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Riassunto

Il fullerene Ceo & stato modificato covalentemente, mediante reazione di Bingel, con diversi
esteri malonici, dando origine sia a derivati monoaddotti che a derivati esaaddotti altamente
simmetrici caratterizzati da una simmetria di tipo ottaedrico. L ulteriore funzionalizzazione
di tutti i derivati ottenuti con 1-metilimidazolo, 1,2-dimetilimidazolo o 1-butilimidazolo ha
portato alla formazione di nuovi sistemi ibridi fullerene Ceo-liquidi ionico (IL) aventi
peculiari proprieta come 1’clevata solubilita in acqua (superiore a 800 mg/mL in alcuni casi).
Uno dei sistemi ibridi Ceo-IL & stato usato come supporto per nanoparticelle di palladio,
procedendo dapprima allo scambio anionico con gli ioni tetracloropalladato usati come
precursori delle nanoparticelle metalliche generate mediante riduzione con sodio boroidruro.
In seguito al processo di riduzione, si e avuta la formazione di alcune nanostrutture
carboniose, compresi dei carbon nanoonions. Il materiale cosi ottenuto e stato ampiamente
caratterizzato mediante diverse tecniche quali 1’analisi termogravimetrica (TGA), la
spettroscopia fotoelettronica a raggi X (XPS), la microscopia elettronica a scansione
accoppiata con I’analisi a raggi X a dispersione di energia (SEM-EDAX) e la microscopia
elettronica a trasmissione ad alta risoluzione (HR-TEM). Questo nuovo materiale € stato
usato con successo come catalizzatore nelle reazioni di accoppiamento C—C di Suzuki e di
Heck con un carico dello 0,2 mol%. Inoltre, € stato possibile riciclare il catalizzatore usato
nella reazione di Suzuki fino a cinque volte senza perdita di attivita catalitica (Capitolo 1,
Ceo-1L hybrids).

Sulla base dei buoni risultati ottenuti con il catalizzatore basato sul sistema ibrido Ceo-1L, Si
e pensato di sviluppare una nuova procedura sintetica al fine di ancorare tale sistema
catalitico su diversi supporti quali la silice amorfa, la silice mesostrutturata SBA-15 e
nanoparticelle paramagnetiche di maghemite (y-Fe>Os) ricoperte di silice. Tutti i nuovi
materiali sintetizzati, cosi come i sistemi catalitici, ottenuti in seguito all’immobilizzazione
di nanoparticelle di palladio, sono stati caratterizzati tramite TGA, fisisorbimento di azoto
(BET, BJH), scattering di raggi X a basso angolo (SAXS), diffrazione di raggi X (XRD),
XPS e HR-TEM. Questi sistemi catalitici si sono mostrati attivi nella catalisi delle reazioni
di Heck e di Suzuki, raggiungendo, nel caso della reazione di Suzuki, elevati valori di TON
(100.000) e di TOF (2.000.000 ht). Inoltre, sono stati condotti dei test per verificare la

riciclabilita di tali materiali catalitici, riuscendo a utilizzare il catalizzatore supportato su



silice amorfa per dieci cicli consecutivi, sia nella reazione di Heck che in quella di Suzuki
(Capitolo 1, Supported Ceo-IL hybrids).

| nanotubi di carbonio a parete singola (SWCNTS) sono stati usati, in unione a dendrimeri
poliammidoamminici (PAMAM) di generazione 2.5 e 3 caratterizzati dalla presenza di un
core cistaminico, per la sintesi convergente di diversi materiali ibridi SWCNT-PAMAM
ottenuti per reazione diretta dei nanotubi con i dendrimeri in toluene a riflusso. In seguito,
’immobilizzazione delle specie di palladio(IT) (PdCls%) nella shell dendrimerica e la loro
successiva riduzione con sodio boroidruro hanno portato alla produzione di nanoparticelle
di palladio di piccole dimensioni, omogeneamente disperse su tutta la lunghezza dei
nanotubi. Uno dei materiali sintetizzati si é rivelato attivo nelle reazioni di Suzuki e di Heck
riuscendo a promuovere il primo processo anche con un carico molto basso dello 0,005
mol%, mostrando un TON di 20.000 e un valore di TOF corrispondente a 240.000 h*. E
stato possibile, inoltre, recuperare e riciclare il materiale catalitico fino a sette volte. In
aggiunta, ulteriori esperimenti hanno permesso di dimostrare come, in entrambi i processi
catalitici, sia coinvolto un meccanismo di tipo “release and catch” sebbene, durante la
reazione di Heck, specie cataliticamente attive del palladio possono essere stabilizzate dalla
presenza del solvente e della base e quindi essere rilasciate in soluzione. Nella reazione di
Suzuki, invece, non e stata rilevata la presenza di specie del palladio rilasciate in soluzione
in seguito al processo catalitico (Capitolo 2).

L’ottimizzazione delle procedure sintetiche, mediante irraggiamento con microonde, dei
principali derivati del fullerene Ceo € C70 (PCBM, DPM6, BHN e ICBA), usati come specie
accettrici nelle celle solari organiche a eterogiunzione bulk, ha portato all’ottenimento di
risultati migliori rispetto a quelli riportati in letteratura, sia in termini di resa che di tempo di
reazione. Tali risultati rappresentano un passo avanti verso la produzione di celle solari
organiche sempre piu economiche grazie all’abbattimento dei costi di produzione delle
specie accettrici, sintetizzate con alte rese e con brevi tempi di reazione che portano a un

notevole risparmio energetico (Capitolo 3).



Abstract

The synthesis of innovative catalysts based on different carbon nanoforms (CNFs), namely
fullerene Ceo and carbon nanotubes (CNTSs), and their application in Suzuki and Heck C-C
coupling reactions, constitutes the common thread of the first part (Chapter 1 and 2) of this
thesis. Ceo and CNTs were functionalized with ionic liquids (ILs) and poly-amidoamine
(PAMAM) dendrimers, respectively, and used as supports for palladium nanoparticles
(PANPs). Moreover, additional supported catalytic systems based on one of the synthesized
Ceo-1L hybrids were prepared and successfully employed in the title coupling reactions.

The final part (Chapter 3) of the thesis deals on the microwave-mediated synthesis
optimization of some fullerene-based acceptors species for organic photovoltaics (OPV). In
such a way, the main Ceo- and Cro-based acceptor derivatives for organic solar cells, such
as PCBM, DPM6, BHN and ICBA, were obtained in higher yields and shorter reaction times
with respect to the data reported in literature. These findings represent a step forward
toward the wide production of cheaper organic solar cells as a consequence of the cost
abatement of the acceptors given by higher yields, lower waste production, and reduced

reaction time which means a strong energy saving.
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Chapter 1

Synthesis and Catalytic Activity in Suzuki and
Heck reactions of new
Fullerene-lonic Ligquids Conjugates

Part of this chapter has been published in Chem. Eur. J. 2015, 21, 3327-3334.



Chapter 1
Introduction

1.1 Introduction

In the last decades, ionic liquids (ILs) have experienced a growing interest in their study and
applications.!*) Nowadays ILs constitute an interdisciplinary research topic that link different
scientific fields like chemistry, biology and engineering.[?! According to their definition, ILs
are materials composed of ions and with a melting point below 100 °C. However, behind
this simple definition hides a class of compounds with unique features. The reasons of the
huge potential of ILs must be seek in the possibility of tune their physical and chemical
properties depending on the nature of the cations or anions. A very low vapour pressure,
wide liquid range, high ionic conductivity and excellent thermal and chemical stability are
some of these properties that makes ionic liquids an alternative green media to common
organic solvents.[®! ILs find applications in several fields such as synthesis and catalysis,
4l biotechnology,® separation science,® energy storage,!”! electrochemistry, and sensing,®!
among others. In addition, the scope of application of ILs can be further extended by the
introduction of specific functional moieties leading to the so-called task specific ionic liquids
(TSILs).[*I According to the definition proposed by Davis,[*? TSILs are a particular class of
ILs that, after the covalent modification of the cation and/or anion with a functional group,
can exert a specific action. Such materials find application in a wide range of processes like
catalysis,[*% CO; capture,[*Yl extraction of metal ions,[*?! and also preparation of carbon based
materials and zeolites.[*]

Another important application of ILs concerns their use as dispersion media and stabilizers
of metal nanoparticles (MNPs). Transition MNPs have received great attention owing to
their unique properties related to their small size and consequent large surface to volume
ratio. The preparation of MNPs with high surface area and small size distribution is
fundamental both for the field of catalysist** and also for a wide range of applications, such
as photoluminescence, optical sensors, etc.[**! Small-size MNPs are fairly unstable and they
will tend to combine into thermodynamically stable larger particles via agglomeration.[6]
The agglomeration process is driven by the energetically favored formation of larger
particles. This phenomenon rests on the principle that coordinatively unsaturated surface
atoms of a particle have a higher energy than the fully coordinated and well-ordered inner
atoms. Since the system will tend to reduce its overall energy, there will be a decrease in the
number of small particles with respect to the number of the larger ones. Usually, the

synthesis of small sized nanoparticles requires the use of stabilizing agents like surfactants
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or also capping agents that form a kind of layer that provide protection against the
agglomeration. ILs constitute a unique media that thanks to their intrinsic features provide
both an electrostatic and steric stabilization of MNPs. The exact stabilization mode of MNPs
by ILs is still matter of discussion.*”]

Early studies, directed towards understanding the type of interaction between ILs and MNPs,
were carried out using X-ray photoelectron spectroscopy (XPS) and are based on the DLVO
(Derjaguin-Landau-Verwey-Overbeek) model.[*81 XPS analysis revealed that stabilization of
MNPs was essentially given by counterion of imidazolium based ILs. The results obtained
suggested that anions interacted with the surface of MNPs forming a negatively charged
layer, which, in turn, is covered by a layer of cations (imidazolium moiety). In such a way,
the stabilization of MNPs was achieved via the creation of coulombic repulsion between
NPs (Figure 1a).

Finke et al. studied the iridium NPs catalyzed hydrogen-deuterium exchange at all aromatic
positions of the 1-butyl-3-methylimidazolium cation. Results confirmed the at least
transiently formation of N-heterocyclic carbene (NHC)-type that can interact and stabilize
MNPs (Figure 1b).11%

Figure 1. Different stabilization modes of metal nanoparticles in ionic liquids.

However, other studies, by Dupont et al., using an ether modified imidazolium species
revealed a direct interaction between gold NPs and imidazolium cation (Figure 1c).[?” The
establishment of the interaction between IL and gold NPs was pointed out by means of a
surface-enhanced Raman spectroscopy (SERS) study. Raman spectra revealed that
imidazolium ring vibrational modes of 1-triethylene glycol monomethyl ether-3-
methylimidazolium methanesulfonate were enhanced and shifted to lower wavenumbers in
comparison with the spectrum of neat imidazolium methanesulfonate. In addition, the

Raman study revealed no interaction of the methanesulfonate anion with gold NPs. In
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another study, Chun et al. also claimed that palladium NPs deposited on the surface of IL
modified carbon nanotubes were stabilized by a coordination involving the imidazolium
cation.[?!]

Therefore, given the elevated number of studies reported in literature dealing with ILs-MNPs
interaction, the real stabilization mode of MNPs by ILs may depend on the experimental
conditions of considered system.

An alternative to the use of ILs as homogeneous dispersion media and stabilizers of MNPs
is their heterogenization to give a supported ionic liquid phase (SILP).[?? ILs can be
physisorbed? or covalently!® attached to an inert support material (Figure 2). Although
the heterogenization of the catalyst lead to active sites that can be poorly accessible and
usually less active than in a homogeneous system, the advantage of an easily recoverable

and reusable catalyst is the reason why to point towards heterogeneous systems.

2
e .
DY a5,

@@ Ionic liquid

Figure 2. Representation of a) physisorbed and b) covalently attached ionic liquid on support material.

The most used support materials for SILP are usually commercially available silica gels but
also MCM-41 and SBA-15 in addition to zeolites, clays, carbon nanotubes (CNTSs), metal
oxide nanoparticles etc.!?! A good support material must have some important features such
as a large surface area, high chemical and thermal stability and also a good mechanical
strength. Among support materials, magnetic nanoparticles have an intrinsic advantage
owing to their paramagnetic nature that allow an easily recover of the catalyst by an external
magnet avoiding centrifugation or filtration process. During the years, SILPs have found a
wide range of applications.[?5® 261 The great importance of SILP is due to the synergistic
effect between the IL and the support material. In such a way, it is possible to obtain a
material with an improved recover ability compared with homogeneous IL phase and, above
all, it is also possible to lower costs reducing the amount of employed IL. Furthermore,
another key point is the possibility to transfer the IL properties to the heterogeneous material.
Therefore, the SILP can constitute a heterogeneous phase in which dissolve a homogeneous
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catalyst!?3 240271 or also stabilize MNPs.[?8]

Lately, ILs have begun to find application in combination with carbon nanomaterials. ILs
were used as reaction media with the purpose to achieve the functionalization of carbon
nanoforms (CNFs) such as fullerene Ceol®® or CNTs.[2% 30 An interesting example of this
application of ILs is that reported by Prato et al.l?® " in which the microwave mediated
functionalization of Ceo by 1,3-dipolar cycloaddition of azomethine ylides in high yield and
in few minutes, using a 1:3 octyl methylimidazolium tetrafluoroborate (Jomim]BF4)-oDCB

mixture, was achieved (Scheme 1).

a) R-CHO, sarcosine, IL/oDCB 1:3

BF,
IL = \N@N
-/

Scheme 1. Functionalization of fullerene Ceo in ionic liquid under microwave irradiation.

Conversely, microwave irradiation of the solution of the so-formed fulleropyrrolidines in
neat [omim]BF4 lead to the cycloreversion originating the starting insoluble Cgo (Scheme 1).
The role of ILs is not only limited to that of reaction media for the functionalization of CNFs.
In 2003, Fukushima et al.®¥ found that the simple mixing and subsequent grinding of an
imidazolium based IL with pristine single walled carbon nanotubes (SWCNTS) gave rise to
physical gels, the so-called bucky gels. Both Raman and IR studies in conjunction with DFT
calculation have established that no strong interaction such as cation-r interaction are
present between SWCNTSs and imidazolium cation.[®? The dispersion of SWCNTs in ILs is

probably due to their shielding effect on the n-rt stacking interaction of SWCNTSs. It is for
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this reason that the mixing of ILs with SWCNTs causes the debundling of entangled
nanotubes. In addition, the specific interactions between ILs and nanocarbons afford to the
hybrids unique properties as well as improved dispersibility in various media that can be
employed in electrochemical and energy-storage devices or as supports for catalysis.

ILs have been also used for the covalent modification of the surface of CNFs (single- and
multiwalled nanotubes, nanohorns, and graphene) and several examples of this type of
functionalization were reported.[2°¢ 34

Despite the large number of examples for CNF-IL hybrids, just few reports deal with the
chemical functionalization of fullerene Ceo with ILs. Ceso was modified to obtain a series of
fulleropyrrolidine—imidazolium®® and pyridinium® salts and to study their solubility
profiles. Furthermore, two more examples were reported in which covalently modified Ceo-
IL hybrids were used for interesting application. More deeply, a Eu(lll) complex was
successfully encapsulated in CNTs using a Ceo-IL hybrid as nano-carrier.®”! Moreover,
Nierengarten, Stoddardt et al.*®! synthesized a Ceo bearing twelve 4,4’-bipyridinium
subunits which can undergo a redox-switchable r-dimerization of bipyridinium moieties.
Fullerene Ceo—IL hybrids will doubtless constitute a new class of materials that could find
applications in several fields. In this regard, fullerene Ceo—IL mixtures have been
successfully employed as glucose sensorst®¥ or in the preparation of stationary phases for
gas chromatography.[“?1 Analogously, zwitterionic multicharged fullerene derivatives have

been used for gene delivery®Y or in medicinal chemistry.[*?]
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1.2 Aim of the Chapter

A series of fullerene Ceo-IL hybrids have been synthesized and fully characterized by means
of thermogravimetric analysis (TGA), XPS, X-ray diffraction (XRD), scanning electron
microscopy/energy-dispersive  X-ray analysis (SEM-EDAX), and high-resolution
transmission electron microscopy (HR-TEM). The number of ILs moieties of such hybrids,
as well as anions and cations have been varied.

In the light of the above considerations, taking into account the possibility to achieve a good
MNPs stabilization using ILs, one of these hybrids has been used for the immobilization of
palladium nanoparticles and used as catalyst for C—C coupling reactions (Suzuki and

Mizoroki—Heck reactions).

Q
Et0, 0— —o_ OEt Na,PdCl, o
Sk oY H,0, r.t.
J o— \H > " NaBH, Q
Br | Si0, EtOH Si0,
E(+_7 @13;\/ O IL phase O
R
" I
Si0,
IL phase

N N
11 Br @E\ /E@

Scheme 2. Schematic representation of one of the synthesized supported catalysts.

In such a way fullerene Ceo was used as molecular scaffold for ILs that, in turn, stabilize
PdNPs, obtaining a recyclable and reusable catalyst by means of simple centrifugation

processes. A similar use of Ceo was reported only in one case in which a
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biguanide(metformine)-functionalized fullerene Ceo was used as support for palladium and
the so-obtained catalyst used for the catalysis of Suzuki reaction.! !

Encouraged by results obtained, the covalent immobilization of Ceo-based catalyst on several
supports such as silica, SBA-15 and silica-coated maghemite (y-Fe203@SiO>) by following
a new synthetic strategy has been also carried out. Surprisingly, catalytic tests showed that
the supported catalysts (Scheme 2) are more active than the unsupported one, both in the
Suzuki and in Heck reaction. The higher catalytic activity of the supported catalyst could be
ascribed to the benefit arising from the optimal dispersion of the Ceo-IL moiety on the
support materials and probably to the higher stability of PANPs with respect to unsupported
catalyst. In this way, the supported Ceso-IL moiety forms a kind of monolayer of IL in which
immobilize PANPs. The optimal dispersion of the catalytic sites and their stability are key
points in heterogeneous catalysis and this could be the reason of this unprecedented high

catalytic activity.
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Ceo-1L hybrids
1.3 Results and Discussion

The synthesis of the novel Ceo-1L derivatives starts, firstly, from the preparation of malonates
1a-c*4 that were obtained starting from the malonyl chloride and the properly substituted
propanol. Hence, the fullerene-derivatives endowed with two moieties of IL 3a and 3b have
been obtained through Bingel cyclopropanation®! reaction followed by nucleophilic
substitution with 1-butylimidazole in quantitative yields (Scheme 3).

C()O
—_—
DBU, CBr,
PhCl, r.t.

la,R=Cl
1b.R = Br 2a, R =Cl, 45% 3a, X = Cl, quant. from 2a
le.R =N 2b,R =Br, 41% 3b, X = Br, quant. from 2b

> I AN

Scheme 3. Synthesis of Ce—IL 3a and 3b (DBU=1,8-diazabicyclo[5.4.0Jundec-7-ene).

Next, the syntheses of Ceo-IL conjugates bearing twelve ionic liquid moieties arranged in an
octahedral addition pattern have been carried out by following the protocol of Sun et al.[*¢]

R R2

T‘f‘.\ la-c &,
O OI DBU, CBr, CHCl; A
— PhCl,r.t.,72h 48 h, 100%
N__R2R2_N )
(@\T1 \(@7 12X
R' R!
4c, X =N; 5a, R' = Me; R? = H; X = Br, quant. from 4b

5b, R! = Me; R? = Me; X = Br, quant. from 4b
5¢,R!'=Bu;R*>=H; X =Br, quant. from 4b
5d, R! = Bu; R?> = H; X = Cl, quant. from 4a

Scheme 4. Synthetic route of the Cgo-1L conjugates 5a-d.

In this way it has been possible to access highly symmetric hexakis-adducts 4a-c with
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satisfactory yields (Scheme 4). Then the octahedral intermediate 4b has been in turn reacted
with 1-methylimidazole, 1,2-dimethylimidazole and 1-butylimidazole, and 4a with 1-
butylimidazole in refluxing chloroform to afford the hexakis Ceo-IL hybrids 5a-d in
quantitative yields. Recently, the synthesis of several fullerene hexakis-adducts through the
copper(l)-catalyzed alkyne-azide cycloaddition (CuAAC) “click” reaction*”) that employed
a Cgo dodecakis-alkynel*™ 481 or the dodecakis-azido derivative 4ct*4 %1 has been reported.
Hence, a different strategy to obtain access to Ceo-IL conjugate with a different cation has
been designed.

As a matter of fact, taking inspiration from the seminal work of Nierengarten and co-
workers, derivative 4c could be employed to build, through the CUAAC approach, a known
dodecakis-triazole hybrid.1**d This could then be easily transformed into the corresponding

triazolium salt 6 with benzyl bromide in 80% yield over two steps (Scheme 5).

1. Ph—==, CuSOy,,
Na ascorbate
CH,Cl,/H,0
r.t., 16 h, 80%

2. BnBr, CHCl;,

A, 48 h, 100%

4c

6,R!'=Bn, R?=Ph
Scheme 5. Synthetic route of the Cgo-IL conjugate 6.

All the fullerene-IL hybrids were thoroughly characterized and their spectroscopic data are
in agreement with the proposed structures. Mono-adduct precursors 2a and 2b#! showed
in the 1*C NMR spectra 15 sp? signals typical of Cy, fullerene derivatives®” along with the
signals at § = 71 ppm and 52 ppm that belong to the two sp® carbons of Cso and the carbon

atom labelled with the number one (Figure 3), respectively.
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22 8 g ¢
I
3 5
4
Ceo sp*
1
160 140 120 100 80 60 4‘O 20

ppm

Figure 3. *C NMR spectrum of compound 2a.

The NMR spectra of hybrid derivatives 3a and 3b were more complicated, probably owing
to strong intermolecular interactions (Figures E2 and E3 in the Experimental Section 1.6).
On the contrary, *H and 3C NMR spectra of hexakis-adduct are simpler (Figures E4 and
E5 in the Experimental Section 1.6). In the proton spectra of 4a and 4b the multiplicity of
the three methylenic groups is clearly visible even if the signals are slightly broadened,
whereas in the carbon spectra the octahedral substitution pattern of the Ceo gives rise to two
sp? signals at & = 146 and 141 ppm along with an sp® signal at & = 69 ppm. Interestingly, in
the *H NMR spectra of 1-substituted imidazolium Ceo-IL 5a, 5¢ and 5d the proton at the C2
position of the imidazolium ring disappears after exchange with the deuterated solvent
(compare Figures 4 and E8 with Figure E9 in the Experimental Section 1.6). The *H NMR
spectrum of 5c¢ shows the presence of all the expected signals with their corresponding
integrals indicating the good outcome of the reaction (Figure 4).

11
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Figure 4. 'H NMR spectrum of compound 5c.

The *H NMR spectrum of the triazolium adduct 6 presents all the signals including ten
aromatic protons in the 6 = 7.0-8.0 ppm region plus the triazole proton at 6 = 9.6 ppm,
whereas in its *C NMR spectra (see Figure E10 in the Experimental Section 1.6) the peaks
of the benzyl moiety appear in the 6 = 127-132 ppm region along with those of the parent
triazole.[4

Unfortunately, owing to their highly charged nature, we were unable to get good high-
resolution (HR) ESI spectra of the imidazolium-based fullerene-IL hybrids. However, the
HR-ESI spectrum of 6 clearly showed the presence of multicharged species with 3, 5 and 6

positive charges (Figure 5).

VC9B_FULL SCAN (0.035) 854.7145 TOF I"HIS? Eg*
1004 . 2Te
854.3810 855.2147
854.2144 855.3815
854.0477 855.5484
= R
853.7144 l [ 855.8821
i 1 ¢
u T T
VC9B_FULL SCAN 27 (0.951) 854.6671 TOF MS ES+
1001 - 2.41e3
854.3349 855.1819
854.0026 855.3320
- 853.8311 855.6753 857.6073
853.3918

" 850 851 852 853 854 855 856 857 858 859

Figure 5. Simulated (top) and experimental (bottom) HRMS (ESI-TOF) spectrum of [6-6Br]°*.
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The presence of the IL moieties on the fullerene cage affords to these hybrids an excellent
solubility in polar solvents such as methanol and water. Although several examples of water
soluble fullerene mono-adducts®™! and polymers®?l have been described so far, only a few
water-soluble octahedral hexakis-adducts have been reported.531 This is particularly
important given that these easily accessible multicharged molecules may find application in
gene delivery.[41a 41c, 420, 54]

The UV/Vis spectra of 5a-d recorded in water and in methanol are reported in Figure 6. The
spectra show no aggregation in water with three transitions at about 240, 275 and 335 nm.
Most interestingly, 5a-d display an outstanding solubility in water at room temperature and
pH 7 higher than 800 mg mL™ (0.19-0.21 mol L) to form solutions that were stable for
months; these are probably the highest values of solubility for fullerene derivatives reported

so far.[5:-52:5%1 The same concentration could be achieved by dissolving hybrid 6 in methanol.
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Figure 6. UV/Vis spectra of Ceo-IL conjugates 5a-d a) in water and b) of 3a-b, 5a-d and 6 in methanol. The
inset in the figure a) shows a picture of 100 mg/mL water solutions of 5c¢ (left) and 5d (right).

With the hybrid Ceo-IL systems in hand, their possible practical application as support for
catalysts was explored. In this regard, palladium nanoparticles were immobilized to prepare
a new catalyst for C—C coupling reactions by using our systems as a kind supported ionic
liquid-like phase (SILLP)® on the fullerene sphere. The synthesis of the catalytic material
was accomplished in two steps, as reported in Scheme 6. First, tetrachloropalladate ions (10
wt%) were immobilized onto Ceo-IL 5a through anion metathesis, hence the supported
PdCls% species was reduced with NaBHa in ethanol.’”1 The purification of material 8 from
inorganic salts was achieved by means of dialysis using a membrane with a cutoff of 1000
Da to afford a finely dispersed insoluble black powder.
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Scheme 6. Synthesis of catalyst 8.

Catalyst 8 was characterized by means of several analytical and spectroscopic techniques.
Thermogravimetric analysis was performed under oxygen flow from 100 to 1000 °C with a
heating rate of 10 °C/min to determine the total amount of Pd species present in the sample
and the degradation temperature range (Figure 7).
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Figure 7. TGA of 5a and 8 under oxygen flow.

As expected, the TGA trace of 5a shows a continuous weight loss in the 140-590 °C range,
the temperature at which the combustion is completed and no residue was detected.

Conversely, TGA of 8 presents a weight loss with the same slope of 5a up to approximately
14
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500 °C, after which no additional loss was observed up to 840 °C. Hence, a new small weight
loss of 2.7% can be accounted for by the quantitative transformation of PdO to Pd since the
former species is not stable over 800 °C.[°®! By this last weight loss, the Pd content in sample

8 was calculated, resulting in a loading of 18% as metallic Pd.

Figure 8. HR-TEM images of a) 7 and b) 8.
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The morphologic characterization of hybrids 7 and 8 was carried out by means of HR-TEM.
The analysis of TEM images helps to shed light on the organization of the hybrids, and in
particular it can provide useful information about the presence and dimension of palladium
nanoparticles. Interestingly, 7 shows both organized and amorphous nano-objects in which
ionic-liquid-like speckled domains are discernible (Figure 8a).*® Small-sized palladium-
rich aggregates are clearly visible and uniformly distributed with a mean diameter of 1.4 +
0.5 nm. It is likely that the repulsive action of the positive charge of imidazolium groups
prevents their agglomeration into larger domains.[%% Nevertheless, TEM analysis of 7 also
displayed the presence of few larger Pd aggregates. However, the TEM analysis of 8 was
very surprising owing to the presence of a number of organized carbon nanostructures with
large graphitic domains as well as to several carbon nano-onions with diameters in the 20—30
nm range (Figure 8b).

In all cases, the interplane distance estimated after noise reduction and calculating the
intensity profile was 0.345 nm. This value, slightly higher than that of doo2 value of graphite
(0.335 nm), clearly indicates a local structure similar to turbostratic graphite (doo2= 0.344
nm).[64

In accordance with the X-ray diffraction data (see below), the palladium nanoparticles are
highly dispersed throughout the sample and large aggregates were not detected by TEM.
Nevertheless, the presence of these kind of carbon nanoforms in the sample raise the question
on how these nanostructures were formed. Per the data, carbon nano-onions can be prepared
through different methods such as electron irradiation,®? jon implantation,® plasma-
enhanced chemical vapor deposition,[® high-temperature annealing® or plasma spraying
of nanodiamonds, ¢! chemical vapor deposition using transition metal catalyst,[”1 counter-
flow diffusion flames, %8 underwater arc discharge, the latter being the preferred one to
produce bulk amounts. However, all the above techniques usually require high doses of
energy, whereas in our case the reduction of Pd(Il) to Pd(0), which seems to be the step in
which the nanocarbons are formed, is carried out at room temperature. To shed light on this
process, we carried out a blank experiment by treating Ceo-1L 5a with NaBHa in ethanol, but
this reaction only resulted in the hydrolysis of the hybrid, thus giving rise to the formation
of 3-(3-hydroxypropyl)-1-methyl-imidazolium bromide, in accord with other reported
Bingel adducts in presence of hydride ions/alcohol.[4®: 71 This latter result justifies the
higher Pd-content (18 wt%) with respect to the anticipated one (10 wt%). Unfortunately,
SEM analyses carried out on 8 (Figure 9) did not help to add conclusive data. On the basis

of these findings, an explanation for the formation of the experimentally observed carbon
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nanostructures cannot be proposed and more in-depth studies will be carried out in due

course to completely reveal the mechanism of formation of such nanocarbons.

Pd

EDAX ZAF Quantification (Standardless)
Element Normalized

SEC Table : Default
Elem Wt % At %
CK 54.18 76.59
NK 4.06 4.92
oK 10.93 11.60
NaK 1.07 0.79
AIK 2.12 1.33
PdL 21.76 347
FeK 0.33 0.10
CukK 0.39 0.11
BrK 5.15 1.09
Total 100.00 100.00
Br
2.00 1.00 6.00 5.00 10.00 12.00 keV

Figure 9. Top: SEM images of 8 at different magnifications; bottom: EDAX analysis of 8 with the
semiquantitative atomic composition.

The XRD data of 8 (Figure 10) show a very broad peak at approximately 40° 26 owing to
metallic Pd (PDF number 180870). Metallic Pd particles smaller than 2 nm were found by
applying the Scherrer equation that evaluates the full width at half maximum (FWHM) of
the reflection line at approximately 40° 26. Such a result is in good agreement with the

particles size estimated by TEM analysis.
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Figure 10. X-ray diffraction pattern of catalyst 8.

The broad peak at approximately 20° 26 is attributed to a poor ordering of graphene
sheets.I" As a matter of fact, reduced graphite oxide or reduced graphene oxide might
exhibit a peak in the range between 20 and 25° owing to restacking. In that case, no graphitic
stacking is achieved owing to lattice mismatch, structural defects or to the presence of
residual functional groups.[’? XPS analysis was used to analyze the outer part of the

materials. Figure 11 shows the survey spectra of samples 7 and 8.
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Figure 11. XPS survey spectra of 7 and 8.

The comparison of the two spectra proved that dialysis purification of the final product was
successful in eliminating the Na, Br and ClI present in the precursor 7, as confirmed by SEM-

EDAX analysis (Figure 9: bottom). The final product 8 shows, along with carbon, the
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presence of O, N, and Pd.

The results obtained by the analysis of the region of C1s, O1s N1s and Pd3d are summarized
in Table 1. The C1s peak shows for both samples three components at 284.4, 286.3, and
288.3 eV owing to sp? graphitic carbon, to sp® C—C bond and C-O, and to C=0 bond,
respectively.[”®l The main difference in the carbon region between samples 7 and 8 is that,
after reducing treatment in NaBHa, the increase in the graphitic component with respect to

the others occurs, as evidenced by Figure 12a and Tablel.

Table 1. XPS binding energies (eV) and atomic ratios of elements constituting samples 7 and 8.

Sample Cils Pd3ds Pd/C o/C N/C
284.6 (67%)
7 286.3 (30%) 337.1 0.018 0.13 0.07

288.3 (3%)
284.6 (85%)
8 286.2 (13%)
288.5 (2%)

335.6 (35%)

337.3 (65%) 0.016 0.14 0.04

Oxygen and nitrogen regions show binding energy values of 532 and 401 eV, respectively

(see Figure 11), typical of C-O and aromatic nitrogenated species.
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Figure 12. High-resolution XPS of a) C1s and b) Pd3d of 7 and 8.

However, the Pd3d spectra, shown in Figure 12b, are characterized by the typical two spin-
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orbit components Pd3ds, and Pd3ds. separated by approximately 5.4 eV. The spectrum
relative to 7 is typical of Pd(I1) with a binding energy centered at 337.1 eV. The spectrum of
8 exhibits two doublets attributed to two different chemical species: Pd(0) and Pd(ll),
respectively.[”* The relative amount of the two components indicated a degree of reduction
of 35% after treatment with NaBHs. It is worth noting that XPS is a surface-sensitive
technique; this means that the surface signal weight much more than bulk, and this
phenomenon is particularly important in the case of very small nanoparticles like the ones
that have been found in this sample. For that reason, the real degree of reduction could
probably be higher than 35%.

Material 8, which contained highly dispersed Pd nanoparticles, thus constitutes a good
candidate for a catalyst in Pd-mediated cross-coupling reactions given that metal
nanoparticles are known to be more active than their particulate metal counterparts in

catalytic reactions.[”]

Table 2. Suzuki-Miyaura reactions catalyzed by 8.2

B(OH), 8 (0.2 mol%)
b =\ R EtOH/H,0 —\ R
 E——
\_/ K,CO, \_/
50°C,3h
Entry Substrate Product Conv. (%) Yield (%)
b e Yoo ) oo o o9
R e e o o7
b e e O 05 o
H3C H3C
5 87 68
D
o) 0

@ Reaction conditions: Phenylboronic acid (1.1 mmol), aryl halide (1 mmol), K2COs (1.2 mmol), EtOH
(1.2 mL), H0 (1.2 mL), catalyst (0.2 mol%, 1 mg), reaction time 3 h. ® Determined by 'H NMR. ¢
Reaction time: 19 h. ¢ No reaction. ¢ Reaction conditions: Phenylboronic acid (3.3 mmol), aryl halide (3
mmol), K>COs3 (3.6 mmol), EtOH (1.8 mL), H,O (1.8 mL), catalyst (0.02 mol%), reaction time 4 h.
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Moreover, since metal nanoparticles are thermodynamically unstable, the synergistic effect
of coordination, steric, and electrostatic interactions can be exploited in the present approach,
thereby preventing nanoparticle coalescence and percolation.[®®! In this regard, 8 was used
as catalyst in the Suzuki reaction between phenylboronic acid and a set of aryl bromides in
ethanol/water at 50 °C in the presence of K,COs as base. All the reactions were carried out
for 3 h using the catalyst in a 0.2 mol% loading (Table 2). Conversions were often
quantitative with isolate yields ranged from 68 to 99%. The catalyst was shown to be inactive
toward aryl chlorides, given that 4-chlorobenzaldehyde gave no reaction under the common
reaction conditions (Table 2, entry 7).

In addition, the recyclability of the catalyst was checked for the reaction between 4-
bromobenzaldehyde and phenylboronic acid (0.2 mol%, 3 h). After easy recover of 8 by
centrifugation, it was used for five consecutive runs to give rise to complete conversion and
yield, thus showing no loss in catalytic activity. Moreover, by lowering the catalyst loading
to just 0.02 mol%, the biphenyl-4-carboxaldehyde was formed quantitatively with a turnover
number (TON; moles of desired product/moles of catalyst) of 5,000 (Table 2, entry 8). All
the above results make this catalyst a good candidate for further tests under continuous-flow
conditions.["®

These promising results prompted us to explore the catalytic activity of material 8 in another

Pd-promoted C-C coupling process such as the Mizoroki-Heck reaction (Table 3).

Table 3. Mizoroki—Heck reactions catalyzed by 8.2

8 (0.2 mol%) 0
Q — R  DMF/H,0 NN N7
o Tt I \ / e |
90 °C, 6-16 h

Entry Substrate Product Conv.? (%) Yield (%)

1° I—@—NOZ 02N4©_\\_/<0 >95 99
O_

2 |—©—o/ /O‘O_\\_(O >95 99
O_

o— o)

3d | C /O\©/\)‘\o/ >05 89

4e |—©—CN NC@MO >95 99
o_

@ Reaction conditions: Methyl acrylate (1.5 mmol), aryliodide (1 mmol), triethylamine (TEA; 2 mmol),
DMF (4 mL), H,0 (1 mL), catalyst (0.2 mol%, 1 mg). ® Determined by *H NMR. ¢ Reaction time: 6 h.
d Reaction time: 16 h.
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Reaction between a set of four aryliodides and methyl acrylate in DMF/water at 90 °C in the
presence of trimethylamine (TEA) as base gave the corresponding alkenes in high yields and
excellent selectivity, with the expected trans isomer as the only product, once again by

employing just 0.2 mol% of catalyst 8.
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Supported Ceo-1L hybrids
1.4 Results and Discussion

Encouraged by the good results obtained and with the aim to improve the already good
catalytic activity of the material 8, we developed a new synthetic strategy of a series of
supported catalysts based on the previously studied Ceo-IL moiety employed to stabilize
PdNPs. These new heterogeneous catalytic systems were anchored onto inert support
materials such as amorphous silica gel, mesoporous SBA-15 and silica-coated maghemite
(y-Fe203@Si0-) obtaining easily recoverable catalysts by means of centrifugation or, in the
case of the paramagnetic support, by means of magnetic decantation with an external
magnet.

The synthesis of these supported catalysts, depicted in the Scheme 7, starts from the reaction
between triethoxy-3-(2-imidazolin-1-yl)propylsilane and the Ceo hexakis-adducts 4bl""! to
give compound 9. Grafting of 9 onto the different supports gave materials 10a-c that reacted
with 1-methylimidazole allowing obtaining materials 11a-c. The supported Ceo-IL hybrids
11a-c were used for the immobilization of palladium nanoparticles through anion metathesis
with tetrachloropalladate ions and the subsequent reduction with NaBH4 obtaining supported
catalysts 13a-c. Palladium loading of the catalytic systems 13a-c was determined by means
of microwave plasma - atomic emission spectrometry (MP-AES) and was found to be 2.3,
1.5 and 2.1 wt%, respectively.

Materials 10a-c and 11a-c were analyzed by means of thermogravimetric analysis performed
under oxygen flow from 100 to 1000 °C with a heating rate of 10 °C/min (Figure 13). From
the net weight losses (calculated considering the weight losses of the pristine support
materials) at 800 °C for materials 10a-b and at 900 °C for material 10c, it was possible to
determine the degree of functionalization with the Ceo derivative 9 of the different support
materials that resulted 0.081, 0.057 and 0.083 mmol/g, respectively. Conversely, IL loading
of compounds 11a-c was determined by comparing the weight losses of such materials at
800 and 900 °C with those of their precursor materials 10a-c.

From the analysis of TG profiles, it was possible to prove that materials 10a and 10c were
almost quantitatively functionalized with 1-methylimidazole giving rise to values of IL
loading of 0.970 and 0.987 mmol/g for materials SiO2-Cego-IL 11a and y-Fe203@SiO2-Ceo-
IL 11c, respectively.

On the other hand, the functionalization of material SBA15-Cso 10b was not likewise
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efficient. The estimated IL loading of 11b was 0.387 mmol/g that revealed, based on the
loading of the precursor material 10b, a partial functionalization (56.6%) of such a material

with 1-methylimidazole.
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Scheme 7. Synthesis of catalysts 13a-c.

This different behaviour could be ascribed to the nature of the support material, namely
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mesoporous SBA-15. The grafting of bulky compound 9 on the mesostructured SBA-15
could partial block the access to the pores of silica, avoiding the functionalization of

molecules grafted into the inner surface of SBA-15 channels.
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Figure 13. TGA of materials 10a-c and 11a-c under oxygen flow.

The morphological properties, in terms of specific surface area (SSA), pores volumes and
pore size distribution, of materials 11a-b and that of their pristine support materials, namely
amorphous silica and SBA-15, were investigated by means of nitrogen

adsorption/desorption measurements (Table 4).

Table 4. N, physisorption analysis of 11a, 11b and of their support materials.

. Mean pore size Cumulative pore

Material BET® (m’g”) distribution% (BJH) (nm) volume (cm%‘l)
SiO2 416.0 5.3 0.57
1lla 171.5 55 0.27
SBA-15 569.5 11.6 1.04
11b 315.0 10.8 0.76

2 BET: range p/po: 0.05-0.3
b Pore size distribution (BJH method) calculated on the adsorption curve in the range p/po : 0.05-0.3

Conversely, silica-coated y-Fe»O3 support materials are characterized by a low SSA < 70
m2gL.[® Brunauer—Emmett-Teller (BET) equation was applied to determine the specific
surface area, whereas the Barrett-Joyner-Halenda (BJH) method was applied to determine
the volume and the diameter of the pores using the adsorption isotherm. The
functionalization of the support materials, namely amorphous silica and SBA-15 with a
starting surface area corresponding to 416.0 and 569.5 m?g, respectively, led to decreased
values of surface area corresponding to 171.5 and 315.0 m?g’?, respectively. Furthermore, a
decrease of the pores diameter was also observed in the case of material 11b.
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Figure 14 shows the small-angle X-ray scattering (SAXS) patterns of pristine SBA-15,
SBA15-Ceo-IL 11b and amorphous silica. No reflections were detected for silica gel
confirming its amorphous nature. Conversely, SAXS pattern confirmed the ordered
mesostructure of SBA-15 with the characteristic scattering pattern showing a peak at 0.75°
20 and two peaks, not well resolved, at 1.32° and 1.6° 26 corresponding to d spacings of
11.6, 6.7, and 5.8 nm, respectively. The ratios of the d spacing values correspond exactly to
1:1/93:1/2 then it is possible to index the corresponding peaks as (100), (110) and (200)

scattering reflections associated with a 2D-hexagonal mesostructure (space group pémm).[°l

100 __sioy
— SBA-15
11b

Log I (a.u.)

26(°)
Figure 14. SAXS patterns of SiO,, SBA-15 and material 11b.

From the main d spacing (100), it was possible to calculate the pore-to-pore distance ag
(2d100/\3) corresponding to 13.4 nm. Moreover, the SAXS pattern of material 11b showed

that SBA-15 structure was maintained unaltered after its functionalization.
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Figure 15. Experimental X-ray diffraction pattern of materials 13a-c and simulated diffraction pattern of
palladium and maghemite.
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The wide-angle XRD patterns of the catalysts 13a-c are reported in Figure 15.

For all materials a very broad diffraction peak typical of silica at around 23° 260 is present.
In addition, the typical diffraction peaks due to the presence of the maghemite core of y-
Fex03@Si02-Ceo-1L-Pd catalyst 13c are clearly visible as showed in Figure 15. However,
no peaks belonging to the diffraction planes of metallic palladium are visible, suggesting the
presence of highly dispersed PANPs.

Further investigations on catalysts 13a and 13b were carried out by means of HR-TEM.
TEM images confirmed XRD data showing a uniform distribution of PANPs, well dispersed
throughout both catalysts. SiO2-Ceo-1L-Pd 13a exhibited the presence of small PANPs with
a narrow size distribution of 1.85 £ 0.38 nm (n = 295) (Figure 16a).
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Figure 16. HR-TEM pictures of materials a) 13a, b) 11b and ¢) 13b.
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In addition, TEM analysis of the catalyst SBA15-Ceo-IL-Pd 13b and its precursor 11b
(before Pd immobilization) was very useful to obtain information about the structure of these
materials. First of all, it was possible to see, as also proved by SAXS measurements, how
the structure of SBA-15 support remained unchanged after chemical functionalization. In
fact, TEM images (Figures 16b-c) show the bidimensional hexagonal mesostructure typical
of SBA-15 present in both materials 11b and 13b. Furthermore, catalyst 13b is characterized
by the presence of small-sized PANPs (< 1 nm) not clear discernible from the TEM images
(Figure 16c).

The exceptionally small dimensions of such NPs makes their identification in the micrograph
very difficult. However, it is possible to affirm that NPs are very well dispersed throughout
the sample and this could explain their lack of detection by XRD analysis. Moreover, by the
measure of the centre-to-centre distance of the pores of material 11b it was possible to
confirm the ap value (13.4 nm) and the interplanar spacing dioo (11.6 nm) previously
estimated by means of SAXS measurements.

XPS analysis was used to collect information about the surface composition of the as-
synthesized catalytic systems 13a-c and to evaluate the reduction degree of the supported
palladium species. Figure 17 shows the survey spectra of catalyst 13a-c, whereas Table 5
reports the surface composition of such materials expressed as atomic ratios.
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Figure 17. XPS survey spectra of materials 13a-c.

L

According to the values of N/C atomic ratios of materials 13a-c, a possible partial loss of
the IL moiety, as previously reported in the case of the unsupported catalytic system 8, seems

to have occurred.
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Table 5. XPS Pd 3ds/; binding energies (eV), Pd/Si, Pd/C, N/Si and N/C surface atomic ratios. The relative
percentages are given in parentheses.

Material Pd 3dsi2 Pd/Si Pd/C N/Si N/C
13a 332299 ((‘:_é)) 0.025 0.010 0.1082 0.045
13b 32:'79((526;)’ 0.024 0.008 0.0838 0.029
13c 333357‘-3683’ 0.094 0.005 0.5193 0.027

Figure 18 shows the Pd3d region of materials 13a-c with the peaks centred at 335.0 (3ds2)
and 340.0 (3ds/2) eV corresponding to Pd(0) and those at 337.0 (3ds/2) and 342.2 (3ds2) eV
corresponding to Pd(11).18% In all materials, palladium is therefore present both in the metallic
and ionic form. The calculated percentages of Pd(0) present in the catalysts 13a, 13b and
13c were 42, 46 and 37%, respectively, proving that there was an incomplete reduction of
the Pd(11) species or, as already reported, a possible air oxidation of the surface of PdNPs.[8
However, it is important to consider that XPS is a surface sensitive technique, hence, the
measured degree of reduction is considerably more affected by the signals arising from the
surface than those of the bulk. For this reason, is extremely difficult to know with accuracy

the exact chemical state composition of palladium by means of this technique.
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Figure 18. High-resolution XPS of Pd3d region of materials 13a-c.
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Moreover, further investigations on the SiO2-Ceso-1L-Pd material 13a by means of solid-state
13C NMR were carried out. In Figure 19 the solid-state 3C NMR spectrum of material 13a
and the *C NMR spectrum in the liquid-state of the hexakis-adduct Ceo-IL 5a are compared.
It is possible to see how there is an almost perfect overlapping of the two NMR spectra thus

proving the good outcome of chemical functionalization of such a material.
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Figure 19. Solid-state *3C NMR of material 13a (red) and *3C NMR of compound 5a in CD30D (black).

Materials 13a-c were tested as catalysts in the C—C coupling reactions of Heck and Suzuki.
Heck reactions were carried out using various aryl iodides coupled with methyl acrylate,
styrene or 4-chlorostyrene. Catalysts were used at 0.1 mol% loading using DMF as solvent

and triethylamine as base at 120 °C for 4 h (Table 6).
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Table 6. Mizoroki—-Heck reactions catalyzed by materials 13a-c.2

O/\ R./<‘:\ /> \ <:> R
R Catalyst (0.1 mol%)
\
RX_Y TEA, 120 °C 9

Jo S S
- O

Catalyst 13a Catalyst 13b Catalyst 13c

Entry Product Conv.b Conv.P Conv.P

0 e T ey T e
\ ©

1 4  >95(97) 4  >95(98) 4  >95(97)
O_

2 /o—@—\\_«o 4 >95(99) 4 >95(99) 4  >05(99)
O_
(0]

3 /OOMO/ 4 >95(99) 4  >95(99) 4  >95(96)

J

4 4  >95(97) 4  >95(97) 4  >95(98)
\
0 83 94
5 4 88 R e
\
0 84 82 84
6 CI 4 mer Y e Y ssp

2 Reaction conditions: methyl acrylate, styrene or 4-chlorostyrene (0.75 mmol), aryliodide (0.5 mmol),
triethylamine (1 mmol), DMF (1 mL), catalyst (0.1 mol%). ® Conversion determined by *H NMR, yield
reported in parentheses. ¢ Selectivity toward trans-alkene, determined by 'H NMR.

High yields were obtained with all the catalysts 13a-c. Regioselectivities of the tested Heck
reactions were excellent with almost all substrates with the expected trans isomer as the only
product. However the coupling reactions of 4-iodoanisole with styrene and 4-chlorostyrene
gave not complete regioselectivity, affording also the gem-alkene product formed during the
catalytic cycle as a result of the a-migration of R- group during the alkene insertion step as

shown in Figure 20.
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Figure 20. Heck reaction mechanism showing the formation of both gem- and trans-alkene.

Furthermore, catalysts SiO2-Ceo-1L-Pd 13a and SBA15-Ceo-I1L-Pd 13b were chosen to assess

their recyclability in the reaction between 4-iodoanisole and methyl acrylate (see
Experimental Section 1.7 for more details).
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Figure 21. Recycling tests of catalysts 13a-b in the Heck reaction.
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Catalyst 13a showed to be a good candidate for the recycling experiments in the Heck
reaction. In fact, it was possible to carry out up to ten catalytic cycles with a slight decrease
of catalytic activity in the tenth cycle that afforded the desired product in 87% yield (Figure
21). Conversely, catalyst 13b proved to be a less recyclable catalytic system in the light of
the fact that it was possible to use the catalyst only three times with a net drop of catalytic
activity in the fourth cycle that gave rise to no reaction (Figure 21).

Catalysts 13a-c were also tested at 0.01 mol% loading in another Pd-mediated C—C coupling
process such as the Suzuki reaction carried out between various aryl bromides and
phenylboronic acid at 50 °C in a mixture of ethanol and water (1:1) using K2CO3 as base
(Table 7).

Table 7. Suzuki-Miyaura reactions catalyzed by materials 13a-c.2

B(OH), 13a-c¢ (0.01 mol%)
4 (SR EIOH/H0 — R
—_—_—
\ / T xco, \_/
50 °C
. Product Catalyst 13a Catalyst 13b Catalyst 13c
ntr roduc
y t(h) Conv.(%) t(h) Conv.(%) t(h) Conv.”(%)
O
1 O O 4 5 82 (80) 2 >95(98) 2  >95(98)

2 CN 2 >95(99) 15  >95(99) 15  >95(99)
3 No2 2 >95(98) 1 >95(97) 1  >95(99)

4 CHj 25  >95(69) 1 >95 (76) 1 >95 (75)
0
5 CH3 3 >95 (96) 1 >95 (98) 1 >95 (99)
OCH,

6 3 >05(99) 1.5  >95(98) 15  >95(99)

@ Reaction conditions: aryl halide (0.5 mmol), phenylboronic acid (0.55 mmol), K.CO3 (0.6 mmol),
EtOH/H,0 (1:1, 0.4 mL), catalyst (0.01 mol%). ® Determined by *H NMR, yield reported in parentheses.

In almost all cases, high yields were obtained in a short time ranging from 1 to 2 h, only in
some cases, in which silica based catalyst 13a was used, the reaction required more time.

From the analysis of the results reported in Table 7, it is possible to see how silica supported
catalyst 13a seems to be less active than the corresponding SBA and y-Fe;Os@SiO> based
catalysts 13b and 13c. For example taking into account the reaction between
4-bromobenzaldehyde and phenylboronic acid, quantitative yields were obtained in just 2 h

when catalysts 13b and 13c were used. Conversely, the use of catalyst 13a required more
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time (5 h) to reach 80% yield (Table 7, entry 1).

Additionally, Pd-leaching in solution and in the isolated products, both in the Heck and in
the Suzuki reaction catalyzed by catalyst 13a at 0.1 and 0.01 mol%, respectively, was
determined by MP-AES analysis. However, no Pd leached species were detected.

In the light of the good results obtained in the Suzuki couplings, further experiments with a
decreased catalytic loading (0.001 mol%) were carried out (Table 8).

Table 8. Suzuki-Miyaura reaction catalyzed by materials 13a-c at 0.001 mol% loading.?

B(OH), 13a-¢ (0.001 mol%)

© O EtOH/H,0 0

+ o)~ -

H K,CO; H

50 °C
Entry Catalyst t(h) Conv.” (%) TON® TOFY (hY)

1 13a 16 83 83,000 5,187
2 13b 6 88 88,000 14,667
3 13c 6 81 81,000 13,500

2 Reaction conditions: 4-bromobenzaldehyde (2 mmol), phenylboronic acid (2.2 mmol), K2COs (2.4 mmol),
EtOH/H20 (1:1, 1.6 mL), catalyst (0.001 mol%). ® Determined by *H NMR. ¢ TON defined as mol of
product/mol of catalyst. ¢ Turnover frequency (TOF = TON/h).

Catalysts were tested at 0.001 mol% loading and, once again, materials 13b and 13c revealed
to be the best catalytic systems displaying a remarkable activity under the reaction conditions
adopted. Despite the low catalytic loading, very high vyields of the desired
biphenyl-4-carboxaldehyde product, TON up to 88,000 and good values of TOF up to 14,667
h! were obtained. In the same conditions, catalyst SiO2-Ceo-IL-Pd 13a required more time
(16 h) to reach a good conversion, approaching a TOF value of 5,187 h.

Moreover, the catalysts 13a and 13b were chosen to carry out some experiments at higher
temperature (120 °C) both under microwave (MW) irradiation and under conventional
heating. MW-mediated palladium catalysed cross coupling reactions are known to be a valid
alternative to the traditional reactions carried out by conductive heating with an external heat
source. Many benefits, arising from reduced time of reaction and improved vyields toward
the coupled products, were attributed to MW-assisted heating mode.[® Therefore, the
reactions between aryl bromides with electron-withdrawing or electron-rich substituents
(4-bromoacetophenone or 3-bromoanisole) and phenylboronic acid were carried out using
catalysts 13a and 13b at 0.001 mol% loading and at 120 °C to assess the presence of any
beneficial effect of MW irradiation on such reactions and to evaluate the real performances

of such catalytic systems (Table 9).
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Table 9. Suzuki-Miyaura reaction catalyzed by material 13a-b at 120 °C.2

B(OH), 13a-b (0.001 mol%)
— R EtOH/H,0 — R
+ B\ KCo, \_/
MW/A 120 °C

Entry | Catalyst R T t(min)  Conv.” (%) TON¢® TOFY (h?)
1 13b 4-COCH; 120 °C (MW) 10 >95 100,000 600,000
2 13b 4-COCH3 120 °C (A) 10 >95 100,000 600,000
3 13b 4-COCH; 120 °C (MW) 3 >95 100,000 2,000,000
4 13b 4-COCH3 120 °C (A) 3 88 88,000 1,760,000
5 13a 4-COCH; 120 °C (MW) 3 >95 100,000 2,000,000
6 13b 3-OCH3 120 °C (MW) 3 73 73,000 1,460,000
7 13b 3-OCHs 120 °C (A) 10 56 56,000 336,000

2 Reaction conditions: Phenylboronic acid (2.2 mmol), 4-bromoacetophenone or 3-bromoanisole (2 mmol),
K2COs (2.4 mmol), EtOH (0.8 mL), H»O (0.8 mL), catalyst (0.001 mol%) were stirred under microwave
irradiation (11 W) or under conventional heating for the indicated time. ® Determined by *H NMR. ¢ TON
defined as mol of product/mol of catalyst.  TOF = TON/h.

From the comparison of the results obtained under MW irradiation and with conventional
heating, no specific MW effect seems to be involved in the formation of
4-phenylacetophenone product when the reaction was carried out for 10 minutes (Table 9,
entries 1 and 2). MW irradiation allows reaching a faster and uniform heating of the reaction
mixture compared to conventional heating; in such a way, it is possible to explain the small
differences in terms of yield obtained toward the desired product when a very short time (3
minutes) was adopted (Table 9, entries 3 and 4) compared to the quantitative yields obtained
when a longer reaction time (10 minutes) was adopted (Table 9, entries 1 and 2). In more
detail, in the first case, the higher heating ability of the MW irradiation is the discriminating
factor that led to a quantitative yield in such short time when MW heating was applied
(compare Table 9, entries 3 and 4). Conversely, 10 minutes were sufficient to mitigate any
difference with MW irradiation leading to quantitative yield also in the case in which
conventional heating was adopted (Table 9, entries 1 and 2). Furthermore, catalyst SiO»-
Ceo-1L-Pd 13a was also employed in the coupling reaction between 4-bromoacetophenone
and phenylboronic acid affording the corresponding coupled product in quantitative yield in
3 minutes under MW irradiation (Table 9, entry 5). On the other hand, as already reported
for electron-rich aryl bromides,® the MW-assisted reaction of the less reactive 3-
bromoanisole substrate for 3 minutes at 120 °C led to improved conversions compared to
the same reaction carried out with conventional heating for 10 minutes, proving that, in this
case, there was a beneficial MW effect (Table 9, entries 6 and 7).

High values of TON up to 100,000 were obtained when 4-bromoacetophenone was used as
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substrate. However, heterogeneous catalysts, used in the Suzuki coupling, with even higher
TONs were reported.®¥ On the other hand, despite these high values of TON up to
3,570,000, as reported by Yamada et al.,[*®! the coupling reactions required several hours
giving rise to a TOF value of 119,000 h™. To the best of our knowledge, the highest TOF
reported for supported palladium catalysts reached a value of 1.4 - 105 h™218! therefore lower
than that herein reported (TOF 2.0 - 10° h') (Table 9, entries 3 and 5). In summary, the
combined values of TON and TOF obtained with the catalyst under investigation, prove its
good stability and high efficiency in the catalysis of the Suzuki reaction with a very low
loading of 0.001 mol%.

Furthermore, in the light of the use of palladium-based catalysts in the synthesis of
pharmaceuticals, the possibility of metal contamination of the as-synthesized drugs has to
be taken into account. For this reason, it is extremely important to avoid or limit the metal
leaching from the catalyst. However, the high activity of the catalytic systems herein
considered, allows working with a very low catalytic loading (down to 0.001 mol%). The
implications related to this possibility lead to interesting considerations. As a matter of fact,
even if there was the leaching of the total amount of palladium present in the heterogeneous
catalyst, there would be a metal contamination of the final product (in the case of 4-
bromoacetophenone couplings with quantitative conversions; Table 9, entries 1-4)
amounting to approximately 5.4 ppm. Such a value is just slightly higher than the allowable
palladium residual amount in active pharmaceutical ingredients required by government
regulations (< 5 ppm).[8¢]

In summary, the supported catalysts 13a-c possess a very impressive catalytic activity not
shown by the corresponding unsupported catalyst 8. In literature very few examples in which
the solid-supported Pd catalyst is more active than the homogeneous counterpart are
reported.’®”] This phenomenon was explained taking into account the possible improved
stability of the active Pd species in the heterogeneous catalyst compared to the homogeneous
catalyst. For this reason, the adopted synthetic strategy of materials 13a-c was chosen with
the aim to achieve an optimal dispersion of the Ceo-IL moiety on the support materials in
which PdNPs can be efficiently stabilized. These considerations could eventually explain
the reason of this high catalytic activity.

Finally, the recyclability of the catalytic systems 13a-c (see Experimental Section 1.7 for
more details), used at 0.1 mol% loading, was evaluated in the coupling reaction between
4-bromobenzaldehyde and phenylboronic acid (Figure 22). Catalysts 13b and 13c were used

up to five and six times, respectively, with a loss of activity in the last cycles. On the other

36



Chapter 1
Supported Ceo-IL hybrids Results and Discussion

hand, silica supported catalyst 13a, which showed to be less active (see Table 6, entry 1)
than other catalysts, revealed to be a more robust catalyst. In fact, with this catalyst it was
possible to run up to ten cycles without loss of activity.

B(OH), 13a-c (0.1 mol%)
o EtOH/H,0 o
+ e~ ) -
H K,CO; H
50 °C
Recycling tests
sy |
100
80 ‘
N
o
5 60
L 40
>_
20 Catalyst | Total TON
0 13a 10,000
I N T S S SN 13b 4,500
Cycle 13¢ 5,700

13b  13c ©13a

Figure 22. Recycling tests of catalysts 13a-c in the Suzuki reaction.

To understand the reasons of such great longevity of the catalyst 13a, TEM analysis of the
spent catalyst after ten cycles was carried out.

TEM images revealed only a little increase of PANPs dimensions (2.65 = 0.50 nm; n = 222)
(compare Figure 23 with Figure 16a). These findings could furnish the reason of the
constant catalytic activity over ten cycles of catalyst 13a that is able to stabilize effectively
the metal NPs limiting their agglomeration.

Furthermore, regarding the recycling experiments of catalysts 13b (Suzuki and Heck
reactions) and 13c (Suzuki reaction), it is possible to affirm that despite their great catalytic
activity, they suffer of intrinsic drawbacks owing to the difficult handling of the support

materials, namely SBA-15 and y-Fe>Os:@SiO>, compared to amorphous silica.
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55

Figure 23. HR-TEM picture of catalyst 13a after ten cycles in the Suzuki reaction.

In more detail, during the sonication and centrifugation processes involved in the work up
procedures after each catalytic cycle, both catalysts 13b and 13c were reduced to a fine
powder difficult to handle and this can lead to the loss of catalytic material. It is for this
reason that catalyst 13a is a more promising catalytic material for its possible use in
continuous flow reactors”® owing to its greater resistance to mechanical stress conferred to

it by the amorphous silica support.
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1.5 Conclusions

A set of several Ceo-IL conjugates were synthesized and thoroughly characterized. Both
anions and cations as well as side chain were varied, giving rise to new hybrids with
outstanding solubility profiles in classically non-Ceo-friendly solvents such as water and
methanol in which imidazolium-based hexakis-adducts show solubilities higher than 800
mg/mL. This unprecedented solubility can be exploited in several key fields such as
medicinal chemistry for gene delivery, photodynamic cancer therapy, and DNA
photocleavage, but also in materials chemistry, catalysis, analytical, and coordination
chemistry, among others. With this in mind, one of the Ceo—IL hybrids was used for the
immobilization of palladium nanoparticles through ion exchange with PdCl4> followed by
reduction with sodium borohydride. Surprisingly, during reduction, several carbon
nanostructures were formed that comprised nano-onions and nanocages displaying few-
layers graphene sidewalls. The so-obtained nanomaterial was successfully applied as a
recyclable catalyst in Suzuki and Heck reactions with a 0.2 mol% loading. In the former
process, the catalyst was recycled for five consecutive runs with no loss in catalytic activity.
In the light of the good results obtained, we developed a new synthetic strategy to anchor the
previously tested catalyst on different supports, namely amorphous silica, SBA-15 and
silica-coated maghemite. This approach led to extremely active catalytic systems employed
in the Heck and Suzuki couplings. The catalytic performances of these materials were very
impressive reaching a high TON (100,000) and a remarkable value of TOF (2,000,000 ht)
that probably, to the best of our knowledge, represents the highest value ever reported for
the Suzuki coupling mediated by heterogeneous palladium catalysts. Furthermore, silica
supported catalyst proved to be highly recyclable, up to ten cycles, both in Suzuki and Heck
reactions with only a slight decrease of catalytic activity in the tenth cycle of Heck reaction.
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Cso-1L hybrlds
1.6 Experimental Section

General: Chemicals and solvents were purchased from commercial suppliers or purified by
standard techniques. For thin-layer chromatography (TLC), silica gel plates (Merck 60 F254)
were used and compounds were visualized by irradiation with UV light and/or by treatment
with a KMnOg solution. Flash chromatography was carried out using Macherey—Nagel silica
gel (0.04-0.063 mm). Petroleum ether refers to the fraction with the boiling range 40-60 °C.
'H and 3C NMR spectra were recorded with a Bruker 250, Bruker 300 MHz or Bruker
Avance 11 400 MHz spectrometers. Solid-state 3C CP-MAS NMR was recorded on a Bruker
AV 2, 400 MHz spectrometer with samples packed in zirconia rotors spinning at 15 kHz.
The specific surface areas were determined by applying the BET method!®! to the nitrogen
adsorption isotherm registered at -196 °C using Sorptomatic 1900 (Carlo Erba) instrument.
FTIR spectra were registered with a Shimadzu FTIR 8300 infrared spectrophotometer. UV-
vis spectra were recorded with a Bechmann-Coulter DU 800 spectrophotometer
thermostated at 20 °C. Thermogravimetric analysis (TGA) was performed under oxygen
flow from 100 to 1000 °C with a heating rate of 10 °C/min in a Mettler Toledo TGA/DSC
STAR System. Elemental analysis was performed through Thermo Finnigan Flash EA 1112
analyzer. XRD measurements were carried out with a Bruker D 5000 diffractometer
equipped with a Cu Ko anode and a graphite monochromator. A proportional counter and a
0.05° step size in 20 were used. The assignment of the various crystalline phases in 26 was
based on the JCPDS powder diffraction file cards (JCPDS Powder Diffraction File,
International Centre for Diffraction Data, Swarthmore, PA, USA, 1989.). The particle size
(d) was estimated as volume-average crystallite dimension, through the line-broadening
(LB) of the available reflection peaks, using the Scherrer equation.® The instrumental
broadening was determined by collecting the diffraction pattern of the standard, lanthanum
hexaboride LaBs. The X-ray photoelectron spectroscopy (XPS) analyses were performed
with a VGMicrotech ESCA 3000Multilab, equipped with a dual Mg/Al anode. The spectra
were excited by the unmonochromatized Al Ka source (1486.6 eV) run at 14 kV and 15 mA.
The analyzer was operated in the constant analyzer energy (CAE) mode. For the individual
peak energy regions, a pass energy of 20 eV set across the hemispheres was used. Survey
spectra were measured at 50 eV pass energy. The sample powders were mounted on a

double-sided adhesive tape. The pressure in the analysis chamber was in the range of 1078
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Torr during data collection. The constant charging of the samples was removed by
referencing all the energies to the C1s set at 284.6 eV. The invariance of the peak shapes and
widths at the beginning and at the end of the analyses ensured absence of differential
charging. Analyses of the peaks were carried out with the software provided by VG, based
on non-linear least squares fitting program using a weighted sum of Lorentzian and Gaussian
component curves after background subtraction according to Shirley and Sherwood.[%
Atomic concentrations were calculated from peak intensity using the sensitivity factors
provided with the software. The binding energy values are quoted with a precision of £0.15
eV and the atomic percentage with a precision of £10%. TEM micrographs were recorded
on a high-resolution transmission electron microscope (HR-TEM) JEOL JEM-2100
operating at 200 KV accelerating voltage. Samples were dispersed in water and drop cast
onto carbon coated copper TEM grids for HR-TEM analysis. The imaging conditions were
carefully tuned by lowering the accelerating voltage of the microscope and reducing the
beam current density to a minimum in order to minimize the electron beam induced damage
of the sample. SEM analyses were carried out on a FEI Quanta 200 FEG instrument equipped
with Edax probe. MW-assisted catalytic tests were carried out with a CEM DISCOVER
monomode system in closed vessel in manual mode (no remote PC control) with infrared
sensor for temperature control and with no pressure control. Microwave Plasma - Atomic
Emission Spettroscopy (MP-AES) analyses were carried out with a 4200 MP-AES, Agilent.

Analyses were conducted using a calibration curve, obtained by dilution.

e General procedure for preparation of compounds la-c

Malonyl dichloride (1 eg.) was added to a solution of the appropriate alcohol (2 eg.) and
pyridine (2 eq.) in 1,2-dichloroethane at 0 °C under Ar atmosphere. After 1 h, the mixture
was allowed to warm up to room temperature, then stirred overnight. The reaction mixture
was washed with a solution of 5% HCI (50 mL x 2) and a saturated solution of NaHCO3 (60
mL x 2). The organic layer was dried over anhydrous sodium sulfate, filtered and evaporated.

The products were purified by flash chromatography (SiO2, CH.Cl./petroleum ether).

Compound 1a. This compound was prepared from malonyl dichloride (9.00 mmol), 3-
chloro-1-propanol (18.00 mmol) and pyridine (18.00 mmol) in 1,2-dichloroethane (60 mL).
Purification by flash column chromatography (SiO2, CH2Clz/petroleum ether 60/40) gave 1a
(1.898 g, 61%) as a pale yellow oil. IR (neat): 1734 (C=0) cm; *H NMR (CDCls, 250
MHz): 6 = 4.33 (t, J = 6.0 Hz, 4H, OCHy), 3.62 (t, J = 6.2 Hz, 4H, CICH>), 3.41 [s, 2H,
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CH2(COO0)2], 2.13 (quint, J = 6.1 Hz, 4H, CICH.CH>) ppm; 3C NMR (CDCls, 62.5 MHz):
8 = 166.2 [2C, CH2(COO)2], 62.2 (2C, OCHy), 41.4 (2C, CICH,), 40.8 [1C, CH(CO0)2],
31.3 (2C, CICH;CHa ) ppm.

Compound 1b. This compound was prepared from malonyl dichloride (9.00 mmol), 3-
bromo-1-propanol (18.00 mmol) and pyridine (18.00 mmol) in 1,2-dichloroethane (60 mL).
Purification by flash column chromatography (SiO2, CH2Cl/petroleum ether 60/40) gave 1b
(1.684 g, 54%) as a pale yellow oil. *tH NMR (CDCls, 250 MHz): § = 4.32 (t, J = 6.1 Hz,
4H, OCHy), 3.48 (t, J = 6.3 Hz, 4H, BrCH>), 3.42 [s, 2H, CH2(C0O0)2], 2.21 (quint, J = 6.2
Hz, 4H, BrCH>CHy>) ppm. Spectroscopic data of compound 2b are in agreement with those

reported in literature.[44"]

Compound 1c. This compound was prepared from malonyl dichloride (9.00 mmol),
3-azido-1-propanol (18.00 mmol) and pyridine (18.00 mmol) in 1,2-dichloroethane (60 mL).
Purification by flash column chromatography (SiO2, CH2Clz/petroleum ether 80/20) gave 2c
(2.090 g, 86%) as a pale yellow oil. *H NMR (CDCls, 250 MHz): § = 4.26 (t, J = 6.3 Hz,
4H, OCHy), 3.42 [m, 6H, N3CH2 and, CH2(COO)2], 1.94 (quint, J = 6.2 Hz, 4H, N3CH>CH>)
ppm. Spectroscopic data of compound 1c are in agreement with those reported in

literature.[44a

e General procedure for preparation of compounds 2a-b

The appropriate malonic ester 1a-c (1 eq.), CBrs (2 eq.), and DBU (4 eg.) were added to a
solution of Ceo (1.5 €q.) in chlorobenzene. The reaction mixture was stirred for 24 h at room
temperature and then was directly poured in the chromatographic column (SiOg,
toluene/hexane). The obtained compound was solubilized in a small amount of chloroform,

precipitated with methanol and then centrifuged.

Compound 2a. This compound was prepared from 1a (0.67 mmol), CBr4 (1.34 mmol), DBU
(2.68 mmol) and Ceo (1.00 mmol) in chlorobenzene (105 mL). Purification by flash column
chromatography (SiO3, toluene/hexane 60/40) and subsequent precipitation gave 2a (0.296
0, 45%) as a brown solid. IR (neat): 2961 (C—H), 1749 (C=0), 1460 (C—H bending) cm™;
'H NMR (CDCls, 300 MHz): & = 4.69 (t, J = 6.0 Hz, 4H, OCH?>), 3.74 (t, J = 6.3 Hz, 4H,
CICH,), 2.33 (quint, J = 6.2 Hz, 4H, CICH,CH>) ppm; **C NMR (CDCls, 100 MHz): § =
163.56 (2C, Ceo=CCOOQ), 145.47, 145.38, 145.18, 145.10, 144.86, 144.77, 144.05, 143.25,
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143.21, 143.18, 142.36, 142.04, 141.19, 139.17, 71.49 (2C, Ceo sp®), 64.13 (2C, OCHy),
51.98 [1C, Cso=C(COO)2], 41.03 (2C, CICH>), 31.46 (2C, CICH,CHa ) ppm.

Compound 2b. This compound was prepared from 1b (0.67 mmol), CBrs (1.34 mmol),
DBU (2.68 mmol) and Ceo (1.00 mmol) in chlorobenzene (105 mL). Purification by flash
column chromatography (SiO., toluene/hexane 60/40) and subsequent precipitation gave 2b

(0.291 g, 41%) as a brown solid. Spectroscopic data of compound 2b are in agreement with

those reported in literature.[*4°]
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Figure E1. *H (top) and *C NMR (bottom) of compound 2a.
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e General procedure for preparation of compounds 3a-b

1-butylimidazole (20 eq.) was added to a solution of the appropriate monoadduct (1 eq.) in
chloroform. The reaction mixture was refluxed for 48 h. The solvent was evaporated and the
remaining oil was solubilized in a small amount of methanol, precipitated with diethyl ether
and then centrifuged. The supernatant was removed and the whole procedure of precipitation

was repeated two times using first diethyl ether and then methanol.

Compound 3a. This compound was prepared from 2a (0.10 mmol) and 1-butylimidazole
(2.00 mmol) in chloroform (3.0 mL). After precipitation, 3a was obtained in quantitative
yield as a brown solid. IR (KBr): 3133 (C-H ring), 2955, 2928 (C-H) 1737 (C=0), 1625
(C=C, C=N), 1562 (C-C, C-N), 1460 (C—H alkyl bending), 1160 (C-H ring bending), 526
cm; 'H NMR (CDsOD, 300 MHz): & = 9.27 (m, 2H, 2H-imidazolium), 7.76 (m, 4H, 4H
and 5H-imidazolium), 4.29-4.80 (br, 12H, OCH2, NCH>CH.CH>0 and NCH>CH>CH>CHj3),
2.53 (br, 4H, NCH2CH.CH0), 1.91 (br, 4H, NCH.CH.CH.CHs), 1.40 (br, 4H,
NCH2CH2CH.CHj3), 0.98 (br, 6H, NCH2CH2CH,CHs3) ppm; 3C NMR (CD30D, 100 MHz):
8 = 164.46 (2C, Ce=CCOOQO), 146.56, 146.38, 146.09, 145.97, 145.48, 145.16, 144.36,
143.88, 143.51, 143.33, 143.10, 142.28, 141.62, 140.29, 140.13, 137.55, 124.06, 123.98,
7291 (2C, Ceo sp®), 65.73 (2C, OCHz), 51.96 [1C, Cg=C(COO0)], 50.86 (4C,
NCH2CH>CH2CHj3), 48.13 (4C, NCH2CH2CH0), 33.09 (4C, NCH2CH.CH2CHjs), 30.35
(4C, NCH2CH2CH0), 20.58 (4C, NCH2CH2CH>CH3), 13.86 (4C, NCH>CH>CH>CHz) ppm.

Compound 3b. This compound was prepared from 2b (0.10 mmol) and 1-butylimidazole
(2.00 mmol) in chloroform (3.0 mL). After precipitation, 3b was obtained in quantitative
yield as a brown solid. IR (KBr): 3130 (C-H ring), 2955, 2928 (C-H) 1739 (C=0), 1625
(C=C, C=N), 1564 (C-C, C-N), 1460 (C—H alkyl bending), 1160 (C—H ring bending), 526
cmt; *H NMR (DMSO-ds, 300 MHz): § = 9.29 (s, 2H, 2H-imidazolium), 7.85 (s, 4H, 4H
and 5H-imidazolium), 4.56 (t, 4H), 4.36 (t, 4H), 4.17 (t, 4H), 2.37 (br, 4H, NCH.CH,CH.0),
1.80 (quint, 4H, NCH>CH2>CH.CHz3), 1.27 (sext, 4H, NCH2CH.CH.>CHz), 0.90 (t, 6H,
NCH2CH,CH>CH3) ppm; *C NMR (CDsOD, 100 MHz): § = 164.37 (2C, Cg=CCOO0),
146.58, 146.31, 146.19, 146.00, 145.90, 144.81, 144.78, 144.65, 144.57, 144.44, 143.49,
143.14, 142.28, 140.52, 140.31, 137.35, 124.04, 123.98, 72.83 (2C, Ceo sp°), 65.84 (2C,
OCH), 52.02 [1C, Cg=C(COO0)2], 50.86 (4C, NCH2CH>CH.CHz3), 48.19 (4C,
NCH2CH>CH-0), 33.09 (4C, NCH2CH>CH>CH3), 30.76 (4C, NCH.CH2CH-0), 20.60 (4C,
NCH,CH,CH>CHs), 13.97 (4C, NCH2CH2CH2CHj3) ppm.
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e General procedure for preparation of compounds 4a-c

The appropriate malonic ester (10 eq.), CBrs (50 eq.), and DBU (20 eq.) were added to a
solution of Ceo (1 €q.) in chlorobenzene. The reaction mixture was stirred for 72 h at room
temperature and then was directly poured in the chromatographic column (SiOg,
CH2Cly/hexane). The obtained compound was solubilized in a small amount of
dichloromethane, precipitated with hexane and then centrifuged. The supernatant was
removed and the whole procedure of precipitation was repeated two times using first hexane
and then methanol.

Compound 4a. This compound was prepared from 1a (5.00 mmol), CBr4 (25.00 mmol),
DBU (10.00 mmol) and Ceo (0.50 mmol) in chlorobenzene (110 mL). Purification by flash
column chromatography (SiO2, CH2Clz/petroleum ether 85/15) and subsequent precipitation
gave 4a (0.563 g, 50%) as a red glassy solid. 2967 (C—H) 1747 (C=0), 1448 (C—H bending)
cm®; 'H NMR (CDCls, 250 MHz): & = 4.45 (t, J = 6.3 Hz, 24H, OCHy), 3.61 (t, J = 6.4 Hz,
24H, CICHy), 2.18 (quint, J = 6.2 Hz, 24H, CICH2CH>), ppm; **C NMR (CDCls, 62.5 MHz):
§=163.5(12C, C5=CCOO0), 145.8 (24C, Ceo 5p?), 141.1 (24C, Ceo sp?), 69.1 (12C, Ceo Sp°),
63.7 (24C, OCH?), 45.3 [6C, Ce=C(COO0)2], 40.9 (12C, CICH>), 31.3 (12C, CICH2CH?y)
ppm. MS (APCI) Calcd. 2244.0676, found 2244.1836.

Compound 4b. This compound was prepared from 1b (5.00 mmol), CBr4 (25.00 mmol),
DBU (10.00 mmol) and Ceo (0.50 mmol) in chlorobenzene (110 mL). Purification by flash
column chromatography (SiO2, CH2Clz/petroleum ether 90/10) and subsequent precipitation
gave 4b (0.810 g, 58%) as a red glassy solid. IR (neat): 2965 (C-H) 1745 (C=0), 1460 (C—
H bending) cm™; *H NMR (CDCls, 250 MHz): & = 4.45 (t, J = 6.3 Hz, 24H, OCH,), 3.45 (t,
J = 6.6 Hz, 24H, BrCH?), 2.26 (quint, J = 6.4 Hz, 24H, BrCH,CHy>), ppm; 1*C NMR (CDCls,
62.5 MHz): § = 163.5 (12C, Ceo=CCOO), 145.8 (24C, Cgo sp?), 141.1 (24C, Ceo Sp?), 69.1
(12C, Cgo sp®), 64.7 (24C, OCH?>), 45.3 [6C, C0=C(COO0)_], 31.3 (12C, BrCHy>), 29.0 (12C,
BrCH>CH>) ppm. MS (APCI) Calcd. 2785.6330, found 2785.7178.

Compound 4c. This compound was prepared from 1c (5.00 mmol), CBrs (25.00 mmol),
DBU (10.00 mmol) and Ceo (0.50 mmol) in chlorobenzene (110 mL). Purification by flash
column chromatography (SiO2, CH2Clz/petroleum ether 90/10) and subsequent precipitation
gave 5c (0.493 g, 42%) as an orange glassy solid. *H NMR (CDCls, 300 MHz): § = 4.30 (t,
J = 6.0 Hz, 24H, OCHy), 3.34 (t, J = 6.1 Hz, 24H, N3CHy>), 1.89 (quint, J = 6.0 Hz, 24H,
N3CH2CHz) ppm; *C NMR (CDCls, 75 MHz): § = 163.5 (12C, Cs=CCOO), 145.8 (24C,
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Ceo Sp?), 141.1 (24C, Ceo sp?), 69.1 (12C, Ceo sp?), 63.7 (24C, OCH,), 47.8 (12C, N3CH,),
45.0 [6C, Cso=C(COO0)2], 28.0 (12C, BrCH2CH2) ppm. Spectroscopic data of compound 4c

are in agreement with those reported in literature.#4l,
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Figure E4. *H (top) and **C NMR (bottom) of compound 4a.
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e General procedure for preparation of compounds 5a-d

1-methylimidazole, 1-butylimidazole or 1,2-dimethylimidazole (120 eq.) were added to a
solution of the appropriate hexakis adduct (1 eq.) in chloroform. The reaction mixture was
refluxed for 48 h. The solvent was evaporated and the obtained oil was solubilized in a small
amount of methanol, precipitated with diethyl ether and then centrifuged. The supernatant
was removed and the whole procedure of precipitation was repeated two times using first

diethyl ether and then methanol.

Compound 5a. This compound was prepared from 4b (0.04 mmol) and 1-methylimidazole
(4.80 mmol) in chloroform (2.5 mL). After the precipitation, 5a was obtained in quantitative
yield as a brown viscous oil. IR (neat): 3151 (C—H ring), 3093, 2959 (C-H) 1741 (C=0),
1632 (C=C, C=N), 1571 (C-C, C-N), 1459 (C—H alkyl bending), 1168 (C—H ring bending)
cmt; TH NMR (CDsOD, 400 MHz): § = 7.97-7.77 (m, 24H, 4H and 5H-imidazolium), 4.63
(br, 48H, NCH2CH>CH-0 and , NCH.CH2CH0), 4.12 (br, 36H, NCHs3), 2.55 (br, 24H,
NCH2CH2CH20) ppm; *C NMR (CDsOD, 100 MHz): § = 164.13 (12C, Cs=CCOQO),
146.89 (24C, Ceo sp?), 142.32 (24C, Cso sp?), 137.89 (12C, 2C-imidazolium), 125.15 (12C,
C-imidazolium), 123.77 (12C, C-imidazolium), 70.31 (12C, Ceo sp?), 66.41 (12C, OCH,),
47.93 (24C, NCH2CH2CH0), 46.73 [6C, Cs0=C(COO)], 37.00 (12C, NCHs), 30.22 (24C,
NCH2CH2CH-0) ppm. Elem. Anal. Calcd for C162H144Br12N24024218H.0: C, 47.52; H, 4.43,;
N, 8.21. Found: C, 47.42; H, 4.65; N, 8.37.

Compound 5b. This compound was prepared from 4b (0.04 mmol) and
1,2-dimethylimidazole (4.80 mmol) in chloroform (2.5 mL). After the precipitation, 5b was
obtained in quantitative yield as a brown viscous oil. IR (neat): 3137 (C-H ring), 3078, 2961
(C—H) 1739 (C=0), 1628 (C=C, C=N), 1589 (C-C, C-N), 1464 (C—H alkyl bending), 1180
(C—H ring bending) cm™*; *H NMR (CD30D, 400 MHz): & = 7.84-7.72 (m, 24H, 4H and 5H-
imidazolium), 4.72-4.53 (m, 48H, NCH2.CH.CH20 and , NCH.CH.CH0), 4.00 (s, 36H,
NCHj), 2.88 (s, 36H, CCH3), 2.48 (m, 24H, NCH2CH.CH0) ppm; *C NMR (CDs0D, 100
MHz): § = 164.13 (12C, Ceo=CCOO), 146.92 (24C, Ceo sp?), 146.16 (12C, 2C-imidazolium),
142.37 (24C, Ceo sp?), 124.02 (12C, 2C-imidazolium), 122.24 (12C, 2C-imidazolium), 70.40
(12C, Cg sp®), 65.98 (12C, OCH,), 46.77 (24C, NCH:CH,CH:0), 46.39 [6C,
Cs0=C(C0O0)2], 36.03 (12C, NCH3), 29.75 (24C, NCH>CH.CH-0), 10.56 (12C, CCHz) ppm.
Elem. Anal. Calcd for Ci174H168Bri2N24024e20H20: C, 48.62; H, 4.88; N, 7.82. Found: C,
48.60; H, 5.17; N, 7.78.
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Compound 5c. This compound was prepared from 4b (0.04 mmol) and 1-butylimidazole
(4.80 mmol) in chloroform (2.5 mL). After the precipitation, 5¢c was obtained in quantitative
yield as a red viscous oil. IR (neat): 3139 (C—H ring), 3079, 2961, 2873 (C-H) 1742 (C=0),
1636 (C=C, C=N), 1564 (C-C, C-N), 1463 (C—H alkyl bending), 1164 (C—H ring bending)
cmt; 'H NMR (CD3sOD, 400 MHz): § = 7.73 (m, 24H, 4H and 5H-imidazolium), 4.54-4.26
(br, 72H, OCH2, NCH2CH>CH>0 and NCH,CH>CH>CH?3), 2.44 (br, 24H, NCH.CH2CH-0),
1.92 (br, 24H, NCH2CH2CH.CH3), 1.41 (br, 24H, NCH2CH>CH>CHs), 1.00 (br, 36H,
NCH2CH2CH,CHj3) ppm; $3C NMR (CD3OD, 75 MHz): § = 164.3 (12C, Cso=CCO0), 147.0
(24C, Ceo sp?), 142.4 (24C, Ceo sp?), 137.2 (12C, 2C-imidazolium), 123.9 (12C, C-
imidazolium), 123.7 (12C, C-imidazolium), 70.3 (12C, Ceo sp®), 65.9 (12C, OCH), 50.9
(24C, NCH2CH2CH2CH3), 48.1 (24C, NCH>CH2CH?0), 33.5 (24C, NCH,CH>CH2CH?3),
30.2 (24C, NCH2CH2:CH20), 20.5 (24C, NCH2CH.CH.CHs), 139 (24C,
NCH2CH2CH2CH3) ppm. Elem. Anal. Calcd for Ci19gH216Bri2N24024°12H,0: C, 52.95; H,
5.39; N, 7.49. Found: C, 53.18; H, 5.40; N, 7.12.

Compound 5d. This compound was prepared from 4a (0.04 mmol) and 1-butylimidazole
(4.80 mmol) in chloroform (2.5 mL). After the precipitation, 5d was obtained in quantitative
yield as a brown viscous oil. IR (neat): 3139 (C—H ring), 3077, 2962, 2873 (C-H) 1741
(C=0), 1637 (C=C, C=N), 1562 (C-C, C-N), 1460 (C-H alkyl bending), 1165 (C—H ring
bending) cm™; *H NMR (CDs0D, 400 MHz): § = 9.21 (m, 12H, 2H-imidazolium), 7.73 (m,
24H, 4H and 5H-imidazolium), 4.49-4.26 (m, 72H, OCH;, NCHCHCH»O and
NCH2CH>CH>CH3s), 2.41 (m, 24H, NCH.CH2CH-0), 1.91 (m, 24H, NCH2CH>CH2CHy3),
1.40 (m, 24H, NCH2CH2CH,CHs), 0.99 (m, 36H, NCH.CH.CH:CHs) ppm; *C NMR
(CDsOD, 62.5 MHz): § = 165.3 (12C, Ceo=CCOO), 147.9 (24C, Ceo sp?), 143.3 (24C, Ceo
sp?), 138.2 (12C, 2C-imidazolium), 124.9 (24C, 4C and 5C-imidazolium), 71.0 (12C, Ceo
sp®), 66.6 (12C, OCHy), 51.7 (24C, NCH2CH,CH>CHj3), 48.6 (24C, NCH,CH,CH0), 33.9
(24C, NCH2CH2CH2CH3), 31.1 (24C, NCH>CH2CH20), 21.4 (24C, NCH>CH>CH2CHpy),
14.8 (24C, NCH2CH>CH2CHs3) ppm. Elem. Anal. Calcd for C19gH216Cl12N24024¢30H20: C,
55.54; H, 6.50; N, 7.85. Found: C, 55.61; H, 6.54; N, 7.47.
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e Synthesis of compound 6

CuS04-5H20 (0.012 mmol) and sodium ascorbate (0.036 mmol) were added to a mixture of
4c¢ (0.12 mmol) and phenylacetylene (1.83 mmol) in CH2Cl>/H20 (1:1) (8 mL). The reaction
mixture was stirred overnight at room temperature under argon atmosphere. The organic
layer was diluted with CH2Cl>, washed with water, dried over Na>SOs, filtered and
evaporated. Purification by flash column chromatography (SiO2, 1% of methanol in
dichloromethane) gave the desired product (340 mg, 80%) as an orange glassy solid.
Spectroscopic data are in agreement with those reported in literature.[44

A solution of the obtained product (0.02 mmol) in chloroform (2 mL) was reacted with
benzyl bromide (2.4 mmol). The reaction mixture was refluxed for 48 h. The solvent was
evaporated and the obtained oil was solubilized in a small amount of dichloromethane,
precipitated with hexane and then centrifuged. The supernatant was removed and the whole
procedure of precipitation was repeated three times using diethyl ether. Compound 6 was
obtained in quantitative yield as an orange/red glassy solid. IR (neat): 3053 (C-H arom),
2964 (C—H) 1743 (C=0), 1613 (C=C, C=N), 1494 (N=N), 1455 (C—H alkyl bending) cm™;
'H NMR (CDCls, 250 MHz): & = 9.64 (m, 12H, 5H-triazolium), 8.04-7.02 (m, 120H, H
arom), 5.78 (m, 24H, NCH2Ph), 5.03 (m, 24H), 4.49 (m, 24H), 2.57 (m, 24H,
NCH2CH>CH,0) ppm; **C NMR (CDCls, 62.5 MHz): § = 163.0 (12C, Ceo=CC0O0), 145.7
(12C, Ceo Sp?), 142.8 (12C, 4C-triazolium), 140.9 (12C, Ceo sp?), 131.5, 129.8, 129.3, 129.1,
128.9, 128.6, 128.2, 127.3, 121.9, 69.0 (12C, Ceo sp°), 64.1 (12C, OCHy), 55.7 (24C,
NCHzPh), 51.2 (24C, NCH.CH2CH0), 28.5 (24C, NCH.CH>CH0) ppm.
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e General Procedure for the Synthesis of Palladium Catalyst 8.

PdCl> (37 mg, 0.209 mmol) and NaCl (246 mg, 4.18 mmol, 20 eq.) in water (5.3 mL) were
heated at 80 °C until the PdCI> was dissolved. The obtained clear reddish solution was cooled
at room temperature. A solution in water (1.8 mL) of compound 5a (200 mg) was added
dropwise to the previous solution. The obtained brown suspension was stirred at room
temperature for 20 h, then solvent was removed under vacuum and the sticky brown residue
was dried overnight under reduced pressure at room temperature affording 7. The brown
solid 7 was suspended in ethanol (4.8 mL) and to this suspension a solution of NaBH4 (57
mg, 1.46 mmol, 7 equiv.) in ethanol (4.8 mL) was added dropwise. The suspension turned
black and was stirred at room temperature for 6 h. After removal of water under vacuum, the
obtained black residue was suspended in 30 mL of water and dialyzed by dialysis tubing
(molecular weight cutoff 1000 Da) for 3 days. After removal of water under vacuum and

drying at 40 °C overnight, catalyst 8 (93 mg) was obtained as a dark powder.

e General Procedure for the Suzuki Reaction with catalyst 8

In a round-bottom flask catalyst 8 (0.2 mol%, 1 mg), phenylboronic acid (138 mg, 1.1
mmol), K2CO3 (167 mg, 1.2 mmol), aryl bromide (1 mmol), ethanol (1.2 mL) and water (1.2
mL) were placed and stirred at 50 °C for 3 h. Then, the reaction mixture was allowed to cool
down at room temperature, diluted with water, extracted three times with dichloromethane
and dried over NaxSO4. The organic phase was evaporated under vacuum and the residue
was purified by a short flash column chromatography (SiO2, petroleum ether/ethyl acetate).
Conversions were determined by *H NMR. Spectroscopic data are in agreement with those

reported in literature.[®%

e Recycling procedure of catalyst 8 in the Suzuki reaction

Recycling tests were performed in a test tube in which catalyst 8 (0.2 mol%, 3 mg),
phenylboronic acid (415 mg, 3.3 mmol), K2CO3z (503 mg, 3.6 mmol), 4-bromobenzaldehyde
(561 mg, 3 mmol), ethanol (3.6 mL) and water (3.6 mL) were placed. The reaction was
carried out at 50 °C for 3 h. The reaction mixture was allowed to cool down to room
temperature and was directly centrifuged in the test tube. The supernatant was removed and
collected. The centrifugation was repeated after the addition of ethanol and then two times

using dichloromethane. The collected organic layers were washed with water and the
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aqueous phase was further extracted two times with dichloromethane. The organic layers
were dried over anhydrous sodium sulfate, filtered and evaporated. The product was purified

by flash column chromatography (SiO2, petroleum ether/ethyl acetate).

e General Procedure for the Heck Reaction with catalyst 8

In a round-bottom flask catalyst 8 (0.2 mol%, 1 mg), methyl acrylate (1.5 mmol), aryliodide
(1 mmol), triethylamine (2 mmol) and DMF/H20 (4 mL + 1 mL) were placed and heated at
90 °C for the appropriate time. Then, the reaction was allowed to cool down to room
temperature, diluted with water and extracted with dichloromethane. The organic phase was
evaporated under vacuum and the residue was purified by a short flash column
chromatography (SiO2, petroleum ether/ethyl acetate). Conversions were determined by *H

NMR. Spectroscopic data are in agreement with those reported in literature.?
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Supported Ceo-1L hybrids
1.7 Experimental Section

e Preparation of the support materials

SBA-15. Mesoporous SBA-15 was prepared starting from tetraethyl orthosilicate (TEOS),
as silica source and using a triblock poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) (EO20PO70EO20, Pluronic P123), as template, according to a published

procedure.[%]

v-Fe203@SiO2. 14 wt% silica-coated Fe.O3z were prepared by flame spray pyrolysis (FSP)
of iron(111) acetylacetonate in xylene—acetonitrile solution and the resulting aerosol was in

situ coated with SiO2 using hexamethyldisiloxane (HMDSO) vapour as silica source.l

e General procedure for the synthesis of materials 10a-c

In a two-necked round bottom flask Ceo-IL-hexakis-adduct 81" (1 eq.) and triethoxy-3-(2-
imidazolin-1-yl)propylsilane (1.5 eq.) in anhydrous toluene were placed. The reaction
mixture was refluxed under stirring and in Argon atmosphere for 24 h (intermediates 9a-c
were not isolated). Afterwards, to the reaction mixture, the appropriate amount of support
material was added and the obtained suspension was refluxed under Argon atmosphere for
72 h. The obtained materials (10a-c) were washed following the procedures described in the

text below.

SiO2-Ceo 10a. This material was prepared from Ceo-IL-hexakis-adduct 8 (500 mg, 0.180
mmol) and triethoxy-3-(2-imidazolin-1-yl)propylsilane (75 pL, 0.270 mmol) in anhydrous
toluene (15 mL). After refluxing for 24 h, 1 g of amorphous silica was added and the obtained
suspension was refluxed for a further 72 h. Then the suspension was filtered under reduced
pressure by a sintered glass funnel, washed with toluene, dichloromethane and diethyl ether
and the recovered solid was dried in an oven overnight at 40 °C obtaining material 10a as a

brown powder (1.4 g).

SBA15-Ceso 10b. This material was prepared from Ceo-IL-hexakis-adduct 8 (250 mg, 0.090
mmol) and triethoxy-3-(2-imidazolin-1-yl)propylsilane (36 pL, 0.135 mmol) in anhydrous
toluene (8 mL). After refluxing for 24 h, 500 mg of SBA-15 were added and the obtained
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suspension was refluxed for a further 72 h. Then the suspension was filtered under reduced
pressure by a sintered glass funnel, washed with toluene, ethyl acetate and diethyl ether and
the recovered solid was dried in an oven overnight at 40 °C obtaining material 10b as a light

brown powder (565 mg).

v-Fe203@Si02-Ceo 10c. This material was prepared from Ceo-IL-hexakis-adduct 8 (514 mg,
0.278 mmol) and triethoxy-3-(2-imidazolin-1-yl)propylsilane (78 pL, 0.278 mmol) in
anhydrous toluene (15 mL). After refluxing for 24 h, 514 mg of silica-coated maghemite (y-
Fe-O:@Si0.) were added and the obtained suspension was refluxed for a further 72 h. Then
the suspension was magnetically decanted with the aid of an external magnet, washed with
toluene and diethyl ether and the recovered solid was finally dried in an oven overnight at

40 °C obtaining material 10c as a brown powder (786 mg).

e General procedure for the synthesis of materials 11a-c

To a suspension of the indicated amount of materials 10a-c in toluene, 1-methylimidazole
(15 eq. with respect to propyl bromide moieties as determined by TG analysis of material
10a-c) was added. The reaction mixture was refluxed under stirring for 72 h. The obtained
materials (11a-c) were washed following the procedures described in the text below.

SiO2-Ceo-1L 11a. This material was prepared from 1-methylimidazole (1.39 mL 17.35
mmol) and 1.3 g of material 10a in toluene (40 mL). After refluxing for 72 h, the suspension
was filtered under reduced pressure by a sintered glass funnel, washed with toluene, ethyl
acetate and diethyl ether and the recovered solid was finally dried in an oven overnight at 40

°C obtaining material 11a as a brown powder (1.390 g).

SBA15-Ceo-1L 11b. This material was prepared from 1-methylimidazole (405 uL, 5.05
mmol) and 537 mg of material 10b in toluene (20 mL). After refluxing for 72 h, the
suspension was filtered under reduced pressure by a sintered glass funnel, washed with
toluene, ethyl acetate and diethyl ether and the recovered solid was finally dried in an oven

overnight at 40 °C obtaining material 11b as a light brown powder (545 mg).

v-Fe203@Si02-Ceo-1L 11c. This material was prepared from 1-methylimidazole (830 uL,
10.36 mmol) and 757 mg of material 10c in toluene (20 mL). After refluxing for 72 h, the
suspension was magnetically decanted with the aid of an external magnet, washed with

toluene, ethyl acetate and diethyl ether and the recovered solid was finally dried in an oven
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overnight at 40 °C obtaining material 11b as a brown powder (761 mg).

e General procedure for the synthesis of materials 12a-c

PdCl> (10.40 mg, 0.058 mmol) and NaCl (68.13 mg, 1.16 mmol) in water (4 mL) were heated
at 80 °C until the PdCIl, was dissolved. The obtained clear reddish solution of sodium
tetrachloropalladate(11) was cooled at room temperature and added dropwise to a suspension
of materials (11a-c, 300 mg) in water (2 mL). The reaction mixture was stirred overnight at
room temperature. The obtained materials (12a-c) were washed following the procedures
described in the text below.

SiO2-Ceo-1L-Pd(Il) 12a. After the ion metathesis reaction of material 1la with
tretrachloropalladate anions, the obtained suspension was filtered under reduced pressure by
a sintered glass funnel, washed with water, methanol and diethyl ether and the recovered
solid was finally dried in an oven overnight at 40 °C obtaining material 12a as a brown

powder (252 mg).

SBA15-Ceo-1L-Pd(Il) 12b. After the ion metathesis reaction of material 11b with
tretrachloropalladate anions, the obtained suspension was filtered under reduced pressure by
a sintered glass funnel, washed with water, methanol and diethyl ether and the recovered
solid was finally dried in an oven overnight at 40 °C obtaining material 12b as a light brown

powder (290 mg).

v-Fe203@Si02-Ceso-1L-Pd(I1) 12c. After the ion metathesis reaction of material 11c with
tretrachloropalladate anions, the obtained suspension was magnetically decanted with the
aid of an external magnet, washed with water, methanol and diethyl ether and the recovered
solid was finally dried in an oven overnight at 40 °C obtaining material 12c as a brown

powder (761 mg).

e General procedure for the synthesis of materials 13a-c

To a suspension of materials 12a-c in ethanol a solution of NaBH4 in ethanol was added
dropwise. The reaction mixture was stirred at room temperature for 6 h. The obtained

catalysts 13a-c were washed following the procedures described in the text below.
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SiO2-Ceo-1L-Pd 13a. The suspension of 240 mg of material 12a in ethanol (5 mL) was
reduced with a solution of NaBH4 (12.16 mg, 0.315 mmol, 7 eq.) in ethanol (2 mL). Then
the reaction mixture was filtered under reduced pressure by a sintered glass funnel, washed
with water, methanol and diethyl ether and the recovered solid was finally dried in an oven

overnight at 40 °C obtaining material 13a as a brown powder (238 mg).

SBA15-Ceo-1L-Pd 13b. The suspension of 280 mg of material 12b in ethanol (5 mL) was
reduced with a solution of NaBH4 (14.20 mg, 0.368 mmol, 7 eq.) in ethanol (2 mL). Then
the reaction mixture was filtered under reduced pressure by a sintered glass funnel, washed
with water, methanol and diethyl ether and the recovered solid was finally dried in an oven
overnight at 40 °C obtaining material 13a as a brown powder (278 mg).

v-Fe203@Si02-Ceo-1L-Pd 13c. The suspension of 243 mg of material 12c in ethanol (5 mL)
was reduced with a solution of NaBH4 (12.35 mg, 0.320 mmol, 7 eq.) in ethanol (2 mL).
Then the reaction mixture was magnetically decanted with the aid of an external magnet,
washed with water, methanol and diethyl ether and the recovered solid was finally dried in

an oven overnight at 40 °C obtaining material 12c as a brown powder (761 mg).

e General Procedure for the Heck Reaction with catalysts 13a-c

In a 3 mL glass vial with screw cap catalyst (13a-c, 0.1 mol%), aryliodide (0.5 mmol), alkene
(0.75 mmol), triethylamine (1 mmol) and DMF (1 mL) were placed and stirred at 120 °C for
the appropriate time. Then the reaction mixture was allowed to cool down to room
temperature, poured in 20 mL of water and extracted with diethyl ether (3 x 20 mL). The
combined organic layers were dried over Na>SO; filtered and evaporated under vacuum.
Conversions were determined by *H NMR. Spectroscopic data are in agreement with those

reported in literature.[%22 b %41

e Recycling procedure of catalyst 13a-b in the Heck reaction

Ina 10 mL glass vial with screw cap catalysts (13a-b, 0.1 mol%), 4-iodoanisole (477.61 mg,
2 mmol), methyl acrylate (272 pL, 3 mmol), triethylamine (560 uL, 4 mmol) and DMF (4
mL) were placed and stirred at 120 °C for 4 h. Then the reaction mixture was allowed to
cool down to room temperature and centrifuged removing the supernatant. Catalyst was
washed, sonicated and centrifuged with ethyl acetate, methanol and diethyl ether and then
dried in an oven at 40 °C before using it for the next cycle. The recovered organic layers
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were collected and evaporated under reduced pressure to remove volatiles then poured in 20
mL of water and extracted with diethyl ether (3 x 20 mL). The combined organic layers were
dried over Na»SOs filtered and evaporated under vacuum. Conversions were determined by
'H NMR.

e General Procedure for the Suzuki Reaction with catalysts 13a-c (0.01 mol%b)

In a 3 mL glass vial with screw cap catalyst (13a-c, 0.01 mol%), aryl bromide (0.5 mmol),
phenylboronic acid (0.55 mmol), K.CO3z (0.6 mmol) and a mixture of EtOH/H.O 1:1 (0.4
mL) were placed and stirred at 50 °C for the appropriate time. The reaction mixture was
diluted with water, extracted three times with dichloromethane and the combined organic
layers dried over Na>SOa. The organic phase was evaporated under vacuum and the residue
was purified by a short flash column chromatography (SiO», petroleum ether/ethyl acetate).
Conversions were determined by *H NMR. Spectroscopic data are in agreement with those

reported in literature.[®% %I

e General Procedure for the Suzuki Reaction with catalysts 13a-c (0.001 mol%o)

In a 3 mL glass vial with screw cap catalyst (13a-c, 0.001 mol%), 4-bromobenzaldehyde (2
mmol), phenylboronic acid (2.2 mmol), K2COs (2.4 mmol) and a mixture of EtOH/H20 1:1
(1.6 mL) were placed and stirred at 50 °C for the appropriate time. The reaction mixture was
diluted with water, extracted three times with dichloromethane and the combined organic
layers dried over Na>SOa. The organic phase was evaporated under vacuum and the residue
was purified by a short flash column chromatography (SiO2, petroleum ether/ethyl acetate).

Conversions were determined by *H NMR.

e Suzuki reaction with catalyst 13b under microwave irradiation

In a microwave glass tube 4-bromoacetophenone (406.20 mg, 2.0 mmol), phenylboronic
acid (276.54 mg, 2.2 mmol), K2CO3 (335.05 mg, 2.4 mmol) and the appropriate amount of
catalyst 13b were placed. Then, water (0.8 mL) and ethanol (0.8 mL) were added. The
reaction mixture was sonicated for a short time and heated under microwave irradiation (11
W) at 120 °C for 3 minutes. Then, the reaction mixture was cooled at room temperature and,
after confirming the complete conversion by TLC, the crude was poured into water and

extracted with diethyl ether. The organic layers were dried over Na;SO4 and the solvent
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evaporated under vacuum to afford the desired product in 100% yield (confirmed by TLC
and GC-MS).

e Recycling procedure of catalysts 13a and 13b in the Suzuki reaction

In a 3 mL glass vial with screw cap catalyst (13a or 13b, 0.1 mol%), 4-bromobenzaldehyde
(93.44 mg, 0.5 mmol), phenylboronic acid (70.59 mg, 0.55 mmol), K.CO3 (82.93 mg, 0.6
mmol) and a mixture of EtOH/H.0 1:1 (1.2 mL) were placed and stirred at 50 °C. Reaction
times were 2 h when catalyst 13a was used or 40 minutes in the case of catalyst 13b. The
reaction mixture was diluted with ethyl acetate and centrifuged removing the supernatant.
Catalyst was washed, sonicated and centrifuged with dichloromethane, methanol and diethyl
ether and then dried in an oven at 40 °C before using it for the next cycle. The recovered
organic layers were collected and evaporated under reduced pressure. The obtained residue
was taken up in dichloromethane, poured in water and extracted three times with
dichloromethane. The combined organic layers were dried over NaSOs filtered and
evaporated under vacuum. The residue was purified by a short flash column chromatography

(SiOg, petroleum ether/ethyl acetate). Conversions were determined by *H NMR.

e Recycling procedure of catalysts 13c in the Suzuki reaction

In a 10 mL glass vial with screw cap catalyst 13c (0.1 mol%), 4-bromobenzaldehyde (467.22
mg, 2.5 mmol), phenylboronic acid (352.95 mg, 2.75 mmol), K.COs3 (414.63 mg, 3.0 mmol)
and a mixture of EtOH/H>O 1:1 (6 mL) were placed and mechanically stirred at room
temperature for 3 h. The reaction mixture was diluted with ethyl acetate and centrifuged
removing the supernatant. Catalyst was washed, sonicated and centrifuged with
dichloromethane, methanol and diethyl ether and then dried in an oven at 40 °C before using
it for the next cycle. The recovered organic layers were collected and evaporated under
reduced pressure. The obtained residue was taken up in dichloromethane, poured in water
and extracted three times with dichloromethane. The combined organic layers were dried
over NaxSO; filtered and evaporated under vacuum. The residue was purified by a short flash
column chromatography (SiO2, petroleum ether/ethyl acetate). Conversions were
determined by *H NMR.
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2.1 Introduction

Palladium mediated cross-coupling reactions such as Suzuki, Heck, Sonogashira and Stille
reactions, attracted and still attract the interest of the academic and industrial communities.!!
Among carbon-carbon cross coupling reactions, Suzuki and Heck reactions are perhaps the
two most important and surely the most deeply studied. The great importance of such
reactions is evident when their application fields are taken into account. Suzuki and Heck
couplings are indispensable synthetic tools used for the preparation of pharmaceuticals,
drugs, agrochemicals but also organic semiconductors.?

The field of homogeneous catalysis for the coupling reactions catalyzed by palladium
complexes with various ligands (phosphines, amines, carbenes, dibenzylideneacetone, etc.)
has experienced a remarkable interest during the years. The promise of a high reaction rate
and high turnover numbers (TONSs), together with good yields and selectivity were the
reasons why many of the earliest catalysts for Heck and Suzuki couplings relied on the use
of palladium complexes, mainly based on using of triphenylphosphine as ligand.®! On the
other hand, phosphine ligands are generally moisture and/or air-sensitive. With the aim to
seek more environmentally friendly conditions for the coupling reactions, the use of water
or agueous—organic mixtures as reaction media, as well as the development of ligand-free
catalytic systems, have received much attention.”! However, homogeneous catalysis is also
characterized by a number of drawbacks. First of all the hard recovery of the catalyst from
the reaction mixture is a big problem to solve that leads to contaminated products and to the
need of removing residue metals,® especially if one takes into account that the metals
concentration limits in pharmaceuticals are strictly regulated.® Furthermore, the lack of
recovery implies the absence of recyclability of the catalyst.

In order to overcome these problems, heterogeneous catalysts were developed as viable
alternative to homogenous catalysts, primarily to facilitate products purification, catalyst
recovery and its recyclability, leading to the cost reduction of the overall catalytic process.
To cover the gap between heterogeneous and homogeneous catalysis, the use of metal
nanoparticles (MNPSs) can represent the bridge between these two approaches. MNPs allow
reaching a high catalytic activity under mild conditions thanks to their high surface to
volume ratio.[®! In order to achieve the recyclability of the catalyst, MNPs can be
immobilized on various support materials both organic and inorganic” such as metal

oxides,® polymers,® dendrimers®® and also magnetic nanoparticles-based solid
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supports.[*4

Among support materials, carbon nanoforms (CNFs) are gaining more and more importance
as promising materials for supporting metal nanoparticles by virtue of the fact that they can
be easily tailored to meet specific requirements.t*? In particular carbon nanotubes (CNTS)
have intrinsic properties that make them ideal materials for catalysis such as high mechanical
and chemical stability, proper pore sizes and relatively high specific area. These
characteristics are the reason why CNTs have been exploited as support materials for the
deposition of MNPs. Many methods for depositing MNPs onto CNTs were reported in the
literature and each of which offering a different degree of control over the size of
nanoparticles and their distribution.[*]

Pristine CNTs were successfully employed for the immobilization of palladium for
promoting C—C coupling reactions.[*¥l Regarding the use of pristine CNTs as support
material, Karousis et al.['*d reported the synthesis of soluble nanoPd-CNTs hybrids by
means the reduction of palladium acetate and the subsequent in situ stabilization and
immobilization of PANPs onto the sodium dodecyl sulfate (SDS) solubilized CNTs (Scheme
1).

Pd?, reflux

SDS, H,0

~VV\/ SDs 1-Dodecanoic acid

~1/\/\/ 1-Dodecanol Pd Nanoparticles

Scheme 1. Synthetic procedure for decoration of CNTs with palladium nanoparticles.

The so-obtained catalysts, with a PANPs size distribution between 2 and 4 nm, were tested
in the Suzuki reaction using aryl iodides and phenylboronic acid in DMF at 110 °C for 2 h
(Pd loading 0.25 mol%) with good results. In addition, catalysts were also reused up to five
times.

Siamaki et al.l**d ysed both multi-walled carbon nanotubes (MWCNTS) and single-walled
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carbon nanotubes (SWCNTSs) as support materials for PANPs. The nanoparticles were
prepared by a solventless mechanochemical ball-milling method and a classical thermal
procedure. PANPs prepared by ball-milling at room temperature showed to be more
catalytically active toward Suzuki reaction than those prepared by thermal annealing, mainly
due to the smaller size of NPs and better dispersion on the surface of CNTSs.
Oxidized-CNTs were also used as support material for the deposition of PANPs.[*5 However,
all these materials, based on pristine CNTs as well as oxidized-CNTs, often show big
palladium nanoparticles (PANPs) with a broad size distribution and, in many cases, suffer
from severe leaching phenomena. This is probably due to the lack of sufficient binding sites
on CNTs surface for anchoring MNPs or the parent precursor metal ions, subsequently
leading to scarce dispersion and agglomeration of MNPs. In addition, pristine CNTSs tend to
aggregate to form ropes and bundles decreasing the exposed surface. Thus, the chemical
functionalization of CNTs becomes a prerequisite in order to debundle them and to have a
better dispersion in solvents in order to improve catalytic performances.*® In this regard,
recently a few examples of CNTs-PdNPs nanocatalysts for Suzuki and Heck reaction were
reported in which MWCNTs and SWCNTSs were chemically modified with polymers,*”]
thiol-containing moieties,™*® ionic liquids,™ oligo®” and poly-amidoamine (PAMAM)2!!
moieties in order to maximize the interactions between MNPs and the support. Among the
above-mentioned MNPs stabilizers used for the chemical modification of CNTs, dendrimers
constitute a very interesting class of stabilizing agents.

PAMAM dendrimers is the most common class of dendrimers,?? they belong to a specific
class of dendritic polymers that also includes dendrons, hyperbranched polymers and
dendrigrafts. Dendritic polymers can be divided in two major families: monodisperse
structures, such as dendrimers and dendrons, and polydisperse structures, such as

hyperbranched polymers and dendrigrafts (Figure 1).

DENDRITIC POLYMERS

Monodisperse frameworks Polydisperse frameworks

e e
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Figure 1. Classification of dendritic polymers.
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Following a divergent!??! synthetic approach, dendrimers originate from the inner core and
ramify outward with each subsequent branching reaction to give higher generation
dendrimers, typically named by their generation (e.g. G1, G2, etc.). Dendrimers can also be
synthesized following a convergent®! approach starting from the periphery fragments
(Figure 2).

’d Divergent Approach Convergent Approach ~
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Figure 2. Schematic representation of divergent and convergent approach for the synthesis of dendrimers.

Each of these approaches has its advantages and drawbacks. In the divergent approach the
easy preparation of high generation dendrimers represents the advantage of adopting this
method, whereas the major drawback is the difficulty of controlling the dendrimer quality
because of the large number of reaction that take place simultaneously. Commercially
available dendrimers such as PAMAM or poly(propyleneimine) (PPI) are usually
synthesized by a divergent approach. Conversely, the convergent approach offers a better
structure control due to the low number of reaction that take place in each growth step.
However, it does not give the possibility of synthesizing high generation dendrimers due to
steric hindrances. Polyether dendrimers are an example of dendrimers synthesized by a
convergent approach.
The dendritic macromolecular architecture gives rise to structures that adopt a globular shape
with a relatively open interior pocket and a porous exterior that makes dendrimers a sort of
molecular boxes. In such a way, MNPs can be stabilized in the dendrimer periphery?*l or
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encapsulated inside them.!?! Dendrimers are suitable stabilizers for MNPs for several
reasons. First, the stabilization of MNPs by dendrimers prevents their agglomeration and, in
the case of encapsulated NPs, the stabilization is mainly due to steric effects that leave a
substantial fraction of NPs surface unpassivated and thus available to participate in catalytic
reactions. Furthermore, the branches of the dendrimers can be used as selective “filters” to
limit the access of substrates to encapsulated NPs. Finally, the dendrimers periphery can be
tailored to modify the solubility of the hybrid nanocomposite or for facilitating linking to
surfaces.!?¥ These unique abilities of dendrimers in the stabilization of MNPs, led to the
wide use of dendrimers-MNPs hybrids in catalytic applications, imaging, sensing and for
electronic devices.[1% 261

Functionalization of SWCNTs and MWCNTs with PAMAM dendrimers was reported. In
all cases, the synthetic strategies used for the chemical functionalization of CNTs with
PAMAM dendrimers involved a multi-step procedure.[?]

An example of this approach was reported by Nabid et al.?l who synthesized a PAMAM-
grafted-MWCNTSs hybrid material obtained by a divergent method that involved the growth
of the 3 generation PAMAM dendrimer on the surface of MWCNTSs and the subsequent
immobilization of PANPs. However, this sequential synthesis in twelve steps is a highly time

consuming task.
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2.2 Aim of the Chapter

In the search for a suitable support for PANPs stabilization and immobilization, SWCNTs
were used in combination with PAMAM dendrimers. The main motivation of this choice
relies in the fact that SWCNTSs, among other nanotubes, offer larger surface area and show
improved reactivity toward functionalization. In addition, a convergent strategy was adopted
for the chemical modification of SWCNTs with cystamine core based PAMAM
dendrimersf?® (SWCNTs-PAMAM) by employing a novel approach for the easy
functionalization of CNTs with disulfides recently reported in literature.[?l PdNPs, formed
by reduction with NaBH. of PdCls* species complexed in the dendritic shell, were
immobilized on the PAMAM functionalized (generation 2.5 and 3.0) SWCNTSs obtaining
novel heterogeneous palladium nanocatalysts (Figure 3).

One of the obtained hybrid materials proved to be an efficient catalyst for promoting the

Suzuki and Heck coupling reactions under air and in ligand-free conditions.
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Figure 3. Representation of the catalysts used in the Suzuki and Heck reactions.
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2.3 Results and Discussion

The preparation of the hybrids SWCNT-PAMAM 3 and 4 has been accomplished by
following a convergent strategy through direct reaction of PAMAM dendrimers with
cystamine core of generation 2.5 and 3.0 with pristine SWCNTs in refluxing toluene

(Scheme 2) following a recently reported procedure.?°]
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Scheme 2. Synthesis of SWCNT-PAMAM hybrids 3 and 4.

Whereas dendrimer 2.5 G 1 smoothly reacted with the nanotubes, the 3.0 G dendrimer 2
needed the presence of azobisisobutyronitile (AIBN) to proceed properly, accordingly to an

analogous reaction between thiols and several CNFs.["]
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Figure 4. TGA (solid lines) and TG-Differential Thermal Analysis (dashed lines) of pristine SWCNTs and
hybrids 3 and 4.
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In such a way highly functionalized nanotubes were achieved, as determined by
thermogravimetric analysis and Raman spectroscopy. The TGA in nitrogen (Figure 4)
shows for 3 at 700 °C a net weight loss of 75.4%, corresponding to a 0.52 mmol/g of loading,
values in excellent agreement with that obtained previously for the same material.[?%
SWCNT-PAMAM 4 resulted to be less functionalized (net weight loss of 41.5%
corresponding to a loading of 0.25 mmol/g) probably due to the low solubility of 2 in the
reaction solvent mixture.

In conjunction with TGA, Raman spectroscopy represents a powerful and accurate technique
for the characterization of SWCNTs.BU The covalent functionalization of the CNTSs can be
detected from the enhancement of the area intensity of D-band with respect to the G-band in
the Raman spectrum, due to the rehybridization of the carbon atoms from sp? to sp®. The
normalized Ap/Ac ratio from the Apo/Aco ratio can be used as a proof for an effective
attachment on the scaffold of CNTs. As shown in Figure 5, Raman spectroscopy confirms
the effective functionalization of the SWCNTSs and the higher degree of functionalization of
3 (with a normalized Ap/Ac of 3.9) with respect to 4 (Ap/Ac = 2.9).
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Figure 5. Raman spectrum of pristine SWCNTs and SWCNT-PAMAM 3 and 4.

Next, palladium nanoparticles were immobilized by following an “in situ” strategy (Scheme
3). Sodium tetrachloropalladate has been firstly used as Pd(Il) precursor for interacting with

the dendron moieties, followed by reduction with sodium borohydride.
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Scheme 3. Immobilization of PANPs for the preparation of nanocatalysts 5 and 6.

The fine black powders so-obtained have been characterized by means of TGA, DSC, XRD,
XPS and HR-TEM. Thermogravimetric analysis coupled with differential scanning
calorimetry carried out under air flow resulted to be a very useful technique for the exact

quantification of palladium content in the hybrid materials (Figure 6).
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Figure 6. TGA/DSC analyses of 5 (left), and 6 (right) recorded under air flow (10 °C/min). In the inset, the
weight losses due to PdO decomposition are magnified.

In the 770-840 °C range, the TGA of 5 and 6 presents a small yet defined weight loss (~1.5
wt%) which DSC associates to an endothermic process. These weight losses are caused by
the quantitative transformation of PdO to Pd given that the former species is not stable over
800 °C.1% In this manner a Pd loading of 9.6 and 10.0 wt% can be estimated for 5 and 6,
respectively.

High-resolution transmission electron microscopy has been used in order to shed light on
the presence, distribution and dimension of PANPs. Interestingly, in both materials 5 and 6
the PANPs are clearly visible and very well dispersed on the nanotube surface (Figure 7).
The main difference relies in their dimensions given that whereas 6 presents very small
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PdNPs with a mean size of 1.6 + 0.4 nm (n = 245) and a sharp distribution, in the hybrid
material 5 the nanoparticles are bigger (3.4 = 0.6 nm; n = 260) with a broader size
distribution. The small dimensions and the good dispersion of the particles were also
confirmed by XRD data that did not detect the presence of such nanoparticles. Very likely
this difference between the two materials is due to the higher number of stabilizing amino-
groups present in SWCNT-PAMAM3.0-Pd 6. TEM pictures also show that, although the
nanotubes are well functionalized, they are still arranged in ropes and bundles and not finely
dispersed on the TEM grid.

Figure 7. Representative HR-TEM images of a) 5 and b) 6. The inset shows PdNPs size distribution.

XPS analysis was used to evaluate the degree of Pd reduction and the surface concentration
of active element. As evidenced by Figure 8, showing the Pd3d region for 5 and 6, Pd is
present for both catalysts, mainly as Pd (Il) (Pd3ds. BE = 337.5 eV) with a ca. 20% of
reduced Pd (Pd3ds;2 BE = 335 eV).[5% ®l The surface atomic ratio of Pd/C is quite different
in the two catalysts; in the case of 5 Pd/C = 0.006 while for 6 Pd/C = 0.02. Given that XPS
is a surface sensitive technique whose analysis depth is 3-10 nm, the atomic ratio calculated
suffer, besides the actual amount of the elements, of segregation, particles size or uneven
distributions. Hence, the difference in the Pd/C atomic ratio may be here attributed either to
a different Pd loading or to a different Pd particles size. Considering that by TGA the total
Pd loading is the same in the two catalysts and by TEM material 5 shows bigger particles,
which could account for the lower Pd/C atomic ratio, in case of 6 the higher Pd/C ratio is
probably due to an effectively 3.5 higher amount of exposed active sites which is promising
for application in catalysis.
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Figure 8. High-resolution XPS spectra of Pd3d region of 5 and 6.

The catalytic activity of the hybrid nanomaterials was tested in C—C cross-coupling
reactions. Firstly, 5 and 6 were employed as catalyst at 0.1 mol% loading in the benchmark
reaction between phenylboronic acid and 4-bromobenzaldehyde. A quick screening of the
reaction conditions indicated a scarce attitude for 5 to promote the title process whilst, in the
case of 6, the mixture of ethanol/water 1:1 was the best medium, allowing nearly full
conversion within 5 h at 50 °C (Table 1, entry 1). Under such conditions, EtOH guarantees
a good solubility of the substrates while water ensures a right dispersion of the catalyst,
improving the activity. Very likely, the difference in activity is mainly due to the differences
in NPs size in the two catalysts. As a blank experiment, SWCNT-PAMAM3.0-Pd 6 was
replaced by colloidal PANPs stabilized in the presence of PAMAM dendrimer 2 (see
Experimental Section 2.5 for details), giving rise to no reaction within 5 h at 0.1 mol% and
only partial coupling (<6 %) after 16 h with a loading of 0.4 mol%. These attempts highlight
the superior activity of SWCNT-PAMAM3.0-Pd hybrid nanocatalyst probably due to the
intrinsic nature of the nanotubes. In this regard, beside the fine dispersion and stabilization
of the small PANPs in the polyamidoaminic network, electronic stabilization of palladium
species during the catalytic cycle by the SWCNTs may take place.l}"® 33 Interestingly,
leaching analyses on the reaction solution as well as on the purified product
(4-biphenylcarboxaldehyde) by means of inductively coupled plasma - optical emission
spectrometry (ICP-OES) demonstrated the absence, below the limit of detection (LOD, 1
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ppm), of Pd species. Hence, the applicability of the reaction has been checked on a set of
substituted aryl bromides having either electron-donating or electron-withdrawing groups
and boronic acids (Table 1). In most of the cases, the conversions were almost quantitative
with excellent isolated yields (Table 1, entries 1-6). The use of the less reactive
4-formylphenylboronic acid with 4-bromobenzaldehyde led to the corresponding
4-biphenyldicarboxaldehyde with 85% yield (Table 1, entry 7) whereas with
1,3-dibromobenzene just a 42% yield has been achieved (Table 1, entry 8). The use of very

less reactive aryl chlorides gave no conversion.

Table 1. Suzuki-Miyaura reactions between phenylboronic acids and aryl halides catalyzed by
SWCNT-PAMAM3.0-Pd 6.2

B(OH), SWCNT-PAMAM-3.0-Pd
N Br@RZ (6) 0.1 mol% - " _/R2
\_/ EtOH/H,0 1:1 \ 7/
R’I K2C03
50°C,5h
Entry R! R? Product Yield® (%)
1 H 4-CHO CHO 98
CHj
3 H 4-CN CN >99
4 H 4-NO; No2 98
5 H 4-OMe O O OCHs >99
O
6 H 4-COCH; 93
7 CHO 4-CHO OHCCHO 85
8 CHO 3-Br O O O 42
OHC CHO
9¢ H 4-CHO CHO 80
10¢ H 4-CHO CHO >99

@ Reaction conditions: phenylboronic acid (0.55 mmol), aryl halide (0.5 mmol), K,COs3 (0.6 mmol),
EtOH/H,0 (1.2 ml, 1:1), catalyst (0.1 mol%, 0.5 mg), 50 °C, 5 h. ° Isolated product yields. ¢
Catalyst (0.01 mol%), on 3 mmol scale of 4-bromobenzaldehyde, EtOH/H,0 (3.6 ml, 1:1), 16 h.
d Catalyst (0.005 mol%), on 4 mmol scale of 4-bromobenzaldehyde, EtOH/H,0 (3.2 ml, 1:1).
Microwave heating, 120 °C, 5 minutes.

Furthermore, two catalytic tests with a lower catalytic loading were carried out. In the first
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one, catalyst was used at 0.01 mol% loading affording 4-biphenylcarboxaldehyde in an 80%
yield reaching a TON of 8,000 and a TOF of 500 h'* (Tablel, entry 9). However, further
improving were obtained by the use of microwave irradiation at 120 °C. Just 0.005 mol% of
6 allows to obtain a quantitative yield of the desired product in only 5 minutes (Tablel, entry
10). In such a way, it was possible to reach a TON of 20,000 and a remarkable TOF value
of 240,000 h', values that are, to the best of our knowledge, among the highest reported for
PdNPs immobilized on nanocarbons.[14P 14d. 34]

The recyclability of the catalyst was assessed for the reaction between 4-bromobenzaldehyde
and phenylboronic acid (0.1 mol%, 5 h). After easy recovery of 6 by centrifugation, it was
used for four consecutive runs to give rise to almost complete conversion and yield
(92-98%), even though in the fifth cycle the activity dropped (yield 30%) probably due to
catalyst loss (just 1.5 mg of 6 has been used during recycling). In order to get some insight
about the actual mechanism involved during the catalysis additional experiments were run.
In three parallel reactions (4-bromobenzaldehyde and phenylboronic acid) the catalyst was
filtered-off after 20 minutes. In the first one, the reaction was stopped and the *H NMR
analysis of the crude mixture showed 32% of the corresponding biaryl compound. The
second reaction was quickly filtered still hot (hot filtration) and left to stir (devoid of the
nanocatalyst 6) for additional 4 h 40 min leading to a 55% conversion, still lower with respect
the conversion obtained without catalyst removal (Table 1, entry 1). On the contrary, the
last reaction, which was allowed to cool down to rt prior catalyst removal and left stirring

for 4 h 40 min (cold filtration), showed no extra conversion.
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Figure 9. Sketch of the possible mechanism of “release and catch” involved during the catalytic cycle.
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The above data allow hypothesize a mechanism in which the catalytic species may comprise
small soluble clusters of palladium standing close to the catalyst surface that, to some extent,
during the catalytic cycle and under a thermal regime can be leached away. However, the
“natural” cooling down at the end of the reaction permits the soluble clusters to re-deposit
on the immobilized nanoparticles, thus following the “release and catch” mechanism[®°!
(Figure 9).

This hypothesis is strongly supported by TEM analysis of catalyst 6 used for five cycles.
Figure 10 shows a representative TEM picture of the spent catalyst in which PANPs are
clearly discernible. Differently from the fresh catalyst (cfr. Figure 7b), in the used one
PdNPs are less in number but bigger in size. Statistical estimation of the PANPs diameter
confirms that after catalysis the nanoparticles “grows” reaching a mean diameter of 3.5 +

1.0 nm (n = 325) with a broad size distribution.

Figure 10. Representative HR-TEM picture of 6 after five cycles in Suzuki reaction. The inset shows PdNPs
size distribution.

These data may, to some extent, justify the decreased activity of 6 in the fifth cycle given
that the bigger nanoparticles possess sensibly less exposed active sites.

Catalysts 5 and 6 were also tested in Mizoroki-Heck coupling. A quick screening of reaction
conditions led to establish DMF/water (4:1 v/v) as the best solvent mixture with
triethylamine as the base (Table 2). Both catalysts are able to promote the C-C bond
formation even if with a remarkably different activity. In fact, SWCNT-PAMAM3.0-Pd 6 is
able to work at 0.1 mol% loading, generally faster than SWCNT-PAMAM2.5-Pd 5 whose

loading is five times higher. Thus, reactions between several aryliodides endowed with
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electron-donating or electron-withdrawing groups and methyl acrylate gave corresponding
products in high yields and excellent selectivity (Table 2, entries 1-6). In addition, the
coupling between 4-iodoacetophenone and methyl acrylate was carried out using catalyst 6
at 0.01 mol% loading to afford the desired product quantitatively after 16 h (Table 2,entry
7), with a remarkable TON value of 10,000.

Table 2. Mizoroki—Heck reactions between methyl acrylate and aryliodides catalyzed by 5 and 6.2

SWCNT-PAMAM2.5-Pd
(5) 0.5 mol%

SWCNT-PAMAM3.0-Pd (0]
| =R (6) 0.1 mol% - NN N7
IH\O I\ NEt [
! DMF/H,0 4:1 R
90 °C
Entry R Product Catalyst t (h) Yield® (%)
< >—\ 5 4 74
\ O
! H 6 5 99
O_

i Hs;C \ o) 5 4 97
2 CHs OM 6 5 99

(@]
H 5 22 89
3 4-COCHs 3COC‘©_\_(O . . 00

o)
O,N 0 5 22 87
4 4-NO, 2 % 5 15 o5

o—

5 22 97
5 4-OCHs H3CO‘©_\_(O . . o

O_
i 5 22 96
B Br. A -
H;COC O
70 4-COCH; 3 ‘Q_\_( 6 16 99
O

2 Reaction conditions: methyl acrylate (0.75 mmol), aryliodide (0.5 mmol), NEt; (1 mmol), catalyst (0.1
mol%, 0.5 mg), DMF/H,0 (1 ml, 4:1), 90 °C, 5 h. ® Isolated product yield. ¢ Reaction conditions: methyl
acrylate (2.25 mmol), aryliodide (1.5 mmol), NEt; (3 mmol), catalyst (0.01 mol%, 0.15 mg), DMF/H,0 (1.5
ml, 4:1), 90 °C, 16 h.

Next, recyclability of SWCNT-PAMAMS3.0-Pd 6 was checked for the reaction between
4-iodoanisole and methyl acrylate (Figure 11). It is worth to note that 0.1 mol% of catalyst
was enough to yield quantitative conversion of the substrate within 4 h in six consecutive
runs. However, the catalytic activity dropped in the 7" cycle. This fact can be ascribed to the
combination of several concurrent causes: just 1.5 mg of 6 has been used during recycling

and in the last cycles some catalyst has been lost. In addition, TEM analysis showed, at low
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magnification, the presence of impurities in the catalyst. Finally, ICP-OES analysis of the
reaction mixture displayed the presence of 5 ppm of Pd (9% of Pd present in the catalyst).

Nevertheless, no Pd was found in the purified and isolated product (below the LOD of 1

ppm).
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Figure 11. Recycling tests of catalyst 6 in the Heck reaction between 4-iodoanisole and methyl acrylate.

Yield (%)

TEM analysis of catalyst 6 after seven cycles shows that the PANPs mean size increases
during the recycling to a value of 3.3 £ 0.7 nm (n = 280), significantly higher than that of
the fresh catalyst (compare Figure 7b with Figure 12).

Figure 12. Representative HR-TEM picture of 6 used in seven consecutive Heck reactions. The inset shows
PdNPs size distribution.

Nevertheless, the reaction temperature of 90 °C is sensibly below the temperature at which
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thermal sintering of PANPs may occur. Hence, additional experiments analogously to those
carried out for Suzuki reaction were run. In the case of Mizoroki-Heck coupling, hot and
cold filtrations after 20 minutes followed by further stirring for 4 h and 40 minutes gave rise
to complete conversion whereas the control reaction blocked after 20 minutes gave 19%
conversion. With this data in hand, a possible dual mechanism can be envisaged since the
growth of PANPs during the catalysis indicates that a “release and catch” regime is operative
although, in the present case, the main operating mechanism is homogeneous giving that the
dissolved Pd species are, very likely, strongly stabilized in solution by the presence of

triethylamine and dimethylformamide. 2" %
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2.4 Conclusions

In summary, SWCNTs were functionalized with two different PAMAM dendrimers (2.5 G
and 3.0 G) with a cystamine core through simple and straightforward convergent protocols.
These hybrid materials were characterized by means of TGA and Raman spectroscopy and
used for the in situ immobilization of palladium nanoparticles. Characterization of the so-
prepared nanocatalysts 5 and 6 by means of TGA, DSC, Raman, XPS, XRD and HR-TEM
allowed to establish that both materials are decorated with small PANPs with mean diameters
of 3.2 and 1.6 nm, respectively, in a ~10 wt% loading. Investigations on the catalytic activity
of SWCNT-PAMAM2.5-Pd 5 and SWCNT-PAMAMS3.0-Pd 6 toward Suzuki-Miyaura and
Mizoroki-Heck reactions showed 6 as the best performing material. In both processes,
routine substrate scope have been carried out with just 0.1 mol% loading, but reactions with
only 0.01 mol% of catalyst were also possible with a slightly larger reaction time, allowing
to obtain TON of up to 10,000. Microwave irradiation allowed to achieve complete
conversion within 5 minutes with just 0.005 mol% of catalyst. In this manner a remarkable
TOF of 240,000 h* was reached. Nanocatalyst 6 resulted to be recyclable four times in the
Suzuki reaction and six times in the Heck coupling with quantitative yields, but showing a
loss of catalytic activity in the next cycles. Further experiments permitted to shed light on
the two different mechanisms underlying the title processes. In both reactions a “release and
catch” mechanism is operative, as pointed out by the PANPs growth, but whereas during the
Suzuki reaction the re-deposition of the small Pd-clusters is highly effective, in the Heck
coupling part of the above clusters are stabilized by both the base and the solvent and

subsequently leached away.
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2.5 Experimental Section

General: Chemicals and solvents were purchased from commercial suppliers or purified by
standard techniques. Pristine SWCNTSs were obtained from Carbon Nanotechnologies Inc.
(HiPco® Single-Wall Carbon Nanotubes, lot number P02772). For thin-layer
chromatography (TLC), silica gel plates (Merck 60 F254) were used and compounds were
visualized by irradiation with UV light and/or by treatment with a KMnO4 solution. Flash
chromatography was carried out using Macherey—Nagel silica gel (0.04-0.063 mm).
Petroleum ether refers to the fraction with the boiling range 40-60 °C. MW-assisted catalytic
tests were carried out with a CEM DISCOVER monomode system in closed vessel in manual
mode (no remote PC control) with infrared sensor for temperature control and with no
pressure control. *H and 3C NMR spectra were recorded with a Bruker 250, Bruker 300
MHz or Bruker Avance Il 400 MHz spectrometers. Thermogravimetric analysis (TGA) was
performed under oxygen flow from 100 to 1000 °C with a heating rate of 10 °C/min in a
Mettler Toledo TGA/DSC STAR System. Raman spectra were acquired with a Renishaw
instrument, model InVia reflex equipped with 532, 633, and 785 nm lasers. After acquisition,
the spectra were normalized with respect to the G-band and then the area of the D and G
peaks were calculated. XRD measurements were carried out with a Bruker D 5000
diffractometer equipped with a Cu Ka anode and a graphite monochromator. A proportional
counter and a 0.05° step size in 20 were used. The assignment of the various crystalline
phases in 20 was based on the JCPDS powder diffraction file cards (JCPDS Powder
Diffraction File, International Centre for Diffraction Data, Swarthmore, PA, USA, 1989.).
The instrumental broadening was determined by collecting the diffraction pattern of the
standard, lanthanum hexaboride LaB6. The X-ray photoelectron spectroscopy (XPS)
analyses were performed with a VGMicrotech ESCA 3000Multilab, equipped with a dual
Mg/Al anode. The spectra were excited by the unmonochromatized Al Ka source (1486.6
eV) run at 14 kV and 15 mA. The analyzer was operated in the constant analyzer energy
(CAE) mode. For the individual peak energy regions, a pass energy of 20 eV set across the
hemispheres was used. Survey spectra were measured at 50 eV pass energy. The sample
powders were mounted on a double-sided adhesive tape. The pressure in the analysis
chamber was in the range of 10 Torr during data collection. The constant charging of the
samples was removed by referencing all the energies to the Cls set at 284.6 eV. The
invariance of the peak shapes and widths at the beginning and at the end of the analyses
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ensured absence of differential charging. Analyses of the peaks were carried out with the
software provided by VG, based on non-linear least squares fitting program using a weighted
sum of Lorentzian and Gaussian component curves after background subtraction according
to Shirley and Sherwood. Atomic concentrations were calculated from peak intensity using
the sensitivity factors provided with the software. The binding energy values are quoted with
a precision of +0.15 eV and the atomic percentage with a precision of £10%. TEM
micrographs were recorded on a high-resolution transmission electron microscope (HR-
TEM) JEOL JEM-2100 operating at 200 kV accelerating voltage. Samples were dispersed
in water and drop cast onto carbon coated copper TEM grids for HR-TEM analysis. The
imaging conditions were carefully tuned by lowering the accelerating voltage of the
microscope and reducing the beam current density to a minimum in order to minimize the
electron beam induced damage of the sample. Inductively Coupled Plasma - Optical
Emission Spectrometry (ICP-OES) analyses were carried out with an Optima 8000, Perkin

Elmer, USA. Analyses were conducted using a calibration curve, obtained by dilution.

e Synthesis of cystamine core PAMAM dendrimers

The PAMAM dendrimers with cystamine-core (2.5 G and 3.0 G) were prepared following

the procedure previously reported in literature.[2%

e Synthesis of SWCNTs-PAMAM2.5 — (3)

Pristine SWCNTSs (4.12 mmol, 50 mg) were dispersed in toluene (270 mL). The mixture was
sonicated for 20 minutes. PAMAM 2.5G (1.63 mmol, 4.72 g), previously dissolved in 30
mL of methanol, was added to the SWCNTSs suspension and the reaction mixture was
refluxed and stirred at 115 °C for 72 h. Then, the mixture was cooled and filtered on
Millipore PTFE membrane under vacuum. The hybrid solid material was washed with
methanol, water, 3.0 M hydrochloric acid, 2% triethylamine solution in THF, THF and
diethyl ether. 492.7 mg of SWCNTs-PAMAMZ2.5 3 were recovered.

e Synthesis of SWCNTs-PAMAMS3.0 — (4)

Pristine SWCNTSs (3.33 mmol, 40 mg) were dispersed in toluene (220 mL). The mixture was
sonicated for 20 minutes. PAMAM 3.0G (1.26 mmol, 4.22 g), previously dissolved in 25
mL of methanol, was added to the SWCNTSs suspension. Afterwards, AIBN (0.60 mmol,
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100 mg) was added to the reaction mixture which was refluxed and stirred at 115 °C for 72
h. Then, the mixture was cooled and filtered on Millipore PTFE membrane under vacuum.
The hybrid solid material was washed with methanol, water, 3.0 M hydrochloric acid, 2%
triethylamine solution in THF, THF and diethyl ether. 74.5 mg of SWCNTs-PAMAM3.0 4

were recovered.

e Synthesis of SWCNTs-PAMAM2.5-Pd - (5)

SWCNTs-PAMAM2.5 3 (180 mg) was suspended and sonicated in distilled water (80 mL)
for 30 minutes. In the meanwhile, PdCI, (0.188 mmol, 33.67 mg) and 20 eq. of NaCl (3.76
mmol, 220.40 mg) in distilled water (6 mL) were stirred at 80 °C for 20 minutes and then
cooled to room temperature. The obtained tetrachloropalladate solution was added dropwise
to the stirring suspension of SWCNTs-PAMAM2.5 3. The reaction mixture was left at room
temperature for 19 h. Then, the mixture was filtered under vacuum on Millipore PTFE
membrane and washed with water, methanol and diethyl ether. 52 mg of SWCNTSs-
PAMAMZ2.5-PdCl4%* were recovered, suspended in distilled water (15 mL) and sonicated for
5 minutes. A solution of NaBHj4 (8 eq. in 10 mL of distilled water) was added to the stirring
suspension of SWCNTs-PAMAM2.5-PdCls>. The reaction mixture was stirred at room
temperature for 17 h. Then, the mixture was filtered on Millipore PTFE membrane under
vacuum and washed with water, methanol and diethyl ether. 100.6 mg of SWCNTs-
PAMAMZ2.5-Pd 5 were recovered.

e Synthesis of SWCNTs-PAMAM3.0-Pd - (6)

SWCNTs-PAMAMS3.0 4 (63 mg) was suspended and sonicated in distilled water (30 mL)
for 30 minutes. In the meanwhile, PdCI, (0.089 mmol, 15.90 mg) and 20 eq. of NaCl (1.78
mmol, 104.02 mg) in distilled water (6 mL) were stirred at 80 °C for 20 minutes and then
cooled to room temperature. The obtained tetrachloropalladate solution was added dropwise
to the stirring suspension of SWCNTs-PAMAM3.0 4. The reaction mixture was left at room
temperature for 19 h. Then, the mixture was filtered on Millipore PTFE membrane under
vacuum and washed with water, methanol and diethyl ether. 52 mg of SWCNTs-
PAMAMS3.0-PdCls?> were recovered, suspended in distilled water (15 mL) and sonicated for
5 minutes. A solution of NaBH4 (8 eq in 5 mL of distilled water) was added to the stirring
suspension of SWCNTs-PAMAMS3.0-PdCls>. The reaction mixture was stirred at room

temperature for 17 h. Then, the mixture was filtered on Millipore PTFE membrane under
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vacuum and washed with water, methanol and diethyl ether. 47.1 mg of SWCNTs-
PAMAM3.0-Pd 6 were recovered.

Catalytic tests
e Suzuki reactions with SWCNTs-PAMAM3.0-Pd (6)

The catalytic tests were performed in a 3 mL glass vial with screw cap in which aryl bromide
(0.5 mmol), phenylboronic acid (0.55 mmol), K.COz (0.6 mmol) and the catalyst 6 (0.1
mol%, 0.5 mg) were placed. Then, distilled water (0.6 mL) and ethanol (0.6 mL) were
placed. The reaction mixture was sonicated for a short time and heated at 50 °C under stirring
for 5 h. Then, the reaction mixture was cooled at room temperature and the crude was
purified by short flash column chromatography using petroleum ether/ethyl acetate as eluent.
Conversions were estimated by *H NMR analysis. Spectroscopic data are in agreement with

those reported in literature.l”]

e Suzuki reaction with SWCNTs-PAMAM3.0-Pd (6) under microwave

irradiation

In a microwave glass tube 4-bromobenzaldehyde (4.0 mmol), phenylboronic acid (4.4
mmol), K2COs (4.8 mmol) and catalyst 6 (0.005 mol%,0.2 mg) were placed. Then, distilled
water (1.6 mL) and ethanol (1.6 mL) were added. The reaction mixture was sonicated for a
short time and heated under microwave irradiation (12 W) at 120 °C for 5 minutes. Then,
the reaction mixture was cooled at room temperature and, after confirming the complete
conversion by TLC, the crude was poured into water and extracted with diethyl ether. The
organic layers were dried with Na2SO4 and the solvent evaporated under vacuum to afford
the desired product in 100% vyield (confirmed by TLC and GC-MS).

e Preparation of colloidal PANPs stabilized in the presence of PAMAMS3.0G

A solution of PAMAMS3.0G was prepared by dissolving 30 mg of dendrimer in 3 mL of
distilled water. Thereafter, PdCl> (0.028 mmol, 5.05 mg) and 20 eg. of NaCl (0.56 mmol,
33.01 mg) in distilled water (3 mL) were stirred at 80 °C for 20 minutes and then cooled to
room temperature. The obtained tetrachloropalladate solution, corresponding to 10 wt% of
palladium respect to PAMAM3.0G, was added dropwise to the stirring PAMAMS3.0G
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solution. The reaction mixture was left at room temperature for 19 h. Then, a solution of
NaBH, (8 eq in 3 mL of distilled water) was added to the stirring PAMAM-3.0-PdCl,*

solution. The reaction mixture was stirred at room temperature for 16 h,

e Suzuki reactions with PAMAMS3.0G-Pd

Two catalytic tests were performed in a 4 mL glass vial with screw cap in which
4-bromobenzaldehyde (1.0 mmol), phenylboronic acid (1.1 mmol), K.CO3 (1.2 mmol) and
PdNPs stabilized in the presence of PAMAMS3.0G as catalyst were placed. In the first test,
PAMAM3.0-Pd solution (0.3 mL, 0.1 mol%), distilled water (0.9 mL) and ethanol (1.2 mL)
were added. The reaction mixture was sonicated for a short time and heated at 50 °C under
stirring for 5 h. Then, the reaction mixture was cooled at room temperature and the crude
was purified by short flash column chromatography using petroleum ether/ethyl acetate as
eluent. *H NMR analysis detected no conversion.

The second test was carried out in the same conditions as the previous one except for the
loading of the catalyst (1.2 mL, 0.4 mol%) and the reaction time (16 h). The reaction mixture
was cooled at room temperature and the crude was purified by short flash column
chromatography using petroleum ether/ethyl acetate as eluent. By *H NMR analysis 6% of

conversion was estimated.

e Recycling tests of SWCNTs-PAMAM3.0-Pd (6) in Suzuki reactions

Recycling tests were performed in a glass vial in which 4-bromobenzaldehyde (1.5 mmol),
phenylboronic acid (1.65 mmol), K2COs (1.8 mmol) and the catalyst 6 (0.1 mol%, 1.5 mg)
were placed. Then, distilled water (1.8 mL) and ethanol (1.8 mL) were added. The reaction
mixture was sonicated for a short time and heated at 50 °C under stirring for 5 h. Then, the
reaction mixture was cooled at room temperature. The catalyst was recovered by
centrifugation and washed with ethyl acetate, ethyl acetate/diethyl ether and acetone/diethyl
ether. Once dried, the catalyst was used for the next cycle. The crude was purified by short
flash column chromatography using petroleum ether/ethyl acetate as eluent. Conversions

were estimated by *H NMR analysis.
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e Heck reactions with SWCNTs-PAMAM2.5-Pd (5) and SWCNTs-PAMAM3.0-
Pd (6)

The catalytic tests were performed in a 3 mL glass vial with screw cap in which catalyst 5
(0.5 mol%, 2.5 mg) or 6 (0.1 mol%, 0.5 mg), aryl iodide (0.5 mmol), methyl acrylate (0.75
mmol), triethylamine (1 mmol) and DMF/H.0 (0.8 mL + 0.2 mL) were placed. The reaction
mixture was sonicated for a short time and heated at 90 °C under stirring for the appropriate
time. Then, the reaction mixture was cooled at room temperature and the crude was purified
by short flash column chromatography using petroleum ether/ethyl acetate as eluent.
Conversions were estimated by *H NMR analysis. Spectroscopic data are in agreement with

those reported in literature.[!

e Recycling tests of SWCNTs-PAMAMS3.0-Pd (6) in Heck reactions

Recycling tests were performed in a glass vial in which catalyst 6 (0.1 mol%, 1.5 mg),
4-iodoanisole (1.5 mmol), methyl acrylate (2.25 mmol), triethylamine (3 mmol) and
DMF/H20 (2.4 mL + 0.6 mL) were placed. The reaction mixture was sonicated for a short
time and heated at 90 °C under stirring for 4 h. Then the reaction mixture was cooled at room
temperature. The catalyst was recovered by centrifugation and washed with ethyl acetate,
ethyl acetate/diethyl ether and acetone/diethyl ether. Once dried, the catalyst was used for
the next cycle. The crude was purified by short flash column chromatography using

petroleum ether/ethyl acetate as eluent. Conversions were estimated by *H NMR analysis.

e Leaching studies of SWCNTs-PAMAM3.0-Pd (6) in Suzuki reaction

Three parallel reactions were carried out in three glass vials using 4-bromobenzaldehyde
(0.4 mmol), phenylboronic acid (0.44 mmol), KoCOs (0.48 mmol) and catalyst 6 (0.1 mol%,
0.4 mg). Distilled water (0.48 mL) and ethanol (0.48 mL) were employed as solvents. The
reaction mixtures were sonicated for a short time and heated at 50 °C under stirring. The
catalyst was filtered-off after 20 minutes in all tests. In the first one, the reaction was stopped
immediately after catalyst removal. The second reaction was quickly filtered still hot (hot
filtration) and left to stir (devoid of the catalyst 6) for additional 4h 40 min. The last reaction
was allowed to cool down to room temperature prior catalyst removal and left stirring for 4h
40 min (cold filtration). All the crude mixtures were purified by short flash column

chromatography using petroleum ether/ethyl acetate as eluent. Conversions were estimated
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by 'H NMR analysis.

e Leaching studies of SWCNTs-PAMAMS3.0-Pd (6) in Heck reaction

Three parallel reactions were carried out in three glass vials using iodoacetophenone (0.4
mmol), methyl acrylate (0.6 mmol), triethylamine (0. 8 mmol) and the catalyst 6 (0.1 mol%,
0.4 mg). Distilled water (0.16 mL) and dimethylformamide (0.64 mL) were employed as
solvents. The reaction mixtures were sonicated for a short time and heated at 90 °C under
stirring. The catalyst was filtered-off after 20 minutes in all tests. In the first one, the reaction
was stopped immediately after catalyst removal. The second reaction was quickly filtered
still hot (hot filtration) and left to stir (devoid of catalyst 6) for additional 4h 40 min. The
last reaction was allowed to cool down to room temperature prior catalyst removal and left
stirring for 4h 40 min (cold filtration). All the crude mixtures were purified by short flash
column chromatography using petroleum ether/ethyl acetate as eluent. Conversions were
estimated by *H NMR analysis.
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3.1 Introduction

The continuous increase in the request of energy due to the ever-growing world energy
consumption, led to the necessity of finding new alternative energy sources. The exploitation
of renewable energy sources, such as solar energy, has become, today as never before, a
fundamental research topic with a high priority. Solar energy is renewable, clean and so
abundant as to be able to meet the word request of energy and for this reason many efforts
have been made to develop solar cells with increasingly efficiency.

One of the parameters that establish the performance of a solar cell is the power conversion
efficiency (PCE), namely the ratio of generated electricity to incoming solar energy.
Silicon-based solar cells are, currently, the most studied and performing systems available
on the market with a PCE of 25% in the case of crystalline silicon and 10% for amorphous
silicon ones.*) On the other hand, the process of making of monocrystalline silicon based
solar cells is very expensive and highly time-consuming. Therefore, the high initial cost of
such solar cells can be absorbed only with the energy produced over the expected life of the
panel. Moreover, the fragility of such solar cells should be take into account not only because
the accidental breakage of silicon wafers lead to the loss of its activity, but also because they
need to be mounted in a rigid frame making them unfavourable for building flexible devices.
All the above-mentioned drawbacks related to the silicon-based photovoltaics modules, in
addition to the environmental pollution during their fabrication process, focused research
toward the development of alternative technigues.

Bulk heterojunction polymer solar cells (BHJ-PSCs) are characterized by many advantages
such as low cost, easy fabrication, simple device structure, light weight and the possibility
to use them into flexible devices. Therefore, it is not surprising if, in the last two decades,
the organic photovoltaic (OPV) field has witnessed a very impressive momentum in terms
of people engaged in and in terms of results.

After the first evidence for photoinduced electron transfer from a conjugated polymer to
fullerene,?! Ceo-derivatives have been largely employed as n-type organic semiconductors
due to their excellent electron-accepting capability.l®! Since then, a number of modified
fullerenes have been tested in donor—acceptor BHJ-PSCs, phenyl-Csi1-butyric acid methyl
ester [60]PCBMP! and its C7o analogue, [70]PCBM®! being the most widely studied (Figure
1).
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[60]ICBA [60]BHN

[70]ICBA
bis[60]PCBM  bis[70]PCBM

Figure 1. Chemical structure of some of the most employed fullerene-acceptors for OPV.

BHJ-PSCs are usually composed by an active layer, constituted of a mixture of a conjugated
polymer donor, such as poly(3-hexylthiophene-2,5-diyl) (P3HT), and a fullerene Ceo- or C7o-
derivative acceptor sandwiched between two electrodes. Electrodes are constituted of a
indium tin oxide (ITO) positive electrode modified with a polymer mixture of poly(3,4-
ethylenedioxythiophene) and polystyrene sulfonate (PEDOT:PSS) and a low work function
metal negative electrode. Some devices are also characterized by the presence of an
additional interlayer on the top of the active layer. This interlayer, usually constituted of
hydrophilic fullerene derivatives to avoid intermixing between the layers, acts as an hole
blocking and electron selective layer to avoid charge recombination and to improve the

performance of the solar cell (Figure 2).
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Figure 2. Schematic representation of the structure of a BHJ-PSC.

The working principle of a BHJ-PSC is based on photoinduced electron transfer from the
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conjugated polymer donor to acceptor species. When the light reaches the photoactive layer
through the transparent PEDOT:PSS-ITO electrode, the conjugated polymer donor absorbs
photons with specific wavelengths causing the formation of excitons (bound electron-hole
pairs). Excitons will move toward donor/acceptor interface where the lowest unoccupied
molecular orbital (LUMO) electrons of the donor will be transferred to the LUMO of the
acceptor giving rise to the charge separation. At this point, electrons will travel toward the
metal cathode, while holes toward the ITO anode producing electric current. Furthermore,
acceptor species can also absorb photons promoting a highest occupied molecular orbital
(HOMO) electron in its LUMO level and producing an exciton. Charge separation will be
produced transferring a hole from the HOMO of the acceptor to the HOMO of the donor

(Figure 3a).
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Figure 3. a) Electronic energy levels of active layer blend and b) typical J-V curve of a BHJ-PSC.

PCE of BHJ-PSCs is still lower than inorganic semiconductor solar cells, but continuous
efforts are made for improving performances of such organic solar cells. Nowadays, the PCE
of OPVs has been improved considerably and exceeded 10%.[" Plotting of a J-V curve of a
BHJ-PSC gives information about the PCE of such cell, directly related with short circuit
current density (Jsc), open circuit voltage (Voc) and fill factor (FF) of the device. Furthermore,
Jm and Vn values, corresponding to the J and V values with the maximum J x V value on the
J-V curve, are used in the calculation of the FF (Figure 3b).

The knowledge of how each of these parameters is influenced by the morphology of the
blend active layer or by the nature of the donor and acceptor species is crucial for the
fabrication of ever more efficient organic solar cells. In more detail, Jsc depends on the light
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absorption ability of the active layer and exciton diffusion and dissociation at the
donor/acceptor interface, as well as on the charge transportation toward electrodes and the
subsequent charge collection. Voc is mainly determined by level offset of the HOMO of the
donor and the LUMO of the acceptor species (AE in the Figure 3a).[8l Therefore, relevant
considerations must be made with regard to the optimization of such solar devices. First of
all, a broad and strong light absorption of the active layer in the visible and near infrared
region, as well as high charge mobility reached with an optimal morphology of the blend
layer in which donor and acceptor species constitute an interpenetrating network, contribute
to increase the Jsc value. Furthermore, the accurate choice of the donor and acceptor species
is a key point not only to determine the Vo value given by the energy level difference
between the HOMO and LUMO levels of the donor and acceptor species respectively, but
also to ensure exciton dissociation at the donor/acceptor interface.

Most used fullerene monoadducts, such as the above mentioned [60]PCBM and [70]PCBM
but also [60]DPM and [70]DPM,! have a LUMO at a relatively low energy level, which
gives rise to a small Voc when P3HT is used as donor species. The introduction of electron-
donating groups in the fullerene acceptor species, as well as the use of bisadducts of
fullerene, lead to an increase of the LUMO energy level.' In this regard, it has been shown
that the further functionalization of fullerene to reach production of bisadducts does not have
a great influence on the charge-carrier properties of the fullerene and moreover the isomer
mixture of bisadducts can be directly used giving rise to cells with greater performances than
those constituted by corresponding monoadducts.['>*] Another important feature of
bisadducts is their higher solubility in common organic solvents compared to corresponding
monoadducts.[*? This improved solubility may ensure a better morphology of the blend film,
which constitutes an important factor in the PSCs fabrication.[**l Among the fabrication
technologies developed for the production of PSCs, solution process such as spin-coating is
surely the most popular. This process require a good solubility of the donor and acceptor
species of the photovoltaic device to ensure a good morphology and a uniform coating.
Moreover, in an attempt to further reduce the fabrication costs, other technologies for the
manufacturing of PSCs are developed such as the printing/coating based processes, namely
roll-to-roll printing, inkjet printing, screen printing, brush painting and spray coating.™*
Recently, novel Ceo bisadducts such as [60]BHN (bishydronaphthyl-Cgo)i*2® 51 and
[60]ICBA (indene-Cgo bisadduct)*®! emerged as key acceptors in high performing BHJ-
PSCs. Nevertheless, taking advantage of two decades of optimization in OPV, [60]PCBM

and [70]PCBM are still able to afford tandem devices with outstanding power conversion
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efficiencies in the 6.0-10.6% range.[": 7]

However, in order to ensure a large-scale diffusion of PSCs, it is necessary to have a facile
and convenient access to all substances employed in the fabrication of such solar cells. It
was estimated that the active layer (mixture of conjugated polymer donor and fullerene-
derivative acceptor) contributes to over 25% of the total material cost for the fabrication of
PSCs (Figure 4).[%8

=160

-

7.8%

—
(=)
(=]

m Encapsulation

m Silver
PEDOT:PSS

m P3HT:PCBM

m7n0O

= PETITO

100

51.2%

oo
o

[=2)
(=]

B
<

0.7%

(]
=]

Material cost per m? (€/m

Figure 4. Estimation of the material cost of a PSC.[*¢]

Especially regarding the synthesis of different acceptor species, one of the main drawback
in the synthesis of fullerene derivatives is that the reported examples show from low to
moderate yields often below 40% and/or long reaction time, which in several cases reach up
to 72 h.[11.12d. 158,b, 16e, 19] Thage weak points strongly contribute to a higher final price for the
fullerene acceptors and led to address many efforts toward the synthesis optimization of such
acceptor species.

Recently, using a continuous flow approach, various fullerene derivatives acceptors, namely
[60]PCBM, [70]PCBM, [60]ICBA and [70]ICBA, were synthesized via cycloaddition
reactions.?”! By varying experimental parameters, such as residence time, temperature, and
equivalents of cycloaddition reagents, acceptor species were obtained in improved yields
and in a shorter reaction time in comparison with conventional batch processes. The results
obtained were very promising; [60]PCBM, [70]PCBM, [60]ICBA and [70]ICBA were
obtained in 59, 49, 54 and 49% conversion (determined via HPLC) respectively, opening the

way for the large-scale production of such fullerene derivatives. However, this approach
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requires the use of very specific micro-flow reactors setup that may be not available in all
laboratories.

Conversely, nowadays the use of microwave irradiation in organic synthesis, which was
introduced about thirty years ago by Gedye and by the group of Giguere and Majetich,?!]
has become a common use technique applied in almost all laboratories as an alternative to
conventional heating processes to carry out a large number of reactions in different fields of
chemistry.[??

The so-called microwave-assisted organic synthesis (MAQS) is an ever-growing field owing
to its many benefits.[?®! There are many examples reported in the literature in which the use
of microwave irradiation led to a drastic reduction of reaction time, an improving of yields
and a diminishing of side reactions.[? Furthermore, an interesting approach to MAOS
consists in the possible use of solvent-free conditions.[?4* 244 251 The absence of solvent to
carry out chemical transformations under MW irradiation is a good method to optimize
efficiency (in this case, absorption of MW radiation is limited only to reactants) and simplify
clean procedures of such chemical reactions.

In the light of these considerations, microwave mediated functionalization of fullerenes, and
more in general of carbon nanoforms (CNFs), which interact strongly with microwaves, 26!
may overcome the problem of both productivity and efficiency in terms of reaction time.
First examples on use of microwave irradiation for functionalization of fullerenes are due to
Langa and Martin.[? Their works showed, through a direct comparison, as microwave
irradiation was more efficient than conventional conductive heating to perform various

chemical functionalizations in a shorter time and in improved yield.
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3.2 Aim of the Chapter

Taking into account the above, herein simple and very efficient synthetic procedures based
on MW irradiation were optimized in order to obtain mono-, bis-, and tris-adducts of the
most common Cego- and Cro-derivatives, namely PCBM, DPM6, BHN and ICBA, employed
in OPV in good yields and in a short time.[?8! Results obtained in terms of yields are in almost
all cases the best reported so far.
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3.3 Results and Discussion

The first process to be investigated was the modified Bamford—Stevens reaction for the
synthesis of [60]PCBM and [70]PCBM mono-, bis- and trisadducts (Scheme 1), firstly
reported by Hummelen and Wud|.[?°]

“NH 1 ©
Ts
MeONa, Py
oDCB
MW, 180 °C

Scheme 1. Synthesis of PCBM derivatives.

This procedure involves the base-induced decomposition of a tosylhydrazone derivative to
achieve the in situ generation of a diazo compound that readily reacts with fullerene by
means of a [3+2] cycloaddition that occurs at a [6,6] double bond, giving rise to a pyrazoline
intermediate. After the subsequent N2 extrusion, the title transformation leads to the
formation of both [6,6]-closed methanofullerene and [5,6]-open fulleroid stereoisomers
(Scheme 2), being the latter the kinetically favoured and the former the most stable.[*"!

Table 1. Conditions optimization for the synthesis of 2a—c and 3a—c.?

Entry Cx 1/Cx Mono®-(%6) BisP-(%) Tris-(%)
1 Ceo 0.66 65 27 <5
2 Ceo 2.5 29 37 20
3 Ceo 3.0 22 43 31
4 Ceo 4.0 5 36 47
5 Cno 0.66 83 14 -
6 Cn 1.0 48 23 -
7 Cn 3.0 3 50 44

@ Reaction conditions: 50 mg of fullerene, and the indicated amount of tosylhydrazone 1 (after conversion
in the corresponding diazoderivative with MeONa in dry pyridine) were stirred under microwave irradiation
(48 W) for 1 h at 180 °C. ° Isolated yield.
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The key factor for the right outcome of the reaction is the tosylhydrazone 1/fullerene ratio,
which will direct the process toward the preferential formation of the monoadduct or to the
bis- and trisadducts, and the temperature at which the reaction is carried out. In this regard,
usually the rearrangement of the [5,6]-open to the [6,6]-closed form can be achieved by
means of photochemical irradiation®® 31 or by thermal treatment in refluxing
1,2-dichlorobenzene (0DCB) for several hours.*® 32 |n Table 1, the microwave-mediated
optimization of the synthesis of PCBM derivatives is reported.

The reaction was carried out in oDCB at 180 °C with the aim to work under thermodynamic
control and concomitantly pursue the isomerization of the [5,6]-open isomer possibly
produced (Scheme 2).

R__R' , '
M MeONa, Py = RR R<R oDCB, Cy
"NH r.t. Ny NS, 180°C

Ts

[6,6]-closed

Scheme 2. Synthetic route of a diazo derivative, its reaction with Ceo and subsequent in situ isomerization of
the [5,6]-open fulleroid in the [6,6] closed fullerene adduct under microwave irradiation.

The microwave oven (closed vessel CEM DISCOVER monomode system in manual mode
with no pressure control) was set to 180 °C, temperature reached within 2 minutes and an
observed power of 150 W. Afterwards, the oven kept the above temperature automatically
supplying 100 W, which in 30 minutes decreased to a constant power supply of 48 W. To
our delight, 1 hour is sufficient to the reaction smoothly proceed to the excellent formation
of [60]PCBM 2a with a 65% yield when 1/Ceo ratio of 0.66 is employed (Table 1, entry 1).
To our knowledge, this is the highest yield reported so far, being the precedent value 59%
obtained under continuous flow conditions (conversion determined by HPLC, isolated yield

35%).12%1 |t is worth to note that *H and **C NMR spectra confirmed the exclusive presence
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of [6,6]-closed form (Figure 5).
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Figure 5. 'H (top) and **C NMR (bottom) in CDCl; of compound 2a, showing the exclusive presence of the
[6,6]-closed form. Spectroscopic data are in agreement with those reported in literature.[:%!

Hence, tosylhydrazone 1/fullerene ratio was varied in order to maximize the production of

bisadducts 2b and trisadducts 2c (entries 2—4).

Interestingly, when the ratios were >2.5 the fullerene conversion was complete affording, in
the case of 1/Ceo ratio 3, 2b in 43% yield (Table 1, entry 3) and 2c in 47% yield when the
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ratio was 4 (Table 1, entry 4). Unfortunately, in the literature bis- and trisadducts yields are
not reported since they are collected as “byproducts” of the synthesis of [60]PCBM, however
these obtained represent very good values taking into account that even higher adducts could

be produced during the process.

o} B1 and B2

Figure 6. a) The most curved fullerene bonds, b) their location in the fullerene C and c) the structure of the
possible isomers.

Finally, also the syntheses of [70]PCBM 3a and bis [70]PCBM 3b was optimized (entries
5-7). In the former case, the 1/Cy ratio of 0.66 led to the outstanding yield of 83% for 3a
which is unprecedented (Table 1,entry 5; the previous record was 59%).1%¢1. Differently from
Ce0, Which possess a single kind of [6,6] bond, [70]fullerene has four different [6,6] bonds
with different reactivity based on the local spheroid curvature of the fullerene C7o. The most
strained fullerene bonds, type a, are located near at the poles surrounded by less strained
type B bonds (Figure 6a-b). The flatter and less curved equatorial region of fullerene Cro
contains the less curved and then less reactive bonds.® In such a way, the reaction of the
different bonds give rise to different isomers.

IH NMR spectrum of monoadduct 3a (Figure 7) revealed the presence of three isomers of
[70]PCBM in a 9/80/11 ratio for a, B1 and B2 (Figure 6c), respectively as indicated by the
methoxy groups signals at 3.75, 3.68, and 3.52 ppm.
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Figure 7. 'H NMR spectrum of compound 3a in CDCl; (250 MHz)

Total conversion and a substantially equal distribution of 3b and 3c are achieved with 1/Cxo

ratio of 3.0 (Table 1, entry 7).
The general applicability of the microwave-mediated protocol for the Bamford-Stevens

reaction was checked through the synthesis of the series of diphenylmethanofullerene-

derivatives with the hexyloxy-chains (DPM6 — Scheme 3).

MeONa, Py
oDCB
MW, 180 °C

Scheme 3. Synthesis of DPM6 derivatives.
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This class of acceptors is of interest due to higher Vo showed by the devices in which they
are employed in the active layer in comparison with those containing PCBM derivatives.[*
In Table 2, the microwave-mediated optimization of the synthesis of DPM6 derivatives is
reported. The same conditions used for PCBM derivatives were applied also for DPMB®,

generally resulting in a minor conversion to the products.

Table 2. Conditions optimization for the synthesis of 5a—b and 6a—b.2

Entry Cx 4/Cx Time (h) Mona®-(%o) Bis-(%)
1 Ceo 0.66 1 40 <3
2 Coeo 0.66 1+1 48 16
3 Ceo 2.0 1 25 45
4 Ceo 4.0 1 30 41
5 Ceo 4.0 1+1 26 61
6 Ceo 4.0 1+1+1 28 59
7 Co 0.66 1+1 57 2
8 Co 4.0 1+1 19 50
9 Cn 4.0 1+1+1 27 59

@ Reaction conditions: 50 mg of fullerene, and the indicated amount of tosylhydrazone 4 (after conversion
in the corresponding diazoderivative with MeONa in dry pyridine) were stirred under microwave irradiation
(55 W) for the indicated time at 180 °C. ® Isolated yield.

This finding is clearly reflected in the case of a 4/Ceo ratio of 0.66 which gave rise to a
conversion of 42% (yield of 5a 40%) after 1 h of irradiation at 180 °C whereas for the PCBM
the conversion was >92% (compare Table 2, entry 1 with Table 1, entry 1). Once again, the
exclusive presence of [6,6]-closed form can be confirmed by *H and 3C NMR spectra. An
increase in the irradiation time to 2 h resulted in an enhanced conversion with 48% yield for
5a (Table 2, entry 2). On the other hand, in order to maximize the yield of 5b, 4/Ceo ratio as
well as reaction time was varied (Table 2, entries 3-6).

Interestingly, in none of these reaction trisadducts were produced above 5%, likely due to
the bulkiness of DPM substituent. An increase in the reaction time from 1 to 2 h had a
remarkable effect on the yield of [60]DPM6 bisadducts (from 41 to 61%) when a 4/Ceg ratio
of 4.0 was used (Table 2, entries 4 and 5). A more prolonged reaction time had no additional
beneficial effect (Table 2, entry 6). Applying the best conditions found for 5a, [70]DPM6
6a was synthesized in 57% of yield being the two isomers o and p in a 9/1 ratio (Table 2,
entry 7), whereas 3 h of irradiation led to the best results for [70]DPM6 bisadducts 6b, which
was obtained in 59% vyield (Table 2, entry 9).

Microwave-assisted Diels—Alder [4 + 2] cycloadditions were the first transformations
investigated for fullerenes with the help of microwave irradiation.l?’® 2¢ 341 As stated,
recently Ceo and Czo bisadducts such as [60]BHN (bishydronaphthyl-Ceo)*?¢ 52 bl gnd
[60]ICBA (indene-Ceo bisadduct),™*é! prepared through [4 + 2] cycloadditions, attracted the
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interest as novel acceptor materials for OPV due to their excellent performances in terms of
PCE. Hence, the attention was focused on the optimization of BHN-derivatives synthesis
employing the sultine 7 as ideal precursor of the o-quinodimethane intermediate 7°, since it
decomposes with chelotropic extrusion of sulfur dioxide at around 80 °C, not producing

additional organic or inorganic byproducts (Scheme 4).

00 S
- Sso oDCB

MW, 100 °C

Scheme 4. Synthesis of BHN derivatives.

Initially, a 7/Ceo ratio equal to 3 has been chosen, using oDCB as solvent and the temperature

was set to 100 °C leaving the reaction for 1 h (Table 3, entry 1).

Table 3. Conditions optimization for the synthesis of 8a—b and 9a-b.?

Entry Cx 7/Cx (W/°C) MonoP-(%6) BisP-(%) Tris-(%)
1 Ceo 3.0 7/100 38 54 5
2 Coeo 3.0 10/130 32 58 7
3 Coeo 4.0 7/100 18 63 16
4 Cno 4.0 7/100 29 68 1

& Reaction conditions: 50 mg of fullerene, and the indicated amount of sultine 7 were stirred under
microwave irradiation for 1 h at 100 °C. " Isolated yield.

Under these conditions, an equilibrium power of 7 W was reached which was sufficient to
afford the total conversion of fullerene, giving rise to a yield of 54% for the desired bis-
adduct 8b. Raising the temperature to 130 °C just had a marginal beneficial effect on the
yield of 8b (Table 3, entry 2), whereas a 7/Ceo ratio of 4 allowed to obtain a remarkable
yield of 63% (Table 3, entry 3). This value is exactly the same obtained by us carrying out
the reaction under classical thermal conditions in refluxing toluene for 15 h that slightly
differs from the 72% reported (conversion determined by HPLC).[*5d
Hence, the same conditions were successfully applied in the synthesis of the C7o analogue
9b achieving the outstanding yield of 68% (Table 3, entry 4), higher than the best reported
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value (64%).12%
Finally, by means of microwave-assisted [4 + 2] Diels—Alder cycloadditions, the syntheses
of ICBA-derivatives reacting fullerenes and in situ thermally converted isoindene 10" was

optimized (Scheme 5).

O’ oDCB
10 nMw, 180 °C

Scheme 5. Synthesis of ICBA derivatives.

Differently from the reactions previously investigated, ICBA-derivatives require higher
indene/fullerene ratio (10-36 equivalents). In our case, adopting a 10/Ceo ratio of 12 in
oDCB at 180 °C irradiating for 1 h, resulted in the formation of 49% of monoadduct 11a
(Table 4, entry 1), which has not utility in OPV due to its scarce solubility.

Table 4. Conditions optimization for the synthesis of 11a—b and 12a-b.?

Entry Cx 10/Cx Time (h) MonoP-(%) BisP-(%0) Tris’-(%)
1 Ceo 12 1 49 29 -
2 Ceo 24 1 36 54 <5
3 Ceo 24 1+1 11 62 24
4 Ceo 36 1 18 61 18
5 Ceo 36 0.75+0.75 9 58 29
6 Ceo 36 1+1 7 52 33
7 Cro 36 1 40 40 -
8 Cro 36 1+1 35 62 -
9 Cno 36 1+1+1 38 50 9

@ Reaction conditions: 50 mg of fullerene, and the indicated amount of indene 10 were stirred under
microwave irradiation (25 W) for the indicated time at 180 °C. P Isolated yield.

Then, the use of 24 equivalents irradiated for 1 h led to an improved yield in 11b (54%),
even though the not complete conversion of Ceo (Table 4, entry 2) suggested the possibility
to irradiate for a longer time. Hence, 2 h of irradiation had a beneficial effect both on the
total conversion as well as in the yield of [60]ICBA, which reached the remarkable value of
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62% with the concomitant decrease to 11% of yield for the monoadduct (Table 4, entry 3).
Almost the same result gave the employment of 36 equivalents of indene irradiated for 1 h
(Table 4, entry 4), whereas no improvements were achieved with longer reaction times
(Table 4, entries 5 and 6). On the contrary, with a 10/C7o of 36, 2 h of reaction was found as
optimum for obtaining a 62% yield of [70]ICBA 12b (Table 4, entries 7-9). It is worth to
note that, once again, for bisadduct 11b and 12b, the yields obtained are the higher reported
so far, being the previous 54%1?%1 and 58%,1¢] respectively. It is worth to note that under
solvent-free conditions the reaction was hard to control, giving rise to a mixture of higher
adducts. Probably the presence of a solvent able to partially absorb microwaves and to

transfer the heat (tan 5 0DCB: 0.281%%), helps to have a better control on the reaction.
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3.4 Conclusions

In conclusion, [4 + 2] Diels Alder cycloaddition and, for the first time, modified Bamford—
Stevens reaction, were optimized under microwave irradiation for the functionalization of
fullerenes. Such protocols were applied to the improved synthesis of Ceo- and Cro-based
acceptor derivatives for OPV such as PCBM, DPM, BHN and ICBA (mono-, bis-, and in
some case trisadducts). In almost all cases the acceptors were obtained in high yields (48—
82% range), which were increased or at least paired with respect to those reported in
literature. One of the main advantages of the reported microwave-assisted protocols is that
often the complete fullerene conversion is achieved within 1-3 hours, sensibly less than the
reaction times required under classical conditions (16—72 h), and with high selectivity toward
the target acceptor. Thus, the higher yields of a selected acceptor are accompanied by a less
waste production (side products) and a sensitive energy and time saving. As a whole,
acceptors molecules can be produced with strong cost abatement, which will represent a step

forward toward the wide production of cheaper organic solar cells.
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3.5 Experimental Section

General: Chemicals and solvents were purchased from commercial suppliers or purified by
standard techniques. For thin-layer chromatography (TLC), silica gel plates (Merck 60 F254)
were used and compounds were visualized by irradiation with UV light and/or by treatment
with a KMnOs solution. Flash chromatography was carried out using Macherey—Nagel silica
gel (0.04-0.063 mm). MW-assisted syntheses were carried out with a CEM DISCOVER
monomode system in closed vessel in manual mode (no remote PC control) with infrared
sensor for temperature control and with no pressure control. Petroleum ether refers to the
fraction with the boiling range 40-60 °C. 'H and *C NMR spectra were recorded with a
Bruker 250, Bruker 300 MHz or Bruker Avance Il 400 MHz spectrometers. HRMS spectra
were recorded on MeOH/CH.CI, or in CH2Cl, with a Waters Q-TOF Premier, with

atmospheric pressure chemical ionization (APCI) as ion source.

e Synthesis of [70] and [60]PCBM derivatives

Synthesis of methyl 4-benzoylbutyrate. This compound was prepared on 5 g scale starting
from 4-benzoylbutyric acid and MeOH using HCI gas, following a procedure previously
reported in literature.t®28 Methyl 4-benzoylbutyrate was obtained as a colourless oil (yield:
88%).

Synthesis of methyl 4-benzoylbutyrate p-tosylhydrazone (1). Methyl 4-benzoylbutyrate
(4.5 g, 21.8 mmol) and p-toluenesulfonyl hydrazide (5.0 g, 1.2 eq) were placed in a round
bottom flask and methanol was added (15 mL). The mixture was stirred and refluxed for 6
h and then stirred overnight at room temperature and lastly cooled to -15 °C. The product
was collected by filtration, washed with cold methanol and dried under vacuum to obtain

4-benzoylbutyrate p-tosylhydrazone as white crystals (yield: 92 %).

General procedure for preparation of 1-phenyl-1-(3-(methoxycarbonyl)propyl)-
diazomethane. Sodium methoxide (3.73 mg, 0.069 mmol) was added in a microwave glass
tube sealed with a teflon cap containing a solution of 4-benzoylbutyrate p-tosylhydrazone 1
(17.20 mg, 0.046 mmol) in dry pyridine (2 mL). The mixture was stirred at room temperature

for 15 minutes.
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Synthesis of PCBM derivatives (2a-c, 3a-c). A solution of Ceo or C7o (50.00 mg) in 3 mL
of oDCB (previously sonicated for about 15 minutes) was added to a previously prepared
mixture containing the appropriate quantity of 1-Phenyl-1-(3-
(methoxycarbonyl)propyl)diazomethane in dry pyridine. The resulting mixture was kept
under MW irradiation at 180 °C (48 W) for appropriate time. After cooling down, pyridine
was removed under vacuum and the remaining reaction mixture was directly poured into a
chromatographic column without removal of the remaining solvent (silica gel column
conditions for Ceo-derivatives: 3:1 hexane/toluene up to 9:1 toluene/hexane for monoadduct
recovery, then dichloromethane for bisadducts. Column conditions for Czo-derivatives: 3:1
hexane/toluene up to 2:1 toluene/hexane for monoadduct recovery, then dichloromethane
for bisadducts recovery). Both mono- and bis-adducts were solubilized and transferred to a
centrifuge tube using a minimal amount of chloroform and subsequently precipitated with
methanol. (2a) *H NMR (400 MHz, CDCI5/CS>) &: 7.92 (d, J = 7.2 Hz, 2H; o-H arom), 7.55
(t, J =7.3 Hz, 2H; m-H arom), 7.51-7.41 (m, 1H; p-H arom), 3.68 (s, 3H; OCHz), 2.92 (t, J
= 7.3Hz, 2H; PhCCHy), 2.53 (t, J = 7.3 Hz, 2H; CH.CO:Me), 2.20 (q, J = 7.3 Hz, 2H;
CH.CH2CO;Me). ¥C NMR (100 MHz, CDCI3/CSy) &: 172.65 (C=0), 148.46, 147.51,
145.62, 145.01, 144.86, 144.59, 144.50, 144.47, 144.30, 144.28, 143.89, 143.57, 142.94,
142.91, 142.87, 142.82, 142.76, 142.02, 141.94, 140.84, 140.60, 137.87, 137.47, 136.48,
131.85, 128.31, 128.10, 79.60 (Ceo sp®), 51.64 (OCHs), 51.26 (PhCCH>), 33.69, 33.56
(PhCCH> and CH2CO2Me), 22.33 (CH2CH.CO2Me). HRMS calculated: 933.0891; found:
933.2404 [M-Na]". (2b) *H NMR (400 MHz, CDCls) §: 8.24-7.31 (m, 10H; H arom), 3.81-
3.52 (m, 6H; OCHs), 3.23-1.85 (m, 12H; PhCCH2, CH.CO:Me and CH>CH.CO.Me).
HRMS calculated: 1123.1885; found: 1123.3757 [M-Na]". (2c) *H NMR (250 MHz, CDCls)
d: 8.23-7.29 (m, 15H; H arom), 3.89-3.35 (m, 9H; OCHj3), 3.23-1.85 (m, 18H; PhCCHy,
CH.CO2Me and CH2CH>CO2Me). HRMS calculated: 1314.2878; found: 1314.6711 [M-
Na]*. (3a) *H NMR (250 MHz, CDCI3/CS>) &: 7.93-7.19 (m, 5H; H arom), 3.75, 3.69, 3.52
(s, 3H; OCHs isomers mixture), 2.53-2.37 (m, 4H; PhCCH; and CH2CO2Me), 2-19-1.75 (m,
2H; CH2CH2CO2Me). HRMS calculated: 1053.0891; found: 1053.0590 [M-Na]*. (3b) 'H
NMR (400 MHz, CDClIs) 8: 7.96-7.00 (m, 10H; H arom), 4.10-3.22 (m, 6H; OCH3), 2.71-
1.93 (m, 12H; PhCCH2, CH2CO2Me and CH2CH2CO2Me). HRMS calculated: 1245.1963;
found: 1245.1877 [M-Na]". (3c) HRMS calculated: 1433.2878; found: 1433.6976 [M-Na]".
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« Synthesis of [70] and [60]DPM®6 derivatives

Synthesis of 4,4'-dihexyloxybenzophenone-p-tosylhydrazone (4). The synthesis of this
compound was carried out following procedures previously reported in literature, 9 ¢ 361
This compound was prepared starting from commercially available 4,4'-dihydroxy-

benzophenone in two synthetic steps and on 5 g scale.

General procedure for preparation of 4,4'-(diazomethylene)bis(hexyloxybenzene).
Sodium methoxide (3.73 mg, 0.069 mmol) was added in a microwave glass tube sealed with
a teflon cap containing a solution of 4,4'-dihexyloxybenzophenone-p-tosylhydrazone 4
(25.30 mg, 0.046 mmol) in dry pyridine (2 mL). The mixture was stirred at room temperature

for 15 minutes.

Synthesis of DPMG6 derivatives (5a-b, 6a-b). A solution of Cso or C7o (50.00 mg) in 3 mL
of oDCB (previously sonicated for about 15 minutes) was added to a previously prepared
mixture containing the appropriate quantity of 4,4'-(diazomethylene)bis(hexyloxybenzene)
in dry pyridine. The resulting mixture was kept under MW irradiation at 180 °C (48 W) for
appropriate time. After cooling down, pyridine was removed under vacuum and the
remaining reaction mixture was directly poured into a chromatographic column without
removal of the remaining solvent (silica gel column conditions for Ceo-derivatives: CS; to
recover unreacted Ceo, then hexane/toluene 4:1 and 3:1 for monoadduct recovery and finally
1:1 hexane/toluene for bisadducts recovery. Column conditions for Czo-derivatives: CS; to
recover unreacted Cro, then hexane/toluene 6:1 and 4:1 for monoadduct recovery and finally
2:1 hexane/toluene for bisadducts recovery). Both mono and bis-adducts were solubilized
and transferred to a centrifuge tube using a minimal amount of chloroform and subsequently
precipitated with methanol. (5a) *H NMR (250 MHz, CDCls) &: 7.97 (d, J = 8.6 Hz, 4H),
6.98 (d, J=8.6 Hz, 4H), 3.98 (t, J = 6.5 Hz, 4H; OCHy), 1.97-1.68 (m, 4H; OCH2CH>), 1.54-
1.19 (m, 12H; -CH>-), 0.91 (t, J = 6.6 Hz, 6H; CH,CHs3). *C NMR (62.5 MHz, CDCI3/CSy)
3: 158.68 (Car-0), 148.48, 145.34, 145.10, 145.02, 144.63, 144.52, 144.18, 143.78, 142.92,
142.85, 142.23, 142.05, 140.76, 138.17, 131.75, 131.20, 114.60, 79.57 (Ceo sp°), 68.00
(OCHy), 57.30 (Cpprm), 31.67, 29.35, 25.85, 22.73, 14.09. HRMS calculated: 1087.2637;
found: 1087.2247 [M-H]*. (5b) *H NMR (250 MHz, CDCls) §: 8.20-7.50 (m, 8H), 7.12-6.60
(m, 8H), 4.08-3.78 (m, 8H; OCHy), 2.04-1.1 (m, 32H, -CH>-), 1.1-0.64 (m, 12H; CH2CHj).
HRMS calculated: 1453.5195; found: 1453.4471 [M-Na]*. (6a) *H NMR (250 MHz, CDCls)
3: 7.95,7.83, 7.46 (d, J = 7.9 Hz, 4H), 6.95, 6.65 (d, J = 7.9 Hz, 4H), 3.99, 3.80 (m, 4H;
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isomers mixture), 2.09-1.12 (m, 16H; OCH>CH> and -CH3-), 1.12-0.68 (m, 6H; CH2CHy3).
13C NMR (100 MHz, CDCI3/CS;) &: 158.42, 155.69, 155.41, 151.83, 150.95, 150.61, 150.30,
149.18, 148.99, 148.90, 148.26, 148.05, 147.77, 147.29, 147.19, 146.85, 146.73, 145.82,
145.49, 145.25, 144.26, 143.71, 143.53, 143.11, 142.38, 141.42, 141.35, 139.81, 138.57,
137.16, 136.58, 133.74, 132.56, 131.52, 131.14, 130.99, 130.60, 130.38, 114.53, 114.19,
106.59, 71.72, 69.62, 67.83, 67.65, 65.46, 43.03, 40.73, 31.65, 29.31, 25.83, 22.76, 14.11.
HRMS calculated: 1208.2637; found: 1208.2496 [M-H]*. (6b) *H NMR (250 MHz, CDCls)
d: 8.21-7.33 (m, 8H), 7.21-6.49 (m, 8H), 4.26-3.60 (m, 8H; OCH>), 2.03-1.08 (m, 32H, -
CH>-), 1.08-0.73 (m, 12H; CH2>CHz). HRMS calculated: 1570.5195; found: 1570.5037 [M-
H]".
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e Synthesis of [70] and [60]BHN derivatives

Synthesis of sultine (7). The synthesis of this compound was carried out following a
procedure previously reported in literature.*®d To a solution in DMF (75 mL) of
1,2-bis(bromomethyl)benzene (1.15 g, 4.230 mmol), sodium hydroxymethanesulfinate
(rongalite; 2.60 g, 16.902 mmol) and tetrabutylammonium bromide (413.00 mg, 1.268
mmol) were added. The mixture was stirred at 0 °C under argon atmosphere for 4 h. Then
water was added and the mixture was extracted three times with dichloromethane. The
combined organic layers were dried over Na>SQOa, and the solvent was evaporated at 25 °C
under vacuum to give colourless oil (627.35 mg, 88.2%). The crude product was used in the

next reaction step without further purification.

Synthesis of BHN derivatives (8a-c, 9a-b). To a solution of Cgo or C70 (50.00 mg) in 4 mL
of oDCB (previously sonicated for about 20 minutes), the appropriate amount of sultine was
added. The resulting mixture was kept under MW irradiation at appropriate temperature (7-
10 W) for appropriate time. After cooling down, the reaction mixture was precipitated with
methanol. The recovered residue was solubilized in a minimal amount of chloroform and
precipitated again with methanol. Methanol was removed and the residue was solubilized in
dichloromethane, adsorbed on silica and purified by flash column chromatography (silica
gel column conditions for Ceo-derivatives: hexane/toluene from 15:1 to 5:1 for mono- and
bisadducts and finally 2:1 for trisadducts. Column conditions for Cro-derivatives:
hexane/toluene from 15:1 to 5:1 for mono- and bisadducts and finally 2:1). Both mono- and
bisadducts were solubilized and transferred to a centrifuge tube using a minimal amount of
chloroform and subsequently precipitated with methanol. (8a) *H NMR (250 MHz, CDCls)
8: 7.68 (m, 2H), 7.57 (m, 2H), 4.81 (m, 2H), 4.72 (m, 2H). (8b) *H NMR (250 MHz, CDCls)
d: 8.00-7.30 (m, 8H), 5.18-3.36 (m, 8H). HRMS calculated: 929.1330; found: 929.0865 [M-
H]*. (9b) *H NMR (250 MHz, CDCls) &: 7.95-6.96 (m, 8H), 4.74-3.10 (m, 8H). HRMS
calculated: 1049.1331; found: 1049.0826 [M-H]".

125



Chapter 3
Experimental Section

e Synthesis of [70] and [60]ICBA derivatives

Synthesis of ICBA derivatives (11a-c, 12a-b). To a solution of Ceg 0r C70 (50.00 mg) in 4
mL of oDCB (previously sonicated for about 20 minutes), the appropriate amount of indene
(10) was added. The resulting mixture was kept under MW irradiation at 180 °C (25 W) for
appropriate time. After cooling down, the reaction mixture was precipitated with methanol.
The recovered residue was solubilized in a minimal amount of chloroform and precipitated
again with methanol. Methanol was removed and the residue was solubilized in
dichloromethane, adsorbed on silica and purified by flash column chromatography (silica
gel column conditions for Ceo-derivatives: hexane/chloroform 25:1, then 20:1 for
monoadduct, 10:1 for bisadducts mixture and finally 1:1 for trisadducts. Column conditions
for Cro-derivatives: hexane/chloroform 30:1 and 25:1 for monoadducts, 15:1 and 9:1 for
bisadducts and finally 5:1 for trisadducts). Both mono- and bisadducts were solubilized and
transferred to a centrifuge tube using a minimal amount of chloroform and subsequently
precipitated with methanol. (11b) *H NMR (250 MHz, CDCls) &: 8.01-7.12 (m, 8H), 5.41-
2.34 (m, 8H). HRMS calculated: 953.1252; found: 953.0886 [M-H]". (11c) HRMS
calculated: 1068.1877; found: 1068.1566 [M-H]". (12a) *H NMR (400 MHz, CDCls) &:
8.32-7.28 (m, 3H), 7.24-6.88 (m, 1H). 4.94-2.10 (m, 4H; isomers mixture). (12b) *H NMR
(400 MHz, CDClz) 8: 7.87-6.72 (m, 8H), 5.19-1.97 (m, 8H). HRMS calculated: 1072.1252;
found: 1072.0819 [M-H]".
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BHJ-PSCs
CNFs
CNTs
DSC

ESI

FF
HOMO
HPLC
HR-TEM
ICP-OES
ILs

ITO

Jsc

LUMO
MNPs
MP-AES
MW
MWCNTSs
oDCB
OPV
PAMAM
PCE
PEDOT:PSS
SAXS
SEM-EDAX
SILLP
SILP
SSA
SWCNTSs
TEA
TGA
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Bulk Heterojunction Polymer Solar Cells

Carbon Nanoforms

Carbon Nanotubes

Differential Scanning Calorimetry

Electrospray lonization

Fill Factor

Highest Occupied Molecular Orbital

High Performance Liquid Chromatography

High Resolution Transmission Electron Microscopy
Inductively Coupled Plasma — Optical Emission Spectrometry
lonic Liquids

Indium-Tin Oxide

Short Circuit Current Density

Lowest Unoccupied Molecular Orbital

Metal Nanoparticles

Microwave Plasma — Atomic Emission Spectroscopy
Microwave

Multi-Walled Carbon Nanotubes

1,2-Dichlorobenzene

Organic Photovoltaic

Poly-Amidoamine

Power Conversion Efficiency
Poly(3,4-ethylenedioxythiophene):polystyrene Sulfonate
Small-Angle X-ray Scattering

Scanning Electron Microscopy—Energy-Dispersive X-ray Analysis
Supported lonic Liquid-Like Phase

Supported lonic Liquid Phase

Specific Surface Area

Single-Walled Carbon Nanotubes

Triethylamine

Thermogravimetric Analysis
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TOF
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TSILs
Voc
XPS
XRD

Turnover Frequency

Turnover Number

Task Specific lonic Liquids

Open Circuit Voltage

X-ray Photoelectron Spectroscopy
X-ray Diffraction
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