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| Ferrocenyl Dinuclear Gold(l) Complexes. Study of their
Structural Features and the Influence of Bridging and
Phosphane Ligands in a Catalytic Cyclization Reaction

Juan Carlos Pérez-Sanchez,™®

The combination of the ferrocene moiety with gold(l) catalysis
remains a relatively unexplored field. In this article, we delve
into the synthesis, characterization, and potential catalytic
activity of four complexes utilizing both monodentate and
bidentate ferrocenyl diphenylphosphane ligands (ppf and
dppf), coordinated with two gold(l) metal centers, linked by
either chloride or pentafluorophenylthiolate bridging ligands.
This leads to the formation of cationic “self-activated” precata-

Introduction

Catalysis has emerged as an indispensable tool in contem-
porary organic synthesis, offering efficient and sustainable
methods for constructing complex molecular architectures.”
Among the plethora of catalytic systems, gold(l) complexes
have garnered substantial attention owing to their unique
reactivity ~and  remarkable  selectivity in  diverse
transformations.”® The use of different ligands to fine-tune the
properties of these gold(l) complexes has further expanded
their synthetic utility, offering a platform for tailoring their
catalytic activity to suit specific reaction pathways.”!

One class of ligands that has attracted significant interest in
gold catalysis is phosphane scaffolds.” However, ferrocenyl-
phosphanes have received relatively little attention. The unique
structural features of ferrocene (Fc), with its aromatic sandwich
structure and versatile substitution patterns, provide a rich
source for designing ferrocenyl phosphane ligands with tailored
electronic and steric properties (Figure 1).!
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lysts capable of initiating the catalytic cycle without the need
for external additives. The catalytic activity of these complexes
was assessed through a model reaction in gold(l) catalysis,
specifically the cyclization of a N-propargylbenzamide to
produce an oxazole. In addition, we studied and compared the
influence exerted by both the phosphane and the bridging
ligand on the performance of these catalysts.
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Figure 1. Some selected examples of ferrocenyl phosphane gold(l) com-
plexes employed as catalysts.”’

Both ferrocenyl mono- and diphosphanes have been
extensively explored for their impact on the catalytic behavior
of various transition metal complexes of groups 6-10,%' with a
particular emphasis on palladium compounds.®™ However,
there have been significantly fewer studies exploring the
combination of the ferrocene scaffold with gold(l) species.
Incorporating a ferrocenyl group into phosphane ligands
introduces a tunable redox-active unit, which can influence the
reactivity of the gold center through electron transfer proc-
esses. Additionally, the ability to control the steric environment
around the metal center allows for precise control over regio-
and stereoselectivity in catalytic transformations.”

Typically, in gold catalysis the active species is generated
in situ through chloride abstraction from [LAuCI] complexes by
adding a silver salt containing a weakly coordinating anion,
such as AgSbF, or AgPF,. However, this procedure has two
disadvantages: i) the use of an additional metal is required, ii)
the utilization of a Ag(l) salt often has a detrimental impact on
the reaction outcome due to the non-innocent catalytic
behavior of Ag additives (“silver effect”).'” For these reasons,
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the utilization of alternative chloride abstractors, along with the
design of novel gold(l) catalytic systems, holds special interest
in current research.

In recent years, dinuclear gold(l) complexes have emerged
as a fascinating class of catalysts in gold catalysis. These species
feature two gold centers, typically bridged by a ligand, enabling
cooperative effects, and enhancing the catalytic efficiency. The
presence of two metal centers provides opportunities for
distinct activation pathways, leading to unique reactivity and
selectivity profiles not achievable with mononuclear gold(l)
catalysts."" Notably, Nataro and coworkers have demonstrated
the effectiveness of using 1,1"-bis(phosphane)-ferrocene ligands
in a wide variety of gold(l) catalyzed reactions."?

In this scenario, anion-bridging dinuclear Au' complexes,
where the anion can be, for instance, a chloride (also known as
chloronium digold complexes)™ or a thiolate bridge,"" can act
as a source of “naked gold” LAu* species, where L is an ancillary
ligand. These dinuclear compounds are self-activated catalysts
as they do not need the addition of any additive. Moreover,
depending on the bridging anionic ligand, the pivotal LAu™*
species are originated at different rates to perform the catalytic
reaction.

Considering all the comments, here, we present the syn-
thesis, characterization, and structural features of four dinuclear
gold(l) complexes, each containing a unique combination of
ligands. Specifically, the complexes were designed with ferroce-
nylmonophosphane (ppf=diphenylphosphaneferrocene) or fer-
rocenyldiphosphane (dppf=1,1"-
bis(diphenyl)phosphaneferrocene) ligands, along with bridging
anions, either chloride or pentafluorophenylthiolate. Notably,
these structures showcase distinctive crystalline arrangements
where both metallic gold centers assume distinct environment
involving (a) Cl or SC¢Fs bridging ligands, (b) short aurophilic
interaction (when present), and (c) a diphosphane chelate.

Herein, our principal objective was to conduct a compara-
tive study of the intricate structural features and redox proper-
ties inherent in these ferrocenyl dinuclear gold(l) complexes.
Through the elucidation of their structural characteristics, our
aim was to achieve a more profound understanding of the
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factors governing the catalytic behavior of these complexes.
Therefore, a complementary objective was to systematically
evaluate the influence of both bridging and phosphane ligands,
thereby assessing the catalytic activity of these complexes in a
model reaction, specifically, the cyclization of a N-propargylben-
zamide.

Results and Discussion
Synthesis and characterization of ferrocenyl gold complexes

The synthesis of these complexes can be categorized into two
distinct groups: those derived from ppf and those derived from
dppf (Scheme 1).

Firstly, for the synthesis of monoferrocenylphosphane
derivatives, complex 1 was prepared using a previously
reported procedure (see ESI, Experimental Section). Subse-
quently, complex 5 was synthesized by reacting complex 1 with
0.5 equivalents of silver triflate for 30 minutes. During this
process, one chloride atom is abstracted from the initial
complex, leading to the formation of the chloronium complex
[(u-CD{Au(ppf-kP)}L] (5). The resulting complex was obtained as
a yellow powder, being air stable in the solid state. However, it
was observed that in aerated solutions, the ferrocene moiety
undergoes gradual oxidation, eventually decomposing into Au®,
(visually evident as a black residue within the NMR tube).

The 'H NMR spectrum of complex 5 shows the expected
resonances associated to the cyclopentadienyl rings of ferro-
cene as broad singlets along with those assigned to the
diphenylphosphane protons (Figure S4). The *'P{'"H} NMR spec-
trum of complex 5 displays a singlet (Figure S5), at 25.6 ppm
corresponding to the FcPPh,Au unit. This signal was shifted
approximately 2.8 ppm to lower frequencies compared to that
of complex 1 (§,=28.5 ppm) as previously observed when a
monuclear neutral gold(l) phosphane complex turns into a
dinuclear cationic complex."® The ESI-QTOF high resolution
mass spectra reveals a molecular cation peak at m/z 1169.0157
(9%) for complex 5, while the most intense peak at m/z
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Scheme 1. Synthesis of dinuclear gold(l) complexes derived from ferrocenylphosphanes and chloride or pentafluorophenylthiolate bridging ligands.
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937.0842 (100%) observed is in agreement with the [Au(ppf-
KP),]* cation resulting from the loss of a AuCl fragment
(Figure S25).

On the other hand, thiolate bridged complex 6 was
synthesized from the mononuclear complex 2. This synthesis
involved the reaction of complex 1 with pentafluorophenylth-
iolate and K,CO;. This led to the formation of complex 2, which
was characterized by NMR spectroscopy. The "*F NMR spectrum
confirmed the presence of the C4F; ring, displaying three sets of
multiplets in a 2:1:2 ratio corresponding to the ortho, para, and
meta fluorine atoms, respectively (Figure S3). Additionally, the
*'P{"H} NMR spectrum (Figure S2) exhibits a unique signal at
32.7 ppm (Ad, = +4.2 ppm relative to complex 1).

Similarly, to the procedure used for complex 5, the reaction
of 2 with half an equivalent of AgOTf resulted in the formation
of the bridged-type complex 6. The "F NMR spectrum, in
addition to the resonances associated with the C¢Fs ring,
showed the presence of the triflate anion at —78.0 ppm
(Figure S10). Moreover, the *'P NMR spectrum displayed a
singlet at 30.3 ppm (Figure S9), again at a lower frequency
compared to the mononuclear neutral complex 2, as previously
observed for complex 5. The ESI-QTOF MS exhibits a similar
pattern to that one of complex 5 with molecular cation peak at
m/z 1333.0086 (around 9%) and the [Au(ppf-kP),]" peak at m/z
937.0842 (100%) (Figure S26).

Moreover, complexes 7 and 8 were prepared analogously to
the previous complexes, but in this case, using the dppf ligand
and the [Au,Cl,(u-dppf)] (3) complex as the starting material.
Complex 7 was obtained by reacting 3 with one equivalent of
AgSbFg. Along with the precipitation of AgCl, efficient chloride
abstraction was confirmed by *'P NMR, which displayed a
unique singlet signal at 25.8 ppm (Figure S14), ca. 2 ppm up-
field shifted compared to [Au,Cl,(u-dppf)l. This trend follows
the pattern observed for complexes 5 and 6. Therefore, while
chemical shift values alone may not be sufficient to determine
the changes in the geometric environment of the gold(l) atoms,
the differences in chemical shift could be associated with a
significant reorientation of the phosphorus atoms upon the
formation of complexes with bridging ligands. In addition, the
mass spectrum of complex 7 exhibits a prominent molecular
cation peak at m/z 983.0031 (100%) with no observed
fragmentation processes, distinguishing it from complexes 5
and 6 (Figure S27).

Furthermore, complex 8 had been previously described by
us,l"® and therefore, it was prepared in a similar manner with
slight modifications (see ESI). However, its potential catalytic
activity had never been explored before, making it an
interesting comparative example with its congener, mono-
phosphane complex 6. Remarkably, these compounds exhibited
higher stability than 5 and 6, as evidenced by their lack of
decomposition over several weeks, both in the solid state and
in solution.

The FT-IR spectrum also provides important information
regarding the evidence of the formation of bridging ligand
complexes. As expected, for both complexes 5 (Figure S7) and 7
(Figure S15), a clear disappearance of the vibration due to v(Au-
Cl)erminal 1S Observed. In the parent compounds, this vibration is
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observed at 333 (vs) cm™' and 336 (vs) cm™' (for complexes 1
and 3, respectively). However, in the bridged complexes, it is
shifted towards lower energies and located at 289 cm™
(complex 5) or 302 cm™' (complex 7). The ratio V(AU-Clpyigge
/V(AU-Cl)ierminat is 0.87 or 0.90, respectively, values that are in
good agreement with literature data reported for gold(l) and
gold(lll) complexes."”

X-Ray diffraction studies

Complexes 2, 6, and 7 were successfully crystallized, allowing us
to elucidate their molecular structures. It is worth noting that
the structure of complex 8 bearing a ClO, anion had been
previously published by us,"® which adds a valuable point of
reference for our comparisons. Attempts to crystallize complex
5 were futile, as in all cases, the crystallized species turned out
to be complex 1.

Complex 2, as shown in Figure 2, crystallizes as a single
molecule. The metal center in this complex exhibits a slightly
non-linear coordination environment, with a P1-Au1-S1 angle of
170.61(2)°. This structural feature is consistent with gold(l)
phosphine thiolate complexes.'®

Turning to complex 6, the X-ray diffraction analysis, shown
in Figure 3, revealed an intriguing structure. The asymmetric
unit contains two independent formula units, and an intermo-
lecular Au--Au interaction is evident, with a Au2-Au3 distance of
3.1302(7) A. Additionally, there are two intramolecular auro-
philic interactions in each independent molecule (Aul-Au2
2.9685(6) A; Au3-Au4 3.0022(6) A). This structural framework
exhibits similarities to those found in complex 8, which employs
the dppf ligand."® Notably, these intermolecular aurophilic
interactions can be correlated with the bond dissociation
energy between the two molecular entities, according to an
equation proposed by Schwerdtfeger and coworkers," with
values of D,=22.2 kJ-mol™" and D,=39.3 kJ-mol™" for com-

Figure 2. Depiction of the molecular structure of complex 2. Hydrogen
atoms are omitted for clarity. Selected bond lengths [A] and angles []: P1-
Au1 2.2534(5), Au1-S1 2.3013(6); P1-Au1-S1 170.61(2).
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Figure 3. (a) Depiction of the molecular structure of complex 6-2 CH,Cl, (b)
simplified structural diagram of complex 6-2 CH,Cl,. Hydrogen atoms, triflate
anions and dichloromethane molecules are omitted for clarity. Selected
bond lengths [A] and angles [°]: P1-Aul 2.2631(7), Au1-Au2 2.9685(6), Aul-
S12.3551(7), Au2-S1 2.3711(7), Au2-Au3 3.1302(7), Au3-Au4 3.0022(6), Au4-
S2 2.3490(7), Au3-S2 2.3627(7), Aul1-Au4 4.2566(7); Au1-S1-Au2 77.82(2), Au3-
S2-Au4 79.16(2), P1-Au1-S1 175.89(3).

plexes 6 and 8, respectively. Furthermore, the Au-S-Au angles in
6 are very narrow, 77.82(2)°, and similar to those found in
complex 8, with a value of 77.59(17)°.

The X-ray diffraction structure of complex 7, showcased in
Figure 4, reveals remarkable insights into its structure. One
noteworthy observation is the close proximity of the two gold
metal centers, resulting in an exceptionally short Au--Au contact
of 2.8828(6) A. This distance is notably shorter than the one
observed in complex, [Au,(u-Cl)(PPh,),][CIO,], showing a Au-Au

Figure 4. Depiction of the molecular structure of complex 7-Et,0. Hydrogen
atoms, a Et,0 molecule and SbF,™ anion are omitted for clarity. Selected
bond lengths [A] and angles [°]: P1-Au1 2.229(1), Au1-Cl1 2.357(1), P2-Au2
2.228(1), Au2-Cl1 2.363(1), Aul1-Au2 2.8828(6); P1-Au1-Cl1 173.00(4), Au1-Cl1-
Au2 75.28(4).

Chem. Eur. J. 2024, 30, 202303585 (4 of 9)

distance of 3.085(2) A"*! This disparity underscores a strong
aurophilic interaction within complex 7, further facilitated by
the flexible ligand dppf that allows the metal centers to
approach each other closely. Although the existence of a single
chloride bridging ligand between two AU' centers is not
exceedingly rare, the Au--Au interaction observed in complex 7,
as far as we are aware, is among the shortest reported for
gold(l) chloronium complexes."™ Moreover, the structural
analysis reveals a P1-Au1-Cl1 angle of 173.01(4)°. However, the
Au1-Cl1-Au2 angle, is significantly narrow, with a value of
75.27(4)°, compared to the complex [Au,(u-Cl)(PPh,),]*, which
features an angle of 82.7(2)°, thus favoring the Au-Au
interaction.

Electrochemical characterization

The complexes 5-8 were studied by cyclic voltammetry in a
0.5 mM solution in dichloromethane over the electrochemical
window of —200 to 1800 mV (Figure 5, see ESI for more
information).

In all cases, they displayed both single reversible oxidation
(Fe"—Fe") and reduction waves (Fe"—Fe'"), centered on the
ferrocene unit. For the monophosphane complexes 5 and 6,
they exhibited half-wave potentials values of 0.38 V and 0.35V,
respectively, which are slightly higher than that of complex 1
(E,,=0.32V).2% This could be tentatively attributed to the
cationic nature of these complexes. In contrast, dppf derived
complexes, 7 and 8, showed E,, values around 0.76V,
exhibiting an anodic shift of roughly 40 mV compared to the
monophosphane derivatives. This deviation suggests enhanced
electron donation from the dppf fragment to Au, as opposed to
ppf. Consequently, this leads to a depletion of electron density
on the ferrocene unit, thereby difficulting the oxidation process.
Importantly, a significant anodic shift is observed in the cationic
bridging complexes, as exemplified by complex 7 (E,,=0.76 V)
relative to complex 3 (E,,=0.64 V). This observation under-

30 —5,E,=0376V
6,E,,=0.354V
ol —— 7,E,,=0.760 V
8,E,,=0.768V
<
=N
= 10t
(=4
g
5
O of
-10 |
_20 1 1 1 1 1
-1.0 -05 0.0 05 1.0 15

Potential (V vs Fc*/Fc)

Figure 5. Superimposition of cyclic voltammograms of 0.5 mM solutions of
complexes 5 (blue), 6 (green), 7 (red) and 8 (orange) in CH,Cl,/0.T M
[Bu,N][PF4] at 100 mV/s, in the electrochemical window of —200 mV to
1800 mV, referenced against Fc*/Fc couple.
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scores that the presence of a charge involving the gold(l)
centers withdraws electron density from either the ppf or dppf
fragment, thereby hindering the oxidation of the ferrocene unit.

Furthermore, it is noteworthy to highlight the values of
anodic and cathodic current intensities. Complexes 5 and 6
displayed values approximately twice those of complexes 7 and
8. This can be attributed to the presence of two Fe centers, one
per each ferrocene unit, in contrast to a single Fe center for the
diphosphane complexes. This suggests that both ferrocene
moieties are oxidized (and reduced) simultaneously in 5 and 6,
in the same step, without a significant electronic coupling
between the two units.

In all cases, the voltammograms were fitted to the Randles-
Seveik equation (see ESl), indicating the chemical reversibility of
the system. However, deviations from linear fitting were
observed for 5 (Figure S28) and 6 (Figure S29) compared to 7
(Figure S30) and 8 (Figure S31). In terms of electrochemical
reversibility, which can be inferred from the shape and
characteristics of the cyclic voltammograms, it is noteworthy
that the separation between the anodic peak potentials (E;,)
and cathodic peak potentials (E,) exceeded the theoretical
value predicted by the Nernst equation, which is typically 59/n
mV (where n represents the number of electrons involved in
the redox process). This deviation suggests the presence of
increased solution resistance in the analyzed solutions (see
Table S1).

Catalytic study

The previously described dinuclear gold(l) complexes offer a
unique opportunity to explore the influence of various factors
on their catalytic activity, with a specific focus on the
comparison between ferrocenyldiphosphanes and ferrocenyl-
monophosphane ligands. Additionally, the impact of bridging
ligands on these complexes is of special interest, as these types
of ligands are often used to facilitate the formation of LAu™
species as previously discussed. Understanding the role of
bridging chloride or thiolate anions in these dinuclear gold(l)
complexes could provide valuable insights into their catalytic
behavior. Then, in this study we assess the influence exerted by
(a) the anionic bridging ligand, considering four complexes, in
terms of its lability to generate the catalytically active species
[LAu]*, and we explore the impact of (b) the use of mono-
phosphanes versus diphosphanes acting as chelates.

To evaluate the catalytic activity of these complexes, we
performed the 5-exo-dig cyclization of a N-propargylbenzamide
to an oxazole, which is a well-established benchmark reaction
in gold(l) catalysis.”>** Specifically, we investigated the cycliza-
tion of 4-fluoro-N-(prop-2-yn-1-yl)benzamide (9) to form 2-(4-
fluorophenyl)-5-methylene-4,5-dihydrooxazole (10) (Scheme 2).
The choice of a para-fluoro-substituted ring in the substrate 9,
allows a simplification of the '"H NMR spectrum, making it easier
to monitor the reaction progress and facilitates tracking of the
cyclization process by '°F NMR monitoring.

The cyclization reaction was carried out using a catalytic
loading of 5mol% in CDCl; at room temperature (for more

Chem. Eur. J. 2024, 30, €202303585 (5 of 9)
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Scheme 2. Gold(l)-catalyzed cyclization of propargyl amide 9 to oxazoline
10.

experimental details, see the Supporting Information), and the
summarized results are presented in Table 1.

The catalytic performance of complexes 5 and 7, (chloride
bridging ligands), was notably high (Table 1, entries 1 and 3).
These complexes achieved complete conversions of substrate 9
within a period of 2 hours, with yields of 94% (TOF=9.4h™")
and 96% (TOF =9.6 h™"), respectively.

In contrast, complexes 6 and 8, (thiolate bridging ligands),
displayed distinct catalytic results. While complex 6 exhibited a
moderate conversion of 68% after 2hours (TOF=6.8h"")
(Table 1, Entry 2), complex 8 only gave product 10 with 38%
yield under identical conditions, with a significantly lower
TOF=3.8 h™" (Table 1, Entry 4).

The complexes described in our study with bridging ligands
could be identified as “self-activated” gold(l) catalysts. By
exploiting the lability of the bridging ligand, these complexes
act as a source of LAu™ responsible for the cyclization reaction.

Therefore, we have selected the Ph;PAUNTS, as a benchmark
catalyst for comparison. This selection is not arbitrary; it is
grounded in the participation of Ph;PAu™ in the gold(l)
catalyzed reaction.”™ This parallels the behavior observed in
complexes 5 and 6, where the active species in the catalytic
cycle is tentatively assigned to the FcPPh,Au™ cation. In Table 1,
Entry 5, the results with this “self-activated catalyst” (acting as
PPh;Au™ in solution), were included. Complex Ph;PAuNTf,
provided a vyield of 68% in 3 hours (TOF=4.5h""). Notably,
complexes 5 and 7 displayed enhanced catalytic activity, with
TOF values more than twice that of [PPh;Au(NTf,)].

Table 1. Catalytic results of the 5-exo-dig cyclization of propargyl amide 9
to oxazoline 10.

Entry®  [Aul. Yield® TON<  TOF¢ TOF,
(%) (h™) (h™)
1 5 94 18.8 9.4 19.4
2 6 68 13.6 6.8 18.1
3 7 9% 19.2 9.6 15.0
4 8 38 7.6 3.8 23
51 [PPh,AuNTf,] 68 13.6 45 nd.9

[a] Reactions conditions: 0.05 mmol of 9, 0.0025 mmol (5 mol %) catalyst,
0.500 mL of CDCl;, 20-25°C (rt), 2 h. [b] Determined by 'H NMR using
1,3,5-trimethoxybenzene as internal standard. Percentages correspond to
the average of three independent experiments. [c] TON calculated as
mmol of product / mmol of catalyst. [d] TOF calculated as TON / time, in a
period of 2 h. [e] Initial TOF calculated as the slope of the TON vs time
plot, (conversion < 50%), (see ESI). [f] Reference [22a], yield reported after
3 h. [g] Not determined.
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Figure 6. Kinetic profiles of the gold(l) catalyzed (complexes 5-8) cyclization of 9 to 10 and detail of the initial moments of the reaction (15 minutes) for

complexes 5-7.

Furthermore, a detailed analysis of the kinetic profiles of the
catalysts revealed some differences among the studied com-
plexes (Figure 6).

The complexes bearing chloride bridges demonstrated to
catalyze significantly faster the cyclization reaction compared to
those with pentafluorophenylthiolate bridges. Notably, com-
plexes 5 and 6, despite showing similar catalytic activities,
displayed distinct kinetic behavior when monitored through 'H
NMR during the initial stages (<20 min) of the reaction (see ESI,
Catalytic Studies). The initial TOFs calculated (Figure S33) for 5
(19.4 h™", Table 1, entry 1) and 6 (18.1 h™', Table 1, entry 2) were
notably higher than the initial TOF of complex 7 (15.0h7",
Table 1, entry 3), indicating a higher conversion rate during this
early period. However, after 60 minutes of reaction, the
performance of complexes 5 and 6 decreased, while complex 7
showed an enhanced catalytic activity. Although, the chloride-
bridged complexes 5 and 7 initially exhibited different reaction
rates (Figure 6), their overall catalytic performance converged
as the reaction progressed. In contrast, complexes 6 and 8,
featuring thiolate bridges, consistently demonstrated lower
catalytic activity throughout the reaction, underscoring the
substantial impact of the bridging ligand on the overall
reactivity.

Previous studies have established that the 5-exo-dig cycliza-
tion reaction follows a first-order behavior with respect to the
substrate using similar catalytic systems.**? Our studies con-
firmed this first-order kinetics by plotting In([91/[9],) vs time, for
all the complexes studied. However, for complex 5, the linear fit
deviates from first-order kinetics at higher conversion values
(Figure 7).

Several factors may contribute to this deviation, with one
plausible explanation being the reduced stability of catalyst 5. It
is conceivable that the complex 5 undergoes decomposition,

Chem. Eur. J. 2024, 30, 202303585 (6 of 9)
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Figure 7. Variation of the In([91/[9],) profile with the reaction time at room
temperature for catalysts 5-8.

leading to the formation of deactivated species, such as L,Au*,
Au(0), and other unidentified gold species.” Indeed, the most
abundant species observed in the mass spectrum of complex 7
was [Au(ppf-kP),]* (Figure S27), supporting the idea of catalyst
decomposition and speciation.

To further investigate the catalytic behavior, we calculated
the kinetic rate constants within the linear range from 0 to
30 minutes for all the complexes (see ESI, Figure S34). The
resulting rate constants exhibited a wide range, spanning from
2 to 18 min~". As initially hypothesized, catalyst 7 demonstrated
to be the most efficient and fastest reacting catalyst among the
complexes studied. On the other hand, complex 8 displayed a
rate constant nearly eight times lower than its chloride-bridged

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

95U8017 SUOWIWOD 9A 81D 3|qeol(dde 8y} Aq pausenob ae sspilie VO ‘esn Jo sa|n Joj ArlqiTauljuO A3{IM UO (SUORIPUOD-PUE-SWLBI00" A3 1M ATe1q1[BUIUO//SANL) SUONIPUOD PUe SWiB | 8U) 89S *[rZ0z/S0/TT] Uo ARiqi suliuo Ae|im ezofielez @ pepsAIN AQ S8GE0EZ0Z WOY/Z00T OT/10p/Lioo™A8|im Arelq i jpuluoadoune-Alis iweyoy/sdny wol pepeojumod ‘0T ‘v0z ‘S9/ETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202303585

analogue, indicating a significant difference in its catalytic
activity.

Considering the two factors studied among the complexes,
it can be concluded that the nature of the bridging ligand
significantly influences the catalytic activity. Complexes contain-
ing the diphosphane ligand dppf (complexes 7 and 8) showed
a marked difference in their catalytic performance between the
chloride-bridged complex 7 and the thiolate-bridged complex
8. Similarly, this trend was observed for complexes with the
monophosphane ligand ppf (complexes 5 and 6), with the
chloride-bridged complex demonstrating better catalytic activ-
ity.

Additionally, when comparing the influence of monophos-
phane and diphosphane ligands, it is evident that for com-
plexes 5 and 7 (both with chloride bridging ligands), there is no
significant difference in their catalytic performance, as they
achieved very similar conversions. However, for complexes with
thiolate bridges, using a monophosphane ligand (complex 6),
resulted in better yields compared to the diphosphane ligand
(complex 8).

Conclusions

Our examination of the structural features of a series of
ferrocenyl dinuclear gold(l) complexes, showcasing diverse
combinations of ferrocenylphosphane ligands and bridging
ligands, has revealed some intriguing properties. Firstly, the
examination of redox activity centered on the ferrocene unit
highlighted distinct features between monophosphane and
diphosphane complexes. This underscores the critical influence
of the phosphane ligand, while surprisingly, the bridging ligand
exhibited apparent non-influence on the oxidation and reduc-
tion potential of the ferrocene moiety. It is noteworthy, that
complexes derived from monophosphane (5 and 6) were
oxidized at lower potentials, whereas those derived from
diphosphane (7 and 8) were oxidized at higher potentials than
their monophosphane counterparts. This observation could
provide some insights into the tailored redox characteristics
achievable by just manipulating the phosphane ligand.

In a complementary exploration of their catalytic potential,
our study revealed that these structurally diverse dinuclear
gold(l) complexes displayed interesting catalytic behaviors. The
choice of both phosphane and bridging ligands played a crucial
role in influencing catalytic activity. Chloride-bridged complexes
5 and 7 demonstrated remarkable catalytic efficiency, surpass-
ing the performance of the tested benchmark catalyst within a
short reaction time. Thiolate-bridged complexes 6 and 8, on the
other hand, exhibited a distinct catalytic landscape with varying
conversion rates. Furthermore, kinetic analysis underscored the
critical role of the bridging ligand, as catalyst 7 emerged as the
fastest reacting among all, while complex 8 exhibited a
significantly lower rate constant. Notably, while our primary
objective centered on elucidating the structural intricacies of
these complexes, the observed catalytic behaviors provided an
additional layer of understanding, highlighting the multifaceted
nature of these compounds.

Chem. Eur. J. 2024, 30, €202303585 (7 of 9)

Eventually, the nature of the bridging ligand plays a pivotal
role in influencing the catalytic activity of these dinuclear gold(l)
complexes. The choice of phosphane ligands, whether mono-
phosphane or diphosphane, also introduces noteworthy varia-
tions in their performance. These findings contribute to our
understanding of catalysts design and offer a valuable avenue
for tailoring catalytic systems in future studies.

Experimental section

General procedures and materials: All experiments and manipu-
lations were carried under air unless, otherwise stated (standard
Schlenk techniques). 'H, °F and *'P NMR spectra were recorded on
a Bruker Avance 300 or 400 at the indicated frequencies at
298.15 K. Chemical shifts are reported in ppm and referenced to
SiMe,, using the internal signal of the deuterated solvent as
reference ('H) and external H;PO, 85% (*'P) or external CFCl; ("°F).
Multiplicity of the observed signals is indicated as follows: s=
singlet, br s=broad singlet, d=doublet, dd =doublet of doublets,
m=multiplet. J values are given in Hz. Infrared spectra were
recorded (in solid) in the range 4000-250 cm™' on a PerkinElmer
Spectrum 100 FTIR spectrometer equipped with an ATR accessory,
the type of signal is denoted as follows: s =strong, vs =very strong,
m=medium, w=weak. High resolution mass spectra of complexes
were acquired on a Bruker MicroTOF-Q (ESI+) spectrometer.
Electrochemical experiments were performed by means of an EG&G
Research Model 273 potentiostat/galvanostat. A three-electrode
glass cell consisting of a glassy carbon disk working electrode, a
platinum-wire auxiliary electrode, and a Ag/AgCl (3 M) reference
electrode was employed. The supporting electrolyte solution
(NBu,PFg, 0.1 M) was scanned over the solvent window (CH,Cl,) to
ensure the absence of electroactive impurity curves. A concen-
tration of complexes 5-7 of about 5x10™* M was employed in all
the measurements. A total of five cycles were acquired for each
respective scan rate. All solvents were degassed and dried prior
using over activated 3 or 4 A molecular sieves. All chemical
reagents were purchased from commercial suppliers and used as
received. The starting materials [AuCl(tht),*” ppf (ppf=
diphenylphosphaneferrocene),”® [AuCl(ppf-kP)] (1),%” [Au,Cl,(u-
dppf)] (3)® (dppf=1,1"-bis(diphenylphosphane)ferrocene),
[Au,(SCeFs),(u-dpph] ()" and 4-fluoro-N-(prop-2-yn-1-
yl)benzamide (9)** were prepared according to published proce-
dures. All other reagents were commercially available and were
used without further purification.

Crystallography: Crystals suitable for X-ray studies were obtained
by vapor diffusion of diethyl ether (7) or n-hexane (2 and 6) over a
solution of the corresponding compound in dichloromethane.
Crystals were mounted on a MiTeGen Crystal micromount and
transferred to the cold gas stream of a Bruker D8 VENTURE
diffractometer. Data were collected using monochromated MoKa
radiation (A = 0.71073 A). Scan type . Absorption correction based
on multiple scans were applied with the program SADABS.®” The
structures were refined on F? using the program OLEX2.2" All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms
were included using a riding model. CCDC deposition numbers
2304123 (2), 2304124 (6) and 2304125 (7) contain the supplemen-
tary crystallographic data. These data can be obtained free of
charge by The Cambridge Crystallography Data Center.

Synthesis of complex [Au(SC.F;)(ppf-kP)] (2): To a flame dried
Schlenk flask equipped with a stirring bar was added [AuCl(ppf-kP)]
1 (121 mg, 0.2 mmol) and 20 mL of dry and degassed CH,Cl,. Then,
CeFsSH (28 pL, 0.22 mmol) and anhydrous K,CO; (0.6 mmol, 83 mg)
were added, and the resulting orange solution was stirred for 2 h.
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After this time, the solution was filtered through a short Celite” pad
and all the volatiles were removed under reduced pressure. The
solid residue was dissolved in CH,Cl, (5 mL) and precipitated by the
addition of cold pentane (10 mL). The resulting yellow solid was
washed with cold pentane (2x5 mL) and dried under vacuum. Yield
(118 mg, 77%). '"H NMR (300 MHz, CDCl;) & (ppm): 7.72-7.36 (m,
10H, PPh,), 4.57 (br s, 2H, C,H,), 4.35 (br s, 2H, CiH,), 4.14 (br s, 5H,
CsHs). *'P{'H} NMR (121 MHz, CDCl5) 3, (ppm): 32.7 (s, 1 P, PPh,). "°F
NMR (282 MHz, CDCl;) & (ppm): —131.70-—132.6 (m, 2F, ortho-
CoFs), —162.4 (t, *Jir = 22.8 Hz, 1F, para-CcFs), —164.0 (m, 2F, meta-
CgFs).

Synthesis of complex [(u-C){Au(ppf-kP)},] (5): To a flame dried
Schlenk flask equipped with a stirring bar was added [AuCl(ppf-kP)]
1 (121 mg, 0.2 mmol) and 20 mL of dry and degassed CH,Cl,. Then,
[Ag(OTf)] (26 mg, 0.1 mmol) was added and the resulting orange
solution was stirred for 30 min protected from light. After this time,
the solution was filtered through a 0.45 um nylon syringe filter and
all the volatiles were removed under reduced pressure. The solid
residue was dissolved in CH,Cl, (5mL) and precipitated by the
addition of n-hexane (10 mL). The resulting yellow solid was
washed with n-hexane (2x5 mL) and dried under vacuum. Yield
(164 mg, 62%). '"H NMR (300 MHz, CDCl;) &, (ppm): 7.66-7.35 (m,
20H, PPh,), 4.63 (br s, 4H, C;H,), 4.41 (br s, 4H, CsH,), 4.26 (br s, 10H,
CsHs). *'P{'H} NMR (121 MHz, CDCl;) 8, (ppm): 25.6 (s, 1P, PPh,). '°F
NMR (282 MHz, CDCl,) &; (ppm): —77.0 (s, 3F, OTf). HRMS (ESI/QTOF)
m/z: [M]" Calcd. for C,,H;5Au,CIFe,P, 1169.0162; Found 1169.0157.
IR v (cm™): 1026 m (OTf); 280 vs (Au-Clyigge)-

Synthesis of complex [(u-SC.Fs){Au(ppf-kP)},] (6): To a flame dried
Schlenk flask equipped with a stirring bar was added [Au-
(SCeFs)(ppf-xP)] 2 (154 mg, 0.2 mmol) and 20 mL of dry and
degassed CH,Cl,. Then, [Ag(OTf)] (26 mg, 0.1 mmol) was added and
the resulting orange solution was stirred for 30 min protected from
light. After this time, the solution was filtered through a 0.45 pm
nylon syringe filter and all the volatiles were removed under
reduced pressure. The solid residue was dissolved in CH,Cl, (5 mL)
and precipitated by the addition of n-hexane (10 mL). The resulting
yellow solid was washed with n-hexane (2x5 mL) and dried under
vacuum. Yield (208 mg, 70%). '"H NMR (300 MHz, CDCl;) & (ppm):
7.71-7.32 (m, 20H, PPh,), 4.67 (br s, 4H, CiH,), 441 (br s, 4H, CsH,),
4.24 (br s, 10H, CsHs). *'P{"H} NMR (121 MHz, CDCl;) &, (ppm): 30.3 (s,
1P, PPh,). "F NMR (282 MHz, CDCl;) 8; (ppm): —78.0 (s, 3F, OTf),
—129.5 (br s, 2F, ortho-C¢Fs), —154.2 (br s, 1F, para-C4Fs), —160.0 (br
s, 2F, meta-C¢F;). HRMS (ESI/QTOF) m/z: [M]" Caled. for
CsoH3gAu,FsFe,P,S 1333.0114; Found 1333.0086. IR v (cm™"): 1512 m,
1482 m, 1027 m, 976 m (C¢Fs), 1027 s (OTf).

Synthesis of complex [(u-Cl)Au,(u-dppf)] (7): Under air, to a round
bottom flask equipped with a stirring bar was added [Au,Cl,(u-
dppf)] 3 (204 mg, 0.2 mmol) and 20 mL CH,Cl,. Then, [Ag(SbF)]
(68 mg, 0.2 mmol) was added and the resulting orange solution
was stirred for 1 h protected from light. After this time, the solution
was filtered through a 0.45 um nylon syringe filter and all the
volatiles were removed under reduced pressure. The solid residue
was dissolved in CH,Cl, (5 mL) and precipitated by the addition of
diethyl ether (10 mL). The resulting yellow solid was washed with
cold diethyl ether (2x5 mL) and dried under vacuum. Yield (215 mg,
88%). "H NMR (400 MHz, CD,Cl,) &, (ppm): 7.67-7.53 (m, 20H, PPh,),
4.63 (br s, 4H, CsH,), 4.27 (br s, 4H, CsH,). PC{HI-APT NMR (101 MHz,
CD,Cl,) 8¢ (ppm): 133.6 (d, 2Jcp=14.1 Hz, 8 C, C,41,,PPh,), 133.4 (br s,
4C, C,paPPhy), 130.0 (d, *Jep = 12.1 Hz, 8 C, C,,,PPh,), 128.3 (d, Jep
= 67.8Hz, 4 C, C,,,,PPh,), 75.2 (s a, 8 C, CsH,), 71.4 (d, Jep = 75.7 Hz,
2 C, CpeoGsHa). *'P{'H} NMR (162 MHz, CD,Cl,) 5 (ppm): 25.8 (s, 1P,
PPh,). HRMS (ESI/QTOF) m/z: [M]* Calcd. for C;,H,5Au,ClFeP,
983.0035; Found 983.0046. IR v (cm™): 692 m, 653 s (SbFy).
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Synthesis of complex [(u-SCgFs)Au,(n-dppf)] (8): Compound 8 was
prepared according to a previous published method"® with some
modifications. Under air, to a round bottom flask equipped with a
stirring bar was added [Au,(SC4Fs),(u-dppf)] 4 (272 mg, 0.2 mmol)
and 20 mL CH,Cl,. Then, [Ag(SbF,)] (68 mg, 0.2 mmol) was added
and the resulting orange solution was stirred for 1 h protected from
light. After this time, the solution was filtered through a 0.45 um
nylon syringe filter and all the volatiles were removed under
reduced pressure. The solid residue was dissolved in CH,Cl, (5 mL)
and precipitated by the addition of diethyl ether (10 mL). The
resulting orange solid was washed with cold diethyl ether (2x5 mL)
and dried under vacuum. Yield (210 mg, 80%). The spectroscopic
data agree with the values provided in the literature."® '"H NMR
(400 MHz, CDCl;) 8, (ppm): 7.59-7.52 (m, 20H, PPh,), 4.65 (br s, 4H,
CsH,), 4.25 (br s, 4H, CsH,). *'P{'"H} NMR (162 MHz, CDCl;) 8, (ppm):
29.0 (s, 1P, PPh,). "F NMR (376 MHz, CDCl;) &; (ppm): —129.22 (m,
2F, ortho-CgFs), —153.19 (br s, 1F, para-CsFs), —159.36 (br s, 2F,
meta-SCsFs). IR v (cm™): 692 m, 6555 (SbF¢), 1514 m, 1488 m,
978 m, 851 m, 747 m (C,F).
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