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Carbon nanotubes have been covalently functionalized with
catechol moieties through the formation of the corresponding
aryl radicals obtained by reacting 4-aminocatechol with isoamyl
nitrite. The functionalized multiwalled carbon nanotubes have
been in turn used to immobilize Pd(II) ions on its surface
forming catechol-Pd complexes, which were reduced to Pd
nanoparticles (NPs). The so-obtained hybrid material has been
characterized by means of thermogravimetric analysis coupled
with differential scanning calorimetry (TGA-DSC), X-ray photo-

electron spectroscopy (XPS) and transmission electron micro-
scopy (TEM). This latter technique allowed to estimate the
nanoparticle size (5.7�2.8 nm) whereas a palladium loading of
20.3 wt% has been found by inductively coupled plasma optical
emission spectroscopy (ICP-OES). The carbon nanotube-cate-
chol-Pd hybrid was used as catalyst in two C� C coupling
reactions, namely Suzuki and Heck reactions, resulting recycla-
ble for at least 9 times in the latter process. During the reuse Pd
nanoparticles increase their dimension to 19.3�11.7 nm.

Introduction

Carbon nanotubes (CNTs), due to their numerous applications
in a plethora of fields, are at the focus of a huge amount of
research. However, despite the well-known properties of this
allotropic form of carbon, such as high chemical and thermal
stability, mechanical strength, and excellent electrical and
thermal conductivity, the poor processability of pristine CNTs
can hinder their widespread utilization. The strong van der
Waals interactions are responsible for the formation of ropes

and bundles which makes CNTs poorly dispersible in most
media. This lack of solubility/dispersibility can be circumvented
by means of covalent functionalization of CNTs or noncovalent
interactions with various functional molecules/polymers.[1]

Although the latter method guarantees the retention of the π-
conjugated system of CNTs while safeguarding their native
properties, the weak interactions involved could give rise to
nanocomposites that suffer from poor stability. Therefore, the
covalent functionalization method represents the suitable
alternative to enhance the stability of CNTs-based hybrids.

Among the non-destructive functionalization methods of
CNTs networks, self-polymerization of dopamine (2-(3,4-
dihydroxyphenyl)ethylamine) to generate polydopamine
(PDA)[2] represents a very powerful approach to form a uniform
polymeric coating onto almost all types of organic/inorganic
surfaces, including CNTs.[3] The great potential offered by PDA
coating becomes evident when certain aspects are taken into
consideration. First, the great appeal of this functionalization
method relies on its simplicity. As a matter of fact, only a
dispersion of the material to be covered in a slightly alkaline
aqueous solution of dopamine at room temperature is required
to accomplish the covering process. In addition, the polymeric
coating of PDA can serve as platform for the introduction of
other surface functionalities. The strong adhesion properties of
dopamine arise from the presence of catechol moieties that
under oxidative conditions can generate o-quinone derivatives,
which in addition to the self-polymerization process, can
undergo further reaction with various functional groups, i. e.
amines or thiols, by means of Michael addition or Schiff base
reaction.[4] Furthermore, focusing on CNTs-based materials, PDA
coating of pristine CNTs or the interaction of a preformed PDA
layer with the surface of functionalized CNTs have been
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proposed for a wide range of uses including sensing,[5] environ-
mental applications,[6] membranes technology,[7] catalysis,[8]

nanocomposites with enhanced properties,[9] wearable
electronics,[10] biosensors,[11] and biomedical applications,[12]

among others.
Given the great research interest aroused by CNTs-based

composites, we believe that the direct introduction of catechol
moieties, which can serve as anchoring points of further
functionalities, onto the CNTs sidewalls could represent a
valuable alternative to PDA coating, paving the way to further
applications of such hybrid materials in other fields such as
heterogeneous catalysis.[13] Georgakilas, Zbořil, Prato et al.
proposed the functionalization of both single- (SWCNTs) and
multiwalled carbon nanotubes (MWCNTs) with catechol groups
via 1,3-dipolar cycloaddition using N-methylglycine and 3,4-
dihydroxybenzaldehyde as solution to improve the processabil-
ity of CNTs and facilitating the preparation of hybrid
composites.[14] However, the adopted reaction conditions
required long reaction time and a moderate degree of
functionalization up to one functional group every 79 carbon
atoms was reached. Since their seminal work, many efforts have
been made to improve the functionalization efficiency of CNTs
by means of the application of the 1,3-dipolar cycloaddition
approach through both microwave mediated processes[15] and
in the solid state,[16] achieving a higher functionalization degree
of one functional group every 30 carbon atoms in the latter
case.

Another effective and versatile approach for the covalent
modification of CNTs consists in their coupling with preformed
diazonium compounds[17] or generated in situ by action of
isoamyl nitrite on aniline derivatives.[18] Herein, we chose to use
4-aminocatechol for the functionalization of MWCNTs by means
of the generation of the corresponding diazonium salt formed
through the reaction with isoamyl nitrite. The as-prepared
MWCNTs-catechol hybrid showed a good dispersibility in water
and other polar solvents such as methanol, ethanol, and N,N-
dimethylformamide, proving the enhanced hydrophilicity upon
functionalization. It is worth to note that in addition to the
aforementioned reactions with amines and thiols with the
reactive o-quinone derivatives, catechol can be exploited for its
metal ion binding ability.[19] Therefore, the presence of catechol
groups onto the surface of MWCNTs paves the way to further
modification of the obtained material whether exploiting the
dopamine-like chemistry of the catechol moieties or using their
chelating ability for the formation of metal-based hybrid
materials. In this work we have taken advantage of the nature
of MWCNTs-catechol hybrid to deposit Pd(II) ions on its surface
with the formation of catechol-Pd coordination complexes,
which gave rise to Pd nanoparticles (NPs) after the treatment
with NaBH4 as reducing agent. The so-obtained MWCNTs-
catechol-Pd material was used as recyclable catalyst in two C� C
coupling reactions, namely Suzuki and Heck reactions.

Results and Discussion

4-Nitrocatechol (1) was firstly quantitatively reduced to 4-
aminocatechol (2) by means of catalytic hydrogenation on Pd/
C.[20] Subsequently, the reaction of pristine MWCNTs with 2 in
presence of isoamyl nitrite gave rise to MWCNT-cat material.
MWCNT-cat was used as support for metal species through the
immobilization of Pd(II) ions from an aqueous solution of
Pd(NO3)2, affording MWCNTs-cat Pd(II), followed by reduction
with sodium borohydride to obtain the final MWCNTs-cat Pd(0)
material (Scheme 1).

MWCNT-cat and MWCNT-cat Pd(0) were firstly character-
ized by means of thermogravimetric analysis/derivative ther-
mogravimetry (TGA/DTG) under nitrogen atmosphere between
100 and 1000 °C. Both materials started to degrade above
140 °C. However, at high temperature, the analysis of the DTG
profiles highlighted how the two materials exhibited a different
behavior being the degradation of MWCNT-cat centered at
226 °C and more pronounced than a slower degradation rate of
MWCNT-cat Pd(0) with a maximum slope of TG curve at 251 °C
(Figure 1a). Degradation of MWCNT-cat and MWCNT-cat Pd(0)
materials proceeded with no remarkable change in the slope of
their thermogravimetric curves up to about 800 °C, temperature
at which both materials started to drastically decompose due to
the low stability at high temperature of the support material

Figure 1. a) TGA (solid lines) and DTG (dotted lines) under N2 of pristine
MWCNT, MWCNT-cat and MWCNT-cat Pd(0), b) TGA/DSC under air flow of
MWCNT-cat Pd(0).

Research Article
doi.org/10.1002/ejoc.202200497

Eur. J. Org. Chem. 2022, e202200497 (2 of 10) © 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 12.10.2022

2238 / 263145 [S. 109/117] 1

 10990690, 2022, 38, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejoc.202200497 by U
niversity D

egli Studi D
i Palerm

o, W
iley O

nline L
ibrary on [03/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



(Figure 1a, black line). On the other hand, pristine MWCNT
showed no weight loss up to 850 °C. This allowed to estimate
the functionalization degree of MWCNT-cat corresponding to
35.3 wt%, which was calculated from the weight loss at 700 °C.
This high loading can be explained if the formation of a
multilayer is assumed during the functionalization of MWCNT,
as was previously reported.[21] MWCNT-cat Pd(0) was also
analyzed by means of TGA coupled with differential scanning
calorimetry (DSC) under air atmosphere flow (Figure 1b). This
technique was useful to provide first evidence of the presence
of palladium species, which are oxidized to PdO during the
heating. As a matter of fact, TGA profile of MWCNT-cat Pd(0)
exhibited a small weight loss of 3 wt% between 760 and 800 °C
that DSC associate to an endothermic process due to the
decomposition of PdO, which is not stable over 800 °C,[22] to
Pd(0) and molecular oxygen. This degradation step allowed to
obtain a first estimation of the Pd content of MWCNT-cat Pd(0)
corresponding to about 20 wt%. Furthermore, the Pd content
of MWCNT-cat Pd(0) was determined by means of inductively
coupled plasma optical emission spectroscopy (ICP-OES) analy-
sis. The estimated metal loading of 20.3 wt% was in excellent
agreement with the result obtained by TGA, highlighting the
validity of the latter method for the estimation of Pd content.

X-ray photoelectron spectroscopy (XPS) analysis was used
to determine the oxidation state of Pd species. The XPS
spectrum of MWCNT-cat Pd(II) (Figure S1) displayed the
presence of two peaks due to the typical spin-orbit splitting
(Pd3d5/2 and Pd3d3/2) at the binding energy (BE) of 337.6 and
343.2 eV, respectively, corresponding to the Pd in its higher
oxidation state. Therefore, the presence of oxidizable catechol
moieties was not sufficient to reduce palladium species. A
similar behavior was observed by Li, Zhang et al.[23] who used a
catechol-functionalized microporous organic polymer as sup-
port for Pd NPs. The treatment with NaBH4 was thus necessary
for the reduction of palladium(II) ions. XPS spectrum of
MWCNT-cat Pd(0) confirmed the presence of reduced palla-
dium with the appearance of a new couple of peaks centered at
336.1 and 341.5 eV attributed to the Pd3d5/2 and Pd3d3/2

components of Pd(0) (Figure 2). MWCNT-cat Pd(0) exhibited a
palladium reduction degree of 68%.

Both pristine MWCNT and MWCNT-cat and MWCNT-cat
Pd(0) materials were analyzed by means of transmission
electron microscopy (TEM) (Figure 3). Pristine MWCNT are
arranged to form a set of bundles consisting of distinct long
tubular structures (Figure 3a–b). Functionalization of pristine
MWCNT with catechol moieties do not improve the dispersion
of CNT, which are still grouped in large aggregates, probably

Scheme 1. Preparation of MWCNT-cat Pd(0). Please note that the chemical structures of MWCNT-cat, MWCNT-cat Pd(II) and MWCNT-cat Pd(0) are meant as
simplified examples of the real branched structures.
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due to the establishment of strong H-bond and π-π interactions
that could occur between the catechol functionalized carbona-
ceous skeletons of CNT in MWCNT-cat material (Figure 3c–d).
The deposition of palladium species followed by their reduction
with NaBH4 led to the formation of Pd nanoparticles (NPs) with
a mean diameter of 5.7�2.8 nm (n=246; see Figure S2 for
average size distribution of Pd NPs) uniformly distributed over
the whole surface of MWCNT-cat Pd(0), along with the presence
of larger aggregates (Figure 3e–f).

Once characterized, MWCNT-cat Pd(0) was tested as
catalyst in the Suzuki reaction between different arylboronic
acids and aryl bromides in aqueous medium (H2O/EtOH 1 :1)
using K2CO3 as base and a catalytic loading of 0.2 mol% at 50 °C
for 4 h (Table 1). The coupling of phenylboronic acid with aryl

bromides (Table 1, entries 1–9) afforded the corresponding
biphenyl derivatives with good to excellent yields. Aryl
bromides with electron-withdrawing groups resulted more
reactive (Table 1, entries 1–5) than electron-donating substi-
tuted ones (Table 1, entries 6–9). The same trend was followed
when 4-methoxyphenylboronic acid was employed (Table 1,
entries 10–13). A high yield was obtained from the reaction
between 4-formylphenylboronic acid and 4-bromobenzalde-
hyde (Table 1, entries 14), whereas the use of 5-formyl-2-
thienylboronic acid gave rise to a moderate yield of 25%
(Table 1, entries 15).

The reaction between phenylboronic acid and 4-bromoben-
zaldehyde was chosen as model reaction to test the recyclability
of MWCNT-cat Pd(0). Unfortunately, MWCNT-cat Pd(0) dis-
played a marked drop in its catalytic activity already after the
first run making this catalyst not recyclable in the adopted
reaction conditions (Table S1).

To shed light on the reason for the drop in catalytic activity
of MWCNT-cat Pd(0), further investigations were carried out on
the spent catalyst. XPS measurements displayed a lower
reduction degree (57%) of Pd after the recycling experiments
than fresh catalyst (Figure S3). A possible explanation of this
finding was provided by TEM images of the spent catalyst after
5 cycles (Figure S4). Pd NPs with slightly bigger diameters (6.9�
2.5 nm; n=159, average size distribution of Pd NPs shown in
Figure S5) than those of the fresh catalyst (5.7�2.8 nm) were
observed. Moreover, reused MWCNT-cat Pd(0) showed a lower
number of Pd NPs and, unlike fresh catalyst, almost no bigger
aggregates were detected. The absence of large aggregates
could explain the reason of the apparent oxidation of Pd after
the recycling runs. In fact, if only small NPs are present on the
surface of the spent catalyst, the percentage of exposed metal
surface susceptible to oxidation is higher, which means a lower

Figure 2. High-resolution XPS spectrum of Pd3d region of MWCNT-cat Pd(0).

Figure 3. TEM images of a–b) pristine MWCNT, c–d) MWCNT-cat, and e–f) MWCNT-cat Pd(0).
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reduction degree. Since the number of Pd NPs was remarkably
lower in the reused catalyst, it was assumed that metal leaching
could occur. To demonstrate this, three parallel reactions
between 4-bromoanisole and phenylboronic acid in the pres-
ence of MWCNT-cat Pd(0) at 0.4 mol% at 50 °C were carried
out. The first one was stopped after 30 minutes and the
reaction mixture was analyzed by 1H NMR giving rise to a
conversion degree of (58%). The second one was filtered while
still hot (hot filtration) after 30 minutes and the filtrate was
allowed to react for further 3 hours and 30 minutes giving rise
to full conversion into the corresponding biaryl compound. The
third one, was filtered after 30 minutes of reaction plus an
additional time in order to reach room temperature (cold
filtration) and the filtrate was allowed to react for further
3 hours and 30 minutes leading to a 92% conversion. The
reference reaction carried out for 4 h without the removal of
catalyst furnished the product in full conversion. The results of
hot and cold filtration test demonstrated the presence of
soluble active Pd species that were not recaptured by the
catalyst after the cooling down of the reaction mixture leading
to metal leaching in solution, which can explain both the loss of
catalytic activity during the recycling runs and the lower
number of Pd NPs in the spent catalyst observed in the TEM
images.

We decided to test MWCNT-cat Pd(0) in another C� C
coupling reaction, namely Heck reaction between methyl
acrylate/styrene and a series of aryl iodides (Table 2 and
Table 3).

MWCNT-cat Pd(0) proved to be an active catalyst for the
Heck reaction allowing to reach very high or quantitative yields
of all the substrates investigated with a reaction time of 3 h.
The adopted reaction conditions involved the use of triethyl-
amine as base, dimethylformamide as solvent and a catalyst
loading of 0.2 mol% at 100 °C. When styrene was used, high
selectivity (>86%) towards trans- vs. gem-alkene was reached
(Table 3).

Moreover, a less reactive aryl bromide, namely 4-bromoben-
zaldehyde, was satisfactorily converted (85%) into the corre-
sponding coupling product using the same catalytic loading of
0.2 mol% in a longer reaction time of 5 h (Table 3, entry 8).

Further studies were carried out to assess if MWCNT-cat
Pd(0) could be recycled in the selected conditions. The coupling
between methyl acrylate and 4-iodoanisole was chosen as
model reaction to assess the recyclability of MWCNT-cat Pd(0)
(Figure 4).

Unlike the case of the Suzuki reaction, MWCNT-cat Pd(0)
proved to be a recoverable and reusable catalyst for the Heck
reaction. As a matter of fact, the recovery of MWCNT-cat Pd(0)
from the reaction mixture by simple centrifugation allowed it to
be reused for 5 runs at 0.2 mol% without loss of its catalytic
activity affording quantitative yields (Figure 4, cycles 1–5). In
light of the good results obtained, the recycled catalyst used for
five cycles was employed in two additional runs with a lower
loading of 0.04 mol%. Once again, quantitative yields were
obtained (Figure 4, cycles 6–7). Finally, the catalytic loading was
further reduced down to 0.02 mol% for the 8th and 9th cycles

Table 1. Suzuki reactions catalyzed by MWCNT-cat Pd(0).[a]

Entry R1 R2 Product Yield[b] [%]

1 4-H 4-CHO 99

2 4-H 4-COCH3 99

3 4-H 3-COCH3 78

4 4-H 4-CN 96

5 4-H 4-NO2 73

6 4-H 4-OCH3 54

7 4-H 3-OCH3 48

8 4-H 3-CH3 69

9 4-H 4-CH3 69

10 4-OCH3 4-CHO 93

11 4-OCH3 4-COCH3 98

12 4-OCH3 4-OCH3 78

13 4-OCH3 3-CH3 70

14 4-CHO 4-CHO 86

15 – 4-CHO 25

[a] Reaction conditions: aryl bromide (0.5 mmol), phenylboronic acid
(0.55 mmol), K2CO3 (0.6 mmol), EtOH/H2O (1 :1, 1 mL), catalyst (0.5 mg;
0.2 mol% - determined by ICP-OES). [b] Isolated yield.
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affording 97 and 99% yield, respectively (Figure 4, cycles 8–9),
and reaching a total turnover number (TON) of 17,500.

The spent catalyst (after the 5th cycle) used in the recycling
experiments was subjected to XPS measurements showing a
slightly higher reduction degree of the palladium species with
respect to the fresh catalyst (74% vs. 68%) (Figure 5).

Further investigations by means of TEM analysis on the
used catalyst (after the 5th cycle) showed that agglomeration
phenomena of the Pd NPs in some extent took place during
reuse (Figure 6), and the mean diameter and the polydispersity
increased up to 19.3�11.7 nm (n=124; see Figure S6 for
average size distribution of Pd NPs). A similar behavior was also
reported in the case of a Pd/CNTs-PDA hybrid material in which
the dimension of Pd NPs increased after recycling causing a
partial reduction of catalytic activity.[8o] However, in this case,
despite the agglomeration process of Pd NPs, MWCNT-cat Pd(0)
showed no loss of catalytic activity.

The increased dimension of Pd NPs could also explain the
reason of higher reduction degree detected by XPS analysis.
Since XPS is a surface-sensitive technique and Pd NPs are
subjected to surface partial oxidation, for fixed amount of
palladium, small NPs offer a wider total surface area than bigger

Table 2. Heck reactions between methyl acrylate and aryl iodides
catalyzed by MWCNT-cat Pd(0).[a]

Entry R1 Product Yield[b] [%]

1 4-CHO 91

2 4-COCH3 99

3 4-NO2 90

4 4-OCH3 99

5 3-OCH3 98

6 4-CH3 99

7 2-CH3 99

8 H 97

[a] Reaction conditions: aryl iodide (0.5 mmol), methyl acrylate
(0.75 mmol), triethylamine (1 mmol), DMF (1 mL), catalyst (0.5 mg;
0.2 mol% - determined by ICP-OES). [b] Isolated yield.

Table 3. Heck reactions between styrene and aryl halides catalyzed by
MWCNT-cat Pd(0).[a]

Entry R1 X Product Sel.[b]/Yield[c] [%]

1 4-CHO I 96/98

2 4-COCH3 I 97/90

3 4-NO2 I 94/91

4 4-OCH3 I 86/97

5 3-OCH3 I 88/85

6 4-CH3 I 97/97

7 2-CH3 I 92/98

8[d] 4-CHO Br 94/85

[a] Reaction conditions: aryl halide (0.5 mmol), styrene (0.75 mmol),
triethylamine (1 mmol), DMF (1 mL), catalyst (0.5 mg; 0.2 mol% - deter-
mined by ICP-OES). [b] Selectivity (indicated in italics) towards trans-
alkene, determined by 1H NMR. [c] Isolated yield (indicated in bold) of
gem- and trans-alkene. [d] 5 h.

Figure 4. Recycling experiments in the Heck reaction between methyl
acrylate and 4-iodoanisole. Reaction conditions: 4-iodoanisole (2.5 mmol),
methyl acrylate (3.75 mmol), triethylamine (5 mmol), DMF (2.5 mL), catalyst
(0.2-0.02 mol%). (Blue bars) 2.5 mg of catalyst were used. (Green bars)
0.5 mg of catalyst were used. (Orange bars) 0.25 mg of catalyst were used.
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NPs. This means that the higher Pd(0)/Pd(II) ratio in the spent
catalyst could be due to the agglomeration process of NPs.

Finally, although comparing different catalytic systems is
always a difficult task due to the different reaction conditions
and/or catalytic loading adopted, the catalytic system presented
by Run, Sun et al.,[8o] consisting of the decoration of polydop-
amine-coated MWCNTs with Pd NPs (Pd/CNTs-PDA) by means
of a one-pot approach, could represent an interesting compar-

ison with the here presented MWCNT-cat Pd(0) catalyst. Pd/
CNTs-PDA was used with a catalytic loading of 0.15 mol% in
the Heck reaction between different aryl iodides and methyl
acrylate showing results comparable with those here reported.
The main difference lies in the recycling ability of the two
catalytic systems. In fact, if on the one hand Pd/CNTs-PDA was
reused for five cycles with a slight loss of catalytic activity, on
the other hand MWCNT-cat Pd(0) catalyst retained its activity
during nine cycles even after reducing its catalytic loading
down to 0.02 mol%. This prove how the direct introduction of
catechol moieties onto the CNTs sidewalls could represent a
valuable alternative to PDA coating.

Conclusion

In conclusion, the generation of the diazonium salt formed
through the reaction between 4-aminocatechol and isoamyl
nitrite was exploited to functionalize MWCNT. A good degree of
functionalization was reached and the modified MWCNT were
used as support for Pd NPs. The material obtained was fully
characterized and the hybrid material MWCNT-cat Pd(0) was
tested as catalyst in two C� C coupling reactions, namely Suzuki
and Heck reactions. Despite good results reached in the Suzuki
reaction between phenyboronic acid and different aryl bro-
mides, the recycling experiments of MWCNT-cat Pd(0) showed
a fast loss of catalytic activity. In contrast, in the case of the
Heck reaction, both the catalytic tests between methyl acrylate/
styrene and a series of aryl iodides and the recycling experi-
ments gave excellent results. It was possible to use MWCNT-cat
Pd(0) catalyst up to nine cycles without loss of catalytic activity
decreasing the catalytic loading down to 0.02 mol% and
achieving a cumulative TON of 17,500. XPS and TEM analyses
showed that the spent catalyst exhibited a slightly higher
reduction degree of Pd and an increase in the mean size of Pd
NPS. These findings open the way to new possible application
for CNF-catechol hybrids further modified with other metal
nanoparticles or organometallic complexes to develop highly
active and recyclable catalysts.

Experimental Section
Chemicals and solvents were purchased from commercial suppliers
(TCI, Fluorochem, Merck, VWR) and used as received without further
purification. Thermogravimetric analyses (TGA) were performed
under nitrogen or air flow from 100 to 1000 °C with a heating rate
of 10 °C ·min� 1 with a Mettler Toledo TGA/DSC STAR System. All
samples were maintained at 100 °C for 30 minutes to remove the
adsorbed water. Inductively coupled plasma optical emission
spectroscopy (ICP-OES) was performed in an Optima 8000 ICP-OES
Spectrometer. The X-ray photoelectron spectroscopy (XPS) analyses
were performed with a VG Microtech ESCA 3000 Multilab, equipped
with a dual Mg/Al anode. As excitation source was used the Al Kα
radiation (1486.6 eV). The sample powders were mounted on a
double-sided adhesive tape. The pressure in the analysis chamber
was in the range of 10� 8 Torr during data collection. The constant
charging of the samples was removed by referencing all the
energies to the C 1s binding energy set at 285.1 eV. Analyses of the
peaks were performed with the CasaXPS software.[24] Transmission

Figure 5. High-resolution XPS spectrum of Pd3d region of MWCNT-cat Pd(0)
after the 5th cycle of the Heck reaction.

Figure 6. TEM images of MWCNT-cat Pd(0) after the 5th cycle of the Heck
reaction.
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electron microscopy (TEM) images were recorded on a Philips
TECNAI 10 microscope at 80 kV. 1H and 13C NMR spectra were
recorded on a Bruker 400 MHz spectrometer using CDCl3 as solvent.
Mass spectra were obtained using a GC-MS apparatus (Agilent
technologies 7000 C GC/MS Triple Quad – 7890B GC System) at
70 eV ionization voltage.

Synthesis of 4-aminocatechol (2). 4-Aminocatechol (2) was synthe-
sized following a previously reported procedure.[20] Briefly, 4-nitro-
catechol (1, 1.55 g, 10.0 mmol) was dissolved in MeOH (65 ml),
10 wt% Pd/C (100 mg) was added and the reaction mixture was
stirred at room temperature under a hydrogen atmosphere for
2.5 h. After the reaction was completed, the reaction mixture was
filtered under vacuum on Celite using MeOH. The filtrate was
concentrated under reduced pressure to obtain the crude product,
which was used without further purification, in quantitative yield as
a dark red powder.

Preparation of MWCNT-cat. In a two-necked round bottom flask,
100 mg of MWCNT were dispersed in 50 mL of 1,2-dichlorobenzene
(ODCB) by means of sonication (15 minutes). To this suspension, a
solution of 4-aminocatechol (2, 500 mg, 4.0 mmol) in 25 mL of
acetonitrile was added. The reaction mixture was placed under inert
atmosphere (Ar) and argon was bubbled in the solution for 10
minutes at room temperature to remove the dissolved oxygen
before adding isoamyl nitrite (6.0 mmol) and raising the temper-
ature up to 60 °C. The reaction mixture was reacted overnight
under stirring at this temperature. The suspension was cooled to
room temperature, diluted with 30 mL of dimethylformamide,
filtered under vacuum on a PTFE membrane (0.45 μm), and washed
extensively with DMF, methanol and diethyl ether. MWCNT-cat was
obtained as a dark powder (176 mg).

Preparation of MWCNT-cat Pd(0). In a round bottom flask,
Pd(NO3)2 · 2H2O (90 mg, 0.34 mmol) was solubilized in 25 mL of
water. To this solution, 140 mg of MWCNT-cat were added. The
reaction mixture was sonicated (5 minutes) and then placed under
stirring at room temperature for 20 h. The reaction mixture was
filtered under vacuum on a PTFE membrane (0.45 μm), washed
with water, methanol, diethyl ether, and dried under reduced
pressure at 60 °C. MWCNT-cat Pd(II) was resuspended in ethanol
(10 mL) and to this suspension, a solution of NaBH4 (20 mg,
0.54 mmol) in anhydrous ethanol (2 mL) was added dropwise. The
reaction mixture was stirred at room temperature for 6 h, then
filtered under vacuum (PTFE membrane, 0.45 μm), washed with
water, ethanol, and diethyl ether, and dried overnight under
reduced pressure at 60 °C. MWCNT-cat Pd(0) was obtained as a
dark powder (168 mg).

General procedure for the Suzuki reactions. In a 5 mL glass vial
with screw cap, MWCNT-cat Pd(0) (0.5 mg, 0.2 mol%), aryl bromide
(0.5 mmol), phenylboronic acid (0.55 mmol), K2CO3 (0.6 mmol), and
EtOH/H2O (1 :1, 1 mL) were added. The reaction mixture was stirred
at 50 °C for 4 h, then allowed to cool down to room temperature
and extracted with dichloromethane (3 times). The combined
organic layers were dried over MgSO4 and evaporated under
reduced pressure to obtain the crude product. The product was
purified by column chromatography (hexane/ethyl acetate as
eluent).

Recycling procedure of MWCNT-cat Pd(0) in the Suzuki reaction.
In a 12 mL glass vial with screw cap, MWCNT-cat Pd(0) (5.0 mg,
0.2 mol%), 4-bromobenzaldehyde (925 mg, 5.0 mmol), phenylbor-
onic acid (665 mg, 5.5 mmol), K2CO3 (829 mg, 6.0 mmol), and EtOH/
H2O (1 :1, 5 mL) were added. The reaction mixture was stirred at
50 °C for 4 h, then allowed to cool down to room temperature and
centrifuged removing the supernatant. The residue was washed by
sonication and centrifugation with dichloromethane, methanol and

diethyl ether. The recovered catalyst was dried in an oven at 60 °C
overnight before its use in the next cycle. All the combined
supernatants were evaporated at reduced pressure and the residue
was taken up with dichloromethane and extracted (3 times) with
the same solvent. The combined organic layers were dried over
MgSO4 and evaporated under reduced pressure to obtain the crude
product. The product was purified by column chromatography
(hexane/ethyl acetate as eluent).

General procedure for the hot and cold filtration test. In two 5 mL
glass vial with screw cap, MWCNT-cat Pd(0) (1.0 mg, 0.4 mol%), 4-
bromoanisole (0.5 mmol), phenylboronic acid (0.55 mmol), K2CO3

(0.6 mmol), and EtOH/H2O (1 :1, 1 mL) were added. The mixtures
were stirred at 50 °C for 30 minutes. In the hot filtration test, the
reaction mixture was filtered while still hot and the filtrate was
allowed to react for additional 3 h and 30 minutes. In the cold
filtration test, the reaction mixture was allowed reach room
temperature and filtered, the filtrate was allowed to react for
additional 3 h and 30 minutes. The filtrates were then allowed to
cool down to room temperature and extracted with dichloro-
methane (3 times). The combined organic layers were dried over
MgSO4 and evaporated under reduced pressure to obtain the crude
product. The conversions were determined by 1H NMR analysis.

General procedure for the Heck reactions. In a 5 mL glass vial with
screw cap, MWCNT-cat Pd(0) (0.5 mg, 0.2 mol%), aryl iodide
(0.5 mmol), methyl acrylate (0.75 mmol), triethylamine (1 mmol),
and DMF (1 mL) were added. The reaction mixture was stirred at
100 °C for 3 h, then allowed to cool down to room temperature and
extracted with diethyl ether (3 times). The combined organic layers
were dried over MgSO4 and evaporated under reduced pressure to
obtain the crude product. The product was purified by column
chromatography (hexane/ethyl acetate as eluent).

Recycling procedure of MWCNT-cat Pd(0) in the Heck reaction. In
a 5 mL glass vial with screw cap, MWCNT-cat Pd(0) (2.5 mg,
0.2 mol%), 4-iodoanisole (596 mg, 2.5 mmol), methyl acrylate
(337 μL, 3.75 mmol), triethylamine (708 μL, 5 mmol), and DMF
(2.5 mL) were added. The reaction mixture was stirred at 100 °C for
3 h, then allowed to cool down to room temperature and
centrifuged removing the supernatant. The residue was washed by
sonication and centrifugation with ethyl acetate, methanol and
diethyl ether. The recovered catalyst was dried in an oven at 60 °C
overnight before its use in the next cycle. All the combined
supernatants were evaporated at reduced pressure and the residue
was taken up with diethyl ether and extracted (3 times) with the
same solvent. The combined organic layers were dried over MgSO4

and evaporated under reduced pressure to obtain the crude
product. The product was purified by column chromatography
(hexane/ethyl acetate as eluent).
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