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Palladium nanoparticles were immobilized on multi-walled carbon nanotubes by a layer-by-layer approach,
resulting in a well-defined assembly. The nanohybrid was found effective in promoting Suzuki cross
couplings of various halogenated aromatics, including chlorinated ones, with arylboronic acids under

sustainable conditions. The heterogeneous catalyst could also easily be recovered from the reaction
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Introduction

The field of organometallic chemistry has expanded spectacu-
larly over the past decades with several Nobel prizes awarded
to scientists for their contribution to the domain." In particu-
lar, the development of palladium-catalyzed cross-coupling
reactions has led to advances in synthetic organic chemistry.
For example, the Suzuki reaction® plays a pivotal role in the
synthesis of a wide range of compounds, from pharmaceuti-
cals® to polymers and materials.* This reaction is classically
carried out using Pd® complexes but heterogeneous Pd-based
catalysts have also been developed to allow the recovery and
reuse of the precious metal.” However, most of the supported
systems still require organic solvents, additives and heating
to be operative. In addition, aryl chlorides are highly chal-
lenging substrates as they are known to be poorly reactive
under heterogeneous conditions. From these considerations,
it appears that the development of a recyclable and broadly
active catalyst remains an important issue.®

Among the different catalyst supports, nanostructured car-
bon allotropes, in particular carbon nanotubes (CNTs), have
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mixture and reused with no loss of activity over several cycles.

recently emerged as promising materials.” However, the re-
ported systems all require elevated temperatures and/or high
metal catalyst loading, and most notably, none of them
address the issue of the Suzuki coupling of aryl chlorides
under mild conditions. We previously described the construc-
tion and use of nanohybrids made by the assembly of gold
or ruthenium nanoparticles on carbon nanotubes.® In this
communication, we report a novel hybrid structure made
of supported palladium nanoparticles (PdNPs) on CNTs and
its use in the catalysis of the Suzuki cross-coupling reaction
under mild conditions.

Results and discussion
Synthesis of the hybrid

The CNT-supported palladium catalyst (PACNT) was prepared
by a layer-by-layer approach (Fig. 1a) according to a procedure
adapted from our previous work.®” The first step consisted in
the aqueous self-assembly of amphiphilic nitrilotriacetic-
diacetylene lipid (DANTA, Fig. 1b) to form hemi-micelles on
multi-walled carbon nanotubes.” This assembly step gave
rise to nanoring-like structures'®'! with the hydrophobic
portion of DANTA adsorbed by van der Waals interactions on
the nanotube surface and its hydrophilic head oriented out-
ward, at the interface with the aqueous medium."'? Extra sta-
bility of the rings was achieved through photo-polymerization
of the diyne motif incorporated in the lipophilic chain by
UV irradiation at 254 nm. The polymerization process rein-
forces the cohesion of the supra-molecular assembly around
the nanotube.'” The coated nanotubes were then stirred with
cationic poly(diallyldimethylammonium chloride) (PDADMAC,
Fig. 1c). This step permitted the adsorption of the second layer
by electrostatic interactions with the anionic DANTA rings.

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 a) Overview of the PACNT catalyst assembly; b) structure of
DANTA; c) structure of PDADMAC.

Finally, freshly prepared PANPs'® were added to the doubly-
coated CNT where the polyammonium network provided robust
anchoring and stabilization of the palladium nanoparticles.
The nanohybrids were found to be densely covered with Pd
nanoparticles. Observation by transmission electron micro-
scopy (TEM) indicated that the PANPs were of spherical shape
and size evaluation by statistical diameter measurement gave
a mean particle diameter of ca. 2 nm (Fig. 2). The volume of
the aqueous PACNT suspension was adjusted to a Pd concen-
tration of 6 mM (as determined by ICP-MS). X-ray photoelec-
tron spectroscopy (XPS) analysis indicated that the particles

Fig. 2 TEM picture of the PdCNT assembly; Inset shows a 250%
maghnification of the boxed area.
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were composed of a mixture of palladium metal and palla-
dium oxide (ca. 1:1 ratio, see ESL} Fig. S1).

Catalytic properties of the PACNT

Preliminary studies on the catalytic activity of the PACNT
nanohybrid for the Suzuki reaction were conducted using
4-nitroiodobenzene (1a) and 4-methoxyphenylboronic acid (2)
as model partner substrates (Table 1). The reaction was run
under ambient conditions (air, room temperature) with
1.2 mol% of PACNT, K,CO; as a base, in different solvents.
When THF was used, very little conversion was observed even
after 24 h (entry 1). In water, the conversion was also limited
(6%, 24 h, entry 2), likely because of the poor solubility of the
substrates. The best medium was found to be a 1:1 mixture
of ethanol/water which permitted nearly full conversion
within 4 h at room temperature (entry 3). Under such condi-
tions, EtOH allows solubility of the substrates while water
ensures dispersion of the catalyst, leading to higher overall
activity. When PACNT was replaced by unsupported colloidal
PdNPs, only partial coupling (15%) was observed after 4 h
(entry 4). No reaction was detected with PdCl,(CH;CN),
(precursor to the PANPs), even after 24 h (entry 5). The same
comment holds true for the hybrid assembly devoid of PANPs
(i.e. CNTs covered with DANTA rings and PDADMAC) which
was found to be totally ineffective (entry 6). These experi-
ments highlight the superior efficacy of the CNT/palladium
assembly which can be ascribed to the intrinsic nature of the
nanotubes. Indeed, in addition to Pd nanoparticles stabiliza-
tion by the polyammonium coating, stabilization of transient
higher oxidation states of Pd (Pd’/Pd" catalytic cycle) by
the electronically active nanotubes is also likely operative.'*
To confirm that the catalytic activity of the PACNT nano-
hybrid is due to immobilized PANPs on CNTs and not to the
leaching of Pd in solution, a coupling experiment between 1a
and 2 was conducted under the above optimized conditions.
After 1 h of reaction, the catalyst was filtered-off. At this
point, "H-NMR analysis showed 31% of the biaryl compound
3a in the crude mixture. Further stirring of the filtrate (devoid
of the nanohybrid) for 24 h led to no extra conversion, thus
validating the heterogeneous nature of the catalysis.

Table 1 Optimization of the Suzuki coupling conditions using PACNT*

02N©—| . (HO)QBOOMe OQNOMe

catalyst
—_—

1a 2 3a
Time  Yield”

Entry  Solvent Catalyst (h) (%)

1 THF PACNT 24 18

2 H,O0 PACNT 24 6

3 EtOH/H,01:1 PdCNT 4 98

4 EtOH/H,O0 1:1 PANPs 4 15

5 EtOH/H,0 1:1  PdCl,(CH;CN), 24 NR¢

6 EtOH/H,0 1:1 CNT/DANTA/PDADAMAC 24 NR®

“ Conditions: 1a (0.05 mmol), 2 (0.06 mmol), K,CO; (2 equiv.), Pd
catalyst (1.2 mol%), EtOH/H,O (1:1, 3 mL), room temperature,
under air. ? Yield of isolated product. © No reaction.
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Table 2 Effect of substituent and halogen on the PACNT-promoted
coupling reaction

PACNT
R X + (HO),B OMe — R O O OMe

1 2 3
Time  Yield”
Entry R X (1) Product 3 (h) (%)
1 I(1a) ON OMe 4 98
2 NO, Br(1a) 7 98
3¢ cl (1a") 3a 16 95
D -
MeO M
5 OMe Br(1b) ° oM 14 9%
6° cl (1b”) 3b 24 85
M
8 H Br(1¢) N oMe 75 o7
9 cl (1¢") 3¢ 24 94

“ Conditions: 1 (0.05 mmol), 2 (0.06 mmol), K,CO; (2 equiv.), PACNT
6 mM aqueous suspension (100 pL, 1.2 mol%), EtOH/H,O (1:1, 3 mL),
room temperature, under air. ? Yield of isolated product.  Reaction
carried-out with 2.4 mol% of the catalyst.

Recyclability of the hybrid was investigated through
sequential couplings of 1a and 2 using the same PACNT cata-
lyst sample. Briefly, a standard coupling experiment was
set-up and after 4 h of reaction, the mixture was centrifuged,
the liquid phase was collected, worked-up and the crude
product was purified by column chromatography. In parallel,
the catalyst-containing pellet was collected and reused for
the coupling of fresh substrates 1a and 2. This was done over
five consecutive cycles with no drop in catalytic activity
(97-98% yield for each run). TEM analysis of the catalyst
recovered after 5 cycles showed no major changes in the mor-
phology of the hybrid (Fig. S2a, ESIt). However, XPS analysis
indicated that the recovered catalyst was mainly made of Pd
metal (Fig. S2b, ESIY), indicating in situ reduction of the Pd
oxide fraction during the catalytic cycle.

Versatility of the nanohybrid catalyst was demonstrated by
coupling 4-methoxyphenylboronic acid (2) with iodinated,
brominated, and chlorinated benzenes. In addition to halobenzenes
bearing an electron withdrawing group (4-nitrohalobenzenes, 1a-a"),
electron donating- (4-methoxyhalobenzenes, 1b-b") and plain
halobenzenes (1c-c”) were also selected for this preliminary
screening (Table 2).

This first set of experiments showed that, although the
catalytic system is efficient with various “R” groups on the
halobenzene substrate, the electronic character of the sub-
stituent has a marked impact on the kinetics of the
reactions. In fact, the formation of the nitro biaryl 3a
(entries 1-3) is approximately twice as fast as that of the
methoxy analog 3b (entries 4-6). This comment holds true
whatever the nature of the halogen atom borne by 1. PACNT
smoothly promotes the coupling of iodinated or brominated
aryl substrates and, upon slight increase of the catalytic
loading (2.4 mol%) and reaction time, is also efficient for
the coupling of chlorinated compounds (entries 3, 6, and 9).
It is worth noting that the latter substrates have the
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reputation of being poorly reactive under heterogeneous
coupling conditions.”

The scope of the nanohybrid-promoted reaction was
thus further explored by studying the coupling of
4-methoxyphenylboronic acid 2 with a range of brominated
(Table 3) and chlorinated substrates (Table 4). Electron
withdrawing substituted benzene derivatives such as
4-bromobenzaldehyde (1d’, entry 1), 4-bromoacetophenone
(1e’, entry 2), and 4-cyanobromobenzene (1f, entry 3) were
converted in excellent yields to the corresponding biphenyl
products 3d (97%), 3e (90%), and 3f (99%) in approximately
7 h (Table 3). The simultaneous double-coupling of 2 on
1,3-dibromobenzene (1g’, entry 4) provided triaryl compound
3g in 98% yield after only 4 h. The activity of the PACNT
catalytic system was also investigated on several nitrogen-,
oxygen-, and sulfur-containing heteroaromatic substrates.

We next investigated the scope of the more challenging
PACNT-mediated Suzuki coupling of chlorinated substrates
(Table 4) for which our nanohybrid system proved again to
be very efficient. Although slightly higher catalyst loading
(2.4 mol%) and reaction time (24 h) were required, the reac-
tion worked equally well on electron deficient (entries 1-3),

Table 3 Scope of the PdCNT-promoted Suzuki coupling of aryl

bromides”
PACNT
R-Br + (HO)ZBOOMe —_ ROOMe
1 2 3
Time Yield’
Entry Substrate 1 Product 3 (h) (%)

1 OHCOBr 1d’ OHCOMe ad 7 97

PR 0 .

3 NC@—Br 1f NCOMe 3f 7 29
B

r Br

N

8 s 1K B oMe 3k 16 97
o o

9 [ S—sr 11’ @—@OMe 3l 15 85
S s

NRY

10 er 1m’ — 24
48 54
3n
OMe

“ Conditions: 1 (0.05 mmol), 2 (0.06 mmol), K,CO; (2 equiv.), PACNT
6 mM aqueous suspension (100 pL, 1.2 mol%), EtOH/H,O (1:1, 3 mL),
room temperature, under air. ? Yield of isolated product. ¢ Reaction
carried out with twice the amount of 2 (0.12 mmol). ¢ No reaction.

This journal is © The Royal Society of Chemistry 2015
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Table 4 Scope of the PdCNT-promoted Suzuki coupling of aryl
chlorides”

PACNT
R-Cl + (HO)ZBOOMe —_— OMe
1 2 3
Entry  Substrate 1 Product 3 Yield” (%)

1 OHCOCI 1d”
0,
3 Nc@—u 1f"

OHCOMe 3d 8
NCOMe 3f 89
HO HOOMe 30 75

“ Conditions: 1 (0.05 mmol), 2 (0.06 mmol), K,CO; (2 equiv.), PACNT
6 mm aqueous suspension (200 pL, 2.4 mol%), EtOH/H,O (1:1, 3 mL),
room temperature, under air, 24 h. ? Yield of isolated product.

cl10”

.
.

electron rich (entry 4) and heteroaromatic (entry 5) substrates.
These data have to be compared to those of other supported
nanocatalysts® applied to chlorinated substrates which usually
require much more drastic conditions (e.g. extensive heating)
to be functioning in satisfactory yields.

Conclusions

Carbon nanotubes have been used as support for a new
palladium-based heterogeneous catalyst. The PACNT nano-
hybrid was used in the promotion of Suzuki cross coupling
of iodinated, brominated and chlorinated aromatic sub-
strates with phenylboronic acids. The system proved effective
on a variety of substrates including substituted benzenes,
heteroaromatics, and even non-aromatic benzyl bromide. The
results obtained compare favorably to previous reports’ as
the catalyst efficiently operates in green solvents'® (EtOH/H,O
mixture), without the need of a controlled atmosphere, and
most importantly at room temperature even for chlorinated
substrates which is, to the best of our knowledge, unprece-
dented for heterogeneous catalytic systems.
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