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General remarks

The work presented in this manuscript was carried out in the Laboratoire Hétérochimie
Fondamentale et Appliquée (UMR 5069) at the Université de Toulouse Ill — Paul Sabatier
under the supervision Dr. Didier Bourissou and Dr. Karinne Miqueu.

l. Experimental Conditions

General Procedures

Unless otherwise stated, all reactions and manipulations were carried out under an
atmosphere of dry argon using standard Schlenk techniques or in a glovebox under an inert
atmosphere. Dry, oxygen-free solvents were employed.

NMR Spectroscopy

Solution H, 13C, 1B, 1°F, 3P, 15N NMR spectra were recorded on Bruker Avance 300, 400 or
500 spectrometers at 298 K, unless otherwise stated. Chemical shifts () are expressed with
a positive sign, in parts per million calibrated to residual *H and *3C solvent signals External
BF3.OEt,, 85% H3PO4 and CFCl; were used as reference for 1B, *'P and °F NMR respectively.
The following abbreviations and their combinations are used: br, broad; s, singlet; d, doublet;
t, triplet; g, quartet; m, multiplet. The *H and *3C resonance signals were attributed by means
of J-MOD and 2D COSY, HSQC, HMBC experiments. When a mixture of diastereoisomers
was obtained, selective TOCSY was used to assign the signhals of each diastereoisomer.

Mass Spectroscopy

Mass spectroscopy analyses were performed using Electrospray ionization method on a
Waters UPLC Xevo G2 Q TOF apparatus or chemical ionization method on a DSQ Il (Thermo
Fisher Scientific) spectrometer.

GC-MS Analysis
GC-MS analyses were performed on a GC Perkin Elmer Clarus 500 apparatus coupled with a
MS PerkinElmer Clarus 560.

X-ray Crystallography

Crystallographic data were collected at low temperature (193(2) K) on a Bruker-AXS APEX I
Quazar diffractometer equipped with a 30W air-cooled microfocus or on a Bruker-AXS
PHOTON100 D8 VENTURE diffractometer, using MoK, radiation (A = 0.71073 A). Phi- and
omega-scans were used. An empirical absorption correction was performed with SADABS.!
The structures were solved by direct intrinsic phasing method (SHELXT),? and refined using
the least-squares method on F2.3 All H atoms on carbon atoms were refined isotropically at
calculated positions using a riding model.

Melting Points
Melting points were determined with a calibrated Stuart SMP40 apparatus.

Elemental analyses
Elemental analyses were performed on a Perkin Elmer 2400 serie Il apparatus (LCC,
Toulouse).

1 Bruker, SADABS, Bruker AXS Inc., Madison, Wisconsin, USA.
2 G. M. Sheldrick Acta Cryst. 2015, A71, 3-8.
3 G. M. Sheldrick Acta Cryst. 2015, C71, 3-8.



General remarks

.  Computational details

All calculations were performed using Gaussian. The gold atom was described with the
relativistic electron core potential SDD and associated basis set,* augmented by a set of f-
orbital polarization functions.® The 6-31G** basis set were employed for all other atoms.®
Optimizations were carried out without any symmetry restrictions. The nature of the minima or
saddle points (TS) was verified by the absence or presence of only one negative eigenvalue,
respectively. The connection between transition states and the corresponding minima were
performed by intrinsic reaction coordinate (IRC)’ calculations. All stationary points involved
were fully optimized. All total energies and Gibbs free energies have been zero-point energy
(ZPE) and temperature corrected using unscaled density functional frequencies. All the
geometrical structures were plotted with Chemcraft program.®

'H and **C NMR chemical shifts, and coupling constants Jec or Jer Were evaluated by
employing the direct implementation of the Gauge Including Atomic Orbitals (GIAO),® with the
IGLOII* basis set for all atoms except Au, using as reference the corresponding SiMe.
shielding constant calculated at the same level of theory.

Natural Bond Orbital** (NBO) calculations were used to analyze the bonding situation of the
different gold complexes. Natural Localized Molecular Orbital (NLMO) were plotted with

Chemcraft program.®

Charge decomposition analysis (CDA) was carried out with the CDA 2.2 program developed
by G. Frenking.*

Atoms in Molecules (QTAIM)*® analyses were carried out using AIMAIl software.**

Appropriate details will be given in each chapter when needed.

4 a) D. Andrae, U. Haussermann, M. Dolg, H. Stoll, H. Preuss, Theor. Chim. Acta 1990, 77, 123; b) M. Dolg, Modern Methods
and Algorithm of Quantum Chemistry, Vol. 1 (Ed.: J. Grotendorst), John von Neuman Institute for Computing, Julich
(Germany), 2000, 479.

5 A. W. Ehlers, M. Biihme, S. Dapprich, A. Gobbi, A. Hijllwarth, V. Jonas, K. F. Kiihler, R. Stegmann, A. Veldkamp, G. Frenking,
Chem. Phys. Letters 1993, 208, 111.

6 p. C. Hariharan, J. A. Pople, Theor. Chim. Acta 1973, 28, 213.

7 a) Fukui, K. Acc. Chem. Res. 1981, 14, 363. b) Hratchian, H. P.; Schlegel, H. B. Theory and Applications of Computational
Chemistry: The First 40 Years, Elsevier: Amsterdam, 2005, 195.

8 Chemcraft graphical software for visualization of quantum chemistry computations. https://www.chemcraftprog.com

9 a) F. London, J. Phys. Radium 1937, 8, 397; b) R. McWeeny, Phys. Rev. 1962, 126, 1028; c) R. Ditchfield, Mol. Phys. 1974, 27,
789; d) K. Wolinski, J. F. Hilton, Pulay, P. J. Am. Chem. Soc. 1990, 112, 8251; e) J. R. Cheeseman, G. W. Trucks, T. A. Keith,
Frisch, M. J. J. Chem. Phys. 1996, 104, 5497.

Ow, Kutzelnigg, U. Fleischer, M. Schindler, The IGLO-Method: Ab Initio Calculation and Interpretation of NMR Chemical Shifts
and Magnetic Susceptibilities, Springer-Verlag, Heidelberg, 1990, 23.
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Chap 1: General introduction

Gold is not only nice to wear as jewels, but it is also a peculiar metal in the periodic
table. Contrary to the other metals, its study and use in chemistry is quite recent. Indeed, first

reports using gold as catalyst were published in the 70s.

It is the apparent inertness of gold that led to the discovery of one of the earliest
examples of homogeneous gold catalysis. Gold being considered as the least active metallic
material, it was used for the fabrication of flow reactors. Nevertheless, when studying the
cycloreversion of diademane, Meijere and co-workers discovered in 1976 different reactivities
from a glass reactor than a gold reactor.? The first one led to triquinacene product whereas
gold catalyzed the formation of snoutene (Scheme I-1). Following this discovery, they showed

that the same rearrangement can be catalyzed by (dicyclopentadiene)AuCl in solution at room

& A A
glass gold

Triquinacene Diademane Snoutene

temperature.

Scheme I-1: Cycloreversion of diademane with or without gold.

Since this pioneering work, gold catalysis started to be explored, notably towards the
nucleophilic addition on multiple CC bonds.B-% However, gold catalysts were quickly reduced
to inactive metallic gold, and so, only low turnovers were achieved. For this reason, gold was
considered in 1995 to be “catalytically dead, in contrast to its neighbor elements on the periodic
table”."

A real breakthrough occurred in 1998 when Teles and co-workers reported a very
efficient class of gold(l) catalyst [L-Au]* (where L is a phosphine, a phosphite or an arsine) for
the addition of alcohols to alkynes, under mild conditions, with turnover numbers of up to 10°
moles of product per mole of catalyst (Scheme 1-2).Bl The nature of the ligand and counter

anion were carefully studied to find a fine balance between reactivity and stability.

®
L , H (cat.) R"O OR"
= o R - T
20-50°C R

L = phosphine, phosphite or arsine

Scheme I-2: Additions of alcohol to alkyne in the presence of gold catalyst.

Inspired by this work, the carbophilic properties of gold were largely explored to develop
new gold-catalyzed reactions for the synthesis of complex and highly functionalized

molecules.*1Y Often, linear gold(l) complexes LAuX were employed with L being a N-
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Chap 1: General introduction

heterocyclic carbene (NHC) or a phosphine ligand and X an anionic ligand that can be
exchanged with an unsaturated substrate.[*23 Gold(Ill) complexes were also used, but the
difficulty to synthesize stable gold(lll) species mainly limited the chemists to inorganic gold(lll)
salts.* From a mechanistic point of view, it is unclear what is the active species. Indeed, Au"
can be first reduced to Au' and Au' can then undergo a dismutation to Au® and Au". In all cases,
it is supposed that, once the active species formed, the oxidation state of gold remains

unchanged throughout the process.

To extend gold chemistry well beyond 1-activation, the design of appropriate ligands,
notably bidentate ligands was needed. The second coordination site of the ligand modifies the
properties of gold, emulates and controls its reactivity. Thanks to bifunctional ligands,
elementary reactions have been evidenced, opening new avenues to Au/Au'' catalysis.
Moreover, some intermediates were isolated, characterized and analyzed by experimental and
computational methods, allowing to gain mechanistic insights. The effect of the bidentate
ligands was thoroughly analyzed highlighting the key factor governing the reactivity of gold
complexes and further expanding its scope.[>16]

l. Bidentate ligands for elementary steps in gold chemistry
1. Oxidative addition

Oxidative addition is the entry point to many catalytic transformations. In striking
contrast to other transition metals, this elementary reaction remained for a long time elusive in
gold chemistry. The reluctance of gold(l) complexes to undergo oxidative addition was
generally attributed to the really high redox potential of the Au'/Au" couple (1.41 V) compared
to that of the isoelectronic Pt%Pt" couple (1.18 V).['"1 Nevertheless, more recent studies have
shown that structural features play a major role. On the one hand, the strong destabilizing
effect of the deformation energy of the linear L-Au-L complex disfavors kinetically the oxidative
addition step.*®l On the other hand, using cationic gold(l) complexes featuring monodentate
ligands (L-Au™"), the activation barrier for the oxidative addition is accessible, but the generated

three-coordinate Au" species are highly unstable.[!2°

To favor the oxidative addition and obtain stable gold(lll) compounds, a strategy based
on chelation assistance was envisioned by our group. Using an aryl-halides bearing a
phosphine ligand, that upon coordination of gold, placed the metal center in close proximity to
the reactive bond, the oxidative addition of C-X (X =1 or Br) bonds has been achieved (Scheme

I-3, top).2YI The bifunctional character and the rigidity of the (P,C) ligand stabilized the obtained
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Chap 1: General introduction

gold(Ill) in the form of cyclometalated complexes. The chelating ligand are known to modify

the redox potentials, thus providing stability against reductive elimination. 22-24

g e O
Ph, X

X = Br Ph,”"  Br Ph,P— /. —Br
B ——— —_—
Br(SMe,) OO 130°C, 24 h OO
N N

' Toluene, 60°C N
T

Scheme I-3: Intramolecular oxidative addition by chelating assistance. Top: Coordination of the 8-halonaphtyl phosphines to
gold(l) followed by Cs?-X oxidative addition. Bottom: Synthesis of 10-iodobenzo[h]quinolone gold (I1l) complex.

Inspired by this strategy, Ribas’ group performed the oxidative addition of a C-I bond
using the 10-iodobenzolh]quinolone, (C,N)bq ligand (Scheme I-3, bottom) and access stable
(N,C) cyclometalated gold(lll) complex. The reaction conditions are slightly harsher compared
to the (P,C) ligand.?%!

The chelation-assisted strategy cannot be applied to achieve intermolecular oxidative
addition. As mentioned before, one issue is the linear coordination of gold. To circumvent it, a
strategy based on bidentate ligands featuring a small bite angle has proven to be efficient. In
addition to preorganize the AuL. fragment to accommodate the square planar geometry of the
oxidative addition product, the bidentate ligand noticeably modifies its electronic properties. As
illustrated in Figure I-1, from model monophosphine to the bent chelate diphosphine cationic
gold(l) complexes, the HOMO is very much raised in energy and changes from d.? to dx, in
symmetry increasing back-donation to the o* orbital of an incoming substrate and thereby

favoring the oxidative addition.
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Figure I-1: Plot and positions (in eV) of the main molecular orbitals (LUMO and occupied d? and dy; orbitals) of model gold(l)
complexes bearing monodentate (left) and bidentate (right) phosphine ligand calculated at the B3PW91/SDD+f(Au),6-
31G**(other atoms) level of theory.

Employing the carborane diphosphine ligands (DPCb) that chelate gold(l) with PAuP
angles between 90° and 100°, our group performed the oxidative addition to gold of different
aryl iodides and strained C-C bonds (Scheme 1-4).28271 Surprisingly, the electron rich
substrates react faster than the electron poor ones which is opposite to that usually

encountered for Pd® complexes.?®

According to DFT calculations (B3PW91/SDD+f(Au),6-31G**(other atoms)), the
activation barrier is lower for bent cationic gold complexes than for L,Au* fragments with 2
monodentate ligands coordinated in a linear manner (AE* = 10.3 kcal/mol and AG* = 10.7
kcal/mol vs AE* = 14.4 kcal/mol and AG* = 27.6 kcal/mol for (MesP).Au*). The role of the
bending was confirmed using activation-strain model (ASM)2°30 of reactivity: thanks to
preorganization, the distortion (AE*syin) of the (DPCb)Au* fragment requires only 6.3 kcal/mol
whereas 24.4 kcal/mol are needed for the (MesP).Au* fragment.l?8! Moreover, for the DPCb
ligand, the interaction energy (AE*n) between the distorted fragments is relatively large (-34.8

kcal/mol), resulting in a small activation barrier.
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Scheme I-4: Oxidative addition of aryl iodide (top) and strained C-C bond (bottom) to bent (P,P) gold(l) complexes.

The same strategy was applied by Russel's group using 2,2’-bipyridyl ligands that
chelate the gold(l) atoms with NAUN angles of 75°.B4 In this case, the presence of ethylene
makes the oxidative addition to gold reversible (Scheme I-5), but removal of free ethylene from
the reaction mixture drives the equilibrium to the gold(lll) complex. The oxidative addition at
gold for a broad scope of aryl iodides was performed. Once again, electron-rich compounds
react faster than electron-poor ones.?2 With this (N,N) ligand, Russell went one step further
than our group and achieved the whole synthetic sequence towards cross coupling (oxidative
addition, transmetalation and reductive elimination), but didn’t manage to render the overall

three-step process catalytic.

R
FMF F— Y )—F
—N N R | —N N ZnCl
Y®e AL -
_+ NTf, DCM, 50°C ® DCM, rt
©)
R NTf2

Scheme I-5: Reversible oxidative addition of aryl iodides to bent bipyridyl gold(l) complex and cross-coupling reactions with
an organozinc reagent.

The “bending” strategy is limited by the strong preference of gold(l) for two-coordinate
linear geometry, considerably restricting ligand modulation. To find a balance between
reactivity of the gold(l) center and stability of the gold(lIl) species, the use of hemilabile ligands
was envisioned. Bertrand and co-workers showed, employing a cyclic (alkyl)(amino)carbene

(CAAC) bearing a pendant imine moiety, that the oxidative addition of biphenylene was
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possible and led to stable gold(lll) complex.l*¥ The imine arm does not coordinate the soft
gold(l) (AuN distance > 3.39 A) but binds to the hard gold(Ill) center (AuN distance = 2.246(3)
A) stabilizing the new complex (Scheme 1-6).

‘ Bu
. Bu 1) KB(C6Fs)4
Dlpp\Nw 2) biphenylene Dipp— N v
N DCM, rt, 12h "Dipp
O

Scheme I-6: Oxidative addition of biphenylene to gold with the hemilabile CAAC ligand.

The same strategy was employed using the commercially available MeDalPhos (P,N)
ligand. Our group performed the oxidative addition of biphenylene, aryl iodides and bromides
to gold (Scheme 1-7).34

Q@
SbFg
\/ h',/
N 1 AgSbFg (1 ] @
- —Cl + | X g 6 eq _
o DCM _
R -80°C to rt |
\\
X=1lorBr

Scheme I-7: Oxidative addition of aryl iodides and bromides to gold using the hemilabile MeDalPhos (P,N) ligand.

The impact of the nitrogen arm was confirmed computationally. The reaction profiles
for oxidative addition at gold with the MeDalPhos ligand or with a related ligand devoid of NMe;
were compared. In both cases, the reaction is kinetically feasible, but the activation barrier for
the ligand without NMe; is about one and a half as large (AG* = 11.2 kcal/mol vs 17.0 kcal/mol).
Moreover, the reaction with MeDalPhos gold complex is thermodynamically favored, whereas
it was unfavored with the other gold complex (AG = -5.9 kcal/mol vs AG = 11.2 kcal/mol) due

to the formation of a 3-coordinate Au"' species (Figure I-2).
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Figure I-2: Energy profiles for the oxidative addition of iodot:ezj:n‘;c:o the MeDalPhos gold(l) complex (in red) and to the
model complex devoid of NMe; group (in black) computed at the SMD(DCM)-B97D/SDD+f(Au),SDD(1,Sb),6-31G** (other
atoms) level of theory. Electronic energy (AE) including ZPE correction into brackets and Gibbs free energy (AG) in kcal/mol.
This comparison highlights the double role of the (P,N) ligand: 1) it lowers the activation
barrier and 2) it stabilizes the gold(lll) complex by coordination of the nitrogen atom. The (P,N)
gold complex displays the same preference toward electron rich-iodoarenes than the (P,P) or
(N,N) gold complexes, suggesting it is a general feature of gold. To get insight of this unique
behavior, the structure of the transition state associated to the oxidative addition was analyzed
for the (P,N) gold complex. Charge analysis reveals an electron transfer from iodobenzene to
gold and natural bond orbital (NBO) as well as charge-decomposition analyses (CDA, d/b ratio)
indicate that donor-acceptor interactions from iodobenzene to gold largely prevails over the
one from gold to iodobenzene. This is in contrast with palladium for which the charge transfer
is opposite (electron transfer from palladium to iodobenzene) and the Phl — Pd and Pd — Phl
interactions are much more balanced. The difference of behavior between gold and palladium
probably comes from the higher electrophilicity of the gold center and the important back-
donation from palladium.®® To confirm these results and further analyze the different chemical
behavior of gold and palldium, the NOCV (Natural Orbital for the Chemical Valence) extension
of the EDA (Energy Decomposition Analysis) approach was also used. The primary orbital
interaction was found to be associated with substrate to metal donation for gold and metal to

substrate back-donation for palladium (Figure I-3).
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AE,p(p) = -22.9 AE,(p) = -59.4

Figure I-3: Contour plot of the NOCV deformation density Apor, and the associated stabilizing energy (AEor(p), in kcal/mol) for
the predominant orbital interaction between Phl and the Au/Pd metal fragments. The charge flow is red — blue (Ap <0 in red
and Ap > 0 in blue). Analysis performed at ZORA-BP86-D3/TZ2P level of theory. The contour value for density is 0.001 a.u.

Our group wanted to go beyond this elementary step and showcased a Au/Au'" redox
cycle. Gold(Ill) salts were recognized early on to readily perform Csp?-H bond activation,®®! but
gold was overlooked in the C-H functionalization field. Indeed, the reluctance of gold to
commute between Au' and Au" limits is use for cross-coupling reactions. To achieve the
Au'/Au' redox cycle, strong external oxidants (mostly hypervalent iodine(lll) reagents and F*
surrogates)®-39 or strong electrophiles such as diazonium salts (oxidizing gold under
photochemical conditions),“#3l were used. These strategies present the advantage to
proceed under mild conditions and with selectivities complementary to palladium-catalyzed
processes, but several functional groups are incompatible (notably electron rich compounds).

The (P,N) gold(l) complex achieving the oxidative addition of large scope of haloaryls
(bearing electron-withdrawing or electron-donating groups) under mild conditions and gold(lll)
having great potential for Cs,?>-H bond activation, our group studied the reactivity of the
(P,N)AuCI complex for direct arylation process. The transformation was first assessed under
stoichiometric conditions. The reaction of the (P,N) gold(lll) aryl complex with 1 equivalent of
1,3,5-trimetoxybenzene (TMB) in presence of AgSbFe afforded the desired biaryl product. In
addition, the cross-coupling reaction between iodoarene and TMB was performed under
catalytic conditions showing that the Au'/Au' catalytic cycle involving a Csy?-1 oxidative addition,
Csp?-H bond activation at gold and reductive elimination is feasible.* Then, the more
challenging C3-arylation of indoles was developed® and the approach was further extended
to C-N coupling (Scheme I-8).14445]
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Scheme I-8: Au'/Au" cross-coupling catalysis enabled by MeDalPhos ligand.

Thanks to rational ligand design, the oxidative addition at gold was unlocked and gold-
catalyzed cross-coupling reactions were developed without using external oxidants or strong
electrophiles substrates.

2. Migratory insertion: inner-sphere vs outer-sphere mechanism

Migratory insertion, another elementary step in organometallic chemistry, is at the basis
of many important catalytic processes involving the functionalization or coupling of unsaturated
substrates (such as olefins or alkynes). Owing to their unsaturated character (d® configuration),
gold(lll) are promising candidates for migratory insertion. Two mechanisms can be envisioned.
Firstly, the outer-sphere mechanism consisting in a nucleophilic attack on the 1r-complex anti
to gold (Scheme I-9, top). Secondly, the inner-sphere one with syn-insertion of the Tr-substrate

into a Au-nucleophile bond (Scheme I-9, bottom).

Outer-sphere ® ., O
- LN e e
o ® anti-addition Nu
L_
”E + Nu trans
Inner-sphere
- L-/~u—Nu _— Nu
() syn-insertion ==

cis
Scheme 1-9: Schematic representation of the outer- and inner-sphere mechanisms for the gold catalyzed addition of
nucleophiles to rt-substrates.
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The investigation of ethylene insertion into Au-OAcF was carried out by Tilset and co-
workers with the cyclometalated (C,N) tolypyridine (tpy) gold complex.“®! Deuterium labelling
studies and DFT calculations revealed that the insertion product arises from external
nucleophilic attack by the AcFO- anion on coordinated ethylene (Scheme I-10, top). Reactions
with internal alkenes and other nucleophiles (like MeOH) confirmed the anti-addition process
(Scheme 1-10, middle).”*"! If acetylene is employed instead of ethylene, a double insertion
process operates, still by outer-sphere mechanism.“® The gold(Ill) divinyl complex was not
observed since protolytic cleavage of the Au-vinyl bond trans to tpy-C occurred rapidly
(Scheme 1-10, bottom), but its involvement in the catalytic cycle was authenticated by

deuterium labelling and DFT calculations.

Y=( 7 N\

H H =N_

D D
AcFO @
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AFO T NopcF ACFON OAcF
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Scheme I-10: Reaction of (C,N)Au(OAcf), with rt-substrates.

The first example of olefin migratory insertion into Au-C bonds was described by our
group in 2015 with the (P,C) cyclometalated gold(lll) complexes previously obtained by
oxidative addition. After methylation of gold, the reactivity of the new (P,C) gold(lll) dimethyl
complex towards norbornene (nbe) was investigated in the presence of B(CsFs)s. Norbornene
was found to readily insert twice into the Au-Csp® bond in a syn manner, consistent with a

coordination-insertion process (Scheme I-11, top).*9 The sequence of coordination and
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migratory insertion has also been confirmed by DFT calculations and low temperature NMR

monitoring.”

gl

|

PhMgBr >_?(_

AgSbFg

D@ L o,

Scheme I-11: Formation of gold(lll) norbornyl complex resulting from syn insertion of norbornene into Au-C bonds.

Later on, using the same (P,C) gold(lll) dimethyl complex, the migratory insertion of
ethylene into Au-C and Au-H bonds was evidenced, but no complex resulting from insertion
was isolated due to fast B-hydride elimination.’¥ When switching from methyl to phenyl
substituent, migratory insertion into the Au-Cs,> bond was observed for ethylene (still followed
by B-H elimination) and for norbornene (but only one molecule insert, Scheme I-11, bottom).

The ensuing Au' cationic complexes are stabilized by 1-arene coordination.®?

To precise the influence of the ancillary ligand, a similar reaction was performed with
the (N,C)bg gold(lll) phenyl complex.5® Contrary to the (P,C) gold complex, ethylene inserts
twice into Au-C bond without B-hydride elimination (Scheme 1-12). The difference in reactivity
between the two ligands is due to the electronic dissymmetry of the coordination sphere at
gold induced by the (N,C) ligand. Indeed, because of the weak donor character of nitrogen
compared to phosphorus, the energetic gap between the two reactive sites at gold are very
different. The LUMO, corresponding to the vacant orbital at gold in trans position to the N or P
atoms, and the LUMO+1, being the vacant orbital at gold in trans position to aryl, are close in

energy for the (P,C) ligand, but the difference is more important for the (N,C) one.

N
1)AgoAc” [ = | ©

AgSbF L SbFe

/N\ /I PhMgBr ‘ \ _Br

Scheme I-12: Migratory insertion of ethylene into Au-C bond with the cyclometalated (C,N)bqg gold(lll) complex.
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Depending on the bidentate ligand employed, very different reactivities are observed. With
the (C,N)tpy gold complex, insertion of ethylene into Au-O bond occurred via an outer-sphere
mechanism. With the (C,N)bq or (P,C) gold complexes, the ethylene insertion into Au-C bonds
proceed via inner-sphere mechanisms, but with different outcomes: either the ethylene inserts
twice (with (C,N)bq) or the insertion is followed by B-hydride elimination (with (P,C)). Each
time, the nature of the mechanism has been authenticated by D-labelling experiments and

DFT calculations.

Il. Bidentate ligands for the isolation of reactive intermediates

in gold chemistry
1. Gold mr-complexes with alkenes

As seen in the first part, gold is a good activator of 1T-bonds and so the isolation of gold
TT-complexes has received great attention over the last few years. Most of the known gold -
complexes are cationic dicoordinate gold(l) complexes of the type [LAu(ene)]* with L being an
NHC or a phosphine.® Tricoordinate species have also been reported with bidentate ligands

and present unique features, as briefly reviewed hereafter.

The first cationic tricoordinate gold(l) olefin complexes was synthesized, characterized
and analyzed computationally by Cinellu et al. in 2004-2006 using different bipyridine
ligand.®>%81 When binuclear gold(lll) u,u-dioxo compounds were reacted with various olefins,
the gold(l) -complexes of the type [(bpy)Au(ene)]” were obtained (Scheme 1-13). For most of
these compounds, the *H NMR signals of the olefin are sharp and high-field shifted with respect
to the free alkenes (Ad'H = 0.8-2.2 ppm). For comparison, the changes observed upon
coordination of olefins to gold(l) centers ligated to NHCs or phosphines were only minor (A3*H
< 0.1 ppm). Moreover, in the solid-state structures, the gold-carbon distances were found to
be slightly shorter in [(bpy)Au(ene)]* than in linear gold(l)-alkene complexes and the C-C bond
lengths of the coordinated olefin were elongated (> 0.03 A) compared to free olefin. All these
data suggest that the bidentate bipyridyl ligand increases the Au — alkene back-donation
which was confirmed by DFT calculations. NBO analysis (population of TTc=c and 1*c=c, C-C
Wiberg bond indexes (WBI)), Bond dissociation Energies (BDE) indicate indeed significant -

back-donation from gold.
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Scheme I-13: Synthesis of the tricoordinate [(bpy)Au(ene)]* m-complexes.

Following this work, other gold(l)-olefin complexes bearing (N,N) ligands have been
synthesized (Scheme I-14).

H/F
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N ArC N g NP2 N
Yo A e
\N/ ArCI V% lN/ Z lN/
X "Bu/H
H/F
ArCl = 3,5-Cl,CgH3 R = H, Me or Ph
Daugulis, 2016 Russel, 2018 Hashmi, 2019 Pintus, 2019

Scheme I-14: Representative examples of cationic gold(l)-olefin complexes with (N,N) bidentate ligands.

In 2016, Daugulis et al. reported a stable complex featuring an hindered a-diimine
ligand.®” In 2018, the group of Russel prepared a cationic [(bpy)Au(CzHJ)]* complex.BY In
2019, the Hashmi’'s®® and Pintus’™ groups synthesized similar [(phen)Au(olefin)]* complexes
with ethylene or norbornene. For all these complexes, X-Ray analyses showed elongated C=C
bond and *H NMR signals are upfield shifted compared to free olefins, in line with enhanced

m-back-donation induced by the chelating ligand.

Not only (N,N) bidentate ligands stabilize gold Tr-complex, but also (P,P) ones. Indeed,
our group studied the behavior of [(DPCb)Au]® towards styrene and ethylene (Scheme I-
15).6961 |n both cases, the alkene is tightly coordinated to the gold(l) center, as shown by the
noticeable upfield shifts of the vinylic signals in the *H and *C NMR spectra, as well as the
elongation of the C=C bond by XRD. Alkenes coordinate in the same plane as the (P,P) ligand
maximizing the overlap between the HOMO of the gold fragment and the LUMO of the alkene.
Coordination of electron rich olefins led to oligomerization and 1m-complexes with electron poor

olefins were detected but not isolated due to decomposition.
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Scheme I-15: Synthesis of the (P,P) gold(l) alkene complexes.

With the aim to find a unique ligand that accommodates the 1-coordination of a wide
range of olefins at gold, our group looked at the behavior of the (P,N) ligand.[®61 Studying
different r-complexes with electron poor or electron rich olefins, they showed the adaptative
character of the (P,N) ligand. Whatever the olefin, it coordinates to gold as indicated by the
appearance of new vinylic signals in *H NMR spectrum. Moreover, a downfield shift of the
N(CHs). signal is observed meaning that the nitrogen atom coordinates to the Au' center. The

poorer the olefin, the more important is the downfield shift (Table I-1).

Y (L |t I 0
©: \ __,l o Ph "By COOMe 7 Ph
Ad” ) ® R
Ad o}
Geometrical parameters
A(C=C)? 0.055 0.065 0.068 0.075 0.082 0.087
Au-N 2.688 2.456 2.457 2.360 2.333 2.269
Spectroscopic data
O'H (Hnwez) 2.74 3.09 3.01 3.14 3.25 3.44
2.71 2.82 2.98 3.07 3.33
NBO Analysis
WBI(Au-N) 0.048 0.085 0.093 0.125 0.138 0.167
LP(Au) — T*c=c” 23.0 36.7 38.9 45.1 45.1 48.9
LP(N) — AuP 10.8 20.0 22.0 32.4 34.0 44.0
CDA analysis
d(CC — Au)° 0.411 0.416 0.529 | 0.477 0.485 0.399
b(Au — CC)° 0.146 0.211 0.230 0.262 0.274 0.323
d/b 2.82 1.97 2.30 1.82 1.77 1.24
AIM analysis
[N 0.035 0.054 0.053 0.064 0.068 0.078

Table I-1: Key geometric distances (in A), spectroscopic data (NMR) and NBO, CDA and AIM analyses for the m-alkene (P,N)
gold(l) complexes. °Difference between C=C bond length in the gold complex and in the free alkene Stabilizing energy AE(2)
at 2" order perturbation theory in kcal/mol. <Donation term (d) and back-donation term (b). “Density in e.bohr3.

Similarly to other m-complexes, XRD showed that the alkene sits in the [(P,N)Au]*
coordination plane, and that the C=C bond is elongated compared to the free olefin. Moreover,

the Au-N bond reduces from electron rich olefins to electron poor ones. The strength of the
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Au-N interaction allows the (P,N) ligand to accommodate the electronic demand at gold. This
statement was confirmed by DFT calculations, CDA, NBO and AIM analyses: the stabilizing
energy AE(2) of the Au — T*c-c donor-acceptor interaction found at the second order
perturbation level in NBO (back-donation from gold) as well as the N — Au interaction, the
value of the WBI(Au-N) and the density paun increase when the electronic demand is more

important (Table I-1). In addition, the ratio donation/back-donation (CDA) decreases.

Thanks to the use of bidentate ligands, gold(l) TT-complexes were stabilized, and the
isolation of gold(l) ethylene complexes was possible. The change induced by the chelating
ligand on the symmetry of the HOMO of gold increases the back-donation and stabilizes such
species. To accommodate the electronic demand, the hemilabile MeDalPhos ligand proved to
be the most versatile ligand thanks to the adaptive behavior of the pendant amine. To go
beyond this overview of cationic gold(l)-olefin complexes, please refer to the recent review
article published by the group on this topic.

Concerning gold(lll), examples of m-alkene complexes are scarce.?*! With bidentate
ligands only two compounds are described. Our group, taking advantage of (P,C)
cyclometallation, fully characterized the (P,C)Au(nbe) complex by multinuclear NMR
spectroscopy at -90°C (Scheme 1-16, left).5% Above this temperature, norbornene insertion
into the Au-Me bond occurs. The *H NMR spectrum shows two sets of resonances for
norbornene corresponding to the bound and free olefin. The 2D HMQC H-3!P spectrum
displays a correlation between the olefinic proton of norbornene and the phosphorus at gold,
confirming the coordination. The bonding situation was investigated by NBO analysis: weak
back-donation from Au to *c-c was found at the second-order perturbation level (AE(2) = 8.6

kcal/mol), much weaker than in gold(l) complexes or for other group 10 metals.

Scheme I-16: Gold(lll) m-alkene complexes bearing bidentate ligand

The second example, more thermally stable, was described by Bochmann et al. with a
biphenyl ligand and dienes (Scheme I-16, right).53 Attempts to generate [(C,C)Au]* complexes
of ethylene or non-chelating 1-alkenes failed. To probe the influence of the (C,C) ligand, they

performed some DFT calculations and showed that the greater stability of (C,C)Au(diene)
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complexes comes from the increased negative charge on the (C,C) ligand leading to a more

electron accepting ligand center.

2. The gold-hydrogen bonds

Bonds involving metal and hydrogen atoms can be separated into 3 main categories:64
(i) the covalent one, M-H, as observed in metal-hydride complexes
(i) the agostic interaction, M <— H-C, a 3-center-2-electron interaction (3c-2¢), and

(iii) hydrogen bond, M — H-X, a 3-center-4-electron interaction (3c-4e).

The metal-hydride complexes are well-established as key intermediates in numerous
catalyzed reactions. Indeed, they result from B-H elimination or can undergo insertion or
reductive elimination processes. Nevertheless, the characterization of such complexes with
gold has proven to be a challenging field.[®* This situation has changed recently with the new
arsenal of ligands available. Several stable hydride gold complexes arise from tridentate
ligands, but some examples with (C,C) bidentate ligands were described by Bochmann’s group
(Scheme 1-17).24¢5 The (C,C) chelate ligand imparts a remarkable stability toward reductive

elimination, and suppresses H-C coupling.

© Bu
®
Li
or
® M
NBU4 \L
B ] Bu

L = DMAP, PMeg,

Bu — »4_t =
Ar=t = 4-BuCgH, X =Cl H, CeFs PTol 3 or PPh;

Scheme I-17: (C,C)-ligated gold(lll) hydrides.

The second bonding involving M and H atoms is the agostic interaction. Reaction
intermediates displaying such an interaction play a crucial role for f-H elimination and in the
reverse process, the insertion of olefins into M-H bonds. They may control the
stereochemistry.®! In this M « H-C interaction, the metal acts as a Lewis acid and receives
electron density from a C-H bond. Characteristics of the agostic interaction are a reduced Jcn
coupling constant (50-100 Hz compared to 135 Hz for classical C-H bonds) and MHC angles

of 120° or less.
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The only gold complex presenting an agostic interaction was isolated and characterized
thanks to the use of a chelate (P,C) ligand. As mentioned earlier, the reaction between
[(P,C)AuMe]" and norbornene led to double insertion of norbornene into the Au-C bond
(Scheme I-11, top). Spectroscopic characterizations combined with computational studies
revealed that the resulting complex presented an agostic interaction.®” Indeed, a *Jci coupling
constant of 97 Hz was measured for the C-H bond in y-position to the gold center thanks to a
2D J-resolved *C NMR experiments. Moreover, a correlation between the H, proton and the
phosphorus was observed in 2D HMQC H-3'P spectrum. The bonding situation was further
assessed computationally. The geometry optimization showed a close contact (2.042 A)
between Au and H,, an elongated CH, bond (1.15 vs 1.08-1.10 A) and a AuH,C bond angle of
114.5°, coherent with an agostic interaction to gold. NBO calculations identified a och —
O™ aucnaphthyl dOnor-acceptor interaction at the second order perturbation level with a stabilizing
energy AE(2) of 18.6 kcal/mol. Moreover, a bond critical point (BCP) was found between Au
and H, with an electron density pau+ of 0.048 e.bohr? and a Laplacien V?paus of 0.14 e.bohr?,

typical value for agostic interaction (Figure I-4).

p(ry..a0) =0.0478 au
V2p(ry..a0) = 0.1366 au

Figure I-4: Atoms-in-molecules (AIM) molecular graph showing the C-H---Au BCP (green dots) and its main electron density

properties. Hydrogen atoms have been omitted for clarity except H, and Hisopropyi.

The last category is the hydrogen bond, M — H-X where metal acts as a Lewis base.
Despite a lot of close contacts between Au and H atoms in molecular gold complexes, no
evidence for complexes presenting such hydrogen bonding have been unambiguously

authenticated (for more details, refer to chapiter 3).164
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3. Gold carbene complexes

The first gold carbene was synthesized by Fischer in 1981 by transfer of the carbene
ligand from tungsten complexes.®® 20 years later, carbene complexes were postulated as
intermediate in the gold(l)-catalyzed cyclization of enynes.% Since then, there was a growing
interest for the isolation and characterization of such species. To stabilize such highly reactive
species, either t-conjugation with heteroatoms was employed or the carbene moiety was
incorporated into an aromatic cycloheptatrienylidene framework (Scheme 1-18).l"Y With these
strategies, only a little Au — Ccamene back-donation is observed and the electron deficient
carbene is stabilized by 1-delocalization. Another possibility is to use bulky ancillary ligands
resulting in very strong steric shielding of the gold carbenoid motif (Scheme I-18, right).l’

S)
NTf,
Ar
o Ar
f — Ar
NTf, OMe NTf, . BY,
CygP- 1 —4o Bu—pP-/—@ | N Arg
3 Cy3 - = [ )
N Ar
Ar
Firstner, 2014 Widenhoefer, 2014 Straub, 2014

Scheme I-18: The different strategies used to stabilize highly reactive gold carbene complexes.

The first gold carbene complex stabilized by the gold fragment rather than the carbene
substituents was synthesized by our group using the (P,P) ligand. As mentioned before (Figure
I-1), the bent ligand impacts the frontier orbitals of gold and raises the occupied dx, orbital in
energy, thereby enhancing m-back-donation. The gold(l) carbene complex [(P,P)Au(CPhy)]*
was obtained by mixing [(P,P)AuNTf,] and diphenyldiazomethane at low temperature (Scheme
I-19). The formation of the carbene was confirmed by the observation of a downfield signal in
the *C NMR spectrum (5 316.2 ppm).[31 The carbene center is planar and perpendicular to
the [(P,P)AuU]* coordination plane, which minimizes steric repulsions and enables optimal
overlapping between the occupied dy.(Au) orbital and the vacant 2p™(C) orbital at the carbene
center. DFT calculations (B3PW91/SDD+f(Au), 6-31G**(other atoms)) identified this bonding
interaction in the HOMO of [(P,P)Au(CPh>)]* and an NLMO accounting for the dx.(Au) — 2p™(C)
interaction was found by NBO analysis. Moreover, the absence of charge transfer from

carbene to gold as well as the CDA analysis (weak d/b ratio) supported this back-donation.
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Scheme I-19: Synthesis of the (P,P) gold carbene complex, XRD structure and HOMO plot (cutoff: 0.04).

a-Oxo gold carbenes can be generated in the same way, via metal-catalyzed
decomposition of a-diazo ketone or by an alternative strategy being the intermolecular
oxidation of alkynes. For many years, all of the reactions developed relied on rapid trapping of
the gold carbene either via facile intramolecular processes or by the reaction solvent.["7" To
temper the high electrophilicity of a-oxo gold carbenes and permit their trapping in an
intermolecular reaction, Zhang and co-workers used the hemilabile (P,N) ligand and reported
the synthesis of 2,4-disubstituted oxazoles!’® and a-carboxymethyl ketones (Scheme 1-20).17
Based on DFT calculations, it was proposed that the formation of a tricoordinate gold species
reduced the electrophilicity of the carbene center. However, even with this ligand, the a-oxo

gold carbene complex has resisted isolation and spectroscopic characterization.
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Scheme 1-20: Intermolecular trapping of a-oxo gold carbene generated by intermolecular oxidation of alkyne.

The unprecedented enhanced tr-back-donation at gold induced by the (P,P) ligand
prompted our group to study tricoordinate a-oxo gold carbene complexes. By reacting the
[(P,P)AUNTf;] with an a-diazo ester, the first a-oxo gold carbene was characterized by
multinuclear NMR and XRD at low temperature (Scheme 1-21).1% Characteristic data are the
downfield signal observed in the *C NMR spectrum (3 283.4 ppm) and the short Au-C bond
(1.961(2) A). As the diphenyl gold carbene, the HOMO of the complex mainly corresponds to
the bonding combinations of the vacant 2p™(C) orbital of the carbene center and the occupied
dx. orbital at gold. The LUMO, which correspond to the antibonding interaction, is mainly
developed at the C center, in line with Fischer-type carbene complex. NBO analysis indicated
the push-pull nature of the a-oxo carbene with two donor-acceptor interactions: 1c-c(Ph) —
2p"(C) and nc® — T*c-0 and revealed significant dy.(Au) — 2p™(C) back-donation (AE(2) = 18.2
kcal/mol), which is also apparent in the significant contribution of the 2p™(C) orbital (12.1%) in
the corresponding NLMO. This a-oxo gold carbene reacts with styrene to give the
cyclopropanation product, inserts into the B-H bond of PhsP — BHs or in the O-H bond of

phenol, showing that it is a mimic of the transient species.
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Scheme I-21: Synthesis of the (P,P) a-oxo gold carbene complex, XRD structure and HOMO and LUMO plots (cutoff: 0.04).

The influence of the ligand on the stability and reactivity of the a-oxo gold carbene was
also assessed computationally.® Charge transfer (as estimated by the NBO charges)
indicates small transfer of electron density from the [(P,P)Au]* fragment to the carbene moiety
(CTecabene—god = -0.07 €) whereas a significant one is observed from the carbene to the
[(P,N)Au]* fragment (CTcarbene—gold = 0.80 €). CDA provides a donation/back-donation (d/b) ratio
of 1.76 for the (P,P) gold complex but 2.16 for the (P,N) gold one, explaining the higher stability
of (P,P) a-oxo gold carbene. Moreover, the LUMO is 0.3 eV lower in energy for the (P,N) gold
carbene compared to the (P,P) gold complex, explaining the higher electrophilicity of the (P,N)

a-0xo gold carbene.
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For gold(lll), the first example of a carbene complex was also isolated thanks to the
use of bidentate ligands. It was synthesized by reacting the (P,C)Aul, complex with a PhoP=S-
substituted geminal dianion. The nature of the rather long Au-Ccamene bond (2.120(3) A) was
analyzed by DFT calculations. The HOMO of the complex has 1T-symmetry and features the
antibonding combination of the 2p™(C) orbital of the carbene center and the dx, at gold,
consistent with a four-electron, two-orbital interaction. This orbital being mainly developed at
the C center, a nucleophilic character was predicted and confirmed experimentally showing
that this new species is a Schrock-type carbene. Consistently, the (P,C) gold(lll) carbene
reacts with electrophiles such as phenylisothiocyanate or carbon disulfide by C=C coupling
(Scheme 1-22).[64
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Scheme 1-22: Synthesis and reactivity of (P,C)Au" carbene complex.
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lll.  Comparison of bidentate ligands

Thanks to the use of chelating (P,C), (N,C) or (C,C) ligands, stable well-defined gold(lIl)
cyclometalated complexes were obtained. New reactivities of gold in this oxidation state
(migratory insertion or Tr-activation) were substantiated and original bonding situations were

observed (1TT-complexes, agostic interactions, hydride complexes and Schrock-type carbene).

(P,N), (P,P) and (N,N) ligands present similar behavior (they all allow oxidative addition at
gold, and stabilize 1-complexes), but with different characteristics. The (P,N) ligand is an
hemilabile ligand with a strong P-Au bond and an N atom adapting its coordination to the
electronic demand at gold. The (P,P) and (N,N) ligands are bidentate ligands that enforce gold
to escape its linear coordination and the new bent geometry is symmetric.

With the (P,N) ligand, the combination of soft and hard coordination sites is ideal to
cycle between Au' and Au" allowing to perform cross-coupling reaction in a catalytic manner,
which was not achieved with the bidentate (P,P) and (N,N) ligands.

Concerning the stabilization of m-complexes, two behaviors are observed. The bent
ligands (P,P) and (N,N) enhance back-donation at gold favoring the tr-interaction whereas the
hemilabile (P,N) ligand adapts the coordination of the N atoms with the electronic demand of
the olefins. The enhanced back-donation at gold bringing by the (P,P) ligand also allows to
stabilize highly reactive species like a-oxo gold carbenes (no experimental test or theoretical
calculations have been reported for the (N,N) ligand). For the (P,N) ligand, these species were
just postulated as intermediates in catalytic reactions involving the (P,N)AuCl complex.

Finally for a practical aspect, the (P,N) ligand is easily accessible since it is
commercially available or can be prepared by C-P coupling from aniline derivatives, whereas
the (N,N) ligand needs 2-3-step synthesis and the (P,P) one, 5 steps. For the structural
modulation, both side of the (P,N) ligand can be modified electronically and sterically, allowing
a large variety of complexes. For the (P,P) ligand, the carborane tether cannot be modified to
keep the bent angle, making it unique to chelate gold, but the electronic and steric properties
can be modified by playing on phosphorus substituents. For the (N,N) ligand, the electronic
can be modified by adding substituents on the aryl ring and some steric hindrance can be
added on the o-position to N. In this latter case, the modifications are more remote, so probably

have less impact.
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This comparison, summarized in Table 1-2, has guided for the choice of ligands in our

experimental work.

Coordination

Hemilabile

Bidentate

Bidentate

Oxidative addition

Coupling reactions

Ar-l, Ar-Br and C-
C bonds

Catalytic

Ar-1 and C-C bonds

X

Ar-1 bonds
Reversible

Stoichiometric

Stabilization of

Electron-rich/poor

Electron-unbiased

Electron-unbiased

m-complexes olefins olefins olefins
a
Isolation X \/ 7
Carbene a
Catalysis v v ?
I Commercially . .
Accessibilit . 5-step synthesis 2-3 step synthesis
y available P sy P sy
Steric and Steric and Electronic
Modulation electronic electronic Phenyl rings
P & N atoms P atoms (remote position)

Table I-2: Comparison between (N,N), (P,P) and (P,N) bidentate ligands. °No experimental test or theoretical calculations have

been reported.
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IV. Research objectives and thesis outline

As demonstrated in this chapter, bidentate ligands strongly impact the properties of gold in
terms of bonding and chemical behavior. Taking advantage of these “tailor-made” ligands, the
aim of my PhD was to extend further the reactivity of gold and to increase the variety of
accessible complexes. The synthesis and characterization of original complexes and the
development of new reactivities were accompanied by theoretical studies for the
understanding of the electronic properties and the investigation of mechanisms.

Recently, the faculty of the hemilabile (P,N) ligand to promote oxidative addition of aryl
iodides at gold has been demonstrated and was used to undertake Au'/Au catalysis.
Moreover, gold complexes are extremely powerful in activating T-bonds. Aiming at developing
further Au'/Au" catalysis, we wondered about the possibility to merge oxidative addition of aryl
iodides and Tr-activation of alkenes. In this respect, the oxy- and amino-arylation reactions of
alkenes represent very nice examples of gold redox catalysis under oxidative and photoredox
conditions. As reported in chapter 2, in the presence of a silver salt and a base, the
MeDalPhosAuCl complex was found to efficiently catalyze these transformations and to

display a complementary behavior to other gold catalysts.

The overview of all types of bonds involving gold and hydrogen atoms showed the
absence of complexes presenting hydrogen bonding to gold (3-center-4-electron
interaction).®¥ Taking advantage of hemilabile (P,N) ligands that position a basic N atom in
close proximity to the gold, the first complexes presenting hydrogen bonding to gold were
synthesized. The nature of the interaction was unambiguously authenticated by NMR and IR
spectroscopies and further analyzed by a computational approach as will be discussed in

chapter 3.

Chelating (P,P) ligands allow to stabilize a-oxo gold carbene complexes thanks to
enhanced back-donation from gold. We wondered if this ligand can also help to stabilize a-CFs
carbene complexes that have been postulated in many metal-catalyzed reactions but never
isolated. This method proved fruitful and enabled us to synthesize and characterize the first a-
CF; gold carbene complexes. The Au=Ccabene bonding situation was carefully analyzed

computationally and its reactivity was explored in chapter 4.

35



Chap 1: General introduction

Oxidative addition ©\ |/
& N
20|

n-activation at gold —Au-- |
> X Chap 2
Catalysis Z | H
XX
R
(P,N) ligand

H
- —Au—Cl Chap 3
H-Bonding

(P,P) ligand

Chap 4
a-CF3 Carbene

o =BH

Figure I-5: Research objectives and PhD outline.
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Chap 2: Merging redox behavior and n-activation at gold:
towards catalytic hetero-arylation of alkenes

Gold catalysis for hetero-arylation of alkenes

Alkene 1,2-difunctionalization, the selective addition of two functional groups across a C=C
double bond in a single transformation, represents a class of reactions with significant synthetic
potential. It allows the construction of complex molecular frameworks from easily accessible
starting materials. The oxy- and amino-carbofunctionalization of y-hydroxy or y-aminoalkenes
represent a reliable and efficient method for the synthesis of substituted tetrahydrofurans or
pyrrolidines. Palladium-catalyzed oxy-/amino-arylation reactions have gained special attention
due to its ability to undergo the classical oxidative addition/migratory insertion steps. The rare
syn-insertion of the alkene into the Pd-O bond provides tetrahydrofuran products having the

two substituents in cis-position*~* (Scheme 1I-1, Cycle ).

R‘l
,/Nu
R Reductive Reductive R
. AR n .. L,M
elimination elimination
“Nu
Migrator .y
g at_o y Oxidative |~ R'X n-activation
insertion .l ) »
. . addition anti-addition
syn-insertion
/
R! R' R’
LM-1 Cycle | L,,M’ LM~
Nu /
\_X >\_/ NU
/\/\/\NUH

Scheme II-1: Proposed mechanisms for 1,2-difunctionalization of alkenes: cycle | corresponds to migratory insertion (inner-
sphere mechanism), cycle Il corresponds to m-activation (outer-sphere mechanism).

As mentioned in the introduction, gold complexes are very efficient to activate -
multiple bonds, making them catalysts of choice for selective functionalization of C=C double
bonds. For gold, the multiple bond activation can proceed via an outer-sphere mechanism
(Scheme 1I-1, cycle I1) offering a distinct reactivity profile when compared to other transition
metals and allowing to form the 1,2-difunctionalization product with the incoming groups in

anti-position to each other.
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As for the cross-coupling reaction, the inherent reluctance of gold to commute between
Au' and Au"' oxidation states and thus offer the desired reaction, has been overcome using
strong sacrificial oxidants or a dual gold/photoredox approach as will be discussed in the

following.
1. Use of external oxidant

The first example of gold-catalyzed Cs,>-Csp® coupling in an intermolecular oxidative
cross-coupling manner was disclosed at the same time by Zhang® and Toste.[® They
developed carbo-heterofunctionalization of terminal alkenes via oxidative gold catalysis in the
presence of aryl boronic acids and Selectfluor as strong oxidant (Scheme II-2).

A: PhsP/uCl (5 mol%)
Selectfluor (2 eq.)
(YH MeCN, 60°C, 2-8h Al

rRL . ArB(OH), - R—W
RSN B: dppm(’ . 'Br), (3 mol%) ,

(2eq) Selectfl 1.5
Y =0, NTs electfluor ( ! eq.)
n=1. 2 MeCN, 25-40°C, 12h

Scheme II-2: Gold-catalyzed homogeneous oxidative carbo-heterofunctionalization of alkenes (A: Zhang’s conditions, B:
Toste’s conditions).

These conditions can be applied to a large variety of substrates. On the alkyl part,
substituted 4-penten-1-ols, including secondary and tertiary alcohols are tolerated, on the
nucleophilic part, alcohols, tosylamides and carboxylic acids give access to various
tetrahydrofurans, pyrrolidines and y-lactones in good to excellent yields albeit without much
diastereoselectivity (1:1 dr ratios in most cases, 1.8:1 at best). However, the presence of
substituents on the double bond prevents the formation of the desired product. Concerning the
variety of phenyl boronic acids, the reaction is limited to weakly activated or deactivated
benzene rings, with tolerance of steric hindrance. Electron-rich compounds are incompatible

with Selectfluor due to competing oxidation of the boronic acid.[”

A detailed study based on DFT calculations and experimental observations was
performed by Goddard and Toste to elucidate the mechanism of the gold-catalyzed hetero-
arylation.® First of all, they looked at the cyclization step: does it occur at Au' or Au"? No
reaction was observed mixing alkenyl tosylamides and neutral phosphine gold(l) halide
(equation 1, Scheme 11-3). In presence of phenyl boronic acid and Selectfluor, the alkylgold(l)
complex failed to produce the pyrrolidine product (equation 2, Scheme II-3). These two

experiments suggest that oxidation precedes amino-auration.
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Then they focus on the transmetalation step. Firstly, when mixing PhsPAuCl and phenyl
boronic acid (equation 3, Scheme II-3), no formation of PhsPAuPh was detected, as judged by
3P NMR spectroscopy, even after several hours or at high temperature (60°C). Secondly, in
the absence of phenyl boronic acid, no reactivity was observed between preformed PhsPAuPh
and alkenyl tosylamides in presence of Selectfluor (equation 4, Scheme 11-3). Finally, addition
of 4-MeCgsH4B(OH)- to the previous reaction led to recovery of the reactivity with the major
product being the one with the 4-MeCsHs aryl coming from the boronic acid (equation 5,
Scheme 1I-3). These three control experiments argue against a pathway involving direct
transmetalation. These observations were investigated computationally:* transmetalation to
gold(ll) fluoride species exhibits high energy (> 80 kcal/mol) suggesting that this step is not

operative in the catalytic cycle of hetero-arylation.

Ts
NHTs PPh
L/: +  PhgP/Cl Y4 - E")_/ 3 (1)
Ts Selectfluor Ts
N PPhy “ _ N Ph
Q_/ 75 > Q_/ (2)
PhB(OH),
PhsP/AuCI + PhB(OH), }{ > PhsP/UPh (3)
Selectfluor Ts

NHTs N

Selectfluor

Ts
NHTs
LF +  PhgP/uPh - N PhAr (5
ArB(OH),
Ar = 4-MeCgH, 58%
Ph/Ar: 6/94
DR PhB(OH); D

\
\{)\/ u - \{)\/F’h (6)
: Pr :
D D

Scheme 1I-3: Key mechanistic clues for hetero-arylation reaction with external strong oxidant.

The absence of transmetalation implies that formation of the C-C bond by reductive

elimination from phenylgold(lll) is unlikely. Instead, Toste’s group proposed a bimolecular

! Optimization and thermo of the reaction at M06/LACV3P**++(2f) level of theory
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reductive elimination thanks to the interaction of the boronic acid with alkylgold(lll) fluoride.
The aryl group at boron is directly transferred and coupled to the carbon atom at gold via a
five-centered transition state, with the fluor and boron atoms acting as tether (Scheme 11-4).
Concerted reductive elimination with formation of both C-C and B-F bonds effectively achieving
regeneration of the catalyst and product demetallation in one step. The formation of the strong

B-F bond provides the thermodynamic driving force of this step.

B * Y Ph
PhB(OH X Y Q_/
X p —>( " L— | p _ +
L_ ! \\ -
| F.. _Ph FB(OH), L— iy
F /B\
HO OH

Scheme lI-4: Bimolecular reductive elimination via five-centered transition state.

The reaction of alkenyl tosylamides stereoselectively labeled with deuterium at the
unsubstituted end of the C=C double bond (cis or trans) revealed that the overall catalytic
hetero-arylation reaction give access to the product of anti-addition of the nucleophile and the
phenyl group to the C=C double bond (Scheme I1I-5). At this stage, two mechanisms can be
envisioned: either anti-oxy-/amino-auration followed by C-C bond formation with
stereochemical retention or initial syn-oxy-/amino-auration with inversion of the
stereochemistry during the reductive elimination. To gain further insight, Toste synthesized the
neo-hexyl-d> gold(lll) fluoride complex and made it react with phenyl boronic acid (equation 6,
Scheme 11-3). The reaction proceeded with full retention of stereochemistry, confirming the

anti-hetero-auration.

: Ts
D\/\/\/NHTS N
PhsP /A uCl (5 mol%)

Selectfluor® (2 eq.)

g

0, o .
(92% D) PhB(OH), (2 eq. 83%, dr 22:1
MeCN b
60°C, 2h
MNHTS Ts
N
D
(94% D) 74%, dr 43:1

Scheme II-5: Gold-catalyzed amino-arylation of deuterated aminoalkenes in presence of Selectfluor.

In summary, the proposed mechanism for gold-catalyzed hetero-arylation reactions in

presence of strong oxidant is composed of the three following steps (Scheme 11-6): 1) oxidation
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of gold(l) by Selectfluor 2) activation of the alkene followed by nucleophilic anti-addition, and

3) bimolecular reductive elimination with retention of stereochemistry.

+
Y
— A= Selectfluor
FB(OH), L X
Bimolecular Oxidation
PhB(OH), reductive
elimination
®
X Y L=
L= I F

Anti-addition

N TH

Scheme II-6: Mechanism for gold-catalyzed hetero-arylation of alkenes in presence of Selectfluor.

Toste also described the three-component gold-catalyzed oxidative oxy-arylation of
alkenes with alcohols, carboxylic acids or water as nucleophiles (Scheme I1-7).1°! Using water
allows the formation of alcohols directly via hydroxy-arylation, circumventing the requirement
for protective groups. The scope can be extended to arylsilane as nucleophile partner avoiding
the homocoupling byproduct observed with boronic acid and allowing the use of moderately

electron-rich coupling partners.tot1!

5 mol% dppm(/..Br),

ArB(OH), Selectfluor (2 eq.) OR?
R1\/\ + or + R20H >
X i 1
ArSiMes MeCN, 50°C RJ\/Ar

R? = H, alkyl, alkyl(CO)

Scheme II-7 : Three-component gold-catalyzed oxy-arylation.
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This Selectfluor-based methodology is limited to terminal olefins with substrates not too
nucleophilic. Indeed, Selectfluor is an electrophilic fluorinating agent and direct flurorination
can be competitive for styrene derivatives or gem-disubstituted olefins. To circumvent this
issue, Russell thought to use iodine(lll) as external oxidant and showed that the combination
of IBA and p-TSA was efficient to allow the oxy-arylation of these species as well as internal
olefins.’? One drawback is the scope of O-nucleophiles restricted to methanol. The 1,2-
difunctionalization was extended to ethylene by changing the external oxidant to IBA-OTf and

worked for a broad scope of aryl silanes and alcohols (not limited to methanol in this case).*

2. Dual photoredox/gold catalysis

An alternative to superstoichiometric amount of sacrificial strong oxidants is the use of a
dual catalysis between gold and a photoredox agent. Glorius and co-workers reported the
efficiency of this strategy for the intramolecular oxy- and amino-arylation of alkenes with aryl
diazonium salts™* (Scheme II-8).

PhsP/ NTF, (10 mol%)

(YH ® 0O Ru(bpy)s(PFg)2 (2.5 mol%) . Ar
R— + Aer BF4 R_l\(\/?_/
\M/\ 23W fluorescent bulb N
. (4 eq.) MeOH, 4-16h, rt
Y =0, NTs
n=1,2

Scheme [I-8: Gold-catalyzed homogeneous oxidative carbohetero-functionalization of alkenes via dual gold/photoredox

catalytic system.

Aryl diazonium salts bearing an electron-withdrawing substituent were the most efficient
coupling partners, electron-neutral groups were also tolerated but no reaction was described
with electron-donating groups. Noteworthy, chloro or bromo aryl diazonium salts also reacted
successfully, opening the way for further functionalization. The reaction tolerates all
substitutions on the alkyl tether, even on the alkene itself. In contrast to the reaction with
Selectfluor, internal alkenes were also suitable substrates and only the 5-exo-trig cyclization
was detected with high diastereoselectivity (> 25:1) for the anti-addition product. The reaction
with deuterated alkenes proceeded also in a diastereoselective manner consistent with trans
addition across the C=C double bond (Scheme 11-9).

According to this result, the following mechanism was postulated by Glorius: the cationic
gold(l) catalyst initially reacts with the alkenol and promotes cyclization by outer-sphere
mechanism, then the aryl radical (generated upon ruthenium-catalyzed photoredox

decomposition of the diazonium salt) adds to gold and oxidation by single electron transfer
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(SET) to Au" occurs. The oxy-arylation product is released by reductive elimination at a 3-

coordinate gold center.

g

Ph3P /A uNTf, (10 mol%)
Ru(bpy)3(PFg), (2.5 mol%)

(94% D) PhN,BF, (5 eq.) 73%, dr 14:1
23 W fluorescent bulb D
MeOH, 8h, rt
/\/\/NHTS Ts
N
D
(84% D) 68%, dr 17:1

Scheme 11-9: Amino-arylation of deuterated substrates under gold/photoredox dual catalysis.

In a similar gold and photoredox ruthenium-catalyzed arylative ring expansion, Toste and
co-workers suggested a different mechanism:*® the reaction begins with the radical addition
and SET to generate the cationic arylgold(lll) intermediate subsequently reacting with the

alkene to induce the cyclization. As before, the product is released by reductive elimination.

To discriminate between these two pathways, Yu's group performed DFT calculations. ™!
For the cyclization-oxidation mechanism postulated by Glorius, the energy barrier of the
cyclization step is 28.5 kcal/mol, whereas, for the oxidation-cyclization one proposed by Toste,
it is only 7.5 kcal/mol.? The difference is in accordance with the high electrophilic character of
gold(lll) reducing the LUMO energy of the alkene group and so facilitating the nucleophilic
attack. For the most favorable mechanism, the overall pathway is achievable at room
temperature with a maximum reaching for the reductive elimination step with a transition state
at 16.5 kcal/mol.

Combining experimental observations and DFT calculations, the more plausible
mechanism is the following one (Scheme I11-10): 1) oxidation of Au' to Au" by radical addition
of aryl and SET promoted by the ruthenium co-catalyst 2) activation of the alkene followed by
nucleophilic anti-addition, and 3) reductive elimination at a 3-center gold(lll) to release the

product and regenerate the catalyst.

2 Optimization performed at SMD(Methanol)-B3LYP/LanL2dz(Au, Ru)/6-31G*(other atoms) level of theory and energy
calculated at SMD(Methanol)-M06/ LanL2dz(Au, Ru)/6-31G(d)(other atoms)// SMD(Methanol)-B3LYP/LanL2dz(Au, Ru)/6-
31G*(other atoms) level of theory.
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Radical
Addition

Reductive
elimination

Anti-
cyclization

Photoredox
Catalysis

Scheme 11-10: Mechanism of the visible light-mediated gold-catalyzed oxy-arylation of alkenes.

Instead of using a photoredox co-catalyst requiring strict reaction conditions (degassed
solvent and inert atmosphere), a base such as NaCOj3; can induce diazonium decomposition
under light to produce aryl radicals and promote gold(l) oxidation. This method worked well for
both oxy- and amino-arylation and the scope can be extended to 7-membered ring product or

carboxylic acids as nucleophile.l”

The dual photoredox and gold catalysis strategy was applied to the trimolecular oxy-
arylation reaction.!8! By mixing 1-octene and phenyl diazonium salt in the previously optimized
conditions (with methanol as solvent), Glorius and co-workers were able to obtain the desired
arylated ether product in 90% NMR vyield. To improve the attractiveness of the process, they
changed the transition metal-based photocatalyst to fluorescein, an organic dye being less
expensive and less toxic, and obtained the product in a similar yield (88% NMR yield). The
reaction is efficient for a selection of different terminal alkenes and aryl diazonium salt (except

the electron-donating ones), but is limited to methanol as nucleophile.

Ph3P /A UNTf, (10 mol%)
® 0O Fluorescein (5 mol%) OMe

R1\/\ + AerBF4 > 1
N MeOH, 23W CFL, rt, 16h RJ\/N

Scheme II-11: Gold/fluorescein-catalyzed three-component oxy-arylation of alkenes with aryldiazonium salts.
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This overview of gold-catalyzed hetero-arylation of alkenes shows the merits and
limitations of the different strategies. The oxy- and amino-arylation of alkenes can be achieved
for a large scope of substrates under mild conditions (often the reaction proceed at room
temperature, if heating is necessary, it doesn’t exceed 70°C). Nevertheless, either the reaction
required a stoichiometric amount of sacrificial oxidant or a highly reactive aryl diazonium salt.
Moreover, none of the strategies is compatible with electron-donating substituents on the aryl

part.

Having substantiated that oxidative addition of simple aryl halides to gold(l) occurs readily
with the (MeDalPhos) ligand, we wondered about the possibility to merge this elementary step
and tr-activation of alkenes at gold, studying the oxy- and amino-arylation reactions. During
the course of our investigations, Patil reported related work in which oxidative addition of aryl
iodide and Tr-activation of aryl alkenes were combined to achieve the 1,2-diarylation reaction
(Scheme 11-12).19

a) 1,2-diarylation
MeDalPhos/./Cl (5 mol%)
AgSbFg (1.05 eq.)

N o~~~ RY— K3POy4 (0.5 eq.)
T - :
= \_7/ DCE (0.1 M)

2-4h,70°C

b) 1,2-oxy-/amino-arylation (this work)

] RZ— MeDalPhos/ . Cl (cat.) SN Y.
) AN * N | -  R2D >
4 YH N\ / = FRi

Y =0, NR?
Scheme 1I-12: Ligand-enabled gold-catalyzed 1,2-difunctionalization of alkenes.
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.  Stoichiometric reaction: feasibility of the hetero-arylation

reaction and first mechanistic insight

The first question to tackle is the compatibility between the involved functional groups and
the oxidative addition step. The oxidative addition of iodobenzene to
(MeDalPhos)AuCI/AgSbFs is instantaneous and quantitative and give access to the aryl
gold(lll) complex 2 displaying a diagnostic 3'P{*H} NMR signal at & 74.4 ppm. In the presence
of 1 equivalent of 1-octene, two signals are observed in the 3P{*H} NMR spectrum: a major
one at ® 74.4 ppm corresponding to complex 2 while the minor one at & 57.9 ppm is associated
with the 11-complex (MeDalPhos)Au(1-octene)” (Figure II-1 bottom) according to the chemical
shift observed in tH NMR for the vinylic protons./2°2 NMR monitoring reveals slow conversion
of the 1T-complex into the oxidative addition product (90% of complex 2 after 4 days),
demonstrating that alkenes slow down but do not prevent the reaction of aryl iodides (Figure
[I-1).
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Figure II-1: 31P{1H} spectra for the oxidative addition of iodobenzene to complex 1 in the presence of 1-octene. Integrals are
mentioned for the first spectrum.
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The same experiment was performed with 1 equivalent of styrene and only one peak was
observed at & 57.3 ppm in the typical zone of (MeDalPhos)Au' species without any evolution

towards a gold(lll) complex. Thus, styrene derivatives were not used for further reactions.

Then the feasibility of the oxidative addition in presence of nucleophiles was studied. In
the presence of 1-pentanol or N-tosyl methylamine, iodobenzene reacts rapidly despite the
formation of new (MeDalPhos)Au' species right after mixing (at 3 59.9 ppm for 1-pentanol and
0 64.3 ppm for N-tosyl methylamine) and the oxidative addition is complete within 2 hours at

room temperature (Figure 11-2).
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Figure 1I-2: 31P{1H} spectra for the oxidative addition of iodobenzene to complex 1 in the presence of 1-pentanol (left) or N-

tosyl methylamine (right).

In the presence of allyl thiol, no oxidative addition was observed and a new peak appeared
at  18.4 ppm characterizing gold decomposition. Therefore, thiols were not suitable substrate

for hetero-arylation reactions.

Then the ability of gold complex 2 to activate C=C double bonds and promote nucleophilic
addition was investigated using 4-penten-1-ol as model (Scheme 11-13). The treatment of gold
complex 2 with 1 equivalent of alkenol leads to the progressive formation of 2-
benzyltetrahydrofuran (the oxy-arylation product) as deduced from GC-MS and *H NMR (87%

yield after 2 days at room temperature). The monitoring of the reaction by 3P{*H} NMR showed
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the quantitative disappearance of the signal of complex 2 at & 74.4 ppm in favor of a new
species at & 45.6 ppm in the region of gold(l) complexes which was authenticated at the
(MeDalPhos)H*AuCl/SbFes and will be studied in details in chapter 3.

|
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Scheme 11-13: Stoichiometric oxy-arylation upon reaction of the gold(lll) complex 2 with 4-penten-1-ol.

Encouragingly for the intended catalytic development, the reaction proceeded equally well

sequentially and in one step (Scheme lI-14).

. i DCM, rt

Scheme 1I-14: Oxy-arylation of alkene with complex 1/AgSbFe.
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Monitoring the reaction by 3!P{*H} NMR, the emergence and then the disappearance of
the peak at & 74.4 ppm, corresponding to the gold(lll) species, was observed. This suggests
the formation of the gold(lIl)-aryl complex 2 as an intermediate of the reaction (Figure 11-3:) and
supports a 2-electron redox pathway for the hetero-arylation reaction.

Of note, addition of a second equivalent of AgSbFs, to abstract the iodide from 2 and
generate a more electrophilic gold(lll) species, afforded the desired product in 5 hours instead
of 2 days.

At this stage, a screening of bases was performed in order to envision a catalytic cycle
and prevent the formation of complex 3. No reaction was observed with organic bases such
as 2,6-lutine or N, N-diisopropylethylamine, probably due to the coordination of N to Au' or Au"
complexes. The only base showing promising results for the catalytic reaction was KsPO,

(Cs.CO3s and K»,CO3 were also tested) since the oxidative addition was observed, the desired
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product was formed and complex 1 was regenerated. This result suggested that catalytic

turnover may be achievable.
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Figure 1I-3: 31P{IH} spectra monitoring the hetero-arylation reaction between iodobenzene and 4-penten-1-ol with complex
1/AgSbFe.

[ll.  Catalytic reaction of hetero-arylation

1. Screening of conditions

The feasibility of the catalytic transformation was demonstrated using 10 mol% of the gold
complex 1, 1.1 equivalent of silver hexafluoroantimonate and 1 equivalent of K3;PO4. In
dichloromethane, the oxy-arylation product was obtained in 82% yield after 4 hours at room
temperature (Table Il-1, entry 1). At this point, some control experiments were set up: 1) the
reaction without gold complex gave no desired product (Table 1I-1, entry 2) confirming the role
of gold as catalyst, 2) the reaction with only 10 mol% of AgSbF¢ (Table II-1, entry 3) did not
provide any oxy-arylation compound showing the necessity of more than 1 equivalent of halide

scavenger.

Based on this promising result, the reaction parameters (solvent, additive, halide
scavenger, ratio of substrates) were varied (Table 11-1).

Concerning the solvent, dichloromethane or dichloroethane gave the same results (Table
II-1, entry 1 and 4). Heating the reaction at 50°C in dichlorobenzene gave 63% yield of product

after 2 hours (Table II-1, entry 5), without further evolution. For comparison, at room
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temperature, after 2 hours, 49% of product was observed, but the reaction kept going to
achieve higher yield. As expected, the reaction rate at room temperature is slower but the
reaction can proceed longer and better yield can be obtained. The gold catalyst may
decompose at higher temperature. Then, the influence of several additives reported to improve
some gold catalyzed reactions were tested (MeOH, CHCIl;, DMF or DMSQ), but none gave
better results (Table II-1, entry 6-9). Whereas the addition of methanol was reported to
enhance the reactivity of complex 1 in direct arylation of arenes,?? it decreased the yield of the
hetero-arylation reaction, probably due to a competition between the nucleophile and
methanol.

An increased amount of base resulted in a lower yield (Table 1I-1, entry 10). Also, the ratio
of the coupling partners was varied (excess of iodobenzene or 4-penten-1-ol) but showed no
improvement (Table 1I-1, entry 11 and 12). Even a decrease is observed with an excess of 4-
penten-1-ol probably due to the coordination of the alkene at gold limiting the feasibility of the

reaction.
Entry Solvent lodobenzene:4-penten-1-ol | Ag salt | Yield (%)*
1 DCM 1:1 AgSbFs 82
2P DCM 1:1 AgSDbFs 0
3¢ DCM 1:1 AgSbFs 0
4 DCE 1:1 AgSbFs 80
5d DCB 1:1 AgSbFsg 63
6 DCM/MeOH (50:1) 1:1 AgSbFs 15
7 DCM/CHCIs (50:1) 1:1 AgSbFs 40
8 DCM/DMF (50:1) 1:1 AgSbFs 0
9 DCM/DMSO (50:1) 1:1 AgSbFs 0
10° DCM 1:1 AgSbFs 54
11 DCM 1.5 AgSbFs 31
12 DCM 5:1 AgSbFs 77
13 DCM 1:1 AgOTf 11
14 DCM 1:1 AgNTf, 32

Table 1I-1: Optimization of the catalytic conditions (solvent, base, halide scavenger, temperature, alkene/iodobenzene
equivalents). °GC-MS yield after 4 h of reaction, with 10 mol% of complex 1, 1.1 eq of halide scavenger and 0.1 M concentration
in limiting substrate, using n-dodecane as internal standard. *Without gold complex 1. <10 mol% of AgSbFs. Reaction
performed at 50°C, GC-MS yield after 2h €2 eq. of K3POj,.

The halide scavenger and notably the effect of the counter ion was studied (Table II-1,
entry 13 and 14): OTf and NTf, coordinate more strongly to gold than SbFs, slowing down the
reaction by preventing the coordination of the substrates (olefin or aryl halide), and
consequently decreasing the yield of the reaction.

As a conclusion, the following optimized conditions were determined: KzPOas (1 eq.), DCM,

25°C, AgSbFs (1.1 eq.), 1:1 iodobenzene/4-penten-1-ol.
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Then, the catalytic loading was reduced to 5 mol% of complex 1 (1.05 of AgSbFe) resulting
in a decrease of the yield from 82% to 57%. This issue can be circumvented by playing on the

concentration (Table II-2).

Entry | Concentration in substrate (M) | Yield (%)?
1 0.1 57
2 0.2 75
4 0.4 80
5 0.6 60
6 0.8 40
7 1 41

Table 1I-2: Optimization of the catalytic conditions (concentration). ?Yield determined by 1H NMR using dibenzyl ether as
internal standard after overnight.

Indeed, increasing the concentration to 0.4 M allowed to achieve a yield of 80%. Further
increase lead to poorer yield probably due to the heterogeneous mixture because of silver salt
and inorganic base.

For the scope of the reaction, the following optimized conditions were used: KzPO4 (1 eq.),
DCM, 25°C, 1:1 iodobenzene/4-penten-1-ol, 0.4 M, AgSbFs (1.05 eq.), 5 mol% (P,N)AuCI.

2. Scope of the reaction

The results discussed in this section have been obtained in collaboration with Dr. Olivier Thillaye du Boullay.

First the scope of aryl iodides was assessed (Scheme [I-15). The oxy-arylation of 4-
penten-1-ol proceeds well with diverse iodobenzenes (with an average yield of 90% over 10
substrates) as well as 2-iodonaphtalene (83% vyield). It tolerates electron-withdrawing groups
(p-COCH3;, p-NO7) as well as ortho-substituents (0-OCHs, 0-Ph). The reaction actually
performs best with electron-rich substrates, as illustrated by the high-yield preparation (>95%)
of the tetrahydrofuran products Ig-j. Successful incorporation of protected catechol and
trinydroxyphenyl moieties (products Ih,i) is particularly noteworthy, these two motifs being
present in a number of biologically active compounds.?24 Thanks to this unique ability to
react with electron-rich iodobenzenes, the (P,N) gold(l) complex displays in the oxy-arylation
of 4-penten-1-ol a reactivity profile complementary to that observed under photoredox and
oxidative conditions, for which electron-rich substrates were found to be problematic due to
competitive side-reactions. To note, no sign of O-arylation — a possible side-reaction previously

observed with electron-poor aryl bromides under palladium catalysis®® — was detected.

57



Chap 2: Merging redox behavior and n-activation at gold:
towards catalytic hetero-arylation of alkenes

Complex 1 (5 mol%)
AgSbFg (1.05 eq.)
R/— K3PO4 (1 eq) X

DCM (0.4 M) R/ =
la-k

overnight, 25°C

\/ e-poor aryl iodides

O O~ Y <O 0 O

a 80% b 87% c 83% d71% e 85% (70%) f 95% (80%)
\/e-rich aryl iodides

w0~ )— VO O @ G

g >95% (70%) h? >95% -a >95% j@ >95% kb 84% (50%)

§/o-substituted aryl iodides

Scheme II-15: Gold-catalyzed oxy-arylation, scope of aryl iodides. Yields determined using *H NMR with dibenzyl ether as
internal standard (isolated yields). 235°C. ¥35°C, 10 mol% Au.

Then the scope of alkenols was explored (Scheme II-16). The oxy-arylation tolerates aryl
and alkyl substitution on all positions of the tether between the alkene and the alcohol groups
(product lla-f). Tetrahydrofurans fused with cyclohexane and benzene rings (products llg,h)
can also be readily and efficiently obtained. For the 3-substitued substrates, a good
diastereoselectivity was observed (up to 6.1:1 for 2,3-disubstituted tetrahydrofuran Iic). This
contrasts with the gold catalysis operating under photoredox or oxidative conditions (1:1 dr
ratios in most cases, 2.8:1 at best).[>'4171 The steric crowding induced at gold by the chelating
(P,N) ligand may explain this high diastereoselectivity.

Double oxy-arylation of tetrafunctional substrates is possible too, giving straightforward
access to spirocyclic products such as lli. Gem-disubstituted alkenols are suitable substrates,
enabling the formation of quaternary centers (product llj), although it requires gentle heating
(35°C) and the associated yield is lower. In all cases, the cyclization is fully regioselective and
proceeds exclusively in a 5-exo fashion.

Remarkably, lengthening the tether to obtain more challenging > 5-membered cycles is
also possible. Cyclizations proceed smoothly at 35°C with 5-hexen-1-ol as well as 6-hepten-1-
ol to give the corresponding pyran and oxepane products IIk,| and lim, respectively, in high

yields.
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Complex 1 (5 mol%)
| AgSbFg (1.05 eq.)

KsPO, (1 eq. 0
/\/K\/OH + 3PO4 (1 eq.) - m
R DCM (0.4 M) MeO

OMe overnight, 25°C lla-q
eO MeO MeO MeO 4
R Ph
R
Ph

lla R = Me 80% (77%) lic 79% (78%) Ild 85% lle 83% (81%)
llb R = Ph 87% (80%) dr 6.1:1 dr1.2:1 dr 1.5:1
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Scheme 1I-16: Gold-catalyzed oxy-arylation, scope of alkenols. Yields determined by 'H NMR with dibenzyl ether as internal
standard (isolated yields). ?35°C. 35°C, 10 mol% Au.
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Internal alkenols are also suitable substrates, as substantiated by the oxy-arylation of 4-
hexen-1-ols. Both the E and Z isomers react and, in each case, a single product resulting from
trans addition (lin and llo, respectively) is obtained. Most remarkable is the complete change
in regioselectivity between the two isomers. The more reactive Z substrate undergoes the
“normal” 5-exo cyclization, whereas the E substrate reacts via a 6-endo process to give a pyran
ring (the structures were unequivocally attributed based on 'H-3C HSQC/HMBC NMR
experiments and comparison with known related compounds). To assess the generality of this
phenomenon, a Z/E mixture of gem-dimethyl-substituted substrates was tested. Again, the Z
isomer was found to exclusively undergo 6-endo cyclization while the E isomer reacted via the
classical 5-exo pathway, resulting in a mixture of pyran llp and tetrahydrofuran Ilg. The
behavior of the (P,N) gold complex markedly contrasts with that observed by Glorius et al.,
combining gold and photoredox catalysis. Here, 5-exo cyclization occurred whatever the
stereochemistry of the internal alkenol used as substrate.*#

To the best of our knowledge, a complete switch in regioselectivity, as observed with
the (P,N) gold complex is very unusual and has not been observed under Pd catalysis.*225-27]
The product selectivity of gold-catalyzed transformation can be affected by many factors,
notably by the substrates. Few divergent synthesis via substrate control has been described
for gold catalysis.[?82°1 Modified backbone or change of substituents on substrates, influencing
the electronic and steric properties, lead to change in selectivity. Nevertheless, no divergent
synthesis with variation of the stereochemistry of substrates has been described.

In order to demonstrate the robustness and synthetic practicability of the oxy-arylation, the
reaction between 4-penten-1-ol and 4-iodoanisole as substrates was performed on a 5 mmol
scale (instead of 0.4 mmol). In this case, the catalytic loading of gold complex was reduced to
2.5 mol% without noticeable decrease in the yield of the obtained tetrahydrofuran Ib. Moreover,
the reaction does not require drastic precautions. It proceeds with similar efficiency operating

under air, using reaction-grade solvents and reagents as received (without specific drying).

The oxidative addition/mr-activation sequence proceed also well for amino-arylation
reactions increasing the catalytic loading to 10 mol% and slightly raising the temperature to
35°C (Scheme 11-17). Again, it tolerates electron-withdrawing (p-COCHzs llla), neutral (H 111b)
and electron-rich groups (p-OMe llic) for which it performs best. Alkenes featuring an N-tosyl
amine as well as N-tosyl amide moiety in y-position are readily converted into the
corresponding arylated-pyrrolidines llic-f and pyrrolidones llig,h: substituents are tolerated on

all the positions of the tether, and strong Thorpe-Ingold effect is not needed for the cyclization
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to proceed well. In addition, high diastereoselectivity (dr 10.1:1) was observed for the formation

of the trans-2,3-disubstituted pyrrolidine llle starting from N-tosyl 3-phenyl hex-4-enylamine.

Complex 1 (10 mol%)
| AgSbFg (1.1 eq.)

K3PO4 (1 eq
/\/\/R\/NHTS + m

DCM (0.4 M)
R’ overnight, 35°C lia-h
Ts Ts Ts
N N N
(@)
MeO
R
R
llla 45% b 75% llic R = H 89%

lld R = Me 80% (64%)

AT T O

llle 84% (58%) llif 83% (61%) llig R =H 86% (47%)
dr 10.1:1 dr 1:1 lllh R = Ph 65% dr 1.5:1

Scheme 1I-17: Gold-catalyzed amino-arylation, scope of aryl iodides and aminoalkenes. Yields determined by 'H NMR with
dibenzyl ether as internal standard (isolated yields).

To showcase the interest of the transformation, the synthesis of an analogue of
anisomycin was envisioned. Anisomycin is an antibiotic known to inhibit protein synthesis in
eukaryotes. Various routes have been developed to access anisomycin and analogues — the
formation of the pyrrolidine ring and the introduction of the anisol group requiring multi-steps."!
To the best of our knowledge, no reported synthesis relies on amino-arylation although it may
give rapid access to the anisomycin framework from substituted y-amino-alkenes, readily
accessible from natural sugars®*%2 (Scheme I1-18).

Stating from D-ribose, it was chemically transformed into 6b by acetalization and
subsequent iodination. Then, despite many attempts, no direct reductive amination to produce
amine 6d directly from 6b was observed. Thus, 6b was converted to alcohol 6c via Boord
elimination and reduction of the formed aldehyde. The direct synthesis of 6e by classical
mesylation followed by Sn2 substitution with tosylamides was unfortunately not completed,
increasing the number of steps needed to achieve the desired substrate. The primary amine
6d was finally obtained by Mitsunobu reaction and Gabriel synthesis. Tosylation proceeded
well to obtain the desired substrate 6e. The last step involved the amino-arylation catalyzed by
gold: with 10 mol% of gold at 35°C, the product was obtained with 36% isolated yield with a

moderate diastereoselectivity (1.5:1). This first result was encouraging, but further optimization



Chap 2: Merging redox behavior and n-activation at gold:
towards catalytic hetero-arylation of alkenes

would be needed to achieve better yield and to make this strategy synthetically useful. Given
the difficulties faced during the synthesis of the starting substrate and for lack of time, we
decided to study only the proof of concept for the synthesis of anisomycin by gold-catalyzed

amino-arylation.

-0 -0
HO, o z z \
' .. a 0] b 0O c
o by - O . —> o0 S o
OH >ko y o’ >Lo I/ >Lo OH
D-ribose 6a 6b 6¢c
ld
MeO
NTs f e
(0] < (0] < (0]
>I\O >I\O NHTs >I\O NH2
i (36%) 6e 6d
dr: 1.5:1

Scheme 11-18 : Synthesis of anisomycin from natural sugars. Reagents and conditions: °H,5S0,, MeOH/Acetone, 40°C. ®I,, PPhs,
Imidazole, THF. €1/ Zn 2/ NaBH,, EtOH. 91/ PPhs, DIAD, Phthalimide, THF 2/ NH,NH>.H,0, MeOH. €TsCl, EtsN, DCM. fgold
catalyzed amino-arylation reaction.

IV. Mechanistic study

1. Experimental observations

From a mechanistic viewpoint, several pathways are conceivable for such reactions, as
mentioned for the hetero-arylation of alkenes under oxidant or photoredox conditions. With the
(MeDalPhos)AuClI complex, the oxy- and amino-arylation reactions are proposed to proceed
via Au'/Au'" catalytic cycles. It should start by oxidative addition of the aryl iodide to gold, based
on the faculty of the (P,N) ligand to promote this step even in the presence of alkenes, alcohols
and amines.

To confirm that no cyclization occurred at gold(l) prior to the oxidative addition, a reaction
between complex 1 and 4-penten-1-ol in the presence of silver hexafluoroantimonate was
performed (Scheme II-19). Only the m-complex was formed as suggested by NMR and
comparison with analogous (P,N) gold Tr-complexes.?”

To favor the cyclization, five equivalents of a base were added on the m-complex 4. With
KsPO4, no change was observed, whereas with EtsN, the olefin was released and the N
coordinated to gold (according to the low field shift of the CH, and CHs; signals at 3.23 and

1.46 ppm respectively), confirming that no cyclization occurred at gold(l).
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|/
,L/ AgSbFg (1 eq.) N ,L/
4-penten-1-ol (1 eq.) ! HO EtsN (5 eq.)
P-Au—Cl P—Au-~ U P-AU—NEts
Ad pq DCM, rt Ad py ®O DCM, rt Ad pqy ©O
SbFg - 4-penten-1-ol (1 eq.) SbFg
1 4

Scheme 11-19 : Control reaction between complex 1 and 4-penten-1-ol in presence of AgSbFe.

It is also noteworthy that exactly the same catalytic results were obtained in the oxy-
arylation of 4-penten-1-ol using the MeDalPhos gold(l) complex or the corresponding gold(lll)
complex 2’ deriving from oxidative addition of 4-iodoanisole (Scheme 11-20), going in favor of
a Au'/Au' catalytic cycle.

| 4
N @
® | SbFg
P—Au—I
OMe
2' (5 mol%)

| AgSbFg (1 eq.)

K3PO4 (1 eq) (@)
MOH + > /O/\L)

overnight, 25°C .
OMe 9 NMR yield: > 95%
Scheme 11-20: Gold(lll) complex 2’ catalyzed oxy-arylation of alkene.

Most probably, the oxy- and amino-arylation reactions catalyzed by the
(MeDalPhos)AuCl complex start by the oxidative addition of aryl iodide to gold. Then n?-
coordination of the alkene to gold(lll) would promote either migratory insertion or outer-sphere
attack of the O/N-nucleophile. The latest is the most consistent with the trans addition across
the C=C double bond apparent from the stereochemistry of the tetrahydrofuran and
tetrahydropyran products lin-q (Scheme II-16). Reactions of D-labeled N-tosyl pent-4-enyl
amines leading to pyrrolidines lllj,k also support trans addition as the main route for the amino-
arylation reaction. As shown in Scheme II-21, from sulfonamide (E)-d, no deuterium loss was
detected, and moreover good diastereoselectivity was observed. Similarly, with (Z)-d, no
deuterium loss and the other diastereoisomer was formed selectively. The relative
stereochemistries were established on the basis of conformation analysis and *H-'H coupling
constants in comparison with Zhang'’s studies.® Of note, small amounts of the cis addition
products were detected. The amino-arylation reaction with deuterated substrates was followed

over time by *H NMR to see if some double bond isomerization occurred during the reaction,
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explaining the lack of total stereoselectivity. The shift and broadening induced by Tr-
coordination and the overlap of signals from the Z and E alkenes prevent the clear analysis of
isomerization. It cannot be ruled out that some migratory insertion pathway may compete with

the outer-sphere nucleophilic attack and contribute to a small extent with such substrates.

D
R Ts
MeO
(E)-d
(98% D) lj 73%, dr 4:1
D
NHTs
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K\/\/ . |
D
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(2)-d
(97% D) Ik 78%, dr 4:1

Scheme 11-21 : Deuterium labelling studies for gold-catalyzed amino-arylation reaction.

As a conclusion, with the (MeDalPhos)AuCl complex, the oxy- and amino-arylation

reactions are proposed to proceed via Au'/Au'"' catalytic cycles as depicted in Scheme 11-22:
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Scheme 11-22 : Proposed catalytic cycle for the oxy-/amino-arylation reactions with the (MeDalPhos)AuCl complex.
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The [(MeDalPhos)Au*] active species is in equilibrium with the corresponding 1r-alkene
complex. The catalytic cycle starts with the oxidative addition of the aryl iodide to gold, then
n2-coordination of the alkene to gold(lll) would promote cyclization by nucleophilic addition of
the pendant alcohol or amine. Finally, reductive elimination at gold would induce the Csp-Csp°

coupling and regenerate the active species [(MeDalPhos)Au™].

2. DFT calculations

The results are presented here as a draft of a mechanistic paper to be submitted soon.

The use of gold catalysis for the 1,2-difunctionalization of C-C multiple bonds has
emerged as a hot research topic,®® notably due to its complementarity compared to other
transition metals in terms of chemo- and regioselectivity. Moreover, there have been numerous
recent reports of the use of the (MeDalPhos)AuCl complex in transition metal-catalyzed
reactions.[*92234-361 Tg petter understand the mechanism and try to rationalize the rare switch

of regioselectivity observed for internal Z/E-alkenes, | performed a computational study.

Based on the experimental mechanistic study described above, only the outer-sphere
mechanism was considered theoretically. Calculations were performed at the
SMD(DCM)B3PW91-D3(BJ)/SDD+f(Au), 6-31+G** (other atoms)//B3PW91/ SDD+f(Au), 6-
31G** (other atoms) level of theory on the real cationic systems. Indeed, it has been previously
shown that the weakly coordinating SbFs- counter-anion does not play a key role in the
process. Its displacement by iodobenzene proceeds with a very low activation barrier and
oxidative addition to gold occurs easily with an activation barrier higher than that of SbFe-
/liodobenzene exchange (AG* = 11.2 kcal/mol in gas phase??; 10.8 kcal/mol at our level of
theory). Moreover, the resulting gold(lll) complex, displays a discrete ion pair structure. From
this oxidative addition product, a second equivalent of AgSbFs can readily abstract iodide to
give an ion pair complex (P,N)Au?*-Ph/2SbFe-.

In this work, we theoretically explored the structure of this dicationic Au"' complex and
its reaction with three different alkenes featuring a pendant alcohol: a terminal alkenol (4-
penten-1-ol) and two internal ones (Z/E-4-hexen-1-ol). In addition to a detailed description of
the mechanism, we aimed to address: i) does the DFT calculations support the postulated
mechanism? ii) what are the key intermediates in the process (their geometrical and electronic
features)? iii) how to explain and rationalize the unusual switch in regioselectivity observed for

Z/E-internal alkenols (5-exo vs 6-endo)?
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2.1 Reaction between (P,N)Au?*-Ph and 4- penten-1-ol

Herein, the energy profile of the reaction between (P,N)Au?*-Ph and 4-penten-1-ol was
examined by DFT calculations to get more insights into the formation of the single 5-exo
derivative. For the catalyst (P,N)Au?*-Ph, two minima were located on the potential energy
surface (PES), one with the phenyl ring trans to nitrogen (2) and another one with the phenyl
ring trans to phosphorus (2°'). We found that 2 is more stable than 2°' by 29.6 kcal/mol (Figure
[I-4). This result is consistent with the X-ray structures of the (P,N)Au"(Ar)X complexes, where
the aryl group was systematically found to be in trans position of the nitrogen atom. After the
abstraction of the halogen, this configuration is still the favored one. Considering the high
energy difference between 2 and 2°'s, only 2 was subsequently considered for the mechanistic
studies.
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Figure lI-4: Geometrical structures (distances in A and bond angles in °) of the two isomers 2 and 2%s of the (P,N)Au?*-Ph
complex computed at B3PW91/SDD+f(Au), 6-31G** (other atoms) level of theory. Relative stability (AG) in kcal/mol calculated
at SMD (DCM)-B3PW91-D3(BJ)/SDD+f(Au),6-31+G**//B3PW91/SDD+f(Au), 6-31G** (other atoms) level.

In the presence of the 4-penten-1-ol, 2 coordination modes with the gold complex 2
were identified (Figure 11-5). The first isomer is the n2-coordination of the double bond of 4-
penten-1-ol to the gold fragment of 2, trans to phosphorus, yielding a mm-complex (4) via an
interaction between the 1c=c orbital of the alkenol and the o*aur orbital of complex 2. This 11-
intermediate is slightly lower in energy than the free reactants (AG = -4.5 kcal/mol). Upon
coordination, the Au--N bond is slightly elongated (2.267 vs 2.194 A in complex 2) but the
nitrogen atom keeps interacting with the gold atom. The optimized geometry also reveals a

highly asymmetric coordination of the alkenol, with an Au-C; distance 0.73 A much shorter than
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the Au-C; one (2.261 A vs 2.992 A).2 The second isomer corresponds to the O-coordination
(4°), where oxygen bonds to the metal center. It is lower in energy than the Tr-complex 4 by
5.3 kcal/mol, in agreement with the strong oxophilic character of Au". However, from the O-
coordinated complex 4°, no transition state (TS) associated to the insertion of the alkene into
the Au-O bond was found on the PES. Thus, despite the competition of the two coordination

modes, the TT-intermediate can only be the starting point for the mechanism.
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Figure 1I-5: Main geometrical parameters (distances in A) for the m-complexes 4, 4z and 4¢ associated to the oxo-phenylation
cyclization with the 3 alkenols and for the O-coordination of 4-penten-1-ol (4°), computed at B3PW91/SDD+f(Au), 6-31G**
(other atoms) level of theory. Relative stability (AG) for 4 and 4° in kcal/mol calculated at SMD (DCM)-B3PW91-
D3(BJ)/SDD+f(Au),6-31+G**//B3PW91/SDD+f(Au), 6-31G** (other atoms) level.

3 In the alkenol, C; and C; atoms refer respectively to terminal (CH;) or internal carbon linked to the alkyl chain. This
nomenclature will be subsequently adopted for the 4-hexen-1-ols, changing C; by Cye. C; will always refer to the carbon linked
to the alkyl chain.
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Nucleophilic addition of the pendant alcohol can occur on the C; atom (terminal CH>) of
the double bond or the C; atom (internal carbon linked to the alkyl chain) through a 5 or 6-
membered ring transition state (TS1low), giving respectively the O-protonated intermediates
Intons and Intows (Figure 11-6). Our DFT calculations predicted that the activation barrier for the
5-exo cyclization is very low (TS1lous, AG* = 2.7 kcal/mol) and considerably smaller than that
for the 6-endo cyclization (TS1ons, AG* = 11.8 kcal/mol). As a result, the nucleophilic addition
to the Ci atom proceeds easily and is clearly kinetically favored, in line with experimental
observations. Closer inspection of the geometric features of TSlon also revealed some
differences. Of note, the formation of the Ci-O bond is more advanced in TS1ons than that of
the C-O bond in TS1owns (1.878 A for TS1ons vs 1.639 A for Intons and 2.043 A for TS1ome Vs
1.568 A for Intons, see the geometrical data in Figure SlI-1 & Figure SllI-2, Sl p.66-102). Thus,
the transition state is later for the 5-exo (TS1lons, O-attack to Cj) than the 6-endo (TS1ons, O-
attack to C;) cyclization.

After the cyclization step and by considering the experimental conditions (presence of
a base), we examined the abstraction of H* from Inton by K3PO4 affording the deprotonated
intermediates Into." After removal of K*/K,HPQ,, intermediates Intoss are easily generated
(Figure 11-6). This deprotonation step is highly exergonic (AG = -39.0 to -40.6 kcal/mol). From
Intos, the reductive elimination was then considered. An accessible activation barrier
associated to the Cs?-Csp® coupling is computed at AG* = 17.9 kcal/mol, affording the
benzyltetrahydrofuran derivative, in line with the mild conditions (RT) under which the reaction
occurs experimentally. This reductive elimination step is the rate determining step of the
process. Itis exergonic by 24.7 kcal/mol, leading to a Tr-adduct, where 2-benzyltetrahydrofuran
is interacting with the gold fragment. Then, release of the product regenerates the active
species. Examination of the structure of the corresponding 3-center transition state TS20s
indicates a concerted cleavage of Au-Ca and Au-C; bonds, with two slightly dissymmetric
Au---C distances at 2.109 and 2.304 A respectively, formation of Ca-C: bond (2.043 A) and an
acute CAuC bond angle at 56.03°. The Au---N distance increases to 2.618 A (compared to
2.279 A in Intos), which somewhat reduces the coordination number at gold and thereby
facilitates the reductive elimination, as previously demonstrated with simple phosphine
ligands.B®39 The transition state TS20s computed from Intos, was found higher in energy than
TS20sby 7 kcal/mol. However, starting from the intermediates Intosss, the activation barriers for
the two Cs,?-Csp® couplings are quite similar. The energy barrier is 17.9 kcal/mol for TS20s and
17.2 kcal/mol for TS206, which clearly indicates that the reductive elimination step is irrelevant
for the regioselectivity of the reaction. Overall, the formation of the 2-benzyltetrahydrofuran is
strongly exergonic (AG = -68.0 kcal/mol). It is more stable than the 6-membered product, 3-

phenylpyrane, by 2.0 kcal/mol. To note, KzPO4 facilitates the reductive elimination step through
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the formation of a non-protonated intermediate Into. Indeed, reductive elimination from Inton

was found more demanding energetically (Figure SlI-4, Sl p.104, AG* = 25.8-32.4 kcal/mol).
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Figure II-6: Energy profiles (AG in kcal/mol) for the oxy-arylation reaction involving (P,N)Au?*-Ph gold complex 2 and 4-penten-

7\
1-ol computed at SMD(DCM)-B3PW91-D3(BJ)/SDD+f(Au), 6-31+G**(other atoms)//B3PW91/SDD+f(Au), 6-31G** (other

atoms) level of theory and in the presence of KsPO,. Formation of 5-exo (black) and 6-endo (blue) products. The K3PO,4, K;HPO,
and K* molecules are included in order to ensure the correct energetic balance in all the reaction steps.

Reductive Elimination——

Thus, DFT calculations support the postulated mechanism and rationalize the unique

formation of the 5-exo cyclization product upon reaction of (P,N)Au?*-Ph 2 with 4-penten-1-ol.

On the basis of these calculations, it can be proposed that the reaction of 4-penten-1-ol with
(P,N)Au?*-Ph (2) proceeds preferentially through the 3 following steps: i) formation of a -

complex (4) resulting from coordination of the alkenol to gold, ii) nucleophilic addition of the

alcohol to the C; atom (5-exo cyclization) of the double bond of 4 and formation of the dicationic

intermediate Intons which is easily deprotonated by KsPO, to afford Intos and iii) Csp>-Csp®

reductive elimination, affording the benzyltetrahydrofuran (5-exo derivative, Pos).

comparing the energy profiles, the regioselective discriminating step of the process turns to be
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the cyclization. The 5-exo cyclization proceeds with a very low activation barrier (2.7 kcal/mol),
smaller than the one for 6-endo cyclization (11.8 kcal/mol), in nice agreement with the
preferential formation of the 5-exo derivative. Then, it is assumed that the rate determining
step of the process, the reductive elimination, proceeds from the deprotonated intermediate
Intos with an accessible activation barrier (AG* < 20 kcal/mol) under the classical experimental
conditions. All these data highlight that the mechanistic details associated to the intramolecular

cyclization step seem to be correlated to the regioselectivity.

2.2 Reaction between (P,N)Au?*-Ph and internal alkenols

In the experiments, it was shown that internal alkenols also undergo the oxy-arylation
reaction and a very unusual switch in regioselectivity was observed. Both the E and Z isomers
of 4-hexen-1-ol react and a single product resulting from trans addition was obtained in each
case. The Z substrate undergoes 5-exo cyclization to produce the tetrahydrofuran derivative,
whereas the E substrate reacts via a 6-endo process to give a pyran ring (Scheme II-16). From
DFT calculations, a particular attention was gained analyzing the key differences between the
energy profiles in order to understand this switch in regioselectivity.

First, we explored the mechanism involving the Z-substrate, where only the 5-exo
product is obtained. The energy profile is depicted in Figure II-7. The reaction is proposed to
take place in a similar way to that previously described for 4-penten-1-ol. The oxy-arylation
reaction involves a common Tr-intermediate 4; for the two intramolecular attacks of the hydroxy
group on Cye or Ci atoms. The optimized geometry of 4; indicates that the Z-4-hexen-1-ol is
coordinated to gold more symmetrically than the 4-penten-1-ol, with an Au-Cye distance only
0.364 A shorter than the Au-Ci one (2.417 A vs 2.781 A, Figure 1I-5). The T-coordination is
also exergonic (AG = - 5.3 kcal/mol) and slightly more favored than that of the terminal alkenol.
Substitution of the double bond in the terminal position by a methyl group modifies the
activation barrier of the cyclization step but this latter always proceeds with a low barrier (AG* <
10 kcal/mol). The barrier of the 5-exo process is the most affected by this substitution. It
increases by 4.3 kcal/mol compared to that of 4-penten-1-ol (AG* = 7.0 kcal/mol vs 2.7 kcal/mol
for terminal alkene) and becomes close to that of the 6-endo cyclization (AG* = 9.0 kcal/mol).
However, the transition state TS1onsz remains lower in energy than TS1onsz but the difference
is only 2.0 kcal/mol instead of 9.1 kcal/mol, as computed for 4-penten-1-ol. A closer look at the
geometrical features of the transition states associated to the 5-exo cyclization for the two
alkenols reveals the shortest C---O bond for the TS involving the Z-internal alkenol (1.852 A vs
1.878 A) and a more important shortening of the Au-Cyve bond compared to the associated -
complex, respectively 4; and 4 (A(Au-C) = 0.201 vs 0.072 A), indicating a later TS for the Z-4-

hexen-1-ol. Once again, the two intermediates Intonz are easily deprotonated by KsPO4 to give
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Intoz in a strongly exergonic transformation (AG = -36.9 and -38.8 kcal/mol). The reductive
elimination step is minimally affected by the presence of a methyl substituent. The computed
activation barriers (AG* = 15.2 and 16.3 kcal/mol, respectively from Intosz and Intoez), are
slightly lower than those previously described for the terminal alkene (AAG* = 2.7 and 0.9
kcal/mol from respectively Intosz and Intosz) and differ from quasi the same amount (1.1

kcal/mol for the Z alkene and 0.9 kcal/mol for the terminal one). This step is calculated to be
exergonic by 29.2-30.5 kcal/mol.

According to our computational study and in line with experimental data, the formation
of the 5-exo derivative is kinetically privileged. This favorable pathway involves the lowest

activation barriers for both the cyclization and the reductive elimination steps (AG* = 7.0 and
15.2 kcal/mol respectively vs 9.0 and 16.3 kcal/mol for the 6-endo reaction).
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Figure II-7: Energy profile (AG in kcal/mol) for the oxy-arylation reaction involving (P,N)Au?*-Ph gold complex 2 and Z-4-hexen-

1-ol computed at SMD(DCM)-B3PW91-D3(BJ)/SDD+f(Au), 6-31+G**(other atoms)//B3PW91/SDD+f(Au), 6-31G** (other

atoms) level of theory and in the presence of KsPO4. Formation of 5-exo (black) and 6-endo (blue) products. The K3PO4, K;HPO,4
and K* molecules are included in order to ensure the correct energetic balance in all the reaction steps.

The reaction with the E-alkenol was also considered. Interestingly, the computed
energy profiles for the cyclization step reveal noticeable differences (Figure 11-8). The structure

of the m-complex (4e) mainly differs by the coordination of the alkene E to the metal center. In

4¢, the alkenol is coordinated in a symmetric fashion (Au-C = 2.525-2.564 A, Ci~-O = 2.776 A,
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CwveO = 3.071 A, Figure I1-5). This m-complex is downhill in energy by 6.2 kcal/mol. Different
from the reaction with the terminal alkenol or the Z-4-hexen-1-ol, the transition state of the 6-
endo cyclization is 8.7 kcal/mol lower in energy than the 5-exo cyclization (AG* = 5.5 kcal/mol
vs 14.2 kcal/mol, respectively). This is in line with experimental results where the exclusive
formation of the 6-endo product was observed. Analysis of the geometrical features of TS1onee
reveals that the C:--O distance (2.335 A) is elongated by 0.3 A compared to those of the

terminal and Z-alkenol (2.012-2.043 A), suggesting an earlier transition state.
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Figure II-8: Energy profile (AG in kcal/mol) for the oxy-arylation reaction involving (P,N)Au?*-Ph gold complex and E-4-hexen-
1-ol computed at SMD(DCM)-B3PW91-D3(BJ)/SDD+f(Au), 6-31+G**(other atoms)//B3PW91/SDD+f(Au), 6-31G** (other
atoms) level of theory and in the presence of KsPO4. Formation of 5-exo (black) and 6-endo (blue) products. The K3PO,4, K;HPO,
and K* molecules are included in order to ensure the correct energetic balance in all the reaction steps.

As previously observed, the activation barriers for the reductive elimination are
relatively close for the two processes (AG*= 18.2 and 17.9 kcal/mol, respectively for 6-endo
and 5-exo) and relatively similar to that found for the terminal alkenol, corroborating the weak
impact of the alkenol on this step. Thus, these calculations show that the profile for the 6-endo

process is downhill in energy compared to that of the 5-exo process, consistent with the
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experimental results and the formation of the 6-endo product. In light of these results, the
switch of regioselectivity seems to be mainly correlated to the inversion of stability of the two
cyclization transition states, thus suggesting the key role of the nucleophilic addition of O to

the 1-coordinated alkene cyclization step on this oxy-arylation reaction.

2.3 Electronic structure of the r-complexes

In order to clarify the origin of the switch of regioselectivity, we performed a detailed
analysis of the cyclization step. Particular attention was given to the tr-complexes. Indeed,
previous theoretical studies suggested that the coordination mode of the T-CC bonds can
guide the regioselectivity of nucleophilic attack. More specifically, G. Ujaque, A Lledos and I.
Fernandez evidenced that the regioselectivity of the anti-Markovnikov hydroamination of
alkenes catalyzed by gold(l) or [Rh(DPEPhos)]" complexes can be related to the geometrical
parameters of the reactant m-complex and the contribution of the p orbital from the terminal C
atom vs the internal C atom. It has been found that the degree of n? to n* slippage is directly

related to the regioselectivity (Scheme 11-23).14041
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Scheme 11-23: n? and n? coordination of alkene to metal.

Thus, the geometrical structures (Figure 11-5) and the electronic properties (Figure 11-9)
of the m-complexes (4, 4ze) resulting from coordination of alkenol on initial gold complex 2
were analyzed. The coordination of the terminal alkene to gold is strongly asymmetric with an
AuC; bond of 2.261 A and an AuC; bond of 2.992 A (A(Au-C) = 0.731 A) indicating a n'-like
coordination mode. For the Z-4-hexen-1-ol, the difference between the two Au-C distances is
smaller with an elongation of AuCwe bond to 2.417 A and a decrease of AuC; one to 2.781 A
(A(Au-C) = 0.364 A). Finally for E-4-hexen-1-ol, the coordination is quasi symmetric, with
AuCwe and AuC;i bonds of 2.564 A and 2.525 A, respectively (A(Au-C) = 0.039 A), indicating a
n2-coordination mode. In addition, for all the TT-complexes, the oxygen atom is always closer
to C; atom, responsible of 5-exo cyclization than to Cyme atom. However, the difference
between the two bonds Cunme-O and Ci-O is larger for the terminal and Z-internal alkenols
(A(O---C) = 0.646-0.700 A) and decreases for the E-terminal alkenol (A(O---C) = 0.295 A).

These differences in the coordination mode (slippage from n! to n?-coordination) are

supported by the shape of the orbital relevant to the cyclization step i.e. the LUMO, as
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assessed specifically by an orbital composition analysis. We mainly focused on the analysis
of the contribution of the Cyme atom (terminal or carbon connected to the Me) and C; atom
(internal carbon) (Figure 11-9 and Figure SlI-6) orbital, which are the two atoms that can be
involved in the nucleophilic attack. This LUMO mainly corresponds to the interaction between
the o*aup Orbital of the gold fragment and the Trcume=ci orbital of the alkenol. The calculated
relative percentages of the two carbon atoms involved in the TTcyme=ci Orbital show a major
contribution of the C; atom, the carbon involved in the 5-exo cyclization, for 4-penten-1-ol
(85.5% Ci, 14.5% C;) and Z-4-hexen-1-ol (81.0% Ci, 19.0% Cwe). In contrast, for E-4-hexen-1-
ol, where the 6-endo cyclization occurs, the two contributions are relatively similar (46.3% C;,

53.7% Cwme) and the participation of Cye becomes the most important.
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Figure 11-9: Plot of the LUMO (cutoff :0.04) for the m-complexes 4 and 4z associated to the oxy-arylation cyclization with the
3 alkenols. Relative participation of Cime and C; atoms (in %) in the micyme-ciorbital. NPA charges (q).

The NBO charges of the Cyme and C; carbon atoms also reveal some correlation with
the privileged cyclization mode (Figure 11-9). For 4-penten-1-ol, the C; atom is positively
charged, whereas the C; atom is negatively charged, in line with the favored nucleophilic attack
of O to Ci. For the Z-alkenol, the charge of the C; atom remains higher than that of Cwe, but the
difference between the two is reduced (Aq = 0.41 vs 0.78 e" for terminal alkene). For the E-

alkenol, the difference is even more reduced (Aq = 0.08 €) in line with the symmetry of the

74



Chap 2: Merging redox behavior and n-activation at gold:
towards catalytic hetero-arylation of alkenes

coordination, but most remarkably, the Cwve atom bears the highest charge in this case, in line
with the 6-endo cyclization. Of note, no correlation was found by the Ujaque’s group between
the charge of the C atoms and the regioselectivity in the Rh-promoted hydroamination reaction,
suggesting orbital control prevailed.4

On the basis of these results, the unusual switch of regioselectivity can be correlated
to the geometry and the electronics of the r-complexes. Orbital and charge effects go in the
same direction to drive the nucleophilic attack of O to Cume Or Ci. The origin of the switch of
regioselectivity observed for the E-internal alkenol is likely the symmetric coordination of the
double bond at gold, involving a large coefficient on the Cye atom in the LUMO of 4g and a

reversal of charge between the Cj and Cye atoms.

2.4 DFT calculations for oxy-vinylation reaction

During the course of the theoretical investigation, other members of the group found
that the MeDalPhos gold complex was also efficient in promoting the hetero-vinylation of
alkenols. The postulated mechanism was similar to the one for the heteroarylation (oxidative
addition, T-activation and reductive elimination). As for the hetero-arylation, a switch of
regioselectivity was observed for the 4-hexen-1-ols. Indeed, experimental results have shown
the unigue formation of the 5-exo product at 80°C with 4-penten-1-ol and Z-4-hexen-1-ol and
a mixture of tetrahydrofuran/tetrahydropyran with E-4-hexen-1-ol (Scheme 11-24).42 To
strengthen the previous theoretical work, confirm the key role of the m-intermediates and the
trend observed for the relation between the coordination mode of the alkene, and the

regioselectivity, the hetero-vinylation reaction was investigated computationally.
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Scheme 11-24: Switch in regioselectivity for oxy-vinylation reaction with the (MeDalPhos)Au?*-vinyl complex and Z/E-4-hexen-
1-ol.

Based on the previous theoretical results on hetero-arylation reaction, efforts were
focused on the gold-catalyzed oxy-cyclization step and on the analyses of the TT-complexes to
rationalize the regioselectivity observed with the vinyl substituent on the gold center. Since the
X-ray structure of the vinyl (P,N)gold(lIl)(vinyl)] complex showed the trans relationship between
the vinyl group and the nitrogen atom, and according to the results obtained for [(P,N)Au-Ph]?*,
only the coordination of the alkenol trans to phosphorus (after iodide abstraction) was
analyzed theoretically.

The (P,N)Au?*-vinyl catalyst being unsymmetric contrary to the (P,N)Au?*-aryl one,
different orientations had to be considered (Figure SlI-7, SI p.106) upon coordination of the
alkenol at gold. To simplify the discussion, only the favored one will be presented, which
corresponds to the less sterically hindered, meaning the one where the CH- or the Me group
are on the same side as the vinyl moiety. In this case, the m-complex 4v is slightly downhill in
energy (AG = -3.7 kcal/mol ; Figure II-11). In 4v, the two Au-C bonds are dissymmetric (Au-
Ci= 2.243 and Au-Ci = 2.966 A: A(Au-C) = 0.723 A vs 0.731 A for oxy-arylation), the LUMO
involves a strongly dissymmetric Trci=ci orbital with an important coefficient at Ci (86.2% C;,
13.8% C;) and the charge of C; is higher than that of the Cve (Ag = 0.78 €), in line with the
unique formation of the 5-exo product (Figure 1I-10 & Figure SlI-10 Sl p.108).
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Figure 1I-10: Main geometrical parameters (distances in A, left) and plot of the LUMO (cutoff :0.04, right) for the m-complex
4v, associated to the oxy-vinylation cyclization. Relative participation of Cime and C; atoms (in %) in the rticime=ci orbital.
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This result is corroborated by the calculation of the energy profiles. As previously
observed for the oxy-arylation reaction, the energy difference between the two activation
barriers of the nucleophilic attack of 4-penten-1-ol on C; or C; atoms of the double bond is
important (AAG* = 9.0 kcal/mol) and in favor of the formation of the 5-exo product (Figure II-
11). For the attack on C; (5-ex0), the activation barrier is slightly lower than that for the aryl
ligand on Au (2.1 vs 2.7 kcal/mol) leading to Intvons. The associated transition state TS1vows
presents the longest C--O distance (1.965 A vs 1.878 A), indicating an earlier TS. The
intermediate Intvos is then formed through an exergonic deprotonation process from Intvops.
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Figure II-11: Energy profiles (AG in kcal/mol) for the cyclization step of the oxy-vinylation reaction involving (P,N)Au?*-vinyl

gold complex 2v and 4-penten-1-ol computed at SMD(DCM)-B3PW91-D3(BJ)/SDD+f(Au, 6-31+G**(other atoms)//
B3PW91/SDD+f(Au), 6-31G** (other atoms) level of theory. Formation of 5-exo (black) and 6-endo (blue) products.
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As readily seen in Figure 1I-12, left, the energy profile for the oxy-vinylation cyclization
of Z-4-hexen-1-ol is also found to be very similar to that of the oxy-arylation reaction. The
cyclization step occurs more easily through the carbon atom responsible of the 5-membered
ring cyclization (AG* = 8.3 vs AG*= 10.4 kcal/mol for other carbon) and the energy difference
between the two activation barriers is very close to that previously computed for heteroarylation
(AAG* ~ 2.0-2.1 kcal/mol). The coordination of the alkenol at Au is slightly less dissymmetric
than for the (P,N)Au?*-Ph complex (A(Au-C) = 0.253 vs 0.364 A), the contribution of Cye atom
in the LUMO of the TT-complex remains very important (higher than 80%) and the charge of C;
is still higher than that of C; (Aq = 0.26 €, consistent with full regioselectivity for the 5-exo
cyclization (Figure 11-10 & Figure SlI-10).
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Figure 1I-12: Energy profiles (AG in kcal/mol) for the cyclization step of the oxy-vinylation reaction involving (P,N)Au?*-vinyl
gold complex 2v and Z-4-hexen-1-ol or E-4-hexen-1-ol computed at SMD(DCM)-B3PW91-D3(BJ)/SDD+f(Au), 6-31+G**(other
atoms)// B3PW91/SDD+f(Au), 6-31G** (other atoms) level of theory. Formation of 5-exo (black) and 6-endo (blue) products.

Concerning the E-alkene, the analysis of the reaction profile (Figure 11-12, right) for the
nucleophilic attack of the oxygen atom shows that the most favorable 5-exo or 6-endo
cyclizations come from different Tm-complexes 4ve and 4’vg, which differ from the approach of
the alkene to gold (Me pointing up or down, repectively, Figure 11-10). The 1-complex 4’ve
being more stable than 4ve (AG = 0.5 kcal/mol from 4vg), this latter is formed preferentially. The
5-exo cyclization occurs from this Tr-intermediate through TS1’vonse. The activation barrier
associated to this cyclization is low and equivalent to the decoordination of the alkene from
4’ve (AG = 5.4 kcal/mol). The alkene can then recoordinate to gold in complex 2v with a
different approach, to give 4ve. From 4vg, the 6-endo cyclization can occur easily with an

activation barrrier of AG* = 4.3 kcal/mol, lower in energy than that computed for the 5-exo
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process (AAG* =1.1 kcal/mol). As a result, these two processes are likely to compete. These
theoretical results are consistent with the experimental observations and confirm the key role
of the TT-complex on the regioselectivity of the cyclization. The most stable m-complex (4’vg)
connects with the 5-exo product, while the 6-endo product comes from 4ve and is associated
with the lowest activation barrier.* In 4vg, the contribution of C; and Cyve atoms are 30.7% and
69.3%, respectively (Figure 1I-10 & Figure SlI-10) and the charge is higher at Cwe than Ci (Aq
=0.19 e), in line with the dissymmetry of the TT-complex (Au-Ci; is shorter than Au-Cwe in 4vg)
and the formation of the 6-endo product. For the other TT-complex 4’ve, the coefficients (19.7%
for Cue and 80.3% for Cj) and the charges are consistent with the formation of the 5-membered

ring.

Overall, this computational study supports the postulated outer-sphere Au'/Au™
mechanism. The key intermediates are the gold(lll) TT-complexes. Indeed, the coordination of
the alkene to gold governs the regioselectivity (n* to n? slippage), impacting the contribution of
the two carbon atoms in the LUMO as well as their charges. The privileged nucleophilic attack
of the oxygen on the C; (Cwe) or Ci atoms, affording respectively 6-endo and 5-exo cyclizations,
is directed by the highest coefficient in the T orbital of the LUMO. Thus, by looking at the
geometrical and electronic structures of the tm-complex, one could be able to anticipate the
regioselectivity, but should be careful when several alkene coordination to gold are possible

and can be competitive.

V. Conclusions and outlook

In summary, the first gold-catalyzed reaction to combine oxidative addition of aryl
iodides and Tr-activation of alkenes has been developed. The transformation is efficient and
robust. It works with a broad scope of substrates and gives access to 5-, as well as 6- and 7-
membered rings. It is based on a ligand-induced approach, using the (P,N) ligand MeDalphos,
that complements and significantly extends the synthetic utility of the oxy- and amino-arylation
reactions performed under oxidative/ photoredox conditions. The reaction is compatible and
most efficient with electron-rich aryl substrates which otherwise react sluggishly. The (P,N)
ligand brings steric shielding to gold and induces synthetically useful levels of
diastereoselectivity upon formation of 2,3-disubstituted products (dr 6-10:1), which surpasses

that of other gold systems. Also, noteworthy and very unusual is the complete switch in

4 Another isomer 4’¢ was also found for the heteroarylation reaction, but it is higher in energy than 4 and the activation
barrier to access 5-exo cyclization is higher than the one for the 6-endo pathway (Figure SlI-5, Sl p.95).
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regioselectivity from 5-exo to 6-endo cyclization between the Z and E isomers of internal

alkenols.“!

This unusual switch of regioselectivity was also observed for the reaction of
heterovinylation of alkenes. Intrigued by this behavior, a DFT study on the mechanism of the
hetero-arylation/vinylation of alkenes was performed. DFT calculations supported the outer-
sphere mechanism and allowed to rationalize the regioselectivity. The reaction of alkenols with
(P,N)Au?*-Ph/vinyl complex proceeds through 3 steps: i) formation of a Tr-complex resulting
from coordination of the C=C double bond to gold, ii) nucleophilic addition of the alcohol at the
Ci (5-exo cyclization) or C; (Cwve) atom (6-endo cyclization) of the double bond of the n-complex
and formation of a dicationic intermediate, which is easily deprotonated by KzPOu, iii) Csp>-Csp®
reductive elimination, affording the benzyltetrahydrofuran (5-exo derivative) or 3-phenylpyrane
(6-endo derivative). It was shown that the regioselectivity found its origin in the coordination
mode of the alkene (n! vs n?) to gold. The n? coordination mode favors the 6-endo cyclization

and the n! mode the 5-exo cyclization.

Following this work, Patil's and Shi’'s groups described the three-component 1,2-
oxyarylation of alkenes using the same (MeDalPhos)AuCl complex (Scheme II-25, top).l*449]
The more challenging 1,2-aminoarylation of alkenes with external amine (Scheme II-25, top)
was also achieved with the same complex.*®!

MeDalPhosAuCl (5 mol%)

R2 AgOTf (1.05 eq.) oR RS
+ Arl + ROH
e Ay
R“J\/ DCM (0.2 M) Ar
12-24 h , 40°C
MeDalPhosAuCl (5 mol%)
AgSbFg (1.05 eq.) «
NN RE= KsPO, (0.3 eq.) il 7 W e
R P + @NHz = X
| DCE (0.1 M) ”

X = 0, CH,, NR 2-6 h, 80°C

Scheme 1I-25: Ligand-enabled gold-catalyzed 1,2-difunctionalization of alkenes using external nucleophiles.

The MeDalPhos gold complex is efficient for both the hetero-arylation and hetero-
vinylation of alkenes. A competitive experiment, using a substrate bearing both an aryl iodide
and a vinyl iodide, was performed and showed a chemoselectivity for vinyl substrates. Taking
advantage of this, several polyfunctional tetrahydrofuran products were obtained

straightforwardly by sequential hetero-vinylation/arylation (Scheme 11-26).14%
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1) N KH (1eq)

(P,N) ~uCI (5 mol%)
AgOTf (1.05 eq.), K3PO4 (1 eq.)

/@/\v' DCE, 80 °C, 2 h ﬁx X X
K
| 2 A0t (ea) R

(P,N).CI (5 mol%) X =0, NTs
AgOTf (1.05 eq.), K3sPOy4 (1 eq.)
DCE, 80°C,2h

Scheme 11-26: Sequential gold-catalyzed hetero-vinylation/arylation transformations of the bifunctional substrate.

No enantioselective gold-catalyzed 1,2-difunctionalization of alkenes is known yet and
future work will try to fill this gap. Owing to the unique efficiency of the MeDalPhos gold
complex, one could envision a chiral version of this ligand. To this end, our group, teamed up
with the Lacour’s group, who has expertise on Troger’s bases,*” designed and synthesized a
new bis (P,N) chiral ligand (Scheme 11-27). After coordination to gold, the oxidative addition of
arylivinyl halides should be tested, and if successful catalytic heteroarylation and
heterovinylation of alkenes could be envisioned.

PAd, Ad,P
/N N\
Ao X
Ad,P PAd,
(-)-(R,R) (+)-(S.8)

Scheme 11-27: Achiral (P,N) ligand based on Tréger’s base.
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VI. Experimental procedures and analytical data
1. Oxidative addition of phenyl iodide to gold in the presence of additives

v AgSDF (1 €q) I, ©
I 1-octene, 1-pentanol @'\ﬂ SbFg
P—Au—Cl 4 or MeNHTs (1 eq.) P—Au—lI
DCM @

-80°C to RT

In a glovebox, a screw-cap NMR tube was charged with silver hexafluoroantimonate (8.0 mg,
0.023 mmol) in dichloromethane (0.2 mL). Complex 1 (15 mg, 0.023 mmol) was transferred
into a small glass vial and dissolved in dichloromethane (0.4 mL), phenyl iodide (2.6 pL, 0.023
mmol) and the additive (1-octene, 1-pentanol or N-tosylmethylamine, 0.023 mmol) were
added. The prepared solution was loaded into a plastic syringe equipped with stainless steel
needle. The syringe was closed by blocking the needle with a septum. Outside the glovebox,
the NMR tube was cooled down to -80°C (acetone/N: cold bath). At this temperature, the
prepared solution was added. The tube was gently shaken and allowed to warm to rt. The
formation of the gold(lll) was confirmed by 3P{*H} NMR spectroscopy.

2. Stoichiometric reaction from gold(lll)

Complex 2 was prepared according to the reported procedure.??

|
Q\IL/O o) N® O
®| SbFg H SbFg
P— Al /\/\/OH - - + P—Au—Cl

CD,Cl,

2 la 3

In a glovebox, a screw-cap NMR tube was charged with complex 2 (23.3 mg, 0.023 mmol)
dissolved in dichloromethane-d, (0.5 mL). The 4-penten-1-ol (2.4 pL, 0.023 mmol) was added
to the solution. The tube was gently shaken and monitored by 3P{*H} and 'H NMR
spectroscopy.

2-benzyltetrahydrofuran (la): Analytical data are consistent with those previously reported®!:
'H NMR (300 MHz, CDCls): & 7.26-7.12 (m, 5H), 4.05-3.97 (m, 1H), 3.88-3.81 (m, 1H), 3.72-
3.65 (m, 1H), 2.87 (dd, Jun = 13.5, 6.5 Hz, 1H), 2.69 (dd, Jun = 13.5, 6.5 Hz, 1H), 1.92-1.73
(m, 3H), 1.56-1.45 (m, 1H).
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3. Gold-catalyzed oxy-arylation of alkenes
3.1 Synthesis of substrates

2,2-dimethylpent-4-en-1-ol (4a)1*®, 2,2-diphenyl-4-penten-1-ol (4b)¥®, 3-phenylpent-4-en-1-ol
(4c)B, 2-benzylpent-4-en-1-ol (4d)®], 1-decen-5-ol (4e)®, 1-but-3-enylcyclohexanol (4f)5%, 2-
allylcyclohexanol (4g)PY, 2,2-dimethyl-5-hexen-1-ol (4j)®%, heptenol (4k)®¥ and 2,2-
diallylpropane-1,3-diol (41)“°! were prepared according to reported procedures.

MOH A<on AKV /Apjv A/j
/\/ij O’OH < OH AN O NOH

4j 4k 41

4-methyl-4-penten-1-ol (4m):

(@) .
MW LiAIH,
YOH + CH3C(OEt), — - WO/\ AT WOH

propionic acid (cat.)

Preparation adapted from Hamashima et al.> A mixture of 2-methallyl alcohol (6.93 mmoles,
500 mg), ethyl orthoacetate (4 mL) and a drop of propanoic acid was irradiated under
microwave (200 W, 190°C) during 10 min. The mixture was dissolved in EtOAc (30 mL) and
stired vigorously with HCI 2N (30 mL) for 2h. The organic phase was washed with water, brine
and dried over sodium sulfate. The crude was purified by flash chromatography
(petroleum/EtOAC 95/5) to yield a clear oil (64%).

The ester was reduced by LiAlH4 in THF. The excess of LiAlH4 was hydrolyzed by NaOH and
water. The crude was purified by flash chromatography (petroleum/EtOAc 70/30) to yield
colorless oil (84%). Analytical data are consistent with those previously reported.®®

3.2 General procedure for the gold-catalyzed oxy-arylation of alkenes

Complex 1 (5 mol%)
AgSbFg (1.05 eq.)

R! K3PO4 (1 eq) AN O§
/\/\’\/OH + | N | X
DCM A R
A R
R overnight, 25°C

In a glovebox, a dry Schlenk equipped with a magnetic stirrer bar was charged with silver
hexafluoroantimonate (143 mg, 0.42 mmol) and potassium phosphate tribasic (85 mg, 0.40
mmol) in DCM (0.4 mL). Complex 1 (13 mg, 0.02 mmol) was transferred into a small glass vial
and dissolved in solvent (0.6 mL). The aryl iodide (0.4 mmol, 1 eq.), the functionalized alkene
(0.4 mmol, 1 eq.) and dibenzylether (internal standard, 0.1 mmol, 20 yL) were added to the
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gold complex solution. This solution was loaded into a plastic syringe equipped with stainless
steel needle. The syringe was closed by blocking the needle with a septum. Outside the
glovebox, the prepared solution was added to the Schlenk under agitation. The reaction
mixture was then stirred at 25°C. The reaction was monitored by NMR spectroscopy by taking
an aliquot of the crude reaction mixture. To isolate the product, silver salts were removed by
filtration and the sample was purified by column chromatography.

0 2-(4-methyl-benzyl)tetrahydrofuran (Ib): Analytical data are consistent
/©/\E) with those previously reported®*: *H NMR (300 MHz, CDCls): 7.15-7.07
(m, 4H), 4.09-3.98 (m, 1H), 3.94-3.85 (m, 1H), 3.78-3.68 (m, 1H), 2.89

(dd, Jun = 13.5, 6.4 Hz, 1H), 2.71 (dd, Ju = 13.5, 6.6 Hz, 1H), 2.32 (s, 3H), 1.98-1.79 (m, 3H),
1.62-1.49 (m, 1H).

consistent with those previously reported®: *H NMR (300 MHz, CDCly):

0 7.83-7.75 (m, 3H), 7.67 (s, 1H), 7.52-7.38 (m, 3H), 4.23-4.12 (m, 1H),
3.97-3.87 (m, 1H), 3.80-3.71 (m, 1H), 3.09 (dd, Jun = 13.6, 6.4 Hz, 1H), 2.92 (dd, Jun = 13.6,
6.5 Hz, 1H), 2.01-1.83 (m, 3H), 1.68-1.55 (m, 1H).

o 2-(4-fluoro-benzyl)tetranydrofuran (ld): Analytical data are consistent
: with those previously reported®®¥: *H NMR (300 MHz, CDCl;): 8 7.23-7.14
(m, 2H), 7.03-6.92 (m, 2H), 4.09-3.98 (m, 1H), 3.93-3.84 (m, 1H), 3.78-

3.69 (m, 1H), 2.86 (dd, Ju = 13.8, 6.7 Hz, 1H), 2.74 (dd, Juy = 13.8, 6.0 Hz, 1H), 2.00- 1.80
(m, 3H), 1.58-1.49 (m, 1H).

CO o 2-(2-naphtalenyl-methyl)tetrahydrofuran (Ic): Analytical data are

2-(4-acetyl-benzyl)tetrahydrofuran (le): The pure product was
obtained after column chromatography (Pentane/Ethyl Acetate: 8/2)
as a colorless oil (66 mg, 70%). *H NMR (500 MHz, CDCls): & 7.90-
7.85 (m, 2H, Hs), 7.4-7.29 (m, 2H, H7), 4.11-4.03 (m, 1H, Ha), 3.90-
3.84 (m, 1H, Ha), 3.75-3.69 (m, 1H, H4), 2.92 (dd, Jun = 13.7, 7.0 Hz,
1H, Hs), 2.82 (dd, Jun = 13.7, 5.7 Hz, 1H, H’s), 2.56 (s, 3H, Hui1), 1.98-1.90 (m,1H, H>), 1.89-
1.81 (m, 2H, Hs), 1.59-1.49 (m, 1H, H’;). 3C NMR (126 MHz, CDCls): 6 198.0 (C1o), 144.9 (Cs),
135.4 (Coy), 129.5 (Cy), 128.5 (Cg), 79.6 (C1), 68.1 (C4), 42.0 (Cs), 31.2 (Cy), 26.6 (C11), 25.7
(C3). EI-MS: Calculated for C13H1602: 204.12. Found: 204.02

o 1 6 5 2-(4-nitro-benzytetrahydrofuran (If): The pure product was
/©/\EO> A obtained after column chromatography (Pentane/Ethyl Acetate: 8/2)
0,N"9 as a colorless oil (57 mg, 80%). *H NMR (400 MHz, CDCls):  8.18-
3 8.12 (m, 2H, Hs), 7.43-7.37 (m, 2H, Hv), 4.13-4.05 (m, 1H, Hj), 3.93-

3.84 (m, 1H, Ha), 3.79-3.69 (m, 1H, H'4), 2.94 (dd, Jnn = 13.8, 6.8 Hz, 1H, Hs), 2.90 (dd, Jun =
13.8, 5.7 Hz, 1H, H’s), 2.04-1.95 (m,1H, Hy), 1.92-1.83 (m, 2H, Hs), 1.62-1.49 (m, 1H, H’,). 3C

NMR (100 MHz, CDCls): & 147.1 (Cg¢), 145.7 (Cy), 130.2 (C7), 123.6 (Cg), 79.2 (C1), 68.2 (Ca),
41.8 (Cs), 31.3 (Cy), 25.7 (C3). EI-MS: Calculated for C11H13NO3: 207.09. Found: 206.93.

o 2-(4-methoxy-benzyl)tetrahydrofuran (Ig): The pure product was
obtained after column chromatography (Pentane/Ethyl Acetate: 8/2)
MeO as a colorless oil (77 mg, 70%). Analytical data are consistent with

those previously reported®s: *H NMR (300 MHz, CDCls): 8 7.14 (d, Jun = 8.5 Hz, 2H), 6.83 (d,
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Jun = 8.5 Hz, 2H), 4.02 (pseudo quin, Jux = 6.8 Hz, 1H), 3.93-3.84 (m, 1H), 3.78 (s, 3H), 3.77-
3.68 (M, 1H), 2.86 (dd, Jun = 13.7, 6.4 Hz, 1H), 2.69 (dd, Jun = 13.7, 6.4 Hz, 1H), 1.97-1.77
(m, 3H), 1.60-1.48 (m, 1H).

0 o 5-(tetrahydrofuran-2-ylmethyl)benzo[1,3]dioxole (Ih):  Analytical
< D/\E) data are consistent with those previously reported®?: 'H NMR (300
© MHz, CDCls): & 6.78-6.64 (3H, m), 5.92 (2H, s), 4.05-3.94 (1H, m), 3.93-
3.84 (1H, m), 3.78-3.69 (1H, m), 2.81 (1H, dd, Ju= 13.8, 6.6 Hz), 2.67 (1H, dd, Ju= 13.5, 6.3

Hz), 1.99-1.79 (3H, m), 1.58-1.49 (1H, m).

10 . 2-(3,4,5-trimethoxy-benzyl)tetrahydrofuran (li): *H NMR (500
MeO.&s 6 2, o  MHz, CDCly): §6.45 (s, 2H, Hy), 4.11-4.03 (m, 1H, Hy), 3.94-3.88 (m,
1 9 4 1H, H4), 3.85 (S, 6H, Hlo), 3.82 (S, 3H, H11), 3.78-3.72 (m, 1H, H’4),
MeO 2>~/ 2.83(dd, Jui=13.5, 6.5 Hz, 1H, Hs), 2.71 (dd, Ju= 13.5, 6.0 Hz, 1H,

MeO H's), 2.00-1.92 (m, 1H, Hs), 1.91-1.81 (m, 2H, H,), 1.61-1.52 (m, 1H,
H’3). 3C NMR (126 MHz, CDCls): & 153.2 (Cs), 136.6 (Cs), 135.0 (Cs), 106.2 (C7), 80.1 (Cy),

68.2 (Cs), 61.0 (Ci11), 56.2 (C10), 42.5 (Cs), 31.3 (Cs), 25.8 (Cz2). EI-MS: Calculated for C14H2004:
252.14. Found: 252.07.

OIQ/IZe 2-(2-methoxy-benzyl)tetrahydrofuran (lj): *H NMR (400 MHz, CDCls):

o Ml g 5 6 7.22-7.16 (m, 2H, Hy7y), 6.92-6.86 (m, 1H, Hs), 6.87-6.82 (m, 1H, H1o0),
1o 4.17-4.09 (m, 1H, Hi), 3.94-3.87 (m, 1H, H.), 3.82 (s, 3H, H1.), 3.77-3.70

9 7, 4 (m, 1H, H'4) 2.93 (dd, Jun = 13.2, 6.4 Hz, 1H, Hs), 2.77 (dd, Jun=13.2, 7.2
8 3 Hz, 1H, H’s), 1.95-1.77 (m, 3H, Hs_), 1.63-1.53 (m, 1H, H';). *C NMR (126

MHz, CDCls): 6 157.7 (Cs & C11), 131.0 (C7), 127.6 (Co), 120.5 (Cs), 110.4 (C10), 78.9 (Cy), 67.9
(C4), 55.4 (C12), 36.3 (Cs), 31.1 (Cy), 25.7 (C3). EI-MS: Calculated for C12H1602: 192.12. Found:
192.11.

2-(2-phenyl-benzyl)tetrahydrofuran (lk): The pure product was
obtained after column chromatography (Pentane/Ethyl Acetate: 8/2) as a
colorless oil (48 mg, 50%). 'H NMR (400 MHz, CDCls): d 7.43-7.37 (m,
3H, H7,14), 7.36-7.28 (m, 4H, H10,13,15), 7.27-7.23 (m, 1H, Hg), 7.22-7.19 (m,
1H, Hg), 3.97-3.89 (m, 1H, Ha), 3.82-3.74 (m, 1H, Hy), 3.69-3.62 (m, 1H,
H'4), 2.92 (dd, Jun = 14.0, 7.2 Hz, 1H, Hs), 2.76 (dd, Jun = 14.0, 6.4 Hz,
1H, H’s), 1.82-1.70 (m, 3H, Hz3), 1.40-1.32 (m, 1H, H%). 13C NMR (126
MHz, CDCls3): 6 142.4 (C11), 142.0 (C12), 136.6 (Cs), 130.2 (Cs), 130.1 (Cv), 129.6 (C13), 128.2
(Ca4), 127.5 (C10), 126.9 (C1s), 126.2 (Co), 79.8 (C1), 67.8 (C4), 38.7 (Cs), 31.2 (Cy), 25.6 (Cs).
EI-MS: Calculated for C17H180: 238.14. Found: 238.23.

0 2-(4-methoxy-benzyl)-4-(dimethyl)tetrahydrofuran (lla): The pure
product was obtained after column chromatography (Heptane/Ethyl
Acetate: 9/1) as a colorless oil (68 mg, 77%). Analytical data are
consistent with those previously reported®®: 'H NMR (300 MHz,

CDClz): 8 7.15(d, Jun = 8.7 Hz, 2H), 6.84 (d, Jun = 8.7 Hz, 2H), 4.20 (m, 1H), 3.78 (s, 3H), 3.54

(m, 2H), 2.89 (m, 1H), 2.70 (m, 1H), 1.73 (m, 1H), 1.43 (m, 1H), 1.09 (s, 3H), 1.07 (s, 3H).

MeO
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7 5 2-(4-methoxy-benzyl)-4-(diphenyl)tetrahydrofuran (llb): The
-0, pure product was obtained after column chromatography
(Pentane/Ethyl Acetate: 20/1) as a white solid (80%, 111 mg). H
Ph NMR (500 MHz, CDCls): & 7.32-7.14 (m, 10H, Hpp), 7.13-7.09 (m,
2H, H7), 6.84-6.79 (m, 2H, Hg), 4.60 (dd, Jun= 8.8, 1.0 Hz, 1H, Ha),
4.27-4.20 (m, 1H, Hi), 4.15 (d, Jun = 8.8 Hz, 1H, H'4), 3.78 (s, 3H, Hig), 2.91 (dd, Jun = 13.7,
6.5 Hz, 1H, Hs), 2.75 (dd, Juw = 13.7, 6.5 Hz, 1H, H’s), 2.54 (ddd, Juw = 12.1, 5.8, 1.1 Hz, 1H,
H), 2.37 (dd, Jun = 12.1, 9.4 Hz, 1H, H’;). C NMR (126 MHz, CDCls): & 158.3 (Co), 146.3
(Cen), 146.1 (Cpn), 130.7 (Cs), 130.3 (C7), 128.5 (CHpn), 128.4 (CHpp), 127.3 (CHpn), 127.2
(CHpn), 126.5 (CHpp), 126.3 (CHepn), 114.0 (Cg), 77.0 (Ca), 76.8 (Cy), 56.1 (Cs3), 55.4 (C1o), 44.5
(C2), 41.5 (Cs). EI-MS: Calculated for C24H2402: 344.18. Found: 344.01.

o 2-(4-methoxy-benzyl)-3-(phenyl)tetrahydrofuran (lic): Crude dr:

MeO O 6.1:1. The pure product was obtained after column chromatography
(Heptane/Ethyl Acetate: 9/1) as a colorless oil (84 mg, 78%). Analytical

O data are similar to those previously reported.®! Data for the major

diastereoisomer: *H NMR (300 MHz, CDCls): & 7.36-7.32 (m, 2H),
7.26-7.20 (m, 3H), 7.14 (d, Jun = 8.7 Hz, 2H), 6.83 (d, Jun = 8.7 Hz, 2H), 4.10-3.95 (m, 3H),
3.78 (s, 3H), 2.98 (m, 1H), 2.88 (dd, Jux = 14.1, 3.6 Hz, 1H), 2.72 (dd, Jun = 14.1, 7.5 Hz, 1H),
2.30-2.41 (m, 1H), 2.04-2.17 (m, 1H). *3C NMR (75 MHz, CDCls): & 157.9, 141.8, 130.8, 130.2,
128.5, 127.6, 126.5, 113.6, 86.6, 67.6, 55.1, 50.1, 38.7, 35.4. Data for the minor
diastereoisomer: *H NMR (300 MHz, CDCls): 6 7.36-7.32 (m, 2H), 7.26-7.20 (m, 3H), 6.98 (d,
Jhn = 8.8 Hz, 2H), 6.80 (d, Jun = 8.8 Hz, 2H), 4.27-4.15 (m, 2H), 3.94-3.85 (m, 1H), 3.77 (s,
3H), 3.36 (m, 1H), 2.43-2.52 (m, 3H), 2.15-2.21 (m, 1H). **C NMR (75 MHz, CDCl;): & 157.8,
142.1, 131.2, 129.8, 128.2, 127.6, 126.3, 113.5, 83.6, 66.9, 55.1, 47.8, 36.6, 33.4. MS (DCI-
NHs): Calculated for C1gH24NO2*: 286.18; Found: 286.00 (M+NH,.").

2-(4-methoxy-benzyl)-4-(benzytetrahydrofuran  (lid):

Crude dr: 1.2:1. Data for the major diastereoisomer: *H NMR

(500 MHz, CDClg): & 7.31-7.26 (m, 2H, Hi4), 7.23-7.17 (m,

1H, His), 7.17-7.11 (m, 4H, H7 et Hi3), 6.86-6.81 (m, 2H, Hs),
15 4.09-4.02 (m, 1H, H,), 3.85 (dd, Juw = 8.5, 7.5 Hz, 1H, Ha),

3.79 (s, 3H, Hio), 3.58 (dd, Jun= 8.3, 7.3 Hz, 1H, H'4), 2.91
(dd, Juwn=13.7, 6.4 Hz, 1H, Hs), 2.77-2.61 (m, 3H, H's & H11), 2.59-2.49 (m, 1H, Hs), 1.78-1.67
(m, 1H, Hy), 1.34-1.25 (m, 1H, H’;). 3C NMR (126 MHz, CDCls): d 158.2 (Cs), 140.8 (C12),
131.0 (Ce), 130.2 (Cv), 128.7 (C13), 128.5 (C14), 126.2 (C1s), 113.9 (Cg), 81.0 (Cy), 73.2 (Ca),
55.4 (C1), 41.6 (Cs), 41.4 (Cs), 39.9 (C11), 38.4 (C,). Data for the minor diastereoisomer: H
NMR (500 MHz, CDCls): & 7.31-7.26 (m, 2H, Hua), 7.23-7.17 (m, 1H, His), 7.17-7.11 (m, 4H,
H7 et Hi3), 6.86-6.81 (m, 2H, Hs), 4.21 (pseudo quint, Jun = 6.6 Hz, 1H, H,), 3.96 (dd, Ju+ = 8.6,
6.6 Hz, 1H, Hy), 3.79 (s, 3H, Haio), 3.47 (dd, Juw= 8.6, 6.6 Hz, 1H, H’4), 2.83 (dd, Jun = 13.7, 6.6
Hz, 1H, Hs), 2.73-2.61 (m, 3H, H's & Hi1), 2.59-2.49 (m, 1H, Hs), 1.78-1.67 (m, 2H, Hy). 3C
NMR (126 MHz, CDClIs): & 158.2 (Co), 140.9 (C12), 131.0 (Cs), 130.3 (Cy), 128.8 (C13), 128.5
(C14), 126.2 (C1s5), 113.9 (Cg), 79.7 (C1), 72.9 (C4), 55.4 (C1o), 41.5 (Cs), 40.6 (C3), 39.5 (C1a),
37.0 (Cy). EI-MS: Calculated for C19H2,0-: 282.16. Found: 282.03.

o 2-(4-methoxy-benzyl)-5-(pentyl)tetranydrofuran (lle): Crude
MeO ), dr: 15:1. The pure product was obtained after column

chromatography (Heptane/Ethyl Acetate: 9/1) as a colorless oil
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(71 mg, 81%). Analytical data are similar to those previously reported®: 'H NMR (500 MHz,
CDClz): & 7.14 (m, 2H), 6.83 (d, 2H), 4.20-4.15 (m, 0.6H, major), 4.06-4.00 (m, 0.4H, minor),
3.91-3.92 (m, 0.4H, minor), 3.80-3.86 (m, 0.6H, major), 3.78 (s, 3H), 2.95-2.88 (dd, Jun= 13.5,
5.7 Hz, 1H), 2.60-2.69 (dd, Jun=13.5, 6.9 Hz, 1H), 2.00-1.78 (m, 2H), 1.62-1.32 (m, 10H), 0.91
(m, 3H). $3C NMR (126 MHz, CDCls): & 157.9, 130.9, 130.2, 128.3, 127.7, 113.5, 80.0, 79.6,
79.4,79.0,55.1,41.4,41.2, 36.1, 36.0, 31.9, 31.4, 30.9, 25.9, 22.6, 14.0.

0 2-(4-methoxy-benzyl)-1-oxaspiro[4.5]decane (lIf): Analytical
Meom data are similar to those previously reported®: *H NMR (300
MHz, CDCls): 6 7.14 (d, Jun = 8.7 Hz, 2H), 6.82 (d, Jun = 8.7 Hz,

2H), 4.17-4.06 (m, 1H), 3.79 (s, 3H), 2.92 (dd, Jun = 13.5, 5.1 Hz, 1H), 2.62 (dd, Jun=13.5, 7.5

Hz, 1H), 1.90-1.31 (m, 14H). EI-MS: Calculated for C17H2402: 260.18. Found: 260.02.

2-(4-methoxy-benzyl)-octahydrobenzofuran (llg): Crude dr:
1.7:1. After purification by column chromatography
(Pentane/Ethyl Acetate : 9/1) dr: 1:1. Data for the major
diastereoisomer: *H NMR (500 MHz, CDCls): 8 7.14 (d, Jun = 8.7
Hz, 2H, Hy), 6.82 (d, Jun = 8.7 Hz, 2H, Hs), 4.24-4.18 (m, 1H, Hy),
3.78 (s, 3H, Hip), 3.03 (pseudo td, Junw= 10.4, 3.7 Hz, 1H, H.), 2.87 (dd, Junw= 13.6, 5.5 Hz, 1H,
Hs), 2.64 (dd, Jun = 13.6, 7.4 Hz, 1H, H’s), 2.13-2.07 (m, 1H, Hcycie), 1.89-1.84 (m, 1H, Hcycie),
1.82-1.77 (m, 1H, Heyce), 1.74 (ddd, Jun= 11.8, 7.3, 2.8 Hz, 1H, Hy), 1.69-1.65 (m, 1H, Hcycie),
1.54 (pseudo td, Jun=11.8, 9.1 Hz, 1H, H’;), 1.38-1.11 (m, 4H, Hcyce €t H3), 1.08-0.98 (m, 1H,
Heyee). 2*C NMR (126 MHz, CDCls): 6 158.1 (Cg), 131.0 (Cs), 130.4 (C7), 113.8 (Cg), 83.9 (Ca),
78.5 (C1), 55.4 (C1o), 44.2 (Cs), 42.2 (Cs), 35.4 (C2), 31.6 (Ccycle), 29.2 (Ceycle), 25.9 (Ceycle), 24.5
(Ceycle). Data for the minor diastereoisomer: *H NMR (500 MHz, CDClz): & 7.14 (d, Jun = 8.7
Hz, 2H, Hy), 6.82 (d, Jun = 8.7 Hz, 2H, Hs), 4.28-4.21 (m, 1H, Hi), 3.78 (s, 3H, Hio), 3.12
(pseudo td, Jun = 10.4, 3.7 Hz, 1H, Has), 2.94 (dd, Juw = 13.6, 6.1 Hz, 1H, Hs), 2.69 (dd, Juu =
13.6, 7.0 Hz, 1H, H’s), 2.13-2.07 (m, 1H, Heycie), 2.01-1.95 (m, 1H, H), 1.89-1.84 (m, 1H, Hcycie),
1.82-1.77 (m, 1H, Heyce), 1.69-1.65 (M, 1H, Heyce), 1.47-1.37 (m, 1H, Hg), 1.38-1.11 (m, 4H,
Heycle € H'2), 1.11-1.02 (M, 1H, Hcyee). *C NMR (126 MHz, CDCls): & 158.1 (Co), 131.0 (Cs),
130.4 (Cy), 113.8 (Cg), 82.6 (C4), 79.4 (Cy), 55.4 (C10), 46.3 (C3), 42.1 (Cs), 37.8 (Cy), 31.6
(Ceycle), 29.2 (Ceycle), 25.9 (Ceycle), 24.5 (Ceyele). EI-MS: Calculated for C16H220-: 246.16. Found:
246.04.

0 2-(4-methoxy-benzyl)-octahydrobenzofuran (Ilh): Analytical

MeO O data are consistent with those previously reported®: *H NMR

O (300 MHz, CDCls): & 7.20 (d, Jun = 8.7 Hz, 2H), 7.16-7.07 (m, 2H),

6.87 (d, Ju = 8.7 Hz, 2H), 6.84-6.76 (m, 2H), 5.03-4.91 (m, 1H),

3.80 (s, 3H), 3.21 (dd, Jun= 15.6, 8.9 Hz, 1H), 3.13 (dd, Jun = 13.9, 6.8 Hz, 1H), 2.95 (dd, Ju
=15.6, 7.5 Hz, 1H), 2.88 (dd, Ju = 13.9, 6.7 Hz, 1H).

0. 2-(4-methoxy-benzyl)tetrahydropyran (lli): The pure product was

Meo/©/\(j obtained after column chromatography (Pentane/Dichloromethane:

1/1) as a colorless oil (55 mg, 66%). Analytical data are consistent

with those previously reported®: 'H NMR (300 MHz, CDCl3): & 7.16-7.09 (d, Jun = 8.7 Hz,

2H), 6.86-6.79 (d, Jun = 8.7 Hz, 2H), 4.02-3.93 (m, 1H), 3.79 (s, 3H), 3.49-3.35 (m, 2H), 2.82

(dd, dun = 13.6, 6.6 Hz, 1H), 2.58 (dd, Jun = 13.6, 6.3 Hz, 1H), 1.86-1.75 (m, 1H), 1.62-1.23
(m, 5H).
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102 g7 2-(4-methoxy-benzyl))-4-(dimethyl)tetrahydropyran (llj): The
12 1.0 5 pure product was obtained after column chromatography
MeO 711 2 (Pentane/Dichloromethane: 1/1) as a colorless oil (55 mg, 59%).

3 6 IH NMR (400 MHz, CDClg): 8 7.16-7.10 (m, 2H, Hy), 6.85-6.79 (m,

2H, Hio), 3.78 (s, 3H, Hi2), 3.45 (dd, Jun = 11.1, 2.5 Hz, 1H, Hs),

3.40-3.31 (m, 1H, H,), 3.14 (dd, Juw= 11.1, 0.6 Hz, 1H, H’s), 2.86 (dd, Jun = 13.8, 6.2 Hz, 1H,

H-), 2.62 (dd, Juw = 13.8, 6.7 Hz, 1H, H'7), 1.51-1.36 (m, 3H, Hz et H), 1.32-1.23 (m, 1H, H’3),

1.01 (s, 3H, He), 0.78 (s, 3H, H’). *C NMR (100 MHz, CDCls):  158.1 (C11), 131.1 (Cs), 130.4

(Co), 113.8 (C10), 79.2 (C1), 78.6 (Cs), 55.4 (C12), 42.0 (C7), 36.9 (Cz), 30.1 (C4), 27.8 (Cy), 27.4
(Ce), 23.6 (C’s). EI-MS: Calculated for C1sH2202: 234.16. Found: 234.03.

9

102 g7 2-(4-methoxy-benzyl)oxepane (llk): The pure product was

12 ! 6 obtained after column chromatography (Pentane/Ethyl Acetate:

MeO™ 11 5 8/2) as a colorless oil (62 mg, 50%). *H NMR (500 MHz, CDCls): &

3 4 7.15-7.10 (d, Jun = 8.7 Hz, 2H, Ho), 6.85-6.80 (d, Jun = 8.7 Hz, 2H,

Hio), 3.85-3.75 (m, 1H, He), 3.79 (s, 3H, Hi2), 3.68-3.61 (m, 1H, Ha),

3.51-3.44 (m, 1H, H’), 2.78 (dd, Jun = 7.0, 13.5 Hz, 1H, H/), 2.58 (dd, Juy = 6.0, 13.5 Hz, 1H,

H’7), 1.79-1.67 (m, 3H, H> & H3 & Hs), 1.67-1.55 (m, 2H, Ha & H’s), 1.53-1.41 (m, 2H, H'> & H’3).

13C NMR (126 MHz, CDCls): 8 158.0 (C11), 131.8 (Cs), 130.3 (Co), 113.7 (C10), 80.9 (C4), 68.5

(Cs), 55.4 (C12), 42.4 (C7), 35.3 (Cy), 31.2 (Cs), 26.9 (C4), 25.9 (C3). EI-MS: Calculated for
C14H2002: 220.15. Found: 220.15.

:

') 3,8-di-(4-methoxy-benzyl)-2,7-dioxaspiro[4.4]

O nonane, (lll): The pure product was obtained after

MeO
OMe column chromatography (Heptane/Ethyl Acetate :
O 9/1) as a colorless oil (62 mg, 42%). 'H NMR (300
MHz, CDCls): & 7.17-7.10 (m, 2H), 6.86-6.80 (m,
2H), 4.15-4.06 (m, 1H), 3.78 (m, 3H), 3.81-3.79 (m, 0.5H), 3.73-3.65 (m, 1H), 3.57-3.49 (m,
0.5H), 2.91-2.89 (m, 1H), 2.75-2.68 (m, 1H), 2.00-1.87 (m, 1H), 1.68-1.51 (m, 1H). *C NMR
(75 MHz, CDCls): 6 158.3, 130.6, 130.5, 130.3, 130.3, 114.0, 80.4, 80.3, 80.2, 77.7,77.5, 77.3,
76.8, 55.4, 51.3, 51.28, 51.0, 42.8, 42.7, 42.3, 41.5, 41.3, 41.2, 41.2. HRMS: Calculated for

C23H2004: 369.2066. Found: 369.2077.

0]

2-Methyl-2-(4-methoxy-benzyl)tetrahydrofuran (Iim): Analytical
data are similar to those previously reported®¥: *H NMR (300 MHz,
CDCl3): 8 7.15 (d, Juw = 8.8 Hz, 2H), 6.82 (d, Jun = 8.7 Hz, 2H), 3.85-
3.74 (m, 2H), 3.79 (s, 3H), 2.73 (s, 2H), 1.93-1.55 (m, 4H), 1.17 (s, 3H). 3C NMR (75 MHz,
CDCls): 6 158.0, 131.3, 130.7, 113.3, 82.9, 67.4, 55.2, 46.0, 36.1, 26.3, 26.0.

J

MeO

The stereochemistry of 1In,lIp®-% and llo, 1Ig® was assigned by comparison with known
related compounds.

6,,,,'1 O, (#)-(R,R)-2-methyl, 3-(4-methoxy-phenyl)-tetrahydropyran (lin): *H
NMR (500 MHz, CDClz): & 7.08 (d, Jun = 8.5 Hz, 2H, Hg), 6.84 (d, Jun
4 =8.5Hz, 2H, Ho), 4.07-4.01 (m, 1H, Hs), 3.79 (s, 3H, Hi1), 3.55 (td,
Junw=11.5, 2.5 Hz, 1H, Hs), 3.48 (dq, Juw=10.0, 6.0 Hz, 1H, H,), 2.38-
2.31 (m, 1H, Hy), 1.96-1.89 (m, 1H, Has), 1.82-1.63 (m, 3H, H’s et Hy),
0.97 (d, Jun=6.0 Hz, 3H, He). 13C NMR (126 MHz, CDC|3)Z 0 158.3 (Clo), 136.1 (C7), 128.7

11
MeO" 10
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(Cs), 114.0 (Co), 78.6 (C1), 68.6 (Cs), 55.4 (C11), 49.8 (C»), 32.5 (Cs), 26.8 (Ca), 20.2 (Ce). EI-
MS: Calculated for C13H1502: 206.13. Found: 205.98.

(#)-(R,S)-2-(1-(4-methoxyphenyl)ethyl)-tetrahydrofuran (llo): H
NMR (400 MHz, CDCls): & 7.20-7.14 (m, 2H, Hg), 6.87-6.82 (m, 2H,
Ho), 3.97-3.88 (m, 1H, Hy), 3.82-3.75 (m, 1H, Ha), 3.78 (s, 3H, H11),
3.72-3.65 (m, 1H, H’4), 2.76 (app quint, Jun = 7.2 Hz, 1H, Hs), 2.00-
1.90 (m, 1H, Hy), 1.88-1.77 (m, 2H, Hs), 1.61-1.50 (m, 1H, H’,), 1.24
(d, Jun = 7.2 Hz, 3H, He). *3C NMR (100 MHz, CDCl3): & 158.1 (C10), 136.9 (C7), 128.8 (Cs),
113.8 (Cy), 84.0 (C1), 68.3 (C4), 55.4 (C11), 44.1 (Cs), 29.7 (C»), 26.0 (Cs), 18.4 (Ce). EI-MS:
Calculated for C13H15802: 206.13. Found: 206.08.

6,10 (#)-(R,R)-2,4,4-tri-methyl, 3-(4-methoxy-phenyl)-tetrahydropyran
' (Ilp): *H NMR (400 MHz, CDClg): d 7.08 (d, Jun = 8.8 Hz, 2H, Hg),
6.83 (d, Jun = 8.8 Hz, 2H, Ho), 3.79 (s, 3H, Hi1), 3.53 (dd, Jun=11.1
Hz, 2.6 Hz, 1H, Hs), 3.38 (dg, Ju+ = 10.0, 6.1 Hz, 1H, Hi), 3.30 (dd,
Jun=11.1, 0.5 Hz, 1H, H’s), 2.55 (ddd, Juw = 12.4, 10.0, 4.0 Hz, 1H,
Hz), 1.65-1.49 (m, 2H, Ha), 1.13 (s, 3H, Hi2), 1.01 (d, Jus= 6.1 Hz, 3H, He), 0.86 (s, 3H, H'12).
13C NMR (100 MHz, CDCls): 8 158.3 (C10), 135.7 (C7), 128.8 (Cs), 114.0 (Co), 78.8 (C,), 78.4
(Cs), 55.4 (Ca11), 46.0 (Cs3), 45.9 (C2), 31.3 (C4), 27.3 (C12), 24.1 (C'12), 19.8 (Ce).

(3)-(R,S)-2-(1-(4-methoxyphenyl)ethyl)-4-
(dimethyltetrahydrofuran (llg): *H NMR (400 MHz, CDCls): &
7.11 (d, Jun = 8.8 Hz, 2H, Hs), 6.83 (d, Jun = 8.8 Hz, 2H, Hy), 4.08-
4.00 (m, 1H, Hi), 3.79 (s, 3H, Hi1), 3.50-3.46 (m, 2H, Ha4), 2.72-
2.65 (app quint, Jun= 7.0 Hz, 1H, Hs), 1.44 (dd, Jun= 12.4, 6.5 Hz,
1H, H»), 1.34-1.28 (m, 1H, H’;), 1.33 (d, Jun = 7.0 Hz, 3H, He), 1.02 (s, 3H, Hi2), 1.01 (s, 3H,
H'12). C NMR (100 MHz, CDCls): d 158.3 (Cuo), 135.7 (Cv), 128.8 (Cg), 113.8 (Co), 84.5 (Cy),
80.4 (Ca), 55.4 (C11), 45.6 (C»), 45.2 (Cs), 31.3 (C3), 26.7 (C12), 26.6 (C'12), 19.1 (Cs).

4. Catalytic oxy-arylation under air with reagent-grade chemicals

Complex 1 (2.5 mol%)
| AgSbFg (1.025 eq.)

KsPOy4 (1 eq.) (@)
MOH + > m}
DCM MeO

OMe overnight, 25°C

Under air, a Schlenk equipped with a magnetic stirrer bar was charged with silver
hexafluoroantimonate (240 mg, 0.82 mmol) and potassium phosphate tribasic (170 mg, 0.80
mmol) in DCM (0.8 mL, reagent grade from commercial bottle, not degassed or dried).
Complex 1 (13 mg, 0.02 mmol) was transferred into a small glass vial and dissolved in DCM
(1.2 mL). 4-lodoanisole (187 mg, 0.80 mmol, 1 eq.), 4-penten-1-ol (83 L, 0.80 mmol, 1 eq.)
and internal standard dibenzylether (0.2 mmol, 39 yL) were added to the gold complex
solution. This solution was added to the Schlenk under agitation. The reaction mixture was
then stirred at 25°C. The reaction was monitored by NMR spectroscopy by taking an aliquot of
the crude reaction mixture (NMR vyield: 94%).
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5. Catalytic oxy-arylation of alkene: scale-up

Complex 1 (2.5 mol%)
| AgSbFg (1.025 eq.)

K3PO4 (1 eq) (0]
/\/\/OH + m}
DCM MeO

OMe overnight, 25°C

In a glovebox, a dry Schlenk equipped with a magnetic stirrer bar was charged with silver
hexafluoroantimonate (1.752 g, 5.1 mmol) and potassium phosphate tribasic (1.061 mg, 5.0
mmol) in DCM (5 mL). Complex 1 (82 mg, 0.1 mmol) was transferred into a small glass vial
and dissolved in DCM (7.5 mL). 4-lodoanisole (5.0 mmol, 1 eq.), 4-penten-1-ol (5.0 mmol, 1
ed.) and internal standard dibenzylether (1.2 mmol, 0.25 mL) were added to the gold complex
solution. This solution was loaded into a plastic syringe equipped with stainless steel needle.
The syringe was closed by blocking the needle with a septum. Outside the glovebox, the
prepared solution was added to the Schlenk under agitation. The reaction mixture was then
stirred at 25°C. The reaction was monitored by NMR spectroscopy by taking an aliquot of the
crude reaction mixture (NMR yield: 96%). Silver salt was filtrated and the product was purified
through column chromatography (pentane/ethyl acetate: 8/2). The product was obtained as a
colorless oil (672 mg, 3.5 mmol, 70%).

6. Gold-catalyzed amino-arylation of alkenes
6.1 Synthesis of substrate

N-(2,2-dimethyl-4-penten-1-yl)-4-methyl-benzenesulfonamide (5b)4, N-(3-phenyl-4-penten-
1-yl)-  4-methyl  benzenesulfonamide  (5c)®),  N-[1-(3-buten-1-yl)hexyl]-4-methyl-
benzenesulfonamide (5d)® and N-[(4-methylphenyl)sulfonyl]-4-pentenamide (5e)®¢ , 3-
phenyl-n-tosylpent-4-enamide (5f)©¢ were prepared according to reported procedures.

A~ _NHTs AN AN /\/)/NHTS 2
Ph % o Ph
5d

5b 5c 5e 5f

N-tosyl pent-4-enyl amine (5a):

MsCI (1.1 eq.) K>,CO3 (2 eq.)
EtzN (1.1 eq.) TsNH, (1.3 eq.)
/\/\/OH - /\/\/OMS » _~_~_NHTs
= MeCN, 1h = Overnight, 80°C =
O0°Ctort

To a solution of 4-penten-1-ol (1.5 mL, 14.5 mmol) in MeCN (15 mL) were added MsCI (1.24
mL, 16.0 mmol, 1.1 eq) and EtsN (2.16 mL, 16.0 mmol, 1.1 eq) successively at 0°C. The
mixture was allowed to warm to room temperature. After 1 h, K.CO3 (4.0 g, 29 mmol, 2 eq)
and TsNH: (3.20 g, 19 mmol, 1.1 eq) were added, and then the mixture was heated to 80°C
overnight. The solution was filtrated and the solvent was removed under reduced pressure.
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The residue was purified through flash chromatography with petroleum ether/ethyl acetate
(9:1). The product was obtained as a yellow oil (1.49 g, 6.2 mmol, 43%). Analytical data are
consistent with those previously reported:® *H NMR (300 MHz, CDCl;): & 7.78-7.71 (m, 2H),
7.33-7.28 (m, 2H), 5.78-5.63 (m, 1H), 5.02-4.92 (m, 2H), 4.41 (bs, 1H), 2.95 (q, Jux = 6.8 Hz,
2H), 2.43 (s, 3H), 2.09-1.99 (m, 2H), 1.62-1.50 (m, 2H).

6.2 General procedure for the gold-catalyzed amino-arylation of alkenes

Complex 1 (10 mol%)
| AgSbFg (1.1 eq.)

Ts

| K3PO4 (1 eq) N
/\R/\/\/NHTS + /©/\L; |
DCM R R

R overnight,35°C

In a glovebox, a dry Schlenk equipped with a magnetic stirrer bar was charged with silver
hexafluoroantimonate (150 mg, 0.44 mmol) and potassium phosphate tribasic (85 mg, 0.40
mmol) in solvent (0.4 mL). Complex 1 (26 mg, 0.04 mmol) was transferred into a small glass
vial and dissolved in solvent (0.6 mL). Aryl iodide (0.40 mmol, 1 eq.), functionalized alkene
(0.40 mmol, 1 eq.) and internal standard dibenzylether (0.10 mmol, 20 pL) were added to the
gold complex solution. This solution was loaded into a plastic syringe equipped with stainless
steel needle. The syringe was closed by blocking the needle with a septum. Outside the
glovebox, the prepared solution was added to the Schlenk under agitation. The reaction
mixture was then stirred at 35°C. The reaction was monitored by NMR spectroscopy by taking
an aliquot of the crude reaction mixture. To isolate the product, silver salts were removed by
filtration and the sample was purified by column chromatography.

Ts 2-(4-acetyl-benzyl)-1-(toluene-4-sulfonyl)pyrrolidine (mna):
N_  Analytical data are consistent with those previously reported®: 'H NMR
o (300 MHz, CDCls): 8 7.90 (d, Jun = 8.3 Hz, 2H), 7.75 (d, Jun = 8.3 Hz,

2H), 7.39-7.28 (m, 4H), 3.88-3.79 (m, 1H), 3.41-3.34 (m, 1H), 3.27 (dd,
Jun = 13.3, 3.6 Hz, 1H), 3.18-3.08 (m, 1H), 2.88 (dd, Jun = 13.3, 9.1
Hz, 1H), 2.60 (s, 3H), 2.43 (s, 3H), 1.65-1.54 (m, 2H), 1.51-1.43 (m, 2H).

1s 2-Benzyl-1-(toluene-4-sulfonyl)pyrrolidine (llib): Analytical data are
N_  consistent with those previously reported®: *H NMR (300 MHz, CDCls): &
©/D 7.70 (d, Iun = 8.1 Hz, 2H), 7.27-7.12 (m, 7H), 3.80-3.69 (m, 1H), 3.39-3.27
(m, 1H), 3.18 (dd, Jun = 13.3, 3.4 Hz, 1H), 3.12-3.00 (m, 1H), 2.70 (dd, Jun =

13.3, 9.6 Hz, 1H), 2.35 (s, 3H), 1.65-1.48 (m, 2H), 1.45-1.27 (m, 2H).
Ts 2-(4-methoxy-benzyl)-1-(toluene-4-sulfonyl)pyrrolidine (ie):
N Analytical data are consistent with those previously reported®: *H NMR
\O/©/\L) (300 MHz, CDCl3): & 7.75 (d, Jun = 8.2 Hz, 2H), 7.31 (d, Jun = 8.2 Hz,
2H), 7.16 (d, Jun = 8.5 Hz, 2H), 6.84 (d, Jun = 8.5 Hz, 2H), 3.80-3.73 (m,

1H), 3.79 (s, 3H), 3.42-3.33 (m, 1H), 3.19-3.07 (M, 2H), 2.72 (dd, Jun = 13.5, 9.6 Hz, 1H), 2.42
(s, 3H), 1.66-1.56 (m, 2H), 1.49-1.36 (m, 2H).
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Ts 2-(4-methoxy-benzyl)-4,4-dimethyl-1-(toluene-4-
N sulfonyl)pyrrolidine (llid): The pure product was obtained after
~o column chromatography (Petroleum ether/DCM: 8/2) as a colorless oil
(96 mg, 64%). Analytical data are consistent with those previously
reported ©7: IH NMR (300 MHz, CDClz): 8 7.78 (d, Jun = 8.4 Hz, 2H), 7.32 (d, Jun = 8.4 Hz,
2H), 7.14 (d, Jun = 8.6 Hz, 2H), 6.83 (d, Jun = 8.6 Hz, 2H), 3.78 (s, 3H), 3.75-3.70 (m, 1H),

3.44-3.49 (m, 1H), 3.07-3.14 (m, 2H), 2.71-2.78 (m, 1H), 2.42 (s, 3H), 1.49-1.46 (m, 2H), 0.97
(s, 3H), 0.44 (s, 3H).

Ts 2-(4-methoxy-benzyl)-3-phenyl-1-(toluene-4-sulfonyl)pyrrolidine

O N (llle): Crude dr: 10.1:1. The pure product was obtained after column
~o chromatography (Petroleum ether/Ethyl acetate: 7/3) as a colorless oil
O (98 mg, 58%). Analytical data are similar to those previously

reported.®® Data for the major diastereoisomer: *H NMR (300 MHz,

CDCls): & 7.78 (m, 2H), 7.32 (m, 2H), 7.28 (m, 2H), 7.06-7.12 (m, 3H), 6.87 (m, 2H), 6.61 (m,
2H), 3.90-3.86 (m, 1H), 3.80 (s, 3H), 3.59-3.51 (m, 1H), 3.26-3.93 (M, 4H), 2.47 (s, 3H), 1.89-
1.77 (m, 1H), 1.51-1.39 (m, 1H). 3C NMR (75 MHz, CDCls): & 158.1, 143.4, 141.6, 134.8,
131.2, 129.6, 129.2, 128.4, 127.34, 126.9, 126.3, 113.6, 68.0, 55.1, 49.0, 47.9, 39.4, 32.2,
21.4. HRMS: Calculated for CosH2sNOsS: 422.1790. Found: 422.1799.

Ts 2-(4-methoxy-benzyl)-5-pentyl-1-(toluene-4-
m sulfonyl)pyrrolidine (Ilif): Crude dr: 1:1. The pure product was
MeO * obtained after column chromatography (Petroleum ether/DCM:

8/2) as a colorless oil (101 mg, 61%). Analytical data are similar to those previously reported.®
Data for the mixture of diastereoisomers: *H NMR (300 MHz, CDCls): & 7.80 (d, Jun = 8.5 Hz,
2H), 7.73 (d, Jun= 8.5 Hz, 2H), 7.31-7.26 (m, 4H), 7.16 (d, Jun = 8.5 Hz, 2H), 7.09 (d, Jun= 8.5
Hz, 2H), 6.82 (m, 4H), 4.02 (m, 1H), 3.85 (m, 1H), 3.79 (s, 6H), 3.74 (m, 1H), 3.54 (m, 1H),
3.32 (dd, Jun= 13.2, 3.3 Hz, 1H), 3.16 (dd, Jun = 13.5, 3.3 Hz, 1H), 2.42 (m, 1H), 2.41 (m, 6H),
1.90-1.12 (m, 25H), 0.83-0.91 (m, 6H). *C NMR (75 MHz, CDCls): & 158.2, 158.1, 143.1,
142.6, 139.9, 135.0, 130.9, 130.7, 130.4, 130.3, 129.5, 129.4, 127.5, 126.9, 113.8, 113.6, 62.9,
62.3, 62.1, 61.0, 55.2, 42.0, 39.3, 36.7, 33.7, 31.7, 31.6, 29.4, 28.5, 27.5, 27.1, 26.0, 25.9,
22.5, 215, 21.4, 14.0, 13.9. MS (DCI-NHg3): Calculated for C.4H3aNOsS*: 416.30; Found:
416.00 (M+H").

Ts 5-(4-methoxy-benzyl)-1-(toluene-4-sulfonyl)-2-pyrrolidinone
N o (Illg): The pure product was obtained after column chromatography
\om (pentane/DCM: 7/3) as a colorless waxy oil (68 mg, 47%). *H NMR
(400 MHz, CD30D, 213K): 8 7.74 (d, Jun = 7.9 Hz, 2H), 7.70 (d, Iun
= 7.8 Hz, 2H), 7.40 (d, Jun = 8.0 Hz, 2H), 7.30 (d, Jux = 8.0 Hz, 2H), 7.13 (d, Jun = 8.0 Hz, 2H),
7.02 (d, Juw = 8.5 Hz, 2H), 6.86 (d, Jun = 8.2 Hz, 2H), 6.80 (d, Jun = 8.3 Hz, 2H), 5.00 (m, 1H),
4.88 (m, 1H), 3.79 (s, 3H), 3.75 (s, 3H), 3.05-2.85 (m, 6H), 2.69 (m, 1H), 2.45 (s, 3H), 2.41 (s,
3H), 2.24 (m, 3H), 2.00-1.89 (m, 2H). 3C NMR (101 MHz, CD;0OD, 213K): & 183.9, 178.6,
160.0, 159.9, 145.2, 145.2, 139.4, 138.7, 131.8, 131.7, 130.7, 130.3, 129.2, 128.9, 128.9,
128.0,114.7,114.7,91.9, 87.0, 55.5, 55.4, 40.3, 40.3, 33.4, 31.5, 28.3, 27.3, 24.1, 21.6. Broad
signals are observed in CDCls. The resolution is better in CD3;0D at 213K, two conformers in
~1:1 ratio are distinguished. MS (DCI/CH,): Calculated for Ci9H22NO4S*: 360.13. Found:
360.00.
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Ts 5-(4-methoxy-benzyl)-4-phenyl-1-(toluene-4-sulfonyl)-2-

O N__o pyrrolidinone (llih): Crude dr: 1.5:1. 'H NMR (400 MHz, CDsOD,

~ 213 K): 8 7.77 (m, 1H), 7.69 (m, 1H), 7.42-7.25 (m, 7H), 7.07 (m,
O 2H), 6.90 (m, 1H), 6.78 (m, 1H), 4.93 (m, 0.6H), 4.82 (m, 0.4H),
3.80-3.73 (m, 3H), 3.60 (m, 1H), 3.44 (m, 1.2H), 3.09 (m, 0.7H),

2.98-2.79 (m, 2.8H), 2.45-2.41(m, 3H). *C NMR (101 MHz, CDsOD, 213 K): & 180.6, 175.5,
158.6, 158.5, 143.9, 143.9, 138.2, 138.0, 137.5, 137.3, 129.4, 129.2, 129.0, 128.8, 128.7,
127.9, 127.8, 127.6, 127.5, 126.7, 125.8, 113.2, 95.1, 90.9, 87.8, 56.9, 54.1, 54.0, 40.2, 38.6,
37.2, 37.0. MS (DCI/CHa): Calculated for CosH26NO4S*: 336.15. Found: 336.16.

6.3 Synthesis of Anysomycin’s analogue

HO, o % z \
' .. a 0] b 0] c
\OH — 0 . — 0 . T 0
HO
OH >Lo Hé >Lo l’ >Lo OH
D-ribose 6a 6b 6¢c
ld
MeO
NTs f e
o} -~ o} - o)
S Sy TS Sy Nk,
i (36%) 6e 6d
dr: 1.5:1

Step a: In a round bottom flask, D-Ribose (7.5 g, 50 mmol) was dissolved in acetone (30 mL)
and methanol (30 mL). 0.5 mL of sulfuric acid was added and the solution was heated to 40°C
for 20 h. The reaction was quenched with NaHCOs. The solution was filtered and solvent was
evaporated under vacuum to obtain a viscous oil. THF was added, and the insoluble were
filtered off. The product 6a was obtained as a colorless oil (9.54 g, 46.5 mmol, 93%).

Step b: In a round bottom flask, 6a (9.54 g, 46.5 mmol) was dissolved in THF (200 mL).
Triphenylphosphine (18.4 g, 70.2 mmol, 1.5 eq.) and imidazole (6.36 g, 93.4 mmol, 2 eq.) were
added. At 0°C, iodine was added portion wise until the brown coloration remained. The reaction
mixture was stirred overnight at rt. The solution was filtered and solvent was evaporated under
vacuum. After purification by column chromatography (petroleum ether/ethyl acetate: 80/20),
product 6b was obtained as a colorless oil (10.55 g, 33.5 mmol, 72%).

Step c: 13 g of Zn was activated with 12 mL of CISiMes in 180 mL of Et,O, stirring for 1h30.
Solvent was removed under vacuum and Zn was redissolved in 120 mL of EtOH. Product 6b
(5.6 g, 17.8 mmol) was dissolved in 50 mL of EtOH and added to the previous solution. The
reaction was stirred for 1 h at 80°C, filtered on celite and the solvent was removed carefully
(the aldehyde is volatile).

To a solution of aldehyde in EtOH (25 mL), NaBH,4 (812 mg, 21.4 mmol, 1.2 eq.) was
added dropwise at 0°C. The reaction was stirred for 1h when going back to room temperature.
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Solvent was removed under vacuum and then 45 mL of water was added. Product was
extracted with ethyl acetate. The organic phases were washed with brine and dried over
Na;SO.. The product 6¢c was obtained after column chromatography (petroleum ether/ethyl
acetate: 70/30) as a colorless oil (901 mg, 5.7 mmol, 32%).

Step d: In a Schlenk, compound 6c¢ (901 mg, 5.7 mmol), triphenylphosphine (1.8 g, 6.8 mmol,
1.2 eq.), phthalimide (839 mg, 5.7 mmol, 1 eq.) were dissolved in 25 mL of anhydrous THF.
DIAD (1.3 mL, 6.8 mmol, 1.2 eq.) was added dropwise. The reaction mixture was stirred at rt
for 2 h under inert atmosphere. Solvent was evaporated under vacuum and after purification
by column chromatography (petroleum ether/ethyl acetate: 70/30), the phthalimide compound
was obtained as a yellow solid (1.3 g, 4.5 mmol, 80%).

In a round bottom flask, the phthalimide compound (510 mg, 1.8 mmol) was dissolved
in methanol (20 mL) and hydrazine monohydrate was added (0.15 mL, 3.1 mmol, 1.7 eq.). The
reaction was heated at 60°C for 4 h. When going back to rt, a white solid was formed which
was dissolved by adding a solution of KOH (141 mg, 2.5 mmol) in methanol (3 mL). The
resulting solution was concentrated and product was extracted with DCM. The combine
organic layers were washed with brine and dried over Na>SOs. Solvent was removed under
vacuum and the product 6d was obtained as a yellow oil (163 mg, 1.04 mmol, 60%).

Step e: In a round bottom flask, amine 6d (113 mg, 0.72 mmol) and tosy! chloride (137 mg,
0.72 mmol, 1 eq.) were dissolved in DCM (4 mL). Triethylamine (0.15 mL, 1.08 mmol, 1.5 eq.)
was added and the reaction mixture was stirred overnight at rt. Reaction mixture was diluted
with 5 mL of H,O and extracted with Et,O. The combine organic layers were washed with brine
and dried over Na;SOs. Pure product was obtained after column chromatography
(Pentane/Ethyl acetate: 90/10) as a white solid (190 mg, 0.61 mmol, 84%).

Step f: General procedure for the gold-catalyzed amino-arylation of alkenes
Anysomicin’s analogue (llli): Crude dr: 1.5 :1. The pure product

12
11><O was obtained after column chromatography (pentane/DCM: 7/3) as

10 8 o) 9 a colorless oil (44 mg, 36%). Data for the major diastereoisomer: H
MeO S 7 3 ; NMR (500 MHz, CDClg): & 7.76 (d, Jun =7.7 Hz, 2H, Hua), 7.19 (d,
6 4 N Juw=8.5 HZ, 2H, H7), 7.28 (d, Juu=7.7 HZ, 2H, H15), 6.85 (d, Juu =

54 529 8.5 Hz, 2H, Hs), 4.43 (d, Jui = 5.5 Hz, 1H, H3), 4.30 (app td, Jr =
15 130 55 15Hz, 1H, Hy), 4.19 (dd, Jii = 8.0, 4.0 Hz, 1H, H.), 3.80 (s,
3H, Hao), 3.42 (dd, Jun= 12.5, 2.0 Hz, 1H, H1), 3.30 (dd, Jun = 12.5,

16 5.5 Hz, 1H, Hy), 3.00-2.93 (m, 1H, Hs), 2.88 (dd, Ju = 14.0, 8.0 Hz,
1H, Hs), 2.40 (s, 3H, Hi7), 1.10 (s, 3H, Hi2), 0.83 (s, 3H, H'1p). 3C

NMR (126 MHz, CDCls): & 158.7 (Cs), 143.4 (C1s), 136.7 (C13), 130.8 (C7), 129.6 (C1s), 128.8
(Ce), 127.6 (Cus), 114.3 (Cs), 111.6 (C11), 83.5 (C3), 79.1 (C2), 67.1 (Cs), 55.4 (C10), 53.9 (C),
38.7 (Cs), 21.6 (C17), 25.9 (C'12), 24.6 (C12). Data for the minor diastereoisomer: *H NMR (500
MHz, CDCls): & 7.74 (d, Jun = 7.7 Hz, 2H, Hia), 7.35 (d, Jun= 7.7 Hz, 2H, His), 7.19 (d, Jun =
8.5 Hz, 2H, H7), 6.81 (d, Jun = 8.5 Hz, 2H, Hg), 4.41 (app td, Jun = 6.0, 1.7 Hz, 1H, Hy), 4.27
(dd, Jun = 6.5, 5.0 Hz, 1H, Hs), 3.78 (S, 3H, Hio), 3.68 (dd, Jun= 11.5, 2.0 Hz, 1H, H), 3.42 (dd,
Jnn= 13.0, 2.0 Hz, 1H, Hs), 3.08 (dd, Jun = 13.5, 11.0 Hz, 1H, Hs), 3.00 (dd, Jus= 12.0, 6.0 Hz,
1H, Hi), 3.98-2.93 (m, 1H, Ha), 2.45 (s, 3H, Hi7), 1.58 (s, 3H, Hiz), 1.27 (s, 3H, H'12). *C NMR
(126 MHz, CDCls): & 158.3 (Co), 144.1 (C1s), 133.2 (C13), 130.7 (C), 130.3 (Cs), 129.9 (C1s),
128.0 (C1s), 113.8 (Cs), 112.3 (C11), 80.2 (Cs), 76.0 (C2), 66.0 (Ca), 55.4 (C1), 55.4 (Cio), 33.3

17
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(Cs), 21.7 (017), 26.8 (Clz), 25.5 (C’lz). MS (DCVNHg)Z Calculated for C22H27N058+Z 418.2.
Found: 418.2.

7. Control experiment for no cyclization at gold(l)

Ql '
% |
N 2 &N
e AgSbFg (1 eq.) 1 ' 7i"0 »
+ MOH > P A(\Bu BOm
CD,Cly, rt .
©
SbFg
1 4

In a glovebox, a screw-cap NMR tube was charged with silver hexafluoroantimonate (8.0 mg,
0.023 mmol) in dichloromethane-d; (0.2 mL). Complex 1 (15 mg, 0.023 mmol) was transferred
into a small glass vial and dissolved in dichloromethane-d> (0.4 mL). The 4-penten-1-ol (2.4
uL, 0.023 mmol) was added to the gold solution. The prepared solution was loaded into a
plastic syringe equipped with stainless steel needle. The syringe was closed by blocking the
needle with a septum. Outside the glovebox, the NMR tube was cooled down to -80°C. At this
temperature, the prepared solution was added. The tube was gently shaken and allowed to
warm to rt. The reaction was monitored by 3'P{*H} NMR spectroscopy.

Complex 4: *H NMR (500 MHz, CD.Cl2): 8 7.80 (t, Jun = 4.6 Hz, 1H, Hs), 7.73 (t, Jun = 3.1Hz,
2H, Hs & Ha), 7.54-7.47 (m, 1H, H,), 5.84-5.56 (m, 1H, Hs), 3.96 (dd, Ju = 8.7, 5.8 Hz, 1H, H-),
3.83 (dd, Jun = 14.7, 5.8 Hz, 1H, H), 3.77 (q, Jun = 3.8 Hz, 2H, Hi1), 3.03 (s, 3H, N(CHa)2),
2.99 (s, 3H, N(CHas)2), 2.70-2.62 (m, 1H Ho), 2.30-2.23 (m, 1H, H's), 2.17-2.00 (m, 12H, Had),
1.92 (bs, 7H, Haa & Hio), 1.77-1.65 (M, 13H, Haa & H'10). 3P{1H} NMR (162 MHz, CD2Cl,): &
58.0 (s). 13C NMR (126 MHz, CD.Cl,): & 158.4 (d, Jcp = 9.6 Hz, Cs), 136.4 (s, Cs), 134.5 (d,
Jep=1.2 Hz, CA), 128.1 (d, Jcp = 5.7 Hz, Cz), 125.2 (d, Jep = 42.0 Hz, Cl), 124.8 (d, Jep=4.4
Hz, Cs), 108.6 (s, Cs), 75.2 (d, Jep = 18.0 Hz, C7), 62.5 (S, C11), 52.4 (s, N(CHa)2), 42.1 (d, Jcp
=27.1 Hz, Cqtad), 41.1 (t, Jcp = 19.1 Hz, CH2aq), 36.4 (S, CHaad), 33.3 (s, C10), 31.9 (s, Cy), 28.9
(bs, Chad)-

8. Catalytic oxy-arylation catalyzed by gold(lll) complex

Complex 2 (5 mol%)
| AgSbFg (1 eq.)

K3PO4 (1 eq) (0]
/\/\/OH + m}
DCM MeO

OMe overnight, 25°C

In a glovebox, a dry Schlenk equipped with a magnetic stirrer bar was charged with silver
hexafluoroantimonate (62 mg, 0.18 mmol) and potassium phosphate tribasic (38 mg, 0.18
mmol) in dichloromethane (0.2 mL). Complex 2 (10 mg, 0.01 mmol) was transferred into a
small glass vial and dissolved in solvent (0.3 mL). The aryl iodide (41 mg, 0.17 mmol, 0.95

96



Chap 2: Merging redox behavior and n-activation at gold:
towards catalytic hetero-arylation of alkenes

eq.), the functionalized alkene (16 pL, 0.18 mmol, 1 eq.) and dibenzylether (internal standard,
0.04 mmol, 8 pL) were added to the gold complex solution. This solution was loaded into a
plastic syringe equipped with stainless steel needle. The syringe was closed by blocking the
needle with a septum. Outside the glovebox, the prepared solution was added to the Schlenk
under agitation. The reaction mixture was then stirred at 25°C. The reaction was monitored by
NMR spectroscopy by taking an aliquot of the crude reaction mixture. The oxy-arylation product
was obtained in >95% vyield after overnight, exactly as in the case of the catalytic run starting
from the gold(l) complex 1.

9. Deuterium-labelling study
9.1 Synthesis of substrates

The syntheses of the D-labeled substrates was adapted from those reported by Zhang et al.[%®

4-Methyl-N-pent-4-enylbenzenesulfonamide (E)-5a-d:

1) MsCl (1.1 eq)
EtzN (1.1 eq) 1) Schwartz reagent (2 eq)

MeCN 0°C to rt THF AN
- - .
HO 2) K2CO3 (2 eq) TsHN 2) D,0 TsHN
TsNH, (1.1 eq)

MeCN, 80°C 5a' (E)-5a-d

To a solution of 4-pentyn-1-ol (1.85 mL, 20 mmol) in MeCN (20 mL) was added MsCI (1.70
mL, 22 mmol, 1.1 eq.) and EtsN (2.97 mL, 22 mmol, 1.1 eq.) successively at 0°C. The mixture
was allowed to warm to room temperature. After 1 h, K,COs (5.53 g, 40 mmol, 2 eq.) and
TsNH; (3.77 g, 22 mmol, 1.1 eq.) were added, and then the mixture was heated to 80°C
overnight. The solution was filtrated and the solvent was removed under reduced pressure and
the residue was purified through flash chromatography with petroleum ether/ethyl acetate
(9:1). The product was obtained as a yellow oil (2.59 g, 10.9 mmol, 54%).[6%

In a glovebox, a dry Schlenk equipped with a magnetic stirrer bar was charged with LiH (300
mg, 37.5 mmol). Outside the glove box, under argon, a solution of EtsB in THF (1 M) was
added (25 mL) and the solution was stirred overnight. To ZrCp.Cl. (2.92 g, 10 mmol) in THF
(60 mL) at 0 °C was added slowly a solution of LiEtsBH (1M in THF, 10 mL, 10 mmol) under
argon. The resulting suspension was stirred for 1 h at room temperature, followed by addition
of a solution of 5a’ (1.19 g, 5 mmol) in THF (7 mL). The mixture was stirred for 1 h at room
temperature, followed by addition of D.O (5 mL). After stirring for 1 h, the reaction mixture was
poured into 50 mL of saturated aqueous NaHCO3 and extracted with diethyl ether (3x 80 mL).
The combined organic layers were washed with brine, dried over MgSO. and solvent was
removed under vacuum. The residue was purified through silica gel flash column
chromatography (eluent: hexanes: ethyl acetate = 5:1) to give only compound (E)-5a-d with
98% deuteration (738 mg, 3.1 mmol, 61%). Analytical data are consistent with those previously
reported®®: IH NMR (300 MHz, CDCls): & 7.77-7.71 (m, 2H), 7.33-7.29 (m, 2H), 5.76-5.64 (m,
1H), 4.95 (dt, Juw= 17.1, 1.5 Hz, 1H), 4.39 (bs, 1H), 2.95 (q, Jun = 6.7 Hz, 2H), 2.43 (s, 3H),
2.09-1.99 (m, 2H), 1.62-1.50 (m, 2H).
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4-Methyl-N-pent-4-enylbenzenesulfonamide (Z)-5a-d:

TBDMSCI, Imidazole 1) "BuLi _ OTBS
5a° 2) D,O 4a'-d

1) Schwartz reagent

2) H,O
D 1) MsCl, NEt; D TBAF D
WNHTS 2) TsNH ,, K,CO3 WOH WOTBS
(2)-5a-d (2)-Pentenol-d (2)-4a"-d

To a solution of imidazole (2.0 g, 30 mmol) and 4-pentyn-1-ol (1.8 mL, 20 mmol) in DCM (20
mL) was added TBSCI (2.70 g, 17.8 mmol) under argon at 0°C. The reaction was warmed to
RT and stirred for 1 h. Then the solution was filtered through a plug of silica and washed with
EtOAc. The solvent was removed under vacuum and the product 4a’ was obtained as a
colorless oil (3.97 g, 20 mmol, 100%)."7

To a solution of 4a’ (3.97 g, 20 mmol) in anhydrous THF (20 mL) was added dropwise at -78°C
a solution of "BuLi in hexanes (17 mL, 1.36 M, 24 mmol, 1,2 eq.) After stirring for 30min at -
78°C, the mixture is brought to 0°C and allowed to stir an additional 20min. At this point, the
reaction is quenched by slow addition of DO (1.8 mL, 100 mmol, 5.0 eq.). The resulting mixture
is allowed to stir for 4h, then directly dried over Na,SO, and passed through a pad of SiOg,
rinsing with Et,O. Solvent was removed under vacuum and the product 4a’-d was obtained as
a colorless oil (3.57 g, 18 mmol, 89%)."%]

To ZrCp2Cl; (10.4 g, 35.5 mmol) in THF (170 mL) at 0 °C was added slowly a solution of
LiEtsBH (1M in THF, 35.5 mL, 35.5 mmol) under argon. The resulting suspension was stirred
for 1 h at room temperature, followed by addition of a solution of 4a’-d (3.57 g, 17.7 mmol) in
THF (60 mL). The mixture was stirred for 1 h at room temperature, followed by addition of H.O
(25 mL). After stirring for 1 h, the reaction mixture was poured into saturated agueous NaHCOs3
and extracted with diethyl ether. The combined organic layer was washed with brine, dried
over MgSO.. After filtration and concentration, the residue was purified through silica gel flash
column chromatography (eluent: hexanes: ethyl acetate = 10:1) to give compound (2)-4a”’-d
(2.33 g, 6.5 mmol) in 37% yield.

To a solution of (Z2)-4a”’-d (1.56 g, 7.67 mmol) in anhydrous THF (8 mL) was added dropwise
a TBAF solution in THF (19.2 mL, 1 M, 19.2 mmol, 2.5 eq.) at 0°C. After addition, the mixture
was allowed to stir at room temperature for 5h. Then the reaction mixture was poured into 15
mL of brine and the organics are extracted with Et,O (3x 15mL). Combined organics are then
dried over Na SO, and concentrated under vacuum (0.79 g, 9.1 mmol). The product was used
in the next step without further purification.

To a solution of deuterated (Z2)-Pentenol-d (0.3 g, 3.4 mmol) in MeCN (5 mL) was added MsCl
(0.29 mL, 3.8 mmol, 1.1 eq.) and EtsN (0.1 mL, 3.8 mmol, 1.1 eq.) successively at 0°C. The
mixture was allowed to warm to room temperature. After 1 h, K.COs3 (940 mg, 6.8 mmol, 2 eq.)
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and TsNH: (650 mg, 3.8 mmol, 1.1 eq.) were added, and then the mixture was heated to 80°C
overnight. The solution was filtrated and the solvent was removed under reduced pressure and
the residue was purified through flash chromatography with petroleum ether/ethyl acetate
(9:1). The only product (Z)-5a-d was obtained with 97% deuteration as a yellow oil (0.2 g, 0.83
mmol). Analytical data are consistent with those previously reported®®: *H NMR (300 MHz,
CDClz): 6 7.77-7.71 (m, 2H), 7.33-7.28 (m, 2H), 5.75-5.64 (m, 1H), 4.94 (d, 1H, J = 10.2 Hz),
4.44 (bs, 1H), 2.95 (dd, 2H, J = 6.6, 13.2 Hz), 2.43 (s, 3H), 2.09-1.99 (m, 2H), 1.62-1.50 (m,
2H).

9.2 General procedure for the gold-catalyzed amino-arylation of alkenes

Complex 1 (10 mol%)
| AgSbFg (1.1 eq.) D

K3sPOy4 (1 eq.) Ts
/\/\/NHTS N 3 4 _ N
D DCE
MeO

OMe overnight, 35°C

In a glovebox, a dry Schlenk equipped with a magnetic stirrer bar was charged with silver
hexafluoroantimonate (150 mg, 0.44 mmol) and potassium phosphate tribasic (85 mg, 0.40
mmol) in DCE (0.4 mL). Complex 1 (26 mg, 0.04 mmol) was transferred into a small glass vial
and dissolved in DCE (0.6 mL). 4-iodoanisole (0.40 mmol, 1 eq.) and functionalized deuterated
alkene (0.40 mmol, 1 eq.) were added to the gold complex solution. This solution was loaded
into a plastic syringe equipped with stainless steel needle. The syringe was closed by blocking
the needle with a septum. Outside the glovebox, the prepared solution was added to the
Schlenk under agitation. The reaction mixture was then stirred at 35°C. Silver salt was filtrated
and the product was purified by column chromatography (pentane/ethyl acetate:9/1).

N o Compound I1lj was obtained in 73% yield (dr 4:1). 'H NMR (400 MHz,
DMSO-de): & 7.77-7.72 (m, 2H), 7.46-7.40 (m, 2H), 7.18-7.13 (m, 2H),
6.89-6.84 (m, 2H), 3.72 (s, 3H), 3.68-3.61 (m, 1H), 3.27-3.21 (m, 1H),
3.10-3.02 (m, 1H), 2.65 (d, Jun = 9.6 Hz, 1H), 2.39 (s, 3H), 1.66-1.46 (m,

OMe  2H), 1.38-1.22 (m, 2H).
-Ir\-ls RH Compound Illk was obtained in 78% yield (dr 4:1). *H NMR (400 MHz,

DMSO-de): 8 7.77-7.72 (m, 2H), 7.45-7.40 (m, 2H), 7.18-7.12 (m, 2H),

6.89-6.84 (m, 2H), 3.72 (s, 3H), 3.68-3.61 (m, 1H), 3.29-3.20 (m, 1H),

3.10-3.02 (m, 1H), 2.96 (d, Ju = 3.6 Hz, 1H), 2.39 (s, 3H), 1.65-1.45 (m,
OMe  2H), 1.38-1.21 (m, 2H).
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VIl. Computational details

All optimizations were performed using the Gaussian 16 package® and the B3PW91
hybrid functional® on the real systems. All stationary points involved were fully optimized in gas
phase. The gold atom was described with the relativistic electron core potential SDD and
associated basis set, augmented by a set of f-orbital polarization functions.” The 6-31G** basis
set was employed for all other atoms. Frequency calculations were undertaken to confirm the
nature of the stationary points, yielding one imaginary frequency for transition states (TS),
corresponding to the expected process, and all of them positive for minima. The connectivity
of the transition states and their adjacent minima was confirmed by intrinsic reaction coordinate
(IRC) calculations.?

To have a better accuracy on the Gibbs free energies, the energy profiles were
computed at SMD(DCM)-B3PW91-D3(BJ)/SDD+f(Au), 6-31+G**(other atoms)//
B3PW91/SDD+f(Au), 6-31G** (other atoms) level of theory. Dispersion effects have been
included with D3 correction of Grimme with Becke-Johnson damping (DFT-D3(BJ))° and
solvent effects were considered (Dichloromethane : DCM) by means of the universal Solvation
Model based on solute electron Density (SMD).°

The geometrical structures were plotted with the Chemcraft 1.8 program. For the key
unoccupied molecular orbital (LUMO) of the 1T-complexes, the atomic orbital compositions of
each MO (%) have been computed thanks to Multiwfn 3.6 package.*?

The atomic charge distribution in terms of NPA charges has been computed by using
NBO analysis®®* (NBO, 5.9 version).**

5 Gaussian 16, Revision B.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani,
V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci,
H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng,
A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J.
E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi, J.
Normand, K. Raghavachari, A. P. Rendell, J. C. Burant, S. S. lyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo, R.
Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. Foresman, and D. J. Fox, Gaussian, Inc., Wallingford CT,
2016.

6 (a) A. D. Becke J. Chem. Phys. 1993, 98, 5648-5652. (b) J. P. Perdew, in Electronic Structure of Solids ‘91, Ed. P. Ziesche and
H. Eschrig, Akademie Verlag, Berlin, 1991, 11.

7 A. W. Ehlers, M. Biihme, S. Dapprich, A. Gobbi, A. Hijllwarth, V. Jonas, K. F. Kiihler, R. Stegmann, A. Veldkamp, G. Frenking,
Chem. Phys. Letters, 1993, 208, 111.

8 (a) K. Fukui, Acc. Chem. Res., 1981, 14, 363.(b) H. P. Hratchian, H. B. Schlegel, in Theory and Applications of Computational
Chemistry: The First 40 Years, Ed. C. E. Dykstra, G. Frenking, K. S. Kim, G. Scuseria, Elsevier, Amsterdam, 2005, 195.

9 (a) S. Grimme, J. Antony, S. Ehrlich, H. Krieg, Journal of Chemical Physics, 2010, 132, 154104. (b) S. Grimme, S. Ehrlich, L.
Goerigk, J. Comp. Chem., 2011, 32, 1456.

10 Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. B 2009, 113, 6378.

11 Chemcraft - graphical software for visualization of quantum chemistry computations. https://www.chemcraftprog.com

12 Tian Lu, Feiwu Chen, J. Comput. Chem., 2012, 33, 580.

13 3) E. Reed; L. A. Curtiss; F. Weinhold, Chem. Rev. 1988, 88, 899; b) J. P. Foster; F. Weinhold, J.Am. Chem. Soc. 1980, 102,
7211; c) A. E. Reed; F. Weinhold, J. Chem. Phys. 1985, 83, 1736.

14 E. D. Glendening, J, K. Badenhoop, A. E. Reed, J. E. Carpenter, J. A. Bohmann, C. M. Morales, F. Weinhold, Theoretical
Chemistry Institute, University of Wisconsin, Madison, 2001.
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Figure SII-2: Geometrical features of the intermediate associated to the 5-exo (Intons) and 6-endo (Intong) cyclization for the

reaction between complex 2 and the 3 alkenols. Main distances in A.
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Figure SlI-4: Energy profiles (AG in kcal/mol) for the reductive elimination from Intons and Intons computed at SMD(DCM)-
B3PW91-D3(BJ)/SDD+f(Au), 6-31+G**(other atoms)// B3PW91/SDD+f(Au), 6-31G** (other atoms) level of theory. Formation
of 5-exo (black) and 6-endo (blue) products. K3PO, comes in after the reductive elimination step.
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Figure SlI-10: Plot of the LUMO (cutoff :0.04) for the mcomplexes 4v;, 4ve and 4v¢’ associated to the 6-endo and 5-exo
cyclizations for the oxy-vinylation of Z/E-alkenol substrates. Participation of each atom (in %) for the main atoms.
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l. Hydrogen bonding

According to IUPAC definition, “the hydrogen bond is an attractive interaction between a
hydrogen atom from a molecule or a molecular fragment D-H in which D is more
electronegative than H, and an atom A or a group of atoms in the same or a different molecule,
in which there is evidence of bond formation”. It is part of the 3-center-4-electron (3c-4e)
bonding, the three centers being the D, H and A atoms and the four electrons the two from the
D-H bond and the two from the lone pair of A atom. It can be depicted as D-H---A, where the
three dots symbolize the interaction. The DHA angle is usually close to linearity (180°) and the
length of the D-H bond usually increases on hydrogen bond formation leading to a red shift in
the infrared D-H stretching frequency. Moreover, characteristic NMR signature is the
pronounced deshielding for H. Depending on the nature of D and A, the energy of a hydrogen
bond lies in the range 2 to 15 kcal/mol.[4

Hydrogen bonds are ubiquitous and play a major role in chemistry. Indeed, without
hydrogen bonding, the boiling point of water would be -100°C, showing their influence on
physical properties. Moreover, on the structural aspect, hydrogen bonds are responsible for
the helix organization of DNA, one of the major factors for its stability. The classical hydrogen
bond acceptors are nitrogen, oxygen, halogen, sulfur and phosphorus, but since several

decades, transition metals have also been recognized as such.>
1. Hydrogen bonding with transition metals

One of the first examples, in which platinum was supposed to act as an hydrogen bond
acceptor was described in 1987 by Koetzle and Orpen.® The neutron diffraction analysis of
crystals of cis-platin derivatives IlI-A showed a large NHPt bond angle (167.1(9)°) and a close
intermolecular H---Pt distance (2.262(11) A), typical for 3c-4e interactions (Figure 1lI-1, left).
NMR data for the amine protons of IlI-A could not be obtained, so they turned their attention
to a similar compound IlI-B for which the X-ray structure showed close Pt:-H contact too
(2.318(22) A). *H NMR study in CDCls indicated a downfield shift of the resonance assigned
to the interacting hydrogen (& 11.0 ppm), with respect to the free ligand (&6 9.0 ppm),
characteristic of participation in hydrogen bonding (Figure I1l-1, middle).®

The same tendency has been observed by van Koeten’s group for different platinum
complexes of type IlI-C (Figure 1lI-1, right). *H NMR data of the proton involved in Pt---H-N
interaction range from & 16.0 to 11.5 ppm and non negligible *Jew coupling constants (from 66
to 180 Hz) argue in favor of an attractive interaction. Furthermore, a red shift by 600 cm™
compared to the free ligand is observed for the vny vibration showing the weakening of the N-
H bond.["
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Figure Ill-1: Structure of complexes involving platinum as hydrogen bond acceptor.

Since the 1990s, M---H-X interactions have been unambiguously authenticated both
intra- and intermolecularly with various hydrogen bond donor moieties (ammoniums, amides,
water...) and have been extended to other electron-rich transition metals (Os, Ru, Co...).=
These interactions have been characterized by NMR analysis (downfield shift of H involved
and coupling constant with metals) as well as IR spectroscopy (important red shift). Complexes
showing such interaction can be seen as intermediates in proton transfer to form hydridic

structure as studied by Brammer with cobalt complexes (Figure I11-2).[!
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CO4q-Co-CO 109.5° 106.3(1)° 99.7(3)°

Figure IlI-2: Postulated pathway for the protonation of Co(CO)4 involving complex with Co---H-N interaction as intermediate.
Pertinent geometric data

Surprisingly, the case of gold as a proton acceptor remains an open question. Firstly,
gold is the most electronegative among all metals making it a candidate of choice to accept
hydrogen bond. Secondly, the possibility for gold to act as Lewis base has been already
demonstrated. Indeed, the synthesis of gold complexes deriving from (P,B) and (P,Al) ligands
allows the characterization of Au — Al/B interactions. The presence of the Au — Lewis acid
interactions has been unambiguously evidenced by analytical data (XRD, NMR) and

computational means (NBO): the Lewis acid moiety coordinates as a o-acceptor Z-type ligand,

116



Chap 3: Hydrogen bonding to gold:
first evidence, bonding analysis & exploration of structural variations

with Au acting as Lewis base (Scheme I11-1).°1Y Nevertheless, despite intense experimental

and theoretical research in the last decades, gold as a proton acceptor is still a matter of

debate.
tBu\
BR Ph Al-Bu
b =\

>/ Mes—/ —Au—R'
)\ Mes
R = Cy,, Flu R' = C4F5, CCPh

Scheme Ill-1: Gold complexes deriving from ambiphilic (P,B) and (P,Al) ligands showing Au — Lewis acid interaction.

2. Hydrogen bonding in gold chemistry

The story of gold as proton acceptor goes back to the beginning of 2005 with the work
of Kryachko reporting computational evidence of the propensity of a triangular gold cluster to
behave as a proton acceptor with O-H or N-H group.?*¥ One year later, Jansen prepared and
characterized by X-ray diffraction an ammonia complex of the auride ion Au". The presence of
Au---H-N hydrogen bonding was inferred based on the relatively short Au---H distance and wide
AuHN bond angle (2.58(1) A and 158(1)°) agreeing well with the previous calculations.* Since
then a number of Au(l) and Au(lll) complexes have been reported to display relatively short
Au---H distances in the solid state (2.3-3.0 A).*S) However, as emphasized by Schmidbaur et
al., the observed Au---H contacts are likely to result from other factors than hydrogen bonding,
such as electrostatic interactions, crystal packing, conformational restrictions... and their

attractive nature has not yet been substantiated.*5-"

Recent theoretical studies combining geometry optimizations and bonding analyses
have examined and supported the possible existence of Au---H-X hydrogen bonding in Au(l)
molecular complexes, stimulating and providing guidelines for forthcoming experimental
studies. Esterhuysen et al. investigated extensively the interaction between the Au(l) atom of
dimethylaurate [Me-Au-Me]" (DMA) and different neutral H-bond donors (HF, HCN, H-0,
HCCH, NHs, CH,).[®81% All of the optimized geometries of DMA with the H-bond donors show
close Au---H contacts (2.22-2.92 A) and almost linear Au---H-X skeletons (151.3-179.2°). To
confirm the formation of hydrogen bonds, Atom-in-Molecules (AIM) analyses have been
performed. The observation of Atomic Interaction Lines (AIL) connecting the Au and H atoms
accompanying by a Bond Critical Point (BCP) attests the interaction between the two atoms

and the properties of the BCP (density, Laplacian and total local energy) are characteristic of
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attractive hydrogen bonding. The BCP must verify the following conditions: for the electron
density 0.01 < pauwn < 0.04 e.bohr? and for the Laplacian of p 0.04 < V2paus < 0.12 e.bohr>.[29
Except with methane, all the other adducts with H-bond donors present BCP between Au and
H atoms and fulfill the criteria defined for hydrogen bonds (paw = 0.013-0.028 e.bohr? and
V2paun = 0.037-0.051 e.bohr®). To complete, they performed Non-Covalent Interaction (NCI)
analysis, an alternative method also derived from the electron density?-2% and visualize the
NCI plot. The sign of A2 (second eigenvalue of the electron density Hessian matrix) can be
utilized to distinguish bonding (A2 < 0) and non-bonding (A2 > 0) interactions. All DMA and
hydrogen bond donor adducts show an attractive interaction (Figure IlI-3), as evidence by the
negative value of sign (A2)p. They also calculated the influence of relativistic effects on the
DMA/HF adducts. When they are omitted, the H-bond disappears. This is coherent with the
increase of electronegativity and destabilization of the 5d orbitals induced by relativistic effects.
With them, the energy of the HOMO of gold being increased, the energy separation between

the occupied da, and vacant o*r is reduced and so the Au---H-F interaction is favored.?42%)

N &
(a) E A () A
4®| (b) ’il,_\ &4 T
- 7 ©C
. - H L\ .
. / ‘\ )& & l Vo i
(6) N .
@ S H (e) e (H) i;—
"‘ A { & @ % » S
;A‘ b ' ',m \ o i t %

Figure IlI-3: Two-dimensional contour plots of Ppp(eas) with the NCI plot included of DMA/H-donors adducts with °HF, PHCN,
¢HCCH, 9H,0, eNHs and fCH,4 calculated at the MP2/aug-cc-pVTZ-pp level of theory. Red and yellow indicates a negative
sign(Az)*p value (attractive interactions), green indicates a sign(A;)*p value of zero and blue shows the regions that have a
positive sign(Az)*p value (repulsive interactions).[9]

Berger and Monkowius computationally investigated Au---H-N bonding on the gold(l)
complex IlI-D. Their design has three advantages: 1) due to the torsional degree of freedom
of the phenyl pyridine moiety, no geometry constraints are imposed, 2) the gold bears a high
negative partial charge thanks to the electron donating nature of the ligand, and 3) the complex
should be easily synthesized.??s! A geometry optimization of 1lI-D showed two minima: lll-Da
with the N-H bond pointing toward gold and IlI-Db by rotation of the C-C bond of the

phenylpyridine, 7.5 kcal/mol higher in energy (Figure I11-4). From a structural point of view, the
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N-H bond is elongated in lll-Da compared to I11-Db (1.043 A vs 1.030 A) and the Au---H distance
of 2.060 A is below the sum of the van der Waals radii®” (Table lI-1).

Au--H-N interaction C-C rotation
. .
‘, .
« < @
[ « (™ ' ("
H, >—@ G‘, &
¢ © N © ® @ Q
. o @ » ¢-¢
@ - ¢-@ (™
(% N @
ﬁ () “H G
\i-D lli-Da llI-Db
0.0 p 2]

Figure Ill-4: Chemdraw structure and optimized geometries of the different forms of the complex IlI-D at the SCS-MP2/ECP
level of theory. Relative energies (AE) in kcal/mol.

[ll-Da [1I-Db

N-H 1.043 1.030
Au---H 2.060 /
NHAu 141.4 /

one (€m™) 3006.4 3581.6

Avny with [ppyH]* -560.4 -14.8

Table llI-1: Key geometric features (distances in A, angles in °) and spectroscopic data (IR) for the two conformers IlI-D.

To confirm the presence of the hydrogen bonding, they compare the spectroscopic
properties. In lll-Da the calculated stretching frequency vy is 3006.4 cm®, which is red-shifted
by more than 500 cm™ relative to the one of phenylpryridinium cation [ppyH]* or of IlI-Db (Table
I1I-1). This shows the weakening of the N-H bond and confirmed the attractive nature of the
Au---H interaction. Finally, they studied the influence of relativistic effects: without them, the
gold hydrogen bonding, if existing, is much less important. The relativistic effects of gold play
a major role in its ability to engage in H-bonding.

On the experimental part, Konishi’'s group reported in 2017 a diphosphine-ligated Aue
clusters with short Au--H contacts and large AuHC bond angles (2.60-2.66 A and 162.0-
171.0°, X-ray data with the H atoms located at calculated positions, Figure 111-5). Moreover,
the corresponding *H and *C NMR signals of the atoms involved are observed at really low
field (& 11.57 ppm and 143.3 ppm compared to 7.20 ppm and 137-129 ppm). Therefore, they
postulated that the interaction between the Au and the H atoms should have hydrogen-bond
character.?® Nevertheless, identifying the precise location of H atoms in close proximity of a
heavy element as gold by XRD is intrinsically challenging!?® and it is well known that close
proximity of hydrogen with transition metals compounds may influence the *H NMR shifts. 031

To determine whether this close contact was indeed an interaction or it resulted from geometric
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factor, L. Estévez performed some DFT calculations. After geometry optimization fitting well

with the X-Ray data, she turned her attention to AIM analysis that revealed BCPs between Au

and H with pass and V2pau in typical range for hydrogen bonding. Moreover, NBO analysis

showed some donor-acceptor stabilizing interaction from gold to *cx. By changing, the phenyl

substituent on phosphorus by methyl or hydrogen, she showed that the main geometrical

features and AIM data remained similar. She concluded that the close contact is a hydrogen
bonding to gold that might be facilitated by chelation but not enforced by geometry.?

Figure IlI-5: X-ray crystal structure of the hexagold clusters bearing m-phenylene (left) or trimethylene (right) diphosphine
ligands.

This overview of experimental and computational results about gold involved in
hydrogen bonding as proton acceptor shows that it is theoretically plausible to observe such a
hydrogen bonding but so far, there is no experimental compelling evidence.!*5826.28 |ndeed,
none of the described structures satisfied all of the following conditions to conventional
hydrogen bond A---H-D:
® there exists clear evidence that this bond specifically involves a hydrogen atom
bonded or bridged to A predominantly along the bond direction D-H;

(ii) the A-H bond elongates relative to that in the unbonded moiety;

(iir) the hydrogen bond separation d(H---A) defined as the distance between the
bridging proton and the proton acceptor A is shorter than the sum of van der
Waals radii of H and A,

(iv) the stretching vibrational mode vpy undergoes a red shift with respect to that in

the isolated D-H group;

(v) Proton nuclear magnetic resonance (*H NMR) chemical shifts in the D-H---A

hydrogen bond is shifted downfield compared to the free D-H moiety.
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One challenge that must be overcome to establish and authenticate hydrogen bonding in
gold complexes is that the inherently weak Au---H-X interaction must be favored over other
competitive bonding situations such as intermolecular Au---Au aurophilic interactions!®3! and/or
hydrogen bonding of the H-X moiety with electron-rich sites surrounding the metal (ligand,
solvent...).B* The following chapter will provide experimental evidence for Au---H-X interaction
that satisfied all the common features (i)-(v) for conventional hydrogen bond and the presence
of such interaction and the nature of the bonding will be analyzed by DFT/NBO, AIM and NCI

calculations.

Il. Evidence for hydrogen bonding in MeDalPhos gold(l)

complex
1. Synthesis and characterization of the cationic MeDalPhos gold

complex

Due to the hemilabile character of its ligand and the basic nature of the nitrogen center,
the MeDalPhos gold complex 1 was chosen as a first candidate to form and authenticate
hydrogen bonding to gold(l). Addition of 1 equivalent of trifluoromethane sulfonic acid (HOTY)
to the MeDalPhos gold complex 1 immediately leads to a new complex 3 according to 3P NMR
spectroscopy (Scheme 111-2). 'H NMR unambiguously indicates protonation of the nitrogen
atom: a broad N-H signal appears at 6 10.9 ppm while the N(CHs). signal is shifted to low field
by about 1 ppm and resonates as a doublet with a 3Jun coupling constant of 5.0 Hz.

Of note, complex 3 can also be prepared by protonating the (P,N) ligand prior to
coordination to gold. Upon addition of HOTf, the phosphorus atom, not the nitrogen, is
protonated, and the P-H phosphonium salt 5 is obtained. Diagnostic NMR features are the low-
field shift of the 3P NMR signal (& 17.5 ppm), the large *Jpy coupling constant (485.3 Hz) and
the absence of low-field shift of the N(CHs). *H NMR signal. The structure has been confirmed
by growing crystals in a dichloromethane/pentane solution at -30°C and analyzing them by X-
ray diffraction (for detailed crystallographic data, see Sl p.157). Despite the protonation of
phosphorus, compound 5 reacts rapidly with AuCI(SMe>) to give complex 3. The proton shifts
from phosphorus to nitrogen and the phosphorus atom coordinates to gold, displacing the
SMe; ligand.
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Scheme ll1-2: Synthesis (two routes) of the (P,NH+) gold(l) complex derived from MeDalPhos.

DFT calculations confirm that protonation of the phosphorus atom of 5 is slightly more
favored thermodynamically (AGph—nu = 1.6 kcal/mol) than that of the nitrogen atom. The
activation barrier for the proton shift from phosphorus to nitrogen is fairly accessible at room
temperature (AG”pu—nn = 7.7 kcal/mol) (Figure I11-6) allowing coordination of phosphorus to

gold.
~ ‘
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e ¢ 61
.
)
N
| / * Q% NJ-05
N, 2.50 ¢ » Q@ H
® H @ 2,22
7 - \\\ / l
Ad/,ll\d1'40 -7 TSushitt \\\\ Ad Ag
P 7.7 T~.__ 5-NH
5-PH .- (7.5)
1.6
(8-8) (1.9)

Figure Ill-6: Optimized geometries of the different forms of the protonated ligand 5 at the SMD(DCM)-B3PW91/6-31G** level
of theory, without taking into account the TfO- counteranion. Protonation of P (5-PH) or N (5-NH), and associated transition
state for the proton transfer. Distances in A and relative energies in kcal/mol (AG values and AE values into brackets).

Crystals of 3 were grown from a dichloromethane/pentane solution at -30°C and analyzed
by X-ray diffraction (Figure IlI-7). The H atom at N was located in the difference Fourier map

and refined freely. There is no interaction between the acidic proton at N and the TfO"
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counteranion (shortest distance > 4.4 A), compound 3 adopts a separated ion-pair structure.
The N-H bond points towards Au and the N-H---Au skeleton is close to linear (165(2)°). The
Au---H distance (2.24(3) A) is well within the sum of van der Waals radii (2.86 A)?" and falls in
the very low range of those previously reported.*® As pointed out previously, short N-H---Au
contacts are not indicative of attractive interactions and the associated metrical parameters

should be considered with caution.?9

Figure IlI-7: X-ray structure of the (P,NH*) gold(l) complex 3 derived from MeDalPhos. Thermal ellipsoids are drawn at 50%
probability, hydrogen atoms, except that on nitrogen, are omitted for clarity. Selected bond lengths (A) and bond angles (°):
P-Au 2.270(1), Au-Cl 2.283(1), Au---H 2.24(3), PAuCl 176.98(2), NHAu 165(2).

Multi-nuclear NMR confirms the general connectivity and according to 2D *H-'H NOESY
experiments, complex 3 adopts in solution the same conformation than in the solid state (the
adamantyl groups at P and the methyl groups at N show correlations with the adjacent H atoms
of the ortho-phenylene spacer, circle spots on Figure I11-8). The very high *H NMR chemical
shift of the N-H proton (3 10.9 ppm) is typical of H-bonding.?33% Spin-spin coupling has also
been inferred as a characteristic of H-bonding M---H-X interactions, although such couplings
have been measured only very rarely. The 'Jxu coupling in complex 3 was determined
precisely at natural **N abundance via a *H-"®*N HSQC experiment using homonuclear band
selective (HOBS) detection scheme (Sl p.154 for details). The obtained value (69.7 Hz) is very
close to that reported by Pregosin and van Koeten for Pt(ll) complexes featuring an
intramolecularly hydrogen-bonded NMe;H* moiety (IlI-C described in Figure 111-1).["¢

As seen for platinum complexes and assessed theoretically, infrared spectroscopy is a
useful analytical tool to probe hydrogen-bonding interactions. No characteristic band was
detected for the N-H stretch of 3. Considering it may be masked by the C-H stretches, the
deuterium-labeled complex 3-D was prepared using DOTf. A N-D band appeared at 2124 cm-
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Yin the IR spectrum, corresponding to a N-H stretch at about 3000 cm™. This is 500 cm™ lower
than typical wavenumbers for free N-H (ammonium) oscillators. This shift confirms the
presence of Au---H-N bonding in solution and provides direct spectroscopic evidence for such

H-bonding.
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Figure I1I-8: NOESY 1H-1H NMR spectrum of 3 in CD,Cl, (mixing time = 1s). Positive and negative levels are plotted in red and
blue, respectively.

To probe the chemical influence of the Au---H-N interaction in complex 3, the possibility of
proton transfer was then examined. Mixing the neutral gold(l) complex 1 with its protonated
form 3 in solution give two well-resolved 3P NMR signals at room temperature (Figure I11-9),
indicating slow, if any, proton transfer and chemical exchange between 1 and 3 at the NMR
timescale.

Cross-peaks in 3'P/21P EXSY experiments indicate that there is some chemical exchange,
but it is slow at the NMR time-scale, no coalescence and even no broadening of the NMR
signals being observed upon heating at 45°C (Figure 111-9 & Figure [1I-10). The gold complex
3 behaves very differently from the corresponding anilinium salt PhNMe>H,OTf for which proton
exchange between the base and acid forms is fast by NMR at room temperature and even at
low temperature (down to -70°C, a unique set of 'H NMR signals is observed for the two

species).
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Figure 111-9: 31P NMR spectra of a 2:1 mixture of 1 and 3 in CD,Cl, at 25°C (blue) and 45°C (red).
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Figure I11-10: EXSY 31P-31p NMR spectrum of a 1:1 mixture of 1 and 3 in CD,Cl, at 25°C (mixing time = 50 ms).
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2. Computational studies on the cationic MeDalPhos gold complex

A comprehensive theoretical study was performed to analyze the bonding situation in
the gold complex 3. The main objective of these quantum chemical calculations was to
establish unambiguously the presence of an attractive N-H---Au interaction and to precise its

nature.

First, optimization of the structure of complex 3 with different functionals have been
carried out to determine the most suitable one (Sl p.161). B3PW91 functional has been chosen
over other hybrid (PBEO or B3LYP), GGA (BP86) or meta GGA (TPSS) functionals since the
theoretical value for N-H stretching fits best with experimental one. For weak interactions,
dispersion effects are generally non-negligible. The influence of dispersion (B3PW91-D3(BJ))
has been studied and showed almost no difference in the Au--H and N-H distances or
stretching, so it was not taken into account for ease of calculations. Finally, the
B3PW91/SDD+f(Au),6-31G**(other atoms) level of theory was used and solvent effects
(CH.Cl,) were taken into account by means of the universal continuum solvation model, based
on density, SMD (see Sl for computational details).

2.1 Geometry optimization and spectroscopic data

Calculations were first carried out on the naked cation since the X-ray structure showed
that complex 3 adopts an ion-pair structure. Several minima 3a-d’ were located on the Potential
Energy Surface (PES) (Figure 11l-11 & Table I1I-2).

3a 3b 3c 3d 3d’
P-Au 2.303 | 2.304 | 2.305 | 2.295 | 2.428
Au-ClI 2.338 | 2.344 | 2.339 | 2.382 | 2.321
N-H 1.046 1.024 1.025 / /
Au---H 2.134 / / 1.544 | 1.582
PAuCI 178.5 176.5 178.1 176.5 101.5
NHAu 174.2 / / / /
unk (cm?t) 3032.3 | 3457.3 | 3445.9 / /
Avnn with HNMePht | -443.3 -18.3 -29.7 / /
uno (cm?t) 2089.4 | 2544.5 | 2489.2 / /
O 'H NMR (NH, ppm) | 11.94 5.64 6.31 / /

Table I1-2: Key geometric features (distances in A, angles in °) and spectroscopic data (IR and NMR) for the five conformers
3a-d’.
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Figure Ill-11: Energy minima located on the potential energy surface of complex 3, without OTf counteranion. Relative energies
in kcal/mol (AG values, with AE values into brackets).

The ground state structure 3a parallels that observed by X-ray diffraction, with the N-H
bond pointing towards Au. Two other minima 3b and 3c correspond to conformers associated
with rotations around the Cpn-N and Cpn-P bonds. Two other local minima are the square-
planar gold(lll) hydrides 3d and 3d’ resulting from oxidative addition of the N-H bond to gold
(H cis or trans to P). In 3a, the H atom at N enters the coordination sphere of gold (Au---H =
2.134 A) with a quasi-linear N-H:--Au arrangement (174.2°), in line with that expected for
hydrogen bonding. Comparison of the metrical data shows that the N-H bond is noticeably
elongated upon interaction with gold (1.046 A in 3a vs 1.024-1.025 A in 3b-c). The conformers
3b and 3c are located 11 to 12 kcal/mol higher in energy than 3a, suggesting some stabilization
of 3a thanks to N-H---Au interaction. However, the energy difference between the forms with
or without interaction may overestimate the strength of the Au---H-N interaction. Indeed, other
parameters like the steric hindrance of the methyl groups near the gold center (3b) or the
adamantyl groups near the NH bond (3c), can increase the energies of other isomers upon
rotation. The gold(lll) hydrides 3d and 3d’ are even higher in energy, about 21 and 42 kcal/mol

respectively above 3a.
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Inclusion of TfO" in the calculations induces only small changes in the optimized
geometries, indicating that the counteranion has little influence (Figure 11I-12 & Table IlI-3).
The difference in energy between conformers is reduced compared to calculations without
counteranion due to the involvement of a stabilizing N-H---O hydrogen bonding with OTT.
Moreover, a new conformer 3a’_OTf with similar geometry as 3a_OTf but including hydrogen
bonding with the counteranion and not the gold has been found. Anyway, the ground state is
still the form with the Au---H-N interaction, also showing that the hydrogen bonding to gold is

preferred over the interaction with the counteranion.
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Figure Ill-12: Optimized geometries of the different forms of the cationic complex 3, taking into account the TfO- counteranion.
Relative energies in kcal/mol (AG values, with AE values into brackets).

3a_ OTf | 3b_OTf | 3c_OTf | 3a’_OTf
P-Au 2.301 2.303 2.325 2.294
Au-Cl 2.343 2.344 2.344 2.347
N-H 1.043 1.056 1.034 1.038
Au--H 2.161 / / 2.658
H-Ors 2.288 1.670 2.008 2.018
PAUCI 177.3 175.2 178.1 171.4
NHAu 172.8 / / 127.9

Table IlI-3: Key geometric features (distances in A, angles in °) for the four conformers 3a-c_OTf and 3a’_OTf.

The *H NMR chemical shifts and IR stretching frequencies computed for the three gold(l)
conformers 3a-c corroborate the experimental assignment and confirm the presence of a N-
H---Au hydrogen bond interaction in 3a (Table 11I-2). Upon interaction with gold, the *H NMR
resonance signal for the N-H moiety is predicted to shift from & 5.6-6.3 ppm for 3b,c to 6 11.9
ppm for 3a, in good agreement with the signal observed at d 10.9 ppm experimentally. The N-
H stretches computed for 3b and 3c are very similar to that of the anilinium PhNMe;H* (~ 3500
cm), while that of 3a is about 500 cm red-shifted, indicating substantial weakening of the N-

H bond upon interaction with gold.?%37 For completeness, the N-D stretch for the deuterium-
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labeled 3a-D was also computed (2089 cm™). The obtained value matches quite well with that

determined experimentally (2124 cm™?).

To assess the impact of relativistic effects, known to profoundly influence the properties
of gold,!1819.24-2638 gptimizations were performed with ADF on 3a at the COSMO(DCM)-
BP86/TZ2P level of theory with and without ZORA effect, and compared with Gaussian 09
calculations at B3PW91 or BP86/SDD+f(Au),6-31G**(other atoms) level (Table IlI-4).

Gaussian ADF
B3PW912 BP862 BP86P ZORA ZORA
(relativistic scalar)-BP86° | (spin orbit)-BP86¢

P-Au 2.303 2.307 2.529 2.297 2.294
Au-ClI 2.338 2.348 2.461 2.317 2.314
N-H 1.046 1.065 1.049 1.063 1.060
Au---H 2.134 2.101 2.277 2.078 2.099
PAuCI 178.5 178.4 176.5 178.5 178.3
NHAu 174.2 178.8 174.2 174.9 175.8

Table IlI-4: Investigations of the relativistic effects on the geometry of complex 3 in its form 3a, with Au---H-N contact.
Distances in A and bond angles in °. °Gaussian 09, optimization in solvent with SMD model (DCM) using SDD+f(Au)/6- 31G**
basis set, PADF 2017, optimization in solvent using COSMO (DCM) model with TZ2P basis set without taking into account
relativistic effects, CADF 2017 optimization in solvent using COSMO (DCM) model with TZ2P basis set and by taking into account
relativistic effects using ZORA with scalar correction, ADF 2017 optimization in solvent using COSMO (DCM) model with TZ2P
basis set and by taking into account relativistic effects using ZORA with spin-orbit coupling.

The geometrical structures computed for 3a using Gaussian 09 program with the two
functionals, B3PW91 and BP86, are very similar. These structures are also similar close to
that obtained upon optimization using the ADF program with BP86 functional taking into
account zero-order regular approximation (ZORA). When relativistic effects were not taken into
account for the geometry optimization (calculations carried out without ZORA) the N-H bond
departs from Au and strengthens, reflecting their importance in the structure of 3a. In turn, this
shows that the N-H---Au interaction is assisted by chelation but not imposed geometrically in

3a.

2.2 Bonding Analysis

The bonding situation in 3a was then analyzed using various methods. Natural Bond
Orbital (NBO) analysis (Table 11I-5) substantiates the weakening of the N-H bond upon
interaction with gold. The Wiberg Bond Index (WBI) of the N-H bond decreases from 0.71-0.73
in 3b,c to 0.61 in 3a, while the WBI for the Au---H interaction in 3a is small but non-negligible
(0.124). In the meantime, the computed Natural Population Analysis (NPA) charges show

some charge transfer from the metal fragment to the ammonium moiety: the charge for the
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PAuCI fragment increases from 0.65-0.71 in 3b,c to 0.76 in 3a, while the charge for the NMe,H
fragment decreases from 0.66-0.68 in 3b,c to 0.61 in 3a. This charge transfer is also apparent
from the electrostatic potential (ESP) maps. Side views of 3a and 3b are displayed in Figure
111-13, left. The ammonium moiety is located in a positive (blue) area in both cases, but when
H-bonded to gold, its charge is reduced and the surface is lighter.

3a 3b 3c 3a_OTf 6a
AE(2) (kcal/mol) 12.8 / / 12.3 8.9
NLMO 95.9% Au | 97.7% Au | 97.6% Au | 96.6% Au | 97.1% Au
dau 0.7% N 0.6% N 0.4% N
2.5%H 2.0% H 1.5% H
pop (dau) 1.92 1.95 1.95 1.93 1.94
pop (0*nH) 0.12 0.02 0.03 0.10 0.09
WBI (Au---H) 0.12 / / 0.10 0.08
WBI (N-H) 0.61 0.73 0.71 0.65 0.64
NPA charges
ONR2H 0.605 0.656 0.675 0.595 1.274
gprAuci 0.765 0.713 0.651 0.754 0.720

Table 1lI-5: NBO analyses for complexes 3 and 6. Stabilizing energy AE(2) and percentage of main atoms in the NLMO
accounting for the da, — 0*yy donor-acceptor interaction. Populations of the occupied da, and vacant o*yy NBO orbitals
involved in the Au---H-N interaction. Wiberg Bond indexes (WBI) between Au and H, N and H. NPA charges of the NR,;H and
PAuCl fragments (qx).

Besides this electrostatic component, the NBO analysis revealed some orbital
contribution to the N-H---Au interaction. A weak donor-acceptor interaction (delocalization
energy AE(2) = 12.8 kcal/mol) between an occupied da, orbital and the o*ww orbital was found
at the second-order perturbation theory (Figure I11-13, right). This picture is consistent with a

3c-4e interaction, as inferred for H-bonded complexes and as opposed to the 3c-2e interaction

\/

involved in agostic complexes.?3
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Figure IlI-13: Left: Electrostatic potential maps for 3a and 3b plotted over the range 0.1 (red) to 0.3 au (blue). The isosurfaces
are drawn at 0.002 e.au3. Right: Superposition of the donor and acceptor NBO orbitals (cutoff = 0.08) involved in the N-H---Au
interaction. Participation of each atom in percent in the associated NLMO.
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AIM analysis was then performed. The electron density at the N-H BCP is smaller for

3a than for the two conformers 3b,c (p = 0.319 vs 0.343 e.bohr?), in line with the bond

weakening delineated by IR and NBO. In addition, the ground state structure shows a BCP

between the Au and H atoms with paus = 0.039 e.bohr? and V?paun = 0.068 e.bohr® (Figure Ill-

14, left for the Laplacian of the electron density map). The paux value is in the upper limit of the
range defined for hydrogen bonding interaction.!?’!

Aw-H
(1) 0.039 e bohr™

<\ @N Q
‘ BCP (N-H)
""—1./ M () 0.32 ebohr

V p(r)—1.68 =.bohr °
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Vip(r) 007 e boka™

Figure 11l-14: Left: Contour plot of the Laplacian distribution V2p(rc) for 3a with relevant bond paths and bond critical points
(green spheres). Hydrogen atoms have been omitted for clarity except that on the nitrogen atom. Right: NCI plot for 3a.
Gradient isosurface (s = 0.5 au) colored according to a BGR scheme over the range of -0.05 < sign (42)p < 0.05 au). Blue
indicates strong attraction, green indicates very weak interaction, and red indicates strong repulsion.

This picture is corroborated by the NCI plot (Figure 111-14, right). The negative value of
A2 between Au and H is indicative of attractive non-covalent interaction and consistent with N-

H---Au hydrogen bonding.?%

This detailed analysis thus provides compelling evidence for the presence of N-H---Au
hydrogen bonding in 3a. The computational methods and obtained results complete each other

and are all consistent with a 3c-4e attractive interaction.

lll.  Not a unique case: other examples of gold hydrogen
bonding

To complete the study and generalize the bonding situation to other gold complexes, an
analogue of 3 was studied. The cationic MorDalPhos gold complex 6, with a morpholine
instead of dimethylamine group, was prepared and characterized by multi-nuclear NMR
spectroscopy. The proton at N resonates at low field in *H NMR (5 11.4 ppm). Exchange of the
TfO- counteranion for the tetraarylborate BAr", enabled the growth of crystals suitable for X-

ray diffraction analysis. As apparent from the X-ray structure (Figure IlI-15), complex 6 adopts
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the same conformation as 3. The N-H bond points towards Au (with a quasi-linear N-H---Au
arrangement, 174(6)°) and the H---Au distance is quite short (2.27(2) A).

Figure IlI-15: X-ray structure of the (P,NH*) gold(l) complex 6 derived from MorDalPhos. Thermal ellipsoids are drawn at 50%
probability, counteranion BArf, and hydrogen atoms, except that on nitrogen, are omitted for clarity. Selected bond lengths
(A) and bond angles (°): P-Au 2.272(2), Au-Cl 2.287(2), Au--H 2.28(5), PAuCl 177.88(8), NHAu 174(6).

DFT calculations (Figure 11I-16 & Table 111-6) support further the analogy between 3 and 6.
The ground state structure of the MorDalPhos complex 6 is that observed experimentally. Its
geometric and spectroscopic features are very similar to those of 3.

Bonding analysis indicates the presence of Au---H-N hydrogen bonding, whose magnitude
is slightly weaker than for the MeDalPhos complex 3 according to NBO and AIM analyses (see
for comparison the numerical values of the WBI, NPA charges, second-order NBO

delocalization energies, electron density at BCPs, Table 1lI-5).
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Figure IlI-16: Optimized geometries of the different forms of the cationic complex 6, without taking into account the
counteranion. Relative energies in kcal/mol (AG values, with AE values into brackets).
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6a 6b 6c
P-Au 2.298 | 2.302 | 2.308
Au-Cl 2.338 | 2.343 | 2.339
N-H 1.045 | 1.028 | 1.026
Au---H 2.218 / /
PAuUCI 175.1 | 1725 | 178.2
NHAu 170.1 / /
unn (cm™) 3078.4 | 3406.4 | 3489.9
Avnp? -365.3 | -37.4 46.1
O 'H NMR (NH, ppm) | 11.23 5.04 5.81

Table I1I-6: Key geometric features (distances in A, angles in °) and spectroscopic data (IR and NMR) computed for the three
conformers 6a-c. °difference with HNmorpholine*

Not only the amino group but also the co-ligand can be modified, as substantiated later on
by Bochmann’s group.“? They prepared the dicationic complex 3_W featuring two hydrides
bridging W and Au (Scheme 111-3).
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Scheme IlI-3: Chemdraw structure of (P,NH*) complex 3_W.

X-ray data showed that the (P,N) ligand adopts the same conformation as in 3 and on the
'H NMR spectrum a downfield shift signal at 3 12.4 ppm was observed. On the DFT-optimized
structure a short Au---H distance (2.114 A) can be observed and the attractive nature of the
interaction was confirmed by AIM and NBO analyses (delocalization energy for the donor-
acceptor interaction day — 0*nw, AE(2) = 13.4 kcal/mol).

Simultaneous to our characterization of the (P,NH*) gold(I) complexes, Straka et al.
reported evidence for very similar Au---H-N hydrogen bonding in cationic gold(l) complex IlI-E
featuring an NHC ligand.”! The complex IlI-E was characterized in the gas phase by helium-
tagging infrared photodissociation (IRPD) spectroscopy. A red-field shift of about 500 cm™ was
observed both for the N-H and N-D vibrational bands demonstrating experimentally the
presence of Au---H-N hydrogen bonding. All isolation and/or characterization attempts in

condensed phase led to decomposition of the gold(l)-carbene species.
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Their DFT calculations (Figure 111-17 & Table I1I-7) support further the attractive nature of
this hydrogen bond. The ground state structure of the complex lll-Ea shows Au---H-N
interaction with short Au---H contact (2.165 A), a large AuHN bond angle (169.0°) and an
elongated N-H bond (1.045 vs 1.018 A). Another conformer Ill-Eb with rotation around the
Cch2-N bond was found 11.0 kcal/mol higher in energy. Bonding analysis shows das — G*nn
donor-acceptor interaction with a delocalization energy of 13.0 kcal/mol as well as a BCP
between the gold and the hydrogen atom (pauw = 0.033 e.bohr? and a positive Laplacian of
0.08 e.bohr®). These data confirm the presence of an attractive Au---H-N hydrogen bonding.
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Figure Ill-17: Optimized geometries of the different forms of the cationic complex IlI-E at the PBEO-D3/def2-TZVPP level of theory,
without taking into account the counteranion. Relative energy (AE) in kcal/mol.

lI-Ea | 11I-Eb

C-Au 1.988 | 1.989
Au-Cl 2.273 | 2.271

N-H 1.045 | 1.018
Au--H 2.165 | |/
CAuCI 169.0 | 173.4
NHAU 159.2 |/

5 'H NMR (NH, ppm) | 10.6 | 5.8
AE(2)? (kcal/mol) | 13.0 | /

Table lll-7: Key geometric features (distances in A, angles in °) and spectroscopic data (NMR) computed for the two conformers
of llI-E. Stabilizing energy AE(2) for the da, — o*ny donor-acceptor interaction.

Another gold(l) complex susceptible to display Au---H hydrogen bonding was identified from
recent literature and we analyzed it computationally. Complex llI-F was characterized by NMR
and considered, but ruled out, as intermediate in the formation of a pincer Au(lll) hydride
complex.’? According to the optimized geometries (Figure 111-18, left), the H atom at N enters
the coordination sphere of Au, with computed H--Au distance of 2.216 A. NBO and AIM
analyses do support the presence of some H-type bonding (delocalization energy of 3.8
kcal/mol and BCP between the gold and the hydrogen atom with pass = 0.034 e.bohr®and a
positive Laplacian of 0.112 e.bohr?®), albeit substantially weaker than those observed in the

(P,NH") gold complexes derived from the Me/MorDalPhos ligands.
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Figure IlI-18: ChemDraw structure and contour plot of the Laplacian distribution V?p(rc) of the gold(l) complexes IlI-F.

Previous examples are dealing with RsNH* donor groups, which enhance the protic
character of the hydrogen. Recently, Gabbai and co-workers studied H-bonds to gold with a
neutral OH group.® They synthesized two gold(l) complexes with NHC ligands bearing either
a carbinol or a silanol moiety (Figure 111-19). X-ray data showed structures with the hydroxyl
group pointing toward gold (hydrogen atoms involved were refined isotropically). The downfield
shift resonance of the hydroxyl group in *H NMR as well as the red-field shift observed in IR
spectroscopy confirmed the presence of hydrogen bonds.

Also typical features of H-bonding were observed in the optimized structures: the ground
state is the one where O-H is pointing toward gold, there is short Au---H contact (2.293 A for
carbinol and 2.494 A for silanol) and elongated O-H bonds compared to other isomers without
interaction (0.974 A and 0.969 A vs 0.965 A and 0.961 A for carbinol and silanol respectively).
AIM analyses exhibit BCP between Au and H for each structure with p = 0.026 e.bohr for
carbinol or 0.017 e.bohr?for silanol, in the range expected for hydrogen bonding interaction.
NBO analyses show multiple das — 0*on interactions with a total energy of 10.6 kcal/mol for
carbinol and 5.0 kcal/mol for silanol. DFT calculations have been performed as the same level
of theory as our compounds, suggesting that these O-H---Au interactions are weaker than the

N*-H---Au interactions.
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Figure 11I-19: Optimized structures of carbinol and silanol gold(l) complexes described by Gabbai’s group.
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X-H---Au used to be considered as elusive and their existence was a matter of debate.****
Within less than five years, the situation has changed completely. As described in this part,
strong, convincing and consistent evidences for the existence of several X-H---Au interactions

have been obtained.

IV. Possible variants: In silico study and first experimental clue

In view of the growing interest in the structure presenting hydrogen bonding to gold, we
performed a computational study aiming at investigating the influence of different parameters
(Scheme IlI-4). Do they favor the establishment of hydrogen bonding to gold? How much do
they stabilize this interaction? This in silico study intended to provide guidelines for further

experimental work.
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Scheme llI-4: Targeted complexes presenting hydrogen bonding to gold.
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This work was initiated by Dr. E.Daiann Sosa Carrizo from the team of Dr. Karinne Miqueu.
| then took it over and studied the different models discussed below. All calculations were
performed using the Gaussian 09 package at the B3PW91/SDD+f(Au),6-31G**(other atoms)
level of theory. Solvent effects (CH2Cl,) were taken into account by means of the universal
continuum solvation SMD model. For each model, the following analyses have been

performed: optimization of geometry, NBO and AIM analyses, calculations vxy Stretching mode
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and NMR chemical shift. The reference for relative energies is always the isomer displaying
Au---H- N interaction. To simplify the discussion and since elongation of the X-H bond, NMR
and IR data are similar for the isomers with rotation around the X-C or P-C bond, only one

isomer will be mentioned.

First, the nature of the donor of H bond was investigated. The same ligand has been
kept (the phosphorus bears two adamantyl and one phenyl groups) and hydroxyl (7),
sulfonamide (8) and phosphonium (9) have been tested as donors (Figure 111-20 & Table 111-8).
This way the existence and strength of the bond will only depend on the nature of the H-bond
donor.

The alcohol complex 7 presents all the features of a hydrogen bonding to gold:
elongation of the OH bond (0.013 A), large OHAu bond angle (167.7°), red shift of the OH
frequency (309 cm), downfield shift in NMR (Ad = 3.98 ppm) and a BCP between Au and H
atoms with paun = 0.033 e.bohr2and V2paus = 0.067 e.bohr?®in the range for such interaction.
The rotation around the CO bond do not suffer steric hindrance, so the difference of energy
(AG = 2.3 kcal/mol) between the two conformers may provide a measure for the strength of
the hydrogen bonding. This value is relatively similar to the one found by Gabbai and co-
workers (AG = 3.2 kcal/mol).

The sulfonamide complex 8 also presents a short Au---H contact. The elongation is only
0.008 A, but this value is in the same range than that obtained by Gabbai and co-workers in
the silanol complex observed experimentally. Other parameters (red shift of the vny bond by
215 cm?, downfield shift in NMR and BCP with pass = 0.029 e.bohr?) are in favor of the
attractive hydrogen bonding interaction. Here, the energy difference between the ground state
and the isomer with rotation around the CN bond is important (31.9 kcal/mol) showing that it
does not always give an accurate estimation of the strength for the hydrogen bonding.

The same statement can be made for the phosphonium complex 9. Despite a small
PHAu bond angle (138.7°), all the other parameters go in favor of the hydrogen bonding.

Whatever the donor moiety, it seems possible to observe hydrogen bonding to gold.
The strength of the hydrogen bonding follows the polarity of the X-H bond. The stronger one
seems to be formed with ammonium moiety (complex 3) following by the alcohol complex 7.

The smallest ones are observed with sulfonamide and phosphonium.

137



Chap 3: Hydrogen bonding to gold:
first evidence, bonding analysis & exploration of structural variations
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Figure I1I-20: Optimized geometries of the different forms of the cationic complex 7, 8 and 9. Relative energies in kcal/mol (AG
values, with AE values into brackets).

Alcohol Sulfonamide Phosphonium
7a b 8a 8b 9a 9
Au---H (A) 2.181 / 2.255 / 2.233 /

X-H (A) 0.982 0.969 1.029 1.021 1.409 1.398
XHAu (°) 167.7 / 157.05 / 138.7 /

vxx (cm™) 3475.5 3784.0 3310.7 3525.4 2431.3 2589.8

O 'H NMR (NH, ppm) 8.63 4.65 10.04 5.73 12.34 5.71

AE(2) (kcal/mol) 8.7 / 5.4 / 5.6 /
paur (e.bohr?) 0.033 / 0.029 / 0.034 /

Table I11-8: Key geometric features, spectroscopic (NMR and IR), NBO and AIM data for complexes 7, 8 and 9. Stabilizing energy
AE(2) and percentage of main atoms in the NLMO accounting for the da, — 0*xy donor-acceptor interaction.

To assess the strength of the bond, the complex bearing the NMeH* (10) instead of

the NMe,H* (3) was considered. The two hydrogens can be involved in the bonding with gold
and the energy of exchange between the 2 hydrogens may give an estimation for the strength
of the bond (Scheme l1I-5). Moreover, the *H NMR signals of the two protons differing, a kinetic
measurement may allow to determine experimentally the barrier of rotation and so the energy

of the hydrogen bonding.""
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10a 10'a

Scheme llI-5: Reaction of exchange of the proton involved in the Au---H-N interaction.

DFT calculations proved that the ground state (10a/10a’) is the geometry where only
one H is in interaction with gold. The data are similar to complex 3 (Table I1I-9): elongation of
the N-H bond of 0.019 A, donor-acceptor interaction with delocalization energy AE(2) = 12.8
kcal/mol between an occupied day orbital and the o*ww orbital and a BCP between Au and H
with paus = 0.038 e.bohr? and V?paun = 0.066 e.bohr®. Another isomer with the 2 H directed
toward gold (10b) has been localized on the PES but the Au---H distances (> 2.6 A) are too
long and the NHAuU bond angles (< 110°) far from 180° to consider a hydrogen bonding. The
latest is 3.5 kcal/mol higher in energy than the ground state. A transition state has been found
between 10a/10’a and 10b, associated to the exchange of proton involved in the Au---H-N
interaction, with an activation barrier of 4.0 kcal/mol (Figure 1ll1-21). This barrier, which allows
us to estimate more accurately the energy of the hydrogen bonding (3.5-4.0 kcal/mol), is

probably too weak to be determined by NMR experiments.

10a 10b
N-H in interaction | Free N-H
Au---H (A) 2.151 / 2.651/2.626
X-H (R) 1.045 1.026 1.029/1.029
NHAu (°) 166.3 / 107.3/109.0
unk (cm?t) 3062.0 3472.7 3427.5/3389.8
0 *H NMR (XH, ppm) 12.21 4.98 7.30/7.15
AE(2) (kcal/mol) 12.8 / /
NLMO % Au 96.0 / /
% N 0.7 /
% H 2.4 /
paun (e.bohr3) 0.038 / /
V2paun (€.boNr?) 0.066 / /

Table I1I-9: Key geometric features, spectroscopic (IR and NMR), NBO and AIM data for complexes 10. Stabilizing energy AE(2)

and percentage of main atoms in the NLMO accounting for the da, — 0*yy donor-acceptor interaction.
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Chap 3: Hydrogen bonding to gold:

first evidence, bonding analysis & exploration of structural variations

@ He d(Hg-Au) = 2.515 A
d(Hp-Au) = 2.850 A

@
o */».Hb

Figure 111-21: Optimized geometries of the different forms of the cationic complex 10. Exchange of proton involved in the

Au---H-N interaction. Relative Gibbs energies (AG) in kcal/mol.

Then, the influence of the substituents on the phosphorus was investigated. Recently,

the di-tert-butyl-substituted aminophosphine (P,N) gold complex has been proven to efficiently

undergo oxidative addition of aryl iodides and was used in S-cysteine arylation.[“¢4”] Behaving

as the MeDalPhos gold complex, we wondered if it was the same regarding hydrogen bonding

(Figure 111-22 & Table 111-10).
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Figure 1lI-22: Optimized geometries of the different forms of the cationic complex 11. Relative energies in kcal/mol (AG values,

with AE values into brackets).
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1lla 11b
Au--H (A) 2.142 /
X-H (A) 1.045 1.025
NHAu (°) 172.7 /
UNH (cm'l) 3036.6 3463.5
O H NMR (NH, ppm) 11.72 5.65
AE(2) (kcal/mol) 11.4 /
NLMO % Au 96.0 /
% N 0.6
% H 2.3
NPA charges  (nrzn 0.617 0.667
Qpauc 0.722 0.673
Pawn (€.bohr3) 0.039 /
V2paur (€.b0Nr®) 0.068 /

Table I1I-10: Key geometric features, spectroscopic (IR and NMR), NBO and AIM data for complexes 11 and its isomer (rotation
around the C-N bond). Stabilizing energy AE(2) and percentage of main atoms in the NLMO accounting for the da, — 0*wu

donor-acceptor interaction.

There are no noticeable changes compared to MeDalPhos ligand: the elongation of the
N-H bond, the vnn vibration and the *H NMR signal are almost identical. The Au---H distance
being longer for tert-butyl (2.142 A) than for adamantyl (2.134 A), the rotation barrier around
the C-N bond is smaller (9.4 kcal/mol vs 11.9 kcal/mol) and the orbital contribution in the Au---H
interaction is less important (AE(2) = 11.4 kcal/mol vs 12.8 kcal/mol), but the charge transfer
from the metal fragment to the ammonium moiety is similar. The existence of the Au---H-N
interaction is also confirmed by the presence of a BCP between Au and H atoms with similar

value as the MeDalPhos gold complex.

Next, the phenyl spacer was exchanged by a Naphthyl one (12). The Au---H-N
interaction will induce the formation of a 7 membered cycle instead of 6 in the MeDalPhos gold
complex. Three different minima were found on the PES (Figure I1I-23 & Table 111-11).

Au--H-N interaction N-C rotation P-C rotation
. . e ®
g © N o © He o ® (%
o % o ¢ o B o _®
¢ ¢ "H 5‘ eN @
% ) e ’ ”
© ® @ (=) ¢ o H =
Pee C &6 « L4 "‘ '™ &
& ~ i
[ G. @ ’ o @ &
i |
oy < ¢ <
- o & ¢ @
12a 12b 12c
0.0 171 12.0
(0.0) (16.6) (12.7)

Figure I11-23 : Optimized geometry of the different forms of the cationic complex 12. Relative energies in kcal/mol (AG values,
with AE values into brackets).

141



Chap 3: Hydrogen bonding to gold:

first evidence, bonding analysis & exploration of structural variations

12a 12b 12c
Au--H (A) 2.149 / /
N-H (A) 1.041 1.024 1.024
NHAu (°) 153.5 / /
unk (cm?) 3066.1 | 3467.9 3481.3
O H NMR (NH, ppm) | 11.92 5.88 7.61
AE(2) (kcal/mol) 10.5 / /
NLMO %AuU 96.2 / /
%N 0.6
%H 2.0
paun (e.bohr?) 0.041 / /

Table I1l-11: Key geometric features, spectroscopic (IR, NMR), NBO and AIM data for complexes 12. Stabilizing energy AE(2)
and percentage of main atoms in the NLMO accounting for the Au---H-N interaction.

Again, the most stable isomer is the one involving N-H---Au interaction (12a). The Au---H
distance is very close to that obtained with NMe>H" substituent and o-phenylene linker (2.149
A vs 2.134 A), but the NHAu bond angle is smaller (153.5° vs 174.2° in 3), likely because of
geometric constraints. In line with the Au---H distance, the stabilizing interaction (AE(2))
computed at the second order perturbation theory level is slightly weaker than that computed
for MeDalPhos (10.5 kcal/mol vs 12.5 kcal/mol).

To compare the influence of the ligand, a NHC complex (13) was examined. It bears
exactly the same donor moiety as the MeDalPhos (NMezH), the ring size is kept (6-membered
ring) but with only C or N that are smaller atoms than P. One main difference is the rigidity of
the framework that reduced the degree of freedom (only the N-C rotation is possible, Figure
[11-24).
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Figure IlI-24: Optimized geometries of the different forms of the cationic complex 13. Relative energies in kcal/mol (AG values,

with AE values into brackets).
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13a 13b
AG isomers (kcal/mol) 8.4
Au--H (A) 2.177 /
N-H (A) 1.045 1.025
NHAu (°) 162.1 /
unk (cm™?) 3021.8 3451.6
O 'H NMR (NH, ppm) 12.47 5.89
AE(2) (kcal/mol) 12.6 /
NLMO % Au 95.6 /
% N 0.7 /
% H 2.8 /
NPA charges qnmezn 0.652 0.678
paun (€.bohr3) 0.036 /
V2paun (€.bohr®) 0.064 /

Table IlI-12: Key geometric features, spectroscopic (IR and NMR), NBO and AIM data for complexes 14. Stabilizing energy AE(2)
and percentage of main atoms in the NLMO accounting for the Au---H-N interaction.

Once again, the ground state is the one with N-H pointing toward gold with all data
being in favor of a hydrogen bonding interaction (Table I1I-12). Despite a slightly longer Au---H
distance and smaller NHAu bond angle in 13 (2.177 A and 162.1°) compared to 3 (2.143 A
and 174.2°), the elongation of the N-H bond is similar (0.020 A) and so the shift observed in
infra-red is analogous (430 cm™), meaning that the strength of the hydrogen bonding for both
complexes should be identical. The other conformer (rotation around the CN bond) is 8.4
kcal/mol higher in energy. This difference in energy is smaller than the one observed for
complex 3 in line with the increase distance between Au and N.

The orbital contributions to the N-H---Au interaction are almost the same for the two
complexes 13 and 3 (AE(2) = 12.6-12.8 kcal/mol and NLMOs display 95.6-95.9%Au, 0.7%N
and 2.8-2.5%H) whereas the electrostatic participation is weaker for the NHC complex. When
looking at the difference of NPA charges at the NMe;H moiety, from the isomer with interaction
to the isomer without one, a decrease of charge can be observed for both complexes but with
a smaller impact for 13 (NPA charge transfer in 13: 0.026 whereas it is 0.051 for 3).

Some experimental work went to orient the in silico study. Having in hand the 8-
(diphenylphosphino)quinoline, a protonation test was performed. Addition of 1 equivalent of
HOTf to this gold complex immediately led to a new complex 14 according to 3P NMR
spectroscopy and *H NMR (a broad signal appears at & 11.5 ppm confirming the presence of
NH). Crystals of 14 were grown from a dichloromethane/pentane solution at -30°C and
analyzed by X-ray diffraction (Figure 111-25, left). The H atom at N was located in the difference
Fourier map and refined freely. The N-H bond is directed toward the TfO" counteranion: the
NHO bond angle is large (160(5)°) and the O---H distance (2.14(5) A) is well within the sum of

van der Waals radii.[?"
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To circumvent this issue an exchange of the TfO counteranion for the BArY, was done

and new crystals of 14 BAr", were grown from a toluene/pentane solution at -30°C and
analyzed by X-ray diffraction (Figure 111-25, right). Once again, no N-H interaction toward gold
is observed, instead an intermolecular interaction between an N-H from one complex and the
ClI of another complex was formed (and vice versa). Contrary to the gas phase, interferences
of the environment (other molecules, counteranion...) cannot be neglected in the condensed
phase. Chlorine at gold was exchanged by a methyl substituent that prevents intermolecular
hydrogen bonding. The new gold complex was treated with H(Et,O)BAr"s (and not HOTH, to
avoid hydrogen bonding with the counteranion), but the desired product was not obtained. The
Au-CH3z bond was protonated, as apparent from the characteristic singlet associated with CH.
in *H NMR (even at low temperature). Cleavage of the Au-CHz bond instead of nitrogen
protonation is surprising since Au-Cs,® bonds were shown to be quite reluctant to
protonolysis.[*® The experiment should be tested with a less acidic compound, the difficulty

being to find one with an inert counteranion toward hydrogen bonding.

Figure I1I-25: X-ray structures of the (P,NH+) gold(l) complex 14 derived from 8-(Diphenylphosphino)quinoline with OTf (left)
and BArf, (right) as counte anion. Thermal ellipsoids are drawn at 50% probability, hydrogen atoms, except that on nitrogen,

and Barf, counteranion are omitted for clarity.

After these experimental observations, we wondered if the DFT calculations, despite
the treatment of isolated species and the absence of counteranion, also suggest the absence
of hydrogen bonding to gold. Even if a minimum was found with N-H---Au interaction, it is not
the ground state. Indeed, by rotation around the P-C bond (PAUCC : 48.9°), another isomer
without interaction can be identified and it is lower in energy by 2.0 kcal/mol (Figure 111-26 &
Table 111-13).

144



Chap 3: Hydrogen bonding to gold:
first evidence, bonding analysis & exploration of structural variations

Au--H-N interaction P-C rotation
© . C
ok | ()
Q o @,
e ) . vV eo
e [ @ &
¢ ;ér Qe O @-° i
7 L™
&

14 14a 14b
0.0 50
(0.0) (-1.4)

Figure lI-26: Chemdraw structure and optimized geometries of the different forms of the cationic complex 14. Relative
energies in kcal/mol (AG values, with AE values into brackets).

1l4a 14b
Au---H (A) 2.288 2.592
X-H (A) 1.030 1.022
NHAu (°) 160.5 138.8
AUuPCC (°) 0.0 48.9
one (cm?) 3300.9 | 3461.7
AE(2) (kcal/mol) 5.8 /
NLMO % Au 96.7 /
% N 0.4
% H 1.3
paun (e.bohr3) 0.029 /

Table 1lI-13: Key geometric features, spectroscopic (IR) and NBO data for complexes 14. Stabilizing energy AE(2) and
percentage of main atoms in the NLMO accounting for the Au---H-N interaction.

The conformational control induced by the steric hindrance of adamantyl or tert-butyl
group preorganized the ligand, notably the orientation of the N-H bond toward gold. At this
point, we can wonder to which extent this conformational control favors hydrogen bonding to
gold. To assess this point, the 2-(diphenylphosphino)-N,N-dimethyl-gold chloride complex was
studied computationally. Despite the careful inspection of the PES, no minimum with a short
Au---H distance (= 2.1-2.2 A) and AuPCC dihedral angle near to 0° was found. This suggests
that the absence of conformational control induced a weakening of the strength of the hydrogen
bonding interaction compared to other complexes. The ground state (15a) presents an AUPCC
dihedral angle of 44.4° similar to the angle found for the isomer 14b and an Au---H distance of
2.431 A, distance longer than those previously computed (Figure 111-27 & Table 111-14). Another
minimum was found by rotation of the N-C bond (15b), 9.5 kcal/mol higher in energy than 15a.
In 15a, an elongation of the N-H bond is observed compared to the isomer 15b associated
with the rotation around the N-C bond (0.01 A), as well as a red-field shift of the vy vibration
(205 cm™) and a downfield shift on *'H NMR (3.87 ppm), but these variations are reduced

compared to previous complexes. Also, a small donor-acceptor interaction (AE(2) = 4.5
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kcal/mol) and a BCP between Au and H are detected but with values in the lower limit of the

range defined from hydrogen bonding interaction (paw = 0.024 e.bohr? and V2paus = 0.048
e.bohr®).
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Figure 1lI-27: Chemdraw structure and optimized geometries of the different forms of the cationic complex 15. Relative
energies in kcal/mol (AG values, with AE values into brackets).

15a 15b
Au--H (A) 2.431 /
X-H (A) 1.035 | 1.025
NHAu (°) 153.7 /
AuPCC (%) 44.4 45.4
onk (cm™) 3257.3 | 3462.3
5 H NMR (NH, ppm) | 9.47 5.60
AE(2) (kcal/mol) 4.5 /
NLMO %Au | 96.4 /
% N 0.5
% H 1.6
Paur (€.bohr3) 0.024 /
V2paun (€.b0Nr?) 0.048 /

Table IlI-14: Key geometric features, spectroscopic (IR and NMR) and NBO data for complexes 15. Stabilizing energy AE(2) and
percentage of main atoms in the NLMO accounting for the Au---H-N interaction.

The conformational control seems to significantly influence the hydrogen bonding to
gold. Preventing P-C rotation, the Au---H-N interaction is stronger and there is no competition
with intermolecular hydrogen bonding to co-ligand.

To favor the pyridinium-gold interaction, adamantyl substituents can be used instead of
phenyl, but we faced problem in the synthesis of the corresponding ligand and thus, we turned
our attention to a rigid NHC ligand. The gold complex, containing an NHC ligand bearing a
pyridine derivative, synthesized by Monkowius and co-workers“’ seems to be a good
candidate. The ligand being rigid, no rotation is possible. We optimized the structure of the

protonated complex and showed that it has characteristics of hydrogen bonding: elongation of
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the N-H bond of 0.010 A compared to the free ligand, red-field shift for vns (Avnk = 235 cm™),
a non-negligible donor-acceptor interaction (AE(2) = 9.0 kcal/mol) and a BCP between Au and
H atoms with pauss and V2paun values in the typical range for hydrogen bonding. The geometric
constraints induced by the rigidity of the ligand decrease the NHAu bond angle for 16
compared to the NHC gold complex 13 (148.1 vs 162.1° respectively) and might be responsible

for the weaker NH bond interaction observed for 16.
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Figure I11-28: Chemdraw structure and optimized geometries of the complex 16 and its free ligand.

16 Ligand
Au---H 2.269 /
N-H 1.034 1.024
NHAu 148.1 /
une (cm™) 3240.9 3475.5
& 'H NMR (NH, ppm) 15.89 12.76
AE(2) (kcal/mol) 9.0 /
NLMO % Au 96.5 /
% N 0.6
% H 1.9
Paun (€.bohr?) 0.029 /
V2paun (€.bohr®) 0.059 /

Table 1lI-15: Key geometric features, spectroscopic (IR and NMR) and NBO data for complex 16 and free ligand. Stabilizing
energy AE(2) and percentage of main atoms in the NLMO accounting for the Au---H-N interaction.
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V. Conclusions and outlook

Thanks to the MeDalPhos ligand, the complex 3 featuring a close contact between the
gold(l) center and the proximal NH* ammonium moiety has been prepared. The N-H---Au
interaction verifies all the common features for hydrogen bond: (i) the XRD shows that the N-
H bond is pointing towards Au, (ii) the N-H bond is elongated compared to isomer without
interaction, (iii) the Au---H bond is smaller than the sum of van der Waals radii, (iv) the vnn
undergoes a red-field shift and (v) *H NMR chemical signal is shifted downfield.

Thorough DFT analyses of the Au---H-N interaction have provided compelling evidence for
3-center-4-electron attractive interaction with gold acting as a proton acceptor. The hydrogen
bond results from the electrostatic and the donor-acceptor orbital interactions. Similar
situations have been authenticated in other gold(l) complexes, demonstrating that 3 is not a
unique case.?450

Several new models have been analyzed computationally and the most promising one will
be synthesized to answer the following questions: what is the influence of the donor moiety
(with complex 7, 8 and 9)? What is the impact of the ligand (NHC complex 13 will be directly
compared to complex 3)? Does gold can engage in hydrogen bonding with pyridinium (complex
16)? The in silico study has shown that a conformational control is needed to favor the weak
hydrogen bonding to gold over other competitive bonding situations.

Having substantiated the existence of hydrogen bonding in gold(l) complexes, the same
guestion can be raised for gold(lll) complexes. Gold(l1l) complexes usually adopt square planar
geometry, allowing a hydrogen bond to approach perpendicular to the plane. The HOMO is
the d.?, ideally orientated for the formation of Au---H-X interactions. Nonetheless, gold(lll) being
less electron rich that gold(l), the interaction should be weaker.

Thanks to the use of chelating bis-carbanionic biphenylyl ligand, Bochmann’s group
synthesized two gold complexes IlI-G and llI-H (Scheme 111-6) containing a pyridinium moiety
and an aurate(lll). In the X-ray structure of 1ll-G, the N-H bond points away from the gold center
ruling out any possible hydrogen bonding. For llI-H, a short Au---H contact can be observed,
but no evidence for hydrogen bonding to gold(lll) was reported. DFT calculations, based on
the WBI, concluded that if hydrogen bonds exist in gold(lll) complexes, there are considerably
weaker than those involving gold(l) center.%

Menjén’s group prepared organogold(lll) compounds (CF3)sAu(hqg) Ill-1 (Scheme 111-6).52
Despite many attempts, X-ray data showed only the solvates IlI-1.OEt; or llI-1.OH, complexes
with the OH interacting with the O of the solvent. Geometry optimization at the DFT/M06 level
of theory were performed and the ground state was found to be the isomer with the OH group

pointing away from the gold center (despite the absence of water or ether). Moreover, the
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rotamer with the OH pointing toward gold is not a minimum and is located 4.5 kcal/mol higher
in energy than the ground state. In this case, the Au---H-O interaction is repulsive. By analysis
of the electronic structure, they shown that the d,? orbital is considerably lowered in energy.
Thus, this molecular orbital is no more suited for axial interaction with a protic hydrogen limiting

the role of Au(lll) as a hydrogen bond acceptor.
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Scheme llI-6 : Chemdraw structure of gold(lll) complexes IlI-G, 1lI-H and IlI-1 described in literature.

As for gold, several close Ag--H contact has been described,*#53%4 but no compelling

evidence for hydrogen bonding involving silver as acceptor has been given. Silver has isotopes

active in NMR, which give a new probe to assess the existence of the hydrogen bonding.

Straka performed DFT calculations substituted the gold atom by silver in their NHC

complex IlI-E. Instead of the Ag---H-N interaction, they observed the Cl---H-N bond.Y

When exchanging gold by silver in the MeDalPhos complex, the DFT optimization gave

the structure involving Ag---H-N interaction as a ground state (Figure [1I-29 & Table 111-16).

Whereas the interaction seems weaker (smaller NH elongation, smaller NMR downfield shift

and smaller IR red-shift, Table I1I-16), it could be possible to observe it.

3 Ag a|3Aghb
Au---H (A) 2.234 /
X-H (R) 1.037 1.025
NHAuU (°) 178.3 /
unk (cm™?) 3205.3 | 3459.8
5 'H NMR (NH, ppm) | 10.20 5.57
AE(2) (kcal/mol) 5.7 /
NLMO % Ag 97.5
% N 0.4
% H 1.3
paur (€.bohr?3) 0.027 /

Table IlI-16: Key geometric features, spectroscopic (IR and NMR) and NBO data for complexes 3_Ag. Stabilizing energy AE(2)
and percentage of main atoms in the NLMO accounting for the Au---H-N interaction.
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Figure 11I-29 : Chemdraw structure and optimized geometry of 3_Ag.

So, the MeDalPhosAgCl complex 1_Ag was synthesized by mixing MeDalPhos ligand with
one equivalent of AgCl. The *P NMR spectrum showed two doublets at & 39.4 (Jage = 601.8,
695.1 Hz) characteristic of silver compounds. The protonation of 1_Ag with HOTf at room
temperature led to the protonation of the phosphorus and release of the AgCI salt according
to 3P NMR and the formation of a precipitate. This was not observed with gold since the bond
dissociation energy of P-Au is stronger than the P-Ag one. When the reaction was performed
at -80°C, two new doublets can be observed at & 25.3 ppm (Jage = 525.0, 609.1 Hz) but
overtime (even keeping at low temperature) the phosphonium is formed (Figure I11-30). The
reaction was performed in non-deuterated solvent (due to the use of a solution of HOTf in
DCM), so no *H NMR has been registered. Despite many attempts, only small amount of the
new product was obtained (maximum: 31%). The product 3_Ag was too unstable to be fully

characterized and to analyze in detail (Ag NMR and IR) the Ag---H-N interaction.
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Figure 111-30:31P NMR spectrum of the reaction between 1_Ag and HOTY.
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Due to the weakness of the Ag-P bond, we turned our attention toward NHC ligand.
According to DFT calculations, the N-H:--Ag interaction may also be observable for the NHC
complex 14_Ag (Table 111-17). This complex will be synthesized too, and the presence of the

hydrogen bonding to silver will be investigated.

14_Ag
Au--H (A) 2.248
wh e
: o g
unk (cm?t) 32131 ¢ & “

O H NMR (NH, ppm) 10.75 [ \0 & i
AE(2) (kcal/mol) 6.5 ¢ ¢
NLMO %Ag | 972 .

% N 0.5
% H 1.7
paun (€.bohr?) 0.026

Table IlI-17: Optimized geometry and key geometric features, spectroscopic (IR and NMR), NBO and AIM data for silver
complex 14_Ag. Stabilizing energy AE(2) and percentage of main atoms in the NLMO accounting for the Ag---H-N

interaction.
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VI.  Experimental procedures and analytical data
1. Synthesis of the cationic gold MeDalPhos complex 3

3 5
- 2 6 \N/@ o
N U
HOTf H OTf
P—Au—Cl P—Au—Cl
Method A

1 3
T AuCISMe,
4
3 5
| \ /
N 2576ON
HOTf ® O
P P—H OTf
Method B
5

Method A (gold first): In a glovebox, a dried Schlenk was charged with complex 1 (30 mg,
0.046 mmol) in dichloromethane (1 mL). Outside the glovebox, the Schlenk was cooled to
-80°C (Acetone/N. cold bath) and 0.17 mL dichloromethane solution of trifluoromethane
sulfonic acid (0.28 M, 0.046 mmol) was added dropwise. The Schlenk was allowed to warm to
room temperature and the reaction mixture was stirred for 1 hour. The product was precipitated
by addition of pentane (5 mL). The gold complex 3 was obtained as a white powder (31 mg,
85%) after filtration and drying under vacuum. Crystals suitable for XRD analysis were obtained
from a dichloromethane/pentane solution at -30°C.

31p{1H} NMR (162 MHz, CD.Cl.):  45.6 (s). *H NMR (500 MHz, CD.Cl,):  10.88 (bs, 1H, NH),
8.43-8.36 (m, 1H, Hs), 8.06-8.00 (pseudo t, 1H, Ha4), 7.93-7.87 (pseudo t, 1H, H,), 7.83-7.77
(pseudo t, 1H, Ha), 3.48 (d, Jun = 5.0 Hz, 6H, N(CH3)2), 2.33-2.05 (m, 18H, Had), 1.74 (s, 12H,
Had). *C NMR (126 MHz, CD,Cl,): & 146.6 (d, 2Jcp = 3.5 Hz, Cs), 136.4 (d, “Jcp = 1.8 Hz, C4),
136.2 (d, ZJCP =14 HZ, Cz), 131.0 (d, 3Jcp =6.5 HZ, Cg), 124.8 (d, 3Jcp =3.9 HZ, Cs), 115.2 (d,
Jep = 36.9 Hz, C,), 48.6 (s, N(CHa)2), 45.3 (d, Jcp = 21.0 Hz, Cqaa), 42.9 (S, CHazad), 36.1 (d,
2Jcp = 1.6 Hz, CHaad), 29.1 (d, 3Jcp = 10.2 Hz, CHag). **F{*H} NMR (282 MHz, CD,Cl,): d - 78.99
(s)- **N NMR (51 MHz, CD,Cl,): 8 49.1 (d, Jen= 7.1 Hz, Jun= 69.5 Hz). MALDI: calculated for
[M*] = CzsHaiNCIPAU™: 654.2331. Found: 654.2506. Elemental Analysis: calculated for
C29H41NCIF303AUPS: C 43.32, H 5.14, N 1.74. Found: C 43.56, H 4.92, N 1.72. Mp: 208°C
(decomposition)
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Method B (proton first): In a glovebox, a dried Schlenk was charged with MeDalPhos (80 mg,
0.19 mmol) in dichloromethane (4 mL). Outside the glovebox, the Schlenk was cooled to -80°C
(Acetone/N, cold bath) and 0.7 mL of dichloromethane solution of trifluoromethane sulfonic
acid (0.28 M, 0.19 mmol) was added dropwise. The Schlenk was allowed to warm to room
temperature and the reaction mixture was stirred for 1 hour. The product was precipitated by
addition of pentane (5 mL). The protonated ligand was obtained as a white powder (80 mg,
74%) after filtration and drying under vacuum. Crystals suitable for XRD analysis were obtained
from a dichloromethane/pentane solution at -30°C.

3P NMR (121 MHz, CD,Cl,): & 17.6 (d, Jpn = 485.3 Hz). *H NMR (500 MHz, CD,Cl,): 5 7.83-
7.78 (m, 1H, Ha), 7.66-7.64 (m, 1H, H), 7.63-7.60 (m, 1H, Hs), 7.52-7.46 (m, 1H, Hs), 6.80 (d,
Jen = 485.3 Hz, 1H, PH), 2.70 (s, 6H, N(CHa)2), 2.22-2.05 (m, 18H, Had), 1.84-1.76 (m, 12H,
Hag). *C NMR (126 MHz, CD.Cly): & 160.4 (s, Cs), 136.5 (d, *Jcp = 2.3 Hz, C4), 133.7 (d, 2Jcp
= 8.0 Hz, Cy), 126.7 (d, 3Jcp = 11.5 Hz, Cs3), 125.3 (d, 3Jcp = 6.3 Hz, Cs), 111.5 (d, Jcp = 74.7
Hz, C1), 46.5 (s, N(CHs)2), 39.4 (d, 2Jcp = 3.2 Hz, CH2ad), 39.3 (d, Jcp = 32 Hz, Cgad), 35.8 (d,
4Jcp = 1.8 Hz, CHzaq), 28.7 (d, 3Jcr = 9.9 Hz, CHagd). *°F NMR (282 MHz, CD,Cl,): 5 -78.86 (s).
HRMS (ESI+): calculated for [L*] = CasHaNP*: 422.2979. Found: 422.2977. Elemental
Analysis: calculated for C2oH41F3NOsPS: C 60.93, H 7.23, N 2.45. Found: C 59.05, H 6.92, N
2.30. Mp: 216°C

In a glovebox, a dried Schlenk was charged with phosphonium 5 (40 mg, 0.07 mmol) and
AuCI(SMe>) (21 mg, 0.07 mmol) in dichloromethane (1.5 mL). The reaction mixture was stirred
for 1 hour. The product was precipitated by addition of pentane (5 mL). The gold complex 3
was obtained as a white powder (46 mg, 80%) after filtration and drying under vacuum.

2. Synthesis of the cationic gold MeDalPhos complex 3_D
In a glovebox, a screw cap NMR tube was charged with complex 1 (10 mg, 0.015 mmol) and
dichloromethane (0.6 mL). DOTf (1.3 pL, 0.015 mmol) was carefully added. The tube was
gently shaken. 3P and *H NMR analyses show the formation of the desired complex 3_D with

93% deuteration of the ammonium moiety. The crude mixture was diluted with
dichloromethane and directly analyzed by IR.

+ DOTf —_— P—Au—Cl
CH,Cl,

\/
Q\N/ N® O
- o
P—Au—Cl

1 3-D

31p{IH} NMR (121 MHz, CH,Cl,): & 45.7 (s, 2-D), 45.6 (s, 2) IR: v(N-D) = 2124 cm™.
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3. HSQC 'H-*>N NMR spectrum of 3

L "“ .
g .

C E
- 2 fa0
[ & e
1] (8
== k50
an L2 |
0 9 W
re | -
- & FTa E
Ca | g
. -t =
Tpw .
L= log
Cg |
[ Hoo
L8 Lo
<—® -9
C 20
Jen L w1
(]
- & =130
Co |
T T | T T T T I T T T T | T T T T I T T T T | T T T T | T T T _1‘0
11.08 11.00 10.95 10.90 10.85 F2 [ppm]

T T T T T T T T T T T T T T T T T T T
125120 115 1.0 105 100 95 90 85 80 75 70 65,60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05 10
(ppm}

Figure SllI-1: No refocused HSQC 1H-1°N NMR spectrum of (3) in CD,Cl,. HOBS observation scheme has been used. To
determine 1y, no >N decoupling has been applied during acquisition. High resolution is achieved in the indirect dimension
because of 1>N small spectral width (1 ppm).1

4. Synthesis of the cationic gold MorDalPhos complex 6 and 8-
(Diphenylphosphino)quinoline gold complex 15

8-(Diphenylphosphino)quinoline gold chloride complex was prepared according to reported
procedure.?

8-(Diphenylphosphino)quinoline gold methyl complex:

In a glovebox, a dried Schlenk was charged with gold complex (70 mg, 0.12 mmol) in THF (1
mL). Outside the glovebox, the Schlenk was cooled to -78°C (Acetone/N. cold bath) and 0.32
mL toluene solution of dimethyl zinc (2.0 M, 0.64 mmol, 5 eq.) was added dropwise. The
reaction mixture was stirred for 4 hours. The Schlenk was allowed to warm to -20°C. The
product was precipitated by addition of cold pentane (2 x 5 mL). The product was obtained as
a brown powder (36 mg, 0.07 mmol, 57%).

1 a) L. Castafiar, P. Nolis, A. Virgili, T. Parella, Chem. — Eur. J. 2013, 19, 17283. b) L. Castafiar, J. Sauri, P. Nolis, A. Virgili, T.
Parella, J. Magn. Reson. 2014, 238, 63. c) N. Marcd, A. Fredi, T. Parella, Chem. Commun. 2015, 51, 3262.
2 L. Huang, F. Rominger, M. Rudolph, A. S. K. Hashmi, Chem. Commun. 2016, 52, 6435.
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31p{IH} NMR (121 MHz, CDCls): & 45.2 (s). 'H NMR (300 MHz, CDCls): & 8.85 (m, 1H), 8.17
(d, Ju = 8.3 Hz, 1H), 7.93 (d, Ju = 8.3 Hz), 7.63-7.35 (m, 12H), 7.22-7.15 (m, 1H), 0.50 (d,
JHH =81 HZ).

Protonation:

Counteranion OTf: In a glovebox, a dried Schlenk was charged with gold complex (0.07 mmol)
in dichloromethane (1 mL). Outside the glovebox, the Schlenk was cooled to -80°C
(Acetone/N- cold bath) and 0.25 mL dichloromethane solution of trifluoromethane sulfonic acid
(0.28 M, 0.07 mmol, 1 eq.) was added dropwise. The Schlenk was allowed to warm to room
temperature and the reaction mixture was stirred for 1 hour. The product was precipitated by
addition of pentane (8 mL).

Counteranion BAr 4 Synthesis of H(Et,0),BArF4 (BArs = B(3,5-(F3C)2CeHa)4)

Under argon, a solution of NaBArf, (1.00 g, 1.13 mmol) in diethyl ether (3 mL) was transferred
via cannula to a 100 mL Schlenk containing a solution of HCI in diethyl ether (2 M, 3 mL, 6
mmol) at -30°C. The solution was stirred for 4 hours. After filtration, the solvent was evaporated
under vacuum. The solid was triturated in cold pentane. The product was obtained as a white
powder (710 mg, 62%) after filtration and drying under vacuum. Analytical data are consistent
with those previously reported.?

1H NMR (300 MHZ, CD2CI2) 6 1144 (bS, 1H, H), 772 (S, 8H, HBArF4,ortho), 758 (S, 4H, HBArF4,para),
3.75 (g, 8H, CH2), 1.27 (t, 12H, CHs)

In a glovebox, a dried Schlenk was charged with gold complex (0.06 mmol) and
dichloromethane (1 mL). Another dried Schlenk was charged with H(Et.O).BArF, (61 mg, 0.06
mmol) and dichloromethane (1 mL). Outside the glovebox, both Schlenk were cooled to -80°C
(Acetone/N: cold bath) and the solution of H(Et.O).BArF, was added to the solution of gold
complex via a cannula. The Schlenk was rinsed with 1 mL of dichloromethane. The reaction
mixture was allowed to warm to room temperature and stirred for 1 hour. The product was
precipitated by addition of pentane (8 mL).
i

e P )

P—Au—Cl
CH,Cl,
X = OTf, BArF,

6-OTf
6-BArF,

The gold complex 6-OTf was obtained as a white powder (37 mg, 62%) after filtration and
drying under vacuum.

3 M. Brookhart, B. Grant, A. F. Volpe, Organometallics 1992, 11, 3920.
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3IP{1H} NMR (202 MHz, CD,Cl,): & 44.4 (s). *H NMR (500 MHz, CD>Cl,): 5 11.02 (s, 1H, NH),
8.33-8.28 (m, 1H, H,), 8.09-8.04 (m, 1H, Ha), 7.96-7.91 (m, 1H, Ha), 7.86-7.81 (m, 1H, Hs),
4.69-4.61 (M, 2H, Hs), 4.31-4.23 (m, 4H, H's H7), 3.53-3.48 (m, 2H, H7), 2.30-2.24 (m, 6H,
Had), 2.18-2.09 (M, 12H, Hag), 1.79-1.71 (M, 12H, Hag).

The gold complex 6-BArf, was obtained as a white powder (77 mg, 82%) after filtration and
drying under vacuum. Crystals suitable for XRD analysis were obtained from a
dichloromethane/pentane solution at -30°C.

31p{IH} NMR (202 MHz, CD.Cl,): 5 44.3 (s). *H NMR (500 MHz, CD,Cl,): d 11.37 (s, 1H, NH),
8.00-7.96 (m, 1H, H»), 7.95-7.91 (m, 1H, H,), 7.85-7.80 (m, 1H, Hs), 7.72 (s, 8H, 0-Hgar4), 7.71-
7.67 (m, 1H, Hs), 7.56 (s, 4H, p-Hsars), 4.75-4.68 (m, 2H, Hs), 4.29-4.24 (m, 2H, H’g), 3.90-
3.82 (m, 2H, H7), 3.55-3.51 (m, 2H, H’7), 2.27-2.24 (m, 6H, Hag), 2.13-2.09 (m, 12H, Hagd), 1.80-
1.70 (m, 12H, Haqg). *C NMR (126 MHz, CD2Cl,): 3 162.2 (q, Jce = 49.9 Hz, Cgarr4), 143.9 (d,
2Jcp = 3.5 Hz, C¢), 136.7 (d, 2Jcp = 1.6 Hz, C,), 135.6 (d, “Jcp= 1.7 Hz, C4), 134.7 (S, 0-Csgarra),
131.2 (d, 3Jcp = 6.6 Hz, C3), 128.3 (qq, 2Jcr = 31.6 Hz, “Jcr = 2.8 Hz, m-Cgarra), 124.6 (q, Jcr =
272.2 Hz, CFs), 123.3 (d, 3Jcp= 3.9 Hz, Cs), 117.9 (Sept, 3.Jc|: =4.1 Hz, p'CBArFA), 116.0 (d, ZJCP
= 34.7 Hz, C,), 63.7 (s, Cs), 57.7 (s, C7), 45.4 (d, 2Jcp = 19.9 Hz, Cqiad), 42.7 (S, CHzad), 35.6
(d, 2Jep=1.2 Hz, CHzAd), 28.7 (d, 2Jep=9.7 Hz, CHAd). 5N NMR (51 MHz, Cchlz)I 0 60.0 ppm
(d, Jen= 7.1 Hz, Jun = 68.3 Hz). **F{*H} NMR (470 MHz, CD,Cl,): 8 -62.85 (s). ''B{*H} NMR
(96 Hz, CD2Cl,): & -6.6 ppm (s). MALDI: calculated for [M*] = C30HasNOPCIAuU*: 696.2436.
Found: 696.2870. Elemental Analysis: calculated for C31HssAuCIFsNO4PS: C 44.00, H 5.12,
N 1.66. Found: C 43.08, H 4.84, N 1.56. Mp: 190°C (decomposition).

The gold complex 14-OTf was obtained as a white powder after filtration and drying under
vacuum. Crystals suitable for XRD analysis were obtained from a dichloromethane/pentane
solution at -30°C.

31P{IH} NMR (202 MHz, CD,Cl,): & 19.7 (s). *H NMR (500 MHz, CD,Cl,): & 13.22 (bs, 1H, NH),
9.58 (dd, Jun = 5.6, 1.5 Hz, 1H), 9.24 (d, Juu = 8.5 HZ, 1H), 8.52 (dt, Jun = 8.3, 1.2 Hz, 1H),
8.21 (dd, Jun = 8.3, 5.5 Hz, 1H), 7.95-7.90 (m, 1H ), 7.70-7.53 (m, 11H). 3C NMR (126 MHz,
CD:Cl,): & 149.8, 148.2, 142.3 (d, Jcp = 4.5 Hz), 138.0 (d, Jep = 7.0 Hz), 135.6 (d, Jep = 17.5
Hz), 134.7 (d, Jep = 2.0 Hz), 134.6 (d, Jep = 2.1 HZ), 133.9 (d, Jep = 2.6 Hz), 132.7 (d, Jcp =
10.7 Hz), 130.9 (d, Jcp = 5.3 Hz), 130.5 (d, Jep = 12.6 Hz), 130.4 (d, Jcp = 8.9 Hz), 130.2, 129.9
(d, Jep = 12.8 Hz), 125.1 (d, Jep = 64.9 Hz), 124.8, 124.0, 123.0 (d, Jep = 52.5 Hz), 122.2,
119.7, 117.1 (d, Jep = 8.8 Hz). °F{*H} NMR (470 MHz, CD,Cl,): & -78.56 (s).

The gold complex 14-BArF, was obtained as a white powder after filtration and drying under
vacuum. Crystals suitable for XRD analysis were obtained from a toluene/pentane solution at
-30°C.

5. Synthesis of the cationic MeDalPhos silver complex 3_Ag

MeDalPhos silver chloride complex 1_Ag:

In a glovebox, a dried Schlenk was charged with MeDalPhos (40 mg, 0.09 mmol) and AgCl
(14 mg, 0.09 mmol) in DCM (2 mL). The reaction mixture was stirred for 1 hour. The product
was precipitated by addition of pentane. The product was obtained as a grey powder (50 mg,
0.088 mmol, 99%).
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31P{IH} NMR (121 MHz, CD,Cl,): & 39.4 (2d, Jage = 694.8, 602.1 Hz). 'H NMR (300 MHz,
CD2Cly): & 7.82-7.76 (m, 1H, Hs), 8.61-7.51 (M, 2H, Ha & Hy), 7.35-7.27 (m, 1H, Hs), 2.67 (s,
6H, N(CHs)2), 2.13-2.05 (M, 6H, Had), 1.98-1.89 (M, 12H, Haa), 1.70 (s, 12H, Haa).

Protonation:

In a glovebox, an NMR tube was charges with silver complex (30 mg, 0.05 mmol) in
dichloromethane (0.06 mL). Outside the glovebox, the NMR tube was cooled to -80°C
(Acetone/N- cold bath) and 0.19 mL dichloromethane solution of trifluoromethane sulfonic acid
(0.26 M, 0.05 mmol, 1 eq.) was added dropwise.

6. Selected Crystallographic Data

The N-bound and P-bound H atoms were located in a difference Fourier maps and refined
freely for 2 and 5. For 6-BArF,, the standard N-H distance was fixed.

CCDC 1868951 (3), 1868952 (5) and 1868953 (6-BArF,) contain the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

ID 3) (5)
formula C2sH41AUCINP, CasHa1NP, CF303S,
CF303S, CH2Cl» CH2Cl»
My 889.00 656.58
crystal system orthorhombic orthorhombic
space group Pbca Pna2;
a (A) 16.2991 (11) 20.1177 (11)
b (A) 14.3181 (11) 10.9433 (6)
c (A 28.507 (2) 14.4201 (10)
a(®) 90 90
B (°) 90 90
y (%) 90 90
V (A3) 6652.7 (8) 3174.6 (3)
VA 8 4
Pcalc (g cm3) 1.775 1.374
4 (mm) 4.824 0.371
F(000) 3536 1384
crystal size (mm?3) 0.180 x 0.160 x 0.140 | 0.200 x 0.060 x 0.060
TIK 193 (2) 193 (2)
measd reflns 234119 25042
Unique reflns (Rint) 10598 (0.0417) 5538 (0.0619)
reflns used for refinement 10598 5538
refined parameters 394 376
GOF on F? 1.079 1.067
R [I>20(1)] 0.0250 0.0508
WR_ [all data] 0.0564 0.1363

Table SllI-1: Crystal Data, Data Collection, and Structure Refinement. °R; =3[ [Fo - [Fcl /2 [Fol,
bWR; = [3[ w(Fo? - F2)] / 3 [w(F&?)?]]/2.
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Figure SllI-2: X-ray structure of the (PH*,N) 4 derived from MeDalPhos. Thermal ellipsoids are drawn at 50% probability.
Hydrogen atoms, except that on phosphorus are omitted for clarity. Selected bond lengths (A): P-H 1.28(6), NH 2.60(6).

ID
formula

Mr
crystal system
space group
a (A)

b (A)
c(d)
a(®)

B ()

v (%)

V (A3)

Z
Pealc (9 cm3)

4 (mmY)
F(000)
crystal size (mm?)
T/IK
measd reflns
Unique reflns (Rint)
reflns used for
refinement
refined parameters
GOF on F?

R [I>20(1)]

WR2P [all data]

(6-BAFF4)
C30H43AUCINOP,
Cs2H12BF24, CH2Cl2
1645.20
monoclinic
P21/C
10.0805 (8)
30.253 (3)
21.381 (2)

90
97.816 (4)

90
6459.9 (10)

4
1.692
2.539
3264
0.140 x 0.060 x 0.040
193 (2)

68767
13005 (0.0993)

13005

1000
1.038
0.0629

0.1646

(14-OTf)
C21H17AuCINP,
CF30sS, CH.Cl,

780.74

monoclinic
C2/c
28.114 (3)
11.1242 (10)
16.9436 (14)
90
93.457 (5)
90
5289.4 (8)
8

1.961

6.053

3008

0.080 x 0.060 x 0.020

193 (2)

50304
7487 (0.0799)

7487

329
1.078
0.0371

0.0705

(14-BArFy)
C21H17AUuCINP,
C32H12BF24, 2 C7Hg
1594.23
orthorhombic
Pca2:
39.987(4)
12.7338 (11)
25.477 (2)
90
90
90
12972 (2)
8
1.633
2.445
6288
0.380 x 0.200 x 0.150
193 (2)
302661
30734 (0.0822)

30734

2260
1.032
0.0342

0.0661

Table SIlI-2: Crystal Data, Data Collection, and Structure Refinement. °Ry =3[ [Fol - [Fc[ [/ Z [rol,
bWR; = [3[ w(Fo? - F2)?] / 3 [w(F&?)?]]/2.
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VIl. Computational details

All calculations were performed using the Gaussian 09 package* and the B3PW91 hybrid
functional® on the real experimental systems. The gold atom was described with the relativistic
electron core potential SDD and associated basis set,® augmented by a set of f-orbital
polarization functions.” The 6-31G** basis set were employed for all other atoms.?

Optimizations were carried out in solvent (DCM: CH2Cl;) by means of the universal
continuum solvation SMD model.® Frequency calculations were undertaken to confirm the
nature of the stationary points, yielding one imaginary frequency for transition states (TS)
corresponding to the expected process, exchange of proton involved in the Au---H-N
interaction) and all of them positive for minima, as well as for determination of vxy stretching
mode (in cm™?). The connectivity of the transition states and their adjacent minima was
confirmed by intrinsic reaction coordinate (IRC)* calculations.

In order to gain more insight into the hydrogen bonding to gold, different approaches were
used:

i) Natural Bond Orbital analyses — NBO* - were performed with NBO, 5.9 version.?
Stabilizing interactions (AE(2) in kcal/mol), determined at second order perturbation theory,
have been computed to analyze das — 0*xn interaction. Natural Localized Molecular Orbitals
(NLMO) associated to this interaction have also been determined. The population of the d(Au)
orbital involved in the hydrogen bonding and the o*xy NBO orbital have been examined as well
as Wiberg bond indexes (WBI). NPA (Natural Population Analysis) charges have been
computed to analyze the charge transfer (CT) between gold fragment and ligand.

4 Gaussian 09, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. lzmaylov, J. Bloino, G. Zheng, J. L.
Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T.
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i) Atoms-In Molecules analysis (QTAIM analysis)®®* was performed using AIMAII
software.* The density p, was determined for the Bond Critical Points (BCP) associated to the
Au — NH interactions. Laplacian of the density V2p,indicates the regions where the density pr
is depleted or concentrated. In covalent bonding (also referred to as "open-shell" or "sharing"
interactions), V2p; is negative, while positive values are observed for interactions showing
closed-shell (e.g, ionic, Van-der-Waals, or hydrogen).

i) Non Covalent Interaction calculations (NCI)**> were also used to analyze the bonding
situation of the different gold complexes. NCIPLOT were drawn with VMD software.*®

'H NMR chemical shifts were evaluated by employing the direct implementation of the
Gauge Including Atomic Orbitals (GIAO),'” with the IGLOII*® basis set on H, C, P, and N atoms,
using as reference the corresponding SiMe. shielding constant calculated at the same level of
theory.

In order to analyze the impact of the relativistic effects on the geometrical parameters
of complex 3, structural optimization and frequency calculations were performed with the ADF-
2017% program developed by Baerends et al. BP86 functional® was used. The MOs were
expanded in a large uncontracted set of Slater-type orbitals (STOs) containing diffuse
functions, TZ2P.*' Auxiliary sets of s, p, d, f, and g STOs were used to fit the molecular
densities and to represent the Coulomb and exchange potentials accurately in each SCF cycle.
Scalar relativistic effects or spin-orbit coupling effects were incorporated by applying the ZORA
to the Dirac equation.? Finally, the solvent effect was considered using Conductor like
Screening Model (COSMO) of solvation implemented in ADF.%
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Choice of functional: The optimized geometry of 3 has been calculated in gas phase with
different functionals: hybrid (B3PW91,° PBEO,* B3LYP®>%), GGA (BP86%°), meta-GGA
(TPSS?®). The influence of dispersion has been tested using B3PW91-D3(BJ).”

B3PW91 | PBEO B3LYP BPS6 TPSS | B3PW91-D3(BJ)
N-H (&) 1.058 1.056 1.053 1.080 1.069 1.058
Au-HA) | 2.021 2.013 2.051 1.999 2.022 1.979
NHAu (°) | 176.23 | 173.38 | 17365 | 174.40 | 172.94 171.62
PAUCI (°) | 17416 | 173.03 | 173.95 | 17556 | 174.58 171.57
ong (cmd) | 28365 | 2876.3 | 28858 | 25752 | 2680.2 2836.7

Table SllI-3: Comparison of structural and spectroscopic (IR) parameters of complex 3 using different functionals.
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Chap 4: Isolation of reactive a-CF; gold(l) carbene complexes

The presence of fluorine atoms in organic compounds have effects on their physical,
chemical and biological properties (electronic, lipophilic, steric, conformational...).! There is
thus considerable interest in developing efficient methods for the selective introduction of
fluorinated groups into organic compounds. In this context, the trifluoromethyl group occupies
a forefront position. It is present in a wide range of biologically active molecules (Scheme IV-
1).

Cl
Cl
\_0
A o e
@)
e RS I
=N NH;
HO
o
Antifungal agent FXR modulator
Agrochemical use Pharmaceutical activity

Scheme IV-1: Molecules of medicinal interest bearing CF3 substituent.

Thanks to the strong electron-withdrawing nature of the CFs group (Hammett constant
op = 0.54), o-trifluoromethyl diazoalkanes are relatively stable and represent very powerful
synthons to introduce CFs; motifs into molecules. Upon N release, they can form metal
carbenes with a variety of transition metals, giving way to a large panel of reactions (Scheme
IV-2).

R .
|>LCF3 Cyclopropanation

I

N M]

CF3
R CF3 -N2 R

X . .
)<H Insertion reaction
Ph CF;

Scheme IV-2: Formation of o-CFs; carbene complexes from trifluoromethyl diazoalkanes and representative carbene transfer

reactions.

This chapter starts by a brief state-of-the-art on a-CF; carbene complexes, their synthetic
developments as well as the synthesis and characterization of stable species. The study of a-
CF; gold(l) carbene complexes is then presented, from their synthesis/characterization, to the
analysis of their bonding situation and reactivity studies under stoichiometric and catalytic

conditions.
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l. Transition metal complexes of a-CFs carbenes

1. Synthetic aspect of trifluorocarbenes
1.1 Cyclopropanation

Metal catalyzed cyclopropanation using trifluorodiazoethane was described in 2006 by
Simonneaux’s group. Using iron or ruthenium porphyrins complexes and different styrene
derivatives,  trifluoromethylphenyl  cyclopropanes were synthesized with  high
diastereoselectivity (>94%) and moderate enantioselectivity (17-69%) but low yield (24-52%,
Scheme V-3, top).? To achieve higher enantioselectivity, Davies and co-workers turned their
attention towards donor/acceptor-substituted carbenoids. These ones are more stable than
those lacking a donor group and have a reduced electrophilic character allowing higher
selectivity. Using chiral Rh'" catalysts, reactions between donor-acceptor diazo compounds and
styrene derivatives give access to cyclopropanes with good yields (61-76%), with high
diastereoselectivities (>94%) and high enantiomeric excesses (88-98% ee, Scheme V-3,
bottom). As usual for donor/acceptor carbenoids, the major cyclopropane formed has the aryl
group cis to the alkene substituent (structure determined by **F{*H} HOESY NMR).®! Shortly
after, Komarov and Mykhailiuk expanded the scope of this reaction to other alkenes like
dihydropyran, enol ether, cyclohexene or cyclic enamide using Rh2(OAc)s or CuCl as
catalyst.*5 Later on, Carreira and co-workers showed that this methodology could also be
applied to dienes and enynes using iron catalyst® and highly enantioselectivity could be
obtained on styrene derivatives with chiral salen-based Co'-catalyst.[”

Ny Fe'' or Ru'"" porphyrins complexes (0.5 mol%) §F3
/\Ar + K H
CF3 DCM, rt, 2h )
Ar
24-52%
NNH, 1) MnO, CF3 ,
/\AH + |>’-'Ar
A2 CF5  2) Rhy(R-PTAD), (2mol%) : o)
Ar N  OfRh
61-80% g 7
O1Rh
MnO, JNJi Rh' L _
Ar?” “CF,

Rh,(R-PTAD),

Scheme 1V-3: Cyclopropanation of styrene derivatives with trifluoromethyl diazo compounds. Top: Iron-catalyzed reaction
reported by Simonneaux and co-workers. Bottom: Rhodium-catalyzed reaction reported by Davies and co-workers.
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Concerning trifluoromethylated cyclopropene compounds, a straightforward thermal
synthesis was described by Valdes and co-workers, using tosylhydrazone (decomposed to
diazo thanks to a base) and alkyne, without the need for any catalyst.® To induce asymmetric

transformations, some metal catalysts were used for cyclopropenation reactions.®

Rl
NNHTs R' CeFe CF3
+ Z - S Ar
Ar)J\CF3 /

R K,CO3, 85-100°C <

(2 eq.) 30-96%
Scheme IV-4: Reaction of trifluoromethylated tosylhydrazone with alkynes.

1.2 Insertion reaction

Insertion reactions are another very important application of carbene complexes. They
represent an elegant and efficient synthesis of highly functionalized molecules (with a
trifluoromethyl group and other heteroatoms for example). The introduction of a 2,2,2-
trifluoroethyl group on the amino group of anilines was reported by Wang and co-workers in
2015, using a catalytic amount of AgSbFs. When using amide derivatives, the expected N-H
insertion products were not observed, and instead, O-trifluoroethylation occurred. To note,
AgSbFs do not catalyze the cyclopropanation of styrene with CF;CHN.. Based on this
experimental observation, they proposed, for the insertion reaction, that the silver carbene is
formed after the formation of the Nucleophile-Ag interaction, followed by migratory insertion of

the carbene into this Nu-Ag bond (Scheme IV-5).1%
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o NH2
R— P NCFs 439 - 08%
N, AgSbFg (5 mol%
|
H = F3C) DCE, 50°C
R N 30min - 6h R N \\( 82% - 98%
= o = O._CF3
N,Ar
F3C O NH2 orAr\
% . \&
A _ \ —[Ag]
NH or | H/N [Adl,,

x [Ag]/ o F3C

\ /\CF N
g 3
R

Scheme IV-5: Silver(l) catalyzed trifluoroethylation of anilines and amides. Postulated reaction mechanism.

This catalytic system was applied exclusively to amines and amides. In 2016,
Gouverneur and co-workers reported that not only N-H but also B-H, Si-H, S-H and P-H
insertion reactions of triflurorodiazoethane are possible under Cu' catalysis. They further
extend the scope toward push-pull diazo compounds (Scheme IV-6). Thanks to competition
experiments (the same catalyst being used for all these insertion reactions), an order of
reactivity has been determined: N-H > S-H > B-H > Si-H > P-H. This ranking can serve as a
predictive tool for insertion when substrates possess two or more heteroatom-hydrogen
functionalities and can be complementary to other metal catalysts.*4

N, XR
[Cu(CH3CN),4]PFg (4 mol%) H
RXH + CFs - CF,4
(2 e ) CH2C|2, rt, 18h
q. R’ R’
X=Si,S,P, B,N 40-98%

Scheme IV-6: Copper-catalyzed insertion of trifluorodiazo compounds into heteroatom-H bonds.

By adding a chiral ligand (Spirobox), the asymmetric version of the Si-H insertion
reaction can be achieved. In order to further develop the applicability of this method to

numerous silane compounds, Ollevier's group modified the chiral ligand and used an easily
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available diimine ligand. Mechanistic studies based on KIE experiments and DFT calculations
indicates that the insertion takes place in a concerted manner on the carbene center.?
Switching from copper to rhodium catalyst, the insertion reactions was further extended

to Sn-H bonds.™*3!

N, Sn(nBu);

Rh2(OAC)4 (4 mol%) H
"BusSnH  + CF,4 CF3
CH20|2, rt,
R' Stirring 15 min R'
38-92%

Scheme IV-7: Rhodium-catalyzed insertion of trifluorodiazo compounds into Sn-H bonds.

1.3 C-H activation

In parallel to previously described X-H insertions, Ma and co-workers reported in 2012
insertion reactions into Csp-H bonds. Trifluoroethylation of alkynes can be easily achieved
under mild conditions employing Cul as catalyst and CF;CHN. (Scheme [V-8).
Trifluoroethylated alkynes can be further transformed (hydrogenation, cyclopropanation,
oxidation...) allowing the synthesis of more functionalized trifluoromethylated products.*#

N Cul (5 mol%)
J2 . / /\CF3

FsC R R
3 CH3CN, rt 10h 80.97%

Scheme IV-8: Copper-catalyzed trifluoroethylation of terminal alkynes with CF;CHN.

Due to the presence of indoles and their derivatives (including fluorinated one) in many
bioactive substances, there was a growing interest for the synthesis of such compounds. In
this context, insertion of CF3; moiety through CH activation represents one of the most attractive
and straight forward tools. First, Osipov and co-workers investigated in 2014 the reaction
between trifluoro diazopropionate and indoles with copper catalysts. Despite the need for high
reaction temperatures for the activation of this stabilized diazoester, good regioselectivity was
obtained for the C3 position of indoles.*® Then, Koenig's group reported in 2020 a Pd-
catalyzed reaction of fluorinated diazoalkanes with indole heterocycles. They did not observe
insertion products (at C3 or C2 positions) but either the cyclopropanation product or the gem-

difluroro olefin depending on the indoles used (Scheme 1V-9).128
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Cu(F3-acac), (0.2 mol%)

Toluene
90-95°C, 15-20 min

Ny

dppbe (7.5 mol%)
NaBArF (12 mol%)

DCM

rt, 12-24 h
R = aryl

Pd(OAc), (5 mol%) =

72-98%

60-94%

41-80%

\
aryl

Scheme IV-9: Palladium or copper-catalyzed reaction of fluorinated diazoalkane with indole heterocycles.

In all cases, the mechanism is proposed to go through a palladium carbene complex.

After nucleophilic addition of the indole, two pathways are possible: with alkylindoles, a [3-

fluoride elimination is suggested to access the gem-difluoro olefins, whereas under identical

reaction conditions, the cyclopropane product is obtained with arylindoles through stepwise

cyclization. The trifluoromethylated product, observed by Osparov’s group, could be obtained
by 1,2 proton shift (Scheme 1V-10).

The gem-difluoro olefination reactions, starting from trifluorodiazo compounds was

further extended to aniline, indoline and tetrahydroquinoline derivatives using Cul as

catalyst.[”
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L,Pd"

Scheme IV-10: Hypothesized reaction mechanisms for Pd-catalyzed reaction of fluorinated diazoalkane with indole
heterocycles.

Concerning gold, only two isolated examples involving a-CF; species were found in
the literature. The C-H functionalization of phenothiazine®*® or carbazole*® with phenyl
trifluoromethyl diazomethane catalyzed by (phosphite)AuCl/AgSbFes was described by Koenig
and co-workers. With the phenothiazine, the product of mono C-H functionalization is major,
with a small amount of double C-H insertion, whereas with carbazole, the latter is the only
product (Scheme 1V-11).

This overview showed that carbene transfer reactions from fluorinated diazoalkanes
give access to a large panel of highly functionalized molecules: cyclopropanes, small
molecules with other heteroatoms, indole derivatives... Several metals catalyze these
transformations and the reaction outcome strongly depends on the substrates and catalysts

used.
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CF;

LAuCl (3 mol%) @ : .
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+
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3

sesgses
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LAUCI( 5mo|A)) CF;
QD =R QD
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/ 61% \

(2 GQ-)
Scheme IV-11: C-H functionalization of phenothiazine (top) and carbazole (bottom) catalyzed by LAuCl/AgSbFs (L = tris(2,4-di-
tert-butylphenyl)phosphite).

2. Isolated and characterized fluorinated carbenes

For all reactions described, the carbene complex was postulated as intermediate but
never isolated or characterized in situ. Nevertheless, few examples of carbenes, bearing

trifluoromethyl substituents have been characterized.

Fischer carbene complexes are generally synthesized by means of nucleophilic
addition to one of the CO ligands of hexacarbonyltungsten. The same strategy, with a CF3
anion (generated from trimethyl(trifluoromethyl)silane and fluoride), was applied to obtain a
methoxytrifluorocarbene (Scheme 1V-12).2°% A downfield shift signal on **C NMR spectrum (8
295.9 ppm) is observed, characteristic of a Fischer carbene. Further reaction with an amine
gives access to a new carbene where the OMe has been substituted by the NEt, group. A
downfield shift signal is still observed but at a lower value (& 238.4 ppm) and the W=C bond is
elongated (2.276(6) A vs 2.086(17) A for OMe). Indeed, the strong N — Cca TT-donation,
reduces the W=C bond order. The reaction of the methoxy(trifluromethyl)carbene complex with
the CF; anion was investigated. This latest coordinates to the Ccab atom, not to tungsten,

showing that this species acts as an electrophile and it is indeed a Fischer carbene.

174



Chap 4: Isolation of reactive a-CF; gold(l) carbene complexes

(CoHs)NH (C2oH5)2N
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Scheme IV-12: Synthesis of a-CF; tungsten carbene complexes and its reactivity as a Fischer carbene

Several examples of Schrock-type fluoro(trifluoromethyl) carbenes have also been
described with Cobalt,’?*22 [ridium([?324 or Nickel.l?>) Most of them were obtained by reductive
method (action of KCs or Na) on perfluoroalkyl complexes and showed nucleophilic reactivity.
To confirm the Schrock-type reactivity, HCI was added on the iridium carbene complex and
HBr on Cobalt carbene complex. Each time, the protonation occurred at the carbene center
(Scheme IV-13, top). With the aim of synthesizing hydrofluoroalkenes or perfluoropolymers via
olefin metathesis or polymerization, the triflurocarbene complexes were reacted with
tetrafluoroethylene (TFE). The metallacyclobutane resulting from [2+2] cycloaddition was
formed but unfortunately, no chain growth was observed. In the best cases, a small amount of

metathesis product was obtained (Scheme IV-13, bottom).

¢ 2N e HB P
1 a U r 1
Co R Cos F _ "™ Co_ _F
PhsP™/ \|<F PheP ™~ CHCly 1t PhaPLd ],/,,CF?’
CF3 CF3 H
_CF
F,c” 2
Cp
Coy F Cp
PhsP \F|/ PhsP, /Cp ,CIO F
. . - CoCF, Y. PhaP™ 37" .
CF3 Metathesis ’ %CFz 1,3-fluoride FZC\CFQ £ c7CF2
Fu _— F migration CI:F 2
F 3 chain growth
F

Scheme IV-13: Synthesis and reactivity of a fluoro(trifluoromethyl) Cobalt carbene complex.

The bonding analysis® of the carbene cobalt complex indicates donor-acceptor
interaction between the metal and carbene fragments: o-donation from the highest occupied
fragment orbital (HOFO) on the carbene to the lowest unoccupied fragment orbital (LUFO) of
CpCo(PPhs) and m-back-donation from the HOFO of CpCo(PPhs) to the LUFO of the carbene
ligand. The strong HOFO — carbene LUFO is also apparent from the net charge of the carbene
ligand (-0.104 e).l24

1 DFT computations performed at the PBE/TZVP level of theory
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Only one example was synthesized by decomposition of an a-CF; substituted diazo
compound in 2008. Reaction between the Ru(TPP)(CO) and trifluoromethylphenyl
diazomethane leads to the formation of the ruthenium carbene complex characterized by XRD.
X-ray structure shows a short Ru=C bond (1.838(2) A) and a phenyl ring perpendicular to the
carbene plane, meaning that no 1-delocalization is involved for the stabilization of the species
(Scheme 1V-14).1281 The Ru(TPP) platform is reminiscent of the catalyst used by Simonneaux’s
group for the cyclopropanation with trifluorodiazoethane.” Neverthless, no reaction was
described with this well-defined and isolated complex to confirm that it does exhibit the typical

cyclopropanation reactivity of transient carbenes.

N2

CFy ¥ Ru(TPP)(CO) >
Octane, reflux, 4h

Scheme IV-14: Synthesis of a-CFs; ruthenium carbene complex via decomposition of diazo compound. XRD structure.

From all the trifluoromethyl carbene complexes presented in this part, no catalytic
reaction was reported raising the question if the transient carbene complexes postulated in the
cyclopropanation reaction or X-H insertion reaction are really active species. For this reason,
the synthesis of trifluoromethyl complexes, the study of their reactivity in stoichiometric reaction

and their generation in situ for catalytic reaction are of high interest.

Il.  Synthesis and characterization of a-CFz gold(l) carbenes

1. Synthesis, spectroscopic and structural characterization

As mention in Chapter 1, the (P,P) ligand allowed the stabilization and characterization
of the reactive a-oxo gold carbene, this is why this ligand was tried first for the synthesis,
isolation and characterization of a-CFz gold carbene. One equivalent of biphenyl trifluoromethyl
diazomethane was added at -80°C to the tricoordinate pseudo-cationic complex (P,P)AuNTf,
17 in dichloromethane (Scheme IV-15). Small bubbles of dinitrogen immediately evolved and
the solution turned deep blue. After quick work up at -40°C, the formed species was
spectroscopically characterized. The 3'P{*H} NMR signal (Figure IV-1, left) appears at very
similar chemical shift than the gold precursor (5 137.8 and 138.2 ppm, respectively), but as a
guartet instead of a singlet. The quartet multiplicity results from PF coupling, as unambiguously

established by the presence of a triplet signal in the *®F NMR spectrum with similar coupling
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(22.2 Hz). These patterns suggest the formation the desired (P,P)Au=C(CFsz)(biphenyl)*
complex 18-Ph, something that was definitely confirmed by *C NMR spectroscopy. The °F-
decoupled spectrum (Figure V-1, right top) shows a diagnostic signal at & 269.8 ppm. In line
with the blue color, a strong absorption is found at 623 nm in UV-vis spectroscopy. Carbene
18-Ph proved to be moderately stable at room temperature, about 30% decomposition being
observed after 24 hours in DCM. The para-substituent at the phenyl ring was then changed for
OMe and CF; to assess the impact of electron-donating/withdrawing groups. In both cases,
the corresponding carbene complexes 18-OMe and 18-CF; were formed (Scheme 1V-15), and
NMR data in line with those of 18-Ph were obtained (S| p.190). Some features deserve
comment: i) the diagnostic *3C NMR signal barely shifts (from & 269.8 to 265.8 ppm), ii) the
3Jec and “Jer coupling constants decrease in the series p-CF3; > p-Ph > p-OMe (from 109.0 to
79.5 Hz for 3Jpc, and from 32.1 to 14.0 Hz for “Je), the carbene becomes less electron-deficient
and the Au=C bond order/double bond character decreases (see Structure and bonding
analysis, p. 180), iii) the carbene 18-CF; displays a long-range 8Jer coupling of 10.8 Hz, as
apparent in the 3P and °F NMR spectra. It is also worth noting that if the carbene complex
18-OMe survives for a few hours at room temperature, as 18-Ph, 18-CF3 is much less stable.
All attempts to work it up at room or low temperature resulted in complete degradation. It was

thus characterized in situ at low temperature.

o =BH o =BH R =O0OMe, Ph, CF;
18-R
Scheme IV-15: Formation of the gold(l) trifluoromethyl carbenes 18-R by diazo decomposition.

Efforts were then made to obtain crystallographic data to know more about the structure
of the obtained carbene. Gratifyingly, crystals suitable for XRD analysis were obtained by slow
diffusion of pentane on a dichloromethane solution of 18-Ph at 4°C (Figure 1V-1, right bottom).
The asymmetric unit contains two molecules of very similar geometries (  Table SIV- 2, SI
p.197) For sake of simplicity, the key features of only one will be discussed here. Accordingly,
the carbene complex adopts an ion pair structure. The DPCb ligand symmetrically chelates
gold with Au-P bond lengths of 2.347(1)/2.348(1) A and a PAuP bite angle of 90.59(4)°. The

carbene center is in perfectly planar environment (as apparent from the sum of bond angles of
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360.0°) and it is oriented perpendicularly to the PAuP coordination plane (the mean planes
around Au and Ccn make an angle of 89.76°). This orientation minimizes steric repulsions
between the carbene and phosphorus substituents, it also maximizes the d(Au) to 2p™(Ccarm)
back-donation. The Au=C bond distance (1.971(2) A) is in the lower range of those reported
for gold(l) carbene complexes.? The carbene center is also stabilized by 1-donation from the
biphenyl substituent, as indicated by their coplanar arrangement (the mean plane of the phenyl
ring bonded to Ccan is rotated by only 2.5° from the carbene coordination plane) and from the
relatively short Ceam-Cipso bond length (1.444(6) A).
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Figure IV-1: Diagnostic 31P (left) and 13C{1°F} NMR (right) signals for 18-Ph; molecular structure of 18-Ph. Thermal ellipsoids
drawn at 50% probability, hydrogen atoms, counter anion and disordered atoms are omitted. Selected bond lengths (A), and
bond angles (%): Au-Cears 1.971(2), Au-P1 2.347(1), Au-P2 2.348(1), Ceary-Car 1.444(6), Cear-CF3 1.500(6), P1AuP2 90.59(4),
P1AUCcar 135.7(1), P2AuCears 133.7(1).

2 A Cambridge Chemical Database search gave 13 relevant entries, the Au=C bond length ranges from 1.961 to 2.068 A, the
average value is 2.024 A.
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Since the (P,N) gold complex is widely used in catalysis, we also tried the synthesis of
the a-CF3 gold carbene with the (P,N) ligand. In a screw cap NMR tube, a solution of (P,N)AuCl
1 and biphenyl trifluoromethyl diazomethane (1 eq.) was added over a suspension of AgSbFs
(1 eq.) at -80°C. The solution rapidly turned deep pink. The 3P{*H} NMR spectra, performed
at room temperature, showed a main peak at & 46.4 ppm (g, *Jer = 6.1 Hz). Unfortunately, the
complex decomposed during the acquisition and neither the *H or °F NMR spectra were
exploitable. All attempts to reproduce this experiment and characterized further the ensuing
complex by low temperature NMR failed.

When trying other methods to synthesize the (P,N) gold carbene, we noted that a-CF;
aryl diazo compounds can be decomposed by halide scavengers (silver or sodium salts and
GaCls) in less than 1 hour. The absence of these compounds during the synthesis of the
carbene complex or the study of its reactivity is crucial to avoid side reaction, and confirm that
gold is indeed the active species.

First, we used the same strategy as the (P,P) ligand (Scheme IV-16, top). Abstraction
of chloride by a silver salt, filtration over a pad of celite to remove silver compounds and then
addition of the diazo substrate at low temperature. Unfortunately, the carbene complex was
not observed spectroscopically. With AgPFs, the abstraction of Cl is not clear, so no further
reaction was tested. With AgSbFs, the cationic (P,N)AuSbFs species is not stable, and probably
decomposition of the gold compound occurs before the addition of diazo derivatives. With
AgNTf;, a stable (P,N)AuNTf, complex is obtained, but reaction with a-CF; aryl diazo substrate
leads to dimerization of the latter. No carbene was detected even at low temperature.

Secondly, the reaction from a stable m-complex was investigated (Scheme IV-16,
middle). Indeed, as shown in Chap 1. Il.1., the (P,N) ligand allowed the stabilization of gold 1r-
complex with styrene.?”l We thought, that adding an excess of a-CFsaryl diazo compounds on
this complex, the cyclopropanation can occur and then the carbene can be formed.
Unfortunately, when 2 equivalents of diazo compounds was added over a solution of gold 1r-
complex in DCM at -80°C, only a small amount of cyclopropanation is formed (6%), and mainly
dimerization of the diazo compounds is observed. At the end of the reaction (no more diazo
compound), the resting state is the 1TT-complex of gold.

Last attempts were made by the insertion of the diazo into the Au-Cl bond under thermal
or photochemical conditions, based on the recent work from Echavarren’s group (Scheme IV-
16, bottom).?® Photochemical reaction leads to only small conversion of the (P,N)AuCl
precursor. Heating to 80°C, some conversion (30% maximum) to the new complex was
observed, but separation with the starting material was not possible (decomposition on silica
or alumina, co-precipitation, attempts of crystallization failed). This strategy was dropped out

too.
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Despite many trials, it was not possible to isolate or characterize in situ the (P,N) gold

carbene complex.
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Scheme IV-16: Envisioned strategies to synthesis the (P,N) gold carbene complex.

2. Structure and bonding analysis

To gain more insight into the bonding situation and stabilization mode of the a-CF3 gold(l)
carbenes 18, DFT calculations (B3PW91/SDD+f(Au), 6-31G** (other atoms)) were performed.
The geometry optimized for 18-Ph matches well that determined crystallographically with
deviations of less than 0.08 A and 2.2° in the key bond distances and angles (Table SIV-3, SI
p.199). The carbenes 18-OMe and 18-CF3 were also computed, showing similar structures
than 18-Ph. The small variations found in the Au=C/Ccan-Cipso bond lengths and associated
Wiberg bond indexes (WBI) are in line with the electron bias induced by the para substituent,
ie stronger arene-to-Ccarn TT-donation and weaker Au-to-Ccan back-donation from 18-CF3 to 18-
Ph, and 18-OMe (Table 1V-1). The NMR data for 18-CFs;, 18-Ph and 18-OMe were also
calculated. The trends observed experimentally for the 2Jec and “Jer couplings were nicely
reproduced (Table SIV-3, Sl p.199). The bonding situation was then assessed in detail via

NBO and CDA analyses (Table 1V-1). The Ccan-to-Au charge transfer (CT) is slightly negative
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for the three carbenes, a little more for the electron-deprived carbene 18-CF3 (-0.25 e) than
for the electron-enriched one 18-OMe (-0.10 e"). CT values close to zero suggest that overall
the Ccan-to-Au donation and Au-to-Ccan back-donation roughly compensate each other. The
donation/back-donation ratio (d/b), as estimated by CDA, falls in the 1.8-2.2 range (slightly
lower for the electron-deprived carbene 18-CFs, slightly higher for the electron-enriched
carbene 18-OMe), indicating that Ccan-to-Au donation prevails, but Au-to-Ccan back-donation

is significant.

18-OMe | 18-Ph | 18-CFs
Geometric parameters

Au=Cecan (A) 1.987 1.982 1.971
Cearb-Cipso (A) 1.423 1.429 1.442
PAUP (°) 89.81 89.88 89.79
NBO Analysis
WBI (Au=C) 0.677 0.687 0.710
WBI (Ccarb-Cipso) 1.312 1.289 1.234
CT (e) -0.10 -0.14 | -0.25
dxz(Au)—Cecarn back-donation 0 0 0
%Caans in NLMO tho(AU) 7.3% 9.7% | 15.5%
Trc=cary— Ccarb dONation . . .
%Coart in NLMO Trecany 24.2% 16.3% 10.1%

CDA Analysis

d/b ratio 2.16 2.09 1.86
Table IV-1: Data computed for the gold(l) a-CF; carbene complexes 18-Ph, 18-OMe and 18-CF3 at the B3PW91/SDD+f(Au),6-
31G**(other atoms) level of theory: selected bond lengths/angles, Wiberg bond indexes (WBI) for Au-Cecars and Cearp-Cipso bonds,
charge transfer (CT) from the carbene to the (P,P)Au* fragment, NLMO associated with the aryl-to-Ccqr» T-donation and Au-
to-Cearb back-donation (contribution of Cear), donation/back-donation (d/b) ratio as estimated by CDA.

Inspection of the molecular orbitals provides useful insight. The HOMO is centered on
gold and is associated with an in-plane d orbital in bonding combination with 2p™(Ccar) Orbital.
Reciprocally, the LUMO is centered on the carbene center and corresponds to the 2p™(Ccarb)
vacant orbital in antibonding combination with d(Au) orbital (Figure 1V-2, top & Figure SIV-2).
In addition, the 1r-system of the aryl substituent is involved in these frontier orbitals, in line with
m-donation from the biphenyl substituent to the carbene center. This description is confirmed
by referring to the Natural Localized Molecular Orbitals (NLMO). The Au-to-Ccan, back-donation
and aryl-to-Ccann TT-donation are apparent from the contributions of 2p™(Cca) in the d(Au)-
centered and Tr-aryl orbitals (Figure 1V-2, bottom). Both interactions stabilize the carbene by
filling partially its vacant orbital. The strength of the two interactions mildly evolves in the 18-
CF3, 18-Ph, 18-OMe series. As expected from the electron-withdrawing/releasing effect of the
para substituent, the Ccan contribution is the largest in the d(Au) NLMO for 18-CF3, while for
18-OMe, it is in the m(arene) NLMO (Table IV-1). Of note, the energy gap between the
HOMO/LUMO frontier orbitals is relatively small (2.34 eV from DFT and 1.95 eV from TD-DFT,
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Figure SIV-2, Sl p.201). Consistently, TD-DFT calculations, taking into account solvent effect

(DCM) by SMD model, predict a low-energy symmetry-allowed electronic transition at 634 nm

(HOMO — LUMO) that nicely matches the absorption band found experimentally at 619 nm.
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Figure IV-2: HOMO, LUMO and NLMO (cutoff : 0.04) associated with the arene-to-C.a, 7-donation and Au-to-Cearp back-
donation computed for the gold(l) a-CF; carbene complex 18-Ph at the B3PW91/SDD+f(Au),6-31G**(other atoms) level of
theory. Contribution of the main atoms (in %) in the frontier orbitals and NLMO.

To assess further the stabilization effect and relative importance of the arene-to-Cean, TT-
donation and Au-to-Ccan back-donation the “dynamics” of the parent a-CF; gold(l) carbene 18-
H was analyzed. No transition state was located for the rotation around the Au=C bond.? The
rotation around the Ccan-Cipso bond turned to be possible (Figure IV-3). Forcing the phenyl
group to be perpendicular to the carbene center costs ca 10 kcal/mol (TSrotpn). It induces some
shortening of the Au=Can bond length (from 1.975 to 1.934 A). In the absence of TT-donation
from the phenyl substituent, Au-to-Ccann back-donation is further enhanced in TSiot ph, as
apparent from the more negative Ccan-to-Au CT (-0.34 vs -0.20 e in 18-H), an increase of the
2p"(Ccarb) contribution in the d(Au) NLMO (17.6 vs 15.5% in 18-H) and a decrease of d/b ratio.
To assess further the role of the bidentate ligand and its influence on the back-donation, we
looked for a TS associated to the dissociation of one P atoms from gold. Unfortunately, for the

moment, it was not located on the PES.

3 Rotational barriers of 18-27 kcal/mol were computed for [Co]=CF(CF3)21 and [Ir]=CF(CF,CF3)!23] complexes.
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Figure IV-3: Optimized geometry of the parent a-CF3 gold(l) carbene 18-H and transition state associated with the rotation of
the phenyl ring (TSrot pn) at the B3PW91/SDD+f(Au),6-31G**(other atoms) level of theory. Charge transfer (CT) and d/b ratio.
In parenthesis, activation barrier, in kcal/mol, computed from 18-H.

lll.  Reactivity of a-CFs gold(l) carbenes

1. Electrophilic carbene

First of all, the electrophilic behavior of the new synthesized complex was verified. Upon
addition of pyridine (1 eq.) at -40°C, the blue color characteristic of 18-Ph rapidly vanished,
indicating rapid reaction. After work-up, the carbene-pyridine adduct 19 was isolated in 70%
yield as a pale-yellow solid (Scheme IV-17). The NMR data are diagnostic for the addition of
pyridine to the carbene center, not to gold. The *C NMR signal at 270.9 ppm for the carbene
center is shifted by more than 170 ppm and now appears at & 98.4 ppm (g, 2Jcr = 38.0 Hz).
The *H NMR signals for the Horno atoms of pyridine are significantly deshielded at & 8.98 ppm,
while the “Jee coupling constant decreases to 5.8 Hz upon coordination of the Lewis base.
Since all our attempts to crystallographically characterize 19 failed, we prepared the analogous
4-dimethylamino-pyridine (DMAP) adduct 19’. Gratifyingly, crystals suitable for XRD analysis
could be obtained in this case, unambiguously confirming the addition of the N-Lewis base to
the carbene center (Scheme IV-17, bottom). The pyridine N atom of DMAP is tightly
coordinated to the former carbene center (N-C 1.499(5) A) which is now in tetrahedral
environment. Of note, only one of the P atoms is coordinated to gold which adopts a quasi-
linear dicoordinate geometry (P-Au-C 167.81(11)°). The coordination of the Lewis base
reduces the electrophilicity of the carbene center and gold atom. Combined with higher steric
shielding, this prevents the two P atoms of the DPCb ligand to chelate gold. It is likely that the
gold fragment swings in between the two phosphorus atoms, as previously observed in the
(P,P)AuCI precursor.?® The reactions of 18-Ph with pyridine and DMAP substantiates its C-

centered electrophilic behavior, in line with a Fischer-type carbene complex.
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Scheme IV-17: Reaction of the a-CF; gold(l) carbene 18-Ph with pyridine ; molecular structure of the DMAP adduct. Thermal
ellipsoids drawn at 50% probability, hydrogen atoms, counter anion and disordered atoms are omitted. Selected bond lengths
(A), and bond angles (°): Au-Cears 2.108(4), Au-P1 2.254(1), Au-P2 3.606(1), Cearr-Car 1.530(5), Coaro-CF3 1.521(5), Cears-N
1.499(5), P1AuP2 68.14(3), P1AuCcar» 167.8(1), P2AuCcar» 116.9(1).

2. Stoichiometric reactions

The next step was to investigate the reactivity of this a-CF; gold carbene. For easiness
of handling, the reactions were performed with 18-Ph. First of all, the cyclopropanation was
studied. When a solution of styrene (2 eq.) and 4,4’-difluorobiphenyl (internal standard, IS) was
added over a solution of 18-Ph at -40°C, the blue color of 18-Ph disappeared over 1 hour. The
NMR data unambiguously showed the formation of the cyclopropane (quantitatively) with high
diastereoselectivity. The cyclopropane product has the biphenyl group cis to the phenyl group
from styrene, which is typical for donor/acceptor carbenoids.®! This configuration was first
deduced from {*H, **F} HOESY NMR (correlation peaks were observed between the fluor
atoms and the protons of the cyclopropane ring), and then definitively confirmed by XRD
analysis. Moreover, no gold decomposition is observed during the reaction and the resting
state is the m-complex (Scheme [V-18). This result seems promising for future catalytic

reaction.
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DCM CFs
+ Ph/\ — Ar 4
40°C <
(2 eq.) Ph
NMR yield >95%
Ph dr >95%
o =BH Qo =BH

Scheme IV-18: Reactivity of 18-Ph with styrene and molecular structure of the ensuing cyclopropane (bottom) showing the syn
relationship of the phenyl and biphenyl moieties (thermal ellipsoids drawn at 50% probability, hydrogen atoms are omitted).

Reactivity of 18-Ph was also tested toward Si-H insertion. When 18-Ph reacts with 1
equivalent of SiHMe;Ph and 4,4’-difluorobiphenyl (1S), the product of Si-H insertion is formed
in 94% NMR yield (NMR data are consistent with those previously reported®*). Some gold
decomposition was observed (black precipitate) and the resting state of the complex is a new

species showing 3P NMR signal at 148.3 ppm whose structure could not be determined.

Ar
NMR yield 94%  3'P{"H} NMR: & 148.3 ppm

Scheme IV-19: Reactivity of 18-Ph with silane.

Reactions of indoles with donor/acceptor diazo compounds catalyzed by Pd(OAc).
described in part 1.3, give access to gem-difluoro olefins or cyclopropane products depending
on the indoles used. It could be interesting, if the reactivity of the newly synthesized carbene
is complementary to these previous reactions, meaning if the CH insertion product could be
obtained. So, 18-Ph was reacted with 1 equivalent of different indoles. With the simplest indole,
the product of C3 insertion is obtained in 75% NMR vyield after 3 hours as deduced from *°F
NMR and *H NMR and traces of gem-difluoro olefins are detected (= 1%). With N-Methylindole,
the product of C3 insertion is obtained as well in 70% NMR yield after 3 hours with a larger
amount of gem-difluoro olefins (15%). Finally, with N-Phenylindole, only 23% NMR yield of the

C3 insertion product was obtained after 24 hours. In all the reactions, no more carbene
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complex is detected after 10 min and an unknown intermediate is formed. This latter slowly
evolves to the formation of the C3 products in the case of indole and N-Methyl indole, and
remains the main product for N-Phenylindole. Unfortunately, this intermediate was not
characterized, since any attempts to isolate it, led to decompaosition. To note, in all cases, no

well-defined complex was detected at the end of the reaction.

Ar
CF4

75%

CD
N
H
3h
N F
(j\/m> AN —cF, Ar
\
3h
CD
N

-40°Ctort

24h

23% 51%

Scheme IV-20: Reactivity of 18-Ph with indole derivatives (NMR yields determined by °F{*H} NMR using 4,4’-difluorobipheny!
as internal standard).

3. Toward catalysis

In the light of the stoichiometric results, we then turned our attention toward catalysis.
Is it possible to generate the carbene in situ and performed some catalytic reactions?

First, cyclopropanation was tested, since no degradation of the gold compounds was
observed and the desired product was formed quantitatively. When mixing, biphenyl
trifluoromethyl diazomethane with styrene, and catalytic amount of (P,P)AuNTf, (5 mol%
freshly prepared from (P,P)Aul and AgNTf,), the cyclopropane product was obtained in 67%
NMR vyield (38% isolated yield). As for the stoichiometric reaction, only one diastereoisomer
was obtained.

Then a more challenging substrate was envisioned, indene, for which competition
between cyclopropanation and CH insertion is possible. Same conditions as styrene were

employed, and after 24 hours, the cyclopropane product was obtained in 56% NMR yield (39%
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isolated yield) and 2 products of CH insertion were observed (13% vyield), but not attributed.
The cyclopropanation is fully diastereoselective, only the product presenting the indane moiety
and the aryl of the diazo compound in syn position is obtained according to {*H, °F} HOESY
NMR.

Ph._~
rt, 24h . CF3
Ph
N> 1
n_ 67(38)%
NTH.
CF3 C 7 2 Ph
17

Ph (5 mol%)

56(39)%  pn  13%

Ph
Scheme IV-21: Gold-catalyzed cyclopropanation reactions from the a-CFs diazo derivative (NMR yields determined by 1°F{1H}

NMR using 4,4’-difluorobiphenyl as internal standard, isolated yields in parentheses).

Concerning Si-H insertion, no turnover was possible. Using 5 mol% of complex, no
product was detected. Increasing the catalytic amount to 10mol%, 10% of the Si-H insertion
product was obtained. Looking at the reaction media, we saw that the resting state was the
unknown species showing an *P{*H} NMR signal at & 148.3 ppm, already observed in
stoichiometric reaction. To note, this species is also obtained by mixing (P,P)AuNTf2 with
SiHMe2Ph. Some black precipitate is observed during the process, which may suggest gold
decomposition. Our investigation stopped here since no catalytic turnover can be achieved.

The selectivity for C3 insertion observed when mixing 18-Ph and indoles prompted us
to investigate the catalytic version of this reaction. Unfortunately, when mixing biphenyl
trifluoromethyl diazomethane and indole derivatives with catalytic amount of (P,P)AuNTf, no
selectivity was observed. Several products of CH insertion were observed (at least 3, not all of
them were assigned). An optimization of the reaction conditions has been performed: ratio of
compounds, increase of catalytic loading, temperature, order and rate of addition, but in the
best case the C3 insertion product was obtained in 30% NMR vyield with at least 2 other CH
insertion products (20% NMR yield each).

This different outcome observed for the catalytic reaction from the diazo compound,
compared to the stoichiometric reaction from the preformed carbene complex, can be
explained by the involvement of a different active species. One possibility is the diazo / gold

adduct (Scheme 1V-22), prior to the release of N, and formation of the carbene. The diazo /
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gold adduct may indeed lead to carbene transfer but via different pathways resulting in different
chemoselectivity than the carbene complex. As such, having in hands carbene complexes
enable to study their innate reactivity and confirm or infirm their participation in catalytic
transformations. It is worth noting that a-oxo gold carbene complexes have also been
guestioned as the true reactive species in catalytic transformations starting from alkynes and

pyridine oxides.¥

NTf,

N\ cF

Active species?

Scheme IV-22: Possible pathway for the synthesis of a-CFs gold carbene.

The overview of literature showed that there was no insertion reaction into O-H bond, this
is why (P,P)AuNTf, 17 (5 mol%) was reacted with diazo compound and different alcohols (1
eg.). To our delight, the product of O-H insertion was obtained in 2 hours: 76% NMR yield with
EtOH and 54% NMR yield with 'PrOH.

/,/,,'
1

N2 (5 mol%) Ph

CF; + ROH > CF;
rt, 2h
Ph OR

R = Et 76(70)%
R ='Pr54%
Scheme IV-23: Gold-catalyzed O-H insertion reactions from the a-CF; diazo derivative (NMR yields determined by *°F NMR
using 4,4’-difluorobiphenyl as internal standard, isolated yields in parentheses).
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IV. Conclusions and outlook

Thanks to the use of DCPb ligand, three a-CFs; gold carbene complexes have been
experimentally authenticated for the first time. The carbene center is both stabilized by
Au—Cecarvene back-donation and aryl->Ccamene donation as shown by XRD analysis and DFT
calculations. Despite many attempts, no a-CFs; gold carbenes were isolated or even

characterized using the (P,N) hemilabile ligand.

The newly isolated carbene 18-Ph participates in several catalytic reactions
(cyclopropanation, O-H insertion). Despite good results in stoichiometric reaction, the catalytic

version for the C-H insertion of indoles and the Si-H insertion could not be achieved.

The (P,P) ligand was proven to be efficient for the stabilization of highly reactive double
bond,BY thanks to its ability to enhance back-donation at gold. Is it possible to go further and
stabilize Au=C bond? To date, no complex of this type has been characterized. Some
examples of M=C triple bond exist with W, Mo, Fe or Ru,? but no example with later transition
metals. Two synthetic pathways can be envisioned and are currently under study in the team:
i) deprotonation of mono-substituted carbene complexes (Scheme 1V-24, top) or ii)
transmetalation of a diazo compound on gold and N release (Scheme 1V-24, bottom).

©
NTf,

\ H Base
'

R M \ _{a -
- — =
M = Ag, Li /N, N

Scheme IV-24: Different synthetic pathways to access gold carbyne complexes
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V. Experimental procedures and analytical data
1. Synthesis of gold complexes

Prepared in a similar way than the gold Cl one,®® with Aul instead of (DMS)AuCI.
31pLiH} NMR (121 MHz, CDCls): & 141.0 (s).

2. Synthesis of diazo compounds

NNHTs N,
NaH (1,5 eq.)
Et,0, 35°C, overnight
R R
In a Schlenk flask, under argon, hydrazone was dissolved in Et>O (0.3 M). A solution of NaH
in Et.O (0.3 M) was added stepwise over the solution of hydrazone. The reaction mixture was
stirred overnight at 35°C. The solution was filtrate and the product was purified by silica gel
chromatography (passivated with EtzN, eluent: pentane). CAUTION: diazo compounds are

presumed to be toxic and potentially explosive and should be handled with care, in a fume
hood.

Data of 1-(1-Diazo-2,2,2-trifluoroethyl)-4-methoxybenzene, 4-(1-Diazo-2,2,2-trifluoroethyl)-
1,1'-biphenyl and 1-(1-Diazo-2,2,2-trifluoroethyl)-4-trifluoromethylbenzene are consistent with
literature.4

3. Synthesis of the a-CFs gold carbene

PN ©
‘b—NiPr NTf
C/P\ g o CF,
AgNTf, (1 eq). Au=" 3
B ——————
CH,Cl, % /-
—pP-
-30°Ctort iPrN/\/"\lIPr
1h =
o =BH o =BH 18-R

R = OMe, Ph, CF;

A solution of 1 (326 mg, 0.40 mmol) in dichloromethane (8 mL) was added to a dispersion of
AgNTf (155 mg, 0.40 mmol, 1.0 eq) in dichloromethane (4 mL) at -20°C and stirred for 1 hour
under protection from light while slowly warming up to room temperature.
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Compound 17: 3P{*H} NMR (121 MHz, CD.Cls):  138.2 (s)

The reaction mixture was filtered over a pad of celite to give a clear yellow filtrate. A solution
of diazo (0.40 mmol, 1.0 eq) in dichloromethane (2 mL) was added to the previous solution at
-80°C. At -40°C, solvent was partially evaporated (do not dry completely) under vacuum. The
product was precipitate by addition of pentane. Solution was removed by filtrating cannula.
The product was dissolved in toluene (partially soluble) and precipitate by addition of pentane.
Solution was removed by filtrating cannula and the product was dried under vacuum to give
the desired product.

a-CFz gold(l) carbene 18-Ph: The pure product was
obtained as a dark blue powder (428 mg, 89%). 3!P{H}
NMR (121 MHz, CDCls, 298 K): 6 137.8 (q, *Jpr = 23.2 Hz).
H NMR (500 MHz, CDCl, 243 K): d 8.00-7.88 (m, 2H,
Hs), 7.88-7.82 (m, 2H, H.), 7.81-7.78 (d, Juu = 7.1 Hz, 2H,
Hg), 7.55-7.49 (m, 3H, He & Hio), 3.72-3.60 (m, 4H,
CH(CHes)2), 3.39-3.23 (m, 8H, N(CH)2N), 3.01-1.70 (bs,
10H, BH), 1.36 (d, 6H, Jun = 6.5 Hz, CH(CHzs)2), 1.34 (d,
6H, Jun = 6.6 Hz, CH(CHz3),), 1.19 (d, Jun = 6.5 Hz, 6H,
CH(CHs)), 1.04 (d, Jun = 6.6 Hz, 6H, CH(CHz3),). 3C{*H}
NMR (126 MHz, CD,Cl,, 243K): & 269.8 (qt, 2Jcr = 34.9 Hz,3Jcp = 94.4 Hz, C5), 150.6 (t, Jpc =
12.8 Hz, C¢), 143.6 (m, C3), 138.1 (t, Jrc = 6.1 Hz, C7), 130.6 (s, C10), 129.6 (s, Cs & Cy), 128.3
(t, J.c = 9.5 Hz, C4), 127.7 (t, Jpc = 3.7 Hz, Cs), 119.8 (q, 1Jcr= 321.1 Hz, NTf2), 90.2 (t, 1Jpc =
25.8 Hz, C11), 50.5 (pseudo q, Jcp = 8.7 Hz, CH(CHs)2), 42.6 (s, N(CH2)2N), 42.2 (s, N(CH2)2N),
21.6 (s, CH(CHg)2), 21.5 (s, CH(CHs),), 21.2 (s, CH(CHs)2), 19.9 (s, CH(CHz3),). **F NMR (282
MHz, CDCls): 6 -54.8 (t, *Jpr = 23.2 Hz, CF3), -79.7 (s, NTf,). 'B{*H} NMR (96 Hz, CD.Cl,): -
2.5, -10.1, -16.9. (ESI+): calculated for [M]+ = Cs2HssB1oNsP2F:AU*: 920.4510. Found:
920.4500.

Due to the coupling with F and P and its localization in the middle of aromatics carbon, C1 was
not attributed.

Crystals suitable for XRD analysis were obtained by slow diffusion of pentane into a
concentrated solution of 18-Ph in DCM at 4°C.

a-CF; gold(l) carbene 18-OMe: The pure product was
obtained as a dark blue powder (240 mg, 52%). 3'P{*H}
NMR (121 MHz, CDCls): 8 142.1 (q, “Jer= 14.0 Hz). *H NMR
(500 MHz, CDzClz): 0 7.90 (dq, Jun = 9.1 Hz, %J4r = 5.0 Hz,
2H, H.), 7.20 (d, Jun = 9.1 Hz, 2H, Hs), 4.07 (t, Juw = 1.4 Hz,
H7z), 3.74-3.61 (m, 4H, CH(CHs),), 3.36-3.33 (m, 8H,
N(CH2)2N), 3.18-1.71 (bs, 10H, Hgn), 1.38-1.32 (m, 12H,
CH(CHs3)2), 1.19 (d, Jun = 6.5 Hz, 6H, CH(CHs)2), 1.04 (d, Jun
= 6.5 Hz, 6H, CH(CHs3),). *C{*H} NMR (126 MHz, CDCl):
0 268.5 (qt, 2Jcr = 37.2 Hz,2Jcp = 79.5 Hz, Cy), 171.3 (t, Jcp = 9.9 Hz, C4), 140.0 (qt, Jcp = 13.3
HZ, Jcr = 5.6 HZ, C3), 129.5 (qt, , Jep = 8.3 HZ, Jer = 278.1 HZ, Cl), 120.4 (q, lJCFZ 321.4 HZ,
NTf,), 117.3 (t, Jcp = 5.9 Hz, Cs), 115.1 (s,Cé), 92.5 (t, Jcp = 26.5 Hz, Cs), 58.0 (s, C7), 51.0 (t,
Jep = 8.1 Hz, CH(CHs)2), 50.9 (t, Jep = 8.1 Hz, CH(CHs).), 43.1 (s, N(CH2)2N), 42.7 (s,
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N(CH2)2N), 21.9 (s, CH(CHz3)2), 21.4 (s, CH(CHs3)2), 20.2 (s, CH(CHs)2), 19.0 (s, CH(CHs).). *°F
NMR (282 MHz, CDCls): & -53.9 (t, “Jer = 14.3 Hz, CF3), -78.5 (s, NTf,). HRMS (ESI+):
calculated for [M]+ = C27Hs3B10N4P2OFsAU*: 874.4300. Found: 874.4297.

a-CF; gold(l) carbene 18-CFs: Any work up of the carbene
lead to decomposition. The product was characterized
directly after addition of diazo, that give a deep purple color
of the solution. 3P{*H} NMR (121 MHz, CD.Cl,, 298 K): &
132.8 (qq, “Jer= 32.1 Hz, 8Jpr = 10.8 Hz). *H NMR (400 MHz,
CD.Cly, 213 K): & 7.80-7.73 (m, 4H, Has), 3.70-3.54 (m, 4H,
CH(CHs)2), 3.40-3.17 (m, 8H, N(CH>)2N), 2.96-1.65 (bs, 10H,
Hgn), 1.31 (pseudo t, Juy = 6.9 Hz, 12H, CH(CHs)2), 1.14 (d,
Jun = 6.5Hz, 6H, CH(CHs),), 0.97 (d, Jun = 6.4 Hz, 6H,
CH(CHzs)2). ¥C{H, *F} NMR (100 MHz, CD,Cl,, 213 K): d 265.8 (t, Jcp = 109.0 Hz, C,), 145.2
(t, Jep = 24.1 Hz, Cg), 134.7 (t, Jcp = 13.5 Hz, Cs), 132.4 (t, Jcp = 14.1 Hz, C4), 129.1 (t, Jcp =
17.5 Hz, Cy), 126.3 (t, Jcp = 10.7 Hz, Ce¢), 123.0 (t, Jcp = 5.9 Hz, Cy), 119.3 (s, NTf), 87.7 (t,
1Jpc = 25.9 Hz, Cg), 50.1 (t, Jcp = 6.8 Hz, CH(CHj3)2), 50.0 (t, Jcp = 7.1 Hz, CH(CHg)2), 42.1 (s,
N(CH2)2N), 41.7 (s, N(CH2)2N), 21.5 (s, CH(CHzs)2). 21.0 (s, CH(CHa)2). 20.4 (s, CH(CHz)2),
19.6 (s, CH(CHs)2). **F{*H} NMR (282 MHz, CD.Cly, 213 K): & -54.5 (t, “Jpr = 32.1 Hz, CF3), -
64.2 (t, 8Jpr = 10.8 Hz, CF3), -79.4 (s, NTf,). 1B {*H} NMR (96 MHz, CD,Cl,, 298 K): -2.4, -6.8,
-10.9, -16.9. HRMS (ESI+): calculated for [M]+ = Cau7Hs0B1oN4P2FsAu*: 912.4068. Found:
912.4077.

4. Reactivity with nucleophilic reagent

To a solution of 18-Ph (36 mg, 0.03 mmol) in dichloromethane (1.5 mL) was added a solution
of base (0.06 mmol) in DCM (0.5 mL) at -40°C. The reaction mixture was stirred for 1 h while
slowly warming up to room temperature. Solvent was removed under vacuum and the solid
was washed twice with pentane. After drying under vacuum the Carbene/pyridine adduct was
obtained as a pale-yellow solid (27 mg, 0.021, 70%).

Compound 19: 3'P{*H} NMR (202 MHz, CDCls): 6 127.6 (q,
4Jpr = 5.8 Hz). *H NMR (500 MHz, CDCls): & 8.98 (d, Jun =
6.2 HZ, 2H, HlO), 8.65 (t, Jwu =7.7 HZ, 1H, le), 8.14 (t, N
= 7.1 Hz, 2H, Hu1), 7.65 (d, Jun = 8.5 Hz, 2H, Ha), 7.57 (d,
Jun = 7.5 Hz, 2H, H7), 7.47 (t, Jun = 7.7 Hz, 2H, Hg), 7.41-
7.33 (M, 3H, Hs & Ho), 3.69-3.57 (m, 4H, CH(CHs)2), 3.28-
3.16 (M, 8H, N(CH,)2N), 2.96-1.65 (bs, 10H, Hgw), 1.22 (d,
Jun = 6.6 HZ, 6H, CH(CHg)z), 1.17 (d, Jun = 6.6 HZ, 6H,
CH(CHs)2), 1.08 (d, Jun = 6.6 Hz, 6H, CH(CHs),), 1.05 (d,
Jun = 6.5 Hz, 6H, CH(CHs)2). *C{!H} NMR (126 MHz,
"o CDCls): 8 148.1 (s, C12), 147.8 (S, C1o), 141.2 (s, Cs), 139.5

(s, Ce), 135.9 (s, C2), 129.2 (s, Cs), 128.6 (S, C11), 128.5 (s,
C4), 128.2 (S, Cg), 127.9 (S, C3), 127.6 (q, lJCFZ 279.3 HZ, CF3), 127.1 (S, C7), 120.0 (q, lJCFZ
321.4 Hz, NTf,), 98.4 (g, 2Jcr = 38.0 Hz, Jpc not observed, Ci), 90.4 (t, Joc = 32.2 Hz, C13), 50.3
(t, Jep = 12.5 Hz, CH(CHa)2), 50.0 (t, Jep = 12.5 Hz, CH(CHa)2), 42.9 (s, N(CH2)2N), 42.8 (s,
N(CHz)zN), 21.8 (t, Jep = 3.1 Hz, CH(CHg)z), 21.7 (t, Jer = 3.1 Hz, CH(CH3)2), 21.2 (S,
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CH(CHa)2), 20.7 (s, CH(CHa)2). *F{*H} NMR (470 MHz, CD,Cl,, 213 K): & -62.6 (bs, CFs), -
78.7 (s, NTf2). 1B {*H} NMR (160 MHz, CDCls): -1.3, -6.1, -10.0.
Compound 19’: 3'P{*H} NMR (202 MHz, CDCls): d 125.9

o (4, “Jer = 5.3 Hz). 'H NMR (500 MHz, CDCls): 5 8.21 (d, Jus
P = 7.7 Hz, 2H), 7.60-7.52 (m, 4H), 7.49-7.33 (m, 4H), 7.27-
R Q 7.20 (m, 2H), 6.82 (d, Jun = 7.7 Hz, 2H), 3.78-3.59 (m, 4H,

CH(CHs)), 3.28-3.19 (m, 8H, N(CH.)2N), 3.29 (s, 6H,

Au o CF3 N(CHz3)2), 2.96-1.65 (bs, 10H, Hgn), 1.27 (d, Jun = 6.7 Hz,

/ /:N \2 6H, CH(CHs)2), 1.18 (d, Jun = 6.6 Hz, 6H, CH(CHs3)2), 1.20
Pr —

(d, Jun = 6.4 Hz, 6H, CH(CHa),), 1.03 (d, Jun = 6.5 Hz, 6H,
N CH(CHa)2). *F{'H} NMR (470 MHz, CDCls, 213 K): & -62.6
(bs, CFs), -78.7 (s, NT).

Crystals of carbene/DMAP adduct 19’ were grown from a dichloromethane/pentane solution
at -30°C.

5. Stoichiometric reaction

With styrene: To a solution of 18-Ph (28 mg, 0.023 mmol) in CDCl; (0.5 mL) was added a
solution of styrene (5.3 pL, 0.046 mmol, 2 eq.) and 4,4’-difluorobiphenyl (2 mg, 0.011 mmol,
0.5 eq.)in CDClIs (0.1 mL) at -40°C and stirred manually when going back to room temperature.
After 1h, the formation of one diastereoisomer of the cyclopropane (cis position of biphenyl of
carbene and phenyl of styrene) is quantitative (>95%) according to °F{*H} NMR.

With silane: To a solution of 18-Ph (28 mg, 0.023 mmol) in CDCI; (0.5 mL) was added a
solution of SiHMezPh (3.5 pL, 0.023 mmol, 1 eq.) and 4,4’-difluorobiphenyl (2 mg, 0.011 mmol,
0.5 eq.)in CDCls (0.1 mL) at -40°C and stirred manually when going back to room temperature.

Ph. |/ (2-([1,2'-biphenyl]-4-y1)-2,2,2-trifluoroethyl)dimethyl(phenyl)silane:
Si 94% NMR yield. *H NMR (300 MHz, CDCls): & 7.71-7.31 (m, 14H), 7.06
CF4 (d, Jun = 7.9 Hz, 2H), 3.15 (q, 3Jue = 12.9 Hz, 1H), 0.48 (s, 3H), 0.39 (s,
3H). F NMR (282 MHz, CDCls): d -56.5 (d, 3Jur = 12.9 Hz). EI-MS:
Ph Calculated for C22H2:F5Si: 370.14. Found: 370.07.

With indoles: To a solution of 18-Ph (28 mg, 0.023 mmol) in CDCl; (0.5 mL) was added a
solution of indole derivative (1 eq.) and 4,4’-difluorobiphenyl (2 mg, 0.011 mmol, 0.5 eq.) in
CDCl; (0.1 mL) at -40°C and stirred manually when going back to room temperature.
Ph
O 3-(1-([1,1'-biphenyl]-4-yl)-2,2,2-trifluoroethyl)-1-methyl-1H-indole: 70%
NMR yield after 3h. The product was not isolated. Characteristic data: *H
CF3  NMR (300 MHz, CDCls): 8 5.03 (g, 3Jur = 9.6 Hz, 1H), 3.82 (s, 3H). °F NMR
O N\ (282 MHz, CDCls): & -67.3 (d, 3Jur = 9.6 Hz). EI-MS: Calculated for
N Ca3HisFsN: 365.14. Found: 365.27.
H
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Ph 3-(1-([1,1'-biphenyl]-4-yl)-2,2,2-trifluoroethyl)-1H-indole: 75% NMR yield
O after 3h. The product was not isolated. Characteristic data: *H NMR (300
MHz, CDCls): 8 5.04 (q, 3Jur = 9.4 Hz, 1H).*°F NMR (282 MHz, CDCls): & -

CFs 67.3 (d, 3Jur = 9.4 Hz). EI-MS: Calculated for C2H1sF3N: 351.12. Found:

O N\ 351.27.
N
H

6. Catalytic reaction

A solution of (P,P)Aul (8.1 mg, 0.01 mmol) in DCM (0.4 mL) was added to a dispersion of
AgNTTf; (3.8 mg, 0.01 mmol) in DCM (0.2 mL) at -20°C and stirred for 1h while slowly warming
up to room temperature. The reaction mixture was filtered over a pad of celite to give a clear
yellow solution.

In a glovebox, a flame dried Schlenk equipped with a magnetic stirrer bar was charged with
diazo compound (52.4 mg mg, 0.2 mmol) and styrene, indene or alcohol (0.2 mmol, 2 eq.) or
fluorene (0.6 mmol, 3 eq.) in DCM (0.4 mL). Outside the glovebox, the yellow solution was
added to the Schlenk and the reaction was stirred for the appropriate amount of time. The yield
was determined by **F{*H} NMR spectroscopy using 4,4'-difluorobiphenyl as internal standard.

With styrene and indene: reactions were stirred for 24 h under static vacuum.

2-(4-Phenylbenzenyl)-1-(trifluoromethyl)cyclopropyl)benzene: 67% NMR yield. The pure
product was obtained after column chromatography
(Petroleum ether/Toluene : 9/1) as a white powder (25,5 mg,
38%). *H NMR (500 MHz, CDCls): 8 7.55-7.52 (m, 2H, Hi1),
7.43-7.39 (M, 4H, H; & Hio), 7.36-7.31 (M, 1H, H1), 7.24-7.20
(m, 2H, He), 7.13-7.09 (m, 3H, His & Hi¢), 6.96-6.82 (m, 2H,
H14), 2.89 (dd, Juw = 9.7, 6.0 Hz, 1H, H), 1.93 (dd, Juw = 9.7,
6.0 Hz, 1H, Hs), 1.73 (pseudo t, Jun = 6.0 Hz, 1H, H’3). ¥ Cjmod
NMR (126 MHz, CDCls): & 141.0 (Cs), 140.5 (Co), 135.7 (C13), 133.0 (Cs), 130.7 (Cs), 128.9
(C7), 128.1 (C14), 128.0 (C1s), 127.6 (C12), 127.2 (C11), 126.8 (C10), 126.7 (C16), 125.9 (q, Jcr
=274,2 Hz, C4), 35.6 (q, 2Jcr = 32.7 Hz, C4), 25.9 (q, %Jcr = 2.5 Hz, Cy), 14.9 (q, 3JcF = 2.5 Hz,
Cs). I%F NMR (376 MHz, CDCls): -69.7 ppm (s). The diastereoselectivity has been confirmed
by {*H, °F} HOESY NMR. EI-MS: Calculated for C,2H17F3: 338.13. Found: 338.15.

Crystals were grown by slow evaporation of DCM.
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56% NMR vyield. The pure product was obtained after column
chromatography (Petroleum ether/Toluene : 9/1) as a white powder
(27,1 mg, 39%). *H NMR (400 MHz, CDCl3): d 7.50-7.45 (m, 2H,
Hi1), 7.42 (d, Juu = 7.6 Hz, 1H, H1), 7.40-7.26 (m, 5H, H7 & Hio &
H1o), 7.16-7.07 (m, 3H, His & He), 6.92 (td, Jun = 7.6, 1.2 Hz, 1H, Hie),
6.75 (d, Iun = 7.6 Hz, 1H, Hi7), 3.33 (d, Jun = 6.8 Hz, 1H, H2), 3.25
(dd, Jhn = 17.6, 6.8 HZ, 1H, ng), 2.83 (d, Jun = 17.6 HZ, 1H, H’lg),
2.65 (pseudo t, Jun = 6.8 Hz, 1H, H3). *3Cjmod NMR (101 MHz, CDCly):
0 142.3 (Cig), 140.6 (C13 & Cs), 140.4 (Co), 133.4 (Ce), 128.8 (Cuo),
128.0 (Cs), 127.4 (C12), 127.1 (Cu1), 126.7 (C16), 126.5 (Cis), 126.4
(C7), 125.9 (q, *Jcr = 274,4 Hz, C4), 125.1 (C14), 124.6 (C17), 36.7 (q, 2Jcr = 31.2 Hz, C31), 33.8
(9, 3Jce = 3.0 Hz, Cy), 32.7 (C9), 25.4 (q, 3Jcr = 2.7 Hz, C3). *F NMR (376 MHz, CDCls): -68.6
ppm (s). The diastereoselectivity has been confirmed by {*H, *F} HOESY NMR. EI-MS:
Calculated for C23H17F3: 350.13. Found: 350.27.

’ 13% NMR yield. *H NMR (300 MHz, CDCls): Characteristic data: & 4.71 (q,
8Jur = 10.1 Hz, 1H, 3%), 4.52 (q, 3Jur = 9.4 Hz, 1H, 10%). °F NMR (282
MHz, CDCls): 8 -65.7 (d, 3Jur = 10.1 Hz, 3%), -66.6 (d, 3Jur = 9.4 Hz, 10%).

Ph

With alcohol: Reactions were stirred for 2 h under flux of argon.

1-phenyl-4-(1-ethoxy-2,2,2-trifluoro-ethyl)benzene (10): 76% NMR
yield The pure product was obtained after column chromatography
(Petroleum ether/Ethyl Acetate : 95/5) as an oil (39 mg, 70%). H
NMR (300 MHz, CDCls): & 7.67-7.59 (m, 4H, H7 & H11), 7.53 (d, Jun
= 8.0 Hz, 2H, He¢), 7.43 (m, 2H, H10), 7.41-7.35 (m, 1H, H1,), 4.67 (q,
3Jur = 6.6 Hz, 1H, Hg), 3.63 (q, Jun = 7.0 Hz, 2H, Hy), 1.29 (t, Jun =
7.0 Hz, 3H, H1). 3Cjmos NMR (75 MHz, CDCls): & 142.5 (Cs), 140.6
(Co), 132.3 (Cs), 129.0 (Cio), 128.7 (Ce), 127.8 (C12), 127.4 (C11),
127.3 (C7), 124.3 (g, Mcr = 281,8 Hz, C4), 79.6 (q, 2Jcr = 31.0 Hz, C3), 66.4 (Cy), 15.2 (Cy). 1°F
NMR (282 MHz, CDCls): -76.5 ppm (d, 3Jur = 6.6 Hz). EI-MS: Calculated for Cz3H17Fs: 280.11.
Found: 280.27.

12

J\ 1-phenyl-4-(1-isopropoxy-2,2,2-trifluoro-ethyl)benzene (10°): NMR

0) yield: 549%. Analytical data are consistent with those previously

O CF3 reported:©s 'H NMR (300 MHz, CDCls): & 7.63-7.30 (m, 9H), 4.72 (q,

J = 6.8 Hz, 1H), 3.73 (hept, J = 6.0 Hz, 1H), 1.24 (d, J = 6.1 Hz, 3H),

O 1.17 (d, J = 6.2 Hz, 3H). 1°F NMR (282 MHz, CDCl5): -76.8 ppm (d, 3Jur
= 6.8 Hz).
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7. Selected Crystallographic Data

Crystallographic data were collected at low temperature (193(2) K) on a Bruker-AXS APEX I
Quazar diffractometer equipped with a 30W air-cooled microfocus or on a Bruker-AXS
PHOTON100 D8 VENTURE diffractometer, using MoK, radiation (A = 0.71073 A). Phi- and
omega-scans were used. An empirical absorption correction was performed with SADABS.*
The structures were solved by direct intrinsic phasing method (SHELXT),> and refined using
the least-squares method on F2.° All H atoms on carbon atoms were refined isotropically at
calculated positions using a riding model.

ID 18-Ph 19’ Cyclopropane
formula 2(Cs2HssAUB10F3N4P?), CsoHesAUB10F3NeP2, CaooHirFs
2(C2FeNO4S;), CH2Cl> C2FeNO4S2
M, 2484.85 1322.13 338.35
crystal system Triclinic Monoclinic Orthorhombic
space group P-1 Cc P212121
ad) 12.9747 (7) 11.5655 (7) 5.7542 (8)
b (A) 19.5323 (11) 23.5016 (15) 16.803 (2)
c (&) 20.5359 (11) 21.3348 (12) 17.010 (2)
a () 89.793 (2) 90 90
B (°) 87.456 (2) 97.358 (2) 90
v (°) 80.079 (2) 90 90
V (A% 5121.4 (5) 5751.2 (6) 1644.7 (4)
Z 2 4 4
Peaic (g cmd) 1.611 1.527 1.366
2 (mmY) 3.144 2.761 0.102
F(000) 2476 2656 704.0
crystal size (mm3) | 0.180 x 0.120 x 0.080 | 0.200 x 0.040 x 0.040 | 0.140 x 0.080 x 0.060
TIK 193 (2) 193 (2) 193 (2)
measd refins 124878 108721 5064
U”"z;?nz‘;ﬂ”s 17950 (0.0587) 22126 (0.0527) 3966 (0.0434)
refins used for 17950 22126 3966
refinement
refined 1250 695 226
parameters
GOF on F2 1.049 1.039 1.039
R [I>20(1)] 0.0320 0.0327 0.0434
WR_" [all data] 0.0766 0.0655 0.1300

Table SIV-1: Crystal Data, Data Collection, and Structure Refinement. °R; =5 [Fo| - [Fc[ 1/ 2 [ rol,
PR, =[5 w(Fs? - F2] / % [w(Fo?I]2

4 Bruker, SADABS, Bruker AXS Inc., Madison, Wisconsin, USA.
5 G. M. Sheldrick Acta Cryst. 2015, A71, 3-8.
6 G. M. Sheldrick Acta Cryst. 2015, C71, 3-8.
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Unit 1 Unit 2

Au-C 1.971(2) 1.971(4)
P-Au 2.347(1)/2.348(1) | 2.361(1)/2.355(1)

C-Ciany 1.444(6) 1.439(6)

C-CF3 1.500(6) 1.496(6)
PAUC 135.7(1)/133.7(1) | 134.5(1)/135.9(1)

PAUP 90.59(4) 89.58(4)

Caary-Ciary-C-Au 0.6(5) -3.4(6)

Table SIV- 2: Key geometric feature of the two independent molecules of the crystal structure of 18-Ph.

VI. Computational details

All calculations were performed using the Gaussian 09 package’ and the B3PW91 hybrid
functional® on the real experimental systems. The gold atom was described with the relativistic
electron core potential SDD and associated basis set,® augmented by a set of f-orbital
polarization functions.'® The 6-31G** basis set were employed for all other atoms.! Frequency
calculations were undertaken to confirm the nature of the stationary points, yielding zero
imaginary frequency for minima, yielding one imaginary frequency for transition states (TS),
corresponding to the expected process. The connectivity of the transition states and their
adjacent minima was confirmed by intrinsic reaction coordinate (IRC)* calculations. All the
geometrical structures were plotted with Chemcraft program.** For the frontier orbitals, the

atomic orbital compositions of each MO (%) have been computed thanks to Multiwfn 3.6
package.'*

7 Gaussian 09, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. lzmaylov, J. Bloino, G. Zheng, J. L.
Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T.
Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T.
Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. lyengar, J. Tomasi, M. Cossi, N. Rega, J. M.
Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin,
R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg,
S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian, Inc., Wallingford CT,
2009.

83a) A. D. Becke, Phys. Rev. 1988, A38, 3098-3100; b) A. D. Becke J. Chem. Phys. 1993, 98, 5648; b) J. P. Perdew, in Electronic
Structure of Solids ‘91, Ed. P. Ziesche and H. Eschrig, Akademie Verlag, Berlin, 1991, 11.

9a) D. Andrae, U. Haussermann, M. Dolg, H. Stoll, H. Preuss, Theor. Chim. Acta 1990, 77, 123; b) M. Dolg, Modern Methods
and Algorithm of Quantum Chemistry, Vol. 1 (Ed.: J. Grotendorst), John von Neuman Institute for Computing, Jllich
(Germany), 2000, 479.

10 A, W. Ehlers, M. Biihme, S. Dapprich, A. Gobbi, A. Hijllwarth, V. Jonas, K. F. Kiihler, R. Stegmann, A. Veldkamp, G. Frenking,
Chem. Phys. Letters 1993, 208, 111.

11 p, C. Hariharan, J. A. Pople, Theor. Chim. Acta 1973, 28, 213.

12 3) K. Fukui, Acc. Chem. Res., 1981, 14, 363; b) H. P. Hratchian, H. B. Schlegel, in Theory and Applications of Computational
Chemistry: The First 40 Years, Ed. C. E. Dykstra, G. Frenking, K. S. Kim, G. Scuseria, Elsevier, Amsterdam, 2005, 195.

13 Chemcraft graphical software for visualization of quantum chemistry computations. https://www.chemcraftprog.com
14T, Lu, F. Chen, J. Comput. Chem., 2012, 33, 580.
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The bonding situation in all systems was studied using Natural Bond Orbital®® analyses
(NBO, 7.0 version).*® Charge transfer between the carbene and the metallic fragment has been
calculated using atomic NPA charges. The Natural Localized Molecular Orbitals (NLMO)
associated to the interactions involving the vacant of the carbene, i.e. the dy(Au)—2p™(Ccarbene)
and Trc=cayi—2P"(Ccarvene) interactions, have been analyzed. NLMO plot associated to the
Au—C back-donation was drawn (cutoff : 0.04) with Chemcraft program.?

For each system, a charge decomposition analysis (CDA) was carried out with the CDA
2.2 program developed by G. Frenking.'” The orbital contributions to the charge distributions
are divided into four parts: i) the mixing of the occupied orbitals of the ligand (carbene) and the
unoccupied MOs of the metal fragment (P,P)Au* (Ligand—Au donation d), ii) the mixing of the
unoccupied orbitals of the ligand and the occupied MOs of the metal fragment (Ligand<—Au
back-donation b), iii) the mixing of the occupied orbitals of the ligand and the occupied orbitals
of the metal fragment (Ligand<»Au repulsive polarization r), and (iv) the mixing of the
unoccupied orbitals of the ligand and the unoccupied orbitals of the metal fragment (residual
term A).

The absorption spectrum was calculated at SMD(DCM)/B3PW91/SDD+f(Au), 6-
31G**(other atoms)// B3PW91/SDD+f(Au), 6-31G**(other atoms) level by using time-
dependent density functional theory (TD-DFT)!® method on the geometry of the ground-state.
Solvents effects (DCM : dichloromethane) was included by means of the universal Solvation
Model based on Density (SMD).*

For the NMR calculations of the carbene gold complexes, the **Ccamene NMR chemical shift
(® in ppm) and Jec and Jpe coupling constants (in Hertz) were computed by employing the
direct implementation of the Gauge Including Atomic Orbitals (GIAO),? with the IGLOII?! basis
seton B, C, H, N, F and P atoms and using as reference SiMe., optimized at the same level
of theory.

15 3) E. Reed, L. A. Curtiss, F. Weinhold, Chem. Rev. 1988, 88, 899; b) J. P. Foster, F. Weinhold, J. Am. Chem. Soc. 1980, 102,
7211; c) A. E. Reed, F. Weinhold, J. Chem. Phys. 1985, 83, 1736.

16 NBO 7.0 program, E. D. Glendening, J. K. Badenhoop, A. E. Reed, J. E. Carpenter, J. A. Bohmann, C. M. Morales, P.
Karafiloglou, C. R. Landis, and F. Weinhold, Theoretical Chemistry Institute, University of Wisconsin, Madison, 2018.

17'S. Dapprich, G. Frenking, J. Phys. Chem. 1995, 99, 9352.

18 3) R. Bauernschmitt, R. Ahlrichs, Chem. Phys. Lett. 1996, 256, 454; b) M. E. Casida, C. Jamorski, K. C. Casida, D. R. Salahub,

J. Chem. Phys. 1998, 108, 4439; c) R.E. Stratmann, G.E.Scuseria, M. J. Frisch, J. Chem. Phys. 1998, 109, 8218.

1191 Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. B 2009, 113, 6378.

20 3) F. London, J. Phys. Radium 1937, 8, 397; b) R. McWeeny, Phys. Rev. 1962, 126, 1028; c) R. Ditchfield, Mol. Phys. 1974, 27,
789; d) K. Wolinski, J. F. Hilton, P. Pulay, J. Am. Chem. Soc. 1990, 112, 8251; e) J. R. Cheeseman, G. W. Trucks, T. A. Keith, M.
J. Frisch, J. Chem. Phys. 1996, 104, 5497.

2L\W. Kutzelnigg, U. Fleischer, M. Schindler, The IGLO-Method: Ab Initio Calculation and Interpretation of NMR Chemical Shifts
and Magnetic Susceptibilities, Springer-Verlag, Heidelberg, 1990, vol. 23.
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18-OMe 18-Ph 18-CFs
18-OMe 18-Ph | 18-CFs
Geometrical parameters
DFT DFT X-Ray DFT
Au-C 1.987 1.982 1.971(2) 1.971
P-Au 2.420/2.422 2.418/2.418 | 2.347(1)/2.348(1) | 2.408/2.412
C-CyPs° 1.423 1.429 1.444(6) 1.442
C-CFs 1.515 1.515 1.500(6) 1.514
PAUC 133.5/136.6 | 135.9/134.2 | 135.7(1)/133.7(1) | 134.4/134.7
PAuUP 89.81 89.88 90.59(4) 89.79
CaM0-C4P50-C-Au 3.8 -0.9 0.6(5) -1.7
NMR Data
DFT?

& 13C (Ccam, ppm) 271.4 276.9 284.2
2Jpc (Hz) 92.5 100.4 135.3
4Jpr (HZ) 16.9 21.2 39.1
8\:||:>|: (HZ) 14.7

Experimental

5 3C (Ccam, ppm) 268.5 270.9 265.8
2Jpc (Hz) 79.5 94.4 109.0
43pr (Hz) 14.0 23.2 32.1
8\]PF (HZ) 10.8

Table SIV-3: Main geometrical parameters (distance in A, bond angles and bond dihedral angles in °) and NMR data (*3Cears
chemical shifts & in ppm and Jec, Jpr coupling constants in Hz) for the complexes 18-OMe, 18-Ph and 18-CF; calculated at the
B3PW91/SDD+f(Au), 6-31G**(other atoms) level of theory. °NMR calculations carried out at GIAO-B3PW91/IGLO(ll) for H, B,
C, N, F, P atoms and SDD+f for Au.
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18-OMe 18-Ph 18-CF3
NBO Analysis
WBI (Au-C) 0.677 0.687 0.710
WBI (C-Ca) 1.312 1.289 1.234
CT -0.10 -0.14 -0.25
dxz(Au) — 2p™(C) interaction 87.8% Au 86.3% Au 82.5% Au
7.3% Ccan 9.7% Ccanw | 15.5% Ccan
NLMO dxz(Au) 1.0% Cqu 1.7% Cqu 0.4% Cau
1.0% Caur 0.4% Car 0.2% Ca
Tc=cayl — 2p"(C) interaction | 24.2% Ccan | 16.3% Ccap | 10.1% Cearp
49.3% Car 45.1% Ca 45.8% Ca
NLMO Trc=caryi 8.5% Car 27.2% Caur 29.2% Ca
7.7% Ca
CDA Analysis
CR2 — AuL. donation (d) 0.414 0.409 0.394
Au — CR:2 back-donation (b) 0.191 0.195 0.211
d/b ratio 2.16 2.09 1.86
Au < C repulsion -0.379 -0.396 -0.397
Residue term (A) -0.017 -0.015 -0.012

Table SIV-4: Bonding situation for complexes 18-OMe, 18-Ph and 18-CF; calculated at the B3PW91/SDD+f(Au),6-31G**(other
atoms) level of theory. Wiberg Bond indexes (WBI) for Au-Ccarbene and Cearbene-Car. Charge transfer (CT) from carbene to gold
fragment accounting for NBO calculation. Contributions of main atoms (in percent) in the NLMO associated to dy,(Au) and
Tic=cary Orbitals. CDA analysis for the different complexes.
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Figure SIV-1: Plot of the NLMO (cutoff : 0.04) associated to the back-donation Au—>Cearbene (dxo(Au) = 2p™(C)) and the
delocalization of the aryl group on the vacant of the carbene (fic=caryy > 2p™(C)) for complexes 18-OMe, 18-Ph and 18-CFs.
Contribution of gold and Ccarbene atoms in percent.
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Figure SIV-2: Molecular diagrams corresponding to interaction between dy,(Au) and 2p™(C) orbitals for each complex 18-OMe,
18-Ph and 18-CF3. Plot of the HOMO and LUMO and their energy levels for the a-CF;gold carbene complexes.

For all complexes, the plot of the frontier orbitals evidences interaction of the 2p™(Ccarm)
orbital with both the metal and the aryl substituent. The energy gap between the frontier orbitals
is relatively small in all cases: 2.34 eV for 18-Ph, 2.46 eV for 18-OMe and 2.44 eV for 18-CFs.

Excited state | A (nm) | Transition energy (eV) f Electronic transitions?

1 634.8 1.95 1.13 HOMO—LUMO

2 517.0 2.40 0.01 HOMO -1 —» LUMO

3 504.2 2.46 0.01 HOMO -2 » LUMO

4 463.7 2.67 0.03 | HOMO -4 — LUMO (59.8%)
HOMO -6 —» LUMO (40.2%)

5 406.6 3.05 0.26 HOMO -3 -LUMO (86.7%)
HOMO -6 —» LUMO (13.3%)

6 399.89 3.10 0.08 | HOMO -6 — LUMO (51.7%)
HOMO -4 — LUMO (35.8%)
HOMO -3 —» LUMO (12.5%)

Table SIV-5:. TD-DFT calculations for complex 18-Ph: absorption wavelengths A (in nm) and transition energies (in eV)
corresponding to the main m — nt* absorptions for the 6 first excited states, oscillator strength f, electronic transitions
associated. “With HOMO-1 and HOMO-2 centered on phosphorus ligand; HOMO-3, HOMO-4 and HOMO-6 centered on iar.

201



Chap 4: Isolation of reactive a-CF; gold(l) carbene complexes

Q~ :‘ ) g:~ @
. ‘N P "® 'Y
% S IR
e s»b @‘w O~ ‘y @ P ‘:‘U" GG €
® ¢® = .
e o o ~
[ © {
@ [ P )
TSrot ph 18-H
AG* 10.0 0.0
Geometrical parameters
Au-C 1.934 1.975
P-Au 2.393/2.399 2.412/2.413
C-Cipso 1.476 1.438
C-CF3 1.511 1.516
PAuC 135.41/134.93 135.91/134.27
PAuUP 89.58 89.77
Cipso- Cortho-C-Au 91.46 3.52
NBO Analysis
WBI (Au-C) 0.786 0.705
WBI (C-Cipso) 1.056 1.251
CT -0.34 -0.20
dxz(Au) — 2p™(C) interaction 81.0% Au 83.2% Au
17.6% CCarbene 14.8% CCarbene
NLMO dxz(Au) 0.1% Car 0.3% Car
0.1% Car 0.2% Car
Tc=caryt — 2p"(C) interaction 0.3% Ccarbene 10.6% Cecarbene
42.5% Char 50.0% Car
NLMO Trc=caryi 40.1% Car 30.2% Car
CDA Analysis
CR2; — AulL, donation (d) 0.387 0.403
Au — CR: back-donation (b) 0.260 0.207
d/b ratio 1.49 1.95
Au <« C repulsion -0.393 -0.392
Residue term (A) -0.007 -0.015

Table SIV-6: Main geometrical parameters and bonding situation for complexes 18-H and transition states associated to
rotation of phenyl ring (TSt pn) and dissociation of one phosphine (TSgissoc p) calculated at the B3PW91/SDD+f(Au),6-
31G**(other atoms) level of theory. Distances are given in angstroms, bond angles and bond dihedral angles in degrees.
Charge transfer (CT) from carbene to gold fragment accounting for NBO calculation. Contribution of main atoms (in percent)
in the NLMO associated to dy,(Au) and rtc-cary. CDA analysis.
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Gold chemistry has been a hot topic in the last years. The design of novel ligands,
notably bidentate ones, allowed the synthesis of original gold compounds, which were
considered elusive so far, and the development of novel reactivities. This PhD work falls within
this topic. Our objective was to expand our knowledge in gold chemistry by a joint

experimental/computational approach.

With the aim to develop new gold catalyzed reactions, we envisioned that the oxidative
addition at gold, previously shown feasible by the group thanks to the use of the (P,N)
hemilabile ligand,™™! could be merged with Tr-activation. Indeed, gold complexes are known for
a long time to be efficient to activate CC multiple bonds. To study this new reactivity, we turned
our attention to the heteroarylation of alkenes. This reaction, catalyzed by the MeDalPhos gold
complex, works for a broad scope of substrates (scheme v-1) and is particularly efficient for
electron-rich aryl substrates, which is complementary to other systems (Pd-promoted or Au-

based catalysis under oxidative or photoredox conditions).

MeDalPhos/./Cl (5-10 mol%)
| AgSbFg (1.05-1.1 eq.)

VH K3PO,4 (1 €q.) Y.
IR - Ry
DCM, 25-35°C R n

:1(;1 E))r g Ts R 35 examples (average yield: 82%)

Scheme V-1: Heteroarylation of alkenes catalyzed by MeDalPhosAuCl.

Thanks to experimental studies, combining NMR monitoring and D-labelling, we came
up with the following mechanism proposal: oxidative addition at gold, nucleophilic attack on a
T-activating alkene, and then release of the product by reductive elimination. This catalytic
cycle was further supported by DFT calculations. Noteworthy is the unusual switch of
regioslectivity observed for internal alkenes. Indeed, whereas terminal alkenols and Z-alkenols
undergo the 5-exo cyclization to access benzyltetrahydrofuran derivatives, E-alkenols reacts
through 6-endo process and give phenylpyran products. Analyses of the geometry, the LUMO
and NPA charges of the TT-complexes showed that this switch of regioselectivity correlates with
the bonding mode of the C=C bond (n? to n! slippage). n-coordination in this key intermediate

promotes the 5-exo cyclization while n?-coordination favors 6-endo cyclization (Scheme V-2).
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Ph-I

n? coordination
6-endo cyclization

Oxidative
Addition

Key intermediate for the
switch of regioselectivity

n? or n' slippage

(™ =C“_.m

® ® Hy

R
—r-Z
o

Reductive

Elimination Trans addition

® OH

, \_/
H/Me

(C:)’}l n' coordination

I 5-exo cyclization
Ph
Y.

Scheme V-2: Mechanism of the heteroarylation of alkene highlighting the key intermediate for the regioselectivity of the
cyclization (5-exo vs 6-endo).

During the mechanistic studies, a new complex presenting a N-H bond pointing towards
gold was identified. Intriguing by this unusual situtation, further analyses were performed. NMR
and especially IR spectroscopies identified a N-H---Au hydrogen bonding which was further
confirmed by DFT calculations, NBO and AIM analyses (Scheme V-3, left). This newly
identified interaction fills the gap highlighted by Schmidbaur in 2014.2 An in silico study,
performed on new models potentially presenting X-H---Au or X-H--Ag hydrogen bonding,
showed that this peculiar bonding situation should also be observable with other ligands and
even with silver. This provides guideline for future experimental work, the most promising

models (phenol and NHC ligand in a first place, Scheme V-3, left) will be synthesized and

characterized.
hllé S 0 N O~
jeRSi Eﬁ" o
| N)>— -
"H NMR & 10.9 ppm \

v(N-H) = 3000 cm™"

Scheme V-3: Complexes presenting hydrogen bonding to gold. Left: Protonated MeDalPhos gold complex already fully
characterized (XRD, NMR & IR spectroscopies, DFT calculations, NBO & AIM analyses). Right: Targeted complexes for future
experimental work.
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Taking advantage of the enhanced back-donation at gold induced by the chelating
DCPb ligand,®! a new type of carbene complex was isolated, a-CFs gold(l) carbene. Three
such compounds were characterized experimentally (XRD, MS, UV-Vis and Multi-nuclear
NMR) and analyzed computationally (DFT calculations, NBO and AIM). They showed Fischer-
type structure and reactivity. They do participate in catalytic cyclopropanation and O-H

insertion reactions (Scheme v-4).

NTf,
CF
SN/ \\ Lewis base
_ adduct
Ph
Ph Cyclopropanation
o =BH R =OMe, Ph, CF4
OR
ROH

CF3 Insertion

Ph

Scheme V-4: Characterized a-CFs gold carbene complexes and the reactivity of the biphenyl substituted one.

An underexplored area in gold chemistry is the preparation, characterization and
application of super high-valent Au¥ complexes. The large number and variety of well-defined
gold(lll) complexes, notably expanded thanks to the use of multidentate ligands, strongly
encourage the quest for higher oxidation states.

The interest of complexes in high oxidation states is twofold: 1) they help to enhance
and expand our basic knowledge, and 2) they may serve as oxidants for many important
processes (oxidation of CO to CO., selective functionalization of C-H bonds...). Thus, the
synthesis and characterization of well-defined complexes in high oxidation state, as well as
their use in catalysis, have attracted considerable attention over the past few years.

Group 10 metal complexes in the +1V oxidation state (isoelectronic to Au(V) complexes)
have been authenticated recently.”! The use of multidentate ligands was crucial to synthesize
and stabilize such species. For example, Sanford and co-workers showed that Ni' can be

oxidized to NiV using the S-TDTT oxidant, and to enhance the stability of Ni'V complex,
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tridentate ligand were used. The Ni'"V complex V-A bearing tris(2-pyridil)methane ligand was
isolated and characterized by NMR spectroscopy and XRD analysis (Scheme V-5, top). To
reduce the electrophilicity of this complex, and thus improve its reactivity, they changed the
ligand to the trispyrazolylborate, providing a neutral Ni'V complex V-B. Selective Csp3-

heteroatom (O, S and N) coupling reaction was achieved in this case (Scheme V-5, bottom).F!

O

OTf ot
o CH3CN rt

92%

V-A

. H h N © H.
PN 1.2 eq. NMe,X ©
NI .
N,"l“ o CH4CN, 23-50°C Ni.ce
& ﬁ/r

X = OAc, OPh, SPh, NMeMes
> 98% conversion by "TH NMR
78-94% isolated yield

Scheme V-5: Use of tridentate ligand to access Ni'V complexes. Synthesis and molecular structure of V-A (top). Selective Csp3-
heteroatom (O, S and N) bond formation from V-B (bottom)

Concerning palladium, the Ritter’s group designed a catalyst bearing an ancillary ligand
(o-phenanthroline) that favors Pd" to Pd" oxidation and stabilizes the high oxidation state.
Reaction of the Pd" complex V-C with Selectfluor yielded the Pd"V-F complex, which further
reacted with arenes to give the fluorinated product (Scheme V-6). They showed that the Pd"

complexes can be generated in situ and participate in catalytic fluorination.

Selectfluor (2 eq.)

CH;CN
73%

V-C

Scheme V-6: Oxidation of Pd" complex to Pd" assisted by the presence of the o-phenanthroline and reactivity with arene.
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To date, the +V state for gold is limited to AuFs and some AuFs salts.[! The recent
progress on isoelectronic group 10 complexes increases the interest for Au¥Y complexes
featuring an organic ligand. The structure of the AuY complexes and the nature of the ancillary
ligand will have to be carefully adjusted to impart stability. From a synthetic viewpoint, the
targeted Au¥ complexes could be accessed from Au'"' precursors that would be oxidized by a
F* (or CF3") transfer agent. A joint experimental/computational approach will be particularly
useful for this project. The experience gained by the group from the previous DFT studies has
shown that B3APW9L is a good functional to describe gold complexes. An in silico study will be
first performed, with this functional, to identify the different types of ligands and complexes
suitable for AuY chemistry. DFT calculations will tell if the targeted complexes are
thermodynamically accessible, and particular focus will be put on the reductive elimination into
Au' species. Molecular orbital and NBO analyses, notably looking at d orbitals occupancy and
atomic charges, will give information on the oxidation state of the gold center and the nature
of the newly form Au-F (Au-CFs) bond. After identification of the best candidates, synthetic
work will be engaged and different characterization and analyses performed. If possible, single
XRD will be done to confirm the structure of the complexes. NMR spectroscopies will also
represent a very powerful tool. **F NMR will be informative for the fluoro (and trifluoromethyl)
AuY complexes. If N-based ligands are used, >N NMR can be exploited to assess the
coordination of the N atom.® With the experience in DFT calculations and the utilities available
at the LHFA, the gold(V) project will be further developed in the team.

The large panel of multidentate ligands available were showed to be useful for the gold
chemistry: from the stabilization induced by the formation of cyclometalated complexes, to the
improved properties achieved thanks to chelating ligands and the development of Au'/Au'"
catalysis induced by hemilabile ligands. The field of gold chemistry have been largely
expanded and future work, using these different ligands or new ones, designed on purpose,

are very promising.
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l. Introduction

L’or n’est pas seulement utilisé en bijouterie, c’est également un métal particulier du
tableau périodique. Contrairement aux autres métaux, I'étude de I'élément or est trés récente
et ses premiéres utilisations en catalyse datent des années 70.1M Les quantités de catalyseurs
nécessaires pour atteindre de bon rendement étant élevé l'or a été considéré comme
« catalytiquement mort » en 1995.%1 Ce point de vue a totalement changé en 1998, quand
Teles a rapporté une catégorie de catalyseur [L-Au*] (ou L est un ligand phosphine, phosphite
ou un arsine) efficace pour I'addition d’alcool sur les alcynes (Schéma 1).F! Inspiré par ces
travaux, les propriétés carbophiles de I'or ont été largement explorées pour développer de
nouvelles réactions catalysées par I'or, notamment pour la synthése de molécules hautement

fonctionnalisées.!-8

®
R"OH L , H (cat.) R"O OR"
R—=R' + " - :
20-50°C R)Q/R

L = phosphine, phosphite ou arsine
Schéma 1 : Addition nucléophile d’alcools sur les alcynes catalysée par I'or.

Pour étendre la chimie de I'or au-dela de la Tr-activation, la conception de ligands
appropriés, notamment les ligands bidentes, a été nécessaire. Le second site de coordination
modifie les propriétés de l'or et contrble sa réactivité. Grace a l'utilisation de ligands
bifonctionnels, des réactions élémentaires avec l'or ont été mise en évidence (addition
oxydante, insertion migratoire...), ouvrant la voie vers de nouveaux cycles catalytiques
AuU'/Au". De plus, des intermédiaires clés ont pu étre isolés et caractérisés (complexes T,
carbénes...) permettant d’éclaircir les mécanismes mises en jeux. Les effets des ligands
bidentes ont été scrupuleusement analysés pour comprendre les facteurs clés gouvernant la

réactivité des complexes d’or et élargir leur champ d’application.["8]

L’objectif de ce travail de thése est d’étendre la réactivité de I'or et d’augmenter la variété
des complexes accessibles, utilisant des ligands « sur mesure » qui impactent fortement les
propriétés de l'or en termes de liaison et de comportement chimique. La synthése et la
caractérisation de complexes originaux ainsi que le développement de nouvelles réactivités
se sont accompagnés d'études théoriques pour la compréhension des propriétés

électroniques et I'étude des mécanismes mis en jeu.
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. Fusionner le comportement redox de I’or et I’activation 1T :
vers une hétéroarylation d’alcéne catalytique

Les complexes d'or sont extrémement puissants pour activer les liaisons 1 et les
développements synthétiqgues associés sont nombreux. La faculté des ligands hémilabiles
(P,N) a favoriser I'addition oxydante d'halogénures d'aryle a I'or,!®% nous a incité a essayer de
combiner cette étape élémentaire et I'activation T dans une transformation catalytique Au/Au'"".
A cet égard, les réactions d'oxy- et d'amino-arylation des alcénes avec les acides boroniques
arylé ou les sels d'aryle diazonium représentent de trés beaux exemples de catalyse redox a

I'or dans des conditions oxydantes*¥ et photoredox,*? respectivement.
1. Optimisations des conditions de réactions catalytiques

Aprés avoir démontré que l'addition oxydante était compatible avec la présence
d’alceéne ou de groupement OH ou NHTSs, la faisabilité de la réaction catalytique a été démontré
utilisant 10 mol% du complexes d’or(l) (P,N), 1,1 équivalent de AgSbFs et 1 équivalent de base
KsPO,4. Dans le dichlorométhane, le produit d'oxy-arylation a été obtenu avec un rendement
de 82 % aprés 4 heures a température ambiante (Tableau 1, entrée 1). A ce stade, quelques
expériences de contrble ont été mises en place : 1) la réaction sans complexe d'or n'a donné
aucun produit (Tableau 1, entrée 2) confirmant le rdle de I'or comme catalyseur, 2) la réaction
avec seulement 10 mol% d'AgSbFs (Tableau 1, entrée 3) n'a fourni aucun composé d'oxy-
arylation montrant la nécessité de plus d'un équivalent d’abstracteur d'halogéne. Sur la base
de ce résultat prometteur, les parametres de réaction (solvant, additif, abstracteur d'halogéne,
ratio des substrats, quantité de base) ont été modifiés (Tableau 1, Schéma 2). Finalement, les
conditions optimisées suivantes ont été déterminées : KsPO4 (1 eq.), DCM, 25°C, AgSbFe (1.1
eg.), 1:1 iodobenzene/4-penten-1-ol.

Complex 1 (10 mol%)

Abstracteur d'halogénure (1.1 eq.) )
NN OH + m)
Solvant/Additifs
Base
Temperature

Schéma 2 : Optimisation des conditions de réaction catalytique (solvant, quantité de base, abstracteur d’halogéne,
température, ratio des substrats).
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Entrée Solvant lodobenzene:4-penten-1-ol | Sel d’argent | Rendement®
1 DCM 1:1 AgSDbFs 82%
2° DCM 1:1 AgSbFs 0%
3 DCM 1:1 AgSbFs 0%
4 DCE 1:1 AgSDbFe 80%
5d DCB 1:1 AgSbFs 63%
6 DCM/MeOH (50:1) 1:1 AgSbFs 15%
7 DCM/CHClIs (50:1) 1:1 AgSbFs 40%
8 DCM/DMF (50:1) 1:1 AgSDbFs 0%
9 DCM/DMSO (50:1) 1:1 AgSbFs 0%
10° DCM 1:1 AgSDbFs 54%
11 DCM 1:5 AgSDbFs 31%
12 DCM 5:1 AgSbFs 77%
13 DCM 1:1 AgOTf 11%
14 DCM 1:1 AgNTf, 32%

Tableau 1: Optimisation des conditions de réaction catalytique (solvant, quantité de base, abstracteur d’halogene,
température, ratio des substrats) °Rendement GC-MS apreés 4 h de réaction avec 10 mol% de complexe 1, 1.1 eq d’abastracteur
d’halogéne et une concentration de 0.1 M en substrat limitant, utilisant le n-dodecane comme standard interne. ®Sans
complexe d’or. <10 mol% de AgSbFs. “Réaction réalisé d 50°C, rendement GC-MS aprés 2h €2 eq. de K3PO,.

Ensuite, la charge catalytique a été réduite a 5 mol% de complexe 1 (1,05 d'AgSbFe)
entrainant une diminution du rendement de 82 % a 57 %. En augmentant la concentration a
0.4 M (au lieu de 0.1 M), un rendement de 80% est obtenu.

2. Portée de laréaction

Tout d'abord, la compatibilité des iodures d'aryle a été évaluée (Schéma 3). L'oxy-arylation
du 4-penten-1-ol fonctionne bien avec divers iodobenzénes (avec un rendement moyen de 90
% sur 10 substrats) ainsi que le 2-iodonaphtaléne (rendement 83 %). Elle tolére les groupes
électro-attracteurs (p-COCHs, p-NOy) ainsi que les ortho-substituants (0-OCHs, o-Ph). La
réaction fonctionne en fait mieux avec des substrats riches en électrons, comme illustré par la
préparation a haut rendement (> 95 %) des produits tétrahydrofuranes Ig-j.

Ensuite, les alcénols ont été explorée (Schéma 4). L'oxy-arylation tolére des substitutions
aryle et alkyle sur toutes les positions du squelette entre les groupes alcéne et alcool (produit
lla-f). Des tétrahydrofuranes fusionnés avec des cycles cyclohexane et benzénique (produits
llg,h) peuvent également étre obtenus efficacement. Pour les substrats tri-substitués, une
bonne diastéréosélectivité a été observée (jusqu'a 6,1:1 pour le tétrahydrofurane 2,3-
disubstitué llc). La double oxy-arylation de substrats tétrafonctionnels est également possible,
donnant un acceés direct aux produits spirocycliques tels que lli. Les alcénols gem-disubstitués
sont des substrats appropriés, permettant la formation de centres quaternaires (produit Ilj),
bien qu'ils nécessitent un chauffage doux (35°C) et que le rendement associé soit plus faible.

Dans tous les cas, la cyclisation est entierement régiosélective et se déroule exclusivement

217



Résumé en Frangais

de fagon 5-exo. Remarquablement, il est également possible d'allonger I'attache pour obtenir
des cycles > a 5 membres plus difficiles a synthétiser. Les cyclisations se déroulent a 35°C
avec le 5-hexen-1-ol ainsi que le 6-heptene-1-ol pour donner les produits correspondants de
pyrane et d'oxépane llk,l et [Im, respectivement, avec des rendements élevés. Les alcénols
internes sont également des substrats appropriés, comme l'atteste |'oxy-arylation des 4-hexen-
1-ols. Les deux isoméres E et Z réagissent et, dans chaque cas, un seul produit résultant de
l'addition trans (lIn et llo, respectivement) est obtenu. Le plus notable est le changement
complet de régiosélectivité entre les deux isomeres. Le substrat Z le plus réactif subit la
cyclisation 5-exo «normale», tandis que le substrat E réagit via un processus 6-endo pour
donner un cycle pyrane (les structures ont été attribuées sans équivoque sur la base des
expériences de RMN H-*C HSQC/HMBC et de la comparaison avec composés apparentés
connus). Le comportement du complexe d'or (P,N) contraste fortement avec celui observé par
Glorius et al., combinant or et catalyse photoredox : la cyclisation 5-exo s'est produite quelle

que soit la stéréochimie de I'alcénol interne utilisé comme substrat.[*?

Complex 1 (5 mol%)
AgSbFg (1.05 eq.)
R/— K3PO,4 (1 eq.) A o

DCM (0.4 M) R
overnight, 25°C

\/1 e-poor aryl iodides

O O O O g0 e

a 80% b 87% € 83% d71% e 85% (70%) f95% (80%)
v/e—rich aryl iodides

oo~ )— VO Q G G

g >95% (70%) h® >95% |a >95% j? >95% kP 84% (50%)

y/ o-substituted aryl iodides

Schéma 3 : Réaction d’oxy-arylation des alcénes catalysée a I’or, compatibilité des iodures d’aryle. Rendements déterminés
par RMN 1H utilisant le dibenzyl ether comme standard interne (rendement isolé) 35°C. ©35°C, 10 mol% Au.
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Schéma 4 : Réaction d’oxy-/amino-arylation des alcénes catalysée a I’or, portée des hydroxo ou amino alcénes. Rendements
déterminés par RMN 1H utilisant le dibenzyl ether comme standard interne (rendement isolé) 935°C. 35°C, 10 mol% Au.
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La séquence d'addition oxydante/activation 1 se déroule également bien pour les réactions
d'amino-arylation augmentant la charge catalytique a 10 mol% et élevant légerement la
température a 35°C (Schéma 4). Les alcénes comportant une N-tosyl amine sont facilement
convertis en pyrrolidines arylées correspondantes llla-d : les substituants sont tolérés sur

toutes les positions du squelette.

3. Etude mécanistique

Basé sur des analyses RMN 2P in situ et sur des études de marquage au deutérium,
le mécanisme suivant a été proposé (Schéma 5) : I'espéce active [(MeDalPhos)Au*] est en
équilibre avec le complexe tr-alcéne correspondant. Le cycle catalytique commence par
I'addition oxydante de I'iodure d'aryle a I'or, puis la coordination n? de l'alcéne a I'or(lll) favorise
la cyclisation par addition nucléophile de l'alcool ou de I'amine. Enfin, I'élimination réductrice a

I'or induit le couplage Csx?-Csp® et régénérere I'espéce active [(MeDalPhos)Au*].

Ad,
X Cl~| O
_—
@\Q N
Mez
Elimination Addition
reductrice “ Au(l) oxydante

Ad,

\

@P\ @

Ad, , Ad,

P\@ Ir\\l/le H\/ P\@

()7 : . L I
N |

N Complexe ©t
Me, Me,
X

Au(lln)
Ad,
Activation & @P\Z@
oy XH
addition N Y
trans Me, »

Schéma 5: Cycle catalytique proposé pour les réactions d’oxy-/amino-arylation des alcénes avec le complexe
(MeDalPhos)AuCl.
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Ce mécanisme est supporté par une étude DFT (Figure 1) effectuée sur le systeme

réel cationique (P,N)Au?*-Ph au niveau de théorie SMD(DCM)B3PW91-D3(BJ)/SDD+f(Au), 6-
31+G** (autres atomes)//B3PW91/ SDD+f(Au), 6-31G** (autres atomes).
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Figure 1 : Profil d’énergie (AG en kcal/mol) pour la réaction d’oxy-arylation impliquant le complexe (P,N)Au?*-Ph et le 4-penten-
1-ol calculé au niveau de théorie SMD(DCM)-B3PW91-D3(BJ)/SDD+f(Au), 6-31+G**(autres atomes)//B3PW91/SDD+f(Au), 6-

31G** (autres atomes) et en présence de K3PO,. Formation du produit de 5-exo (noir) et 6-endo (bleu). Les molécules de K3PQ,,
K2HPO,4 et K* sont incluses pour assurer la balance énergétique sur toutes les étapes de la réaction.

6-endo.
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Un profil similaire a été calculé pour l'alcéne interne Z justifiant la formation unique du

produit de 5-exo cyclisation. Pour l'alcéne E, I'état de transition pour la cyclisation 6-endo est

inférieur en énergie a celui pour la cyclisation 5-exo rationalisant la formation unique du produit
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II. Liaisons hydrogénes a I’or

Les liaisons hydrogenes impliqguant des métaux de transition comme accepteurs de protons
ont attiré une attention considérable au cours des trois derniéres décennies. Outre leur intérét
fondamental en termes de liaison chimique, elles sont également pertinentes pour plusieurs
transformations organométalliques (comme la formation d'hydrures métalliques par
protonation). Contrairement aux autres métaux de transition,'*¥l il n'y a jusqu'a présent aucune
preuve univoque de liaison hydrogéne a l'or. Un certain nombre de contacts proches Au---H
ont été reportés pour des structures cristallines des aurides, des complexes d'or(l) ou d'or(lll),
mais aucune preuve spectroscopique d'interactions attractives Au---H en solution n'a été
reportée.'*! Cependant, des études théoriques sur des composés modeéles suggérent que la
liaison hydrogéne a l'or est en effet possible pour des aurides!*®® ou pour des complexes
d’or(l).7

1. Syntheése et caractérisation du complexe cationique d’or MeDalPhos

Sur la base des développements récents de la chimie de I'or, nous avons pensé que les
ligands (P,N) tels que les ortho-amino phénylphosphines (DalPhos) peuvent étre de bons
candidats et donner accés a des complexes présentant des liaisons hydrogénes. En raison de
son caractére basique, le centre azoté donne I'opportunité de former un ammonium avec une
liaison protonique N-H a proximité a I'or(l). Comme indiqué ici, cette stratégie s'est avérée
fructueuse et nous a permis de former et d'authentifier un complexe d’or(l) présentant une
liaison hydrogéne.

L'ajout de 1 équivalent d'acide trifluorométhane sulfonique (HOTf) au complexe d'or
MeDalPhos 1 conduit immédiatement a un nouveau complexe 3 (Schéma 6) d’apres la
spectroscopie RMN 3'P{’H}. La RMN !H indique sans ambiguité la protonation de I'atome
d'azote : un large signal N-H apparait a 6 10,9 ppm tandis que le signal N(CHs), est décalé
vers le champ bas d'environ 1 ppm et résonne comme un doublet avec une constante de
couplage 3Jun de 5,0 Hz. Des cristaux de 3 ont été analysés par diffraction des rayons X
(Schéma 6). La liaison N-H pointe vers Au et le squelette N-H--Au est presque linéaire
(165(2)°). La distance Au---H (2,24 (3) A) est bien comprise dans la somme des rayons de van
der Waals (2,86 )18 et se situe dans la limite basse de celles précédemment rapportées.*¥ La
RMN multinucléaire confirme la connectivité générale et selon les expériences 2D 'H-'H
NOESY, le complexe 3 adopte en solution la méme conformation qu'a I'état solide. Le
déplacement chimiqgue RMN *H trés élevé du proton NH est typique de la liaison H.'¥ La
spectroscopie infrarouge est un outil analytique utile pour sonder les interactions de liaison

hydrogene. Aucune bande caractéristigue n'a été détectée pour la vibration N-H de 3.
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Considérant qu'elle peut étre masquée par celles des C-H, le complexe 3-D marqué au
deutérium a été préparé en utilisant DOTf. Une bande N-D est apparue a 2124 cm™ sur le
spectre IR, correspondant a un étirement N-H a environ 3000 cm™. C'est 500 cm™ de moins
gue les nombres d'onde typiques des oscillateurs N-H (ammonium) libres. Cette différence
confirme la présence de liaisons Au--*H-N en solution et fournit une preuve spectroscopique

directe d'une telle liaison H.

Schéma 6 : Synthése et structure Rayon X du complexe d’or(l) (P,NH*) dérivé du MeDalPhos. Longueur (A) et angle (°) de
liaisons sélectionnés : P-Au 2.270(1), Au-Cl 2.283(1), Au---H 2.24(3), PAuCl 176.98(2), NHAu 165(2).

2. Etude computationnelle du complexe cationique d’or avec ligand
(P.N)

Une étude théorique compléte a été réalisée pour analyser la liaison dans le complexe d’or
3. L'objectif principal de ces calculs de chimie guantique était d'établir sans ambiguité la
présence d'une interaction N-H---Au attractive et d'en préciser la nature.

Les calculs ont été effectués sur le cation nu puisque la structure rayons X a montré que le
complexe 3 adopte une structure de paires d'ions. Plusieurs minima 3a-c ont été localisés sur

la surface d'énergie potentielle (PES) (Tableau 2 & Figure 2).

Au--H-N interaction N-C rotation P-C rotation
H
, % ¢ [ .
o & Ng o @ Neog ¢ °
/ @ " H % ®
@ P 9 / N® g
¢ ” & @ C o€ p oc % = 5
f P € . 2 ¢ -
2 i" H ﬁvs
° ] PNy ey
€% o O oo
LD 4 | N
@ (%) ("
3a 3b 3c
0.0 11.9 11.4
(0.0) (11.3) (11.2)

Figure 2 : Minima d’énergie localisés sur la surface d’énergie potentielle du complexe 3, sans contre-ion OTf. Energies relatives
en kcal/mol (AG et AE entre parenthése).
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3a 3b 3c
P-Au 2.303 2.304 2.305
Au-CI 2.338 2.344 2.339
N-H 1.046 1.024 1.025
Au---H 2.134 / /
PAuCI 178.5 176.5 178.1
NHAu 174.2 / /
une (cm™) 3032.3 3457.3 3445.9
unp (cm™) 2089.4 2544.5 2489.2
O H NMR (NH, ppm) 11.94 5.64 6.31
Analyses NBO
AE(2) (kcal/mol) 12.8 / /
NLMO 95.9% Au | 97.7% Au | 97.6% Au
dau 0.7% N
25%H
WBI (Au---H) 0.12 / /
WBI (N-H) 0.61 0.73 0.71
Charges NPA
ONR2H 0.605 0.656 0.675
gpAuc 0.765 0.713 0.651

Résumé en Frangais

Tableau 2 : Paramétres géométriques clés (distances en A, angles en °), données spectroscopiques (IR et RMN) et analyses
NBO pour les 3 conformeres 3a-c. Energie stabilisante AE(2) et pourcentage des principaux atomes intervenant dans la NLMO
de l'intéraction donneur-accepteur da, — o0*nn. Indices de Wiberg (WBI) entre Au et H, N et H. Charges NPA des fragments
NMe;H et PAuCl (gx).

La structure de I'état fondamental 3a est similaire a celle observée par diffraction des rayons
X, la liaison N-H pointant vers Au. Deux autres minima 3b et 3c correspondent a des
conforméres associés a des rotations autour des liaisons Cpn-N et Cpn-P. Pour 3a, I'atome H
lié & N entre dans la sphére de coordination de I'or (Au--H = 2.134 A) avec un arrangement
quasi-linéaire N-H---Au (174,2°), conforme a celui attendu pour les liaisons hydrogénes. La
comparaison des données métriques montre que la liaison N-H est sensiblement allongée lors
de l'interaction avec l'or (1,046 pour 3a vs 1,024-1,025 pour 3b-c). Les conforméres 3b et 3¢
sont 11 a 12 kcal/mol plus élevés en énergie que 3a, suggérant une certaine stabilisation de
3a grace a l'interaction N-H---Au.

Les déplacements chimiques RMN *H et les fréquences d'étirement IR calculés pour les
trois conformeéres d'or(l) 3a-c (Tableau 2) sont en accord avec les observations expérimentales
et confirment la présence d'une interaction de type liaison hydrogéne N-H:--Au dans 3a. Les
étirements NH calculés pour 3b et 3c sont trés similaires, tandis que celui de 3a est décalé
vers le rouge d’ environ 500 cm?, indiquant un affaiblissement substantiel de la liaison N-H
lors de l'interaction avec I'or.’”] Pour étre complet, I'étirement N-D pour le 3a-D marqué au
deutérium a également été calculé (2089 cm™). La valeur obtenue correspond assez bien a

celle déterminée expérimentalement (2124 cm™).
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La nature de la liaison dans 3a a ensuite été analysée a l'aide de différentes méthodes.
L'analyse NBO (Tableau 2) confirme l'affaiblissement de la liaison N-H lors de l'interaction
avec l'or. L'indice de liaison de Wiberg (WBI) de la liaison N-H diminue de 0,71-0,73 en 3b,c
a 0,61 en 3a, tandis que le WBI pour l'interaction Au---H en 3a est petit mais non négligeable
(0,124). Les charges calculées par analyse de la population naturelle (NPA) montrent un
certain transfert de charge du fragment métallique vers le fragment ammonium : la charge du
fragment PAuUCI passe de 0,65-0,71 en 3b,c a 0,76 en 3a, tandis que la charge pour le
fragment NMe;H passe de 0,66-0,68 en 3b,c a 0,61 en 3a. Ce transfert de charge est
également apparent a partir des cartes de potentiel électrostatique (Figure 3, gauche). La
fraction ammonium est située dans une zone positive (bleue) dans les deux cas, mais
lorsqu'elle est liée a I'or, sa charge est réduite et la surface est plus claire.

Outre cette composante électrostatique, I'analyse NBO a révélé une certaine contribution
orbitale a linteraction N-H:--Au. Une faible interaction donneur-accepteur (énergie de
délocalisation AE(2) = 12,8 kcal/mol) entre une orbitale da, occupée et l'orbitale o*nn a été
trouvée par la théorie des perturbations de second ordre (Figure 3, a droite). Cette image est
cohérente avec une interaction 3c-4e, telle que déduite pour les complexes a liaison H et par
opposition a l'interaction 3c-2e impliquée dans les complexes agostiques.*9

" 95.9% Au

o3lf & Mo
Figure 3 : Gauche : Cartes de potentiel électrostatique pour 3a et 3b tracée sur la gamme 0,1 (rouge) jusqu’a 0,3 (bleu). Les
isosurfaces sont dessinés a 0,002 e.au3. Droite : Superposition des obitales NBO donneur et accepteur (seuil = 0,08) impliquées
dans l'intéraction N-H---Au. Participation de chaque atome en pourcentage dans la NLMO associées.
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Une analyse AIM a ensuite été réalisée. La densité électronique au BCP de la liaison N-H
est plus faible pour 3a que pour les deux conformeres 3b,c (p = 0,319 vs 0,343 e.bohr?),
cohérent avec l'affaiblissement de liaison déterminé par IR et NBO. De plus, la structure de
I'état fondamental montre un BCP entre les atomes Au et H avec pauws = 0,039 e.bohr2 et V2paun
= 0,068 e.bohr® (Figure 4). La valeur paun S€ situe dans la limite supérieure de la plage définie

pour les interactions de type liaison hydrogene.?

":” ".’ N OQ
\ A BCP (N-H)
b Hp(r) 0.32 ebohr

Vp(r)—1.68 e.bohr °

BCP (Au~H)
o(1) 0039 e bohs™
Vip(r)0.07 e bohs™

Figure 4 : Tracé du contour de la distribution Laplacienne VZp(rc) pour 3a avec les chemins et les points critiques de liaisons
(spheres vertes). Les atomes d’hydrogénes sont omis pour plus de claret, sauf celui de I'atome d’azote.

Gréace au ligand MeDalPhos, le complexe 3 présentant un contact proche entre le centre
or(l) et fammonium NH* a été préparé. L'interaction N-H---Au vérifie toutes les caractéristiques
d’'une interaction de type liaison hydrogéne. De plus, une analyse computationnelle détaillée
fournit des preuves convaincantes de la présence d’une liaisons hydrogéne N-H---Au dans 3.
Les méthodes de calcul et les résultats obtenus se complétent et sont tous cohérents avec

une interaction attractive 3c-4e.
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V. Isolation d’espéces réactives de complexes carbéniques a-
CFzd’or

La présence d'atomes de fluor dans les composés organiques a des effets sur leurs
propriétés physiques, chimiques et biologiques (électroniques, lipophiles, stériques,
conformationnelles...).?! |l existe donc un intérét considérable pour le développement de
méthodes efficaces pour l'introduction sélective de groupes fluorés dans des composés
organiques. Dans ce contexte, le groupe trifluorométhyle occupe une place de choix. Il est
présent dans une large gamme de molécules biologiquement actives.

Gréace a la forte nature électroattractive du groupement CFs (constante de Hammett o, =
0,54), les diazoalcanes trifluorométhylés sont relativement stables et représentent des
synthons trés intéressant pour introduire des motifs CF; dans des molécules. Lors de la
libération de Na, ils peuvent former des carbenes métalliques avec une variété de métaux de

transition, donnant lieu & un large panel de réactions.
1. Synthése et caractérisation de carbénes a-CFsz d’or

Le carborane diphosphine ligand (DPCb) a permis la stabilisation et la caractérisation du
carbéne a-oxo d'or,?? c'est pourquoi ce ligand a été utilisé pour la synthése, l'isolement et la
caractérisation du carbéne a-CF; dor. Un équivalent de diazométhane biphénylé
trifluorométhylé a été ajouté a -80°C au complexe pseudo-cationique tricoordinné (P,P)AuNTf;
17 dans du dichlorométhane (Schéma 7). De petites bulles de diazote sont immédiatement
apparues et la solution est devenue bleu foncé. Aprés un traitement rapide a -40°C, I'espéce
formée a été caractérisée par spectroscopie. Le signal RMN 3'P{!H} apparait a un
déplacement chimique trés similaire de celui du précurseur d’or (6 137,8 et 138,2 ppm,
respectivement), mais sous la forme d'un quartet au lieu d'un singulet. La multiplicité du quartet
résulte du couplage PF, comme établi sans ambiguité par la présence d'un signal triplet dans
le spectre RMN °F avec un couplage similaire (22,2 Hz). Ces motifs suggerent la formation
du complexe souhaité (P,P)Au=C(CFs3)(biphényl)* 18-Ph, ce qui a été définitivement confirmé
par la spectroscopie RMN 13C. Le spectre découplé °F montre un signal diagnostic a & 269,8
ppm. En accord avec la couleur bleue, une forte absorption est trouvée a 619 nm en
spectroscopie UV-Vis. Le carbéne 18-Ph s'est avéré modérément stable a température
ambiante, une décomposition d'environ 30 % étant observée aprés 24 heures dans le DCM.
Le substituant para au niveau du cycle phényle a ensuite été remplacé par OMe et CF; afin
d'évaluer I'impact des groupes électro-donneurs/attracteurs. Dans les deux cas, les complexes
carbéniques correspondants 18-OMe et 18-CF; se sont formés (Schéma 7), et des données

RMN cohérentes avec celles du 18-Ph ont été obtenues. Certaines caractéristiques méritent
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d'étre commentées : i) le signal diagnostic RMN **C se déplace tres peu (de d 269,8 a 265,8
ppm), ii) les constantes de couplage 3Jrc et *Jpr diminuent dans la série p-CF3 > p-Ph > p-OMe
(de 109,0 a 79,5 Hz pour le 3Jpc, et de 32,1 a 14,0 Hz pour le *Jpf), le carbéne devient moins
déficient en électrons et l'ordre de liaison Au=C diminue, iii) le carbéne 18-CF; affiche un
couplage 8Jpr longue portée de 10,8 Hz. Il est également intéressant de noter que si le
complexe carbene 18-OMe survit quelques heures a température ambiante, comme le 18-Ph,
le 18-CF; est beaucoup moins stable. Toutes les tentatives de traitement a température
ambiante ou a basse température ont entrainé une dégradation compléte. Il a ainsi été

caractérisé in situ a basse température.

o =BH o =BH R=O0OMe, Ph, CF;
18-R

Schéma 7 : Syntheése des carbénes d’or trifluorométhylés d’or 18-R par décomposition de diazo. Rayon X du complexe d’or
carbéniques 18-Ph. Longueur (A) et angle (°) de liaisons sélectionnés : Au-Cearp 1.971(2), Au-P1 2.347(1), Au-P2 2.348(1), Cear-
Car 1.444(6), Cear-CF3 1.500(6), P1AuP2 90.59(4), P1AUCcar 135.7(1), P2AuCcars 133.7(1).

Des efforts ont ensuite été portés sur 'obtention de données cristallographiques afin d'en
savoir plus sur la structure du carbéne obtenu. Des cristaux exploitable pour l'analyse DRX
ont été obtenus par diffusion lente de pentane sur une solution de dichlorométhane de 18-Ph
a 4°C (Schéma 7). Le complexe de carbéne adopte une structure de paires d'ions. Le ligand
DPCb chélate symétriquement I'or avec des longueurs de liaison Au-P de 2,347(1)/2,348(1) A

et un angle de morsure PAUP de 90,59(4)°. Le centre carbénique est dans un environnement
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parfaitement plan (comme le montre la somme des angles de liaison de 360,0°) et il est orienté
perpendiculairement au plan de coordination PAUP (les plans moyens autour de Au et Ccan
font un angle de 89,76°). Cette orientation minimise les répulsions stériques entre les
substituants carbéne et phosphore, elle maximise également la rétro-donation de d(Au) a
2p™(Cear). La longueur de liaison Au=C (1,971(2) A) se situe dans la fourchette inférieure de
celles rapportées pour les complexes or(l) carbéne. Le centre carbenique est également
stabilisé par la donation du substituant biphényle, comme indiqué par leur arrangement
coplanaire (le plan moyen du cycle phényle lié a Ccan, €st tourné de seulement 2,5° par rapport
au plan de coordination carbéne) et par la longueur relativement courte de la liaisons Ccar-
Cipso (1.444(6) A).

2. Analyse de structure et de liaison

Pour mieux comprendre la nature de la liaison et le mode de stabilisation des carbénes a-
CFs d’or(l), des calculs DFT ont été effectués. La géométrie optimisée pour 18-Ph est similaire
a celle déterminée par cristallographie. Les carbénes 18-OMe et 18-CF3 ont également été
calculés, montrant des structures analogues a celles de 18-Ph. Les petites variations trouvées
dans les longueurs de liaison Au=C/Ccan-Cipso €t dans les indices de liaison de Wiberg associés
(WBI) sont cohérent avec le biais électronique induit par le substituant para, c'est-a-dire une
plus forte donation de I'aryle vers Ccan €t une plus faible rétrodonation de Au vers Cean, du 18-
CF; au 18-Ph et au 18-OMe (Tableau 3). La liaison Au=C a ensuite été évaluée en détail par
des analyses NBO et CDA (Tableau 3). Le transfert de charge (CT) de Cecan vers Au est
Iégerement négatif pour les trois carbénes, un peu plus pour le carbéne privé d'électrons 18-
CF; (-0,25 e") que pour le 18-OMe enrichi en électrons (-0,10 e’). Des valeurs CT proches de
Zéro suggerent, dans l'ensemble, que la donation de Cca Vers Au et la rétrodonation de Au
vers Ccab S€ COmpensent a peu prés l'une l'autre. Le ratio donation/rétrodonation (d/b), tel
gu'estimé par le CDA, se situe entre 1,8 et 2,2 (Iégérement inférieur pour le carbéne 18-CF;
privé d'électrons, légérement supérieur pour le carbéne 18-OMe enrichi en électrons),
indiquant que le donation Ccan vers Au prévaut, mais que la rétrodonation Au vers Ccan €St

importante.

L'inspection des orbitales moléculaires fournit des informations supplémentaires. La HOMO
est centrée sur l'or et est associée a une orbitale d en combinaison liante avec l'orbitale
2p™(Ccaw). Réciproquement, la LUMO est centrée sur le centre carbénique et correspond a
I'orbitale vacante 2p™(Ccan) €n combinaison antiliante avec I'orbitale d(Au) (Figure 5, haut). La
rétro-donation Au vers Ccan et la donation aryle vers Ccan sont également décrites par les

contributions de 2p™(Ccab) dans les NLMO d(Au) et aryle (Figure 5, en bas). Les deux
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interactions stabilisent le carbéne en remplissant partiellement son orbitale vacante. La force
des deux interactions évolue légérement dans la série 18-CF3, 18-Ph, 18-OMe. Comme prévu
par l'effet électronique attracteur/donneur du substituant para, la contribution de Ccan €st la
plus importante dans le NLMO d(Au) pour le 18-CF3, tandis que pour le 18-OMe, elle est dans
le NLMO (aréne) (Tableau 3).

18-OMe | 18-Ph | 18-CFs
Parameétres géométriques

Au=Cecan (A) 1.987 1.982 1.971
Cearb-Cipso (A) 1.423 1.429 1.442
PAUP (°) 89.81 89.88 89.79
Analyses NBO
WBI (Au=C) 0.677 0.687 0.710
WBI (Ccarb-Cipso) 1.312 1.289 1.234
CT (e) -0.10 -0.14 -0.25
dxz(Au)—Cean rétrodonation 0 0 0
TrC:Caryl—)Ccarb donatIOI"I
242% | 16.3% | 10.1 %
%Cear> dans la NLMO Tre=caryi 0 0 0

Analyses CDA
d/b ratio 2.16 2.09 1.86

Tableau 3 : Données calculées pour les complexes carbéniques a-CF3 d’or(l) 18-Ph, 18-OMe et 18-CF; au niveau de théorie
B3PW91/SDD+f(Au),6-31G**(other atoms) : longueur et angle de liaisons, indices de Wiberg (WBI) pour Au-Cearp €t Cearb-Cipso,
transfert de charge du carbene vers le fragment (P,P)Au*, NLMO associée a la donation aryl vers Cqrs €t @ la rétrodonation Au
vers Ceary (contribution du Cears), rapport donation/rétrodonation (d/b) estimé par CDA.
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@ 12.9 % Au

13.3 % Au 7 %cArcrtho

b ©_ 4.4 %CaP « ¢
[ . \‘ v A & &l a
L , t ¢l

| 43 S <
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HOMO LUMO
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- ©_ A 1 S 16.3%C & ¢
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T " 3 ? \.", ﬂ Y
¢ —@ i . ® =
“ &k A . [  ad @o*
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¢ o ¢ e
Rétrodonation Au—Ccab NLMO Donation biphenyl—Ccab NLMO

Figure 5 : HOMO, LUMO et NLMO (seuil : 0,04) associées a la donation arene vers Cearp et la rétrodonation Au vers Cearp
calculées pour le complexe carbénique a-CF3 d’or(l) 18-Ph au niveau de théorie B3PW91/SDD+f(Au),6-31G**(other atoms).
Contribution des atomes principaux (en %) dans les orbitales frontiéres et la NLMO.
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3. Réactivité catalytique des carbénes a-CFs d’or(l)

Le carbene a-CF; d’or(l) a été généré in situ, et sa capacité a effectuer des réactions
catalytiques a été étudiée. Tout d'abord, la cyclopropanation a été testée. Lors du mélange du
diazométhane biphénylé trifluorométhylé avec du styréne et une quantité catalytique de
(P,P)AuNTf; (5 mol%), le produit cyclopropane a été obtenu avec un rendement RMN de 67 %
(rendement isolé : 38%) et une diastéréosélectivité élevée. En effet, seul le produit présentant
le groupement biphenyle en position cis du groupement phényle issu du styrene a été obtenu.
Cette configuration a été déduite par analyse RMN {*H, *F} HOESY et confirmée par
'obtention de cristaux analysés en DRX (Schéma 8, top). Ensuite, I'indéne, substrat pour
lequel la compétition entre la cyclopropanation et l'insertion C-H est possible, a été envisagé.
Les mémes conditions que le styrene ont été utilisées, et aprés 24 heures, le produit
cyclopropane a été obtenu avec un rendement RMN de 56 % (rendement isolé : 39 %) et 2
produits d'insertion CH ont été observés (rendement 13 %), mais non caractérisés (Schéma
8). La cyclopropanation est totalement diastéréosélective, seul le produit présentant le
fragment indane et I'aryle du composé diazo en position syn est obtenu selon les RMN {*H,
19F1 HOESY. Ce complexe a aussi prouvé son efficacité pour les réactions d’insertion O-H
(Schéma 8, bas).

Ph._~
rt, 24h ~1CF3
Ph
N3

o 67(38)%
NTF.
CFs < 7 2 Ph
17
Ph (5 mol%)

£ _CF

O ‘|\\\CF3 (ji//\ 3
rt, 24h

56(39)%  pp  13% o

Ph

CF4

OR
R =Et76(70)%
R =Pr54%
Schéma 8 : Réactions de cyclopropanation et d’insertion O-H catalysées a I’or a parti de dérivés diazo a-CF3 ( rendement RMN
déterminés par RMN °F{1H} utilisant le standard interne 4,4’-difluorobiphenyle, rendements isolés entre parenthéses).
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V. Conclusion

La chimie de l'or a été un sujet brllant ces derniéres années. La conception de nouveaux
ligands, notamment bidentes, a permis la synthése de composés d'or originaux, considérés
jusqu'a présent comme inaccessibles, et le développement de nouvelles réactivités. Ce travail
de thése s'inscrit dans cette thématique. Notre objectif était d'élargir nos connaissances en
chimie de I'or par une approche conjointe expérimentale/théorique.

Grace a l'utilisation des ligands MeDalPhos (P, N) ou carborane diphosphine ligand
(P,P) de nouvelles réactions catalytiques ont été développées et de nouvelles espéces
originales comme les complexes présentant des liaisons hydrogénes a I'or ou les complexes

carbéniques a-CF3 ont été isolées.

Par la synthése de nouveaux ligands « sur mesure », des champs d’applications
encore inexplorés peuvent étre envisagés, comme la synthése et la caractérisation de
complexes d’or carbyniques présentant une liaison triple Au=C ou des complexes d’or a des

degrés d’oxydation plus élevés (+V).
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Résumé

Cette thése porte sur I'étude de complexes définis d’or, de la stabilisation de composés
originaux a leur utilisation pour de nouvelles transformations. Une approche conjointe
expérience/théorie a été employée. De nouveaux complexes d'or ont été synthétisés et
caractérisés par différentes techniques spectroscopiques et de diffractométrie. Leurs
réactivités, notamment dans des procédés catalytiques, ont été étudiées. Les calculs DFT ont
aiguillé le choix des ligands/complexes d’intéréts. lls ont permis d’analyser la structure
électronique des nouvelles espéces isolées et d’élucider les mécanismes mis en jeu.

Une vue d’ensemble de l'utilisation de ligands bidentes pour la chimie de I'or montrant
leurs implications dans le développement de cette chimie est présenté dans le premier
chapitre. Une comparaison des différents ligands bidentes accessibles rationnalise le choix de
deux d’entre eux pour les études présentées par la suite.

Le second chapitre concerne le développement de la réaction d’hétéroarylation des
alcenes catalysée par le complexe MeDalPhosAuCl. Cette nouvelle transformation procéde
via un cycle catalytique Au/Au" et combine addition oxydante et activation ™ a l'or. Un
mécanisme détaillé est proposé sur la base d’analyses RMN in situ, d’étude par marquage au
deutérium et de calculs DFT. La réaction a pu étre généralisée a un large panel de substrats
et un changement inhabituel de régiosélectivité a été observé pour les alcénes internes cis ou
trans.

Le troisieme chapitre est dédié a lisolation et la caractérisation des premiers
complexes d’or impliquant des liaisons hydrogénes Au---H-X. Grace aux ligands hémilabiles
(P,N), un contact proche entre I'or et 'hydrogéne a été observé par DRX et la présence de la
liaison hydrogéne N-H---Au a été démontrée sans ambiguité par spectroscopies RMN et IR.
La nature de cette liaison a été méticuleusement analysée par calcul DFT fournissant des
arguments en faveur d’une liaison hydrogéne, interaction attractive non-covalente. Une étude
in silico sur de nouveaux modéles, avec des interactions Au---H-X potentielles (X =N, O ou P,
variations des ligands ou de I'encombrement stérique) a été réalisée pour donner des
directives aux futurs travaux expérimentaux.

Le quatrieme chapitre porte sur I'étude de carbénes a-CF; d’or(l). L'intérét est double
: 1) trés peu de carbénes a-CF3 ont été isolés et caractérisés et 2) beaucoup de molécules
bioactives ou de matériaux possedent des substituants CFs; augmentant l'intérét pour les
réactions de trifluorométhylation. Grace au ligand bis-phosphine o-carborane, plusieurs
carbénes a-CFz d'or(l) ont été synthétisés, isolés et complétement caractérisés par
spectroscopie RMN multi nucléaire, DRX et spectrométrie de masse. La liaison M=Ccarbene @
été analysée par calculs DFT avec une attention particuliere pour la description des orbitales
moléculaires et la contribution relative donation/rétrodonation entre le fragment métallique et
le carbéne. La réactivité de ces nouveaux carbenes d’or vis-a-vis de réactions d’insertion et
de cyclopropanation a été étudiée montrant que ces espéces imitent les carbénes a-CFs
transitoires postulés pour d’autres métaux de transition.

Mots clés: Chimie de I'or, Ligands bidentés, Catalyse, Liaison hydrogéne, Carbénes a-CFsj,
Degré d’oxydation



Abstract

The present work deals with the study of defined gold complexes from the stabilization
of original compounds to their use for novel transformations. A joint experimental/theoretical
approach has been used. New gold complexes were synthesized and characterized by
different spectroscopic means and diffractometry. Their reactivities notably in catalytic process
were studied. DFT calculations guided for the choice of ligands/complexes of interest. They
helped to analyze the electronic bonding of the new isolated species and to elucidate the
involved mechanism.

An overview of the use of bidentate ligand in gold chemistry showing their involvement
in the expansion of this field is presented in the first chapter. A comparison of the different
bidentate ligands available rationalize the choice of two of them for the following studies.

The second chapter concerns the development of hetero-arylation reaction of alkenes
catalyzed by the MeDalPhosAuCl complex. This new transformation proceeds via Au'/Au"
catalytic cycle and merge oxidative addition and 1r-activation at gold. A detail mechanism is
suggested based on in situ NMR analyses, deuterium labelling studies and DFT calculations.
The scope of the reaction has been explored for a large number of substrates and an unusual
switch of regioselectivity was observed for internal alkenes cis or trans.

The third chapter is dedicated to the isolation and characterization of the first gold
complexes involving Au---H-X hydrogen bonding. Taking advantage of the hemilabile (P,N)
ligands, a close contact between gold and hydrogen was observed by XRD and the presence
of N-H---Au hydrogen bond was unambiguously demonstrated by NMR and IR spectroscopies.
The nature of this bonding was thoroughly analyzed by DFT providing compelling evidence for
noncovalent attractive hydrogen-type bonding. An in silico study on new models, with potential
Au---H-X interaction (X = N, O or P, ligand and steric hindrance modulation) have been
performed to provide guidelines for further synthetic work.

The fourth chapter focused on the study of a-CFs gold(l) carbene complexes. The
interest is twofold: 1) very few a-CF3 carbene complexes have been isolated and characterized
and 2) many bioactive molecules or materials bear CF; substituents, increasing the interest for
trifluoromethylation reactions. Taking advantage of the o-carborane diphosphine ligand,
several a-CF; gold carbene complexes were synthesized, isolated and fully characterized, at
low temperature, by means of multinuclear NMR spectroscopy, XRD and mass spectrometry.
The M=Ccmene bonding situation was analyzed carefully by DFT calculations with particular
attention to the description of molecular orbitals and to the relative donation/retrodonation
contribution between the metallic fragment and the carbene. The reactivity of this new gold
carbene towards insertion reaction and cyclopropanation was studied showing that they mimic
transient a-CFs; metal carbene complexes.

Keywords: Gold chemistry, Bidentate ligands, Catalysis, Hydrogen bonding, a-CF; carbenes,
Oxidation state
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