment ions can be detected and even the exact mass of the fragments can be
determined), it also suffers from some disadvantages in comparison to the ion trap.*!
The first one is that only MS? experiments can be carried out due to the settings of the
equipment. Additionally, the fragmentation is milder in the ion trap, where the fragment
ions do not collide with the inert gas, contrary to the situation in a Q-ToF spectrometer.

Therefore, more unstable species are more easily detected in an ion trap.
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According to this, both tandem mass spectrometry techniques have been used in this

Thesis, depending on our target in a specific study. The experiments were performed

according to the following indications:

a)

b)

M.4.

ESI-ion trap mass spectra were recorded on a Bruker Esquire 3000+
spectrometer (Bruker Daltonics). Analyses were carried out in negative ion
mode, with Smart Parameter Settings optimized for each m/z ratio. The nebulizer
(N2) gas pressure, drying gas (N,) flow rate and drying gas temperature were
kept at 0.7 bar, 4.0 dm® min* and 350 °C, respectively. Spectra were acquired in
the m/z 50-1000 range, and the mass axis was externally calibrated with a tuning
mix (from Agilent Technologies). 5 ppm solutions of the samples were
transferred into the ESI source by means of a syringe pump at a flow rate of 4.0
mm?® min~*. ESI-CID-MS" analyses were carried out using He as the collision
gas and an isolation width for the precursor ion of 5 m/z units. Fragmentation
amplitudes in the range 0.5-2.0 V were optimized to obtain the maximum ion
current.

ESI-MS? Q-ToF spectra were recorded on a MicroToF-Q spectrometer (Bruker
Daltonics) operated at a nebulizer (N;) gas pressure of 0.8 bar, drying gas (N,)
flow rate 4.0 dm® min* and drying gas temperature 200 °C. The mass axis was
externally calibrated using 10 mM sodium formate. 2 ppm solutions of the
samples in MeOH were transferred into the ESI source by means of a syringe
pump at a flow rate of 4 mm® min*. ESI-CID-MS? analyses were carried out
selecting precursor ions by means of the quadrupole filter using an isolation
width of 5 m/z units and using N as the collision gas. Collision energies in the
range 30—60 eV were optimized to obtain the maximum fragment ion current for

every sample.

Computational calculations

Theoretical DFT calculations are essential to understand some of the properties of the

complexes described in this Thesis. In particular, computational calculations used in

combination with tandem mass spectrometry allow to have an alternative laboratory of

gas-phase chemistry in high vacuum and understand all the processes happening

there.l®! Therefore, the most favorable process among several possible ones can be
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elucidated and/or justified via theoretical calculations. Furthermore, the mechanisms of
those processes and the involved transition states can be determined. More interestingly,
DFT methods also allow to know the structure of the ions detected by tandem mass
spectrometry. On the other hand, DFT calculations have also been very useful in the
assessment of the Lewis acidity of the (CF3)sAu fragment (Chapter 3), since several
methods rely on quantum theoretical numbers or calculated thermodynamic

parameters.’**!

Quantum mechanical calculations were performed with the Gaussian09 packagel** at
the DFT/MO6 level of theory. C, F, CI, Br, | and Au atoms have been described using
Ahlrichs’ Def2-QZVPD, a Quadruple-Zeta-Valence basis set including Polarization and
Diffuse basis functions,®® as obtained from the EMSL Basis Set Library.”]
Alternatively, when lighter atoms (including H) were involved, SDD basis set and its
corresponding effective core potentials®®! with additional sets of f-type functionst®”
were used to describe the Au centers, and light atoms (H, C, N, O, F, Si, P, and S) were
described with a 6-31G** basis set.*”! The potential energy surfaces of the studied
complexes have been examined in the gas phase and frequency calculations have been
subsequently performed to check if stationary points were local minima or transition
states. The methodology described here is general and applies to the whole Thesis,

although particular methods for specific calculations were also used when required.

M.5. Thermal analyses

Thermal analysis experiments are useful for determining changes occurring in a sample
upon heating.?*! Thermogravimetric analysis (TGA) shows how the mass of the sample
changes on heating according to a programmed ramp rate and thus, volatiles or
decomposition products can be identified. In thermal differential analysis (DTA), which
can be simultaneously recorded, the temperature of the sample is compared to that of an
internal reference (usually Al,O3 or SiC). Both undergo the same heating procedure and
therefore, endothermic or exothermic changes in the sample can be identified relative to
the reference, providing data on phase changes. The information that can be obtained
from differential scanning calorimetry (DSC) is similar to that obtained from the DTA
curve. In DSC, the sample and the reference are maintained at the same temperature
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throughout the heating program by means of independent power suppliers. Differences

in the amount of heat required are registered against the furnace temperature.

The thermogravimetric and differential thermal analyses (TGA/DTA) of the complexes
prepared in this thesis were performed using a SDT 2960 instrument on powder samples
(2-5 mg) in open platinum holders at heating rate of 10 °C min* under N, atmosphere.
When required, differential scanning calorimetry (DSC) experiments were performed
using a DSC Q-2000 from TA instruments at a heating rate of 10 °C min™*. In this case,
powder samples (2-5 mg) were placed in sealed aluminum holders. Melting points were
taken at the maximum of the DTA peak and verified by visual inspection of the samples
placed on glass plates using an Olympus BH-2 microscope fitted with a Linkam TMS-

91 temperature controller with hot stage.

M.6. Thermolyses in the condensed phase

Powder samples of the complexes were placed in glass NMR tubes under inert
atmosphere (Ar) and were thermolyzed during 5-10 min, depending on each particular
case. The heating temperature was chosen in each case to be slightly above the
corresponding onset point of decomposition, as determined in the TGA/DTA
experiments. Once thermolyzed, the sample was chilled in Nx(l) and the residue was
dissolved in CD,Cl,. Some insoluble metallic gold was obtained in most cases. The *°F
NMR spectrum of this solution was recorded immediately and the mass spectrometry
experiment (MALDI or ESI) was next performed. Mass spectrometry was essential to
detect NMR-invisible species such as [AuX;] anions (X = CI, Br, 1), as well as to
determine the number of positions in which the [PPh4]" cation was trifluoromethylated.
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Contributions

The contribution of the candidate to each of the publications that constitute this
Doctoral Thesis, together with the results and conclusions derived from each of them, is
explained in the three following chapters. As described in the last section of the
Introduction, the chapter division is established according to the number of CF3 groups
coordinated to the gold center. Therefore, Chapter 1 focuses on the study of
monotrifluoromethyl gold complexes, Chapter 2 deals with complexes containing two
CF3 groups in trans arrangement, and Chapter 3 addresses the study of the (CF3)sAu

unit.
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Monotrifluoromethyl Gold Complexes as Precursors of Highly Unstable Species

This chapter is based on the following two peer-reviewed papers:

M. Baya, A. Pérez-Bitrian, S. Martinez-Salvador, J. M. Casas, B. Menjon, J. Orduna.
Gold(l) Fluorohalides: Theory and Experiment. Chem. Eur. J. 2017, 23, 1512—1515.
DOI: 10.1002/chem.201605655.

M. Baya, A. Pérez-Bitrian, S. Martinez-Salvador, A. Martin, J. M. Casas, B. Menjén, J.

Orduna. Gold(Il) Trihalide Complexes from Organogold(l11) Precursors. Chem. Eur. J.
2018, 24, 1514—1517. DOI: 10.1002/chem.2017055009.

1.1. Introduction and objectives

Gold halides are the most thoroughly studied group of gold compounds. These chemical
species are of a remarkable simplicity, yet very interesting from both a theoretical and a
practical point of view, exhibiting peculiar bonding and structural characteristics.!” This
group of compounds encompasses a wide variety of species including gold in oxidation
states ranging from 1 to V, the preferred oxidation state depending on the particular
halide. Thus, low oxidation states are more stable in the case of iodine, as in Aul or
[Aul,], while fluorine rather stabilizes high oxidation states, as in AuFs or [AuFg] .
Additionally, the binary halides AuX, AuX,, AuXz and AuFs show different properties
when they appear as single molecules (that is, in the gas phase or trapped in inert

matrices) or associated in the condensed phase.!”

The binary gold(l) halides, AuX, have been isolated for the heavier analogues X = ClI,
Br, 1. They exhibit polymeric structures in the solid state, yet are dimeric Au,X;
molecules (X = Cl, Br) in the gas phase.™ In contrast, AuF has only been detected in
the gas phase.’! The anionic [AuF,]” has not been isolated either, but it has been
detected in the gas phase as one of the ions deriving from the trifluoroacetate complex
[Au(O,CCF3),]” (Scheme 1.1).! Countless salts of the [AuX,] ™ anions are known for X
= CI, Br, 1.1 They all are two-coordinate with a linear geometry, being this tendency
stressed by relativistic effects.”! The covalency of the Au—X bond in these species has
been calculated to increase on going down the halogen group. In fact, the Au—F bond in
the [AuF,]™ anion exhibits a strong ionic character.!® It is also interesting to note that
the bond strength in the whole series of [AuX;] anions (X = F, Cl, Br, 1) decreases

from X = F to X = 1,1 being this trend opposite to that found for the stability of their
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neutral AuX congeners.””! Unlike the symmetric gold dihalides, non-symmetric
derivatives have been far less investigated. In particular, the geometries of the [XAuY]"
anions (X = Cl, Br, I) were optimized and their photodetachment spectra theoretically
predicted.’® Additionally, mixed cyanide halide anions [XAuCN] (X = F, Cl, Br, 1)
have also been studied, although the [FAUCN] anion could not be experimentally
detected.”] The mixed [CFsAuBr]” anion was recently prepared in our group and
isolated as its [PPh,]* salt,*% whereas the [CFsAuF] species has only been detected in

the gas phase (Scheme 1.1).[

F3CCO,—Au—0,CCF;|” —= —»= — [CF3—Au—F|" — (F—Au—F[
- 2

Scheme 1.1. Detection of the mixed [CF;AuF] and the symmetric [AuF,] anions in the gas

phase via tandem mass spectrometry.*

In the case of gold(11) trihalides, the lighter binary compounds AuF;, AuCl; and AuBr3
have been isolated and characterized, whereas the heaviest homologue Aul; seems to be
thermodynamically unstable, decomposing into Aul and 1,.! The trigonal planar Auls
molecule was once claimed to be stabilized in a cuprate lattice,'*” but later suggested to
be a gold(1) species instead.!*? In fact, the stability of these species decreases from AuFs
to Auls.®! Unlike the air- and moisture-sensitive AuFs, which crystallizes as a
polymeric helical chain (see Introduction),™! AuCI™** and AuBrs!*® exhibit dimeric
structures. Monomeric AuXs; molecules (d®) have also been the focus of several
experimental and theoretical studies.*¢*® In all cases they are T-shaped minima,*”!
except in the case of Auls, which is better described as an adduct of 1, and Aul.!?18]

Gold(IIT) AuXs; monomers tend to form square-planar complexes by coordination of a
fourth ligand or by oligomerization.* In the case of the gold(l11) tetrahalides [AuXa]
they are known for all halogens X = F, Cl, Br, 1.1 Several salts of these complex anions
have been prepared, but the first salts of [AuF,]” with organic cations [NRs]" (R = Me,
Et) have been reported only recently.”” As just described for the monovalent [AuX,]
anions, the covalency of the Au—X bonds in [AuX,] anions also increases on going
down the halogen group.!?! The stability of these species follows the same trend as in
AuX; and [AuX,] ", being [AuF4]” the most stable within the series.!*’¢2!]
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Gold(Il) dihalides AuX, have been for a long time unknown. Although a black solid
with stoichiometry AuCl, was initially isolated, it is in fact a mixed-valence species best
formulated as Au'[Au""'Cl,].?2 It was not only until more than 20 years later when the
actual mononuclear AuCl, and AuBr, derivatives were indirectly detected in the gas
phase.[! This contribution opened the door to the study of mononuclear gold(11) halides
and pseudohalides.” In fact, some years later, the monomeric AuF, was also
characterized by means of matrix-isolation spectroscopy.*®! Concerning the three-
coordinate [AuXs] ions, they have been suggested to be involved in the reduction of
square-planar [AuX.]~ anions.® However, only the anionic gold(l1) trihalide [AuCls]”
has been recently detected upon fragmentation of [AuCl,] in a photochemically excited

state.[%®!

The species described in the previous paragraph are of special relevance since gold(l)
is one of the unusual oxidation states of this element.”? In fact, the chemistry of
gold(I1) complexes in the condensed phase is dominated by dinuclear species containing
Au-Au bonds.®*! These dinuclear gold(Il) derivatives are mainly obtained by
oxidation of dinuclear gold(l) complexes containing bridging ligands. However, some
interesting examples of unsupported Au(Il)-Au(Il) bonds have been reported in the last
years.2%% On the contrary, mononuclear gold(Il) species are elusive in the condensed

phase!?® and little is known about their chemical behavior.*?

Three-coordinate gold(l1l) species have been repeatedly suggested as intermediates in
radical addition reactions to gold(l) compounds®® and in gold-catalyzed reactions,”
but little evidence has been found thus far. Unimolecular techniques have made possible
the detection of some of some open-shell d° species either in matrices or in the gas
phase.'®%®] Nevertheless, a scarce number of mononuclear gold(l1) species have been
isolated. Although a gold(Il) phthalocyanine complex was reported in 19655 the
results could not be later reproduced and no gold(11) species could be obtained.E” A
macrocyclic thioether ligand allowed the isolation of the first mononuclear gold(ll)
complex, [Au([9]aneSs)-]** ([9]aneS; = 1,4,7-trithiacyclononane).®! Some years later,
the analogous  [Au([9]aneS,0),]**  complex  ([9]aneS,0 =  1-oxa-4,7-
dithiacyclononane),® where the non-bonding sulfur atom was replaced by an oxygen
atom, was described. However, EPR spectroscopy and computational calculations
suggested that the thioether ligands in these complexes might be non-innocent.!*%

Neutral porphyrinato gold complexes have been identified as gold(Il) species based on
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EPR data,” but the isolation and thorough characterization of a stable porphyrinato

gold(11) complex was reported only recently.[*Z

Probably the most famous mononuclear gold(Il) complexes isolated to date are
[AuXes]** and some others containing Au—Xe bonds, which were prepared by Seppelt
and coworkers.”®! Two additional species which clearly contain gold in oxidation state
Il are [Au(HF),][SbFe]o-2HF™! and Au[SbFg].,[*! and which were also isolated from
superacidic HF/SbFs mixtures. Compound Au[SbFs], was obtained by fluorination of
gold in aHF solution containing SbFs, but further reaction with F, afforded
Au"[SbFe],Au"[AU"F4],. This compound could be easily transformed into the mixed-
valence species Au"[Au"'F4], upon reaction with KAUF..[*! In an attempt to prepare
AuF; by addition of KF to Au[SbFg], in aHF solution, the same species Au[AuF,], was
obtained.*! The crystal structure of this species has been thoroughly studied,*>®!
although Au?* cations in solid lattices stabilized by weakly basic SOsF ligands or

solvated in strongly acidic HSOsF had been already identified some years before.[*”

In this chapter, the synthesis and characterization of monoalkyl gold(l) and gold(l1I)
complexes of stoichiometry [PPh4][CF3;AuX,] (X = CI, Br, I; n = 1, 3) is described,
together with our attempts to prepare the corresponding fluoride complexes. Within the
aforementioned context, previously unknown gold halide anions were experimentally
detected in the gas phase by tandem mass spectrometry and were further studied. Our

results include:

a) The whole series of mixed gold(I) fluorohalides [F-Au—X] (X = CI, Br, 1)
obtained via CF; extrusion from the parent [CF;AuX] anions.

b) Gold(ll) trihalides [AuXs] (X = CI, Br), which arise from the unexpected
homolytic splitting of the only Au—C bond in the organogold(IIl) [CF3AuXs]"

anions.
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1.2. Synthesis and characterization of the [PPh,][CFsAuX] complexes
(X=CI,Br, 1)

Previously in our group, the carbonyl compound CF3AuCO (I1) was demonstrated to be
a useful synthon of the “CF3Au” unit.®] In particular, the equimolar reaction of 11 and
[PPhy]Br rendered the anionic derivative [PPhy][CFsAuUBr] (2) by replacement of the
highly labile carbonyl ligand.'” Following a similar procedure, we managed to
synthesize the analogous chloride [PPhs][CF3AuCI] (1) and iodide [PPhs][CFsAul] (3)
derivatives (Scheme 1.2), which were isolated as withe solids in high yield. Our
attempts to prepare the fluoride complex [PPh4][CFsAuUF] starting from 3 and AgF were
unsuccessful, as were also for Schmidbaur and coworkers when trying to prepare
(PhsP)AUF complexes from the corresponding chloride derivative.[*! However, the
[CF3AUF] anion had already been detected in the gas phase (see Scheme 1.1)."! In fact,
no anionic gold(l) fluoride derivative has been isolated to date and only two neutral
organogold(l) fluoride complexes have been prepared: (SIDipp)AuF and
[{(SIDipp)Au}z(p-F)]BF 4.

CH,Cl,

(0°C)

CFa—Au—CO + X —(—— |[CF3—Au—X|~

I X = Cl (1), Br (2), | (3)

Scheme 1.2. Synthesis of the organogold(l) complexes 1-3. In all cases the cation is [PPh,]".

The *F NMR spectra of the three compounds 1-3 show a single signal corresponding
to the CF3 group, which moves downfield when increasing the electronegativity of the
halogen atom.* No ligand scrambling was observed to occur in solution at room
temperature, since the signal corresponding to the [CF;AuCF3;] anion was not
observed. Additionally, neither the signal of [CF3AuCF3] nor those corresponding to
the [AuX;] anions were found in the mass spectra (ESI-) of the [CF3AuX]

derivatives.

® This trend is contrary to that observed for the organogold(l11) derivatives [PPh,J[CFsAuXs] (X = CI (7),
Br (8), 1 (9)), which will be described in Section 1.4. See Figure 1.5 for a comparison of the correlation in
both sets of compounds.
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Compounds 1-3 are thermally stable species, which is in sharp contrast with the
behavior of their non-fluorinated analogues, none of which are known to exist in the
condensed phase. Only the heavier [CH3Aul] analogue, and its related copper and
silver analogues, have been recently detected to arise in the gas-phase reaction of M~
and CHjl.*!

Single crystals of 1 suitable for X-ray diffraction were obtained by slow diffusion of a
n-hexane layer into a CH,CI, solution of the compound at 4 °C. The gold atom is in a
linear coordination environment (Figure 1.1). The Au—CF3 bond length, 200.1(7) pm is
substantially shorter than that found for the bromo analogue (211.9(5) pm),*® and also
shorter than the distance observed in the carbonyl CF3AuCO derivative (204.7(14)
pm)t%2 and in the homoleptic [CF3AUCF3]™ anion in its [N(PPhs),]* (206.6(6) pm)F?!
and [PPhs]" (203.3(2) pm)™“®! salts.

Q
\ 200.1(7) _ 229.1(1)
;/C Cl

Q

Figure 1.1. Displacement-ellipsoid diagram (50% probability) of the [CF;AuCI] anion as
found in single crystals of 1. Selected bond lengths [pm] with estimated standard deviations are
indicated. C—Au—Cl angle: 178.1(2)°.

The optimized geometries of the anions of both 1 and 2 at the DFT/MO06 level of
calculation (Figure 1.2a) show slight differences with the experimentally established
structures in the solid state (Table 1.1). These differences in the Au—CF3 and Au—X
bond lengths (X = CI, Br) within each pair of anions can be attributed to the existence of
crystal packing effects,® since no residual intense electron-density peaks appears in the
model to make distances unreliable. Two aspects are interesting to note when

comparing the optimized structures of the anions of compounds 1-3 in the gas phase:

1) The Au—CFj3 distance shows a smooth variation when going from chlorine to iodine
(Table 1.1, Figure 1.2a).

2) The Au—X distances are consistently longer than those calculated for the symmetric

[AuX;] anions (Table 1.2).
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Table 1.1. Comparison of the interatomic distances [pm] in the
structurally characterized [CF;AuX] anions and in their related
equilibrium structures optimized at the DFT/MO06 level of calculation.

Au—C Au—X
X Experimental  Calculated  Experimental  Calculated
Cl 200.1(7) 206.1 229.1(1) 234.4
Br 211.9(5)™ 207.1 240.5(1)1 247.2
I - 208.8 - 263.6

[a] Values taken from Ref. [10].

F
a) c Au cl b) ¢ W cl
9 A 4 - 4 u
206.1 2344 2013 207
W
: Br Br
'z.\ -
o011 ¥ u72 i 019 Y a4
W
:‘ | |
, w 0
o 2636 - m9 ¥ %73 -
W

Figure 1.2. Optimized geometries at the DFT/MO06 level for the a) [CF:AuX] and b) [FAuX]"
anions. Relevant bond lengths [pm] are indicated.

1.3. Gas phase behavior of the [CF;AuX] anions (X = Cl, Br, I)

Compounds 1-3 form an ideal set for mass-spectrometry studies due to their anionic
nature, their simple stoichiometry and the analogous character of the X ligand. Thus,
these experiments provide information of their unimolecular decomposition processes

as a function of the halide, X.

The compounds were easily transferred to the gas phase by electrospray ionization
(ESI). Once the [CF;AuX] anions were confined into an ion trap and thermally excited
by intense collision with an inert gas (He), the mixed [F-Au—X] anions (X = Cl (4), Br
(5), 1 (6)) were formed and clearly detected in all three cases (Figure 1.3, Scheme 1.3a).
The used experimental conditions (see Methodology) avoid side-reactions, such as

ligand scrambling and/or disproportionation, which might complicate their isolation in
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the condensed phase. In fact, although Schwerdtfeger and coworkers suggested that
these species could be prepared by addition of a fluoride salt to AuX (X = ClI, Br, 1)
species,™ it seems that they have not been prepared in the condensed phase thus far.

[ A:CI]‘ oF,
- [CF3AUCI™
1
[FAuBr]™
5
CF,
) [CF3AUBIT
2
[FAul™
6 -CF,
“ [CF3Aul]™
3
Ztl'vO 300 35;0 400
m/z

Figure 1.3. Detection of the mixed [F-Au—X] anions (X = CI (4), Br (5), | (6)) formed by
collision-induced dissociation of the corresponding [CFsAuX] species in quadrupole ion-trap

MS? experiments.

a) [CF3—Au—X|” —— [F—Au—X|~
~ CF,

X = Cl (4), Br (5), | (6)

b) [CFs—Au—X|T — CFAu + X
X =Cl (1), Br(2), 1 (3)

Scheme 1.3. Competing dissociation processes undergone by the [CF;AuX] anions (X = Cl,

Br, 1) in the gas phase.
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Although difluorocarbene extrusion was the main decomposition pathway, halide
dissociation could also be observed in all three cases (Scheme 1.3b) by performing ESI-
Q-ToF MS? experiments allowing the detection of lower m/z relationships (see
Methodology). The Au—X bond dissociation energy calculated for the [CF;AuX]
species decreases on going from X = CI (288.1 kJ mol ) to X = Br (275.0 kJ mol %) and
to X = | (266.4 kJ mol™). A similar trend was observed in the analogous decomposition
analyses for [AuX;] anions.”™ In all cases, the gold(1) species CF3Au must be formed,
yet it cannot be detected due to its neutral character. Its nature is also intriguing, since
two tautomers can be in equilibrium, as shown in Scheme 1.4. We have optimized the
geometries of both tautomers and found that the two of them are energy minima, the
difluorocarbene species being destabilized by AE = 40.2 k] mol™ with respect to the

trifluoromethyl one.
CF3_AU _— cm_AU_F

Scheme 1.4. Tautomeric equilibrium applying to the CFzAu species.

The geometries of species 4-6 were optimized at the DFT/MO06 level of calculation.
Linear structures with C., symmetry were found in all three cases (Figure 1.2b). Au—F
distances are ca. 10 pm longer than in the diatomic AuF molecule (191.84 pm),*® and
comparable to that of the neutral (SIDipp)AuF complex (Au—F 202.8(8) pm).>® The
Au—X bond in species 4—6 is also similarly elongated with respect to the corresponding
diatomic AuX molecules (Table 1.2),% yet shorter than in the [CFsAuX] ™ anions 1-3,
as can be observed in Figure 1.2. This difference might be assigned to the strong trans
influence of the CF3 group.® By contrast, no significant variation appears in the Au—F
distance when a noble gas (Ng) is coordinated to the AuF unit in NgAuF

compounds. 67}

Table 1.2. Interatomic distances [pm] in the equilibrium structures obtained for the
linear [FAuX] and [AuX,] anions at the DFT/MO06 level of calculation. Data
corresponding to AuX molecules are included for comparison.

[FAuX] [AuX;] Aux'®

X Au—F" Au—X Au—X Au—X
cl 201.3 229.7 231.8 222.6
Br 201.9 242.1 244.7 233.9
| 202.9 257.3 261.7 250.6

[a] Values taken from Ref. [55]. [b] In the free diatomic AuF molecule, Au—F = 191.84 pm.*"!
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To gain a deeper insight into the CF, extrusion from compounds 1-3, we performed
computational calculations on the mechanism of the process. In the presence of an
external acid, metal trifluoromethyl complexes undergo a-fluoride abstraction yielding
metal difluorocarbene species.*® The generally accepted mechanism in the absence of
an external acid also involves a difluorocarbene metal intermediate [M]CF,, according
to the tautomeric equilibrium shown in Scheme 1.4 for the species CFzAu. This
mechanism was identified in the case of organoruthenium systems® and it was actually
the same mechanism calculated to apply in the decomposition of the linear [CFsMR]
(M = Cu, Ag, Au, R = F, CF3, O,CCF3) in the gas phase.” In our case, however, this
was not the most favorable mechanism, as a lower-energy path was found. Both
mechanisms are compared in Scheme 1.5 and the energy profile for our new alternative
mechanism is shown in Figure 1.4 for the transformation of [CF;MI] (3) into
[F-Au-1] (6).

_ E
: P,
Fal | e
- l _
a) [cFs—Au—X|T — F—Au—X —>  [F—Av—X~ —— [F—Au—X] + CF,
TS1-X VdW1-X
RF
ks \\\F —‘ Fa, \\\‘\F
- _ SaF “C
F 1 X c~ v
b F/////,,‘ " g i F’////,,' / / | -
) F/C—Au\x e o —Au\F — | pAU— —  [F—Au—X]
TS2a-X Min2-X TS2b-X Vdw2-X

Scheme 1.5. Mechanisms of the formation of the mixed gold(I) [F-Au—X] anions through a)
the CF, extrusion path, and b) the classical path involving a [M]CF; intermediate.

Our new alternative mechanism (Scheme 1.5a) can be described in the following steps:

1) Weakening of the Au—C bond and formation of a Au—F bond through a transient
Au(n’-F-CF,) species (Scheme 1.6).

2) Loss of the Au—C interaction giving rise to a transition state (TS1-X) involving an
uncommon fluoride-bridging F,C—F—[Au] unit, which in turns evolves to a van der
Waals complex (VdW1-X).
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3) Release of the unsaturated :CF, from the van der Waals complex, giving rise to the

triatomic [F—Au—X] species. This step requires a small dissociation energy < 12 kJ

moltin all three cases.

F,
FéC~
| TAu—X
-
Scheme 1.6. Structural pattern showing the interactions in the transient species formed upon

thermal excitation of [CF;AuX] ™ anions.
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Figure 1.4. Energy profile of the lower-energy CF, extrusion path from the [CF:Aul]”
derivative (Scheme 1.5a). The energy barrier in the mechanism involving a [M]CF, intermediate

(Scheme 1.5b) increases up to 244.4 kJ mol ™.

This CF, extrusion mechanism can also apply to the CF; insertion into the Au—F bond
due to the microreversibility principle. Thus, there is almost no energy barrier in the
insertion process, which leads to a large stabilization, and in which the carbon atom
gradually increases the number of substituents from two (:CF;) to four in the final
product [CF3AuX] . This process might thus be experimentally feasible and, in fact, the

insertion of the CH, moiety into Au—Cl bonds is already known.*”!
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Similar structures to those of the transient species and the transition state involved in
our mechanism are also found in the chemistry of lithium carbenoids.'*”! For example, a
Li(n?-F—CF,) interaction was found to be a global minimum for CFsLi in the gas
phase,® as well as for KCF3 in a modeled thf solvation environment.’®® Both CFsLi
and the Li(CF,CF3)-2Et,0 dimer’® release the corresponding fluorinated carbene
giving rise to LiF, in a process that sometimes occurs violently.[*® Actually, complexes
1-3 can be accurately referred to as gold carbenoids, since they are able to release CF,

without requiring a proper metal carbene intermediate.

1.4. Synthesis and characterization of the [PPhy][CF:AuX;]
complexes (X = ClI, Br, I)

The monoalkyl gold(l) complexes 1—3 undergo oxidative addition of the corresponding
halogen X, affording complexes [PPh4][CF;AuX3] (X = CI (7), Br (8), 1 (9); Scheme
1.7). These compounds were isolated as air-stable solids in high yield. We thoroughly
tried to prepare complex [PPhy][CF3AuUF;] too, but all our attempts were unsuccessful.
Our different strategies included the reaction of 3 and XeF; or the treatment of 9 with
both AgF and XeF,. It is interesting to note that the [CF3;AuF3] anion was previously
detected in solution, but not isolated.’®® It is actually expected to be an extremely
reactive species, decomposing even in contact with the glass of the schlenk. This is one
of the reasons why so few gold trifluoride complexes have been detected thus far.?% In
fact, only one has been recently isolated, AuF3;(SIMes), thanks to the stability that an
NHC ligand confers to the AuFs unit.[®”!

CH,Cl, X
- (0°C)
[CFs—Au—X]” + X, ———» |CF;—Au—X
X
X =Cl (1), Br(2),1(3) X = CI(7), Br (8), 1 (9)

Scheme 1.7. Synthesis of the monoalkyl gold(l11) anionic complexes 7—9. In all cases the cation
is [PPh,]".
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It is worth noting that, whereas several arylgold(IIl) compounds with a single Au—C
bond, [RAuXs] (X = CI, Br) are known,®® monoalkyl gold(l11) derivatives are still
scarce.® In fact, although trifluoromethyl neutral derivatives of CFsAu(PR3)Xs
stoichiometry (X = Br, I; R = Me, Et, Ph) have been prepared,[™™ complexes 7-9 are, to
the best of our knowledge, the first alkyl [RAuXs] species to have been isolated.

In the *°F NMR spectra of compounds 79 there is just one singlet corresponding to the
only trifluoromethyl group coordinated to the gold center. When we compare the
chemical shifts of these signals, it can be observed that they nicely correlate with the
electronegativity of the halogen in the Sanderson scale (Figure 1.5, left).'"! In
particular, the signal shifts upfield when increasing the electronegativity of the halogen.
The chemical shift reported for the trifluoride analoguel® also follows this trend, which
is contrary to that observed for the gold(l) precursors 1-3 (Figure 1.5, left). If we take
all the *3C NMR spectra of complexes 1-3 and 7-9 together, we observe that the signals
in the organogold(lll) derivatives are more shielded than in the organogold(l)
precursors. The J(*°F,*3C) are slightly larger in the gold(111) species, but they increase
from X = Cl to X = I in both sets of Au(l) and Au(lll) compounds. Additionally, the
experimental chemical shifts d¢ correlate very well with the electronegativity of the
halogen in both sets of compounds, being the signal deshielded when decreasing the

electronegativity of the halogen (Figure 1.5, right).

8F —A—[CFAUX] 160 6C —A—[CF AuX]
. —a—[CFAUX] ‘\ —a—[CF,AuX]
10 | A
150 |-
\ I \\-__‘
140 -
£ £
g 2r & ol I Br CI
= < 130} v
(Ou wu
120
30 | — .
10}
1 1 1 1 100 1 L 1 1 1
2.5 3.0 35 4.0 25 3.0 3.5 4.0
x(X) #X)

Figure 1.5. Correlation between the experimental chemical shift values of compounds
[PPh,][CF3;AuX] (1-3) and [PPh,][CFs3AuX;] (7—9) and the electronegativity of the involved
halogen y(X) in the Sanderson scale:™ &; (left) and ¢ (right). All *F NMR spectra were
registered in CD,Cl;, at room temperature. For the [CF;AuF;]  derivative, d¢ values are taken
from Ref. [66].
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Single crystals of 7 suitable for X-ray diffraction were obtained by slow diffusion of a
n-hexane layer into a CH,Cl, solution of the compound at 4 °C. As expected, the
coordination of the gold atom changes from linear in 1 to a square-planar geometry in 7
(Figure 1.6). Interestingly, both distances in the CF;—Au—Cl axis are longer in the
organogold(l1) species 7 than in 1. The lengthening of the Au—Cl distance in the
chloride trans to the trifluoromethyl ligand with respect to the mutually trans-standing
choride ligands appears as a consequence of the high trans influence of the CF;

group.B®
Q
205.1(3) || 233.9(1)
@%74 Cl
(1)

228.2(1) av.
o

Figure 1.6. Displacement-ellipsoid diagram (50% probability) of the [CF;AuCIl;]™ anion as
found in single crystals of 7. Selected bond lengths [pm] with estimated standard deviations are

indicated.

Single crystals of 9, obtained by a similar procedure used in the case of complex 7,
could also be analyzed by X-ray diffraction. The gold center is also in a square-planar
environment (Figure 1.7) but, due to crystal symmetry, all four coordination sites are
identical. This means that the CF3 group and the three iodide ligands appear overlapped,
showing 0.25 and 0.75 occupancy, respectively. Thus, no reliable Au—C and Au-I
distances could be obtained. Additionally, since no residual intense electron-density
peaks appear in the model, the presence of any triodide anion, [I3] , can be excluded and
compound 9 is therefore accurately formulated as a square-planar gold(l11) species of
formula [PPh4][CF3AuX3]. Additionally, its existence can also be confirmed because of
the good agreement of the NMR data in solution of 9 within the whole series of
[CF3AuX3] anions (X =F, CI, Br, I; see Figure 1.5). This is of special interest because
Au(lI) is not always formed in the presence of I, being the oxidative addition strongly

dependent on the ligands of the gold(1) precursor.!’?

104



Monotrifluoromethyl Gold Complexes as Precursors of Highly Unstable Species

l

Figure 1.7. Thermal ellipsoid diagram (50% probability) of the [CF;Auls] anion as found in
single crystals of 9. The CF; group and the I ligands appear disordered and mutually
overlapped over the four coordination sites due to crystal symmetry.

1.5. Decomposition studies on [PPh4][CF;AuX;] complexes (X = ClI,
Br, 1)

With the aim of gaining a deeper insight into the properties of compounds 7-9, we
studied their decomposition processes under two related but quite different conditions:
in the gas phase and in the condensed phase. These conditions ensure the independence
of any kind of solvent and enable to distinguish between inter- and intramolecular

decomposition processes.

1.5.1. Thermolyses in the condensed phase

The thermal stability of compounds 7—9 was determined by TGA/DTA experiments. In
all cases, clean elimination of CF3X was observed as the first decomposition step
(Scheme 1.8), as shown in Figure 1.8 for compound 8. After the onset of decomposition
was determined, the thermolyses were performed in NMR tubes under inert atmosphere
(see Methodology). In all three cases, the solid sample changed color when was heated
above the corresponding onset of decomposition, but no melting process was observed.
This was the expected behavior, since no endothermic peak corresponding to a melting
process was observed in the DTA curve (blue line in Figure 1.8 for the case of 8). The
decomposition rendered, as expected, the halomethanes CF3X as the main fluorinated
species, which were identified by °F NMR, with the concomitant formation of [AuX5]~
anions, which were detected by mass spectrometry (ESI-). No [CF3AuX] was detected
in any case. Photochemical elimination processes of CFsX™ and longer
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perfluorocarbon halides®™® from other organogold(l11) derivatives have been recently

reported.
X
A
PPhy|CF3—Au—X| ———»  PPhy[X—Au—X]
— CFaX
X

Scheme 1.8. First decomposition process observed for complexes 7-9 in the condensed phase.
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Figure 8. TGA (black trace, vertical scale on the left) and DTA (blue trace, vertical scale on the
right) of compound 8 recorded on heating at 10 °C min*. Loss of one equivalent of CF5Br

(17.6% theor.) is indicated.

1.5.2. Thermolyses in the gas phase

The unimolecular decomposition of [CF3AuX3] anions in the gas phase was studied by
tandem mass spectrometry (MS"). The general fragmentation paths observed upon
collision-induced dissociation (CID) for the anions of complexes 7-9 in MS?
experiments are shown in Scheme 1.9. Elimination of CF3X is observed in all cases
(Scheme 1.9b), but this is not the only decomposition pathway. Thus, it is reasonable to
assume that intermolecular processes may take place in the condensed phase, where this
is the only decomposition pathway observed (Scheme 1.8). The iodo derivative
[CFsAuls] (9) undergoes I, elimination, regenerating the organogold(l) species
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[CF;Aul]  (3). This fragmentation path (Scheme 1.9c) is also present in the
decomposition of the bromo derivative [CF3AuBr3] (8), but not in the chloro complex
1.

cl Br |
CF.' > [Au'X;  (a) v v X

>|( - 3
CF3—A|u—X v~ » [Au'X, ] (b) v v v

- 3

X

— [CFsAU'X] (€) X v v

N2

Scheme 1.9. General fragmentation paths observed for the [CFzAuXs]™ anions in the gas phase.

In addition to these two-electron reduction processes, a one-electron reduction was also
detected in the case of [CF3AuCl3] (7) and [CF3AuBr3] (8) anions (Scheme 1.9a). This
process involves the homolytic cleavage of the Au—CF3 bond and formation of the
gold(I) anions [AuCls] (10) and [AuBrs] (11), respectively (Figure 1.9). Therefore,
when going down the group, the homolytic cleavage of the Au—CF3 bond (Scheme 1.9a)

is less favored, as opposed to X, elimination (Scheme 1.9c).

The CF3" radical dissociation pathway is important because unlike in main-group
organoelement chemistry, homolytic cleavage of M—C bonds is not very common in
organotransition-metal chemistry.l’® In addition to the importance of radical processes
in gold chemistry,[’® further and definite evidence of the generation of trifluoromethyl
radicals from homoleptic Group 11 [(CF3)sM] complexes has been recently

obtained.[’"

In a further step of tandem mass spectrometry, MS? we performed experiments on
anions 10 and 11, observing the homolytic splitting of a Au—X bond, leading to the
formation of the gold(l) dihalides [AuX;] (X = Cl, Br) (Scheme 1.10). Interestingly, no

halide X" dissociation was observed at any stage of the described processes.
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a) [AuClo]™ b) [AuBrs]~
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Figure 1.9. Quadrupole ion-trap MS? results of the collision-induced dissociation (CID) of the
anions of a) 7, [CF;AuCl;]; and b) 8, [CF:AuBT3] .

i
Au—X — [X—Au—X]~
X

Scheme 1.10. Formation of the linear [AuX;] (X = Cl, Br) anions upon homolytic cleavage of a

Au—X bond in the corresponding [AuX3] anions in the gas phase.

1.6. Computational calculations on the [AuX;]™ anions

Calculated Au—C bond enthalpies for the complex anions 7—9, as well as for the related
[CF3AuF3] , show that they decrease with the electronegativity of the halogen (Table
1.3). T-shaped geometries have been calculated as energy minima in all cases (Figure
1.10a), whereas Y-shaped structures were identified as transition states. The equilibrium
geometries of [AuFs]” and [AuCls]” anions were also calculated recently.[”® The T-

shaped geometries of our anionic open-shell d° [AuXs] species show two main
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differences with those of the well-studied monomeric, neutral and diamagnetic d® AuXs

molecules:?2>16-181

- [AuX3] anions are energy minima in all cases, whereas monomeric Auls is better
described as a side-on iodine adduct of Aul: 1Au(l,).***® In fact, T-shaped Aul; was

found to be a transition state.

- Whereas the Au—X bond lengths in the neutral species are virtually identical,® the
distance to the X stem-ligand in the [AuXz] anions is about 15 pm longer that those

found in the crosspiece (Figure 1.10).

Table 1.3. Parameters calculated for the T-shaped minima of the mononuclear [AuXz] species
in the gas phase.

X= F Cl Br |
[FsC—AuXs] bond enthalpy [KJ mol 7] 278 208 183 155
X dissociation enthalpy [kJ mol *]® 290 219 201 179
X' dissociation enthalpy [kJ mol ]™ 166 120 90 81
Vertical detachment energy [eV] 5.19 4.90 471 4.26
Adiabatic detachment energy [eV]™ 4.64 4.56 4.41 3.82
Spin density on Au [%]" 62 42 31 21
Spin density on stem X [%]" 26 37 46 52

[a] Heterolytic Au—X bond dissociation enthalpy as indicated in Scheme 1.11 (left). [b] Homolytic
Au—X bond dissociation enthalpy as indicated in Scheme 1.11 (right). [c] The oxidized species is in an
excited state. [d] The oxidized species is in the ground state. [e] Based on Mulliken charges and
populations; the unassigned spin density is located symmetrically on the X ligands at the crosspiece (see
Figure 1.11).

In the [AuX3] anions, the spin density is mainly located in the stem axis, which can
justify the difference in the Au—X distances in the neutral and the anionic species
(Figure 1.10). However, this spin density gradually migrates along the stem axis from
the metal to the X ligand, when going from fluorine to iodine (Table 1.3, Figure 1.11).
Additionally, the T-shaped [AuXs] species are connected to their neutral counterparts
(Scheme 1.11) by large vertical electron-detachment energies (Table 1.3) or, inversely,
AuX; are related to the corresponding anionic species by large electron affinity values.
Since all these electron affinity values exceed that of Cl (=3.63 eV), all AuX3 species

can be considered as superhalogens. 2487
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Figure 1.10. T-shaped polytopes optimized at the DFT/MO06 level of the a) mononuclear anionic
[AuX;] and b) mononuclear neutral AuX; species. All of them are identified as minima, except
for the neutral Aul; species, which is a transition state. Our results on the neutral AuXj; species
are in good agreement with previous calculations.!™ Structural parameters (bond lengths in pm;

angles in degrees) are indicated.

o8 ke ke gk

Figure 1.11. Spin density contour of all the T-shaped [AuXs] ™ anions according to the Mulliken

charges and populations given in Table 1.3.

110



Monotrifluoromethyl Gold Complexes as Precursors of Highly Unstable Species

Au'X, + X© == | [AUX] | == [AUX] + X

AuX; + e

Scheme 1.11. Processes connecting the gold(l1) [AuX;] anions with relevant neighbor species.

The most favored fragmentation process of the [AuXs] anions is the homolytic
cleavage of Au—X bonds, giving rise to the linear [AuX,] anions and releasing an
halogen atom X', instead of the dissociation of a X ligand (Table 1.3, Scheme 1.11).
This is actually the experimental observation in MS® experiments described in the
previous section for X = Cl, Br (Scheme 1.10). Additionally, our calculations show that
neutral AuX; molecules behave as unsaturated species, the coordination of a X ligand
being very exergonic in all cases (Table 1.3). Finally, gold(Il) [AuX3] anions are very
prone to undergoing disproportionation, since the X' atoms generated upon the easy
Au—X bond homolysis recombine with fresh [AuX3z] to give [AuX,] in a highly

exergonic process (Scheme 1.12).

[Au'Xs]” ———  [AuX]” *+ X

Au'X5]” + X —  [AUX,]”

2[AU'X;]T —  [AUX]T + [AUX,)T

Scheme 1.12. Disproportionation process undergone by the [AuXz]™ anions. Disproportionation
enthalpy values (AHgs) are as follows: X = F, —186 kJ mol ™; X = CI, =132 kJ mol *; X = Br,
—103 kJ mol ™; X =1, —74 kJ mol *.

1.7. Summary

- Compounds [PPh4][CF3AuCI] (1) and [PPh4][CFsAul] (3) are prepared from
CF3AuCO (I1), following a similar procedure to that used for [PPh,][CFsAuBr] (2).[%
Compounds 1—3 are thermally stable species that do not undergo ligand scrambling in

solution.
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- Compounds 1-3 behave as gold carbenoids, undergoing CF, extrusion in the gas
phase to afford the mixed gold(I) fluorohalides [F—Au—X] (4—6). The detection of
these species demonstrate that AuF can be stabilized by coordination of the heavier

halides, as suggested by Schwerdtfeger.™

- An unconventional CF, insertion/extrusion mechanism has been found, which
involves an uncommon fluoride-bridging F,C—F—[Au] unit as the transition state,

instead of a [Au]CF, intermediate.

- Compounds 1-3 undergo oxidative addition of the corresponding halogen X, to afford
[PPhs][CF3AuUX3] complexes (7—9), which are the first monoalkyl gold(lll) trihalide
derivatives prepared to date. However, neither [PPhs][CF3AUF] nor [PPh4][CFsAuUF;]

could be prepared, probably because of their extremely high reactivity.

- Complexes 7—-9 cleanly eliminate CF3X upon heating above their onset of
decomposition and without melting, with concomitant formation of the corresponding
[AuX;] anions (Scheme 1.8).

- The gold(Il) trihalide complexes [AuX3] (X = CI (10), Br(11)) are formed in the gas
phase upon homolytic cleavage of the only Au—C bond existing in the parent anions of
7 and 8. T-shaped structures have been found as energy minima for all gold(ll)
trihalides [AuX3] (X =F, ClI, Br, I; Figure 1.10a).

- Compounds 10 and 11 undergo dissociation of X" in the gas phase with one-electron
reduction in the metal center (Scheme 1.10). This path is more favored than the non-
reducing halide X dissociation (Scheme 1.11), as it has also been checked by
computational calculations in the case of all gold trihalide anions (Table 1.3). These

species actually show a marked tendency to undergo dismutation (Scheme 1.12).
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An Organogold(111) Difluoride with a trans Arrangement

This chapter is based on the following peer-reviewed paper:

A. Pérez-Bitridn, M. Baya, J. M. Casas, A. Martin, B. Menjon, J. Orduna. An
Organogold(111) Difluoride with a trans Arrangement. Angew. Chem. Int. Ed. 2018, 57,
6517-6521. DOI: 10.1002/anie.201802379. Angew. Chem. 2018, 130, 6627-6631. DOI:
10.1002/ange.201802379.

2.1. Introduction and objectives

Fluoride™ and trifluoromethyl® ligands are of prominent importance in the
coordination chemistry of gold, as described in the Introduction. However, complexes
containing both ligands attached to the same gold center are very scarce. For example,
the simplest gold(l) [CFsAuF]™ anion has only been detected in the gas phase,’® and our
efforts to isolate it, described in the preceding Chapter 1, were unsuccessful thus far.
Moreover, before the beginning of this Thesis, the only isolated gold derivatives
incorporating both ligands had been reported by Toste and coworkers as part of two
series of organogold(lll) halide complexes of stoichiometries CF3Au(4-Me-CgHy)-
(PPh3)X and CFsAu(4-F-CsHa)(PCys)X (X = F, CI, Br, 1).1

When considering gold(l1l) complexes, both the purely inorganic [AuF4]  and the
homoleptic organometallic [(CF3);,Au] derivatives are well known. The first one is very
reactive and it has been isolated with different cations,™® including tetraalkyl
ammonium ones.[ Its alkali salts have also been recently studied by matrix-isolation
spectroscopy.l’) The homoleptic [(CF3)sAu]” anion, which shows ligand-field
inversion®® was recently characterized in the solid state’® and also studied in the gas
phase.®! Additionally, both theoretic calculations and experimental observation enable
to consider this homoleptic complex as a weakly coordinating anion,*% which is in

agreement with its lack of reactivity.!’!

On the other hand, complexes containing only both fluoride and trifluoromethyl ligands
had not been previously isolated. However, even one year before the first organogold
fluoride complex was prepared,™ the four possible complex anions in between [AuF.]
and [(CF3)4Au], namely [(CF3)xAuF4 4] (x = 1-3), were spectroscopically detected and
characterized by *C and *°F NMR, but could not be separated from the complex

reaction mixtures containing different trifluoromethyl gold anions.™*?
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In Chapter 1 we have described our attempts to obtain salts of the [CF;AuF;]™ anion
starting from species containing a single CF3 ligand already attached to the metal center.
In Chapter 3, the synthesis and properties of the [(CF3)sAuF] anion as its [PPhy]" salt
will be discussed as part of the whole organogold(I11) [(CF3)sAuX] anionic series (X =
F, CI, Br, ). The complex anion [CF;AuCF3]” was found to be oxidized by halogens,
X,, affording the trans dihalide derivatives [trans-(CFs),AuX,] ! Thus, a synthesis of
an organogold(l11) difluoride containing trifluoromethyl ligands seemed to be feasible

starting from the homoleptic organogold(l) species [PPh4][CF;AUCF;] (1).

In the synthesis of gold(I11) difluoride complexes, xenon difluoride has proved to be a
suitable fluorinating and oxidizing agent. This colorless crystalline solid can be
considered as a tamed version of elemental F: it is relatively easy to handle, but still
very reactive.*®! The first organogold(111) difluoride complexes were obtained precisely
by reaction of gold(l) (NHC)AuR precursors (NHC = N-heterocyclic carbene; R =
alkyl) with XeF,.™! Additionally, shortly after our results on this topic were published,
Dutton and coworkers reported on the synthesis of the first cationic gold(I11) difluoride
complexes containing pyridine and imidazole ligands using XeF,.% In particular,
complexes [trans-AuFa(py):][BF4], [trans-Au(4-dmap).F;][OTf] (4-dmap = 4-
(dimethylamino)pyridine) and [trans-AuF,(Im),][OTf] (Im = N-methylimidazole) were
prepared by reaction of the corresponding gold(l) complex with XeF, (Scheme 2.1), but
only the imidazole derivative could be studied by X-ray diffraction. Alternatively, they
were also prepared by displacement of 4-pyridinecarnonitrile ligands with KF in the

presence of 18-crown-6 in acetonitrile.

i \
i /N py
+ : —_
CHCI | N \
[L—Au—L]" + XeF, —» |L—Au—L i N~</3N 4-dmap

- Xe i / —

i A\

i Im

: /N\//

Scheme 2.1. Synthesis of cationic gold(l1l) difluoride complexes reported by the group of
Dutton, with N-ligands L indicated on the right."® The anion is [BF,] for the pyridine complex
and [OTf] for the 4-dmap and Im derivatives.
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After the publication of our results, two more trans difluoride organogold(Ill)
complexes have been reported by the Riedel group, trans-AuCIF,(SIMes) and trans-
AUF,(OTeFs)(SIMes).™ It is interesting to note that they were prepared by substitution
of a fluoride ligand in the gold(lI11) precursor AuF3(SIMes), instead of by oxidation of a
gold(l) species.

In this chapter, the stereoselective and efficient synthesis of the first organogold(l11)
difluoride with a trans stereochemistry is described. Additionally, its properties in the
gas phase are analyzed, with a special emphasis on the detection and study of further

organogold fluoride species. Finally, initial investigations on its reactivity are discussed.

2.2. Synthesis and characterization of [PPh,][trans-(CF;),AuF;]

The homoleptic organogold(l) derivative [PPh4][CF;AUCF3] (1) cleanly reacts with
XeF, in CH,CI, at 0 °C (Scheme 2.2) to render the organogold(l11) difluoride complex
[PPhg][trans-(CF3),AuF,] (12). The reaction is quantitative and stereoselective.
Eventually, the complex is isolated as a white solid in excellent yield (94%). Although
the reaction can be carried out using a previously flame-dried schlenk, the compound is
moisture-sensitive and turns yellowish when in contact with glassware for some minutes
at room temperature, even under argon atmosphere. Hence, it is better stored at low
temperature. However, under completely dry conditions, it is thermally stable and

decomposes above 250 °C.

CH,Cl,
- (0°C) |
|[CF3—Au—CF3]” + Xe —; > |CFs—Au—CF;
| 12

Scheme 2.2. Synthesis of the organogold(l11) difluoride complex 12. The cation is [PPh,]".

The stereochemistry of compound 12 could be easily assigned by means of °F NMR
spectroscopy, since it shows a characteristic pattern (Figure 2.1). The signal
corresponding to the CF3 groups appears as a triplet at 8¢ = —46.16 ppm with 2J(*°F,°F)
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= 16.5 Hz. For its part, the signal belonging to the fluoride ligands appears at high field
(6r = —324.96 ppm) as a septet with the same coupling constant, at a similar chemical
shift to other related species (Table 2.1). It is interesting to note that in the case of
related processes previously reported by the group of Toste, the stereochemistry of the
addition was cis instead.!**! However, a trans stereochemistry was also obtained later by
Dutton and coworkers when oxidizing pyridine- and imidazole-based cationic gold(l)

precursors with XeF.!*”!

-46.16 ~324.96
*J(F,F) = 16.5
- - ~ Dl
-461.00 . -46I.20 I -46I.40 J -324;-.80 I -32;.00 I -32;.20
5. /ppm

Figure 2.1. F NMR spectrum of compound 12 in CD5;CN solution at room temperature. 8¢
[ppm] and J [Hz] are indicated.

Table 2.1. Relevant spectroscopic and crystallographic data of isolated trans difluoride
gold(111) complexes.

SOr(AU-F) v(Au-F)  Au-F bond lengths

[ppm] [em™] [pm, av]
[PPh,][trans-(CFs),AuF,] (12) —324.96" 598 199.0(3)
[trans-AuF,(py),][BF ™ —237.281 (el [l
[trans-Au(4-dmap),F,][OT]™ —249.40% [l [l
[trans-AuF,(Im),][OTf]™ —284.03% [l 191.6(3)
trans-AuCIF,(SIMes)' —325.9 594 192.6(2)
trans-AuF,(OTeFs)(SIMes) -310.5" 613 191.8(2)

[a] *F NMR spectra registered in CD;CN at room temperature. [b] Values taken from Ref. [15]. [c]
Not reported. [d] Values taken from Ref. [16]. [e] °F NMR spectra registered in CD,Cl, at room
temperature.

We were also able to grow single crystal of complex 12 and check, by single-crystal X-

ray diffraction methods, that it exhibits the same stereochemistry in the solid state as in
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solution (Figure 2.2). The Au-C bond lengths (205.4(5) pm av.) are between those
observed in the homoleptic organogold(l) [PPh4][CFsAuUCF;] (203.3(2) pm av.) and
organogold(I11) [PPh,][(CFs)sAu] (208.0(7) pm av.) derivatives.”! In turn, the Au-F
distances (199.0(3) pm av.) are significantly longer than those found in the
[NMesJ[AuF,] salt (191.1(5) pm av.).®! Virtually identical Au-F bond lengths were
found in the cis-difluorides (N*C)AUF, reported by Nevado (198.2(4) pm av.).*) Au-F
bond lengths are also slightly shorter in the trans-standing fluoride ligands in the neutral
[AuF3(SIMes)] complex (191.9(1) pm av.)™ and in other trans gold(l11) difluorides, as
shown in Table 2.1. However, it is similar to the Au—F distance trans to the SIMes
ligand in AuF3(SIMes) (197.2(1) pm). The IR-active v(Au—F) mode (By,) of 12 (598
cm ) is indistinguishable from those reported for the [NMe,]* (597 cm™) and [NEt]*
(598 cm™) salts of the [AuF4]™ anion,'® as well as for the neutral complex AuFs(SIMes)
(604 cm ™)1 and related trans difluorides (Table 2.1).

Figure 2.2. Displacement-ellipsoid diagram (50% probability) of the [trans-(CF3),AuF,] anion
as found in single crystals of 12. Only one set of the rotationally disordered F atoms found in
one of the CF; groups is shown. Selected bond lengths [pm] with estimated standard deviations

are indicated.

2.3. Gas-phase behavior of [trans-(CF3),AuF,]”

The anion of 12, [trans-(CF3),AuF;]” was studied by tandem mass spectrometry to get
an insight into its behavior in the gas phase. Several unimolecular decomposition
pathways were observed in MS? (Scheme 2.3, Figure 2.3). The most favored process is

the extrusion of CF,, which involves the formation of the trifluoride [CF3AuF3] anion
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(13), with no change in the oxidation state of the metal (Scheme 2.3a). Interestingly, a
CF, extrusion has also been observed in the unimolecular decomposition of the
homoleptic anions [CFsAUCFs] ™! and [(CF3)sAu] B! In MS®, complex 13 dissociates
homolytically a CF;’ radical (Scheme 2.3a) giving rise to the gold(ll) trifluoride anion
[AuF3]™ (16) through an analogous process to that described in Chapter 1, and which
enabled the detection of gold(ll) trihalides [AuCl;]™ (10) and [AuBrs] (11). A T-shape
structure was found to be the most stable geometry for all these d® species (see Chapter
1). Anion 16 also shows a similar behavior to its heavier homologues 10 and 11,

dissociating a fluorine atom and giving rise to gold difluoride anion [AuF,] (17).

MS2 MS3
——— [CRAU"F ] —— [AUIF  (a)
- CF, - CF3’
13 16
_ MS4 l_
|
CF3—Au—CF;| —t+—— [CFRAU'F)] ——— [AUF"  (b)
| - CF5 - CF3’
14 17
12
L » [CF,AU'F] (c)
- CF, 15 - CF;

Scheme 2.3. Unimolecular fragmentation paths experimentally observed by tandem mass
spectrometry for the [trans-(CFs),AuF;] anion and for the [CF;AuF,] anions (x = 1, 2, 3)

derived therefrom.

The [trans-(CF3).AuF,]" anion also undergoes homolytic cleavage of a Au—CF3; bond
giving rise to the organogold(ll) difluoride [CFs;AuF;]  species (14), in which the
oxidation state of gold is reduced by one unit (Scheme 2.3b). Anion 14 suffers a second
bond homolysis in MS® to yield [AuF,]~ (17). Additionally, a formal reductive
elimination of CF4 or double radical dissociation, with the corresponding reduction of
the metal center by two units, leads to small amounts of the mixed organogold(l)
[CF3AUF] (15) species (Scheme 2.3c). Whereas [CFsAuF]™ (15),® [AuFs]™ (16)® and
[AuF,]~ (17)™ have been recently detected in the gas phase, [CFsAuFs]™ (13) had only

been previously detected in solution.™?
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[CFaAUF-]”
13
-CFq -CF,
-CF3" -CF3’
-CF, -CF4
[AuF2]
17 [CFsAuF.|  [trans-(CF3)Aur ]
[CFAuUF] 14 12
5 4, 1) ll
'} 1 'l l 1 '} '} ] L 1 'l ] '} 1 'l
250 300 350
m/z

Figure 2.3. Quadrupole ion-trap MS? results of the collision-induced dissociation (CID) of the
anion of 12, [trans-(CFs),AuF,] . All the [CF;AuF,] anions (x = 1 (15), 2 (14), 3(13)), as well
as [AuF,] (17) can be observed.

The geometries of the detected organogold fluorides [CFsAuF,]™ (x = 1 (15-DFT), 2 (14-
DFT), 3(13-DFT)) were optimized at the DFT/MO06 level (Figure 2.4 and Figure 2.5).
Interestingly, the CF;—Au-F axis in the gold(I1l) compound 13-DFT is very similar to
the linear gold(l) species 15-DFT, regardless of the coordination number and the
oxidation state of gold. However, the unsaturated organogold(ll) species 14-DFT has
been found to be fluxional and two T-shaped isomers have been located as a local
minimum (trans isomer) and a global minimun (cis isomer), respectively (Figure 2.5).
The latter is stabilized by AH = —16.2 kJ mol™ and both are connected through an
interconversion path with a transition state at only +0.7 kJ mol™ above our arbitrary
reference. The Au-C bond length in the cis isomer of 14-DFT (Figure 2.5c) is quite
similar to the Au-C distance in 13-DFT and 15-DFT (Figure 2.4). However, it is

significantly elongated in the transition state and even longer in the trans isomer. This
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elongation is related to the increasing spin density of the unpaired electron delocalized
onto the CF3 group, which is insignificant in the cis isomer but becomes 54% in the
trans isomer. Therefore, the CF3 group delocalizes the spin density similarly to iodine in
the related [Auls]™ anion (see Chapter 1), which indicates a significant degree of

covalency for the Au—CF3 bond.!*

a) w b)
< 1945 :
}; 2025 1 1995 2025 © 202
- L
w
13-DFT 15-DFT

Figure 2.4. Geometries of a) the [CF;Au"'F5] anion (13-DFT) and b) the [CF;Au'F]” (15-DFT)
anion, optimized at the DFT/MO06 level. Relevant bond lengths [pm] are indicated.

a) AH=0 b) AH=+0.7 (TS) C) AH=-16.2

v !
2015 2035 /’ 2015
2165 213 '
}i 2255 ¢ — 1

W

14-DFT (trans) 14-DFT (TS) 14-DFT (cis)

Figure 2.5. Geometries of the stationary points located on the potential energy surface of the
unsaturated [CF;Au"F,]™ anion (14-DFT) optimized at the DFT/MO6 level: a) trans isomer, b)
transition state, and c) cis isomer. Relative stabilities (AH in kJ mol ™) and relevant bond lengths

[pm] are indicated.
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2.4. Reactivity of [PPhg][trans-(CFs3),AuF;]

To gain a deeper understanding of our difluoride complex [PPhg][trans-(CF3),AuF;]
(12), its reactivity was tested. In particular, the metathesis reaction with heavier halides
was examined, being the results in agreement with the typical behavior of a hard ligand
like fluoride bound to a “class b” metal like Au(Ill), according to the HSAB theory.?”!

The fluoride ligands in 12 are easily replaced by any other heavier halide in acetone
solution (Scheme 2.4), quantitatively vyielding the corresponding [PPhg4][trans-
(CFs3)AuX5] derivatives (X = CI (18), Br (19), I (20)). These complexes were also
recently prepared by oxidative addition of the corresponding halogen, X,, to the
homoleptic [PPh4][CFsAUCF3] compound.® Interestingly, the *°F chemical shifts of the
CF3 groups in all derivatives of the [PPhy][trans-(CFs3),AuX;] series (X = F (12), Cl
(18), Br (19), | (20)) correlate very accurately with the electronegativity of the
corresponding halogen in the Sanderson scale (Figure 2.6).2Y We also tried to obtain
mixed [PPhy][trans-(CF3),AuFX] complexes by reacting compound 12 and one
equivalent of KX or Me3SiX. However, all our attempts were unsuccessful and resulted
in mixtures of the corresponding [PPhy][trans-(CF3),AuX;] derivatives and unreacted
12.

X

acetone
CF3—Au—CF; + 2X EE— CF3—Au—CF3

X

12 X = Cl (18), Br (19), | (20), CN

Scheme 2.4. Halide exchange reactions of 12 with KX, yielding compounds 18-21. In all cases
the cation is [PPh,]".

Additionally, the fluoride ligands are also replaced by cyanide to render complex
[PPhy][trans-(CF3).Au(CN).] (21), which was isolated as a highly-stable white solid,
decomposing only above 350 °C. Complex [PPhy][trans-(CF3),Au(**CN),] (21*) was
similarly obtained for spectroscopic purposes. Our results validate the assignment of the
anion of 21, [trans-(CF3)>Au(CN),] ", which had been previously detected in solution.!*?

The structure of the anion of 21 could be determined by single-crystal X-ray diffraction
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methods (Figure 2.7), confirming the trans stereochemistry also in the solid state. The
shorter Au-CN distance with respect to the Au—-CF; bond is in line with the bond
lengths found in the homoleptic [Au(CN)s]~ (200.6(7) pm av.)*? and [(CFs)sAu]”
(208.0(7) pm av.)™ anions.

-10 |

I\Br Cl

50 |-

5./ ppm
8
T

3.0 3.5 4.0
x(X)

Figure 2.6. Correlation between the experimental o values of the [PPhy][trans-(CF;),AuX;]
complexes (X = F (12), Cl (18), Br (19), | (20)) and the electronegativity of the involved
halogen x(X) in the Sanderson scale.’ All **F NMR spectra were registered in CD,Cl, at room

temperature. For the heavier-halide derivatives 18-20, o values are taken from Ref. [9].

%D

208.7(2)

210.5(4)
N C

Figure 2.7. Displacement-ellipsoid diagram (50% probability) of the [trans-(CF3),Au(CN),]
anion as found in single crystals of 21. Only one set of the rotationally disordered F atoms
found in the symmetry-related CF; groups is shown. Selected bond lengths [pm] with estimated
standard deviations are indicated. The same bond lengths in the homologous silver derivative

[trans-(CF3),Ag(CN),] are indicated in gray./®!
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It is interesting to note that the Au-C bond lengths in the anion of 21 do not
significantly differ from those in the isoleptic and isostructural silver(lll) analogue
[trans-(CF3),Ag(CN),]  (see Figure 2.7 for comparison).l”®! Both species seem to be
isomorphous, with no sign of significant cation/anion interaction, and similar standard
deviations in the structural parameters determined. Thus, it can be concluded that Ag""
and Au'"' have comparable covalent radii. Previous studies determined that Au' has a
smaller size than Ag' due to relativistic effects in gold,’?* being this unusual difference
less significant in the case of oxidation state Il in these metals.”® We now conclude that
there is no difference in their covalent radii when shifting to oxidation state 111, which is
in agreement with their virtually identical crystal radii in square-planar environments
(81 (Ag>") vs. 82 (Au*") pm).??l It is also in keeping with the decrease in the relativistic

Au-L bond contraction on going from Au' to Au"' complexes.?”

2.5. Summary

- A stereoselective and efficient synthetic route has been described for the synthesis of
the first organogold(lll) difluoride with trans stereochemistry, [PPhg][trans-
(CF3)AuF;] (12), by reaction of the homoleptic organogold(l) species
[PPhy][CF3AUCF3] (1) with XeF,. The product has been fully characterized in solution

and in the solid state.

- The study of complex [PPhy][trans-(CFs3),AuF;] (12) by tandem mass spectrometry
has enabled the detection in the gas phase of the whole series of organogold fluorides
[CF;AUR,] (x =1 (15), 2 (14), 3(13)), containing gold in oxidation states I, Il and III,
respectively. Their geometries have been optimized at the DFT/MO06 level. In further
stages of the experiment, other gold fluorides such as [AuFz]” (16) and [AuF2]™ (17)

have been detected.

- The computational study of the isomers of the organogold(Il) anion [CFsAuF;]™ (14)
has shown that the spin density distribution depends on the precise stereochemistry of

the species, even under a same characteristic molecular shape (polytope).

- The fluoride ligands in [PPhg][trans-(CF3),AuF;] (12) can be easily replaced by any
heavier halide and by cyanide, the latter yielding the new [PPh4][trans-(CF3),Au(CN),]

derivative (21) with retention of the stereochemistry.
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- The determination of the crystal structure of complex [PPhy][trans-(CF3),Au(CN);]

(21) in comparison with the isoleptic silver(111) derivative,'® has allowed to conclude

that Au'"' and Ag"' have similar covalent radii, at least in their most common square-

planar geometry.
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Anionic and Neutral Derivatives of the Highly Acidic (CF3z);Au Unit

This chapter is based on the following two peer-reviewed papers:

A. Pérez-Bitrian, S. Martinez-Salvador, M. Baya, J. M. Casas, A. Martin, B. Menjon, J.

Orduna. Anionic Derivatives of Perfluorinated Trimethylgold. Chem. Eur. J. 2017, 23,
6919-6929. DOI: 10.1002/chem.201700927.

A. Pérez-Bitrian, M. Baya, J. M. Casas, L. R. Falvello, A. Martin, B. Menjéon. (CF3)sAu
as a Highly Acidic Organogold(11l) Fragment. Chem. Eur. J. 2017, 23, 14918-14930.
DOI: 10.1002/chem.201703352.

3.1. Introduction and objectives

The first organogold compounds were prepared by Pope and Gibson in 1907, but it
was not until 1939 when the first gold methyl complexes were reported by Brain and
Gibson.? In 1942, the synthesis of the first organogold(I11) species containing the RzAu
moiety was described.!®! This compound was formed by reaction of CHsLi either with
Au,Brg or [(CHs)2Au(p-Br)]2 in Et,0 solution at —65 °C and was formulated by Gilman
and Woods as “trimethyl gold” (Scheme 3.1). However, they already stated that the
compound most probably contained an additional Et,O molecule coordinated to the gold
center at the fourth coordination site. Trimethyl gold was described as an unstable
species because of the lability of the Et,O ligand and the readiness of the (CH3);Au
fragment to undergo reductive elimination of ethane above —40 °C in Et,O solution
(Scheme 3.2). This made its characterization difficult and in fact, it has not been
isolated to date. Trimethyl gold could however be stabilized to a greater extent with
ylides or ligands containing Group 15 donor atoms, the resulting compounds being

stable at or above room temperature.!!

. Ewo
1/2 AUZBI'6 + 3 CH3L|
— 3 LiBr
—> (CH3)3AUOEt2
. E0
1/2 [(CH3),Au(p-Br)], + CHaLi
— LiBr

Scheme 3.1. Synthesis of trimethyl gold at —65 °C, as reported by Gilman and Woods.!
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(CH3)3AU'OEt2 —_— (CH3)3AU + Etzo (I)
(CH3)3AU e CH3AU + CH3CH3 (II)
2 CHsAU ——» 2 Au+ CHyCH, (i)

Scheme 3.2. Decomposition of trimethyl gold above —40 °C in Et,0 solution.?

In their initial report, Gilman and Woods stabilized the (CHs)sAu unit by replacing the
Et,O ligand at low temperature with amines such as ethylenediamine, 2-aminopyridine
and benzylamine.*? Ligand displacement reactions also served to obtain different
phosphine complexes of stoichiometry (CH3)sAu(PR3) (R = Me, Ph), starting either
from  (CH3);Au-OEt, or  from  (CHs)sAu(NH,CH,CHoNH,)AU(CH3)s.”!
Triethylphosphine was found to replace trimethylphosphine in (CH3)sAu(PMes) at 50
°C giving rise to (CH3)sAu(PEts),® vet this reaction was not useful to obtain the
triphenylphosphine derivative.'®@ Phosphine ligands were also found to be replaced by
ylides, which allowed to prepare a handful of ylide complexes of trimethyl gold.!”!
Methylation of (CHs),Aul(PRs), formed by treatment of [(CH3).Au(p-1)]> with PR3, was
later used by Tobias and coworkers to prepare (CHs3)sAu(PRs) (R = Me, Et, Ph), as
shown in Scheme 3.3.! This method resulted also useful in the synthesis of the only
known arsine derivative of trimethyl gold, (CH3)sAu(AsMes),® as well as for the ylide
complex (CH3)sAu(CH,PMe;).”!

+ PRy + CHaLi
1/12 [(CH3) Au(u-1)l, — > (CH3)2Aul(PR3) I (CH3)3Au(PR3)

Scheme 3.3. Synthesis of (CH3);Au(PR3) (R = Me, Et, Ph) by alkylation of (CHj;),Aul(PR;).”!

Trimethyl gold phosphine derivatives were found to appear also as products of the
oxidative addition of CHsl to CHzAuL compounds (L = phosphine).l’>*?! The overall
reaction is a two-step process which includes oxidative addition (Scheme 3.4i) and alkyl
transfer (Scheme 3.4ii). Since the second step is very quick, the dialkylgold(Ill)
intermediate could not be even detected, but the (CHs)sAuL product was directly
obtained. In the case of L = PPhs, (CH3)3;Au(PPh3) undergoes subsequent reductive

elimination (Scheme 3.4iii) and finally 1Au(PPh3) and C,Hg are produced. However,
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(CH3)3Au(PMes) is more stable and does not undergo reductive elimination. Instead, it
participates in a further slow reaction with 1Au(PMe3) and CHsl to afford complex cis-
(CHs).Aul(PMes), while in contrast no IAu(PMe3) was obtained. Therefore, the less
bulky phosphine PMe; did allow to isolate this intermediate complex which is the
formal product of the oxidative addition shown in Scheme 3.4i. The analogous cis-
(CH3),AulL compound was also isolated for L = PMe,Ph, whereas a mixture of cis-
(CHs).AulL, 1AuL and C,Hg was found for L = PMePh,. It could be thus concluded that
the reaction products were dependent on the bulkiness and basicity of the phosphine, the

rate of the reductive elimination step increasing as it does the size of the ligand.!*?®

CHsAUL + CHsl ——» (CHj),AulL (i)
(CH3),AulL + CHzAUL === (CHj)3AuL + IAuL (ii)
(CH3)sAuL —— 3 C,Hg + CHaAUL (iii)

Scheme 3.4. Formation of (CHa)sAuL derivatives (L = phosphine) via oxidative addition of
CHsl to a CH,AuL complex. Step (iii) applies only when L = PPh; and PMePh,.***2

This method had the main disadvantage of the limited stability of the (CH3)sAuL under
the reaction conditions, but also the rather slow oxidative addition. A more convenient
procedure to prepare trialkyl gold derivatives was reported soon after, which also
allowed for the preparation of complexes with dissimilar organic groups. The process
involved the oxidative addition of alkyl halides to in-situ-prepared dialkylaurate(l)

complexes (Scheme 3.5).[*

+ CHaLi + CHjl
CH;AuL ———— (CHj),AuLLi* —; > (CHa)sAuL

Scheme 3.5. Formation of (CHj3)sAuL derivatives (L = phosphine) via oxidative addition of

CH;l to in-situ-generated dimethylaurate(l) salts.™

The number of currently known trimethyl gold derivatives is still scarce and anionic
[(CH3)sAuX]™ species are completely unknown.™ In this regard, the [(CHz)sAul]™ anion
has been postulated to be formed in the reaction between [CH3AuCH3] and CHgl either

in the condensed or in the gas phase, yet has never been detected nor isolated, and only
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the products of reductive elimination are obtained.* Additionally, various salts of the
homoleptic [(CH3)sAu] anion are known, which can be considered as a [(CH3)sAuR]™
species with R = CH3."**®! Nevertheless, theoreticians and experimentalists have
become interested in trimethyl gold and its derivatives because of the intrinsic

simplicity and prototypical nature of these species.™

Initial studies on the reactivity of (CHs)sAu-OEt; revealed that it reacts with HCI or
thiols leading to cleavage of a Au—C bond and release of methane, yet it seems to be
unreactive towards phenol and trichloroacetic acid.*¥ Moreover, in the presence of
Au,Brg, dimethylgold bromide is formed. The reactivity of trimethyl gold phosphine
complexes was also investigated and the mechanisms of different processes were
elucidated."® Mercuric salts were found to stereoespecifically cleave one of the
mutually trans-standing methyl groups in (CHz)sAu(PPhs) in a variety of solvents via a
Se2 mechanism.™™ The same phosphine derivative also reacts with CHsLi to afford the
tetramethylaurate(111) salt Li[(CHs).Au].'>® Additionally, complex (CH3)sAu(PMe,Ph)
undergoes methyl for bromide exchange with BrsAu(PMe,Ph) to render cis-
(CHs3)AuBr(PMe,Ph).'® On the other hand, several NMR studies were carried out on
the phosphine substitution reaction and an associative mechanism via a five-coordinate
intermediate was proposed.'®® However, ligand exchange and cis-trans isomerization
in related (CH3),RAuU(PPh3) (R = alkyl) were found to be independent processes, since

the latter occurs through a dissociative and unimolecular mechanism.?”

The decomposition pathways of trimethyl gold derivatives have been also thoroughly
investigated. Following the initial studies by Gilman and Woods,™¥ Coates and Parkin
detected C,Hg as the only volatile in the thermal decomposition of (CHz);Au(PMes),
which proceeds through the organogold(l) species CHzAu(PMe3) and finally renders
PMe; and gold.®! Detailed mechanistic studies concluded that the decomposition of
these derivatives proceeds via a dissociative and unimolecular mechanism,?*? as
indicated in Scheme 3.2. In fact, the dissociation of the phosphine was experimentally
found to be the limiting step (Scheme 3.2i), as was later demonstrated by advanced
calculations.’” Eventually, fast reductive elimination of C,Hs from a putative three-
coordinate intermediate takes place (Scheme 3.2ii).

In contrast to the thorough knowledge acquired on trimethyl gold and its derivatives, the
chemistry of the homologous fluorinated fragment (CF3)sAu has remained far less
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developed thus far, despite the increasing interest in gold trifluoromethyl complexes.!®
This might be due to the lack of appropriate synthetic methods currently available. The
(CF3)3Au unit seems to have been prepared as an unstable species by the
cocondensation of gold vapors with trifluoromethyl radicals, followed by matrix
isolation (Scheme 3.6a).22*! As in the case of its non-fluorinated analogue, the (CF3)sAu
fragment could be stabilized upon coordination of an additional ligand to render
complex (CF3)sAu(PMes). This same adduct was later prepared in high yield by
treatment of (CF3),Aul(PMe3) with (CF3),Cd-dme in the presence of excess of CFsl
(Scheme 3.6b).7! Complexes (CF3)sAu(PRs) (R = Me, Et) have also been observed to
appear in the ligand exchange reaction between CF;Au(PR3) and (CFs3),Aul(PR3), the
latter being formed upon oxidative addition of CFzl onto the former, as shown in
Scheme 3.6¢.1”®! No reductive elimination of C,Fs from any of these complexes has

been described.

+3CF3-(g) +PM63 FSC\ /CF3
a) Augy —— > (CF3Au —— > /Au\
F3C PMe3
+1/2 (CF3),Cd-dme FiC CF,
CF;l (excess) A4
b) (CF3)Aul(PMe;) > Al
—1/2 Cdl, / N\
~1/2 dme F3C PMe;
F3C CF,4
+ CF.l + CF.Au(PR N
C) CF3Au(PR3) ——> (CF3),Aul(PR3) + CFsAU(PRy) Au/
— IAUPR; / N\
R = Me, Et FsC PR3

Scheme 3.6. Previous reported syntheses of (CF3);Au and its derivatives by a) gas phase
reaction of gold vapors and trifluoromethyl radicals;?* b) transmetallation;® and c) oxidative
addition of CF;l and subsequent ligand exchange.”® The (CF3),Aul(PRs) species consists of a

mixture of cis and trans isomers, where the cis isomer is the major product.’®

Treatment of [NBus][Au(CN)4] with CIF in CH,CI, was non-selective and afforded a
complex mixture of trifluoromethyl derivatives among which some [(CF3)sAuX]
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anions (X = F, Cl, CN) were detected by *°F NMR spectroscopy, but could not be
isolated.””! Finally, previous attempts carried out in our group to obtain derivatives
containing the (CF3)sAu moiety via the cleavage of one of the Au—C bonds in the
homoleptic [(CF3);Au]  anion failed due to the high stability and inertness of this

species,® which can be actually considered a weakly coordinating anion.”

In this chapter, a new and more convenient synthetic approach to the homologous
fluorinated fragment of trimethyl gold, (CF3)sAu, is described and its chemistry is
explored. In particular, we focus on the synthesis of anionic and neutral derivatives,
including the etherate complex (CF3)sAu-OEt,, which serves as a convenient synthon of
the 14-electron species (CF3)sAu. The properties of this unsaturated fragment are
analyzed and compared to those of its non-fluorinated analogue. These properties
include its stereochemistry, its Lewis acidity, its stability and its affinity towards
different ligands. Finally, the decomposition of the anionic derivatives is investigated
under two related but quite different conditions: in the gas phase by tandem mass
spectrometry, where only intramolecular decomposition pathways operate, and in the
condensed phase, where intermolecular decomposition paths are also possible.

3.2. Synthesis of [PPhy][(CF3);Aul]: a new synthetic entry to the
(CF3)3AU unit

The homoleptic organogold(l) compound [PPhy][CFsAuCFs] (1) cleanly undergoes
oxidative addition of CF3l in MeCN solution at room temperature (Scheme 3.7) yielding
the square-planar triorganogold(l1l) derivative [PPh4][(CF3)sAul] (22), which can be
isolated as a white solid in very good yield (90%). This compound shows a
characteristic *°F NMR spectrum consisting of a quartet and a septet in 2:1 integrated
ratio, due to the two chemically inequivalent CF3; groups, which are mutually coupled
(Figure 3.1). The great difference in the reaction rate observed upon photoirradiation
(10 min vs. 4 days in the dark) is clear evidence of a radical mechanism. Similar
photoinitiated oxidative addition reactions have also been found in related
systems.[?>?8% Gijven the stoichiometry of product 22, it is impossible to distinguish
between a cis or a trans addition. However, the reaction of | with nBul
stereoselectively affords [PPh4][trans-(nBu")(CF3),Aul] (23; Scheme 3.7). Hence, since
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both perfluoroalkyl iodides contain similar a-C atoms with 1°°~C® bond polarity, a
trans stereochemistry can be assigned to the oxidative addition reaction in both cases.
Compound 23 was the first reported case of a perfluorobutyl group coordinated to a

gold center, but a handful of them have been isolated and fully characterized

recently.®%
F Fa|
+ CF SN /C 3
— A
e
_ 22
[CF3—Au—CF;]” —
| F
B CF
+ nBuFl U T8
L Al
el
23

Scheme 3.7. Oxidative addition of Rl reagents (R™ = CF;, nBu") to the homoleptic anionic

species | to afford complexes 22 and 23. In all cases the cation is [PPh,]".

-26.09
—~ = YFEF =72
-31.46
-26I.05 . -26I.10 . -261.15 -31|.40 . -31|.45 ‘ -31|.SO .
I 1 I 1 I 1 I 1 I 1 l 1
-26 -27 -28 -29 -30 -31
o, ppm

Figure 3.1. "F NMR spectrum (376.308 MHz) of compound 22 in CD,Cl, solution at room
temperature: 6 [ppm] and J [Hz] values are indicated.
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It is also worth noting that no anionic derivative of the non-fluorinated trimethyl gold,
[(CH3)sAuX] ", seems to be known.[ In fact, although the [(CH3)sAul]™ anion might be
involved in the reaction of [CH3AuCH;]™ and Mel, the compound undergoes metal
reduction and affords a mixture of ethane and methane in the absence of stabilizing
ligands.[***! Not even in the gas phase, using a high concentration of Mel or the longest
possible times, does the reaction occur.l** In contrast, the fluorinated (CF3)sAu moiety
can be stabilized by any other halide in addition to iodide, as will be described in the

next section.

3.3. Synthesis and characterization of various anionic derivatives of
(CF3)3AU

The relative stability of gold halides towards substitution in solution increases when
going down the halogen group, which is in agreement with the preference of gold(lll), a
“class b” metal ion or “soft acid”, to bind larger and more polarizable ligands.[31] Thus,
to prepare the lighter halide complexes of the (CF3)sAu fragment starting from the iodo-
derivative 22, AgX salts are suitable reagents, since the precipitation of the extremely
insoluble Agl at room temperature acts as a driving force for the reaction. Using this
procedure, all the organogold(l11) halide complexes in the [PPh,][(CF3)sAuX] series (X
= F (24), CI (25), Br (26)) could be easily obtained in good yield (Scheme 3.8). The
fluoride complex 24, which is one of the few organogold(I1l) monofluoride complexes
reported to date,® can also be prepared by treatment of 22 with XeF, (Scheme 3.8).
This compound is moisture-sensitive, yet very stable in the solid state (up to 267 °C).
Additionally, the cyano-complex [PPhs][(CF3)sAu(CN)] (27) was prepared by reaction
of 22 with KCN (Scheme 3.8).
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FsC CF
+ AgX N 73
—»_A I /Au\
J F. X
X = F (24), Cl (25), Br (26)
F,C CFy| -
3 / 3 + Xe F3C\ /CF3
/Au\ Xe /-1 > Al
“Xe /-1, §
e’ N F.c”
22 24
+ KCN F4C CFy|
L AN
—KI /A(
F5C CN
27

Scheme 3.8. Synthetic procedures affording the whole family of anionic complexes 24-27,

starting from the iodo-derivative 22. In all cases the cation is [PPh,]".

The characterization of these complexes by *°F NMR spectroscopy is in agreement with
the previous assignments to the [(CF3)sAuX] anions (X = F, Cl, CN) detected in
solution.”” All complexes 24-27 show the typical pattern of a septet and a quartet in
1:2 integrated ratio in their *>F NMR spectra. In the case of the fluoro-derivative 24,
these signals show an additional splitting due to the coupling to the fluoride ligand
(Figure 3.2). In turn, the signal corresponding to the fluoride appears as a quartet of
septets at very high field (¢ = —254.41 ppm). In this case, both CF3 signals show the
widest separation, which denotes the most different environment for each of the
chemically inequivalent CF3 groups. Interestingly, when going down the halogen group,
the signals get closer and their relative positions become even inverted in the iodo-
derivative 22. This trend is similar to that observed in the isoleptic Pt(ll) derivatives
[(CF3)sPtX]* ¥ Moreover, the “inverted” arrangement in compound 22 has been
associated to ligands exhibiting some m-acceptor character,®® as in the case of the
cyano-complex 27. Similar to the trends observed in the series of compounds described
in Chapter 1 and Chapter 2, the *°F NMR chemical shifts of both CF5 signals within the

series of halide complexes nicely correlate with the halogen’s electronegativity in the
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Sanderson scale (Figure 3.3).*"! In particular, the dependence is more marked for the

trans-standing CF3 groups and contrary for each kind of CFs.

—-254.41
-28.58 —41.09
a) | | b) |
J(F,F) = 55.8 | =
; ; [x10]
- -|*J(F.F) = 558 J(FF)=12.3
*J(F,F)=538
*JF,F) = 12.3
"J(FF) = 5.8 4
I b\ W
M Il 1 1 L 1 | 1 1 |
-284 285 -286 -28.7 -40.8 410 411 412 -254.0 -254.2 -254.4 -254.6 -254.8
8.1 ppm g 1 ppm

Figure 3.2. F NMR spectrum (282.231 MHz) of compound 24 in CD,Cl, solution at room
temperature: a) CF; region; b) Au—F signal, with 6 [ppm] and J [Hz] values indicated.

.20 ~
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//l
30 | —"
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'OLL
-40
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25 3.0 3.5 4.0

x(X)

Figure 3.3. Correlation between the experimental o values of the [PPhy][(CF3)s;AuX]
complexes (X = F (24), Cl (25), Br (26), | (22)) and the electronegativity of the involved
halogen y(X) in the Sanderson scale.®* All *F NMR spectra were registered in CD,Cl, at room

temperature to enable proper comparison.

We also succeeded in obtaining single-crystals of compounds 24 and 27 suitable for X-

ray diffraction analysis. In both square-planar complexes (Figure 3.4), the Au—-C bond
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length of the mutually trans CF3 groups is longer than that trans to the X ligand, as a
consequence of the higher trans influence of the CF; group.®™ This can also be the
reason why the Au—F bond in 24 (198.99(14) pm) is elongated with respect to the
[AuF4]" anion (191.1(5) pm av. when crystallized as its [NMe4]" salt).E® In the case of
the cyano-complex 27, a longer Au-CN bond (205.9(3) pm) than in the homoleptic
[AsPh,][Au(CN),] derivative (200.6(7) pm av.)®" is also observed. In fact, focusing on
the CF3—Au—CN axis, the elongation of the Au—CN bond and shortening of the Au-CF3
bond render two similar Au-C distances (205.9(3) pm vs. 206.8(3) pm), despite the

different nature of the ligands and the hybridization of the C-donor atom in each case.

a)
S %
& | 207.7(3) alv*
!
@% 200.9(3)4198.99(14;‘
@ |

Figure 3.4. Displacement-ellipsoid diagram (50% probability) of: a) the [(CF3)sAuF] anion as
found in single crystals of 24 (with only one set of the rotationally disordered F atoms found in
the CF3 groups shown); and b) the [(CF3)sAuCN] anion as found in single crystals of 27 (with
only one set of the F atoms belonging to one of the CF; cis to CN at half occupancy given).
Selected bond lengths [pm] with estimated standard deviations are indicated.

Complex 24 belongs to the small group of structurally-characterized organgold(l11)
mono fluorides.*? The Au—F bond length in the [(CF3)sAuF]  anion (198.99(14) pm) is
slightly shorter that that found in the neutral derivatives (N*C)Au(3,5-(CF3),-CsH3)F
(201.1(4) pm),B? (NAC)AU(CHs)F (202.3(7) pm)P# and CFsAuF(4-Me-CgHa)(PPhs)
(203.08(18) pm),*? and much shorter than that found in the pincer complex
(NACAC)AUF  (226.4(3) pm).**! In general, the structural parameters of the
[(CF3)sAuF] ™ anion in the crystal show satisfactory agreement with those calculated by
Preiss and Krossing in the gas phase.”” Finally, it has to be noted that complex 24 is
isostructural with the isoleptic silver(111) derivative [PPhs][(CF3)sAgF].*®!
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3.4. Synthesis of (CF3);Au-OEt,

The room temperature treatment of [PPh4][(CFs3)sAul] (22) with the equimolar amount
of AgClOy in a CH,CI,/Et,O mixture affords the solvento complex (CF3)sAu-OEt; (28)
in solution, with concomitant precipitation of Agl (Scheme 3.9). By replacing the initial
solvent mixture with Et,O/n-hexane (1:3 v/v) and cooling the new mixture at —80 °C
overnight, solutions of 28 can be freed from the accompanying [PPh4]CIO4 and Agl by
filtration. These colorless solutions of the etherate 28 are reasonably stable at room
temperature and suitable for most synthetic purposes. It is worth noting that the adduct
28 shows greatly enhanced thermal stability with respect to the non-fluorinated
trimethyl gold etherate (CHs3)sAu-OEt,, which decomposes at about —40 to —35 °C
rendering gold, methane and ethane.?!

FsC_ CFs| *TAJCIO, FsC_ CF
SN Et,0 AN
[PPhy] /Au\ —>[PPh 1co /Au\
- 4 4
F,C | _Agl F,C* TOEt,
22 28

Scheme 3.9. Synthetic procedure to prepare the etherate (CF3)sAu-OEt; (28).

The room temperature *°F NMR spectrum of compound 28 shows two broad bands in
1:2 integrated ratio, which are resolved into the typical pattern of a septet and a quartet
of (CF3)sAu derivatives at low temperature. This behavior justifies the lability of Et,O
ligand, which undergoes rapid exchange in solution at room temperature. In fact, even
small amounts of free Et,O in the sample cause the broadening of the signal without
significant shift in the corresponding ¢ values. We thoroughly tried to isolate
compound 28 as a pure substance but all our attempts were unsuccessful due to its
hygroscopic character and high solubility in Et;O and n-hexane even at low
temperatures. After evaporation of the solvent mixture at 0 °C, extraction with n-hexane
and crystallization at —80 °C, a deliquescent white solid was obtained, which melted just
above 0 °C. The *F NMR spectrum in CD,Cl, (Figure 3.5a) is consistent with that of
the reaction media. However, a slight amount of free Et,O still remained in the material,
as observed in the low-temperature *H NMR spectrum (Figure 3.5b), and could not be

completely removed without altering the integrity of 28. The signals corresponding to
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coordinated Et,0 appear downfield shifted with respect to those of the free molecule.!®”!
The spectroscopic evidence for the existence of etherate 28 is further supported by the
presence of similarly deshielded signals in salts of the oxonium cation [H(OEt,),]" with

weakly coordinating anions*” and in the related complex (CgFs)Au-OEt,.*!

a) b) 1.52
4
J(F,F) = 6.1 -
(F.F) ~ | 2881
=~ *J(HH) = 71
-25.27 N 4.05
-25.20 -25.30 -25.40 -38.70 -38.80 -38.90 § 114 112
S Ippm JH ) ppm

Figure 3.5. *F (a) and 'H (b) NMR spectra of etherate 28 in CD,CI, solution at —60 °C. ¢
[ppm] and J [Hz] values are indicated. Asterisks denote signals corresponding to free Et,0.2

3.5.  Synthesis and characterization of neutral derivatives of (CF3);Au

The lability of the Et,O ligand in complex 28 and its reasonable thermal stability make
this species very useful for synthetic purposes. In fact, the weakly coordinated ether
molecule in 28 can be readily replaced by many other neutral ligands (Scheme 3.10).
We chose a variety of representative C, N, P, O and S ligands covering a wide range of
donor abilities so as to explore the stability of the corresponding complexes. Eventually,
we isolated and fully characterized a handful of different (CF3);AulL derivatives with L
being CNtBu (29), NCMe (30), py (31), PMes (32), PPhs (33), Opy (34), OPPh; (35),
tht (36) and SPPh3 (37). It has to be noted that complex (CF3)sAu(PMes) (32) had been
previously prepared by different procedures.’*?®! On the other hand, similar attempts to
prepare related silver complexes with PR3 ligands (R = Me, Ph, OMe) starting from

(CF3)sAg-solv (solv = dmso, NCMe, dmf, or other N-bases) were unsuccessful.*?
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FsC_ CF
L 3 N / 3
_Et,0 PaN
? ¢ L
L = CNtBu (29), NCMe (30), py (31),
FsCL /CF3 PMe; (32), PPh; (33), Opy (34),
AN — OPPh; (35), tht (36), SPPh; (37)
F:C” OEf
28 _
FsC_ CF
+ X 3 N / 3
— AU
- Etzo /  \
F:C 0 X

X = CI (25), Br (26), | (22)

Scheme 3.10. Replacement of the labile Et,O ligand in 28 by a variety of monodentate neutral
and anionic ligands to afford neutral derivatives 29-37 and anionic complexes 22, 25 and 26,

for which the cation is [PPh,]". By using cation [PPh;sCH,Ph]*, complex 25’ was also isolated.

All complexes show in their *°F NMR spectra the typical pattern previously described
for four-coordinated complexes containing the (CF3)sAu fragment. It consists of two
signals in 1:2 integrated ratio, typically a septet and a quartet, with an additional
coupling in the case of the phosphine complexes 32 and 33, due to coupling to the
corresponding 3'p nucleus. The signals appear “inverted” in complexes containing -
acceptor ligands, namely CNtBu (29), PMe3 (32) and PPh3 (33), as also observed in the
cyano-complex 27 and in the related Pt(11) systems.?*!

The crystal and molecular structure of all neutral derivatives 29-37 prepared from
etherate 28 were established by X-ray diffraction methods (Figure 3.6). A direct
comparison with the related non-fluorinated derivative could be made only in the case
of (CF3)sAu(PPhs) (33). The Au-P bond in 33 (239.27(6) pm) is longer than in
compound (CHs)sAu(PPhs) (234.8(6) pm).["® The structural features of compound
(CF3)sAu(tht) (36) also compare well with those of the related complex
(CeFs)sAu(tht).”® Furthermore, in the classical coordination complexes ClsAuL (L =
py,"* PPh,, 11 tht®)), the Au-L bonds are shorter than in the related (CFs)sAuL
derivatives, a characteristic which is also observed when comparing compound 29 and
its bromide analogue BrsAu(CNtBu) (Table 3.1)."*"! These differences derive from the
higher trans influence of the CF3 group.”®®! On the other hand, in compounds 32, 33 and
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36 containing soft P- and S-donor ligands, the Au—CF3 bond lengths in each molecule
are identical within the experimental error (Table 3.2), despite the weaker trans
influence of these soft ligands compared to that of the CF3; group. Moreover, these
distances are virtually identical to the Au—CF3 bond lengths in the homoleptic anionic
derivative [NBu4][(CFs)sAu] (208.0(7) pm av.).”®) Nevertheless, in complexes 29, 30,
31, 34, 35 and 37 the Au-C bond trans to L is shorter than those located trans to each
other (Table 3.2).

a) eg .=
4 ?CN

"

Figure 3.6. Displacement-ellipsoid diagrams (50% probability) of the neutral derivatives
(CF3);AuL: a) L = CNtBu (29); b) L = NCMe (30); ¢) L = py (31); d) L =PMe;z (32);e) L =
PPh; (33); f) L = Opy (34); g) L = OPPh; (35); h) L = tht (36); i) L = SPPh; (37). In 29 and 31

only one set of the rotationally disordered F atoms found in two of the CF; groups is shown.
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Table 3.1. Comparison of the Au-L bond lengths [pm] in (CF3);AuL complexes
and related X;AuL species.

L (CF3);AuL XsAuL
py 207.5(6) 199.3(7) (X = CI)**4
PPh; 239.27(6) 232.9(2) (X = cHl*
tht 238.9(2)® 232.6(2) (X = cll*
CNtBu 204.3(5) 199(1) (X = Br)¥"

[a] Average values for the two crystallographically independent molecules in the unit cell.

Table 3.2. Au-CF; bond lengths [pm] in (CF3);AuL complexes.®

L CFs~Au—CF; axis!™ CFa:—Au-E axis
CNtBu (29) 208.5(6) 205.8(5)
NCMe (30)@ 208.6(6) 201.7(6)
py (31) 207.4(9) 202.9(7)
PMe; (32)¢ 208.6(10) 208.3(10)
PPh; (33) 209.8(2) 209.0(3)
Opy (34) 207.8(3) 202.5(3)
OPPh; (35) 208.2(3) 200.1(3)
tht (36) 208.8(8) 206.2(7)
SPPh; (37) 208.7(2) 205.3(2)

[a] A trans arrangement is meant in the indicated CFs—Au-CF; and CF;—Au-E units, E
denoting a main-group donor atom. [b] Average of two independent values. [c] Average
values for the two crystallographically independent molecules in the unit cell.

The Et,0 ligand in 28 can be also replaced by halide ligands X, giving rise to the
corresponding anionic derivatives [(CF3);AuX] (X = CI (25), Br (26), | (22)), which
can be isolated as their [PPhy]" salts (Scheme 3.10). This route allows for the easy
introduction of different cations to crystallize the corresponding [(CF3)sAuX] anion.
For example, when etherate 28 reacts with [PPhsCH,Ph]CI in Et,O/n-hexane (1:3 v/v),
the [PPh3CH,Ph][(CF3)sAuCl] salt (25") can be easily isolated in very good yield.

Single crystals of 25’ were obtained by slow diffusion of a layer of n-hexane into a
solution of the compound in CH,Cl, and were analyzed by X-ray diffraction methods.
The anion of 25’ exhibits a square-planar geometry (Figure 3.7) with structural
parameters similar to those obtained for other anionic derivatives (Figure 3.4). The
higher trans influence of the trifluoromethyl group®® accounts for the longer Au-C
distance of the mutually trans-standing CF3 groups with respect to that of the Au-C
bond trans to chloride. The bond lengths in the CF;—Au-Cl axis are very similar to
those found in [PPhy][CF;AUCls] (4) (Au-C: 204.3(3) vs. 205.1(3) pm; Au-Cl:
232.56(6) vs. 233.9(1) pm; see Chapter 1). Although single crystals of 25, which
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contains the [PPhy]" cation, could similarly be obtained, some disorder was found
between the chloride ligand and one of the mutually trans-standing CF3 groups, which
precluded from obtaining reliable geometrical parameters. This is likely due to the S4
symmetry of the [PPh,]* cation, which gives rise to a high symmetry pattern in the
crystal lattice. The less symmetric cation [PPhsCH,Ph]" breaks this symmetry pattern

and allowed to obtain accurate structural data of the [(CF3)sAuCI] anion.

Cl
J«;) @ )
v/ 204.3(3)  232.56(6)
A | 208.2(3) av.

Figure 3.7. Displacement-ellipsoid diagram (50% probability) of the [(CF3);AuCI]™ anion as
found in single crystals of 25'. Selected bond lengths [pm] with estimated standard deviations
are indicated.

3.6. Properties of the (CF3);Au fragment. Comparison of (CF3);Au
versus (CHs)s;Au

The (CF3)3;Au and (CHs)sAu fragments are prototypical examples of unsaturated 14-
valence-electron species. This is the reason why they have attracted the attention of
several research groups, becoming the focus of a number of theoretical studies by
Hoffmann,”® Nakamura?? and Krossing.!”® A comparative theoretical study of both
(CX3)sAu moieties was undertaken using the same level of theory to gain a deeper
understanding of their similarities and their differences. The different properties under

study are described in the following sections.

3.6.1. Stereochemistry

Both (CF3)sAu and (CHg3)sAu fragments have been calculated to exhibit a T-shape

structure as the most energetically favored geometry, which is in agreement with
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previous results.*?2%°1 The Au—C bond trans to the void is the shortest one in both
cases because of the lack of any trans influence. For their part, the mutually trans-
standing CX3 groups (X = H, F) display a fairly linear arrangement (Figure 3.8a and
Figure 3.8b). However, a Y-shape structure appears as an additional local minimum at
nearly the same energy only in the case of (CHs)sAu (Figure 3.8c), the Y and T
polytopes being connected by a very low energy profile. Thus, the (CH3)sAu fragment
is stereochemically labile, opposite to the more pronounced stereochemical stability of

the (CF3)3Au moiety, for which the T polytope is greatly favored (Figure 3.9).

( “ 7 &

a) % b) ¢ c) ~

‘1’207 Tzos %10
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210477
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Figure 3.8. Lower-energy structures for the unsaturated (CX3)sAu in the gas phase as calculated
by DFT methods: a) T-shape polytope for X = F (global minimum); b) T-shape polytope for X =
H (global minimum); c¢) Y-shape polytope for X = H (local minimum). Interatomic distances

[pm] and angles [°] are indicated.
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Figure 3.9. Comparative energy profiles of the (CX3)s;Au fragments (X = H, red trace; X = F,
blue trace), as a function of the indicated o angle. Low o values lead to reductive elimination of
CX3—CXj,. Schematic structures above the profile lines refer to transition states, and those

depicted below refer to energy minima.

156



Anionic and Neutral Derivatives of the Highly Acidic (CF3z);Au Unit

The frontier orbitals of the T-shaped (CF3)3Au polytope were analyzed (Figure 3.10)
and the HOMO was identified as a mainly Au—C bonding orbital involving the mutually
trans-standing CF3 groups. The LUMO has a perpendicular arrangement, and exhibits a
highly directional empty orbital responsible for the acidic properties of the fragment,
which will be discussed in the following section. Contrary to what might be expected,
an antibonding interaction arises between the empty metal-centered lobe of the LUMO
and filled F(p) orbitals, suggesting very little affinity for the adjacent F substituents, as

will be discussed later.

Figure 3.10. Frontier orbitals of the (CF3)sAu unit: a) HOMO, and b) LUMO.

3.6.2. Lewis acidity

Unlike the strength of Bragnsted acids, which is experimentally measured and quantified
according to the well-known pH and pK, scales,”® no unified scale exists for the
measurement of Lewis acidity. Different methods are used nowadays, which Greb
classified into three different classes: intrinsic, global and effective.*) The intrinsic
methods do not rely on the formation of an acid—base pair, but rather on the analysis of
the electronic structure of the free Lewis acid, by means of spectroscopy (for example
via ®Si NMR chemical shifts of silicocations [RsSi]")” or quantum theoretical
calculations like the LUMO energy®® or the global electrophilicity index.®? Global
methods consider the thermochemistry of the process of formation of a Lewis acid—base
adduct. The most representative method of this class is the fluoride ion affinity (FIA),
which is defined as the binding enthalpy of a fluoride ion with a Lewis acid in the gas
phase and was introduced by Haartz and McDaniel in 1973.°% Because the initial
experimental determinations were complicated and not very accurate, computational
methods are now preferred. Due to the problems appearing in the calculation of the

naked fluoride ion, the FIA values are obtained by nearly isodesmic reactions using the
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known experimental FIA of COF, (209 kJ mol™) as an anchor point (Scheme
3.11).P*% Following this approach, Christe and coworkers developed a quantitative pF-
scale of Lewis acidity, by dividing the FIA values (in kcal mol %) by 10.5* Effective
methods use the variation of a spectroscopic parameter of a probe molecule (Lewis
base) upon interaction with an electron acceptor to determine Lewis acidity. Probably
the most widely used is the Gutmann—Beckett method, which makes use of the chemical
shift variation of the *'P NMR signal of EtsPO (A8p) upon coordination to a Lewis acid
(Scheme 3.12).%%! Consistent trends are also obtained by using PhsPO as the probe
molecule.”®! Additionally, Riedel and coworkers have recently reported the use of *C
NMR chemical shifts of the C-donor atom of the SIMes ligand as a measure of the
Lewis acidity of gold species.”

AH (calculated)

COF; +A » AF~ + COF,
AH = -209 kJ mol™!
COF2 + F~ > CF30_
~AH = FIA
A+F » AF-

Scheme 3.11. Calculation of the FIA for a Lewis acid A by using COF, as the reference fluoride

carrier (experimental FIA = 209 kJ mol *),#9554

ASp (EtzPO)
A + Et;PO » A-OPEt;

Scheme 3.12. Assessment of the Lewis acidity of a Lewis acid A by the Gutmann-Beckett
method.®® An extension of this scale has been developed by using PhsPO instead of Et;PO."®!

We have chosen one method of each class to assess the Lewis acidity of the (CF3)sAu
fragment. First, the LUMO of the T-shaped (CF3)3Au polytope is located at —4.34 eV,
much lower than in its non-fluorinated analogue (CHs)sAu (-2.71 eV), which proves the
higher acidity of the fluorinated moiety. In addition, the (CF3)3sAu moiety is more acidic
than (CsFs)sB (~3.93 eV), but not as much as (CF3)sB (—4.77 eV).PH

The FIA value of our fluorinated T-shaped (CF3)sAu fragment, calculated by using

COF; as the reference fluoride carrier is 433 kJ mol™, again indicating its substantially
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higher Lewis acidity in comparison with the non-fluorinated (CH3)sAu unit (FIA = 298
kJ mol™). However, it is still a weaker acid than the superacidic (CF3)sB (FIA = 556 kJ
mol *).*%8 On the quantitative pF~ scale, the Lewis acidity of (CF3)sAu (pF~ = 10.3) is
similar to that of AsFs (pF = 10.6) and (CgFs)3sB (pF = 10.8), whereas the non-
fluorinated (CHs)sAu is as acidic as SeFs (pF~ = 7.1).5* A comparison of the pF~ values
of (CF3)sAu with related neutral species is shown in Figure 3.11. Interestingly, (CsFs)3B
(FIA = 452 kJ mol )Y seems to be slightly more acidic than (CF3)sAu according to
their FIA values, which can be attributed to the much stronger B—F bond (732 kJ mol ™)
with respect to the Au—F bond (294.1 kJ mol™) for the respective diatomic neutral
fluorides.’ This makes the FIA method especially unfavorable for gold, since it is a

soft acid (“class b” metal) and the fluoride ion is a hard base.*!

(CH3)3AU (CF3)3AU AUF5
83 106 108 12.0 13.3
| | L[ | | | -
7.1 103 14.1 pF~
SeF, BF; AsFg SbF; (CF;3);B
(CeF5):B

Figure 3.11. Lewis acidity scale (highest range) in pF~ values®™ for selected neutral AX,

species.

According to the Gutmann—Beckett method, the 6p of Et;PO suffers a downfield shift of
Adp = 33.4 ppm upon coordination to the (CF3)sAu unit, which again ranks it as a
stronger Lewis acid than (CeFs)sB (A8 = 30.6 ppm).%%% Similarly, the &p of PhsPO is
also much deshielded in (CF3);Au(OPPh3) (Adp’ = 24.8 ppm) than in (CgFs)3B(OPPhg)
(ASp' = 20.3 ppm).*M On this scale, it could be demonstrated that the (CF3)sAu unit is
also a stronger Lewis acid than (CgFs)sAu (A8p’ = 17.1 ppm).t*

3.6.3. Stability and decomposition pathways

For reductive elimination to occur at the unsaturated (CX3)sAu units, two alkyl groups

must become close enough as to enable C-C coupling. Hence, we have modeled both
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systems by gradually reducing the C-Au-C angle between two cis-standing groups
from 90° to 40°. In the case of (CF3)sAu, reductive elimination of hexafluoroethane
requires rather high activation energy (=~ 112 kJ mol™). However, reductive elimination
of ethane at the (CH3)sAu moiety has been found to be a clearly exergonic process with
a very low activation barrier (= 7 kJ mol ), which is in agreement with the almost
fluxional behavior of this unit (see Section 3.6.1) that allows two methyl groups to
approach to each other easily.

The electronegativity of the alkyl group CX3 seems to be also a determining factor of
the stability of the (CX3)sAu units towards reductive elimination of C,Xg, this process
being more favored with the least electronegative substituents. Thus, considering the
series of mainly c-donor ligands CF3, CH3 and H, with electronegativity values of 3.49,
2.28 and 2.20 in Pauling units, respectively,**%? we have demonstrated that reductive
elimination is more favored with the less electronegative CH3 than with CF;. The least
electronegative hydride ligand is not even able to stabilize the high-valent species
AuHs, which is better formulated as a dihydrogen adduct of AuH, HAu(H.,).*®l A
similar trend is actually observed in the case of gold trihalides (see Chapter 1 for an in-
depth description), the heavier halide Aul; being better described as an end-on iodine

adduct of Aul, 1Au(l2)," contrary to the T-shaped lighter homologues.!***!

Another potential decomposition path of our (CF3)sAu unit would be through
fluorotropic processes, namely a 1,2-F shift, which is actually the origin of the
instability of the isoleptic (CF3)sB.”® Other very strong Lewis acids, such as
Al(CeFs)3 and AI(OC(CFs3)s)s,®" also suffer from similar drawbacks. In the case of
the elusive superacidic species (CF3)3B, a 1,2-F shift affording the (CF3).B(CF,)F
saturated species is energetically favored because the hard F~ anion forms very strong

bonds with boron and also the kinetic barrier is easily overcome.

In our (CF3)3Au fragment (A), the energy of the system rises when forcing the F atom
of a CF3; group to approach the metal center (Figure 3.12), in accord with the
antibonding interaction between the empty metal-centered lobe of the LUMO and filled
F(p) orbitals (Figure 3.10). In the case of a cis-1,2-F shift, even the highest point in
which the F atom occupies the empty coordination site (B-cis) is metastable and reverts
to the initial stage A spontaneously when the only restraint applied is removed. On the
other hand, although the endpoint of the trans-1,2-F shift (B-trans) is higher in energy,
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it is a local minimum. Hence, both square-planar saturated stereoisomers B-cis and B-
trans are less stable than the T-shaped, 14-electron unit A. This destabilization due to
the 1,2-F shift is due to the greater energy required for the C—F bond-breaking, which is
not surpassed by that liberated in the formation of the Au—F bond. This is in contrast to
the favorable energy balance in the analogous fluorotropic process in the case of
(CF3)3B, which also requires a geometric rearrangement!®® to form the final tetrahedral
shape in (CF3),B(CF,)F.

116.9 -
> | CF2 'B-trans

F
(81.4)
/ B-cis

j CF,CF;3 0.0 1 .
F5CF,C O—{ cis (—@—) trans
O =CF3

F F ;

E / kJ mol™

Cc-2 c-3

Figure 3.12. Energy scheme calculated for the [Au]-CF; = F—Au«CF, fluorine shift and
subsequent CF, insertion into remaining Au—CF3 bonds relative to the parent species
(CF3)3AU (A)

Stereoisomer B-cis is significantly stabilized upon CF; insertion into any of the Au—-CF;
bonds, giving rise to CF3;CF,Au(CF3)F (C), in two of its isomeric forms, not very
different in energy (Figure 3.12). The insertion of CF, into the trans Au-CF3 bond
affords a species (C-2) with a distorted Y geometry, which is slightly more stable than
the insertion into the cis Au—CF3 bond, which gives rise to a regular T-shaped structure
(C-3). However, the related insertion process in the B-trans species, gives just a single
stereoisomer (C-0) which is even more destabilized. In fact, the high electronegativity
of fluorine favors a secondary Au---F bonding interaction with one of the B-F atoms of

the perfluoroalkyl chain, or with an a-F atom if the first interaction is removed,

161



Chapter 3

destabilizing the system even more. These interactions are not observed in
stereoisomers C-2 and C-3, which proves the stronger trans influence of perfluoroalkyl
ligands with respect to fluoride.

It can be therefore concluded, that the 1,2-F shift in the (CF3)sAu unit cannot be
considered a feasible decomposition path because of its destabilizing effect. This adds
to the high intrinsic stability of the T-shaped (CF3);Au fragment, which originates from
its marked stereochemical stability and its reluctance to undergo reductive elimination
of C,Fs.

3.6.4. Ligand affinity of the (CF3)sAu fragment

Since all evidence points to a dissociative mechanism as the initial step in reductive
elimination processes undergone by trialkyl gold(Ill) derivatives, the ease of L
dissociation is a key aspect to determine the reaction progress in RsAuL systems. We
therefore decided to calculate the affinity of the (CF3)3Au unit for a range of neutral
ligands including those of complexes 28-37 and some others selected for comparative
purposes. First, the structures of all these RsAuL derivatives were optimized by DFT
calculations. The geometry of the (CF3)sAu moiety compares well with those
experimentally established by single-crystal X-ray diffraction. However, the calculated
Au-E distances are slightly longer and therefore Au-E dissociation values D, may be

underestimated.

The order of our calculated ligand strength towards the (CF3)sAu fragment as the Au-E
dissociation values, D, is represented in Figure 3.13. It is interesting to note, that
relative affinity scales are also known for some fundamental gold units such as AuCI®
and the bare Au* cation." In the case of our (CF3)3Au unit, the most stable compounds
are the phosphine derivatives, the more basic PMes (32: De = 229 kJ mol™) providing
even higher stability than PPh; (33: De = 204 kJ mol™). The stability of the compounds
containing semipolar pnictogen oxide ligands, pyO (34: D, = 151 kJ mol™) and PhsPO
(35: De = 173 kJ mol™) is exceeded by that of the softer sulfide PhsPS (37: D, = 183 kJ
mol ™). Intermediate values are obtained for py (31: De = 169 kJ mol™) and tBuNC (29:
De = 178 kJ mol™), which are in turn more stable than the related complexes formed
with the heavier-element homologues PCsHs (D, = 152 kJ mol‘l) and tBuNSi (D, = 139
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kJ mol™). The weaker o-donor and better m-acceptor capability of the phosphabenzene
ligand with respect to pyridine™ may account for the lower stability of
(CF3)3AuU(PCsHs) in comparison with (CF3)sAu(py). Similar stabilization is attained
with soft thioether ligands such as tht (36: De = 149 kJ mol ) and its related open-chain
Et,S (De = 166 kJ mol™).
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—
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\
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A
\
\
A
A
PPh, _—
200 | \
‘\
\
A
]
—— SPPh_,
CN#Bu \
— OPPh,
< Py — SEt,
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(o] | S PM&3
£
PCH
) L OpY c— 55
2 150 py —
S—
Q" SINBU ——
— OEt,
NCMe Y
‘\
\
A
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PCMe \
100 | \\
\
PF, = = CO \
\
\
‘e OEt,
1 1
(CF,),Au (CH,),Au

Figure 3.13. Affinity scale of the (CF;);Au unit for a variety of neutral L ligands based on the
dissociation energy D, calculated for the corresponding (CFs)sAu-L bond. D, values are
compared for L = Et,0, PMe; with the significantly less stable (CH3)sAu—L complexes (right).

The modest D, value required to dissociate L in the derivatives containing the hard and
weakly coordinating ligands’® Et,0 (28: De = 127 kJ mol ) and MeCN (30: D, = 122
kJ mol™), makes them suitable synthons for the naked (CF3)sAu unit. The complex
formed with the heavier-element homologue of acetonitrile MeC=P is significantly less

stable (D = 106 kJ mol™), but unlike for MeC=N, a side-on coordination is preferred.
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The derivatives with the typical m-acceptor ligands CO and PF; were the least stable of
the whole calculated series (De = 90 kJ mol™ in both cases). The poor o-donor ability of
CO and PF; ligands results in weaker [Au]-L o bonds. Moreover, no significant
synergic reinforcement through n-backbonding from the (CF3)sAu unit should be
expected. In fact, we were unable to prepare the carbonyl compound (CF3);Au(CO) by
replacement of the Et,O ligand in the labile derivative 28, at least under the

experimental conditions used for complexes 29-37 (Scheme 3.10).

Coordination of Et,O and PMes;, chosen as representative examples for weakly and
strongly coordinated ligands, to the non-fluorinated (CHs)sAu moiety provides
significant less stabilization (L = Et,0: De = 79 ki mol™; L = PMes: D, = 160 kJ mol™).
This is in agreement with the experimental observations, the derivative (CF3);Au-OEt;
(28) being easily handled in solution at room temperature, in contrast to its non-
fluorinated analogue (CHg)sAu-OEt,, which begins to decompose at —40 °C.!
Similarly, (CF3)sAu(PPhs) (33) is stable up to 251 °C, whereas its non-fluorinated
analogue (CHs)sAu(PPhs) already decomposes at 120 °C.!

In agreement with our DFT calculations, complexes 29-37 show high thermal stability,
as established by combined TGA/DTA analysis. Interestingly, the small size of some of
the (CF3)sAuL derivatives and the lack of significant intermolecular interactions in the
solid state, result in high volatility of complexes with L = MeCN (30), py (31), PMe;
(32) and tht (36), which boil between 205 and 223 °C at atmospheric pressure.
(CF3)3Au(CNtBuU) (29) decomposes at 125 °C, but all other complexes with L = PPh;
(33), Opy (34), OPPh; (35) and SPPhs (37) exhibit high thermal stability with
decomposition temperatures within a range between 220 and 302 °C, complex 37 being
the most stable. Interestingly, pyridine N-oxide derivative 34 undergoes oxygen

extrusion upon heating at 210 °C for 5 minutes, giving rise to the pyridine complex 31.

3.7. Thermolytic studies on the anionic derivatives of (CF3);Au

In addition to the analyses performed for our neutral derivatives 29-37 to rank their
stability, we also carried out thermolytic studies on our isolated anionic complexes 22
and 24-27 under two related but quite different experimental conditions: in the gas

phase and in the condensed phase. These conditions ensure that the results obtained are
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intrinsic of each substance, since no solvent is involved. They also enable distinction

between inter- and intramolecular decomposition pathways.

3.7.1. Unimolecular thermolyses in the gas phase

The anionic derivatives [(CF3)sAuX] (X = F, Cl, Br, I, CN) were studied by tandem
mass spectrometry, since they are charged species and form an ideal set for the study of
their unimolecular decomposition pathways as function of a single variable, X. The
energetic experimental conditions required to induce fragmentation in the parent ions
point out their intrinsic stability. Moreover, these experimental conditions ensure that

only intramolecular decomposition pathways operate.

The general decomposition pattern observed for the set of anionic derivatives
[(CF3)sAuX] (X =F, CI, Br, I, CN) is shown in Scheme 3.13, but some variations exist
depending on the precise halide X. The formal reductive elimination of C,Fg with
concomitant formation of [CF3;AuX] operates in all cases, being the main
fragmentation path in all the derivatives except in the case of the fluoride complex
(Figure 3.14a). In this case, the main fragmentation path involves CF, extrusion,
whereby the difluoride species [(CF3)AuF;]  is formed. This non-reductive
fragmentation is less important on going down the halogen group and is actually absent
in the case of the iodo derivative (Figure 3.14b). Formal reductive elimination of C,Fg is
largely favored over that of CF3X in all cases. In fact, elimination of CF;CN is not

observed in the cyano derivative.

The formal reductive elimination of C,Fg was calculated to be a high-energy process in
the naked (CF3)sAu fragment, as described in Section 3.6.1. This is in line with the
highly-energetic ~ experimental conditions required for these unimolecular
decompositions to occur. However, a two-step CF3" radical dissociation may probably
take place, since this kind of process has been also observed in other gold(lll)

trifluoromethyl derivatives (see Chapter 1 and Chapter 2).
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Scheme 3.13. Primary unimolecular fragmentation paths experimentally observed by tandem
mass spectrometry (MS?) for the [(CFs);AuX] anions (X = F, Cl, Br, I, CN). Significant

variations apply to each particular case.
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Figure 3.14. Quadrupole ion-trap MS? results of the collision-induced dissociation (CID) of
the anion of a) 24, [(CF3);AuF]; and b) 22, [(CF3);Aul] .

3.7.2. Thermolyses in the condensed phase

The stability of the anionic derivatives containing the (CF3)sAu unit, 22 and 24-27, was
checked by a combined TGA/DTA analysis of the corresponding solid samples. All
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these compounds show unusually high stability, the decomposition temperature ranging
from 245 °C in the case of the iodo derivative 22 to 350 °C in the case of the cyano
complex 27. Once their decomposition temperature was determined, the bulk solids
were thermolyzed above that temperature in sealed tubes under an argon atmosphere
and the products were analyzed by means of F NMR spectroscopy and mass

spectrometry (see Methodology).

No C,Fs was detected in the decomposition of any of these complexes, thus confirming
that the formal reductive elimination of C,Fg observed in the gas phase does not actually
take place as a single-step CF3—CF3 elimination, but rather as a two-step CF3" radical
dissociation (see above). Additionally, variable amounts of metallic gold appeared, as
well as the fluorosilicate anion [SiFs] ", denoting the formation of highly active species,
able to attack the glass tube. In all cases, non-regioselective trifluoromethylation of the

cation at one or two positions of the phenyl rings was observed.

As a representative example, we studied the thermolysis of the iodo derivative 22 at 250
°C, a temperature which is only slightly above the onset of decomposition of this
compound (245 °C). Its decomposition produces CF3l and [CF3AuCF;3]™ (1) as required
for the reductive elimination shown in Scheme 3.14a. This process occurs only to a
minor extent in the gas phase (Figure 3.14b), therefore indicating that intermolecular
paths operate in the condensed phase. The existence of intermolecular processes is
further evidenced by the presence of [(CF3)4Au]” and [CF;Aul]” (3) among the
decomposition products. The lack of C,Fg justifies that the latter compound cannot arise
from reductive elimination of C,F¢ from the starting compound 22. The exchange
process given in Scheme 3.14b may rather account for its formation. The homoleptic
anion [CF3AuCF3] () acts therefore as a trifluoromethylating agent towards complex
anion [(CF3)sAul] (22).

This intermolecular exchange process takes place at a temperature which is above the
melting points of [PPhs][(CF3)sAul] (22, m.p. 171 °C) and [PPh4][CF3AuCF;] (I, m.p.
193 °C),?®! therefore enabling a fluid contact between both organogold derivatives. The
independent equimolar reaction between preformed 22 and | (Scheme 3.14b) carried out
at 200 °C, a temperature at which 22 has not decomposed yet, allowed us to confirm this
exchange process. Similar exchange reactions are known to occur in solution among

gold(111) halide complexes and more active trifluoromethylating agents such as

167



Chapter 3

(CF3),Cd-dme.>?%! Related processes in solution among [Au"]-X and [Au']-CHs
derivatives are also known,*+122%:73] byt the singularity of the one described here is due
to the fact that it takes place in the melt and gives rise to the anionic homoleptic
[(CF3)4Au] species.

FsC CF
3 N / 3
a) Al — » [CF3AuCF3]
7/ N\ — CF4l
F3C |
22 I
F5C CFs| F5C CFs|
3 N / 3 3 N / 3
b) [CF3AuCF3]" + /Au —» [CFAull” + /Au\
F3C N F3C CF,4
I 22 3

Scheme 3.14. Intermolecular decomposition paths observed upon thermolysis of 22 at 250 °C in
condensed phase: a) Reductive elimination, and b) ligand exchange. Process b) was
independently investigated using equimolar amounts of preformed | and 22. In both initial 22
and I the cation is [PPh,]", but the phenyl rings are once or twice trifluoromethylated during the

thermolytic process.

3.8. Summary

- The organogold(l1l) compound [PPhy][(CF3)sAul] (22) was cleanly obtained by
photoinduced oxidative addition of CF3l to the homoleptic organogold(l) precursor
[PPh4][CF3AUCF3] (1) in high vyield and under mild conditions (Scheme 3.7).
Compound 22 constitutes a convenient and efficient entry to the (CF3)3sAu moiety,

which was virtually unexplored until now.

- The anionic derivatives [PPh4][(CF3)sAuX] (X = F (24), CI (25), Br (26), CN (27))
have been prepared from complex 22 in high yield by halide exchange with the
appropriate reagents (Scheme 3.8). These compounds are very stable, as demonstrated
by TGA/DTA experiments. This is of special importance since no analogous
[(CH3)sAuX]™ complex is known.!!
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- The fluorinated analogue of trimethyl gold, (CF3)sAu-OEt; (28) has been prepared and
characterized (Scheme 3.9). It is significantly more stable than its non-fluorinated
analogue, which already decomposes above —40 °C in Et,O solution.®!

- The high lability and modest dissociation energy of the Et,O ligand in (CF;3)sAu-OEt,
(28) make this compound a convenient synthon of the unsaturated 14-electron species
(CF3)sAu. In fact, the Et,O ligand can be readily replaced by a variety of neutral L
ligands including a wide range of donors, and this way, complexes 29-37 were prepared
therefrom (Scheme 3.10). Thus, we have considerably expanded the chemistry of the
(CF3)sAu fragment.

- The most fundamental intrinsic properties of the (CF3)sAu moiety have been
investigated with the aid of DFT methods, and compared to those of its non-fluorinated
analogue, (CHz)sAu. The naked (CF3)sAu fragment has been calculated to exhibit a T-
shape structure as the most energetically favored. Its high stereochemical stability and
the high energy barrier required for the reductive elimination of CF;—CF3; account for
the high stability of the (CF3);Au fragment. In contrast, the (CHgz)sAu unit is
stereochemically labile and undergoes almost barrierless reductive elimination of CHz—
CHs.

- In the few cases where the comparison can be experimentally established, the stability
of the (CF3)sAuL compounds largely exceed that of the non-fluorinated (CHs)sAuL
derivatives. This has been rationalized in terms of stronger (CX3)sAu-L interactions
when X = F. In the set of ligands L chosen for the ligand affinity scale of the (CF3);Au
fragment (Figure 3.13), P-donor ligands proved to be particularly versatile, since they
cover the whole range of stability from the highly basic PMe; (upper limit) to the poor

donor PF3 (lower limit).

- The (CFs3)3;Au fragment has been found to be probably the strongest neutral
organogold RzAu Lewis acid, as assessed by different theoretical and experimental
methods. Fluorination of (CH3)sAu makes the (CF3)sAu unit much more acidic, which
is in agreement with the stronger electron-withdrawing properties of the CF5 group./™

In fact, it exhibits higher acidity that (CgFs)3Au or (CgFs)3B.

- The decomposition pathways of anionic derivatives [PPh4][(CF3)sAuX] have been

investigated and compared in two different but related conditions; i.e. in the gas phase
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and in the condensed phase. Different decomposition mechanisms were found

depending on the aggregation state. Whereas high-energy processes operate at the

unimolecular level (gas phase), lower-energy intermolecular pathways are open in the

condensed phase (solvent-free reaction media), where ligand exchange processes occur.
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Conclusions

In this Thesis, the chemistry of gold trifluoromethyl compounds has been explored and

substantially expanded. The conclusions obtained along the dissertation are summarized

at the end of each chapter. In the following lines, some general remarks and the most

important conclusions are given.

a)

b)

d)

Mixed gold(l) fluorohalide complexes [F-~Au—X] have been detected in the gas
phase for the first time. They arise by CF, extrusion from the corresponding
[CF;AuX] anions (X = ClI, Br, 1) through an unconventional mechanism
involving an uncommon fluoride-bridging F,C—F—[Au] unit as the transition
state. These [CF3AuX] species can therefore be referred to as gold carbenoids.
Complexes [PPh4][CF3AuX3] can be prepared by oxidative addition of halogens,
Xa, to the corresponding [PPh4][CF3AuX] precursors (X = Cl, Br, 1) and they are
the first monoalkyl gold(l1l) trihalide derivatives prepared. In the gas phase,
homolytic cleavage of the only Au—C bond in [CF3AuX3] gives rise to gold(ll)
trihalide complexes [AuX3] (X = CI, Br), which undergo subsequent
dissociation of X" involving one-electron reduction in the metal center.

The first example of an organogold(l1l) difluoride with trans stereochemistry,
[PPhy][trans-(CF3),AuF,] has been prepared by reaction of [PPh][CF3;AUCF;]
and XeF,. Neither [PPhs][CF3AuUF] nor [PPhy][CF3AuUF;] could be obtained,
probably because of their extremely high reactivity. However, these complex
anions were detected to arise in the unimolecular decomposition of [trans-
(CF3)AuF;] in the gas phase, together with the Au(ll) species [CF3AuUF;] .
Similarly to the chloride and bromide homologues, anion [CF3AuFs]™ gives rise
to [AuF;3] and [AuF;] in consecutive stages of the tandem mass experiment.
Au(l11) and Ag(lll) have similar covalent radii, at least in their most common
square-planar geometry, as concluded from the comparison of the crystal
structures of the isoleptic and isomorphous complexes [PPhy][trans-
(CF3):M(CN).] (M = Ag, Au).

Compound [PPh4][(CF3)sAul] is obtained by photooxidative addition of CF3l to
[PPh4][CF3AUCF3] and offers a convenient entry to the (CF3)sAu unit, the
chemistry of which had remained virtually unexplored. Anionic derivatives, for
which the non-fluorinated analogues are unknown, have been prepared

therefrom, including the fluoride complex [PPh4][(CF3)sAuF]. Perfluorinated
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trimethyl gold, (CF3)3Au-OEt,, is substantially more stable than its non-
fluorinated analogue. It arises as a suitable synthon of the unsaturated 14-
electron species (CF3)sAu, as demonstrated by the preparation of a number of
neutral complexes, (CFs)sAuL, with L covering a wide range of donor atoms
and donor abilities.

f) The (CFs3)s;Au fragment is probably the strongest RzAu Lewis acid, being
actually more acidic than (CgFs)sAu or (CgFs)sB. In contrast to the (CH3)sAu
unit, the fluorinated T-shaped fragment is stereochemically stable and reluctant
to undergo reductive elimination of CF;—CF3. Additionally, the stability of its
derivatives is significantly higher than that of their non-fluorinated counterparts
owing to the stronger (CF3)sAu—L interactions.

g) Decomposition pathways of the aforementioned anionic complexes are different
in the gas phase, where only unimolecular processes take place, and in the

condensed phase, where lower-energy intermolecular paths may easily occur.

At this point, some future research possibilities arise. First of all, the preparation of the
organogold fluoride complexes [CFsAuF] and [CF3AuFs] should be possible, but may
require the use of specific material and more inert solvents, as well as inorganic cations
with low acidity (e.g. Cs’). Moreover, the reactivity of the prepared organogold
fluorides should be more thoroughly investigated, as they might find applications in
fluorination processes. Furthermore, new stereochemical patterns and bonding systems
of gold trifluoromethyl complexes, including the use of more sophisticated ligands,
could be the target so as to better understand the nature of these species and the Au—CF3
bonds, both in the bulk and in the gas phase. This would also entail the study of
reductive elimination processes involving the CF; group. Finally, due to the current
interest in the participation of organogold(l1) complexes in synthetic and catalytic
processes, the (CFs3)sAu system may find interesting applications as a Lewis acid
catalyst, merging the reactivity potential of organogold complexes with the acidity of
(CeFs)3B.
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Los resultados obtenidos en esta Tesis Doctoral han contribuido de forma significativa a

la ampliacion de la quimica de los trifluorometil complejos de oro. Al final de cada

capitulo se incluyen las conclusiones propias del mismo. A continuacion se recogen las

conclusiones mas importantes que se han obtenido a lo largo del trabajo.

a)

b)

d)

Los fluorohalogenuros mixtos de oro(I) [F-~Au—X] se han detectado en fase gas
por primera vez. Estos se generan por extrusion de CF; de los correspondientes
aniones [CF3AuX] (X = CI, Br, 1) mediante un mecanismo poco convencional
que transcurre a través de un estado de transicién con una unidad que contiene
un fluoruro puente, F,C—F—[Au]. Por tanto, las especies [CFsAuX] pueden ser
consideradas como carbenoides de oro.

Los complejos [PPh4][CF3AuX3] se obtienen por adicion oxidante del haldgeno,
Xa, sobre el precursor correspondiente [PPhy][CFsAuX] (X = Cl, Br, 1), y son los
primeros derivados triahalogenuro de oro(lll) descritos con un solo grupo
alquilo. En fase gas, la ruptura homolitica del Gnico enlace Au—C en los
complejos [CF3AuXs3] da lugar a los trihalogenuros de oro(Il) [AuX3] (X = Cl,
Br), que a su vez disocian X', con la reduccion del metal en un electrén.

Se ha preparado el primer difluoruro organometalico de oro(lll) con
estereoquimica  trans, [PPhg][trans-(CF3),AuF,], por reaccién entre
[PPhy][CF3AUCF3] y XeF,. Los complejos [PPhs][CF3AuF] y [PPhy][CF3AUF;]
no se han podido obtener, probablemente debido a su elevada reactividad. Sin
embargo, estos aniones complejos se detectan en la descomposicion
unimolecular del anion [trans-(CF3),AuF,] en fase gas, junto con la especie de
Au(ll) [CF3AuF;]. De manera similar a los homologos de cloro y bromo, el
anion [CFsAuFz] da lugar a [AuFs] y [AuF;] en etapas posteriores de la
espectrometria de masas en tandem.

Los centros de Au(ll) y Ag(lll) tienen radios covalentes similares, al menos en
su geometria plano cuadrada, que es la mas comudn. A esta conclusion se llega
por comparacion de las estructuras cristalinas de los complejos isolépticos e
isomorfos [PPh4][trans-(CF3).,M(CN).] (M = Ag, Au).

El complejo [PPh4][(CF3)sAul] se obtiene por fotoadicién oxidante de CF3l
sobre el compuesto [PPh;][CFsAuCF3] y supone una via de acceso apropiada a
la unidad (CF3)3Au, cuya quimica era practicamente desconocida. A partir de él,
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se han preparado derivados anidnicos, cuyos analogos no fluorados se
desconocen, y entre los que se incluye el fluoro complejo [PPh,][(CFs3)sAuF]. El
trimetil oro perfluorado, (CF3)sAu-OEt,, es significativamente més estable que
su analogo no fluorado. Este compuesto se presenta como un sintén de la
especie insaturada de 14 electrones (CF3)sAu, como se ha demostrado mediante
la preparacion de diversos complejos neutros (CFs)sAul, en que los ligandos L
tienen distinta capacidad dadora y cubren un amplio rango de 4&tomos dadores.

f) El fragmento (CF3)3Au es probablemente el acido de Lewis RzAu conocido mas
fuerte, superando en acidez a especies como (CgFs)sAu 0 (CgFs)3B. Dicha
unidad presenta forma de T vy, al contrario que el fragmento (CHs)sAu, es
estereoquimicamente estable y muestra una baja tendencia a la eliminacion
reductora de CF;—CF;. Ademas, la estabilidad de sus derivados es
significativamente superior a la de sus andlogos no fluorados debido a que las
interacciones (CF3)sAu—L son més fuertes.

g) Los complejos anionicos preparados presentan vias de descomposicion distintas
en fase gas, donde Unicamente tienen lugar procesos unimoleculares, y en fase

condensada, donde pueden existir caminos intermoleculares de menor energia.

En este punto, surgen diversas posibilidades de investigacion futuras. En primer
lugar, la preparacion de [CF;AuF] y [CFsAuFs] deberia ser posible, pero
probablemente requieran el uso de material especifico o de disolventes mas inertes,
asi como de cationes inorganicos poco acidos (por ejemplo, Cs*). Ademas, la
reactividad de los fluoruros organometalicos de oro preparados se deberia investigar
en mayor profundidad, pues pueden resultar utiles en procesos de fluoracion. Por
otro lado, podrian estudiarse nuevos patrones estereoquimicos y sistemas de enlace
de trifluorometil complejos de oro, que incluyan el uso de ligandos més sofisticados.
De esta manera, se entenderia mejor la naturaleza de estas especies y de los enlaces
Au-CF3, tanto en fase condensada como en fase gas. Esto implicaria el estudio de
procesos de eliminacién reductora en los que participara el grupo CF3. Finalmente,
dentro del interés actual en los complejos organometalicos de oro(lll) por su
implicacion en procesos sintéticos y cataliticos, se podria estudiar el sistema
(CF3)3Au, pues podria actuar como un catalizador acido de Lewis con importantes
aplicaciones, combinando la reactividad de los complejos organometélicos de oro

con la acidez de la especie (CgFs)3B.
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Abstract: The anionic trifluoromethylgold(l) derivatives
[CF;AuX]™, which have been prepared and isolated as
their [PPh,]* salts in good yield, undergo thermally in-
duced difluorocarbene extrusion in the gas phase, giving
rise to the mixed gold(l) fluorohalide complexes [F—Au—
XI~ (X=Cl, Br, I). These triatomic species have been de-
tected by tandem mass spectrometry (MS2) experiments
and their properties have been analyzed by DFT methods.
The CF, extrusion mechanism from the Au—CF; moiety
serves as a model for the CF, insertion into the Au—F
bond, since both reactivity channels are connected by the
microreversibility principle.

y princip )

Gold halides are simple chemical species of great theoretical
and practical importance.” The binary halides AuX, AuX,, AuX;,
and AuF; exhibit quite different properties when associated in
the condensed phase or as single molecules,? either in the
gas phase or trapped in inert matrices.*¥ Thus, genuine
gold(ll) chloride, AuCl,, has only been detected in the gas
phase,” whereas a solid with identical stoichiometry is, in fact,
a mixed-valence species best formulated as Au'[Au"'Cl,]."
Moreover, the instability of gold(l) fluoride, AuF, in the con-
densed phase seems to derive from intermolecular processes
leading to disproportionation into Au® and AuF; rather than
from intrinsic thermodynamic reasons.”-®

On the whole and despite intensive research on the subject,
gold fluorides still today remain challenging and rare species;
especially those with the metal in low oxidation state.”’ A few
ligand-supported gold(l) fluorides stabilized by neutral donors
are currently known. Thus, the AuF moiety is known to form
loose complexes with noble gases, FAuNg (Ng=Ne, Ar, Kr,
Xe),B"™ and much more robust complexes with NHC ligands
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that enable their isolation in the condensed phase:
K(INHOAU}(u-P1 V" (n=1 or 2; NHC = 1,3-bis(2,6-diisopropyl-
phenyl)-4,5-dihydroimidazol-2-ylidene)."” To the best of our
knowledge, however, no anionic gold(l) fluoride derivative is
currently known apart from the symmetric [AuF,]” complex re-
cently detected by Rijs and O’Hair in the sequential decompo-
sition of [Au(OAcF),]” in the gas phase (OAcf=CF,CO,)."”

Herein we report the experimental detection of the whole
series of mixed gold(l) fluorohalides [F-Au—X]~ (X=Cl, Br, 1) in
the gas phase, together with their optimized equilibrium struc-
tures and their calculated stabilities. The mechanism of CF, in-
sertion into the Au—F bond to give a CF; group offers new in-
sight into the relation and mutual transformation of these fun-
damental C; fluorocarbon units.

The trifluoromethylgold(l) derivatives [PPh,J[CF;AuX] (1-3)
are obtained and isolated as pure substances by the procedure
used to prepare the bromo derivative,"® which involves replac-
ing the highly labile CO ligand in the gold carbonyl derivative
CF,AuCO"™ with the corresponding halide (Scheme 1)1

CFAUCO + X™

R

CFzAuX]™
) [CFaAuX]

Scheme 1. Method to synthesize the organogold(l) derivatives 1-3 (see the
Supporting Information for details). In all cases the cation is [PPh,] .

Geometry optimizations of the mixed [CF;AuX]™ derivatives
at the DFT/MO06 level of calculation yield linear structures
(Figure 1) with the geometric parameters given in Table 1. The
optimized geometry of the [CF;AuBr]™ anion in the gas phase
shows reasonable agreement with that experimentally estab-
lished for compound 2 in the solid state (X-ray diffraction).”®
The Au—CF; distance shows little variation with the halide
going from chlorine (206.1 pm) to iodine (208.8 pm), and the
Au—X distances are just marginally longer than those calculat-
ed for the symmetric halides [AuX,]™ (Table 1; Supporting Infor-
mation, Table S1). In the "F NMR spectra of compounds 1-3,
the signal corresponding to the CF; group suffers a steady
downfield shift with increasing electronegativity of the halide
ligand: I<Br<Cl (Supporting Information, Figure S1). This
means that the F atoms are deshielded in the same order.

The mononuclear organogold(l) halides 1-3 are thermally
stable compounds. To the best of our knowledge, no related

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0003-2260-676X
http://orcid.org/0000-0003-2260-676X
http://orcid.org/0000-0003-0341-7699
http://orcid.org/0000-0003-0341-7699
http://orcid.org/0000-0003-0341-7699
http://orcid.org/0000-0001-9045-5102
http://orcid.org/0000-0001-9045-5102
http://orcid.org/0000-0003-3514-2570
http://orcid.org/0000-0003-3514-2570
http://dx.doi.org/10.1002/chem.201605655

.@2 ChemPubSoc
x Europe

[CH;AuX]™ species have been obtained yet in the condensed
phase, and only recently has the heavier [CH;Aul]™ derivative
been detected to arise by oxidative addition of I-CH; to the
bare Au~ anion in the gas phase." A related organocopper(l)
derivative, [CF;Cul]”, was proposed as a key intermediate in
Cu-assisted arene trifluoromethylation processes, but it was
not detected."” Compounds 1-3 show reasonable stability to-
wards ligand scrambling that might otherwise lead to the sym-
metric species [CF;AuCF;]™ and [AuX,]™. In fact, no such rear-
rangement was experimentally observed to occur in solution
at room temperature."® Moreover, given their anionic nature,
compounds 1-3 are ideal species for mass-spectrometry stud-
ies, which should provide valuable information on fundamental
processes taking place at the unimolecular level.™
Negatively charged [CF;AuX]™ complexes are efficiently
transferred to the gas-phase by electrospray ionization (ESI)
techniques starting from room-temperature CH,Cl,/MeOH solu-
tions of the pure compounds 1-3. Their standard MS show no
sign of ligand scrambling. Upon
collision-induced  activation  of

Fc Ay cl mass-selected [CF;AuX]™ ions, the

4 - mixed [F-Au—X]~ ions are formed

o 28 24 and clearly detected in all three
A 4

cases (Figure 2, Scheme 2). These
experimental conditions preclude
side-reactions, such as ligand
scrambling and/or disproportiona-
tion that might hinder the prepara-
I tion of the [F-Au—X]~ species in
W the condensed phase. Halide disso-
208.8 263.6 ciation (Scheme 2b) is a competing
w process that is also observed to
occur in all cases (Supporting Infor-
mation, Figures S2-S4). Calculated
Au—X bond dissociated energies
[kcalmol™"] in the [CF;AuX]™ com-
plexes are as follows: 68.9 (Cl)
>65.7 (Br) >63.7 (I).

Figure 1. Geometries of the
anionic [CF;AuX]™ derivatives
optimized at the DFT/M06
level with relevant structural
parameters indicated (see
Table 1).

Table 1. Interatomic distances [pm] in the equilibrium structures ob-
tained for the linear [CF;AuX]™ and [FAuX]™ anions at the DFT/MO06 level
of calculation.”

[CF;AuX] [FAuX] [AuX,] Aux®!
X Au—C Au—X Au—Fd Au—X Au—X Au—X
cl 206.1 234.4 201.3 229.7 231.8 2226
Br 207.1% 247.2" 201.9 242.1 244.7 233.9
I 208.8 263.6 202.9 257.3 261.7 250.6

[a] Data corresponding to symmetric [AuX,]~ anions and diatomic AuX
molecules are also included for comparison. All the triatomic species are
exactly linear, as are the [CF;AuX]™ anions. [b] Values taken from Ref. [21].
[c] Similar Au—C distances were found in the crystal structures of the ho-
moleptic salts [N(PPh,),J[Au(CF;),] (206.5(6) pm)=® and [PPh,J[Au(CFs),]
(203.3(2) pm).'"* [d]In the free diatomic AuF molecule, Au—F=
191.84 pm.”® [e] Experimental interatomic distances in the crystal of

CHEMISTRY

A European Journal
Communication

[FAuCI- oy

/—\ [M]_

|

[FAUBI]™

CF,
/_\ [M]_

[FAul]"

250 300 350 400
m/z

Figure 2. Detection of the mixed [FAuX]™ anions (X=Cl, Br, I) formed by col-
lision-induced dissociation of the corresponding [CF;AuX]™ species (labeled
[M]7) in quadrupole ion-trap MS? experiments.

a) [CFsAuX] [FAuX]-

b) [CF3AuX]”

CFAu + X

Scheme 2. Competing dissociation processes undergone by the [CF;AuX]™
anions in the gas phase.

Geometry optimizations of the
triatomic [F-Au—X]~ anions were p
performed to find out their struc- 2013 2297
tural arrangement and the results
were characterized vibrationally 4 Q
(see the Supporting Information 2019 2421
for details). All three anions show I
a linear structure with C_, symme- y _‘
try (Figure 3) and the interatomic 2029 2573
distances given in Table 1. Taking Figure 3. Geometries of the
the neutral diatomic AuF molecule  mixed [FAuX]~ anions opti-
as a reference (Au—F 191.84 pm),®  mized at the DFT/MO06 level
the coordination of an additional ~ With relevant structural pa-

- . . rameters indicated (see
X~ ligand results in elongation of Table 1).
the Au—F bond by ca. 10 pm,*”
thus becoming comparable to the
bond length observed in the neu-
tral FAU(NHC) complex (Au—F 202.8(8) pm)."™ In the same
way, the Au—X bond is elongated by a similar amount with re-
spect to the diatomic AuX molecules® upon F~ coordination.
Addition of F~ to the heavier gold halides, AuX, was precisely
the method originally suggested by Schwerdtfeger to prepare
the mixed [F-Au—X]~ derivatives.”? However, we are not
aware that this method has yielded any positive results so far.

In the absence of external acids,””® decomposition of trifluor-

[PPRJICF,ABN] are as follows:  Au-C 211.9G)pm and Au-Br | omethyl metal derivatives is commonly assumed to follow the
240.5(1) pm. . e . . o

(M pm tautomeric equilibrium shown in Scheme 3a as identified by
Chem. Eur. J. 2017, 23, 15121515 www.chemeurj.org 1513 © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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a) F—[M]=CF, [M]—CF3

b)  F—[Ru=CF, + CO —— OC—[Ru]—CF;

Scheme 3. Tautomeric equilibrium applying to trifluoromethyl metal deriva-
tives: a) in general, and b) evidenced in ruthenium(ll) systems;
[Rul = (R,P)RUH(CO) and PR, =PiPr,, PMetBu,.>*

Caulton in organoruthenium systems (Scheme 3b).** This
mechanism was also suggested to apply to the decomposition
of [CF;MR]™ ions in the gas phase (M=Cu, Ag, Au; R=F, CF;,
OACh)." With regard to our own system, this mechanism is
commented on in detail in the Supporting Information.

We have now found a lower-energy path for the [CF;AuX]™
decomposition that differs from the standard mechanism as
no difluorocarbene metal intermediate [M]CF, is involved. This
alternative mechanism (Figure 4) comprises the following

e % TSt ‘(
- |
il o—v——9
gsc —
s Taes e 603
< 480 ———0
W ol J'/“i

L i @

10F i VW1l

e

Figure 4. Energy profile of the lower-energy CF, extrusion path from the or-
ganogold [CF;Aul]™ derivative (see the Supporting Information, Figures S7
and S8 for structural details of the intermediates involved). The same but re-
verse profile applies to the CF, insertion into the Au—F bond. For color code,
see Figure 1.

steps: 1) weakening of the Au—C bond in favor of a Au—F
bond through a transient n>-coordinated F,C-F unit
(Scheme 4a); 2) complete loss of the Au—C interaction in the
transition state (TS1), which features an uncommon fluoride-
bridging F,C—F—[Au] unit (Scheme 4b); and 3) release of the
unsaturated :CF, unit from the ensuing van der Waals complex
(VdW1) that leaves the triatomic [F-Au—X]~ species. The last
step involves just a small dissociation threshold of <3 kcal
mol ™",

Owing to the microreversibility principle, the mechanism
just discussed also applies to the :CF, insertion into the Au—F
bond. Thus, the interaction of free :CF, with the electron densi-
ty of the F ligand results in slight stabilization and entails little
structural modification in any of the moieties involved. This in-
teraction confirms the inherently ambiphilic character of the
singlet fluorinated divalent carbon atom that bears both
a lone pair and an empty p orbital, the latter being involved in
partial F(p)—C(p) m-donation.”*?? The strengthening of this

Chem. Eur. J. 2017, 23, 15121515 www.chemeurj.org
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a) c)
F,C-. - F,C-.
2| :_Z‘AuX—l 2| L
F F
b) d)
Fz(|? —‘ - /F—CFCF3
F—AuX (EtZO)zLi\ Li(OEty),
(Ts1) (CF3)FC—F

Scheme 4. Structural patterns involving C—F--M interactions: a) transient
species formed upon thermal excitation of [CF;AuX]™; b) transition state in
the CF, extrusion/insertion path given in Figure 4 (see the Supporting Infor-
mation, Figure S7 for structural details); c) global minimum calculated for
LiCF; in the gas phase;**¥ d) central core of the Li(CF,CF;)-2Et,O dimer in
the crystal.??.

F,C--F—[Au] interaction in the initial van der Waals complex
leads to significant elongation of the Au—F bond, which, in the
transition state (Au—F ca. 215 pm; Scheme 4b), is substantially
longer than in the fluoride-bridged dinuclear complex
[{(NHC)Au},(u-F)I[BF,] (Au—F 206.0(1) pm).""@ The metallotropic
shift from F to C through a transient Au(n’-F—CF,) species
(Scheme 4a) leads to the final insertion product [CF;AuX] .
Along the reaction path, the carbon atom gradually increases
the number of substituents from two in the initial carbene to
three in the transition state and four in the final product. The
global insertion process takes place in an almost barrierless
way and results in large stabilization, so it might be experi-
mentally feasible.*”

It is worth noting that the structures of both the transition
state and the transient species referred to in the mechanism
just discussed find support in the chemistry of lithium carbe-
noids.®" Thus, the bridging role of the F—C unit was substanti-
ated in the crystal structure of the Li(CF,CF;)-2Et,0 dimer
(Scheme 4d),*? while a Li(n>-F—CF,) interaction was found to
be the global minimum for LiCF; in the gas phase
(Scheme 4¢).”¥ Both perfluoroalkyl lithium systems are known
to release the corresponding fluorinated carbene upon LiF
elimination in a sometimes violent process.?* Considering that
our gold systems also release CF, without the need of any
actual metal carbene intermediate, they can properly be
termed gold carbenoids.®”

In summary, the anionic organogold(l) [CF;AuX]™ complexes
(X=dl, Br, ) are found to perform as gold carbenoids, since
they undergo CF, extrusion in the gas phase affording the
mixed gold(l) fluorohalide [F-Au—X]~ complexes. The experi-
mental detection of these simple, triatomic species demon-
strates that AuF can indeed be stabilized by heavier-halide co-
ordination, as formerly suggested by Schwerdtfeger.?? These
species might, however, be difficult to isolate in the condensed
phase unless facile ligand scrambling is precluded. An uncon-
ventional CF, insertion/extrusion mechanism not involving any
metal carbene intermediate has been identified, which might
be relevant to difluoromethylation processes mediated by late
transition metals.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Abstract: The mononuclear gold(ll) halide complexes
[AuCl;]” and [AuBr;]~ are formed in the gas phase by colli-
sion-induced homolytic splitting of the only Au—C bond in
the monoalkylgold(lll) precursors [CF;AuX;]”. The geome-
tries of the whole series of [AuX;]~ complexes (X=F, Cl, Br,
I) have been calculated by DFT methods. It has also been
found that the neutral AuX, molecules behave as unsatu-
rated species, showing significant affinity for an additional
X~ ligand. Moreover, in the open-shell [AuX;]™ anions, ho-
molytic splitting of one of the Au—X bonds and formation
of the lower-valent [AuX,]™ anions is favored over non-re-
ducing halide dissociation. They should therefore be
prone to disproportionation.

- /

Since the indirect detection of triatomic AuX, halides in the
gas phase (X=Cl, Br),!" there has been increasing interest in
the study of mononuclear gold(ll) halides and pseudoha-
lides.”¥ These open-shell d° derivatives, however, are elusive
in the condensed phase,*” and their detection has been pos-
sible thanks to unimolecular techniques either in matrices or in
the gas phase.®¥ Little is known, however, about their chemi-
cal behavior.” Herein we report on the unexpected formation
of the mononuclear [AuCl;]” and [AuBr;]~ anions by homolytic
splitting of the only Au—C bond in the monoalkyl gold(lll) pre-
cursors [CF;AuX;]™ (X=CI, Br) in the gas phase. This experi-
mental detection prompted us to evaluate the affinity of the
neutral AuX, halides for an additional X~ ligand to afford the
[AuX;]™ anions (ligand association) as well as the relationship
of the latter singly charged species with their oxidized neutral
AuX; counterparts (redox processes).

The monoalkyl gold(lll) derivatives [PPh,J[CF;AuX;] (X=Cl, Br,
I) have been prepared by X, addition to the corresponding or-
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ganogold(l) precursor [PPh,]J[CF;AuX] (Scheme 1). They have
been isolated as stable solids in good yields. The coordination
environment of the gold center changes from linear to square-
planar upon oxidation (Figure 1).'% In the '"F NMR spectra of
the oxidized species 2, the CF; signals show steady upfield
shifts with the increasing electronegativity of the halogen (Fig-

X C]
e +Xp
[CFy—Au—X]~ ——> CF3—Au—X
1 X
2 X Cl Br |
2a 2b 2c

Scheme 1. Synthesis of the anionic monoalkylgold(lll) derivatives 2. In all
cases the cation is [PPh,]".

ure S1 in the Supporting Information). This trend is opposite to
that observed in the corresponding gold(l) precursors 1. It is
worth noting that the anion of 2a as well as the fluoro-com-
plex [CF;AuF;]~ had been previously detected in solution,
but not isolated."

In contrast to the well-established chemistry of arylgold(ll)
derivatives with a single Au—C bond,"™ monoalkylgold(lll) com-
plexes are still rare." In fact, no alkyl [RAuX;]~ species appear
to have been isolated.

Aiming to gain insight into the
fundamental properties of our
monoalkylgold(lll) complexes 2, the
unimolecular decomposition of the
[CF;AuX;]™ anions was studied in
the gas phase by tandem mass
spectrometry  (MS?*;  Figures S4—
58).1"¢! The iodo-derivative
[CF;Aul;]™ cleanly undergoes iodine
elimination regenerating the
parent species [CF;Aul]™ in the re-
verse process of that given in
Scheme 1.7 All the decomposition
paths undergone by the lighter
species [CF;AuCl;]™ and [CF;AuBrs]~
also involve reduction (Scheme 2).
Thus, elimination of CF;X or X, re-
sults in two-electron reduction (re-
ductive elimination). Quite unex-

Figure 1. Displacement-ellip-
soid diagrams (50 % proba-
bility) of the [CF;AuCl]™ and
[CF;AuCl;]™ anions as found
in single crystals of 1a (top)
and 2a (bottom). Selected
bond lengths [pm] and atom
labeling as indicated.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. General fragmentation paths observed for the monoalkylgold(lll)
derivatives 2 in the gas phase (Figures S4-58). They involve metal reduction
by one (path a) or two units (paths b and ¢). Path b is common to all three
halogens (X=Cl, Br, ), whereas halogen dissociation (path c) is not observed
for 2a (X=Cl) and the radical path (a) is not observed for 2¢ (X=1).

pectedly, however, a one-electron reduction is also detected,
which involves the homolytic cleavage of the Au—CF; bond
and formation of the [AuX;]™ anion. Such three-coordinate
gold(ll) species had been suggested to be involved in the
chemical, photochemical or radiolytic reduction of the square-
planar [AuX,]~ complexes."® Recently, the [AuCl;]~ anion was
observed to arise by fragmentation of [AuCl,]” in a photo-
chemically excited state." By performing MS® experiments (a
further step of tandem mass spectrometry), we have addition-
ally found that collision-induced dissociation of the [AuX;]™
species (X=Cl, Br) proceeds under homolytic splitting of a Au—
X bond and formation of the gold(l) linear derivatives [AuX,]™
(Figures S9 and S10). No halide dissociation was observed in
any of the fragmentation processes discussed.

Homolytic cleavage of M—C bonds is a fundamental process
widely found in main-group organoelement chemistry,*® but
much less common in organotransition-metal compounds.”?"
The Au—C homolysis observed in our trifluoromethyl com-
pounds 2 seems to be a distinct feature of these monoalkyl-
gold(lll) complexes.”” The calculated Au—C bond enthalpies
are shown in Table 1.

Table 1. Parameters calculated for the mononuclear [AuX;]~ species.

Parameter X=F X=C X=Br X=lI
[X;Au—CF,]™ bond enthalpy [kJmol™] 278 208 183 155
X~ dissociation enthalpy [kJ mol~'1"*! 290 219 201 179
X" dissociation enthalpy [kJmol~']9 166 120 90 81
vertical detachment energy [eV]¥ 519  4.90 4.71 4.26
adiabatic detachment energy [eV]* 4.64 4.56 441 3.82
spin density on Au [%]" 62 42 31 21
spin density on stem X [%] 26 37 46 52

[a] All the indicated properties and processes involve T-shaped minima
(Figure 2) and have been calculated in the gas phase. [b] Heterolytic
Au—X bond dissociation enthalpy as indicated in Scheme 3 (left). [c] Ho-
molytic Au—X bond dissociation enthalpy as indicated in Scheme 3
(right). [d] The oxidized species is in an excited state. [e] The oxidized spe-
cies is in the ground state. [f] Based on Mulliken charges and populations;
the unassigned spin density is located symmetrically on the X ligands at
the crosspiece (see Figure S15).

We have optimized the geometries of the whole series of
[AuX;]~ anions® and have found that the T-shaped corre-
spond with energy minima in all cases (Figure 2). On the other
hand, Y-shaped structures are identified as transition states

Chem. Eur. J. 2018, 24, 1514-1517 www.chemeurj.org
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Figure 2. T-shaped polytopes for the [AuX;]~ anions optimized at the DFT/
MO6 level and identified as minima in the potential energy surface. Selected
bond lengths [pm] and angles [°] are indicated together with atom labeling.

(Figure S16). Trigonal planar or pyramidal polytopes are not
stationary points in any of these systems. The T-shaped struc-
tures of these open-shell, anionic [AuX;]~ species (d°) show no-
ticeable differences with those of the monomeric, diamagnetic
AuX; molecules (d®), which had been thoroughly studied by
theoretical and experimental methods.®?*?* First, they are
energy minima for all halide ligands, including iodide
(Figure 2), whereas in the neutral case, monomeric Aul; is
better described as a side-on iodine adduct of gold(l) iodide:
IAu(l,).?>?" The Au—X distances within each T-shaped neutral
AuX; molecule are all virtually identical (Figure S14).%*¥ In the
[AuX;]™ anions, however, the Au—X distance in the stem of the
T is consistently longer by about 15 pm than those found in
the crosspiece (Figure 2). This difference can be ascribed to the
fact that the spin density in the open-shell complexes is locat-
ed mainly in the stem axis (Figure 3). It is worth noting that

a) b)

Figure 3. Spin density contour of a) the lightest [AuF;]~ and b) the heaviest
[Aul;]~ anions according to the values given in Table 1. The full set is provid-
ed in Figure S15.

the spin density gradually shifts along this axis from the metal
to the X ligand upon going down the halogen group (Table 1).
The relationship between the mononuclear, T-shaped [AuX;]™
and AuX; species is given by the vertical electron-detachment
energy of the former or the electron affinity of the later
(Scheme 3). The large values calculated (Table 1) qualify even
the heaviest T-shaped AuX; species as superhalogens.””

We have found that the neutral AuX, molecules behave as
typical unsaturated species. Thus, the coordination of an addi-
tional X~ ligand (Scheme 3, left) is clearly exergonic in all cases

Au'X, + X == | [AUXg] | == [AUX + X~

AuX; + €

Scheme 3. Processes connecting the anionic gold(ll) [AuX;]~ complexes with
relevant neighbor species.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(Table 1) with enthalpy values between —179 (X=I) and —290
(X=F) kimol™" in the gas phase, which denotes significant
ligand affinity. The least endergonic fragmentation process of
these [AuX;]™ anions, however, does not involve dissociation of
a X~ ligand (reverse process), but rather homolytic cleavage of
a Au—X bond with release of a halogen atom X' and formation
of the linear [AuX,]” anions (Scheme 3, right). This lower-
energy decomposition channel (Table 1) has been actually es-
tablished to operate on the [AuCl;]” and [AuBr;]~ anions by
MS? experiments (Figures S9 and S10) as indicated above. The
ability of Au" to oxidize X~ ligands into X' atoms indicates a
marked tendency of the species under study to undergo dis-
proportionation.”

In brief, the gold(ll) halide complexes [AuX;]~ (X=Cl, Br)
arise from the organogold(lll) precursors [CF;AuX;]™ by Au—C
homolytic cleavage in the gas phase. The neutral AuX, mole-
cules attain substantial stabilization by halide coordination.
The [AuX;]™ anions thereby formed show T-shaped structures
as energy minima for all halides. Dissociation of X" atoms from
these anions with one-electron metal reduction is energetically
favored over halide dissociation even at the unimolecular level.
This radical process underlies the tendency of simple gold(ll)
species to undergo dismutation. The [AuX;]™ anions (d°) build
the open-shell bridge between the diamagnetic neighbors,
[PtX;]™ (d%)P and [HgX,]™ (d'°),5% of the relativistic triad.
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An Organogold(IIl) Difluoride with a frans Arrangement

Alberto Pérez-Bitridn, Miguel Baya, José M. Casas, Antonio Martin, Babil Menjén,* and

Jesus Orduna

Abstract: The trans isomer of the organogold(IIl) difluoride
complex [PPh,][(CF;),AuF,] has been obtained in a stereose-
lective way and in excellent yield by reaction of [PPh,]-
[CF;AuCF;] with XeF, under mild conditions. The compound
is both thermally stable and reactive. Thus, the fluoride ligands
are stereospecifically replaced by any heavier halide or by
cyanide, the cyanide affording [PPh,][trans-(CF;),Au(CN),].
The organogold fluoride complexes [CF;AuF. ] (x=1, 2, 3)
have been experimentally detected to arise upon collision-
induced dissociation of the [trans-(CF3),AuF,]” anion in the
gas phase. Their structures have been calculated by DFT
methods. In the isomeric forms identified for the open-shell
species [CF;AuF,]", the spin density residing on the metal
center is found to strongly depend on the precise stereochem-
istry. Based on crystallographic evidence, it is concluded that
Au" and Ag" have similar covalent radii, at least in their most
common square-planar geometry.

Organometallic fluorides form a special class of compounds
whose properties largely differ from those of their heavier-
halide homologues.!"! The differences rely on the distinct
effects induced by the most electronegative of the elements,
fluorine, and are particularly conspicuous in gold chemistry.?!
Owing to their high reactivity, organogold fluorides are
eagerly sought species, but even so, they are still rare today.
Yet they are frequently proposed as key reaction intermedi-
ates,”! just a few are sufficiently stable to enable isolation.
Focusing on gold(III), there is a small set of monofluoride
derivatives currently known,” but the number of available
compounds decreases dramatically with increasing fluoride
content. Thus, whereas a handful of difluorides with formula
cis-(NHC)RAuUF, (R =alkyl) were detected in solution,®
only the compounds cis-(N*C) AuF, were actually isolated.”*!
As far as we know, the single example of organogold(I1I)
difluoride with trans geometry is given by the anion [trans-
(CF;),AuF,]”, which was detected in solution along with the
trifluoride [CF;AuF;]~ and various other species, but could
not be separated.”’ This difluoride is of especial interest not
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only because of its singular geometry among organogold
fluorides but also because it is exactly midway between the all
organometallic™ [(CF;),Au]” and the purely inorganic!'"
[AuF,]™ derivatives, probably combining the stability of the
former with the reactivity of the latter.!'”

Now we report on an efficient and stereoselective syn-
thesis of the elusive species [trans-(CF;),AuF,]”, isolated as
its [PPh,]" salt. Its fundamental properties in the solid state, in
solution, and in the gas phase are also presented. Replace-
ment of the F ligands takes place stereospecifically, with the
trans stereochemistry being preserved.

The trifluoromethylgold(I) derivative [PPh,][(CF;),Au]
cleanly reacts with XeF, (Schemel) affording the
organogold(IIl) difluoride [PPh,][trans-(CF;),AuF,] (1). The

CH,Cl, ||= 19
° 0°C
[CFs—Au—CFy|® + xeF, 29, OF;~Au—CF
F

1

Scheme 1. Synthesis of the organogold(lIl) difluoride 1. The cation is
[PPh,]*.

reaction takes place in a quantitative and stereoselective way
on a spectroscopic basis (’F NMR). The stereochemistry of
this oxidative addition is intriguing, since every known
precedent proceed otherwise under formation of the cis
isomers.® Compound 1 is eventually isolated as a thermally
stable (Figure S13 in the Supporting Information), white solid
in excellent yield (> 90 % ). The compound is, however, highly
moisture-sensitive and turns yellowish within hours when in
contact with glassware at room temperature. Owing to its
sensitivity, it is best kept at low temperature.

The stereochemistry of compound 1 in solution is readily
assigned attending to the characteristic pattern of its '’F NMR
spectrum (Figure 1).*! The signal corresponding to the CF;
groups appears as a triplet with *J(F,F) = 16.5 Hz; its chemical
shift, dp = —46.16 ppm, nicely follows the trend set up by the
heavier-halide homologues [PPh,][trans-(CF;),AuX,] (X=
Cl, Br, D" with respect to the electronegativity of the
corresponding halogen (Figure S1). The well-upfield signal
(0p = —324.96 ppm) corresponds to the F ligand and appears
split into a septet with the same coupling constant.

Compound 1 exhibits the same stereochemistry in the
solid state as in solution, as established by single-crystal, X-
ray diffraction methods (Figure 2). The Au—C bond lengths
(205.4(5) pm av.) are similar to those observed in the
homoleptic compound [NBu][(CF;),Au] (208.0(7) pm
av.)."™ However, the Au—F bond lengths (199.0(3) pm av.)
are significantly longer than those found in the [NMe,][ AuF,]
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—-46.16 -324.96

*J(F,F) = 16.5
1F 4 F [x5]

1 1 1 1 1 1
-46.00 -46.20  -46.40 -324.80 -325.00 -325.20
8. ' ppm

Figure 1. "°F NMR spectrum of compound 1 in CD;CN solution at
room temperature with relevant parameters indicated (8 in ppm; J in
Hz). The analysis of the [trans-(">CF;) (?CF;)AuF,]~ isotopomer is
detailed in Figure S3.

199.0(3) av.

Figure 2. Displacement-ellipsoid diagram (50% probability) of the
[trans-(CF;),AuF,]” anion as found in crystals of 1. Only one set of the
rotationally disordered F atoms found in one of the CF; groups is
shown. Average Au—F and Au—C distances [pm] are indicated. For
crystallographic details and CCDC number see Supporting Informa-
tion.

salt (191.1(5) pm av.).'"") Despite this lengthening, the
observed frequency for the only IR-active v(Au—F) mode
(B,,) in compound 1 (598 cm™"; Figure S2) is indistinguishable
from those reported for the [NR,][AuF,] salts: 597 (R =Me)
and 598 cm™! (R =Et)."% Virtually identical average Au—F
interatomic distances were found in the neutral metallacyclic
difluorides (N~C)AuF, (198.2(4) pm av.).!

The [trans-(CF;),AuF,]” anion shows interesting behavior
in the gas phase, as examined by tandem mass spectrometry
(MS?). It undergoes various collision-induced dissociation
processes (Figures S§-S12), which are summarized in
Scheme 2. By far the most favored process involves CF,
extrusion and formation of the trifluoride complex
[CF;AuF;]~ with no change in the metal oxidation state

MS2 MS3
CFAAUIF - AU'F -
Tng [CFaAUF3] TQ» [AuF3] (a)
F [©] l— F
|
CF3—AU—CF; — > [CFAUF, ——— > [AUF - (b)
| - CFy ~CFy
F
1 L [CFAUF- __/ ()
-CFy -CF,

Scheme 2. Unimolecular decomposition paths experimentally detected
by tandem mass spectrometry on the [trans-(CF;),AuF,]” anion, as well
as on the [CF;AuF,]” species derived therefrom (x=1, 2, 3). See text
for details.
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(Scheme 2a). All other fragmentations involve metal reduc-
tion by one (radical dissociation) or two units (reductive
elimination or double radical dissociation). Thus, apparent
elimination of CF, gives rise to small amounts of the mixed
organogold(I) species [CF;AuF]” (Scheme 2c). Homolytic
splitting of a Au—CF; bond gives rise to the organogold(II)
difluoride [CF;AuF,]”, which again suffers Au—C homolysis
to vyield [AuF,]” (Scheme2b). The aforementioned
[CF;AuF;]~ derivative also undergoes Au-C homolytic cleav-
age rendering the gold(II) fluoride complex [AuF;]~ (Sche-
me 2a). This open-shell derivative was recently assigned a T-
shaped structure.'” It was also observed to arise by F'
dissociation from the inorganic [AuF,]” anion.!"® With the
aid of MS* experiments (Figure S12), we have now detected
that the [AuF;]™ anion itself undergoes radical dissociation of
F* atoms giving rise to [AuF,]. This fact is in line with the
behavior of the heavier homologues [AuCl;]” and [AuBr;] -,
and confirms our previous calculations.!'”)

The geometries of the experimentally detected organo-
gold fluoride complexes [CF;AuF,]” (x=1, 2, 3) have been
optimized by DFT methods. The saturated species of gold-
(IT) and gold(I) show the structures depicted in Figure 3. In

a) @ b)
‘i c |19 j F
; 2025 [ 199.5 vf 202.5 202
@

Figure 3. Geometries of a) the square-planar and b) the linear trifluor-
omethyl gold(I11) and trifluoromethyl gold(l) fluoride complexes
[CF;AuF;]~ and [CF;AuF]™ optimized at the DFT/MO6 level with
relevant bond lengths [pm] indicated (see note added in proof).?®

contrast, two isomeric forms have been located for the
unsaturated gold(IT) complex [CF;AuF,]|” (Figure 4). In this
case, the trans isomer is a local minimum and the cis isomer is
stabilized by AH=—16.2kJmol !, being identified as the
global minimum. Both T-shaped isomers are connected
through an interconversion path with a transition state (TS)
located just +0.7 kJmol ! above our arbitrary reference
(Figure S15). The low-energy profile of this interconversion

a) AH=0 b) AH=+0.7(TS)  ¢) AH=-16.2
) 4 W
2015 F 203.5/' 2015
C & 2165 213
(7 255 ; ‘
- -
202 o 8
- v

Figure 4. Geometries of the stationary points located on the potential
energy surface of the unsaturated organogold(ll) fluoride complex
[CF;AuF,]™, as optimized at the DFT/MO6 level: a) trans isomer,

b) transition state, and c) cis isomer. Relative stabilities (AH in

k) mol™") as well as relevant bond lengths [pm] are indicated. The
energy profile of the path interconnecting all three species is shown in
Figure S15.
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path should result in easy fluxional behavior of the unsatu-
rated [CF;AuF,]” complex. The Au—C distance (202.5 pm)
calculated in the square-planar [CF;AuF;]~ complex (Fig-
ure 3a) is slightly shorter than that experimentally found in
the parent compound 1 (205.4(5) pm), denoting a compara-
tively smaller trans influence of the F ligand.'" The entire
CF;-Au-F axis in this gold(IIT) compound shows little
structural difference with the linear gold(I) complex
[CF;AuF]~ (Figure 3b), regardless of the different oxidation
state and coordination number of the metal in each case. A
similar Au—C distance (203.5 pm) is calculated for the cis
isomer of the unsaturated, open-shell [CF;AuF,|” complex
(Figure 4); it is, however, substantially elongated in the TS
(216.5 pm) and even more so in the trans isomer (225.5 pm).
This gradual elongation follows the increasing spin density of
the unpaired electron delocalized onto the CF; group
depending on its stereochemical location (Table 1; Fig-

Table 1: Spin density distribution [%] on the different atoms and groups
along the stationary points found for the three-coordinate, open-shell
organogold(ll) complex [CF;AuF,] .

Atom or group trans isomer TS cis isomer
Au 34 38 72

CF, 54 46 0
[Aul—F®! 6/6 5/11 4/24

[a] Graphical representations are shown in Figure S16. [b] The spin
densities on the metal-bound F atoms, [Au]—F, are similar in the trans
isomer, where they are almost equivalent, but becomes progressively
dissimilar in the TS and the cis isomer, where two distinct coordination
sites are identified (Figure 4). The smaller values correspond to the
(near) cross F atoms.

ure S16). Thus, the spin density on the CF; group is negligible
in the cis isomer, whereas it amounts >50% in the trans
isomer. It is worth noting that the unpaired electron is much
less delocalized when the stem ligand is fluorine. In this case,
the spin density resides mainly on the Au atom (72 %), with
just 24 % delocalized onto the stem F atom. Comparing these
data with those obtained for the purely inorganic [AuX;]~
anions (X =F, Cl, Br, I), it follows that the ability of the CF;
group to delocalize spin density of the unpaired electron
closely approaches that of iodine.!™™! This also evidences a high
degree of covalency for the Au—CF; bond.'! Since the
SOMO of the [CF;AuF,|” complex is antibonding with
respect to the stem ligand (Figure S17), the corresponding
Au—X bond will weaken as the spin density on that ligand
increases. This explains why the stem Au—X bond (Figure 4) is
comparatively much more elongated for X = CF; (225.5 pm in
the trans isomer) than for X =F (213 pm in the cis isomer).['"!
It is further concluded that the spin density at a given metal
atom can be determined by the precise stereochemistry of the
chemical entity, even under a same characteristic molecular
shape (polytope).

Once the intrinsic properties of compound 1 have been
examined, we sought to test its chemical reactivity. In acetone
solution, the fluoride ligands of compound 1 are readily
replaced by any of the heavier halides, X~ (X=Cl, Br, I),
giving rise (Scheme3) to the corresponding [trans-
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Scheme 3. Syntheses of compounds 2-5. In all cases the cation is
[PPh,]".

(CF;),AuX,]” derivatives (2-4)!'®! in quantitative yield
(FNMR). This behavior is typical of a hard ligand like
fluoride, when bound to a “class b” metal like gold(IIT)."”
The fluoride ligands are also quantitatively replaced by
cyanide (Scheme 3) affording [PPh,][trans-(CF;),Au(CN),]
(5), which is isolated as a white solid in good yield.”” In the
solid state, compound 5 exhibits unusually high stability for an
organometallic species, as it melts at 209°C and decomposes
only over 350°C (Figure S14). The labelled derivative [PPh,]-
[trans-(CF;),Au(*CN),] (5%) has also been prepared and
isolated for spectroscopic purposes (see Supporting Informa-
tion). The stereochemistry of 5 has been established by single-
crystal X-ray diffraction analysis. The structure of the anion is
depicted in Figure 5. The Au atom is located at an inversion

113.9(3)
112.8(4)

Figure 5. Displacement-ellipsoid diagram (50% probability) of the
[trans-(CF3),Au(CN),]~ anion as found in crystals of 5 with selected
interatomic distances [pm] indicated. Only one set of the rotationally
disordered F atoms found in the symmetry-related CF; groups is
shown. Values in gray correspond to the same interatomic distances in
the homologous silver derivative [trans-(CF3),Ag(CN),]~.*? For crystal-
lographic details and CCDC number see Supporting Information.

center. The Au—CN bond (199.8(3) pm) involving an sp-
hybridized C-donor atom is appreciably shorter than the Au—
CF; bond (208.7(2) pm) within the same unit. These Au—C
bond lengths do not significantly differ from those, respec-
tively observed in the homoleptic anions [Au(CN),]~ (200.6-
(7) pm)PY and [(CF;),Au]” (208.0(7) pm av.).l'*

It is worth noting that the Au—C bond distances in 5 show
no significant difference with those found in the lighter,
isoleptic and isostructural silver(IIT) anion [trans-(CF;),Ag-
(CN),]", namely Ag—CN 201.3(3) pm and Ag—CF; 210.5-
(4)pm (Figure 5).”?! Since crystals of both [PPh,]-
[trans-(CF;),M(CN),] salts (M =Ag, Au) are isomorphous
(monoclinic, space group C2/c, Z=4)* with no sign of
significant covalent cation/anion interaction, and showing
similar standard deviations in the structural parameters
determined, it can be concluded that Ag" and Au"™ have
approximately the same covalent radii. Direct and meaningful
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comparisons between isomorphous and isostructural M"
covalent species were not previously possible due to the
lack of suitable Ag" partners. Some time ago, it was
concluded that Au' has smaller size than Ag' due to relativistic
effects operating preferentially on gold.?!! This unusual size
inversion substantially diminishes in Ag"/Au" pairs®! and,
according to our current results, fades away on shifting to
oxidation state III. This trend is consistent with the decrease
in the relativistic Au—L bond contraction on going from Au'
to Au™ complexes pointed out by Schwerdtfeger and co-
workers.”®! The fact that the Ag™ and Au"™ centers have
approximately the same covalent radii is also in keeping with
the virtually identical values assigned to their crystal radii in
four-coordinate  square-planar  environments, namely
81 (Ag*") and 82 (Au**) pm."!

In summary, the efficient and stereoselective synthesis of
[PPh,][trans-(CF;),AuF,] provides an entry to the whole
family of organogold fluoride complexes with formula
[CF;AuF,]” (x=1, 2, 3). These species, containing gold in
oxidation states I, II, and III, respectively, have been exper-
imentally detected (gas phase) and their structures calculated
(DFT). A detailed study of the isomeric forms of the open-
shell species [CF;AuF,|” reveals that the spin density
distribution over the complex is a function of its precise
stereochemistry even under a given polytope. Finally, exper-
imental evidence is provided to conclude that Au™ and Ag"
have comparable covalent radii, at least in a square-planar
environment, which is by far the most common geometry for
these d® centers.
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(Abstract: The homoleptic compound [PPh,][CF;AuCF,]
cleanly undergoes photoinduced oxidative addition of CF;l
to afford the organogold(lll) derivative [PPh,][(CF;);Aul] in
good yield and under mild conditions. This compound pro-
vides a convenient entry to the chemistry of the perfluori-
nated (CF;);Au fragment, the properties of which were ana-
lyzed with the aid of DFT methods and compared with
those of the homologous non-fluorinated (CH5);Au moiety. It
was found that reductive elimination of CX;—CX; in the
former (X=F) requires a much higher energy barrier than in

the latter (X=H) and is therefore considerably less favored.
This can be considered as one of the main features underly-
ing the significantly higher stability associated to the
(CF;);Au fragment and its derivatives. This unsaturated, 14-
electron species can be stabilized by coordination of any of
the halide ligands, including fluoride. In fact, the whole
series of anionic [PPh,][(CF;);AuX] complexes (X=F, Cl, Br, |,
CN) has now been isolated and conveniently characterized.
Evidence for intermolecular decomposition pathways upon
thermolysis in the condensed phase is presented. D

Introduction

More than thirty years after Pope and Gibson prepared the
first organogold compounds," Gilman and Woods reported
the synthesis of “trimethyl gold” as a thermally unstable spe-
cies decomposing above —40°C in Et,0 solution.”’ This com-
pound—most probably corresponding to the solvate
(CH;);Au-OFEt,, as already pointed out by its authors—has not
yet been isolated. Nevertheless, it has captured the attention
over the years of both theoreticians and experimentalists due
to its intrinsic simplicity and prototypical nature.”’ The lability
of the Et,0O ligand and the readiness of the (CH;);Au fragment
to undergo reductive elimination of ethane are the main rea-
sons for its thermal instability [Eq. (1)].%) In fact, the unsaturat-
ed (CH;);Au fragment can be stabilized to a greater extent by
better ligands than Et,0, namely, ylides™ and various ligands
with Group 15 donor atoms: amines,” phosphines,“*>” and
AsMe,* Even so, the number of currently known trimethyl-
gold derivatives remains small.®”
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(CH;)3Au - OEt, — (CH3);Au — (CH;3)Au + C,Hg (1)

There is now a burning interest in the progress of trifluoro-
methyl derivatives of both metals"” and non-metals'" because
of their unique and advantageous properties. It is therefore
surprising that the chemistry of the homologous fluorinated
fragment (CF;);Au remains far less developed to date, probably
due to the lack of appropriate synthetic methods currently
available. Thus, naked (CF;);Au seems to have been prepared
as an unstable species by gas-phase reaction of Au vapors
with CF," radicals followed by matrix isolation [Eq. (2)]."% As in
the preceding non-fluorinated methyl derivative, significant
stabilization is accomplished by coordination of an additional
ligand, namely (CF;);Au(PMe;). The latter phosphine adduct
was subsequently prepared by treatment of (CF;),Aul(PMe,)
with (CF;),Cd-dme in the presence of excess of CF,l.l"™

AU(Q) + 3CF3'(9> g (CF3)3AU (2)

Our own attempts to bring into reaction just one of the Au—
CF; bonds in the anionic species [(CF;),Aul” failed."" The lack
of selectivity in the attempted processes can be attributed to
the high stability and remarkable inertness of the symmetric
[(CF;5),Au]l™ anion, which make this homoleptic species a con-
venient weakly coordinating anion," yet one of little synthetic
use. In this context, it is interesting to note that protonation of
the lighter homologous species [(CF;),Cul™ in the presence of
2,2'-bipyridine (bpy) afforded the neutral (CF,);Cu(bpy) deriva-
tive."! By treating the isoleptic silver anion [(CF,),Ag]l” with
IClI in MeCN, the neutral (CF;);Ag(NCMe) compound was ob-
tained as a colorless oil, but in poor yield."® Treatment of
[NBu,J[Au(CN),] with CIF in CH,Cl, proved to be non-selective.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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In the complex mixtures of gold derivatives thereby obtained,
some anionic [(CF;);AuX]™ compounds (X=F, Cl, CN) were de-
tected by '>F NMR spectroscopy, but were not isolated."”

We now report on a simple and efficient method enabling
a convenient entry to the chemistry of the (CF;);Au fragment.
The fundamental properties of this unsaturated, 14-electron
species were analyzed with the aid of DFT methods and con-
veniently contrasted with those corresponding to the non-fluo-
rinated homologous (CH;);Au moiety. We have succeeded in
stabilizing the naked (CF;);Au moiety by coordination of the
whole family of halide ligands, X7, including fluoride. Synthetic
methods are thus described to prepare the series of anionic
compounds with the formula [PPh,][(CF;);AuX] (X=F, Cl, Br, |,
CN) for which no counterpart in the well-established chemistry
of the non-fluorinated (CH,);Au fragment is currently known.®
These fluorinated compounds exhibit unusually high thermal
stability. Their decomposition pathways under various condi-
tions were also studied in detail and are thoroughly discussed.

Results and Discussion
Synthesis of [PPh,][(CF;);Aul] (1)

The homoleptic organogold(l) derivative [PPh,][CF;AuCF,]"
cleanly undergoes oxidative addition of CF;l in MeCN solution
at room temperature (Scheme 1) affording the triorgano-

FaC, /CF3—|®

/Au\
Fac”

F—
RF = CF, 1

Fc—Au—CFs|© + R —
F o
RF = n-BuF n-Bul /CF3—|

L - Al 2

FC I

Scheme 1. Oxidative addition of Rl reagents to the homoleptic, anionic tri-
fluoromethylgold(l) species. In all cases the cation is [PPh,]".

gold(lll) species [PPh,I[(CF;);Aul] (1), which can be isolated as
a white solid in good yield. Compound 1 shows a characteristic
YFNMR spectrum (Figure 1) consisting of a quartet at &=
—26.09 ppm and a septet at Oy =—31.46 ppm in 2:1 integrated
ratio, corresponding to each kind of chemically inequivalent
CF; groups, which are mutually coupled with a common
*J(FF)=7.2 Hz value.

Concerning the reaction mechanism, it is interesting to note
that the process requires 4 days for completion in the dark,
while it proceeds quantitatively in just 10 min when exposed
to daylight, as determined by '°F NMR spectroscopy. The sharp
rate difference observed upon photoirradiation is clear evi-
dence that the reaction proceeds by a radical mechanism, as
also found in related systems."® The AX,Y stoichiometry of the
obtained anion precludes any decision concerning the stereo-
chemistry of the process. However, when the reaction is carried
out under similar conditions using nBufl as the reagent, the
trans isomer of [PPh,][nBu"(CF,),Aul] (2) is stereoselectively ob-
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Figure 1. "°F NMR spectrum of compound 1 in CD,Cl, solution at room tem-
perature with relevant parameters indicated (d¢ in ppm; J in Hz).

tained (Scheme 1; Figure S1). Given the similarity at the a-C
atom in both perfluoroalkyl iodides with 1°"—C®" bond polarity,
RfI (RF =CF,, nPr"CF,), it is reasonable to conclude that their ox-
idative addition to compound [PPh,][CF;AuCF;] takes place in
both cases with trans stereochemistry. We had previously
found that the same homoleptic organogold(l) derivative also
undergoes stereoselective oxidative addition of halogens, X,,
affording [PPh,][trans-(CFs),AuX,] (X=Cl, Br, ).

The clean behavior now observed for the fluorinated
[CF;AUCF;]™ species towards Rl reagents (Scheme 1) is in sharp
contrast with that previously reported for the non-fluorinated
[CH;AuCH;]™ homologue. In the absence of additional stabiliz-
ing ligands, the latter is known to react with Mel undergoing
metal reduction and affording an 8:1 mixture of ethane and
methane.” Although the [(CH);Aul]™ anion might, in principle,
be involved in the referred process, this nonfluorinated anion
has not been isolated or identified to date. It was not detected
upon reaction of [CH;AuCH;]™ and Mel in the gas phase either,
not even when using favorable conditions, namely high con-
centrations of Mel and the longest possible reaction times."”
Actually, we are not aware of the existence of any simple
anionic [(CH3);AuX]™ species. In contrast, the fluorinated
(CF;);Au fragment can be stabilized not only by iodide, but
also by any other halogen ligand, as we will see next.

Synthesis and characterization of further anionic derivatives
of (CF;);Au

It is well known that gold, even in its oxidation state lll, is a typ-
ical “soft acid” (Pearson HSAB)?” or “class b” metal in the origi-
nal classification of Ahrland, Chatt and Davies.”” Thus, the rela-
tive stability of gold halides towards substitution in solution
usually follows the order: F<Cl<Br<|<CN.?? In order to
prepare the lighter halide complexes of the (CF;);Au moiety
starting from the iodo-derivative 1, the use of AgX salts
seemed appropriate since the extremely low solubility of Agl
might help to overcome this unfavorable trend.”® In fact,
room-temperature treatment of 1 with a slight excess of AgX
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(X=F, Cl, BnN™ readily affords the whole family of halo-deriva-

tives [PPh,][(CF;);AuX] (3-5) in good yield (Scheme 2).
Additionally, the cyano-complex [PPh,][(CF;);AuCN] (6) was

prepared by simple reaction of compound 1 with KCN

/CFﬂe

- Agl R X‘ F Cl Br

+AgX F3C\

S}
Fsc\ /CF3—| + XeF2

/Au\ /Au\ 8
Fsc” I “Xel-lz g’
1
©
+KCN F3C\ /CF3—|
—— Au 6
~KI SN

FsC CN

Scheme 2. Synthetic procedures affording the whole family of anionic
[(CF,);AuX]™ derivatives. In all cases the cation is [PPh,]".

(Scheme 2). The fluoro-derivative [PPh,][(CF;);AuF] (3) is partic-
ularly appealing given the current interest in the synthesis of
organogold fluorides.” It is worth noting that the [(CF;);AuF]~
anion had been previously identified in solution, but not isolat-
ed thus far"”’ Compound 3 can also be prepared in reasonable
yield by treatment of 1 with XeF, (Scheme 2). Compound 3 is
an extremely moisture-sensitive species. Under rigorously dry
conditions and once isolated, however, compound 3 is very
stable in the solid state (see below).

Compounds 3-6 were conveniently characterized by analyti-
cal and spectroscopic methods (see the Experimental Section).
Valuable structural information in solution is provided by
YFNMR spectroscopy. Our results validate previous assign-
ments to the [(CF;);AuX]™ anions detected in solution (X=F, Cl,
CN).'"" The room-temperature spectral pattern of all these
compounds consists of two signals in 1:2 integrated ratio (typi-
cally a septet and a quartet), corresponding to the two types
of chemically inequivalent CF; groups with no hint of fluxional
exchange between them. Both sets of nuclei are mutually cou-
pled with *J(FF) values in the narrow 5.8-7.2 Hz range. Addi-
tional splitting of the signals is observed in the fluoro-deriva-
tive 3 (Figure 2). In the latter, the CF; signals show the widest
separation within the series of halides (quartet: ;=
—41.09 ppm vs. septet: O, =—28.58 ppm), revealing the most
dissimilar environment for each kind of chemically inequivalent
CF; group. Moreover, the fluorine atom directly bound to gold
is much shielded, with the corresponding signal appearing at
very high field: 6;=—254.41 ppm (Figure 2b). If we compare
the CF; chemical shifts within the series of halides, [(CF;);AuX]™
(X=F, Cl, Br, 1), it is found that they nicely correlate with the
halogen’s electronegativity (Figure S2). The dependence is sur-
prisingly less marked for the CF; group trans to X and is con-
trary for each kind of CF;, in such a way that the relative quar-
tet versus septet position becomes inverted in the iodo-deriva-
tive 1 (Figure 1). Such an “inverted” arrangement was also
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Figure 2. "°F NMR spectrum of compound 3 in CD,Cl, solution at room tem-
perature with relevant parameters indicated (o in ppm; J in Hz): a) CF,
range; b) fluoride signal.

found in the related isoelectronic Pt" derivatives,*® and seems
to be associated with ligands exhibiting certain m-acceptor
character. An additional example of this apparently general
trend is provided by the cyano-derivative 6. In this compound
bearing a typical m-acceptor ligand, the quartet (0=
—30.07 ppm) and septet (O =—34.15 ppm) signals also show
“inverted” positions.

We also sought to obtain structural information in the solid
state by X-ray diffraction methods. Single crystals of the gold
compounds with the lightest (3) and the heaviest (1) halogens
were indeed obtained and their X-ray diffraction data were
carefully analyzed. In both cases, however, and regardless of
their disparate size, the monoatomic X ligands (X=F or I) in
the corresponding [(CF;);AuX]™ anions were heavily disordered
over three adjacent positions and thus, no reliable structural
parameters could be finally obtained. Better results were at-
tained for the cyano-derivative 6, in which the diatomic CN
ligand shows no apparent sign of disorder. In the
[(CF;);AuCN]™ anion (Figure 3), the gold atom is surrounded by
four C-donor ligands in a square-planar arrangement. The Au—
CN bond length (205.9(3) pm) is appreciably longer than that
found in the homoleptic [AsPh,J[Au(CN),] derivative
(200.6(7) pm average).”” This elongation can be attributed to
the high trans influence of the CF; group.”® Accordingly, the
Au—C bond lengths of the mutually trans-standing CF; groups
(211.2(3) pm average) are also longer than the Au—CF; distance
trans to CN (a ligand with low trans influence): Au—C(2)
206.8(3) pm. Focusing on the CF;-Au-CN axis, it is worth noting
that the elongation of the Au—CN bond and shortening of the
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c(3)

C(2) C(4)

c(1)

Figure 3. Displacement-ellipsoid diagram (50 % probability) of the
[(CF;);AuCN]~ anion as found in single crystals of 6 with only one set of
C(1)-bound F atoms at half occupancy given. Selected bond lengths [pm]
and angles [°] with estimated standard deviations: Au-C(1) 210.0(3), Au-C(2)
206.8(3), Au-C(3) 212.5(3), Au-C(4) 205.9(3), C(4)-N 108.8(3), C(1)-Au-C(2)
90.55(11), C(1)-Au-C(3) 177.03(10), C(1)-Au-C(4) 88.43(10), C(2)-Au-C(3)
90.93(10), C(2)-Au-C(4) 178.50(9), C(3)-Au-C(4) 90.13(9), Au-C(4)-N 177.0(2).

Au—CF; bond just discussed render both Au—C bonds similar
in length (205.9(3) vs. 206.8(3) pm) despite the contrasting
nature of the involved ligands and the different hybridization
of the C-donor atom in each case.

All the isolated compounds containing the (CF;);Au moiety
(1 and 3-6) show high thermal stability. They melt without de-
composition in the 144-180°C range (see the Experimental
Section). Except for compound 3,” well-defined processes co-
inciding with the melting point are observed in the corre-
sponding DSC measurements (Figures S6-5S9). These are the
only significant features appearing before decomposition. A
detailed study of the decomposition processes will be present-
ed below, but we consider it appropriate to first explore the
reasons underlying the unusual stability experimentally ob-
served, especially considering that the non-fluorinated
[(CH;);AuX]™ species are still unknown.

(CF;);Au versus (CH;);Au

The (CH;);Au and (CF;);Au fragments are of fundamental im-
portance as prototypical examples of unsaturated species with
14 valence electrons, and for this reason, they have been previ-
ously studied at different levels of theory by the research
groups of Hoffmann,*? Nakamura,®® and Krossing."™ In view
of the current experimental results, we considered it appropri-
ate to undertake a comparative theoretical study of both
(CX5);Au unsaturated species (X=H, F) using the same level of
treatment. Aiming to gain a deeper understanding of their
analogies and especially of their differences, we undertook cal-
culations of their ground-state stereochemistry as well as of
their most basic decomposition pathways.

Stereochemistry

Concerning the ground-state geometry, T-shape structures
have been found as the most energetically favored for both
(CX5);Au units in line with previous results.*®'>3% The obtained
geometric parameters (Figure 4) are in keeping with the struc-
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Figure 4. Lower-energy structures for the unsaturated (CX;);Au species in
the gas phase as calculated by DFT methods: a) T-shape polytope for X=F
(global minimum); b) T-shape polytope for X=H (global minimum); ¢) Y-
shape polytope for X=H (local minimum). Indicated are the most relevant
structural parameters: interatomic distances [pm] and angles [“].

tural data experimentally found for the [(CF;);AuCN]™ anion
discussed above. Accordingly, the Au—C bond trans to the void
(no trans influence) is the shortest one in both cases. Besides,
the mutually trans-standing CX; groups do not substantially
deviate from linearity (C-Au-C>170°). A Y-shape structure is
also located as an additional local minimum at nearly the same
energy for (CH;);Au (Figure 4c), whereas no similar structure
was found to be stable in the case of (CF;);Au. The extremely
low energy profile connecting the Y and T polytopes of
(CH,);Au (Figure 5, red trace) indicates that this non-fluorinated
fragment is stereochemically labile. In contrast, the T polytope
is greatly favored in the fluorinated fragment (CF;);Au, which
therefore shows a much more pronounced stereochemical sta-
bility (Figure 5, blue trace).

It is interesting to note that a symmetric trigonal-planar ar-
rangement would entail degenerate electron configuration for
a singlet spin-state (diamagnetic). This system would be unsta-
ble and would either evolve into a triplet spin-state or undergo
Jahn-Teller distortion to lower-symmetry structures as the
aforementioned T or Y polytopes.®” We have carried out geom-
etry optimizations for both spinomers® of the highly symmet-

100
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E,, [kJ mol™]
o

-100

180 160 140 120 100 80 60 40
al’]

Figure 5. Comparative energy profiles of the R;Au fragments, R=CH, (red
trace) and CF; (blue trace), as a function of the indicated a angle. Low

a values lead to reductive elimination of R—R. Schematic structures depicted
above the profile lines refer to transition states (Figure S18) and those de-
picted below refer to energy minima (Figure 4).
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ric trigonal-planar (CX;);Au species, that is, those with triplet
and singlet spin-states. For the triplet-spin (CX;);Au spinomers
(§=1), almost perfect trigonal-planar geometries (Figure 6)

s - 4

a b
) 220 ) 219
119.7( \119.7 117.7(‘\119.6
£
< 219 219, 218
— NV N
i / 122.6
o [
- ! v’ !

Figure 6. Optimized structures in the gas phase for the triplet-spin (CX;);Au
spinomers as calculated by DFT methods: a) X=H; b) X=F. Indicated are
the most relevant structural parameters: interatomic distances [pm] and
angles [°].

with significantly longer Au—C bond lengths (/<219 pm) were
found as well-defined minima at > 110 kJmol™" over the corre-
sponding ground state. In contrast, no minimum was found
for the diamagnetic spinomers (S=0). Following our calcula-
tions, both trigonal-planar spinomers of (CX;);Au are unfavora-
ble, high-energy species, and hence they should be avoided in
any feasible reaction mechanism and/or rearrangement path-
way. Although this limitation might be counterintuitive in
some instances, it is clear that highly symmetric trigonal-planar
arrangements are energetically unaffordable.

Decomposition pathways

Early studies on the decomposition of non-fluorinated neutral
(CH;);AuL compounds were carried out by Gilman and Woods
(L=Et,0)* and then by Coates and Parkin (L=PR;).” Detailed
mechanistic studies were later carried out by Kochi,** who es-
tablished that such decompositions follow a dissociative path
as indicated in Equation (1). Nakamura also found, by ad-
vanced calculations,®” that dissociation of the neutral ligand
was indeed the limiting step in the unimolecular decomposi-
tion of (CH,);Au(PMe;) (gas phase).*”

For reductive elimination to occur at the unsaturated
(CX5)5Au units, two CX; groups must become sufficiently close
as to enable C—C coupling. Following this reaction scheme, we
have modeled both (CX;);Au systems by gradually varying the
C-Au-C angle formed by two cis-standing groups: 90°>a >
40°. Aside from this a angle, which represents the reaction co-
ordinate, all other structural parameters have been refined
freely (no additional constraints applied). By so doing, we have
found that reductive elimination of CH;—CHj; at the unsaturat-
ed (CH,);Au fragment is a clearly exergonic process with virtu-
ally no activation barrier (Figure 5, red trace). In contrast, re-
ductive elimination of CF;—CF; at the fluorinated (CF;);Au spe-
cies was to require rather high activation energy (Figure 5,
blue trace). This contrasting behavior is in line with the stereo-
chemical properties of each fragment discussed above. The
low-energy path found for reductive elimination at (CH;);Au is
in agreement with its almost fluxional behavior that should
enable the mutual approaching of two CH; groups with little
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energy cost. The marked preference of the fluorinated (CF;);Au
fragment for a T-shape geometry should, in turn, result in sub-
stantial energy expenditure to bring two CF; groups together.

Another important factor governing the stability of the R;Au
systems towards R—R elimination seems to be the electronega-
tivity of the R substituent as clearly illustrated within the series
of monomeric gold(lll) halides AuX;. The lightest species, AuF;,
was found to exhibit a T-shape structure in the gas phase by
electron diffraction® and by computational methods.***¢ Evi-
dence of similar geometries in matrix-trapped AuF; and AuCl;
molecules has been recently obtained.®?” In contrast, the
global minimum found for the heavier halide, Aul;, is best for-
mulated as an adduct of the reduced iodide Aul with an end-
on iodine molecule, 1Au(l,).”¥ This trend found with typical
(04 )-donor ligands is also paralleled in the following series
of mainly o-donor ligands (electronegativity values in paren-
theses): CF; (3.49), CH; (2.28) and H (2.20).5® We have seen
that (CF;);Au is less prone to undergo reductive elimination
than (CH;);Au, and much less so than AuH,. The latter is, in
fact, best formulated as a dihydrogen adduct of gold(l) hy-
dride, HAu(H,).*? It becomes apparent that reductive elimina-
tion is so much favored with the least electronegative substitu-
ents in both series that neither hydride nor iodide are able to
stabilize the corresponding high-valent species AuH; or Aul,.*”

Thermolytic studies on the anionic derivatives of (CF;);Au

We carried out detailed thermolytic studies on the isolated
compounds under two related but quite different experimental
conditions: in the gas phase and in the condensed phase.
These conditions ensure that the results obtained are intrinsic
of each substance and therefore independent of any kind of
solvent. They also enable the distinction between inter- and in-
tramolecular decomposition pathways.

Unimolecular thermolyses in the gas phase'"

The anionic [(CF;);AuX]™ derivatives (X=F, Cl, Br, I, CN) were
studied by tandem mass spectrometry (ESI-CID-MS?; see the
Experimental Section). Given their simple stoichiometry and
the homologous character of the X ligand, these [R;AuX]™
anions form an ideal set for the study of the mechanism of
their unimolecular thermal decomposition as a function of just
a single variable, X. Moreover, they are charged species and
therefore easily brought into the gas-phase by electrospray
ionization (ESI). The [(CF;);AuX]™ anions were selectively con-
fined in an ion trap and thermally excited by intensive collision
with an inert gas (He). The energetic experimental conditions
required to induce fragmentation in the parent ions give an in-
dication of their intrinsic stability. The ionic fragments formed
by collision-induced dissociation (CID) were detected in the
second stage of the experiment (MS?). These experimental con-
ditions ensure that only intramolecular decomposition path-
ways operate. The results obtained (given in the Supporting In-
formation) are consistent with the general decomposition pat-
tern shown in Scheme 3, although significant variations apply
to each particular case.
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Scheme 3. Primary intramolecular decomposition paths experimentally ob-
served by tandem mass spectrometry on the anionic species [(CF,);AuX]™
(X=F, Cl, Br, I, CN) with significant variations applying to each particular
case.

Two primary fragmentation paths involve reductive elimina-
tion of C,F, or CF;X giving rise to the organogold(l) species
[CF;AuX]™ and [CF;AuCF,]™, respectively. These are the main
mechanisms operating in the decomposition of the iodo-deriv-
ative 1 (Figure 7). It is worth noting that elimination of CF; is
largely favored over that of CF;X in all cases. In fact, in all
other halo-complexes, little CF;X is eliminated, and in the
cyano complex 6, elimination of CF;CN was not observed at all
(Figures S3-S5).

The unimolecular decomposition of the fluoro-derivative 3
sharply differs from its heavier homologues. In this case, the
main fragmentation path involves CF, extrusion, whereby the
organogold(lll) difluoride [(CF;),AuF,]™ is formed (Figure 8). This
non-reductive fragmentation path (Scheme 3) is less important
in the cyano complex 6 (Figure S5), operates just marginally in
the chloro- and bromo-derivatives 4 and 5 (Figures S3 and S4)
and is virtually absent in the iodo-derivative 1 (Figure 7).

393 [CF3Aull”

[CF3AuCF;]~ /\ [M]~
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[CF3AuF]™
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| i
1 ) ] i ] i ] i J
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Figure 7. Quadrupole ion-trap MS? results of the collision-induced dissocia-
tion of the anion of 1 (labeled [M]").
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Figure 8. Quadrupole ion-trap MS? results of the collision-induced dissocia-
tion of the anion of 3 (labeled [M]").

Extrusion of CF, also takes place at secondary stages of de-
composition. Thus, the organogold(l) species [CF;AuX]™ formed
by C,F¢ elimination, undergo CF, extrusion giving rise to tiny
amounts of the [FAuX]~ fluorides. This fragmentation path has
been recently reported to occur on pure samples of [PPh,]-
[CF;AuX].? Also, the symmetric [FAUF]~ difluoride has been re-
cently detected to arise as a minor product in the decarboxyla-
tion of [Au(OAch),]” in the gas phase.”*

It becomes clear that, except for the fluoro-complex 3, the
main decomposition path in the series of anionic [(CF;);AuX]™
derivatives involves C,F¢ elimination. This kind of elimination
has been assessed as a high-energy process in the naked
(CF;);Au fragment, following our calculations presented above.
It is worth noting, however, that the experimental conditions
for these unimolecular decompositions to occur are highly en-
ergetic.

Thermolyses in the condensed phase

The stability of all the anionic compounds containing the
(CF3);Au moiety (1 and 3-6) was checked by thermogravimet-
ric and differential thermal analysis (TGA/DTA) of the corre-
sponding solid samples. The results are given in the Support-
ing Information (Figures S10-514). All these compounds show
unusual stability. The most stable species is the cyano-deriva-
tive 6, which decomposes at 350 °C. Even the fluoro-derivative
3 shows remarkable stability for an organogold fluoride, as it
decomposes at 267°C. The least stable of the ionic [PPh,]-
[(CF3);AuX] compounds is the iodo-complex 1, decomposing at
245°C.
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Once the decomposition temperature was determined by
TGA/DTA, the halide compounds were thermolyzed in sealed
tubes under an inert atmosphere (Ar), and their decomposition
products were analyzed by '°F NMR spectroscopy with the aid
of MS. It is worth noting that no C,F, was detected in any of
these bulk thermolyses, in contrast with the results observed
in the gas phase. Decomposition of the iodo-derivative 1 at
250°C (Figure S15) produces CF;l together with [CF;AuCF;]™ as
required for the reductive elimination indicated in Scheme 4a.

a) [(CF3)3Aul]~

“CFal [CF3AuCF3]~

b) [CF3AUCF3]~ + [(CF3)3Aul]l- [CF3Aul]- + [(CF3)4Au]

Scheme 4. Intermolecular decomposition paths observed upon thermolysis
of 1in condensed phase (Figure S15): a) reductive elimination, and b) ligand
exchange. The result of the separate process (b) is given in Figure S16.

Since this process occurs to just a minor extent in the gas
phase (Figure 7), it is reasonable to conclude that intermolecu-
lar paths operate in the condensed phase. Evidence for the in-
volvement of intermolecular processes is further supplied by
the presence of additional trifluoromethyl-gold derivatives
among the decomposition products, namely [(CF;),Au]l” and
[CF;Aul]l™ (Figure S15). The latter compound cannot arise by re-
ductive elimination of C,F; from the starting product 1 since
C,F, is totally absent; its occurrence might rather be explained
as the result of the exchange process given in Scheme 4b,
whereby the homoleptic organogold(l) derivative [CF;AuCF;]~
acts as a trifluoromethylating agent towards the iodo-deriva-
tive 1. This intermolecular exchange process is made possible
by the fact that it takes place at a temperature above the melt-
ing points of both compound 1 (m.p. 171°C) and [PPh,]-
[CF;AUCF;] (m.p. 193°C)," thus enabling fluid contact be-
tween the relevant organogold units. Exchange was further
confirmed by heating an equimolar mixture of the reagents in-
volved at 200°C (Figure S16), that is, well below the onset of
decomposition of compound 1.

Related exchange processes are known to occur in solution
by reaction of various gold(lll) halide complexes with more
active trifluoromethylating agents such as (CF,),Cd-dme.!"* 89
Also, in non-fluorinated methylgold systems, exchange be-
tween [Au"]-X and [Au]-CH; units in solution are well docu-
mented.*” Nevertheless, the process given in Scheme 4b is
quite singular because it takes place in the melt and leads to
the full-substituted [(CF;),Aul” species (Figure S16).

A feature common to all the thermolyses under study is the
appearance of variable amounts of metallic gold. Although the
fate of the corresponding CF; groups cannot be easily ascer-
tained, the presence of the fluorosilicate anion [SiFs]™ (0r=
—139 ppm; "J("F?'Si) =146 Hz)"*' denotes formation of highly
active species, able to attack the vessel glass. Some CF;H is
usually observed. Moreover, trifluoromethylation of the cation
at one or two positions of the phenyl rings was observed, as
clearly evidenced by the appropriate mass increase in the MS
(Figure S17). These trifluoromethylation processes, however,
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are non-regioselective giving rise to various singlets in the suit-
able region of the "F NMR spectrum (ca. —63 ppm).l*®

Conclusions

The organogold(lll) compound [PPh,][(CF;);Aul] (1) was cleanly
obtained by photoinduced oxidative addition of CF;l to the or-
ganogold(l) precursor [PPh,][CF;AuCF;]. This high-yield synthe-
sis, carried out under mild conditions, makes compound
1 a convenient entry to the chemistry of the perfluorinated
(CF;);Au fragment. Thus, the anionic [PPh,][(CF;);AuX] halide
complexes [X=F (3), Cl (4), Br (5)] have been obtained there-
from by simple, high-yield methods. The family of anionic hal-
ides was completed with the pseudo-halide complex [PPh,]-
[(CF;);AUuCN] (6). Some of these chemical species had been pre-
viously detected in solution by Willner and his co-workers,
who correctly and competently assigned their NMR spectro-
scopic properties.'” Once isolated, this series of compounds
provides a complete and homogeneous set most suited for
comparative studies. All of them are robust species with un-
usually high stability: their decomposition temperatures range
from 245°C for the iodo-derivative 1 to 350°C for the cyano-
complex 6. This unusual stability is a remarkable feature, espe-
cially considering that no analogous [(CH;);AuX]™ complex
with the non-fluorinated methyl group is currently known.

In order to ascertain the reasons underlying this contrasting
difference, the most fundamental properties of the isoleptic
(CH5);Au and (CF5);Au fragments were studied by theoretical
methods, namely their stereochemistry and their tendency to
undergo reductive elimination. The naked (CF;);Au fragment
was found to exhibit a T-shape structure as the most energeti-
cally favored (Figure 4a). This fragment was found to be con-
figurationally stable and shows a sizable energy barrier
(=110 kimol™) for reductive elimination (Figure 5, blue trace).
In contrast, the non-fluorinated (CH5);Au moiety was found to
be stereochemically labile and to undergo almost barrierless
reductive elimination (Figure 5, red trace).

The thermal decomposition of all these [PPh,I[(CF;);AuX]
compounds was carefully examined both in the gas phase
(MS?) and in the bulk (TGA/DTA). Sharply different decomposi-
tion mechanisms were identified depending on the aggrega-
tion state. Thus, high-energy processes operate at the unimo-
lecular level (gas phase), whereas lower-energy intermolecular
pathways are open in the condensed phase (bulk). Collision-in-
duced dissociation of the [(CF;);AuF]™ anion in the gas phase
proceeds mainly under CF, extrusion giving rise to the organo-
gold(lll) difluoride [(CF,),AuF,]~ (Figure 8). Finally, the homolep-
tic organogold(l) derivative [CF;AuCF;]~ was identified as a ther-
mally robust trifluoromethylating agent able to operate in the
condensed phase under solvent-free conditions.

In summary, the most fundamental properties of the per-
fluorinated (CF;);Au species have been examined by theoreti-
cal methods. The anionic complexes of this unsaturated 14-
electron fragment with the whole series of halides (including
fluoride), [PPh,][(CF;);AuX], have been isolated and their de-
composition paths thoroughly studied. The involvement of in-
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termolecular processes in bulk systems is demonstrated even
in solvent-free reaction media.

Experimental Section
General procedures and materials

Unless otherwise stated, the reactions and manipulations were car-
ried out under purified argon using Schlenk techniques. Solvents
were dried using an MBraun SPS-800 System. Compound [PPh,]-
[CF,AuUCF;] was obtained as described elsewhere.™ Samples of
AgCl and AgBr were prepared by precipitation from aqueous
AgNO; solutions with the corresponding halide. Other chemicals
were purchased from standard commercial suppliers and were
used as received. Elemental analyses were carried out by using
a PerkinElmer 2400 CHNS/O Series Il microanalyzer. IR spectra were
recorded on neat solid samples using a PerkinElmer Spectrum FT-
IR spectrometer (4000-250 cm™') equipped with an ATR device.
Standard mass spectra (MS) were registered by MALDI-TOF tech-
niques on Bruker MicroFlex or AutoFlex spectrometers. '"F NMR
spectra were recorded at room temperature on Bruker ARX 300 or
AV 400 spectrometers. Chemical shifts (J; in ppm) are given with
respect to CFCl;. Chemically inequivalent CF; groups are indicated
as follows: CF;-Au-CF; refers to the mutually trans-standing CF,
groups (q=quartet), whereas CF;-Au-X refers to the CF; group
trans to the anionic X ligand (spt=septet). Thermogravimetric and
differential thermal analyses (TGA/DTA) were performed under N,
atmosphere on powder samples (2-5 mg) in open platinum hold-
ers at heating rate of 10°Cmin~" using a SDT 2960 instrument. Dif-
ferential scanning calorimetry (DSC) experiments were performed
using a DSC Q-2000 from TA instruments with powder samples (2-
5mg) in sealed aluminum holders at a heating rate of 10°Cmin~".
Melting points were taken at the maximum of the DSC peak and
verified by visual inspection of samples placed on glass plates
using an Olympus BH-2 microscope fitted with a Linkam TMS-91
temperature controller with hot stage.

Synthesis of [PPh,][(CF;);Aul] (1)

Method A: A 1.857m solution of CF;l in n-hexane (2.40 cm’,
4.45 mmol) was added to a MeCN solution (10 cm® of [PPh,]-
[CF;AuCF;] (0.50 g, 0.74 mmol) and the mixture was stirred at room
temperature in the dark for 4 days. The reaction mixture was then
evaporated to dryness. Treatment of the resulting residue with
iPrOH (3 cm®) at —30°C rendered a white solid which was filtered,
washed with Et,0 (3 x3 cm®), vacuum dried and identified as com-
pound 1 (0.58 g, 0.67 mmol, 90% yield). M.p. 171 °C; latent heat of
fusion: AH=340kJmol™" (FigureS6). '"FNMR (Figure 1:
376.308 MHz, CD,Cl,): 0p=-26.09 (q, “J(FF)=7.2 Hz, 6F CF;-Au-
CF,), —31.46 ppm (spt, 3F, CF-Au-X). IR: v=3057 (w), 1588 (w),
1485 (m), 1435 (s), 1341 (w), 1316 (w), 1191 (w), 1162 (w), 1146 (s),
1098 (vs), 1064 (vs), 1045 (vs), 996 (s), 977 (m), 928 (m), 846 (w),
749 (m), 719 (vs), 686 (vs), 616 (w), 522 (vs), 453 (m), 335 (w), 303
(m), 289 (m), 277 cm™" (m). MS (MALDI-): m/z: 531 [(CF,);Aul]l",
393 [CF;Aull™, 335 [CF;AuCF;]". Elemental analysis calcd (%) for
CyyHa0AUFIP: C 37.26, H 2.32; found: C 36.89, H 2.36.

Method B: A 1.857m solution of CF;l in n-hexane (48 mm?
90 umol) was added to a MeCN solution (0.5 cm®) of [PPh,]
[CF;AUCF;] (10 mg, 15 umol) in a quartz tube. After 10 min expo-
sure to sunlight, quantitative transformation to the final product
was confirmed by '°F NMR spectroscopy.
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Oxidative addition of nBufl to [PPh,][CF;AuCF;]

nC4Fql (15 mm?, 90 umol) was added to a MeCN solution (0.5 cm?)
of [PPh,J[CF;AuCF;] (10 mg, 15 pmol) in a quartz tube and exposed
to sunlight for 10 min. The resulting mixture was evaporated to
dryness and the residue redissolved in CD,Cl,, being identified as
[PPh,][trans-(nBuf)(CF;),Aul]l (2). 'F NMR (Figure S1: 376.308 MHz,
CD,Cly): 8p=—24.51 (tt, “/(F,F)=11.5 Hz, °J(FF)=7.9 Hz, 6F; Au-CF,),
—81.27 (tt, *J(FF) ~O0Hz, “J(FF)=10.1Hz, °JFF)=29Hz, 3F;
CF,CF), —8460 (br, 2F; «-CF,), —11476 (br, 2F; B-CF,),
—126.65 ppm (m,, 2F; y-CF,).

Synthesis of [PPh,][(CF;);AuF] (3)

Method A: A mixture of compound 1 (0.10 g, 0.11 mmol) and AgF
(44 mg, 0.34 mmol) in CH,Cl, (10 cm®) was stirred in the dark for
1 h. The resulting suspension was filtered through high-quality dia-
tomite so as to separate the silver halides. The colorless filtrate was
evaporated to dryness. Treatment of the residue with Et,0 (3 cm?)
rendered a white solid, which was filtered, vacuum dried and iden-
tified as compound 3 (70 mg, 92 umol, 80%). M.p. 180°C. "°F NMR
(Figure 2: 282.231 MHz, CD,CL): 8;=—28.58 (dspt, *J(FF)=55.8,
*J(F,F)=5.8 Hz, 3F, CF;-Au-X), —41.09 (dq, *J(FF)=12.3, 6F, CF;-Au-
CF,), —254.41 ppm (qspt, 1F, Au-F). IR: v=3062 (w), 3024 (w), 1588
(w), 1486 (m), 1435 (s), 1392 (w), 1342 (w), 1319 (w), 1189 (w), 1174
(s), 1153 (w), 1118 (s), 1107 (vs), 1084 (vs), 1070 (vs), 1049 (vs), 996
(s), 932 (w), 884 (m), 849 (w), 797 (w), 776 (w), 752 (s), 720 (vs), 688
(vs), 616 (w), 524 (vs), 511 (vs), 479 (m), 449 (m), 399 (w), 338 (w),
312 (s), 303 (m), 277 (w), 269 cm™' (w). MS: no clear peaks were de-
tected by using either positive or negative MALDI techniques. Ele-
mental analysis calcd (%) for C,;H,0AuF,P: C 42.54, H 2.64; found:
C 42.55, H 2.49.

Method B: To a CH,Cl, solution (5 cm?® of compound 1 (50 mg,
57 umol) at 0°C was added XeF, (4.9 mg, 29 umol) and the mixture
was stirred at that temperature for 1 h. The resulting red solution
was then evaporated to dryness. After washing the brown residue
with n-hexane (4x5 cm?), it was redissolved in CH,Cl, (5 cm?®) still
at 0°C. A second treatment with an additional portion of XeF,
(4.9 mg, 29 umol) and identical workup, afforded a white solid,
which was identified as compound 3 (33 mg, 43 pmol, 75% vyield).

Synthesis of [PPh,][(CF;);AuCl] (4)

A mixture of compound 1 (0.10 g, 0.11 mmol) and AgCl (49 mg,
0.34 mmol) in Me,CO (10 cm®) was stirred in the dark for 1 h. The
suspension was then filtered through high-quality diatomite so as
to separate the silver halides. The resulting colorless solution was
evaporated to dryness. Treatment of the residue with Et,0 (3 cm®)
rendered a white solid, which was filtered, vacuum dried and iden-
tified as compound 4 (67 mg, 86 umol, 75%). M.p. 162°C; latent
heat of fusion: AH=350kJmol' (FigureS7). 'FNMR
(376.308 MHz, CD,CL,): 8;=—29.34 (spt, “J(FF)=6.9 Hz, 3F, CF,-Au-
X), —34.89 ppm (q, 6F, CF;-Au-CF;). IR: v=3062 (w), 3029 (w), 1588
(w), 1486 (m), 1442 (m), 1436 (s), 1391 (w), 1342 (w), 1319 (w), 1189
(w), 1158 (s), 1102 (vs), 1074 (vs), 1048 (vs), 1026 (s), 997 (s), 982
(m), 932 (w), 855 (w), 848 (w), 751 (s), 719 (vs), 687 (vs), 616 (w),
523 (vs), 455 (m), 438 (w), 394 (w), 341 (vs, Au-Cl), 298 (m),
262 cm™' (m). MS (MALDI—): m/z: 439 [(CF;);AuCl]". Elemental anal-
ysis calcd (%) for C,;H,,AuCIF,P: C 41.64, H 2.59; found: C 41.25, H,
2.49.
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Synthesis of [PPh,][(CF;);AuBr] (5)

By using the procedure just described for synthesizing compound
4, compound 5 was prepared starting from compound 1 (0.10 g,
0.11 mmol) and AgBr (65 mg, 0.34 mmol). Complex 5 was obtained
as a white solid (68 mg, 83 umol, 72% yield). M.p. 159°C; latent
heat of fusion: AH=357kJmol' (FigureS8). 'FNMR
(376.308 MHz, CD,Cl,): ;=—29.80 (spt, “J(FF)=7.1 Hz, 3F, CF;-Au-
X), —31.79 ppm (q, 6F, CF5-Au-CF,). IR: v=3059 (w), 1589 (w), 1485
(m), 1436 (s), 1390 (w), 1342 (w), 1318 (w), 1191 (w), 1154 (s), 1103
(vs), 1075 (vs), 1049 (vs), 996 (s), 978 (m), 929 (w), 852 (w), 848 (w),
750 (m), 720 (vs), 687 (vs), 616 (w), 524 (vs), 454 (w), 310 (m), 296
(m), 269 cm™' (w). MS (MALDI-): m/z: 484 [(CF,),AuBr] . Elemental
analysis calcd (%) for C,;H,,AuBrFsP: C 39.39, H 2.45; found: C
39.26, H 2.38.

Synthesis of [PPh,][(CF;);AuCN] (6)

To a Me,CO solution (10 cm®) of compound 1 (0.20 g, 0.23 mmol)
was added KCN (15 mg, 0.23 mmol) and the resulting mixture was
stirred at room temperature for 18 h. The white suspension was
then evaporated to dryness and the resulting residue was treated
with CH,Cl, (5cm?®). The new suspension was filtered through
high-quality diatomite and the colorless filtrate was evaporated to
dryness. Treatment of the resulting residue with cold Et,0 (5 cm?)
rendered a white solid which was filtered, washed with n-hexane,
vacuum dried, and identified as compound 6 (92 mg, 0.12 mmol,
52% yield). M.p. 144°C; latent heat of fusion: AH=29.2 kimol™’
(Figure S9). "°F NMR (376.308 MHz, CD,Cl,): ;= —30.07 (q, “J(FF)=
6.1 Hz, 6F, CF;-Au-CF;), —34.15 ppm (spt, 3F, CF;-Au-X). IR: v=3063
(w), 1588 (w), 1486 (m), 1444 (m), 1436 (s), 1394 (w), 1343 (w),
1318 (w), 1190 (w), 1162 (s), 1104 (vs), 1087 (s), 1059 (vs), 997 (s),
984 (m), 956 (m), 935 (w), 851 (w), 752 (s), 719 (vs), 688 (vs), 616
(w), 523 (vs), 456 (w), 425 (s), 291 (s), 271 cm™" (w); C=N vibration
is not observed probably due to poor intensity. MS (MALDI—): m/z:
430 [(CF3);AuCN]~, 292 [CF;AuCN]™. Elemental analysis calcd (%)
for CogH,0AUFGNP: C 43.71, H 2.62, N 1.82; found: C 43.53, H 2.57, N
1.79. Crystals suitable for X-ray diffraction analysis were obtained
by slow diffusion of a layer of n-hexane (10 cm®) into a solution of
compound 6 (10 mg) in CH,Cl, (3 cm®) at 4°C.

Crystallographic details

Crystal data and other details of the structure analysis are present-
ed in Table S1. Crystals of 6 were obtained as indicated in the ap-
propriate experimental entry. A parallelepiped-like single crystal
was mounted in a quartz fiber in a random orientation and held in
place with fluorinated oil. Data collection was performed at 100 K
on an Oxford diffraction Xcalibur CCD diffractometer using graph-
ite monochromated Mo-Ka radiation (1=71.073 nm) with a nomi-
nal crystal to detector distance of 5.0 cm. Unit cell dimensions
were determined from the positions of 22502 reflections from the
main dataset. The diffraction frames were integrated and corrected
for absorption by using the Crysalis RED package.*” Lorentz and
polarization corrections were applied.

The structure was solved by direct methods. All non-H atoms were
assigned anisotropic displacement parameters. The positions of
the H atoms were constrained to idealized geometries and as-
signed isotropic displacement parameters equal to 1.2 times the
U,, values of their respective parent atoms. In one of the CF,
groups the F atoms are disordered over two positions which were
refined with 0.5 partial occupancy. The structure was refined using
the SHELXL-97 program.“®
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CCDC 1477038 contains the supplementary crystallographic data
for this paper. These data are provided free of charge by The Cam-
bridge Crystallographic Data Centre.

Tandem mass spectrometry (MS?)

ESl-ion trap mass spectra were recorded on a Bruker Esquire
3000+ spectrometer (Bruker Daltonics). Analyses were carried out
in negative ion mode, with Smart Parameter Settings optimized for
each m/z value. The nebulizer (N,) gas pressure, drying gas (N,)
flow rate and drying gas temperature were kept at 0.7 bar,
4.0dm?*min~' and 350°C, respectively. Spectra were acquired in
the m/z 50-1000 range, and the mass axis was externally calibrated
with a tuning mix (from Agilent Technologies). The 5 ppm solutions
of the samples were transferred into the ESI source by means of
a syringe pump at a flow rate of 4 mm? min~". ESI-CID-MS? analysis
was carried out by using He as the collision gas, an optimal ampli-
tude voltage of 1.9V and an isolation width for the precursor ion
of 5 m/z units.

Thermolyses in the condensed phase

Each sample (5 mg) was sealed in a glass tube under an inert at-
mosphere (Ar) and heated for a few minutes at a temperature
slightly above that corresponding to the onset of decomposition
(TGA/DTA). The soluble fluorinated species were identified by
YF NMR spectroscopy with the aid of MS. Details are given in the
Supporting Information.

Computational details

Quantum mechanical calculations were performed with the Gaussi-
an 09" package at the DFT/MO06 level of theory. SDD basis set and
its ECP’s were used to describe Au atoms together with additional
f-type polarization functions. Light atoms (H, C and F) were de-
scribed with a 6-31G** basis set. See Supporting Information for
full details.
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Dedicated to Professor Juan Forniés on the occasion of his 70th birthday

(Abstract: The Lewis acidity of perfluorinated trimethylgold
(CF5);Au was assessed by theoretical and experimental meth-
ods. It was found that the (CF;);Au unit is much more acidic
than its nonfluorinated analogue (CHs);Au, and probably
sets the upper limit of the acidity scale for neutral organo-
gold(lll) species R;Au. The significant acidity increase on fluo-
rination is in line with the CF; group being more electron-
withdrawing than CHs. The solvate (CF;);Au-OEt, (1) is pre-
sented as a convenient synthon of the unsaturated, 14-elec-
tron species (CF;);Au. Thus, the weakly coordinated ether
molecule in 1 is readily replaced by a variety of neutral li-
gands (L) to afford a wide range of (CF;);Au-L compounds,

which were isolated and characterized. Most of these mono-
nuclear compounds exhibit marked thermal stability. This en-
hanced stabilization can be rationalized in terms of substan-
tially stronger [Aul—L interactions with the (CF;);Au unit. An
affinity scale of this single-site, highly acidic organogold(lll)
fragment was calculated by DFT methods and experimental-
ly mapped for various neutral monodentate ligands. The
high-energy profile calculated for the fluorotropic [Aul—
CF;=F—[Au]«CF, process makes this potential decomposi-
tion path unfavorable and adds to the general stabilization
of the fragment.

/

Introduction

Strong Lewis acids are fascinating chemical species and are ea-
gerly sought because of their interesting and high reactivity."
Prototypical examples of strong Lewis acids in organic chemis-
try are carbocations R;C*. These highly reactive, unsaturated
species were first formulated as ephemeral intermediates, but
were unambiguously identified by the late Nobel laureate Olah
and co-workers.® Isoelectronic with charged carbocations R,C "
are neutral boranes, R;B, the Lewis acidic properties of which
have also been thoroughly studied and widely exploited.”
Their use as promotors in alkene polymerization processes cat-
alyzed by alkyl metallocenes has fostered the rapid and fruitful
development of an astonishing variety of boranes.”®

In the search for ever stronger Lewis acidic boranes R;B, it
was soon realized that fluorination of the organic group R re-
sulted in enhancement of the Lewis acidity in the correspond-
ing R";B compounds.”' In fact, the most widely used borane
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is by far (CFs);B, which exhibits considerable Lewis acidity.?

The perfluoromethyl derivative (CF;);B would be expected to
exhibit even higher Lewis acidity. Although this compound has
not yet been isolated as such, its derivatives (CF5);B-L" and,
especially the singular carbonyl compound (CF;);B(CO),™ evi-
dence greatly enhanced acidity of the (CF,);B moiety.">'

The CF; group exhibits properties that depart so markedly
from those of nonfluorinated CH; that T. Ritter has suggested
that it be considered “more appropriately as a distinct func-
tional group” rather than just as a substituted methyl group."”
It has traditionally been considered"® as a compact, electron-
withdrawing group with electronegativity (y, =3.49)" virtu-
ally identical to that of chlorine (y¢=3.48),"" and it additional-
ly exhibits a strong trans influence in its transition metal com-
pounds.”” Recently, it has also been considered as a noninno-
cent o ligand able to induce inversion in the ligand-field split-
ting of metal d orbitals, especially in late transition metals, as
in the homoleptic [(CF;),Cu]~ anion.”” With regard to gold
chemistry, the CF; group was first introduced by Puddephatt
et al. in the 1970s.%? Since that early work, the study of trifluo-
romethyl gold derivatives has aroused continued interest, but
only recently has it developed into a hot research topic.”®

We have recently found a convenient entry to the chemistry
of the (CF;);Au fragment, which has emerged as a stereochem-
ically robust moiety with a marked reluctance to undergo re-
ductive elimination of CF,—CF,** The anionic derivatives
[PPh,I[(CF;);AuX] (X=F, Cl, Br, I, CN) have also been isolated
and characterized. We wanted now to assess the Lewis acidity
of the (CF;);Au unit in comparison with that of its nonfluorinat-
ed analogue (CH;);Au in order to establish the effect of fluori-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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nation. To this end, a combination of theoretical and experi-
mental approaches was used. Further comparison with the iso-
leptic (CF;);B species as well as with the ubiquitous (CgF;);B
provides parallels between transition metal and main group
chemistry, and bridges what might otherwise appear to be a
conceptual divide.?"*

Results and Discussion

The naked (CF;);Au species seems to have been prepared by
Lagow and his co-workers®® as the result of gas-phase reaction
of Au vapors with CF; radicals and subsequent matrix isolation
[Eg. (DI

AU(g) + 3CF3'(9) — (CF3)3AU (1)

This procedure requires highly specialized and rather expen-
sive equipment that cannot be afforded by most chemistry
laboratories. Moreover, naked (CF;);Au is thermally unstable
and is produced only in modest yield (~20%), as estimated by
derivatization. We sought to circumvent all these drawbacks
by preparing a (CF;);Au-L adduct with a weakly coordinating
ligand L. The ligand of choice was Et,0, as already used by Gil-
mann and Woods to stabilize the nonfluorinated (CH,);Au.””!

Synthesis of (CF;);Au-OEt, (1)

On room-temperature treatment of the iodo derivative [PPh,]
[(CF;);Aul]® with an equimolar amount of AgClO, in CH,Cl,/
Et,0, precipitation of Agl was observed with concomitant for-
mation of the solvento complex (CF;);Au-OEt, (1) in solution
(Scheme 1). Solutions of etherate 1 can be freed from the ac-

Q
FiC_ CFs FiC_ CFs
AN AgCIO, N\
[PPh 4]® /Al( teEs /Al(
FaC I :E;FI’MC'O“ FiC' Ot

Scheme 1. Synthetic method to prepare the etherate (CF;);Au-OFEt, (1).

companying [PPh,]CIO, salt by replacing the initial solvent mix-
ture with Et,0/n-hexane (1:3 v/v) and allowing them to stand
at —80°C, overnight. Once filtered, colorless solutions of 1 are
reasonably stable at room temperature if protected from the
action of light. These solutions are free of byproducts and as
such are appropriate for most synthetic purposes. Interestingly,
compound 1 shows greatly enhanced thermal stability relative
to the nonfluorinated etherate (CH,);Au-OEt, which already
decomposes at about —40°C in Et,O solution giving a gold
mirror and a mixture of ethane and methane.””

The room-temperature 'F NMR spectrum of 1 shows two
broad bands at about —25 and —39 ppm in 1:2 integrated
ratio, which are resolved at low temperature into a septet and
a quartet, respectively. This behavior indicates that the Et,0
ligand is labile and undergoes rapid exchange at room temper-
ature. In fact, even small amounts of free Et,O in the sample
result in broadening of the signal without noticeable shift in
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the corresponding J; values. Although we tried to isolate com-
pound 1 as a pure substance, its marked hygroscopic character
together with its high solubility in Et,O and n-hexane even at
low temperatures made our task difficult. After evaporation of
ethereal solutions of 1 to dryness at 0°C, extraction of the resi-
due with n-hexane, and crystallization at —80°C, a deliques-
cent white solid was eventually obtained that melted just
above 0°C.”® The "F NMR spectrum of this solid in CD,Cl, so-
lution at —60°C (Figure 1a) is consistent with that observed in

a)
‘J(°F°F) = 81Hz | |-
-38.81
-25.27
1 1 1 1 1 1
-25.20 -25.30 -25.40 -38.70 -38.80 -38.90
é. I ppm
b)
1.52

—~l- *J(H,H) = 7.1 Hz

4.05
*
*
L . . L 1
4.2 4.0 3.8 3.6 1.6 1

4 1.2

4, I ppm

Figure 1. °F (a) and 'H (b) NMR spectra of etherate 1 in CD,Cl, solution at
—60°C . The signals marked with an asterisk correspond to free Et,0.*

the initial reaction medium (Scheme 1) with just a slight shift
in O values, attributable to the different dielectric constants of
the solvent used in each case (Et,0/n-hexane versus CD,Cl,). In
the "H NMR spectrum (Figure 1b), the signals due to coordinat-
ed Et,0 [0,,=4.05 (CH,) and 1.52 ppm (CH,)] are shifted down-
field with respect to those of the free molecule (6,=3.43 (CH,)
and 1.15 ppm (CH5) in CD,Cl, solution);*” that is, the corre-
sponding protons are deshielded on coordination to the acidic
(CF;);Au fragment (Table 1). Similarly deshielded signals were
also found in salts of the oxonium cation [H(OEt,),]" with
weakly coordinating anions®” as well as in the related perfluo-
rophenyl derivative (C4Fs);Au-OFEt,." There is therefore strong
spectroscopic evidence suggesting that the solid samples ob-
tained consist mainly of compound 1. However, such samples
always contained variable amounts of free Et,0 (see marked
signals in Figure 1b) that could not be completely removed
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Table 1. Relevant NMR parameters corresponding to the neutral (CF;);Au-L derivatives.”

Compound ()™ O(spt) (R Other NMR signals

(CF5);Au(OEt,) (1) —38.81 —25.27 6.1 Oy =4.05 (q, *JHH)=7.1; CH,), 1.52 (t; CH,)

(CF5);Au(CNtBuU) (2) —29.39 —32.07 6.3 Op=1.63 (s)

(CF5);Au(NCMe) (3)* —35.76 —27.48 6.3 Oy=2.52 (s)

(CF5);Au(py) (4) —37.85 —28.89 6.5 Oy=8.55 (M, 2H; H°), 8.14 (tt, 1H; HP), 7.74 (m,, 2H; H™)

(CF5);Au(PMe;) (5)9) —30.67 —32.41 6.5 0p=3.09 [gspt, *J(F,P)=78.8 (trans), *J(FP)=10.6 (cis)]; Oy=1.78 [d, 2J(H,P) =12.5]
(CF,);Au(PPh;) (6) —30.63 -31.19 7.4 0p=27.90 [gspt, *J(F,P)=78.7 (trans), *J(FP)=9.1 (cis)]; &, = 7.70-7.50 (aromatic)
(CF5);Au(Opy) (7)™ —40.22 —26.19 6.8 0y =8.60 (m,, 2H; H%), 8.03 (tt, 1H; H?), 7.75 (m,, 2H; H™)

(CF5);Au(OPPh;) (8) —37.57 —25.83 6.9 0p=49.90; 0, =7.75-7.53 (aromatic)

(CF5);Au(tht) (9) —33.26 —28.18 6.7 On=3.49 (m; a-CH,), 2.18 (m; p-CH,)

(CF5);Au(SPPh;) (10) —31.75 —29.17 7.2 0p=47.13; 0, =7.84-7.57 (aromatic)

[a] Unless otherwise stated, all spectra were recorded in CD,Cl, solution at room temperature; chemical shifts o are given in ppm relative to standard refer-
ences (see Experimental Section) and coupling constants J in hertz; abbreviations: s =singlet, d =doublet, t=triplet, q=quartet, spt=septet, tt =triplet of
triplets, gspt = quartet of septets, m.=multiplet centered at. [b] Signal corresponding to the mutually trans CF, groups. [c] Signal corresponding to the CF;
group trans to the L ligand. [d] Coupling constant between chemically inequivalent CF; groups (cis). [e] Spectra registered in the slow-ligand-exchange
region (213 K). [fl The 'H NMR spectrum of 4 was satisfactorily analyzed as an AA'MM'X system with the following homonuclear coupling constants:

2J(HOH™) = 5.6, *J(H™H?) = 7.8, “J(H°HP) = 1.5, “J(HH") =
ously reported data.?** [
stants: *J(H°H™) = 6.6, *J(H™ HP)

=7.8, YHH) = 1.1, YHH) = 2.1, YH™H™) =

0.5, Y(H™H™) =1.5, *J(HH™) =
h] The 'H NMR spectrum of 7 was satisfactorily analyzed as an AAMM’X system with the following homonuclear coupling con-

0.8. [g] The spectroscopic parameters of 5 are in keeping with previ-

2.1, *J(HH™) =0.7.

without altering the integrity of the main component. This fail-
ure eventually defeated our repeated efforts to isolate com-
pound 1 in analytically pure form. The fact that two separate
sets of signals are observed for coordinated and free Et,O in
the 'H NMR spectrum at —60°C (Figure 1b) indicates that ex-
change between them has been sufficiently slowed down at
that temperature.

Synthesis and characterization of neutral (CF;);Au-L deriva-
tives

The labile character of the Et,0O ligand in etherate 1 together
with its reasonable thermal stability can be exploited for syn-
thetic purposes. Thus, a number of neutral organogold(lll)
(CF;);Au-L derivatives 2-10 could be prepared by replacement
of the Et,0 molecule in precursor species 1 by a series of rep-
resentative L ligands (Scheme 2). Similar attempts to prepare

L
FsC_ CFs
—*L g 2 CNBu
~E,0 e L 3 NCMe
4 py
(CF3)3Au-OEt, — 5 PMe;
1 ) 6 PPh
. FsC_ CF 8
| 8% NG 1 7 Opy
—Et,0 FC X 8 OPPhg
9 tht
(X=Cl,Br,1) 10 SPPhs

Scheme 2. Replacement of the weakly coordinated Et,0 donor molecule in
compound 1 by a range of monodentate neutral L and anionic X ligands.
The cation is [PPh,]* where appropriate.

related silver complexes by replacement of the solvent donor
ligands in (CF;);Ag-solv (solv=dmso, MeCN, dmf, or other ni-
trogen bases) with soft donors such as PR; (R=Me, Ph, OMe)
or AsF; failed.®? The phosphine derivative (CF,);Au(PMe;) (5)
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was already known; it was first prepared® by complexation of
naked (CF;);Au with PMe; and later by treatment of
(CF;),Aul(PMe;) with (CF;),Cd-dme in the presence of an excess
of CF,;1.%%¥ Halide ligands X~ are also able to replace the labile
Et,0 molecule in 1 to furnish the corresponding anionic
[(CF;);AuX]™ derivatives (Scheme 2), which we isolated recently
(X=dl, Br, 1).>%

Monodentate ligands L were selected to cover a wide range
of donor abilities with donor atoms including first- and
second-row elements of the p block, with the aim of exploring
the stability of their corresponding complexes. All these com-
pounds were isolated and characterized by analytical and spec-
troscopic methods (see Experimental Section). The 'H, °F, and
*'P NMR spectroscopic data obtained in solution at room tem-
perature are listed in Table 1. Particularly valuable structural in-
formation in solution is derived from the ’F NMR spectra. The
general spectral pattern consists of two signals in 1:2 integrat-
ed ratio (typically a septet and a quartet), corresponding to
the two types of chemically inequivalent CF; groups with no
hint of fluxional exchange between them. Both sets of nuclei
are mutually coupled with *J(FF) values in the narrow range of
6.1-7.4 Hz. Additional splitting of the signals is observed in the
phosphine complexes 5 and 6. In the compounds bearing typi-
cal m-acceptor ligands, namely, tBuNC (2), PMe; (5), and PPh;
(6), the relative positions of the quartet with respect to the
septet appears to be inverted, a feature also observed in relat-
ed isoelectronic Pt(ll) derivatives.*”

The crystal and molecular structures of several representa-
tive examples were experimentally established by single-crystal
X-ray diffraction (Table2). In the phosphine complexes
(CF3);Au(PMe;) (5; Figure 2a) and (CF;);Au(PPh;) (6; Figure 2b),
similar Au—P distances and virtually identical Au—C bond
lengths are observed. The Au—P bond in compound 6
(239.27(6) pm) is longer than those in the analogous nonfluori-
nated compound (CH,);Au(PPh;) (234.8(6) pm)®® and the classi-
cal coordination compound Cl;Au(PPhs) (232.9(2) pm).B? In the
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Table 2. Relevant geometric parameters of the structurally characterized (CF;);Au-L derivatives.”

Compound Au—C [pm] in CF;-Au-CF,® Au—C [pm] in E-Au-C Au—E [pm] CF5-Au-CF, [7] X9
(CF3);Au(CNtBuU) (2) 208.5(6) 205.8(5) 204.3(5) 179.7(2) 359.9
(CF3);Au(py) (4) 207.4(9) 202.9(7) 207.5(6) 177.7(3) 360.1
(CF5);Au(PMe;) (5) 208.6(10) 208.3(10) 237.0(2) 174.5(4) 360.6
(CF5);Au(PPh;) (6) 209.8(2) 209.0(3) 239.27(6) 175.2(1) 360.0
(CF3);Au(Opy) (7) 207.8(3) 202.5(3) 207.0(2) 178.2(1) 360.0
(CF5);Au(OPPh,) (8)" 208.2(3) 200.1(3) 206.2(2) 176.9(1) 360.1
(CF3);Au(tht) (9)¢ 208.8(8) 206.2(7) 238.9(2) 177.4(2) 360.1
(CF3);Au(SPPh;) (10)9 208.7(2) 205.3(2) 240.55(5) 179.4(1) 360.0

unit cell. [e] Au-O-N 119.26(15)°. [f] Au-O-P 131.10(11)°. [g] Au-S-P 105.90(3)°.

[a] A trans arrangement is meant in the indicated CF;-Au-CF; and E-Au-C units with E denoting a chemical element. [b] Average of two independent
values. [c] Sum of all adjacent E-Au-E’ angles as a measure of planarity. [d] Average values for the two crystallographically independent molecules in the

Figure 2. Displacement-ellipsoid diagram (50 % probability) of: a) (CF;);Au(PMe;) (5), b) (CF;);Au(PPh;) (6), and c) (CF

thioether complex (CF;);Au(tht) (9), the structural features of
the metal coordination environment (Figure 2c) compare well
with those of the perfluorophenyl derivative (C4Fs);Au(tht).”
Again, the Au—S bond length in compound 9 (238.9(2) pm) is
longer than that in the classical coordination complex
Cl;Au(tht) (232.6(2) pm).B¥ In the pyridine complex (CF;);Au(py)
(4: Figure 3), the Au—N bond length (207.5(6) pm) is also sub-

Figure 3. Displacement-ellipsoid diagram (50 % probability) of (CF;);Au(py)
(4). Only one set of the rotationally disordered F atoms found in two of the
CF; groups is shown.

stantially longer than that in the Werner-type complex
Cl;Au(py) (199.3(7) pm).2? The elongated Au—L bonds found in
these (CF;);Au-L compounds (L=py, PPh;, tht) in comparison
with the corresponding chlorides Cl;Au-L, are clear evidence of
the strong trans influence of the CF; group.””

In compounds 5, 6, and 9 bearing soft PR; and SR, ligands
(Figure 2), the Au—C bond lengths in each molecule are indis-
tinguishable within the experimental error in spite of the
weaker trans influence associated with the PR; or SR, ligands
compared to that of the CF; group. Moreover, they do not sig-
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DAu(tht) (9).

Figure 4. Displacement-ellipsoid diagram (50 % probability) of:
a) (CF3);Au(Opy) (7), b) (CF3);Au(OPPh;) (8), and c) (CF5);Au(SPPh;) (10).

nificantly deviate from the Au—C bond length found in the ho-
moleptic anionic derivative [NBu,][Au(CF),] (av 208.0(7) pm).*”
In complex 4, however, the Au—C bond trans to the hard
ligand pyridine is significantly shorter than those located trans
to each other: 202.9(7) versus 207.4(9) pm. A distinction be-
tween the Au—C distances involving chemically inequivalent
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CF; groups also becomes increasingly apparent in phosphine
sulfide complex 10 (205.3(2) vs. 208.7(2) pm), pyridine N-oxide
derivative 7 (202.5(3) vs. 207.8(3) pm), and phosphine oxide
species 8 (200.1(3) vs. 208.2(3) pm), which respectively bear li-
gands with semipolar PhsP*—S™, py"—0O~, and Ph,P"-O"
bonds.*” In this set of compounds (Figure 4), the Au-E-N/P
angles at the chalcogen atom gradually widen in the same se-
quence [Au-S-P 105.90(3), Au-O-N 119.26(15), Au-O-P
131.10(11)°], a trend that can probably be related to the o-
donor ability of the ligand involved.”? The Au—S bond length
in compound (CF;);Au(SPPh;) (240.55(5) pm) is similar to that
in thioether derivative 9 (238.9(2) pm).

In (CF5);Au(CNtBu) (2), the gold atom is surrounded by four
C-donor ligands (Figure 5). The presence of a typical m-accept-

g

K<
N /

c

S~ C
F

Figure 5. Displacement-ellipsoid diagram (50 % probability) of
(CF3);Au(CNtBu) (2) with only one set of F atoms at half-occupancy shown.

or ligand, namely, CNtBu, does not appear to have any signifi-
cant effect on the Au—CF; bond length in trans position
(Table 2). However, the Au—CNtBu bond length (204.3(5) pm) is
longer than that in the analogous halogenido derivative
Br;Au(CNtBu) (199(1) pm).*!

All the isolated (CF;);Au-L compounds 2-10 show high ther-
mal stability, as established by thermogravimetric and differen-
tial thermal analysis (TGA/DTA) of the solid materials (see Ex-
perimental Section and Figures $14-522 in the Supporting In-
formation). The experimentally observed stability in the neutral
(CF;);Au-L series as a function of the ancillary ligand L is in rea-
sonable agreement with that predicted by theoretical calcula-
tions (see below).

The small size of some of the (CF;);Au-L molecules, together
with the absence of significant intermolecular interactions in
the solid state, results in high volatility. Thus, the complexes
with MeCN (3), py (4), PMe; (5), and tht (9) boil between 205
and 223°C at atmospheric pressure. Aside from tBuNC com-
plex 2, which decomposes at 125°C, all other compounds
show high thermal stability with decomposition temperatures
ranging from 220 to 302°C. The upper value is set by SPPh,
derivative 10, which is therefore the most stable species. Pyri-
dine N-oxide complex 7 undergoes oxygen extrusion on ther-
molysis to give pyridine complex 4, as established by 'F NMR
spectroscopy (Figure S23 in the Supporting Information).

Lewis acidity of the (CF;);Au fragment

Previously, we found that the unsaturated (CF;);Au moiety is
characterized by marked stereochemical stability with clear
preference for a T-shaped structure.®” This perfluorinated
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organogold(lll) fragment is furthermore highly reluctant to un-
dergo reductive elimination of CF,—CF;. Both of these charac-
teristic features can be considered as the main reasons under-
lying the intrinsic stability of the (CF,);Au moiety. An analysis
of the frontier orbitals of this d® R;M fragment reveals that the
HOMO (Figure 6a) can be identified as a mainly Au—C bonding

a) b)

Figure 6. Frontier orbitals of the (CF;);Au moiety: a) HOMO, and b) LUMO.

orbital involving the mutually trans CF; groups. This M—C
bonding interaction is slightly antibonding for the C—F bonds,
a feature connected with the negative fluorine hyperconjuga-
tion traditionally considered to operate in fluoroalkyl groups.””
The LUMO (Figure 6b) has a perpendicular arrangement and
shows a highly directional empty orbital, which is responsible
for the acidic properties of the unsaturated metal fragment. In
this MO, antibonding interaction with filled F(p) orbitals is also
observed to arise, even with the empty metal-centered lobe,
for which an opposite stabilizing interaction might in turn be
expected. This feature suggests that the empty coordination
site has little affinity for the adjacent F substituents, as is dis-
cussed below. We now focus on the Lewis acidity of the
(CF;);Au moiety, both in the absolute sense and in comparison
with related species, such as the nonfluorinated analogue
(CH5);Au and the isoleptic perfluoromethylborane (CF;);B.

In the absence of a universal scale, the Lewis acidity of the
(CF;);Au fragment has been evaluated by three different crite-
ria. The first consists of a simple estimate of the LUMO
energy.* The LUMO of the (CF;);Au unit in its ground-state
conformation is located at considerably lower energy
(—4.34 eV) than that of the nonfluorinated (CH;);Au fragment
(—2.71 eV), which is clear evidence of higher acidity in the
former. By this intrinsic criterion, the (CF;);Au unit is also more
acidic than (C¢Fs);B, for which a LUMO energy of —3.93 eV has
been calculated, but not as much as (CF;);B (—4.77 eV).*

Another widely used criterion for evaluating the Lewis acidi-
ty of a chemical entity is the fluoride ion affinity (FIA). The ab-
solute FIA values calculated for the T-shaped polytopes of the
respective (CX;);Au species by using COF, as the reference
fluoride carrier in the nearly isodesmic process indicated in
Equation (2) are as follows: 433 (X=F) versus 298 kJmol™' (X=
H).

[(CX3);AUF]~ 4 COF, — CF,0™ + (CX;);Au (2

~—

Using this criterion, Christe and co-workers have derived a
quantitative scale of Lewis acidity conveniently based on pF~
values, which result from dividing the absolute fluoride affini-
ties (kcalmol™") by 10. Relevant pF~ values corresponding to
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Figure 7. Lewis acidity scale in pF~ values™® for selected neutral AX, species.
Only the highest acidity range is represented here.

the (CX;5);Au units (X=H, F) are shown in Figure 7 in graphical
comparison with those of other neutral Lewis acids. On this
quantitative scale, the Lewis acidity of the (CH;);Au fragment
(pF~=7.1) coincides with that of SeF,. The Lewis acidity of this
organogold(lll) fragment is substantially enhanced on fluorina-
tion. Thus, the Lewis acidity of the perfluorinated (CF;);Au
moiety (pF~=10.3) is higher than that of BF; (pF~=8.3) and
comparable to those of (CsFs5);B (pF~=10.8) and AsFs (pF =
10.6). Significantly stronger Lewis acids seem to be the neutral
binary pentafluorides SbF; (pF~=12.0) and especially AuF; in
its monomeric (pF~=14.1) or dimeric (pF~=12.9) forms.””! The
monomeric, square-pyramidal AuFs unit containing a highly
oxidized gold(V) center (d® electron configuration) has, in fact,
been claimed to set the current upper limit of Lewis acidity for
any neutral chemical species. However, even stronger Lewis
acids can be found in cationic species, among which the F*
cation exhibits a pF~ value as high as 36.1. The (CF;);Au unit is
a much weaker Lewis acid than the superacidic isoleptic
borane (CF;);B, for which a substantially higher FIA value of
556 kJmol™' (pF~=13.3) has been calculated.">*

The close constitutional similarity of both (CX;);Au species
(X=H, F) makes the comparison of their acidity by means of
theoretical criteria particularly relevant. Nevertheless, an experi-
mental estimate of the Lewis acidity of the (CF;);Au fragment
has also been carried out by the Gutmann-Beckett method.”®
This method relies on the chemical shift variation, Ad, suffered
by the Et;PO base on interaction with the acidic moiety (Lewis
neutralization) and has been applied to acidic species of both
metals and nonmetals.*? The &, value of Et;PO changes from
46.2 ppm in the free ligand to 79.6 ppm on interaction with
the (CF;);Au fragment (i.e., Adp=33.4 ppm). According to his
value, the (CF;);Au unit can be ranked as a stronger Lewis acid
than (C4F,);B, for which Ad,=30.6 ppm.***¥ The same order is
obtained by considering the intrinsic LUMO energy of (CF;);Au
versus (CgF:);B, as commented on above. However, this order is
inverted when considering the FIA values. This inconsistency
can be attributed to the B—F bond being much stronger than
the Au—F bond (732 vs. 294.1 kimol™") for the respective dia-
tomic neutral fluorides.®® The large difference between B—F
and Au—F bond strengths makes the FIA criterion particularly
unfavorable for gold, which is a typical soft acid (class b metal)
that prefers to bind larger and more polarizable ligands than
fluoride.””

Although the standard Gutmann-Beckett scale of Lewis
acidity is set according to the d, shift of Et;PO, consistent
trends are generally obtained with Ph;PO (0, =25.1 ppm).** In
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fact, if we compare the relative shift observed for the
(CF;);Au(OPPh;) complex (8: Ady =24.8 ppm; Table 1) with
that reported for (C4Fs);B(OPPh;) (Ady'=20.3 ppm),“*9 we
again obtain an indication of higher acidity for the organo-
gold(lll) fragment. On this secondary scale, the (CF;);Au unit is
a stronger Lewis acid than the (CsF5);Au moiety (Ady' =
17.1 ppm).B™

On the [Aul-CF;=F—[Aul<CF, process

The main source of instability for perfluoromethylborane
(CF;);B lies in the fact that the F substituents are in close prox-
imity to the superacidic boron center. The F~ ion is a hard
base that forms particularly strong bonds with boron, as men-
tioned above. A 1,2-F shift is therefore energetically favored
(—49.7 kJmol™), whereby the saturated species (CF;),B(CF,)F is
formed (Scheme 3a). This fluorotropic process has been thor-

a) ||:
FBC.'"”B_CF —
v 3 -~ Bui...
FaC FZC/ \Clci: ?
b)
CF3 CF3 CF3
F3C—A|u == F,C—Au—F F20—>A|u—F
CF3 CF, CF3
A B-cis B-trans

Scheme 3. Fluorotropic processes in the unsaturated, isoleptic species
(CF3);B (@)™ and (CF,);Au (b).

oughly studied by Willner and co-workers."™ We wanted now
to explore the role that a similar process (Scheme 3b) might
play in the chemistry of the isoleptic (CF;);Au fragment (here-
after denoted A).5*>¥

When a fluorine atom of one of the mutually trans CF,
groups in A is forced to approach the metal center by varying
the C-Au-F angle «, the system energy rises steadily (Fig-
ure S1a in the Supporting Information) up to the point at
which the shifted F atom occupies the empty coordination site
at a=90° (B-cis). Every stage in this endergonic cis-1,2-F shift
is metastable, including the highest point B-cis (E=
81.4 kimol™'; Figure 8)*¥ and all of them revert to the initial
stage A in a spontaneous and barrierless way when the only
restraint applied is removed (a set free). We recall here that
the LUMO of A (Figure 6b) shows antibonding interaction of
the empty metal-centered lobe with filled p orbitals of the ad-
jacent F atoms.

A trans-1,2-F shift in A gives an even higher and qualitatively
different energy profile (Figure S1b in the Supporting Informa-
tion). Here, the endpoint B-trans at o =180° is a high-energy
local minimum (116.9 kJmol™"; Figure 8), and a transition state
is found at a=72.3° (333.6 kJmol™'; Figure S1b). In the opti-
mized geometry of B-trans (Figure S3), the planar CF, unit is
placed exactly perpendicular to the metal coordination plane
(dihedral angle: 90.0°). This arrangement is unsuited for any
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Figure 8. Energy scheme calculated for the [Au]l-CF;=F—[Au]«CF, fluorine
shift (Scheme 3b) and subsequent CF, insertion into remaining Au—CF,
bonds relative to the parent (CF;);Au species (A). Optimized stationary struc-
tures are depicted in Figure S3 in the Supporting Information. An extended
version of this energy scheme including higher-energy rotamers of the
[Aul—-C,F; derivatives as well as other excited states is given in Figure S2 in
the Supporting Information.

M—C 7 interaction to be established, and accordingly the
[Au]l—CF, interaction is depicted as a dative bond.

Although both stereoisomers (cis and trans) of B are stan-
dard square-planar, 16-electron species, they are less stable
than the unsaturated, T-shaped, 14-electron moiety A. This de-
stabilization on 1,2-F shift can be attributed to the unfavorable
balance that results from the Au—F bond forming at the ex-
pense of a C—F bond breaking. This is in sharp contrast with
the above-mentioned boron case, in which the fluorotropic
process (CF;);B=(CF;),B(CF,)F indeed gives a favorable balance
to the saturated species on the right. In that case, the B—F
bond energy overcomes the energy expense for both the C—F
bond breaking and the geometric rearrangement™ required to
go from the initially trigonal-planar (CF);B unit to the final tet-
rahedral shape in (CF;),B(CF,)F (Scheme 3a). No such geomet-
ric rearrangement is needed in the gold A=B system, which is
based on a basically square-planar frame (Scheme 3b).

Stereoisomer B-cis achieves substantial stabilization on CF,
insertion into any of the Au—CF; bonds giving rise to the
unsaturated species CF;CF,Au(CF;)F (C) in two of its isomeric
forms (Figure 8). The relative orientation of the CF;CF, group
gives rise to different rotamers for each stereoisomer. As they
do not differ much in energy from each other (Figure S2 in the
Supporting Information), only the most stable rotamer is con-
sidered here. The stereoisomer that results from CF, insertion
into the trans Au—CF; bond is only marginally more stable (C-
2: —45.4 kJmol™'; Figure 8) than that resulting from the cis in-
sertion (C-3: —42.2 kJmol'; Figure 8). A quite regular T-shaped
structure is found as the optimized geometry of C-3, whereas
a pronounced Y distortion is observed in stereoisomer C-2
(Figure S3 in the Supporting Information).

A similar insertion process in the B-trans species gives just a
single stereoisomer, namely, C-0, identified as a high-energy
minimum in which the F ligand is located trans to the void
(Figure S3 in the Supporting Information). This particular ar-
rangement is energetically unfavorable, and results in addition-
al destabilization (C-0: 133.6 kJmol™'; Figure 8). The high elec-

Chem. Eur. J. 2017, 23, 14918 - 14930 www.chemeurj.org

14924

CHEMISTRY

A European Journal

Full Paper

tronegativity of F favors a secondary Au-F bonding interaction
with one of the (3-F atoms (Figure S3 in the Supporting Infor-
mation). Moreover, if this interaction is forcibly removed, a
new secondary interaction is spontaneously established, this
time with an a-F atom of the CF,CF, group. This new arrange-
ment is even more destabilized (C-0": 142.3 kJmol™"; Figure S2
in the Supporting Information). Similar secondary interactions
were not observed in stereoisomers C-2 and C-3, in which the
empty coordination site is trans to a perfluoroalkyl group
(CF,CF, and CF;, respectively). If such interactions are forcibly
introduced, the system suffers destabilization (Figure S2 in the
Supporting Information) and reverts to the initial state when
the restraints are removed. The difference in behavior between
C-0 and its stereoisomers C-2 and C-3 is clear evidence that
fluoroalkyl ligands exert a much stronger trans influence than
fluoride. It would also be expected that the C-0 species would
transform into any of its more stable stereoisomers C-2 and C-
3.

From our current study, it becomes clear that the 1,2-F shift
is hindered as a potential decomposition path, and thus the
stability of (CF;);Au (A) is increased. In fact, during our experi-
mental work with this organogold(lll) unit, we found no evi-
dence of formation of metal species [Au]-CF,CF; containing
the perfluoroethyl group.

Ligand affinity of the (CF;);Au fragment

There is overwhelming evidence that trialkyl gold(lll) deriva-
tives undergo reductive elimination by a dissociative mecha-
nism as the initial step.”™ A key point that determines the re-
action progress in such R;Au-L systems should therefore be
the ease of L dissociation. Hence, we decided to calculate the
affinity of the (CF;);Au fragment for a range of neutral ligands
in order to evaluate their stability. These ligands include all
those experimentally used in the synthesis of compounds
(CF3);Au-L (1-10) and are supplemented by a number of other
donors selected for comparative purposes.

The gas-phase molecular structures of all these compounds
were optimized by DFT calculations. The resulting minima are
depicted in Figures S5-513 of the Supporting Information, and
relevant geometric parameters are given in Table 3. In many in-
stances, the obtained geometries can be directly compared
with the corresponding solid-state structures experimentally
established by single-crystal X-ray diffraction (Table 2). Excellent
agreement is observed in the geometry of the (CF,);Au unit.
However, the calculated Au—E distances are, in general, slightly
longer than those experimentally observed. This means that
the corresponding Au—E dissociation values D, may be under-
estimated in our calculations. The order of calculated D, values
is graphically represented in Figure 9 and gives a ligand affinity
scale of the (CF,);Au fragment.

The most stable compounds are clearly those formed with
phosphines; the more basic PMe; provides even higher stabili-
ty (5: D,=229 kJmol™") than PPh; (6: D,=204 kimol™").

The stability of the compounds formed with the semipolar
pnictogen oxides pyO (7: D,=151 kimol™") and Ph;PO (8: D, =
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Table 3. Relevant geometric parameters of the indicated (CF;);Au-L compounds in the gas phase as optimized by DFT methods with indication of the Au-
L dissociation energy D,).*
Compound Do(Au—L) [kJmol™'] Au—E [pm] Au—C [pm] in CX5-Au-CX; Au—C [pm] in E-Au-C CX5-Au-CX; []
(CF;);Au® - - 209 207 172.9
(CF,);Au(OEL,) (1) 127 224 211 204.5 176.8
(CH5);Au(OEty) (1H) 79 234 212 204 179.5
(CF3);Au(CO) 920 213 212 206.5 178.5
(CF3);Au(CNtBu) (2) 178 209 2115 206.5 178.2
(CF5);Au(SiNtBu) 139 2289 212 207 179.8
(CF3);Au(NCMe) (3) 122 215 21 204 177.6
(CF5);Au(py) (4) 169 216 211 205 176.9
(CF;);Au(PCMe)™ 106 2491 212 208 179.3
(CF3);Au(PCsHs) 152 248 212 208 179.7
(CF;);Au(PMe;) (5) 229 245.5 21 209.5 1744
(CH5);Au(PMe;) (5H) 160 241 2135 208 175.1
(CF5);Au(PPh;) (6) 204 248 212 210 1731
(CF3);Au(PF3) 920 245.5 2115 207.5 176.0
(CF3);Au(Opy) (7)" 151 217 211 204.5 176.7
(CF5);Au(OPPh;) (8) 173 215 211 204 176.4
(CF3);Au(SEt,) 166 251.5 2115 208 178.6
(CF3);Au(tht) (9) 149 252 2115 207.5 178.7
(CF5);Au(SPPh;) (10)" 183 251.5 211.5 208 178.2
[a] The naked (CF;);Au fragment (L=nil) as well as ether and phosphine complexes of the nonfluorinated (CH;);Au fragment (1H and 5H; values in italics)
are also included for comparison. [b] A trans arrangement is meant in the indicated CX;-Au-CX; (X=H, F) and E-Au-C units with E denoting a chemical ele-
ment. [c] Atomic coordinates of the optimized structures are given in the Supporting Information. [d] Average value. [e] Ref. [24]. [f] The SiNtBu unit shows
an asymmetric side-on coordination favoring the Au—N interaction. [g] The Au—N distance is indicated; the Au—Si distance is 282 pm. [h] The PCMe unit is
ni-coordinated to the metal center. [i] Distance from the metal to the centroid of the m-coordinated ligand. [jl Au-O-N 118.6°. [k] Au-O-P 125.9°. [I] Au-S-P
100.7°.

173 kJmol™) is surpassed by that of the softer sulfide Ph,PS
(10: D,=183 kimol™).

Intermediate stabilization is attained with py (4: D.,=
169 kJmol™") and tBuNC (2: D.=178 kimol™'). However, the
complexes formed with the heavier-element homologues
PCsHs (D, =152 kJmol™") and tBuNSi (D, =139 kJmol™") are less
stable. In the (CF;);Au(SiNtBu) complex (Figure S6 in the Sup-
porting Information), the silylated ligand is coordinated in a
highly asymmetric way, clearly slipped towards the N atom. In
the optimized geometry of the phosphabenzene complex
(CF3);Au(PCsH;) (Figure S8 in the Supporting Information), little
modification is observed in the heteroaromatic ring with re-
spect to the free ligand,®” in keeping with other structurally
characterized metal complexes.*® Thus, a planar geometry is
found at the P atom with a small C-P-C angle (105°) and indis-
tinguishable C—C distances within the ring (av 139 pm) consis-
tent with a delocalized aromatic state. The Au—P distance
(248 pm) is, however, appreciably longer than those found in
linear gold(l) complexes of various substituted monodentate
A*-phosphinine ligands: CIAu(PCsH,tBu;-2,4,6) (221.9(2) pm),*
CIAU(PC4H,Ph,-2,6-Me—4) (av 220.62(7) pm),*® CIAu(PCsH,R,-
2,6-Ph-4) (223.4(3) pm for R=Me; ca. 222 pm for R=Ph),"
CIAU(PC4H,R-2-Ph,-4,6) (av 220.8(1) pm; R=CH;(OMe),-3,4),%?
CIAU{PCsHR-2-Me-3-Ph,-4,6} (220.40(7) pm; R=C,H;Me,-2,3),”
CIAU{PCsH;(SiMe;),-2,6} (221.1(2) pm), and [Au{PCsH;(SiMe,R),-
2,6},1[GaCl,] (av 228.2(4) pm for R=Me; av 226.3(2) pm for R=
CCPh).®*¥ The most salient difference to the homologous py
complex 4 is the relative disposition of the heteroaromatic
EC;Hs ring with respect to the metal coordination plane; the
dihedral angle is much smaller for E=P (20.3°) than for E=N
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to the nonfluorinated (CH;);Au fragment (right).
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(81.2°). The latter is in excellent agreement with that experi-
mentally determined for complex 4 (78.2°). The lower stability
of (CF3);Au(PC;Hs) in comparison with (CF;);Au(NCsH;) can be
attributed to the phosphabenzene ligand being a weaker o
donor and better t acceptor than py.”

Moderately stable compounds are formed with the hard Ii-
gands Et,0 (1) and MeCN (3), for which D.~125kJmol™".
These Lewis bases are well known as typical weakly coordinat-
ing ligands.®® Considering the modest D, value required to set
free the unsaturated metal fragment, these solvates are indeed
suitable synthons for the naked (CF;);Au unit. Substantially
more stabilized are complexes with soft thioether ligands, such
as open-chain Et,S (D, =166 kimol™") and alicyclic tht (9: D,=
149 kJmol™). In contrast, the complex formed with the heavi-
er-element homologue of acetonitrile MeC=P is significantly
less stable (D,=106kJmol™"). However, the two
(CF;);Au(ECMe) complexes show quite different structural pat-
terns. Thus, side-on coordination is more stable for the heavier
MeC=P ligand (Figure S7 in the Supporting Information),
whereas standard end-on coordination is found for MeC=N. Al-
though sought by different approaches, no minimum was
found for side-on coordination in the latter case. Side-on coor-
dination of the phosphaalkyne ligand was experimentally
found in the cationic gold(l) complex [(RtBu,P)Au(n>*-P=CtBu)]
[SbF¢] (R=C¢H,Ph-2).1”

Identical stabilization is attained with the prototypical m-ac-
ceptor ligands CO and PF,;: D,=90 kJmol™'. Their complexes
are the least stable in the whole set under study. As in the
case of phosphabenzene, the poor o-donor ability of the CO
and PF; ligands results in weaker [Aul-L o bonds. Moreover,
there is little chance for the (CF;);Au unit to supply any signifi-
cant m-backbonding contribution that might strengthen the
[Aul-L bond by synergy. In fact, we were unable to prepare
the carbonyl derivative (CF;);Au-(CO) by replacement of the
labile Et,0 molecule in compound 1, at least under the experi-
mental conditions that proved successful in every other case
(Scheme 2).

In the set of bases L chosen for the current study, the P-
donor ligands proved to be particularly versatile, as they en-
compass the whole stability range (Figure 9). Thus, the upper
limit is set by the highly basic phosphine PMe;, whereas the
lower limit is set by the poor donor PF;. In between are found
unsaturated P-donor ligands, such as phosphabenzene and the
phosphaalkyne MeC=P.

Finally, we compared the stabilization achieved by coordina-
tion of a given ligand L to the (CF,);Au species with that at-
tained with the nonfluorinated (CH;);Au fragment. For this pur-
pose, we selected compounds (CH;);Au(OEt,) (1H) and
(CH,);Au(PMe;) (5H) as representative examples of complexes
with weakly and strongly coordinated ligands. In both cases,
coordination to the (CHs);Au fragment provides substantially
less stabilization (Table 3; Figure 9). Comparing the optimized
geometries of the (CX;);Au(OEt,) molecules (X=H, F; Figure S5
in the Supporting Information) reveals that the oxygen atom
in the fluorinated derivative 1 undergoes little pyramidaliza-
tion, and the sum of subtended bond angles (352°) is appreci-
ably greater than that in the nonfluorinated counterpart TH
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(341°). This is probably an additional effect of the higher acidi-
ty of the (CF;);Au moiety, which should induce greater polari-
zation of the electron density at the donor atom. Experimental-
ly, compound 1 can be handled in solution at room tempera-
ture without noticeable decomposition, whereas 1H already
begins to decompose at —40°C*" In a similar way,
(CF;);Au(PPh;) (6) is stable up to 251°C, whereas its nonfluori-
nated analogue (CH,);Au(PPh;) decomposes at 120°C.® Thus,
fluorination of the trimethylgold moiety (CH,);Au results in
substantial stability enhancement in the corresponding
(CF;);Au-L derivatives, as shown experimentally and confirmed
by theoretical calculations.

Conclusions

The perfluorinated (CF;);Au moiety is a highly acidic organo-
gold(lll) fragment. As established by theoretical and experi-
mental methods, its Lewis acidity greatly exceeds that of the
nonfluorinated analogous species (CH;);Au, and closely ap-
proaches that of (C4F:);B. This result reinforces the idea of the
CF; group acting as an efficient electron-withdrawing ligand
with high electronegativity."® Since CF; is the organic group
with the highest fluorine content per carbon atom, the
(CF;);Au moiety possibly excels as the strongest Lewis acid
among conceivable R;Au organogold species.

The neutral etherate (CF;);Au-OEt, (1) provides a convenient
experimental entry to the chemistry of the perfluorinated
(CF3);Au  moiety, which is currently underdeveloped. The
modest bond dissociation energy of the coordinated Et,0
ligand together with its high lability makes compound 1 a
useful synthon of the unsaturated (CF;);Au fragment. In fact, a
range of neutral (CF;);Au-L compounds (2-10) was synthesized
therefrom (Scheme 2). The L ligands, which include a variety of
C, N, P, O, and S donors, were selected to cover a wide range
of donor abilities. Compounds 3-10 exhibit marked thermal
stability (decomposition temperatures >200°C). The stability
of the saturated (CF;);Au-L compounds largely exceeds that of
the nonfluorinated (CH,);Au-L analogues in the few cases in
which such comparison can be experimentally established. The
stabilization enhancement by fluorination was estimated to
amount to 50-70 kJmol™' (Table 3; Figure 9). This remarkable
stability makes the (CF;);Au moiety especially appealing for
synthetic and applied purposes. Hence, a ligand-affinity scale
that may provide a guide for reactivity studies was elaborated
by DFT methods (Figure 9). Given the stereochemical stability
of the T-shaped (CF;);Au moiety, little deformation energy is re-
quired for the metal coordination sphere to accommodate the
incoming L ligand."®®) For this reason, our estimates of ligand
dissociation energies in the series of (CF;);Au-L complexes pro-
vide a reliable measure of the actual Au—L interaction energy.

The high energy profile calculated for the [Aul-CF;=F—
[Aul+CF, fluorine shift (Scheme 3b) makes this process less
important as a potential decomposition channel, and thus rep-
resents a further source of additional stability.

In summary, fluorination of (CH;);Au raises the Lewis acidity
of the Au center in (CF;);Au close to that of (C4Fs);B and results
also in substantial stability enhancement in the corresponding
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(CF3);Au-L complexes. These advantageous features together
with its marked stereochemical stability and its reluctance to
undergo side reactions such as fluorotropism or reductive
elimination® make the single-site (CF;);Au fragment appealing
for reactivity and mechanistic studies. Considering also the cur-
rent interest in the involvement of organogold(lll) complexes
in synthetic and catalytic processes,”” the (CF,);Au system may
find interesting applications, as it unites the reactivity potential
of organogold complexes with the performance of the highly
acidic (C4Fs);B species.

Experimental Section
General procedures and materials

Unless otherwise stated, reactions and manipulations were carried
out under purified argon by using Schlenk techniques. Solvents
were dried with an MBraun SPS-800 System. The parent species
[PPh,][(CF,);Aull was obtained as described elsewhere* Other
chemicals were purchased from standard commercial suppliers and
used as received. Elemental analyses were carried out with a
Perkin—Elmer 2400 CHNS/O Series Il microanalyzer. IR spectra were
recorded on neat solid samples with a PerkinElmer Spectrum FTIR
spectrometer (4000-250 cm™') equipped with an ATR device. Mass
spectra were recorded with a Bruker MicroFlex or AutoFlex spec-
trometer. However, no clear peaks were detected for any of the
neutral species (CF;);Au-L (2-10) by using either positive or nega-
tive MALDI-TOF techniques. NMR spectra were recorded with
Bruker ARX 300 or AV 400 spectrometers. Unless otherwise stated,
the spectroscopic measurements were carried out at room temper-
ature. Chemical shifts are given with respect to the standard refer-
ences: SiMe, ("H and 3C), CFCl, (*°F), and 85% aqueous H;PO, (*'P).
Experimentally obtained NMR spectroscopic data are given in
Table 1 and are therefore omitted in the corresponding synthetic
entry. TGA/DTA was performed with an SDT 2960 instrument at
heating rate of 10°C min~' under N, atmosphere. Melting points
were taken at the maximum of the DTA peak and verified by visual
inspection of samples placed on glass plates by using an Olympus
BH-2 microscope fitted with a Linkam TMS-91 temperature control-
ler with hot stage.

Caution! Although we have not encountered any problems work-
ing under the conditions detailed below (synthesis of 1), perchlo-
rate salts are potentially explosive when in contact with organic
solvents and ligands. For this reason, only small amounts of these
materials should be prepared and they should always be handled
with great caution.””

Synthesis of (CF;);Au-OEt, (1)

Addition of an equimolar amount of AgClO, (24 mg, 0.11 mmol) to
a solution of [PPh,][(CF;);Aul] (0.10 g, 0.11 mmol) in CH,CI,/Et,0 (2/
10 mL) in the dark caused immediate precipitation of Agl. After
30 min of stirring, the solvent mixture was replaced by Et,0/n-
hexane (5/15 mL), and the resulting suspension was allowed to
stand at —80 °C overnight. Filtering the solid off gave a solution of
etherate 1, which is suitable for most synthetic purposes (80%
yield estimated on further reactions). By evaporation of this solu-
tion to dryness at 0°C, a white residue appeared, which was redis-
solved in n-hexane. By keeping this extract at —80°C for 2 d, a deli-
quescent white solid was obtained that still contained some free
Et,O (Figure 1).
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Synthesis of (CF;);Au(CNtBu) (2)

tBUNC (11 pL, 92 umol) was added to a solution of 1 (92 pmol) in
Et,0/n-hexane (5/15 mL), and the resulting mixture was stirred for
30 min. Removal of the solvent by vacuum evaporation afforded a
white solid, which was suspended in n-hexane (3 mL), collected by
filtration, dried, and identified as 2 (28 mg, 58 umol, 63% yield).
BBC{'H} NMR (100.577 MHz, CD,Cl,): 5c=29.4 ppm (s; CHs); IR: 2997
(w), 2283 (m; C=N), 1617 (w), 1477 (w), 1456 (w), 1437 (w), 1379
(m), 1259 (w), 1236 (w), 1160 (m), 1131 (s), 1100 (s), 1073 (vs), 1038
(vs), 954 (m), 934 (m), 831 (m), 802 (m), 751 (w), 728 (s), 714 (s),
689 (m), 639 (w), 527 (s), 451 (w), 399 (w), 339 (w), 329 (w), 307 (w),
294 (s), 278 (m), 263 cm™' (m); elemental analysis (%) calcd for
CgHoAUFgN: C 19.73, H 1.86, N 2.88; found: C 20.22, H 1.68, N 2.84.
Single crystals suitable for X-ray diffraction were obtained by slow
evaporation of a solution of 2 (7 mg) in Et,0/n-hexane (1/2 mL) at
room temperature.

Synthesis of (CF;);Au(NCMe) (3)

By the procedure described for the synthesis of 2, compound 3
was prepared starting from an Et,0/n-hexane solution of com-
pound 1 (92 pumol) and MeCN (4.8 uL, 92 umol). Complex 3 was
obtained as a white solid (28 mg, 62 umol, 68 % yield); m.p. 96°C;
b.p. 209°C. "*C{"H} NMR (100.577 MHz, CD,Cl,): c=120.5 (s; C=N),
3.6 ppm (s; CHy); IR: 2959 (m), 2901 (w), 2346 (m; v,: C=N), 2316
(m; v34v,),7% 1408 (w), 1370 (w), 1260 (m), 1170 (s), 1139 (s), 1095
(s), 1040 (vs), 1025 (vs), 955 (s), 866 (m), 799 (s), 736 (s), 716 (m),
534 (w), 460 (w), 402 (m), 321 (s), 307 (s), 266 cm™' (s); elemental
analysis (%) calcd for CsH;AuFGN: C 13.49, H 0.68, N 3.15; found: C,
13.31, H 0.72, N 3.33.

Synthesis of (CF);Au(py) (4)

By using the procedure described for the synthesis of 2, com-
pound 4 was prepared starting from an Et,0/n-hexane solution of
1 (92 umol) and py (7.4 pL, 92 umol). Complex 4 was obtained as a
white solid (29 mg, 60 umol, 65% yield); m.p. 177°C; b.p. 223°C.
BC{'H} NMR (100.577 MHz, CD,Cl,): 8.=149.6 (s; C°), 142.4 (s; C),
127.8 ppm (s; C™); IR: 3128 (w), 1617 (m), 1493 (w), 1460 (s), 1436
(w), 1260 (m), 1166 (s), 1126 (s), 1112 (s), 1080 (vs), 1044 (vs), 1034
(vs), 1020 (vs), 1009 (vs), 980 (s), 948 (s), 871 (w), 799 (m), 759 (s),
731 (m), 715 (m), 688 (vs), 656 (m), 526 (m), 446 (w), 432 (w), 395
(w), 341 (w), 313 (m), 303 (s), 280 (w), 262 cm™' (m); elemental
analysis (%) calcd for CgHsAuFoN: C 19.89, H 1.04, N 2.90; found: C
19.91, H 1.02, N 3.08. Single crystals suitable for X-ray diffraction
were obtained by slow evaporation of a solution of 4 (7 mg) in
Et,0/n-hexane (1/2 mL) at room temperature.

Synthesis of (CF;);Au(PMe;) (5)

By using the procedure described for the synthesis of 2, com-
pound 5 was prepared starting from an Et,0/n-hexane solution of
compound 1 (92 umol) and a 1m solution of PMe; in toluene
(92 pL, 92 umol). Complex 5, which had already been prepared by
other methods,?*** was obtained as a white solid (24 mg,
50 umol, 54% vyield); m.p. 151°C; b.p. 214°C. *C{'H} NMR (100.577
MHz, CD,Cl,): 6c=14.7 ppm (d, "J(3C,>'P)=36.0 Hz; CH,); IR: 2936
(w), 1436 (w), 1426 (w), 1322 (w), 1302 (m), 1158 (s), 1104 (s), 1058
(vs), 1038 (vs), 1016 (vs), 958 (vs), 867 (s), 764 (m), 750 (m), 719 (m),
713 (m), 681 (w), 525 (w), 366 (w), 298 (m), 278 cm ™' (m); elemental
analysis (%) calcd for CgHyAuFgP: C 15.01, H 1.89; found: C 15.09, H
1.69. Single crystals suitable for X-ray diffraction were obtained by
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slow evaporation of a solution of 5 (7 mg) in Et,0/n-hexane (1/
2 mL) at room temperature.

Synthesis of (CF;);Au(PPh;) (6)

By using the procedure described for the synthesis of 2, com-
pound 6 was prepared starting from an Et,0/n-hexane solution of
compound 1 (92 umol) and PPh; (24 mg, 92 umol). Complex 6 was
obtained as a white solid (34 mg, 51 pmol, 56 % yield); m.p. 153 °C.
3C{"H} NMR (100.577 MHz, CD,CL): 0c=134.4 (d, 2J("*C>'P)=11.1
Hz; C°), 133.0 (d, “J(3C>*'P)=3.0 Hz; C?), 129.7 (d, *J(PC*'P)=11.9
Hz; C™), 126.6 ppm (d, 'J(*C*'P)=58.8 Hz; C**); IR: 3060 (w), 1587
(w), 1484 (m), 1439 (m), 1334 (w), 1316 (w), 1190 (w), 1150 (s), 1124
(s), 1099 (vs), 1049 (vs), 1033 (vs), 997 (s), 975 (m), 933 (w), 924 (w),
844 (w), 757 (m), 745 (s), 721 (m), 707 (s), 691 (vs), 617 (w), 527
(vs), 511 (s), 495 (s), 458 (m), 446 (w), 423 (m), 406 (w), 396 (w), 374
(w), 334 (w), 290 (s), 276 (w), 269 cm ™' (w); elemental analysis (%)
calcd for C,H;sAuF,P: C 37.86, H 2.27; found: C 37.65, H 2.09.
Single crystals suitable for X-ray diffraction were obtained by slow
evaporation of a solution of 6 (7 mg) in Et,0/n-hexane (1/2 mL) at
room temperature.

Synthesis of (CF;);Au(Opy) (7)

By using the procedure described for the synthesis of 2, com-
pound 7 was prepared starting from an Et,0/n-hexane solution of
compound 1 (92 umol) and Opy (8.7 mg, 92 umol). Complex 7 was
obtained as a white solid (20 mg, 40 umol, 44% yield); m.p. 108°C.
B3C{"H} NMR (100.577 MHz, CD,Cl,): 6.=141.2 (s; C°, 137.9 (s; C),
128.0 ppm (s; C™); IR: 3127 (w), 3103 (w), 1620 (w), 1479 (s), 1436
(w), 1253 (w), 1210 (m), 1163 (m), 1147 (s), 1098 (s), 1065 (vs), 1055
(vs), 1034 (vs), 1021 (vs), 932 (m), 832 (s), 810 (m), 772 (s), 734 (m),
713 (m), 689 (w), 669 (s), 643 (w), 585 (s), 556 (w), 528 (m), 473 (s),
353 (s), 306 (s), 280 (w), 264 cm™' (s); elemental analysis (%) calcd
for CgHsAUuF,NO: C 19.25, H 1.01, N 2.81; found: C 19.42, H 0.90, N
3.02. Crystals suitable for X-ray diffraction were obtained by slow
diffusion of a layer of n-hexane (10 mL) into a solution of 7 (7 mg)
in Et,0 (3 mL) at 4°C.

Synthesis of (CF;);Au(OPPh;) (8)

By using the procedure described for the synthesis of 2, com-
pound 8 was prepared starting from an Et,0/n-hexane solution of
compound 1 (92 pmol) and OPPh; (26 mg, 92 pmol). Complex 8
was obtained as a white solid (38 mg, 56 umol, 61%); m.p. 145°C.
BC{'H} NMR (100.577 MHz, CD,Cl,): 6c=134.2 (d, *J(*C*'P)=2.8
Hz; C?), 133.0 (d, 2(®C’'P)=11.1 Hz; C°), 129.5 (d, >J(®C’'P)=13.1
Hz; C™, 127.8 ppm (d, "J(C2'P)=108.9 Hz; C¥); IR: 3070 (w),
1590 (w), 1485 (w), 1440 (m), 1315 (w), 1180 (m), 1163 (w), 1147
(m), 1115 (vs.; O=P), 1101 (s), 1084 (vs), 1050 (vs), 1038 (vs), 1022
(vs), 996 (vs), 985 (s), 937 (m), 851 (w), 754 (m), 746 (m), 727 (vs),
692 (s), 617 (w), 552 (s), 531 (vs), 481 (m), 442 (m), 431 (m), 400 (w),
389 (w), 352 (m), 318 (m), 309 (m), 294 (w), 281 (w), 265 cm™' (m);
elemental analysis (%) calcd for C,;H,;AuF,OP: C 36.97, H 2.22;
found: C 36.83, H 2.11. Single crystals suitable for X-ray diffraction
were obtained by slow evaporation of a solution of 8 (7 mg) in
Et,0/n-hexane (1/2 mL) at room temperature.

Synthesis of (CF;);Au(tht) (9)

By using the procedure described for the synthesis of 2, com-
pound 9 was prepared starting from an Et,0/n-hexane solution of
compound 1 (92 umol) and tht (8.2 uL, 92 pmol). Complex 9 was
obtained as a white solid (17 mg, 35 umol, 38% yield); m.p. 89°C;
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b.p. 205°C. *C{'H} NMR (100.577 MHz, CD,Cl,): 5.=40.0 (s; a-CH,),
30.2 ppm (s; B-CH,); IR: 2941 (w), 2873 (w), 1447 (w), 1438 (w),
1314 (w), 1278 (w), 1263 (w), 1213 (w), 1156 (s), 1127 (w), 1104 (vs),
1038 (vs), 961 (s), 896 (m), 807 (m), 730 (m), 713 (m), 666 (w), 653
(m), 528 (w), 516 (w), 477 (w), 310 (m), 295 (m), 277 (w), 266 cm '
(w); elemental analysis (%) calcd for C;HgAuF,S: C 17.08, H 1.64, S
6.52; found: C 17.07, H 1.49, S 6.72. Single crystals suitable for X-
ray diffraction were obtained by slow evaporation of a solution of
9 (7 mg) in Et,0/n-hexane (1/2 mL) at room temperature.

Synthesis of (CF;);Au(SPPh;) (10)

By using the procedure described for the synthesis of 2, com-
pound 10 was prepared starting from an Et,0/n-hexane solution of
compound 1 (92 pmol) and SPPh; (27 mg, 92 umol). Complex 10
was obtained as a white solid (39 mg, 56 umol, 61% yield); m.p.
192°C. BC{'™H} NMR (100.577 MHz, CD,Cl): J.=1345 (d,
4J(3C'P)=2.9 Hz; CP), 133.6 (d, 2J(*C*'P)=11.2 Hz; C°, 130.0 (d,
3J(BC2'P)=13.4 Hz; C™), 126.3 ppm (d, 'J('°C*'P)=86.6 Hz; C");
IR: 3083 (w), 1588 (w), 1482 (w), 1439 (m), 1335 (w), 1314 (w), 1187
(w), 1150 (s), 1118 (s), 1104 (vs), 1094 (vs), 1054 (vs), 1042 (vs), 996
(s), 982 (m), 973 (m), 935 (m), 854 (w), 842 (w), 758 (m), 747 (m),
718 (s), 699 (s), 686 (s), 638 (w), 618 (m), 585 (vs; S=P), 538 (w), 517
(vs), 504 (vs), 473 (m), 447 (m), 434 (m), 403 (w), 394 (w), 352 (m),
317 (m), 290 (m), 265 cm™' (m); elemental analysis (%) calcd for
C,HysAUFPS: C 36.12, H 2.17, S 4.59; found: C 36.56, H 2.11, S
4.75. Single crystals suitable for X-ray diffraction were obtained by
slow evaporation of a solution of 10 (7 mg) in Et,0/n-hexane (1/
2 mL) at room temperature.

Synthesis of [PPh,][(CF;);AuCl]

[PPh,ICI (34 mg, 92 pmol) was added to a solution of 1 (92 pmol)
in Et,0/n-hexane (5/15 mL). The resulting mixture was stirred for
30 min and then concentrated to dryness. Treatment of the result-
ing residue with /PrOH (3 mL) at —30°C gave a white solid, which
was collected by filtration, washed with Et,0 (3x3 mL), and
vacuum-dried (45 mg, 58 umol, 63% yield). The compound thus
obtained was identified as [PPh,][(CF5);AuCl].?¥

Synthesis of [PPh,][(CF;);AuBr]

[PPh,]Br (39 mg, 92 umol) was added to a solution of 1 (92 umol)
in Et,0/n-hexane (5/15 mL). The resulting mixture was stirred for
30 min and then concentrated to dryness. Treatment of the result-
ing residue with iPrOH (3 mL) at —30°C gave a white solid, which
was collected by filtration, washed with Et,0 (3x3 mL), and
vacuum-dried (47 mg, 57 umol, 62% yield). The compound thus
obtained was identified as [PPh,][(CF;);AuBr].?*

Reversion to [PPh,][(CF,);Aul]

Addition of [PPh,]I (6.6 mg, 13.8 umol) to a CD,Cl, solution of 1
(13.8 umol) resulted in quantitative reversion to the starting mate-
rial [PPh,][(CF5);Aul] (**F NMR).24

Computational details

Quantum mechanical calculations were performed with the Gauss-
ian 09 package at the DFT/MO06 level of theory. The SDD basis set
and its ECPs together with additional f-type polarization functions
were used to describe Au atoms. Light atoms (H, C, N, O, F, Si, P,
and S) were described with a 6-31G** basis set. See Supporting In-
formation for full details and references.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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X-ray structure determinations

Crystal data and other details of the structure analyses are listed in
Tables ST and S2 in the Supporting Information. Details of diffrac-
tion data collection and structure solution can be found in the
Supporting Information.
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