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The conversion of LAuX to LAuX3, where L is a neutral ligand such as a phosphane or a carbene and X = Cl, Br or
I, can be performed by halogen addition reactions in mild conditions. The formation of complexes with mixed
halides, such as LAuY5X, also evoking the possibility of geometrical isomerization, is less investigated. In this
work the iodine and bromine addition reactions, under mild conditions, to a symmetrically disubstituted carbene
1,3-dimethyl-imidazolyl-2-yl-gold(I)chloride were considered. The molecular structures highlight the formation

of the trans LAulxCl in the case of iodine addition and a mixture of the geometrical isomers for bromine. DFT
analysis points out a stepwise addition of halogen atom to the linear gold(I) complex without a net change in
metal electronic population, suggesting the occurrence of the Inverted Ligand Field.

1. Introduction

Oxidative additions as well as reductive eliminations involving
transition metal complexes are ubiquitous in catalysis [1], in medicinal
chemistry [2] and material science [3]. According to the traditional
models, oxidative addition of a substrate to a transition metal center
occurs with the increase of metal coordination and oxidation number
[4]. Different mechanisms of oxidative addition can be observed highly
dependent on both the metal complex and the substrate [5-7]. For years,
the gold chemistry has been limited to substitution reactions or to un-
saturated C—C bond activations, mainly due to a somehow gold recal-
citrance to undergo oxidative addition or reductive elimination [8], on
the contrary of what observed for the d® congeners, for example Pd(II)
square planar complexes [9]. For its quite inertness, over the centuries
gold has been considered as the substance closer to the perfection and
many alchemical efforts have been addressed toward the transformation
of more common metals in gold [10]. In this regards, aqua regia was

considered as the universal solvent, which, through an alchemical re-
action, may generate the Philospher’s stone. A very beautiful repre-
sentation of the central role of gold in alchemy is the metal dissolution in
aqua regia (the universal solvent) depicted as a green lion biting a
bleeding red sun (the gold) [11]. Gold recalcitrance toward the oxida-
tion is argued within the “redox gold problem* in view of the very high
oxidation potential (1.41 V) for Au(Ill)/Au(I) redox couple, that be-
comes accessible for linear LAuX systems, where L = phosphane or
carbenes, and X = halides [12-14]. Square planar gold complexes could
be prepared by addition reactions between linear gold(I) precursors
featuring pincer CNC ligands [15], and halogens [12,16-18], or alkyl or
aryl halides [19], for examples. Interestingly, the opposite process of the
“reductive elimination” has been already confirmed to be particularly
energy demanding with respect to the d® congeners [20]. In the case of
the moisture stable square planar (Ph3P)Au(CF3)(aryl)(D), the reductive
elimination of Cuy-CF3 has been proposed to evolve through a tri-
coordinate intermediate after the removal of a ligand promoted by
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high temperature (122 °C), photolytic processes or silver salts adding
[21]. Square planar NHC-Au(IIl) centers, where NHC are heterocyclic
carbene ligands, can be prepared by addition of halogens [22,23] or
sources of halogens [24-26] to linear NHC-AuX compounds and, so far,
the outcomes are strongly case-sensitive. The choice of the oxidizing
agent to prepare NHC-AuX3 derivatives (X = Cl, Br) depends on steric
constraints of substituents and/or on the reactivity toward the imidazole
of the NHC ligand [27]. As an example, chlorine gas or aqua regia might
be suitable oxidants but they may attain undesired oxidative reactions at
the ligands [28]. The choice of the experimental conditions, as well as of
the oxidant, discriminates the results; for instance the full oxidation in
mild condition of the carbene compound {N-[(phenylseleno)-methy-
lene)]-N'-methylimidazolyl}gold chloride was achieved with iodine (I)
in a yield of 98 %, whereas the reaction with bromine (Bry) led only to
decomposition [29]. Noteworthy, most of the reactions of bromine with
NHC-AuCl systems afford the substitution of the chloride and the total
bromination of the gold center [18]. Generally, the products of these
reactions are isolated as crystalline solids of the type NHC-AuX3 where
X = Cl, Br [23,30]. Additionally, depending on the nature of both the
starting NHC-AuX compounds and the added halogen, the formation of
mixed halide NHC-AuY,X compounds was observed too [31-33].

Nevertheless, the widespread of halogen oxidative addition to gold
(1) in the literature, the lack of some expected results, the easiness of the
reversible conversion from LAuX to LAuX3 or the presence of geomet-
rical isomerism in the mixed halides Au(IIl) is still without explanations.
Herein, the addition of halogens to linear NHC-AuCl compound was
carried out choosing as reference reactions the addition of molecular
iodine or bromine to linear gold(I) chlorido complexes bearing a sym-
metric N-Heterocyclic Carbene (NHC) ligand, the 1,3-dimethylimida-
zolyl [17]. The isolated products have been X-ray solved and the
crystallographic structures are described in detail. The electronic
structure of the obtained complexes has been largely reconsidered and
explained in terms of the ILF with gold maintaining its starting d'°
electronic count also in the final square planar complexes.

2. Experimental section
2.1. Syntheses

Materials have been purchased by Merck and used without any
further purification. Solvents were freshly distilled before use. The
synthesis of 1,3-dimethylimidazolium chloride and of 1,3-dimethylimi-
dazolyl-2yl-gold(I) chloride (1) were performed following methods
previously reported in literature [34-36].

2.2. Characterizations

Elemental analyses (C, H, N, S) were performed in-house with a
Fisons Instruments 1108 CHNS-O Elemental Analyser. Melting points
were taken on an SMP3 Stuart Scientific Instrument. IR spectra were
recorded from 4000 to 600 cm ™! with a Perkin-Elmer SPSECTRUM ONE
System FT-IR instrument. IR annotations used: br = broad, m = medium,
s = strong, sh = shoulder, vs = very strong, w = weak and vw = very
weak. 'H and '3C NMR spectra were recorded on an Oxford-400 Varian
spectrometer (400.4 MHz for 1 and 100 MHz for '3C). Chemical shifts,
in ppm, for 'H and 3C NMR spectra are relative to internal Me,Si. NMR
annotations used: br = broad, d = doublet, dd = double doublet, t =
triplet, m = multiplet, s = singlet. UV-Vis spectra were acquired using
the Shimadzu UV-2700i spectrophotometer, equipped with the Shi-
madzu CPS-100 Peltier, at 298 K.

2.3. Synthesis of trans-(1,3-dimethylimidazolyl-2yl)-Aul,Cl (2)
1,3-dimethylimidazolyl-2yl-gold(I)chloride (100 mg, 0.30 mmol)

was dissolved in 20 mL of acetonitrile, under nitrogen atmosphere, and
then solid iodine (114.21 mg, 0.45 mmol) was added. The reaction was
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stirred for 2 h under nitrogen atmosphere. After 2 h, the red solution was
evaporated to dryness under reduced pressure, and the resulting reddish
solid was washed with n-hexane (2 x 10 mL) and dried under vacuum.
The microcrystalline powder is sparingly soluble in most organic sol-
vents. Dark red crystals were obtained in two days by dissolving in warm
THF and by adding a few drops of diethyl ether. M. p.: 211-214 °C. Yield
85 %.

H NMR (CD3CN,8): 7.38 (s, 2H); 3.75 (s. 3H).

MIR (cm-1): 3169(w), 3137(w), 2346(w), 2315(w), 1675(w), 1575
(w), 1485(m), 1431 (w), 1398(m), 1335(w), 1228(m-s), 1149(m), 1083
(m), 1019(w), 735(s), 660(s).

FIR (cm-1): 660(m-s), 499(w), 477(w), 464(w), 429(w), 351(m), 313
(m-s), 277(w), 269(w), 253(w), 243(w), 224(m), 209(w), 199(m), 177
(m), 168(w), 153(w), 152(s), 149(s), 142(m), 130(m).

Elemental analysis for CsHgNAul>Cl caled %: C 10.31; H 1.38; N
4.81; found %: C 10.55, H 1.39, N 4.99.

2.4. Synthesis of 3, as 3cis, 17 % and 3rans, 83 %

In a round-bottom flask 1,3-dimethylimidazolyl-2yl-gold(I)chloride
(99.1 mg, 0.30 mmol) was dissolved in 15 mL of acetonitrile and then,
liquid bromine (72.7 mg, 23 pL, 0.45 mmol) was added. The reaction
was stirred for 2 h at room temperature under nitrogen atmosphere.
After 2 h, the red solution was evaporated under reduced pressure, and
the resulting orange solid was washed with n-hexane (2 x 10 mL) and
dried under vacuum. The microcrystalline powder was crystallized in
acetonitrile/Ety0; yellow-orange crystals were obtained by slow evap-
oration of the solvents at 5 °C. M. p.: 235-238 °C. Yield 82 %.

'H NMR (CD3CN,8): 7.37 (8, br, 3trans); 3.76 (s, br, 3cis); 7.35 (s, br,
3cis), 3.85 (s, br, 3trans), (S, br, 3eis)-

MIR (cm™1): 3170 (w), 3142 (w), 2950(w), 1689(w), 1593(w), 1574
(w), 1491(m), 1456(w), 1434(m), 1398(m), 1330(w), 1228(m-s), 1152
(w), 1086(w), 746(s), 736(s), 664(s).

FIR (cm™1): 662(m-s), 611(w), 567(w), 499(w), 465(w), 455(w), 415
(w), 353(m), 342(w), 323(s), 283(m), 276(m), 246(s), 299(m), 210(w),
196(w), 185(w), 173(w), 166(w), 155(w), 148(s), 127(w), 108(s).

Elemental analysis for CsHgN;AuBryCl, caled %: C 12.30; H 1.65; N
5.74; found %: C 12.38; H 1.62; N 5.55.

2.5. Single-Crystal X-ray diffraction (SCXRD)

Single-crystal X-ray diffraction data were collected at 100 K
controlled by an Oxford Cryostream using Mo-Ka radiation (A =
0.71073 A) on a Bruker Apex-II diffractometer equipped with a CCD
detector, controlled by APEX2 software [37]. Crystallographic data and
refinement parameters are reported in Table 1. Data integration and
reduction were performed using Bruker SAINT software [38]. Absorp-
tion correction was performed with the program SADABS-2016/2 [39].
The crystal structures were solved using the SIR-2004 package [40] and
refined by full-matrix least squares against F using all data (SHELXL-
2018/3) [41]. All the non-hydrogen atoms were refined with anisotropic
displacement parameters. In both cases, the asymmetric unit consists of
only half of the molecule, being the gold atom, the carbon atom and the
halogen atom in trans to the carbene on a 2-fold axis. For 2, the halogen
atom in trans and in cis to carbene was assigned without doubts as a
chlorine and iodine species, respectively. For 3, the solution software
assigned both the trans and cis position as bromide atom. During the
refinement, a close inspection of the electronic difference map pointed
out the presence of a lighter element such a chlorine atom, suggesting
the contemporary presence of both 3¢5, and 3ans iSomers as it was
already found for a similar mixed square planar complex [42]. The
approach used is well described in a recent article by S. Parkin and al.
[43]. The gold halogen distances were restrained to the averaged values
found from a statistical analysis in the CSD database [44] and the
anisotropic thermal parameters for the couples Cl1, Brl and CI2, Br2
have been constraint to the same values. Only the presence of the
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Table 1

Crystal data for the gold square planar complexes 2 and 3.

2

3

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data
collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta =
25.242°

Absorption correction

Max. and min.
transmission
Refinement method

Data / restraints /
parameters

Goodness-of-fit on F2

Final R indices [I >
2sigma(I)]

R indices (all data)

Largest diff. peak and
hole

C5 H8 Au Cl 12 N2
582.35

100(2) K

0.71073 A
Orthorhombic

Pbcn

a=75167(3) A

b = 14.9477(6) A

¢ =9.5872(4) A
1077.19(8) A3

4

3.591 Mg/m3

19.584 mm-1

1016

0.09 x 0.08 x 0.07 mm3
2.725 to 36.317°.

—12<h<12, —24<k<24,
—15<I<15

86,261

2621 [R(int) = 0.0656]
100 %

Semi-empirical from
equivalents
0.7487 and 0.3020

Full-matrix least-squares
on F2
2621 /0 /59

1.094
R1 = 0.0239, wR2 =
0.0599

R1 = 0.0288, wR2 =
0.0622

1.812 and —2.087 e.A-3

C5 H8 Au Br2 Cl N2
488.37

100(2) K

0.71073 A
Orthorhombic

Pbcn

a=7.5519(2) A

b =14.6127(3) A

¢ =18.9432(5) A
986.91(6) A3

4

3.287 Mg/m3

23.216 mm-1

872

0.08 x 0.04 x 0.03 mm3
2.788 to 36.496°.

—12<h<12, —24<k<24,
—14<I<14

70,089

2432 [R(int) = 0.1032]
100 %

Semi-empirical from
equivalents
0.7472 and 0.4643

Full-matrix least-squares
on F2
2432 /8 /62

1.066
R1 = 0.031, wR2 =
0.0679

R1 = 0.0556, WR2 =
0.0805

4.23 and —2.683 e.A-3

Ry = YO|F5 — (Fa)l/SF3.

WR2 = {S[w(F2 — (1/K)F2)? 1/ wiF21} 12,

isomers 3.js and 3¢ans Was assumed and their calculated occupancy in
the crystal is 17 % and 83 % respectively based on the relative occu-
pancies of the Cl1/Brl and Br2/Cl2 atomic sites. Crystal-Explorer17 was
used to compute the Hirshfeld surfaces (HS) and their associated 2D
fingerprint plots to further investigate the intermolecular interactions
[45].

2.6. Computational details

All the obtained square planar complexes have been optimized at
B97D-DFT [46] level of theory within the Gaussian 16 software [47] and
validated as minima by computing vibrational frequencies. All the cal-
culations were based on the CPCM model [48] for acetonitrile solvent,
the same used in the experiments. The effective Stuttgart/Dresden core
pseudo-potential (SDD) [49] was adopted for the gold and iodine atoms,
while for all the other atoms the TZVP basis set [50] has been used. The
optimization of the square planar complexes has been carried out also
within ORCA 5.0.3 [51] software with the inclusion of the Zero-Order
Regular Approximation (ZORA) for gold and iodine without any
drastic change in the electronic structure. Cartesian coordinates as well
as the energetic features of all the optimized structures are reported in
Supporting Information.

Inorganica Chimica Acta 560 (2024) 121810

3. Results and discussion
3.1. Synthesis and characterization

The NHC-AuCl compound 1 was synthesized according to the mild
base route reported in the literature [35,36]. Compound 1 is rather
stable in solution as confirmed by the 'H NMR and the UV-visible
spectra recorded upon time. The 'H NMR spectrum of 1 was compared
with that of the corresponding bis-carbene species ruling out the pres-
ence of this latter in freshly prepared acetonitrile solution, see Fig. 15-3S
in SI. Precursor 1 was treated with iodine or bromine in CH3CN and the
products were isolated as crystals and characterized by elemental
analysis, IR and UV-visible, 'H and '*C NMR spectroscopies and by X-
ray diffraction methods. Acetonitrile was chosen as solvent for solubility
issues and spectroscopic characterizations of bromine and iodine in this
solvent are reported in the Supporting Information (Fig. 4S-7S in SI).
The addition of iodine or bromine to an acetonitrile solution of 1 was
also monitored by UV visible spectroscopy following the absorbance at
226 nm against the time (Fig. 8S in SI) highlighting a faster reaction for
bromine.

The reaction of compound 1 with solid iodine was performed in
acetonitrile both at room temperature and at 75 °C; invariably providing
only compound 2 (see scheme 1).

The well-known formation of small amounts of [(CH3CN),I]I3 was
confirmed by UV-visible spectroscopy highlighting a possible active role
of the solvent (see section 2S.1 in the SI) [52]. The raw solid of com-
pound 2 was obtained by the concentration of the reaction mixture, and
it was crystallized in warm THF and by adding diethyl ether to obtain
dark red crystals. Compound 2 crystallizes in the Py, space group. The
structure, shown in Fig. 1, confirmed that carbene remains trans to
chlorine atom and the two iodine atoms occupy the remaining positions
in the square planar geometry around the metal. The Aul, Cl1 and C1
atoms lye on a 2-fold axis. Only half of the molecule is found in the
asymmetric unit. The gold ligand distances are in the range expected for
this class of compounds as found from a statistical analysis in the CSD
database [44]. The obtained Au-I distances are in agreement with those
previously reported in literature [53-54].

The carbene group is rotated by 75.44(3)° respect the coordination
plane, due to the interactions between halogen and hydrogen atoms of
the neighbouring units. The latter intermolecular contacts contribute to
more than 60 % of the Hirshfeld surface area (Figs. 9S and 10S)
explaining the rotation of the carbene ligand.

The formation of the square planar product 2 was also highlighted by
IR spectroscopy (Fig. 11S and 12S). The FIR spectrum of 2 displays the
typical Au-Cl bands at 322 (Au-Cl bands at 330 for the compound 1)
[55]; moreover, it features the disappearance of the band at 248 cm !
and the rising of new bands at 182 cm ™!, at 166 cm ! and 153 cm™
assigned to the iodine-Au bonds in trans position to each other. The
attribution of these IR bands was made in agreement with the spectro-
scopic assignments made by Braunstein et al. in a series of LAuX3 com-
pounds where X = Cl, Bror I [56]. The IH NMR spectrum of 2, shown in
Fig. 13S, highlights a shift for the resonance of the imidazole protons
from 7.11 ppm of 1 to 7.38 ppm in 2, while the methyl groups are poorly

1

CHs CHs;
N/ N/ !
) CH5CN \ |
[ >7Au——CI +l, ———» ‘[ >7Au——CI
5 rt. .
\ {0
CHs CH,
1 2

Scheme 1. Synthesis of 2 as 2¢ans through the reactivity between 1 and I,.
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Fig. 1. Molecular structure (ORTEP diagram) of 2 showing the atom labelling
scheme. Thermal ellipsoids are shown at a 50 % probability level. Selected bond
lengths (.7\) and angles (°): Aul-Cl 2.003(4); Aul-Cl2 2.3363(11); Aul-I1
2.6124(2); C1-N1 1.345(3); C2-N1 1.384(4); C3-N1 1.466(4); C2-C2' 1.338
(7); C1l-Aul-I1 87.758(5); Cl1-Aul-I1 92.242(5); I1-Aul-Il" 175.517(10).
Symmetry transformations used to generate equivalent atoms: -x + 1,y,-z +
1/2.

sensitive of the coordinative environment at the gold centre displaying
only a slight shift from 3.79 ppm of compound 1 to 3.75 ppm in 2 [57].
Traces of other peaks were also detected likely due to the formation of
small amount of the cationic bis-carbeneAul; species (Fig. 13S, inset
images). Unfortunately, the 1D '3C NMR spectrum was not useful to
characterize the compound 2 as the 13C NMR spectra in CD3CN displays
no signal for the NCN carbon, that is instead well visible at 170 ppm in
the starting carbene 1 (Fig. 14S). However, the 13C NMR chemical shift
was assigned at 134.8 ppm for 2 and at 144.7 ppm for the corresponding
bis-carbene resulted to be formed during the long acquisition time in
solution, by recording of a 'H '*C HMBC (Hydrogen Multiple Bond
Correlation) NMR spectrum on a CD3CN solution of 2 (Fig. 15S). The
reaction of 1 with an excess of iodine was monitored by UV-visible
spectroscopy (Figs. 16S and 17S) and only slight electronic re-
distributions were observed over the change from linear to a square
planar coordination around the gold centre, evidenced by mild shifts of
the maxima in the range 210-250 nm.

Differently to iodine, the addition of liquid bromine to 1,3-dimethyl-
imidazolyl-2-yl-gold(I)chloride, compound 1, in acetonitrile solution
yields a mixture of cis and trans isomers of the square planar complex 3,
namely 3.is and 3rans, respectively (scheme 2).

Red-orange crystals of 3 were grown from an acetonitrile/diethyl
ether solution of the raw solid attained from the reaction mixture taken
to dryness. While the crystals were isomorphous with 2 (space group
Pycn), the disorder in the halogen atom positions is consistent with the
presence of both geometrical isomers 3js and 3¢ans and their relative
content was estimated in 17 % and 83 % respectively, based on the
relative occupations for the Cl1/Brl and Cl2/Br2 atoms. Also, in this
case (see Fig. 2) C1, Aul, Cl1 and Br1 atoms lie on the two-fold axis and
only half of the molecular structure is reported in the asymmetric unit.

CH,
N CH4CN
| P Au—©cCl + Bry———»
R/ r.t.
\
CH,
1
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Fig. 2. Molecular structure (ORTEP diagram) of 3 showing the atom labelling
scheme. Thermal ellipsoids are shown at a 50 % probability level. Selected bond
lengths (A) and angles (°): Aul-C1 1.993(5); Aul-Cl1 2.319(4); Aul-Brl 2.449
(9); Aul-Cl2 2.289(10); Aul-Br2 2.4288(7); C1-N1 1.347(5); C2-N1 (4) 1.387
(5); C3-N1 1.468(6); C2-C2' 1.342(9); C1-Aul-ClI2 87(2); C1-Aul-Br2 87.98(7);
Cl1-Aul-Br2 92.02(7); Br1-Aul-Br2 92.02(7). The gold halogen distances were
restrained to the averaged values (see Experimental section). Symmetry trans-
formations used to generate equivalent atoms: -x + 1, y, -z + 1/2.

The carbene group is rotated by 70.96(2)° and the overall packing
contacts are close to the structure of 2. Noteworthy, the Aul-C1 and
Aul-Cl1 bonds are longer than those observed in the starting compound
1 (Au-C11.979 A in 1 versus 2.003 A in 2 and 1.993 A in 3, and Au-Cl1 at
2.288 A in 1 versus 2.3363 A in 2 and 2.319 A and 2.289 A in 3, see
Figs. 1 and 2) [58].

By comparing the IR spectra of 3js/trans to that of 1, a richness of
bands was observed in the Far IR spectrum recorded for 3¢istrans; in fact,
it exhibits bands attributable both for the AuCl (328 cm™1) and for the
AuBr bonds (246 cm’l, 229 and 185 cm™!). Moreover, the Au-C
stretching mode at 465 cm™! is 2 cm™! redshifted compared to the
starting compound 1. An additional band at 455 cm™! was observed
possibly due to the C in trans to bromine (the Au-C stretching mode of 2
falls at 464 cm™1) [59]. In solution, compounds 3cis/trans have been
studied by 'H NMR, UV-visible spectroscopies and moreover, the re-
actions of bromine addition to the starting compounds 1 was monitored
by IR and UV-visible spectroscopies (Figs. 18S-20S). When the solid of
the 3 ¢is/trans iS dissolved in CD3CN, two patterns of signals (~1: 2 as
intensities) are observed in the 'H NMR spectrum, these peaks were
attributed to the presence of both cis and trans isomers in solution in
different proportion. In fact, the 'H NMR spectrum consists of two
doublets for the imidazole C—H protons, at 7.36 and 7.35 ppm, and two
singlets at 3.89 and 3.85 ppm for the methyl groups; very small traces of
the starting compound 1 were also detected (Figs. 21S and 22S in SI). As
concern the 13C NMR, the chemical shifts of compounds 1-3 ¢js/trans are
reported in Table 2 (spectra shown in Fig. 23S). As attained for com-
pound 2, also the 1D 13C NMR spectrum of 3cjs/trans does not display the
C1 carbene carbon atoms signals [60-62]; however, the acquisition of
the 2D 'H'3C HMBC spectrum revealed the chemical shifts of 3 with a set

CH, CH,

N/ Br N/ Br
[ >7Al|J—CI l[ >7AL|J—Br
I\i\ B!I’ '\i\ C||

R R

3tmns 3cis

Scheme 2. Synthesis of 3 as 3¢rans and 3.s through the reactivity between 1 and Br,.
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Table 2
13C NMR chemical shifts in CD3CN in ppm for compounds 1-3¢is/trans-
Compounds  C1 c2, c2! c3, C3t
1 170.65 122.18 37.57
2 134.8 125.61 37.97
3 133.9 and 136.4 125.5 3rans / 125.4 37.57 3trans / 37.40
(trans) Beis Beis
136.2 and 138.4
(cis)

of signals at 133.9 and 136 ppm (more intense signals) and at 136.2 and
138.4 ppm (less intense signals) (Fig. 24S).

To verify if the ratio of 3is/trans iSomers in the microcrystalline solid
was affected by the temperature, the reaction of bromine and 1 was lead
at 0 °C in acetonitrile; the choice of monitoring this reaction depends on
the slightly higher solubility of 3 than that of 2. Differently from what
obtained at 20 °C, a precipitate was readily formed (~50 % in mass of
yield), which 'H NMR spectrum recorded at 0 °C highlighted a pattern of
signals comparable to those obtained with crystals of 3¢is/trans both in
intensities and chemical shifts (Fig. 25S and 26S); interestingly, the
supernatant to dryness afforded to a pattern of peaks of inverse intensity,
likely due to a mixture richer on the 3js isomer. This latter result has not
been replicated by the 'H NMR spectrum of the 20 °C reaction mixture to
dryness (Fig. 278S), highlighting as at lower temperature the formation of
3js isomer is favored.

3.2. DFT analysis of electronic structures and reactivity

The oxidative addition process, as halogen addition to a linear
complex of gold (I), evolves with the formation of a square planar
complex with the metal achieving a d® count and the bonding generally
described within the classic Ligand Field Theory (LF) [63]. In principle,
in a gold square planar d® transition metal complex, such as [AuCl,]” or
of NHC-AuX3 type, four empty metal orbitals, namely 6 s, two 6 ps and
one 5d, (dxo.y2), should receive electron donation from four corre-
sponding populated ligands based combinations, assumed to be lower in
energy than the metal d orbitals. Thus, according to LF description, the
LUMO, or one of the close empty orbitals of a square planar d® complex,
should have a 6*-antibonding feature with a large contribution from the
dx2.y2 orbital while the bonding counterpart should be populated and
mainly centered on the ligands.

In the last years many exceptions to such an electronic view have
been pointed out and the concept of the Inverted Ligand Field [64-71]
has been introduced, according to which the gold center never attains
the traditionally accepted d® count, but it maintains the d'° one. This is
due to the low-energy gold d orbitals compared to the ligand-based
combinations (see scheme 3), thus, in square planar gold complexes
the four bonds are better explained in terms of three ligands to metal
donations and one metal (from dy2.y2) to ligand interaction. On these
bases, the LUMO becomes mainly centered on the ligands rather than on
the d metal orbital with the electrons more polarized toward the gold
[63]. Scheme 3 summarizes the critical dyz.y» combination in the two

Ligand Field Covalent Bond Inverted Ligand Field
ML o | O @ oML J 5*-M-
G o %%Q c*-M-L N
8@ o 9 o 0Q
O @ % 2 Q %
2 Q 1%
R R
T o AR
M o-ML L M oML L M o-M-L L

Scheme 3. Sketch of the MO energy levels for a classic Ligand Field approach
(left), Inverted Ligand Field (right) and Covalent bonding in the middle.
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limiting cases (LF and ILF) as well as the case featuring the metal orbital
lying at the same energy of the corresponding ligands based combina-
tion, resulting in a pure covalent metal-ligand bonding. The metal
contribution to the LUMO becomes a fingerprint of the ILF occurrence
with a series of potential situations between the two limiting cases as
well as an estimation of the covalent contribution of the M—L bond. The
ILF shows more electron richer metal centers compared to the crude
description of the electronic distribution given by the common oxidation
state rules. Such an electronic distribution has been already suggested
for some gold square planar complexes such as [AuCly]” [64] as well as
in bi-metallic Au/Fe clusters [65].

n order to verify the ILF occurrence or not in the present square
planar complexes, a detailed theoretical investigation on the electronic
structure of the isolated square planar complexes 2¢rans, 3cis and 3¢rans
has been carried out. As aforementioned, in the ILF description the
LUMO becomes centered on the ligands rather than the metal orbital and
vice versa for the bonding counterpart (see scheme 3). Fig. 3 reports the
plot of the LUMO for 2¢ans, 3trans and 3cjs products highlighting the c*
character together with the metal contribution (from the dyy o orbital).

The electronic analysis pointed out the occupancy of all the d metal
orbitals (see Table S1), the LUMO bonding counterparts are mainly
localized on the populated dyo.y2> metal orbital. The gold center in these
square planar complexes never attains the expected d® electronic count
but maintains the starting d'° one with a ¢ back donation into an empty
ligands’ combination. This point is supported by the Natural Bonding
Analysis [72] revealing a d orbitals occupation between 9.4 and 9.5
electrons. Such obtained alternative electronic structure does not fit
with the generally accepted classification as oxidative addition of the
halogen addition to linear gold(I) complexes. Similar results have been
obtained also through the calculations on the optimized structures
considering the ZORA relativistic corrections for the gold and iodine
centers.

Among all the potential reaction pathways taken herein in consid-
eration, DFT analysis revealed that the most probable one was the
stepwise addition of halogen centers to the linear gold(I) complex
starting with the introduction of a halonium. Thus, T-shape cationic
intermediates have been detected featuring a carbene, a chloride and the
newly entered halonium ligand together with a released halide moiety.
The electronic structure of the cationic T-shape intermediates invariably
revealed a d'° configuration of the gold center with the presence of an
empty molecular orbital (namely the LUMO shown in Fig. 28S) able to
interact with the released halide anion, providing the square planar
products. This is another confirmation of the unrealistic classification of
the halogen addition as oxidative addition. A similar behavior has been
pointed out by some of us for the “oxidative addition” of a Se-Cl linkage
over a square planar Pt (II) complex reaching the final octahedral
arrangement. Also in that case, the metal never attains the expected
classic assigned d® configuration since the Se-Cl activation occurs
through a square-pyramidal cationic species with an empty orbital on
the platinum center [73].

Another interesting feature of such a reactivity highlighted by the
DFT analysis was the potential isomerization of the T-shape in-
termediates. As shown in Scheme 4, the cationic T-shape tri-coordinate
intermediate features two different kinds of coordination sites: two
“longitudinal” positions (called LON in scheme 4) and one in between
the latter, called “transversal” (called TR in scheme 4).

In the case of the iodine addition, two other different isomers are
potentially available for the cation 47, alternatively featuring the
localization of the three ligands (carbene, iodine and chlorine) in the
longitudinal sites.

Thus, next to the obtained cationic T-shaped 4, ™ an isomer, namely
4y, T shown in Fig. 4 formally obtaining by the 90° in-plane rotation of
chlorine, was found to be more stable in free energy by —0.9 keal mol .
In both cases, the analysis of the electronic structure suggests a d'° metal
configuration, as confirmed by the contribution of the ligands to the
LUMO (70 % mainly from carbene and iodine vs. 30 % from gold). An
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3.is (31.8)

Fig. 3. Plot of the Lowest Unoccupied Molecular Orbital in the three-square planar crystal structures: 2ians, 3trans and 3cis. The % contribution from the d gold

orbital is reported in brackets.
Ltr

Lion AU—L 0N

Scheme 4. Representation of the coordination sites around the Au center in a
T-shape intermediate as 4, *.

electronic depletion on the ligands, especially from the carbene and the
iodine ones, is expected respect to the classical d® description. The NBO
analysis [72] revealed an electronic population of 9.4 electrons for the
metal d orbitals in both the T-shape intermediates equal to that found in
the square planar complexes, once again suggesting the improbable
assignment of a d® configuration. The optimization starting from the
third potential T-shape isomer, called 4. T formally obtained by a 90° in-
plane rotation of iodine from 4y shown in Fig. 4, converged in any case
to 4i. This result agrees with those obtained for T-shape Pt(II) com-
plexes, for which detailed computational analysis have pointed out the
improbable localization of the most electronegative atom in the trans-
versal position [74-76].

In principle, both the two isomers are plausible in view of the
closeness of the electronegativity values of carbon and iodine, compu-
tationally confirmed by free energy difference lower than 1 kcal mol™!).
In any case, the final square planar complexes obtained by the reaction
between the two isomers 47 and 4 with the released iodide featured an
inversion in the free energy stability, with the product from
4 (featuring the two iodine in trans configuration) more stable by ca.
6.3 kcal mol~! than the other one (with the two iodine in cis
configuration).

Alternatively, the addition of Brj to the linear complex 1,3-dimethy-
limidazolyl-2yl-gold(I) chloride, 1, has provided two isomeric square
planar complexes 3js and 3gans in 17 % vs. 83 % proportion. The T-
shape intermediate 5¢, shown in Fig. 5 featuring the chloride and the
bromide trans each other, is more stable than the corresponding isomer
5%, by —6.5 kcal mol~}, six times larger than the energy difference
between the two isomers in the case of the iodine. As in the case of the

4,* (0.9)

iodine addition, also for bromine the square planar final complex
featuring the two introduced bromine in trans configuration has been
estimated to be more stable by ca. 2 kcal mol L.

In view of the very low free energy differences between the calcu-
lated isomers, the processes can be easily perturbed by secondary in-
teractions affecting the final ratio of the geometrical isomers in the solid
state. In any case, as a general guideline, the DFT analysis revealed that
the isomer with the most electronegative atom in the axial positions is
the most stable. Thus, the addition of a more electronegative element
such as bromine in place of iodine should result in a bigger free energy
difference between the two isomers. Scheme 5 highlights the free energy
stability of the cis/trans T-shape cationic isomers from the insertion of
different halogen atom from iodine up to the chlorine, the latter one only
computationally addressed as well as the addition of fluorine. In the
limiting case of the fluorine insertion, the only possible optimized iso-
mer is the trans one, once again suggesting the improbable localization
of the most electronegative atom in the transversal position.

4. Conclusions

The reactivity between halogens and linear Au(I) complexes, leading
to the formation of square planar compounds, is traditionally classified

Br
2.45
o 1.99 Al
u 235 2.34
Cl
5," (6.5) 5" (0)

Fig. 5. Optimized structure of cationic T-shape isomers: 5, * and 5, *. The
relative free energies in kcal mol ! are provided in brackets.

Au |

Cl
4.* (n.a.)

4,*(0)

Fig. 4. Potential three structural isomers of cationic T-shape 4T. The relative free energy stability in kcal mol ™" is given in round brackets.
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Scheme 5. Relative Free Energy (kcal molY) for the different cationic T-shape
isomers obtained through the addition of one iodine, bromine, chlorine and
fluorine atom. The hypothetical addition of a fluorine atom invariably provides
the isomer with fluorine and chlorine in trans arrangement, while for iodine,
bromine and chlorine addition, a and b type isomers were found.

as an oxidative addition process causing the increase of the oxidation
number of two units. The addition reactions of I and Br; to linear 1,3-
dimethylimazolyl-2yl-gold chloride compound 1 were monitored at
room temperature, at 0 °C and 75 °C in order to clarify the relationship
between the obtained products and all the electronic factors and the
possible isomerization processes, ruling this kind of reactivity. The re-
sults showed that the addition of iodine leads to the exclusive isolation
of the trans-square planar isomer, while the addition of bromine pro-
vides both cis/trans isomers in a ratio of 17 and 83 % respectively, as
evidenced by single crystal X-ray structural characterizations. The
bonding pattern has been explained in the framework of the Inverted
Ligand Field, that suggests an electronic d'® count for gold and a
donation of dyo.y2 metal orbital electrons into an empty ligand combi-
nation, as confirmed by the small contribution of the d gold orbital to the
LUMO. Accordingly, DFT calculations highlighted a covalent gold-
ligand bonding with a metal center electronically richer than in the
classic Ligand Field description, confirming the ILF occurrence. The
manuscript completely revised the concept of the oxidative addition
process to gold(I) linear complexes with the stepwise insertion of
halogen atoms consisting on a first step with the introduction of the
halonium cations, and the formation of T-shape cationic intermediates.
Furthermore, the DFT analysis highlighted the possible occurrence of
isomerization processes for the intermediates with those featuring the
two halogen centers in trans position more stable than those with the cis
arrangement. In any case, the calculated free energy differences between
isomers are very low and the final ratio of the isomers may be affected
also by other processes. This manuscript provides some guidelines for
better understanding the reactivity of the gold(I) complexes and for the
design of new efficient synthetic pathway.
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