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Abstract: Gold phosphine derivatives such as thiolates have been recently proposed as catalysts
or catalyst precursors. The relevance of the supramolecular environment on the fine-tuning of
the catalytical activity on these compounds incentivizes the use of tools that are convenient to
characterize in detail the non-covalent landscape of the systems. Herein, we show the molecular and
supramolecular diversity caused by the changes in the fluorination pattern in a family of new XPhos
goldfluorothiolate derivatives. Furthermore, we studied the supramolecular interactions around the
Au centers using quantum chemical topology tools, in particular the quantum theory of atoms in
molecules (QTAIM) and the non-covalent interaction index. Our results give detailed insights into
the fluorination effects on the strength of intramolecular and intermolecular interactions in these
systems. We have also used QTAIM delocalization indexes to define a novel hapticity indicator.
Finally, we assessed the trans influence of the fluorothiolates on the phosphine in terms of the change
in the δ 31P-NMR. These results show the feasibility of the use of fluorination in the modulation
of the electronic properties of Buchwald phosphine gold(I) compounds, and thereby its potential
catalytic activity.

Keywords: gold complexes; non-covalent interactions; fluorinated thiolates; Buchwald ligands; QTAIM

1. Introduction

Gold chemistry has emerged as one of the most interesting, fruitful, and promising
trends in coordination and organometallic chemistry [1–3]. Taking in many cases advantage
of the recurrent aurophilic interactions [4,5], gold compounds have been exploited in
materials chemistry to generate light emitters [6–8], gelators [9,10], liquid crystals [11], and
other self-assembled materials [12–15]. In medicinal chemistry, several gold compounds
are being investigated as potentially therapeutic and theranostic agents against different
diseases [16–19].

Furthermore, the catalytical activity of gold compounds has open new routes to fine
chemicals of commercial relevance [20,21]. In particular, gold(I) compounds of Buchwald
phosphane ligands [22] have been lately used in catalytic transformations [20,23,24]. The
design of Buchwald ligands, which includes a biphenyl moiety along with other volu-
minous groups bonded to the donor phosphorus, delivers interesting modulation of the
steric environment of the catalytic centers providing stereoselectivity to the chemical reac-
tions [24,25]. Mechanistic studies have shown that the existence of dimeric species bridged
by anionic ligands could be relevant in the output of such transformations [26]. Recently,
the use as catalytic precursors of dinuclear gold complexes with bridging fluorothiolate
ligands has proven successful to avoid the disadvantages of the use of silver(I) for the
in-situ generation of active catalytic species [27]. Previously, fluorination has been pointed
out as a strategy to provide interesting alterations to catalytical gold processes [28]. We
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have recently shown that fluorination can modulate the electronic properties and the non-
covalent interactions in the gold centers and their surrounding environment [29,30]. There
has also been an emphasis of the potential application of such modulation in the tuning of
the catalyst selectivity [31].

In this context, we have synthesized and characterized 12 new fluorinated compounds
with the formula [AuSRF(XPhos)] in which XPhos = 2-dicyclohexylphosphino-2′,4′,6′-
triisopropylbiphenyl and SRF = SC6F4(CF3)-4 (1); SC6F5 (2); SC6HF4-4 (3); SC6H3(CF3)2-3,5
(4); SC6H4(CF3)-2 (5); SC6H4(CF3)-4 (6); SC6H3F2-2,4 (7); SC6H3F2-3,5 (8); SC6H4F-2 (9);
SC6H4F-3 (10); SC6H4F-4 (11); SCF3 (12) (Scheme 1). We study the effects that fluorinated
thiolate ligands exert over the gold centers in eight newly determined X-ray crystalline
structures. The electronic influence of fluorination was analyzed using the quantum theory
of atoms in molecules (QTAIM) applied to DFT electronic structure calculations. This
methodology allowed us to study in detail both covalent and non-covalent interactions
around the Au atom. The later type of contacts was also characterized using the non-
covalent interaction (NCI) index. Among the most important results, we have found a
relation between the Au–S bond order and the 31P-NMR chemical shift, indicating the trans-
influence of the thiolates over the electronic distribution around the P atom. Particularly,
our results reveal the electronic modulation exerted by the fluorinated ligands in terms of (i)
the intensity of Au–π contacts, (ii) the crystalline packing, and (iii) the trans-communication
of the ligands. Given the importance of complexes with Buchwald ligands and thiolates
in the recent development of gold catalysts, we expect these compounds to represent an
attractive family of catalytic precursors with modulated activity.
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2. Results and Discussion
2.1. Molecular Structures

The 12 new compounds were synthesized in quantitative yields by double substitution
reactions between the chlorinated precursor [AuCl(XPhos)] [32,33] and the corresponding
lead thiolates or AgSCF3 in the case of compound 12. Compounds 1–4, 6–8, and 12 pro-
duced suitable monocrystals for the determination of their structure by X-ray diffraction.
In all these eight structures, the gold(I) center displays a nearly linear S–Au–P coordination
geometry (Figure 1) with Au–P and Au–S bond distances in the usual ranges. Table 1 sum-
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marizes the most important bond distances and angles observed in the studied structures.
Compounds 7 and 12 display two independent molecular structures in the asymmetric
unit; thus, two sets of data are displayed. In these cases, the differences between the two
conformers in the crystal are small in compound 7 and more noticeable in compound 12.

Figure 1. ORTEP diagrams at 50% probability level of the molecular arrangements determined by
monocrystal X-ray diffraction for compounds 1–4, 6–8, and 12. The conformers of 7 and 12 are shown
in Figure S1.

Table 1. Selected distances and angles from the crystal X-ray structures of compounds 1–4, 6–8, and
12. The full set of crystallographic distances and angles are available in the Supplementary Materials.

Compound dAu–P (Å) dAu–S (Å) ∠P–Au–S (◦) ∠Au–P–CPh (◦) ∠Au–S–C (◦)

1 2.246(1) 2.297(2) 174.44(5) 115.8(2) 101.3(2)
2 2.261(1) 2.307(1) 177.62(3) 117.5(1) 109.0(1)
3 2.265(1) 2.308(1) 175.62(3) 116.3(1) 111.9(1)
4 2.259(1) 2.305(1) 173.25(4) 118.3(1) 106.7(2)
6 2.260(1) 2.298(1) 175.57(3) 117.1(1) 106.7(1)

7
2.264(2) 2.313(4) 177.60(10) 115.4(3) 108.2(4)
2.262(2) 2.316(3) 176.78(9) 115.6(3) 109.9(4)

8 2.270(1) 2.300(1) 175.55(4) 115.4(1) 111.7(1)

12
2.250(1) 2.310(2) 173.19(5) 116.0(1) 096.9(2)
2.256(1) 2.311(1) 177.42(5) 114.6(1) 101.1(2)
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2.2. Au–Arene Contacts

The incidence of intramolecular Au–arene contacts in Buchwald-type gold complexes
has attracted considerable attention [32,34–36]. To characterize these interactions within
this family of compounds, we have used the Au–π distance (i.e., the distance between the
gold center and the plane generated by the capping phenyl ring). As it can be observed
in Table 2, the Au–π distances change among the series, an observation that indicates a
variation in the strength of the contact as a result of the different electronic modulation
caused by the fluorination of the ligand, as well as different packing effects. We have
also used the hapticity (η) of the Au–phenyl interaction, calculated as defined by Kochi
et al. [37]. This parameter gives insights on whether the interaction involves rather the ipso,
the alpha, or both carbon atoms. In the phenylthiolate derivatives, the hapticity is closer to
2, indicating a substantial contribution of the ortho carbon to the interaction. In contrast,
compound 12 presents values closer to 1 and hence an interaction mostly formed only with
the ipso carbon.

Table 2. Structural parameters determined from the crystal structures of the fluorothiolate derivatives.

Compound Au–π (Å) η Au/S/C/C (◦) ∠π/ πF (◦)

1 3.103 1.99 61.7 83.9
2 3.156 1.75 18.7 88.1
3 3.097 2.00 12.9 67.9
4 3.139 1.98 5.4 9.1
6 3.058 1.92 5.5 69.9

7
3.087 1.81 15.7 87.6
3.099 1.77 6.2 85.5

8 3.071 2.00 8.7 68.1

12
3.050 1.37
3.099 1.49 - -

In order to gain further understanding into the Au–π contacts and other non-covalent
interactions occurring within the structures, we performed DFT calculations and examined
the obtained electronic density by means of the QTAIM theory and the NCI-index methods
of wavefunction analysis in the field of quantum chemical topology (QCT). These methods
are based on the electron density ρ(r) and its gradient ∇ρ(r). In particular, the QTAIM,
formulated by R.W. Bader [38], recovers many important chemical concepts like atoms,
chemical bonds, and functionals groups, among others. This theory identifies critical points
of ρ(r) (i.e., those in which∇ρ(r) = 0) with nuclei (ncp), bonds (bcp), rings (rcp), and cages
(ccp). On the other hand, the trajectories of ∇ρ(r) are useful to describe an atom inside a
molecule. There are mainly three kinds of trajectories: (i) those that come from a point in
the infinity and end in an ncp, (ii) those that end in bcp and build interatomic surfaces,
and (iii) those that connect two ncp, called bond paths. The union of the space delimited
by the interatomic surfaces and the enclosed ncp defines an atomic basin or a topological
atom. The delocalization index (DI) is a measure of the number of electrons shared between
atomic basins:

DI(A, B) = −2cov(NA, NB)

where NA and NB are the electron population of the regions A and B coincident with atoms
or groups of atoms. There are some developments to relate DI and the traditional concept
of bond order. DI(A,B) increases with the number of electrons shared between A and
B, in the same way as the bond orders [39]. In this sense, the DI could also be used to
characterize the strength of non-covalent interactions.

On the other hand, the NCI index is another QCT tool that describes the non-covalent
interactions in molecular or supramolecular systems. The theory subjacent to the NCI
index affirms that the attractive or repulsive character of an interaction depends on the sign
of the second eigenvalue (λ2) of the Hessian matrix of the electron density. Additionally,
the intensity of the interactions depends on the magnitude of the electron density at the
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point rc (ρ(rc)) [40]. Figure 2 shows the NCI-index interaction surfaces revealed in the
gold compounds addressed herein. The wrapping structure of the XPhos causes the gold
atom to be embedded in a molecular cavity surrounded by diverse non-covalent contacts.
In particular, the analyzed compounds show moderately attractive interactions between
the gold atom and the phenyl ring, as revealed by the presence of bluish surfaces in
that region. Other weak attractive intramolecular interactions recurrent in the different
structures include (i) CH· · ·Au contacts that are induced by the presence of the voluminous
cyclohexyl and isopropyl groups in the phosphine structure, but also formed when the
thiolate fluorophenyl group presents H atoms in the position ortho to the sulfur; (ii) F· · ·Au
interactions, especially in the 2,6 difluorinated derivatives 1–3, in which these contacts
are attractive (nevertheless, although compound 7 can display this kind of interaction, the
conformation showing an Au· · ·H contact is preferred); and (iii) S· · ·H and S· · ·π contacts
promoted by the position of the thiolate along with those of the isopropyl hydrogens and
the phenyl capping ring, respectively. In some cases, e.g., compounds 4, 7, and 12a, the
S· · ·π contact is intense and contributes importantly to an extended (Au–S)· · ·π contact.

Figure 2. NCI-index isosurfaces revealing the intramolecular non-covalent interactions of compounds
1–4, 6–8, and 12. Due to the important differences among the two conformers of 12, both molecular
arrangements were analyzed and labeled as 12a and 12b. The color code for understanding the NCI
index plots is red for repulsive interactions, blue for an attractive interaction, and green for weak
attractive interactions [41].

Some selected QTAIM indicators for the most relevant interactions observed in the
family of compounds are listed in Table 3. The QTAIM analyses confirm important contacts
existent between the Au atoms and the capping phenyl rings. In particular, all the systems
show bond paths between the gold and the ipso carbon atom. The electron density at the
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bond critical point (ρ(rbcp)) and the delocalization index were used to quantify the strength
of the interactions. In this regard, subtle variations of these quantities can be observed for
the Au· · ·Cπ among the eight analyzed compounds. In general, the larger DI and (ρ(rbcp))
values show that the Au–π interactions strengthen as the fluorination of the thiolate ligand
decreases. The distances between the gold atom and the plane generated by the π system
for the phenylthiolate derivatives (1–4 and 6–8) correlate with the total DIs between the Au
and the six carbon atoms of the phenyl ring (DI(Ph)), as shown in Figure 3a. This relation
is not maintained by any of both forms of compound 12, probably due to the importantly
different steric factor of the phenyl groups on the thiolate compared to the CF3. In general,
the different structure of compound 12 renders it often atypical when compared with the
phenylthiolate derivatives and will therefore be further analyzed separately. As indicated
by the geometrical Kochi’s hapticity parameter, the Au–π interaction is centered in the ipso
carbon with an important contribution of one of the ortho carbons. The relative contribution
of each of the C atoms to the interaction, and thus the hapticity of the contact, could be also
defined in terms of the relative DI magnitudes:

ηDI = 1 +
DI(Au, Cortho)

DI
(
Au, Cipso

)
Table 3. Selected ρ(rbcp) and DI obtained from QTAIM analyses of the electron densities in structures 1–4, 6–8, 12a, and 12b.
Atomic units are used throughout.

Structure
p (rbcp) DI (A,B)

ηDI
Au–P Au–S Au· · ·Cipso Au, P Au, S Au, Cipso Au, Cortho Au, Ph Cipso,Cortho

1 0.125 0.110 0.016 1.017 1.031 0.082 0.077 0.244 1.284 1.94
2 0.122 0.109 0.015 1.009 1.054 0.080 0.064 0.227 1.296 1.80
3 0.121 0.108 0.016 1.007 1.047 0.084 0.076 0.238 1.293 1.90
4 0.123 0.110 0.015 1.006 1.046 0.076 0.070 0.233 1.281 1.92
6 0.122 0.112 0.017 0.998 1.070 0.084 0.084 0.263 1.277 2.00
7 0.121 0.107 0.016 1.022 1.059 0.091 0.072 0.248 1.305 1.79
8 0.120 0.110 0.017 0.998 1.082 0.088 0.080 0.249 1.288 1.90

12a 0.123 0.108 0.018 1.025 1.038 0.105 0.063 0.271 1.281 1.60
12b 0.124 0.108 0.016 1.027 1.028 0.097 0.058 0.234 1.298 1.60

Figure 3. (a) Linear correlation of the distance of the gold atom to the capping phenyl ring plane (Au· · ·π) with the sum of
DIs of Au with the carbons atoms that comprise the phenyl ring. (b) Decrease of the DI in the Cipso–Cortho bond resulting
from the increase in the hapticity of the Au· · ·π contact.

The values obtained for this DI-based hapticity of the Au–π interactions are presented
in Table 3. Although the obtained values are generally consistent with the geometrical η
parameter, the small differences between the two parameters are due to subtle variations in
the electron density distribution that escape to the geometry examination but are revealed
by the QTAIM analysis. The value of ηDI is correlated, as shown in Figure 3b, with the DI of
the C–C bond involved in the interaction with gold. This observation indicates a reduction
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of the bond order due to the compromise of some of the electron density associated to the
C–C bond in the Au–π contact when the hapticity is close to 2.

Compound 12 frequently diverges from the regular behavior of the family of phenylth-
iolate derivatives as a result of being the only aliphatic fluorothiolate derivative analyzed
in this work and having different steric factors. Moreover, the X-ray crystal structure of
12 presents two significantly different molecular conformations, and the displayed differ-
ences warrant separate analysis. Both conformations show important packing effects that
effectively distort their structure. Figure 2 shows the NCI analyses of the two molecular
arrangements present in the asymmetric unit of the X-ray structure denoted as 12a and
12b. The former displays an important (Au–S)· · ·π interaction that is clearly weakened
in the latter arrangement. This important diminution in the intramolecular interaction
is caused by the distortion of the molecule due to the compromise of the CF3 group on
intermolecular H-bonds, as shown in the next section. Another notable peculiarity of 12 is
its lower hapticity, possibly due to the reduction of the hindrance between the thiolate and
the isopropyl group that allows the P–Au–S moiety to stay centered in the XPhos molecular
cavity. Although important variations are observed in the non-covalent interactions in
terms of the QTAIM analyzed properties, the covalent bonds are not significantly affected
by the packing differences of these conformers of 12.

2.3. Crystal Packing

The introduction of fluorinated synthons into the molecular structures of the gold(I)
XPhos derivatives is crucial in the crystalline packing observed in the X-ray structures of
these compounds. In general, either π-stacking or H· · · F contacts drive the packing in this
family of XPhos derivatives. Compounds 1, 4, 6, 7, and 12 present architectures directed
by H· · · F contacts. Except for system 7, all these compounds display aliphatic fluorinated
groups that are known to establish strong hydrogen bonds and present contacts with either
the isopropyl or cyclohexyl groups. The alternated fluorination pattern on the phenyl
ring in 7 also favors the formation of H· · · F interactions by the increased acidity of its H
atoms but shows also the contribution of S· · ·H contacts to the supramolecular association
(Figure 4).

In contrast, compounds 2, 3, and 8 display very similar crystal packings, characterized
by the formation of πF· · ·πF interactions (Figure 5). Compound 3 shows the shorter inter-
planar and centroid to centroid distances among the three systems. This result is consistent
with an increase of the donor–acceptor character of the interaction due to the head to tail
πF· · ·πF stacking, which favors the location of the hydrogen of one molecule on top of
the sulfur of the other. Further decrease of the fluorination weakens the overall strength
of the interaction with a concomitant increase of the πF· · ·πF distances in compound 8.
Finally, the complete fluorinated compound 2 displays the longest distances of the group,
a result that constitutes evidence of the unfavorable F· · · S closeness that avoids a more
effective stacking.
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2.4. Trans-Influence

Recently, some of us have reported the trans-influence [43] of fluorothiolates in lin-
ear [44] and square planar [45] metal complexes. One of the clear pieces of evidence of these
influences in phosphanegold(I) compounds relies upon the modification of the phospho-
rous nuclear magnetic resonance chemical shift (δ 31P-NMR, Table 4). These changes occur
due to the alterations in the electronic structure exerted by the trans thiolate via the metal
center. This interplay between both ligands bonded to the metal center is characterized by
the interdependency among both metal–ligand bonds. In this family of compounds, an
increase in the chemical shift that indicates a deprotection of the 31P nucleus is related to a
rise in the DIs of the Au–S bonds (Figure 6). Although the mentioned DIs are calculated for
the solid-state structures, the preservation of their relationship with the NMR behavior of
the compounds may point to a small disturbance of the Au–S bond by solvation effects.

Table 4. 31P-NMR chemical shifts of compounds 1–12, in chloroform-d solutions at 298 K.

Compound δ 31P-NMR (ppm)

1 39.10
2 39.14
3 39.03
4 39.32
6 39.60
7 39.33
8 40.50

12 38.70
12b 38.70

Figure 6. Interdependence of δ 31P-NMR and the delocalization index between the Au and S atoms,
which shows the influence of thiolate ligands on the electronic landscape of the trans phosphine ligand.

3. Materials and Methods

All the fluorinated thiols (HSRF), Pb(CH3COO)2, and [AuCl(XPhos)] were purchased
from Sigma-Aldrich (St Louis, MO, USA) and used without additional treatment. Sol-
vents were obtained from JT Baker (Thermo Fisher Scientific, Waltham, MA, USA) and
used without previous treatment. Pb(SRF)2 and AgSCF3 were prepared as previously
reported [46,47].

ATR-FTIR spectroscopy was performed using a Perkin–Elmer Spectrum 400 (PerkinElmer,
Inc., Waltham, MA, USA) in the range of 4000 to 400 cm–1. Elemental analysis was carried out
in a Thermo Scientific Flash 200 (Thermo Fisher Scientific., Waltham, MA, USA) at 950 ◦C.
NMR spectra were recorded on a 9.4 T Varian VNMRS spectrometer (Varian Inc., Palo Alto,
CA, USA) in CDCl3. Chemical shifts are reported in ppm relative to the internal standard
TMS δ = 0 ppm for 1H and in an 11.7 T Bruker 500 Ascend spectrometer (Bruker Co., Billerica,
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MA, USA) using as external references of CFCl3 (for 19F) and H3PO4 (for 31P) at 0 ppm.
Positive-ion fast atom bombardment mass spectrometry (FAB+MS) spectra were measured
on an MStation JMS-700 (JEOL Ltd., Tokyo, Japan).

3.1. Synthesis and Characterization

The 12 new compounds were synthesized by double substitution reactions from
[AuCl(XPhos)] with the corresponding Pb(II) fluorophenylthiolate for compounds 1–11 or
AgSCF3 in the case of 12. The typical synthetical procedure is exemplified by considering
that of compound 1.

Compound 1, [Au(SC6F4(CF3)-4)(XPhos)]. In a 20 mL round bottom flask equipped
with a magnetic stirrer, 120 mg (0.170 mmol) of [AuCl(XPhos)] were dissolved in 5 mL of
acetone. We added to this solution 60 mg (0.085 mmol) of Pb(SC6F4(CF3)-4)2 suspended in
5 mL of acetone. The flask was flashed with N2, capped, and stirred at room temperature for
24 h. Afterwards, the formed white PbCl2 was filtered and the liquid fraction concentrated
at reduced pressure to a volume of ca 2 mL. Then, 10 mL of cyclohexane were added to
precipitate the final product. The crude was purified by flash column chromatography
using silica gel and AcOEt 40:60 hexane as eluent. The product was isolated as a white
powder (yield 89%). m.p. 182–185 ◦C; anal. 51.76, H 5.22, S 3.29 %, calcd. for C40H49AuF7PS,
C C 52.06, H 5.35, S 3.47 %; IR (ATR) νmax 2958, 2930, 2856, 1383, 1319, 1134, 1164, 999 cm–1;
1H NMR (400 MHz, chloroform-d) δ 7.65–7.56 (m, 1H), 7.54–7.45 (m, 2H), 7.31–7.22 (m,
1H), 7.07 (s, 2H), 2.98 (hept, J = 6.9 Hz, 1H), 2.24 (hept, J = 7.1 Hz, 2H), 2.19–1.05 (m, 34H),
0.94 (d, J = 6.7 Hz, 6H); 19F NMR (471 MHz, chloroform-d) δ −60.61(m), −136.82 (m),
−150.54 (m); 31P NMR (202 MHz, chloroform-d) 39.10; FAB+ m/z (%) 673 [XPhosAu]+ (100),
922 [C40H48AuF7PS]+ (10), 1119 [M+Au]+ (15).

Compound 2, [Au(SC6F5)(XPhos)]. White powder, yield 93%. m.p. 193–195 ◦C; anal.
C 53.78, H 5.44, S 3.53 %, calcd. for C39H49AuF5PS, C 53.67, H 5.66, S 3.67 %; IR (ATR)
νmax 3054, 2958, 2927, 2853, 1383, 1122, 1002 cm–1; 1H NMR (400 MHz, chloroform-d) δ
7.65–7.55 (m, 1H), 7.54–7.43 (m, 2H), 7.29–7.21 (m, 1H), 7.07 (s, 2H), 3.00 (hept, J = 6.9 Hz,
1H), 2.25 (hept, J = 6.7 Hz, 2H), 2.18–1.10 (m, 34H), 0.94 (d, J = 6.7 Hz, 6H); 19F NMR
(471 MHz, chloroform-d) δ −133.45 (m), −166.95 (m), −167.29 (m); 31P NMR (202 MHz,
chloroform-d) 39.14; FAB+ m/z (%) 673 [XPhosAu]+ (100), 872 [C40H48AuF7PS]+ (5), 1069
[M+Au]+ (10).

Compound 3, [Au(SC6HF4-4)(XPhos)]. White powder, yield 90%. m.p. 203–206 ◦C;
anal. C 54.15, H 5.63, S 3.66%, calcd. for C39H50AuF4PS, C 54.80, H 5.90, S 3.75 %; IR
(ATR) νmax 3052, 2963, 2934, 2851, 1422, 1383, 1164, 1096, 1001 cm–1; 1H NMR (400 MHz,
chloroform-d) δ 7.65–7.55 (m, 1H), 7.53–7.43 (m, 2H), 7.29–7.23 (m, 1H), 7.07 (s, 2H), 6.56 (tt,
J = 9.9, 7.2 Hz, 1H), 3.00 (hept, J = 6.8 Hz, 1H), 2.25 (hept, J = 6.7 Hz, 2H), 2.19–1.15 (m, 34H),
0.94 (d, J = 6.7 Hz, 6H); 19F NMR (471 MHz, chloroform-d) δ −132.65 (m), −142.38 (m);
31P NMR (202 MHz, chloroform-d) δ 39.03; FAB+ m/z (%) 673 [XPhosAu]+ (100), 854
[C39H49AuF4PS]+ (5), 1051 [M+Au]+ (15).

Compound 4, [Au(SC6H3(CF3)2-3,5)(XPhos)]. White powder, yield 92%. m.p. 204–206 ◦C
(decomp.); anal. C 53.58, H 5.70, S 3.58%, calcd. for C41H52AuF6PS, C 53.59, H 5.70, S 3.49%; IR
(ATR) νmax 3048, 2929, 2855, 1592, 1383, 1345, 1172, 765 cm–1; 1H NMR (400 MHz, chloroform-
d) δ 7.95–7.90 (m, 2H), 7.80–7.75 (m, 1H), 7.65–7.56 (m, 1H), 7.53–7.45 (m, 2H), 7.31–7.25 (m,
1H), 7.08 (s, 2H), 2.98 (hept, J = 6.9 Hz, 1H), 2.24 (hept, J = 6.4 Hz, 2H), 2.16–1.11 (m, 34H),
0.94 (d, J = 6.7 Hz, 6H); 19F NMR (471 MHz, chloroform-d)) δ −68.20; 31P NMR (202 MHz,
chloroform-d) δ 39.32; FAB+ m/z (%) 673 [XPhosAu]+ (100), 918 [C41H51AuF6PS]+ (15), 1115
[M+Au]+ (18).

Compound 5, [Au(SC6H4(CF3)-2)(XPhos)]. White powder, yield 91%. m.p. 184–186 ◦C;
anal. C 56.71, H 6.29, S 3.64%, calcd. for C40H53AuF3PS, C 56.47, H 6.28, S 3.77 %; IR (ATR)
νmax 3058, 2926, 2854, 1461, 1436, 1381, 1124, 1030 cm–1; 1H NMR (400 MHz, chloroform-d)
δ 7.87–7.81 (m, 1H), 7.67–7.63 (m, 1H), 7.63–7.57 (m, 1H), 7.53–7.46 (m, 3H), 7.37–7.30 (m,
1H), 7.29–7.24 (m, 1H), 7.08 (s, 2H), 2.97 (hept, J = 7.1 Hz, 1H), 2.24 (hept, J = 6.8 Hz, 2H),
2.22–1.09 (m, 34H), 1.00–0.91 (m, 6H); 19F NMR (471 MHz, chloroform-d) δ −62.42 (d,
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J = 2.6 Hz); 31P NMR (202 MHz, chloroform-d) δ 39.43; FAB+ m/z (%) 673 [XPhosAu]+ (100),
850 [C40H52AuF3PS]+ (35), 1047 [M+Au]+ (10).

Compound 6, [Au(SC6H4(CF3)-4)(XPhos)]. White powder, yield 88%. m.p. 220–222 ◦C;
anal. C 56.25, H 6.37, S 3.45%, calcd. for C40H53AuF3PS, C 56.47, H 6.28, S 3.77 %; IR
(ATR) νmax 3056, 2947, 2926, 2853, 1446, 1428, 1381, 1152, 1059 cm–1; 1H NMR (400 MHz,
chloroform-d) δ 7.81–7.63 (m, 2H), 7.65–7.53 (m, 3H), 7.53–7.45 (m, 2H), 7.31–7.25 (m, 1H),
7.08 (s, 2H), 2.97 (hept, J = 6.9 Hz, 1H), 2.24 (hept, J = 6.4 Hz, 2H), 2.16–1.02 (m, 34H),
0.94 (d, J = 6.7 Hz, 6H); 19F NMR (471 MHz, chloroform-d) δ −61.75; 31P NMR (202 MHz,
chloroform-d) δ 39.60; FAB+ m/z (%) 673 [XPhosAu]+ (100), 850 [C40H52AuF3PS]+ (40), 1047
[M+Au]+ (15).

Compound 7, [Au(SC6H3F2-2,4)(XPhos)]. White powder, yield 93%. m.p. 186–188 ◦C;
anal. C 57.34, H 6.34, S 3.62%, calcd. for C39H52AuF2PS, C 57.21, H 6.40, S 3.92 %; IR
(ATR) νmax 3056, 2959, 2926, 2853, 1447, 1382, 1132, 1065, 1002 cm–1; 1H NMR (400 MHz,
chloroform-d) δ 7.63–7.57 (m, 1H), 7.55–7.44 (m, 3H), 7.30–7.27 (m, 1H), 7.08 (s, 2H),
7.04–6.93 (m, 1H), 6.89–6.82 (m, 1H), 2.98 (hept, J = 6.9 Hz, 1H), 2.24 (hept, J = 6.4 Hz,
2H), 2.14–1.12 (m, 34H), 0.94 (d, J = 6.6 Hz, 6H); 19F NMR (471 MHz, chloroform-d) δ
−106.20 (m), −124.03 (m);31P NMR (202 MHz, chloroform-d) δ 39.33; FAB+ m/z (%) 673
[XPhosAu]+ (100), 818 [C39H51AuF2PS]+ (12), 1015 [M+Au]+ (40).

Compound 8, [Au(SC6H3F2-3,5)(XPhos)]. White powder, yield 86%. m.p. 177–180 ◦C;
anal. C 57.17, H 6.39, S 3.93%, calcd. for C39H52AuF2PS, C 57.21, H 6.40, S 3.92 %; IR (ATR)
νmax 3055, 2955, 2926, 2851, 1446, 1382, 1175, 1081, 1006, 974 cm–1; 1H NMR (400 MHz,
chloroform-d) δ 7.66–7.58 (m, 1H), 7.53–7.45 (m, 2H), 7.25–7.22 (m, 1H), 7.06 (s, 2H), 6.89 (dd,
J = 9.1, 2.1 Hz, 2H), 6.30 (tt, J = 9.2, 2.3 Hz, 1H), 2.94 (hept, J = 6.8 Hz, 1H), 2.26 (hept,
J = 6.8 Hz, 2H), 2.19–1.04 (m, 34H), 0.94 (d, J = 6.7 Hz, 6H); 19F NMR (471 MHz, chloroform-
d) δ −114.48 (t, J = 8.8 Hz); 31P NMR (202 MHz, chloroform-d) δ 40.50; FAB+ m/z (%) 673
[XPhosAu]+ (100), 818 [C39H51AuF2PS]+ (10), 1015 [M+Au]+ (35).

Compound 9, [Au(SC6H4F-2)(XPhos)]. White powder, yield 76%. m.p. 185–188 ◦C;
anal. C 58.19, H 6.35, S 4.16%, calcd. for C39H53AuFPS, C 58.49, H 6.67, S 4.00 %; IR
(ATR) νmax 3059, 2959, 2925, 2851, 1426, 1381, 1117, 1069, 1002 cm–1; 1H NMR (400 MHz,
chloroform-d) δ 7.65–7.58 (m, 1H), 7.53–7.43 (m, 3H), 7.28–7.23 (m, 1H), 7.07 (s, 2H),
6.91–6.78 (m, 2H), 6.78–6.72 (m, 1H), 2.96 (hept, J = 6.9 Hz, 1H), 2.27 (hept, J = 6.7 Hz,
2H), 2.21–1.04 (m, 34H), 0.94 (d, J = 6.7 Hz, 6H);19F NMR (471 MHz, chloroform-d) δ
−105.96 (m), −113.49 (m) (rotational isomers); 31P NMR (202 MHz, chloroform-d) δ 39.29;
FAB+ m/z (%) 673 [XPhosAu]+ (100), 800 [C39H52AuFPS]+ (5), 997 [M+Au]+ (30).

Compound 10, [Au(SC6H4F-3)(XPhos)]. White powder, yield 81%. m.p. 151–154 ◦C;
anal. C 58.21, H 6.43, S 3.94%, calcd. for C39H53AuFPS, C 58.49, H 6.67, S 4.00 %; IR (ATR)
νmax 2958, 2930, 2856, 1383, 1319, 1134, 1164, 999 cm–1; 1H NMR (400 MHz, chloroform-d)
δ 7.67–7.57 (m, 1H), 7.53–7.44 (m, 2H), 7.28–7.22 (m, 1H), 7.14–7.09 (m, 2H), 7.07 (s, 2H),
6.95–6.84 (m, 1H), 6.59–6.50 (m, 1H), 2.94 (hept, J = 7.0 Hz, 1H), 2.26 (hept, J = 6.9 Hz, 2H),
2.20–1.03 (m, 34H), 0.94 (d, J = 6.7 Hz, 6H); 19F NMR (471 MHz, chloroform-d) δ −115.70
(m); 31P NMR (202 MHz, chloroform-d) δ 39.53; FAB+ m/z (%) 673 [XPhosAu]+ (100), 800
[C39H52AuFPS]+ (8), 997 [M+Au]+ (25).

Compound 11, [Au(SC6H4F-4)(XPhos)] White powder, yield 83%. m.p. 149–151 ◦C;
anal. C 58.31, H 6.53, S 3.81%, calcd. for C39H53AuFPS, C 58.49, H 6.67, S 4.00 %; IR
(ATR) νmax 3054, 2959, 2924, 2853, 1427, 1380, 1203, 1087, 1002 cm–1; 1H NMR (400 MHz,
chloroform-d) δ 7.66–7.56 (m, 1H), 7.54–7.43 (m, 2H), 7.34–7.17 (m, 3H), 7.06 (s, 2H),
6.73–6.62 (m, 2H), 2.95 (hept, J = 7.2 Hz, 1H), 2.27 (hept, J = 6.6 Hz, 2H), 2.21–1.06 (m,
34H), 0.94 (d, J = 6.7 Hz, 6H); 19F NMR (471 MHz, chloroform-d) δ −123.58 (m); 31P NMR
(202 MHz, chloroform-d) δ 39.81; FAB+ m/z (%) 673 [XPhosAu]+ (100), 800 [C39H52AuFPS]+

(5), 997 [M+Au]+ (35).
Compound 12, [Au(SCF3)(XPhos)]. White powder (yield 95%). m.p. 195–197 ◦C; anal.

C 52.66, H 6.35, S 4.27%, calcd. for C34H49AuF3PS, C 52.71, H 6.38, S 4.14 %; IR (ATR) νmax
3057, 2951, 2920, 2848, 1607, 1460, 1445, 1361, 1268, 1001, 770 cm–1; 1H NMR (400 MHz,
acetone-d6) δ 8.00–7.89 (m, 1H), 7.68–7.56 (m, 2H), 7.33–7.25 (m, 1H), 7.10 (s, 2H), 2.95 (hept,
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J = 6.6 Hz, 1H), 2.50–2.40 (m, 2H), 2.35 (hept, J = 6.8 Hz, 2H), 2.23–2.12 (m, 2H), 1.96–1.05
(m, 30H), 0.94 (d, J = 6.7 Hz, 6H); 19F NMR (471 MHz, acetone-d6) δ −19.08 (d, J = 5.4 Hz);
31P NMR (202 MHz, chloroform-d) δ 38.70 (br); FAB+ m/z (%) 673 [XPhosAu]+ (100), 774
[C34H48AuF3PS]+ (25), 971 [M+Au]+ (40).

3.2. Crystal Structure Determination

All the compounds were crystallized by slow evaporation of solutions in acetone.
Suitable single crystals of 1–4, 6–8, and 12, were mounted on a glass fiber; then, crystallo-
graphic data were collected with an Oxford Diffraction Gemini “A” diffractometer with
a CCD area detector at 130 K, with λMoKα = 0.71073 Å for all compounds, except 7, for
which we used λCuKα = 1.54184 Å. The unit cell parameters were determined with a set
of three runs of 15 frames (1◦ in ω). The double-pass method of scanning was used to
exclude any noise [48]. The collected frames were integrated by using an orientation matrix
determined from the narrower frame scans. Final cell constants were determined by a
global refinement. Collected data were adjusted for absorbance by applying an analytical
numeric absorption correction using a multifaceted crystal model based on expressions
upon the Laue symmetry with equivalent reflections [49]. Structures’ solutions and refine-
ment were carried out with the SHELXT-2014 [50] and SHELXL-2014 [51] packages. The
WinGX v2020.1 [52] software was used to prepare material for publication. Full-matrix least-
squares refinement was carried out by minimizing (Fo2 − Fc2)2. All non-hydrogen atoms
were refined anisotropically. H atoms attached to C atoms were placed in geometrically
idealized positions and refined as riding on their parent atoms, with C–H = 0.98–1.00 Å
and with Uiso(H) = 1.2Ueq(C) for aromatic, methine, and methylene groups, and 1.5Ueq(C)
for methyl groups. In compound 4, the atoms F1, F2, and F3, and F1a, F2a, and F3a are
disordered over two sites with occupancies 0.54:0.46. In compound 6, F1, F2, F3, and F1a,
F2a, F3a are disordered over two sites with occupancies 0.72:0.28. On the other hand,
compound 7 presents disorder in C14b, C15b, C16b, C17b, and C18b and C14p, C15p, C16p,
C17p, and C18p over two sites with occupancies 0.78:0.22, while C7b, C8b, C9b, C10b,
C11b, and C12b and C7p, C8p, C9p, C10p, C11p, and C12p are disordered over two sites
with occupancies 0.63:0.37. Finally, in compound 12, the atoms C7b, C8b, C9b, and C12b
and C7p, C8p, C9p, and C12p are disordered over two sites with occupancies 0.66:0.34.
Crystallographic data for all complexes are presented in Tables S5–S42. Figures 4 and 5
were prepared using Mercury program [53]. The crystallographic data for the structure
reported in this paper has been deposited in the Cambridge Crystallographic Data Centre
as supplementary publication no. CCDC 2055607–2055614. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK
(fax: (+44)-1223-336-033, e-mail: deposit@ccdc.cam.ac.uk).

3.3. Computational Details

The quantum chemical topology analyses of QTAIM were performed in the AIMAll
program [54]. Electron densities were computed with the Orca [55,56] package from the
experimental X-ray structures with the BP086 functional [57,58] along with def2-TZVP
basis set [59] and the Zeroth Order Regular Approximation (ZORA) [60] in order to get
a good description of relativistic effects in gold atoms [61]. The NCI isosurfaces were
obtained with NCIPlot [41] and visualized in the VMD program [62].

4. Conclusions

The modification of the fluorination pattern into this series of thiolate gold(I) deriva-
tives including the Buchwald phosphine XPhos has shown to exert a substantial modula-
tion over the type and intensity of the intra- and inter-molecular non-covalent interactions
formed by these compounds. This modulation is due to (i) the introduction of new syn-
thons that direct the supramolecular crystal packing and (ii) the electronic modifications
that determine the molecular conformations. The theoretical and topological study of the
crystallographic structures, via the QTAIM and the NCI-index, allowed us to characterize
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the properties of the studied systems in a more comprehensive way than that based on a
sole geometrical analysis. In particular, we proposed a DI-based indicator for the hapticity
of the M–π contacts (ηDI), which comprises subtle electronic disturbances not contem-
plated in the geometrical hapticity. Finally, we have observed the existence of electronic
trans-communication among the thiolate and phosphine ligands, as revealed by the direct
relation of the 31P NMR chemical shift with the DI(Au,S). This result provides evidence of
the change in the thiolate trans-influence due to fluorination. This kind of electronic mod-
ulation could be helpful in the fine tuning of the catalytic activity of gold(I) compounds,
opening new paths in the design of Au derivatives bearing thiolate and phosphine ligands.

Supplementary Materials: The following are available online at https://www.mdpi.com/2304-6
740/9/2/14/s1: Supplementary figures, regression parameters for the plots in Figures 3 and 6,
Crystallographic tables, CIF and checkCIF files.
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