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Abstract: The synthesis of gold(III) and gold(I)–gold(III) complexes with phosphide bridges is still
a matter that requires solutions for their marked instability, in spite of the affinity of this metal in
both oxidation states for phosphorous donor ligands. In the course of our studies, we realized that
the presence of perhalophenyl groups of the type pentafluorophenyl or 3,5-dichlorotrifluorophenyl
in the complexes gives rise to an increase in their stability that eases their isolation and structural
characterization. In this paper, we describe two new fully characterized neutral compounds of this
type to extend the knowledge on this family of compounds, [{Au(C6Cl2F3)2}2(µ-PPh2)2] (1) and
[{Au(C6Cl2F3)2(µ-PPh2)2Au}2] (2). In this work, we analyze the role of the perhalophenyl groups in
the stability of these complexes by using quantum chemical topology methodologies, specifically
employing an analysis of the non-covalent interactions (NCIs) in real space and evaluating the electro-
static potential surfaces (ESP). Our findings reveal the existence of appreciable π-stacking interactions
among the perhalophenyl and phenyl groups in both compounds, significantly contributing to the
stability of the systems.

Keywords: gold(I); gold(III); phosphides; computational studies

1. Introduction

Gold, in its more stable oxidation states (+1 and +3), has an enormous affinity for
group five-element donor ligands, specifically tertiary phosphines. Nevertheless, bonds
between gold(I) or gold(II) and donor atoms of amines, arsines or stibines are also known,
although they are less common than those with phosphorus atoms of phosphines.

In contrast, in the case of non-tertiary phosphines, the number of examples of gold
complexes decreases considerably, a fact that could presumably be attributed to the rela-
tively lower stability of these ligands compared with the former. The number of examples
arising from the deprotonation of secondary or primary phosphines, those called phos-
phides, is also very scarce, especially in the case of gold(III) [1–9]. In fact, nowadays, this is
still a pending subject that requires much more work because polynuclear phosphide com-
plexes are expected to show catalytic activity, and because the strong donor and bridging
abilities of PR2

− groups can facilitate the proximity of gold centers at short distances, in
turn facilitating the optical or sensing properties associated with this effect [10].

Our research group has contributed numerous examples of this type of complex,
starting from secondary phosphines and perhalophenyl gold(III) precursors [5–7]. This still
limited knowledge has allowed us to presume that the halogenated aromatic ligands that
accompany gold(III) might have a very important role in the stabilization of the phosphide
derivatives, since other anionic ligands, such as halogens, give rise to decomposition or
non-desired products [11]. Thus, the extensive use of perhalophenyl groups as accompa-
nying ligands has led us to establish it as a general strategy for the preparation of new
phosphide complexes.
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In the beginning of our research on this topic, at the end of the last century and in the
beginning of the present one, the sole perhalophenyl group used in the synthesis of this type
of complex was pentafluorophenyl (C6F5) [5,6]. Recently, we resumed this topic and we
reported the synthesis of two new mixed gold(III)–gold(I) phosphide complexes following
the so-called “acac method” synthetic procedure [7], and in which the perhalophenyl group
used to stabilize the complexes was the poorly represented 3,5-dichlorotrifluorophenyl
ligand. Our interest, in that case, was in checking how the different substituents in the aryl
groups (in terms of electronegativity and steric demand) could affect the stability of the
synthesized complexes. Nevertheless, we did not detect significant differences with those
previously described compounds. Therefore, the question remains: How do perhalophenyl
groups influence the stability of the phosphide gold complexes?

To answer this question, we prepared two new neutral organometallic cyclic complexes
with phosphide bridges of gold. The first one is a four-membered cyclic compound with
two gold(III) centers doubly bridged by two diphenylphosphide ligands, while the second
one corresponds to a tetranuclear eight-membered ring with mixed-valence metallic centers
(AuIII/AuI) and PPh2

− groups bridging them. This study has allowed us to analyze the
stability of the complexes when varying the oxidation states of gold. On the other hand, we
have different model systems that permit us to theoretically analyze the electronics of these
complexes by means of a NCI and ESP topological analysis of the DFT-computed densities,
and how the presence of perhalophenyl groups could be essential in their stability.

2. Results and Discussion
2.1. Synthesis and Characterization of the Complexes
2.1.1. Synthesis and Spectroscopic Characterization

The synthesis of these two new compounds, summarized in Scheme 1, was carried out
employing two different gold(III) precursors and synthetic routes. Thus, the doubly bridged
dimeric gold(III) phosphide complex [{Au(C6Cl2F3)2}2(µ-PPh2)2] (1) was prepared through
the treatment of the chloro-bridged dinuclear gold(III) complex [Au2(C6Cl2F3)4(µ-Cl)2]
in Et2O with diphenylphosphine in a 1:2 molar ratio (see Scheme 1). In this process, the
chlorine atoms serve as deprotonating agents, leading to the formation of the diphenylphos-
phide ligands, which act as bridges in the novel dinuclear compound 1, with the subsequent
elimination of two molecules of HCl per molecule of compound.
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Complex 1 is isolated as a white solid in a moderate yield. It exhibits a moderate
stability in the presence of air and moisture and is soluble in chlorinated solvents and
acetone, while demonstrating insolubility in diethyl ether and n-hexane. In acetone so-
lution, it displays non-conducting behavior, in accordance with its neutral nature. Its
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analytical and spectroscopic data corroborate the proposed stoichiometry. For instance, its
infrared (IR) spectrum shows the characteristic absorptions attributable to the C6Cl2F3

−

ligands bonded to the gold(III) centers, which appear at 1593 (vs), 1055 (vs), 1136 (vs) and
779 cm−1 (vs). Moreover, its HR-MS spectrum, acquired in negative mode, displays a peak
at m/z = 1594.7359 Da, corresponding to the anionic fragment [M + Cl]−, and confirming
the exact molecular weight of the new complex 1. In addition, this peak displays an experi-
mental isotope pattern in accordance with the simulated one for the fragment [M + Cl]−.
On the other hand, the 1H NMR spectrum of compound 1 only shows resonances due to
aromatic protons, confirming the presence of the Ph groups and the deprotonation of the
diphenylphosphine ligand. This last fact is corroborated by the absence in this spectrum
of the resonance attributed to the H-P atom, which appears at δ = 6.18 ppm in the related
diphenylphosphine derivative [Au(3,5-C6Cl2F3)3(PPh2H)] [7]. Regarding its 19F NMR
spectrum, it displays two singlets (with a relative integration of 2:1) at δ = −94.55 and
−114.27 ppm, which correspond to the fluorine atoms in the relative ortho and para positions,
respectively, in the aryl groups present in the novel compound 1.

Finally, the 31P{1H} NMR spectrum of 1 exhibits a unique resonance, which appears
as a broad singlet at δ = −137.0 ppm, and which is assigned to the two equivalent phos-
phorus atoms of the phosphide ligands, and the broadening of the resonance is probably
caused by the coupling of these phosphorus atoms with the ortho fluorine nuclei of the
perhalophenyl groups. This highly negative chemical shift closely resembles those observed
in the isoelectronic Pt(II)-phosphide systems showing a Pt2P2 four-membered ring [12,13].

On the other hand, the tetranuclear AuIII-AuI complex [{Au(C6Cl2F3)2(µ-PPh2)2Au}2]
(2) was synthesized through the treatment of a freshly prepared solution of [Au(C6Cl2F3)2
(OEt2)2](ClO4), which is obtained from the reaction of the precursor anionic gold(III)
complex NBu4[Au(C6Cl2F3)2Cl2] with AgClO4 in diethyl ether, with the gold(I) cationic
complex [Au(tht)2]ClO4 (tht = tetrahydrothiophene) and diphenylphosphine in a 1:1:2 mo-
lar ratio, as depicted in Scheme 1. Complex 2 is isolated as a white solid in good yield,
exhibiting stability in the presence of air and moisture, and showing similar solubilities
to those commented above for complex 1. It is non-conducting in acetone solution and
its analytical and spectroscopic data are consistent with the postulated stoichiometry and
disposition of ligands. Hence, its IR spectrum exhibits similar absorptions to those observed
for 1, which are assigned to the C6Cl2F3 groups coordinated to gold(III). Regarding its
HR-MS spectrum, acquired in positive mode, it shows a peak at m/z = 2346.8008 Da, which
corresponds to the cationic fragment [M + Na]+, confirming the exact molecular weight of
2. In addition, this peak displays an experimental isotope pattern in accordance with the
simulated one for the fragment [M + Na]+. On the other hand, the 1H NMR spectrum of the
new complex 2, as in the case of 1, only reveals resonances attributed to aromatic protons,
which also confirms the deprotonation of the secondary phosphine ligands. Furthermore,
the 19F NMR spectrum of 2 closely resembles that of compound 1, displaying the same
pattern with resonances due to the fluorine atoms in relative ortho and para positions in the
aryl groups, just showing a very small shift of the resonances (see the Section 3). Finally,
the most significant difference between these two compounds is found in their 31P{1H}
NMR spectra. Specifically, the 31P{1H} NMR spectrum of compound 2 shows a singlet that
appears shifted to a much more down-field chemical shift (δ = 35.6 ppm) when compared
to that of compound 1 (δ = −137.0 ppm). This shift is probably due to the effect of the
presence of more electron-rich gold(I) atoms, as well as to the different dimensionality of
the heterocyclic ring in both complexes.

It is worth mentioning that these experimental data presented for the novel derivatives
1 and 2 are quite similar to those previously reported for the related pentafluorophenyl
phosphide complexes [Au2(C6F5)4(µ-PPh2)2] [6] and [Au(C6F5)2(µ-PPh2)2Au]2 [5], as previ-
ously described by our research group, thereby corroborating the proposed stoichiometries.
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2.1.2. Crystal Structures

Single crystals of complexes 1 and 2 suitable for X-ray diffraction studies were acquired
through the slow evaporation of chloroform or diethylether solutions of the complexes,
respectively. Complex 1 crystallizes in the P21/n space group within the monoclinic system
with 0.75 molecules of solvent (chloroform) per molecule of metallic complex. The structure
of 1·0.75CHCl3 (Figure 1) shows a doubly bridged dimeric gold(III) phosphide compound
in which the gold(II) centers display a distorted square-planar geometry imposed by the
rigidity of the four-membered heterocycle, thus displaying P-Au-P angles smaller than
expected (79.69(4) and 79.51(4)◦), while the C-Au-P ones are, on the contrary, greater
than those corresponding to this geometry (ranging from 93.83(13) to 96.97(14)◦). For
the same reason, the tetrahedral environment of the bridging phosphorus atoms of the
diphenylphosphide ligands is also distorted, and, thus, the Au-P-Au angles display values
of 100.36(4) and 100.37(4)◦, which are smaller than expected. Another effect of the formation
of the four-membered cycle is the proximity of the gold centers, which are located at a
distance of 3.6273(3) Å. Although this distance could be indicative of the presence of
a weak aurophilic interaction, since it is shorter than twice the van der Waals radium
of gold [14,15], the computational studies carried out on a model system based in this
crystal structure (see below) demonstrate that this proximity is just forced by the bridging
ligands and does not imply any degree of metal–metal bonding. Regarding the Au-C
(2.068(5)-2.080(4) Å) and Au-P bond lengths (2.357(1)-2.366(1) Å), they display typical
values for gold(III) complexes. In particular, if we compare this molecular structure with
that of the pentafluorophenyl phosphide derivative [Au2(C6F5)4(µ-PPh2)2] [6], which
shows the same structural arrangement, we find similar AuIII-C bond distances of 2.055(7)
and 2.060(8) Å, and nearly identical AuIII-P bond lengths of 2.362(2) and 2.365(2) Å.
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Figure 1. Molecular structure of 1·0.75CHCl3 with the labelling scheme for the atom positions.
Hydrogen atoms and solvent have been omitted for clarity. Selected bond lengths [Å] and angles [◦]:
Au-P: 2.357(1)-2.366(1), Au-C: 2.068(5)-2.080(4), P-Au-P: 79.51(4) and 79.69(4), C-Au-C: 89.8(2) and
90.7(2), Au-P-Au: 100.36(4) and 100.37(4).

In the case of complex 2, unfortunately, the low quality of the crystals precludes
the determination of bond lengths and angles with sufficient accuracy, although a rough
description of its structure can be done. As can be seen in Figure 2, the structure of the
tetranuclear mixed valence gold complex 2 consists of an eight-membered ring in a twisted
chair conformation that displays alternating gold and phosphorus atoms. The gold(I)
centers maintain an intramolecular aurophilic interaction of about 2.95 Å, presumably
responsible for the weak distortion of the linear environment of the monovalent gold atoms,
while the gold(III) centers display a regular square-planar geometry.
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In summary, both molecular structures are similar to those obtained for the analogous
pentafluorophenyl derivatives previously described by us [5,6].

2.2. Computational Studies

Single point calculations on model systems of complexes 1 and 2 were performed at the
Density Functional Theory (DFT) level of theory, using the PBE functional as implemented
in TURBOMOLE 6.4 [16].

The bonding and conformational trends experimentally observed for complexes 1
and 2 were analyzed through a topological analysis of the DFT density, employing non-
covalent interaction (NCI) calculations [17]. The NCI isosurfaces provide the non-covalent
interactions as broad regions of density with a spatial distribution in real space. Since
a quantitative assessment of the interaction energies cannot be achieved, a qualitative
assessment of each type of non-covalent interaction, in terms of repulsion/attraction and
strength (weak/medium/strong), can be obtained. For this, the electron density times the
sign of the second Hessian eigenvalue (sign(λ2)ρ) can be mapped on isosurfaces of the
reduced density gradient σ(r). If the sign of the λ2 is positive, steric and repulsive contacts
are assigned and the isosurfaces appear red; if λ2 is close to zero, van der Waals weak
interactions are expected and the color of the isosurface is green; finally, if the sign of λ2 is
negative, attractive non-covalent contacts are assigned and blue (strong interactions) or
green-blue (medium strength interactions) isosurfaces appear.

The results displayed in Figure 3 show several interesting trends. For the model of com-
pound 1, a red isosurface is detected within the four-membered heterocycle, in agreement
with the high cyclic tension of closely placed atoms. The most interesting feature of the
NCI analysis is the presence of green isosurfaces between each 3,5-dichlorotrifluorophenyl-
phenyl pair, indicating the presence of four stabilizing π-π interactions between aromatic
groups surrounding the Au2P2 heterocycle, therefore compensating for the internal repul-
sion in the molecule (see Figure S13 in Supplementary Materials). A careful examination of
the distances between the four pairs of perhalophenyl and phenyl interacting rings shows
that the shortest distances appear between one of the F atoms in the ortho position of a
3,5-dichlorotrifluorophenyl ring and the centroid of the phenyl ring (between 3.24 and
3.37 Å), confirming the gauche conformation adopted by the interacting rings. In order to
generalize this behavior, we have computed the same NCI analysis on a model system of the
previously described complex [Au2(C6F5)4(µ-PPh2)2] [6] (see Figure S14 in Supplementary
Materials). In this case, a very similar distribution of the non-covalent interactions to that of
complex 1 is observed, suggesting that the pentafluorophenyl-phenyl π-π interactions that
surround the Au2P2 heterocycle also compensate for the repulsion within the molecule.
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0.5 a.u. and the electron density is such that ρ ≤ 0.015 a.u. The scale for the relative magnitude of the
interactions is presented at the bottom of the figure.

The π-π interactions between perhalophenyl groups and phenyl or heterocyclic groups
have been previously reported [18–20]. This type of interaction, which is dispersive in na-
ture, is also strengthened by an ionic contribution, since the outer part of the perhalophenyl
rings is electron-rich because of the strong electron-withdrawing abilities of the halogen
substituents that displace part of the aromatic electron density outwards from the ring;
meanwhile, the outer part of the phenyl or heterocyclic groups is electron-poor because of
the concentration of electron density in the aromatic ring. Therefore, an ionic component in
the interaction increases its strength, compared to the usual aromatic π-π interactions. To
account for this effect, we computed the electrostatic potential for complex 1. Figure 4 de-
picts the electrostatic potential (ESP) isosurface for 1, showing the commented electron-rich
halogen substituents of the perhalophenyl groups and the electron-deficient H atoms in the
phenyl ones.
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The NCI analysis of a model of complex 2 also provides interesting conclusions (see
Figure 3). First, the inclusion of Au(I) centers between phosphide bridging ligands provides
an additional stabilization for the complex through the presence of a stabilizing aurophilic
interaction, represented in the real space as a blue isosurface and corresponding to a
strong non-covalent interaction. In any case, the steric hindrance within the heterocycle is
still reflected in this case, since orange-red isosurfaces around the aurophilic interaction
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appear, which are assigned to repulsions within the eight-membered ring. Again, the
heterocycle is surrounded by π-π interactions between 3,5-dichlorotrifluorophenyl rings
bonded to Au(III) and phenyl rings bonded to phosphorus in a gauche disposition but,
in addition, π-π interactions between phenyl rings of different PPh2

− units are observed,
leading to a framework of π-π interactions around the complex core heterocycle. The
above-mentioned ionic component of the perhalophenyl–phenyl interactions has also been
computed and represented through an ESP isosurface, showing electron-rich regions in
the halogen substituents of the perhalophenyl rings and electron-deficient H atoms in the
phenyl ones.

Overall, the topological NCI and ESP analysis provides interesting insights into the
stabilization of phosphanidogold(III) complexes bearing perhalophenyl ligands.

3. Materials and Methods
3.1. General

The starting materials [Au2(C6Cl2F3)2(OEt2)2] [21]; [NBu4][Au(C6Cl2F3)2Cl2] and
[NBu4][Au(C6Cl2F3)2] [22]; and [Au2(C6Cl2F3)4(µ-Cl)2] [23] and [Au(tht)2]ClO4 [24] were
prepared following the synthetic procedures described in the references cited below. PPh2H
was acquired from Sigma-Aldrich and utilized as a 0.96 M tetrahydrofuran solution. All reac-
tions were conducted under a dry N2 atmosphere, employing standard Schlenk techniques.
Solvents were procured from a solvent purification system (M-BRAUN MB SPS-800).

3.2. Materials and Physical Measurements

Conductivities were assessed in ca. 3 × 10−5 M acetone solutions using a Jenway
4010 conductimeter (Jenway, Felsted, UK). High-resolution mass spectrometry (HR-MS)
data were acquired on a time-of-flight mass spectrometer equipped with an electrospray
ionization (ESI) source (Bruker MicroTOF-Q spectrometer, Bruker Corporation, Bremen,
Germany); accurate mass measurements were achieved through the utilization of sodium
formate as an external reference. The analyses were carried out in negative and positive
modes. Infrared spectra were acquired on a Nicolet Nexos FT-IR Spectrometer (Thermo
Nicolet Corporation, Madison, WI, USA) covering the region from 4000 to 225 cm−1, with
Nujol mulls prepared between polyethylene sheets. 31P{1H}, 20F and 1H NMR experiments
were conducted on a Bruker AVANCE 400 (Bruker Corporation, Fällanden, Switzerland) in
CDCl3 solutions. Chemical shifts are reported in parts per million (ppm) and referenced
to H3PO4 (31P, external), CFCl3 (19F, external) and SiMe4 (1H, external). Multiplicities are
denoted as singlet (s), broad singlet (br s) or multiplet (m). C, H and N analyses were carried
out with a C.E. Instrument EA-1110 CHNSO microanalyzer (Carlo Erba, Milan, Italy).

3.3. Synthesis
3.3.1. Synthesis of [{Au(C6Cl2F3)2}2(µ-PPh2)2] (1)

A freshly prepared 0.96 M solution of diphenylphosphine in tetrahydrofuran (THF)
(0.208 mL, 0.2 mmol) was cautiously added to a solution of [Au2(C6Cl2F3)4(µ-Cl)2] (0.1265 g,
0.1 mmol) in 20 mL of diethyl ether under a dry nitrogen atmosphere. The reaction mixture
was vigorously stirred for 2 h at ambient temperature to facilitate the reaction, and, after
this period of time, a white solid was formed. Subsequently, the resulting precipitate
was isolated via filtration, washed three times with 3 mL portions of cold n-hexane each
(3 × 1 mL) to remove any impurities and dried under vacuum. This process yielded the
novel complex [{Au(C6Cl2F3)2}2(µ-PPh2)2] (1) as a white solid (0.0751 g, 48%).

Anal. Calcd. (%) for C48H20Au2Cl8F12P2: C, 36.86; H, 1.29. Found: C, 36.80; H, 1.25. ΛM
(acetone): 6 Ω−1 cm2 mol−1. HR-MS (−): m/z = 1594.7359 Da, [Au2(C6Cl2F3)4(µ-PPh2)2] + Cl−

(calculated m/z = 1594.738223 Da). FTIR (Nujol mulls): υ (AuIII-C6Cl2F3) = 1593 (vs), 1055 (vs),
1136 (vs) and 779 cm−1 (vs). 1H NMR (CDCl3, 298K), δ 7.52–7.38 ppm (m, 20H, Ph). 19F NMR
(CDCl3, 298K), δ −94.55 (s, 8F, o-F), −114.27 ppm (s, 4F, p-F). 31P{1H} NMR (CDCl3, 298K),
δ−137.0 ppm (br s).



Inorganics 2024, 12, 78 8 of 10

3.3.2. Synthesis of [{Au(C6Cl2F3)2(µ-PPh2)2Au}2] (2)

To a solution of [NBu4][Au(C6Cl2F3)2Cl2] (0.1820 g, 0.2 mmol) in 20 mL of diethyl
ether under a nitrogen atmosphere, AgClO4 (0.0829 g, 0.4 mmol) was added. The reaction
mixture was stirred and shielded from direct light for 5 h to facilitate the reaction. Following
this period, the white precipitate formed, identified as AgCl, was removed by filtration
through celite under N2 to obtain a clear solution. To the freshly prepared solution of
[Au(C6Cl2F3)2(OEt2)2]ClO4, [Au(tht)2]ClO4 (0.0946 g, 0.2 mmol) was added, as well as a
freshly prepared 0.96 M solution of PPh2H in tetrahydrofuran (THF) (0.416 mL, 0.4 mmol).
The resulting solution was stirred for 1 h, and, after this period of time, a white solid,
[{Au(C6Cl2F3)2(µ-PPh2)2Au}2] (2), appeared. The solid product was then filtered, washed
with three fractions of 3 mL of cold n-hexane each (3 × 1 mL) to remove any impurities
and dried under vacuum to yield the new complex (2) as a white solid (0.1865 g, 80%).

Anal. Calcd. (%) for C72H40Au4Cl8F12P4: C, 37.14; H, 1.73. Found: C, 37.31; H,
1.68. ΛM (acetone): 54 Ω−1 cm2 mol−1. HR-MS (+): m/z = 2346.8008 Da, [{Au(C6Cl2F3)2(µ-
PPh2)2Au}2] + Na+ (calculated m/z= 2346.795203 Da). FTIR (Nujol mulls): υ (AuIII-C6Cl2F3):
1593 (vs), 1055 (vs), 1134 (vs) and 779 cm−1 (vs). 1H NMR (CDCl3, 298K), δ 7.47–7.12 ppm
(m, 40H, Ph). 19F NMR (CDCl3, 298K), δ−94.77 (s, 8F, o-F), −116.50 ppm (s, 4F, p-F). 31P{1H}
NMR (CDCl3, 298K), δ −35.62 ppm (br s).

3.4. Crystallography

Suitable single crystals were mounted in inert oil on a MiteGen MicroMount and
transferred to the cold nitrogen stream of a Bruker APEX-II CCD area-detector diffrac-
tometer, equipped with an Oxford Instruments low-temperature controller system (Mo
Kα = 0.71073 Å, graphite monochromator). Data were collected in ω- and φ-scan modes.
Absorption effects were treated by numerical correction for crystal shape. The structures
were elucidated using the olex2.solve 1.5 [25] structure solution program and refined on
F0

2 (SHELXL 2018/3) [26]. All non-hydrogen atoms were treated anisotropically, while
all hydrogen atoms were included as riding bodies. A solvent mask consistent with
0.75 molecules per molecule of complex (1·0.75CHCl3) was applied. In the case of the
crystal structure of complex 2, although the nature of the complex, as well as the con-
nectivity of the atoms, are perfectly clear, the min/max residual electron density peaks,
located in the vicinity of the gold(I) atoms, as expected in structures containing heavy
atoms, are unacceptably high to consider this structure publishable as it is. Although
different crystals and absorption correction models have been employed, no good enough
parameters have been obtained for this structure so as to publish the results. Table S1
contains crystallographic data and structure refinement details for compounds 1 and 2.
The supplementary crystallographic data for this paper can be found in CCDC-2156075.
These data are accessible free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html or
by contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: +44 1223 336033.

3.5. Computational Details

The model systems of complexes 1 and 2 utilized in the theoretical studies were con-
structed based on the X-ray diffraction results and fully optimized at the Density Functional
Theory (DFT) level employing the PBE functional [27,28], along with the corresponding
dispersion correction of Grimme [29], as implemented in TURBOMOLE 6.4 [16]. A topo-
logical analysis of non-covalent interactions (NCI) for each model was conducted using
the Multiwfn software [30]. The electron density representations were generated using
the VMD software for visualizing the results [31]. The electron density from the total DFT
density mapped with the electrostatic potential (ESP) was computed for model systems of
complexes 1 and 2 using Gaussian16 and Gaussview 6.0 [32,33].

www.ccdc.cam.ac.uk/conts/retrieving.html
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4. Conclusions

In conclusion, two novel and stable cyclic phosphide gold compounds, a gold(III)
derivative and a mixed gold(I)/gold(III) complex, were synthesized and structurally char-
acterized. The experimental and computational analyses carried out on these two new
complexes indicated that the π-π interactions between 3,5-dichlorotrifluorophenyl and
phenyl groups surrounding the four-membered or eight-membered ring heterocycles
largely contribute to the stability of these systems. From these studies, we can also conclude
that the high degree of repulsion found within the heterocycles in this type of derivative
could be the reason for the low stability of other cyclic phosphide compounds.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/inorganics12030078/s1, Figure S1: FT-IR spectrum of complex 1; Figure S2:
FT-IR spectrum of complex 2; Figure S3: 1H NMR spectrum of complex 1; Figure S4: 1H NMR
spectrum of complex 2; Figure S5: 19F NMR spectrum of complex 1; Figure S6: 19F NMR spectrum
of complex 2; Figure S7: 31P{1H} NMR spectrum of complex 1; Figure S8: 31P{1H} NMR spectrum
of complex 2; Figure S9: Simulated isotope pattern of (M + Cl)− for compound 1; Figure S10: HR-
MS (ESI-) for compound 1; Figure S11: Simulated isotope pattern of (M + Na)+ for compound 2;
Figure S12: HR-MS (ESI+) for compound 2; Figure S13: Shortest F···centroid distances found for π-π
interactions in 1; Figure S14: NCI-index isosurfaces from X-ray for [{Au(C6F5)2}2(µ-PPh2)2] complex;
Table S1: Crystallographic data and structure refinement details for compounds 1 and 2.
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