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Abstract: Heterogeneous recyclable catalysts in Suzuki-Miyaura C-C coupling reactions are
of great interest in green chemistry as reusable alternatives to homogeneous Pd complexes.
Considering the interesting properties of fluorinated compounds for the pharmaceutical industry,
as precursors of novel materials, and also as components of liquid crystalline media, this
present study describes the preparation of different fluorinated biphenyl derivatives by
Suzuki-Miyaura coupling reactions catalyzed by a heterogeneous system (G-COOH-Pd-10) based
on Pd nanoparticles supported onto COOH-modified graphene. The catalytic activity of the
hybrid material G-COOH-Pd-10 has been tested in Suzuki-Miyaura C–C coupling reactions
observing excellent versatility and good conversion rates in the reactions of phenylboronic acid,
4-vinylphenylboronic acid, 4-carboxyphenylboronic acid, and 4-fluorophenylboronic acid with
1-bromo-4-fluorobenzene. In addition, the influence of the arylbromide has been studied by carrying
out reactions of 4-fluorophenylboronic acid with 1-bromo-2-fluorobenzene, 1-bromo-3-fluorobenzene,
1-bromo-4-fluorobenzene, 2-bromo-5-fluorotoluene, and 2-bromo-4-fluorotoluene. Finally, catalyst
recyclability tests show a good degree of reusability of the system based on G-COOH-Pd-10
as the decrease in catalytic activity after five consecutive catalytic cycles in the reaction of
1-bromo-4-fluorobenzene with 4-florophenylboronic acid at 48 hours of reaction is lower than 8%
while in the case of reactions at three hours the recyclability of the systems is much lower.

Keywords: Pd nanoparticles; C-C coupling; fluorinated compounds; graphene; supported catalysts;
Suzuki-Miyaura reactions

1. Introduction

Palladium-catalyzed reactions have been one of the main methods for C-C cross-coupling
processes [1]. In particular, Suzuki-Miyaura are one of the most widely used reactions for the
preparation of biphenyl derivatives [2]. These reactions have been principally carried out using
homogeneous catalysts based on simple or sophisticated Pd complexes [2–5]. However, the current
needs of industry and the search for greener alternatives to these catalyst are pushing the development
of new heterogeneous and recyclable systems [6]. These heterogeneous C-C coupling catalysts are
based on either supported palladium complexes [7,8] or supported palladium nanoparticles [9].
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Most of the studied palladium-based heterogeneous catalytic systems have shown lower
efficiencies and catalytic activities than homogeneous counterparts [9]. Nevertheless, current research
advances of the scientific community have led to the development of highly active, reusable, and
robust heterogeneous systems. The majority of these systems are based on palladium nanoparticles
(PdNPs) which take advantage of their interesting properties, such as high surface area and high
catalytic activity [9].

In addition, supporting PdNPs on different nanostructured materials enhances the recyclability
properties and facilitates the separation of the products which are usually dissolved in the reaction
mixture [10]. Thus, the ongoing research in this topic is very intensive because there is still much work
that needs to be done to improve the catalytic performance of the supported systems. Therefore, many
groups are working on supporting Pd nanoparticles onto mesoporous silica [11,12], alumina [13,14],
graphene [15,16], modified graphene [17,18], graphene oxide [19], graphite oxide [20], reduced
graphene oxide [21], or other carbon-based materials [22], for example, for the development of novel
catalytic systems. However, with supported catalysts considerable work still needs to be carried out in
order to increase the versatility of the reagents and products of the C-C coupling reactions.

In this context, our group has decided to study the preparation of different fluorinated
biphenyl derivatives by Suzuki-Miyaura coupling reactions. In general, fluorinated compounds,
although generally viewed as mostly inert because of their lack of chemical reactivity [23], may
have biological activity which could be of interest in different therapies. For example simple and
accepted compounds, such as ProzacTM, ReduxTM, or 5-fluorouracyl, are fluorinated compounds
with anti-depressant, anti-obesity, and anticancer properties, respectively. Furthermore, there is
a long list of fluorine-containing drugs that have been introduced to the market during last two
decades [24]. The incorporation of fluorine in drugs normally improves their metabolic stability and
impedes the oxidative attack of cytochrome P450 enzymes, thus improving their activity in vivo [25].
Pharmaceutical use is not the unique application of F-containing organic derivatives, for example,
fluorination compounds are used to improve material properties opening new fields of research [26].
In particular, fluorinated biaryl derivatives are highly suitable as components of liquid crystalline
media [27] and, in the form of ethers, have also recently been considered as pro-drug scaffolds
employing the chemical-microbial approach [28].

We have only found in the literature a few examples reporting the preparation of fluorinated biaryl
derivatives via C-C coupling catalytic reactions. Almost all of these reports described homogeneous
systems based on Pd-complexes as catalysts [29–35], while only one study was carried out using
Pd nanoparticles [36]. Therefore, we report here the synthesis and characterization of palladium
nanoparticles supported onto commercial graphene modified with COOH groups and the study of
the application of this composite material in Suzuki-Miyaura C-C coupling heterogeneous catalytic
reactions in the formation of fluorinated biphenyls. We have studied different parameters for this
reaction, including the recyclability of the catalytic systems. Furthermore, we have developed a new
quantification method, as an alternative to gas chromatography (GC) or high-performance liquid
chromatography (HPLC) for the fluorinated products of the catalytic reactions based on a simple
19F-NMR study using an internal standard method.

2. Results and Discussion

2.1. Synthesis and Characterization of the Supported PdNPs

Supported palladium nanoparticles were prepared by the reaction of commercial COOH-modified
graphene (G-COOH) with different amounts of [PdCl2(cod)] in toluene for 48 hours. The supported
PdNPs were presumably formed via the reduction of [PdCl2(cod)] as was previously reported by our
group for silica- and titania-based materials [12,14,37,38]. This synthetic method requires the reduction
of the organometallic palladium complex which is achieved by toluene and the carbon atoms at the
surface of the graphene which presumably act as the reducing agents. In addition, an agglomeration



Catalysts 2017, 7, 76 3 of 16

of the graphene layers occurs giving rise to the formation of a hybrid material that consists mainly of
a graphite support in a mixture of phases and impregnated palladium nanoparticles.

This reaction was repeated using different amounts of the organometallic Pd precursor
[PdCl2(cod)] to study the Pd loading on the materials which was determined by X-ray fluorescence
(XRF) analysis. Thus, a theoretical amount of 5 wt %, 10 wt %, and 15 wt %. Pd was used for the
reactions to give the materials G-COOH-Pd-5, G-COOH-Pd-10, and G-COOH-Pd-15, respectively.
After analysis of the materials by XRF, the incorporation of palladium to the material was 3.06 wt %,
7.93 wt %, and 11.20 wt % Pd. for G-COOH-Pd-5, G-COOH-Pd-10, and G-COOH-Pd-15, respectively.
Therefore, the higher Pd efficacy was achieved for G-COOH-Pd-10 (79.3%) while in the case of
G-COOH-Pd-5 and G-COOH-Pd-15 this value was 61.2% and 74.6%, respectively (Table 1 and Table S1
of Supplementary Material). The differences in the incorporation rate are not very high. Other materials
have shown that the loading capacity follows a logarithmic tendency as the material saturates and
limits the reduction of the Pd(II) complex to palladium nanoparticles [12]. This may be the reason for
the lower Pd incorporation rate found for G-COOH-Pd-15. In general, these materials showed higher
loading capacities than other silica-based materials reported previously by our group [12], similar Pd
incorporation to that found for other C-based materials [15–20] and slightly lower than in the case of
alumina submicronic particles [14].

Table 1. Theoretical and experimental Pd (wt %) quantity and Pd incorporation rate (%) in materials
G-COOH-Pd-5, G-COOH-Pd-10, and G-COOH-Pd-15.

Material Theoretical Pd Quantity
(wt %)

Experimental Pd
Quantity (wt %)

Incorporation
Rate (%)

G-COOH-Pd-5 5 3.06 61.2
G-COOH-Pd-10 10 7.93 79.3
G-COOH-Pd-15 15 11.20 74.6

Bearing in mind that the most effective incorporation of Pd in the material was achieved
for G-COOH-Pd-10, this catalytic system was selected for the catalytic studies and for further
characterization. G-COOH-Pd-10 was then studied by transmission electronic microscopy (TEM).
The TEM image of G-COOH-Pd-10 (Figure 1a) shows that this material contains Pd nanoparticles
that can be easily observed as black dots impregnated on the external surface of the carbon-based
support materials. The obtained PdNPs have a poorly defined shape with a size of 14.6 ± 1.4 nm.
Pd nanoparticle size distribution (Figure 1b) has been calculated by using the software ImageJ (1.51j,
Wayne Rasband, National Institutes of Health, MD, USA, 2017) [39] and a subsequent Gaussian fit using
Origin (OriginLab 8.0, Northampton, MA, USA, 2009). In addition, the TEM image (Figure 1) shows
that the larger palladium particles are formed by clusters of small Pd nanoparticles (for additional
images see Figures S1–S3 of the Supplementary Material).

In addition, the material was characterized by Fourier-transformed infrared spectroscopy (FT-IR),
N2 adsorption-desorption isotherms (BET), and X-ray diffraction (XRD). The FT-IR spectrum shows the
expected signals for the O-H vibration, stretching band of the C=O and vibration of the C-O bond of
the COOH groups at ca. 2900, 1600–1750, and 1100 cm−1, respectively (Figure S4 of the Supplementary
Material). The characterization by N2 adsorption-desorption isotherms (BET method), showed a
specific surface area of material G-COOH-Pd-10 of 4.1 m2/g and an irregular pore size distribution
of the material. The measurements showed type III isotherms (Figure 2) according to the IUPAC
classification [40] which is indicative of non-porous materials with low affinity adsorbent-adsorbate.
The measured surface areas by BET studies is much lower than the theoretical surface area limit of
graphene which is estimated to be ca. 2600 m2/g. Therefore, material G-COOH-Pd-10 in dry state
is probably affected by the stacking of the graphene sheets, causing a decrease in its surface area.
This also indicates that the nitrogen gas of the BET analysis does not easily penetrate the graphene
layers of the material giving type III isotherms of low surface area. The partial stacking of layers in the
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dry state, while measuring the textural properties of the materials giving low surface area, has been
previously observed in similar systems [19].
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Figure 1. (a) Transmission electronic microscopy (TEM) image of the material G-COOH-Pd which
consists of Pd nanoparticles supported on a graphite support in a mixture of phases; and (b) Pd-particle
size Gaussian distribution.

In spite of the partial stacking of the layers detected in the BET analysis, an interesting difference in
the adsorptive parameters of the material after Pd-functionalization was observed, namely, a decrease
in the surface area, a slight increase in the Barnett, Joyner and Halenda (BJH) adsorption or desorption
cumulative volume of pores and a slight decrease in the BJH adsorption or desorption cumulative
surface area of pores (Table S2 and Figure S5 of the Supplementary Material). These changes indicate
the impregnation of the Pd nanoparticles on the external surface which decreases the surface area and
slightly increases the estimated pore volume. This reveals that the Pd nanoparticles perturb the pure
stacking of the graphene layers because the impregnation of the particles in the material increases the
distance between layers due to the intercalation of the metal nanoparticles.
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Figure 2. N2 adsorption-desorption isotherm of material G-COOH-Pd-10.

Finally, the material G-COOH-Pd-10 was characterized by powder XRD to confirm the presence
of Pd nanoparticles. The XRD pattern (Figure S6 of the Supplementary Material) shows the peaks
corresponding to a mixture of carbon-based materials with graphite as a broad peak at a 2θ of ca. 26◦

(indicating the partial agglomeration of graphene layers to graphite) and the peaks assigned to the Pd
nanoparticles at 39◦, 43◦, 67◦, 78◦, and 84◦ corresponding to the Miller planes (111), (200), (220), (311),
and (222), respectively. This confirms, therefore, the presence of Pd nanoparticles impregnated onto
the carbon-based material, as was previously observed in TEM images.



Catalysts 2017, 7, 76 5 of 16

2.2. Catalytic Study

2.2.1. Determination of the Optimal Conditions and Influence of Different Boronic Acids

The heterogeneous catalyst G-COOH-Pd-10 was tested in four coupling reactions of 1-bromo-4-
fluorobenzene as aryl bromide with boronic acids with different substituents, namely, phenylboronic
acid, 4-vinylphenylboronic acid, 4-carboxyphenylboronic acid and 4-fluorophenylboronic acid and
(Scheme 1, reactions a–d, respectively).

The reaction conditions were determined previously by our group using analogous supported
catalysts based on palladium nanoparticles and silica or alumina [12,14]. Thus, all of the catalytic tests
of this study were carried out using a DMF/H2O (95:5) mixture as solvent, K2CO3 as the base, and two
different temperatures (70 ◦C and 110 ◦C). The reactions were carried out at different time intervals of
3, 8, 24, and 48 h, in order to determine the kinetic parameters of each reaction.
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Scheme 1. Reaction of 1-bromo-4-fluorobenzene with (a) phenylboronic acid; (b) 4-vinylphenylboronic
acid; (c) 4-carboxyphenylboronic acid; and (d) 4-fluorophenylboronic acid catalyzed by G-COOH-Pd-10.

The results obtained in the C-C cross-coupling reactions of Scheme 1 at different time intervals
are given in Table 2 and presented in Figure 3. In general, the increase of the temperature from 70 to
110 ◦C results in higher conversion percentages as expected for this kind of reaction.
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Figure 3. Conversion vs. time in the reaction of different boronic acids and 1-bromo-4-fluorobenzene
catalyzed by G-COOH-Pd-10: (a) at 70 ◦C; and (b) at 110 ◦C.
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However, these results are in contrast with the previous study of Pd-supported nanoparticles using
mesoporous silica-based materials such as MSU-2 or SBA-15 [12] in which a decrease in the catalytic
activity was observed when increasing the temperature, due to a higher mobility of the nanoparticles
which increase the aggregation of the catalytic centers, thus, decreasing the catalytic activity.

Table 2. Bromide conversions in C-C coupling reactions using 1-bromo-4-flurobenzene and different
boronic acids catalyzed by G-COOH-Pd-10.

Time
(h) T (◦C)

Bromide
Conversion

(%)
TON a TOF b

(h−1)
Reaction

3

70

70 157 52
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In addition, one can clearly observe that the most effective boronic acid in terms of conversion
of 1-bromo-4-fluorobenzene at both studied temperatures is 4-fluorophenylboronic acid, which leads
to almost complete halide conversion. The second most active boronic acid at both temperatures is
phenylboronic acid which, at 3 h and 8 h reaction time at 70 ◦C, is even slightly more active than
4-fluorophenylboronic acid. Both reactions reach almost the maximum level of halide conversion after
just 3–8 h of reaction and the conversion does not increase significantly from 8 to 48 h. Thus, the highest
TOF value (67.1 h−1) found in these studies was observed for the reaction using 4-fluorophenylboronic
acid at 110 ◦C after 3 h of reaction. In the case of phenylboronic acid, the TOF values at 70 or 110 ◦C
were of ca. 50 h−1. In all cases, these TOF values were much higher than in the case of similar systems
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based on alumina and Pd nanoparticles [14] or mesoporous silica and palladium nanoparticles [12].
In addition, they are in the same range, if not somewhat higher, than those described for homogeneous
systems based on palladium complexes used for the preparation of fluorinated biaryls [29–35].

The reactions using the other two boronic acids, 4-carboxyphenylboronic acid, and
4-vinylphenylboronic acid, showed less conversion of the halide. It appears that the reaction with
4-vinylphenylboronic acid is more temperature-sensitive than in the case of 4-carboxyphenylboronic
acid as the conversions for 4-vinylphenylboronic acid at 110 ◦C are much higher than at 70 ◦C.
However, in the case of 4-carboxyphenylboronic acid this increase is not as high. The reaction using
4-carboxyphenylboronic acid seems to be more effective than that of 4-vinylphenylboronic acid but
not comparable to phenylboronic acid or 4-fluorophenylboronic acids. The differences in the activity
are presumably due to the difference in the electronic properties of the substituents. Thus, –F and
–COOH have an electron-withdrawing inductive effect −I, while vinyl group has an electron-releasing
effect +I. Therefore, as many mechanistic studies have proven that the only reactions involving boronic
acids occur at a significant rate, is between the neutral boronic acid and oxo-palladium species [41].
It seems that the activation of the boronic group is faster in the case of F- and COOH- substituted
phenylboronic acids, and this results in a higher activity.

2.2.2. Influence of the Fluorinated Aryl Bromide

In view of the interesting catalytic properties when using 4-fluorophenylboronic acid (which was
superior to that of phenylboronic acid and 4-carboxyphenylboronic acid), this reagent was selected and
used with other fluorinated bromoaryls, namely, 1-bromo-2-fluorobenzene, 1-bromo-3-fluorobenzene,
2-bromo-5-fluorotoluene, and 2-bromo-4-fluorotoluene (Scheme 2a–d, respectively), for the formation
of different difluorinated biphenyls.
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The results obtained in the C-C cross-coupling reactions of Scheme 2 at different time intervals are
given in Table 3 and represented in Figure 4. As occurred in the previous study, concerning the influence
of boronic acids, the increase of the temperature from 70 ◦C to 110 ◦C again results in higher conversion
percentages of the bromides. In addition, the results show that, except for 1-bromo-4-fluorotoluene
and 2-bromo-4-fluorotoluene at 110 ◦C, the reactions achieve almost the maximum conversion
between 3 and 8 h. In the case of 1-bromo-2-fluorobenzene, 1-bromo-3-fluorobenzene, and
1-bromo-4-fluorobenzene at both 70 ◦C or 110 ◦C and 3 h of reaction, the obtained TOF values
were between ca. 44 and 67 h−1. In contrast, in the case of 2-bromo-5-fluorotoluene and
2-bromo-4-fluorotoluene at 70 ◦C or 110 ◦C and 3 h of reaction, the TOF values were lower, indicating
an inferior activity when using this substituted bromide.
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Figure 4. Conversion vs. time in the reaction of different fluorinated arylbromides and
4-fluorophenylboronic acid catalyzed by G-COOH-Pd-10: (a) at 70 ◦C; and (b) at 110 ◦C.

It seems clear that the position of the fluorine substituent at the phenyl ring does not have a
remarkable influence in the catalytic activity. Thus, the steric effect does not seem to be determinant
for their reactivity. However, in the case of 1-bromo-4-fluorotoluene and 2-bromo-4-fluorotoluene,
the incorporation of the methyl group in ortho-position to the bromine atom, results in a decrease of
the catalytic activity due to both the steric hindrance and the electronic +I effect of the methyl group in
the bromide, which decrease the catalytic activity.

Finally, we have carried out the reaction between 4-fluorobenzeneboronic acid and
1-chloro-4-fluorobenzene observing halide conversion after 48 h of ca. 12%. However, from the
reaction mixture we were unable to isolate the coupling product observing various unidentified
F-containing compounds. This indicates the limited applicability in coupling reactions of these systems
when starting from arylchlorides.

2.2.3. Recyclability Tests

It is well known that one of the most important advantages of heterogeneous catalytic systems
is the possibility of recovery and recyclability. Thus, a series of catalytic tests were carried out to
determine the degree of loss of activity of the synthesized catalyst G-COOH-Pd-10 after several
consecutive catalytic cycles. The studied recyclability tests were performed using similar experimental
conditions, but tested in up to five consecutive catalytic cycles. The selected reagents for this study
of recyclability were 1-bromo-4-fluorobenzene and 4-fluorophenylboronic acid (highest TOF values).
After each catalytic cycle, the catalyst was centrifuged and washed with water and diethylether, dried
under vacuum, and then used in the subsequent catalytic test.
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Table 3. Halide conversions in C-C coupling reactions using 4-fluorophenylboronic acid and different
fluorinated arylbromides catalyzed by G-COOH-Pd-10.

Time
(h) T (◦C)

Bromide
Conversion

(%)
TON TOF

(h−1) Reaction

3

70

66 147 49
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For the studied reaction, a very low loss of activity (less than 10%) of the catalyst G-COOH-Pd-10
was observed after the five catalytic cycles (Figure 5). It is important to note that these systems based
on palladium nanoparticles may lead to agglomeration of the nanoparticles after the first or subsequent
cycles because of the mobility of the palladium nanoparticles at high temperatures. This effect has
previously been observed in similar hybrid systems based on mesoporous silica [12] and graphene
oxide [16], but not significantly in alumina-based materials [14], or graphene oxide when using
microwaves [16]. In the case of G-COOH-Pd-10 the very small loss of activity suggests that there is no
formation of big clusters of Pd nanoparticles as this would lead to deactivation of the catalyst.
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Figure 5. Recyclability tests of the consecutive reactions of 1-bromo-4-fluorobenzene and
4-fluorophenylboronic acid at 110 ◦C for 48 h (green) or 3 h (blue) catalyzed by G-COOH-Pd-10.

We have carried out additional recyclability tests using a reaction time of 3 h. We have observed a
progressive loss of activity in the consecutive tests at 3 h from 90% to 47% after the fifth cycle (Figure 5).
This did not happen at 48 h probably because the reaction time is higher and, therefore, compensates
for the loss of activity.

Thus, in order to determine the reason of the loss of activity, we measured the Pd leaching in
the solution by XRF although we were unable to determine Pd in concentrated solutions. However,
when we carried out a TEM measurement of the material after the fifth catalytic cycle (Figure 6),
we observed the formation of clusters of palladium nanoparticles which agglomerate and, therefore,
cause a decrease in the catalytic activity.
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Figure 6. Transmission electronic microscopy (TEM) image of G-COOH-Pd-10 after five consecutive
catalytic cycles.
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3. Materials and Methods

3.1. General Conditions

All manipulations were performed under dry nitrogen gas using standard Schlenk techniques
and a dry box. Solvents were distilled from the appropriate drying agents and degassed before
use. Graphene modified with COOH groups UGRAYTM-COOH (Graphene-carboxyl, G-COOH) was
purchased from United Nanotech (Karnataka, India) and was used as purchased, after a simple
dehydration process (see Section 3.3.2.). Water (resistance 18.2 MΩ·cm) used in the study was obtained
from a Millipore Milli-Q-System (Billerica, MA, USA).

3.2. General Remarks on the Characterization of the Materials

X-ray diffraction (XRD) patterns of the hybrid materials were obtained on a Philips Diffractometer
model PW3040/00 X’Pert MPD/MRD at 45 KV and 40 mA, using a wavelength Cu Kα

(λ = 1.5418 Å). Pd wt % determination by X-ray fluorescence was carried out with a X-ray
fluorescence spectrophotometer Philips MagiX with an X-ray source of 1 kW and a Rh anode using
a helium atmosphere. The quantification method is capable of analyzing from 0.0001% to 100% Pd.
N2 gas adsorption-desorption isotherms were performed using a Micromeritics ASAP 2020 analyzer
(Micromeritics, Norcross, GA., USA). Conventional transmission electron microscopy (TEM) was
carried out on a TECNAI 20 Philips unit (Philips, Eindhoven, The Netherlands), operating at 200 kV.

3.3. Preparation of the Hybrid Materials G-COOH-Pd-X

3.3.1. Preparation of the Palladium Precursor

PdCl2 (1.53 g, 8.6 mmol) was dissolved in 6 mL of concentrated HCl. The cooled solution was
diluted with 150 mL of absolute ethanol and passed through a filter paper; the residue and filter paper
were then washed with 2 × 10 mL of ethanol. Afterwards, 1,5-cyclooctadiene (2.5 mL, 20.4 mmol) was
added to the resulting solution under stirring. The color of the solution turned from brown to orange
and the solid product precipitated immediately. The reaction was stirred for an additional 20 min and
then filtered and the yellow-orange solid washed with diethylether (3 × 10 mL). The final product was
dried under vacuum overnight giving 2.32 g (16.4 mmol) of [PdCl2(cod)] (yield: 97%).

3.3.2. Dehydration of G-COOH

In order to reduce the quantity of physisorbed solvents or water on the external surface area
of G-COOH, activation by dehydration of the corresponding material was carried out at 150 ◦C
under vacuum.

3.3.3. Pd-Loading Study

Functionalization of G-COOH has been studied using different quantities of Pd precursor
[PdCl2(cod)] and one gram of G-COOH. Table S1 of the supplementary material shows the quantity of
palladium complex and G-COOH employed in each reaction.

The general procedure for the preparation of the Pd-supported nanoparticles was carried out
using a similar method to that published by our group for titanium oxide-based materials [12,14,37,38]:
In summary, the corresponding amount of G-COOH (1.0 g) and [PdCl2(cod)] (141.2 mg, for a theoretical
Pd loading of 5 wt %) were added to a Schlenk tube and dried under vacuum for 1 h at room
temperature. Subsequently, 50 mL of toluene (THF) was added under an inert atmosphere. The reaction
mixture was then heated to 110 ◦C and stirred for 48 h. The resulting material was isolated by filteration
and washed with toluene, water and diethylether (2 × 50 mL each). The material was dried under
vacuum for 12 h to remove all trace of solvents.
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3.4. Catalytic Study

3.4.1. Determination of the Optimal Conditions and Influence of the Boronic Acid

The study was focused on the reaction of 1-bromo-4-fluorobenzene with different boronic acids,
two different temperatures were tested (70 and 110 ◦C) and the reactions were monitored after 3, 8,
24, and 48 h reaction time. The different boronic acids used in the reaction were phenylboronic
acid, 4-vinylphenylboronic acid, 4-carboxyphenylboronic acid and 4-fluorophenylboronic acid
(Scheme 1a–d, respectively). The reactions were performed under identical conditions in order
to facilitate a subsequent analysis of the results. In all the reactions, the limiting reagent was
1-bromo-4-fluorobenzene, the molar ratio between the halide and the boronic acid was 1:1.2, the molar
ratio between the halide and the base (K2CO3) was 1:2 and the amount of catalyst was in all cases
15 mg. All the reactions were carried out using degassed solvents and under a nitrogen atmosphere to
achieve higher final conversions [42].

Reaction of 1-bromo-4-fluorobenzene with phenylboronic acid derivatives: a stock solution of
1-bromo-4-fluorobenzene (262 mg, 1.5 mmol) in a mixture of degassed solvents (DMF:H2O 95:5,
15 mL) was carried out under nitrogen in a Schlenk tube. Subsequently, Schlenk flasks were
filled with either phenylboronic acid (36.6 mg, 0.300 mmol), 4-vinylphenylboronic acid (44.4 mg,
0.300 mmol), 4-carboxyphenylboronic acid (49.8 mg, 0.300 mmol), or 4-fluorophenylboronic acid
(42.0 mg, 0.300 mmol), K2CO3 (69.1 mg, 0.5 mmol), and Pd catalyst (15 mg G-COOH-Pd-10, 1.18 mg of
Pd, 1.11·10−3 mmol Pd, 0.44% molar ratio bromide:Pd, 0.1% mol Pd in the reaction). Three vacuum/N2

cycles (10 min/1 min) were carried out to remove oxygen from the reaction atmosphere and adsorbed
water from the solids. Afterwards, 2.5 mL (0.25 mmol) of the stock solution of 1-bromo-4-fluorobenzene
were transferred under N2 to the Schlenk flasks containing the solid mixtures. The suspension was
then heated to the corresponding temperature (70 ◦C or 110 ◦C) using a condenser and stirred for 3, 8,
24, or 48 h. After this time, the solution was cooled to room temperature and filtered over a nylon filter
(0.4 µm).

3.4.2. Quantification of the Conversion of 1-Bromo-4-Fluorobenzene

For the quantification of the conversion of 1-bromo-4-fluorobenzene, 0.3 mL of each resulting
solution of the reactions was mixed together with 0.3 mL of a standard 2.5 wt % solution of
4-fluorobenzophenone in deuterated acetone. An additional NMR tube (blank) was prepared by
mixing 0.3 mL of the original solution of 1-bromo-4-fluorobenzene (262 mg, 1.5 mmol) in a mixture
of degassed solvents (DMF:H2O 95:5, 15 mL) with 0.3 mL of a standard 1.0% v/v solution of
4-fluorobenzophenone in deuterated acetone. The quantification was carried out by comparison
of the ratio of the integral of the signal of the fluorine atom in 1-bromo-4-fluorobenzene (δ−111.7 ppm)
with that of the standard (4-fluorobenzophenone, δ −102.9 ppm) before and after the reaction.
The chosen internal standard was 4-fluorobenzophenone (final concentration of 0.75% v/v), an inert
compound with respect to reagents and products and that has a very different chemical shift to
that of the other compounds. The solution samples were always in the range of the concentration
of 1-bromo-4-fluorobenzene of the calibration curve. The calibration curve was prepared using a
concentration of 1-bromo-4-fluorobenzene in the range 0.005–0.1 M. Using this method, the molar
quantification of the conversion of 1-bromo-4-fluorobenzene was carried out. For an example of the
19F NMR spectra of the reaction between 1-bromo-4-fluorobenzene and phenylboronic acid see Figures
S7–S12 of the Supplementary Material.

3.4.3. Isolation of the Coupling Products

For the isolation of the product, the solvent of the filtrated solution after 48 h of reaction was
eliminated under vacuum and the solid or oily residue was dissolved in CDCl3 and analyzed by 1H,
and 19F NMR spectroscopy. For further details of all the synthesized fluorinated biaryl derivatives see
section Spectroscopic Data (1H and 19F NMR) of the Supplementary Material.
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3.4.4. Reactions of Different Fluorinated Aryl Bromides with 4-Fluorophenylboronic Acid

In order to determine the influence of different fluorinated aryl bromides in the catalytic
C-C coupling reaction, additional reactions of 1-bromo-3-fluorobenzene, 1-bromo-2-fluorobenzene,
2-bromo-5-fluorotoluene, or 2-bromo-4-fluorotoluene with 4-fluorophenylboronic acid were carried out
(Scheme 2a–d), following a similar procedure to that described in the Section 3.4.2 using temperatures
of 70 ◦C and 110 ◦C and reaction times of 3, 8, 24, or 48 h. In this case, the quantification was carried
out by comparison of the ratio of the integral of the signal of the fluorine atom in the 19F NMR
spectrum of 1-bromo-3-fluorobenzene (δ −106.9 ppm), 1-bromo-2-fluorobenzene (δ −104.4 ppm),
2-bromo-5-fluorotoluene (δ −112.0 ppm), or 2-bromo-4-fluorotoluene (δ −112.0 ppm) with that of the
standard (4-fluorobenzophenone, δ 102.9 ppm) before and after the reaction. For an example of the 19F
NMR spectra of the reaction between 4-fluorophenylboronic acid and 1-bromo-2-fluorobenzene see
Figure S13 of the Supplementary Material.

3.4.5. Studies of the Catalyst Recyclability

Additional catalytic tests were carried out to determine the loss of activity of the catalyst after
several catalytic cycles. Recyclability tests were carried out using similar experimental procedures but
tested in up to five consecutive catalytic cycles. The reactions were performed on a larger scale, but
under the same experimental conditions. The tests were conducted using a higher starting amount of
catalyst (75 mg) in order to be able to carry out up to five catalytic cycles. After each cycle, the catalyst
was centrifuged and washed with water (2 × 100 mL) and diethylether (2 × 30 mL).

4. Conclusions

In this work we have synthesized a hybrid heterogeneous catalyst based on Pd-supported
nanoparticles onto COOH-modified graphite support in a mixture of phases (G-COOH-Pd-10).
This material has shown interesting catalytic behavior in the Suzuki-Miyaura coupling reaction of
fluorinated aryls with TOF values of up to 67 h−1 which are higher than those found for reported
homogeneous palladium complexes in similar reactions for the formation of fluorinated biaryls.
In addition, the recyclability of the system G-COOH-Pd-10 at short 3 h reaction time shows a
progressive loss of activity in the catalytic tests from 90% to 47% after the fifth cycle. However,
this material showed a good degree of recyclability with a low deactivation of less than 8% after up to
five catalytic cycles after 48 hours, probably due to the longer reaction time compensating for the loss
of activity.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/17/3/76/s1.
Table S1: Experimental quantities of reagents for the Pd loading study; Table S2: Adsorptive parameters of
the materials G-COOH and G-COOH-Pd-10; Figure S1: TEM image of G-COOH showing the single layer
of graphene; Figure S2: TEM image of a cluster of agglomerated Pd nanoparticles; Figure S3: TEM image
showing the impregnation of a cluster of Pd nanoparticles at the edge of the graphene layer; Figure S4:
FT-IR spectrum of G-COOH-Pd-10; Figure S5: Nitrogen adsorption desorption isotherm of G-COOH; Figure
S6: XRD of the material G-COOH-Pd-10; Figure S7: Comparison of the 19F NMR spectra of the reaction
between 1-bromo-4-fluorobenzene and phenylboronic acid catalyzed by G-COOH-Pd-10 in the presence of
a constant quantity of standard (4-fluorobenzophenone) at different reaction time periods; Figure S8: 19F
NMR spectrum of the starting solution of 1-bromo-4-fluorobenzene in the presence of a constant quantity
of standard (4-fluorobenzophenone) (0 hours); Figures S9–S12: 19F NMR spectrum of the reaction between
1-bromo-4-fluorobenzene and phenylboronic acid catalyzed by G-COOH-Pd-10 after 3, 8, 24, and 48 hours of
reaction in the presence of a constant quantity of standard (4-fluorobenzophenone), Figure S13: Comparison of
the 19F NMR spectra of the reaction between 1-bromo-2-fluorobenzene and 4-fluorophenylboronic acid catalyzed
by G-COOH-Pd-10 in the presence of a constant quantity of standard (4-fluorobenzophenone) at different reaction
time periods. In addition, the spectroscopic data (1H and 19F NMR) of all the fluorinated biaryl derivatives
are included.
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