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Titre : Nanoréacteurs pour la catalyse en milieux aqueux

Résumeé: Cette thése concerne I'élaboration par réaction “click” CuAAC de
nouveaux nanomatériaux présentant diverses applications, en particulier en catalyse.
Ces macromolécules (dendrimeres, dendriméres supportés sur oxide et polyméres)
comprenant des cycles 1,2,3-triazoles ont été utilisés pour stabiliser des
nanoparticules essentiellement de palladium actives en catalyse de couplage C-C,
réduction du 4-nitrophenol et oxydation des alcools dans des solvants aqueux.
L’utilisation de ces nanoparticules a I'échelle du ppm traduit leur efficacité et I'aspect
écologique visé avec ce projet. L'intégration d’unités triazolylbiferrocéniques au sein
de ces polymeres a permis d’étendre la gamme d’applications de ces matériaux aux
sondes électrochimiques, réduction d’ions métalliques en nanoparticules, composés
poly-électrolytes, poly-électrochromes, a valence mixte. L’imprégnation de
nanoparticules de palladium stabilisées par des dendriméres sur support magnétique
a permis d’augmenter la robustesse des catalyseurs ainsi que leur recyclablité par
aimantation.
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Title : Nanoreactors for catalysis in aqueous media

Abstract: This thesis concerns the synthesis by “click” CUAAC reactions of new
nanomaterials that have various applications, in particular in catalysis. These
macromolecules are dendrimers, supported dendrimers and polymers that contain
1,2,3-triazole rings and were used in the stabilization of essentially palladium
nanoparticles (PdNPs). These PdNPs are extremely active in the catalysis in green
solvents of C-C coupling, reduction of 4-nitrophenol and selective oxidation of
alcohols. The use of these nanoparticle catalysts at the ppm level shows their
efficiency and their ecological aspect. The integration of biferrocene units in the
polymers allowed expanding their applications to electrochemical sensors, reductants
of metallic ions to nanoparticles, polyelectrolytes, polyelectrochromic, and mixed-
valent complexes. The impregnation of PANPs stabilized by dendrimers on magnetic
support led to the increase of the catalyst robustness and recyclability using a
magnet.
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Ce n'’est pas que je suis plus intelligent, c’est que je
reste plus longtemps avec les problemes

(Albert Einstein)

On ne fait jamais attention a ce qui a été fait, on ne
Voit que ce qui reste a faire.

(Marie Curie)

Le week-end refroidit les idées, mais ['homme reste
le méme.

(Jaime Ruiz)
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Introduction générale

La chimie du XXI™ siécle doit étre verte, c’est a dire respectucuse de notre
environnement. Cette nécessité incite les chimistes de synthése a reconsidérer leurs
stratégies."’ La chimie verte est régie par douze principes: la prévention des déchets,
I’économie d’atomes, 1’emploi et la production de produits non ou peu toxiques, la
minimisation de la toxicité pendant la fonctionnalisation, la diminution de la quantité
de solvants ou leur suppression, 1’économie d’énergie (température et pression se
rapprochant de I’ambiante), I’introduction de mati¢res premicres renouvelables, la
réduction du nombre de produits et d’étapes, la préférence pour la catalyse aux
réactions nécessitant des réactifs steechiométriques, la facile dégradation des produits,
la prévention d’agents polluants avec des analyses en temps réel et la sécurité pour la
prévention des accidents.”) C’est pourquoi 1’utilisation de catalyseurs, de molécules
organiques, nanoparticules et de nano-objets rendant une réaction plus rapide, plus
sélective, plus efficace, moins dangereuse et moins énergétique devient un domaine
de recherche privilégi¢ des laboratoires. C’est dans cet état d’esprit que nous nous
sommes dirigé tout au long de ce doctorat, en combinant la catalyse inorganique ou
organométallique®™ avec celle utilisant des nanoparticules.”

Durant le stage de Licence 3, I’occasion avait ét¢ donnée de travailler avec le Dr.
Abdou Diallo sur la synthése d’un dendrimere 27-TEG 1, Fig. 1, composé d’un coeur
hydrophobe et d’une périphérie hydrophile constituée de 27 chaines tri(éthyléne
glycol) (TEG) permettant d’accélérer considérablement les réactions de métathese
(métathese croisée, métathése a fermeture de cycle, et métathése des énynes) dans
I’eau en présence du catalyseur de Grubbs de seconde génération.”) Cet additif
dendritique permettait la solubilisation des substrats hydrophobes et du catalyseur au
ruthénium dans I’eau, accélérant ainsi les réactions. Deux ans plus tard, la poursuite
de I’exploration de ce concept de nanoréacteur dendritique a été choisie lors du stage
de Master 2 et du doctorat.
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Figure 1. Dendriméere 27-TEG 1 utilisé tout au long de la these



Ce dendrimere 1 est a la fois soluble dans les solvants organiques et dans I’eau, grace
aux terminaisons TEG. La présence de cycles 1,2,3-triazoles et de cavités
hydrophobes au sein du dendrimére lui confére les propriétés d’un nanoréacteur
micellaire. Les atomes d’azote du cycle triazole sont de bons ligands des métaux de
transition et seront utilisés dans cette these pour coordiner Pd(Il) et Au(Ill) et pour
stabiliser les nanoparticules de ces métaux dans lesquels le degré d’oxydation est
formellement nul.

La stabilisation de nanoparticules par des macromolécules telles que, entre autres,
les polyméres'® et des dendriméres PAMAM! est connue depuis longtemps, mais
elle n’avait pas €té optimisée en catalyse. Nous avons tenté d’utiliser le dendrimere 1
pour une fonction paralléle avec des catalyseurs moléculaires ou nanoparticulaires en
employant des quantités de catalyseurs extrémement faibles en milieux aqueux. La
premiere partie de la thése concernera la stabilisation de nanoparticules de palladium
(PANPs) par le dendrimere 1 grace aux 9 groupes 1,2,3-triazoles qui le compose et a
sa topologie. Le palladium étant un métal de transition tres utilisé pour la catalyse de
multiples réactions de synthése organique et spécifiquement dans les réactions de
couplages C-C ou C-N, ces nanoparticules ont ¢été testées en catalyse (Suzuki-
Miyaura, Heck, Sonogashira, hydrogénation)® dans des conditions de chimie verte.
L’utilisation de PANPs a 1’échelle du ppm a permis de mettre en exergue leur trés
grande et remarquable efficacité. La comparaison avec des nanoparticules stabilisées
par d’autres dendriméres a aussi pu €tre effectuée grace a la comparaison avec les
résultats de la littérature et aussi a des collaborations au sein de notre groupe de
recherche avec les Drs Na Li et Sylvain Gatard.

Ces ¢tudes comparatives ont montré D'intérét de la topologie spécifique du
dendrimere 1. La présence des cycles 1,2,3-triazoles combinée a celle de polyéthyléne
glycol (PEQG) étant essentielle pour la stabilisation de PANPs actives, cela nous a
conduit a développer d’autres matériaux tels que des polymeres hydrosolubles
synthétisés par polycondensation (réaction de cyclooaddition de type Huisgen
catalysée par le cuivre (I), CuAAC).Y Ainsi, dans une deuxiéme partie, nous
utiliserons cette stratégie de synthese ainsi que des polymeres triazolyle-PEG comme
stabilisateurs de PdNPs actives en catalyse. L’intérét de cette méthode de
polymérisation réside dans la possibilit¢ de synthétiser facilement et rapidement des
co-polymeres alternés (A-B-A-B...), ce qui a permis d’obtenir aussi des propriétés
additionnelles.

La troisieme partie consiste en la synthése de polymeres a multiples applications,
synthétisés par la méme méthode de polymérisation que celle développée dans la
partie précédente. En polymérisant une unité di-azido PEG avec une unité di-éthynyl
biferrocéne, nous avons obtenu des matériaux hydrosolubles présentant diverses
propriétés : polyélectrolytes, polyélectrochromes, réducteur de 1’or (III) avec
stabilisation de nanoparticules d’or (AuNPs), stabilisateur de PdNPs, catalyseurs,
matériaux a valence mixe, sonde ¢lectrochimique. Dans cette méme partie, ces
nanomatériaux aux multiples propriétés seront comparés a d’autres métallopolymeres
synthétisés par Amalia Rapakousiou a I’occasion d’une collaboration au sein de notre
groupe de recherche. L’intérét majeur de la syntheése de ces polymeres, présentée dans
les deuxiéme et troisieme parties, réside dans la rapidité et la simplicité de leur
obtention. Néanmoins, ces polymeres ne présentent pas de cavités hydrophobes
conférant au dendrimére la propriété de nanoréacteur qui sera développée dans la
quatrieme partie.



Comme dit précédemment, la présence du dendrimere 1 accéleére considérablement
la réaction de métathese dans 1’eau grace a sa propriété de micelle moléculaire. De la
méme fagon, nous nous sommes engagé dans la recherche de 1’accélération, a 1’aide
ce dendrimere 1 (en quantité catalytique), de la réaction “click” catalysée au cuivre (I)
dans I’eau. La présence du catalyseur cuivreux hydrophobe au sein du dendrimere a
pu étre mise en évidence par différentes techniques de Résonance Magnétique
Nucléaire du proton (RMN 'H), mettant en exergue ce role de nanoréacteur
dendritique de 1. Dans cette partie, nous discuterons aussi l’utilisation des 1,2,3-
triazoles du dendrimere comme ligands activateurs du cuivre (I) contribuant a la mise
en ceuvre de ce nouveau catalyseur dendritique. Celui-ci présente une activité
catalytique inégalée pour la réaction “click” CuAAC dans 1’eau. Cette quatrieme
partie correspond a des études ayant débutées durant le stage de master 2 et achevées
seulement en fin de these.

La cinquieéme partie concerne I’hétérogénéisation de PdANPs stabilisées par des
dendrimeres TEG (PdNPs développées dans la premicre partie) sur support
magnétique (nanoparticule de Fe,Os (cceur)/silice (coquille)). L’intérét de ces
nouveaux catalyseurs réside dans leur stabilité, leur isolation a 1’état solide, leur
utilisation simple et leur recyclabilité a ’aide d’un champ magnétique externe.

Actuellement, la synthése de nanoparticules est devenue simple et requiert
systématiquement la présence d’un réducteur et d’un stabilisateur (ligand, polymere,
dendrimere, matériaux inorganique...). Or, dans la sixiéme partie nous démontrerons
comment, lorsque NaBHj, est utilisé en exces en tant que réducteur, il peut en méme
temps jouer le role de stabilisateur. Les nanoparticules ainsi formées sont dépourvues
de ligands encombrants et seront par conséquent utilisées en tant que catalyseurs
extrémement actifs.

Ces six parties sont présentées par ordre chronologique des résultats positifs des
recherches et traduisent aussi la démarche scientifique durant ces trois ans et demi au
sein du groupe Nanosciences et Catalyse.

En annexes seront présentés des travaux sortant un tant soit peu de I’axe principal
de la theése. D’abord des études effectués avec un stagiaire de master 2, Martin
D’Halluin autour de la catalyse de métathese et de ses catalyseurs, puis des travaux
commun de notre groupe sur I’influence stéréoélectronique des ligands stabilisateurs
lors de la catalyse par les AuNPs de la réduction du para-nitrophénol.
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Partie 1. Dendrimeéres amphiphiles pour la stabilisation de nanoparticules
actives en catalyse.

Au sein du laboratoire du Prof. Didier Astruc, il a été prouvé que les cycles 1,2,3-
triazoles résultant d’une réaction CuAAC “click pouvaient quantitativement lier des
ions métalliques (ex: Pd(IT)). Ainsi les dendrimeres et les polymeéres triazolyles
développés au laboratoire ont permis la stabilisation de nanoparticules de palladium
(PANPs) actives en catalyse.” Le probléme majeur était que cette catalyse avait
seulement été effleurée et qu’aucune étude catalytique (autre que la catalyse
d’hydrogénation des alcenes et le couplage Suzuki-Miyaura du iodobenzene) n’avait
¢té étudiée en profondeur. L’un des travaux principaux effectué au cours de cette
thése concerne la stabilisation de PdANPs par des dendriméres triazolyles a
terminaisons triéthyléne glycol (TEG). Deux générations (GO et G1) de dendrimere
TEG ont été synthétisé puis utilisés pour stabiliser des PANPs dans 1’eau. Ces
nanoparticules se trouvent en solution aqueuse et résultent de la réduction chimique
de K,PdCly par NaBH,4. Les analyses de microscopie é€lectronique en transmission
(MET) ont montré que la taille des PANPs stabilisées par GO (dendrimere 1 dans
I’introduction générale) était plus petite que celle de PANPs stabilisées par G1 (1,4 +
0,7 nm contre 2,7 £ 1 nm). Ces PANPs ont ¢té utilisées en catalyse lors de couplages
C-C (Suzuki-Miyaura, Sonogashira et Heck) dans un mélange H,O/EtOH (1/1) et lors
de la réduction du 4-nitrophenol (4-NP) en 4-aminophenol (4-AP) dans 1’eau. Les
résultats ont révélé que les PANPs stabilisées par GO étaient plus efficaces et que le
couplage de Suzuki-Miyaura d’aromatiques bromés était quantitatif en présence de
seulement 0,00003 % molaire de Pd (0,3 ppm) entrainant ainsi une contamination
négligeable en Pd des produits issus du couplage. Cette quantit¢ de palladium,
minime permettant de catalyser la réaction a conduit a la dénomination de catalyse
homéopathique par Beletskaya et De Vries.”) Les résultats obtenus au cours des
autres réactions catalytiques sont aussi remarquables et révelent 1’efficacité de ces
PdANPs. La petite taille des PANPs serait lice a la méthode de synthése imposant une
concentration en sels de Pd(II) spécifique avant réduction en NPs ; il en est de méme
pour ’activité catalytique. Bien que ceci n’ait été prouvé qu’avec les dendrimeres a
terminaison TEG, durant la derniére année de thése, nous avons collaboré avec le
docteur Sylvain Gatard sur la stabilisation de NPs par des glyco-dendrimeres. En
reprenant notre méthode de synthése de PdANPs, la taille des nanoparticules
précédemment publi¢es” est passé de 14 = 3 nm a 2,3 + 0,4 nm comme prévu.
Cependant, 1’activité catalytique (pour la réaction de Suzuki-Miyaura) de ces PANPs
est loin d’étre aussi bonne que celle obtenue avec des dendrimeres a terminaisons
TEG, ce qui met en évidence le role des TEG.
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Abstract: The concept of the nanoreactor valuably
contributes to catalytic applications of supramolec-
ular chemistry. Therewith molecular engineering
may lead to organic transformations that minimize
the amount of metal catalyst to reach the efficiency
of enzymatic catalysis. The design of the dendritic
nanoreactor proposed here involves hydrophilic tri-
ethylene glycol (TEG) termini for solubilization in
water and water/ethanol mixed solvents combined
with a hydrophobic dendritic interior containing
1,2,3-triazole ligands that provide smooth stabiliza-
tion of very small (1 to 2 nm) palladium nanoparti-
cles (PdNPs). The PdNPs stabilized in such nano-
reactors are extraordinarily active in water/ethanol
(1/1) for the catalysis of various carbon-carbon cou-

pling reactions (Suzuki-Miyaura, Heck and Sonoga-
shira) of aryl halides down to sub-ppm levels for the
Suzuki-Miyaura coupling of aryl iodides and aryl
bromides. The reduction of 4-nitrophenol to 4-ami-
nophenol in water also gives very impressive results.
The difference of reactivity between the two distinct
dendrimers with, respectively, 27 (G0) and 81 (G1)
TEG termini is assigned to the difference of PANP
core size, the smaller GO PdANP core being more re-
active than the G1 PANP core (1.4 vs. 2.7 nm), which
is also in agreement with the leaching mechanism.

Keywords: C—C coupling; dendrimers; green chemis-
try; nanoreactors; palladium nanoparticles (PdNPs)

Introduction

Nanoparticle catalysis has been shown to be a valuable
approach to green processes, because it does not in-
volve polluting ligands."! In particular, palladium
nanoparticles (PANPs) are one of the most remark-
able examples of efficient catalysts for the formation
of carbon-carbon bonds.”’ Dendrimers such as
PAMAM and PPI are good catalytic supports that are
widely used for active metal nanoparticle stabiliza-
tion. Crooks’ group has pioneered -catalysis by
PAMAM-encapsulated PANPs?! and these PANPs as
well as various other polymer- and inorganic sub-
strate-stabilized PANPs are good catalysts for carbon-
carbon bond formation reactions.' Aryl cross-cou-
pling reactions (Suzuki-Miyaura,” Sonogashira,’’! and
Heck!"™*"l reactions) have indeed become powerful
synthetic methods for preparing biaryl compounds,
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such as, inter alia, natural products, pharmaceuticals
and polymers. These cross-coupling reactions also
allow a high degree of tolerance for a variety of func-
tional groups. Another important issue is the use of
minimum amounts of catalysts, because metal con-
tamination tolerated in organic products does not
exceed a few ppm. Along this line only few authors
have reported PANPs that can be active with 10~ Pd
mol% 258 In this context, the stabilization of active
PdNPs by “click” dendrimers terminated by triethy-
lene glycol groups has been proposed. These PANPs
seem to be sufficiently stabilized by the triazolyl
groups to avoid aggregation and are at the same time
labile enough to catalyze the Suzuki-Miyaura reac-
tion of various bromoarenes in an aqueous solvent.
The advantage of PEG termini is that PANPs can be
synthesized in water by reduction of K,PdCl, using
NaBH, ™ which leads to a better activity than that

Wiley Online Library 2525
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Figure 1. GO-27 TEG 1 dendrimer, G1-81 TEG 2 dendrimer and dendron TEG 3.

previously observed upon dendrimer stabilization of
PdNPs. !

We now report the optimized synthesis and full
characterization of “click” dendrimer-stabilized
PdNPs and their activity in very low amounts for
cross carbon-carbon coupling reactions (Miyaura—
Suzuki, Sonogashira and Heck) in “green” media
such as water/ethanol (1/1) and for the reduction of 4-
nitrophenol to 4-aminophenol in the presence of
NaBH, in water. The latter reaction is also useful be-
cause 4-aminophenol is a potential industrial inter-
mediate in the manufacture of many analgesic and an-
tipyretic drugs, anticorrosion lubricants, and hair
dying agents."”!

Results and Discussion
Synthesis and Characterization of the PANP Catalysts

The water-soluble “click” dendrimers of 0™ (G0) and
1% generation (G1), compounds 1 and 2 respectively,
have been previously synthesized®"'”! and are repre-
sented in Figure 1. They contain 9 (GO) and 27 (G1)
1,2,3-triazolyl groups linking the dendritic core to
Percec-type dendrons'!l and, respectively, 27 and 81
triethylene glycol (TEG) termini. The dendrimer-
Pd(II) complexes are synthesized in water by adding
to the dendrimer one equiv. K,PdCl, per dendritic tri-

2526 asc.wiley-vch.de
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azole group (the optimized stoichiometry towards fur-
ther PANP catalysis). The nature of the Pd(II) com-
plexation sites in the dendrimer has been examined
by UV-vis. spectroscopy, when K,PdCl, is added to it.
In the UV-vis. spectrum of K,PdCl, alone, two charac-
teristic bands are present at 208 nm and at 235 nm.
When the UV-vis. spectra are recorded with the GO-
TEG dendrimer 1 as a blank, a new band clearly ap-
pears at 217 nm upon mixing the aqueous solution of
K,PdCl, with that of 1 (after stirring for 5 min)
(Figure 2). On the other hand, when Pd(II) is in the
presence of the terminal TEG dendron 3 (no dendri-
mer core and no triazole ring, Figure 1), no band ap-
pears. The band observed at 217 nm when K,PdCl, is
added to the dendrimer in water has been assigned to
a ligand-to-metal charge-transfer (LMCT) transition
of Pd(II). It is associated to the complexation of the
metal ions to the interior triazole of 1. In Crooks’ re-
ports, a band at 225 nm has already been associated
to the complexation of Pd(II) to the interior tertiary
amine of the PAMAM dendrimer.’*) The UV-vis.
spectrum of the mixture of K,PdCl, and 3 does not
correspond to the UV-vis. spectrum of the mixture of
K,PdCl, with 1. In particular, no band is observed at
217 nm in the mixture of K,PdCl, with 3. These ex-
periments show the intradendritic complexation of
Pd(II) at the triazole sites of 1, and they also indicate
that there is no strong Pd(II) complexation of the ter-
minal TEG groups. The importance of the triazolyl

Adv. Synth. Catal. 2014, 356, 2525-2538
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217 nm 7.96 ppm), and the peak becomes broader when
2 = KPdCl, Pd(II) is added, which confirms the presence of an in-
208 nm > KPdCl+GO-27TEGT  teraction between the triazole group and Pd(II).
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Figure 2. UV-vis spectrum of K,PdCl, alone (one strong ab-
sorption band is observed at 208 nm) and UV-vis spectrum
of Pd(II) complexed with the interior triazolyl groups of
1 (new absorption band at 217 nm). The UV-vis spectrum of
complexed Pd(II) has been recorded with a solution of
1 alone as blank.

group in the stabilization of NPs has also been shown
in former works during the synthesis/stabilization of
AuNPs by various polyethylene glycol (PEG)-termi-
nated dendrimers. When a dendrimer does not con-
tain triazole groups, the AuNPs that are formed are
very large (around 20 nm), whereas with a dendrimer
containing triazole groups, smaller AuNPs are formed
(around 4 nm).I"! This clear distinction demonstrates
the key role of triazole groups in the dendrimer for
the stabilization of small (active) PANPs. In the
"H NMR spectrum, a shift of the triazolyl proton is
observed upon adding 1, 5, and 9 equivalents of
K,PdCl, per GO dendrimer 1 (7.85 ppm, 7.93 ppm,

Adv. Synth. Catal. 2014, 356, 2525 -2538
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The reduction of Pd(II) (1equiv. per triazolyl
group) to Pd(0) is carried out in water using 10 equiv.
NaBH, per Pd [Eq. (1)] in the case of PANP stabilized
by several equiv. of 1). Dialysis is carried out in order
to remove excess NaBH, and eventually purify the
PdNPs from any Pd derivatives. It is not indispensa-
ble, however, because the results in catalysis are simi-
lar with and without dialysis. It is known that NaBH,
inhibits catalytic activity by formation of borides at
the particle surface,’®™ but this is not the case in aque-
ous media, because the borohydride is then fully hy-
drolyzed. When dialysis is applied during 1 day, ICP-
OES analysis indicates that the Pd loading in the
PdNPs is 96% of starting Pd.* This result shows that
96% of the starting Pd is converted to PdANPs and
they are stabilized by dendrimers. The polydispersities
of these PANPs shown by DLS are good, and the
TEM and HRTEM images reveal that the PANPs are
very small, 1.44+0.7 nm in 1 and 2.7 £1.0 nm in 2, that
is, of optimal size for their use in catalysis (Figure 3).
The average number of Pd atoms in the GO-TEG-
dendrimer 1 PdNPs is around 100 (with a large pro-
portion on edges and corners) and that for G1-TEG 2
PdNPs is around 1000. Thus, although there are only
9 Pd(IT) per GO-TEG dendrimer 1 and 27 Pd(II) per
G1-TEG dendrimer 2, the number of Pd atoms in the
dendrimer-stabilized PdNPs is considerably larger
than the number of Pd(II) ion precursors in each den-
drimer. This means that the large majority of the den-
drimer molecules do not contain a PANP, and there is

asc.wiley-vch.de 2527
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Figure 3. TEM HR-TEM of PdNPs stabilized by 1. a) TEM of PdNPs stabilized by 1. b) and ¢) HR-TEM of PdNPs stabi-
lized by 1 with, respectively, 20 nm and 10 nm bar scales. d) PANPs stabilized by 1 with a 2 nm bar scale, a truncated bipyra-
mid is observed. e) PANPs distribution (624 PdNPs). f) EDX of this system, indicating the presence of Pd in NP observed by

HR-TEM.

thus an interdendritic contribution to the strong
PANP stabilization, specifically with 1 that has a rela-
tively small size. That several dendrimers (11 small
GO-TEG dendrimer molecules 1) are necessary to sta-
bilize a single PANP is a situation that is in sharp con-
trast with the one previously encountered with ferro-
cenyl-terminated click dendrimers for which the
number of Pd atoms in the PANP matched that of
Pd(II) precursors in each dendrimer.[® This contrast
is due to the TEG termini of the present “click” den-
drimer family. The hydrodynamic diameters of the
TEG dendrimers determined by DOSY NMR and
DLS are 5.54+0.2 nm and 9 nm, respectively, for 1 and
13.24+02nm and 16 nm, respectively, for 2. The
actual size is best reflected by the DOSY NMR
values, and it is expected that the DLS values take
into account the water solvation around the dendrim-
ers that increases the apparent dendrimer size. These
DLS values are much larger than what is expected for
a single dendrimer, which means that a number of
dendrimers aggregate in water to form a supramolec-
ular assembly of dendrimers. The aggregation of TEG
dendrimers is facilitated by TEG-terminated den-
drimers that interpenetrate one another because of
the supramolecular forces attracting the TEG tethers
among one another. What is remarkable is that, when
the PANPs are formed, the DLS size value considera-
bly increases for GO from 9 to 31 whereas it only in-

2528 asc.wiley-vch.de
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creases from 16 nm to 18 nm for G1 (Figure 4). This
strongly argues in favor of a full encapsulation of the
stabilized PdNPs for the large dendrimer G1 that un-
dergoes a modest size change upon PANP formation
and, on the opposite side, for an assembly of small
dendrimers GO stabilizing a PdNP. Note that the
PdNPs stabilized by the TEG dendrimers are stable
under air for several months without any sign of ag-
gregation and that the size determined by TEM and
the catalytic activity (vide infra) remain the same
after such prolonged periods of time. It turns out that
such an assembly of TEG dendrimers is ideal for the
stabilization of a single PANP. Thus, although dendri-
mer-stabilized NPs have been reported earlier,/**!2!
one is dealing here with a new type of stabilization of
PdNPs by dendrimers that is specifically due to the
combination between 1,2,3-triazole and TEG at the
dendrimer periphery. The other interests of TEG moi-
eties are the biocompatibility and the compatibility
with both hydrophobic substrates and hydrophilic
media.

Catalytic Experiments
The catalytic activity of the PANPs has been investi-

gated for three different C—C cross-coupling reac-
tions: the Suzuki-Miyaura, Sonogashira and Heck

Adv. Synth. Catal. 2014, 356, 2525-2538
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Figure 4. Dynamic light scattering (DLS) of dendrimers alone and dendrimer assemblies in the presence of PdNPs. a) DLS
distribution of G0-27 TEG, 1, alone. The average DLS size is 9 nm. b) DLS distribution of G0-27 TEG, 1, with PANPs. The
average DLS size is 31 nm, no assemblage has been observed before 27 nm. ¢) DLS distribution of G1-81 TEG, 2, alone.
The average DLS size is 16 nm. d) DLS distribution of G1-81 TEG, 2, with PANPs. The average DLS size is 18 nm.

cross-coupling reactions and for the reduction of 4-ni-
trophenol to 4-aminophenol.

The Suzuki-Miyaura reactions were conducted in
H,O/EtOH (1/1), a green solvent, (as the two other
C—C cross-coupling reactions) with three boronic
acids and iodo-, bromo- and chloroarenes [Eq. (2)].

X B(OH), R
PdNPs, K3PO4 (2 equiv.) O
> (2)

H,O/EtOH, 28/80 °C, time O
R

Br, Cl
CH3 OCHj3, NO,, CHO, NH,
, CH,, OCH3

In the case of the reaction of iodobenzene with var-
ious boronic acids, the Suzuki-Miyaura reaction
worked well even with a very small quantity of Pd
(PdNPs stabilized by 1), down to 3x107° mol%, that
is, 0.3 ppm Pd in 80% yield (turnover number TON =
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2.7x10° turnover frequency TOF=2.8x10*h"!,
entry 6). The effect of electron-releasing groups on
phenylboronic acid and iodobenzene was examined,
and the results are gathered in Table 1. The GO-
PdNPs are still active after 96 h of reaction at 28°C.
Homocoupling between two iodobenzene molecules,
that is, Ulmann-type coupling, is also catalyzed by the
GO-PdNP, and at 28°C it does not occur in the ab-
sence of PANPs. With 0.1 mol% of these efficient
PdANPs, the homocoupling yield is 20% in 24 h under
the conditions of the reactions in Table 1, but lower
amounts of GO-PdNPs give 0% yield of biphenyl, the
homocoupling product, whereas a quantitative
Suzuki-Miyaura coupling yield is obtained (with
1 ppm of Pd, for example). In the absence of iodoar-
ene, no biphenyl is produced either in the presence of
phenylboronic acid with 0.1% GO-PdNPs. This shows
that the GO-PdNP-catalyzed cross-coupling reaction
of iodobenzene occurs with complete selectivity. The
reactions were also performed in air under the same
conditions as those of entry 3 for comparison, and the
yield was 98%, which is similar to that obtained
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Table 1. Isolated yields and TONs for the catalysis by GO
PdNPs of the Suzuki-Miyaura coupling reactions between

iodoarenes [p-RC,H,I] and arylboronic acids [p-
R'CH,B(OH),]."!
R R’ Entry Pd[%] Time  Yield TON
[h] [%]
H H 1 01 6 86 860
2101 12 99 990
3 0.01 12 99 9900
4 0.001 15 99 99000
5 0.0001 96 92 920000
6 0.00003 120 80 2700000
OMe 7 0.1 12 99 990
8 0.01 15 96 9600
9 0.001 84 99 99000
10 0.0001 84 33 330000
CH, 11 0.1 12 99 990
12 0.01 15 96 9600
13 0.001 84 82 82000
14 0.0001 84 66 640000
CH,O H 1501 0.1 15 99 990
16 0.01 15 92 9200
1707 0.001 84 14 14000
18 0.001 12 99 99000
I H 1907 0.1 15 80 800
200 0.1 24 99 990
21P1 0.01 24 43 4300

[l Each reaction is conducted with 0.1 mmol iodoarene p-
RC¢H,I, 0.15 mmol of arylboronic acid p-RCqH,B(OH,),
0.2 mmol of K;PO, in EtOH/H,0O 1 mL/1 mL at 28°C.

bl Each reaction is conducted with 1 mmol iodoarene p-
RCH,I, 1.5 mmol of arylboronic acid p-RC¢H,B(OH,),
2 mmol of K;PO, in EtOH/H,0 10 mL/10 mL at 28°C.

[l Standard conditions, but at 80°C instead of 2°C.

@ Isolated yield.

under nitrogen. This means that the catalytic GO-
PdNPs are not sensitive to air during the Suzuki-
Miyaura reactions at 28°C during 12 h. The water so-
lution of PdANPs can also be re-used. For instance,
with 0.1 mol% Pd, the PANPs can be recycled more
than four times without decrease of reactivity, the
yield remaining at 98% for the reaction between io-
dobenzene and phenyl boronic acid for 15 h at 28°C.
TEM analyses show that the PdNPs are larger after
the reaction (8+1 nm) than before (1.4 nm+0.7 nm)
but their sizes examined by TEM no longer increase
after further catalytic runs. The catalytic activity with
recycled PdNPs is the same with iodobenzene for GO-
27 TEG under these conditions. At low PANP concen-
tration (1-5 ppm) with bromoarenes when the GO
PdANP size increased as indicated above, the catalytic
activity decreased (vide infra). When the PdNPs are
in very low amount, the recycling is very difficult to
carry out. Another advantage of this system is that it
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is very simple to recycle the dendrimer alone without
any decomposition, its recovery being quantitative.
The GO-PdNP catalyst is extremely active and effi-
cient for the Suzuki-Miyaura coupling reactions of
bromoarenes. At 80°C, the reaction between 1,4-bro-
monitrobenzene and phenylboronic acid with only
0.3ppm of Pd reaches a TON of 2.7x10° after
2.5days (TOF=4.5x10*h"", entry39). With only
1 ppm of Pd from the GO-PdANP catalyst, the cross-
coupling of phenylboronic acid with bromobenzene is
quantitative (TON=0.99x10°; TOF=1.65x10"h"",
entry 25), and the yield is 63% for 1,4-bromoanisole
(TON=0.63x10°; TOF=1.05x10*h"", entry 30).
These reactions are not observed in the absence of
catalyst with any studied substrate. The results of the
Suzuki-Miyaura reactions of bromoarenes are gath-
ered in Table 2. In conclusion for bromoarenes, the
TONs are very impressive at 80°C, sometimes even
larger than 10° Interestingly, catalysis of cross-cou-

Table 2. Isolated yields and TONs for the catalysis by GO
PdNPs of the Suzuki-Miyaura reactions beween bromarenes
[p-RC4H,Br] and phenylboronic acid.™

R Entry Pd([%] Time[h] Yield® [%] TON
H 22 0.1 15 99 990
236 0.1 96 66 660
24 0.01 24 99 9900
2504 0.0001 60 99 990000
CH,0 26 0.1 15 94 940
27 0.01 24 99 9900
28 0.001 24 60 60000
29 0.001 48 99 99000
30 0.0001 60 63 630000
NH, 31 0.1 15 96 960
32 0.01 24 31 3100
33 0.01 48 40 4000
NO, 34 0.1 15 99 990
356 0.1 240 80 800
36 0.001 24 87 87000
37 0.001 36 98 98000
38 0.0001 60 91 910000
3907 0.00003 60 82 2700000
CH, 40 0.1 24 99 990
41 0.001 48 99 99000
42 0.0001 48 46 460000
CHO 43 0.1 24 99 990
44 0.01 24 80 8000
45 0.001 24 20 20000

[l Each reaction is conducted with 1 mmol bromoarene, [p-
RC¢H,Br] in 0.05M as final concentration, 1.5 mmol of
phenylboronic acid and 2 equiv. K;PO, in EtOH/H,O
(10 mL/10 mL) at 80°C.

b) Same conditions but
C[RC¢H,Br]=0.1M.

[l Standard conditions but at 28°C instead of 80°C.

4l The reaction is also conducted on a larger scale (10 g of

p-RC4H,Br), leading to similar isolated yields.

Isolated yield.

in EtOH/H,0 (5mL/5mL),

[e

Adv. Synth. Catal. 2014, 356, 2525-2538


http://asc.wiley-vch.de

FULL PAPERS

“Click” Dendrimer-Stabilized Palladium Nanoparticles as a Green Catalyst

Advanced
Synthesis &
Catalysis

Table 3. Comparison of Suzuki-Miyaura reactions of bromoarenes catalyzed by various PANP catalysts from the literature

[Eq. (3)].1

Rl Catalyst Temp. [°C] TON TOF [h™]
4-H13] PSSA-co-MA-Pd(0) 100 99 5940
4-OMe!™! Pd-SDS 100 38 456
4-OMel®! Pd-PVP (MTPs) 100 1680 1680
4-Melt>l Pd-PEG 25 90 45
4-NO,34 Pd-1/FSG 100 990 123
4-OMe!®! Fe,0,-Pd 50 144 12
4-OMel™! pEVPBr-Pd 90 340 38
4-OMel*0 Pd-PS 100 50 10
4-COMe!*! HAP-Pd(0) 100 139 23
4-OMel'3 PdClL,(py),@SHS 60 4681 14050
4-COMeP! Pd/IL 120 970 970
4-OMeP! Pd-MEPI 100 24250 8083
4-COMeP"! Pd-salt 90 4250 1062
4-OMel*1 Pd@PNIPAM 90 300 30
4-Mel'¥! Pd,([PW,,05]"), 80 89 7
4-OMel'*4 Pd-block-co-poly 90 310 31
4-COMe!* Pd-G3-p3 80 85000 2125
4-OMel*! Pd-G3-p3 80 82 10
4-H™ Pd@CNPCs 50 982 327
4-Mel'3! PS-PdONPs 80 59 59
4-Mel*! Pd-TiO, 80 115 29
4-OMel*™ Pd@PMO-IL 75 475 95
4-NH, 3 Pd-XH-15-SBA 90 96 7
4-OMel™! Pd*-GO 80 386 99
4-Mel'?] Pd(°)/AL,05-Z1O, 60 45 12
4-OMeP! Pd(OAc),/L 100 19600 2800
4-OMel*d Pd(OAc),/CNC-pincer 100 1000 500
4-Hb Pd/Y Zeolite 100 13x10° 8.7x10°

[ The reactions have been conducted with various catalysts at various temperatures in aqueous solvents (the comparison is
limited to representative PANP catalysts that are used in aqueous solvents).

pling between bromobenzene and phenylboronic acid
at 80°C at relatively high concentrations such as
0.1 mol% Pd is relatively slow, that is, the yield is
20% after 2 h, 50% after 6 h, and 15 h are required
for completion (entry 22). Thus diluting the catalyst
1000 times to the ppm level leads to only a period of
time four times longer to reach completion (entry 25).
This in favor of the leaching mechanism along with
capture of the reactive leached atoms by the mother
PANP, an inhibition phenomenon that increases as the
catalyst concentration increases.

Recycling experiments using the GO-PdNPs for
which the TEM shows a size of 8 nm after the first
run give a 78% yield of coupling between bromoani-
sole and phenylboronic acid at 80°C (2.5 days) when
Sppm Pd of the GO-PdNPs are used, which shows
that the activity has decreased compared to the initial
run, due to the increased size. Concerning the G1-
PANP catalyst, reactions under the same conditions as
in Table 2, (80°C, 2.5 days) between bromoarenes and
phenylboronic acid using 1 ppm Pd give yields of 20%
with bromobenzene, 27% with bromoanisole and
39% with 1,4-bromonitrobenzene.

Adv. Synth. Catal. 2014, 356, 2525 -2538
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The catalytic efficiency of G1-PdNPs is lower than
that of the GO-PANPs, which is taken into account by
the fact that the G1-PdNPs are larger than the GO-
PdANPs. This also is in accord with a leaching mecha-
nism. Thus PANPs stabilized by 2 will not be used for
the other reactions.

With chloroarenes, the results with GO-PdNPs are
less impressive than with the other haloarenes, be-
cause high temperatures (>100°C) are required to ac-
tivate chloroarenes under these conditions, and at
such temperatures these PANPs aggregate more rap-
idly than activation of the reactions. For instance, in
the case of 1,4-chloronitrobenzene, 0.1% Pd from GO-
PdANPs at 90°C for 2.5 days using KOH gives a 55%
yield. Bromoarenes are often less expensive than
chloroarenes, however, which is never the case for io-
doarenes.

Some recent literature results are summarized in
Table 3. These results concern the activity of PANPs
systems (various stabilizers) in the Suzuki-Miyaura
cross-coupling reactions.

The GO0-27 TEG-PdNPs catalyst is, to the best of
our knowledge, one of the most active catalysts
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Table 4. Comparison between various dendrimers for the stabilization of PANPs.

Dendrimer PdANP Solvent used for Storage Air Todobenzene Bromobenzene
size the synthesis stable TON, TOF TON, TOF

G0-9 Fc 2.8 nm CHCly/MeOH no no 540000, 1042 h ! 265,15h™!

*G1-27 Fc 1.3 nm CHCIl/MeOH no no 5200, 363 h! -

GO0-9 biFc - - - - - -

G1-27 biFc in situ CHCl;/MeOH no no 5300, 221 h! -

G0-9 SO;~ 2.3 nm H,O no no 9200, 1533 h! 10000, 8700 h™*

G1-27 SO;5~ 2.8 nm H,0 no no 9400, 1567 h™* -

G0-27 TEG 1 1.4 nm H,0 yes yes 2700000, 28000 h* 990000, 16000 h!

known for Suzuki-Miyaura coupling of bromoarenes
[Eq. (3)]. The Suzuki-Miyaura reaction of bromoar-
enes should be of interest for industrial applications
(multi-gram scale reactions have been carried out
without decreases of yield and TONs). The use of
a very low amount of catalyst will lead to lower costs
and lower toxicity.

e

+

vons )

PdANPs stabilized by dendrimers have been previ-
ously reported with various triazolyl termini. First
PdNPs were stabilized by dendrimer-containing tria-
zolylferrocenes (Fc)®! (G0-9 Fc, G1-27 Fe) or biferro-
cenes!?! (G0-9 biFc, G1-27 biFc). These dendrimers
were not soluble in water, thus only PdNPs synthe-
sized in the mixed solvent CHCl,/MeOH were appro-
priate. The solution of PANPs had to be kept under
N, and fresh PdNPs used for catalysis. Concerning
PdNPs stabilized by dendrimers containing triazolyl-
sulfonated termini,®™ the PANPs synthesis is the same
as that used for the synthesis of PdNPs stabilized by
GO0-27 TEG and G1-81 TEG, thus the comparison is
more suitable. Table 4 shows a comparison of all the
PdNPs stabilized by the present dendrimers The
Suzuki-Miyaura cross-coupling reactions with PANPs
that are stabilized by ferrocenyl- and biferrocenyl-ter-
minated dendrimers are not as favorable, and these
reactions are carried out in CHCl;/MeOH. Moreover,
the PANPs are less stable than in this present case.
PdNPs stabilized by G1-27 Fc have sizes that are simi-
lar to those of PANPs stabilized by G0-27 TEG, but
the activity is completely different; no activity is ob-
served with bromobenzene. Significant comparisons
with G0-9 SO; and G1-27 SO;  indicate that the
PdNPs are a little larger than PANPs stabilized by the
TEG dendrimers, which shows the important role of
the TEG termini of the dendrimers 1 and 2. The ac-

Pd-catalyst, base -

R—\ / 3)

aqueous solvent
time, temperature
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tivity in the Suzuki-Miyaura reaction is also lower
with the PANPs stabilized by the sulfonated dendrim-
ers. The stabilities of the PANPs stabilized by 1 and 2
are far better that those observed earlier, with a possi-
ble storage of the present catalyst without strain for
months.

The copper-free Sonogashira coupling is more diffi-
cult to carry out with PANPs than the Suzuki-Miyaura
reaction and has been investigated in the present
study between iodobenzene and various terminal al-

kynes [Eq. (4)].

R

o me s

©/ v P 4)
R H,O/EtOH

80 °C

The reactions have been carried out in the same
mixture of solvents as for the Suzuki-Miyaura reac-
tions but the base Et;N proved to be more efficient
than KOH, K,COj; or K;PO,. The results are reported
in Table 5.

Remarkably, the Sonagashira coupling between io-
dobenzene and aromatic alkynes works without

Table 5. Sonogashira coupling between iodobenzene and dif-
ferent alkynes catalyzed by G0-27 TEG-PdNPs.

R Entry Pd  Time Yield® TON,

[Eq. (4)] [%]  [h] [%] TOF [h']
C.H; 46 01 24 93 930, 38.75
C¢H; 47 001 24 90 9000, 375
p-Br-C(H, 48 001 24 71 7100, 296
p-NH,-C(H, 49 0.01 24 75 7500, 312.5
p-NH,-CH, 50 001 36 93 9300, 258.3
CsH NI 51 0.01 36 79 7900, 219.4
p-CH,-CH, 52 001 24 90 9000, 375

[(I Each reaction is conducted with 1 mmol iodobenzene,
1.2 mmol of alkyne and 3equiv. Et;N in EtOH/H,O
(1 mL/1 mL) at 80°C.

bl Same conditions but with 10/10 mL EtOH/H,O.

[l Isolated yield.

[ Substrate = 3-ethynylpyridine.
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Table 6. Examples of active PANP catalysts in Sonogashira coupling between iodobenzene and phenylacetylene.

“Click” Dendrimer-Stabilized Palladium Nanoparticles as a Green Catalyst

Catalyst[™"! Pd [mol%]| Solvent Temp. [°C] TON, TOF [h]
Pd/Pectin!'*! 0.28 DMF 100 325, 433
Pd/SiO,@Fe, 0% 1 DMF 100 95,15.8
Pd/NH,-SiO, %! 0.05 DMF 110 1960, 980
Pd-Ciipaphiny " 1 MeOH 90 91, 4.1
Pd/carbenel!*! 4 DMF/H,0O 90 23.5,7.8
Pd/MOEF-541 2.8 MeOH 80 35,116
Pd/PRGO! 0.5 H,O/EtOH 180 (uw) 184, 1104
PS-PdONPs!! 1.5 H,0 80 66, 11

copper co-catalyst even with a low amount of Pd (i.e.,
0.01% mol) leading to TONs up to 9300 and TOFs up
to 375 h™' (entry 47). These results are not as impres-
sive as those obtained for the Suzuki-Miyaura reac-
tion (the reaction does not work with bromobenzene
instead of the iodobenzene nor with aliphatic alkynes
instead of aromatic alkynes), but in the context of
using as little metal as possible, they are of great in-

The Heck reaction between iodobenzene and sty-
rene or methyl acrylate has been examined under the
same conditions as the Suzuki-Miyaura and the Sono-
gashira reactions, that is, at 80°C or 105°C in H,O/
EtOH: 1/1 essentially with 0.1 % Pd [Eq. (5)], and the
results are gathered in Table 7.

) : | PdNPs SR
terest. Let us compare the reaction between iodoben- R KOH (5)
zene and phenylacetylene in the presence of PANPs M H,O/EtOH
in various solvents with literature data (Table 6). The 80/105 °C

results obtained with the present PANP catalyst are
comparable with those obtained with other systems.
The solvent used is safer than in most cases, and the
temperature is modest. Even if the time of reaction is
longer, the small amount of catalyst used in the pres-
ent study is a serious advantage in the perspective of
“green” chemistry.

Table 7. Heck reaction between iodobenzene and styrene or
methyl acrylate.

The reaction works well between iodobenzene and
styrene, the best results being obtained using KOH as
the base.

The reaction with methyl acrylate and iodobenzene
leads to the corresponding phenylacrylic acid due to
in situ saponification. Some destruction of the PANPs
and formation of Pd black precipitate are observed
upon excessive heating. Moreover the reaction is not
observed when bromobenzene is used instead of iodo-
benzene. With 0.01% PdNPs the yield is very low for
this reaction (8%, entry 57; 20%, entry 63) due to

R Entry Pd  Time Yield” TON, .. complete precipitation of the PANPs to Pd black. In
(%] [h] [%] TOF [h]  yater only as the solvent, the Heck reaction does not
CH; 53 01 14 73 730, 52 work with 0.1% Pd.
C:H; 54 01 24 82 820, 34 Seminal studies from the groups of Reetz,” Belet-
C¢H, 55 01 24 50! 500,20.8  skaya,™™ and de Vries®***! led to the designation of
CeHs 56 01 24 661 600,27.5  “homeopathic” palladium catalysis for Heck and
C¢Hs 57 0.1 24 8l 80, 3.3 Suzuki-Miyaura reactions with aryl iodides and, in
CoHs 58 03 24 9& 300, 12.5 some cases, aryl bromides, and industrial large-scale
gﬁ}%o C(0) 2(9) 8(1)1 ii 22 igg ;3] applicatigr}§ have; bqen developed with the term “ho-
CH,0C(0)¢ 61 01l 14 olel 0.0 meopathic 1ndlcat[12rcl]g the use of extremely low
CH,0C(0) 6 01 24 98 980,408 ~ amounts of catalyst. _
CH,0C(0) 63 0.0l 48 20 2000, 41.6 The present results for the Heck reaction are not as

[} Each reaction has been conducted with 1 mmol iodoben-
zene, 1.5 mmol alkene and 3 equiv. KOH in EtOH/H,0O:
1/1 at 105°C.

[Pl Reaction conducted with K5PO, (3 equiv.) as a base.

[l Reaction conducted with K,CO, (3 equiv.) as a base.

4] Reaction conducted with Et;N (3 equiv.) as a base.

[l The reaction has been conducted at 80°C.

M Isolated yield.

e Yield for the reaction in H,O alone as solvent).
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impressive in comparison with the “homeopathic”
studies of Beletskaya, Reetz, and de Vries (and
others) but the term “homeopathic” could be assigned
to the present results on the Suzuki-Miyaura and So-
nogashira reactions.

The reduction of 4-nitrophenol (4-NP) to 4-amino-
phenol (4-AP) is another very quick and simple reac-
tion that is catalyzed by these PdNPs stabilized by
G0-27 TEG 1 [Eq. (6)].
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OH NaBH, 100 equiv. OH 15| o
PdNPs 0.2-0.02% mol O25 it
H,0, 1.3-30 min, r.t. —F’f . - §
NO, NH, ok N, om0
1.0 0 0 4. 60 100 .
g OH
4-AP is a potential industrial intermediate in manu- < i
facturing many analgesic and antipyretic drugs, anti- ~~
. ) . . . 0.5
corrosion lubricants, and hair dying agents, thus effi-
cient PANP catalysis of 4-NP reduction is of great \.\ ' f
value. The high efficiency in the C—C cross-coupling \ 7 \ - N
reactions and the dependence of the rate of this catal- i o
ysis on the nanoparticle size were encouraging factors 0'0250 200 350 400 450 500

to probe this reaction. A convenient aspect is the pos-
sibility of monitoring the progress of the reaction by
UV-vis spectroscopy. Indeed, a typical peak at 400 nm
is directly related to 4-NP (corresponding to 4-nitro-
phenate appearing in the presence of NaBH,) and at
300 nm to the 4-AP. The disappearance of the yellow
color of the solution is a sign of the reaction progress.
The reduction of 4-NP has been carried out in the
presence of excess of NaBH, (100 equiv.) as a “safe”
source of H, and 0.2% mol of PANPs in water. The
progress of the reaction is connected to the concen-
tration of 4-NP in water solution (Figure 5). When
the solution is diluted (4 times) in order to conduct
a kinetic monitoring of the reaction, it shows that it is
complete in 400 seconds. The apparent rate constant
k. is directly obtained from the curve of —In(C/C,)
vs. time by linear fit, k,,,=0.004 s,

In the absence of catalyst the reaction does not
progress and the yellow color of the solution is re-
tained after 1 hour. When only 10 equiv. of NaBH,

|
‘ y =0,004x
4- 15 OH A Os
‘ 3 " 40s
B N 80's
A d— 120s
‘ e— 160s
| ¢ 7 NO 200s
3 0 100 200 300 400 500 ™ g 240's
‘ Time (s) h— 280s
320s
) —
| 360 s
7]
E=] | 400 s
< 2 M— 440s
d
A ) \ .
N "
[ ) 9
1 ‘ / h
N —
| —— = m D —
0
250 300 350 400 450 500

Wavelength (nm)

Figure 5. Kinetic study of 4-nitrophenol ([4-NP]=1.25
10~°M) reduction by NaBH, in the presence of 0.2% mol of
PdANP stabilized by G0-27 TEG using UV-vis. spectroscopy
at 400 nm and plot of —In(Cy/C,) vs. time (s) for its disap-
pearance (left corner). (The solution of the reaction has
been directly used for the kinetic study.)
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Wavelength (nm)

Figure 6. Kinetic study of the 4-nitrophenol ([4-NP]=5.0
107*M) reduction by NaBH, in the presence of 0.2% mol of
PdANP stabilized by G0-27 TEG, using UV-vis. spectroscopy
at 400 nm and plot of —In(Cy/C,) vs. time (s) for its disap-
pearance (left corner). (The solution of the reaction is dilut-
ed 4 times before recording each run).

are used, the reaction is complete in 30 min. When 4
times less water is used for the same quantity of sub-
strate, the reduction is complete in 80 seconds, k,,, =
0.044 s™" (calculated with only 3 results because of the
high reaction rate); see Figure 6 (moreover with
0.02% of PdNPs, the reaction is complete in 300 s).
The reduction of 4-NP to 4-AP is successful at room
temperature in water with a low amount of catalyst
(0.2 mol% and 0.02 mol% ).

The k,,, obtained during our study is among the
best ones ever obtained, and the TOFs are impressive,
as it was in the case for the Suzuki-Miyaura coupling.
The comparative Table 8 concerns Pd catalyst sys-
tems.

Let us also compare with the investigation of an-
other metal nanoparticle catalyst, gold nanoparticles
(AuNPs, Table9). A large variety of PdNPs and

Table 8. Some examples of PANP systems used in the reduc-
tion of 4-NP.

Catalyst"™" Pd NaBH, &, TOF
[mol%] [equiv.] [s7'] [h™]
CNT/PiHP/Pd™ 4 80 5%x107° 300
Fe;0,/Pd! 10 139 33x1072 300
PEDOT-PSS/PdI™> 77 excess  6.58x107%2 13
SPB/Pd!' 0.36 100 441x107° 819
Microgels/Pd!'>! 2.1 100 1.5%x10° 139
PPy/TiO,!"! 2.6 11 1.22x1072 326
SBA-15[1¢ 100 1000 12x10% 6
@Pd/CeO,!"" 0.56 83 8x107? 1068
G0-27 TEG 0.2 100 40%x107° 4500
G0-27 TEG 0.2 100 44x107% 22500
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Table 9. Some examples of AuNP systems used in 4-NP re-
duction.

Catalyst Au NaBH, k,, TOF
support!™"! [mol%] [equiv.] [s7'] [h™]
Goteal 2.6 23 1.9x107" 126
4,4-bpy!e®] 5 100 72x107* 19
PDDA/NCCl] 2.7 100 51x107° 212
Boehmite!'* 270 100 1.7x107°  0.69
PANT!! 1.7 4.4 12x1072 570
GO/SiO, 1.6 200 1.7x1072 1028
SNTs!edl 27 42 1.1x107% 46
PNIPAP-b-P4 VP! 20 33 1.5%x1073 16
PDMAEMA-PS!!l 700 57 32x107° 1
Poly(DVP-co-AA) 037 37 6.0x107% 222
Chitosan!'® 17 3 12x107%2 50
CSNF!! 0.66 100 59%x107° 563
PMMALom 6.6 1500 72x107 89
DMEF!en 1 2000 3.0x107° 83
SiO, 1%l 10.6 29 1.0x107° 14
PAMAMI!] 1 17 2.0x107° 196
EGCG-CF!ed 100 1320 24%x107° 2
Biomass!'® 5 66 4.6x107* 20
TWEEN/GO!! 62.5 23 42x1073 7
HPEI-IBAm!"®! 9.5 100 - 120
Graphenel'*”! 43.4 71 32x107° 12
hydrogel ZnO!'®™ 333 3000 24x107 3
aCDlV] 16.6 42 47x1073 34
Peptide!'® 200 246 13x107° 7
PC/PEI/PAAI%] 26.3 160 7.0x1073 33
MPFs!'%4 5 200 3.0%x107° 80
SiO, @Au/CeO,"" 5 83 13x1072 240

AuNPs stabilized by various supports (polymers, den-
drimers, inorganic materials, organic materials and
bio-molecules) has been used in the catalytic reduc-
tion of 4-NP. All the characteristic of these systems
and their catalytic activities are indexed in Table 8
and Table 9.

This comparison shows the high efficiency of our
system for this reaction. Even if the k,,, is not the big-
gest (although it is nearly so), the amount of catalyst
is the lowest and the TOF the largest disclosed one so
far.

Conclusions

The TEGylated click dendrimer assemblies represent
a new type of nanoreactors for PANPs that provide
stability and catalytic activity during several months
without the strain of inert atmosphere. The TEG ter-
mini of the dendrimer tethers are responsible for this
high degree of intradendritic PANP stabilization, be-
cause they interact interdendritically to form large as-
semblies. The intradendritic PANPs are loosely ligand-
ed by the 1,23-triazoles, which present an excellent
compromise between stabilization and lability for an
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optimized catalytic activity. The catalytic activity of
these PANPs is exceptionally high with both iodoar-
ene and bromoarene families, reaching TONs that are
equal to or larger than 10° for both families in the
Suzuki-Miyaura reactions. The catalyst 1-PdNPs is so
far, to the best of our knowledge, the most active one
for the Suzuki-Miyaura reaction in terms of TONs
for bromoarenes. The activity for the Sonogashira
coupling is also very remarkable, because the Pd cata-
lyst is copper-free and only 0.01% mol of Pd is used
for this coupling, which is rarely used for this reaction
(Table 5). The Heck coupling with these PANPs gives
positive results, but because of the instability of the
PdNPs at high temperature (>100°C), 0.1 mol% is
used for this coupling, and no reaction is observed
with less catalyst. The last reaction investigated
during this work is the reduction of 4-nitrophenol. As
it was in the case of the Suzuki-Miyaura coupling, the
results are very impressive and never reached by
other systems (Table 8 and Table 9). The amount of
Pd is quite low (down to 0.02 mol%) and the TOFs
are very high. All these reasons and especially the
fact that very low amounts of Pd (down 0.3 ppm) are
used, are in agreement with the principles of green
chemistry.

It is suggested that the reason for this exceptional
catalytic activity of the dendritic nanorector 1 is the
loose intradendritic stabilization of PANPs by the tri-
azole ligands combined with the interdendritic assem-
bly provided by the TEG termini that better protects
the PANPs than a single dendrimer The small size of
the PANPs stabilized by 1 (1.4+0.7 nm), with a trun-
cated bipyramid shape, provides a higher proportion
of reactive Pd atoms on the edges and summits than
is the case for larger NPs. As a consequence, extreme-
ly high TONs are reached, because the catalytic activ-
ity is retained at extremely high substrate/catalyst
ratios, which is compatible with a leaching mechanism
with absence (or rarity) of quenching of the catalyti-
cally active species (presumably atoms) at high dilu-
tion. At relatively high PANP concentration, the for-
mation of Pd black that destroys the Pd precatalyst in
conventional PANP catalytic systems is suppressed
here by the dendritic stabilization. Finally, these
water-soluble dendrimers themselves are very stable
and easy to recover whenever needed, and they are
re-used many times without signs of decomposition.

Experimental Section

General Data

All the solvents (THF, EtOH, Et;N) and chemicals were
used as received. "H NMR spectra were recorded at 25°C
with a Bruker AC 200 or 300 (200 or 300 MHz) spectrome-
ter. All the chemical shifts are reported in parts per million
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(8, ppm) with reference to Me,Si (TMS) for the 'H spectra.
The UV-vis. absorption spectra were measured with Perkin—
Elmer Lambda 19 UV-vis. The DLS measurements were
made using a Malvern Zetasizer 3000 HSA instrument at
258°C at an angle of 908.

Preparation of the PANPs for Catalysis

Dendrimer 1 (2.59 mg, 3.6x10* mmol) was dissolved in
1.1 mL of water in a Schlenk flask, and an orange solution
of K,PdCl, (3.2x107* mmol in 1.1 mL water) was added to
the solution of the dendrimer. 30 mL of water were then
added, and the solution was stirred for 5 min. The concen-
tration of Pd(II) is 0.1 mM. A 1 mL aqueous solution con-
taining 3.2x 107> mmol of NaBH, was added dropwise, pro-
voking the formation of a brown/black color (see the Sup-
porting Information) corresponding to the reduction of
Pd(IT) to Pd(0) and PANP formation. Then, dialysis was con-
ducted for 1day in order to remove excess NaBH, and
eventually purify the PANPs from any Pd derivatives. There-
after, ICP-OES analysis indicated that the Pd loading in the
PdNPs solution is 96% of starting Pd. This solution was di-
rectly used for catalysis. 10 mL of this solution were used
when 0.1 mol% Pd per mol substrate is needed for a reaction
between 1 mmol of haloarene and 1.5 mmol of boronic acid,
and 10 pL of this solution were used when 1 ppm Pd per
mol substrate was needed (in the case of the Suzuki-
Miyaura reaction).

General Procedure for Suzuki-Miyaura Catalysis

In a Schlenk flask containing tribasic potassium phosphate
(2 equiv.), phenylboronic acid (1.5equiv.), aryl halide
(1 equiv.) and 10 mL of EtOH were successively added.
Then the solution containing the dendrimer-stabilized
PdNPs was added followed by addition of water in order to
respect a volume ratio of H,O/EtOH of 1/1 (when only
water was used, the reaction did not work as well, because
of the hydrophobicity of the substrates). The suspension was
allowed to stir under N, or air (no yield difference). After
the reaction time (see Table 1 and Table 2), the reaction
mixture was extracted twice with Et,O (all the reactants and
final products are soluble in Et,0), the organic phase was
dried over Na,SO,, and the solvent was removed under
vacuum. In parallel, the reaction was checked using TLC in
only petroleum ether as eluent in nearly all the cases and
"H NMR. Purification by flash chromatography column was
conducted with silica gel as stationary phase and petroleum
ether as mobile phase. Another procedure of purification
consists in cooling the Schlenk flask at the end of the reac-
tion. The product precipitated, and a simple filtration al-
lowed collection of the product that was then washed with
a cold solution of H,O/EtOH. After each reaction, the
Schlenk flask was washed with a solution of aqua regia (3
volumes of hydrochloric acid for 1 volume of nitric acid) in
order to remove traces of Pd.

General Procedure for Sonogashira Catalysis

In a Schlenk flask containing triethylamine (3 equiv.), the
alkyne (1.2 equiv.), iodobenzene (1equiv.) and 1mL of
EtOH (volume ratio of H,O/EtOH of 1/1) were successively
added. Then the solution containing the dendrimer-stabi-
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lized PANPs was added (1 mL). The suspension was allowed
to stir under N, or air (no yield difference). After the reac-
tion time (see Table 5), the reaction mixture was extracted
twice with Et,0 (or CH,Cl,), the organic phase was dried
over Na,SO,, and the solvent was removed under vacuum.
In parallel, the reaction was checked using TLC in only pe-
troleum ether as eluent and 'H NMR. Purification by flash
chromatography column was conducted with silica gel as
stationary phase. After each reaction, the Schlenk flask was
washed with a solution of aqua regia (3 volumes of hydro-
chloric acid for 1 volume of nitric acid) in order to remove
traces of Pd.

General Procedure for Heck Catalysis

In a Schlenk flask containing the base (3 equiv.), the alkene
(1.2 equiv.), iodobenzene (1equiv.) and 10 mL of EtOH
(volume ratio of H,O/EtOH of 1/1) were successively
added. Then the solution containing the dendrimer-stabi-
lized PANPs was added (10 mL). The suspension was al-
lowed to stir under N, or air (no yield difference). After the
reaction time (see Table 7), the reaction mixture was ex-
tracted twice with Et,0 (or CH,Cl,), the organic phase was
dried over Na,SO,, and the solvent was removed under
vacuum. In parallel, the reaction was checked using TLC in
only petroleum ether as eluent in the 2 cases, and 'H NMR.
Purification by flash chromatography column was conducted
with silica gel as stationary phase. After each reaction, the
Schlenk flask was washed with a solution of aqua regia (3
volumes of hydrochloric acid for 1 volume of nitric acid) in
order to remove traces of Pd.

General Procedure for the Reduction of 4-
Nitrophenol

In a beaker, 7 mg of 4-nitrophenol (5.03x10~° mol) were
mixed with 195 mg of NaBH, (5.13x107® mol) in 20 mL of
water. 1 mL of the PANPs was added (0.2% mol), and the
reaction was complete in 80 seconds. 0.5 mL of the total so-
lution was diluted with 1.5 mL of water before the reaction
started in order to follow its course by UV-vis. This diluted
reaction mixture went to completion in 400 seconds.

PdNP Recycling Procedure

The recycling procedure was carried out 4 times for the
Suzuki-Myiaura coupling between iodobenzene (1 mmol)
and phenylboronic acid (1.5 mmol). The standard cross-cou-
pling procedure was followed using 0.1% mol PdNPs
(10 mL). 1 mL of the PANP solution was kept before the re-
action in order to measure the PANP size by TEM. After
the reaction, the products were extracted twice from the
H,O/EtOH solvent using Et,O (the dendrimer 1 is not solu-
ble in Et,O, thus it remains in the aqueous phase with
PdNPs). The organic solvent was dried, evaporated, and pu-
rification on a column was carried out. 1 mL of the 10 mL
aqueous phase was retained for TEM analysis. The remain-
ing solution (containing 1 and PdNPs recycled) was intro-
duced into the following reaction mixture in which all the
compounds (1 mmol halide, 1.5mmol boronic acid,
2 mmol K;PO,, 9 mL EtOH) except Pd, have been intro-
duced. This procedure was repeated three more times.
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Alternatively, the PdNPs were recycled as follows. In
order to investigate the efficiency of the re-used PdNPs,
a classic Suzuki-Miyaura reaction was launched between io-
dobenzene and phenylboronic acid. When the reaction was
finished, the solution contained biphenyl, the excess of phe-
nylboronic acid, the base, H,O/EtOH (10/10 mL) and
PdNPs with a size of 8 nm. The preceding solution (100 uL)
corresponding to 5 ppm of PANPs for 1 mmol of substrate
was used to catalyze a Suzuki-Miyaura reaction between
bromoarenes and phenylboronic acid. The dendrimers alone
1 and 2 were easily quantitatively separated and recycled.
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Palladium nanoparticles (PdNPs) with a size of 1.4 nm are stabilized by
dendritic nanoreactors containing 1,2,3-triazole ligands with hydrophilic
triethylene glycol (TEG) termini. These PdNPs are stable for months
under air and are extremely active for the Suzuki-Miyaura reactions of
aryl bromides down to sub-ppm levels.

The concept of nanoreactors arose in the early 1970’s with Breslow’s
seminal work on artificial enzymes based on transition-metal complex
derivatives of cyclodextrins," and has more recently been elegantly
pursued with appropriately designed supramolecular containers.
Crook’s group has pioneered catalysis by PAMAM-encapsulated Pd
nanoparticles (PANPs),*> and these PANPs as well as various other
polymer- and inorganic substrate-stabilized PANPs are good catalysts
for Suzuki-Miyaura reactions of aryl iodides and activated bromides
with Pd catalyst amounts of the order of 10”*-10"> mol%.* Such
reactions are useful, especially with aryl bromides, because they are
usually inexpensive and often cheaper than aryl chlorides. The
Suzuki-Miyaura® cross-coupling reaction has indeed become one of
the most powerful synthetic methods for preparing biaryl com-
pounds, such as natural products, pharmaceuticals, polymers, etc.
Another important issue is the use of minimum amounts of catalysts,
because metal contamination tolerated in organic products does not
overtake a few ppm. Along this line only very few authors have reported
PANPs that can be active with 10~* Pd mol%.° Among them, we have
already noted that click ferrocenyl dendrimers® can catalyze this
reaction of aryl iodides with quite good TONs, but very low TOFs.
We now report that when such dendrimers are terminated by
triethyleneglycol groups, the PANPs are stabilized, retain their catalytic
activity for months and present an extraordinary activity even in air, for
the first time down to the sub-ppm level of Pd, as pre-catalysts for the
Suzuki-Miyaura reactions of aryl bromides in 50% EtOH-water, a
“green” solvent. Moreover, these dendrimers are easily recycled. Such

“ISM, UMR CNRS 5255, Univ. Bordeaux, 351 Cours de la Libération,

33405 Talence Cedex, France
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aqueous solvent: Pd nanoparticle stabilization for
sub-ppm Pd catalysis of Suzuki-Miyaura reactions
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reactions can also be conducted on multi-gram scales with the same
very high TONs and optimized efficiency, which is promising in view
of industrial applications. The water-soluble click dendrimers 1 and 2
have been synthesized and are represented in Fig. 1. They contain,
respectively, 9 (for G0) and 27 (for G1) 1,2,3-triazolyl groups linking the
dendritic core to Percec-type dendrons’ and, respectively, 27 and 81
TEG termini. The dendrimer 1 is already known,® whereas the new
dendrimer 2 has now been synthesized via “click” chemistry (see ESIT
elemental analysis: caled for Cy125H1947Ng10360S136: C 57.79, H 8.39, N
4.85, found C 57.78, H 8.32, N 4.82%). Inductively coupled plasma
optical emission spectroscopy (ICP-OES) analysis confirms the indica-
tion of elemental analyses according to which Cu ions used for click
syntheses of these dendrimers have been totally removed (< 0.1 ppm,
the ICP-OES detection limit).

PdNPs are stabilized in water by 1 and 2 after reduction of Pd" to
Pd’. Firstly, the dendrimer-Pd™ complexes are synthesized in water
by adding one equiv. of K,PdCl, per dendritic triazole group (the
optimized stoichiometry for further PANP catalysis) to the dendrimer.
The nature of the Pd" complexation sites in the dendrimer has been
examined by UV-vis spectroscopy. An absorption band is observed at
217 nm when K,PdCl, is added to the dendrimer in water (Fig. 2),
which is assigned to a ligand-to-metal charge transfer (LMCT)
transition of Pd™. Here, it is associated with the complexation of
the metal ions to the interior triazoles of 1 (ESIT). Previously, a band
at 225 nm has already been associated with the complexation of Pd"
to the intradendritic tertiary amine of the PAMAM dendrimer.***

Then reduction of Pd"™ (1 equiv. per triazolyl group) to Pd° is carried
out in aqueous solution using 10 equiv. of NaBH, per Pd (see the color
change in the ESIY). Finally, dialysis is conducted for 1 day in order to
remove excess NaBH, and eventually purify the PANPs from any Pd
derivatives. Thereafter, ICP-OES analysis indicates that the Pd loading
in the PdNPs is 96% of starting Pd. It is known that NaBH, inhibits
catalytic activity by the formation of borides at the particle surface,*
but this is not the case in aqueous media, because the borohydride is
then fully hydrolyzed. Catalysis results (vide infia) are the same with
and without dialysis, however, thus dialysis is not indispensable in
view of catalysis experiments. So, after reduction of Pd" in PANPs, the
water solution of PANPs is ready for catalysis experiments.
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Fig. 1 Dendrimer GO-27 TEG 1 (top) and dendrimer G1-TEG 2 (bottom).
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Fig. 2 UV-vis spectra of Pd(ll) salt, 1-Pd" complex and PdNPs stabilized by 1. The
three spectra have been recorded using 1 as a blank.

The polydispersities of these PANPs shown by DLS are good, and
TEM and HRTEM (ESI}) reveal that the PANPs are very small, 1.4 +
0.7 nm in 1 (Fig. 3 and ESI} truncated bipyramid, 100 atoms per NP)
and 2.7 + 1 nm in 2 (ESLT Fig. S4), thus of optimal size for their use in
catalysis. The hydrodynamic diameters of the TEG dendrimers deter-
mined by DOSY NMR and DLS are 5.5 + 0.2 nm® and 9 nm,
respectively, for 1 and 13.2 £+ 0.2 nm and 16 nm, respectively, for 2
(ESIT). The actual size is best reflected by the DOSY NMR values, and it
is expected that the DLS values take into account the water solvation
around the dendrimers that increases the apparent dendrimer size.
These DLS values are much larger than what is expected for a single
dendrimer, which means that a number of dendrimers aggregate
in water to form a supramolecular assembly of dendrimers.
The aggregation of TEG dendrimers is facilitated by the amphiphilic
nature of the TEG termini so that the TEG-terminated dendrimers

8170 | Chem. Commun., 2013, 49, 8169-8171
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Fig. 3 TEM of PANPs stabilized by GO-27 TEG 1 (left) and the distribution on 138
PANPs (right). The average PANP size is 1.4 + 0.7 nm.
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interpenetrate one another because of the supramolecular forces
attracting the TEG tethers among one another. What is remarkable
is that, when the PdNPs are formed, the DLS size value considerably
increases for GO from 9 nm to 31 nm, whereas it only increases from
16 nm to 18 nm for G1 (see ESLT Fig. S7). This strongly argues for the
full encapsulation of the stabilized PANPs for the large dendrimer G1
that undergoes a modest size change upon PdNP formation and,
in contrast, for an assembly of small dendrimers 1 (11*1/PdNP)
stabilizing a PANP. Note that the PANPs stabilized by the TEG
dendrimers are stable under air conditions for several months without
any sign of aggregation and that the size determined by TEM and the
catalytic activity (vide infra) remain the same after such prolonged
periods of time (see ESLT Fig. S3).

The Suzuki-Miyaura reactions were conducted in H,O-EtOH
(1/1) with iodo-, bromo- and chloroarenes (eqn (1)).

HOQ
\

: o /B‘@ :
HO

R=H, CH;, OCHz, NO,, CHO, CH,
(1)

PdNPs, K;PO, 2 equiv.

H,0/EtOH, 28/80°C, time

As the Suzuki-Miyaura coupling works very well at 28 °C
with iodoarenes even with less than 1 ppm of Pd,+ we decided
to focus on bromoarenes.

The GO-PANP catalyst is extremely active and efficient for the
Suzuki-Miyaura coupling reactions of bromoarenes even at 28 °C. At
80 °C, the reaction between 1,4-bromonitrobenzene and phenyl
boronic acid with only 0.3 ppm of Pd reaches a TON of 2.7 x
10° after 2.5 days (TOF = 4.5 x 10" h™"). With only 1 ppm of Pd in the
GO-PANP catalyst, the cross-coupling with phenylboronic acid is
quantitative with bromobenzene: TON = 0.99 x 10°% TOF = 1.65 x
10* h™', and the yield is 63% for 1,4-bromoanisole (TON = 0.63 x
10% TOF = 1.05 x 10* h™).

The results of the Suzuki-Miyaura reactions of bromoarenes are
gathered in Table 1. In conclusion, for bromoarenes, the TONs are
very impressive at 80 °C, sometimes even larger than 10°. Concerning
the G1-PANP catalyst, reactions under the same conditions as in
Table 1 (80 °C, 2.5 days) between bromoarenes and phenylboronic
acid using 1 ppm Pd give yields of 20% with bromobenzene, 27%
with bromoanisole and 39% with 1,4-bromonitrobenzene. The
catalytic efficiency of G1-PdNPs is lower than that of the GO-PdNPs,
which is taken into account by the fact that PANPs prepared in G1-81
TEG 2 are larger than those in G0-27 TEG 1. This also is in accord
with the leaching mechanism.* With chloroarenes, the results with
GO are less impressive than with the other halogenoarenes, because
high temperatures (>100 °C) are required to activate chloroarenes

This journal is © The Royal Society of Chemistry 2013



Table 1 Isolated yields and TONs for the catalysis by GO PANPs of the Suzuki-—
Miyaura reactions between bromoarenes [p-RCgH4Br] and phenylboronic acid

R Entry Pd (%) Time (h) Yield (%) TON
1 0.1 15 99 990
2P 0.1 96 66 660
3 0.01 24 99 9900
4%° 0.0001 60 99 990 000
CH,0 5 0.1 15 94 940
6 0.01 24 99 9900
7 0.001 24 60 60000
8 0.001 48 99 99000
9 0.0001 60 63 630000
NH, 10 0.1 15 96 960
11 0.01 24 31 3100
12 0.01 48 40 4000
NO, 13 0.1 15 99 990
140 0.1 240 80 800
15 0.001 24 87 87000
16 0.001 36 98 98000
17° 0.0001 60 91 910 000
18° 0.00003 60 82 2700000
CH, 19 0.1 24 99 990
20 0.001 48 99 99000
21 0.0001 48 46 460 000
CHO 22 0.1 24 99 990
23 0.01 24 80 8000
24 0.001 24 20 20000

Each reaction is conducted with 1 mmol bromoarene, [p-RCsH,Br]| in
0.05 M as final concentration, 1.5 mmol of phenylboronic acid and
2 equiv. of K3PO, in EtOH-H,O (10 mL/10 mL) at 80 °C. “ Same
conditions but in EtOH-H,0 (5 mL/5 mL), C[RC¢H,Br] = 0.1 M. ? Stan-
dard conditions but at 28 °C instead of 80 °C. ° The reaction is also
conducted on a larger scale (10 g of p-RC¢H,Br), leading to similar
isolated yields.

under these conditions, and at such temperatures these PANPs
aggregate more rapidly than the activation reactions.

In conclusion, the TEGylated click dendrimer assemblies repre-
sent a new type of nanoreactors for PANPs that provide stability and
catalytic activity during several months without the strain of an inert
atmosphere. The TEG termini of the dendrimer tethers are respon-
sible for this high degree of intradendritic PANP stabilization,
because they interact interdendritically to form large assemblies.
The intradendritic PANPs are loosely liganded by the 1,2,3-triazoles,
which present an excellent compromise between stabilization and
lability for an optimized catalytic activity. The catalytic activity of
these PANPs is exceptionally high with bromoarenes, reaching TONs
that are equal to or larger than 10° which was never reached with
PdNPs stabilized with ferrocene® or sulfonated® dendrimer's
termini, which enhances the role of the TEG termini (see ESLT
Table S4). The catalyst 1-PdNPs is the most active for the Suzuki-
Miyaura reaction in aqueous solvent, in terms of TONs for
bromoarenes®® (see ESL} Table S3), with longstanding catalytic
activity on multi-gram scales of substrates. We suggest that the
reasons for this exceptional catalytic activity of the dendritic nano-
reactor 1 are (i) the loose intradendritic stabilization of PANPs by
the triazole ligands combined with the inter-dendritic assembly
provided by the TEG termini, which better protects the PANPs than
a single dendrimer, (ii) the leaching mechanism,* which generates
very active Pd atoms in solution that are less easily quenched by the

This journal is © The Royal Society of Chemistry 2013
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mother PANPs because of the protection by the nanoreactor, and
(iii) the leaching, which is easier for small PANPs (1.4 + 0.7 nm,
truncated bipyramid, high proportion of reactive Pd atoms on the
edges and summits) than for larger ones. As a consequence,
extremely high TONs are reached, because the catalytic activity is
retained at extremely high substrate/catalyst ratios. Finally, these
water-soluble dendrimers are very stable and easy to recover® when-
ever needed when they are used in substantial quantity, and they can
indefinitely be re-used.
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Palladium nanoparticles stabilized by glycodendrimers
(PADSNSs) in water were prepared by coordination of Pd" to
intradendritic triazole ligands upon reaction of K,PdCl, with
the dendrimer in water followed by aqueous NaBH, re-
duction to Pd°. TEM images show that the PADSNs are small
(average diameter: 2.3 nm) and relatively monodisperse ow-
ing to a low concentration of metal precursor. The catalytic
activity of these PADSNs was evaluated for the reduction of
4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by NaBH,

(only 0.2 mol-% of Pd per mol substrate is used) and for the
Miyaura—Suzuki C-C coupling with various substituted aryl
bromides (only 0.01 mol-% of Pd per mol substrate is used).
Comparisons of the catalytic activities of these PADSNs with
those of larger PADSNs (diameter: 14 nm) reveal that smaller
NPs catalyze faster 4-NP reduction than their larger counter-
parts but lack any notable surface dependency for Suzuki-
Miyaura catalysis.

Introduction

The development of small monodisperse nanoparticles
(NPs) is crucial to a number of applications in optics, mag-
netism, electronics, and especially in catalysis.['l Indeed, in
catalysis many reactions proceed at the surface of the NPs,
and the nanosize therefore benefits from the high surface-
area-to-volume ratio.” Among organic macromolecules,
dendrimerst® offer a specific topology that allows smooth
intradendritic coordination controlling the size of the NPs
and preventing agglomeration. The groups of Crooks,
Tomalia and Esumi pioneered the use of PAMAM and PPI-
based commercial dendrimers as templating agents for vari-
ous transition metal NPs, and Crooks’ group developed
seminal catalysis by dendrimer-encapsulated late transition-
metal NPs including PANPs.l Palladium is a metal of
choice for catalysis,®) and PdNPs stabilized by dendrimers
have proven to be very powerful catalysts for generating
carbon—carbon bonds (Suzuki-Miyaura, Stille, Heck,
Sonogashira, etc.), for reduction of nitroarenes to aminoar-
enes and for hydrogenation reactions.[®7]

Moreover, dendritic stabilizers offer an assortment of
possible ending groups at their surface from which to

[a] ISM, UMR CNRS 5255, Univ. Bordeaux,
33405 Talence Cedex, France
E-mail: d.astruc@ism.u-bordeaux].fr
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[c] LCC, CNRS & Université de Toulouse (UPS, INP),
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Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejic.201402457.
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choose; these may affect NP stabilization, solubility, toxicity
and protection.®! For our part, we have been interested for
several years in the application of regional agro-resources,
particularly pentose for the decoration of dendrimers.”] The
use of carbohydrates as reducing and stabilizing agents for
metal NPs offers a number of key advantages for further
applications such as reduced toxicity, cheap and abundant
building blocks, biological recognition with proteins to
form lectins, chiral surfaces, and water solubility.'7 Among
these stabilizing agents of metal NPs, glycodendrimers,'!]
are of interest as exemplified in the literature. Indeed, a few
groups have reported the formation of metal NPs stabilized
by glycodendrimers without any external reductant.[!”]
Most of the cited examples examined dendrimers decorated
by hexoses. However, the chemistry of pentose decorating
dendrimers for metal NPs stabilization remains quite unex-
plored.!

Recently, we reported the synthesis of pentose-termin-
ated dendrimers displaying great stability for up to several
months. These dendrimers were used to stabilize PtNPs,
PdANPs and AuNPs through their 1,2,3-triazolyl linkages.
The roles of this linkage have been evident during forma-
tion of metal NPs and include aiding in the sequestration
of metal ions within the dendrimer before their reduction
to zero-valent metals.®®! However, TEM studies showed
that PADSNs obtained in this way did not have a good
monodispersity and displayed an average diameter of
14 =3 nm. This led us to improve the synthesis of these
PdDSNs. We now find that, upon decreasing the concentra-
tion of metal precursor during the synthesis of the NPs, it is
possible to form smaller and relatively more monodisperse
PdDSNE.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The new results relevant to the synthesis of glycodendri-
mers-stabilized PADSNSs are significant, because it is shown
that the concentration of precursor metal used during the
synthesis modulates the size of the NPs generated. This ob-
servation has been previously disclosed during the prepara-
tion of gold NPs using TritonX-100 inverse microemul-
sion.['3] Moreover, these new PADSNs are successfully used
in the reduction of the aqueous pollutant 4-nitrophenol (4-
NP) to 4-aminophenol (4-AP) and in the Suzuki-Miyaura
reaction in aqueous media with very low concentrations of
Pd. The Suzuki-Miyaura coupling!!¥l and the reduction of
4-NPU3! have been widely reported in the literature and
serve here as model reactions enabling us to probe the cata-
lytic potential of PADSNs under study.

Results and Discussion

Synthesis and Characterization of Pentose-Terminated
Dendrimer-Stabilized PANPs

The preparation of water-soluble glycodendrimers con-
taining nine pentose units at the periphery was described
previously using click methodology from the nona-azide
dendritic core.’) PADSNs were prepared by complexation
of Pd™ using K,PdCl, in water over the course of 20 min
under N,. This reaction time was selected to provide
enough time for Pd! to be encapsulated upon coordination
to the nine intradendritic triazole ligands inside the nona-
pentose hydrophilic dendrimer. The stoichiometry corre-
sponded to the same number as that of the triazole rings in
the glycodendrimer. Compared to a previous publica-
tion,®® the concentration of Pd" was decreased from
1.8 X103 M to 1.4 X 10* M. An aqueous solution of NaBH,

1) KoPdCly

20 min, r.t.
2) NaBH,
(90 equiv.),

,Q/\ :}5‘0 water (30 mL)

(9 equiv.), Ho{fr"

HE OH

(10 equiv. per Pd) was then added dropwise to reduce the
Pd™ to Pd® (Scheme 1). The use of NaBH, to reduce Pd"
ions is justified by the absence of reducing power of these
glycodendrimers; this lack of glycodendrimer reducing po-
tential is attributed to the absence of free hemiacetals in the
peripheral sugars.’l It is notable that PANPs stabilized by
the pentose-terminated dendrimers, after their preparation
under nitrogen, were found to be stable to air for several
weeks without any sign of aggregation.

Transmission electron microscopy (TEM) (Figure 1)
indicated that a less concentrated Pd" solution allowed us
to obtain PdADSNs with a smaller average particle diameter
of 2.3+ 0.4 nm (over 75 counted NPs) and that were more
monodisperse than previously synthesized PdDSNs
(14 = 3 nm).°®!

PdNPs dispersity

Figure 1. (a) TEM analysis of the PdDSNsA stabilized by the
glycodendrimers; (b) size distribution histogram of the PADSNsA
stabilized by the glycodendrimers.

For the remainder of this work, the nanoparticles pre-
pared in this manuscript will be noted as PADSNsA (D =
2.3 +0.4 nm) and those synthesized in the previous work!®’]
will be indicated as PADSNsB (D = 14 = 3 nm).

Huﬁfw

Scheme 1. Preparation of monometallic Pd DSNs stabilized by glycodendrimers.
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Catalysis of 4-NP Reduction PdDSNSsB) stabilized by glycodendrimers were found to be
catalytically active at effecting reduction of 4-NP in water
in the presence of NaBH,. The same concentration of
palladium in solution was used for both experiments
(5.0 1077 M, only 0.2 mol-% of Pd was used).

Figure 2 displays the typical evolution of the UV/Vis
spectra for both systems [(a) PADSNsA and (b) PADSNsB].
It is worth noting that a short induction time was observed
tions of sodium borohydride (here 81 equiv. of NaBH, per for the reaction with PADSNsB from 0-180 seconds, which

mol 4-NP, optimized conditions from previous work with might be attributed to a restructuration of the metal surface

AuDSNsPl) and 4-NP (2.5X 104w, 1 equiv.) were kept by nitrophenol in the event of a Langmuir-Hinshelwood
) ’ ' (LH) mechanism, as proposed by Ballauff and co-

workers.[1]

The plots of —In(C,/Cy) (C, = concentration at the time
t, Cy = concentration at ¢ = 0 second) as a function of time
(in seconds) show a typical pseudo-first order dependence

The catalytic activities of PADSNsA and PADSNsB were
first compared in reduction reactions of 4-NP to 4-AP. In
the literature, a few groups have already described the
activity of PADSNs stabilized by commercial dendrimers
PAMAM and PPI (generations 2, 3 and 4) as catalysts in
the reduction of 4-NP to 4-AP/67271

The reactions were conducted in water; the concentra-

constant for all the following reactions presented in this
work.

The reduction of 4-NP was monitored by UV/Vis spec-
troscopy in a spectrophotometric cell at 25 °C (Scheme 2),

and the disappearance of the strong absorption band at ¢ !
Amax = 405 nm corresponding to 4-nitrophenolate ions (yel-  2S1t18 usually observed for the reduction of 4-NP and allow

low color) and the concomitant formation of 4-AP (color- determination of the apparent rate constant (k,p,). As re-
less) at Ao, = 300 nm were followed. ported earlier,”! the [4-NP] used in these experiences led to
UV/Vis. spectra in which absorbance are greater than 2. In
accord with the Beer—Lambert law these results were
PdDSNSs (0.2 mol-%) deemed irrelevant. Consequently, these data were not used
> to build up the kinetic plots. For PADSNsA, the UV/Vis
spectrum at 41 s was taken as the initial spectrum [see Fig-
NO, NH, ure 3 (a)] and for PADSNsB [see Figure 3 (b)], at 900 s.

In the presence of 0.2 mol-% of PADSNsA, with a 4-
NP concentration of 2.5 X 10 M, the reaction was almost
completed in about 400 seconds, corresponding to a k,p,

Without PANPs, and only in the presence of the glyco- value of 4X103s'. When the same reaction was per-
dendrimer (5.8 X108 Mm), no reduction of 4-NP was ob- formed in the presence of PADSNsB, the reaction was much
served after 20 min. Both types of PADSNs (PADSNsA and  slower, displaying a k,p, value of 1.1 X103 s™!. To explain

OH OH

NaBH, (81 equiv.), Ho0, r.t.

Scheme 2. Reduction of 4-NP to 4-AP in water and in presence of
excess NaBH, using glycodendrimer-stabilized PADSNSs as catalyst.

(a) (b)

OH
—o0s
OH . —60s
—180s
—240s
2 ——360s
) // N\ N02 —

—480s
==600s
=720s
=—840s
===900s
~——960s
===1020s

)

——1140s
~=1260s
1380s
1500s
1620s
1740s
1860s
1980s
2100s
2220s
0 . . . . . ° - 2340s
250 300 350 400 450 500 250 300 350 400 450 500 550
Wavelength (nm) Wavelength (nm)

_. Absorbance
Absorbance

Figure 2. (a) Successive spectra monitoring the reduction of 4-NP (2.5 X 10# M) in the presence of PADSNsA (0.2 mol-%) stabilized by
glycodendrimers. (b) Successive spectra monitoring the reduction of 4-NP (2.5 X 104 M) in the presence of PADSNsB (0.2 mol-%) stabi-
lized by glycodendrimers. In both experiments, the optical measurements were disrupted by the presence of H, bubbles during the course
of the reaction, and led to the shift of the spectra and the loss of the isosbestic points.I'3"]
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(a) (b)

y E=
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*
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Figure 3. (a) Plot of —-In(C,/Cy) as a function of time for the reduction of 4-NP (2.5 X 10 M) in the presence of PADSNsA (0.2 mol-%)
stabilized by glycodendrimers. (b) Plot of — In(C,/Cy) as a function of time for the reduction of 4-NP (2.5X 10* M) in the presence of

PdDSNsB (0.2 mol-%) stabilized by glycodendrimers.

these results, since it is well established that the mechanism
of 4-NP reduction involves rate-limiting transformations on
the NP metal surface[!'>!9 it is important to link the
catalytic activity of each type of NP to the total surface
area available for catalysis in solution. The total surface
area of PdDSNsA in solution was determined to be
1.2X102m?L"!, whereas the total surface of PdADSNsB
was found to be 2X 103 m?L! (Supporting Information).
These results show that the reaction with smaller NPs
(PdDSNsA) seems faster. This is most likely attributable to
a surface area that is six times larger than in the PADSNsB
case, considering that both reactions contain the same
number of palladium atoms in solution (5X 1077 m).

The catalytic efficiency of the PADSNsA surface was
then compared to the catalytic efficiency of PADSNs of the
same size that are stabilized by PPI dendrimers of low and
comparable generation at their surface (8 branches) de-
scribed by Esumi and co-workers.[°l This choice was justi-
fied by the fact that the catalytic efficiency of a considered
system also depends on the dendrimer generation used
(steric or filtering effect at the periphery of the den-
drimer).[°¢7¢l To evaluate this catalytic efficiency, the rate
constant (k;) normalized to the surface (S) was estimated
using the Equation (1) using the hypothesized LH mechan-
istic model (see Table 1):115-17]

dlz-tNPl = —Kapp [4-NP| = —k,S]4-NP]

()]

Table 1. Catalytic activity of the PADSNSsA in the reduction of 4-
NP: comparison with Esumi’s G2 PPI dendrimer-stabilized PANPs
(see Supporting Information for a more detailed table and an ex-
planation of calculations).

PdNPs Dl nm] SN m?L]  kupp [s] Ay [Ls'm™?
PdDSNsA 23*+04 1.2X1072 4x103  0.33
PdNPs-G2-PPI 2.0*+0.5 5.4x107! 0.2165 0.40

[a] D is the average particle diameter of one single nanoparticle
determined by TEM. [b] S is the total surface of PdADSNSs in solu-
tion.

Eur. J. Inorg. Chem. 2014, 4369-4375

The k, values for PdDSNsA (0.33Ls'm?) and
PdDSNs stabilized by PPI dendrimers (0.40 Ls'm™2) are
quite similar probably due to the fact that both types of
PdDSNs are stabilized by neutral ligands, that form only
weak coordination bonds with the PANP surface. The com-
parable generation of dendrimers for both scenarios also is
likely responsible for the similar k; values noted. In apply-
ing the LH mechanistic model (hypothetical), ligand dis-
placement by the substrate (surface restructuration) and the
filtering effect at the periphery of the dendrimers are likely
key factors in the reduction of 4-NP.6¢.7&.15]

Catalysis of the Suzuki—-Miyaura Reaction of Bromoarenes

The catalytic activities of the PADSNsA and PADSNsB
were also investigated in Suzuki-Miyaura cross carbon—car-
bon coupling reactions. The coupling reactions were carried
out using phenylboronic acid (1.5 equiv.) and 4’-bromo-
acetophenone (1 equiv.) in the presence of catalytic
amounts (only 0.01 mol-% of Pd per mol substrate used) of
PdDSNsA and PdDSNsB stabilized by glycodendrimers.
The reaction mixture in water/ethanol (1:1) was heated at
80 °C in the presence of K5;PO, (2 equiv.) (Scheme 3).I71 All
results are summarized below in Table 2.

o)
>—©>Br PdDSNs
(0.01 mol-%) Q
¥ KsPO, (2 equiv.)
(HO)ZBO H,O/EtOH (1/1)

80°C
Scheme 3. Suzuki-Miyaura coupling of 4'-bromoacetophenone
with phenylboronic acid catalyzed by glycodendrimer-stabilized
PdDSN .

For comparison purposes, the reaction was performed
without PANPs; in such cases, no coupling product was ob-
tained (Table 2, Entry 1). In the presence of 0.01 mol-% of
PdDSNSsA after 2 h at 80 °C, the reaction afforded a 77%
yield of 4'-bromoacetophenone and phenylboronic acid
coupled product (Table 2, Entry 2, TON = 7860; TOF =
3930 h!). Increasing the reaction time to 18 h led to a sub-
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Table 2. Suzuki-Miyaura coupling of 4’-bromoacetophenone with
phenylboronic acid at 80 °C.

Entry mol-% Pd  Time [h] Yield [%] TON TOF [h']
1 0 2 0 0 0
20al 0.01 2 77 7860 3930
30l 0.01 18 96 9800 544
4iv! 0.01 18 95 9540 530

[a] Catalyzed by PdDSNsA. [b] Catalyzed by PdDSNsB. [c] Iso-
lated after flash chromatography. [d] TON is the turnover number.
[e] TOF is the turnover frequency.

stantially improved yield of 96% (Table 2, Entry 3, TON =
9800; TOF = 544 h!). The same reaction performed with
PdDSNsB instead of PADSNsA afforded the same product
in practically the same yield (95%) (Table 2, Entry 4, TON
= 9540; TOF = 530 h™!) indicating what appears to be a
lack of surface dependency for Suzuki-Miyaura catalysis.
To broaden the scope of these reaction conditions, the
reaction was conducted using various aryl bromides bearing
an assortment of electron-donating or -withdrawing groups
with phenylboronic acid (1.5equiv.) in the presence of
PdDSNSsA (0.01 mol-%) and K;PO, (2 equiv.) in a 1:1 mix-
ture of H,O/EtOH (Table 3). After 18 h at 80 °C, all sub-
strates were coupled with phenylboronic acid with yields
ranging from 84 to 96%. Additionally, the same conditions
applied to the reaction of iodobenzene with phenylboronic
acid gave the desired coupling product with a yield of 89 %.

Table 3. Suzuki-Miyaura reaction of various aryl bromides and
iodobenzene with phenylboronic acid as catalyzed by glycodend-
rimer-stabilized PADSNsA (0.01 mol-%) stabilized after 18 h at
80 °C.

Product Yield® (%)

e

Entry Substrat

A

[a] Isolated after flash chromatography.

89

Conclusions

The use of a low concentration of the palladium precur-
sor K,PdCl, led to the preparation of smaller and more
monodisperse PADSNs stabilized by water-soluble triazolyl
glycodendrimers; this was achieved upon stoichiometric co-
ordination of Pd! to the intradendritic triazole ligands.
These small PADSNs were found to be catalytically active
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in the reduction of 4-NP to 4-AP by NaBH, and showed
levels of activity similar to comparable systems reported by
Esumi and co-workers. Moreover, the reaction proceeded
faster with small PADSNs than with larger ones that had
been previously prepared. This difference in activity is ex-
plained by the larger overall active surface presented by the
smaller PADSNs relative to their larger predecessors. These
observations are in agreement with the mechanism pro-
posed by Ballauf involving a rate-limiting organization at
the NP surface. These PADSNs were also tested in the Su-
zuki-Miyaura C-C coupling with various substituted aryl
bromides and proved to be efficient catalysts. In these cases,
the comparison of catalytic activities of PdADSNs of dif-
ferent sizes showed that they are similar. Whereas the
reduction of 4-NP appears to operate at the NP surface,
Suzuki-Miyaura catalysis indicates a lack of surface depen-
dency. This study shows that glycodendrimers are of general
interest for the stabilization of catalytically efficient homo-
geneous PANPs of various sizes in the context of sustaina-
ble development.

Experimental Section

General: All reagents were used as received. The glycodendrimer
was synthesized as described in the literature.”® The PADSN size
was determined by TEM using a JEOL JEM 1400 (120 kV) micro-
scope. TEM samples were prepared by deposition of the nanoparti-
cle suspension (10 pL) on a carbon-coated microscopy copper grid.
The infrared (IR) spectra were recorded with an ATI Mattson Gen-
esis series FT-IR spectrophotometer. UV/Vis absorption spectra
were measured with a Perkin—Elmer Lambda 19 UV/Vis spectrom-
eter.

Procedure for the Preparation of PdDSNsA: Glycodendrimer
(1.4 mL of a 3.1 X 10 M aqueous solution) was added to deionized
water (25.8 mL), followed by the addition of freshly prepared
K,PdCl, (1.3 mL of 3.1 X 103 M aqueous solution) under nitrogen.
The resulting mixture was then stirred for 20 min and NaBH,
(1.5mL of a 2.6 X 102 M) was added dropwise, provoking the for-
mation of a pink-brown color corresponding to the reduction of
Pd" to Pd® and PANPs formation.

General Procedure for the Reduction of 4-NP: 4-NP (1 equiv.) was
mixed with NaBH, (81 equiv.) in water (200 mL) under air, then
the solution containing the freshly prepared PdADSNs, was added.
After adding NaBHy, the color of the solution changed from light
yellow to dark yellow due to the formation of the 4-nitrophenolate
anion. Then, this solution loses its dark yellow colour with the time
after addition of PADSNs. The reaction was monitored by UV/Vis.
spectroscopy.

General Procedure for the Suzuki-Miyaura Reaction: Into a Schlenk
flask containing tribasic potassium phosphate (2 equiv.) are suc-
cessively added phenylboronic acid (1.5equiv.), aryl halide
(1 equiv.) and EtOH (5mL). Then the solution containing the
glycodendrimer-stabilized PADSNs is added followed by addition
of water in order to achieve a volume ratio of H,O/EtOH: 1:1.
Note: when only water is used, the reaction does not work as well
due to substrate hydrophobicity. The suspension is then allowed to
stir under air at 80 °C after which time (see Tables 2 and 3 for exact
data), the reaction mixture is extracted three times with CH,Cl,
(all the reactants and final products are soluble in CH,Cl,). The
combined organic phase is then dried with Na,SO,, solids are fil-
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tered, and the volatile solvent removed under vacuum. In parallel,
the reaction is routinely checked using TLC (Petroleum ether in
nearly all cases) and by 'H NMR spectroscopy.

Supporting Information (see footnote on the first page of this arti-
cle): Table S1 (a more detailed version of Table 1) and an explana-
tion of calculations.
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Air-stable gold nanoparticles stabilized by glycodendrimers
(AuDSNs) in water were prepared in the presence of a reduc-
ing agent, NaBH,;. A UV/Vis spectroscopy study demon-
strates that no spontaneous reduction of Au®* ions occurs in
the presence of glycodendrimers. The AuDSNs were charac-
terized by UV/Vis spectroscopy and transmission electron
microscopy (TEM). TEM images show that the AuDSNs were

very small (average diameter: 2.6 nm). The catalytic activity
of these AuDSNs was evaluated for the reduction of 4-nitro-
phenol (4-NP) to 4-aminophenol (4-AP) by NaBH, monitored
by UV/Vis spectroscopy. Studies of the reduction reaction re-
veal that the rate constant depends on the concentration of
4-NP.

Introduction

Recent advances in the development of nanoparticles
(NPs) have led to potential applications in several areas of
nanosciences including photophysics, biological sensing,
medicine, and catalysis.['l The growing interest in NPs
might be explained by the improvement of their methods of
preparation: the use of organic additives such as dendrimers
allows one to control the size of the NPs by preventing
agglomeration, increase the stability, and influence the solu-
bility in organic and aqueous media of the formed NPs.[?!
Dendrimersl! offer advantages over other stabilizers in that
they have well-defined, compartmentalized structures in the
nanometer-sized range, narrow polydispersity, and globular
morphology (applicable to higher-generation dendrimers),
which enable them to entrap and stabilize NPs, especially if
they contain heteroatoms in their interiors. The most com-
mon pathway to dendrimer-encapsulated nanoparticles is
the reduction of transition-metal ions within the dendri-
mers.!”] In addition to these aspects (solubility, stabilization,
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protection), the dendrimers confer specific functionalities
on the NPs for potential applications. In catalysis, NPs sta-
bilized by dendrimers present advantages of both homogen-
eous and heterogeneous catalysts: (i) the size and the solu-
bility of the NPs is controlled by the architecture of the
dendrimer, (ii) the accessibility to the NP is determined by
the surface of the dendrimer, and (iii) the recyclability often
is facile. In this context, and as a continuation of our study
on dendrimer-stabilized metal NPs, we wish to disclose
the facile “click” preparation of air-stable glycodendrimer-
stabilized Au nanoparticles (DSNs) that contain 1,2,3-tri-
azolyl linkages, the role of which has been evidenced in the
formation of gold nanoparticles (AuNPs) templated by den-
drimers and polymers.’! Then, the reduction of 4-nitro-
phenol (4-NP) to 4-aminophenol (4-AP) was selected as a
model reactionl®” to evaluate the catalytic potential of
these new DSNs. Nitrophenols are among the most toxic
and hazardous micropollutants, thus their degradation is
really challenging for environmental purposes.[®!

AuNPs have found potential applications in various
fields (catalysis, optics, electronics, biology, medicine) owing
to their unique spectroscopic and chemical properties.’ In
the field of catalysis, AuNPs have witnessed a burst of inter-
est since the discovery by Haruta and co-workers of their
low-temperature catalyst properties in the oxidation reac-
tion of carbon monoxide by dioxygen.!'%l In the literature,
a number of works have dealt with the contribution of
AuNPs stabilized by dendrimers in various redox reactions
including oxidation of alcohols,!''! and reduction of nitro-
benzenel'?l and 4-NP.l'3l Mainly AuNPs stabilized by com-
mercial poly(amido amine) (PAMAM) and poly(propyl-
eneimine) (PPI) dendrimers are described in these works.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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However, our interest is in the intradendritic 1,2,3-triazole
ligands formed by “click” functionalization of dendrimers
that coordinate transition-metal cations undergoing further
reduction to catalytically very active metal NPs. The use of
amphiphilic glycodendrimers for AuNP stabilization ad-
dresses important current problems, such as aqueous cataly-
sis and biological recognition.'¥ In these fields, the pres-
ence of carbohydrates at the periphery of the dendrimers
confers to AuNPs key properties such as reduced toxicity,
water solubility, chiral surface for asymmetric induction,'>!
and capacity to form supramolecular interactions with pro-
teins such as lectins that are useful in nanomedicine.['4]
Although glycodendrimers are a rich areal'® and the use
of dendrimers decorated by C6 sugars in enantioselective
catalysis has already been described,['®®1°%] to the best of
our knowledge the literature on pentoses decorating dendri-
mers remains scarce.*1°%1%0 From an ecological and econ-
omic perspective, pentoses are abundant, renewable, and
low-cost molecules from agricultural resources.'”? The use
of pentoses to decorate dendrimers is therefore part of a
sustainable development strategy and might contribute to
lower their price. Therefore, readily available pentose-decor-
ated dendrimers are utilized in the present article to gener-
ate “click” dendrimer-stabilized AuNPs that show remark-
able catalytic activity.

Results and Discussion

The dendritic core used for pentose dendrimer synthesis
results from the classic mild CpFe*-induced (Cp = cyclo-
pentadienyl) nona-allylation of mesitylene followed by vis-
ible-light photo-decomplexation, hydrosilylation of the
double bonds with chloromethyldimethylsilane, and nucleo-
philic chloride substitution by azide.['8] The Cu'-catalyzed
click reaction yielding the nona-pentose hydrophilic den-

drimer has been reported,™ and this dendrimer is now used
for Au™ complexation. The most common pathway to
DSNs is the reduction of such transition-metal ions within
the dendrimers. Therefore, the water-soluble glycodend-
rimer containing 9 terminal modified xylose branches and
HAuCly (9 equiv.) were mixed together in water for 20 min
under air, to provide enough time for Au** ions to be en-
capsulated into the dendrimer interior. The stoichiometry
corresponds to the number of triazole rings in the glycoden-
drimer, as in previous studies.*>! Then, an aqueous solution
of NaBH, was added dropwise to reduce the Au’* ions to
zerovalent Au (Scheme 1).

As demonstrated by the optical extinction spectrum (Fig-
ure 1), the formation of AuDSNs stabilized by the glyco-
dendrimers was instantaneous, and a pink-brown solution
was obtained. The optical extinction spectrum of the
AuDSNs shows a broad band at around 4 = 520 nm corre-
sponding to the plasmon band of AuNPs.[®! As reported
earlier in the literature and because of the low generation

8000 1 Aqueous AuDSN solution

7000 -
6000 -
5000 -

Surface Plasmon Resonance
4000 -

=520 nm
3000 - !

2000 -

€ (em /M)

1000 -

1]

205 305 405 505 605 705 205

Wavelength (nm)

Figure 1. Optical extinction spectrum of AuDSNs in solution in
water recorded with glycodendrimer in water as the blank.
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Scheme 1. Preparation of monometallic AuDSNSs stabilized by glycodendrimers.
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of the glycodendrimer that is used, the AuNPs are stabilized
by several small dendrimers at the surface (DSNs).[2e-2f:3a]

A few groups have reported the formation of AuNPs
stabilized by dendrimers without any external reduc-
tant.[5> 144141 I particular, Esumi and co-workers pointed
out the role of hydroxy groups of peripheral sugar balls of
poly(amidoamine)dendrimers reducing Au®* ions and yield-
ing AuNPs after 90 min with the observation of a plasmon
band at 520 nm.['4dl These hydroxy groups were oxidized to
carbonyl groups, which was confirmed by the comparison
of FTIR spectra of gold particles/sugar balls and the appa-
rition of a new band near 1732 cm™' corresponding to carb-
onyl groups. These results led us to study the reducing
power of our glycodendrimers through various analytical
techniques such as UV/Vis, FTIR, and fluorescence spec-
troscopy.

A dilute aqueous solution containing a mixture of the
glycodendrimer and HAuCl, was followed by UV/Vis spec-
troscopy, over a period of 24 hours (Figure 2). In the aque-
ous solution before adding the glycodendrimer, HAuCly
shows a strong absorption band at A = 217 nm and a shoul-
der at 290 nm owing to ligand-to-metal charge transfer
(LMCT) between the metal and chloro ligands.>4 40 min
after adding the glycodendrimer, the shoulder at 290 nm in-
creased but no growing Au plasmon shoulder appeared
with time in this spectrum (even after 24 h, Figure 2, c),

contrary to other reports with other glycodendri-
mers [14d-141]
3.4
a
2.9
b
24
@
2 19
o
£
8 |
3 \
< 14
0.9 c
04 /
190 290 390 490 590 690 790

Wavelength {(nm)

Figure 2. UV/Vis spectra: (a) HAuCl, in water; (b) HAuCl, and the
glycodendrimer after 40 min; (¢) HAuCl, and the glycodendrimer
after 24 h. UV/Vis spectra presented in (b) and (c) were recorded
with glycodendrimer in water as the blank.

The increase in absorbance at 4 = 290 nm may be ex-
plained by the complexation of Au™™ to the triazole rings.
Complexation of Au'™ to the 1,2,3-triazolyl ring in water at
room temperature (Scheme 2) has already been suggested
by Bortoluzzi and co-workers!!”! and by us.5?!
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Scheme 2. Schematic representation of the complexation of Au'lf

to the 1,2,3-triazolyl ring.

FTIR spectra of solutions containing AuCly (9 equiv.)/
glycodendrimer (1 equiv.) in water after 1 and 20 h of stir-
ring showed the absence of carbonyl groups. The fluores-
cence spectrum was also recorded after 24 h (excitation at
510 nm, from a Xenon arc source), but no signal indicating
the formation of Au® particles was detected. All these re-
sults are consistent with a lack of reduction of Au** ions
to Au® at room temperature in water after 24 h in the pres-
ence of the glycodendrimers used in this study. The absence
of reducing power of these glycodendrimers might be attrib-
uted to the absence of free hemiacetal functions in the pe-
ripheral sugars.

The TEM analysis of the AuDSNs stabilized by the gly-
codendrimers is shown in Figure 3. The particles have an
average size of (2.60.4)nm (over 100 counted NPs),
which corresponds to 541 Au atoms per NP, calculated by
using the equation n = 4nr/3V,, in which # is the number
of Au atoms, r is the radius of the Au nanoparticle deter-
mined by TEM, and V, is the volume of one Au atom
(17 A3).201
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Figure 3. (a) TEM analysis of AuDSNs stabilized by the glycoden-
drimers; (b) Size distribution of AuNPs stabilized by the glycoden-
drimers.

The most efficient NPs in catalysis have small sizes
(<10 nm). Indeed, when the particle size decreases, the pro-
portion of the number of atoms on the surface, corners, and
edges, which are expected to be the catalytically active ones,
increases.'®-1d] Therefore, it appeared interesting to check
the catalytic activity of these very small AuDSNs, and the
reduction of 4-NP to 4-AP was chosen. Various groups
have already reported the reduction of 4-NP catalyzed by
Au dendrimer-stabilized nanoparticles, mainly with com-
mercial PAMAM and PPI dendrimers.[?!]

The reduction of 4-NP (1 equiv.) to 4-AP in water in the
presence of NaBH,, using AuDSNS stabilized by glycoden-
drimers as catalyst was monitored in a spectrophotometric

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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cell in water at 25 °C by the disappearance of the strong
absorption band at A, = 405 nm (¢ = 18450 cm 'M '). The
appearance of this band corresponds to the instantaneous
formation of 4-nitrophenolate in the presence of NaBH,.
The formation of 4-AP is characterized by the increase of
an absorption band at 300 nm (Scheme 3).

OH OH
AuNPs, NaBH4
H,0, r.t.
NO, NH,

Scheme 3. Reduction of 4-NP to 4-AP in water in the presence of
NaBH, using glycodendrimer-stabilized AuNPs as catalyst.

Figure 4a shows the successive UV/Vis spectra corre-
sponding to the reduction of 4-NP using 10 mol-% of
AuNPs and 100 equiv. of NaBH,, and Figure 4 (b), the plot
of —-In(C,/Cy) (C, = concentration at time z, Cy = concentra-
tion at ¢ = 0) as a function of time (in seconds), which
allows the rate constant (k) to be determined. As previous
studies showed, there is an induction time, f,, that corre-
sponds, in the assumption of a Langmuir—Hinshelwood
mechanism, to "an activation or restructuration of the
metal surface by nitrophenol"?? before the reduction actu-
ally starts. Then, the reaction follows pseudo-first order as
usually accepted.?! The rate constant k was calculated to
be 24X 1073 s,

Table 1 shows a comparison of the average diameter and
the rate constants obtained in the reduction of 4-NP, be-
tween the AuDSNs synthesized in the present study and
AuDSNSs stabilized by PAMAM-NH, and PPI dendrimers
(2nd generation) reported in the literature.?'#l For all the
data in Table 1, AuDSNSs are stabilized by dendrimers of
low, comparable generation at their surface. G2-PAMAM-
NH, and G2-PPI dendrimers have 8 branches at the surface
and the present glycodendrimer has 9 branches. From
Table 1 it appears that the AuDSNs prepared in the present

study have comparable catalytic activity and diameter to
those reported with PPI and PAMAM dendrimers.

Table 1. Comparison with selected results from the literature ob-
tained with AuNPs stabilized by dendrimers.

Dendritic Average Mol-% [4-NP] NaBH, k

system diameter AuNPs [104M] [equiv] [10°s7]
[nm]

GO-Glyco 2.6 10 1 100 24

G2-PAMAM-NH, !4 3.7 10 1 100 1.74

G2-PpI?!al 3.6 10 1 100 1.23

To optimize this reaction and to deepen our understand-
ing of our catalytic system we varied the molar percentage
of AuDSNs (mol-%) and the concentration of 4-NP ([4-
NP]) and kept constant the amount of NaBH, at 81 equiv.
instead of 100 equiv. All the results are summarized in
Table 2 (see Figures S1-S3 in the Supporting Information
for details).

Table 2. Reduction of 4-NP to 4-AP with AuDSNs using NaBH,
(81 equiv.).

Entry Mol-% [4-NP] k
AuNPs [10-4 m] [1073s™]
1 0.2 6.2 6.5
2lal 0.2 6.2 o]
3l 0 6.2 o]
4 0.2 2.5 1.3
5 0.5 1.5 1.1
6 2 1.5 1.8

[a] The reduction of 4-NP was conducted in the presence of
0.2 mol-% Au taken from a freshly prepared solution containing
AuNPs, following the procedure described in the Experimental Sec-
tion but without glycodendrimer. [b] Not determined because too
slow. [c] The reduction of 4-NP was conducted in the presence of
the same concentration of glycodendrimer as used for entry 1 but
without Au.
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Figure 4. (a) Successive spectra monitoring the reduction of 4-NP (1 X 104 M) in the presence of AuDSNs (10 mol-%) stabilized by

35

glycodendrimers. (b) Plot of —In(C,/Cy) as a function of time (s).
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Figure 5. (a) Successive spectra monitoring the reduction of 4-NP (6.2 X 10 M) in the presence of AuDSNs (0.2 mol-%) stabilized by

glycodendrimers. (b) Plot of —In(C,/C) as a function of time (s).

In the presence of 0.2 mol-% of metal, with a concentra-
tion of 6.2X10* M 4-NP, the reaction was almost com-
pleted in 465s, which corresponds to a k value of
6.5X 1073 s 7! (Table 2, entry 1, Figure 5). The [4-NP] used
in this experiment led to starting UV/Vis spectra (from 0 to
117 s) in which absorbances are greater than 2. With respect
to the Beer—Lambert law, it was considered that these re-
sults were not relevant, and therefore they were not used to
build up the kinetic plots. The UV/Vis spectrum at 156 s
was treated as the initial spectrum for this reduction.

The same reaction performed in the absence of the glyco-
dendrimer, with AuNPs formed only with NaBH,, led after
20 min to UV/Vis spectra in which absorbances are still
greater than 2 for the absorption band of 4-nitrophenolate
at A = 405 nm (Table 2, entry 2, for example, after 24 min,
the absorbance at 405 nm is 3.60). This result shows the
advantage of using AuNPs stabilized by glycodendrimers
containing 1,2,3-triazolyl linkages for the reduction of 4-
NP. Since Schmitzer and co-workers showed that glycoden-
drimers without AuNPs catalyze the reduction of cyclohex-
ylphenyl ketone to alcohol,['®?l we carried out the reduction
of 4-NP (6.2 X 10* ™) only in the presence of the glycoden-
drimer (Table 2, entry 3). After 20 min, no reduction of the
4-NP was observed. When the concentration of 4-NP was
decreased to 2.5 X 10~* m, the reaction was completed after
1219 s with a k value of 1.3 X103 s (Table 2, entry 4).
Increasing the quantity of catalyst from 0.5 to 2 mol-% led
to an increase of the reaction rate (Table 2, entry 5 and 6),
as expected. However, the variation of this parameter seems
to have less effect on the reaction rate than the concentra-
tion of 4-NP.

Conclusion

The decoration of dendrimers with pentose allows them
to be solubilized in water at low cost, to combine them with

metal ions such as Au'"! and further to metallic nanopar-

ticles, and to enable them to catalyze reactions that need to
be carried out in water. In the course of our study on the
preparation of these AuDSNs, we have discarded the idea
that Au** might be spontaneously reduced to Au® in pres-
ence of the glycodendrimers. These DSNs are catalytically
active in the reduction of 4-NP to 4-AP by NaBH, and
show similar catalytic activity and diameter with previously
comparable AuDSNs synthesized with PAMAM and PPI
dendrimers. These results show the advantage of the tri-
azole linkages in water-soluble glycodendrimers for the mild
AuNP stabilization and their good catalytic activity.

Experimental Section

General Data: All chemicals were used as received. Glycodendrimer
was synthesized as described in the literature.[*! Particle size was
determined by TEM by using a JEOL JEM 1400 (120 kV) micro-
scope. TEM samples were prepared by deposition of the nanoparti-
cle suspension (10 pL) on a carbon-coated microscopy copper grid.
The IR spectra were recorded on an ATI Mattson Genesis series
FTIR spectrophotometer. UV/Vis absorption spectra were mea-
sured with a Perkin—Elmer Lambda 19 UV/Vis spectrometer.

Procedure for the Preparation of AuNPs: A 3.1 X 104 M aqueous
solution of glycodendrimer (1.4 mL) was added to deionized water
(25.6 mL), followed by the addition of a freshly prepared
2.6 X103 m aqueous solution of HAuCl, (1.5 mL). The resulting
mixture was then stirred for 20 min under air and a 2.6 X 102 M
NaBH, aqueous solution (1.5 mL) was added dropwise, provoking
the formation of a pink-brown color corresponding to the re-
duction of Au** ions to Au® and AuNPs formation. The UV/Vis
spectrum of AuNPs (Figure 1) was recorded with a blank solution
of glycodendrimer (1.45X 103 M) in water.

Investigation of the Interaction Between the Glycodendrimer and the
Au"' Salt: The following aqueous solutions were prepared: (A)
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HAuCl, (1.37 X 10# ™), (B) HAuCl, (1.37 X 104 M) + glycodend-
rimer (1.53 X 107 M) and (C) glycodendrimer (1.53 X 107> m). The
UV/Vis spectrum of solution A is presented in Figure 2 (a). The
evolution of solution B was monitored by UV/Vis spectroscopy
over a period of 24 h; UV/Vis spectra were recorded after 40 min
and after 24 h using solution C as a blank and these spectra are
presented in Figure 2 (b and c).

General Procedure for the Reduction of 4-NP: 4-NP (1 equiv.) was
mixed with NaBH, (81 equiv.) in water under air, then the solution
containing the freshly prepared AuNPs was added. After adding
NaBHy,, the solution changed from light yellow to dark yellow ow-
ing to the formation of the 4-nitrophenolate ion. Then, this solu-
tion loses its dark yellow color with time after addition of AuNPs.
The reaction was monitored by UV/Vis spectroscopy.

Supporting Information (see footnote on the first page of this arti-
cle): UV/Vis spectra of the reduction of 4-nitrophenol by AuNPs
stabilized by glycodendrimers and the corresponding plots of
-In(C,/Cy) as a function of the time can be found in the Supporting
Information.
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Partie 2. Polymeres hydrophiles
stabilisateurs de nanoparticules de
palladium actives en catalyse.
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Partie 2. Polymeéres hydrophiles stabilisateurs de nanoparticules de palladium
actives en catalyse.

Les ¢études développées au court de la premicre partie ont montré I’importance des
cycles 1,2,3-triazoles (trz) dans la stabilisations des PANPs mais aussi I’importance de
chainons TEG pour une catalyse efficace (synergie). L’idée survenue par la suite était
de synthétiser une molécule pouvant mimer le réle du dendrimer TEG mais en évitant
les 9 étapes de syntheses qui, bien que simples, demandent du temps et un coiit non
négligeable. Catia Ornelas, dans notre groupe avait montré 1’avantage en terme de
stabilisant des PdNPs, de I’utilisation d’un polymere résultant de la polymérisation
radicalaire du chloromethylstyréne en présence de I’amorceur AIBN. Le groupement
azido substituant ensuite le groupement chloré, permettait une post-fonctionnalisation
du polymére par réaction “click® CuAAC.""” Nous avons élaboré un polymére
contenant des cycles 1,2,3-triazoles (résultat d’une réaction “click®) et de parties PEG
en réalisant la polycondensation entre unités di-azido PEG et di-alcyne PEG par
CuAAC, méthode de synthese alliant simplicité, rapidité et économie sachant qu’une
seule étape de synthése est nécessaire pour I’obtention de ce nouveau polymere (80%
de rendement a partir de produits commerciaux). La méme méthode de synthese de
PdNPs, utilisée avec les dendriméres, a ¢ét¢ employée ici mais en présence de ce
nouveau polymeére PEG-trz. En revanche, du fait de la proximité entre les cycles
1,2,3-triazoles et de la topologie non dendritique, une stoechiométrie 10/1 trz/Pd s’est
avérée nécessaire pour une bonne stabilisation de PANPs (taille révélée par MET: 1,6
+ 0,3 nm). L’étude catalytique de ces PANPs a exhalé une activité quasi-similaire au
dendrimeére TEG comme attendu, plagant ce catalyseur comme 'un des plus actifs
pour la réaction de Suzuki-Miyaura (pour les aromatiques bromés) et pour la
réduction du 4-NP en 4-AP. Cette partie se termine par un « Account » sur la catalyse
homéopathique récapitulant les découvertes de catalyses de formation de liaisons C-C
au niveau du ppm en Pd.

Références:
1) Ornelas, C.; Diallo, A. K.; Ruiz, J.; Astruc, D. “Click” polymer-supported palladium nanoparticles as highly efficient catalysts
for olefin hydrogenation and Suzuki coupling reactions under ambient conditions, Adv. Synth. Catal. 2009, 351, 2147-2154.
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Abstract: Palladium nanoparticles (size=1.6+
0.3 nm) stabilized by a polyethylene glycol contain-
ing triazolyl rings, synthesized by click reaction in
water, are efficient catalysts for the Suzuki-Miyaura
coupling of bromoarenes in aqueous ethanol and the
borohydride reduction of 4-nitrophenol in water.
Turnover numbers (TONs) reach 99,000 and turn-

over frequencies (TOFs) are up to 198,000 h~" for
the C—C cross coupling reactions in water/ethanol.

Keywords: bromoarenes; catalysis; click chemistry;
green chemistry; 4-nitrophenol; palladium nanoparti-
cles; polymers; Suzuki—-Miyaura reaction

Introduction

Palladium is the most frequently used transition metal
in catalysis,!! especially in the cross-coupling reactions
for carbon-carbon bond formation,” among which
the Suzuki-Miyaural® reaction is the most useful one.
Metal nanoparticles (NPs) have appeared as a very
promising solution towards efficient catalysis under
mild, environmentally benign conditions because of
their large surface-to-volume ratio and specific sur-
face reactivities.! The advantage of the NPs, com-
pared to organometallic catalysts, is that one does not
need to use large amounts of catalyst (generally less
than 1 mol%),”*** and ligands (that are often ex-
pensive and sometimes toxic) are not required, which
is also important for the treatment of the reactions, li-
gands often being difficult to separate from the final
products.

PdNPs with a dimension of less than 10 nm have
exhibited high catalytic activities toward different
types of reactions.?**’! They are often stabilized by
polymers (PVP, PS, PEG, copolymers), dendrimers,!!
cyclodextrins (CDs),” inorganic materials,® or ionic
liquids.®®” For instance, among recent works,'"
Nomura’ s group conducted quantitative Suzuki-
Miyaura reactions with various substrates in water at
80°C with PANPs (1.5 mol% Pd) stabilized by a PS
polymer.'™ Reddy’s group carried out Suzuki-
Miyaura reactions with various bromoarenes at room

2992 Wiley Online Library
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temperature, with an amount of catalyst of 0.8-
1mol% Pd, the PANPs being supported on TiO,.l'"!
Beletskaya’s group proposed the term homeopathic
Pd catalysis for Heck reactions using PANP precata-
lysts.”! De Vries used the “homeopathic” concept to
investigate the mechanism of high-temperature Heck
reactions using low PANP loading.'" Hong’s group
also used PdNPs stabilized by a bidendate ionic
ligand in 0.001 mol% Pd for the Suzuki-Miyaura cou-
pling of activated aryl bromides, the reactions being
carried out in only water at 120°C for a few hours.'*!

Here we wish to examine the stabilization and cata-
lytic efficiency of PANPs produced upon NaBH, re-
duction of the water-soluble Pd(II) precursor K,PdCl,
in the presence specific ethylene glycol oligomer 3
and polymer 5 formed by “click” reactions, i.e., con-
taining 1,2,3-triazolyl (trz) linkages. We are also inter-
ested in comparing these properties with those of the
known  water-soluble  arene-centered  “click”
dendrimer C¢H;-1,3,5[C{(CH,);SiMe,CH,-trz-
CH,0CH,C¢H,-2,3,4-{(OCH,CH,);0CHj3};};]5, 6, that
contains 9 trz linkages and 27 TEG termini (TEG=
triethylene glycol). Triazolyl rings that were intro-
duced by “click” functionalization in the oligomer,
polymer and dendrimer with TEG termini provide
the stabilization of the PdNPs after reduction of
Pd(II) by NaBH,. The PdNPs stabilized by 6 present
a very good activity in the Suzuki-Miyaura reaction
of various bromoarenes.'"™*! Bromoarenes are indeed

Adpv. Synth. Catal. 2013, 355, 2992 -3001
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very important aromatic substrates, because they are
often cheaper than their chloroarene analogues, and
therefore they are now subjected to further study.

The catalytic activity of PANPs stabilized by 3 and
5 in the Suzuki-Miyaura coupling of bromoarenes in
an aqueous solvent, H,O:ethanol=1:1 and the reduc-
tion of 4-nitrophenol to 4-aminophenol by sodium
borohydride in water have now been examined. 4-
Aminophenol is a potential industrial intermediate in
the manufacture of many analgesic and antipyretic
drugs, anticorrosion lubricants, and hair drying agents.
Therefore efficient catalysts for the borohydride re-
duction of 4-nitrophenol to 4-aminophenol are called
for.

Results and Discussion

Synthesis of the PEG-Bis-triazolyl Oligomer 3 and
Triazolyl-PEG Polymer 5

New PEG oligomers and polymers have been de-
signed with 1,2,3-triazole rings in their branches in
order to provide the mild stabilization of PANPs by
the synergistic combination of triazoles that bind the
PANP surface and PEG that contribute by their steric
effect. Click chemistry offers a simple and practical
possibility for the synthesis of such oligomers and
polymers. The PEG-bis-triazolyl-PEG 3 was synthe-
sized upon clicking tetraethylene glycol bisazide
1 with 2,5,8,11-tetraoxatetradec-13-yne 2 in H,O/THF
(50/50) with 4 mol% of CuSO,5H,0 as catalyst and
10 mol% sodium ascorbate as reductant of Cu(Il) to
Cu(I). This reaction leads to 3 in 90% yield
(Scheme 1).

The compound 3 has been characterized by
'"H NMR, “CNMR, heterogeneous single quantum
coherence (HSQC), electrospray ionization (ESI)
mass spectroscopy, and elemental analysis (see the
Supporting Information).

NAQO\/}N
3 1 3 3

H,O/THF (50/50)
2d,r.t

\o/\@ 02\/}20/\\\

CuSQy, - 5 H,0 4%
NaAsc 10%

N, 0 N,
\O/\QOV}ZOJNL:/ N/\é 3V§3N:Nko/\(/ovxo/

Scheme 1. Synthesis of the PEG-bis-triazolyl oligomer 3 by
“click” reaction between tetraethylene glycol bisazide 1 and
2,5,8,11-tetraoxatetradec-13-yne 2.

“Click” chemistry was also used for the synthesis of
the polymer triazolyl-PEG 5. The reaction between
equimolar amounts of the commercial products tetra-
ethylene glycol bisazide 1 and 4,7,10,13,16-pentaoxa-
nonadeca-1,18-diyne 4 in DMF and in the presence of
5 mol% CuBr as catalyst leads to the polymer triazol-
ylI-PEG 5 in 80% yield (Scheme 2). The final polymer
has been characterized by 'HNMR, “C NMR, IR,
MALDI TOF mass spectroscopy, size extrusion chro-
matography (SEC) and dynamic light scattering
(DLS, see the Supporting Information).

The SEC analysis provides the polydispersity of the
polymer, PDI=1.3, for this uncontrolled polymeri-
zation. The molecular weight, 5x10* gmol™, is deter-
mined by SEC using polystyrene as a reference, which
corresponds to 97 dimeric units, i.e., 194 triazolyl
rings. The mass spectrum shows the presence of small
oligomers with 18 triazolyl rings (molecular weight =
4626 gmol '), but polymers with higher molecular
weights cannot be observed due to saturation of the
detector with the small oligomers. In 'H NMR, the
peak at 2.4 ppm corresponding to the alkyne proton
of the starting material is not observed, which allows
the conclusion that all the monomeric dialkyne has
reacted with the monomeric diazide, but does not

NaAéo\/\th : ///\ OA@OV)ZO\
1 4

DMF

48 h, 40 °C

OﬁN';Nvo?(/\

Oj&owﬂ

N\/

CuBr (5 mol%)

Néwﬂxbv}o%

Scheme 2. Synthesis of the triazolyl-PEG polymer 5 by “click” reaction between tetraethylene glycol bisazide 1 and

4,7,10,13,16-pentaoxanonadeca-1,18-diyne 4.
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permit any conclusion concerning the number of
units.

The polymer S and the oligomer 3 are both soluble
in water as expected and desired for the synthesis of
PdNPs in water.

PdANP Stabilization

The palladium-polymer complex is prepared in water
upon mixing aqueous solutions of the polymer and of
K,PdCl, at 20°C. In previous works with dendrimers
containing triazolyl TEG (6)!'*! and sulfonated ter-
mini,®! the stoichiometry between the triazolyl group
and the Pd(II) complex was 1:1, and this stoichiome-
try was explained by the dendritic protection of the
interior triazole ligands. In the case of the polymer,
the best conditions for the stabilization of PANPs are
a stoichiometry between triazolyl group and Pd(II)
around 10:1. In aqueous K,PdCl,, a solution of the
polymer (or oligomer) is added in this stoichiometry.
After five minutes of stirring of Pd(II)/triazole reac-
tion, a solution of sodium borohydride is rapidly
added in order to form PdNPs upon reduction of
Pd(II) to Pd(0) (see the Experimental Section). The
light-yellow solution of Pd(II) instantaneously
became orange/brown (see Figure 1), which indicated
the quick formation of PANPs. A fast reduction of
Pd(IT) to PANPs is preferred to the dropwise addition
leading to a slower reduction, because a high reduc-
tion rate results in smaller PANPs than a slow reduc-
tion rate. It is well known that the catalytic activity is
improved by reducing the PANP size within the range
of a few nm.["*!

Figure 1. During the PANP synthesis, the reduction of Pd(II)
to PANPs by NaBH, is visible by the change of a light
(yellow) solution (left), to a darker (orange/brown) solution

(right).
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TEM analyses (Figure 2) have been conducted on
the PdNPs, showing a diameter of 2.0+0.5 nm upon
stabilization by 3 and 1.6+0.3 nm upon stabilization
by 5. The bright-grey colour around PdNPs in the
TEM pictures shows the stabilizing oligomer or poly-
mer that appears to surround several PANPs.

The DLS experiments show that the hydrodynamic
diameter of the polymer in the absence of PANPs is in
the range 45-55 nm, which corresponds to an agglom-
erate of 5§ in water. When the PdNPs are stabilized by
5, the hydrodynamic diameter remains unchanged.
There is an excess of polymer vs. the PANPs in the
synthesis, and it appears in the TEM images that an
agglomeration of polymers surrounds the PdNPs. A
parallel experiment has been carried out with the
same conditions of PANP synthesis but with the re-
placement of the new polymer 5 by commercial PEG
2000, and in that case the PANPs agglomerated sever-
al hours after the Pd(II) reduction to Pd(0). Concern-
ing the PANPs stabilized by the polymer 5, no trace of
Pd aggregation is observed several days after the syn-
thesis. This comparison shows the essential role of the
triazole ligands in the PdANP stabilization by §
(Scheme 3).

On the other hand, when PdNPs are stabilized by
the oligomer 3, some black Pd formation is observed

Scheme 3. Principle of PANP stabilization. Pd(II) is added to
the polymer triazolyl-PEG 5 and is coordinated by nitrogen
atoms of the triazolyl ring. Pd(II) is then reduced to Pd(0)
forming PdNPs that are stabilized by the overall polymer
frameworks including crucial triazole-PdNP interactions.
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Figure 2. TEM pictures of the PANPs. (a) TEM analysis of PANPs stabilized by 5; (b) zoom on several PdNPs; (c) distribu-
tion of 1100 PdNPs; average diameter value: 1.6 £0.3 nm. (d) TEM analysis of PANPs stabilized by 3; (e) distribution of

1250 PdANPs: average diameter value: 2.0+ 0.5 nm.

after 2-3 days, indicating the decisive role of the bulk
of the molecular framework of the polymer S.

Catalytic Studies

In order to check the catalytic activity of PdNPs, the
Suzuki-Miyaura coupling has been investigated. The
Suzuki-Miyaura cross coupling reactions of various
bromoarenes [Eq. (1)] have been carried out in the
environmentally the friendly mixture water:ethanol
(1:1) in the presence of K;PO,, with as little palladi-
um as possible. All the results are summarized in
Table 1. The most remarkable result is that obtained
in the Miyaura-Suzuki reaction of 4-bromoacetophe-
none and phenylboronic acid that is quantitative with
1 ppm of catalyst during 16 h at 80°C. Under these or
analogous conditions, the TONSs vary between 10° and
10° with various bromoarenes. Of course, the catalysis

Adpv. Synth. Catal. 2013, 355, 2992 -3001
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PdNPs, K3PO, 2 equiv.
H,O/EtOH, 80°C, time

O 30
HO

R = H, CHz, OCHg, NO,, CHO, Br, COCH;

also works very well with iodoarenes, because they
are more easily activated, as it is well known.['!

The Suzuki-Miyaura reaction works very well with
activated (electron-withdrawing substituents) as well
as deactivated (electron-donating substituents) bro-
moarenes with 0.001 mol% of Pd (i.e., 10 ppm). What
is very remarkable is the TON up to 99,000 for the
reaction with the 4-bromoacetophenone (entry 13),
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Table 1. Suzuki-Miyaura of various bromoarenes catalyzed
by PdNPs stabilized by 5.1

Entry R Time Pd Yield® TON; TOF
(h] [mol%] [%] [h~']

1 4-OMe 12 0.1 99 990; 82.5

2 4-OMe 12 0.01 99 9900; 825

3 4-OMe 20 0.002 98 49,000; 2450

4 4-OMe 20 0.001 80 80,000 4000

5 H 23 0.002 99 49,500; 2152

6l H 23 0.001 99 99,000; 4304

7 4-Me 20 0.002 99 49,500; 2475

8 4-Me 24 0.001 72 72,000; 3000

glal 4-NO, 25  0.001 99 99,000; 39,600

10 4-CHO 24 0.01 90 9000; 375

11 4-Br 14 0.002 96 48,000; 3429

12 4-Br 18 0.001 98 98000; 5444

13 4.COMe 05  0.001 99 99,000 198,000

[ All the reactions have been carried out in 10 mL of H,O/
EtOH (1/1) with 1 mmol of bromoarene, 1.5 mmol of
phenylboronic acid, 2 mmol of K;PO, at 80°C.

bl The reaction has been also been conducted on a multi-
gram scale (n=15mmol), and the yield remained the
same.

[l Isolated yields.

and that the reaction is finished in 30 min, which cor-
responds to a TOF=198,000 h! that was never ob-
tained before this study with bromoarenes. The reac-
tions with deactivated arenes such as 1,4-bromoani-
sole (entry4) or 1,4-bromotoluene (entry 8) lead to
a TON of 80,000 and 72,000, respectively, in a relative-
ly short time too. The reaction with activated bro-
moarenes such as 1,4-bromonitrobenzene or 1,4-di-
bromobenzene leads to a quantitative yield for both
substrates in a relatively short time (2 h and 14 h, re-
spectively). These results are expected because the
oxidative addition on the Pd species is faster when
bromoarenes are functionalized with electron-with-
drawing groups that weaken the carbon-halogen
bond.

These results show the excellent catalytic activity of
PdANPs stabilized by the polymer 5 due to ideal stabi-
lization for catalysis by the triazolyl groups (as with
dendrimer 6 containing triazolyl TEG terminil'®).
Catalysis with PdNPs stabilized by the oligomer 3 is
also efficient down to 0.002 mol% of Pd (quite the
same as PdNPs stabilized by the polymer 5), but then
with less than 0.002 mol% the activity is almost non-
existent due to the lack of sufficient stabilization.

We attempted to conduct Suzuki-Miyaura reactions
with PdNPs stabilized by the commercial PEG 2000,
under the same conditions as those indicated in
Table 1 (entry 3, for example), and no C—C coupling
was observed.
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Suzuki-Miyaura Reaction between 4-Bromoaceto-
phenone and Phenylboronic Acid in EtOH:H,0 =1:1

[Eq. 2)]

PdNPs (0.001 mol%)

le) HO K3PO4 (2 equiv.)
3O - 30 -
HO H,O/EtOH

80 °C, time

@

Kinetic Study of the Reaction

The kinetic study (Figure 3) shows that the reaction
between 4-bromoacetophenone and phenylboronic
acid is complete in 30 min and that after 10 min the
isolated yield is already 72%.

Yield
100%
90%
80%

70%

60% /
50% /
40%

30% /
20% /
10%

0% w w w
0 10 20 30 40

50
Time (min)

Figure 3. Kinetic study of the Suzuki-Miyaura reaction be-
tween 4-bromoacetophenone and phenylboronic acid. The
reaction reaches a quantitative yield in 30 min.

Concentration Study

A study of the influence of the concentration has
been conducted in order to optimize the reaction con-
ditions (Table 2). It shows that a total volume of the
solvent mixture in the range 5-10 mL is necessary for
optimized reactions.

The results show that the reaction with 10 ppm Pd
(PdANPs) is nearly quantitative with several bromoar-
enes; therefore the minimal quantity of catalyst nec-
essary for the reaction with the most reactive sub-
strate, 4-bomoacetophenone, has been investigated
(Table 3).

The series of TONs data obtained here in Suzuki-
Miyaura reactions with various bromoarenes are very

Adpv. Synth. Catal. 2013, 355, 2992 -3001
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Table 2. Influence of the volume of the solvent mixture
EtOH/H,O: 1/1 on the yield of the Suzuki-Miyaura reac-
tions between 4-bromoacetophenone and phenylboronic
acid.®

Table 4. Comparison of literature results obtained with
PANP catalysts in aqueous medium for the Miyaura—Suzuki
reactions of bromoarenes.

Rl Catalyst Temp. TON TOF
Total volume [mL] Yield of the reaction [%] [°C] [
0.2 48 4-COMel'"?  PSSA-co-MA-Pd(0) 100 99 1980
2 90 4-OMe!™  Pd-SDS 100 38 456
5 99 4-OMe!"™!  Pd-PVP (MTPs) 100 1680 1680
10 99 4-COMe!™  Pd-PEG 25 98 49
20 60 4-COMel'™!  Pd-1/FSG 100 950 119
40 50 4-OMe™1  Fe,0,-Pd 50 144 12
- - - 4-OMel"¢!  pEVPBr-Pd 90 340 38
[ The reactions have been carried with 0.001 mol% PdNPs 4OMe™  Pd-PS 100 50 10
at 80°C during 1 h. 4-COMel  HAP-Pd(0) 100 156 39
4-OMe!™! PdCl,(py),@SHS 60 4681 14050
4-COMe!"™!  Pd/IL 120 970 970
Table 3. Influence of the PANPs loading on the TONs and  4-OMel'? Pd-MEPI 100 24250 8083
TOFs of the Suzuki-Miyaura reactions between 4-bromo-  4-COMel'*! Pd-salt 90 4250 1062
acetophenone and phenylboronic acid.[® 4-OMel21 Pd@PNIPAM 90 300 30
- - - 4-COMe*!  Pdx- ([PW,,05]), 80 92 8
Entry Tlme [h] Pd [mol%] Yle]d [%] TON, TOF [h 1] 4_OMe|12m] Pd-blOCk-CO-pOIy 7 90 310 31
13 05 0.001 99 99,000; 198000 ~ 4-COMe™!  Pd-G3-p3 80 85000 2125
14 2 00005 99 198,000; 99,000 ~ 4-COMel'™! Pd@CNPCs S0 99 3960
15 16 00001 99 990,000; 61,875~ 4-COMe™! Pd-PPy/PS 80 230 77
16 24 0.00005 _ _ 4-COMel"™  PS-PdONPs 80 66 66
i 4-Mel'! Pd-TiO, 80 115 29
a1 All the reactions have been carried out in 10 mL of H,O/  4-OMe!"™  Pd@PMO-IL 75 475 95
EtOH (1/1) with 1mmol of 4-bromoacetophenone, 4-NH,!* Pd-XH-15-SBA 90 96 7
1.5 mmol of phenylboronic acid and 2 mmol of K;PO, at  4-OMel'!  Pd**-GO 80 386 99
80°C. 4-Mel?! Pd(0)/ALO;-ZrO, 60 45 12
4-OMe!™!  Pd(OAc),/L 100 19600 2800

good in comparison with literature results reported in
Table 4, and the TOFs obtained here are superior to
those obtained with PdNPs stabilized by dendrimer 6
(Table 5).

In Table 4, the literature data found for Miyaura—
Suzuki cross-coupling reactions of bromoarenes in
aqueous solutions are summarized, indicating that the
PANP catalysts reported here are among the very best
ones reported so far.

Interestingly, the PdNPs stabilized by polymer 5
provide lower TONSs, but better TOFs than those with
dendrimer 6. The better TONs obtained with the den-
drimer 6 than with the polymer § are taken into ac-
count by a better protection by encapsulation of the
PdNPs in the dendrimer,'*! whereas the better TOFs
obtained with the polymer result from freer access of
the substrates to the PANP surface. See the compara-
tive findings between PANP stabilized by the dendri-
mer 6 and PdNP stabilized by § (Table 5).

The advantage of this system in comparison with
dendrimer 6 is that the polymer needs only one
simple synthetic step, and that PdNPs stabilized by
the polymer 5 are almost as active for the Suzuki-
Miyaura coupling as the dendrimer 6 but with the par-
ticular feature of a faster reaction (higher TOFs).
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Table 5. Comparison between the properties of the PdNPs
stabilized by dendrimer 6 properties and those of the PANPs
stabilized by 5.

Support: Dendrimer 6  Polymer 5

Properties

Size PANP 1.4£0.7 nm 1.6£0.3 nm

TON (Suzuki-Miyaura) 2.7x10° 9.9x10°

TOF (Suzuki-Miyaura) 45x10*h™" 1.98x10°h™"

Storage Several Several
months weeks

Air stable yes yes

Easy synthesis of the sup- yes yes

port

Synthesis of the support 8 steps 1 step

Reduction of 4-Nitrophenol to 4-Aminophenol

The high efficiency of PANPs described above in the
Suzuki-Miyaura-catalyzed C—C coupling and the fact
that the rate of this catalysis clearly depends on the
size of the nanoparticles led to the idea that such cat-
alysts might also be efficient for nitrophenol reduc-
tion. This reaction is very fast and simple, with the ad-
vantage of the possibility of monitoring by UV-vis.
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OH NaBH, (100 equiv.) OH
PdNPs (0.2 mol%)
3)
H,0, 80-240 s
NO, NH,

spectroscopy. Indeed, a typical peak at 400 nm is di-
rectly linked to 4-nitrophenol (corresponding to 4-ni-
trophenolate that instantaneously appears in the pres-
ence of NaBH,) and at 300 nm to 4-aminophenol. The
disappearance of the yellow colour in the solution
shows the reaction progress. The reduction of 4-nitro-
phenol has been carried out in the presence of an
excess of NaBH, (100equiv.)) and 0.2 mol% of
PdANPs/5 in water in the presence of catalytic amounts
of Pd from the above PdNPs.

The reaction is completed in 240 seconds, which
corresponds to a K,,, value of 6.0x107s™! (Figure 4).
When the reduction of 4-nitrophenol is carried out in
a concentration that is increased four times, the K,
value is nearly ten times higher (K,,,=5.5x107s7"),
and the reaction is completed in less than 80 seconds.
The reaction rate constant K, is calculated using the
rate equation —In(C/Cy) =K,,t (the catalyst exhibits
a pseudo-first order kinetics).

The results obtained with the catalyst § are among
the best results ever recorded (here only Pd catalysts
have been compared in Table 6, but Au catalysts are
less impressive too) in terms of high TOF values, low
amounts of catalyst and similar to the literature in

term of rate constant K.

Concluding Remarks

The polymer 5 has been synthesized by a “click” reac-
tion between commercial PEG diazide and PEG
diyne and shown to be a very good stabilizer of
PdNPs of 1.6nm diameter in comparison with
PEG 2000 that leads to PANP aggregation. The com-
bination of triazolyl rings and PEG offers a compro-

Abs

250 300 350 400 450 500
Wavelength (nm)

In(C/Cy)
.

0 ‘
0 50 100 150 200
Time (s)

Figure 4. Kinetic study of the 4-nitrophenol reduction by

NaBH, using UV-vis. spectroscopy at 400 nm (top) and plot
of —In(Cy/C,) vs. time (s) for its disappearance (bottom).

mise for an excellent activity in the Suzuki-Miyaura
reaction of bromoarenes in EtOH:H,O=1:1 with
a very low amount of catalyst confirming results with
the triazolyl-TEG dendrimer 6. The use of only
1 ppm Pd leads to a quasi-quantitative reaction with
4-bromoacetophenone (entry 15, Table3 TON:
990,000), and by increasing the amount of catalyst,
this reaction is complete in 30 min. The results ob-
tained in the reduction of 4-nitrophenol are also ex-

Table 6. Comparison of literature results obtained with PANP catalysts for the reduction of 4-nitrophenol in water.

Catalyst/support Pd [mol%] Size Pd [nm] NaBH, [equiv.] Kopp [s7'] TOF [h!]
CNT/PiHP!4] 4 2.7 80 5%x1073 300

Fe, 0,14 10 16.9+1.3 139 3.3x1072 300
PEDOT-PSSI'#I 77 <9 excess 6.6x1072 13
SPBI 0.36 24405 100 441%x1073 819
Microgels!'*! 2.1 3.8+0.6 100 1.5%x1073 139
PPy/TiO,!! 2.6 2.0 11 1.22x1072 326
SBA-15!"] 100 ~8 1000 1.2x1072 6

CeQ, 141! 0.56 3-5 83 8x1073 1068

5 0.2 1.6 100 6x1073 7 500

5 0.2 1.6 100 5.5x 1072 22 500
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cellent. Macromolecules such as dendrimer 6 or poly-
mer 5 are outstanding for a compromise between sta-
bilization and catalytic activity of PdNPs, whereas
small molecules such as the oligomer 3 are not suffi-
ciently efficient stabilizers to provide active PdNPs.
This is due to the fact that PANPs can take shelter in
the holes of the dendrimer or can be enveloped by
several polymer molecules 5. The comparison be-
tween the triazole-containing dendrimer 6 and poly-
mer 5 interestingly shows that the polymer provides
higher TOF values because of freer access than the
dendrimer, whereas the higher protection in the den-
drimer interior offers higher TONs than with the
polymer due to the better PANP protection.

The extremely low amount of Pd catalyst and the
biocompatibility of the PEG polymers opens an
access to biological applications without the need for
treatment of the product in order to remove the
metal. The multi-gram scale reaction reported here is
also very useful for potential industrial applications of
the Miyaura—Suzuki reactions of bromoarenes, espe-
cially given their modest cost among the halogenoar-
enes.

Experimental Section

General Data

All the solvents (THF, EtOH, DMF, CH,Cl,, Et,0) and
chemicals were used as received. '"H and *C NMR spectra
were recorded at 25°C with a Bruker AC 200, 300 or 400
(200, 300 or 400 MHz) spectrometer. All the chemical shifts
are reported in parts per million (8, ppm) with reference to
Me,Si (TMS) for the 'H NMR spectra. The infrared (IR)
spectra were recorded on an ATI Mattson Genesis series
FT-IR spectrophotometer. Size exclusion chromatography
(SEC) of the polymer 5 was performed using a JASCO
HPLC pump type 880-PU, TOSOHAAS TSK gel columns
(G4000, G3000, G2000 with pore sizes of 20,75, and 200 A
respectively, connected in series), a Varian (series RI-3) re-
fractive index detector, with DMF as the mobile phase and
calibrated with polystyrene standard. MALDI-TOF mass
spectra were recorded with a PerSeptive Biosystems Voyag-
er Elite (Framingham, MA) time-of-flight mass spectrome-
ter. This instrument is equipped with a nitrogen laser
(337 nm), a delayed extraction, and a reflector. It was oper-
ated at an accelerating potential of 20 kV in both linear and
reflection modes. The mass spectra shown represent an aver-
age over 256 consecutive laser shots (3 Hz repetition rate).
Peptides were used to calibrate the mass scale using the two
points calibration software 3.07.1 from PerSeptive Biosys-
tems. Mentioned m/z values correspond to monoisotopic
masses. Elemental analysis (EA) results were obtained with
a Thermo Flash 2000 EA; the sample is introduced in a tin
container for CHS analysis.
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Synthesis of the PEG-bis-triazolyl Oligomer 3

Bisazide 1 (0.122¢g, 0.5mmol) and 2 (0.202¢g, 1 mmol,
2 equiv.) were dissolved in 2 mL THF in a Schlenk tube.
CuSO,5H,0 was added (0.0048 g, 0.02 mmol, 0.04 equiv.)
after dissolving in 1 mL of water, followed by the dropwise
addition of a freshly prepared solution of sodium ascorbate
(0.0124 g, 0.1 mmol, 0.1 equiv.) in order to set a 1:1 THF :wa-
ter ratio. The reaction mixture was stirred for 2 days at
25°C under N,. After removing THF under vacuum, CH,Cl,
(100 mL) and an aqueous ammonia solution (2.0M, 50 mL)
were successively added. The mixture was allowed to stir for
10 min in order to remove all the Cu(II) trapped inside the
trimer as [Cu(NH;),(H,0),] [SO,4]. The organic phase was
washed twice with water. The organic phase was dried with
sodium sulfate, and the solvent is removed under vacuum to
afford 3; yield: 0.290 g (90% ). The product was fully charac-
terized by '"HNMR, “C NMR, HSQC, ESI, EA (see the
Supporting Information).

Synthesis of Triazolyl-PEG Polymer 5

Bisazide 11 (0.244 g, 1 mmol) and 4" (0.270 g, 1 mmol,
1 equiv.) were dissolved in 1 mL DMF in a Schlenk tube.
CuBr was added in the vessel (0.0102 g, 0.05 equiv.). The re-
action mixture was stirred for 2 days at 40°C under N,. The
solution was then added to 200 mL of Et,0O in order to pre-
cipitate the polymer formed. The precipitate was filtered,
and CH,Cl, (100 mL) and an aqueous ammonia solution
(2.0M, 50 mL) were successively added. The mixture was al-
lowed to stir for 10 min in order to remove all the Cu(II)
trapped inside the polymer as [Cu(NH;),(H,0),] [SO,]. The
organic phase was washed twice with water, then this opera-
tion was repeated once more to ensure the complete remov-
al of copper ions. The organic phase was dried with sodium
sulfate, and the solvent was removed under vacuum to
afford 5; yield: 0.410 g (80%). The product has been fully
characterized by 'HNMR, “CNMR, IR, MALDI TOF,
DLS, SEC (see the Supporting Informatoin).

Preparation of the PANPs for Catalysis

a): 1.62x10mmol of polymer triazolyl PEG 5 (dimer
MW =514 g.mol ™, 0.8368 mg) were dissolved in 0.3 mL of
water in a Schlenk flask, and an orange solution of K,PdCl,
(3.2x107°> mmol in 0.11 mL water) was added to the solution
of 5. Then 2.8 mL of water were added, and the solution
was stirred for 5 min at 20°C. 0.1 mL of an aqueous solution
containing 3.2x10~* mmol of NaBH, was added dropwise,
provoking the formation of a brown/black colour corre-
sponding to the reduction of Pd(II) to Pd(0) and PANP for-
mation [Figure S13 in the Supporting Inromation shows the
full reduction of Pd(IT) in Pd(0)]. The use of NaBH, is es-
sential in order to obtain small, active PdNPs for efficient
catalysis. When PANPs are formed in situ (without NaBH,)
during the Suzuki-Miyaura reaction, the catalytic activity of
the PANPs is much lower. The same reaction as entry 13 was
carried out with PdNPs formed in situ, and 22 h were
needed for a quantitative reaction instead of 2 h with PANPs
reduced by NaBH,.

b): 1.3x10”°mmol of oligomer PEG 3 (MW=
648 g.mol™!, 0.8368 mg) were dissolved in 0.3 mL of water in
a Schlenk flask, and an orange solution of K,PdCl, (3.2x
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107> mmol in 0.11 mL water) was added to the solution of 5.
Then 2.8 mL of water were added, and the solution was
stirred for 5min at 20°C. 0.1 mL of an aqueous solution
containing 3.2x 10~ mmol of NaBH, was added dropwise,
provoking the formation of a brown/black colour that corre-
sponds to the reduction of Pd(II) to Pd(0) and PANP forma-
tion.

The stoichiometry, 10 triazolyl groups per Pd(II) is neces-
sary in order to avoid PdNPs aggregation. When the stoi-
chiometries 1:1, 2:1, and 5:1 are used, PANPs precipitate
after several hours due to aggregation.

General Procedure for the Suzuki-Miyaura Catalysis

In a Schlenk flask containing tribasic potassium phosphate
(2 equiv.), phenylboronic acid (1.5 equiv.), the aryl halide
(1 equiv.) and 5 mL of EtOH (volume ratio of H,O:EtOH =
1:1) were successively added. Then the solution containing
the PANPs was added. The suspension was allowed to stir
under N, or air. After the reaction time (see Table 1), the
reaction mixture was extracted twice with diethyl ether
(Et,O; all the reactants and final products are soluble in
Et,0), the organic phase was dried over Na,SO,, and the
solvent was removed under vacuum.

In parallel, the reaction was checked using TLC in only
petroleum ether as eluent in nearly all the cases, and
'"H NMR. Purification by flash chromatography column was
conducted with silica gel as stationary phase and petroleum
ether as mobile phase. Another purification procedure con-
sists in cooling the Schlenk flask at the end of the reaction.
The product precipitates, and a simple filtration allows one
to obtain the product that is then washed with a cold solu-
tion of H,O/EtOH (this is not the case of all the bromoar-
enes). With 1 ppm of catalyst, the reuse of the catalyst
shows a very slow reaction, which indicates that after 24 h
hours at 80°C the catalyst is deactivated in solution. The
aqueous phase obtained after filtration cannot be reused,
because the polymer-stabilized catalyst is not stable for
a long time.

After each reaction, the Schlenk flask was washed with
a solution of aqua regia (3 volumes of hydrochloric acid for
1 volume of nitric acid) in order to remove traces of Pd. All
the reactions have been carried out with 1 mmol of bro-
moarene. Three other reactions with 15 mmol of bromoar-
enes have been conducted in order to check the efficiency
of the system on a multigram scale. The yields obtained with
15 mmol of bromobenzene, 1,4-nitrobenzene or 4-bromoace-
tophenone are the same as that obtained with 1 mmol.

General Procedure for the Reduction of 4-
Nitrophenol

In a beaker, 7 mg of 4-nitrophenol (5.03x107° mol) were
mixed with 195 mg of NaBH, (5.13x10~* mol) in 20 mL
water, 1 mL of PANPs was added to the reaction mixture
(0.2 mol%), and the reaction was completed in 80 seconds.
Alternatively, 0.5 mL of the total solution was diluted with
1.5mL of water before the reaction started in order to
follow the reaction by UV-vis. spectroscopy. This reaction
was complete in 240 seconds.
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Purification by Flash Chromatography of the
Coupling Products of the Suzuki-Miyaura Reactions

Biphenyl (white powder): reaction between bromobenzene
and phenylboronic acid was followed by simple flash chro-
matography with petroleum ether as mobile phase and silica
as stationary phase; yield: 152 mg (99%) when 1 mmol of
bromoarene is used.

4-Methylbiphenyl (colourless crystals): reaction between
4-bromotoluene and phenylboronic acid was followed by
simple flash chromatography with petroleum ether as
mobile phase and silica as stationary phase; yield: 166 mg
(99%) when 1 mmol of bromoarene is used.

4-Methoxybiphenyl (white powder): reaction between
bromoanisole and phenylboronic acid was followed by flash
chromatography with petroleum ether as mobile phase and
silica as stationary phase at the beginning and then 95% pe-
troleum ether/5% diethyl ether; yield: 183 mg (99%) when
1 mmol of bromoarene is used.

4-Nitrobiphenyl (yellow crystals): reaction between 1,4-
bromonitrobenzene and phenylboronic acid is followed by
flash chromatography with 95% petroleum ether/5% di-
chloromethane as mobile phase and silica as stationary
phase; yield: 197 mg (99% ) when 1 mmol of bromoarene is
used.

4-Biphenylcarboxaldehyde (light yellow crystals): reac-
tion between bromobenzaldehyde and phenylboronic acid
was followed by flash chromatography with 95% petroleum
ether/5% dichloromethane as mobile phase and silica as sta-
tionary phase; yield: 164 mg (90%) when 1 mmol of bro-
moarene is used.

p-Terphenyl (white powder): reaction between 1,4-dibro-
mobenzene and phenylboronic acid was followed by simple
flash chromatography with petroleum ether as mobile phase
and silica as stationary phase; yield: 226 mg (908%) when
1 mmol of bromoarene is used.

4-Acetylbiphenyl (white powder): reaction between 4-
bromoacetophenone and phenylboronic acid was followed
by flash chromatography with 95% petroleum ether/5% di-
ethyl ether as mobile phase and silica as stationary phase;
yield: 195 mg (99% ) when 1 mmol of bromoarene is used.
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CONSPECTUS
atalysis by palladium derivatives is now one of the most important

C tools in organic synthesis. Whether researchers design palladium
nanoparticles (NPs) or nanoparticles occur as palladium complexes
decompose, these structures can serve as central precatalysts in
common carbon—carbon bond formation. Palladium NPs are also

@ .«m(lmivc addition
quenching +
Ar-X chemical etching

valuable alternatives to molecular catalysts because they do not require §, 5 ~.SS %Tt— g_, PdZ :'
costly and toxic ligands. it sadhon

In this Account, we review the role of “homeopathic” palladium Ar-Ar M-Ar
catalysts in carbon—arbon coupling reactions. Seminal studies from the glieng. transmetallation
groups of Beletskaya, Reetz, and de Vries showed that palladium NPs can St g AT X
catalyze Heck and Suzuki—Miyaura reactions with aryl iodides and, in 87 “ar

some cases, aryl bromides at part per million levels. As a result, researchers
coined the term “homeopathic” palladium catalysis. Industry has developed large-scale applications of these transformations.

In addition, chemists have used Crooks' concept of dendrimer encapsulation to set up efficient nanofilters for Suzuki—Miyaura
and selective Heck catalysis, although these transformations required high PANP loading. With arene-centered, ferrocenyl-
terminated dendrimers containing triazolyl ligands in the tethers, we designed several generations of dendrimers to compare their
catalytic efficiencies, varied the numbers of Pd atoms in the PANPs, and examined encapsulation vs stabilization. The catalytic
efficiencies achieved “homeopathic’ (TON = 540 000) behavior no matter the PANP size and stabilization type. The TON increased
with decreasing the Pd/substrate ratio, which suggested a leaching mechanism.

Recently, we showed that water-soluble arene-centered dendrimers with tri(ethylene glycol) (TEG) tethers stabilized PANPs
involving supramolecular dendritic assemblies because of the interpenetration of the TEG branches. Such PdNPs are stable and
retain their “homeopathic” catalytic activities for Suzuki—Miyaura reactions for months. (TONs can reach 2.7 x 10° at 80 °C for
aryl bromides and similar values for aryl iodides at 28 °C.) Sonogashira reactions catalyzed by these PANPs are quantitative with
only 0.01% Pd/mol substrate. Kato's group has reported remarkable catalytic efficiencies for mesoporous catalysts formed by
polyamidoamine (PAMAM) dendrimer polymerizations. These and other mesoporous structures could allow for catalyst recydling,
with efficiencies approaching the “homeopathic” behavior.

In recent examples of Suzuki—Miyaura reactions of aryl chlorides, chemists achieved truly “homeopathic” catalysis when a
surfactant such as a tetra-n-butylammonium halide or an imidazolium salt was used in stoichiometric quantities with substrate.
These results suggest that the reactive halide anion of the salt attacks the neutral Pd species to form a palladate. In the case of aryl
chlorides, the reaction may occur through the difficult, rate-limiting oxidative-addition step.

Introduction

Palladium-catalyzed cross carbon—carbon coupling reactions
that include Heck, Suzuki—Miyaura, Sonogashira, Negishi,
Stille, Hiyama, and Kumada—Corriu reactions (Scheme 1) are
among the most useful organic reactions.' >

Although molecular palladium catalysts containing
various tertiary phosphines’ —> or singlet N-heterocyclic
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carbene ligands® have long proven to be efficient and very
popular, these ligands are toxic, expensive, or both, and
therefore continuous investigations are pursuing the search
of “green”, so-called “ligandless’, palladium precatalysts
for applications to large-scale industrial processes.” Along
this line, palladium nanoparticles (PdNPs) have appeared
as a valuable alternative with several benefits relevant to

Published on the Web 11/11/2013  www.pubs.acs.org/accounts
10.1021/ar400168s ©2013 American Chemical Society
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SCHEME 1. Main Palladium Catalyzed Cross Carbon—Carbon Coupling
Reactions
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“green” chemistry. PANPs generated by reduction of palla-
dium salts were shown in the 1990s by pioneering studies of
the groups of Bonneman’ and Reetz® to be active catalysts
of Heck and Suzuki—Miyaura reactions. In parallel, it was
found that Pd® or Pd" complexes that were intended to
behave as molecular catalysts were in fact thermally decom-
posed to PANPs, which were the actual catalysts or precata-
lysts under the catalytic reaction conditions of high-
temperature Heck reactions (usually between 120 and
160 °Q).>'° One of the most critical cases was that of
palladacycles that were shown by Beller and Herrmann to
be excellent C—C cross-coupling catalysts and initially be-
lieved to involve Pd"V palladacycle intermediates in the
catalytic cycles' "' until it was realized, in particular following
studies by Hartwig's group, that PANPs were the actual pre-
catalysts resulting from palladacycle decomposition.>'%'3
Indeed, seminal reports by Takahashi,'* Mizoroki,'> and
Heck'® already in the early 1970s used the ‘ligandless”
complexes Pd(dba) (dba = dibenzylideneacetone), PdCl, in
the presence of sodium acetate, and Pd(OA(),, respectively,
as sources of PANPs.

The “Homeopathic” Mechanism of PdNP-
Catalyzed Heck Reaction

One of the key advantages of PdNPs is that they are
catalytically active in much lower amounts than molecular
Pd catalysts. Indeed, the use of very low PdNP catalyst
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SCHEME 2. Heck Reaction between Bromobenzene and Butyl Acrylate
in NMP with a Homeopathic Amount of Pd(OAC)»

Br X - CO-Bu
+ :\
CO,BuU

amounts led to the term “homeopathic” doses. Beletskaya
reported that 5 ppm Pd/mol iodobenzoic acid catalyzed
Heck heterocoupling,® Reetz's group reported that 9 ppm
Pd/substrate catalyzed Heck bromobenzene coupling to
styrene,® and de Vries' group showed that homeopathic
amounts of Pd catalysts were efficient to carry out Heck
reactions of a variety of aryl bromides in N-methylpyrroli-
done (NMP) at 135 °C (Scheme 2)."°

Sometimes, the PANP amount was so low that reactions
first appeared as proceeding in their absence,'” before the
authors realized that they were occurring with “homeo-
pathic’ quantities of PdNPs.'*'8

The past decade has provided a large body of literature
data whereby cross-coupling reactions are catalyzed by
designed PdNPs in catalytic amounts on the order of 0.01
to 0.1 mol % and sometimes lower.'®~23 Mechanistically, it
has been proposed by de Vries (Figure 1) that for the Heck
reaction oxidative addition of an aryl iodide onto the PANP
surface is followed by detachment (chemical etching) of
metal atoms from the surface followed by highly efficient
turnover in solution of the ‘ligandless” atoms that are
possibly negatively charged as a result of attack by halide
anions.*

The fact that palladate Pd°® species are better activators
than neutral Pd° species had been proposed by Tchoubar?*
and demonstrated electrochemically in the case of
Pd—-phosphine catalysts by Amatore and Jutand.>® de Vries'
group discovered by ES-MS experiments that anionic Pd°
species such as PhPdCl,~ were indeed present in the cataly-
tic reaction medium when NaCl was used as an additive.>®2’
Thus, the roles of the anions are multiple and complex in the
“homeopathic” mechanism (vide infra).

These reactive atoms in some form are quenched by the
mother PANP in sufficiently concentrated solutions, whereas
upon dilution less frequent quenching due to higher dis-
tance between the two species results in increasing effi-
ciency. Indeed, in all ligand-free Heck reactions on aryl
bromides, the turnover frequency increases with decreasing
catalyst concentration, which confirms the “homeopathic”
designation. A “dead-end” point is the formation of Pd
black (Scheme 3) resulting from agglomeration of the
mother PANPs depending on its stabilization, concentration

Pd(OAc),/NaOAc
—_—
NMP, 135°C
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Na+ 1 Na|+ Na+ Pd(OAc),
g

Na+_ |

Ph—Pd—I
| —

S

FIGURE 1. Mechanistic proposal for ligand-free Heck reactions of
aryl iodide by de Vries (intermediates in bold have been observed by
ES—MS or by EXAFS). Reprinted with permission from ref 10 (de Vries).
Copyright 2006 Royal Society of Chemistry.

CO,Bu

SCHEME 3. High-Temperature Generation of PANPs from a Pd Precur-
sor Complex with Formation of Pd Black (Heck Reaction Conditions)

140°C ArX
Pd(OAc), + NaOAc — p PdNPs == active Pd°

!
Pd black
(less or no Pd black forms with diluted PdNPs), and reaction
temperature.®'°
The Pd doses used are all the lower because only surface
PANP atoms are reactive, whereas the interior PANP atoms

do not participate in the catalysis; thus the actual % Pd atoms
used per substrate is lower than the nominal ones.

Industrial Applications and Extension to
Other Cross C—C Coupling Reactions

The method is of industrial interest, because the Heck
reaction is of considerable use for applications, and various
syntheses have been scaled up to kilogram size to prepare
drug intermediates.?®%° In these seminal examples, the
catalytic systems are homogeneous, but various heteroge-
neous PANP systems with solid support have also been
greatly developed, although the PANP amount is not so
low.?'2%27 The above indications are characteristic of the
Heck reaction, but the de Vries' group also reported “homeo-
pathic” ligand-free PANP catalysis of Suzuki—Miyaura and
Negishi reactions. For instance, with the Suzuki reaction, the
best results were obtained using the Pd(OAQ), catalyst pre-
cursor in toluene with K>CO5 as the base (25 ppm Pd/mol
bromoacetophenone and phenylboronic acid substrates),
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FIGURE 2. “Electrosteric” (that is electrostatic and steric) stabilization of
Pd nanopatrticles obtained by reduction of PdCl, in the presence of a
tetra-n-alkylammonium salt. The halide anions provide electrostatic
stabilization, and the tetra-n-butylammonium cations provide steric
stabilization.

although aryl chlorides were poorly reactive; for Negishi
coupling, a 75% yield was obtained upon reaction between
ethyl 4-bromobenzoate and PhZnBr at 50 °C in DMF cata-
lyzed by 0.02% Pd(OAc),.3° Altogether, the application of
PdNP catalysis to organic chemistry is considerable and has
been recently reviewed.?' 33 Finally, the principles devel-
oped here with PdNPs are rather general and have also been
applied to other late transition metal NPs for catalysis,
although not yet with “homeopathic” doses,>*3° detailed
analysis being beyond the scope of this Account.

Stabilization of the Pd Nanoparticles
At high temperatures required for productive Heck reactions,
it was shown that PdNPs are stabilized by the presence of
polar solvents such as propylene carbonate, tetra-n-alkylam-
monium salts, or ionic liquids (imidazolium salts or else). %192
Since the first report by Gratzel of ammonium salt-stabilized
transition-metal nanoparticles (with PtNPs),3” it has been
shown that the first layer surrounding the NP core was that
of the anions (Figure 2),3® and stabilization was improved
upon increasing the anion size.>®

Altogether, two components, stericand ionic (electrostatic),
are essential to stabilize transition-metal NPs for catalytic
use as shown, for instance, by the extensive use of such
surfactants in high-temperature Heck reactions.?82940-42
The nature of the organic stabilizer is important for the
determination and design of the PANP size, but the nature
and addition rate of the reductant of Pd" to Pd° also is de-
cisive in order to reach the ideal size between 1 and 2 nm
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FIGURE 3. Examples of supports and ligands used for the stabilization of PANPs active in C—C coupling with a parts per million scale of Pd in the
presence of stoichiometric amounts of salt.46484°

SCHEME 4. Suzuki—Miyaura Reaction of Various Chloroarenes in Water in the Presence of 1 equiv of TBAB and between 100 and 10 ppm of PANP

Stabilized by Ligand 1
PdCl,/1, K,CO; 2 equiv.
HG, TBAB 1 equiv.
R Cl + B —_ ¥ R
/ H,0, 120°
i ,0,120°C

R=4-CH;CO, 4-NO,, 4-CN, 4-COOH

that provides the optimal proportion of surface Pd atoms  Suzuki—Miyaura cross coupling reactions of aryl chloride
while preserving the PANP nature. Fast reduction of Pd" leads ~ can occur efficiently in water (or in aqueous solvent) at high
to the formation of such small NPs if the organic stabilizeris ~ temperatures (Scheme 4).
efficient. According to Marcus theory, a strong driving force, The halide anion of these salts not only serves as the first
that is, a large difference of potentials between the standard protecting layer of the PANP. Also, the fact that aryl chlorides
reduction potential of the metal ion precursor and that of the  are activated in their presence in huge excess indicates that
reductant, results in fast reduction, but experience shows their coordination to reactive Pd atoms that produces palla-
that in this concern the rate of reductant addition (most often  date species is crucial for the difficult oxidative addition of
NaBH, but various other reductants are also used®>*3) is  these aryl halides (Scheme 5). This factor and de Vries'
crucial. Sometimes, no reductant is necessary at the high  detection of palladates strongly argue in favor of the inter-
temperatures required by Heck reactions, because at such  mediacy of these palladate species in the catalytic activation
temperatures the anion of the Pd" salt serves at the reduc- mechanism.
tant of Pd" to Pd°. Even alkylthiolate ligands, however, Heterogeneous supports (sometimes binding the ammo-
provide excellent stability and reactivity of PANPs in minute  nium or imidazolium salt) are also valuable alternatives to
amounts for Suzuki—Miyaura coupling of aryl halides under  high salt concentrations.*>~4”
ambient conditions in toluene despite the absence of ionic
stabilizer, and no poisoning occurs.** However, the most ~ Catalysis by Dendrimer-Encapsulated and
successful organic stabilizers in terms of stability and cata- ~ Stabilized Pd Nanoparticles
lytic efficiency of PANPs at the level of a few parts per million In 1999, Crooks' group pioneered catalysis by PANPs and
of Pd atoms per mol substrate (or sometimes even less) for ~ PtNPs encapsulated in Tomalia's commercial polyamidoa-
Heck or Suzuki—Miyaura cross coupling of aryl halides are mine (PAMAM) dendrimers (Scheme 6).°’
those containing a large ammonium or imidazolium cation These studies followed catalysis by NPs stabilized by
(Figure 3).282945-50 polymers such as NMP studied in particular by Toshima's
The amount of such salts in homogeneous catalytic  group in the 1990s.> These two types of macromolecules
reaction conditions was always very high, usually as high  have in common their large size, their neutrality, and the
as that of the substrates and base, and the reaction mixture  presence of functional groups stabilizing NPs by coordina-
also contained a nitrogen ligand (eventually bonded to  tion. The dendrimers have the advantage of a spherical
the cationic surfactant), whereas the PANP amount was  topology and precise molecular definition with size control
“homeopathic’.*®4° Under these conditions, the Heck and  upon progressive increase of the generation number, Gn,

Vol. 47, No. 2 = 2014 = 494-503 = ACCOUNTS OF CHEMICAL RESEARCH = 497

55



“Homeopathic” Palladium Nanoparticle Catalysis Deraedt and Astruc

SCHEME 5. Homeopathic Mechanism for the Suzuki—Miyaura Reaction Inspired from the de Vries Mechanism*
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S =solvent molecule; X = halide. The quantity of salt (typically a tetra-n-butylammonium halide in which the halide is reactive) is very high in aryl chloride-activating
system favoring palladate formation and thus the rate-limiting oxidative addition step.

SCHEME 6. Crook's Synthesis of a Nanoparticle inside a PAMAM
Dendrimer”

“Reprinted with permission from ref 53. Copyright 2011 Royal Society of Chemistry.

and according to Crooks they serve as substrate nanofilters
for encapsulated NPs whereby the filtering efficiency in-
creases along with Gn.>>** In the early 2000s, several
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groups investigated the Heck and Suzuki reaction catalyzed
by PANPs encapsulated in PAMAM and polypropyleneimine
(PPI) dendrimers.>>~®° The latter PdNPs provided 100%
selectivity in Heck reaction between iodobenzene and
n-butyl acrylate at 363 K.*® With Gn-PAMAM dendrimer
PdNPs, G2 yielded a more reactive catalyst than G4, but
G4 provided a more stable catalyst.>®> For catalysis of the
Stille reaction, the size of PAMAM-dendrimer-encapsulated
PdNPs was shown to increase, which may be an indication of
leaching during catalysis,®' and this point was debated using
G6-PAMAM-encapsulated PdNPs whereby leaching was
only observed in the presence of N, or air but not H,.%2



Heterogeneous PAMAM dendrimer templates that are
polymerized with an acrylate are a valuable microporous
host for excellent PANP catalysis reported by Kato et al.

“Homeopathic” Palladium Nanoparticle Catalysis Deraedt and Astruc

(Figure 4). This group recently conducted Suzuki—Miyaura
cross coupling of bromoacetophenone with phenyl boronic
acid with TONs reaching 8.5 x 10%. In addition, this catalyst
could be recycled more than 8 times with >90% yield even
until the last run. ICP-MS analysis indicated a loss of only

G3-m PdNPs B . . .
Py 0.27% Pd in solution showing the absence of leaching or
S a8 i S Microporous polymer recombination of leached Pd atoms as in the “homeopathic”
ol ﬁ::; mechanism.**
: #h Ao
L ! potymer Homeopathic C—C Cross Coupling by “Click”

with EGDMA, Pd(OAc),, AIBN

FIGURE 4. Schematic outline of the preparation of microporous
network polymers that contain PANPs. Reprinted with permission from
ref 45. Copyright 2010 American Chemical Society.

Dendrimer-Stabilized Pd Nanoparticles

Whereas commercial PAMAM and PPI dendrimers usually
required relatively high Pd loading, the design of “click”
ferrocenyl dendrimers®? allowed evaluation of the coordination

SO,Na
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FIGURE 5. PdNP stabilized by several GO arene-centered dendrimers with sulfonate termini.®”
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ArBr + ArB(OH),
H,O/EtOH/Air

Ar-Ar'

. TON up to 2.7 x 10°

FIGURE 6. Stabilization of a PANP by a supramolecular assembly of several GO 27-TEG dendrimers after reduction of Pd" by NaBH,. The
Suzuki—Miyaura reaction of various bromoarenes has been carried out in H,O/EtOH media with Pd amount between 10 ppm to 0.3 ppm. Turnover

numbers reached 2.7 x 108.7"

of metal cations including Pd" upon redox recognition of
these cations using a ferrocenyl group attached to triazolyl
dendrimer branch termini.®* Indeed, the electrochemical
titration indicated a 1:1 Pd"/triazole branch stoichiometry.
After reduction of Pd" to Pd°, the forecasted number of Pd
atoms encapsulated inside the “click” dendrimers could be
verified by TEM for the G1 and G2 dendrimers containing,
respectively, 27 and 81 ferrocenyltriazole termini, resulting
in encapsulated PdNPs that were 1.3 £ 0.2 nm and 1.6 +
0.3 nm, respectively. With the GO dendrimer containing 9
ferrocenyl triazole termini, the PANPs were larger (2.8 nm),
because they were surrounded by several dendrimers rather
than being encapsulated inside a single dendrimer. Whereas
hydrogenation of diene to monoene was all the faster
because the PANPs were smaller as expected for a surface
mechanism,®> C—C coupling between iodobenzene and
phenylboronic acid in toluene was independent of the PANP
size and of whether the PANP was encapsulated inside a
large G1 or G2 dendrimer or stabilized by small GO dendri-
mers. Catalysis was all the more efficient as the PANP
concentration was lower, and at high PANP concentration,
the yield was not quantitative, which was taken into account
by atom quenching by the PdNP in analogy to the high-
temperature Heck “homeopathic” mechanism. With 1 ppm
Pd, a TON of 540000 was obtained at room temperature,
although the reaction was slow.®® When the terminal “click”
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dendrimer groups were sulfonates, they were water-
soluble and stabilized PANPs (but did not encapsulate them,
Figure 5), and the Suzuki—Miyaura coupling of iobenzene
with phenylboronic acid was conducted in aqueous solvents
resulting in TONs up to almost 10000 (almost quantitative)
under ambient conditions with TOFs up to 1500 mol Phl
(mol Pd)~" h~1%7 these values being higher than with the
comparable “click” sulfonate polymer.®®

The next series of “click” dendrimers were designed
to contain both triazolyl linkages and tri(ethylene glycol)
(TEG) termini in Percec-type tripodal dendrons.®® These new
water-soluble dendritic nanoreactors were efficient in both
molecular’® and PdNP catalysis.”" The GO dendrimer con-
tains 27 TEG termini and 9 triazole linkers, whereas the G1
dendrimer contains 81 TEG termini and 27 triazole linkers.
Addition of Pd" ions as K,PdCl, in water was shown by
UV-vis spectroscopy to coordinate efficiently only to the
triazole ligands according to a 1:1 Pd/triazole stoichiometry.
Reduction to PdNPs yielded a large supramolecular assem-
bly that required several dendrimers to stabilize a single
truncated bipyramid PANP of 1.4 + 0.7 nm core size con-
taining approximately 100 Pd atoms. On the other hand,
the dendrimer size of G1 hardly increases upon PdNP
encapsulation. The dendrimer-stabilized PANPs are stable
in air and water and retain their catalytic activity for months,
the GO-stabilized PANPs being the most active catalyst.
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TABLE 1. Selected Examples of Extremely Active PANP Catalysts Discussed in the Text?

catalyst PANP (nm) R solvent temp (°Q) Pd loading, TON
Pd(OAQ), H DMF/H,0, HMPA/H,0 85 5 ppm,? 200000
Pd(OAQ); H NMP/H,0 (19/1) 90 0.9 ppm,° 94444
Pd(OAC), + n-BusNBr S NMP/H,0 90 50 ppm,° 16600

N DMF 50 200 ppm, 4050

Pd/C 24 H NMP 140 50 ppm,*® 18000
Pd(OAC),/G3-P3 2.0 S H-0 80 10 ppm,*> 85000
Pd(OAC),/3 + TBAB 2.0-50 S H,0 100 10 ppm,*¢ 95000
K,PdCl,, PVP 10 S H,O/EtOH (3/1) 90 8 ppm,*” 117500
(NH,4),PdCl,/2 + TBAF 49 S H,0 100 0.28 ppm,*® 3570000 (Arl) 66 ppm, 14848 (ArCl)
PdCl,/1 3.0 S H,0 120 10 ppm,*® 100000 (ArBr)
PdCl,/1+ TBAB 3.0 S H,0 120 10 ppm,*® 66000 (ArCl)
H,PdCl,4/SBA-15 + TBAB 6.4 S H,0 80 6 ppm,>° 121666
K,PdCI/PPPI H EtsN 90 (3—5) x 10% ppm,>* low
K,PdCl,/G4-OH H DMA 140 25 ppm,>® 36800
K,PdCl,4/G4-OH 1.4 S H,O/EtOH (6/4) 80 1.5 x 10% ppm,*” low
K,PdCl,/G4-OH 32 S EtOH 78 550 ppm,>8 1771
K,PdCl,/G4-OH 1.6 St H,0 40 3 x 10% ppm,®Tlow
Pd(OAC),/GO-9Fc 28 S CHCl3/MeOH (2/1) rt 1 ppm®® 540000 (Arl)
K,PdCl,/ G0-9505~ 23 S H,O/EtOH (1/1) rt 100 ppm,%7 9200 (Arl)
KoPdCly/ G1-27505~ 2.8 S H,O/EtOH (1/1) rt 100 ppm,%” 9400 (Arl)
K,PdCl,/ GO-27TEG 1.4 S H,O/EtOH (1/1) 80 0.3 ppm,”" 2700000 (ArBr)
KoPdCly/ G1-81TEG 27 S H,O/EtOH (1/1) 80 1 ppm,”! 390000 (ArBr)

“YCatalyst, Pd source/stabilizer + additive; R, reaction (S, Suzuki; H, Heck; St, Stille; and N, Negishi). G4-OH, 4th generation PAMAM dendrimer with OH termini. PPPI,
perfluorinated polyether-derivatized poly(propylene) imine. GO-9Fc: zeroth-generation dendrimer with 9 ferrocene termini; G0-9SO5~ and G1-27S05~, zeroth- and
first-generation dendrimers with, respectively, 9 and 27 sulfonated termini; GO-27TEG and G1-8 1TEG, zeroth- and first-generation dendrimers with, respectively, 27

and 81 tri(ethylene glycol) termini.

These PdNPs catalyze Suzuki—Miyaura coupling of inacti-
vated bromoarenes with phenylboronic acids at 80 °C with
TONs that reach or overtake 1 million and that of iodoarenes
also at the sub-part per million level at 28 °C.”" It appears
that the TEG tethers, in addition to bringing biocom-
patibility,”? allow interpenetration of a set of dendrimers
to create large assemblies favoring PANP stabilization
(Figure 6). Comparatively, “click” polymers containing TEG
tethers are also extremely active but less stable, lacking the
nanocontainer property of the related “click” dendrimers.”>
For Heck or Suzuki—Miyaura coupling of chloroarenes, the
results are less impressive, because these PANPs decom-
pose above 100 °C, and classic surfactants used in large
quantities remain superior for “homeopathic” catalysis.
Note, however, that the “click” TEG dendrimers are fully
recycled and also used in very small quantities contrary to
surfactants.

The “click” TEG dendrimer-stabilized PANPs also effi-
ciently catalyze inter alia the more demanding Sonogashira
reactions at 100 °C, and the amount of Pd vs substrate that is
required reaches 0.01%, that is, higher than “homeopathic”
quantities. Nevertheless, the “ligand-free” nature of the PANP
precatalyst is of interest in terms of “green” chemistry despite
the lack of mechanistic information.

In Table 1, we compare the “homeopathic” catalysis for a
variety of carbon—carbon bond formation reactions catal-
yzed by PdNPs. The data show the advantage of recyclable
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dendrimers that stabilize highly active PANP precatalyst in
Miyaura—Suzuki reactions.

Conclusion and Propects

The “ligand-free” Pd-catalyzed Heck reaction was a considet-
able breakthrough from both standpoints of saving costly
ortoxic ligands and requiring so-called “homeopathic” quan-
tities of PANP catalysts; moreover, it provided the occasion
of a novel mechanistic insight into NP catalysis. The
“homeopathic’ nomenclature should not be taken here
strictly as in the traditional meaning of infinite dilution, but
the analogy only involves (i) activity at extremely low,
sometimes sub-part per million Pd concentration and (i)
catalytic activity increasing with dilution (until a certain
point) because the mother PANP quenches the active Pd
atoms, a process disfavored upon dilution. Consequently,
industrial applications resulted from this new generation of
catalysts. Recently, the principle of “homeopathic” catalysis
by PdNPs could be extended to room-temperature Suzuki—
Miyaura catalysis in aqueous solvents using preformed
PdNPs that were precisely designed in terms of size and
shape using dendrimers that permitted the optimization of
the PANP stability and efficiency. There are also an increas-
ing number of recent reports on homeopathic PANP catalysis
using stoichiometric amounts of cationic (ammonium or
imdazolium) stabilizers that allow chloroarene Heck and
Suzuki—Miyaura coupling in water. The requirement of
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these salts containing reactive anions in large excess facil-
itates the formation of palladate species that are better
candidates than neutral Pd species for the difficult oxidative
addition of aryl chlorides.

Alternatively, sophisticated microporous solid supports
that are eventually functionalized with cationic PANP stabi-
lizers also lead to excellent catalysis results in terms of
catalytic Heck and Suzuki—Miyaura reactions sometimes
using almost “homeopathic’ PANP amounts.”*

The forthcoming challenges leading to improved simulta-
neous stabilization and catalytic efficiency of Pd catalyst now
involve (i) “homeopathic” PANP catalysis requiring as little salt
as possible in aqueous solvents, (i) activation of chloroarenes
with “homeopathic” dendrimer-stabilized PdNPs, (iii) contin-
uous improvements of recyclable “homeopathic” heteroge-
neous catalysts, and (iv) extension of the “homeopathic’ PANP
catalysis beyond the Heck and Suzuki—Miyaura reactions to
other PdNP-catalyzed cross coupling reactions for which the
PdNP is still relatively high as reported in known studies.>>”*
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Partie 3. Polymeéres triazolylbiferrocéniques : syntheése, réseaux et applications.

La polycondensation par CuAAC ayant fait ses preuves lors de la synthése du
polymere PEG-trz 1’idée suivante était d’effectuer la méme syntheése de polymére,
mais en présence de deux monomeres différents de maniere a étendre 'utilité du
polymere. Le biferrocene posséde des propriétés ¢€lectrochimiques remarquables
impliquant trois différents degrés red/ox (Fe(Il)/Fe(Il), Fe(Il)/Fe(Ill), et
Fe(IlT)/Fe(11l)), ce qui conduit a diverses applications (composé électrolytique,
composé 4 valence mixe, composé électrochromique, sonde électrochimique...).") La
premicre €tape de ce projet consistait a synthétiser le diéthynyl biferrocéne, un
compos¢ connu nécessitant 4 étapes de syntheése dont un couplage d’Ullmann (qui
échoua a plusieurs reprises).?) Parallélement la synthése du di-azido PEGago a 6té
effectuée. Nous avions décidé d’utiliser le PEGy au lieu d’un simple TEG (comme
dans le cas de la partie 2) pour augmenter les chances d’hydrosolubilité. Cependant, le
co-polymere résultant de la polycondensation entre le diethynyl bifferocéne et le di-
azido PEGyy n’était pas soluble dans 1’eau, ce qui nous a conduit a effectuer la
synthése d’un autre co-polymére, cette fois hydrosoluble, comportant une unité
PEGjg00. Ces polyméres ont ét¢ dessinés et utilis€és pour stabiliser des PANPs trés
actives encore une fois en catalyse de Suzuki-Miyaura, mais aussi employés en
¢lectrochimie pour la reconnaissance de cations (étude effectuée par Amalia
Rapakousiou), et dans la synthése de polymeres a wvalence mixe/polymeres
electrochromiques (étude réalisée par le Dr. Yanlan Wang). Le potentiel d’oxydo-
reduction du couple Au(II1)/Au(0) étant supérieur a celui du couple Fe(IlI)/Fe(Il) d’un
des ferrocenes composant le biferrocene, ces polymeres PEG-trz-biFc ont servi a
réduire Au(Ill) et stabiliser les AuNPs qui se sont avérées actives en catalyse de
réduction du 4-NP en 4-AP.

Cette méme méthode de réduction de Au(Ill) en AuNPs a parallelement été utilisée
lors d’une collaboration avec Amalia Rapakousiou au cours de laquelle la
comparaison entre différent types de polymeres biferrocéniques (poly-styréne-
biferrocéne, poly-norbornene-biferrocene et poly PEG-trz-biferrocéne) a donné des
résultats remarquables. Lorsque 1’unité biFc se trouve en ramification, la formation
d’architectures polymériques en forme de filaments contenant des AuNPs (nano-
serpent = image du serpent gobant des AuNPs) au cours du temps est observée par
MET. En présence de polymere biFc ne contenant pas de ramification, aucune
architecture de ce type n’est visualisée. Ce comportement inhabituel est attribué a la
topologie du polymere ainsi qu’a la présence de 1’unité¢ biFc ionique oxydée en
Fe(IlT)/Fe(I1) par Au(Ill). Ces différents polymeres biFc ont aussi pu étre comparés
pour d’autres applications (catalyse, reconnaissance ¢électrochimique, etc.).

Références:
1) a) Djeda, R.; Rapakousiou, A.; Liang, L.; Guidolin, N.; Ruiz, J.; Astruc, D. Click syntheses of 1,2,3-triazolylbiferrocenyl
dendrimers and the selective roles of the inner and outer ferrocenyl groups in the redox recognition of ATP * and Pd *" Angew.
Chem. Int. Ed. 2010, 49, 8152 —8156; b) Dong, T.-Y.; Chang, S.-W.; Lin, S.-F.; Lin, M.-C.; Wen, Y.-S.; Lee, L. Toward the
development of molecular wires: A terpyridine spacer containing polyferrocenylalkyne linkages, Organometallics 2006, 25,
2018-2024.
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Abstract: Simple “click” polycondensation metallopolymers
of redox-robust bis(ethynyl)biferrocene (biFc) and di(azido)
poly(ethylene glycol) (PEG400 and PEG1000) were designed
for multiple functions including improvement of water solu-
bility and biocompatibility, the introduction of mixed valency
and sensing capabilities, and as nanoparticle stabilizers for
catalysis.

The development of sustainable and biocompatible nano-
materials that have a variety of functions is highly desirable.!"
Here we propose a significant step toward this goal by using
biferrocene units to construct water-soluble polymers, which
can be used for a variety of applications including sensing and
catalysis. Nowadays, a variety of ferrocene-based polymers
are known, which exhibit very useful electrochromic proper-
ties. For example, orange ferrocene polymers that turn blue
upon oxidation to ferricenium were synthesized by ring-
opening polymerization of ferrocenophanes by Manners and
co-workers.”l To strengthen the electron-deficient ferrice-
nium groups in polymers, we have now synthesized biferro-
cene®* polymers in which the electron-releasing ferrocene
units stabilize the adjacent ferricenium units to produce
robust blue-green mixed-valence biferrocenium polymers. In
addition to the electrochromic properties, these new metal-
lopolymers have been constructed with poly(ethylene glycol)
(PEG) chains that not only introduce water solubility and
biocompatibility to the nanomaterials but also provide
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reasonable dimesions to make use of the enhanced perme-
ability and retention (EPR) effect to achieve accumulation in
cancer cells.”) The PEG chains and biferrocene (BiFc) units
have been assembled by the copper-catalyzed alkyne-azide
1,3-cycloaddition (CuAAC) reaction (“click” chemistry),l®7”)
generating 1,2,3-triazole (trz) linkages. Indeed, these hetero-
cyclic nitrogen ligands are known to sense and stabilize
transition-metal ions such as Pd" and Au'™, which in turn are
precursors for useful metal nanoparticles (NPs) if the polymer
can protectively encapsulate and stabilize them.®! Small Pd
NPs and Au NPs are efficient catalysts for a variety of
reactions, and their stabilization through the triazole-con-
taining polymer would be a fast and efficient way to provide
templated catalysts. Depending on the Au™ to Au’ reduction
mode, the size of the Au NPs might be tuned for various
applications in catalysis or biomedicine, in which the PEG
coating provides additional benefits. Another interesting
property of the biferrocene polymers is that the parent unit
itself reduces Au'™ to the polymer-stabilized Au NPs.

The synthesis of the copolymers PEG-trz-biFc 4 [poly-
(PEGy-biFc)] and 5 [poly(PEG -biFc)] was achieved by
the simple CuAAC “click” reaction between bis-azido-
poly(ethylene glycol) with molecular weights of 400 or 1000
gmol ™! (PEG,y, and PEG,; 1 and 2, respectively)® and 1,1’
biethynyl-biFc 3.1 The biferrocene unit provides the electro-
chemical properties (recognition ability, polyelectrolytic and
polyelectrochromic features) while the PEG chains of vari-
able length introduce tunable solubility into the polymer. The
1,2,3-triazole ring constructed by “click” chemistry stabilizes
active palladium nanoparticles for catalysis of the Suzuki-
Miyaura™ reaction, which was performed with as little as 2 to
20 ppm of Pd. Additionally, gold nanoparticles were used to
efficiently catalyze the reduction of 4-nitrophenol.

The “click” polymerization (polycondensation) between
1 or 2 and diethyne 3 is carried out at 40°C over 2 days in
THF/H,O (3:2) using the Sharpless—Fokin catalyst consisting
of CuSO,, H,O (5equiv), and sodium ascorbate (NaAsc;
Scheme 1). After removal of the copper ions the polymers are
precipitated from Et,O providing 4 as a red-orange air-stable
film and 5 as a paste in 78 % and 58 % yield, respectively (see
the Supporting Information, SI).

These neutral metallopolymers have been fully charac-
terized by NMR, UV/Vis, and IR spectroscopy, matrix-
assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometry, elemental analysis (EA), cyclic
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Scheme 1. Synthesis of the PEG-biFc polymers 4 and 5 and the mixed-valence polymers 6-9).

voltammetry (CV), and size-exclusion chromatography
(SEC) (SI). Mass spectrometry shows that 4 is composed of
at least eight co-units, which corresponds to 15 trz rings. No
higher polymer has been observed by mass spectrometry
presumably due to saturation of the detector with small
oligomers. The polydispersity of PEG, prevents the obser-
vation of 5 by mass spectrometry. No chain terminus (CH,-N,
or -C=CH) has been observed in the NMR spectra of either
polymer. The polymeric nature of 4 and 5§ was also confirmed
by IR spectroscopy (no vibrations corresponding to azide and
alkyne groups were found) and by CV measurements
(estimation for 4: 62 4+ 12 co-units; 5: 131 £ 20 co-units; SI).
The dispersity of the polymers was measured by SEC analyses
(4: D=1.24 and 5: D=1.27) and is particularly low for
a polycondensation process, which makes it possible to
exclude the formation of macrocyles. If any macrocycles
would be formed in small quantities, they would be removed
during the precipitation from ether.[*?

The polymers exhibit a variety of interesting features.
First of all, the synthesis is very simple, because only one step
is needed from known products, and the CuAAC reaction
conveniently yields products, which are easy to purify.
Secondly, the use of PEG units introduces biocompatibility,
while at the same time the easy availability and simple
synthesis from the starting materials 1 and 2 is maintained.
Additionally, the use of linear PEG minimizes steric bulk
around the trz-biFc-trz units. Thirdly, the “click” chemistry
provides triazolyl groups, which are important for the binding
of metals and the stabilization of metal NPs. The crucial role
of the trz rings in the catalysis by metal NPs is exemplified
below.™™ Finally, the presence of biFc units results in multiple
stable redox states, which is the most interesting feature of
polymers 4 and 5. These polymers have multifaceted supra-
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molecular properties: because of
their redox properties and as
stable and isolable mixed-valence
compounds, they can act as molec-
ular electron storage systems.
Cyclic voltammetry involving the
bis(trz-Fc) units has been applied to
sense ions with potential applica-
tions such as the fabrication of
modified electrodes. The solubiliza-
tion properties of the two polymers
with distinct PEG lengths are com-
plementary; indeed 4 is soluble only
in CH,Cl,, CHCl;, DMF, whereas
due to the long PEG chain, 5 is
soluble in many more solvents
including THF, MeOH, EtOH,
and H,O.

The cyclic voltammograms of 4
and 5 measured with a Pt electrode
in CH,Cl, using 0.1mM [nBu,N][PF,]
as the supporting electrolyte and

n=7-8 4
n=21-22 §

X n=7-8 X =PFs 6
n=7-8 X =BF,7
n=21-22X =BF, 8
n=21-22X=Cl- 9

decamethylferrocene, [Cp*,Fe]
(Cp*=1’-CsMe;), as the internal
reference show two reversible

waves at 0.440 and 0.785V wvs.
[Cp*,Fe]™ (Figure 1a) and 0.420 and 0.800 V vs. [Cp*,Fe]™
(ST), respectively. The presence of only two reversible waves,
like in biferrocene itself, implies that the two Fc moieties of
one biFc unit are dependent on each other, whereas each biFc
unit is independent of other biFc units. One interesting

V vs. FeCp*, :
1.0 0.8 06 04 02 0 -0.2 1.0 0.8 0.6 04 02 O
. d)
|5 nA
200
: 300 vimvis)
500
"V vs. FeCp*, V vs. FeCp",

T T T

1.0 0.8 0.6 04 0.2 O 1.2 1.0 0.8 06 04 0.2 0
Figure 1. a) Cylic voltammogram of 4 in CH,Cl,; reference electrode:
Ag; working and counter electrodes: Pt; scan rate: 0.2 Vs™'; support-
ing electrolyte: [nBu,N][PF4]. Two reversible waves are present, one at
0.440 V and a second at 0.785 V. b) Progressive adsorption of 4 upon
scanning around the biFc area. c) The modified Pt electrode at various
scan rates in a CH,Cl, solution, which only contains the supporting
electrolyte). d) Splitting of the second oxidation wave upon addition of

Pd(OAc), to 4 (1 equiv of Pd" per BiFc unit).
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feature of 4 is its progressive adsorption on the electrode, as
can be seen from the cyclic voltammogram (Figure 1b). This
allows the facile formation of robust metallopolymer-modi-
fied electrodes upon scanning back and forth around the biFc
potential zone (Figure 1c¢). Variation of the intensity with the
scan rate during the electrode modification provides a linear
function as it would be expected for a correctly modified
electrode (SI). The adsorption of 5 on the electrode is weaker
than that of 4 owing to the better solubility of 5 and its
ferricenium form. The CV behavior of 4 allows its use and
that of the corresponding modified electrode for ion recog-
nition. After addition of Pd(OAc), to a solution of 4,
a splitting of 70 mV of the second biFc oxidation wave is
observed, reflecting the coordination of Pd" to the nitrogen
atoms of the trz ligand. This modifies the electron density of
the Fc centers (Figure 1d). The complexation of Pd(OAc), by
trz can also be monitored by "H NMR spectroscopy in CDCly/
MeOH (this solvent mixture was also used in the Pd NP
catalysis, see below). The 'H NMR signal of the acetate is
shifted upon addition of 4. This shift is observed until 1 equiv
Pd(OAc), per triazolyl ring has been added (SI). The 1:1
stoichiometry of Pd"/trz ligand proves to be important in
catalysis (see below), when Pd NPs resulting from the
reduction of trz-coordinated Pd" species are used.

The proximity of the Fc moieties in the BiFc units implies
another application, which is the synthesis of stable mixed-
valence polymers affording electrochromic and polyelectro-
Iyte materials. The mixed-valence polymers 6 and 7 were
quantitatively synthesized by stoichiometric exergonic reac-
tions of 4 in CH,Cl, with [Cp,Fe][PFs] and [Cp,Fe][BF,],
respectively, because the redox potential of [Cp,Fe]™ is
higher than the first oxidation potential of the biFc™ units.
An additional driving force for these reactions is the
precipitation of the mixed-valence polymers 6 and 7 from
CH,Cl,. The acetonitrile-soluble polymers 6 and 7 are blue-
green, whereas the starting material 4 is orange. Likewise, the
mixed-valence polymer 8 was synthesized from § in the
presence of 1equiv [Cp,Fe][BF,] per biFc unit and fully
characterized (SI). The mixed-valence polyelectrolytes 6 and
7 are insoluble in water, whereas 8 is water-soluble. The three
polymers were characterized by UV/Vis, FTIR, near-IR, and
Mossbauer spectroscopy. The FTIR spectrum of 6 inconven-
iently contains a band of PF,~ at 841 cm™!, but both the
ferrocenyl and the ferricinium groups of the BF, polymeric
salts 7 and 8 are detected at 818 cm™ (vg) (compare to
819 cm™' in 4) and 832 cm™" (Vvg), respectively (SI), indicating
alocalized mixed valency even at high IR frequency (10" s7),
which was already observed for the parent biferrocenium.
Further proof of this class II mixed valency is the presence of
absorption bands in the near-infrared range corresponding to
a transition from the ground state to the intervalence charge-
transfer (IVCT) state (SI). The recorded Mssbauer spectrum
of 6 (Figure 2) at zero field and 78 K further confirms the
localized class II mixed valency with the presence of both the
ferrocenyl and the ferricinium groups, which was expected
since this spectroscopic method covers lower frequencies
(107 s7") than IR. Finally in the UV/Vis spectra the 1,,,, of 6-8
(ca. 600 nm) was strongly shifted relative to the 4,,,, of 4 and 5
(ca. 456 nm) (SI).

Angew. Chem. Int. Ed. 2014, 53, 8445-8449

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

67

Angewandte
intermationalediion. CHEIMIIE

3570000
3560000
3550000
3540000
3530000

Transmission

3520000

3510000
3500000 -

V (mm/s)

Figure 2. M6ssbauer spectrum of 6 at zero field and 78 K showing the
localized class Il mixed valency at 10’ s™' with both ferrocenyl (doublet
1.5.=0.536 mms ™' vs. Fe; Q.S.=2.192 mms™") and ferricinium
groups (doublet 1.5.=0.490 mms™' vs. Fe; Q.S.=0.571 mms™').

The presence of triazole units in the polymer chains allows
the coordination of 1 equiv Pd" or Au™ ions per heterocycle
ligand (see above and SI) and further reduction leads to the
formation of polymer-stabilized Pd NPs and Au NPs,
respectively. These nanomaterials were shown to be active
catalysts for various reactions. In addition, it was shown that
the longer PEG chains in 5 (PEG ) result in the solubiliza-
tion of these stabilized NPs in water.

The Suzuki-Miyaura reaction has been conducted in the
presence of Pd NPs stabilized by 4 and §. Polymer 4 is mixed
with Pd(OAc), (1 equiv per triazole unit) in CHCl;/MeOH (2/
1) and stirred for 5 min. Then NaBH, (10 equiv per Pd") is
added to the solution, leading to the formation of black Pd
NPs. These stable Pd NPs at a loading of 0.25 mol % Pd are
efficient in the Suzuki-Miyaura cross-coupling reaction of
various bromoarenes with phenylboronic acid (Table 1) in
CHCly/MeOH (2:1) at 90°C for 16 h. The water-soluble Pd
NPs stabilized by 5 are prepared by mixing aqueous solutions
of 5 and K,PdCl, at 20°C and stirring for 5min (1/1 Pd/
triazole stoichiometry) followed by the quick addition of
a NaBH, solution (10 equiv per Pd™). The yellow solution of
Pd"-5 instantaneously turned orange-brown (SI), confirming
the formation of Pd NPs. Transmission electron microscopy
(TEM) reveals that the size of Pd NPs stabilized by 5is (2.3 +
0.6) nm after they had been stored for one month, which is
ideal for efficient catalysis (Figure 3).

The Suzuki-Miyaura reaction has also been performed
with this catalyst system, using the “greener” solvent mixture
EtOH/H,O (1:1) at 80°C for 24 h with only 20 ppm of Pd (Pd
NPs). The results are summarized in Table 1 and demonstrate
the high activity of 5-PdNPs. A loading of only 20 ppm Pd is
sufficient to obtain good yields using both activated as well as
deactivated bromoarenes. Moreover, the amount of Pd can be
further reduced. In the case of the coupling of 4-bromoace-
tophenone and phenylboronic acid at 80°C only 2 ppm of Pd
was necessary to achieve a reaction yield of 82% after 36 h
(TON =410000, TOF=11400 h™"). The use of such a low
amount of catalyst is very rare in the Suzuki-Miyaura
reaction, further underlining the interesting properties of
the nanomaterial described here. A comparative table (SI)
positions 5-PdNPs as one of the best catalysts known for the
Suzuki-Miyaura reaction.
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Table 1: Results of the Suzuki-Miyaura reaction of bromoarenes in the

presence of Pd NPs stabilized by 4 and 5.
HO PdNPs, K;PO,

R Br+ f R
HO

EEE— .

Bromoarene Conditions®™ Conv. [%]® Yield [%] TON [h™"] TOF[h7]

R=

H A (PdNP-4) 100 99 396 24.8
CH, A (PANP-4) 100 97 388 243
OCH, A (PANP-4) 98 97 388 243
NO, A (PdNP-4) 100 99 396 24.8
CHO A (PANP-4) 100 99 396 24.8
COCH, A (PdNP-4) 100 99 396 24.8
H B (PANP-5) 100 90 45000 1875
CH, B (PANP-5) 100 80 40000 1667
OCH, B (PANP-5) 100 78 39000 1625
NO, B (PANP-5) 100 91 45500 1896
CHO B (PANP-5) 100 91 45500 1896
COCH, B (PANP-5) 100 99 49500 2062

[a] Conditions A: the reactions were carried out with 1 mmol of bromoar-

ene, 1.5 mmol of phenylboronic acid, 2 mmol of K;PO,, and 0.25 mol % of

Pd NPs stabilized by 4 in 3 mL of CHCl;/MeOH (2:1) for 16 h at 90°C.

Conditions B: the reactions were carried out with 1 mmol of bromoarene,
1.5 mmol of phenylboronic acid, 2 mmol of K;PO,, and 0.002 mol % of Pd

NPs stabilized by 5 in 6 mL of EtOH/H,0O (1:1) for 24 h at 80°C. [b] The
conversion was determined by "H NMR analysis. [c] Yield of isolated
product.

50%
45%

40%
35%
30%
25%

20%

15%

10%
o
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14-20nm 2.0-24nm 24-28nm 28-3.2nm

Figure 3. a) TEM image of Pd NPs stabilized by 5. b) Size distribution
of the Pd NPs present in the TEM picture (average size of 103 Pd
NPs: (2.3+£0.6) nm).

Polymer 5 is oxidized to the mixed-valence water-soluble
polyelectrolyte 9 when 1 equiv HAuCl, is added per 3 equiv
biferrocene unit according to the redox stoichiometry,
thereby forming Au” atoms that give polymer-stabilized Au
NPs. Due to the plasmon absorption, which is detected by
UV/Vis spectroscopy at 534 nm (SI) the Au NPs solution
presents a purple coloration. TEM analysis shows that these
Au NPs have an average size of around (12+2)nm
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Figure 4. a) TEM image of Au NPs synthesized by reduction of Au'""

with 5. b) Size distribution of the Au NPs present in the TEM picture
(average size of 98 Au NPs: (12+2) nm).

(Figure 4). Scheme 2 shows the reduction and stabilization
of both 5-PdNPs and 5-AuNPs. The Au NPs (0.6-1.2 mol %)
were used to catalyze the reduction of 4-nitrophenol to 4-
aminophenol by an excess of NaBH,; 4-aminophenol is
a potential industrial intermediate in the production of many
analgesic and antipyretic drugs, anticorrosion lubricants, and
hair dyeing agents.' When 1.2 mol % of Au NPs is used, the
reaction is complete within 350 seconds, which corresponds to
a kypp value of 6.0 x 107* s™'. The reaction rate constant k,y, is
calculated using the rate equation —In(C/Cy)=k,,,t (the
catalyst exhibits pseudo-first-order kinetics; SI).

In conclusion, the two copolymers 4 and 5 synthesized by
“click” polycondensation show multifunctional properties as
polyelectrolytes and electrochromes, redox sensors for tran-
sition-metal cations, electrode modifiers, and excellent tem-
plates for the synthesis of efficient Pd and Au nanoparticle
catalysts. The biferrocene unit provides a more stable
ferricenium form than the parent ferricenium, which makes
the polymers ideal as class II mixed-valence polyelectrolytes
and electrochromes. The proximity of the triazole ring to the
biFc units facilitates redox sensing as well as the under-
standing of the stoichiometry of metal cation complexation.
The stabilization and solubilization of Pd NPs and Au NPs by
easily available polymers yield extremely efficient catalysts
for current organic reactions.
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Scheme 2. Synthesis of Pd NPs (left) and Au NPs (right).
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ABSTRACT: Polymers containing triazolylbiferrocene
are synthesized by ROMP or radical chain reactions and
react with HAuCl, to provide class-2 mixed-valent
triazolylbiferrocenium polyelectrolyte networks (observed
inter alia by TEM and AFM) that encapsulate gold
nanoparticles (AuNPs). With triazolylbiferrocenium in the
side polymer chain, the intertwined polymer networks
form nanosnakes, unlike with triazolylbiferrocenium in the
main polymer chain. By contrast, simple ferrocene-
containing polymers do not form such a ferricenium
network upon reaction with Au™, but only small AuNPs,
showing that the triazolyl ligand, the cationic charge, and
the biferrocenium structure are coresponsible for such
network formations.

Gold nanoparticles (AuNPs) have attracted considerable
interest because of their applications in optics, nano-
electronics, nanomedicine, and catalysis depending on their size,
shape and stabilizer." Therefore, the way into which specific
macromolecules direct such NP formation and assembly
including size, shape, and organized network is of paramount
importance toward nanoscience applications.2 Ferrocene-con-
taining macromolecules® may be biocompatible candidates for
AuNP stabilization owing to the suitably matching redox
potentials of ferrocenes and Au™ precursors* and the antitumoral
properties of various ferrocene derivatives,” although such a
strategy has not yet been envisaged. An engineered approach to
biferrocene polymer-mediated stabilization and encapsulation of
AuNPs is presented here together with the intriguing properties
of these new nanomaterials.

A simple way to construct ferrocene polymers is to branch
ferrocene to polymerizable monomers by click Cu(I)-catalyzed
Azide Alkyne Cycloaddition (CuAAC) reaction using commer-
cial ethynylferrocene 1.° A ferrocenyl-containing poly-
(norbornene) polymer 4 was synthesized using the ring-opening
metathesis polymerization (ROMP) of monomer 2 using the
third-generation Grubbs catalyst 3.” The reaction of 4 with
HAuCl, leads to a triazolylferricenium polymer, but this product
rapidly decomposes due to the instability of the ferricenium
group under these conditions. Therefore, we subsequently
addressed the possibility of using biferrocene, because the mixed-
valent biferrocenium cation® is much more robust than

-4 ACS Publications  ©2014 American Chemical Society

ferricenium (Scheme 1). Thus, low-dispersity biferrocene
analogues 7 and 8 of 6 were synthesized identically with 30

Scheme 1. Synthesis of Biferrocene Polymers 7 and 8
Involving ROMP Initiated by the Ru Metathesis Catalyst
“Grubbs III”
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and 60 triazolylbiferrocene units, respectively. These polymers
were characterized by "H and *C NMR including HSQC 2D,
HMBC 2D, and NOESY 2D NMR (Supporting Information
(SI)) and cyclic voltammetry showing only the two chemically
and electrochemically reversible waves of the biferocenyl units at
0.42 and 0.75 V* due to the absence of intramolecular electronic
interaction among the multiple biferrocenyl units.

The reactions of these biferrocene polymers with HAuCl, in
dichloromethane—methanol provided the formation of Au’NP-
containing nanostructures 7a and 8a that were stabilized by the
green mixed-valent triazolylbiferrocenium polymer 7%,CI” or
8*,Cl™ (Scheme 2) according to the stoichiometry of eq 1:

3Fe''Fe" + H Au"'Cl,~
— 3[Fe"Fe™'T"CIT, Au®, HYCI (1)

IR spectroscopy of 7a and 8a shows the presence of both Fe'"
(ferrocene C—H bending, 813 cm™") and Fe'" (ferricenium C—
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Scheme 2. Formation of Biferrocenium Chloride Polymer-
Encapsulated AuNPs upon Reaction of 7, 8, or 9 with HAuCl,
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H bending, 834 cm™), near-infrared spectroscopy shows the
presence of the intervalent charge-transfer band at A, = 1558
nm, characteristic of class-II mixed valency,9 and CV shows the
same waves as the precursor polymers 7 and 8 (SI).

Incubation for 1 week progressively led to the formation of
polymer nanosnakes 7b and 8b (Scheme 2). After only 3 days,
the nanosnakes are not yet formed, but their nanostructuration
appears in progress by TEM (SI, p S74). Finally, the isolated
nanosnakes shown in Figure 2a presents a thickness of 8.7 nm
+1.5 nm, alength of 210 + 15 nm, and encapsulated 11 spherical
AuNPs of 13.5 + 1.5 nm size observed by transmission electron
microscopy (TEM) with inter-AuNP distances of 5.2 + 3 nm.
The formation of polymer nanosnakes is taken into account by
the electrostatic repulsion between the cationic biferrocenium
units that is characteristic of polyelectrolytes.'’

At this point, it was necessary to investigate the relationship
between the polymer structure and the morphology of the
AuNPs that are formed upon reaction with HAuCl,. Lengthening
the polymer by increasing the number of biferrocene units from
30in 7 to 60 units in 8 did not provoke a significant morphology
change.

The polymer framework was modified otherwise by designing
another monosubstituted polymer 9 containing biferrocenyl
units in the side chain. The CuAAC “click” reaction with
ethynylbiferrocene 5 and a polystyrene core with an azido
terminus catalyzed by [Cu'tren(benzyl)s], 10,'" provided the
triazolylbiferrocene polymer 9 (Figure 1).

Upon treatment of 9 (containing approximately 30
biferrocene units; see SI, pp S48, S53, and S56) with HAuCl,
followed by incubation for 1 week under the same conditions as
those with 7 and 8, the isolated biferrocenium-containing

. S
= e
So~uds
9

Figure 1. Polystyrene-derived polymer containing the biferrocene units
in the side chain synthesized by “click” CuAAC reaction.

polymer nanosnake 9b presented in TEM a length of 269 + 10
nm, a thickness of 8.5 + 2 nm and contained 14 AuNPs of 14.5 +
1.5 nm size with inter-AuNP distances of 13.5 = 1.5 nm (Figure
2b). Thus, the similarity of nanosnakes 7b, 8b, and 9b that

N

200 nm

Figure 2. TEM of (a) 8b, (b) 9b, (c) 13b, and (d) 9c.

encapsulate spherical AuNPs obtained with the two very distinct
types of polymerization and distinct polymer length showed that
the nanosnake formation does not significantly depend on these
parameters. Reduction of 9b by NaBH, to its neutral biferrocenyl
form 9c leads to flocculation, and TEM (Figure 2d) shows
AuNPs of the same size as in the case of 9b, but the network is
destroyed due to the absence of electrostatic contribution to the
AuNPs stabilization.

Another drastic structural modification is the incorporation of
the biferrocenyl unit in the main polymer chain instead of the
side chain. Thus, such a disubstituted biferrocene-diyl polymer
13 was prepared by CuAAC polycondensation of bis(azido)
trieglylene glycol 11 with bis(ethynyl)biferrocene 12 (Scheme
3).

Reactions of these polymers with HAuCl, were carried out
analogously and also provided AuNPs that are stabilized and
encapsulated by mixed-valent biferrocenium chloride polymers
13a (Scheme 4). Incubation showed that the polymer containing
bis(triazolylferrocenium) in the main chain led to a well-
organized non-nanosnake network 13b (TEM, Figure 2c). It can
be concluded that the nanomaterial containing biferrocenium

dx.doi.org/10.1021/ja5079267 | J. Am. Chem. Soc. 2014, 136, 13995—13998
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Scheme 3. “Click” CuAAC Synthesis of Biferrocene Polymers
Containing the Biferrocene Units in the Main Chain*
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Scheme 4. Reaction of the Biferrocene Polymer 13 with
HAuCl, Giving Biferrocenium Chloride Polymer-
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chloride in the main chain lacks the driving force for nanosnake
formation. The much larger distance between the biferrocenium
units than in the nanomaterials containing biferrocenium choride
in the side chain considerably weakens the electrostatic repulsion
between the cationic charges of all biferrocenium units that is a
key parameter for the nanosnake formation.

The large thickness of the nanosnakes in 7b, 8b, and 9b
indicates that more than a single polymer unit is involved in each
nanosnake and that a group of several biferrocenium chloride
polymer units are intertwined. Likewise, the length of the
nanosnakes is much larger than that of a single polymer unit,
which confirms the requirement of intertwining several polymer
units in order to reach the nanosnake length.

Although trz-ferrocene polymers decompose upon oxidation
by HAuCl,, comparison of these nanosnakes with a related
ferricenium polymer can be done upon using an amidoferrocene
polymer 14 (Figure 3). Indeed, oxidation of 14 by HAuCl, yields
a stable ferricenium nanostructure 14b in which only small

14 14a

Figure 3. (a) Homopolymer 14 synthesized by ROMP and (b) its
oxidation product 14a by reaction with HAuCl,.

AuNPs are observed by TEM without an apparent network (SI, p
S81). This points out the importance of the triazole in the AuNP
network formation that originates from the complexation of
precursor Au' ions by the triazole moiety.

Atomic force microscopy studies of AuNPs 8 and 8b were
performed on a graphite surface by peak force tapping mode
where adhesion is mapped simultaneously with topography. The
topography images of 8 showed the polymer with an average
height of 7 & 1.5 nm that did not form nanosnakes (S, p $43). In
the case of 8b however very long nanosnakes on the order of
200—300 nm were observed with a height of 18—35 nm.
Adhesion of 8b was mapped providing qualitative mechanical
information on the sample. Figure 4a shows an adhesion image of

g
&
-
2
b+
2
&

Z (nm)

Figure 4. AFM adhesion images of biferrocenium chloride polymer-
encapsulated AuNPs 8b: (a) at 2 ym scale, (b) at 270 nm scale at which
the force curves of A, B, and C were recorded.

8b, and Figure 4b shows a zoom of one of the nanosnakes. The
force curves were obtained while the two images were recorded
which allowed examining the nature of the nanomaterial. In all
cases three different regions A, B, and C were observed
corresponding to three different force curves (Figure 4b).

The force curves of region A show that the round black zones
belong to a less elastic and stiffer part of material that would
belong to the AuNPs. On the other hand the force curves of
region C show a larger adhesion of the white zones presenting a
softer and more flexible nanomaterial that would correspond to
the organic part of polymer 8b. At last brown zones B
(surrounding regions A) show intermediate force curves with a
different adhesion from regions A and C, presumably due to the
electrostatic forces of the biferrocenium chloride units that are
stabilizing the AuNPs. These three different kinds of force curves
A, B, and C are similar in all recorded adhesion images of the
sample of 8b.

13997 dx.doi.org/10.1021/ja5079267 | J. Am. Chem. Soc. 2014, 136, 13995—13998



Journal of the American Chemical Society

Communication

In conclusion, it has been shown that the first metallopolymers
containing biferrocene in the side chain synthesized with various
structures by ROMP with the Grubbs-III metathesis catalyst or
radical chain form, upon oxidation with HAuCl, in dichloro-
methane—methanol followed by one-week incubation, class-II
mixed-valent biferrocenium chloride nanosnake polymers that
encapsulate AuNPs. With biferrocene in the main polymer chain,
a non-nanosnake network that encapsulates AuNPs also forms,
but only small AuNPs without a polymer network are observed
by TEM when polyferrocene without a triazolyl substituent
synthesized by ROMP is oxidized by HAuCl,. This shows that
the combination of the triazole ligand and the positive charge of
the biferrocenium polymer are responsible for the AuNP
encapsulation. The nanosnake formation by intertwining
polymers is specific to electrolyte metallopolymers with
triazolylbiferrocenium in the side chain. This nanoengineering
strategy involving structural and electrostatic parameter
variations shows that AuNP wrapping and encapsulation by
metallopolymers can control networks eventually forming
nanosnakes. Applications are forecasted for the control and
visualization of polymers and nanostructures.
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Abstract

Four different triazolylbiferrocenyl-containing polymers are used for the stabilization
of palladium nanoparticles (PANPs) upon reducing triazole-coordinated Pd(II) both in
organic solvents and in water. The resulting PANPs are active in the Suzuki-Miyaura
coupling of bromoaromatics even with down to only 20 ppm of Pd. The comparison
between the four different polymer-stabilized PANPs allows concluding that a flexible
polyethylene glycol moiety in the linear triazolylbiferrocenyl polymer permits a better
stabilization of the PANPs than polymers containing triazolylbiferrocenyl side chains

with a rigid styrene or succinimide moities.
Keywords

Palladium; nanoparticle, catalysis; polymer; biferrocene; click
Introduction

Catalytically active metallic nanoparticles (MNPs) that result from the reduction of
ionic metals M™" to zero-valent metals M” must be stabilized by nanosystems in order
to avoid aggregation.!"! Macrolecules such as polymers'?! and dendrimers™ have for a
long time fulfilled the role of MNP stabilizers. Following the pioneer work by
Crooks’group in which the stabilization of various MNPs by PAMAM dendrimers
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and their catalytitic activity has been reported,”] our group as developed the
stabilization of catalytically-active PdNPs by wvarious 1,2,3-triazolyl-containing
dendrimers*! that were assembled by “CuAAC” click chemistry.”) Thereafter, related
work has been conducted in which 1,2,3-triazolyl-containing polymers replaced
clicked dendrimers for a catalytic purpose bringing the advantage of lower synthesis
cost and time.'” Poly-azidomethylstyrene has been functionalized first by three
different ethynyl-containing molecules (phenyl acetylene, ethylnyl ferrocene and the
sodium propargyl sulfonate) and then used for the stabilization of small PANPs (from
1.0 to 2.8 nm). While these PANPs were active in the alkene hydrogenation catalysis,
no quantitative reaction was observed in the Suzuki-Miyaura reaction of carbon-
carbon coupling between iodobenzene and phenyl boronic acid.[® Then, polymers
that were synthesized by “click” CuAAC polycondensation between a di-azido-poly
ethylene glycol (PEG) unit and a di-alkyne-PEG unit were used in the stabilization of
PdNPs. This latter family of linear water-soluble polymers stabilized PANPs (1.6 +
0.3 nm) that were very active in the Suzuki-Miyaura coupling between bromo-
aromatics and phenyl boronic acid even with only 0.0001 % mol of Pd at 80°C in a
H,O/EtOH mixture.” Now, we are comparing various linear polymers with similar
functional groups in the stabilization of PANPs as catalyst for the Suzuki-Miyaura
C-C coupling reaction, in order to delineate the factors that lead to the optimization of

the efficiency of this type of catalyst.

Biferrocene has been used in the organometallic field for its electrochemical
properties.””) Indeed the three main oxidation states of biferrocene (Fe(II)/Fe(Il),
Fe(llT)/Fe(Il) and (Fe(Ill)/Fe(Ill)) have been applied using the incorporation of
biferrocene into metallomacromolecules for various applications (mixed-valency,
polyelectrochromes, polyelectrolyte).®! Another interest of this molecule is that its
monoethynyl and diethynyl derivatives have been successfully synthesized and
isolated’ contrary to diethynylferrocenes that are not stable. Thus biferrocene has
been incorporated into three different polymers by one or two successive “click”
CuAAC reactions.® In these polymers, the biferrocenyl or beferrocene-diyl units
are located in the lateral chain of two polymers (poly-styrene and poly-norbornene)
and in the linear chain of the last kind of polymer synthesized by CuAAC
polycondensation. Here these three metallopolymers are used and compared in the

stabilization of PANPs for catalytic application.



Result and discussion

Since the CuAAC “click” reaction is used to synthesize polymers, these
macromolecules contain the crucial 1,2,3 triazole that has already been shown in
carlier works by cyclic voltammetry and '"H NMR to quantitatively coordinate to
Pd(II) ions."" Poly(styrene-1,2,3 triazolylbiferrocene) 1 and poly(norbornene-1,2,3
triazolylbiferrocene) 2 were previously synthesized by free-radical polymerization
with AIBN as initiator and ROMP polymerization with Grubbs 3™ generation catalyst
respectively (Figure 1)."7 While the synthesis time is comparable between these two
polymerization ways, the controllable size of the polymer by ROMP living
polymerization is a serious advantage. These two polymers of a relatively similar
length, containing biferrocenyl moieties in the lateral chain, were used in the
stabilization of PANPs. These PANPs were employed in C-C cross coupling reactions

in order to compare the effect of the aromatic ring of 1 with that of the succinimide

moieties of 2.

Ph OEt

n="7-8 3
n=2122 4




Figure 1. Routes to polymers 1, 2, 3 and 4 from ethynyl biferrocene or from

diethynyl biferrocene via CuAAC click reaction.

The poly-(PEGuago-1,2,3-triazolyl biferrocene) 3 and the poly-(PEGgoo-1,2,3-triazolyl
biferrocene) co-polymer 4 were also previously synthesized by CuAAC
polycondensation. The control of the length is quite hazardous for these later
polymers, but the dispersity of the two polymers remains very low for a
polycondensation process (D = 1.24 and D = 1.27 revealed by size-exclusion
chromatography).’* The advantage of this polycondensation method is that very few
steps were required from diethynyl biferrocene to obtain polymers 3 and 4 in

comparison with polymers 1 and 2.

Polymers 1, 2, 3 and 4 were used in the synthesis of PANPs. As only polymer 4 is
water soluble, the synthesis of PdNPs were performed in organic solvents. The
precursor Pd(OAc),, was used as the Pd(II) source, and NaBH; was used as the
reducing agent of Pd(Il) to Pd(0) nanoparticles.'” The reduction of Pd(II) with
NaBHy is supposed to provide triazole-coordinated nanoparticles that are small (in the
1.4 to 3-nm range) in comparison with those obtained using MeOH or heat. As
Pd(OAc); is in the form of a trimeric species, MeOH must be used is order to destroy
these clusters producing monomeric species that are able to bind the 1,2,3-triazole

"' As the polymers are not soluble in MeOH alone, CHCI; that is a good

rings.
solubilising solvent with a higher boiling point than that of CH,Cl, was also used in
the PANPs synthesis. Thus the PANPs synthesis that was previously developed with
hydrophobic dendrimers and polymers was followed.!"” Briefly, nine equivalents of
Pd(OAc), in CHCl; [Pd(OAc),] = 4.4 mmol.L™") were added to the hydrophobic
polymer (1, 2 or 3) in CHCIl; ( [polymer] = 1.3 mmolL™"), then MeOH was
introduced in order to obtain a final concentration [Pd(OAc),] = 0.89 mmol.L" and a
ratio of CHCI;/MeOH = 2/1. Then, ten equivalents per Pd(Il) of NaBH4 were

added!"” at r.t. to the solution leading to an instantaneous change of colour from

yellow to brown/black characteristic of PANPs (Figure 2).
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5 stabilized

Figure 2. Reduction of Pd(IT) to PANPs with NaBHj in the presence of polymer 1 (as

example).

The PANPs that were obtained in this way were sufficiently stable to be analyzed by
TEM and this analysis revealed that the size of PANPs stabilized by 1, 2 and 3 were
1.4 £0.6 nm, 1.4 £ 0.5 nm and 3.0 + 0.8 nm respectively. After 1 hour a little bit of a
precipitate was observed in the solution of the PdNPs stabilized by 2, allowing to
conclude on the positive n-effect on the PANPs stabilization by the styrenyl moiety of
1.
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Figure 3. (a) and (b) TEM images of PANPs stabilized by 1, with different zoom, (c)
PdNPs size distribution (average size 1.4 = 0.6 nm).
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Figure 4. (a),(b) TEM image of PdNPs stabilized by 2 and the distribution of PANPs
(average size 1.4 £ 0.5 nm). (c), (d) TEM image of PdNPs stabilized by 3 and the
distribution of PANPs (average size 3.0 £ 0.8 nm).

Interestingly, the grey part around the PANPs in the TEM images (figures 3 and 4) is
attributed to the biferrocene polymer, showing its encapsulating role in the

stabilization process.

The catalytic efficiency of these PANPs was tested for the Suzuki-Miyaura C-C cross
coupling reactions. This reaction has become one of the most well known and
powerful Pd” reactions allowing the synthesis of biaryl compounds, such as natural
products, pharmaceuticals and polymers.!'*! This reaction has been developed both in
industry and academic areas for three main reasons. First, the scope of the protocol
can be extended to many functional groups due to the mild reaction conditions, which
makes this reaction an attractive one for the total synthesis of complex drug

molecules. Second, boron compounds are readily available, stable, and considered to



be non toxic or of low toxicity. Third, the reaction works well with a wide range of
substrates. These stable PANPs in the proportion of 0.25% mol of Pd” are efficient in
the Suzuki-Miyaura cross-coupling reaction of various bromoarenes with

phenylboronic acid (equation 1, table 1) at 90°C during 16h in CHCl3/MeOH (2/1).

HO, PANPs, K4PO, 2 equiv.
R Br + P > R
o CHCIl,/MeOH (2/1)
90°C, 16h

R=H, CH;, OCH3, NO,, CHO, COCH; (1)

Table 1. Suzuki-Miyaura coupling with PANPs stabilized by 1, 2 or 3.1

entry | R Poly. | Conv. (%) Yield (%) | TON TOF (h™)
1 H 1 100 95 380 23.8
2 H 2 20 18 72 4.5
3 H 3 100 99 396 24.8
4 CH; 1 61 60 264 10.2
5 CH; 2 15 10 40 3.1
6 CH; 3 100 97 388 243
7 OCHj 1 15 15 60 3.8
8 OCHj 2 13 10 40 3.1
9 OCHj 3 98 97 388 243
10 NO, 1 92 91 364 22.8
11 NO, 2 66 64 256 10
12 NO, 3 100™ 99 396 24.8
13 CHO 1 74 70 280 17.5
14 CHO 2 42 40 160 10
15 CHO 3 100 99 396 24.8
16 COCH; |1 100 99 396 24.8
17 COCH; |2 89 88 252 22
18 COCH; |3 100 99 396 24.8

[a] The reactions were carried out with 1 mmol of bromoarene, 1.5 mmol of phenyl boronic
acid, 2 mmol of K;POy, 0.25 mol % of PdNPs stabilized by 1, 2 or 3, in 3 mL of CHCIl;/MeOH
(2/1) during 16h at 90°C. [b] the same reaction was carried out with Pd(OAc), + 3 without

pre-reduction with NaBH,, and a 96% of conversion was observed.




The three different PANPs synthesized from polymers 1, 2 and 3 were compared
under the same conditions for six different bromoarenes. The activity of PANPs/1 in
the Suzuki-Miyaura coupling is relatively good, especially for activated bromo arenes
(entries 10 and 16) and for the neutral bromobenzene (entry 1), whereas only
activated 4-bromoacetophenone shows a quite quantitative reaction with PdNPs/2
(entry 17). As the size of PANPs/1 and PANPs/2 are equal, the activity was attributed
to the stability of these PANPs at high temperature. On the other hand, the Suzuki-
Miyaura reaction carried out with PdNPs/3 was successfull with activated
bromoarenes (entries 12, 15, and 18) as well as deactivated bromoarenes (entries 6,
and 9). Again the activity is not directly linked to the size of the PANPs, which in this
case was larger than the PdNPs stabilized by 1 or by 2. The excellent efficiency of
these PANPs is certainly due to their good stability at high temperature and is related
to the flexible PEGygy co-units and/or to the presence of 1,2,3-triazole in the main
linear chain (not in the lateral chain). As PEGuaq is composed of lot of oxygen atoms,
the great stability of PANPs/3 could be also linked to these numerous electron-rich

atoms.

As mentioned above, the co-polymer 4 is the only polymer in the series studied here
that is soluble in water allowing the synthesis of PANPs in water, which is ideal from
an ecological point of view. Thus another PANPs synthesis was conducted in this
case. As Pd(OAc); is not soluble in water, K,PdCl, served as the Pd(II) source. After
mixing the polymer 4 in water, 1 equivalent of Pd(Il) per 1,2,3-triazole was added
under N at r.t. leading to a concentration [Pd(IT)] = 0.1 mmol.L™, then 10 equivalents
of NaBH, in water per Pd(Il) (29 mmol.L™") was quickly added, leading to an
instantaneous change of colour from yellow to golden brown, which is characteristic
of PANP formation. The same [Pd(II)] addition as in the first synthesis described
above was not followed in this case, because it would lead to a direct precipitation of
PdNPs, thus a more diluted solution was employed. TEM reveals that the size of the
PdNPs is 2.3 £ 0.6 nm.
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Figure 5. (a) Reduction of Pd(II) to PANPs with NaBH,4 in the presence of polymer
4. (b), (¢) TEM image and size distribution of PdNPs stabilized by 4.

The Suzuki-Miyaura reaction has also been performed with this system, but now in
the greener solvent mixture EtOH/H,O (1/1) at 80°C during 24h with only 20 ppm of
Pd (PANPs) (equation 1 and table 2).

The results summarized in Table 2 are impressive, because the amount of PANPs/4
used was only 20 ppm of Pd” and the reactions proceeded in good yields with both
activated and deactivated bromoarenes. Additionally, the amount of Pd was further
reduced. In the case of the coupling between 4-bromoacetophenone and phenyl
boronic acid at 80°C, when only 2 ppm of Pd was used, the reaction yield was 82%
after 36 hours (TON = 410 000, TOF = 11 400 h™' entry 25). A low amount of PANP
catalyst used here is very rare in the Suzuki-Miyaura reaction (see reference 6b for a
comparative table). At the high catalyst concentration (0.25 mol%), Pd" is also an
efficient catalyst (see Table 1), but at such very catalyst concentration as 20 ppm,
only pre-reduced Pd catalyst to PANP is efficient, as already shown previously.!'* In
fact, it is well-known that at 80°C, Pd" is reduced in situ to PANP.['*!

10
83



Table 2. Suzuki-Miyaura coupling with PANPs stabilized by 4.1

Entry!"! polymer | Conv. (%) | Yield (%) | TON TOF (h™)
19 H 4 100 90 45 000 1 875

20 CH; 4 100 80 40 000 1 667

21 OCH; 4 100 78 39 000 1 625

22 NO, 4 100 91 45 500 1 896

23 CHO 4 100 91 45 500 1 896

24 COCH; |4 100 99 49 500 2 062
250! COCH; |4 85 82 410000 | 11400

[a] The reactions were carried out with 1 mmol of bromoarene, 1.5 mmol of phenyl boronic
acid, 2 mmol of K;POy 0.002 mol % of PANPs stabilized by 4 in 6 mL of EtOH/H,0 (1/1)
during 24h at 80°C; [b] same conditions, but with only 0.0002 mol % of PANPs stabilized by
4.

Conclusion

Two different syntheses of PANPs have been presented in organic solvent and in
water. The PANPs synthesis method reserved to water-soluble polymers provides a
higher PANP activity. Through this work, it has been shown that the 1,2,3-triazole
rings were responsible for the controlled size of the PANPs (1.4 nm for PANPs/1 and
PdNPs/2 and a little bit more for PANPs/3 and PdNPs/4) but that other moieties of the
polymer play a role in the stabilization at higher temperature, and thus also in the
catalytic activity. The polymer (1) containing aromatic rings provided a better
stabilization of the PANPs than the polymer (2) lacking n-donor groups, whereas the
polymers 3 and 4 containing PEG units offered the greatest stability thanks to the
oxygen atoms and the flexibility of the chain. PANPs/4 present the highest activity
leading to TON = 410 000 and TOF = 11 400 h™".
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Experimental section

General data: All the solvents (EtOH, CHCIl;, MeOH, Et,0) and chemicals
(Pd(OACc),, K,PdCls, NaBH4) were used as received.

Synthesis of PANPs/1: A solution of 1 (2.96 mg, monomer Mw = 553 g. mol™) in
chloroform (4 mL) was introdued into a Schlenk flask under nitrogen. A solution of
Pd(OAc), (1.2 mg, 5.28 x 10~ mmol, 1 equiv. per triazole) in chloroform (2.4 mL)
was added. Chloroform (1.6 mL) and methanol (3 mL) were added in order to
obtain a solution 1.64 x 10> M in Pd, 2:1 (CHCIl3/MeOH). The solution was stirred
for 5 min, NaBH, (2 mg, 5.87x10” mmol, 10 equiv. per Pd) in 1 mL of MeOH was
added, and the yellow solution turned black indicating the formation of PANPs.

Synthesis of PANPs/2: A solution of 2 (3.50 mg, monomer: Mw = 654 g. mol™) in
chloroform (4 mL) was introduced into a Schlenk flask under nitrogen. A solution of
Pd(OAc), (1.2 mg, 5.28 x 10~ mmol, 1 equiv. per triazole) in chloroform (2.4 mL)
was added. Chloroform (1.6 mL) and methanol (3 mL) were added in order to
obtain a solution 1.64 x 10> M in Pd, 2:1 (CHCIl3/MeOH). The solution was stirred
for 5 min, NaBH, (2 mg, 5.87x10” mmol, 10 equiv. per Pd) in 1 mL of MeOH was
added, and the yellow solution turned to black indicating the formation of PANPs.

Synthesis of PANPs/3: A solution of 3 (1.76 mg, dimer: Mw = 668 g. mol™) in
chloroform (2 mL) was introduced into a Schlenk flask under nitrogen. A solution of
Pd(OAc), (1.2 mg, 5.28 x 10~ mmol, 1 equiv. per triazole) in chloroform (1.2 mL)
was added. Chloroform (0.8 mL) and methanol (2 mL) were  added in order to
obtain a solution 8.82 x 10* M in Pd, 2:1 (CHCIl3/MeOH). The solution was stirred
for 5 min, NaBH4 (2 mg, 5.87x107 mmol, 10 equiv. per Pd) was added, and the
yellow solution turned black indicating the formation of PANPs.

Synthesis of PANPs/4: A solution of 4 (2.48 mg, dimer: Mw = 1 470 g. mol™) in H,O
(2 mL) was introduced into a Schlenk flask under nitrogen. A solution of K,PdCl,
(1.1 mg, 3.37 x 10™ mmol, 1 equiv. per triazole) in HoO (1.1 mL) was added. H,O
(28.9 mL) was added in order to obtain a solution 1.0 x 10* M in Pd. This  solution

was stirred for 5 min, NaBH, (1.1 mg, 3.37 x 10 mmol, 10 equiv per Pd) was added,
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and the yellow solution turned golden brown indicating the nanoparticle formation.

General procedure for the catalytic Suzuki-Miyaura reaction in CHCl;/MeOH:
In a Schlenk flask containing tribasic potassium phosphate (2 mmol, 2 equiv.),
phenylboronic acid (1.5 mmol, 1.5 equiv.), aryl halide (1 mmol 1 equiv.) and PdNPs
(stabilized by 1, 2 or 3) were successively added. The mixture solvent CHCl;/MeOH
(2/1) was also added in order to obtain a total volume of 6 mL. The reaction mixture
was stirred during 16h at 90°C under N,. Then H,O (15 mL), and CH,Cl, (15 min)
were added, and the organic phase was kept. The water phase was washed with 15 mL
of CH,Cl,, and both organic phases were gathered, dried over Na,SO4, and the
solvent was removed under vacuum. In parallel, the reaction was checked using TLC
in petroleum ether as eluent in nearly all the cases (see below), and 'H NMR.
Purification by flash chromatography column was conducted with silica gel as
stationary phase and petroleum ether as mobile phase (see below). After each
reaction, the Schlenk flask was washed with a solution of aqua regia (3 volumes of

hydrochloric acid for 1 volume of nitric acid) in order to remove the traces of Pd.

General procedure for the catalytic Suzuki-Miyaura reaction in HO/EtOH: In a
Schlenk flask containing tribasic potassium phosphate (2 mmol, 2 equiv.),
phenylboronic acid (1.5 mmol, 1.5 equiv.), aryl halide (1 mmol 1 equiv.) and 10 mL
of EtOH (volume ratio of H;O/EtOH: 1/1) were successively added. Then the solution
containing PdNPs/4 was added in the appropriated amount. The suspension was
allowed to stir under N, or air (no yield difference) at 80°C. After the reaction time
(24h, 36h), the reaction mixture was extracted twice with diethyl ether (Et,O, all the
reactants and final products were soluble in Et,0), the organic phase was dried over
Na;SOs4, and the solvent was removed under vacuum. In parallel, the reaction was
checked using TLC in petroleum ether as eluent in nearly all the cases (see below),
and "H NMR. Purification by flash chromatography column was conducted with silica
gel as stationary phase and petroleum ether as mobile phase (see below). After each
reaction, the Schlenk flask was washed with a solution of aqua regia (3 volumes of

hydrochloric acid for 1 volume of nitric acid) in order to remove traces of Pd.
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Purification procedure:

Biphenyl: bromobenzene and phenyl boronic acid: simple flash chromatography with

petroleum ether as mobile phase and silica as stationary phase.

4-methylbiphenyl: Reaction between bromotoluene and phenyl boronic acid: simple
flash chromatography with petroleum ether as mobile phase and silica as stationary

phase.

4-methoxybiphenyl: Reaction between bromoanisole and phenyl boronic acid: flash
chromatography with petroleum ether as mobile phase and silica as stationary phase

at the beginning and then 95% petroleum ether/5% diethyl ether.

4-nitrobiphenyl: Reaction between 1,4-bromonitrobenzene and phenyl boronic acid:
flash chromatography with 95% petroleum ether/ 5% dichloromethane as mobile

phase and silica as stationary phase.

4-biphenylcarboxaldehyde: Reaction between bromobenzaldehyde and phenyl
boronic acid: flash chromatography with 95% petroleum ether/5% dichloromethane as

mobile phase and silica as stationary phase.

4-acetylbiphenyl: Reaction between 4-bromoacetophenone and phenyl boronic acid:
flash chromatography with 95% petroleum ether/5% diethyl ether as mobile phase

and silica as stationary phase.
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Partie 4. Nanoréacteurs dendritiques pour la catalyse par des ppm de Cu de la
réaction “click” CuAAC dans I’eau.

Le dendrimere GO 1,2,3-triazole TEG, avant d’étre utilisé pour stabiliser des PANPs,
avait servit de nanoréacteur pour les réactions de métathése des oléfines dans 1’eau. Il
s’est avéré qu’en présence de 0,086% mol du dendrimére et d’un catalyseur au
ruthénium (Grubbs 1 et 2™ génération ou Grubbs-Hoveyda) la catalyse se faisait
efficacement, tandis que sans dendrimére aucune réaction n’avait été observée dans
les mémes conditions opératoires.” Par la suite nous avons envisagé d’examiner et
d’étendre ce comportement de nanoréacteur micellaire moléculaire pour d’autres
réactions chimiques. La réaction “click® CuAAC étant considérablement utilisée dans
la littérature et énormément au sein de notre groupe de recherche, cette réaction a été
s¢lectionnée comme réaction test. Le Dr. Liyuang Liang, ex-thésarde du laboratoire, a
montré ’efficacit¢ d’un nouveau catalyseur, le complexe Cu(I)hexabenzyltren (en
quantité 0,1 % mol), pour la réaction CuAAC dans des solvants organiques (pentane
ou toluéne) & température ambiante en 24h.”) Nous avons tenté d’effectuer cette
méme réaction dans des conditions plus douces (solvant = eau, temps < 24h, etc.)
grace a la présence du dendrimére. Nous nous sommes rendu compte qu’avec 1% mol
de dendrimere la réaction “click® entre 1’azoture de benzyle et le phényl acétylene
¢tait quasi-quantitative en 3 heures dans I’eau alors qu’en 1’absence de dendrimere la
réaction avait a peine débuté. Des études complémentaires ont permis d’étendre
I’applicabilit¢ de la réaction a d’autres substrats, de prouver la recyclabilité du
nanoréacteur et surtout de localiser le catalyseur au sein du nanoréacteur. Dans une
deuxiéme partie de ce travail, nous avons développé I’utilisation des cycles 1,2,3-
triazoles composant le nanoréacteur pour ligander et activer et cuivre (I), ce qui a été
démontré par RMN 'H. Ce nouveau catalyseur dendritique présente un grand intérét
car il permet de réaliser la réaction CuAAC quantitativement avec seulement 5 ppm
de cuivre pour la réaction témoin. Cette activité extréme est attribuée a la synergie
entre 1’effet micellaire du nanoréacteur dendritique et I’activation du cuivre (I) par les
cycles 1,2,3-triazoles. L’applicabilit¢ du systéme a ¢ét€¢ démontrée avec divers
substrats ainsi qu’avec des composés d’intérét biologique.

Avant de parler de ces travaux de recherche, cette partie commencera avec une revue
sur les macromolécules (macrocycles, cages, capsules, molécule micellaires)
comportant une cavité servant de nanoréacteur.
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Nanoreactors for catalysis

Introduction

The 21% century chemistry must be green, that is to say respectful of the environment.
This needs lead the researchers to drastically change their means of synthesis.
According to Anastas," green chemistry could be driven by twelve principles, among
which the use of catalysis instead of stoichiometric reactions is highly advised.
Therefore inspiration comes from Nature. By wusing well-defined reaction
environments such as those of enzymes (relatively simple systems) or cells (extremely
complex assemblies), nature operates chemical conversions allowing the life to exist.
Enzymes are nanometer-sized molecules with three-dimensional structures created by
the folding and self-assembly of polymeric peptides through supramolecular
interactions. They perform catalytic functions (abundant chemical biotransformations)
usually accompanied by a variety of conformational states.””’ The synthesis and the
use of sophisticated molecules that mimics nature’s agents is essential towards the
discovery of new green systems able to carry out efficient catalysis. The direct use of
enzymes could be the solution, but by taking into account the difficulty to precisely
understand the relationships between the supramolecular structures and the catalytic
features of the enzymes, the synthesis of new simpler molecules is required. These
systems, called nanoreactors, are composed of a cavity and accommodate substrates
allowing a catalytic reaction. Inside this nanoreactor, the reaction pathways is
influenced allowing a reaction to occur more quickly and/or more selectively, but also
the size and the morphology of the products can be influenced, for instance in the case
of crystals. There are several characteristic properties in enzyme catalysis; (i)
providing hydrophobic pockets, (ii) strong substrate binding therein, (ii1) transition-
state or intermediate stabilization, and (iv) weak product binding. In order to take
these properties into account, supramolecular interactions including hydrogen
bonding, electrostatic, Van Der Waals and m— interactions, steric effects, shape
complementarity, and hydrophilic/hydrophobic effects, can be engineered. As
proposed by Pauling,”! the powerful catalytic action of enzymes involves specific
tight binding to the transition state species. Because the reaction rate is proportional to
the fraction of the reactant in the transition state complex, the enzyme increases the
concentration of the reactive species. Many nanoreactors rely on this principle
proposed 70 years ago involving the supramolecular interactions mentioned above.
Recently, several excellent reviews were reported on enzyme mimics and artificial
enzymes.[4'6]

After recalling seminar reports of nanoreactors, emphasis will be placed on more
recent nanoreactors for catalytic reactions. The first nanoreactors were macrocyclict’”
21" molecules among which crown-ether, cyclodextrins, calixarenes, cyclophanes,
cucurbituril and other macrocycles have proved to be very useful in catalytic
reactions. Then the main nano-containers (bowl-shape, capsule and cages) composed
of a confined cavity will be reviewed. These nano-containers are built via covalent
bonds or electrostatic interactions but also via coordination chemistry between
metallic ions and specific ligands. Finally, micellar'’>'¥! nanoreactors such as
micelles, vesicles and dendritic molecular micelles will be discussed. Only molecules
having a cavity as microenvironment will be envisaged here, excluding inorganic
materials such as inorganic nanoparticles or mesoporous materials. The aim is to

94



understand how to design the most efficient nanoreactors in order to improve
catalysis.

Macrocycles

The synthesis and the use of macrocycles presenting a microenvironment at the cavity
center 1s essential in order to isolate the substrate from the environment. The first,
simple examples of nanoreactors were crown ethers and cryptands (tri-dimensional
crown ether) invented by Lehn,!"™ Cram!'® and Pederson''”? who were awarded the
1987 Nobel Prize. Compared to simple molecular catalysis, the use of these
nanoreactors required a first step of recognition corresponding to the binding of the
substrates, followed by the enhanced chemical transformation, i.e. catalysis.

These structures are well known for the complexation of cations such as alkali metal
cations Na', K" or transition metal cations for the recognition of small molecules or
for the stabilization of instable molecules, and they also have been used in the
catalytic field. In an early study, a crown-ether bearing side chains with thiols 1 was
able to specifically cleave activated esters with marked rate enhancements and chiral
discrimination between optically active substrate. The macrocycle 1 binds p-
nitrophenyl (PNP) esters of amino acids and peptides thanks to its oxygen atoms, and
reacts with the bound species, releasing p-nitrophenol (Figure 1). Different features
were observed, with first the selectivity of the substrate inducing a rate enhancement
in favor of dipeptide ester substrates, then high chiral recognition between
enantiomeric dipeptide esters, and slow but definite catalytic turnover. Finally the
presence of metallic cations inhibits the reaction because of the competition between
the substrate and these cations during the recognition process.!'! A series of aza-
crown ethers with a carboxylic arm were synthesized and used in the deacylation of
amino acid p-nitrophenyl ester to mimic aspartic proteinase. The systems have shown
a selectivity in the encapsulation and deacylation.!'” The cavity created by the
macrocycle allows the insertion and activation of small molecules such as O, gas. The
examples of monoaza-18-crown-6 ethers as efficient and a selective phase transfer
catalysts of the asymmetric oxidation of aromatic ketones by molecular oxygen is
noteworthy.*"!

As crown-ether macrocyles, cryptands have been used for a long time for the
recognition of cations that is more selective with stronger coordination than with
macrocycles. In most cases, cryptands are associated to a metallic cation located in
the cavity called metal-cryptate and used as homogeneous catalyst. It is of interest
that the cavity is large, because it lets more space for organic molecules to approach
the bonded metal inside the cavity. Cu(Il) and Co(Il) cryptates of 2 were probed for
possible catalytic roles in the oxidation of organic substrates. Metal cryptates have
been suggested to be effective as homogeneous catalysts because of their increased
kinetic and thermodynamic stability. Transition metal catalyzed oxidation of organic
substrates such as that of alkene to epoxyde with dioxygen is closely related to
important biological processes like enzymatic oxygenation that serve for biomimetic
modeling.!*"!

Cyclophanes are macrocycles composed of aromatic units with an aliphatic chain
forming a bridge. The group of Diederich proposed rare examples of cyclophanes as
nanoreactors. Thiazoliocyclophanes with aromatic binding substrates sites such as 4
were used in the oxidation of aromatic aldehydes to their corresponding methyl esters
in the presence of an oxidizing agent, mimicking pyruvate oxidase. The high activity
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was rationalized with the fact that substrates bind the macrocycle in the presence of a

microenvironement. The activity 1s lower with the acyclic “thiazoliocyclophane”
5).[22,23]

NaOH or KOH
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Figure 1. Various macrocycles used as nanoreactors

Cyclodextrins (CDs) are a family of natural macrocycles (see Figure 2). Composed of
6, 7 or 8 glucopyranose units (o, f§ or y cyclodextrin respectively), these hydrophilic
macrocycles form a hydrophobic cavity (4.5, 7.0, 8.5 A respectively) able to
encapsulate various hydrophobic substrates (adamantate and ferrocene are typical
exemple) in water. The hydroxyl groups composing each glucopyranose unit allow
the easy functionalization of cyclodextrin. Moreover, the two rims of hydroxyl groups
can either react with substrates themselves or be used to attach other catalytic and
functional groups. Since the pioneering work of Breslow,”* Saengers®! or
Tabushi®® a myriad of cyclodextrin systems has been developed as nanoreactors,
mainly due to the availability of the macrocycle, which avoids syntheses. The first
examples in which cyclodextrin appears show the acetylation of the glucopyranose
hydroxyl group by hydrolysis of an ester increasing up to 5 900 000-fold in
comparison with the reaction without CD, due to the position of the substrate in the
cavity orienting the ester toward the hydroxyl group.””? The preliminary studies
developed by Breslow et al. show that the binding into a simple cyclodextrin 5 was
enough to direct a selective aromatic substitution reaction, in which a chlorine atom is
delivered to the bound substrate by one of the cyclodextrin hydroxyl group. The result
of this chloration (anisole 6 becomes 4-chloroanisole 7) was better than with the
enzyme catalyst (Figure 2). §-CD 5 was also used by Breslow’s group for increasing
the rate of the Diels Alder reaction between cyclopendadiene 8 and a slim dienophile
such as acrylonitrile 9. No reaction (no final product 10) was observed when a-CD
was used because of a smaller cavity, enlighting the entrance of the substrate inside
the cavity (Figure 2).”*® Other unmodified CDs were used as nanoreactors. For
example B-CD S was used as catalyst in the synthesis of quinoxalines in water. The
presence of 1 equiv. of CD leads to 90% yield in 2 hours, whereas without CD only
25% yield was obtained after 48 hours. 3-CD appears to be involved in activating the
phenacyl bromide 11 by forming a host-guest complex and promotes the reaction
(Figure 2).”! In the same way p-CD was used in a highly regioselective ring-opening
reaction of oxiranes with phenoxides in water (Figure 2). Whereas no reaction was
observed without §-CD, quantitative yields were obtained.’”’ Oxidation of various
alcohols and epoxides with N-bromosuccinimide (NBS) catalyzed by $-CD in water
at room temperature (r.t.) has been developed by the group of Rao. The high
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selectivity and yield was connected to the encapsulation of both the substrate and the
oxidizing agent, no reaction being observed without CD (Figure 2).’!"! Wang et al.
discovered that in the presence of other oxidizing agent such as NaClO at 50°C
various alcohols were also oxidized to the corresponding aldehydes or ketones.*?!
Very recently, f-CD was used as nanoreactor for the CuAAC click reaction in water.
In the presence of a catalytic amount of 3-CD (2.5% mol), the click reaction between
benzyl azide 12 and the phenyl acetylene 13 was quantitative in 15 min at r.t. with 5%
mol of the Sharpless catalyst (CuSO4.5H,0O/ NaAsc) whereas without CD only 40.5%
of conversion was observed in 1 hour (Figure 2).7*) Another example, reported by the
group of Inoue, used y-CD for enantiodifferentiating [4 + 4] photocyclodimerization
of 2-anthracenecarboxylate 14 by UV (ee up to 32% at 25% and 40% at 0°C).1**!
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Figure 2. Several examples of catalysis in the presence of $-cyclodextrin nanoreactor.

As cyclodextrin is composed of several possible functionalized hydroxyl groups,
various modified cyclodextrins have been synthesized. Bols et al. have developed a
lot of different CDs and have observed that by changing two OH group of the upper
rim of the $-CD by COOH 14 or by CH(OH)CN 15 the rate of the hydrolysis reaction

of 4-nitrophenyl-B-CD-glucoside 16 into glucose 17 and 4-nitrophenol 18 was
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enhanced 35-fold (against 18-fold with a-CD) and 1047 respectively, enlighting the
tunable properties of CD.**! The same research group reported the enhanced reaction
rate of the oxidation of both amines (1 068-fold) and benzyls alcohol (60 000 fold) via
H,0, with a two-ester-bridged modified cyclodextrin 19 playing the role of
nanoreactor. The oxidation of benzyl alcohol 20 to benzaldehyde 21 is exemplified in
Figure 3. When the cavity of the CD imprisons the substrate in the desire reactive
position, the bridge brings the oxidizing agent closer.’® Dimeric, tetrameric and
oligomeric CDs have been also synthesized for catalytic applications. Mao et al have
synthesized two new CD dimers linked by a diphenyl group 22 or a 2,2’-bipirydine 23
group used in the hydrolysis of esters. One of the hydrophobic cavities of the dimer is
assembled with a Zn’'-triamine complex containing pendant side of 4-fert-
butylbenzyl 24 to construct a supramolecular metallohydrolase model, in which
hydroxyl species acting as active catalysis species are supramolecularly stabilized in
solution. The other hydrophobic cavity of the dimer is used to capture the substrate
containing a hydrophobic group, such as p-nitrophenyl acetate (pNA) 25 (Figure 3).
In such a host—guest system, an original intermolecular reaction between ZnL and
pNA is translated into a quasi-intramolecular reaction by the cooperative hydrophobic
interaction between the two CD cavities and the catalyst/substrate.””’ Two Ru-
porphyrin-linked p-cyclodextrin units forming a supramolecular system 26 were
synthesized by Woggon’s group, and they selectively catalyze the cleavage of the
central carotinoid 27 E-double bond in the presence of a co-oxidazing fert-
butylhydroperoxide agent, mimicking carotene dioxygenases (Figure 3). No reaction
was observed without the co-oxidizing agent, and binding of the starting material to
the receptor is enhanced by an increase in planarity thanks to the porphyrin link.
Binding of the desired product is three times lower than that of the substrate. The high
regioselectivity of the system that leads to only traces of by-products was attributed to
the specific binding of the substrate into the two CDs of the dimer and to the specific
localization of the metallic catalyst positioned very close to the desired bond
cleavage.”® The hydrosolubility coupled both with the hydrophobicity of the various
cavities (a, § and y) and the commercial availability of the cyclodextrins make this
family among the most used nanoreactors.
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Figure 3. Modified cyclodextrins developed by Bols, Mao and Woggon.

Calixarenes are also considered as nanoreactors. Produced by hydroxyalkylation
between a phenolic unit and an aldehyde, these macrocycles are generally composed
of 4 (calix[4]arene), 5, 6, 7 or 8 aromatic units inducing a central cavity, a wide upper
rim and a narrow lower rim. Lots of calixarenes encapsulating metals or covalently
linked to them have been used in catalysis, and the review reported by Homden and
Redshaw describes them very well. In a number of these processes, it has become
clear that the ability of the calixarene frame to “hold” the metal center and the
substrate at a certain distance from one another is critical to the success of the
catalytic process, as is the ability of the calixarene to undergo phenol conformational
change.’”) Matt et al. have developed a series of calix[4]arenes bearing two
phosphorus pendent groups, among which three enantiomeric pure calixarenes (28,
29, 30, Figure 4) were used as Pd ligand for the Pd-catalyzed alkylation of 1,3-
diphenylprop-2-enyl acetate. The enantiomeric excess (ee) up to 67% in the
quantitative reaction was linked to the steric bulk of the lower rim bearing the
catalytic species. It appears likely that increasing the size difference between the two
auxiliary groups should result in higher ee’s. Chiral calixarenes in which the two
phosphine arms occupy proximal instead of distal phenolic positions were found to be
considerably less effective in catalysis of both allylic alkylation and hydrogenation
when the calixarene is bearing a Rh catalyst.*”) Reinhoudt et al. have for a long time
worked on calixarene, and this group has reported the synthesis of mono-, di- and
trinuclear Zn(II) or Cu(Il) phosphatase mimics (Figure 4). The mono-nuclear Zn(II)
calixarene 31, presents a better activity in the transesterification of the RNA model
substrate 2-hydroxypropyl-p-nitrophenyl phosphate (HPNP) than the non-calixarene
mono-nuclear Zn(II) 32, which means that the calixarene cavity is involved in the
catalysis. Moreover the di and tri-nuclear Zn(Il) calixarenes 33 and 34 bring an
enhancement in the reaction rate of 23 000-fold and 24 000-fold respectively, 1. e.
around 50-fold the rate of the mono-nuclear Zn(II) calixarene catalyst over the non-
catalyzed transesterification. This suggests a cooperative effect between several
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catalytic sites.*'! Karakhanov et al. reported the biphasic Wacker-oxidation of higher
olefins catalyzed by palladium complexes with water-soluble sulfonated calix[4]arene
such as 35 (Figure 4) and calix[6]arene-derived ligands. Catalysts display substrate
selectivity in oxidation of C6 and C8 olefins, because internal cavity of calixarenes
recognizes the size of the substrates.!*”) More recently, Huang et al. have synthesized
two optical pure m-dimethylamino substituted inherently chiral calix[4]arene
derivatives 36, 37 bearing an L-prolinamido group. These two calixarenes could be
utilized as bifunctional organocatalysts to efficiently promote the Aldol reactions
between aromatic aldehydes and ketones in the presence or not of acetic acid. The
reaction between 4-nitrobenzaldehyde 38 and cyclopentanone 39 at -20°C in the
presence of 37 provided the anti-aldol product 40 with up to 94% ee, while the anti-
aldol product was obtained in up to 94:6 dr and 79% ee when 4-cyanobenzaldehyde
was used as the aldol donor (Figure 4). Moreover, it was also demonstrated that the
inherently chiral calixarene skeleton with (cS)-conformation was identified as the
matched configuration of the stereogenic elements, and the inherently chiral moiety
might play a key role in helping to stereocontrol the reaction.!*”! These examples have
shown that calixarenes are useful in the synthesis of enzyme mimics; moreover,
calixarene with specific modifications used as cavitands with a bowl-shape are
discussed in part 2.

NaO3S SO3Na

NaO;S SO;Na

35

PdSO4, CuClz, 35
0, (0.5 MPa) o
R

—_—

50°C, 2h

/
0 o 9 o\L § § z I Wacker oxidation
5 36 z
o
N

OH

10 mol% 36 or 37
20 mol% AcOH
Temp r.t.
0N anti

38 39
Aldol reaction

Figure 4. Modified calixarenes promoting various catalytic reactions.

Among the macrocycles, the cucurbiturils are macrocyclic molecules made of
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glycoluril monomers linked by methylene bridges. Mock conducted seminal studies
with curcubit[6]uril 42 (cavity 5.8 A) as nanoreactor in the early 1980’s. The 1,3-
cycloaddition between an ammonium-alkyne 43 and an ammonium-azide 44 leading
selectively to the 1,4-isomer 45) in an aqueous acid formic solution at 40°C increased
55 000-fold compared to the reaction without nanoreactor leading to isomers 1,4- 45
and 1,5- 46. The substrates enter in the nanoreactor thanks to hydrogen bonds
between the ammonium moiety and the carbonyl of the glycoluril. As the cavity is not
large enough to accommodate both substrates, they must be compressed together,
resulting in additional kinetic acceleration beyond that expected solely by proper
orientation of the substrates at their van der Waals distance. The nanoreactor
preferentially binds the transition state as in the Pauling catalysis principle.*"! In the
last decade, cucubit[7]uril 47 with a cavity of 7.3 A and cucubit[8]uril 48 with a
cavity of 8.8 A have been employed to catalyze various types of photocycloaddition
reactions. Cucurbit[8]uril has been shown to control the stereoselectivity of the
photodimerization of cinnamic acids in the solid state (Figure 5).*! The same
nanoreactor effect was observed in the photodimerization of protonated azastilbenes
49 in water. When olefins yield products of geometric isomerisation 50, cyclization
51, and hydration 52, in the presence of nanoreactor the predominant product is that
of dimerization 53, 54 (Figure 5). Such a change in product distribution is attributed
to the localization of the olefins by the host cucurbit[8]uril. The nature of the single
dimer that was formed is rationalized on the basis of the principles of “best fit” and
“minimization of electrostatic repulsion”. The cucurbit[8]uril acts as a templating
agent thank to its ability to provide a reaction cavity that is tight and time
independent, which compares to micelles (vide infra) as it is the case with
cyclodextrins and calixarenes.!" Macartney et al. demonstrated that the [4+4]
photodimerization of protonated 2-aminopyridine 55 within a 2:1 guest:host complex
with cucubit[7]uril is highly stereoselective, producing exclusively the anti-trans-
DADAT* (4,8-diamino-3,7-diazatricyclo[4.2.2.22’5 ]dodeca-3,7,9,11-tetraene) isomer
56 and protecting the dimer from thermal rearomatization. Without the nanoreactor,
the photochemical reaction produces the anti-trans 56 and syn-trans 57 photodimers
in a 4:1 ratio (Figure 5). This is the first example of the use of cucubit[7]uril.[*”
According to the same principle Sivaguru et al. very recently proposed the
photodimeization of coumarins in water leading to syn dimers, whereas trans dimers
are formed in the absence of nanoreactor.**
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Figure 5. Huisgen type 1,3 cycloaddition and severall photodimerization in presence
of cucurbiturils.

Sai-feng et al. studied the use of cucubit[8]uril as nanoreactor in the oxidation of
various alcohol to corresponding aldehydes in the presence of o-iodoxybenzoic acid
(IBX) as oxidizing agent in aqueous solvent. The catalytic tests revealed that the
catalyst prefers aryl and allyl alcohols to alkyl alcohols, and the conversions of most
aryl and allyl alcohols have been increased by 30-50% in the presence of the
nanoreactor. The catalytic selectivity suggests that the IBX oxidation proceeds via a
stabilized o-carbanion intermediate, and the supramolecular catalysis should be
mechanistically related to the electron density and reactivity of the a-carbanion. By
comparing the reaction is presence of the nanoreactors CB[6], CB[7], CBJ[8], a-CD,
B-CD, y-CD, a dependent size cavity was observed with better results observed in
presence of the cucubit[8]uril.[**~"

Sanders’ group has synthesized sophistic macrocycles (58 and 59 Figure 6) that
consist in three Zn-porphyrins units covalently linked via aromatic-alkyne rigid bond
and accelerates very specific reactions of functional pyridines. The strategy used
herewith involves convergent binding sites that are positioned in such a way that
substrate molecules are held in close proximity. The trimer acts as an ‘entropic trap’
and accelerates reactions for which the transition-state geometry matches the relative
orientation of bound ligands. For instance, it catalyzes the Diels-Alder reaction
between pyridine-modified maleimide 60 and pyridyne-modified furane diene 61. The
presence of pyridine in each substrate is necessary to bind the Zn-porphyrins. The
reaction is accelerated 200-fold in comparison with the reaction without the trimer, as
the exo-adduct 62 is obtained in 65% yield, whereas no endo-adduct 63 was detected.
By changing the lengh of the linkers, the endo product 63 is favoured (Figure 6). The
final product also enters in the competition of complexation, thus the yield of the
reaction is not so high.”'*? In the same way, the trimer accelerates by 16-fold the
acyl transfer between an alcohol substrate and an amide substrate. The comparison
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with acyclic porphyrin ligand shows that the pre-orientation of the two substrates by
the trimeric species is essential.”

] N
0 60
—N
N
o 9
N

n=2 58 \ /

n=l 59 N
Figure 6. Sanders’ macrocylces used in the Diels-Alder reaction.”'?

Molecules containers

Cavitands are bowl-shaper container possessing a concave surface, generally deriving
from calixarene decorated with “high walls”, and Rebek’s group directed most of the
researches using this family of containers. The Diels-Alder reaction was also studied
with cavitands. By positioning a dienophilic maleimide group at the amido-rim of the
cavitand using the encapsulation of a hydrophobic adamantate part, the hydrogen-
bonding groups of the cavitand accelerate the cycloaddition between the maleimide
64 and 9-anthracenemethanol 65 (Figure 7). The reaction is accelerated 60-fold, the
reaction rate being driven by the larger size of the final product 66 compared to the
substrates and lower affinity constant than the substrates, which avoids inhibition of
the reaction. Others studies show the presence of a hydrogen-bonding arm at the top
of the cavitand 67, which orientates the substrate inside the cavity. In this way, the
rearrangement of suitable 1,5-epoxyalcohols to tetrahydrofuran derivatives (Figure 7)
was performed with help of the hydrogen bonding of the acidic arm of the cavitand
and the epoxyde group of the substrate inside the cavity that pre-organized the
beginning of the rearrangement. The reaction rate was increased up to 300-fold."”*!
Another astute recent example reports the switchable catalysis with a light-responsive
cavitand. The cavitand is composed of an azo-wall that is photo-isomerized between
trans (with 448 nm light) and cis (with 365 nm light) configurations. In the trans
resting state the cavitand presents a cavity accessible to guests; in the cis
configuration a self-fulfilling introverted arrangement results. The frans cavitand
promotes the piperidinium acetate-catalyzed Knoevenagel condensation between
malononitrile and aromatic aldehydes by binding the catalyst inside its cavity. The
reaction rate increased 3.5-fold in the presence of this nanoreactor. The catalyst is
rejected when the host is photo-isomerized into the cis-cavitand, inducing a decreased
reaction rate.!””!

10
103



cavitand

67! i Ry

R § Rias SR
Ry = Me, R, = Me - - S rearrangement

Ry =H, Ry=Me Cavitand with

Ry=Me Ry~ H hydrogen-bonding arm :

minor

. . 4
Figure 7. Rebek’s cavitands as nanoreactors.>>>*

Real molecule containers were synthesized via hydrogen bonding, covalent bonding
or metal-ligand coordination. One of the first examples of nanoreactor that were self-
assembled via hydrogen bonds was reported by Rebeck et al. A pseudo-spherical
shell, called “soft-ball” 68 was assembled via 16 H-bonds between two gycloluryl
moieties in an organic solvent and used in the Diels-Alder reaction. The reaction
between p-quinone 69 and cyclohexadiene 70 in p-xylene was studied at r.t., and
substrates could enter inside the capsule using the m—m stacking interactions with the
cavity of the capsule. A 200-fold acceleration of the reaction was observed in the
presence of the capsule because the concentration of the substrates inside the capsule
is increased, however the final product 71 presents a better affinity with the capsule,
which inhibits the use of the nanoreactor in catalytic amount.”® This research group
also simultaneously developed a cylinder-shaped capsule 72 composed of two self-
complementary vase-shaped resorcinarenes. These two cavitands are substituted with
four imide-functionalities on their upper rim and formed a seam of eight bifurcated
hydrogen bonds, i.e. sixteen hydrogen bonds. This cylinder-shaped capsule allows the
selective 1,3-cycloaddition to 1,4-triazole compound 75 between the phenylacetylene
73 and the phenylazide 74. The capsule constrains the guests orientation edge-to-
edge, influencing the selectivity of the reaction, as both 1,4 and 1,5 triazoles were
obtained without capsule. However, the final product remains trapped, however, and
therefore also inhibits the catalytic reaction.””
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Figure 8. Self-assembled capsules developed by Rebe

By using the hexameric resorcin[4]arene self-assembled cage that involves 60
hydrogen bonds and was reported by Atwood and MacGillivray,”®! Reek et al. have
encapsulated a gold-NHC catalyst that performed oxidation of alkyne leading to
unusual products due to the steric requirements of the host’ s cavity.””’ Nanoreactor
self-assembly could also be assembled using a suitable guest. This is the case of the
di-carcerand octaacid capsule developed by Gibb et al. that has actually only been
used for the selective oxidation of olefins by singlet oxygen.*”’

The group of of Fujita and that of Bergman and Raymond are most active on
coordination cages for enzyme-like catalysis. A decade ago, the latter group reported
various tetrahedral assemblies of [M4L¢]'> stoichiometry (M = Ga’*, AI’", Fe’"; L =
bis(bidentate) catecholamide) formed through the self-assembly of achiral
components to yield exclusively a racemic mixture of homochiral A,A,A,A- or

A, A A A-clusters with A or A configuration at each metal center (Figure 9). One such
[GasLe]'* assembly utilizes a naphthalene based catecholamide ligand backbone. This
highly negatively charged capsule 76 is soluble in polar solvents such as water, and
the naphthalene-based ligand scaffold generates a hydrophobic cavity of
approximately 0.5 nm’. This hydrophobic cavity allows the cage to encapsulate a
variety of hydrophobic monocationic species or species containing double bonds or
aromatic moiety thank to hydrophobic effect + m—m stacking interactions with
naphthalene. The first example of catalysis with such a cage used an iridium complex
that was encapsulated inside the cavity allowing the C-H bond activation of aldehydes
(Figure 9).1° The same nanoreactor is also able to stabilize protonated substrates and
consequently catalyzes the normally acidic hydrolysis of orthoformates in basic
solution, with rate accelerations of up to 890-fold. The catalysis reaction obeys
Michaelis-Menten kinetics and exhibits competitive inhibition, and the substrate
scope displays size selectivity (as for the C-H bond activation of aldehydes),
consistent with the constrained binding environment of the molecular host.[®” Other
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studies have proved the use of the cage in catalytic amount for the aza-Cope
rearrangement (Figure 9). Thanks to the binding of the substrates in a reactive
conformation, the host assembly accelerates the rates of rearrangement (up to 184 in
the case of propargyl enammonium cations).>** The Nazarov cyclization of
pentadienols to form cyclopentadienes was also studied in the presence of [GasLe]'>
above with a rate increased up to 10°~fold. The final product must be a poor guest for
the cavity in order to avoid inhibition of the reaction and therefore be trapped with
maleimide via a Dields-Alder reaction (Figure 9). Very recently, kinetic analysis of
the reaction, '*O-exchange experiments, and computational studies demonstrated a
mechanism in which encapsulation, protonation, and water loss from substrate are
reversible, followed by irreversible electrocyclization. Although electrocyclization is
rate determining in the uncatalyzed reaction, the barrier for water loss and for
electrocyclization are nearly equal in the cage-catalyzed reaction. Analysis of the
proposed energies of the catalyzed and uncatalyzed reactions revealed that transition-
state stabilization contributes significantly to the catalytic rate acceleration. This, in
addition to the enhanced basicity caused by encapsulation in the cage, is responsible
for the dramatic million-fold rate enhancement over the uncatalyzed reaction.®> !

Leads to -t stacking

M,L, 76
M = Ga**
L = bis(bidentate) naphtalene base catecholamide

Diels-Alder

Nazarov cyclization
Figure 9. Raymond and Bergman’s system
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Very recently, these authors showed that such water-soluble host assemblies were
capable of catalyzing the substitution reaction at a secondary benzylic carbon center
to give products with overall stereochemical retention, while reaction of the same
substrates in bulk solution gives products with stereochemical inversion.*”!

Fujita’s group has developed an octahedral cage MgLs 77 assembled from cis end-
capped Pd(II) ions and triazine-cored tridentate pirydine ligands. This coordinated
cage was used as nanoreactor for diverse catalytic reactions (Wacker oxidation, Diels-
Alder, photodimerisation and Knoevenagel condensation) and compared to the
nanoreactor of a square-pyramidal bowl, half open cage 78 synthesized by the same
research group (Figure 10). The Wacker oxidation of the styrene 79 to the
acetophenone 80 with 10 % mol of a Pd catalyst yielded 82% in the presence of 10 %
mol of the cage, whereas without cage only a 4% yield was obtained (Figure 10).
Moreover due to the strong binding ability of the cage toward electron-rich aromatic
compounds, the Wacker oxidation of various aromatics was particularly efficient for
electron-rich substrates./®®! The photodimerisation of olefins in water at 80°C during
10 min within the cage 77 or within the square-pyramidal bowl 78 was then studied.
For example, the regioselectivity in the photodimerization of 2-methyl-
naphthoquinone 81 within the cage was very high (96% of the syn head-to-tail
product 82), but only moderate within the bowl (78% 82 head-to-tail). The reaction
without nanoreactor gives the anti dimer 83 with a yield of 21% (Figure 10). Also in
this case, the nanoreactors nicely accommodate the substrate in the cavity through
aromatic interactions (- and CH-m)."") More recently the cage (I % mol) has
been used in the Knoevenagel condensation of aromatic aldehydes in water under
neutral conditions. The addition of a nucleophile to the aldehyde to generate anionic
intermediates seems to be facilitated by the cationic environment of the cavity. The
products resulting from the condensation of an aromatic aldehyde with Meldrum’s
acid are ejected from the cage as a result of the host—guest size discrepancy (Figure
10). The reaction with the 2-naphthaldehyde 84 leads to 96% of the desire product 85
in the presence of the cage 77 (1% mol), only 17% even in the presence of the bowl
78 in stochiometric amount and 2% without nanoreactor.’'! The last well-
representative example is the use of these two nanoreactors in the Diels-Alder
reaction  between the  9-hydroxymethylanthracene 86 and the  N-
cyclohexylphthalimide 87 in water. Generally the reaction leads to the coupling
product 88 bridging the central ring at the 9,10-position due to the high localization of
n-electron density at that site. However, in the presence of the cage 77, an unusual
regioselectivity is observed: the Diels-Alder reaction occurs at the terminal ring (1,4-
position, leading to product 89). The cage increases the effective concentration and
preorganization of the reactants, greatly reducing the entropic cost and supporting an
increase in the naphthalene reactivity as a diene during the Diels-Alder reaction. This
increase in reactivity was also proved via unreactive substrates such as naphthalene,
that underwent the Diels-Alder reaction in the presence of the cage.””! The square-
pyramidal bowl also plays an important role as nanoreactor. In the Diels-Alder
reaction between 9-hydroxymethylanthracene 86 and the N-cyclohexylphthalimide
87, the anthracene stacks onto the triazine ligand of the bowl, gaining considerable
stabilization via aromatic-aromatic or charge-transfer interactions. The Diels-alder
reaction efficiently occurs yielding 99% of the central (9,10-position) adduct 88 with
only 1% mol of the bowl, whereas in the same condition without the bowl only 3% of
the final product was observed (Figure 1a). One of the driving forces of the reaction is
that the final product is loosing the aromatic stacking interaction with the bowl, which
ejects the product from the bowl. The adduct obtained in this case at the 9,10-position
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instead of 1,4-position in the presence of the cage was explained by the fact that no

preorganization of the substrates inside the bowl, i.e. no strains imposed by a closed
(73]

environment occurs because of the concave open space.

(en)Pd(NO,)
cage 77
—_—
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Figure 10. Fujita’s capsules and their catalytic applications.®®"")

Recently, Mukherjee et al. have developed a water-soluble semi-cylindrical cage with
a hydrophobic cavity formed via a two-component self-assembly of a 90° Pd"
acceptor and a triimidazole donor. This nanoreactor was used in the Knoevanegel
condensation and Diels-Alder reaction and compared to Fujita’s systems. As it was
the case with Fujita’s bowl, the Diels-alder reaction between 9-
hydroxymethylanthracene 86 and the N-cyclohexylamide 87 in water at r.t. with 10%
mol of the new cage leads to the adduct 88 bridging the central ring at the 9,10-
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position. This is due to the open space as with the Fujita’s half cage 78 that did not
impose a specific restricted conformation as contrary to the cage 77. The entrance of
the substrates inside the cage was also guided by hydrophobic interactions and m—mn
stacking interactions with the wall of the cage. The loss of aromaticity of the adduct at
the end of the reaction allows the displacement of the reaction equilibrium, which
explains well the nanoreactor effect involving 49% yield with the cage against 9%
yield without the cage. By changing the cyclohexyl of the amide by a benzyl group,
n—r stacking interactions are added inducing a better encapsulation of the dienophile
substrate, which leads to a 89% yield instead of 11% yield in the absence of
nanoreactor.!”*!

Micellar nanoreactors

Micelles are spherical aggregates of amphiphilic molecules. Generally, the
amphiphilic molecules are composed of a hydrophilic head and a long hydrophobic
tail, mimicking fatty acids. Block copolymers are not treated here. Direct micelles are
formed in water whereas inverse micelles are observed in organic solvents. The
micelle solubilizes both polar and nonpolar reactants from an aqueous phase thanks to
the difference in polarity between the hydrophilic surface and the hydrophobic core.
In that way, micelles allow the enhancement of a reaction by increasing the local
concentration of the substrate or by stabilizing a transition state. The simplicity of
synthesis of the amphiphilic molecules leads to the huge use of micelle in the catalytic
field. Only most representative examples will be discussed here. As well-known
examples, Kobayashi and co-workers studied a variety of acid-catalyzed reactions in
water in the presence of various surfactants such as sodium dodecyl sulfate (SDS) 89,
a cationic surfactant cetyltrimethyl ammonium bromide (CTAB) 90 and a non-ionic
surfactant Triton X-100 91. The example of the Aldol reaction between the
benzaldehyde 92 and the benzene [(£)-1-[(trimethylsilyl)oxy]-1-propen-1-yl] 93 in
the presence of scandium tris(dodecylsulfate) (Sc(DS);) as catalyst (10% mol) was
chosen. In water, at r.t., only the reaction in presence of SDS (20 mol %, 35nM) is
giving 88% of the Aldol compound 94 in 4 hours but only 3% yield without
surfactant or in presence of CTAB 90), and in the presence of Triton X-100 91 in 60
hours the reaction yield is 89%. The effectiveness of the anionic surfactant is
attributed to a high local concentration of scandium cations on the surfaces of
dispersed organic phases, which are surrounded by the surfactant molecules. The
Lewis acid-surfactant combined catalyst was expected to act both as Lewis acid to
activate the reactants and as surfactant to form a stable colloidal dispersion. This kind
of catalyst was used in other carbon-carbon bond forming reactions such as allylations
and Mannich-type conversions.”> 7! Otto and co-workers have performed Diels-
Alder Lewis acid-catalyzed reactions in micellar media. Micelles such as SDS 89,
CTAB 90 and C2E; 95 have shown no real effect on the Diels-Alder reaction,
whereas micelles of Cu(DS), copper dodecyl sulfate 96 induce rate enhancements up
to a factor 1.8x10° compared to the uncatalyzed reaction in acetonitrile. This
nanoreactor effect results from efficient complexation of the dienophile to the
catalytically active copper ions, both species being concentrated at the micellar
surface. The micelle provides a confined environment that leads to a faster reaction.
Moreover, the higher affinity of cyclopentadiene for Cu(DS), 96 compared to SDS 89
and CTAB 90 micelles diminishes the inhibitory effect due to spatial separation of the
dienophile and the diene as observed for SDS 89 and CTAB 90.""! Another classic
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use of surfactant is described through the well-known emulsion polymerization for
instance by ring opening metathesis polymerization for the production of a variety of
polymers under mild, practical, and environmentally friendly conditions.””® Following
the success of the emulsion polymerization, ring closing metathesis (RCM) and cross
metathesis (CM) under heterogeneous aqueous conditions were described. Davis and
Sinou studied the activity of Grubbs 1* generation and related complexes towards
RCM in water in the presence of surfactants, such as SDS 89, SDSO;Na 97,
CTAHSO4 98, Brij 30 99, Tween40 100, HDAPS 101, and DDAPS 102. Although
the RCM of diethyldiallylmalonate (25°C, 15—-60 min) occurred in degassed water
even in the absence of the surfactant, the addition of SDS 89 (5 mol%) improved
conversion because of the formation of micelles.’””’ Lipshutz et al. have reported the
use of Grubbs 2™ generation (2 mol %) for CM and ROM-CM (Ring Opening
Methathesis) in water in the presence of a specific non-ionic surfactant PTS 103
derived from vitamin E (2.5 mol %), whereas other classic surfactants were less
efficient.®™ Lot of reactions has been studied in the presence of surfactants, and very
recently Lipshutz’ group has developed the use of specific surfactant TPGS-750-M
104 for the aerobic oxidation of aryl alkynes and arylsulfinate salts to f-
ketosulfones™®" and activated alcohols (to ketones or aldehydes),’® in water at r.t. The
oxidation is taking place within the lipophilic core of the nanomicelles (53 nm)
present in aqueous solution, moreover the nanomicelle solubilizes oxygen from air
inside the hydrophobic core which increases the reaction rate. No similar good results
were observed in the presence of classic surfactants.
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Figure 11. Surfactants as nanoreactors.

Usually, surfactants and amphiphilic block copolymers assemble at low concentration
up to their critical micellar concentration MCM into micelles. Depending on the
relative hydrophobicity and the relative composition/geometry of hydrophilic and
hydrophobic moieties, spherical, prolate or oblate micelles are formed.*! On the
other hand lipids usually form lamellar bilayer structures over the majority of their
phase diagrams, and in dilute solutions they form vesicles. As for micelles, vesicles
formed with polymers have superior stability and toughness than vesicles formed with
lipids. Recently, Desset et al. demonstrated that 1-octyl-3-methylimidazolium 105 and
other alkylimidazolium salts accelerated the hydroformylation of alkenes in aqueous-
biphasic medium.®**! van Leeuwen et al. prepared water-soluble analogues of
Xantphos (106, 107). 106 and 107, alone as well as when coordinated to the Rh
precursor, gave vesicles in water.*® By reacting 106 with [Rh(H)CO(PPhs);], the
complex 108 was synthesized and formed vesicles with an average diameter of 140
nm alone and of 500-600 nm in the presence of 1-octene, the substrate for the
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hydroformylation experiments. When this reaction is performed at 343 K, ligands 106
and 107 are 6 times and 12 times more active, respectively, than the water-soluble
diphosphine 2,7-bis(SO3;Na)Xantphos (109). At 393 K, when the vesicles are partly
disrupted, the relative reaction rate decreased, 107 being only three times more active
than 109) Importantly, a high selectivity is maintained with ligands 106 and 107 (1 :b
= 98 : 2) and during the recycling process neither emulsions nor transfer of the Rh
metal into the organic phase is observed. Thus several runs with the same catalyst
were performed without loss of activity and selectivity. In most cases, organic or
polymeric vesicles and micelles are used for the stabilization of nanoparticles that are
used as catalyst.[*”!

PPh, PPh,
¢}
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—
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PPh; PPh,

(0]
O O O ’ e o
NaO;S SOsNa
(0]
109
O ’ o o
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)

0 [Rn] 108

[Rh] = RhH(CO)PPh;y

Figure 12. Other surfactants forming micelles or vesicles.

As the stability of the micelles and the vesicles actually depend on the environment,
such as the concentration of the surfactants, the pH or the temperature of the solution,
the synthesis of dendrimers and dendronized polymers was introduced as a valuable,
molecularly well-defined alternative. Dendrimers are unimolecular micelles; they are
macromolecules with the shape of a cauliflower. The dendrimers are composed of
holes between their branches, which allow the encapsulation of various molecules.
Dendrimers are flexible when they are small, but they adopt a globular shape by
increasing in generation, eventually leading to more rigid macromolecules.

Four different kinds of dendritic catalysts can be designed, i.e. the catalytic species
can be (1) covalently linked to the core of the dendrimer, (i1) covalently linked to the
periphery of the dendrimer, (ii1) coordinatively attached inside the dendrimer to amide
or triazole group for example and (iv) encapsulated inside the dendrimer for example
by hydrophobic interactions. Diederich’s group also developed dendrophanes such as
110 (Figure 13) composed of a cyclophane moiety at the core and a dendritic
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periphery, also with a catalytic thiazolium site. This dendritic macrocyle catalyzed the
model reaction of oxidation of naphthalene-2-carbaldehyde thanks to m—m and/or
hydrophobic interactions of the substrates with the nanoreactor allowing the dynamic
entry into the cavity.®™ Crooks’ group is using hydroxyl-terminated
poly(amidoamine) (PAMAM) dendrimers as nanofiltrers. After coordinating Pd" to
the amido groups inside the dendrimers of different generations, the Pd" is chemically
reduced into Pd’ nanoparticles (PANPs). As the dendrimers G4-OH, G6-OH, and G8-
OH are sufficiently large, the PANP is encapsulated inside the dendrimer (DEN).
While G4-OH(Pd4) allows the hydrogenation of both small and big alkenes, only
small alkenes were hydrogenated with G6-OH(Pds). On the contrary no
hydrogenation reaction was observed for small and large substrates in the presence of
G8-OH(Pd4) (Figure 13). The different nanofilters provided selectivity in the
hydrogenation catalysis."™*"!

The Astruc group synthesized an amphiphilic dendrimer 111 via “click” copper (I)-
catalyzed azide alkyne cycloaddition (CuAAC) reaction between an arene-nona azido
core and 9 tris-triethylene glycol dendrons. This dendrimer was very efficiently
employed as nanoreactor for the metathesis reactions in water. In the presence of low
amount of various commercial ruthenium metathesis catalysts, and in particular of
only 0.083 mol % of the nanoreactor and 0.04-2mol % of Grubbs’ 2" generation
catalyst, RCM, EYM (enyne metathesis) and CM were carried out efficiently. For
example, the CM of 1,7-octadiene in water at room temperature with 0.1 mol % of
catalyst and 0.083 mol % of the dendrimer yielded 86% in water, whereas no final
product was obtained under these conditions without dendrimer. It is proposed that
the dendrimer solubilizes the hydrophobic molecules at the hydrophobic core that
allows gathering in the dendrimer interior the catalyst and the substrate.”'** The very
low amount of catalyst used, contrasting with relatively high amounts of metathesis
catalyst usually used by chemists in organic solvents results from the protection inside
the dendrimer of the Ru-methylene intermediate of metathesis reactions that is
subjected to side reactions under ordinary conditions outside the dendrimer. Recently
they stabilized PANPs with various dendrimers containing these 1,2,3-triazole ligands
resulting from their construction including such low-generation amphiphilic
dendrimers.”*® The combination between the 1,3-triazolyl rings coming from the
CuAAC reaction and the triethylene glycol termini (dendrimer 111) provided
excellent stabilization of PANPs in water and excellent catalytic activity of these
PdNPs in aqueous media for carbon-carbon cross coupling reaction and for the
reduction of 4-nitrophenol. Under these conditions, it has been demonstrated that the
Suzuki-Miyaura coupling of bromoaromatics proceeded in H,O/EtOH (1/1) at 80°C
with only 0.3 ppm of Pd (TON up to 2 700 000).°°%

In the same research group, this dendritic nanoreactor was used for a very efficient
“click” CuAAC catalysis in only water. After showing by 600 MHz NMR in DO the
encapsulation of the hydrophobic Cu(I) catalyst (hexabenzyltren-Cu(I)) 112 driven by
hydrophobic effect inside the dendrimer, the “click” reaction was performed on
several substrates at r.t. with 0.1 mol % of catalyst 112 and 1 mol % of dendrimer. As
an example, the reaction between benzyl azide 113 and phenyl acetylene 73 yielded
91% of 1,4-triazole product 114 in three hours whereas without nanoreactor the
reaction yield was below 5% (Figure 13). No change in the reaction yield was
observed after 10 times recycling of the dendrimer.
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Interestingly, by coupling the micellar effect of the dendrimer and ligand activation
Cu(l), simply generated by reduction of CuSO4.5H,0 by sodium ascorbate, by the
intradendritic 1,3-triazole rings, the same click reaction between benzyl azide 113 and
phenyl acetylene 73 in water at 30°C was quantitative with only 5 ppm of Cu(I) in 24
hours (TON up 510 000), Figure 14.%?) This latter system is the most active one for
the CuAAC “click” reaction. Yet, it is rather simple, and the dendrimer is recycled

many times.
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Figure 14. Cu(l) activated with dendrimer 111 as very efficient catalyst/nanoreactor
for the CuAAC reaction.
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Conclusion

It has been shown in this review that researchers have for several decades astutely
used their skills in chemistry in order to engineer, synthesize and use macromolecules
with cavities. From the first nanoreactors, the macrocycles and cryptates found their
utility in catalysis using as a first recognition step of ionic part generally helping the
orientation of a chemical reaction, to cyclodextrins, calixarenes or cucurbituril that
bring a micro-environment in which real catalytic reaction can occur, these
macrocycles accelerate reactions, or make them more selective. The use of more
“sophisticated” systems such as nano-container takes an important place in this
nanoreactor field essentially because of the universality of these systems. The cage of
Fujita or the ones of Bergman and Raymond are possibly the most representative
systems because they have proved their efficiency in several reactions that were
essentially reviewed here. Micellar systems, such as unimicellar dendrimers are also
good candidate for the place of a universal nanoreactor with several very efficient
catalytic reactions that were developed very recently. It is important to notice that in
all the cases reported here, a first recognition step was necessary in order to enter in
the cavity, in order to shelter in a micro-environment, which will increase the local
concentration of the substrates or will position the substrates in their “transition state”
during a the chemical reaction, leading to an improvement of the reaction rate. This
first step of recognition corresponds to hydrogen bonding, electrostatic interaction,
Van Der Waals interaction, s—m interaction, steric effect, shape complementarity, or
hydrophilic/hydrophobic effects. Improvement of several systems remains a
challenge, because frequently the high affinity of the final product for the nanoreactor
leads to inhibition of the reaction avoiding the catalytic use of the nanoreactor. Along
this line, engineered dendritic molecular nanoreactors have shown remarkable
efficiency for numerous key catalytic reactions, easy recycling and escape of products
resulting from the dendritic tether flexibility.
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ABSTRACT: Upon catalyst and substrate encapsulation, an amphiphilic

dendrimer containing 27 triethylene glycol termini and 9 intradendritic

triazole rings serves as a catalytic nanoreactor by considerably accelerating ~dendrimer

the Cu'-catalyzed alkyne—azide cycloaddition (CuAAC) “click” reactions of and ligand
various substrates in water using the catalyst Cu(hexabenzyltren)Br (tren =
triaminoethylamine). Moreover this recyclable nanoreactor with intra-

dendritic triazole rings strongly also activates the simple Sharpless—Fokin

catalyst CuSO, + sodium ascorbate in water under ambient conditions

nanoreactor

~ TON=510000
TOF= 21250 h*!

leading to exceptional TONs up to 510 000. This fully recyclable catalytic
nanoreactor allows to considerably decrease the amount of this cheap
copper catalyst down to industrially tolerable residues, and some biomedical and cosmetic applications are exemplified.

B INTRODUCTION

Since Breslow’s concept of supramolecular nanoreactors with
cyclodextrins,1 nanoreactors are becoming increasingly inves-
tigated in catalysis as illustrated by Fujita’s capsule ML,
Rebek’s soft ball,?® cucurbit[6]uril,* and biresorcinarenes,’
respectively, studied by Mock and Warmuth, porphyrin® used
by Reek and Van Leuuwen, Sanders’ 8porphyrine macrocycle”
and Bergman and Raymond’s capsule.®® Surfactants and ionic
liquids," copolymers that form micelles and polymersomes,""
and dendrimers'*~*® are useful for the encapsulation or stabili-
zation of catalytically active nanoparticles."*™** In particular,
Newkome has proposed dendritic molecular micelles,'*~*" and
Crooks has used dendrimers as nanofilters for nanoparticle
catalysis.”>~'* Along this line, dendrimers have the potential
to serve as molecular containers,”> >** and dendrimers with
internal triazole rings on their tethers have been shown to
facilitate the catalysis by Pd nanoparticles of C—C cross-coupling
reactions.'**~>73°

It was then of interest to examine whether these dendritic
nanoreactors are of general application in catalysis and, in
particular, if they can also facilitate or activate catalysis by mole-
cular catalysts. Therefore, we have now addressed their utility in
the Cu'-catalyzed Huisgen-type azide—alkyne 1,3-cycloaddition
(CuAAC), the most commun “click” reaction allowing to link
together two organic, bioorganic, or other functional molecular
fragments.’** The catalytically active Cu' species is usually
generated from CuSO, and sodium ascorbate in excess, a very
convenient system that works well in aqueous solvents.*> Various
genuine Cu' catalysts that do not require a sacrificial reductant
are also known, the advantage of liganded Cu, particularly
with nitrogen ligands, being the rate acceleration, for instance
with the efficient polytriazoles®** and tris(2-aminoethyl)amine
derivatives (tren).”>™® The nitrogen ligands allow the use of
Cu' catalysts in amounts that are much reduced (most often of

-4 ACS Publications  © 2014 American Chemical Society

the order of 1%) compared to the original, simple, and practical
catalyst CuSO, + sodium ascorbate that is still the most
commonly utilized catalyst but in much larger quantities that
are often even stoichiometric or superior to stoichiometry.”~>
The large quantity of metal catalyst used in the CuAAC “click”
reaction and its difficult complete removal presently remain the
main problems, inhibiting the utilization of such “click” chemistry
in electronics and biomedicine.

Now the use of the dendrimer 1 terminated by 27 triethylene
glycol (TEG) termini®® (Scheme 1a) is proposed as an amphi-
philic micellar nanoreactor, stabilizer, and activator of CuAAC
reactions in water leading to a considerable decrease of the
required Cu' catalyst for these reactions. The water-soluble
dendrimer 1 is also fully recyclable and reusable many times
without consumption or decomposition.

Two approaches are shown here to be extremely efficient for
this purpose. First, the reactions of various substrates are
catalyzed in water using the complex [hexabenzyltren-Cu]Br,
2,% with the dendrimer 1 taking advantage of its molecular-
micelle effect. In this strategy, it is possible to catalyze click
reactions with down to only 0.1% of the Cu' catalyst 2 and to
localize this hydrophobic solid catalyst 2 inside the dendrimer
in D,0 by 600 MHz 'H NMR, bringing an enlightening sup-
port for the role of 1 as a nanoreactor. Second, now utilizing
both advantages of micellar dendritic encapsulation and catalytic
activation of “naked” Cu' by intradendritic triazole ligands,
the recyclable dendrimer 1 in very small quantities allows the
use of only part-per-million Cu' catalyst (CuSO, + sodium
ascorbate) at 30 °C in only water, an exceptional efficacy of this
convenient, simple, and commercial catalyst.
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Scheme 1. CuAAC Reaction between Benzyl Azide and
Phenyl Acetylene Catalyzed by the Cu' Complex 2 in the
Presence of Small Amounts of the Dendrimer 1 (a, b).

b )
0.1-0.5% mol of 2 NN N
—\ Ns 1% mol of 1 =\ N N
\ 7/ * \ \ 7/ i
H,0, 3h, 25°C

B RESULTS AND DISCUSSION

Activation of Click Catalysis by Micellar Dendrimer
Effect: the Dendrimer 1 As a Nanoreactor. The CuAAC
reaction is first conducted in water during 3 h between the
water-insoluble substrates benzyl azide and phenyl acetylene
with various amounts of catalyst 2 in the presence of 1% mol of 1
(Scheme 1ab and Table 1).

Table 1. CuAAC Reactions between Benzyl Azide and
Phenyl Acetylene®

entry catalyst 2 (mol %) dendrimer 1 (mol %) yield (%)b

1 0.1 0 2
2 0.1 1 91¢
3 0.2 1 92
4 0.5 1 98

“From Scheme 1b. All the reactions were carried out with 0.1 mmol
of azide, 0.105 mmol of alkyne, 2 mL of water at 25 °C during 3 h.

bIsolated yield. “This reaction was repeated 10 times with the same
recycled dendrimer 1, and after reusing 1 ten times, the yield remained
91%.

According to Table 1, the “click” reaction with 1% of 1 works
well when the amount of catalyst 2 is in the range 0.1—0.5%
mol (yields: 92—98%). When the same reaction is conducted
without 1, the reaction does not work under these conditions,
the yield being only 2% (entry 1).

The water/organic compatible TEG termini render the
dendrimer 1 water-soluble, and the hydrophobic core allows
solubilization in water of the hydrophobic catalyst 2 and the
substrates. The results from Table 1 confirm that the hydro-
phobic substrates and catalyst 2 meet more easily in the hydro-
phobic core of 1 than outside 1 in water. Scheme 1la illustrates
the schematic principle of the reaction. The insolubility of 1
in diethyl ether allows the complete extraction of the organic
products from the reaction medium upon keeping 1 in the
water phase. In this way, 1 was recycled more than ten times
without change of structure during the catalysis (the experiment

of entry 2 was repeated 10 times, with the same recycled den-
drimer 1 w1thout change in reaction yield). The next-generation
dendrimer 3* containing a hydrophobic core and 81 TEG
termini (see structure in the Supporting Information Scheme S1)
was also used in the test CuAAC reaction between benzyl azide
and phenyl acetylene under the conditions indicated in Table 1
in order to check its behavior as a nanoreactor. The reaction
performed in the presence of 3 was nearly quantitative (90%)
after 3 h as in the presence of 1 (91%, entry 2), indicating that
the micellar effect of 1 and 3 in the catalysis of CuAAC reactions
was similar. Because the synthesis of 3 is longer than that of 1,
the following studies of the “click” reactions were only conducted
with the dendrimer 1.

The CuAAC reaction has been conducted using the nano-
reactor 1 in water for seven other substrates in order to check
the applicability and generality of the method for this reaction
(eq 1 and Table 2)

— 1% mol of 1

Ns b — g Ol%molof2 '\\‘
\ =
l:{\/ / H,0, 30, 25°C

Table 2. CuAAC Reactions between Various Azides and
Alkynes Using 0.1 Mol % of Catalyst 2 in the Presence of
Catalytic Amounts of Dendrimer 1¢

Yield/conv.
(%)
89/97

/
=—8i—

A
_ <:> oo | 93/100
7 ©AN3 = 93/100
— <:> 90/97
9 Ne —( 95/100
= )

Entry | Azide Alkyne

5

10 O/\Na _ <:> o 91/98

11 OANG _ <:> 90/97
NC

12 J@/\M _ <:> 96/100
Br’

“See eq 1. All the reactions are carried out with 0.1 mmol of azide,
0.105 mmol of alkyne, 1% mol of dendrimer 1, 0.1% mol of 2, and 2 mL
of water at 25 °C, during 3 h. bIsolated yield/ 'H NMR conversion.

The method that is proposed here is efficient for the “click”
reaction of various substrates, leading to yields of around 90%
or more for classic nonactivated substrates. Finally the catalyst
2 was used during the “autocatalytic” synthesis of the nano-
reactor 1 itself. Remarkably, with only 8% mol of 2 per branch,
the “click” reaction between the nona-core azide and the tris-
TEGylated alkynyl dendron (eq 2) is completed in 570 min at
30 °C in the presence of only 1 mol % 1 per branch, leading
to 1 in 81% isolated yield. If 1 is absent at the beginning of
the reaction, the yield under these conditions is only 39%
(in 1200 min), clearly showing the strong autocatalytic effect
of very small amounts of 1 on its own formation. The kinetic
study of the reaction (see Supporting Information, Figures $29
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and S30) shows that after 90 min, the conversion of the starting
material is already 45.8% in the presence of 1 against only 2%
without 1 at the beginning of the reaction. In the absence of 1
at the beginning of the reaction, its synthesis using catalyst 2
requires 2 days to reach completion; thus, the presence of 1 at
the beginning of the reaction clearly accelerates its synthesis.

'H NMR Characterization of the Solubilization of the
Hydrophobic Catalyst 2 in Water and Encapsulation in
the Dendrimer 1. In order to provide further insight into the
catalytic activation by the dendrimer 1, '"H NMR and DOSY
NMR studies of 1 have been conducted.

The 'H NMR study of 1 in D,O shows a minute shift of
the triazole proton (from 7.79 to 7.76 ppm) upon diluting 1
32 times (from 2.8 X 107> to 8.7 X 10~ M, Figure la). This

a 7.757 ppm ——2 (1 nitiall
(Minial 2

— [Mnwal/4 | blinded

— [Minial/8

(inial/ 16

o [1lnlliaI]/32

Triazole proton of 1

#> shift

shift
>

\

N _.7-85 PPM pew 7prcarks ;.I)cn'drni;cr 1 alone

._,/‘j \ — .. A~ \\~ e
7.96 ppm Dendrimer 1 + cata. 2

Figure 1. 'H NMR characterization of the solubilization of the
hydrophobic catalyst 2 in water and its encapsulation in the dendrimer
1. (a) 600 MHz 'H NMR in D,O of 1 from concentrated solution
(1] =2.8 X 10° M (left) to diluted solution [1] = 8.7 X 10° M (right).
(b) 600 MHz 'H NMR of 1 + 2 in D,0. New peaks appear around
7.5 ppm and shifts are observed, inter alia in the portion of the spectrum
represented here, for two types of protons (triazole at 7.85 ppm and
aromatic rings of the TEG dendron 6.62 ppm).

experiment suggests that, when 1 is concentrated, assemblies
of dendrimers are formed with interdendritic interlocked TEG
termini, whereas in diluted conditions, these assemblies are split.
This observation is also confirmed by DOSY NMR experiments
that show different diffusion coefficients when 1 is concentrated
(2.8 X 107> M) or diluted (8.7 X 10> M). The hydrodynamic
diameter of concentrated 1 calculated from the diffusion co-
efficient using the Stokes—Einstein law is 13.3 (+0.2) nm, and
102 (+0.2) nm when 1 is diluted (the calculated maximum
diameter of 1 at full extension is approximately 6 nm).

The 'H NMR spectrum of 1 + 2 in D,O presents, compared
to that of 1 alone, the appearance of new signals at 7.47—
7.49 ppm (Figure 1b) corresponding to the protons of the
phenyl groups of 2, showing the solubilization in water of
the hydrophobic complex 2. It is also remarkable that in the
presence of 2 the signals of the protons of the hydrophobic
groups of the tethers of 1 (red and green regions of Scheme 1a)
are slightly shifted (0.03 ppm in the red region, see Figure S2/
Table S1 of the Supporting Information), especially the triazole
proton (around 0.1 ppm shift, see Figure 1b). This latter shift
possibly results from interaction of this triazole with the Cu
atom of 2 subsequent to reversible decoordination of a nitrogen
ligand of 2. This would eventually add to the driving force
provided by the hydrophobic shelter for the encapsulation of 2
by 1. NOESY NMR shows a weak interaction between the new
peaks of 2 and the CHj substituents of the Si groups of 1,
which also confirms the presence of the catalyst 2 very close to
the hydrophobic interior of 1 (see Figure S4 of the Supporting
Information). The bulk of the core and the barrier of the
methyl substituents of the Si atoms prevent significantly
deeper interaction of 2 beyond the SiMe, groups near the
dendrimer core.

Upon diluting the solution 1 + 2 from [1] = 2.8 X 107 M
to [1] = 32 x 10™* M (condition of the CuAAC reactions)
the ratio of water-soluble 2 per mol 1 increases from 1/15 to 1/5
(Supporting Information, Figure S3), which is in agreement with
the stoichiometry used during the catalytic CuAAC reaction with
1% dendrimer 1 and 0.1—-0.2% catalyst 2 (Table 1, entries 1—3
and Table 2, entries 5—12).

Intradendritic Triazole Ligands of 1 As Additional
Activators of Cu' Catalysis. The second strategy uses, in
addition to and in synergy with the micellar effect of the
amphiphilic dendrimer illustrated above, the intradendritic
triazole activation of the Cu' catalysis. In this case, it is not
necessary to synthesize a Cu' catalyst such as 2 with a nitrogen
ligand because this role is played by the nine intradendritic
triazole ligands of 1. In precedent work on catalytically efficient
dendrimer-encapsulated Pd nanoparticles, the role of the
triazole ligands was the stabilization of the nanoparticles.'®>’
On the other hand, here, the intradendritic triazole ligands
activate Cu' by increasing the electronic density for improved
catalytic efficiency. Thus, the classic CuSO,-:5H,0O source can
advantageously be used as precatalyst of the CuAAC reaction,
and sodium ascorbate (NaAsc) as reducing agent of Cu" to Cu',
that is, the initially reported conditions.>® As 1 contains nine
triazolyl rings, 9 equiv. Cu" per dendrimer are used. After
adding CuSO,-SH,O to an aqueous solution of 1, Cu"
coordinates the intradendritic triazolyl ligands, then Cu' is
reduced in situ to Cu' for intradendritic catalysis (Figure 2).
The coordination of Cu" to the triazole rings of 1 has been
checked by "H NMR spectroscopy. After adding CuSO4-SH,0
to a deuterium oxide solution of 1 (1 equiv per triazole), the
NMR signal of the triazole proton of 1 at 7.90 ppm vanishes to

dx.doi.org/10.1021/ja5061388 | J. Am. Chem. Soc. 2014, 136, 12092—12098
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Figure 2. (a) Dendrimer 1 as nanoreactor/ligand for CuAAC catalysis. (b) Comparison of the NMR signals of the triazole proton of 1 alone
(7.90 ppm), with Cu™* (very broad due to the paramagnetism) and Cu' (shift to 8.08 ppm) showing the coordination of the intradendritic triazoles of

1 to the copper ions.

give a very broad signal due to the paramagnetic Cu'' species.
When NaAsc is added to reduce Cul to Cul, the NMR signal
of the triazole proton of 1 reappears but is shifted (8.08 ppm
instead of 7.90 ppm when 1 is alone) showing the coordination
of all the triazole rings to Cu' (Figure 2b and Figure S8 of the
Supporting Information).*’

The efficiency of the CuAAC catalyst involving this system
has been tested again for the classic reaction between benzyl
azide and phenyl acetylene with various amounts of catalyst,
down to 1 ppm of copper. When the quantities of 1 and
CuSO,-5H,0 are 1%, the yield is 100% in 2.5 h of reaction
against only 15% when the reaction is conducted without 1.
The reaction is quantitative with only 4 ppm of Cu' in water at
30 °C during 24 h (entry 18) and reaches 50% of yield with
1 ppm of Cu' (Table 3).

Table 3. CuAAC Reactions between Benzyl Azide and
Phenyl Acetylene Using Various Amounts of 1—Cu' ¢

entry Cu' ppm time (h) yield (%) TON TOF (h™!)
13* 10000 (1 mol %) 2.5 99 99 39.6
14° 2000 19 99 495 26.0
15 200 19 99 4950 260
16 40 19 99 24 700 1300
17 20 19 99 49 500 2 600
18 4 24 99 247000 10 300
19 1 24 50 510 000 21 200
20 0 24 0 0 0

“All the reactions were carried out with 1 mmol of azide, 1.05 mmol of
alkyne in 1 mL of H,O. "The reaction was carried out with 5 mL of water.

Such an extremely low quantity of copper has never been
successfully used in only water at 30 °C for CuAAC reactions
before the present study. At such extremely low catalyst amounts,
the noncatalyzed Huisgens reaction is in competition with the
CuAAC reaction at high temperature using the standard
substrates.”” At 30 °C, however, neither the Huisgen reaction
in the absence of Cu' catalyst nor the CuAAC reaction (entry 20)
proceeds. In the case of very small amounts of copper, an
excess of sodium ascorbate vs the low catalyst amount is added
to the reaction in order to avoid oxidation of Cu' that is air
sensitive.

The CuAAC reaction is also carried out in water at 30 °C
between various alkynes and azides (aromatic and aliphatic)
with parts-per-million amounts of Cu' (eq 3 and Table 4)

N
NF R
Ny, , 410200 ppm 1-Cu! }q / .

) R TH0.240.30°C \
R\// . R( /

In order to check if the dendritic effect is positive and to
distinguish between the micellar dendrimer effect and the Cu'
activation by coordination of a nitrogen atom of the “clicked”
triazole in water, the results obtained in the presence of the Cu'
complex of dendrimer 1 were compared on one hand with those
obtained with the Cu' complex of the nondendritic molecule 4
(Scheme 2a), and on the other hand with those obtained with
Cu' in the presence of the water-soluble dendrimer 5*' that does
not contain triazole ligands (Scheme 2b).

With Cu' stabilized by the nondendritic triazole ligand of 4,
the same conditions as in entry 15 (200 ppm of Cu') are
followed, and the yield is also quantitative. When the amount of
catalyst is reduced to 4 ppm as in entry 18, however, no reaction
is observed upon several attempts, which emphasizes the key
molecular micelle role of the dendritic nanostructure. With
dendrimer § that does not contain triazole rings (Scheme 2b),
Cu' is introduced under the same conditions as with 1 and as
in entry 17 (20 ppm of Cu'). After 24 h, only 27% of isolated
yield is obtained, whereas with 1—Cu' 99% is obtained in 19 h.
This shows the crucial activation role of the triazole ring. When
the reaction is performed without any dendrimer (using only
the water solution of Cu'), the isolated yield is 9%. These
experiments show that both the micellar effect of the dendrimer
1 and the activation by coordination of Cu' by the intradendritic
triazole ligands have a very positive effect on the catalytic
efficiency and that these two effects are cumulative, resulting in
the considerable benefit of the dendritic nanoreactor 1 on the
“click” reactions with the simple Sharpless-Fokin catalyst
CuSO,-SH,0 + sodium ascorbate in water.

These results advantageously compare with relatively recent
ones (2008—2014) from the literature in Table S, a large
number of active catalysts for the CuAAC reactions being
known.

dx.doi.org/10.1021/ja5061388 | J. Am. Chem. Soc. 2014, 136, 12092—12098
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Table 4. CuAAC Reactions between Various Azides and
Alkynes with 1—Cu' ® (See eq 3)

Entry | Azide Alkyne Cuf Yield
(%)°
21 ©/\u3 — < > 4 ppm 99
22 O/"“ _ < > 20 ppm 87
23¢ O/\Ng _ 20 ppm 81
A\
24 \©AN3 _ <:> 20 ppm 89
25 ©/\~3 _ ™M ou 4 ppm 90
Ph
26 O/\ug — < > ove | 4PPM 82
27 O/\Na _ < > 50 ppm 90
NC’
28¢ Q/\M _ < > 50 ppm 89
Br
29 NNy, _ < > 100 ppm 98
30 O/\N3 ,{0 20 ppm 98
~ oH
31 Ny 200 ppm 98
—/ v

“All the reactlons are carried out with 1—Cu' at 30 °C during 24 h in
1 mL of H,O. “Pent-1-yne is hydrophobic and has a low boiling point,
so that it is difficult to conduct experiments with a lower amount of
catalyst. “Isolated yield. “Reaction performed at 35 °C.

One of the best results has been recently reported by Yamada
et al, who have described the synthesis of an amphiphilic
self-assembled polymeric copper catalyst. This catalyst is active
in the CuAAC reaction between benzyl azide and phenyl
acetylene with 4.5 ppm of copper at 50 °C during 32 h in the
mixed solvent -BuOH/H,O (1/3).* The presence of t-BuOH
as cosolvent and 50 °C are necessary for a complete reaction.
Another remarkable example was also recently reported by Shin
et al. using f-cyclodextrin as nanoreactor for “click” reactions
in water in the presence of CuSO, and sodium ascorbate at rt,
but 5% mol of copper was needed in that case for a quantitative
reaction in only water.*” The catalysts Cu(PPh,)NO;*® and

Table 5. Examples of Recent Efficient CuAAC Reactions in
the Presence of Various Catalysts and Reaction Conditions”

Cu time temperature
catalyst™ (9% mol) (h) solvent F
Cu/Fe* 5wt % 8 CH,Cl, 30
Cu-NHC/Phen*® 1 18 +BuOH/ 20
H,0 2/1
Cu/AlO(OH)* 3 6 n-hexane 25
Cu,0/benzoic acid* 1 0.13 H,0 20
poly(imidazole- acrylam1de)/ 02§ 1.5 +BuOH/ 50
CuSO,/NaAsc*® H,0 1/3
poly(imidazole- acrylamlde)/ 0.00045 31 +-BuOH/ 50
CuS0,/NaAsc*® H,01/3
bis-NHC-dicopper complex*” 0.5 0.75 CH,Cl, 20
TBTA-Cu'® 025-1 24 +-BuOH/ 20
H,02/1
nano-FGT-Cu*® 2.4 0.16 H,0O Mw 120
Fe,0,—NHC-Cu"’ 025 18 H,0 20
$-CD/CuSO,,NaAsc™® 5 025 H,0 20
[Cug(14-H){S,P(OEt), }¢] 0.4 4  CH).CN 20
(PF)*!
CuSO,/N,H,~H,0% 0.0025 4  No 20
ammonium NHC-Cu'*? S 3 H,0 20
FeZ rg/ Si0, Tris(triazolyl) 0.5 20 H,0 20
PS / SlOZTrls(tnazolyl) 0.5 4 H,0 20
methane—Cu'>®
SBA-15-imine/Cu'*® 0.1 6 H,0 20
Cu(PPh;)NO,* 0.5 0.66 H,0 20
[(NHC,)Cu]PF* 2 1.5 H,0 20
Catalyst 2% 0.1 24 PhCH, 22

“All the above results correspond to the CuAAC reaction between
benzyl azide and phenylacetylene. NHC: N-heterocyclic carbene, TBTA:
tris(benzyltriazolylmethyl)amine, FGT: ferrite-glutathione, S-CD: f-
cyclodextrin, SBA-1S5: mesoporous silica, NHC: NHC ligand with
cyclohexyl substituents on the nitrogen atoms. Yields are between 90 to
100% except with Cu-NHPhen (78%) and CuSO,/N,H,—Cu (82%).

|:(NHCC},)Cu:|PF657 are also active in water but 0.5% mol and
2% mol respectively are necessary for a complete reaction
between benzyl azide and phenyl acetylene. Generally, the
CuAAC “click” reaction is possible in water when the amount
of liganded copper exceeds 0.1% mol (see Table S); therefore,
the activity of the present system is incomparable.

Scheme 2. (a) Complexation of the reference compound 4 by Cu" followed by reduction to water-soluble, catalytically active
Cu-triazole for CuAAC reactions. (b) Structure of dendrimer 5 that does not contain triazolyl groups.
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Scheme 3. CuAAC Reactions with 1—Cu' As Catalyst for Various Applications
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To evaluate the scope and the applicability of the present
system, the CuAAC reaction with 1—Cu' was tested on hydro-
phobic biomolecules with medicinal, targeting, and labeling
interests (Scheme 3). As a candidate, the 1-ethynylcyclohexanol
6 was chosen because of its simple structure and because it is an
active metabolite of the old central nervous system depressant
drug ethinamate. The 7-(propargyloxy)coumarin 7 belonging
to the coumarin family was also tested in the CuAAC “click”
reaction with 1—Cu'. Coumarins are often used for their anti-
oedematous properties, and their flavor properties have rendered
this family famous in the perfume industry. Moreover coumarins
are known as fluorescence dyes. The 3-(p-biotinylamido)-1-
propyne 8 is an alkyne derivative of biotin that is known for
instance for its role as a vitamin and coenzyme in the synthesis of
fatty acids. Biotin is also known for its extremely high affinity
with avidin. As exposed in Scheme 3, the catalyst 1—Cu' is very
active for the CuAAC “click” reaction even for these three
biological molecules with only 100—200 ppm of Cu'.

B CONCLUDING REMARKS

The water-soluble dendrimer 1 acts as a molecular micelle
nanoreactor in catalytic quantities (1% vs substrates or less)
and is recycled and reused many times without any loss or
decomposition. Under these conditions (water, 25 °C, 3 h), it
considerably facilitates catalysis by [Cu(hexabenzyltren)]Br
(0.1% vs substrate) of the CuAAC reactions that are nearly
quantitative in the presence of this dendritic nanoreactor and
do not work in its absence. Along this line, the “autocatalyzed”
dendritic nanoreactor synthesis of 1 is remarkable.

This catalytic nanoreactor effect is confirmed by 'H NMR
evidence of the solubilization of the hydrophobic catalyst 2
in water in the presence of the dendrimer 1, and the catalyst—
dendrimer interaction is shown by the selective NMR shifts
of intradendritic protons in the hydrophobic region, providing a
proof for the solubilization role of 1.

In addition to and in synergy with this effect, the presence of
intradendritic triazole ligands allows catalyzing CuAAC reactions
at 30 °C with down to 4 ppm of commercial CuSO,-5H,0 and
sodium ascorbate for quantitative yields and 1 ppm with 50%
yield. The reaction with hydrophobic biomolecules has also been
performed in only water at 30 °C, leading to quantitative yields.
Comparisons of 1 with the nondendritic triazole ligand 4 and
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with the water-soluble dendrimer § that has a hydrophobic core
but does not contain triazole ligands show that both the micellar
and intradendritic triazole coordination share key roles in the
considerable catalyst activation in water. This opens the route to
future biomedical and nanomaterials applications of the common
CuAAC reaction with the cheap Sharpless—Fokin catalyst
CuSO,5H,0 + sodium ascorbate, as already exemplified here
in a few examples of biomedical or cosmetic interest.

B ASSOCIATED CONTENT

© Supporting Information

General data, syntheses of the catalysts 2 and 1-Cu!,
procedure and data for the encapsulation of catalyst 2 in 1,
complexation of Cu' to the triazoles of 1, syntheses and 'H
NMR spectra and data of the “click” reaction products,
spectroscopic characterization of 3-S5, kinetic study of the
autocatalytic synthesis of 1, and characterization of 1 after
reuse. This material is available free of charge via the Internet at

http://pubs.acs.org.
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Partie 5. Hetérogénisation sur supports magnétiques de catalyseurs
nanoparticulaires de palladium stabilisés par des dendrimeéres.

L’un des inconvénients des PAPNs synthétisées tout au long de la these réside dans la
nécessité de les garder en solution. Lorsqu’on utilise un dendrimere ou un polymere
hydrophobe, les PANPs se trouvent dans un milieu CHCls/MeOH (2/1) et présentent
une activité catalytique faible. En revanche, lorsqu’on utilise un dendrimere ou un
polymere hydrosoluble, les PANPs sont solubilisées dans 1’eau et présentent une tres
grande activité en catalyse. Cependant, I’eau peut poser probléme dans certaines
réactions chimiques. L’idée a laquelle nous avons pens¢ a ét¢ d’hétérogéniser ces
PdNPs en partant de leur phase homogene. Pour cela, deux stratégies ont été
employées. Dans ces deux stratégies, nous avons décidé d’utiliser des nanoparticules
magnétiques (MNPs) comportant un cceur de Fe,O; et une coquille de silice comme
support étant donné la place importante que commengait a prendre ces support dans la
chimie actuelle et surtout vu la simplicité de leur recyclabilité (aimant).” La premiére
stratégie employée est tres simple. Nous souhaitions garder I’efficacité de nos PANPs
stabilisées par GO TEG tout en les rendant stables a 1’état solide. Ainsi apres avoir
préparé notre solution de PANPs, nous avons additionné le support magnétique a la
solution et agité pendant 2 heures. Les analyses (ICP-OES, analyses ¢lémentaires, 'H
RMN et XPS) ont révélées que 97% du Pd de départ ainsi que le dendrimere
stabilisateur de PANPs s’¢taient imprégnés sur la surface des MNPs. Ce catalyseur
présente une grande activité pour les réactions C-C bien que celle ci soit 1égerement
inférieure a celle des PANPs non supportées en raison du passage de 1’homogene a
I’hétérogene. Ce catalyseur est recyclable au moins 5 fois sans trop de perte en
activité (faible leaching) et est plus robuste. Sa robustesse a été testée lors de la
réaction d’oxydation de I’alcool benzylique en présence de KOH et de O,. Les PANPs
non supportées précipitent instantanément en présence de KOH et de O, tandis que la
réaction d’oxydation est quantitative avec le nouveau catalyseur supporté stable.

Au cours des 3 années de thése, nous avons eu ’occasion de travailler avec le Dr.
Wang Dong pour I’élaboration de la deuxieme stratégie. L’idée principale était
d’essayé¢ de mimer le role des dendrimeres lors de la stabilisation de PANPs a la
surface de MNPs. Pour commencer ce sujet, nous avons greffé par réaction “click*
CuAAC un dendron tris-TEG a la surface de MNP. Ce nanomatériau a prouvé son
efficacité dans la stabilisation de PANPs, mais leur activité catalytique était un peu
décevante, comparable a celle de nombreux catalyseurs. Mon collégue a donc par la
suite synthétisé trois autres variétés de MNPs greffés par “click® CuAAC
différemment. L’une de ces variétés contenait en surface des PEGssy, ’autre des
PEGyo00 et la derniere des dendrons nona-TEG. Ces quatre nanomatériaux ont été
utilisés dans la stabilisation des PANPs pour la catalyse, et un effet dendritique
notable sur plusieurs points a été observé.

Références:
1) Wang, D.; Astruc, D. Fast-growing Field of Magnetically Recyclable Nanocatalysts, Chem. Rev. 2014, 114, 6949-6985.
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Robust, Efficient, and Recyclable Catalysts from the
Impregnation of Preformed Dendrimers Containing
Palladium Nanoparticles on a Magnetic Support

Christophe Deraedt,” Dong Wang,” Lionel Salmon,® Laetitia Etienne,™
Christine Labrugeére,' Jaime Ruiz" and Didier Astruc*®

The simple impregnation of y-Fe,0;(core)/SiO,(shell) magnetic
nanoparticles with a dendrimer that contains stabilized Pd
nanoparticles is presented as a new method to produce highly
efficient heterogeneous catalysts. This technique provides

Introduction

Hl Mtitle changed for clarity, ok? llllThe quest for improved
catalysts and strategies for catalyst efficiency and recyclability
is more challenging than ever to move toward better sustaina-
bility. Supported metal nanoparticles (NPs) are excellent cata-
lysts for a variety of reactions because of their large surface-to-
volume ratio, remarkable efficiency, topological properties, the
interaction between NPs and the support, and their heteroge-
nization on various oxide and carbon supports that allow their
recovery." In particular, iron oxide magnetic nanoparticles
(MNPs) have received considerable attention because they are
biocompatible and can be recovered easily from reaction mix-
tures by using a simple external magnetic field.”?

Classically, the fixation of NPs on supports uses mostly.the
reduction of metal salts in the presence of the support fol-
lowed by an adequate thermal treatment.”! Mesoporous sup-
ports (MCM-41, SBA) are frequently used supports of PdNPs-
MNPs.*> Other supports, such as polymer-coated MNPs,¢-¢!
ionic-liquid-modified MNPs " sulfonated graphene-decorated
MNPs,“! are also employed for the stabilization of PANPs. Phos-
phine and amine ligands grafted on MNPs are also common
for this purpose.*™ Here we propose a new, very efficient
method that involves PANPs that are prestabilized by a water-
soluble “clicked” dendrimer 1* then deposited on silica-coated
maghemite y-Fe,0; MNPs'2 by simple mixing and stirring with
the aqueous solution of PdNPs/1. This simple preparation pro-
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much better stability, recyclability, and activity in C—C cross-
coupling reactions and selective oxidation of benzyl alcohol to
benzaldehyde in water than unsupported Pd nanoparticles.

vides the new heterogeneous PdNP/1/MNP catalyst 3
(Scheme 1). Quantitative or nearly quantitative yields of the de-
sired products were obtained with relatively high turnover fre-
quencies (TOFs) and unusually low_amounts of Pd. The tested
reactions were C—C cross-coupling reactions®® (Suzuki-
Miyaura, Cu-free Sonogashira;‘and Heck reactions) and the se-
lective aerobic oxidation of benzylic alcohol to benzaldehyde.”
Another crucial aspect of these new catalysts is their robust-
ness and recyclability: The driving force for the strong PdNP
fixation onto the silica. shell is probably provided by multiple
supramolecular. H-bonding interactions between the triethy-
lene glycol (TEG) termini of 1 and surface OH groups of the
silica shell of 2 in synergy with the backfolding of intradendrit-
ic triazole groups of 1 that interact with the other side of the
PdNP surface (Figure 1).

HH H
(0]
(o) O\ \ N
\
HQ B/
HO .
HO SiO,
HO,
N
HO.
\ \
,a/ Fe,0, \_—OH
HO—_/ ¥

Figure 1. Schematic of the stabilization of dendrimer 1 on the silica surface
and fixation of the PANPs by supramolecular H-bonding interactions be-
tween the TEG termini of 1 and the OH groups at the surface of 2.
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1) KoPdCly,
H,0, 5 min

2) NaBH,

PdNPs/1

catalyst 3

Scheme 1. Preparation of 3 from the arene-cored dendrimer 1 that contains nine 1,2,3-triazolyl groups connected to nine Percec-type dendrons*” terminated

by 27 triethylene glycol groups.

Results and Discussion

The preparation of the nanomaterial 3 involves the synthesis
of very small PANPs that are stabilized by the nine 1,2,3-triazol-
yl ligands inside dendrimer 1. Therefore, a stoichiometry of
one equivalent of Pd" per triazolyl group is employed, and the
complexation is conducted in water. The reduction of Pd" to
PdNPs was achieved upon addition of an aqueous solution of
NaBH, in large excess (10 equivalents of NaBH, per Pd atom),
which provokes the fast formation of the PANPs. The PdNPs
were characterized by using TEM, which ‘indicates a size of
(1.440.7) nm, whereas dynamic light scattering (DLS) measure-
ments show that each PdNP is surrounded on average by ap-
proximately 10 dendrimers.®? y-Fe;0; MNPs of approximately
10 nm diameter are synthesized by the coprecipitation method
described by Shylesh et al.®’? Subsequently, these MNPs are
coated with a dense silica“layer to improve water solubility,
biocompatibility, and to reduce Fe leaching from the core. Tet-
raethoxysilane (TEOS) is used as the silica source, and aqueous
NH; is used as _the hydrolyzing agent. To disperse 2 in the
water solution of PdNPs/1 well, the solution is plunged into an
ultrasonic bath: Ultrasound also favors the ligation of PANPs at
the SiO, surface.® After 2'h of ultrasound treatment (entries 1
and 2 of Table1), 3 is separated from the aqueous solution by
using a simple_magnet (Figure 2). The resulting aqueous solu-
tion was analyzed by inductively coupled plasma optical elec-
tron spectrometry (ICP-OES) and compared to initial aqueous
solution of PdNPs/1 to investigate the Pd loading. ICP-OES re-
vealed that 94% of the starting Pd is loaded on the MNPs 2
(entry 2). With only 5 min of ultrasound treatment and 2 h of
stirring, the Pd loading reached 97.5% (entry 3) and 99.9%
with 16 h of stirring (entry 4). If the amount of 2 was reduced
from 120 to 50 (entry 6) or 25 mg (entry 7), the Pd loading was
lower at 60 and 40%, respectively. As expected, a larger
amount of 2 (700 mg instead of 120 mg) led to a quantitative
loading (entry 5).

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 1. Impregnation of PdNPs/1 onto 2 for the synthesis of catalyst 3.

Entry® 2[mg] Ultrasound [h] Stirring [hl T[°Cl Pd loading on 3 [%]®

1 120 2 0 50 75.0
2 120 2 0 20 94.0
3 120 0.08 2 20 97.5
4 120 0.08 16 20 99.9
5 700 0.08 2 20 99.9
6 50 0.08 2 20 60.0
7 25 0.08 2 20 40.0

[a] Reactions were performed using 33 mL of an aqueous solution of
PdNPs/1 (2.6 mg of 141.1 mg of K,PdCl,4-1.1 mg of NaBH,). [b] Pd load-
ing was determined by ICP-OES.

c

catalyst 3—

Figure 2. a) Brown aqueous solution of PdNPs/1. b) After addition of 2 to
the aqueous solution of PANPs/1 (black color). c) After 2 h of stirring, the
catalyst is separated with a magnet (disappearance of the brown color of
the solution).

In conclusion, it is possible to obtain a quantitative loading
of Pd upon mixing preformed PdNPs/1 and MNPs coated with
silica under optimized conditions. After the separation of the
new magnetic catalyst 3 from the aqueous solution, the aque-
ous solution was evaporated, and the resulting residue was an-
alyzed by 'H NMR spectroscopy in CDCl; (or D,0) to confirm if
only PANP or PdNP+1 is loaded onto the MNPs 2. In the case
of entry 4 (quantitative impregnation), no trace of dendrimer
1 was observed in the '"H NMR spectrum, which is not the case

ChemCatChem 2014, 6,1-7 2
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for entry 6 (only 60% of Pd is loaded in this case). '"H NMR
spectroscopy indicates that PdNPs+4-dendrimer 1 are loaded
completely onto the MNPs (in the case of entry 4). Elemental
analysis shows that 3 is composed of an organic phase (by the
presence of C, N, and O atoms), which supports the results of
'H NMR spectroscopy. Moreover, 2 is used in a large amount
(120 or 700 mg) in comparison with Pd (1.1 mg of K,PdCl,);
thus given this low proportion of PANPs compared to the y-
Fe,O; MNPs 2, it is possible that some PdNPs are trapped
inside y-Fe,0; MNPs 2.

Catalyst 3 was characterized by using high-resolution
(HR)TEM, energy-dispersive X-ray (EDX) spectroscopy, and X-ray
photoelectron spectroscopy. The size of the Fe core is between
5 and 10 nm as described in Ref. [8a], and small PdNPs are lo-
calized on the silica shell that have an average size of (2.0+
0.7) nm.

EDX spectroscopy was conducted in three independent
zones (shown in Figure 3a) of an aggregate of 3 M M(Fig-
ure 4a)ll M. In all cases, the presence of Pd, Fe, and Si was evi-

Figure 3. a) General view of an assembly of 3 by HRTEM microscopy. The
three circled zones correspond to the zones of EDX spectroscopy. b) HRTEM
of 3 at 20 nm scale. Small PdNPs are observed at the periphery of 3. c) Dis-
tinction between Fe,0,, SiO,, and PdNPs in the HRTEM picture (5 nm scale).
d) Magnification of a PdNP.

denced. Zones 1 and 2 are localized at the periphery of the as-
sembly and contain 2-3wt% Pd (vs. 97-98% Fe,0;-Si0,),
whereas zone 3 is located more inside the assembly and con-
tains only 0.5 wt% Pd. This is in agreement with the fact that
supramolecular interactions allow the stabilization/impregna-
tion of PANPs/1 on the silica shell surface of 2.

X-ray photoelectron spectroscopy was conducted on 2 and
3. As expected, the presence of organic atoms (peaks that cor-
respond to the binding energies (BEs) of C1s and N 1s) is more
prominent in 3 than 2 (see Supporting Information). Moreover,

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) EDX spectrum showing the presence of Pd, Fe, and Si in the as-
sembly of 3 (zone 1).Il My axis label ok? M b) High-angle annular dark-
field scanning transmission electron microscopy image in which PdNPs at
the periphery of the aggregate are better distinguished.

the photoelectron line at approximately BE=335.4 eV indicates
the presence of Pd° in 3, which confirms the formation of
PdNPs (see Supporting Information).

To confirm the applicability of the new catalyst, the Suzuki-
Miyaura reaction was. tested first. Catalytic Suzuki-Miyaura re-
actions were conducted in H,O/EtOH at 80 °C within 24 h with
0.02mol% of Pd from 3 in the presence of K;PO, as a base
(Scheme 2). Eight substrates were tested, and yields were ach-

0.02 mol % 3
HO, K3POy4 2 equiv.
HO H,O/EtOH
80°C, 24h

R = H (4a, 99%), CHj (4b, 91%), OCH; (4c, 99%),
NO, (4d, 96%), CHO (de, 94%), COCHj (4f, 98%),
NH, (4g, 99%), CH,COOH (4h, 94%)

Scheme 2. Suzuki-Miyaura reaction of various substrates with 200 ppm of
Pd from 3 in H,O/EtOH at 80 °C for 24 h performed with 1 mmol of bromoar-
ene, 1.5 mmol of phenyl boronic acid, and 2 mmol of K;PO,.

ieved from 91-99%. The results obtained are comparable to or
even better than those achieved using the homogeneous cata-
lyst. PANPs/1 alone, which is remarkable. For instance, under
the same conditions, 4f is obtained with a yield <50% with
0.02 mol% of PdNPs/1, whereas a yield of 98% is obtained
with the same amount of Pd in 3. Moreover, felbinac (4h) (R=
CH,CO,H, Scheme 2), a nonsteroidal anti-inflammatory drug
used to treat arthritis and inflammation is synthesized in this
way, and the Suzuki-Miyaura reaction provides a 94 % vyield.

To determine the smallest amount of 3 necessary for the
Suzuki-Miyaura reaction between bromobenzene and phenyl
boronic acid, the yields, turnover numbers (TONs), and TOFs
were measured in the presence of different amounts of 3. With
only 20 ppm of Pd after two days, the reaction yields 88% of
coupled product, that is, a TON of 44000 with a TOF of nearly
10° h™' (Table 2).

Another major feature of this catalyst is that by applying
a simple magnet, 3 is totally recovered. Catalyst 3 was used at
least five times without much loss of activity. For instance, in
the synthesis of 4a, the yields decrease from 99 % (first run) to
91% (fifth run). ICP-OES analysis shows that only 0.3% the Pd
is lost from 3 after the first run.
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Table 2. Suzuki-Miyaura reactions between bromobenzene and phenyl
boronic acid with various amount of catalyst 3.”

Entry 3 [mol %Pd] th] Yield [%] TON TOF[h7']
1 0.2 24 99 495 20.6

2 0.02 24 99 4950 206

3 0.005 24 60 12000 500

4 0.005 36 99 19000 550

5 0.003 48 91 30333 632

6 0.002 48 88 44000 917

[a] The reactions were performed with 1 mmol of bromobenzene,
1.5 mmol of phenyl boronic acid, 2 mmol of K;PO, in H,O/EtOH (10 mL/
10 mL) at 80°C.ll M column 3 heading ok, also in Table 37 M

Y

0.16% mol 3

2 equiv. KOH ]
| EEEE— N\ -

H,O/EtOH \ 7/

24h, 100°C 4i
quantitative yield

H,O/EtOH Heck coupling

24h, 100°C
4J

quantitative yield
Sonogashira coupling

0 16% mol 3
3 equiv. Et;N

Scheme 3. Heck and Sonogashira coupling reactions.

The catalytic activity was also tested for the Heck and Cu-
free Sonogashira reactions (Scheme 3).

The efficiency of 3 with only 0.16 mol% Pd for the Cu-free
Sonogashira reaction was evaluated for the coupling between
iodobenzene and phenylacetylene in the presence of Et;N as
a base. Within 24 h at 100°C in a mixture of H,O/EtOH as sol-
vent, the desired product was isolated quantitatively.

The Heck reaction between iodobenzene and styrene was
also performed under the same conditions as those of the So-
nogashira reaction but with KOH as the base instead of Et;N.
Only the E isomer of stilbene was formed quantitatively in the
reaction.

To evaluate the robustness, selectivity, and efficiency of 3,
the widely studied oxidation of benzyl alcohol by dioxygen to
benzaldehyde 4k was investigated Il (Scheme 4)l M. This
reaction was selected because the reaction does not proceed
at all in the presence of only PdNPs/1, and PdNPs precipitate
directly if O, is bubbled into the reaction medium; thus the re-
action was executed as a “stability” test. With 3 instead of 1,

HO catalyst 3

_KOH.0;

HQO
24h, 60°C

Scheme 4. Selective benzyl alcohol oxidation with catalyst 3.
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the aerobic oxidation of benzylic alcohol in water with KOH as
the base occurred very efficiently with only 0.09-0.20 mol% Pd
from 3. The reaction requires the presence of KOH as the base
and 5 min of O, bubbling (an excess of O, leads to the forma-
tion of the byproduct 41). Moreover, the use of O, instead of
a stoichiometric organic oxidant is highly valuable and much
researched.” The reaction performed in water at a relatively
low temperature (60°C) with only 0.2 mol% Pd (maximum) led
to a quantitative conversion of the alcohol into the aldehyde
(Table 3, entry 7).

Table 3. Investigation of the aerobic benzyl alcohol oxidation in water.

Entry™ 3 [mol%Pd]  KOH [equiv] Byproduct  Conversion'® [%]
1 0.09 2 - 74
2 0.09 0 = 0
30 0.09 2 - 33
4 0.09 2 41 74
5 0.045 2 - 24
6 0.022 2 - 4
7 0.20 2 - 98

[a] The reactions were performed with 1 mmol of benzyl alcohol in H,0
(3 mL) over 24 h at 60°C, and 5 min of O, was bubbled before starting
the reaction. [b] The reaction was performed under air. [c] O, is present
during the entire reaction. [d] Conversion of benzylic alcohol to benzalde-
hyde 4k, measured by using NMR spectroscopy.

These results show that 3'is much more robust than PdNPs/
1 and permits the use of the PdNPs as an efficient and reusa-
ble catalyst to-be extended beyond C—C cross-coupling reac-
tions.

Conclusions

The new concept of the impregnation of preformed dendrim-
ers that contain Pd nanoparticles (NPs) on magnetic nanoparti-
cles (MNPs) is highly productive for large improvements in
terms of catalyst robustness, efficiency, and recyclability. The
dendrimer-stabilized and encapsulated PdNPs/1 are impregnat-
ed quantitatively upon heterogenization on silica-coated ma-
ghemite y-Fe,O0; MNPs 2 by simple mixing and stirring with
the aqueous solution of PdNPs/1. This preparation produces
a highly stabilized magnetic catalyst 3 that is active even with
only 20 ppm of Pd for the Suzuki-Miyaura reaction of bro-
moarenes in the green mixture of solvent H,O/EtOH and is re-
usable. This activity is among the highest ever reached for the
Suzuki-Miyaura reaction with magnetic heterogeneous PdNPs.
Actually, many magnetic PANP systems have been used for the
Suzuki-Miyaura coupling, but most of them require 0.054-
3 mol% Pd™'% and only a few examples work with a lower
amount of catalyst."”" Moreover, the leaching amount of only
0.3% for a run leads to only 0.6 ppm Pd contamination of
products, which is valuable for the synthesis of biological mol-
ecules such as felbinac (4 h). This magnetic catalyst is so robust
that the selective oxidation of benzylic alcohol by O, is quanti-
tative at 60°C in water with only 0.09-0.2 mol% Pd from 3,
which is not possible with nonimpregnated PdNPs/1 because
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of the instantaneous aggregation of PdNPs in the presence of
O.. Finally, another advantage is that 3 is a solid, and the catal-
ysis does not necessarily need to be conducted in water unlike
that with PdNPs/1, which is a severe limitation. In summary,
this method produced a stable, versatile, efficient, and recycla-
ble magnetic catalyst for a variety of crucial reactions under
sustainable conditions.

Experimental Section
Synthesis of PANPs/1

Dendrimer 1 (2.59 mg, 3.6x10 *mmol) was dissolved in water
(1.1 mL) in a Schlenk flask, and an orange solution of K,PdCl, (3.2 %
10> mmol in 1.1 mL water) was added to the solution of the den-
drimer. Water (30 mL) was added, and the solution was stirred for
5 min. The concentration of Pd" was 0.1 mm. An aqueous solution
(1 mL) that contained NaBH, (3.2x 1072 mmol) was added dropwise
to provoke the formation of a brown/black color (see below) that
corresponds to the reduction of Pd" to Pd® and PANP formation.

Two-step synthesis of MNPs 2
1) Synthesis of the y-Fe203 core protected by oleic acid

Ferrous chloride (0.25g) and ferric chloride (0.5g) were added
under stirring to a nitrogen-purged 2-propanol solution (20 mL) to
result in a yellowish orange reaction mixture. After 15 min of stir-
ring, the temperature of the solution was increased to 80°C, and
aqueous NH; (10 mL) was added slowly. The color of the solution
turned to dark brown, and the stirring was continued for another
2 h. The MNPs formed were protected by the addition of oleic acid
(10 mm) in methanol (30 mL), removed from the solution by mag-
netic separation, washed with methanol, and then redispersed in
ethanol.

2) Synthesis of the y-Fe,0; core and SiO, shell (MNPs 2)

The suspension of y-Fe,O; core protected by oleic acid was diluted
with deionized water (2 mL) and 2-propanol (10 mL), and the mix-
ture was sonicated for approximately 5 min. NH,OH (0.5 mL) and
tetraethoxysilane (0.5 g) were added slowly to this well-dispersed
MNP solution, and the reaction mixture was stirred for 4 h-at RT.
The material was then separated by centrifugation and redispersed
in deionized water.

Synthesis of catalyst 3

MNPs 2 (25,'50, 120 or 700 mg) were added to an aqueous solu-
tion of PANPs/1 (3.2x 107 mmol of Pd). The mixture was treated
ultrasonically for 5.min or 2 hi If only 5min of ultrasound treat-
ment was used, the mixture was stirred for 2 or 16 h (Table 1). Cat-
alyst 3 was then separated from the water with a magnet. The
water phase was kept, and 3 was dried overnight at 35-40°C. To
determine the Pd loading, the water phase was analyzed by ICP-
OES and the value obtained was compared to the initial value de-
termined for the solution of PANPs/1 (Table 1).

Catalysis of the Suzuki-Miyaura reaction
General procedure: Phenylboronic acid (1.5 mol, 1.5 equiv.), aryl

halide (1 mmol, 1 equiv.), 3, EtOH (10 mL), and H,O (10 mL) were

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

successively added to a Schlenk flask containing tribasic potassium
phosphate (2 mmol, 2 equiv.). The mixture was treated ultrasonical-
ly for 5 min to disperse the magnetic catalyst. The suspension was
allowed to stir under N, or air (no difference in yield). After the re-
action (24 or 48 h), the catalyst was separated from the reaction
mixture with a magnet, and the aqueous phase was extracted
twice with Et,0 (all the reactants and final products are soluble in
Et,0). The organic phase was dried over Na,SO,, and the solvent
was removed in vacuo. In parallel, the reaction was checked using
TLC with petroleum ether as the eluent in nearly all the cases and
'HNMR spectroscopy. Purification by flash chromatography was
conducted with silica gel as the stationary phase and petroleum
ether as the mobile phase. The Schlenk flask that contained the
catalyst was dried in vacuo to recover or reuse the catalyst.

If the catalyst was not recovered, the Schlenk flask was washed
with a solution of aqua regia (HCI/HNO; 3:1 v/v) to remove traces
of Pd or only with HCl (to remove traces of Fe).

Catalysis of the Sonogashira reaction

Alkyne (1.2 mmol, 1.2 equiv.), iodobenzene (1 mmol, 1 equiv.), 3,
EtOH (1 mL), and H,O (1 mL) were added successively to a Schlenk
flask containing triethylamine (3 mmol, 3 equiv.). The magnetic cat-
alyst was dispersed by 5 min of ultrasonic activation. The suspen-
sion was allowed to stir under air. After. 24 h, the catalyst was sepa-
rated from the reaction mixture with-a magnet, and the aqueous
phase was extracted twice with Et,0. The organic phase was dried
over Na,SO,, and the solvent was removed in vacuo. In parallel, the
reaction was checked using TLC with petroleum ether as the
eluent and 'H NMR spectroscopy:Purification by flash chromatog-
raphy was conducted with silica gel as the stationary phase and
petroleum ether as the mobile phase. The Schlenk flask that con-
tained the catalyst was dried in vacuo to recover or reuse the cata-
lyst. If the catalyst was not recovered, the Schlenk flask was
washed with a solution of aqua regia (HCI/HNO; 3:1 v/v) to
remove any traces of Pd or only with HCI (to remove the traces of
Fe).

Catalysis of the Heck reaction

Styrene (1.2 mmol, 1.2 equiv.), iodobenzene (1 mmol, 1 equiv.), 3,
EtOH (10 mL), and H,0 (10 mL) were added successively to
a Schlenk flask containing KOH (3 mmol, 3 equiv.). The magnetic
catalyst was dispersed by 5 min of ultrasonic treatment. The sus-
pension was allowed to stir under air. After 24 h, the catalyst was
separated from the reaction mixture with a magnet, and the aque-
ous phase was extracted twice with Et,0. The organic phase was
dried over Na,SO,, and the solvent was removed in vacuo. In paral-
lel, the reaction is checked using TLC with petroleum ether as the
eluent and 'H NMR spectroscopy. Purification by flash chromatog-
raphy was conducted with silica gel as the stationary phase and
petroleum ether as the mobile phase. The Schlenk flask containing
the catalyst was dried in vacuo to recover or reuse the catalyst. If
the catalyst was not recovered, the Schlenk flask was washed with
a solution of aqua regia (HCI/HNO; 3:1 v/v) to remove any traces
of Pd or only with HCI (to remove the traces of Fe).

Catalysis of benzyl alcohol oxidation

Benzyl alcohol (1.0 mmol, 1.0 equiv.), 3, and H,O (3 mL) were
added successively to a Schlenk flask containing KOH (2 mmol,
2 equiv.). The magnetic catalyst was dispersed by 5 min of ultra-
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sonic activation, and O, was bubbled inside the closed Schlenk
flask for 5 min. The suspension was allowed to stir for 24 h. The
catalyst was then separated from the reaction mixture with
a magnet, and the water phase was extracted twice with Et,0. The
organic phase was dried over Na,SO, and the solvent was re-
moved invacuo. The Schlenk flask containing the catalyst was
dried in vacuo to recover or reuse the catalyst. If the catalyst was
not recovered, the Schlenk flask was washed with a solution of
aqua regia (HCI/HNO; 3:1 v/v) to remove any traces of Pd or only
with HCl (to remove the traces of Fe).
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impregnation of y-Fe,05(core)/SiO,(shell)
magnetic nanoparticles with a dendrimer
that contains stabilized Pd nanoparticles
is a new method to produce a highly
efficient heterogeneous catalyst, which
provides much better stability,
recyclability, and activity in C—C cross-
coupling reactions and selective oxida-
tion of benzyl alcohol to benzaldehyde
in water than unsupported Pd
nanopatrticles.
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Efficient and Magnetically Recoverable “Click” PEGylated y-Fe, 05—
Pd Nanoparticle Catalysts for Suzuki-Miyaura, Sonogashira, and
Heck Reactions with Positive Dendritic Effects

Dong Wang,” Christophe Deraedt,” Lionel Salmon,”™ Christine Labrugére,
Laetitia Etienne,'” Jaime Ruiz,® and Didier Astruc*®

/Abstract: The engineering of novel catalytic nanomaterials
that are highly active for crucial carbon-carbon bond forma-
tions, easily recoverable many times, and biocompatible is
highly desirable in terms of sustainable and green chemistry.
To this end, catalysts comprising dendritic “click” ligands
that are immobilized on a magnetic nanoparticle (MNP)
core, terminated by triethylene glycol (TEG) groups, and in-
corporate Pd nanoparticles (PdNPs) have been prepared.
These nanomaterials are characterized by transmission elec-
tron microscopy (TEM), high-resolution TEM, inductively cou-
pled plasma analysis, Fourier transform infrared spectrosco-
py, X-ray photoelectron spectra and energy-dispersive X-ray

N

spectroscopy. They are shown to be highly active, dispersi-
ble, and magnetically recoverable many times in Suzuki, So-
nogashira, and Heck reactions. In addition, a series of phar-
macologically relevant or natural products were successfully
synthesized using these magnetic PdNPs as catalyst. For
comparison, related PANP catalysts deposited on MNPs bear-
ing linear “click” PEGylated ligands are also prepared. Strong
positive dendritic effects concerning ligand loading, catalyst
loading, catalytic activity, and recyclability are observed, that
is, the dendritic catalysts are much more efficient than non-
dendritic analogues.

/

Introduction

With the rapid development of modern industry, environmen-
tal concerns are increasing every day. The maximization of syn-
thetic efficiency and minimization of waste generation are
basic constraints that need be addressed in order to solve the
environmental problems." In a related context, the use of het-
erogeneous catalysts appears to be one of the promising
methodologies for the development of environmentally friend-
ly organic transformation process, because of their separability,
reusability, and unique activity that are provided through the
interaction between the catalytic species and supports.”?
Among transition metal nanoparticle (NP) catalysts,®) magnetic
nanoparticles (MNPs) have recently received a lot of attention
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as excellent supports.”” MNP catalysis is nowadays undergoing
an explosive development, because MNP-immobilized catalysts
perfectly combine the advantages of catalytically active NPs
and magnetic NPs. NP catalysts benefit from activity, selectivity,
and stability, resulting from the large surface-to-volume ratio,
tunable size, shape, composition, electronic structure, and sol-
ubility, whereas MNPs are easily assembled, accessible, and re-
coverable with an external magnetic field for reuse. Therefore
MNP catalysts fully embody the principles of green chemistry
and sustainability.

Dendrimers, dendrons, and dendronized and dendritic poly-
mers, a family of nanosized three-dimensional well-defined
highly branched molecular frameworks, have been demon-
strated to have essential and promising applications in cataly-
sis."™ In particular, dendrimer-encapsulated metal nanoparti-
cles (DENs) and dendrimer-stabilized NPs (DSNs) have proved
to be efficient catalysts for a variety of reactions'” since
Crooks and co-workers pioneered catalysis by polyamidoamine
(PAMAM)-encapsulated Pd nanoparticles (PdNPs)."" The DENs
and DSNs possess a variety of key properties including tunable
size due to the predictable number of metal atoms in the pre-
catalyst, solubility and stability caused by the functional
groups and steric embedding effects, loose binding to the NP
surface, and the possibility of heterogenization by fixation on
a solid support. PAMAM dendrimers,"? polypropyleneimine
(PPI) dendrimers,"¥ and phenylazomethine dendrimers™ are
the most-used dendrimers for the stabilization of metal NPs. It
was recently reported that triethylene glycol (TEG)-terminated

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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“click” dendrimers containing Percec-type dendrons,™ con-
structed using Newkome-type 1—3 connectivity,"® were re-

markably powerful for assembling DENs and DSNs involving
AuNPs and PdNPs.'”? The latter exhibited unprecedented cata-
lytic performance in C—C cross-coupling reactions and reduc-
tion of 4-nitrophenol, owing to smooth complexation of tria-
zole to Pd atoms, water solubility provided by TEG termini,
and the formation of dendritic nanoreactors containing hydro-
philic periphery and hydrophobic interior."’*" Likewise, molec-
ular and ionic catalysts are also activated as, for instance, in
“click” CuAAC reactions.!'”

The introduction of dendritic fragments into MNPs has been
utilized during the past few years, and this engineering consid-
erably increased the number of functional groups on the sur-
face of MNPs and strongly improved the dispersion of MNPs in
organic or aqueous solvent.*®'® These MNP-immobilized den-
dritic fragments are promising catalysts,"® reusable adsorbents
of metal ions,""®™ and potential drug carriers."® In the field of
catalysis, most of these MNPs catalysts bearing dendritic frame-
works were MNP-anchored metal complexes, organocatalysts,
and biocatalysts. To the best of our knowledge, the only exam-
ple on magnetic DENs or DSNs has been reported by Bron-
stein’s group.'®® These authors used poly(phenylenepyridyl)
dendrons as capping molecules to successively stabilize iron
oxide NPs and PdNPs. The magnetically recoverable Pd cata-
lysts that were obtained in this way afforded excellent catalytic
performance in the selective hydrogenation of dimethylethy-
nylcarbinol to dimethylvinylcarbinol.

Herein, we report the engineering, synthesis, characteriza-
tion, and catalytic efficiency and recyclability of PANPs that are
supported on new MNPs containing dendritic “click” PEGylated
ligands. High efficiency of these PANP catalysts is found in
Suzuki-Miyaura, Sonogashira, and Heck reactions, and positive
dendritic effects are demonstrated in terms of loading amount
of catalyst, catalytic activity, and, in particular, recyclability.
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Results and Discussion

Syntheses of MNP-immobilized PEGylated triazolyl ligands

The syntheses of MNP-immobilized linear and dendritic PEGy-
lated triazolyl ligands were the primary steps of this project.
Magnetic linear PEG550-triazole 2 was prepared through two
strategies (Scheme 1); grafting pre-synthesized Si(OEt);-func-
tionalized PEG-triazole on the surface of iron oxide MNPs
(route A), or direct “click” synthesis of PEG-triazole on the sur-
face of iron oxide MNPs after the introduction of azido groups
(route B). In route A, the “click” reaction of (3-azidopropyl)trie-
thoxysilane with PEG550 alkyne was readily conducted in the
presence of [Cu(PPh;),NO;] in anhydrous CH,Cl, at room tem-
perature (RT) giving Si(OEt);-functionalized PEG-triazole 1 that
was further immobilized on the surface of MNPs via heteroge-
nization with the Si—OH binding sites of SiO,/y-Fe,O; NPs. In
route B, the “click” reaction was successfully carried out be-
tween PEG550 alkyne and azido-modified iron oxide NPs. The
loading of the ligands in 2 was calculated by determination of
the nitrogen content (CHN elemental analysis), and the result
revealed that the loadings were 0.17 mmolg™ and
0.26 mmolg™' for routes A and B, respectively. The lower
ligand loading of route A seems to be attributable to the low
efficiency of the heterogenization process that is caused by
the bulky chain of compound 1. To obtain higher ligand load-
ing, route B was used in the preparations of the MNP-immobi-
lized linear PEG2000-triazole ligand 4 and Percec-type den-
dron-triazole ligand 6 (Scheme 1). The former contains
a longer hydrophilic PEG chain than 2, and the latter possesses
a TEG-terminated dendritic framework.

There are two strategies for the modification of MNPs with
dendritic fragments;“® i) divergent synthesis of dendritic frag-
ments on the surface of MNPs after the introduction of
a linker, and ii) grafting of pre-synthesized dendritic fragments.

e

N=N

1

_—0

Toluene, 110°C

36h
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Scheme 1. Syntheses of MNP-immobilized linear and dendritic PEGylated triazolyl ligands 2, 4, and 6.
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Scheme 2. Divergent synthesis of MNP-immobilized dendritic tris-triazole
ligand with triethylene glycol (TEG) tethers.

The synthesis of MNP-immobilized dendritic tris-triazole ligand
9 was achieved through both strategies. The divergent synthe-
sis approach is shown in Scheme 2. lodo-functionalized MNPs
were derived by coupling SiO,/y-Fe,O; NPs with pre-synthe-
sized (3-iodopropyl)triethoxysilane." The dendritic precursor 7
bearing a phenol and three azido groups has been reported
previously.”” Newkome-type 1—3 connectivity!" was then ap-
plied using nucleophilic substitution of the terminal iodine by
the phenolate group of 7 in the presence of K,CO, in DMF.*”
This reaction provided dendritic azide-functionalized MNPs 8 in
which the presence of azido groups was verified by the ap-
pearance of the N; band at 2102 cm™' in the Fourier transform
infrared (FT-IR) spectra. The loading amount of the azido
groups was 0.86 mmolg™~', as measured by elemental analysis
(EA). Finally, the “click” reaction of 8 with the Percec-type den-
dron 5 efficiently proceeded to afford the MNP-anchored den-
dritic TEG-triazole ligand 9 (Figure 1). In the process, the reac-
tion was monitored by FT-IR as indicated by the almost com-
plete disappearance of the IR signal of 2102 cm™ that charac-
terizes the azido group.

Scheme 3 depicts the other synthetic method for grafting
the pre-synthesized dendritic fragments. The “click” reaction of
dendritic azide 7 with Percec-type dendron 5 was successful-
ly performed using the “Sharpless—Fokin catalyst"®" in a mix-
ture of THF and H,O, providing the phenolic hydroxy group-
functionalized tris-triazole dendron 10. Thereafter, the desired
MNP-immobilized dendritic tris-triazole ligand 9 was construct-
ed via the Williamson reaction between 10 and iodo-modified
MNPs.2

EA showed that the triazole loading amounts of 9 were 0.63
and 0.42 mmolg™', for the divergent synthesis and the grafting
of pre-synthesized unit method, respectively. It was thus clear
that the divergent synthesis was more efficient than the graft-
ing of pre-synthesized units, considering that the amount of
loaded functional groups is a very key issue for the evaluation
of loading protocols. In addition, the obtained MNPs 9 pos-
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Scheme 3. Synthesis of the MNP-immobilized dendritic tris-triazole ligand
with TEG tethers through the grafting of pre-synthesized dendrons.

Table 1. Loading amounts of triazolyl ligand in MNPs 2, 4, 6, and 9, and
loading amounts of PANP in MNP 2-PdNPs, MNP 4-PdNPs, MNP 6-PdNPs,
and MNP 9-PdNPs.

MNPs Triazole loading Pd loading
[mmolg™] [mmolg™"]

MNP 21 0.26

MNP 4% 0.14

MNP 6 0.27

MNP 9™ 0.63

MNP 2-PdNPs 0.072

MNP 4-PdNPs 0.048

MNP 6-PdNPs 0.082

MNP 9-PdNPs 0.210

[al The MNPs were prepared through route B; [b] The MNPs were pre-
pared through the divergent method.

sessed much higher ligand loading than that of MNP-immobi-
lized linear ligands 2 and 4 (Table 1). This result shows that the
introduction of a dendritic structure remarkably increases the
density of functional groups around the MNPs, which is the in-
dication of a positive dendritic effect.

Transmission electron microscopy (TEM) images revealed
that all of MNPs 2, 4, 6, and 9 exhibited core-shell morphology
with an average particle size of about 25 nm, ranging from 10
to 40 nm (see the Supporting Information, Figures S2, S3a).

Note that in the synthetic processes of these magnetic PE-
Gylated triazolyl ligands, magnetic separation was repeatedly
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Figure 1. Structure of MNP 9.

used in purifying operations as an efficient, time saving,
“green”, and easy-to-operate protocol.

Preparation and characterization of iron oxide NP-immobi-
lized PdNP catalysts

MNPs 2, 4, 6, and 9 are highly dispersible and even partially
soluble in water owing to the presence of PEG or TEG, provid-
ing the possibility that MNPs 2, 4, 6, and 9 are used as sup-
ports for efficient immobilization of PANPs in water. First, the
coordination of Pd" with a triazolyl fragment was achieved by
adding 2 equivalents of K,PdCl, per triazolyl group into a sus-
pension of MNP-immobilized PEGylated triazolyl ligands in
water. The complexation of triazole to Pd" has been estab-
lished in earlier reports.'% 7251 pdNPs were then loaded onto
the MNP supports following by the reduction of Pd" to Pd°
using 10 equivalents of NaBH, per triazole group (Scheme 4).

Chem. Eur. J. 2014, 20, 1-13 www.chemeurj.org
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Scheme 4. Syntheses of MNP-PdNPs.

These MNP-PdNPs were characterized by TEM, high-resolution
TEM (HRTEM), energy-dispersive X-ray spectroscopy (EDX), FT-
IR, and inductively coupled plasma optical emission spectrom-
etry (ICP-OES).

Taking MNP9-PdNPs as an example, the production was
performed utilizing as support the MNP 9 that had been pre-
pared by the divergent synthesis method. The TEM image of
MNP 9-PdNPs revealed the core-shell structure and the almost
unchanged size compared to unloaded MNP 9 (Figure 2b).
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Figure 2. a) TEM image of MNP 9; b) TEM image of MNP 9-PdNPs; c) HRTEM
image of MNP 9-PdNPs (A: PANP; B: y-Fe,0; core; C: SiO, shell); d) TEM
image of MNP 9-PdNPs after 8 reaction cycles in the Suzuki-Miyaura reac-
tion.

Moreover, the HRTEM pictures showed that the sizes of formed
PdNPs were smaller than 5 nm, with an average size of approx-
imately 3.0 nm (see the Supporting Information, Figures S2,
S30).

The elemental composition was determined by EDX analysis
and the results, shown in Figure 3, indicate Si, O, Fe and Pd
signals that are provided by MNP 9-PdNPs. For further charac-
terization of the sample, high-resolution scanning transmission

cps/eV

| — WD35

keV

Figure 3. EDX spectrum of MNP 9-PdNPs.
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Figure 4. STEM dark-field image (a) and elemental maps of MNP 9-PdNPs for
Si (b), Fe (c), Pd (d), and mixture of Si, Fe, Pd (e) obtained by EDX.

electron microscopy-coupled quantified energy-dispersive X-
ray spectroscopy (HRSTEM-EDX) mapping of the sample was
also investigated (Figure 4, S2). Looking at the compositional
maps of Si, Fe, Pd, and mainly the combined composition
image, the presence of the iron oxide nanoparticles is clearly
distinguished in the core of the MNP that is encapsulated by
the silicon oxide shell, while the palladium nanoparticles are
localized at the border.

Thanks to the HRTEM images, it was also possible to observe
the atomic arrangements in several Pd and Fe,O; particles. Fig-
ure 5b shows the atomic planes for a y-Fe,O; nanoparticle and
the corresponding selected-area electron diffraction (SAED)
pattern showing a [111] orientation of a face-centered cubic

Figure 5. a) HRTEM image of the Fe,O; nanoparticles; b) the corresponding
SAED of Fe,0; nanoparticles; ¢) HRTEM image of the Pd nanoparticles;
d) the corresponding SAED of Pd nanoparticles.
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(fcc) structure. Similar treatment for a selected Pd nanoparticle
revealed a [011] orientation of a face-centered cubic (fcc) struc-
ture (Figure 5d).

ICP-OES analysis showed that the Pd loading of MNP9-
PdNPs is 0.21 mmolg™', which is approximately 3 times larger
than that of MNP2-PdNPs and 4 times larger than that of
MNP 4-PdNPs (Table 1) and signifies a positive dendritic effect
regarding catalyst loading. In addition, the amount of the Cu
residual in MNP9-PdNPs was measured using ICP analysis,
showing that this amount in MNP9-PdNPs is 3.15%
10~* mmolg~', which is negligible compared to the Pd load-
ing.

Insight into the chemical composition and oxidation state of
MNP 9-PdNPs has been provided by X-ray photoelectron spec-
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troscopy (XPS) analysis and, for comparison, MNP 9 has also
been investigated. From Figure 6, the characteristic signals for
Fe, O, N, C, and Si are clearly observed in the XPS spectra of
both MNP 9 and MNP 9-PdNPs (Figure 6a,6b). In the XPS spec-
trum of MNP9-PdNPs, the photoelectron line at a binding
energy of approximately 335.3 eV indicates the presence of
the Pd element in the metallic state, confirming the formation
of PdNPs (Figure 6¢). The very small shoulder at a binding
energy of 337.3 eV reveals the existence of only a small trace
of Pd oxide. These results demonstrate that the catalyst
MNP 9-PdNPs is composed of iron oxide, SiO;X bonds, organic
fragment (ligand), and PdNPs (see the atomic percentage of
each element in Tables S1 and S2 in the Supporting Informa-
tion). To investigate the sitting position of the PdNPs in
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Figure 6. XPS spectra of a) full spectrum of MNP 9, b) full spectrum of MNP 9-PdNPs, and c) Pd3d in MNP 9-PdNPs; d) curve fitting of N1s region in the XPS
spectrum of MNP 9; e) curve fitting of N1s region in the XPS spectrum of MNP 9-PdNPs; f) curve fitting of O1s region in the XPS spectrum of MNP 9; g) curve

fitting of O1s region in the XPS spectrum of MNP 9-PdNPs.
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MNP 9-PdNPs, curve fittings of N1s and O1s regions in the
XPS spectra of MNP9 and MNP9-PdNPs are produced. Two
binding energies of N1s at approximately 410.4 and 399.9 eV
are observed in both cases of MNP9 and MNP 9-PdNPs (Fig-
ure 6d,e). The binding energy at 410.4 eV belongs to more
“electron-poor” nitrogen atoms. The comparison shows that
there is no real shift of binding energy of N1s with or without
PdNPs, and the proportion of binding energy at 410.4 €V in-
creases from 33 % to 45 % after the deposition of PANPs. Com-
paring the curve fitting of O1s region in MNP9 to that in
MNP 9-PdNPs, a new component at 531.3 eV binding energy
appears in MNP 9-PdNPs (Figure 6 f,6 ). These changes in N1s
and O1s spectra confirm the interaction or proximity between
the Pd atoms and the N and O atoms.

We know that in dendrimers containing triazole ligands,
these ligands quantitatively coordinate to Pd" according to
a 1:1 stoichiometry, which was demonstrated by cyclic voltam-
metry with ferrocenyltriazole-terminated dendrimers.?® In the
case of MNP9-PdNPs the approximate average number of li-
gands around one iron oxide NP is of the order of 10000. The
average number of PANPs loaded on one iron oxide NP is ap-
proximately 3.6 (see calculations in the Supporting Informa-
tion).

In arene-cored dendrimers, PdNPs are trapped inside den-
drimers upon weak interaction with the triazole ligand. We
also know that this interaction is weak, because these nitrogen
ligands are not m-acceptors for metal(0), and indeed triazole li-
gands are very easily displaced from the PdNP surface, for in-
stance in metal-surface catalysis of nitrophenol reduction. In
the present case, the SiOH groups of the silica core are
a dense assembly of ligands for PANP stabilization, which has
already been suggested. The HRTEM pictures (Figures 2c and
5¢) clearly show PdNPs sitting on the silica surface. Thus it is
believed that the PANPs are stabilized on the silica surface on
one (inner) side and by back-folding triazole ligands on the
other (outer) side (Figure 7),*? and the above-mentioned re-
sults of XPS analysis also provide evidence for this hypothesis.
Indeed the silica core-triazole ligand distance is adequate for

o b2 ) ads A (4,
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Figure 7. Proposed structure of MNP 9-PdNPs.
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such stabilization. In this way, the stabilization of the PdNPs is
strengthened, but it also leaves the outer surface available for
easy triazole displacement by substrates in catalysis experi-
ments.

Investigation of the activities, recyclabilities, and substrate
scope of MNP-PdNPs in the Suzuki-Miyaura reaction

The Pd-catalyzed Suzuki-Miyaura reactions for the construction
of C—C bonds are crucial in modern chemical transformations
involving the syntheses of pharmaceuticals, functional materi-
als, and natural compounds. The catalytic activities of these
MNP-PdNPs were evaluated in Suzuki-Miyaura reactions using
bromobenzene and phenylboronic acid as model substrates. In
these preliminary experiments, MNP 9-PdNPs was chosen as
the catalyst for optimizing investigations that were first con-
ducted in aqueous media (mixture of EtOH and H,0) with vari-
ous catalytic amount of [Pd], using K,CO; as a base at 80°C
under nitrogen atmosphere (Table 2). Increasing yields of the
desired biphenyl product were observed with increasing cata-
lytic amounts, in the range of 0.063-0.315 mol%. The reaction
reached a yield of 91 9%, using 0.315 mol % of [Pd] (correspond-
ing to 15 mg of MNP 9-PdNPs), within 24 h. Attempts involving
the replacement of K,CO; by others bases including Na,CO;,
KOH, and K;PO,, decrease of the reaction temperature, or re-
duction the reaction time caused lower yields (Table 2).

The recyclability, a key issue of heterogeneous catalysts from
both the practical and environment points of view, was tested

Table 2. Optimization of the Suzuki-Miyaura reaction between bromo-
benzene and phenylboronic acid using MNP 9-PdNPs as catalyst.”!

Entry Amount Solvent (mL) Base Temperature Time Yield“
[mol %] [°C] [h] [%]

1 0.063 EtOH/H,0  K,CO, 80 24 31
(10:10)

2 0.189 EtOH/H,0  K,CO, 80 24 63
(10:10)

3 0.315" EtOH/H,0  K,CO, 80 24 91
(10:10)

4 0.625 EtOH/H,0  K,CO, 80 24 93
(10:10)

5 0.315 EtOH/H,0  K,CO, 45 24 45
(10:10)

6 0315 EtOH/H,0  K,CO, 80 2 34
(10:10)

7 0315 EtOH/H,0  K,CO, 80 10 66
(10:10)

8 0315 EtOH/H,0  K,CO, 80 24 80

(3:3)

9 0315 EtOH/H,0  Na,CO, 80 24 79
(10:10)

10 0315 EtOH/H,0 KOH 80 24 64
(10:10)

1 0315 EtOH/H,0 K;PO, 80 24 72

(10:10)

[a] The reaction was carried out with bromobenzene (1 mmol) and phe-
nylboronic acid (1.5 mmol) in the presence of the catalyst MNP 9-PdNPs
and base (2 equiv) in EtOH/H,O under a nitrogen atmosphere; [b] 15 mg
of MNP 9-PdNPs; [c] yields of product isolated by column chromatogra-

phy.
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Table 3. Investigation of the recyclabilities of MNP-PdNPs in the Suzuki-
Miyaura reaction between bromobenzene and phenylboronic acid.”’

EtOH/H,0, K,CO3, 80 °C
Cycle®
1 2 3 4 5 6 7 8 9 10

MNP 2-PdNPs 80 62 25

MNP 4-PdNPs 82 82 66 35

MNP 6-PdNPs 87 87 83 83 40

MNP 9-PdNPs 91 91 89 89 88 87 8 87 80 69

[a] The reaction was carried out with bromobenzene (1 mmol) and phe-
nylboronic acid (1.5 mmol) in the presence of the catalyst MNP-PdNPs
(0.315 mol %) and K,CO; (2 equiv) under a nitrogen atmosphere for 24 h;
[b] yields [% =+ 2%] of isolated product for each cycle.

for all MNP-PdNPs under optimized conditions. As shown in
Table 3, the reactions catalyzed by MNP 2-PdNPs and MNP 4-
PdNPs containing linear ligands were smoothly performed
with 0.315 mol % of [Pd], and the biphenyl product was isolat-
ed in 80% and 82% vyields, respectively. Then, these two cata-
lysts were readily separated from the reaction medium using
an external magnet and reused for the next cycles (see the
Supporting Information, Figure S4c). An obvious decrease in
activity was found in the second and third reaction cycles
(Table 3). MNP 6-PdNPs bearing monotriazole Percec-type den-
dron, however, showed a good catalytic performance in terms
of activity and recyclability. The magnetically recoverable cata-
lyst produced a yield of 87% in the first run and maintained
a similar activity in the next three cycles. Interestingly, MNP 9-
PdNPs containing tris-triazole dendrons were a superior cata-
lyst. Remarkably, its catalytic activity did not deteriorate during
8 successive runs affording yields of 87-91%, a steady loss of
activity only being detected from the ninth cycle (Table 3). The
TEM analysis of the recovered catalyst revealed that the size
and morphology of both MNP 9-PdNPs and the corresponding
PdNPs after 8 cycles did not change (Figure 2d). ICP analysis
indicated that only 0.24 and 0.95 ppm Pd leached out from
the initial MNP 9-PdNPs catalyst after the first and the eighth
cycles respectively, which implied that MNP9-PdNPs was
highly stable. In addition, MNP 9-PdNPs maintained the same
catalytic activity for months following storage at RT in air.

In the case of the Suzuki-Miyaura reactions, the comparison
among these MNP-PdNPs catalysts clearly indicated positive
dendritic effects regarding both activity and recyclability, in
particular regarding recyclability issue. The improved catalytic
performance seemingly benefited from the presence of the
dendritic framework that efficiently stabilized the PdNP and
played a crucial role as a barrier to inhibit the release of the
PdANP or part of it from the MNP support.

To check whether the catalytic activity originated from the
immobilized PdNPs or from leached Pd, a control experiment
was performed. Therefore the Suzuki-Miyaura reaction be-
tween bromobenzene and phenylboronic acid in the presence
of MNP 9-PdNPs was allowed to proceed for 2 h under the op-
timized conditions providing the desired cross-coupling prod-
uct in 34% yield. Subsequently, the catalyst was magnetically

Chem. Eur. J. 2014, 20, 1-13 www.chemeurj.org

CHEMISTRY

A European Journal

Full Paper

separated at 80 °C; the remaining reaction solution was trans-
ferred to another Schlenk flask and was stirred again for anoth-
er 22 h. Then the biphenyl product was isolated in 36 % yield,
which showed that almost no yield increase had occurred after
removing the immobilized PANP catalyst. The result of the hot
magnetic separation experiment” confirms the heterogene-
ous nature of the catalyst.

Encouraged by the efficiency of the reaction protocol de-
scribed above, the scope of the Suzuki-Miyaura reaction was
examined with MNP 9-PdNPs (0.315 mol % of [Pd]) in the mix-
ture of EtOH and H,O under nitrogen atmosphere at 80°C
(Table 4). A series of bromobenzenes bearing various substitu-

Table 4. Investigation of the substrate scope in the presence of MNP-
PdNPs in the Suzuki-Miyaura reaction.?

2

RENx T N aon, —MNPSPNPs o R1©—©R
— — EtOH/H,0, K,CO3, 80 °C

Entry R X R? Products Yield [9%]®’

1 H Br H 11a 91

2 4-NO, Br H 11b 92

3 4-CHO Br H ¢ 94

4 4-CH,CO Br H 1d 94

5 4-CH,CH,0CO Br H e 83

6 4-NH, Br H 1f 89

7 4-CH,0 Br H 119 92

8 4-CH, Br H 11h 90

9 2,4,6-TrisCH, Br H i 911

10 H Br  4-CH, Mj 89

n H Br  2-CH, Mk 74

12 4-NO, cl H 11b 8g

13 H a H 11a 49!

[a] The reaction was carried out with bromobenzene (1 mmol) and phe-
nylboronic acid (1.5 mmol) in the presence of catalyst MNP 9-PdNPs
(0.315 mol%) and K,CO; (2 equiv) in EtOH/H,O (10 mL/10 mL) under a ni-
trogen atmosphere for 24 h; [b] yields of isolated product; [c] the reaction
time is 86 h; [d] the reaction was carried out in the presence of 1 mol%
of [Pd] for 72 h; [e] the reaction was carried out in the presence of
1.5 mol % of [Pd] for 72 h.

ents were tested in reactions with phenylboronic acid. Bromo-
benzenes containing electron-withdrawing (NO,, CHO, CH,CO,
CH;CH,0CO) and electron-donating (NH,, CHO, CH;) groups in
the para position were suitable coupling partners, and the cor-
responding coupling products (11 b-h) were efficiently synthe-
sized in 83-94% vyields. No direct correlation could be drawn
between the outcome and the electronic nature of bromoben-
zene substituents. The challenging reaction with 2,4,6-trimethyl
bromobenzene generated the corresponding product in 91%
yield (Table 4, entry 9). Substituted arylboronic acids were also
investigated, and they all reacted smoothly with bromoben-
zene to provide the desired products in good yields (Table 4,
entries 10, 11). Moreover, the reaction of 4-nitrochlorobenzene
smoothly proceeded with 1 mol% of MNP 9-PdNPs, producing
the corresponding coupling product in 88% yield (Table 4,
entry 12); when the unactivated chlorobenzene was employed
in the reaction, in the presence of 2 mol% of [Pd], within 72 h
the corresponding product biphenyl was obtained in 49%
yield (Table 4, entry 13).
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Investigation of the activities and recyclabilities of MNP-
PdNPs in the Sonogashira and Heck reactions

The Sonogashira and Heck coupling reactions are also two
common strategies of C—C bonds construction, respectively
forming conjugated compounds and arylated olefins. MNP 2-
PdNPs, MNP 6-PdNPs and MNP 9-PdNPs were all used as cata-
lysts in both Sonogashira and Heck reactions.

The Sonogashira reaction of iodobenzene and phenylacety-
lene was chosen to test the recyclability of the MNP-PdNPs
bearing linear or dendritic PEGylated triazolyl ligands. The reac-
tions were performed with 1.5 mol% of [Pd] using Et;N as base
in THF at 65°C for 24 h. After each reaction cycle, the catalyst
was separated from the reaction mixture using a magnet and
successively washed with CH,Cl, and acetone and then re-used
in a subsequent run. The yields of the first reaction cycle cata-
lyzed by MNP 2-PdNPs, MNP 6-PdNPs, and MNP 9-PdNPs were
78%, 82%, and 85 %, respectively (Table 5). The recyclability re-

Table 5. Investigation of the recyclabilities of MNP-PdNPs in the Sonoga-
shira reaction between iodobenzene and phenylacetylene.”

Q"' <> _ MNP-PdNPs O _ O
= > =
THF, EtsN, 65 °C
12
Cycle®
1 2 3 4 5 6 7
MNP 2-PdNPs 78 65
MNP 6-PdNPs 82 80 79 63
MNP 9-PdNPs 85 83 83 81 80 80 75

[a] The reaction was carried out with iodobenzene (1 mmol), phenylacety-
lene (1.2 mmol) in the presence of catalysts MNP-PdNPs (1.5 mol%) and
Et;N (2 equiv) in THF (5mL) at 65°C under a nitrogen atmosphere for
24 h; [b] yields [% + 2 %] of isolated product for each cycle.

sults showed that an obvious loss in activity of MNP 2-PdNPs
bearing linear PEG550-triazole ligand occurred in the second
run; MNP 6-PdNPs with the small dendron could be easily re-
cycled three times with slight loss of catalytic activity. It is par-
ticularly gratifying, however, that MNP9-PdNPs containing
dendritic tris-triazole ligands maintained almost the same cata-
lytic activity from the first to the sixth cycle. The results in
Table 5 show that the catalytic recyclability was significantly in-
fluenced by the structure of PEGylated trizolyl ligands, the den-
dritic frame greatly improving the recyclability.

The recyclability test of MNP2-PdNPs, MNP 6-PdNPs, and
MNP 9-PdNPs was also carried out for the Heck cross-coupling
reaction of iodobenzene with styrene utilizing 1.5 mol% of
[Pd] and 2 equiv of K,CO; at 120°C in DMF (Table 6). The de-
sired (E)-1,2-diphenylethene was isolated in good vyields and
100% selectivity in the first run in all cases with these MNP-
PdNPs. A superior activity and recyclability were also found
with increase of the dendritic grade of ligands around the
MNPs (Table 6). The recycling performances of these MNP-
PdNPs in the Heck reaction were generally not as good as
those obtained for both Suzuki and Sonogashira reactions,
which was caused by the harsher conditions of the Heck reac-
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Table 6. Investigation of the recyclabilities of MNP-PdNPs in the Heck re-
action between iodobenzene and styrene.”

Q @_\ MNP-PdNPs y O
| +
N\ DMF, K,COj, 120 °C O
13
Cycle®

1 2 3 4 5
MNP 2-PdNPs 73 36
MNP 6-PdNPs 81 77 57
MNP 9-PdNPs 85 84 84 82 74

[a] The reaction was carried out with iodobenzene (0.6 mmol), styrene
(0.5 mmol) in the presence of the catalyst MNP-PdNPs (1.5 mol%) and
K,CO; (2 equiv) in DMF (5 mL) at 120°C under a nitrogen atmosphere for
24 h; [b] yields [% + 2 %] of isolated product for each cycle.

tion. Nevertheless, the recyclability was good again with
MNP 9-PdNPs and much superior to those of the other cata-
lysts, showing another dramatically positive dendritic effect.

Syntheses of pharmacologically relevant or natural products
based on Suzuki-Miyaura, Sonogashira, and Heck reactions

The synthesis of pharmacologically interesting or natural prod-
ucts is one of the most important applications of C-C coupling
reactions. The impressive ability of Pd catalysts to create C—C
bonds provides many new avenues for designing medicinal
candidates.

Inspired by its high efficiency, excellent recyclability, negligi-
ble Pd leaching, and the biocompatibility of iron, MNP9-
PdNPs was utilized in the syntheses of pharmacologically im-
portant or natural products through Suzuki-Miyaura, Sonoga-

shira, and Heck reactions (Figure 8).
GBI
OO oo

o
14 15

Yield: 87% Yield: 78%
(0] 0} HO o]
16 17 18
Yield: 89% Yield: 95% Yield: 76%

Figure 8. Pharmacologically relevant or natural products synthesized by
using MNP 9-PdNPs as catalyst.

Felbinac 14, a commercial nonsteroidal anti-inflammatory
drug, is used to treat arthritis and inflammation.”” The Suzuki
reaction of 4-bromophenylacetic acid with phenylboronic acid
was smoothly conducted, using MNP9-PdNPs as catalyst
under the optimized conditions, providing Felbinac in 87%
yield. Coumarin (2H-chromen-2-one) is a naturally occurring
constituent of many plants and essential oils. Coumarin and its
derivatives have been proved to be useful for treating various
ailments, including cancer, spasms, brucellosis, burns, and
rheumatic disease.”” The internal alkyne 15, containing cou-
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marin fragment, was synthesized with 78% yield through So-
nogashira reaction between ethyne-functionalized coumarin
and iodobenzene in the presence of 1.5 mol% of [Pd] and
1 equivalent of Et;N at 40°C. Diverse derivatives of cinnamic
acid possess various pharmacological activities.” For example,
methyl cinnamate 16 is used as a flavoring agent and a compo-
sition of soap; methyl 4-chlorocinnamate 17 has antifungal ac-
tivity; methyl caffeate 18 exhibits antitumor activity against
Sarcoma 180, as well as antimicrobial activity. Heck reactions
involving these corresponding aromatic iodides and methyl ac-
rylate were carried out under optimal conditions. Compounds
16, 17, and 18 were successfully isolated with 76-95% vyield
and almost 100% selectivity.

Conclusion

The investigation of catalyst engineering around a MNP has
led to disclose favorable dendritic loading according to a diver-
gent synthesis compared to that by grafting of pre-synthesized
units, which represents a new kind of positive dendritic effect.
Other design features that have involved TEG termini and click
syntheses were also favorable because of the advantageous
NP dispersity and Pd" binding, respectively, leading upon re-
duction to efficient 3 nm-sized PdNPs in the y-Fe,0;-Pd cata-
lysts. MNP 6-PdNPs and MNP9-PdNPs containing dendritic
frames provided impressive and superior performances con-
cerning both activity and recyclability in Suzuki-Miyaura, Sono-
gashira, and Heck reactions compared to the linear counter-
parts in star-shaped MNP catalysts. In particular, MNP 9—PdNPs,
decorated with larger dendrons containing tris-triazole groups,
showed the best catalytic results among these catalysts. In ad-
dition, in the case of MNP 9-PdNPs-catalyzed Suzuki-Miyaura
reactions, ICP analysis revealed that the amount of Pd leached
from the initial catalyst is negligible after 8 cycles. Finally, the
morphology and size of MNP9-PdNPs did not significantly
vary over time.

A new lesson regarding the design and engineering of cata-
lysts deposited on MNPs is that MNPs decorated with dendritic
frame are clearly favorable concerning the goal of efficiency
for practical and environmentally friendly reactions. Indeed, it
is impressive that MNP 9-PdNPs remains stable for months in
air and is recyclable many times without significant yield de-
crease or morphology/size change, which is attributed to the
barrier formed by the dendronic frame at the dendrimer pe-
riphery that protects the intradendritic PANP catalyst. The prin-
ciples and results presented here should thus open a gate for
more applications of MNPs-Den-NPs catalysts in “green”
chemistry.

Experimental Section

Synthesis of y-Fe,0,@SiO, nanoparticles:?” Nitrogen-purged 2-
propanol (20 mL) was added into a dried Schlenk tube containing
ferric chloride (0.5g, 3.08 mmol) and ferrous chloride (0.25g,
1.97 mmol). After 15 min of stirring, the temperature of the solu-
tion was raised to 80°C, and aqueous NH; (10 mL) was slowly
added. The stirring was continued for another 2 h. The vy-Fe,0;
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nanoparticles formed were protected by the addition of 10 mm
oleic acid in methanol (30 mL), removed from the solution using
an external magnet, washed with methanol (20 mL), and then re-
dispersed in ethanol (20 mL). 2 g of a suspension of y-Fe,O; in eth-
anol was diluted with deionized water (4 mL) and 2-propanol
(20 mL), and the mixture was sonicated for approximately 15 min.
To this well-dispersed solution, aqueous NH; (1 mL) followed by
tetraethoxysilane (1 g) were slowly added and stirred for further
4 h at RT The obtained y-Fe,0,@SiO, NPs were then separated by
centrifugation and redispersed in deionized water.

Synthesis of iron oxide nanoparticle-immobilized PEGylated
triazolyl ligand 2.

Route A: Under an atmosphere of nitrogen, 1 (0.3 g, 0.36 mmol) in
anhydrous CH,Cl, (2 mL) was added to a suspension of MNPs SiO,/
v-Fe,0;5 (0.3 g) in anhydrous toluene (30 mL). The mixture was then
stirred at 110°C under nitrogen atmosphere for 36 h. The dark
brown solid material obtained was magnetically separated, washed
repeatedly with toluene (2x10 mL), CH,Cl, (10 mL), diluted aque-
ous solution of ammonia (until there is no blue color in the solu-
tion)," H,0 (2x20 mL), and acetone (2x10 mL) to remove any
unanchored species and then dried in vacuo.

Route B: Compound PEG550 alkyne (0.64 g, 1.12 mmol) and 3-azi-
dopropyltriethoxysilane- functionalized MNP 3 (1 g) were mixed
with Cul (8 mg, 4.17x 10 2 mmol), in DMF/THF (1:1, 40 mL) under
nitrogen. N,N-Diisopropylethylamine (2 mL) was injected into the
mixture that was then stirred at RT for 36 h. The reaction was
monitored by FT-IR for the almost complete disappearance of the
IR signal of 2104 cm™ corresponding to the azide group. Then the
mixture was submitted to magnetic separation, and the MNPs
were washed sequentially with DMF (20 mL), THF (20 mL), CH,Cl,
(20 mL), diluted aqueous solution of ammonia (until there is no
blue color in the solution),"” H,0 (2x20mL), and acetone
(20 mL), and finally dried in vacuo.

Synthesis of iron oxide nanoparticle-immobilized PEGylated tria-
zolyl ligand 4:The synthesis was conducted as for the ligand 2 fol-
lowing route B, except that PEG550 alkyne was replaced by
PEG2000 alkyne.

Synthesis of iron oxide nanoparticle-immobilized dendritic
mono-triazole ligand 6: The synthesis was carried out as for the
ligand 2 following route B, except that PEG550 alkyne was re-
placed by Percec-type dendron 5.

Synthesis of iron oxide nanoparticles-immobilized dendritic
azide 8: In a dried Schlenk tube, a mixture of 3-iodopropyltriethox-
ysilane-functionalized MNP (0.5 g), dendron 7 (350 mg, 0.61 mmol),
and K,CO; (0.8 g) in anhydrous DMF (40 mL) was sonicated for ap-
proximately 15 min and stirred at 80°C under nitrogen for 48 h.
Then, the mixture was submitted to magnetic separation, and the
MNPs were washed sequentially with DMF (20 mL), CH,Cl, (20 mL),
saturated aqueous solution of Na,S,0; (2x20 mL), H,O (3x20 mL),
and acetone (2x20 mL), and finally dried in vacuo.

Synthesis of iron oxide nanoparticle-immobilized dendritic tris-
triazole ligand 9 through the divergent synthesis method:
MNP 8 (0.59g) and Percec-type dendron 5 (455 mg, 0.72 mmol)
were mixed with Cul (8 mg, 4.17x102mmol) in DMF/THF (1:1,
20 mL) under nitrogen. N,N-Diisopropylethylamine (2 mL) was in-
jected into the mixture, which was then sonicated for approxi-
mately 15 min and stirred at RT for 36 h. The reaction was moni-
tored by FT-IR for the almost complete disappearance of the IR
signal of 2102 cm™ corresponding to the azide group. Then the
mixture was submitted to magnetic separation, and the MNPs
were washed sequentially with DMF (10 mL), THF (10 mL), CH2CI2
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(10 mL), H20 (2% 10 mL), and acetone (10 mL), and finally dried in
vacuo.

Synthesis of iron oxide nanoparticle-immobilized dendritic tris-
triazole ligand 9 by grafting of pre-synthesized dendron: The
synthesis was carried out as for the synthesis of MNPs 8 except
that dendron 7 was replaced by dendron 10.

Synthesis of iron oxide nanoparticle-immobilized PdNPs (taking
MNP 9-PdNPs as an example): In a Schlenk flask, the suspension
of MNP 9 (200 mg, 0.126 mmol triazole) in H,O (15 mL) was soni-
cated for approximately 10 min under nitrogen. Then, an orange
solution of K,PdCl, (82 mg, 0.252 mmol, 2 equiv per triazole) in
Milli-Q H,O (15 mL) was added to the Schlenk flask. The mixture
was stirred at RT for 2 h, then submitted to magnetic separation,
and the MNPs were washed with Milli-Q H,0 (10 mL) under nitro-
gen. After the addition of Milli-Q H,O (20 mL), 10 mL a solution of
NaBH, (1.26 mmol) in water (10 mL) was injected. The mixture was
stirred at RT for 2 h and the color of the mixture changed to black
from brown, which indicated the reduction of Pd** to Pd° and
PANP formation. The mixture was submitted to magnetic separa-
tion, and the MNPs were washed with Milli-Q H,0 (2x 10 mL) and
acetone (10 mL) under nitrogen, and the catalyst was dried at
45°C for at least 4 h invacuo and stored under nitrogen before
use.

Acknowledgements

Financial support from the China Scholarship Council (CSC) of
the People’s Republic of China (Ph. D. grant to D.W.), the MRT
(PhD grant to C.D.), the Universities of Bordeaux and Toulouse
3, the Centre National de la Recherche Scientifique (CNRS), and
L'Oréal are gratefully acknowledged.

Keywords: C—C coupling dendrimers
catalysis - magnetic nanoparticles - palladium

heterogeneous

[1] a)P.T. Anastas, J.C. Warner, Green Chemistry: Theory and Practice,
Oxford University Press, New York, 1998; b) M. Doble, A. K. Kruthiventi,
Green Chemistry and Engineering, Academic Press, London, 2007; ¢) S. K
Sharma, A. Mudhoo, Green Chemistry for Environmental Sustainability,
CRC Press, Boca Raton, FL, USA, 2010.

a) G. A. Somorjai, Introduction to Surface Chemistry and Catalysis, Wiley,
New York, 1994; b) A. Corma, Chem. Rev. 1995, 95, 559-614; c) M.
Haruta, Catal. Today 1997, 36, 153-166; d) Handbook of Heterogeneous
Catalysis (Eds.: G. Ertl, H. Knozinger, J. Weitkamp), Wiley-VCH, Weinheim,
Germany, 1997; e) A. Corma, Chem. Rev. 1997, 97, 2373-2419; f)M.
Haruta, M. Date, Appl. Catal. A 2001, 222, 427 -437; g) Modern Surface
Organometallic Chemistry (Eds.: J.-M. Basset, R. Psaro, D. Roberto,
R.Ugo), Wiley-VCH, Weinheim, 2009; h) A. Corma, H. Garcia, F. X. Llabré-
s i Xamena, Chem. Rev. 2010, 110, 4606 -4655.

a) |. P. Beletskaya, A.V. Cheprakov, Chem. Rev. 2000, 700, 3009-3066;
b) F. Lu, J. Ruiz, D. Astruc, Tetrahedron Lett. 2004, 45, 9443-9445; ¢) C.
Burda, X. Chen, R. Narayanan, M. A. El-Sayed, Chem. Rev. 2005, 105,
1025-1102; d) D. Astruc, F. Lu, J. Ruiz, Angew. Chem. Int. Ed. 2005, 44,
7852-7872; Angew. Chem. 2005, 117, 8062-8083; e) Nanoparticles and
Catalysis (Ed.: D. Astruc), Wiley-VCH, Weinheim, 2008; f)P. Chen, X.
Zhou, H. Shen, N. M. Andoy, E. Choudhary, K--S. Han, G. Liu, W. Meng,
Chem. Soc. Rev. 2010, 39, 4560-4570; g) A. Molnar, Chem. Rev. 2011,
111, 2251-2320; h) J. E. Mondloch, E. Bayram, R. G. Finke, J. Mol. Catal.
A 2012, 355, 1-38; i) L. M. Bronstein, Z. B. Shifrina, Chem. Rev. 2011, 111,
5301-5344; j) C. Bai, M. Liu, Nano Today 2012, 7, 258-281; k) Nanoma-
terials and Catalysis (Eds.: P. Serp, K. Philippot), Wiley-VCH, Weinheim,
2013.

a)A.H. Lu, E.L. Salabas, F. Schuth, Angew. Chem. Int. Ed. 2007, 46,
1222-1244; Angew. Chem. 2007, 119, 1242-1266; b) S. Shylesh, V. Schu-

[2]

e

Chem. Eur. J. 2014, 20, 1-13

These are not the final page numbers! 22

www.chemeurj.org

1

[13

[15

[16

146

]

]

CHEMISTRY

A European Journal

Full Paper

nemann, W. R. Thiel, Angew. Chem. Int. Ed. 2010, 49, 3428 -3459; Angew.
Chem. 2010, 122, 3504-3537; c) Y. Zhu, L. P. Stubbs, F. Ho, R. Liu, C. P.
Ship, J. A. Maguire, N.S. Hosmane, ChemCatChem 2010, 2, 365-374;
d) V. Polshettiwar, R. Luque, A. Fihri, H. Zhu, M. Bouhrara, J. M. Basset,
Chem. Rev. 2011, 111, 3036-3075; e) Q. M. Kainz, O. Reiser, Acc. Chem.
Res. 2014, 47, 667-677; f)D. Wang, D. Astruc, Molecules 2014, 19,
4635-4653; g) D. Wang, D. Astruc, Chem. Rev. 2014, 114, 6949-6985.
a) G. R. Newkome, E. He, C. N. Moorefield, Chem. Rev. 1999, 99, 1689 -
1746; b) D. Astruc, F. Chardac, Chem. Rev. 2001, 107, 2991-3023; c)R.
van Heerbeek, P.C.J. Kamer, P.W.N. M. van Leeuwen, J.N.H. Reek,
Chem. Rev. 2002, 102, 3717-3756; d)L.J. Twyman, A.S.H. King, I. K.
Martin, Chem. Soc. Rev. 2002, 31, 69-82; e)B. Helms, J. M. J. Fréchet,
Adv. Synth. Catal. 2006, 348, 1125-1148; f) E. de Jesus, J. C. Flores, Ind.
Eng. Chem. Res. 2008, 47, 7968-7981; g) D. Astruc, E. Boisselier, C. Orne-
las, Chem. Rev. 2010, 110, 1857 -1959; h) D. Astruc, Nat. Chem. 2012, 4,
255-267; i) A. M. Caminade, A. Ouali, M. Keller, J. P. Majoral, Chem. Soc.
Rev. 2012, 41, 4113-4125; j)D. Wang, D. Astruc, Coord. Chem. Rev.
2013, 257, 2317 -2334.

M. E. Piotti, F. Rivero, R. Bond, C. J. Hawker, J. M. J. Fréchet, J. Am. Chem.
Soc. 1999, 121, 9471-9472.

J. M. J. Fréchet, J. Polym. Sci. Part A 2003, 41, 3713-3725.

B. Helms, C.0O. Liang, C.J. Hawker, J. M.J. Fréchet, Macromolecules
2005, 38, 5411-5415.

M. Sowinska, Z. Urbanczyk-Lipkowska, New J. Chem. 2014, 38, 2168-
2203.

a) L. Balogh, D. A. Tomalia, J. Am. Chem. Soc. 1998, 120, 7355-7356;
b) R. M. Crooks, M. Zhao, L. Sun, V. Chechik, L. K. Yeung, Acc. Chem. Res.
2001, 34, 181-190; ¢) L. K. Yeung, R. M. Crooks, Nano Lett. 2001, 1, 14—
17; d) E. H. Rahim, F. S. Kamounah, J. Frederiksen, J. B. Christensen, Nano
Lett. 2001, 1, 499-503; e) N. Satoh, J. S. Cho, M. Higushi, K. Yamamoto,
J. Am. Chem. Soc. 2003, 125, 8104-8105; f) R. W.J. Scott, A. K. Datye,
R. M. Crooks, J. Am. Chem. Soc. 2003, 125, 3708-3709; g) R. W. Scott,
0. M. Wilson, S.-K. Oh, E. A. Kenik, R. M. Crooks, J. Am. Chem. Soc. 2004,
126, 15583 -15591; h) M. Ooe, M. Murata, T. Mizugaki, K. Ebitani, J. Am.
Chem. Soc. 2004, 126, 1604-1608; i) O. M. Wilson, R.W. J. Scott, J.C.
Garcia-Martinez, R. M. Crooks, J. Am. Chem. Soc. 2005, 127, 1015-1024;
j)R.W.J. Scott, C. Sivadiranarayana, O. M. Wilson, Z. Yan, D. W. Good-
man, R. M. Crooks, J. Am. Chem. Soc. 2005, 127, 1380-1381; k) M. V.
Gomez, J. Guerra, A. H. Velders, R. M. Crooks, J. Am. Chem. Soc. 2008,
130, 341-350; ) C. Deraedt, D. Astruc, Acc. Chem. Res. 2014, 47, 494 -
503.

a) M. Zhao, L. Sun, R. M. Crooks, J. Am. Chem. Soc. 1998, 120, 4877 -
4878; b) M. Zhao, R. M. Crooks, Angew. Chem. Int. Ed. 1999, 38, 364-
366; Angew. Chem. 1999, 111, 375-377; c) V. S. Myers, M. W. Weier, E. V.
Carino, D.F. Yancey, S. Pande, R. M. Crooks, Chem. Sci. 2011, 2, 1632—-
1646.

a) D. A. Tomalia, H. Baker, J. Dewald, M. Hall, G. Kallos, S. Martin, J.
Roeck, J. Ryder, P. Smith, Polym. J. 1985, 17, 117-132; b) D. A. Tomalia,
A. M. Naylor, W. Goddard Ill, Angew. Chem. Int. Ed. Engl. 1990, 29, 138-
175; Angew. Chem. 1990, 102, 119-157.

a) E. M. M. de Brabander-van den Berg, E. W. Meijer, Angew. Chem. Int.
Ed. Engl. 1993, 32, 1308-1311; Angew. Chem. 1993, 105, 1370-1372;
b) A. W. Bosman, H. M. Janssen, E. W. Meijer, Chem. Rev. 1999, 99, 1665 -
1688.

a) M. Higuchi, S. Shiki, S. Ariga, K. Yamamoto, J. Am. Chem. Soc. 2001,
123, 4414-4420; b) K. Yamamoto, M. Higushi, S. Shiki, M. Tsuruta, H.
Chiba, Nature 2002, 415, 509-511; c) N. Satoh, T. Nakashima, K. Kami-
kura, K. Yamamoto, Nat. Nanotechnol. 2008, 3, 106-111.

a) V. Percec, G. Johansson, G. Ungar, J. Zhou, J. Am. Chem. Soc. 1996,
118, 9855-9866; b) V. S. K. Balagurusamy, G. Ungar, V. Percec, G. Johans-
son, J. Am. Chem. Soc. 1997, 119, 1539-1555; c) V. Percec, M. Peterca,
A.E. Dulcey, M. R. Imam, S. D. Hudson, S. Nummelin, P. Adelman, P. A.
Heiney, J. Am. Chem. Soc. 2008, 130, 13079 -13094.

a) G. R. Newkome, Z. Yao, G.R. Baker, V.K. Gupta, J. Org. Chem. 1985,
50, 2003-2004; b) G. R. Newkome, C.N. Moorefield, Aldrichimica Acta
1992, 25, 31-38; ¢) G. R. Newkome, Pure Appl. Chem. 1998, 70, 2337 -
2343; d) G. R. Newkome, C. Shreiner, Chem. Rev. 2010, 110, 6338 -6442;
e) F. Moulines, D. Astruc, Angew. Chem. Int. Ed. Engl. 1988, 27, 1347 -
1349; Angew. Chem. 1988, 100, 1394-1396; f) F. Moulines, L. Djakovitch,
R. Boese, B. Gloaguen, W. Thiel, J.-L. Fillaut, M.-H. Delville, D. Astruc,

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1021/cr00035a006
http://dx.doi.org/10.1021/cr00035a006
http://dx.doi.org/10.1021/cr00035a006
http://dx.doi.org/10.1016/S0920-5861(96)00208-8
http://dx.doi.org/10.1016/S0920-5861(96)00208-8
http://dx.doi.org/10.1016/S0920-5861(96)00208-8
http://dx.doi.org/10.1021/cr960406n
http://dx.doi.org/10.1021/cr960406n
http://dx.doi.org/10.1021/cr960406n
http://dx.doi.org/10.1016/S0926-860X(01)00847-X
http://dx.doi.org/10.1016/S0926-860X(01)00847-X
http://dx.doi.org/10.1016/S0926-860X(01)00847-X
http://dx.doi.org/10.1021/cr9003924
http://dx.doi.org/10.1021/cr9003924
http://dx.doi.org/10.1021/cr9003924
http://dx.doi.org/10.1021/cr9903048
http://dx.doi.org/10.1021/cr9903048
http://dx.doi.org/10.1021/cr9903048
http://dx.doi.org/10.1016/j.tetlet.2004.10.080
http://dx.doi.org/10.1016/j.tetlet.2004.10.080
http://dx.doi.org/10.1016/j.tetlet.2004.10.080
http://dx.doi.org/10.1021/cr030063a
http://dx.doi.org/10.1021/cr030063a
http://dx.doi.org/10.1021/cr030063a
http://dx.doi.org/10.1021/cr030063a
http://dx.doi.org/10.1002/anie.200500766
http://dx.doi.org/10.1002/anie.200500766
http://dx.doi.org/10.1002/anie.200500766
http://dx.doi.org/10.1002/anie.200500766
http://dx.doi.org/10.1002/ange.200500766
http://dx.doi.org/10.1002/ange.200500766
http://dx.doi.org/10.1002/ange.200500766
http://dx.doi.org/10.1039/b909052p
http://dx.doi.org/10.1039/b909052p
http://dx.doi.org/10.1039/b909052p
http://dx.doi.org/10.1016/j.molcata.2011.11.011
http://dx.doi.org/10.1016/j.molcata.2011.11.011
http://dx.doi.org/10.1016/j.molcata.2011.11.011
http://dx.doi.org/10.1016/j.molcata.2011.11.011
http://dx.doi.org/10.1021/cr2000724
http://dx.doi.org/10.1021/cr2000724
http://dx.doi.org/10.1021/cr2000724
http://dx.doi.org/10.1021/cr2000724
http://dx.doi.org/10.1016/j.nantod.2012.05.002
http://dx.doi.org/10.1016/j.nantod.2012.05.002
http://dx.doi.org/10.1016/j.nantod.2012.05.002
http://dx.doi.org/10.1002/anie.200602866
http://dx.doi.org/10.1002/anie.200602866
http://dx.doi.org/10.1002/anie.200602866
http://dx.doi.org/10.1002/anie.200602866
http://dx.doi.org/10.1002/ange.200602866
http://dx.doi.org/10.1002/ange.200602866
http://dx.doi.org/10.1002/ange.200602866
http://dx.doi.org/10.1002/anie.200905684
http://dx.doi.org/10.1002/anie.200905684
http://dx.doi.org/10.1002/anie.200905684
http://dx.doi.org/10.1002/ange.200905684
http://dx.doi.org/10.1002/ange.200905684
http://dx.doi.org/10.1002/ange.200905684
http://dx.doi.org/10.1002/ange.200905684
http://dx.doi.org/10.1002/cctc.200900314
http://dx.doi.org/10.1002/cctc.200900314
http://dx.doi.org/10.1002/cctc.200900314
http://dx.doi.org/10.1021/cr100230z
http://dx.doi.org/10.1021/cr100230z
http://dx.doi.org/10.1021/cr100230z
http://dx.doi.org/10.1021/ar400236y
http://dx.doi.org/10.1021/ar400236y
http://dx.doi.org/10.1021/ar400236y
http://dx.doi.org/10.1021/ar400236y
http://dx.doi.org/10.3390/molecules19044635
http://dx.doi.org/10.3390/molecules19044635
http://dx.doi.org/10.3390/molecules19044635
http://dx.doi.org/10.3390/molecules19044635
http://dx.doi.org/10.1021/cr500134h
http://dx.doi.org/10.1021/cr500134h
http://dx.doi.org/10.1021/cr500134h
http://dx.doi.org/10.1021/cr9800659
http://dx.doi.org/10.1021/cr9800659
http://dx.doi.org/10.1021/cr9800659
http://dx.doi.org/10.1021/cr010323t
http://dx.doi.org/10.1021/cr010323t
http://dx.doi.org/10.1021/cr010323t
http://dx.doi.org/10.1021/cr0103874
http://dx.doi.org/10.1021/cr0103874
http://dx.doi.org/10.1021/cr0103874
http://dx.doi.org/10.1039/b107812g
http://dx.doi.org/10.1039/b107812g
http://dx.doi.org/10.1039/b107812g
http://dx.doi.org/10.1002/adsc.200606095
http://dx.doi.org/10.1002/adsc.200606095
http://dx.doi.org/10.1002/adsc.200606095
http://dx.doi.org/10.1021/cr900327d
http://dx.doi.org/10.1021/cr900327d
http://dx.doi.org/10.1021/cr900327d
http://dx.doi.org/10.1038/nchem.1304
http://dx.doi.org/10.1038/nchem.1304
http://dx.doi.org/10.1038/nchem.1304
http://dx.doi.org/10.1038/nchem.1304
http://dx.doi.org/10.1039/c2cs35030k
http://dx.doi.org/10.1039/c2cs35030k
http://dx.doi.org/10.1039/c2cs35030k
http://dx.doi.org/10.1039/c2cs35030k
http://dx.doi.org/10.1016/j.ccr.2013.03.032
http://dx.doi.org/10.1016/j.ccr.2013.03.032
http://dx.doi.org/10.1016/j.ccr.2013.03.032
http://dx.doi.org/10.1016/j.ccr.2013.03.032
http://dx.doi.org/10.1021/ja991879p
http://dx.doi.org/10.1021/ja991879p
http://dx.doi.org/10.1021/ja991879p
http://dx.doi.org/10.1021/ja991879p
http://dx.doi.org/10.1021/ma050701m
http://dx.doi.org/10.1021/ma050701m
http://dx.doi.org/10.1021/ma050701m
http://dx.doi.org/10.1021/ma050701m
http://dx.doi.org/10.1039/c3nj01239e
http://dx.doi.org/10.1039/c3nj01239e
http://dx.doi.org/10.1039/c3nj01239e
http://dx.doi.org/10.1021/ja980861w
http://dx.doi.org/10.1021/ja980861w
http://dx.doi.org/10.1021/ja980861w
http://dx.doi.org/10.1021/ar000110a
http://dx.doi.org/10.1021/ar000110a
http://dx.doi.org/10.1021/ar000110a
http://dx.doi.org/10.1021/ar000110a
http://dx.doi.org/10.1021/nl0001860
http://dx.doi.org/10.1021/nl0001860
http://dx.doi.org/10.1021/nl0001860
http://dx.doi.org/10.1021/nl015574w
http://dx.doi.org/10.1021/nl015574w
http://dx.doi.org/10.1021/nl015574w
http://dx.doi.org/10.1021/nl015574w
http://dx.doi.org/10.1021/ja034811p
http://dx.doi.org/10.1021/ja034811p
http://dx.doi.org/10.1021/ja034811p
http://dx.doi.org/10.1021/ja034176n
http://dx.doi.org/10.1021/ja034176n
http://dx.doi.org/10.1021/ja034176n
http://dx.doi.org/10.1021/ja0475860
http://dx.doi.org/10.1021/ja0475860
http://dx.doi.org/10.1021/ja0475860
http://dx.doi.org/10.1021/ja0475860
http://dx.doi.org/10.1021/ja038455m
http://dx.doi.org/10.1021/ja038455m
http://dx.doi.org/10.1021/ja038455m
http://dx.doi.org/10.1021/ja038455m
http://dx.doi.org/10.1021/ja045224m
http://dx.doi.org/10.1021/ja045224m
http://dx.doi.org/10.1021/ja045224m
http://dx.doi.org/10.1021/ja044446h
http://dx.doi.org/10.1021/ja044446h
http://dx.doi.org/10.1021/ja044446h
http://dx.doi.org/10.1021/ar400168s
http://dx.doi.org/10.1021/ar400168s
http://dx.doi.org/10.1021/ar400168s
http://dx.doi.org/10.1021/ja980438n
http://dx.doi.org/10.1021/ja980438n
http://dx.doi.org/10.1021/ja980438n
http://dx.doi.org/10.1002/(SICI)1521-3773(19990201)38:3%3C364::AID-ANIE364%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1521-3773(19990201)38:3%3C364::AID-ANIE364%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1521-3773(19990201)38:3%3C364::AID-ANIE364%3E3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1521-3757(19990201)111:3%3C375::AID-ANGE375%3E3.0.CO;2-E
http://dx.doi.org/10.1002/(SICI)1521-3757(19990201)111:3%3C375::AID-ANGE375%3E3.0.CO;2-E
http://dx.doi.org/10.1002/(SICI)1521-3757(19990201)111:3%3C375::AID-ANGE375%3E3.0.CO;2-E
http://dx.doi.org/10.1039/c1sc00256b
http://dx.doi.org/10.1039/c1sc00256b
http://dx.doi.org/10.1039/c1sc00256b
http://dx.doi.org/10.1295/polymj.17.117
http://dx.doi.org/10.1295/polymj.17.117
http://dx.doi.org/10.1295/polymj.17.117
http://dx.doi.org/10.1002/anie.199001381
http://dx.doi.org/10.1002/anie.199001381
http://dx.doi.org/10.1002/anie.199001381
http://dx.doi.org/10.1002/ange.19901020204
http://dx.doi.org/10.1002/ange.19901020204
http://dx.doi.org/10.1002/ange.19901020204
http://dx.doi.org/10.1002/anie.199313081
http://dx.doi.org/10.1002/anie.199313081
http://dx.doi.org/10.1002/anie.199313081
http://dx.doi.org/10.1002/anie.199313081
http://dx.doi.org/10.1002/ange.19931050916
http://dx.doi.org/10.1002/ange.19931050916
http://dx.doi.org/10.1002/ange.19931050916
http://dx.doi.org/10.1021/cr970069y
http://dx.doi.org/10.1021/cr970069y
http://dx.doi.org/10.1021/cr970069y
http://dx.doi.org/10.1021/ja004239r
http://dx.doi.org/10.1021/ja004239r
http://dx.doi.org/10.1021/ja004239r
http://dx.doi.org/10.1021/ja004239r
http://dx.doi.org/10.1038/415509a
http://dx.doi.org/10.1038/415509a
http://dx.doi.org/10.1038/415509a
http://dx.doi.org/10.1038/nnano.2008.2
http://dx.doi.org/10.1038/nnano.2008.2
http://dx.doi.org/10.1038/nnano.2008.2
http://dx.doi.org/10.1021/ja9615738
http://dx.doi.org/10.1021/ja9615738
http://dx.doi.org/10.1021/ja9615738
http://dx.doi.org/10.1021/ja9615738
http://dx.doi.org/10.1021/ja963295i
http://dx.doi.org/10.1021/ja963295i
http://dx.doi.org/10.1021/ja963295i
http://dx.doi.org/10.1021/ja8034703
http://dx.doi.org/10.1021/ja8034703
http://dx.doi.org/10.1021/ja8034703
http://dx.doi.org/10.1021/jo00211a052
http://dx.doi.org/10.1021/jo00211a052
http://dx.doi.org/10.1021/jo00211a052
http://dx.doi.org/10.1021/jo00211a052
http://dx.doi.org/10.1021/cr900341m
http://dx.doi.org/10.1021/cr900341m
http://dx.doi.org/10.1021/cr900341m
http://dx.doi.org/10.1002/anie.198813471
http://dx.doi.org/10.1002/anie.198813471
http://dx.doi.org/10.1002/anie.198813471
http://dx.doi.org/10.1002/ange.19881001018
http://dx.doi.org/10.1002/ange.19881001018
http://dx.doi.org/10.1002/ange.19881001018
http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

[17

[8

9

[20

Chem. Eur. J. 2014, 20, 1-13

1

Angew. Chem. Int. Ed. Engl. 1993, 32, 1075-1077; Angew. Chem. 1993,
105, 1132-1134.

a) E. Boisselier, A. K. Diallo, L. Salmon, C. Ornelas, J. Ruiz, D. Astruc, J.
Am. Chem. Soc. 2010, 132, 2729-2742; b)C. Deraedt, L. Salmon, D.
Astruc, Adv. Synth. Catal. 2014, 356, 2525-2536; c)C. Deraedt, N.
Pinaud, D. Astruc, J. Am. Chem. Soc. 2014, 136, 12092 -12098.

a) R. Abu-Reziq, H. Alper, D. Wang, M. L. Post, J. Am. Chem. Soc. 2006,
128, 5279-5282; b) K. Uzun, E. Cevik, M. Senel, H. Sozeri, A. Baykal, M. F.
Abasiyanik, M. S. Toprak, J. Nanopart. Res. 2010, 12, 3057 -3067; c) C. M.
Chou, H. L. Lien, J. Nanopart. Res. 2011, 13, 2099-2107; d) Q. M. Kainz,
A. Schitz, A. Zopfl, W. J. Stark, O. Reiser, Chem. Mater. 2011, 23, 3606 -
3613; e) A. Pourjavadi, S. H. Hosseini, S.T. Hosseini, S. A. Aghayeemei-
body, Catal. Commun. 2012, 28, 86-89; f)H. Wang, B. Shentu, W.
Zhang, C. Gu, Z. Weng, Eur. Polym. J. 2012, 48, 1205-1211; g)N. V.
Kuchkina, E. Y. Yuzik-Klimova, S. A. Sorokina, A.S. Peregudoy, D. Y. Anto-
nov, S.H. Gage, B.S. Boris, L. Z. Nikoshvili, E. M. Sulman, D. G. Morgan,
W. E. Mahmoud, A. A. Al-Ghamdi, L. M. Bronstein, Z. B. Shifrina, Macro-
molecules 2013, 46, 5890 -5898.

W. Guo, A. Monge-Marcet, X. Cattoén, A. Shafir, R. Pleixats, React. Funct.
Polym. 2013, 73, 192-199.

a) C. Ornelas, J. Ruiz, E. Cloutet, S. Alves, D. Astruc, Angew. Chem. Int. Ed.
2007, 46, 872-877; b) R. Djeda, A. Rapakousiou, L. Liang, N. Guidolin, J.
Ruiz, D. Astruc, Angew. Chem. Int. Ed. 2010, 49, 8152-8156; c) A. Rapa-
kousiou, Y. Wang, C. Belin, N. Pinaud, J. Ruiz, D. Astruc, Inorg. Chem.
2013, 52, 6685-6693.

[21]

[22]

[23]

[24]

[25]

[26]
[27]

CHEMISTRY

A European Journal

Full Paper

V. V. Rostovtsey, L. G. Green, V.V. Fokin, K. B. Sharpless, Angew. Chem.
Int. Ed. 2002, 41, 2596 -2599; Angew. Chem. 2002, 114, 2708-2711.

N. J. S. Costa, P. K. Kiyohara, A. L. Monteiro, Y. Coppel, K. Philippot, L. M.
Rossi, J. Catal. 2010, 276, 382-389; b) M. Zhu, G. Diao, J. Phys. Chem. C
2011, 115, 24743 -24749; c) W. Li, B. Zhang, X. Li, H. Zhang, Q. Zhang,
Appl. Catal. A 2013, 459, 65-72; d) J. Wang, B. Xu, H. Sun, G. Song, Tet-
rahedron Lett. 2013, 54, 238-241; e) F. Génzalez de Rivera, I. Angurell,
M. D. Rossell, R. Erni, J. Llorca, N. J. Divins, G. Muller, M. Seco, O. Rossell,
Chem. Eur. J. 2013, 19, 11963-11974; f) M. Beygzadeh, A. Alizadeh,
M. M. Khodaei, D. Kordestani, Catal. Commun. 2013, 32, 86-91.

a) A. Schétz, T.R. Long, R.N. Grass, W.J. Stark, P.R. Hanson, O. Reiser,
Adv. Funct. Mater. 2010, 20, 4323-4328; b)J. Hu, Y. Wang, M. Han, Y.
Zhou, X. Jiang, P. Sun, Catal. Sci. Technol. 2012, 2, 2332-2340; c) F. Gén-
zalez de Rivera, I. Angurell, M. D. Rossell, R. Erni, J. Llorca, N. J. Divins, G.
Muller, M. Seco, O. Rossell, Chem. Eur. J. 2013, 19, 11963-11974; d) Q.
Zhang, H. Su, J. Luo, Y. Wei, Catal. Sci. Technol. 2013, 3, 235-243.

C. Kohler, E. Tolman, W. Wooding, L. Ellenbogen, Arzneim.-Forsch. 1980,
30, 702-707.

D. Egan, R. O’Kennedy, E. Moran, D. Cox, E. Prosser, R. D. Thornes, Drug.
Metab. Rev. 1990, 22, 503 -529.

P. Sharma, J. Chem. Pharm. Res. 2011, 3 (2), 403-423.

S. Shylesh, L. Wang, W. R. Thiel, Adv. Synth. Catal. 2010, 352, 425-432.

Received: July 25, 2014
Published online on A 11, 0000

www.chemeurj.org

12

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KK These are not the final page numbers!

147


http://dx.doi.org/10.1002/anie.199310751
http://dx.doi.org/10.1002/anie.199310751
http://dx.doi.org/10.1002/anie.199310751
http://dx.doi.org/10.1002/ange.19931050740
http://dx.doi.org/10.1002/ange.19931050740
http://dx.doi.org/10.1002/ange.19931050740
http://dx.doi.org/10.1002/ange.19931050740
http://dx.doi.org/10.1021/ja909133f
http://dx.doi.org/10.1021/ja909133f
http://dx.doi.org/10.1021/ja909133f
http://dx.doi.org/10.1021/ja909133f
http://dx.doi.org/10.1002/adsc.201400153
http://dx.doi.org/10.1002/adsc.201400153
http://dx.doi.org/10.1002/adsc.201400153
http://dx.doi.org/10.1021/ja5061388
http://dx.doi.org/10.1021/ja5061388
http://dx.doi.org/10.1021/ja5061388
http://dx.doi.org/10.1021/ja060140u
http://dx.doi.org/10.1021/ja060140u
http://dx.doi.org/10.1021/ja060140u
http://dx.doi.org/10.1021/ja060140u
http://dx.doi.org/10.1007/s11051-010-9902-9
http://dx.doi.org/10.1007/s11051-010-9902-9
http://dx.doi.org/10.1007/s11051-010-9902-9
http://dx.doi.org/10.1007/s11051-010-9967-5
http://dx.doi.org/10.1007/s11051-010-9967-5
http://dx.doi.org/10.1007/s11051-010-9967-5
http://dx.doi.org/10.1021/cm200705d
http://dx.doi.org/10.1021/cm200705d
http://dx.doi.org/10.1021/cm200705d
http://dx.doi.org/10.1016/j.catcom.2012.08.018
http://dx.doi.org/10.1016/j.catcom.2012.08.018
http://dx.doi.org/10.1016/j.catcom.2012.08.018
http://dx.doi.org/10.1016/j.eurpolymj.2012.05.003
http://dx.doi.org/10.1016/j.eurpolymj.2012.05.003
http://dx.doi.org/10.1016/j.eurpolymj.2012.05.003
http://dx.doi.org/10.1021/ma401043u
http://dx.doi.org/10.1021/ma401043u
http://dx.doi.org/10.1021/ma401043u
http://dx.doi.org/10.1021/ma401043u
http://dx.doi.org/10.1016/j.reactfunctpolym.2012.10.011
http://dx.doi.org/10.1016/j.reactfunctpolym.2012.10.011
http://dx.doi.org/10.1016/j.reactfunctpolym.2012.10.011
http://dx.doi.org/10.1016/j.reactfunctpolym.2012.10.011
http://dx.doi.org/10.1002/anie.200602858
http://dx.doi.org/10.1002/anie.200602858
http://dx.doi.org/10.1002/anie.200602858
http://dx.doi.org/10.1002/anie.200602858
http://dx.doi.org/10.1002/anie.201004756
http://dx.doi.org/10.1002/anie.201004756
http://dx.doi.org/10.1002/anie.201004756
http://dx.doi.org/10.1021/ic400747y
http://dx.doi.org/10.1021/ic400747y
http://dx.doi.org/10.1021/ic400747y
http://dx.doi.org/10.1021/ic400747y
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0
http://dx.doi.org/10.1016/j.jcat.2010.09.028
http://dx.doi.org/10.1016/j.jcat.2010.09.028
http://dx.doi.org/10.1016/j.jcat.2010.09.028
http://dx.doi.org/10.1021/jp206116e
http://dx.doi.org/10.1021/jp206116e
http://dx.doi.org/10.1021/jp206116e
http://dx.doi.org/10.1021/jp206116e
http://dx.doi.org/10.1016/j.apcata.2013.04.010
http://dx.doi.org/10.1016/j.apcata.2013.04.010
http://dx.doi.org/10.1016/j.apcata.2013.04.010
http://dx.doi.org/10.1016/j.tetlet.2012.11.009
http://dx.doi.org/10.1016/j.tetlet.2012.11.009
http://dx.doi.org/10.1016/j.tetlet.2012.11.009
http://dx.doi.org/10.1016/j.tetlet.2012.11.009
http://dx.doi.org/10.1016/j.catcom.2012.11.028
http://dx.doi.org/10.1016/j.catcom.2012.11.028
http://dx.doi.org/10.1016/j.catcom.2012.11.028
http://dx.doi.org/10.1002/adfm.201000959
http://dx.doi.org/10.1002/adfm.201000959
http://dx.doi.org/10.1002/adfm.201000959
http://dx.doi.org/10.1039/c2cy20263h
http://dx.doi.org/10.1039/c2cy20263h
http://dx.doi.org/10.1039/c2cy20263h
http://dx.doi.org/10.1039/c2cy20532g
http://dx.doi.org/10.1039/c2cy20532g
http://dx.doi.org/10.1039/c2cy20532g
http://dx.doi.org/10.3109/03602539008991449
http://dx.doi.org/10.3109/03602539008991449
http://dx.doi.org/10.3109/03602539008991449
http://dx.doi.org/10.3109/03602539008991449
http://dx.doi.org/10.1002/adsc.200900698
http://dx.doi.org/10.1002/adsc.200900698
http://dx.doi.org/10.1002/adsc.200900698
http://www.chemeurj.org

:@2 ChemPubSoc
et Europe

FULL PAPER

CHEMISTRY

A European Journal

Full Paper

Magnetically recoverable catalysts:
Catalysts comprising dendritic “click” li-
gands that are immobilized on a mag-
netic nanoparticle core, terminated by
triethylene glycol groups, and incorpo-
rate Pd nanoparticles have been pre-
pared and characterized. They are
shown to be highly active, dispersible,
and magnetically recoverable many
times in Suzuki, Sonogashira, and Heck
reactions.
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Partie 6. NaBH, réducteur de
précurseurs Pd" et Au'" et
stabilisateur de nanoparticules
extrémement actives en catalyse.
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Partie 6. NaBH,; réducteur de précurseurs Pd" et Au' et stabilisateur de
nanoparticules extrémement actives en catalyse.

L’utilisation d’un stabilisateur lors de la synthése de nanoparticules est essentielle.
Peu d’exemples dans la littérature décrivent ’utilisation d’une molécule simple jouant
le role a la fois de réducteur d’ions métallique en nanoparticule et de stabilisateur.
L’exemple le plus connu est celui des citrates utilisés lors de la synthése de AuNPs
proposé par Turkevich."” Le borohydrure de sodium NaBH, est le réducteur le plus
utilisé au cours de la synthése de nanoparticules, mais il est toujours accompagné
d’un stabilisateur. On pouvait se demander si NaBHy4 peut aussi jouer un réle dans la
stabilisation ? Au cours de la thése nous nous sommes rendu compte a plusieurs
reprises que certaine de nos nanoparticules (Pd et Au) étaient stables sans rien d’autre
que le réducteur NaBH4. Nous nous sommes alors penché sur le sujet a la fin de la
3°™ année de thése. Nous avons démontré qu’en présence d’une quantité suffisante de
NaBHy et pour une concentration spécifique de Au(Ill) (ou Pd(Il)) les AuNPs (ou
PdNPs) étaient stables dans I’eau pendant plus d’un mois. Ces nanoparticules ont été
utilisées en catalyse de réduction du 4-NP et ont présenté une activité inégalée. Ceci a
¢té rationnalis¢ par le fait que cette réaction catalytique a lieu en surface de la
nanoparticule et que nos nanoparticules ne présentent aucun encombrement pouvant
freiner ’approche du substrat a la surface. Concernant la stabilisation des
nanoparticules, il est probable que les ions BH4 (ou H) accompagnés des ions CI
viennent se ligander en surface de la nanoparticule.” La présence d’excés d’eau
entraine 1’hydrolyse lente de BH4 en B(OH)4™ dont la couverture supramoléculaire en
surface est responsable de la stabilisation par les ions B(OH),4 et CI par la suite.
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Long-term stable 3 nm gold nanoparticles are prepared by a simple
reaction between HAuCl, and sodium borohydride in water under
ambient conditions which very efficiently catalyze 4-nitrophenol
reduction to 4-nitroaniline.

Gold nanoparticles (AuNPs) have attracted much attention owing
to their unique properties and applications in optics, electronics,
sensing, biomedicine and catalysis." Among AuNP stabilizers,
thiolate” (Brust-Schiffrin method) and citrate® (Turkevich-Frens
method) are the most efficient ones for solution chemistry,
whereas various oxides provide excellent solid supports for
catalysis."* Quite surprisingly, we found that the reaction of
HAuCl, with NaBH, in water under ambient conditions provides
small AuNPs (3 nm) that are stable for at least a month and are
the fastest known catalysts for 4-nitrophenol reduction in water,
retaining the same catalytic activity with time.

NaBH, is one of the most classic reductants in organic and
inorganic chemistry,” and it is used to reduce transition metal
salts to metal(0) NPs in the presence of a stabilizer,” such as in
the Brust-Schiffrin procedure. NaBH, reduces substrates by
hydride transfer,” but single-electron transfer is also possible
given the electron-rich nature of borohydride anion characterized
by a cathodic oxidation potential.® Borohydrides also act as bi- or
tridentate ligands.” Finally, in the presence of metal catalysts
NaBH, reacts with water to produce hydrogen and borate, a
reaction that is exploited in “direct” borohydride fuel cells.®
Thus, in AuNP synthesis from HAuCl, and NaBH,, the latter
plays these multiple roles inter alia recalling those of citrate in the
Turkevich-Frens method.®> It has already been reported that
thiols on AuNPs can be reductively desorbed in the presence of

“ISM, UMR CNRS No. 5255, Univ. Bordeaux, 33405 Talence Cedex, France.
E-mail: d.astruc@ism.u-bordeaux.fr; Fax: +33-5-4000-2994
b Laboratoire de Chimie de Coordination, CNRS UPR-8241 and Université de
Toulouse, UPS, INP, F-31077 Toulouse, France
¢ Facultad de Quimica de San Sebastian, Universidad del Pais Vasco, Apdo. 1072,
20080 San Sebastian, Spain
1 Electronic supplementary information (ESI) available: Synthesis and kinetics
data and comparative catalysis table. See DOI: 10.1039/c4cc05946h
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NaBH,, which allows for the growth of AuNPs,’ and that AuNPs
can be synthesized in water by adding an equimolar amount of
NaBH, and NaOH to an equimolar mixture of HAuCl, and
HCL' A large variety of reductants to reduce Au™" to AuNPs are
known,™" but in our approach the AuNP synthesis and long-term
stabilization is simple, because only NaBH, addition to HAuCl,
in water is involved overall under ambient conditions.

HAuCl, (1.5 mg) was solubilized in water (33 mL) to obtain a
concentration of [Au] = 1.3 x 10" mM. In order to optimize the
HAuCl,/NaBH, ratio, various amounts of NaBH, were added
under N, (2, 10, 50 or 100 equivalents per Au atom in the
preparation of solutions A, B, C and D, respectively).: With 10 equiv.
of NaBH, (solution B), AuNPs were found to be stable for at least
a month without any additive. The four solutions are of different
colors (Fig. 1a). The pink-red solution A shows a surface plasmon
band (SPB)'”* at 515 nm (Fig. 1b), and some precipitate
appeared after a few days, although the color remained the
same. Transmission electron microscopy (TEM) revealed that the
average size of these NPs was 5.5 & 0.2 nm. The orange solution B
shows a SPB at 505 nm and turns pink-red after several tens of
minutes under N, or air, with a SPB at 514 nm, probably due to
sintering, but no aggregation was observed at least up to 1 month.*?
TEM of B indicated an average size of 3.2 £ 0.8 nm of these AuNPs
(Fig. 2), which remained the same after 1 month (see ESIY).
Solutions C and D are purple and grey, respectively, without

a)  UV-vis. Spectra of solutions A, B, C, D b)
0.6

solutions A, B, C, D

05

04 50 equiv.

03|10 equiv.

Abs

Toai ) 0equiv.  50equiv. 100 equiv.
02

A SolutionB  Solution C Solution D

04

0.0

0.1
400

5(;0 660 160
Wavelength (nm)
Fig. 1 (a) UV-vis spectra of the AuNP solutions A-D. (b) Various colours of

the AuNP solutions A-D.
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AuNP distribution

® AuNP distribution
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Fig. 2 (a) TEM pictures of AuUNPs solution B, and (b) size distribution. The
average measured size is 3.2 + 0.8 nm (245 AuNPs).

any SPB, which indicates agglomeration'? that is confirmed by
a higher absorbance intensity around 700 nm compared to
those for A or B, and precipitation was observed after 60 min
and 10 min, respectively. The aggregation of AuNPs can be
attributed to the decrease of surface potential that results from
the electron injection into the AuNPs upon adding excess
NaBH,."> Some AuNPs were observed by TEM in solution C
(see ESIT) in addition to the precipitate, and AuNPs in solution
D fully aggregated after 1 hour.

Stabilization in solution B involves (i) slow hydrolysis of a
large excess of NaBH, to NaB(OH), (a few % per hour) that is
only very weakly catalyzed by AuNPs at 25 °C,*” (ii) strong
covalent Au-H and/or Au-BH, bond formation with the AuNP
core'* and (iii) the presence of Cl~ near the AuNP core."® Thus
after a short time, AuNP cores are surrounded by stabilizing H
and/or BH, ligands and a smaller proportion of Cl . After a
long time, the hydridic ligands are slowly but irreversibly
hydrolyzed to H,, OH™ and NaB(OH), as a result of slow AuNP
catalysis of this hydrolysis,*” so that the only remaining stabilizers
after, e.g, a month are electrostatic: CI” and mostly B(OH), "
(incorporating water in a weak supramolecular hydrogen-bonded
network) with Na' cations in a second layer.

Such AuNPs prepared and stabilized using only HAuCl, and
NaBH, in water might be ideally suitable for AuNP-catalyzed
reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by
NaBH, (ref. 16) that would play roles of both the AuNP ligand
and substrate. Indeed, the reaction mechanism is still unknown,
although strong evidence has been provided by Ballauff’s group
for a process fitting the Langmuir-Hinshelwood (LH) model that
assumes the adsorption of both reactants on the surface of the
catalyst for AUNPs.'°%®" Thus we investigated the reduction of
4-NP in the presence of 100 equiv. of NaBH,.

This reaction was monitored by UV-vis spectroscopy, the intensity
of the band at 400 nm that corresponds to the nitrophenolate anion
decreases with time along with the growth of a weak 4-AP band at
300 nm. The reaction is fitted with a pseudo-first-order kinetics with
respect to 4-NP in the presence of excess NaBH,, leading to the
determination of the rate constant k,y, (eqn (1)):

—In(Cy/Co) = kappt (1)

(C; is the concentration of 4-NP at a time ¢ and C, is the
concentration of 4-NP at time ¢ = 0). The four solutions A, B,
C and D were used in the reduction of 4-NP one hour after their
synthesis, and the results are summarized in Table 1. A new
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Table 1 Catalysis of 4-NP reduction with various AUNP solutions

Solution ~ AuNPs (%)  Reaction time (s)  kapp (s°') TOF (h™")
B 1 120 2x107% 3000

B 0.2 200 9x10° 9000

B 0.05 1320 1x10° 5455

A 0.2 240 9x107% 7500

C 0.2 2400 1x107° 750

D 0.2 — — —

E 0.2 540 7 x107° 3333

All the reactions were carried out with 0.05 mmol of 4-NP and 5 mmol
of NaBH, in 100 mL of water ([4-NP] =5 x 10~' mM).

solution E composed of only Au™ ([HAuCl,] = 1.3 x 10~ " mM)
was prepared in order to compare it with pre-formed AuNPs.
The results show that the activity of the AuNPs is linked to their
stability. The stability order of the solutionsisB > A > E > C > D,
and the order of the k,p, values is the same (Table 1).

The complete precipitation of AuNPs in solution D after one
hour prevents any catalysis. The reduction of 4-NP in the
presence of 0.2% mol Au™ (solution E) leads to complete
conversion after 540 seconds, L.e. kapp = 7 x 10> s~ which is
also high, but lower than the rate constant observed with the
same amount of gold coming from pre-formed AuNPs of
solution B (Fig. 3). This may be explained by the fact that upon
introducing Au™ in the water solution of 4-NP + NaBH,, Au™" is very
rapidly reduced without size control leading to some catalytically
inactive precipitate due to the large excess of NaBH,. Upon
decreasing the AuNP concentration of solution B from 1% mol to
0.05% mol, this catalyst is still very active, and the reaction is
completed in 1320 seconds with a ku,p, =1 x 10 ° s~ ' (instead of
120 seconds and kyp, =2 x 10~ > s '). Remarkably, using solution B
at a concentration of 0.2% mol, the TOF reaches 9000 s, which is
very impressive for this reaction. Ten days after the synthesis of
AuNPs (solution B), the reduction of 4-NP was tested again. No real
change in the catalytic activity was observed (reaction completed in
280 seconds with 0.2% mol of AuNPs, and Ky, = 9 x 107 % s71),
which shows the stability of these catalytically very reactive AuNPs.

In conclusion, one of the simplest syntheses of long-term
stable AuNPs has been disclosed using only HAuCl, and NaBH, in
water at room temperature. Moreover, these AuNPs are impressively

Abs

“T2005 - 0
[ 50 100 150 200 250

300 400 500 second

Wavelength (nm)
Fig. 3 Kinetic study at 20 °C of 4-NP reduction by NaBH, with 0.2% mol
AuNPs (solution B) using UV-vis spectroscopy at 400 nm (a) and the plot of
—In(Co/Cy) vs. time (s) for its decrease (b). No isosbestic point is observed
by UV-vis spectroscopy due to H, bubbling during the reaction.’”
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Fig. 4 Schematic representation of the properties of stabilization and
efficient catalytic reactivity at the surface of AUNPs.

efficient catalysts for the reduction of 4-nitrophenol by NaBH,
even with a low amount of Au (0.05% mol), providing one of the
highest rate constants and TOFs ever recorded at 20 °C (see the
comparative table in the ESIt).

In summary, the remarkable properties of these AuNPs are
that they are stable for more than a month and, at the same
time, remain extremely catalytically active for a long time. This
dual property might be explained by AuNP stabilization by
BH, and/or H™ that have been shown to form strong bonds
with the AuNP core' and by Cl~ resulting from HAuCl,
reduction. In the long term, the hydridic bonds with AuNPs
are slowly hydrolyzed leaving only electrostatic stabilization by
B(OH),” and Cl~ near the AuNP core with their Na' cations
standing behind (as shown in Fig. 4). In both cases, catalysis of
4-NP reduction by NaBH, is fast, because the latter is either
already present on the AuNP surface or rapidly introduced
through the permeable electrostatic anion layer.

It is probable that in the near future a variety of other AuNP-
catalyzed reactions could also be further improved using this
strategy.
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Annexes

En annexes, se trouvent les travaux effectués en collaboration avec différentes
personnes du groupe Nanosciences et Catalyse, sortant de 1’axe principal de la these.

Tout d’abord figure une revue sur la catalyse de métathése rédigée avec Martin
d’Halluin, encadré lors de son stage de Master 2. Vient ensuite un travail élaboré
¢galement en collaboration avec Martin d’Halluin sur la synthése d’un nouvel alcyne-
imidazolium pour une possible fonctionnalisation de nanomatériaux par CuAAC ou
réaction de Sonogashira avec I’exemple d’un dendrimere. A I’origine, ce travail
devait conduire a la synthése des catalyseurs au ruthénium de type Grubbs de 2™
génération supportés, mais nous avons échoué a plusieurs reprises lors de la synthése
du carbéne a partir de I’ alcyne-imidazolium suivi de I’échange avec la tri-cyclohexyl
phosphine du catalyseur de Grubbs de 1 génération.

Cette partie d’annexes se termine par la comparaison entre les activités catalytiques
observées lors de la réduction du 4-NP pour des catalyseurs AuNPs stabilisés par
différents ligands mono- ou macromoléculaires et synthétisés au sein du groupe, é¢tude
a laquelle une contribution secondaire a ¢ét¢ apportée lors de cette thése. Nous y
démontrons I’impact de I’encombrement électronique et stérique des ligands lors
d’une catalyse s’effectuant en surface d’une nanoparticule et soulignons le caractere
de réservoir d’¢lectrons des nanoparticules métalliques, essentiel en catalyse
impliquant un transfert polyélectronique comme c’est le cas pour la réduction du

4-NP.
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Metathesis reactions are now essential for the synthesis of
complex organic molecules; a large variety of useful materi-
als are available, and progress in this field is growing rapidly.
Emphasis in this review on metathesis is placed on the recent
developments of stereoselectivity aspects by using new fami-
lies of molybdenum (Schrock type) and ruthenium (Grubbs
type) catalysts for olefin metathesis. Recent progress in al-
kyne metathesis catalysts (Fiirstner type) and their properties
and impressive synthetic applications are highlighted as well
as new terminal alkyne metathesis catalysts (Tamm type).
The various strategies involved in recovering the catalyst and

removing metal impurities from products towards “green
chemistry” are briefly reviewed. The relationship of olefin
metathesis is shown with the alkyne metathesis reaction that
was exploited by Firstner, with alkane metathesis that was
achieved by using surface organometallic chemistry and
highlighted by Basset, and with the use of classic organome-
tallic catalysts by the Goldman and Brookhart groups. Fi-
nally, recent developments in polymer chemistry that involve
stereochemical control, low polydispersities, and applications
are summarized.
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1. Introduction

Metathesis reactions, that is, the reorganization (transpo-
sition) of multiple carbon—carbon bonds, have appeared as
an essential method to construct molecules, including natu-
ral and new complex organic molecules and polymers, in
an efficient and green way.l' =2l As such, their contribution
to medicine, biochemistry, and materials science is essential
and is growing rapidly. The most important metathesis reac-
tion is olefin metathesis (Scheme 1), because olefins are
common molecules, and terminal and disubstituted olefins
are easily available, but alkyne metathesis has also recently
been considerably developed.

Scheme 1. General Chauvin mechanism of olefin metathesis.

From these simple olefins, the challenging synthesis of
tri- and tetrasubstituted olefins with well-defined stereo-
chemistry becomes possible through a stereoselective olefin
metathesis reaction, and decisive progress in this area is
very recent with new Schrock-type and Grubbs-type cata-
lysts.

Alkyne metathesis is less common but is, nonetheless, all
the more useful, because various natural molecules contain
alkynyl groups and because alkyne metathesis does not in-
volve stereochemical problems, which is in contrast to al-
kene metathesis. The recent development of new alkyne me-
tathesis catalysts and their application to organic synthesis
by Firstner and his group is considerable. Metathesis reac-

tions of alkenes and alkynes are very similar and involve the
coordination of the alkene or alkyne to the electronically
deficient metal center of a metal-alkylidene or metal-alk-
ylidyne metathesis catalyst, respectively.l”) According to the
well-established Chauvin mechanism,[>2!! the mechanism
then includes the formation of a metallocyclobutane or
metallocyclobutadiene intermediate that produces a new
metal-alkylidene—olefin or a new metal-alkylidyne—alkyne
that yields a metathesized unsaturated hydrocarbon and the
new catalytic species containing a metal-carbon multiple
bond (Scheme 1). Alkyne metathesis is not only useful
per se, but it is also useful to solve stereochemical problems
in alkene metathesis, because alkyne reduction can be
stereoselective.[>!

Alkane metathesis proceeds by dehydrogenation to the
alkene followed by alkene metathesis and hydrogenation of
the metathesized alkene, and this development has been pi-
oneered by the Basset group.[?”) Recent progress of this old
reaction has also emerged from classic organometallic
chemistry. Thus, it appears that alkene metathesis is central,
because as indicated above, it bears connections to alkyne
and alkane metatheses.

Another challenging problem is that of the recovery of
the catalyst and the leaching of metals into the reaction
medium, because industrial requirements do not tolerate
more than 5ppm of a metal contaminant. This crucial
problem has been recently intensively searched, and valu-
able methods have started to appear.['”]

In this review, we will thus focus on the recent trends of
the metathesis reactions indicated above including stereose-
lectivity in olefin metathesis, recent improvements in alkyne
metathesis, metal catalysts recovery, and increased effi-
ciency in the synthesis of polymer materials by metathesis.

2. Classic Alkene Metathesis Catalysts and
Reaction Types

Presently, the most used olefin metathesis catalysts are
the Schrock catalyst, [Mo]-1; the first- and second-genera-
tion Grubbs catalysts, [Ru]-17%! (Cy = cyclohexyl) and [Ru]-
2 (Mes = mesityl),[>* respectively; and the chelated Blech-
ert—Hoveyda catalyst, [Ru]-3 (Scheme 2).[%7] [Mo]-1 is more
reactive than the ruthenium catalyst, but it is also air and
moisture sensitive and thus more difficult to use. The use

Mes—N____N-Mes
T%’ﬁ Mes—N____N-Mes
Ro=C; | YLl H
N cv| 'Ph YCl H
I ,H U=C v CI'
\ .Mo=C PCy, <] Ph +
FsC-C-O0™" 4 cl
/ PCy3
F3C O e
Ters
Schrock CFs Grubbs Grubbs Blechert, Hoveyda
[Mo]-1 [Ru]-1 [Ru]-2 [Ru]-3
Scheme 2.
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of the ruthenium catalysts is advantageous, as they are air
and water stable. Thus, the most frequently used catalysts
are the commercial compounds [Ru]-1 and [Ru]-2; the latter
is more reactive and more stable than the former. [Ru]-3 is
particularly robust. The ruthenium catalysts are not com-
patible with amine and phosphane groups, whereas [Mo]-1
is. In contrast, the Ru catalysts are compatible with
alcohols, carboxylic acids, aldehydes, which is not the case
for the Mo catalysts.

The N-heterocyclic carbene (NHC) ligands shown in
Scheme 2 for [Ru]-2 and [Ru]-3 were introduced in metathe-
sis reactions and in catalysis in general by Herrmann.*”
There are many structural variations that are helpful in cat-
alyst design, in particular with regard to the N substituent,
although the Mes substituent is the most frequently
used.?>261 NHC ligands are strong o-donor ligands that
largely contribute to the stability of the complex and the
efficiency of the catalytic cycles, as in many other catalytic
reactions.[>>28l

The catalytic activity of the robust [Ru]-3 catalyst was
improved by Grela’s group who introduced the strongly
electron-withdrawing nitro substituent in the isopropoxy-
benzylidene ligand, that is, [Ru]-4 (Scheme 3), to destabilize
the Ru-ether ligand bond.?*3 A similar result was ob-
tained by Blechert’s group upon introducing a phenyl sub-
stituent in [Ru]-5 that sterically destabilizes this metal-li-
gand bond.[®3132] A very large number of variations of this
type of catalyst have been reported.l'>!] For instance, a
water-solubilizing ammonium group such as that in [Ru]-6
allows easy removal of the catalyst in the aqueous phase
from the organic products by liquid-liquid extraction after
the metathesis reaction (Scheme 3). Analogous results were
obtained with ether and polyethylene glycol (PEG) substit-
uents. This strategy was extended to the anchoring of one of

Mes—N\C/N-Mes Mes—N___ _N-Mes
*\\CI _H ﬁ\\CI
Ru=C Ru=C~

i}é@m :é '

Grela Blechert O
[Ru]-4 [Ru]-5
Mes— N\C _N-Mes
ﬁ CI PE,

y *OD

Grela, Mauduit, Clavier
[Ru]-6

the ligands to organic (PEG, Merrifield resin) and inorganic
(silica, metal oxide) polymer supports.®!

Myriads of structural variations of NHC ligands in Ru
metathesis catalysts have been reported and reviewed.
Buchmeiser examined the metathesis activities of complexes
containing ligands derived from 1,3-diazepin-2-ylidene that
showed good activities for ring-opening metathesis polyme-
rization (ROMP) reactions. Of particular interest are the
ruthenium complexes of the so-called mesoionic carbene
(MIC) ligands developed by the groups of Bertrand and
Grubbs (Scheme 4), because of the remarkable donicity
properties of this new class of ligand and their excellent
performances in various types of olefin metathesis reac-
tions. For instance, cycloaddition between 1,3-diaza-2-
azoniallene salts and alkynes provides 1,3-diaryl-1H-1,2,3-
triazolium salts that are precursors of the highly stable
1,2,3-triazolyl-5-ylidene MICs and the corresponding Ru
metathesis catalysts.[33-34]

2
/R R2

/,
/ N=N*+
NO) =
R1/ \)\R3 R1/N 3 R3

Scheme 4. Bertrand’s mesoionic ligands for Ru metathesis catalysts.

In the case of a Ru-benzylidene complex bearing both a
classic bis(mesityl) NHC ligand and a MIC ligand, pro-
tonolysis of the Ru-MIC bond upon reaction with a
Bronsted acid generated an extremely active metathesis cat-
alyst. The protonation step was shown to be rate determin-
ing in the generation of the MIC-free 14-electron metathe-
sis-active species [Ru(NHC)(=CHPh)Cl,].[3

Other structural variations of metathesis catalysts that
has been recently conducted mostly by the Buchmeiser,
Fogg, and Grubbs groups (see above) involve pseudohalide
derivatives that are obtained by substitution of the chloride
ligands of the ruthenium and molybdenum complexes by
pseudohalides X (X = halide, alkoxide, aryloxide, mono-
or bidentate carboxylate, nitrate, trifluoromethanesulfonate,
isocyanate, isothiocyanate) upon reaction with AgX. The
best results with these catalysts are eventually obtained for
ROMP reactions (see Section 6), whereas the efficiency of
the catalysts are lower than those of the chloro precursors
in ring-closing metathesis (RCM) and cross metathesis
(CM).[3644]

Readily accessible indenylidene complexes [Ru]-7 and
[Ru]-8643-311 that are robust and efficient olefin metathesis
catalysts have been reported by the groups of
Fiirstner™® 47511 and Nolan.[*8%1 These complexes were
shown to be in many cases fully equivalent to [Ru]-2 and
[Ru]-3, although their activities under ambient conditions
were lower.['3] Great interest in these catalysts lies in their
practical and easy synthesis subsequent to the serendipitous
discovery of the spontaneous formation of [Ru]-7 by

Scheme 3. Fiirstner’s group (Scheme 5).[>4]
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PCy; PPhs
Rl o] Ph  2PCy3 |Cl Ph
u=¢ | B Ru=C"]
c | ~2PPh, o' &P
CysP Ph,sP
Fiirstner, Nolan Fiirstner
[Ru]-8 [Ru]-7

Scheme 5. Synthesis of the indenylidene Ru metathesis catalysts.

The reason for the enhanced catalytic activity obtained
by destabilization of the ether-ruthenium bond in the 16-
electron precatalysts [Ru]-3-6 is the generation of the cata-
lytically active 14-electron ruthenium species resulting from
ether ligand decoordination as well as from phosphane de-
coordination in the 16-electron precatalysts [Ru]-1 and [Ru]-
2 (Scheme 6). Remarkably, Piers’ group isolated 14-electron
ruthenium phosphonium-alkylidene complexes that are
better metathesis catalysts, as they do not require ligand
decoordination before olefin binding, which results in very
low olefin binding energy, high catalytic activity in model
RCM reactions,®>7> and the direct relevant observation of
ruthenacyclobutane intermediates resulting from olefin co-
ordination.’333 Grubbs’ group also observed ruthenacy-
clobutane intermediates.[>°!

L L
| © -PCys [ C
Ru‘_w_\\H — R .\_ \\H
_— e
ca¥| "Ph +PCy; ca? *ph
T K 14e, Rulv
e, Ru
ko 1 ko
— alkene + alkene
I I
cl k cl
N H -3 ALWH
RU K\ RU =\
a” | ]:Ph ks av | “Pn
R R R R
l4e, Ru'Y 16e, Ru'Y

Scheme 6. Mechanism of olefin metathesis reactions with Ru cata-
lysts. With L = PCy; (complex [Ru]-1), k; = 102; ko/k_; = 104, with
L = saturated NHC (complex [Ru]-2), ky = 1; ky/k_; = 1. It is the
faster complexation of the olefins by the l4e intermediate that
makes the [Ru]-2 catalyst more active than the [Ru]-1 catalyst (not
the phosphane decoordination step).l’!

Whatever the type of olefin metathesis and the structure
of the ruthenium precatalyst, the general Chauvin mecha-
nism applies, as exemplified in Scheme 1 for CM.

The Schrock family of catalysts derived from [Mo]-1 are
14-electron complexes, and olefin coordination to form
active 14-electron metallacyclobutanes proceeds directly

without ligand decoordination.[*7-38 Although Schrock’s
catalysts are air and moisture sensitive, Fiirstner’s group
discovered that their reaction with 2,2'-bipyridine (bipy)
makes them air stable and even storable in air for long
periods of time. The bipyridine complexes are not them-
selves catalytically active, but catalytic activity can be re-
stored anytime upon addition of ZnCl, to the pyridine ad-
duct in the metathesis reaction medium (Scheme 7).

bipy

m

N F,C-C
I _H
\ Mo=C
FsC-C-O™"§
F3C O~C/
| CFs3
14e CF3

ZnC12

toluene, 100 °C
Schrock’s catalyst [Mo]-1

air-stable

air-sensitive

Scheme 7. How to protect Schrock’s olefin metathesis catalysts
from air and moisture according to Fiirstner.>]

Specialized olefin metathesis catalysts for stereoselective
and/or polymerization will be introduced in the correspond-
ing sections. The most common modes of olefin metathesis
that are catalyzed by Schrock-type and Grubb-type com-
plexes are RCM, CM, and ROMP.

3. Enantioselectivity and Stereoselectivity in
Alkene Metathesis

Chiral molybdenum and ruthenium catalysts such as
[Mo]-28 and [Ru]-91*! (Scheme 8) are known to favor high
enantioselectivity for ring-closing and ring-opening/cross
metathesis, although enantioselective CM still remains a
challenge.

Scheme 8.

The Schrock group created a new generation of Mo and
W alkene metathesis catalysts containing a pyrrolide ligand
(or a methylated derivative).’® The pyrrolide ligand is com-
parable to the cylopentadienyl ligand and can be bonded to
the metal in a monohapto (n') or pentahapto (n°) fashion
depending on the bulk requirement of the metal center in
the complex. The mono(pyrrolide) complexes of Schrock’s
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family are accessible by reaction of an alcohol or phenol 7
with a bis(pyrrolide) precursor [Equation (1); Me,Pyr-H = .
. . 0,
1,4-dimethylpyrrole, Ar = arene, iPrgg = perfluoroiso- N }ﬁ’ "2a2t;; .
propyl, iBugg = perfluoroisobutyl]. : .
Me
conv.: 98%  Me
Me Me 92% ee
iPr iPr ROH,
N THEF,
= 1l 22°C
Nuv-Mo_ [
= = — Me,Pyr-H
i ;N
R =Bu, iPr, Ar

[Mo]-3

iPrF6, tBuF6

)

The Mo complexes are more active metathesis catalysts
than the W complexes, and interestingly, mono(pyrrolide)
Mo complexes such as [Mo]-3 are also more active in RCM,
ring-opening cross metathesis (ROCM), and ROMP reac-
tions than the related bis(alkoxide), bis(aryloxide), and bis-
(pyrrolide) Mo complexes.[®-¢!] Moreover, the reaction of
chiral phenoxide with the bis(pyrrolide) complex yields two
diastereoisomers (the Mo center itself is chiral); the Sy,
(i.e., chiral Mo center with the S configuration) form of
[Mo]-4 is largely preferred and can be separated by crystalli-
zation. An example of a very efficient desymmetrization re-
action by using chiral mono(pyrrolide) Mo catalyst [Mo]-4
is shown in Equation (2) (TBSO = tert-butylsilyl ether).[%%!

The regioselectivity issue has long been recognized as a
major problem in olefin metathesis. RCM for small-ring
formation, typically five-membered carbon rings, leads to Z
cycloolefins for clear steric reasons, but the regioselectivity
is lost in the formation of large rings that are of higher
biosynthetic interest.

There are favorable examples, however. For instance, the
macrocyclic hepatitis C virus (HCV) S3 protease inhibitor
labeled BILN 2061 (Ciluprevir™) was synthesized by
RCM. The best results were obtained with Grela’s catalyst
[Ru]-4 to yield the precursor macrocycle of BILN 2061
(Scheme 9) with the desired Z selectivityl®* %] by using a
RCM reaction that was scaled up to 400 kg.[°6]

e} (0]
O\\ u O§ I
/SOBr S
o
h\(NH,,(%Me 0.6 mol-% [Ru]-4
. y

toluene,
80°C,2h

N

O
@)

NHW{COZMe
N
o)

O
RCM

yield: 96%

2

In cross olefin metathesis, the regioselectivity is, in gene-
ral, also weak. An elegant way to overcome this regioselec-
tivity problem was first disclosed by Fiirstner by using al-
kyne metathesis followed by regioselective reduction to the
Z olefin by using the Lindlar catalyst, and the E olefin
could be obtained by Birch reduction. This strategy was
exemplified for the total synthesis of epothilone C, for
which nonselective RCM had been less attractive than con-
ventional methods. The total synthesis of epothilone C was
indeed subsequently achieved by Fiirstner’s group through
alkyne metathesis followed by stereospecific reduction with
the Lindlar catalyst to give the precursor that yielded the
final product in only one more step.[®”]

The problem of E selectivity in CM reactions was further
initially examined by the groups of Grubbs and Blechert.!!]
On the basis of the fact that thermodynamic control favors
the E olefin over the Z isomer, these groups disclosed that
the E selectivity could be improved if the metathesis reac-
tions were conducted with an olefin bearing a bulky or elec-
tron-withdrawing substituent. For instance, with an ester or
nitrile substituent, formation of the E product was com-
pletely stereoselective with the use of standard catalysts.

Br

BILN 2061

Scheme 9. Synthesis of BILN 2061 involving a stereospecific RCM step most efficiently catalyzed by Grela’s complex [Ru]-4.19]
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This principle was, for instance, successfully applied to the
metathesis functionalization of olefin-terminated dendri-
mers. ]

Given that Z olefins are less thermodynamically stable
than their E isomers, direct access to Z olefins suffered from
the classic thermodynamic control of olefin metathesis reac-
tions. For CM reactions, Z selectivity is thus difficult to
induce, and there are only a few examples involving sub-
strates with an sp-hybridized substituent such as acryloni-
trile or enynes for which the Z selectivity of the CM was
between 65 and 90%.1°) Fiirstner and Gallenkamp pro-
posed a strategy for the stereoselective synthesis of E,Z-
configured 1,3-dienes by RCM catalyzed by [Ru]-3. This
strategy consisted of positioning a bulky R3Si group on the
diene—ene substrate to stereodirect the reaction and to pro-
tect the internal alkene. This procedure was applied to the
synthesis of various macrocyclic E,Z-configured 1,3-dienes
including lactimidomycin,”! a potent translation and cell-
migration inhibitor (Scheme 10).

BnMe,Si H /\C‘:I BnMe,Si ”
Ru-L
/7 |1: — [/
H
2 Rt R?
L=P(Cy); 0or

N-heterocyclic carbene

1

T [Ru]-1 or [Ru]-2 /\/\ =
BnMe,Si

2\/ s R2 EZ diene

R? %\ [Ru]-1 or [Ru]-2

H H C|)I
R2 \ _Ru-L
= |
Cl
BnMe,Si =

Scheme 10. Fiirstner’s strategy leading to a selective E,Z diene.[’)
BnMe,Si = dimethylbenzylsilyl.

During the recent years, the groups of Schrock and
Grubbs have disclosed new classes of Mo and Ru catalysts,
respectively, that provoke kinetic control of Z olefin forma-
tion in CM, homocoupling metathesis, and RCM. In all
cases, the principle consists of designing new catalysts with
a bulky ligand that forces the substituent of the incoming
olefin to be on the opposite side to the bulky ligand of the
catalyst.

To induce kinetic control of Z selectivity in CM, the
Schrock and Hoveyda groups used efficient mono(aryl-
oxidepyrrolide) (MAP) complexes (Mo and W)."!=74 The
aryloxide ligand is especially bulky, as in [Mo]-4, whereas
the imido ligand bears an adamantyl substituent that is not
bulky, unlike in [Mo]-4. The mechanism explaining the Z-
selective metathesis with MAP complexes is the following:

The situation allows coordination of the olefin trans to the
pyrrolide ligand so that the substituent of the olefin points
away from the flexible bulky aryloxide and it is also on the
side of the imido group; this leads to the formation of a
metallacyclobutane in which the two substituents are cis,
the precursor of the Z olefin (Schemes 11 and 12). In this
way, the Z selectivities that were obtained with the Mo and
W catalysts were attributed to the differences in the sizes of
the two apical ligands of the incipient metallacyclobutane
complex.
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éNIIn, It j L_> \ Nin..
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Fla R{_fz B el
== N
X N, /F <L - N—Mow
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Scheme 11. General mechanism of Z-selective metathesis with
Schrock’s molybdenum catalyst.

The presence of the E olefin in the catalysis with this
complex is, according to the authors, possibly due to the
isomerization of the Z olefin. Moreover, the inherent re-
versibility of olefin metathesis and the higher reactivity of
Z alkenes (vs. E isomers) further exacerbate the problem
for Z selectivity. The production of six different products in
the case of CM versus the production of only two products
in homocoupling metathesis is also a problem to note. The
CM between enol (and allylic amides) and alkenes with the
same Mo catalyst was studied for natural product synthesis
applications, for instance, the antioxidant plasmalogen
phospholipid and a potent immunostimulant KRN7000
(Scheme 13).

An excess amount of cheap enol is important for the Z
selectivity of the reaction (up to 98% and 97% yield), and
the establishment of a reduce pressure system has been
proven to be very efficient to avoid the reversibility of the
reaction induced by the production of ethylene.’>] This
finding implies that the Z olefin can be easily converted
into the E olefin with the same catalyst in the presence of
a huge amount of ethylene through ethenolysis.’® Mo and
W MAP catalysts were also used recently in RCM for natu-
ral products synthesis.””l The synthesis of nakadomarin A
(anticancer, antifungal, and antibacterial first isolated from
the sea sponge Amphimedo) was conducted in seven steps,
and the first step corresponds to Z-selective RCM (97% Z
and 90% yield) catalyzed by [Mo]-7 (Scheme 14).

In parallel, the group of Grubbs developed a new series
of ruthenium metathesis catalyst that provides Z selectivity.
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Scheme 12. Steric control by the large and rotating monodentate aryloxide ligand of [Mo]-5 leading to Z-selective metathesis.[”!73]
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Scheme 13. Synthesis of C18 (plasm)-16:0 (PC) through Z-selective
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According to Scheme 15 and starting from [Ru]-10 and
NHCs, the complexes [Ru]-3 and [Ru]-11 were produced.
They underwent chloride abstraction upon reaction with
silver pivalate, but the electron-deficient ruthenium center
then activated a C-H bond from a methyl group of the
Mes substituent of the NHC ligand or from the adamantly
substituent to give the new ruthenium-alkyl complexes
[Ru]-12 and [Ru]-13, respectively, in which the pivalate li-
gand is chelated to the Ru center.”® 8% These complexes
provide Z-selective CM,7%79 and the selectivity and effi-
ciency are improved upon replacing the pivalate ligand in
[Ru]-13 by a nitrato ligand in [Ru]-15 via [Ru]-14, as indi-
cated in Scheme 15.1801

Complex [Ru]-13 was the first Ru complex to catalyze
the CM of two different olefins with 90% Z isomer and
64 % yield [Equation (3)]."]

=
5 mol-% [Ru
+
THF/HZO up to 87% Z at 64% conv.

AcO—/=\—OAc

3)
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Nakadomarin A

Scheme 14. Synthesis of nakadomarin A through Z-selective RCM
catalyzed by [Mo]-7.71 Boc = tert-butoxycarbonyl.

The Z-selective homocoupling of various functional ter-
minal olefins (such as olefinic alcohol, allylsilane, allyl acet-
ate, allyl borane, etc.) was investigated with [Ru]-13. The
reaction works very well in protic solvents (e.g., MeOH,
EtOH) at 35°C (with a vent of the inert atmosphere to
remove the ethylene that deactivates the catalyst) leading to

a conversion >95% and a Z selectivity >95%. This catalyst
is air sensitive but not water sensitive.””! A screening of
various closely related catalysts of this family led to the con-
clusion that the adamantyl part was essential for the selec-
tivity of the reaction, that the ortho substitution of the aryl
group on the NHC ligand was important for stabilization
and avoiding undesirable C-H activation, and finally that
the bidentate ligand played a key role. Indeed, if this biden-
tate ligand was replaced by a monodentate ligand, the ac-
tivity decreased markedly. With the nitrato ligand in [Ru]-
15, an increase in the activity [Equation (4)] with a turnover
number (TON) up to 1000 was achieved, and the Z selectiv-
ity was >95%. Furthermore, the nitrato catalyst [Ru]-15 is
more stable in air than the carboxylate catalyst [Ru]-13, and
it is easier to purify.

o
(6] 0.1 mol-% [Ru]-13 7 OCH
or [Ru]-15 3 8 £
B
7 OCH; OY<
8 THF
35°C,12h OCHj3

yield: 85% ([Ru]-15), 13% ([Ru]-13)
Z-selectivity: 90% ([Rul-15), 91% ([Ru]-13)

4

These observations were confirmed by DFT calculations.
The mechanism of olefin metathesis employing previous
unchelated Ru (without pivalate or nitrato ligand) catalysts
with phosphane or NHC ligands such as [Ru]-1 and [Ru]-
2 was investigated extensively by computational studies by
various research groups.®!! The generally accepted mecha-
nism involves a 14-electron Ru-—alkylidene species that binds
to an olefin molecule from the bottom position (i.e., trans
to the NHC ligand) or the side position (i.e., cis to the NHC
ligand). Low-temperature studies of metallacycles formed
from Ru catalysts with NHC ligands are most consistent

/ Yt €F + cr
N -N-Mes Mes—N -N-Mes
“CH ~CH
| KOCMe;Et * KOCMe,Et T

PCy3 Mes—™ ~c” ~Mes

~c 20 M /N
CI _H i CI
@/ * \\CI L_H Q e hiriies K Mes/N\C/N\Mes ' <
Cl o cl
CW* * _— +
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[Ru 11 [Ru-10 [R“]3
—2 AgCl -2 AgCl\ 2 /BuCOOAg
~BuCOOH /' » m.c00Ag — tBuCOOH
N N N N-M
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\ N M 7 “Mes \C/
AgNO; * _H

Ru C Ru c” — —Ru=C Ru c”

arod | Buco0” f
Bucod’ ON—
o \(O
[Ru] 13 [R ]-14 [Ru]-15 [Ru

Scheme 15. Synthesis route of [Ru] catalysts that are useful in classic metathesis and in Z-selective metathesis.[% 80l
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Figure 1. Transition state (TS) structures for the side- and bottom-bound pathways with Z-selective catalyst. Reprinted with permission

from ref.8! Copyright © 2012 American Chemical Society.
with a bottom-bound metallacycle.’33¢1 Previous DFT
studies suggested that the bottom-bound pathway was more
favorable with unchelated Ru catalystsi®>%4 and that the
formation of the E products was favored both kinetically
and thermodynamically.3*#] In contrast, if chelated cata-
lyst (i.e., Z-selective catalyst) are used, the DFT calculations
showed that the side-bound pathway requires less energy
than the bottom-bound pathway. The strong preference for
the side-bound mechanism with the chelated catalysts is due
to a combination of steric and electronic effects of the che-
lating NHC ligand. The side-bound pathway implies the cis
attack of the olefin to the NHC and a trans attack to the
adamantyl group (Figure 1), which leads to the Z ole-
fin[81.86]

Given that the steric bulk of the NHC ligand controls the
Z selectivity of the metathesis reactions, the Grubbs group
engaged the synthesis of a catalyst related to [Ru]-15 and
containing a NHC ligand with the very bulky 2,6-di-
(isopropyl)phenyl (DIPP) substituent. The synthetic route
initially used for [Ru]-15 employing silver pivalate
(Scheme 15) failed, but the targeted catalyst was success-
fully obtained by using the new route shown in Scheme 16.

This bulkier [Ru]-16 catalyst exhibits higher Z selectivity
than the previously reported [Ru]-15 catalyst. For example,
with the homodimerization of methyl 10-undecenoate
[Equation (4)], [Ru]-16 provided both yield and Z selectivity
>95%.1871 Grubbs’ group also spread the Z-selectivity of
RCM and CM to the synthesis of interesting biological mo-
lecules by using [Ru]-16. Thus, the synthesis of macrocycles
containing 13 to 20 carbon atoms was achieved with a Z
selectivity up to 94% (74% yield),[®® and in 2013, the total
synthesis of insect pheromones in a few steps was reported
with a Z selectivity of 80% and a yield of 70%
(Scheme 17).189

4. Catalyst Recovery and Methods to Avoid
Metal Contamination

Industrial applications require the improvement of two
main aspects in catalysis. First, the leaching of metal from
the catalyst in the solution containing the reaction product
must be avoided. To face this problem, two main strategies
can be used. The first one is the treatment of the product

7N N N
N\C/N ~c~

o ¥ 2 NaOPiv v NH,NO, Y
#Ru= c” —Ru=C~ — /Ru=C

cl * Tonact OF ~NHopv ', O

~PivOH c—0 N
Bu” 0] 0 9
Piv =rBuCO \( \'/

[Rul-16

Scheme 16. Grubbs’ synthetic route to the highly Z-selective metathesis catalyst [Ru]-16.
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Scheme 17. Synthesis of an insect pheromone through Z-selective
CM catalyzed by [Ru]-13.188

2) undecanal

COCI,/DMSO

N

EtsN, CH,Cl,

by using a metal scavenger to eliminate the trace amounts
of metal. The second one is the design of a catalyst that
does not leach during the reaction. The second strategy
consists of recovering and recycling the catalyst. To easily
recover and recycle the catalyst, various methods can be
envisaged. One way is to immobilize the catalyst on a sur-
face to avoid metal leaching into the reaction mixture. A
second way is to design a catalyst containing a functional
group that will be used in the purification steps. For this
purpose, ruthenium catalysts have been the most currently
investigated among metathesis catalysts owing to their sta-
bility towards air and moisture. Some examples of Ru-
based catalysts are introduced and discussed below.

An early catalyst was described by Grubbs et al.[’! that
contained a water-soluble phosphane, tris(hydroxymethyl)-
phosphane, to remove the water-soluble catalyst from the
products. A contamination level of 206 ppm was reached
after adding 86 equivalents of this phosphane and conduct-
ing silica gel filtration. Paquette et al.’!l then reported the
use of Pb(OAc), and reached a Ru level around 300 ppm
and a Pb level around 5 ppm. The method developed by
Grubbs was then improved by Georg et al.l’?! by using tri-
phenylphosphane oxide (Ph;P=0) or DMSO as a metal
scavenger (50 equiv.), which led to a Ru level of 240 ppm
after silica gel filtration. These methods are simple and
cheap, especially the one involving the use of DMSO, but
the Ru level was still too high to allow industrial applica-
tions. For pharmaceutical use in particular, the authorized
Ru level is 5 ppm for oral drugs and 0.5 ppm for parenteral
drugs. More recently, Knight et al. reported the use of hy-
drogen peroxide (H,0,) as a metal scavenger.”*! H,O, plays
the role of an oxidant and decomposes the Ru catalyst into
various byproducts that are easy to separate from the crude
reaction product (Scheme 18). A Ru level below 5 ppm was
reached in the case of Grubbs second-generation catalyst
[Ru]-2.

To reach a Ru contamination level of <5 ppm, new
homogeneous catalysts and supported catalysts have been
introduced. Grubbs et al. reported a PEG-tagged Grubbs
second-generation catalyst, [Ru]-17, that exhibited good
solubility in both organic solvents and water.”*l Upon tre-
ating the crude product of the metathesis reaction with
water extraction and activated carbon, a Ru level as low as
0.04 ppm was reached.

ety "
VS n % RuO, + CysP=0 + PhCO,H

Ru=
cl |u “Ph
PCys H,0
2 +
[Ruj-2 MesN_ _NMes
o}
RU02
—_—

2 H,0, 2H,0 + O,

Scheme 18. Oxidative decomposition pathway for the Grubbs sec-
ond-generation catalyst [Ru]-2 by using H,0,.3

This strategy of designing catalysts bearing a tagged
NHC ligand was also very recently used by Grela et al.’>%6]
This group reported catalysts containing a NHC ligand
tagged with an ammonium or a benzimidazolium moiety in
[Ru]-18 and [Ru]-19 that presented very good solubility in
water, which allowed easy purification upon water extrac-
tion and very low Ru contamination of the metathesis prod-
uct, below 1 ppm (Scheme 19).

= A
o-PEG-Me ©
-, _
N__N N__N
el Wi e
1 Cl }a
o't chftj It
Xé@ o5
[Ru-17 [Ru}-18

[Ru]-19

Scheme 19. [Ru]-17,°4 [Ru]-18,1°31 and [Ru]-19.°¢

Polymer-supported metathesis catalysts were reviewed by
Buchmeiser in 2009.°71 The polymeric support can be con-
nected to various ligands of the catalyst (Scheme 20), which
usually affords a very low level of metal contamination in
the product of the metathesis reaction. In principle,
Grubbs-type catalysts can be immobilized by (1) one of the
neutral, 2-electron donor ligands, that is, the phosphane,
the (substituted) pyridine, or the NHC; (2) the alkylidene
ligand; (3) halogen exchange; and (4) noncovalent interac-
tions. In the case of derivatives of Grubbs second-genera-
tion catalysts, anchoring through the NHC ligand might be
the most appropriate method. The synthesis of the NHCs
is simple and involves functionalization by a support. This
NHC moiety is moreover well fixed on the catalyst in com-
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parison to the alkylidene part, in the case of the Blechert
and Hoveyda catalyst [Ru]-3 and derivatives. The boomer-
ang effect claimed earlier and defined as the release-return
mechanism was shown to be unreliable. Indeed, Plenio et al.
investigated the recoordination of the alkylidene part at the
end of the reaction by fluorescence. The functionalization
of this part with a dansyl fluorophore allowed a fluores-
cence signal corresponding to the decoordination of this
moiety from the metal to be monitored, because this signal
would be quenched if the fluorophore was close to the
metal.”® The fluorescence signal increased to a maximum
until the end of the reaction and then remained at this
maximum intensity, which showed that there was no recoor-
dination of the fluorophore to the metal. The recovery of
the initial precatalyst in some cases could be due to an ex-
cess amount of the precatalyst, as not all of the precatalyst
had undergone initiation of the reaction.

N

/ N\

Scheme 20. Indication of the possibilities of support anchorage
positions on catalyst ligands.

The use of the alkylidene anchor was described by
Yinghuai et al. in which the catalyst was supported on mag-
netic nanoparticles (Scheme 21).

This [Ru]-20 catalyst derived from [Ru]-3 was tested in
various metathesis reactions; it was recovered by magnetic

attraction and reused over at least five runs (possibly be-
cause of the lack of the boomerang effect, which implies
the non-recoordination of the alkylidene at the end of the
reaction and consequently the loss of the Ru moiety). The
Ru contamination of the crude product was less than 4 ppm
[detected by inductively coupled plasma mass spectrometry
(ICP-MS)]. This anchoring position could be used espe-
cially in the case of ROMP (Scheme 22), in which the alk-
ylidene part becomes the terminal part of the polymer, and
this is of interest for easy purification of the targeted com-
pound.®”]

For example, Buchmeiser and Fiirstner et al. reported the
immobilization of a Grubbs-type catalyst on a ROMP-de-
rived monolith.'%! The synthetic concept entailed the
manufacture of the monolithic structure by ROMP, its
insitu functionalization with norborn-2-ene carboxylic
chloride, and reaction with [RuCl,(PCy3)(NHC)(CHPh)]
{NHC = 1-(2,4,5-trimethylphenyl)-3-(6-hydroxyhexyl)imid-
azol-2-ylidene}."°1 The monolithic disk-immobilized cata-
lyst was used in various metathesis-based reactions includ-
ing RCM, ring-opening CM (ROCM), and enyne metathe-
sis (EYM). Using 0.23-0.59 mol-% of the supported cata-
lyst, TONs up to 330 were achieved, and the metal leaching
was reported to be <3%.

In the case of Grubbs third-generation catalysts, two pyr-
idine ligands or two 3-bromopyridine ligands are added to
Grubbs second-generation catalyst (see Section 7). Func-
tionalization of third-generation catalysts was also per-
formed by exchange of pyridine or 3-pyridine with a func-
tional pyridine.[192]

Silica is also a valuable support for metathesis catalysts,
and there are indeed many examples of metathesis catalysts
that are immobilized on silica gel.['>-1941 A most recent one

starch-
OH )\ )\ functionalized
9 I (1) NaH o | magnetic
CHO (2) BrCH,CO,Na, KI nanoparticles
— > —_ =
_> -_—
- (3) HCl(aq) DCC, DMAP
OH OH O._ COH
N N—
0 e} [Ru]-2 Mes \C/ Mes
- Ly
- N
o CuCl, CH,Cl, DMA v u=GC
o “ T o
O 0\)’\
\'/ o
[Ru]-20

OH

o

HO

O_

OH

magnetic nanoparticle-supported Ru catalyst

O)—Fer nanoparticle
n

Scheme 21. Synthesis of catalyst [Ru]-20 supported on magnetic nanoparticles, a derivative of [Ru]-3. DCC = dicylcohexylcarbodiimide;

168

DMAP = p-dimethylaminopyridine, DMA = dimethylacetamide.

Eur. J. Inorg. Chem. 2013, 4881-4908

4891

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



EurIC

www.eurjic.org

MICROREVIEW

European Journal
of Inorganic Chemistry

I. monolith synthesis

Il. surface-derivatization

microglobule-surface

Ill. catalyst immobilization

monolith

@

COClI

IV. cut in pieces
V. encasement

PCy;,

Scheme 22. Immobilization of a second-generation Grubbs-type catalyst through a NHC on a monolithic support. Reprinted with per-

mission from ref.l'%! Copyright © 2009 American Chemical Society.

reported by Monge-Marcet et al. showed the synthesis of
[Ru]-21, a catalysts derived from [Ru]-3, that was immobi-
lized through a bis(silylated) NHC (Scheme 23).[103]

)L ~~si-0
N

S|O1 5 SIO1 5 2=
19 SIOW19 SiO,
o )@ e ﬁ

o *u CH o R;J CH
i —
[RU]-21 [RU]'22

Scheme 23. [Ru]-21 and [Ru]-22.110]

This catalyst was then used for the RCM of various sub-
strates that delivered products in very good yields. The
study of the recyclability of this catalyst indicated that it
could be reused over at least five runs without a significant
loss in activity over the first three runs. The recyclability
test (four successive runs) for the RCM of A provided the
product in 99, 93, 76, and 21% yield over the four runs,
respectively [Equation (5), Ts = para-tolylsulfonyl]. In 2013,
the same team reported related catalyst [Ru]-22 that showed
high activity and good recyclability (Scheme 23).[1%¢]

'I's
[Ru] 20 N

&)

To promote the use of such supported catalysts in indus-
trial processes, investigations were conducted in continuous
flow reactors.l'%7-1981 Ying et al. reported the immobilization
of a [Ru]-3-type catalyst on nanoporous silica. This catalyst
was then used in a circulating flow reactor (Figure 2, a).l'%7]
The recyclability of this catalyst and the amount of Ru le-
ached were examined in RCM (Figure 2, b). The catalyst
was reused over at least eight runs with an overall conver-
sion yield of 90% and a Ru leaching content of around
1.6 ppm after a reaction time of 180 min.

Very recently, Kirschring et al. reported the use of two
[Ru]-3-type derivatives, [Ru]-23 and [Ru]-24 (Scheme 24,
Figure 3), supported on silica through polar interactions
and adsorption.[108]

The catalyst was used in RCM over four runs and the
amount of ruthenium leached was evaluated by ICP-MS at
several reaction time intervals. The data showed that the Ru
contamination of the crude product was very low (less than
1 ppm after 20 min of reaction). This technique seems to be
very valuable toward industrial applications, but the prob-
lem of catalyst deactivation remains.

LI

DCM, r.t.,48 h
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Figure 2. (a) Scheme of the circulating flow reactor. (b) Recyclability study. Reproduced from ref.'®”l with permission of The Royal

Society of Chemistry.

s »én;;@
5 Rg Clg >\—CF3
I

[Ru]-23 [Ru]-24

Scheme 24. Silica-supported catalysts [Ru]-23 and [Ru]-24 that were
used in circulating and continuous flow reactors (see Figure 3).[10%]

The use of a supporting ionic liquid phase (SILP) also
represents a recycling strategy and an environmentally be-
nign concept for continuous flow reactions. Wasserscheid
et al. immobilized Grubbs catalyst in the form of SILP ma-
terials and used them in the gas-phase CM of various sub-
strates under very mild conditions.['%] Buchmeiser et al.
also used the SILP technology for metathesis under con-
tinuous flow. These groups prepared ROMP-derived mono-
liths!'1% with norborn-2-ene, tris(norborn-5-ene-2-ylmethyl-
oxy)methylsilane, and [Ru]-1 in the presence of 2-propanol
and toluene and surface-grafted them with norborn-5-en-2-

F.R.
1 v
'Y
|

_

Substrate/
Product

Circulating mode

N

Pump

Substrate

ylmethyl- N, N, N-trimethylammonium tetrafluoroborate
(INBE-CH,-NMes][BF,]). Subsequent immobilization of
the ionic liquid (IL) 1-butyl-2,3-dimethylimidazolium tetra-
fluoroborate ((BDMIM][BF,]) containing a new dicationic
ruthenium alkylidene catalyst created the SILP catalyst.
The use of a second liquid transport phase that contained
the substrate and that was immiscible with the IL allowed
continuous metathesis reactions to be achieved (Figure 4).
TONs up to 3700 were obtained for the RCM of various
substrates; under continuous flow, TONs up to 900 were
recorded, and catalyst leaching less than 0.1% was
noted.[''!]

In 2013, Tabari et al. proposed a method to reactivate Ru
catalysts after deactivation through a one-pot reactivation
procedure by using 1-(3,5-dialkoxyphenyl)-1-phenylprop-2-
yn-1-ol (Scheme 25).11121

The authors were able to reactivate 43% of the decom-
posed catalyst (based on Ru content). The in situ reactiv-
ated catalyst [Ru]-25 was then reused in the RCM of diethyl
diallylmalonate. The catalyst showed a lower activity than
that of the original catalyst possibly as a result of the pres-
ence of a catalyst inhibitor in the un-reactivated Ru species.

_

Product

Continuous mode

. . = Flow reactor (F.R.) Filled with Ru-modified silica

- = Optional scavenger cartridge (S.C.)

Figure 3. Circulating (left) and continuous (right) flow reactors.!'%%]
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Figure 4. Continuous metathesis under biphasic conditions upon using monolith-supported ILs. Y*X~ = [BDMIM][BF,]. Reprinted with
permission from ref.l''!1 Copyright © 2012 Wiley-VCH Verlag GmbH & Co. KGaA.

PO ook,
ClRu= 120 psi decomposed
iPr-gb 55°C, 4 h catalyst
[RuI-10 (inactive)

Scheme 25. Reactivation of a decomposed Ru metathesis catalyst.['1?!

Another strategy consisted of using a dendritic nanoreac-
tor (Scheme 26) in water acting as a unimolecular micelle
to metathesize water-insoluble organic substrates by using
various ruthenium metathesis catalysts. This allowed the
amount of olefin metathesis catalyst [Ru]-2 to be lowered
to 0.06% for RCM reactions with recycling of the den-
drimer. It is probable that the dendritic nanoreactor inhibits
the decomposition of the ruthenium-methylene intermedi-
ate by encapsulation, which results in a TON that is approx-
imately 50 times the TON obtained in the same reaction in
the absence of the dendrimer.'!?

Schrock’s Mo and W catalysts were also made insoluble
and were thus easy to eliminate from the products, although
only a few authors have addressed this problem owing to
the air and moisture sensitivity of the catalyst. An elegant,
general, and in-depth strategy was developed by Basset’s
group. They used silica as a ligand to anchor early transi-
tion-metal catalysts on solid supports by exploiting the ro-
bustness of early-transition-metal-oxygen bonds. This
group has indeed provided well-defined heterogeneous cata-
lysts for olefin metathesis upon coordinating active metal

OH
= Ph
O-iPr PCy,
) \
iPr-0 C|2RF_ i
—_—
THF reflux iPr-O O
18 h

(active) O-iPr
[Ru]-25

centers (Mo, W, Re) to silica, for which the metal bears
ligands that have already proved useful in homogeneous ca-
talysis in addition to silica as an additional ligand.[”> Given
that Schrock had turned metathesis-inactive alkylidene
early-transition-metal complexes into active catalysts by the
introduction of alkoxy groups, Basset used the beneficial
role of the related siloxide ligand from silica for his cata-
lysts. The [(SiO)M(=CH¢Bu)(CH,¢Bu),] (M = Mo or W)
and [(SiO)Mo(=NH)(=CHBu)(CH,Bu)]!''4 catalysts were
active at 25°C, unlike previously reported ill-defined
heterogeneous catalysts and the early Mo and W oxides on
silica or alumina. The only oxide that had catalyzed olefin
metathesis at 25 °C was Re,0-/Al,03, but it suffered from
a low number of active sites, side reactions caused by the
acid support, and deactivation of the catalyst.''3! In con-
trast, Basset’s silica-supported rhenium catalyst [(SiO)-
Re(CtBu)(=CH¢Bu)(CH,¢Bu)] (Scheme 27) catalyzed the
metathesis of propene at 25°C with an initial rate of
0.25 molmol ! (Re)s!.

The formation of 3,3-dimethylbutene and 4,4-dimeth-
ylpentene in a 3:1 ratio resulted from CM between propene
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Scheme 26. Dendrimer terminated by tetraethyleneglycol groups acting as a nanoreactor for the metathesis of water-insoluble organic

substrates.[!13

silica

Scheme 27. Example of Basset’s highly active silica-supported al-
kene metathesis catalysts.[>?]

and the neopentylidene ligand, and the ratio of CM prod-
ucts matched the relative stability of the metallacyclobutane
intermediates. CM of propene and isobutene and self-me-
tathesis of methyl oleate were also achieved, and the TON
reached 900 for the latter reaction, which was unprece-
dented for heterogeneous and most homogeneous cata-
lysts.l!'16:117] Tn addition to the advantage of separating the
solid catalyst from the products, Schrock emphasized that
another advantage of the support is to minimize bimolecu-
lar alkylidene coupling by retaining the metal centers far
apart on the solid support. Finally, Basset’s work produced
silica-supported Schrock-type metathesis catalysts that are

(OSi700)],'18] dramatically more active in metathesis with
their siloxide ligand than their soluble version with the
tBuO ligand, although it is difficult to deconvolute the vari-
ous reasons for increased catalytic activity.

5. Alkyne Metathesis

In 1974, Mortreux and Blanchard discovered that alkyne
metathesis could be catalyzed by Mo(CO)s and resor-
cinoll"! and that it proceeds according to the Chauvin
mechanism!?!l via a metallacyclobutadiene intermediate.[!>"]
One category of alkyne metathesis catalyst rapidly appeared
from Schrock’s research, and that is, the high-valent
[X3W=CR] species in which R does not play an important
role in catalysis itself but instead controls the stability of
the complex, the initiation rate of the reaction, and the way
in which the catalyst is synthesized, but the anionic ancil-
lary ligands X play a decisive role. Schrock and co-workers
pioneered the development of 12-electron metal-alkylidyne
complexes, such as the commercial prototype neopentyl-
idyne complex [Me;CC=W(OCCMes);], [W]-1,11-4121-134]
that catalyzes ring-closing alkyne metathesis (RCAM) reac-
tions!!*l and CM, and this catalysis has also been success-
fully employed in  natural product syntheses

sometimes, as for  [Mo(NAr)(CHCMe,R)(OtBu)- (Scheme 28).1'36-139 Although this catalyst tolerates many
172
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functional groups, the metathesis becomes problematic if
the substrates contain thio ethers, amines, or crown ether
segments.['3¢ It is suggested that these donor sites might
deactivate the catalyst by coordination to its high-oxi-
dation-state tungsten center.[140-141]

e

Ph
I‘I

Il u F3C,
tBu
%—o>lw\o FSC%OVIM\N N FSC%,O?M\N /
(9) F3C 0 Y\} Fac—7€ U
7( FC S teu N FC Y o
W3 M = Mo, W
[W]-1 Schrock [W}-2, [Mo]-8  Tamm [W]-3, [Mo]-9
Scheme 28.

Recently, Tamm and co-workers synthesized variants of
Schrock-type alkylidyne complexes, that is, imidazolin-2-
iminatotungsten-neopentylidyne complexes such as [W]-2,
[Mo]-8, [W]-3, and [Mo]-9 (Scheme 28), in which the imid-
azolin-2-imide ligands have a strong electron-donating ca-
pacity towards the metal center. These complexes display
high catalytic activity in a variety of metathesis reactions
at ambient temperature with a low catalyst loading. The
combination of an electron-donating imido ligand with two
electron-withdrawing alkoxide ligands seems to be crucial
for creating highly efficient catalyst systems.['4>-147] Tung-
sten-based catalysts are more active in this case than
molybdenum ones, which can be rationalized by the higher
Lewis acidity of the tungsten catalysts. Several other
molybdenum complexes are active in alkyne metathesis,
such as [Mes;SiCH,C=Mo(OAd);] (Ad = adamantyl),
[Mo]-10,l!148] developed by Cummins and co-workers;
Fiirstner’s catalyst [Mo{N(zBu)Ar};], [Mo]-11 (activated
with CH,Cl, in toluene);['*°-1511 and [EtC=Mo{N(tBu)-
Ar};] + p-nitrophenol, [Mo]-12, developed by Zhang and
Moorel!3271531 (Scheme 29).

\7

_Si
Et
I 2 By |
~Om-Mo. _—Ni-Mo. tBu _Nm-Mo. tBu
Ad ~ Ar ~N’ Ar ~N~
04 O~aq N‘ N~ar N‘ N~ar
Ad A" “tBu A’ “tBu
[Mo]-10 [Mo]-11 [Mo]-12
Cummins Fiirstner Zhang and Moore
Scheme 29.

The [Mo]-12 catalyst requires careful handling under rig-
orously inert conditions under an argon atmosphere, as this
complex is capable of activating many small molecules, in-
cluding N,.I’%1 {Note that, remarkably, only Mortreux’s
catalytic system [Mo(CO)s + p-chlorophenol] is robust
enough to air/moisture but is applicable almost exclusively
to hydrocarbon molecules}.['371 The required absence of N,
in alkyne metathesis with the use of [Mo]-12 is related to
the thermodynamic stability of nitride complexes that are
generated from such a metal-alkylidyne complex.['>® The

more polarized M=N bond gives a more positive charge
density at the metal center, but poorly donating ancillary
ligands destabilize the nitride relative to the alkylidyne li-
gand in Flrstner’s Mo-nitride alkyne metathesis precata-
lysts [Mo]-13 and [Mo]-14 (Scheme 30), which are isolobal
to Mo-alkylidyne analogues.

Ph;Si0,, N LOSiPhg PhaSi0y, Il «OSiPhs
N J

7\

Ph,SiO N
’ </ \>

[Mo]-14

Fiirstner

Scheme 30.

This was confirmed by the slow conversion of a nitride
complex bearing fluorinated alkoxides into the correspond-
ing propylidyne complex, a nitrile/alkyne cross-metathesis
(NACM) reaction, upon heating the nitride complex in the
presence of 3-hexyne.['38-1611 Recall that, analogously, at the
time of the discovery of olefin metathesis by American in-
dustrial chemists, oxygen from air was found to favor olefin
metathesis initiated by tungsten inorganic precatalysts,
which was much later taken into account by the favorable
formation of W=0 species (by double oxidative addition of
0,) that were converted into W=CH, species upon reaction
with olefins. Thus, alkylidyne triarylsilanolate molybdenum
complexes developed by Fiirstner’s group (see the synthesis
in Scheme 31) are excellent catalysts for various metathesis
reactions and, moreover, are tolerant to polar and/or sensi-
tive groups. The silanolates that leave the Mo"! center are
sufficiently Lewis acidic, which favors substrate binding and
ensures low barriers to metallacycle formation.!'?l As was
the case for alkene catalysts,[> these alkyne metathesis cat-
alysts are air stable subsequent to protection by 1,10-phen-
anthroline or 2,2'-bipyridine.[163:1641

The intermolecular metathesis reaction of alkynes of the
general type RC=CMe leads to very good results with the
precatalysts shown in Schemes 30 and 31 (less than 10 mol-
% of catalyst was used). Precatalysts such as [Mo]-13, [Mo]-
15, and [Mo]-16 are activated with MnCl,, and during the
metathesis reaction, the use of 5 A molecular sieves!163:166]
is necessary to trap butyne that is formed during the me-
tathesis reaction to displace the equilibrium towards the
product.

These catalysts are useful in metathesis reactions includ-
ing alkyne cross-metathesis (ACM), RCAM, acyclic diyne
metathesis (ADIMET), and alkyne metathesis polymeriza-
tion (AMP) and are used in total synthesis. Recent reviews
by Fiirstner,['”] Tamm and Xu,['* and Moore and
Zhang!'%®! have focused on alkyne metathesis and applica-
tions. These catalysts are used in several total syntheses, and
only a few examples are shown below.

The total synthesis of hybridalactone was investigated by
Firstner et al., and the two last steps correspond to RCAM
with [Mo]-17 (15 mol-%) before hydrogenation of the triple

173

Eur. J. Inorg. Chem. 2013, 4881-4908

4896

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Eur/IC

www.eurjic.org

MICROREVIEW

European Journal
of Inorganic Chemistry

Ar
1) ArLi, Et,O oxalyl bromide
[Mo(CO)) —— = [NMey][Mo(CO)s(COA) — 3 ||
2) Mey4NBr, H,0 CH,Cl, 78 °C 0C,,. ll \CO
84% oo' | ’~co
Br
CH,Cly,
78°Ctort lez, DME
80%
KOSiPhy Ar
I toluene lh KOSiPh; (3 equiv.)
Ph3SiOn. -\ OSiPhg I - B”"'I\I/|| ABr
oW tol [o]
Phss|0’@ oSiPh, PrsSi0" 4/ osiPng BT AT
@ Ph3SiO o o)
phen  toluene Ph3SiOK
84% 80°C / MnCly (3 equiv.)
Ar Ar = Ph or p-MeOCgH,4
phen = 1,10-phenantroline
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Scheme 31. Synthesis of alkylidyne triarylsilanolate molybdenum complexes developed by Fiirstner’s group.

bond (Scheme 32).119%:170] The alkyne metathesis step during
the total synthesis of cruentaren A was investigated by three

Vi

15 mol-% Quwy
[Mo]-17
# toluene,
5AMS

yield: 79%

H,, P2-Ni

Hybridalactone

Scheme 32. Two last steps in the total synthesis of hybridalactone.

research groups. The RCAM was conducted with four com-
mon catalysts and good results were obtained (Table 1).

Several drawbacks appear even if the complexes are now
less sensitive to special groups or are stable in air: (1) The
use of anhydrous solvents is imperative because hydroly-
sist!7>176] i5 the most serious problem. (2) Dimerization of
the complex can occur if the ligands are too small. (3) The
use of terminal alkynes can be a limitation in the absence
of specific conditions (see below), which leads to deactiva-
tion of the catalyst with the formation of deprotiometalla-
cyclobutadienes (DCMs; Scheme 33).[177-184]

There are a few examples of terminal alkyne metathesis
(TAM) reactions, however. TAM was first reported by
Mortreux etal. with the neopentylidyne complex
[Me;CC=W(OrBu)s], [W]-2, which is able to catalyze TAM
of various aliphatic alkynes such as l-pentyne, 1-hexyne,
and 1-heptyne in diethyl ether.[!85:13¢] The reaction is fa-
vored by the addition of quinuclidine as an external ligand,
and its use leads to 80% conversion to 6-dodecyne in the
case of the TAM of 1-heptyne within 1 min at 80 °C with
the catalyst (4 mol-%).[187]
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Table 1. End of the synthesis path to cruentaren A. Alkyne metathesis step: comparison of various Mo and W catalysts.

MeO
RIO™ = R! Cf 3 H(f z Cruentaren A
R Xl Catalyst (mol-%) T [°C] Yield [%)] Ref.
TIPS H, ODMB [W]-2 (10) 85 91 (17
TBDPS =CHCH,OTHP [W]-2 (10) 80 e (1721
TBDPS =CHCH,OTHP [Mo]-11 (10)i 80 87 (1721
TBDPS =CHCH,OTHP [Mo]-17 (2) 80 82 (1731
TIPS =CHCH,OPMB [Mo]-14 (40) 110 75 (1741

[a] TIPS = triisopropylsilyl, TBDPS = tert-butyldiphenylsilyl. [b] DMB = 3,4-dimethoxybenzyl, THP = tetrahydropyranyl, PMB = p-
methoxybenzyl. [c] Only the THP group in the substrate was cleaved. [d] Activated CH,Cl,.

H
xR R
I R R/ 2D RK »
we M- _— M
XW N le _HX XV/ N
X noD Don
DCMs

Scheme 33. Formation of DCMs with terminal alkynes in the pres-
ence of a donor ligand (Don).

Tamm and co-workers very recently reported the synthe-
sis of the new catalyst [Mo]-19, which permits alkyne me-
tathesis of internal and terminal alkynes. TAM works very
well at room temperature in toluene in 1 h with [Mo]-18
(1 mol-%). The reaction was conducted with several ter-
minal alkynes; moreover, RCM of terminal alkynes also
works (Scheme 34).

The improved catalytic activity of [Mo]-19 for TAM rela-
tive to other alkyne metathesis catalysts was taken into ac-

H,;C

F309\O\‘

FsC
H;C
FsC CF,
1 mol % [Mo]-

- butyne

Scheme 34. Homocoupling of various terminal alkynes.
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CHj

e,

0L

count by (1) the reduced formation of deprotiometallacy-
clobutadiene complexes as a result of the low basicity of
the hexafluoro-zert-butanolato ligand in comparison with
the alkoxy or silanolate ligand of classic catalysts; (2) the
absence of a donor ligand and coordinating solvent to sta-
bilize the deprotiometallacyclobutadiene, which leads to a
highly active catalyst; and (3) high dilution that is highly
favorable in suppressing polymerization and/or intermo-
lecular deactivation processes.!'88

Alkyne metathesis is strictly orthogonal to alkene me-
tathesis, because none of the commonly used metal alk-
ylidyne catalysts are capable of activating olefins of any
kind. The total synthesis of (S,S)-dehydrohomoancepsenol-
ide confirms this orthogonality. Indeed, the first step in the
RCM in the presence of [Ru]-1 is compatible with the al-
kyne group in the molecule (Scheme 35).1'%]

The other way round, however, the orthogonal character
is less strict: alkene metathesis catalysts of the Grubbs and

X =0l yield: 96%
X=0Me, yield: 92%
X =SMe yield: 89%

175
4898

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Eur|IC

www.eurjic.org

MICROREVIEW

European Journal
of Inorganic Chemistry

10 mol-% [W]-2

H, (1 atm)
Lindlar cat.

RCM
16mol-% [Rul-1 o )

N\

yield: 70%

yeld: 75%

yield: 96%
(S,S5)-Dehydrohomoancepsenolide

Scheme 35. Combined alkene and alkyne metathesis steps as part of the total synthesis of (S,S)-dehydrohomoancepsenolide.

Schrock types can react with alkynes, as evidenced from a
large body of EYM and polymerization chemistry.[!99-193]

Finally, as for alkene metathesis (see below), the fixation
of alkyne metathesis catalysts was developed by Basset and
co-workers by using the concept of surface organometallic
chemistry (SOMC), whereby an oxide support such as silica
serves as an efficient ancillary ligand set for recoverable al-
kyne metathesis catalysts. Thus, Basset’s group designed in-
teralia the very efficient catalyst [(Silica-O)Re(C-
tBu)(=CH-1Bu)(CH,Bu)], a rhenium-silica complex con-
taining both alkylidene and alkylidyne ligands, for the fast
metathesis of 2-pentyne. Note that the silyloxide ligands
from silica in Basset’s catalysts serve as the triarylsilanolate
ligands in Firstner’s complexes to increase the favorable
Lewis acidity of the catalytically active metal center dis-
cussed above.?>117

6. Alkane Metathesis

A family of well-defined single-site heterogeneous Ta-—
and W-alkylidene catalysts containing siloxy ligands that
metathesize alkanes were also reported by Basset’s
group.?21°4 Butane metathesis was achieved by the Chev-
ron company in the 1970s with the use of the heterogeneous
catalyst Pt—-Al,05 at 400 °C.' In contrast, Basset’s cata-
lysts resulted from the reactions of silica with Schrock’s
high-oxidation-state olefin metathesis catalysts. The siloxy
ligand brought by silica played the role of the alkoxy li-
gands and favored metathesis activity; improved reactivity
of the catalyst with the siloxy ligand resulted from the in-
creased metal electrophilic properties relative to those of the
alkoxy complexes. In these systems, the metathesis of olefins
follows in situ alkane dehydrogenation.['9¢2931 In particular,
Basset et al. noticed that propane and propene gave similar
C,+1/C,4+» ratios of CM products on silica-supported
Ta-neopentylidene catalysts at 150 °C. The complexes
[(SiO), Ta(=CH¢Bu)(CH,tBu)s_,] (x = 1 or 2) catalyzed the
metathesis of alkanes into a mixture of higher and lower
alkanes at 150 °C, as did the hydride complex [(SiO), TaH].
For instance, ethane reversibly yielded methane and pro-
pane. The mechanism was suggested to proceed by a com-
posite series of o-bond metathesis reactions of the C-H

bonds and a- and B-eliminations (rather than direct 6-bond
metathesis of the C—C bonds). The o-elimination from d>
metal-methyl or metal-alkyl species formed HTa=CH, or
HTa=CHR, respectively, and the mechanism was proposed
to then follow an alkene metathesis pathway with olefins
generated by B-elimination (including metallacyclobutane
intermediates as in the Chauvin mechanism, see
Scheme 36).[22:194.203]

M-H

alkane metathesis: 2 RCH,CH; =—= RCH; + RCH,CH,CHj,

M-H = [(Si0),Ta-H]

1|{ R =H or alkyl
M
RCH,CHj;
alkane activation
H,
R B H R
/ elimination
I =
H—M M
o H
“ elimination
R
R
_/ H
* H—M
H—M
olefin metathesis
+2H, e
H—M=— =~—= [ S\ R_CHsJ
. R —-M-H

R—\_
Scheme 36. Alkane metathesis at 150 °C with Basset’s single-site
early-transition-metal catalysts containing siloxy ligands and its
mechanism. The alkane activation step involves 6-bond metathesis

between the M—H bond and an alkane C—H bond.!'*4
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Multiple activation by a single site and in-depth charac-
terization techniques of surface organometallic species re-
sulted in very efficient, well-controlled, and robust hetero-
geneous metathesis catalysts for alkanes, alkenes, and al-
kynes.

Goldman and Brookhart also recently directly mimicked
the system of the Chevron company!'® by using well-de-
fined homogeneous catalysts for alkane metathesis. The
challenge was the compatibility between the alkane dehy-
drogenation catalyst and the olefin metathesis catalyst op-
erating separately in solution. Successful “tandem” catalytic
activation by using homogeneous catalysts for both alkane
dehydrogenation and olefin metathesis was thus reported in
2006. The dehydrogenation catalysts are Ir pincer com-
plexes nicely designed and improved by Goldman and fur-
ther optimized by both research groups, and the olefin me-
tathesis catalyst is a Schrock-type complex such as [Mo(N-
Ar)(=CHCMe,Ph)(ORp¢)s] (ORgg = perfluoroalkoxy
group) or a heterogeneous catalyst, Re,O; on Al,O3. Reac-
tions in neat octane or decane require heating over several
days at more than 125 °C to approach alkane metathesis
equilibrium, but the reaction is limited by the decomposi-
tion of the Mo-alkylidene catalyst.?°42971 More than 40
Mo and W alkylidene catalysts were tested, and the W cata-
lysts outperformed Mo ones; the greatest activity was ob-
tained with the use of [W(NAr)(=CHCMe,Ph)(OSiPhj),]
(Scheme 37). Indeed, as in Basset’s catalyst (see above), the
siloxy ligand brings an advantage over the alkoxy ligand,
because it presumably reduces the donation of the p elec-
tron density to the metal.[>®]

7. Polymer Chemistry

ROMP is one of the most important olefin metathesis
reactions. It is mostly used for norbornene derivatives (high
strain cycle: 27.2 kcalmol™"). Other cycloolefins that un-
dergo ROMP are those that are also subjected to release of

ring strain upon opening, which provides the driving force
for the reaction, that is, in particular cyclobutene, cyclopen-
tene, cyclooctene (high strain cycle: 7.4 kcalmol™!), and di-
cyclopentadiene. Cyclopentene was polymerized by ROMP
to trans- and cis-cyclopentenamers for the rubber industry
soon after the discovery of olefin metathesis.?°! The
ROMP reaction of 2-norbornene catalyzed by RuCl;/HCI
in butanol operates in air and gives a trans polymer of mo-
lecular weight >3 X 10° gmol™! in 90% yield (Norsorex).
The ROMP reaction of endo-dicyclopentadiene (obtained
from naphtha crackers) leads to opening of the strained
norbornene ring to yield linear polymers. Under certain
conditions, however, the cyclopentene double bond also op-
ens to give cross-linking with simple tungsten chloride cata-
lysts, but Grubbs-type ruthenium catalysts allow undesir-
able odors to be avoided. These polymers are largely used
for heavy-vehicle applications. Degussa has been producing
Vestenamer 8012 by ROMP of cyclooctene since 1980, a
polymer that is useful in blends.[>?%-219]

In recent years, stereocontrol of the monomer units in-
troduced by ROMP with regard to the cis/trans configura-
tion of the exocyclic double bond, the configuration of the
allylic bridgehead carbon atoms, and the linkage of unsym-
metrically substituted monomers has been addressed.?!!-2121
For instance, a Schrock-type Mo initiator with hexa(iso-
propyDterphenoxide and mono(pyrrolide) ligands allowed
cis selectivity in the ROMP of norbornadiene and cyclooc-
tene derivatives, although this initiator suffered from high
sensitivity towards moisture and oxygen.[>'3] Another exam-
ple is the alternative polymerization of cyclooctene and nor-
bornene that was achieved with Ru initiators on the basis
of the different insertion rates of norbornene and cyclooc-
tene that depend on the monomer inserted just be-
fore [214-219]

Most advances in polymer materials synthesized by
ROMP have involved Ru benzylidene and indenylidene cat-
alysts.[21%-229] These ruthenium-based initiators are usually

R
“R alkane metathesis R/?/
R CH,—CH;
X—PR,
M catalyst: \
. : M= Ir
dehydrogenation hydrogenation /
2 MH, X—PR,
X=CH;orO
Z R olefin metathesis e Ve R =gPror By
> +
7R catalyst: ~ Ar H,C=CH,
N

PhySiOn W R
Ph,SiO

Ar = 2,6-diisopropylphenyl

R = CMe,Ph

Scheme 37. Alkane metathesis system designed by the Goldman and Brookhart groups by using compatible Ir dehydrogenation/hydrogen-

ation catalyst together and Schrock’s W olefin metathesis catalyst.

177

Eur. J. Inorg. Chem. 2013, 4881-4908

4900

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Eur|IC

www.eurjic.org

MICROREVIEW

European Journal

of Inorganic Chemistry
chosen for ROMP because of their functional group toler-
ance and their ability to achieve copolymer synthe-
ses.?21:222] For instance, the third-generation Grubbs cata-
lyst [Ru]-26, synthesized from [Ru]-2 and 3-bromopyridine
[Equation (6)], and other analogous bis(pyridine) com-
plexes are among the fastest-initiating Ru systems. This fast
initiation of [Ru]-26 has proven to be useful in the pro-
duction of polymers with narrow polydispersity and for the
synthesis of block copolymers.??31 Since the discovery of
this catalyst, research on ROMP has increased markedly
(more than 200 publications in 2009), and thus, only some
examples will be described below.

A\ /_\ /s,
—s e
yCl H
Ru_C'Ph

cr’ |

[Ru]-2 PCys

— PCy3

(©)

The problem of competing interchain metathesis and
backbiting can be circumvented with by performing the
ROMP reactions at —20 to —30 °C. Alternatively, the pos-
sibility of conducting ROMP reactions more conveniently
for both bulky and unencumbered norbornene monomers
at room temperature was disclosed by Fogg’s group by
using the Ru-isocyanate initiator [Ru]-28 obtained upon re-
action of [Ru]-27 with AgNCO [Equation (7)].?*#

Highly functionalized polynorbornene homopolymers
were synthesized by ROMP, for instance, with radical moie-
ties [2,2,6,6-tetramethylpiperidin-1-yloxyl (TEMPO)] for
applications as cathode active materials in organic radical
batteries.’>! Random copolymer synthesis allows, for in-
stance, optical sensors to be incorporated.??%! Well-defined
block copolymers with narrow size distributions have been
reported.”!l End-group functionalization can be im-
plemented by using a carbene-functionalized initiator, a
chain-transfer agent during polymerization, or a terminat-
ing agent and is a valuable means for combining different
polymerization techniques [reversible addition—fragmenta-
tion chain transfer (RAFT), atom-transfer radical polyme-
rization (ATRP), etc.].l?2%) Materials applications include
resistant plastics, antifouling coating, thermoplastic elasto-

mers, and emulsifiers,”?7 liquid crystals,??81 porous poly-
mers,??l and self-healing materials.[>3"]

N /\ 4
_Q—N\C/NQ_
- R*.\\CIC\H
—»Ru—
\_/cey
N\

[Ru]-27 | _

SN/ 4
‘Q_N\C/NQ—
o »}RY\E%QH
\ N q” YPh

OCN
N
| S
[
[Ru]-28

(N

New-generation olefin-metathesis catalysis opens new av-
enues for future design of sophisticated well-defined block
copolymers with specific physical properties. For instance,
General Electrics developed poly(norbornene-decaborane)
copolymers that act as single sources of carbon nitride and
boron carbonitride ceramics. The ROMP reaction was also
used to synthesize nanomaterials of biological interest. Re-
cently, Grubbs etal. reported the preparation of drug-
loaded bivalent-bottle-brush polymers by ROMPI>3! In
this work, they used ROMP to assemble a norbornene
macromonomer containing two different branches, a PEG
chain (for water solubility), and a drug attached to the
monomer through a photocleavable linker. The drug was
released unmodified, and the release could be controlled. In
2011, the same group developed a different approach for
the synthesis of a similar polymer.[>3?! They first polymer-
ized by ROMP a norbornene containing a PEG chain and
a chloride function. After replacing the chloride by azide
they used the Sharpless click reaction to attach a doxorub-
icin moiety containing the same photodegradable linker.
The size of the macromonomer is a very important factor
in the polymerization process.?3*2341 Indeed, in some cases
the steric bulk could provoke high polydispersity index val-
ues and incomplete polymerization reactions.[>>>! Recently,
functionalizable and biodegradable polymers were synthe-
sized by ROMP, which could also be applied for releasing
applications.??8) ROMP has been used for functionalized
supportst?” in some cases, as shown in the above example
of the ROMP-derived monoliths synthesized by Buchmeiser
etal. The latter allows continuous metathesis of various
substrates!!''] and also the separation of biomole-
cules.38:239 Recent reviews on ROMP chemistry have been
published by Slugovc et al.,>*) Abdellatif®**!! et al., and
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Kilbinger et al.?*?l Besides ROMP, polymer materials
chemistry has also been developed by using acyclic diene
metathesis (ADMET) polymerization that proceeds if the
RCM of the terminal diene is sterically inhibited.

A unifying view should be highlighted by recalling that
the ROMP and ADMET reactions are also connected to
RCM and that the reverse reaction of ROMP, cyclodepoly-
merization, is also known (Scheme 38). The equilibrium be-
tween RCM and its reverse reaction, which leads to oligo-
merization, and the ring-chain equilibria in ROMP were
emphasized and analyzed in depth by Monfette and

Fogg P43
m ﬂ
ADMET RCM
m—1 — M= m —
metathesis
catalyst
cyclodepolymerization

— m
~

ROMP

m

Scheme 38. Monfette and Fogg’s scheme of the relationships be-
tween ring-closing, ring-opening, and polymerization/depolymeri-
zation processes in metathesis reactions initiated by metal-carbene
complexes.?4]

Recently, Bunz et al. reviewed the use of both ROMP
and ADMET in the synthesis of conjugated polymers®+4
that are of great interest for organic electronics. For exam-
ple, poly(p-phenylene vinylene) (PPV) was synthesized by
both ROMP and ADMET (Scheme 39).

The synthesis of conjugated polymers was also per-
formed by the reaction of diyne cyclopolymerization
(Scheme 40).[24]

n I [Ru]-27 or [Mo]-20 Wn

TMSO  OTMS TMSO  OTMS
N. N
/@ \C/ﬁ\
OCN:: Ru= ,
' Ru=CH O o

[Ru]-29

Scheme 40. Example of diyne cyclopolymerization.

The polymerization of alkenes by ADMETI246:247]

(Scheme 38) occupies a less important place in current poly-
mer chemistry than the ROMP process, but variations in
the monomer structure provide access to a broad range of
precisely defined polymers that allows direct correlation of
structure—property relationships.>*®! The efficiency of this
metathesis polymerization was enhanced by the works of
Wagener and co-workers. Thus, polyolefins with a perfectly
controlled lamellar thickness and thick distribution were
synthesized,?*" as were precisely defined primary structures
of olefins containing halogens.”>) The ADMET polymeri-
zation is a valuable technique for the preparation of sophis-
ticated end-group functionalized polymers in a straightfor-
ward fashion. For example, Barner-Kowollik and Meier’s
group reported highly orthogonal functionalization of AD-
MET polymers through photoinduced Diels—Alder reac-
tions for the synthesis of triblock copolymers.”>!1 The syn-
thesis of defined macromolecular architectures such as di-
block copolymers and star-shaped structures by ADMET
is also known.**?]

p s @ /T
n //—Q—/ —_— ] + nCyHy

[Mo]-19

B ————

<—>_ _OSi-tBuMe,
.

N
O—»/W,
(FaC)oCHaCO g b

HCI, 190 °C ( ) //
—_— >
2n

1
(FC)pCHycOm MO=
(F4C),CH;CO -

[W]-5 [Mo]-19
Scheme 39. Synthesis of PPV by two different paths: ADMET and ROMP.
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CHs catalyst:
/ [Mo(CO)g]

+ p-chlorophenol
6 - s
— 6 2-butyne
130°C

\

CHs

yield: 8%
catalyst:
[Mo(CO)¢] R
+ p-chlorophenol 1 —
CH > H3C CH
S e 2buyne o 1 N/ T, 3
135—21452 °C R
n=200-700

R = hexyl, dodecyl, ethyl-2-butyl, ethyl-2-hexyl

yellow powders

Scheme 41. Examples of ADIMET cyclooligomerization developed by Bunz’s group.

Concerning metathesis polymerization of alkynes, ring-
opening alkyne metathesis polymerization (ROAMP) and
acyclic diyne metathesis polymerization (ADIMET) have
also been used.

ADIMET has been widely employed for the synthesis of
poly(aryleneethynylene)s (PAEs) that are remarkable for
their electronic and optical properties.[?#4233-255 [W]-2 or
Mortreux’s catalyst are used for this polymerization, which
leads to molecules with higher molecular weights and fewer
defects than polymers obtained by Sonogashira C-C cou-
pling.[236:257] Cyclooligomerization?*3-2%1  of  dipropyn-
ylated arenes has been studied by several groups. Bunz
pioneered this chemistry and synthesized several oligomers
including a hexagonal cyclooligomer upon linking six 1,3-
dipropynylated arenes and polymers by ADIMET
(Scheme 41),[264:265]

For ROAMP, very few examples have been reported be-
cause of the lack of catalysts that can initiate controlled
metathesis polymerization and also because of the shortage
of useful substrates for this reaction. The first example of
an effective well-characterized catalytic system for ROAMP
was described recently by Nuckolls’s group.[?*”l The bench-
stable molybdenum alkylidiyne complex was generated
in situ according to Jyothish and Zhang’s report®! and
was subsequently isolated and well characterized. The sys-
tem of Jyothish and Zhang proved to be very efficient for
alkyne homodimerization, RCAM and ACM and avoids
undesired polymerization (coming from an associative path-
way). After isolation, Nuckoll’s group observed a dimeric
complex, catalyst [Mo]-21 (Scheme 42), that is not sensitive
to water and is active for ROAMP in the presence of
MeOH.

Et
I‘l /tBu HO toluene
Mo N -78 °C
tBu\N/ N MiBu + N OH —»
| N~ Ar "
or.t.
Ar Ar OH
Ar = 3,5-dimethylphenyl
Et
M O (@)
i 0. s
N//, |~‘\\\ n,,, | MeOH ‘O
\<N=0‘ é hlAO'N I
Et (o o
[Mo]-21

Scheme 42. Synthesis of the catalyst [Mo]-21, active in ROAMP.

8. Conclusion and Outlook

Over the last decade, tremendous progress has been
made in the efficiency and recyclability of metathesis reac-
tions. In this microreview, we have emphasized recent trends
and challenges concerning catalyst selectivity and metal re-
covery. The new generations of metathesis catalysts have
not only improved the robustness of olefin and alkyne me-
tathesis catalysts, but also provided stereo- and enantio-
selectivity for olefin metathesis that were not accessible ear-
lier. In the molybdenum-alkylidene catalyst family, this im-
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provement is related to the discovery of the mono(pyrrol-
ide) complexes, whereas in the ruthenium-benzylidene cata-
lyst family, this improvement is due to the introduction of
catalysts containing metal-alkyl bonds with a chelating
oxoanionic ligand. A strategy to direct E selective CM was
based on thermodynamic control, that is, on the choice of
substrates, but it is the design of the relative bulk of the
catalyst ligands that dictates kinetic control of Z selectivity.
The continuous design of new stereochemical subtleties of
ligands will be needed for further improvement in this direc-
tion, towards the enantioselective syntheses of chiral or-
ganic molecules. Considerable recent improvement in the
efficiency and stability of alkyne metathesis catalysts on the
basis of fundamental discoveries of a new family of
molybdenum-alkylidyne catalysts has already produced an
impressive body of applications in the synthesis of complex
organic molecules. Finally, alkane metathesis is not only de-
pendent on alkene metathesis catalysts, but also on the deli-
cate compatibility between olefin metathesis and hydrogen-
ation/dehydrogenation catalysts either on the same metal
center or different ones.

The availability of highly selective catalysts now produces
many developments in organic synthesis toward applica-
tions in oleochemistry, agrochemicals (insect pheromones,
etc.), fragrances, drugs, and pharmacy. Although this
microreview has only included key representative examples
of applications to organic synthesis, recent reviews have pre-
sented more comprehensive treatments in this area.?®9-273]
The challenge now also involves transfer of the metathesis
procedures to industry, which requires the scale-up of the
production of pure chemicals at low costs without contami-
nation by metals.
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Abstract

Functionalization of imidazolium salts (IMSs) that allow easy derivation of molecular
or solid supports are called for towards various applications. Here the synthesis of an
alkyne-containing IMS is achieved in three steps from 2,4,6-trimethylaniline, and this
IMS is further successfully functionalized using either Sonogashira or “click”
CuAAC reaction that was applied to dendritic IMS synthesis in high yield.
Applications are illustrated by Pd nanoparticle stabilization by the IMS dendrimer for

Suzuki-Miyaura catalysis.

Keywords: imidazolium. click reaction. dendrimer. palladium nanoparticle. catalysis

Introduction

Imidazolium salts (IMSs) that are derived from imidazole via alkylation of both
nitrogen atoms, leading to ion pairs, are widely used in the chemical and biological
fields, for instance as anti-cancer and anti-microbial drugs'! They are also well-
known for their ionic liquid properties and are used as electrolytes or green solvents

because of their low vapor pressure and high chemical stability.”

Another key
property is their deprotonation to N-heterocyclic carbenes (NHCs) such as 1 or
bisimidazolidines that have many applications in organic synthesis.”’ NHCs are been
widely used as strong o-donor ligands in metal complexes such as the Ru metathesis

[4.5]

catalysts, for which functionalizable versions are useful for recycling purposes.

Thus the synthesis of various NHCs is of interest, especially NHCs that are modified
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with “clickable” termini for easy functionalization of materials. Along this line, we
targeted the synthesis of the new IMS 2 containing an alkyne termini that is easily
“clickable” using a copper (I) alkyne-azide cycloaddition (CuAAC) reaction'® or
involved in Sonogashira C-C cross coupling” for example. Materials with azido
termini, easily accessible from halogeno derivatives, are readily available, thus azido-
terminated dendrimers, azido-polymers, azido-nanoparticles (silica, iron oxide) are

often functionalized by CuAAC reaction.

arm for easy functionalization l \\
\

(0]

/=
e NN
NN B,
NHC 1 IMS 2

Figure 1. NHC 1 used in Ru metathesis catalysts and the targeted IMS 2.

Dendrimers™ that correspond to molecular micelles,”) occupy a privileged place
among branched macromolecules, because they are multifaceted monodisperse

macromolecules, and their supramolecular properties have potential applications in

medicinal chemistry!'”

(1]

and nanoscience. In this later area, they are often used as

sensors,
15]

green catalysts''? or stabilizer of nanoparticles (NP).l'*! wel'!*!4 and
others!™ have experimented the useful functionalization of azido-terminated
dendrimers for various syntheses and applications including PdNPs stabilization for

[16]

catalysis,” ~ and this method is now also applied here to functionalize dendrimers

with IMS termini.

Results and discussion

Synthesis of the propargyl IMS 2

The synthesis of 2 has been successfully achieved in only three steps from

commercial products with an over yield of 35% (Scheme 1).
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yield: 44.6% yield: 96.6% yield: 81.0 %

Mes = mesytyl
Scheme 1. Synthesis of the alkyne-containing imidazolium 2

This rather modest yield is related to the known first step involving the reaction on a
relatively large scale between 2,4,6-trimethylaniline and 2,3-dibromopropanol during
19 hours at 120°C under nitrogen to form N, N-dimesityl-2,3-diamino-1-propanol 3 in
only 44.6 % yield.!'” The hydroxyl group of 3 is then functionalized upon reaction
with propargyl bromide in THF (16 h at 40°C) in order to introduce the alkyne
terminal group in the IMS, leading to the desired N, N-dimesityl-2,3-diamino-1-
propoxypropargyl 4 in 96.6% yield. The appearance of two new signals at 2.41 ppm
(triplet) and at 4.10 ppm (dd) in the "H NMR spectrum of the final product shows the

success of the reaction and the presence of the alkyne moiety (Figure 2).

3
Q

Terminal |
CHycz=cH  alkyne |

Mes’4NH HN— 105

| b

\ |
| o ‘l
C_f Imidazolium f}
) roton
P | Mes—! N\&N Mes i
I 2 e I i
‘\ I | I If |

Figure 2. '"H NMR spectra of 4 (up) and 2 (down).

The infrared spectrum reveals the presence of the alkyne with the absorption bands at
veze= 2113 cm™ and vezc = 3268 cm™ (Figure 3). The last step of the synthesis of the
propargyl IMS 2 involves the reaction of 4 with triethylorthoformiate and NaBF, in
2.5 hours at 140°C yielding 2 in 81.0 % yield (Scheme 1). The compound 2 is
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obtained as a brown solid and fully characterized by 'H and “C NMR, mass
spectrometry and infrared spectroscopy. The '"H NMR spectrum of 2 indicates the
presence of a new deshielded proton at 7.92 ppm (Figure 2). This new signal
corresponds to the imidazolium proton localized between the two nitrogen atoms. The
signals of the protons of the mesityl and the terminal alkyne remain unchanged.
Moreover the infrared spectra of 4 and 2 are a little bit different. The appearance of
two new intense peaks at 1631 cm™ and 1059 cm™ in the infrared spectrum of 2 are

characteristic of C=N and BF,4 groups respectively (Figure 3).

\\

(o} 92 204 L

Mes/4NH HN\Mes

\\

6 (o]

Mes—N\?r;l—Mes
2 BFy

3600 3200 2800 2400 2000 1800 1600 1400 12 1000 800 600
cm-1

Figure 3. Infrared spectra of 4 (up) and 2 (down).

After obtaining 2, two different reactions were tested: the Sonogashira C-C cross
coupling and the CuAAC “click” reaction. The Sonogashira reaction between 2 and
iodobenzene was carried out in THF in presence of DIPA as a base and
[Pd(CI)2(PPH3)2] (8% mol) + Cul (8% mol) as co-catalysts during 1 day at 40°C. The
final product § was purified by precipitation in ether and recovered only 71% yield,
mainly due to the formation of side products (Scheme 2). The compound 2 also reacts
with benzyl azide in THF in the presence of CuBr (60% mol) as catalyst during two

days at 40°C. The desired product 6 was recovered after precipitation in ether in
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90.5% yield (Scheme 2). Since the CuAAC reaction leads to a better yield than the
Sonogashira reaction and is more convenient, the “click” reaction was selected to

functionalize a dendritic core.

N\

Mes—N —
es \%I;l Mes
BF,

al

L/

2.
(o]

MeS*N\?[-'\-lfMes
BF4

Z—=z

Scheme 2. IMS 2 involving in both the Sonoagashira and CuAAC reactions.

The “click” reaction between 2 and the 1,3 nona azido core 7 was performed in THF
at 45°C (Scheme 3). An amount of 60% CuBr per branch is necessary to complete the
“click” reaction between 2 and 7, probably because of more or less stoichiometric
coordination of the copper ions of the catalyst by the 1,2,3-triazole ligand and
trapping inside the dendrimer. This inhibition effect has already been noted in “click”
dendrimer construction when the CuAAC “click” reaction is conducted in the

presence of a simple copper salt as catalyst rather than a copper (I) catalyst[”b]

418 The end of the reaction is monitored by

containing a polydentate nitrogen ligand.!
infrared spectroscopy, the disappearance of the vy3 band at 2097 cm™ being observed

after two days.
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Scheme 3. Synthesis of the imidazolium dendrimer 8 by CuAAC “click” chemistry.

The imidazolium dendrimer 8 is obtained as a brown shinning powder in 85% yield,
which indicates the easy use and highly reactivity of 2 in CuAAC catalysis. The
dendrimer 8 is characterized by 'H and C NMR and infrared spectroscopy and by
mass spectrometry. Surprisingly, 8 is neither soluble in water nor in alcoholic
solvents; on the other hand, it is well soluble in acetonitrile, acetone, dimethyl

formamide.

As an application, the stabilization of palladium nanoparticles (PdNPs) with 8 using
its intradendritic triazolyl rings was probed. In previous examples, PANPs stabilized
by dendrimers were synthesized in water solution when the dendrimer is water
soluble, and this solution was directly used as catalyst for C-C coupling.!*! Given the
insolubility of 8 in water, the stabilization of PdNPs with 8 is probed here in
acetonitrile for further isolation of the dendrimer-stabilized PANPs in the solid state.
Indeed an acetonitrile solution of a stoichiometric amount of 9 equiv. [Pd(OAc),] per
dendrimer is added to the acetonitrile solution of 8, provoking an instantaneous color
change from brown/orange to intense green. Then, reduction of triazole-coordinated
Pd(II) to Pd(0) is conducted upon addition of NaBHj, as a solid (6 equivalents per Pd
atom) to the 8/Pd(OAc); solution leading to a direct change of color from green to

brown/black that is characteristic of PANPs followed by isolation at the solid state
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after removing the solvent. These PANPs are analyzed by TEM microscopy and the
images reveal that most of the PANPs have a size between 2.0 nm and 6.0 nm
(average size = 4 = 1.2 nm), but another population with size in small quantity around

16 nm is also observed (Figure 4).

30% B)
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20%
15% -
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0’ 3 57 W P 60 60
o o oS S P

Figure 4. PdNPs stabilized by dendrimer 8 and analyzed by TEM (A), their
distribution histogram (B) and isolation at the solid state (C).

The formation of these PANPs is due to the evaporation of the solvent, leading to
nano-scale aggregations. X-ray diffraction (XRD) analysis reveals that the catalyst
contains only Pd” indicating complete reduction of Pd" by the excess of NaBH,. The
new catalyst is tested for the Suzuki-Miyaura C-C cross-coupling reaction that has
become one of the most known and powerful Pd° reaction allowing the synthesis of

biaryl compounds, such as natural products, pharmaceuticals, polymers, etc!'”’

Br B(OH),

PdNPs (0.3% mol)
TBAB (1 eq.)

H,0, 24h, 80°C

Yield: 94%
(1
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Thus coupling between bromobenzene and phenyl boronic acid is carried out in water
at 80°C during 24h with 0.3% mol of the Pd catalyst. The presence of TBAB as phase

transfer agent is mandatory for total conversion (isolated yield: 94%).

Conclusion

The successful synthesis of a new alkyne-containing IMS 2 has been achieved, and
this IMS has been easily functionalized using both the Sonogashira and the “click”
CuAAC reactions. Easy functionalization by CuAAC reaction has been conducted
with a nona-branched dendritic core 7 in high yield, showing that the functional IMS
allows easy derivatization of supports. This dendrimer 8 is potentially usable as ionic
liquid; moreover in the presence of a base such as tBuOK or KHMDS 2, §, 6 or 8 are
sources of carbenic species for metal coordination.”” Finally, the IMS 2 has been

shown to be a good precursor of catalytically active PANPs.

Experimental section

Synthesis of N,N’-dimesityl-2,3-diamino-1-propanol, 3

In a Schlenk tube, 10g of 2,3-dibromopropanol (45.9 mmol, 1 eq.) and 16
g of 2,4,6-trimethylaniline (118 mmol, 2.6 eq.) were introduced. The
reaction medium was stirred at 120°C during 20 hours. The temperature
was decreased to room temperature and 50 mL of a water solution of
NaOH (15% mol) were added. Then, 50 mL of CH,Cl, was added, the
organic phase was collected, and the water phase was extracted twice with
2x50 mL of CH,Cl,. The organic phases were gathered, dried on Na,;SOq,
and the solvent was evaporated under reduced pressure. The crude product
was purified by silica chromatography column with Et,O: pentane (1:1),

and 6.7 g of 3 was obtained (44.6% of yield).

Synthesis of NI1,N2-dimesityl-3-(prop-2-yn-1-yloxy)propane-1,2-
diamine, 4.

In a Schlenk tube, 3.1 g of 3 (9.48 mmol, 1 eq.), 2.1 mL of propargyl bromide (19
mmol, 2 eq.) and 40 mL of distilled THF were introduced. Then NaH (28.5 mmol, 3
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eq.) was slowly added. The reaction was stirred at 40°C during 16 hours. At the end
of the reaction and when the temperature decreases to room temperature, 20 mL of
water was added. The THF solvent was evaporated under reduced pressure, and he
water phase was extracted 3 times with 50 mL of CH,Cl,. The organic phases were
gathered, dried on Na,;SO,, the solvent was evaporated under reduced pressure, and
3.3 g of the desired product 4 was obtained as a brown solid (96.6% of yield).

"H NMR (200 MHz; CDCl3) & (ppm): Ar-CH; 2.24-2.37 (m, 18H); C=CH 2.41 (t,
1H, *J = 2.4 Hz); CH, 3.08 (dd, 1H, *J = 12 Hz, *J = 5.7 Hz); CH, 3.33 (dd, 1H, ] =
12 Hz, ] = 5.6 Hz); CH+ CH, +2xNH 3.5-3.75 (m, 5H); CH, 4.18 (dd, 1H, *J = 15.7
Hz, °J = 2.5 Hz) ; CH, 4.23 (dd, 1H, *J = 15,7 Hz, *J = 2.5 Hz) ; H aromatic 6.87 (s,
4H)

C NMR (50.33 MHz; CDCls) 8 (ppm): 18.52; 19.00; 20.74 (CH; Ar); 50.75; 56,68;
58.66; 70.50 (3xCH, + 1xCH); 74.91; 79.62 (C ethylenic); 129.45; 129.60; 129.79;
130.09; 131.02; 131.46; 141.75; 143.77 (C Aromatic).

Synthesis of 1,3-dimesityl-4-((prop-2-yn-1-yloxy)methyl)-4,5-dihydro-
1H-imidazol-3-ium tetrafluoroborate, 2

In a Schlenk tube, 2.7 g of 4 (7.4 mmol, 1 eq) and 2.5 mL trimethyl orthoformate (15
mmol, 2 eq) and 770 mg of NH4BF4 (7.4 mmol, 1 eq.) were introduced. The reaction
was stirred at 140°C during 2.5 hours under N,. At the end of the reaction the
temperature was decreased to 50°C, and the liquid was evaporated under reduced
pressure. The resulting brown solid was washed several times with pentane and Et,O
and then was dried under reduced pressure for a few hours, and 2.77 g of 2 was
obtained (81 % yield).

"H NMR (200 MHz; CDCls) & (ppm): Ar-CH; 2.24-2.39 (m, 18H); C=CH 2.43 (m,
1H); CH, 3.5-3.7 (m, 2H); CH, 4.19 (d, 2H); CH, 4.25-4.38 (m, 1H); CH; 4.63 (m,
1H) ; CH 5.12 (m, 1H) ; H aromatic 6.93 (s, 4H); H imidazolium 7.92 (s, 1H)

BC NMR (50.33 MHz; CDCl3) & (ppm): 17.70; 18.28; 21.14 (CH; Ar); 52.82; 58.62;
63.83; 66.28 (3xCH,, 1xCH); 76.02; 78.2 (C ethylenic); 128.39; 130.15; 130.35;
130.64; 135.46; 135.59; 136.10; 140.50; 140.76 (C aromatic); 158.53 (C

imidazolium).
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Synthesis of 4-(((1-benzyl-1H-1,2,3-triazol-4-yl)methoxy)methyl)-1,3-
dimesityl-4,5-dihydro-1H-imidazol-3-ium tetrafluoroborate (test for
the CuAAC “click” reaction).

In a Schlenk flask, benzyl azide (0.75 mmol, 1 eq.) and 470 mg of 2 (0.78 mmol, 1.05
eq.) were solubilized in 5 mL of distilled THF, then 48 mg of CuBr (60% mol) were
added, and the reaction was conducted at 40°C during 36 hours. At the end of the
reaction, 20 mL of water and 1 mL of an ammonia solution (37%) were added, and
the media was stirred during 10 min. The aqueous phase was extracted 3 times with
20 mL of CH,Cl,. The organic phases are gathered and washed 3 times with 20 mL of
water, dried on Na;SO,, the solvent was evaporated, and 230 mg of the desired
“click” product was obtained (90.5 % of yield).

"H NMR (200 MHz; CDCls) & (ppm): Ar-CH; 2.18-2.32 (m, 18H); CH,3.52 (d, 1H);
CH,3.73 (dd, 1H, T = 11.4 Hz, *J = 2 Hz); CH, 4.34 (dd, 1H, *J = 12 Hz °J = 7.3 Hz);
CH; 4.46-4.66 (m, 3H); CH 5.04 (m, 1H); CH,-triazole 5.48 (s, 2H) ; H benzyl 6.7-7
(m, 5SH); H aromatic 7.32 (s, 4H); H-triazole 7.71 (s,1H) ; H imidazolium 7.85 (s, 1H)
BC NMR (50.33 MHz; CDCl3), § (ppm): 17.62; 18.40; 21.21 (CH; Ar); 52.93; 54.35;
64.25; 66.49 (3xCH,, 1xCH); 123.95; 128.38; 128.60; 128.90; 129.29; 130.19;
130.52; 135.02; 135.43; 136.18; 140.80; 140.93 (C Aromatic + 2 C triazole); 158.01

(C imidazolium).

Synthesis of the imidazolium dendrimer, 8

In a Schlenk flask, 100 mg of the azido-core 7 (0.066 mmol, 1 eq.) and 305 mg of 2
(0.66 mmol, 1.1 eq.) were solubilized in 5 mL of distilled THF, then 60 mg of CuBr
(60% mol) were added, and the reaction was conducted at 40°C during 48 hours. At
the end of the reaction, a precipitate on the wall of the Schlenk flask was observed.
The product was filtered and washed with THF several times. Acetone or acetonitrile
was used to solubilize the product, then filtration on celite was performed. The
solvent was evaporated, and 320 mg of the desired “click” product was obtained (85
% yield).

"H NMR of 8 in CD;CN (200 MHz, ppm): 8.70 (9H imidazolium), 8.20 (9H, trz),
7.07-6.94 (37H, Ar + 3H core), 5.24-3.58 (81H), 2.43-2.23 (162 H, CH; mesityl),
1.81-0.68 (54H, CH>CH,CH,Si); 0.05 (54H, Si(CHj3),)
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13C NMR of 8 in CD;sCN (50 MHz, ppm): 160.45 (CH, imidazolim), 147.94 (Cq trz),
141.65-129.82 (aromatics + CH trz), 67.72-53.82 (3CH,, CH), 45.02
(CH,CH,CH,Si), 42.54 (SiCH,trz), 21.39-15.83 (CH; mesityl + CH,Si + CH,CH,Si).
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The stereoelectronic properties of the stabilizing ligands of
gold nanoparticles (AuNPs) are shown to play a considerable role
in their catalytic efficiency for 4-nitrophenol reduction by NaBH,,
consistent with a mechanism involving restructuration of the AuNP
surface that behaves as an “electron reservoir”.

Gold nanoparticles (AuNPs) have recently received considerable
interest for a variety of applications owing to their unique
physical and chemical properties." In particular, their extensive
use in catalysis® has followed the seminal discovery of low-
temperature CO oxidation by small AuNPs by Haruta.> Among
the transition metal-catalyzed redox reactions, the reduction
of nitroaromatics is one of the most crucial ones.? Indeed,
4-nitrophenol (4-NP) is anthropogenic, toxic and inhibitory in
nature. Its reduction product, 4-aminophenol (4-AP), finds appli-
cations as a photographic developer of black and white films, a
corrosion inhibitor, a dying agent, a precursor for the manufac-
ture of analgesic and antipyretic drugs, and in particular, as an
intermediate for the synthesis of paracetamol.” Noble metal
nanoparticle catalysts are widely employed for the reduction of
4-NP to 4-AP,°® and this reaction, with an excess amount of
NaBH,, has often been used as a model reaction to examine
the catalytic performance of metal NPs,*” as first shown by Pal
et al.® AuNP catalysts that have been examined so far are solid-
supported AuNPs’ or various thiolate-AuNPs. The reaction
mechanism is still unknown, although Ballauff’s group provided
strong evidence for a process fitting the Langmuir-Hinshelwood
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(LH) model. This mechanism involves adsorption of both reactants
on the surface of the catalyst for AuNPs or PdNPs that are
immobilized on the surface of spherical polyelectrolyte brushes
with an induction time caused by dynamic restructuring of
the nanoparticle surface.®*”>®° For other AuNPs, Pal’s group
also showed that the catalytic reaction took place at the AuUNP
surface.'® Ghosh’s group showed that the rate constant increased
with a decrease in the size of AuNPs and was proportional to
the total surface area of AuNPs,” as reported by Ballauff’s
group;'" and Liu et al. reported that surface functional groups
influenced the catalytic behavior.'* Katz suggested a completely
different mechanism in which the active site was a leached gold
species that was present in exceedingly small concentrations."?
Zhang et al. suggested that the borohydride salt transferred a
hydride to the AgNPs in the case of TiO,-supported AgNPs."*
Scott’s group showed that in the presence of excess borohydride salts,
thiolate-AuNPs that catalyze 4-NP reduction grew to larger sizes."®
Here we show the dramatic influence of the stereoelectronic
effects of the ligand on the reaction rate, and we emphasize the
electron reservoir behavior of the gold nanoparticle catalysts.
Therefore, we compare, under identical conditions, the rates of
the homogeneous 4-NP reduction by excess NaBH, catalyzed in
water by water-soluble AuNPs stabilized by citrate, polyethylene
glycol (PEG) thiolate of different lengths, and mono, bifunc-
tional, polymeric and dendritic 1,2,3-triazoles terminated with
PEG 400 or 2000 (Fig. 1). The catalytic 4-NP reduction is easily
monitored via UV-vis spectroscopy by the decrease of the strong
adsorption of the 4-nitrophenolate anion at 400 nm, directly
leading to the rate constant.® Isosbestic points in the spectra of
the reacting mixtures demonstrate that no side reaction occurs.*
The various stable AuNPs that are studied have sizes around
3 nm, but larger AuNPs have also been examined for comparison
(Table 1). The reduction rate has been observed, as in many
preceeding cases, to be pseudo-first order in the presence of
a large molar excess of NaBH, (here 81 equiv. NaBH, per mol
4-NP). All the apparent kinetic constants are summarized in
Table 1. In order to obtain data that are independent of the
surface, the rate constant (k; = k,pp/S) was also estimated

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Various AuNPs under study. See the diameters (D) in Table 1. The
ligands of 7 and 8 are respectively HS-PEG400 and HS-PEG2000.

Table 1 Catalytic AuNP activity in the reduction of 4-NP at 20 °C

AuNPs

stabilized D (nm) kapp (5™  t (S) ki (Ls ' m™?) E, (k] mol )
1 3 Fast® 0o — 24

2 3 Fast? 0o — 29

3 6 1.4 x 1072 0 43x107? 37

4 6 6.7 x 10° 0 2x107? 40

5 3.5 7.5 x 1077 0 1.2 x1072 —

6 3.6 1.1 x 1072 0 1.9x107? —

7 3.5 7 x107* 900 1 x 1073 132

8 13.5 4x10* 2100 3 x107° —

9 13.5 6x10* 1200 4 x10°* —

“At13 °Cihypp=12x 10 s,k =1.7 x 10 °Ls 'm > ? At 13 °C:

kapp =96 x 1087 k; =14 x 10 °Ls ' m 2,

normalized to the surface (S) with the assumption of the LH
mechanistic model””*® (see Table 1). The results clearly show
that the best stabilizers, thiolates, provide the slowest AuNP
catalysts, followed by the citrate. Citrate-AuNPs are large, but
the comparison between thiolate-AuNPs and citrate-AuNPs of the
same size (diameter: 13.5 nm) shows that the citrate-AuNPs are
slightly less slow catalysts than the thiolate-AuNPs. The similarity
of results with these two types of ligands, however, reveals a
similarity of bonding to the AuNP, ie. the citrate~AuNP bond
should reflect the coordination of citrate to the AuNP surface, as
the thiolate-AuNP bond, in spite of the difference in electro-
negativity and polarizability between these two chalcogen atoms.

All the 1,2,3-triazole (trz)-stabilized AuNPs'” that are examined
here are much more efficient catalysts than the AuNPs that are

This journal is © The Royal Society of Chemistry 2014 200
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stabilized by the formally anionic thiolate and citrate ligands.
This reveals the considerable advantage, in terms of catalytic
reaction rates, of neutral ligands such as triazoles that form
only weak coordination bonds with the AuNP surface given
the impossibility of back bonding due to high-lying nitrogen
n* orbitals. This weak bonding of the trz ligands, compared to
the stronger bonding of thiolate and citrate ligands, is respon-
sible for their easy displacement from the AuNP surface by
substrates. It is also striking that the induction time (z,), which
is usually directly connected to the surface rearrangement
on the AuNP surface,”” is found only with the thiolate—AuNPs
and citrate-AuNPs.

With these ligands, they are rather long, and by contrast,
under these conditions, no induction times are found for all
the trz-AuNPs, confirming the very facile trz displacement by
the substrates. Among the trz-AuNPs, the dendrimer-stabilized
trz-AuNPs are the less efficient catalysts. The polymer-stabilized
trz-AuNPs are more efficient than the related dendrimer-stabilized
trzAuNPs, but less so than the non-dendritic mono- and dis-
ubstituted trz ligands. Thus, it appears that this order of
catalytic efficiency of the trz-AuNPs is related to their steric
effects, the largest steric bulk being provided by the dendrimer
framework that is bulkier than that of the polymer, whereas
the less bulky non-macromolecular trz ligands provide by far
the most efficient AuNP catalysts. These two AuNPs catalyze
reactions that are so fast, under the same conditions as the
other liganded AuNP catalysts, that they are too fast to observe a
measurable rate at 25 °C. It is possible to compare these two
AuNP catalysts, however, at lower temperatures. Then the mono-
substituted trz-AuNPs appear to be more efficient than the
bulkier disubstituted trz-AuNPs, as expected.

These results confirm that ligand displacement by substrates
on the AuNP surfaces is the dominant feature of the mechanism
that involves restructuration of the surface. This is in accord with
the mechanism proposed by Ballauff and others following the
LH kinetic model, which in particular also discards a leaching
mechanism. With the series of trz-AuNPs, it also appears that
diffusion of substrates towards the trz-AuNPs shows the filtra-
tion effect of the dendrimer and polymer frameworks, because
the order of reaction rates follows the order of steric bulk of the
trz-containing frameworks.

These data also confirm that the AuNPs play the role of an
inner-sphere redox catalyst,'® because BH,~ transfers a hydride
to the AuNP surface, resulting in the formation of a covalent
Au-H bond.”” This means that the negative charge is trans-
ferred to the AuNP, as already suggested,”**° charge delocaliza-
tion being largely facilitated by the low-lying conduction band
of the AuNPs. Indeed, addition of NaBH, to the trz-AuNPs leads
to a color change corresponding to a blue shift of the surface
plasmon band (SPB) that indicates the accumulation of several
negative charges at the AuNP surface. Such a shift that has been
already observed in particular for thiolate~AuNPs is shown here
for trz-AuNPs (Fig. 2).

This effect is accompanied by another effect, AuNP aggrega-
tion, i.e. AuNP size increase (Ostwald ripening),”® upon NaBH,
addition, that is characterized by a red shift of the SPB.
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Fig. 2 Trz-AuNPs 3 after addition from left to right of 0, 0.1, 0.2, 0.3, 0.4,
0.5,1, 1.5 and 2 equiv. of NaBH, per gold atom. The blue shift upon NaBH,4
addition is emphasized by values of Anax (SPB).

After observation of the blue shift upon NaBH, addition, this
red shift appears upon addition of more NaBH,. Gold precipi-
tation then occurs when the amount of added NaBH, becomes
too high (Fig. 2).

The accumulation of negative charges at the AuNP surface
proceeds along with the Au-H bond formation until the resulting
electrostatic effect becomes too important. Along this line, electro-
chemical experiments conducted by Quinn’s group by differential
pulse voltammetry using well-defined thiolate-Au, ,;NPs showed a
series of 15 electrochemically and chemically reversible single
electron transfer steps with Coulomb blockades (only limited by
the electrochemical window) leading to stable multiply charged
AuNPs.”" In the presence of nitrophenolate anions on the AuNP
surface, the electrochemical peak spacing that corresponds to
the quantized capacitance charging was found to be decreased
compared to that obtained in its absence, which corresponds to a
small decrease of the AuNP capacitance.”” This shows that the
AuNPs behave as “electron reservoirs”.>* This role is efficiently
fulfilled by the AuNP redox catalysts for 4-NP reduction in the
transformation of inner-sphere single electron transfers from
borohydride ions to the surface into a multi-electron transfer.
A multi-electron transfer is necessary for each 4-NP reduction to
4-AP. The citrate anions, as hydrides, form coordination bonds
with the AuNP surface involving partial charge transfer from the
ligand to the AuNP surface. Such a coordination with a tripod of
dihapto carboxylates that are coordinated to Au(111) is known,>*
although the degree of AuNP-O covalency and charge transfer
has not been addressed.

In conclusion, the role of the stabilizing ligands in the AuNP
catalyzed 4-NP reduction has been shown here to be crucial. It
is involved both in the restructuration at the AuNP surface
following the LH kinetic model with considerable variation of
efficiency from “‘anionic” thiolate or citrate ligands to neutral
trz ligands and the steric or filtering effect® of the substrate
through the bulk of the trz ligand framework. The difficulty in
exchanging the thiolate ligands does not inhibit Suzuki-
Miyaura cross carbon-carbon coupling reactions with analogous
PANPs,** because a leaching mechanism is involved.>®” On the
other hand, it considerably slows down AuNP-catalyzed 4-NP
reduction in contrast to the situation involving easily exchanged
trz ligands."” The data and apparent accumulation of several
negative charges in the AuNPs that occurs while the Au-H bonds
form upon NaBH, reaction emphasize the role of “electron
reservoirs” of these redox catalysts. Well-known precedents
are found for instance in the role of PtNPs as redox catalysts
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in water photosplitting.”” These findings should significantly
contribute to shed light on the surface mechanism and optimize
the design of effective catalysts for this intensively searched
‘“green” aqueous reaction.
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Conclusions et perspectives

Durant ces travaux de these, nous avons élaboré diverses nanoparticules de palladium (PdNPs)
stabilisées par des dendrimeres ou des polymeres. Ces solutions de PANPs se sont avérées tres
actives en catalyse (couplage C-C et réductions du 4-nitrophenol), allant méme jusqu’a une
catalyse homéopathique ne nécessitant que 3. 10” % de palladium (Suzuki-Miyaura), ¢’est-a-dire
0,3 ppm. L’inconvénient majeur de ces PANPs, la présence obligatoire d’une quantité notable de
solvant, a pu étre surmonté grace a I’imprégnation des PANPs sur des supports magnétiques
entrainant une robustesse accrue du catalyseur. L’objectif annoncé au début de la theése de
contribuer a une chimie verte a pu €tre réalisé grace a I’infime quantité de nos catalyseurs au Pd
utilisés lors de ces réactions catalytiques.

L’idée d’essayer d’améliorer les caractéristiques des catalyseurs a constitué a chaque fois un
deéfi. L’utilisation, dans un premier temps, du dendrimere TEG pour stabiliser des PANPs a été
d’une tres grande efficacité, mais le colt de synthese de ce dendrimere pouvait représenter une
limitation. C’est pourquoi, apres avoir déterminé les parties essentielles du dendrimeére jouant un
role lors de la stabilisation des PANPs actives, nous avons développé la synthese d’un polymere
comparable par réaction CuAAC en une étape. La synthése d’un second type de co-polymere
comportant une unité triazolylbiferrocénique a permis d’étendre le champ d’application.

Parallelement a ce sujet, et tout en respectant 1’objectif de la chimie “verte”, nous avons montré
que le dendrimeére amphiphile composé de 27 terminaisons TEG pouvait aussi servir de
nanoréacteur lors de la réaction ‘“click” CuAAC dans I’eau. Ce nanoréacteur permet de
solubiliser des substrats hydrophobes et le catalyseur et de les confiner dans son coeur
hydrophobe, favorisant la réaction catalytique dans ce milieu de micelle moléculaire dendritique.
La présence du catalyseur moléculaire hydrophobe dans le dendrimére a pu étre démontrée, de
méme que la complexation des ions cuivre (1) aux 1,2,3-triazoles.
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Polymere trz-PEG:

- Stabilisant de PdNPs

- Actif en catalyse C-C

- Actif en réduction du 4-NP
- Multitude d’applications

Dendrimere TEG:

- Stabilisant de PdNPs

- Actif en catalyse C-C

- Actif en réduction du 4-NP
- Nanoréacteur

Dendrimere TEG supporté

- Stabilisant de PdNPs

- Actif en catalyse C-C

- Actif en oxydation de I'alcool benzylique
- Robuste

- Recyclable

- Solide
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Concernant les perspectives, une multitude d’entre elles sont envisageables et présentent des
possibilités. Différents types de nanoparticules pourraient ¢étre stabilisées par ces
macromolécules et ainsi d’autres réactions catalytiques pourraient étre testées. L’utilisation du
nanoréacteur dans d’autres réactions catalytiques serait aussi réalisable y compris 1’utilisation de
celui-ci dans le domaine biomédical du fait de sa biocompatibilité. L’imprégnation sur support
magnétique permettait d’éliminer la présence d’eau dans les PANPs et d’augmenter la robustesse
du catalyseur et d’autres réactions catalytiques plus complexes et plus sensibles devraient €tre
testées. L’ imprégnation sur d’autres types de support de type semi-conducteur tels que TiO,,
Zn0O, CeO, pourrait aussi étre envisagé pour des applications en photo-catalyse par exemple.
Enfin 1’¢laboration des co-polymeres PEG-trz-biFc a multiples applications ouvre la voie a la
création de nouveaux nanomatériaux utiles. La syntheése de dendriméres solubles dans 1’eau
comportant des 1,2,3-triazoles et des groupements biferrocéniques pourrait étre appliquée. De
plus, d’autres types d’unités (fluorochrome, chromophore, molécule a intérét biologique...)
pourraient étre greffées dans ces macromolécules.
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