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Résumé de la Thèse en Français

Cette thèse sur la nanocatalyse s'inscrit dans le contexte des études réalisées à l'Institut des Sciences Moléculaires de l'Université de Bordeaux en collaboration avec l'Institut de Chimie de l'Université de Rennes 1 sur la catalyse à l'aide de dérivés des éléments de transition situés sur la droite du tableau périodique (1). Depuis environ deux décennies, ces catalyseurs se sont vus dépouillés de leurs ligands et l'ion métallique précurseur est réduit, généralement par NaBH4, en atome métallique de degré d'oxydation zéro. L'agrégation de ces atomes en nanoparticules est limitée par l'utilisation d'un support polymère organique ou inorganique dont le but est de stabiliser la nanoparticule sans toutefois désactiver sa surface. Plusieurs thèses réalisées dans nos laboratoires se font focalisées sur la nanocatalyse de formation de liaison C-C de type Suzuki, Sonogashira ou Heck (2) et C-N de type "click" (3) et, récemment sur la génération d'hydrogène moléculaire à partir de molécules riches en atomes d'hydrogène (4).

Dans la présente thèse, nous avons dans une première partie. Alors que depuis une douzaine d'années, nous avions utilisé comme de support de nanocatalyseurs, nos dendrimères issus de la nona-allylation du mésitylene induite par le greffon temporaire à 12-électrons h 5 -C5H5Fe+, suivi par tri-branchages des chaînes (3), nous avons, dans une troisième partie, utilisé des dendrimères rigides à terminaisons triazolylferrocène fournis par des collaborateurs (Figure 1) pour étudier leur utilisation comme stabilisants de nano-catalyseurs à l'or et au palladium pour la réduction du para-nitrophénol en milieu biphasique. (8) Le milieu biphasique a fourni les conditions optimales, le meilleur catalyseur étant PdNP@FcMTPD à 20°C avec une constance apparente de vitesse kapp = 7.8 x10 -2 s -1 (9). Nous avons aussi, dans une seconde partie, examiné l'influence du remplacement de NaBH4 par un réducteur monoélectronique alors que depuis une douzaine d'années, le cobaltocène dans le THF pour réduire le trichlorure de rhodium en solution aqueuse en nanoparticule de rhodium stabilisées par un certain nombre de molécule de chlorure de cobalticenium (eq1, Figure 2). RhCl3 + 3Co II Cp2 ---> 1/n Rhn + 3 [Co III Cp2]Cl. eq; 1 

General Introduction

In recent years, enormous effort has been devoted to transition metal nanomaterials owing to their versatile applications in catalysis, energy storage and conversion, nanomedicine, and sensing. 1,2 Among various applications, transition metal nanocatalysis exhibits a considerable potential with the assistance of specific and outstanding properties of nanocatalysts concerning reactivity, selectivity, stability, and recyclability in comparison with classical catalysts. [2][3][4][5][6][7] As for transition metal nanocatalysts, protection from aggregation and oxidation is an essential issue that one needs to overcome. Using stabilizers as a protective template and combining transition metal nanoparticles (TMNPs) with a support such as a metal organic framework (MOF)

or graphene oxide (GO) are two main solutions to tackle the abovementioned problem.

Due to their macromolecular, yet well molecularly defined structure and unique steric effects, dendrimers, in particular "click" dendrimers because of their mildly coordinating triazole groups on its branches, are commonly used to stabilize TMNPs among a variety of stabilizers. [8][9][10] Our group has reported in 2007 the first series of "click" metallodendrimers, namely 1,2,3-triazolylferrocenyl dendrimers and stabilized Pd nanoparticles (PdNPs) herewith. These PdNP@"click" dendrimer showed a high catalytic efficiency for the Suzuki reaction only in presence of 1 part-per-million (ppm) of Pd atoms under ambient conditions. 11,12 In 2014, our group reported "click" polyethylene glycol dendrimer-stabilized PdNPs as a highly efficient catalyst in aqueous media for both reduction of 4-nitrophenol (4-NP) and C-C cross-coupling reactions. 13 Later, it was shown that the catalytic performance of TMNPs depended on their location, inside of or partly outside of the "click" dendrimer. 14 Thereafter Wang et al and Kang et al from our group reported that "click" TEG-termini dendrimerstabilized TMNPs are efficient catalyst supports for H2 generation upon hydrolysis of sodium borohydride and ammonia borane. 15,16. During the last two years, based on the same "click" dendrimer, the plasmon-induced boosting influence of visible light on the rates of H2 evolution in water by click dendrimer-stabilized Au-transition metal nanoalloys was published by Kang et al and Zhao et al from our group. 17,18 Highly ordered porous structures, designed metal centers, outstanding stability, large surface area, uniform pore size, and functional organic linkers endow metal organic frameworks (MOFs) with promising catalytic properties. 19 MOFs after calcination, also called "derived MOFs" with more structurally deficient and excellent electrochemical properties, are also versatile catalyst templates able to offer hybrid catalytic performances by doping nanomaterials with carbon and/or heteroatoms. 19 Nowadays, the energy crisis caused by the relevant greenhouse gas emissions and global increasing energy demand is stimulating research towards sustainable energy and processes, which represents an unprecedented challenge in this 21st century. In this context, green chemistry paths for sustainable supply of clean energy, in particular carbon-free energy and major greenhouse gas conversion to sustainable energy like fuels and value-added chemicals are booming. 20,21 To date, plenty of works about MOF-based and MOFderived TMNPs as heterogeneous catalysts for CO2 conversion, hydrogen evolution, C-C coupling, selective hydrogenation of alkynes to olefins, electrocatalytic water splitting, etc, have been reported. [19][20][21] Zeolitic imidazolate framework (ZIF) as one of the most popular MOFs, especially ZIF-8, are often used as a supports of TMNPs, making them much easier to prepare in water under ambient conditions by a green synthetic route. Our group has recently reported several contributions to ligand-free TMNPs supported on ZIF-8 as highly efficient catalysts for H2 evolution with ammonia borane hydrolysis as the hydrogen source. [22][23][24] Our PhD is composed of 4 parts (chapters).

In chapter 1, we focus on ferrocenylmethylenetriazolyl-terminated dendrimers (FcMTPD) as supports of remarkably efficient nanogold and nanopalladium catalysts.

To our knowledge, the capability of rigid dendrimers for this function has not yet been reported. A biphasic system is elaborated to evaluate the catalytic activity of FcMTPD- 

Graphical abstract 1

In the 2nd chapter, as a section of our current work on the development of novel homogeneous and heterogeneous TMNPs catalysts, we have utilized, in collaboration with Roberto Ciganda, post-doctoral student from our group, the electron-reservoir sandwich complex cobaltocene as a reducing agent and stabilizer for the preparation of TMNPs with and without support (eq. 1, Figure 1)). 25 Besides, we have compared the catalytic activity, stability, and recyclability between novel homogeneous and heterogeneous TMNPs catalysts in several reactions. Support of the cobaltocenium chloride-stabilized RhNPs on graphene oxide (GO) were also achieved for these four catalytic reactions. Very good yields were obtained for the TH, AB, and HB upon recycling the RhNP/GO catalyst up to 5 times. Likewise, many other reactions should potentially be efficiently catalyzed by RhNPs or other MNPs prepared using this simple method. 26 This useful concept of cobaltocenium chloridestabilized NP catalyst could potentially be efficiently applicable to a variety of other aqueous catalytic systems.

In chapter 3, we have investigated the Ullmann coupling reaction of aromatic halides, which is one of the most challenging C-C coupling reactions. Both MOF-based and MOF-derived types of catalysts have recently provided useful nanocatalysts for a variety of reactions, but they have rarely been compared. Here Ullmann-type aryl iodides homocoupling is efficiently catalyzed by AuNPs and PdNPs (NPs) loaded on ZIF-8 before (ZIF-8-based nanocatalyst: M@ZIF-8) and after calcination (ZIF-8derived catalyst: M@CN). The nanocatalysts M@ZIF-8 (M = Pd, Au) are found to be more efficient than the catalysts M@CN. Pd@ZIF-8 shows better performances than those of Au@ZIF-8 for a series of aryl iodides, but in the case of 4-nitro-iodobenzene, deshydroiodation was observed besides the coupling product. Mechanisms are proposed and discussed for both Au(0) and Pd(0) nanocatalysts. 27

Graphical abstract 3

The last chapter (4) aims at converting greenhouse gas CO 2 into fine products. A highly stable noble-metal-free CuNPs stabilized by glutathoine (GSH) loaded on ZIF-8 was fabricated by using ligand-ethcing and wet impregnation methods under ambient conditions. CuNPs supported on ZIF-8 are found to be much more unstable, much eazier to aggregate and to be oxidized than GSH-stablized CuNPs during catalytic process, even protected under N2 during synthetic processes. The catalyst CuNPs@GSH/ZIF-8 with wide scope of substrates catalyzes two kinds of CO2 conversion into high-value-added chemicals with moderate to high yields under mild contidions. The catalyst was reused at least 10 times without siginificant decrese in catalytic efficiency. For cycloaddition of propargyl amines with CO2 by CuNPs@GSH/ZIF-8, CuNPs@GSH shows a strong synergetic effect with ZIF-8.

Finally, two reaction mechanisms based on CuNPs@GSH/ZIF-8 are proposed. 
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Introduction

The ability of dendrimers [1][2][3][4] to stabilize transition-metal nanoparticle catalysts [5][6][7][8][9] has been well recognized. Dendrimers constructed with rigid tethers such as polyphenylene dendrimers 10,11 or poly(azomethine) dendrimers 12,13 present specific structures and properties that have attracted much attention from researchers. Yamamoto's group has exploited the properties of phenylazomethine dendrimers to stabilize nanoclusters or very small nanoparticles (NPs) that are very active in catalysis, 14,15 but Müllen-type poly(phenylene) dendrimers have not been much utilized for the preparation of active nanocatalysts. Functionalization with pyridyl groups 16 has provided first attempts to coordinate transition metal cations and NPs, 17,18 with special attention to prion trapping. 19,20 Recently, ferrocene terminated dendrimers with rigid cores have been obtained via the Diels-Alder approach with ferrocene containing cyclopentadienone, 21 and polyphenylene dendrimers containing the pyridyl units and terminated with ethynyl groups have been "clicked" with azidomethyleneferrocene according to the CuAAC reaction to form 1,2,3-triazolylmethylene-ferrocene-terminated poly(phenylene) dendrimers. 22 The later dendrimers possess the 1,2,3-triazole groups near their termini allowing to coordinate transition-metal cations [23][24][25][26][27] and smoothly stabilize late transition-metal NPs. Ferrocene-terminated dendrimers are a well-documented family [28][29][30][31] with rich redox properties related to the location of the ferrocene groups in the dendrimers that is favorable toward the use of redox-related processes. 25 Here, the role of the ferrocene termini is to provide bulk at the dendrimer periphery in order to inhibit or at least minimize NP agglomeration, and therefore improve the performances of the nanocatalysts. On the other hand, the ferrocene group does not play any redox role in these catalytic processes, because its reduction would be far too negative to be observed under the reaction conditions. Given the ability of gold [32][33][34] and palladium [35][36][37] NPs as catalysts, we have investigated and report here their stabilization by the ferrocenylmethylene-triazolyl-poly(phenylene) dendrimer (FcMTPD, Fig. 1) and its catalytic properties. The selected reaction in an environmentally-useful process, the prototypical reduction by sodium borohydride of the pollutant nitrophenol to the aminophenol dye, an industrial intermediate in the manufacture of analgesic and antipyretic drugs. 38,39 The kinetic of this standard reaction, discovered by Pal and his group upon Ag NP catalysis, 40,41 has been deeply examined by Ballauff and his group, 42- 44 and nanocatalysis of nitroarene reduction has been reviewed. [41][42][43][44][45] 

Results and discussion

Synthesis and characterization of the metal nanoparticles (MNPs).

FcMTPD was fabricated as described in the literature, 22 and it was used as a stabilizing support of Au(III) and Pd(II) upon reactions with HAuCl4 and Na2PdCl4, respectively.

The intradendritic triazoles and pyridyls that are present in stoichiometric amount vs.

Au(III) displace a chloride ligand from the Au(III) coordination sphere in the mixed solvent system used (CH2Cl2/MeOH), so that the main species in aqueous solution is the neutral Au(III) square-planar species [AuCl3(triazole)] or [AuCl3(py)], respectively, as shown earlier with ferrocenyl triazole derivatives. [23][24][25][26][27] Likewise, substitution of a chloride ligand by an intradendritic triazole or pyridyl in [PdCl4] 2-presumably leads to d 8 Pd(II) square-planar species [Pd(triazole)Cl3] -or [PdCl3(py)] -, respectively. [23][24][25][26][27] The lability of the ligands due to the dendritic bulk is not involved, because in such rigid dendrimers the branch termini carrying these ligands are maintained far from one another, unlike in flexible dendrimers. Indeed, the colors and UV-vis. spectra of these solutions were stable for several days.

One hour after addition of the transition-metal salts to the ferrocenylmethylenetriazolylterminated dendrimers (FcMTPD)-coordinated Au(III) and Pd(II), addition of NaBH4 rapidly leads to formation of AuNP-1 and PdNP-1 (Scheme 1a). Alternatively, HAuCl4

or Na2PdCl4 are added to a mixture of FcMTPD and NaBH4 (Scheme 1b) in the same mixture of solvents, which led to AuNP-2 and PdNP-2. The FcMTPD-supported NPs prepared using these two methods are compared for their plasmon band in the case of the Au NPs and for their size (from TEM measurements) and catalytic activities. In these reduction reactions, the neutral Fe II ferrocenyl groups remain unchanged, because their reduction to Fe I would occur only at extremely negative redox potentials, i. e. around -3

V vs. SCE. 25 This is confirmed by comparison of the XPS analysis of the Fe 2p3/2 orbital of ferrocene in the dendrimer before complexation, after coordination of the dendrimer to Pd(II) and after reduction of Pd(II) by NaBH4 to the Pd(0) NPs. In these three situations, the XPS value for the Fe 2p3/2 orbital remains constant at 707.8 ± 0.1 eV (Table 1.1, Fig. 2.1-3), showing that the ferrocene termini, unlike the triazole groups (vide infra), are not electronically perturbed by the coordination and reduction processes.

The role of the ferrocene termini is to provide bulk at the dendrimer periphery in order to form a shell around the dendrimer inhibiting encapsulated NP escape. Stabilization of NPs by bulky dendrimer periphery was already observed when three first generations of a dendrimer did not inhibit NPs to escape from inside dendrimers, whereas the fourth generation providing a sufficiently bulky periphery inhibited small NP escape. 17 During the process of preparation of AuNPs, the color of the CH2Cl2 solution changed from light yellow to red-brown for AuNPs-1 and from light yellow to purple for AuNPs-2. The surface plasmon band (SPB) of AuNPs-1 is found at 511 nm and that of AuNPs-2 is observed at 524 nm (Fig. 2). Compared with AuNPs-1, the SPB of AuNPs-2 shows a red shift, qualitatively indicating that AuNPs-2 have a larger size than AuNP-1. For PdNPs, the color of solution changed from yellow-brown to brown for PdNPs-1 and from yellow-brown to golden yellow for PdNPs-2 (Fig. 2.4). The XPS results show that the FcMTPD-coordinated metal cations have been reduced to metal (0) NPs (Fig. 3). Partial (minor) oxidation to Pd(II) found by XPS (Fig. 3a) is believed to results from some aerobic oxidation occurring between the time of the synthesis and that of the XPS record. Au(0) state in all the FcMTPD-supported AuNPs samples already observed by XPS (Fig. 3b) is confirmed by the presence of the Au plasmon band around 520 nm (vide supra, Fig. 2). MNPs with low polydispersity resulting from stabilization by the "click" dendrimer FcMTPD are observed (Fig. 4). The mean sizes of PdNPs-1 and AuNPs-1 are 2.0 nm and 3.6 nm, respectively, and those of PdNPs-2 and AuNPs-2 are 3.7 nm and 7.5 nm, respectively. Compared with AuNPs, PdNPs are smaller, which might be part of the reason explaining why PdNPs show a better catalytic performance than AuNPs. The difference of NP size between the Au and Pd NP synthesized under the same conditions is due to difference of aggregation rates of Pd and Au atoms including the relativistic effect of Au that favors their aggregation in clusters and NPs. 27 In addition, MNPs-2 are to MNPs-1 by NaBH4 is the optimized way to fabricate smaller, more catalytically active MNPs.

The click dendrimers stabilize the NPs through their interaction with the intradendritic triazole rings near their periphery and with pyridines, acting as ligands for the nanoparticle surface. This is beneficial for catalysis, because large agglomerated NPs would be less catalytically active. 4 NPs Indeed, earlier comparison between click dendrimers containing triazole ligands near their periphery and dendrimers of similar size that did not contain triazole groups showed that only triazole-containing dendrimers near their periphery stabilized such small nanoparticles, whereas other dendrimers stabilized only very large nanoparticles (like 10 nm). 46,47 By analogy, the fact that relatively small NPs were characterized here confirm the existence of these dendrimer-NP interactions that occur necessarily at the dendrimer peripheries, given the closely related sizes of the dendrimer and NPs. Nevertheless, since the dendritic triazoles and pyridines appear to be the ligands stabilizing the NPs, this implies a small penetration of the NPs near the external part of the dendrimers. These tether extremities can bend (unlike the rigid interiors), because the triazolyl ferrocenes are the only flexible fragments of the dendrimer. 46,47 XPS analysis of the N atoms provides useful information on the coordination of the Ncontaining intradendritic ligands by Pd(II) upon reaction with Na2PdCl4 and Pd(0) NPs formed upon reduction of the former by NaBH4. 48 The compared XPS data of the N 1s orbital of FcMTPD alone, Pd(II)-FcMTPD complexes and Pd(0)NPs-FcMTPD are shown in Figure 5. In the Pd(II)-dendrimer complex, the very significant shift of the N 1s binding energy to a higher value shows the electron-donating effect from N to Pd(II) due to the N atoms sharing their lone pairs with Pd(II). With the Pd(0) NP complex, this shift is much weaker as expected due to the much weaker electronic donation from N to Pd(0) than with Pd(II), although it can still clearly be observed. [42][43][44][45] and the intermediacy of nitrosophenol and 4-hydroxyaminophenol has been shown. 41 Several mechanisms including the Langmuir-Hinshelwood mechanism with fast adsorption of both substrates on the catalyst, discussed through in-depth studies by Ballauff, 42 and the Eley-Rideal mechanism involving hydride adsorption 41 have been proposed. Indeed, metal NPs behave as electron reservoirs [49][50][51] with surface atomhydrogen bond intermediates, 49,51 and the hydride donor NaBH4 has been shown to be able to transfer sequentially an electron and a hydrogen atom to delocalized electronreservoir systems 51 such as late transition-metal NPs. Likewise, the hydride transfer steps from the NP catalyst to 4-NP can proceed by a sequence of electron transfer followed by hydrogen atom transfer, coupled electron-hydrogen atom transfer 52 or direct hydride transfer. Activation of the NP surface-adsorbed nitrophenolate substrate in the ratelimiting step is then all the easier as the NP catalyst is negatively charged, which increases its reactivity. 53,54 The convenience of the 4-NP reduction reaction is due to its simple manipulation and obvious color change during the reaction process. In addition, whereas the reaction is usually conducted in water only, a biphasic system composed of CH2Cl2 and water was newly used here in order to carry out the catalytic reaction, since both the dendrimer and the MNPs are soluble in CH2Cl2. Therefore, in the reaction mixture, the MNP catalyst is in the lower layer (CH2Cl2 phase) and the substrates are in the upper layer (aqueous phase). The colour of the aqueous solution containing 4-NP changes from pale yellow to dark yellow upon addition of NaBH4, owing to the formation of sodium 4nitrophenolate. After the reaction is finished, the dark-yellow colour vanishes, and therefore the reaction mixture becomes colourless. 1.2) for the calculation of the rate constant normalized to the surface of the particles in the medium. 42,43 As shown in Fig. 6a, with 0.5% mmol of PdNPs-1, the absorbance peak at 400 nm corresponding to the nitrophenolate anion decreases rapidly with time and disappears after 60 s, with a kapp= (7.8 ± 0.7) × 10 -2 s -1 (Fig. 7). A weak signal at 300 nm corresponding to 4-AP appears, and its intensity gradually increases with time. Under the same conditions, for AuNPs-1 (Fig. 6b), it takes 80 s to finish the catalytic reaction, and the value of the rate constant kapp is (5.6 ± 0.2) ×10 -2 s -1 (Fig. 7). In addition, no more absorption band at 400 nm is observed after 120 s for PdNPs-2 (Fig. 6c) and 480 s for AuNPs-2 (Fig. 6d), and their values of kapp are (4.0 ± 0.2) ×10 -2 s -1 and (0.95 ± 0.02) ×10 - 2 s -1 (Fig. 7), respectively. Compared to the other MNPs, PdNPs-1 is the best catalyst for the reduction of 4-NP. The comparison between MNPs-1 and MNPs-2 shows the higher catalytic efficiency of MNPs-1. This efficiency difference between MNPs-1 and MNPs-2 is more marked for AuNPs-1 whose catalytic efficiency is around 6 times as much as that of AuNPs-2. This result signifies that the synthetic method of preparation of MNPs-1 by addition of NaBH4 into a solution containing both the dendrimer and the metal salt is superior to that involving addition of metal salt into a mixture of the dendrimer and NaBH4. The lower catalytic efficiency of MNPs-2 is attributed to the lack of complete coordination of the metal cation with the dendritic triazole during the short reaction time followed by rapid reduction to MNPs-2 in large part in solution outside the FcMTPD.

This results in inter-FcMTPD NP stabilization of MNPs-2 rather than intra-FcMTPD NP stabilization in the case of MNPs-1. Outside the dendrimer, the reduced steric confinement let NP aggregation proceed further before inter-FcMTPD NP stabilization.

Consequently, the MNPs-2 are larger than the MNPs-1 and less catalytically active, because the total surface of MNPs-2 is smaller than that of MNPs-1 for the same mass amount. The presence of the bulky terminal ferrocenyl group apparently serves to optimize the balance between stabilization and catalytic activity.

The remarkably low polydispersity of the NPs and the NP stability and small size (2 to 4 nm) related to that of the dendrimer (4 nm) all confirm encapsulation near the periphery of the dendrimers (vide infra) and stabilization by coordination of the intra-dendritic triazole. The interaction of the NP with the bipyridine ligands did not lead to improvement of the catalytic reactions upon increasing the amount of metal precursor in order to account for pyridine coordination (Fig. 2.5-S7).

As shown in Fig. 2.9, with 0.5% mmol of MNPs-3, no signal at 400 nm is observed after 80 s for PdNPs-3 (Fig. 2.6a) and 120 s for AuNPs-3 (Fig. 2.6b), and their kapp values are (7.1 ± 0.5) × 10 -2 s -1 and (4.4 ± 0.6) × 10 -2 s -1 (Fig. 2.6c), respectively. In addition, MNPs-3 will cluster and form precipitation after 2 h for AuNPs-3 (Fig. 2.7a and b) and 12 h for PdNPs-3 (Fig. 2.7c). These results suggest that the catalytic performance and stability of MNPs-3 are not as good as those of MNPs-1, and a weaker interaction between the pyridine ligands and MNPs.

The comparison of the apparent rate constants kapp observed here with those recently reported in the literature shows the excellent efficiency of the present FcMTPD-supported Au and Pd NPs (Table 1). This work

Stability of PdNPs-1 in the reduction of 4-NP

To further assess the catalytic activity of MNPs, the best catalyst PdNPs-1 was selected to check its recyclability. After the catalytic reduction of 4-NP was completely finished, the biphasic system was kept still until the organic phase and aqueous phase were well separated. The catalyst PdNPs-1 in the lower CH2Cl2 phase was recovered by removing the aqueous solution with 4-AP. A fresh aqueous solution of 4-NP and NaBH4 was added into the reused catalyst solution for another round of reaction as shown in Fig. 8a. The reaction time for full conversion of 4-NP changed with increase of the number of recycling (Fig. 8b). The catalytic performance exhibited a slight decrease from the 1 st run to 7 th run, but showed an obvious decrease after the 11 th run, which is ascribed to the tendency of PdNPs-1 tend to aggregate. However, PdNPs-1 still display a good catalytic activity even after being reused 13 times.

After the 1 st cycle, the size of the AuNPs-1 displays a change from 4 nm to 7.46 nm but that of PdNPs-1 changes a little bit from 2 nm to 2.95 nm (Fig. 2.8). Besides, the UV-vis.

spectrum of PdNPs-1 keeps the same shape, but the SPB of AuNPs-1 shows a red shift from 511 nm to 540 nm (Fig. 2.9), revealing that AuNPs-1 with larger size tend to aggregate after the 1 st run, which is in concordance with the TEM images. Thus, the stability of PdNPs-1 is much better than that of AuNPs-1. 

Conclusion

In summary, the FcMTPD containing 1,2,3-triazolyl and pyridyl groups was used to stabilize PdNPs and AuNPs. Two preparation modes were compared for both metal NPs in order to optimize the FcMTPD-supported NP catalytic efficiency, and it was found that addition of NaBH4 addition to pre-coordinated metal cation leading to MNPs-1 provided the best results. MNPs-2 prepared by addition of the metal cation complex to a solution containing a mixture of FcMTPD and NaBH4 produced less efficient PdNPs-2 and AuNPs-2, respectively than the corresponding MNPs-1, which was assigned to increased aggregation of MNPs-2 outside FcMTPD. Whereas this reaction is usually conducted in water, a new biphasic system was elaborated here to evaluate the catalytic activity of FcMTPD-supported MNPs-1 and MNPs-2 in the reduction of 4-NP to 4-AP by NaBH4 at 20 °C. Such a new biphasic system involving hydrophobic nanocatalysts that are insoluble in water is extremely practical and could in principle be extended in the future to any other hydrophobic nanocatalyst. 58 For instance, the catalytic efficiency of AuNPs-1 was around 6 times superior to that AuNPs-2 in terms of rate constant kapp. This result indicates that the location of small MNPs supported by the nitrogen ligands inside the periphery of the FcMTPD plays a vital role for the NP catalytic efficiency. Although the dendritic core of FcMTPD is rigid, the bulky terminal CH2Fc group can freely rotate around the triazole-CH2 bond to accommodate adequate coordination of the ligands to transition metal cations and, more smoothly, to NPs for their stabilization. In this way a reasonable balance is obtained between NP stabilization and catalytic activity. As a result, the FcMTPD-stabilized PdNPs show excellent catalytic efficiency and stability, as indicated by recycling using the biphasic system. Indeed, the catalytic activity of these PdNPs-1 exhibits only a slight decrease, allowing the system to be reused many times.

Experimental Section

General data

All the solvents and chemicals were used as received. to avoid the overlap of Si and Au. Flash column chromatography was performed using silica gel (300-400 mesh).

Synthesis of MNPs-1 stabilized by FcMTPD.

FcMTPD was prepared according to the literature procedure by copper-catalyzed azidealkyne cycloaddition (CuAAC) reaction between a previously reported ethynylterminated dendrimer and azidomethylferrocene. 22 Then, a solution (VCH2Cl2/ V MeOH = 30:1, 6.8 mL) of Na2PdCl4 (or HAuCl4, 1.0 × 10 -3 mmol, nmetal:ntrz = 1:1) was mixed with a solution (VCH2Cl2/ V methanol = 30:1, 3 mL) of the dendrimer FcMTPD (6.25×10 -5 mmol) in a 20 mL flask with a stir bar. After the mixture was stirred for 30 min, then 5.0 × 10 -3 mmol of NaBH4 was added into the flask under vigorous stirring. After continuous stirring for 1 h at room temperature, the metal nanoparticles were obtained.

Synthesis of MNPs-2 stabilized by FcMTPD.

A solution (VCH2Cl2/ V methanol = 30:1, 3.2 mL) of FcMTPD (6.25 × 10 -5 mmol) and NaBH4

(5.0 × 10 -3 mmol), and a stir bar were introduced into a 20 mL flask, then a solution (VCH2Cl2/ V MeOH = 30:1, 6.8 mL) of the Na2PdCl4 (or HAuCl4, 1.0 × 10 -3 mmol, nmetal:ntrz = 1:1) was added dropwise under vigorous stirring. After continuous stirring for 1 h at room temperature, the MNPs were obtained.

Reduction of 4-NP to 4-AP catalyzed by MNPs-1 and MNPs-2

First, a fresh solution of MNP (0.5% mmol) was injected into a 20 mL flask, and CH 2 Cl 2 was added until the volume of organic phase reached 3 mL. Then a 10 mL prepared aqueous solution of 4-NP (4.17 mg, 3.0 × 10 -2 mmol) and NaBH4 (113.5 mg, 3.0 mmol) were added into the flask. 57 Then, the reaction system was vigorously stirred at rt. The dark-yellow color of the mixture changed to colorless with time, and UV-vis.

spectroscopy was applied to monitor the process of the reaction kinetics (40 s for each round).

Recycling of PdNPs-1 for 4-NP reduction

Catalytic reduction of 4-NP by PdNPs-1 was recorded according to the steps mentioned above. While the colour of the mixture became colourless, the biphasic system was kept still until the organic phase and aqueous phase were completely separated. The CH2Cl2 phase with the catalyst PdNPs-1 was recovered by removing the aqueous solution with 4-AP. In order to keep the volume of CH2Cl2 at 3 mL, fresh CH2Cl2 was injected into the biphasic system to reach this volume. 10 mL of fresh aqueous solution of 4-NP and NaBH4 was added into the reused catalyst solution for another round of reaction.

The XPS data of Fe 2p in FcMTD alone, Pd(II)-FcMTPD and Pd(0) NP@FcMTPD. 

UV-vis. spectrum of FcMTD-stabilized

Determination of the rate constant kapp of the 4-nitrophenol reduction reaction

The reaction is fitted with a pseudo-first-order kinetics with respect to 4-NP in the presence of excess NaBH4, leading to the determination of the rate constant kapp (eqn (1)):

-ln(Ct/C0) = kappt (1) (Ct is the concentration of 4-NP at a time t, and C0 is the concentration of 4-NP at time t = 0).

Synthesis of the MNPs-3 stabilized by FcMTPD.

FcMTPD was prepared according to the literature procedure by copper-catalyzed azidealkyne cycloaddition (CuAAC) reaction between a previously reported ethynylterminated dendrimer and azidomethylferrocene. Then, a solution (VCH2Cl2/ V MeOH = 30:1, 6.8 mL) of Na2PdCl4 (or HAuCl4, 1.0 × 10 -3 mmol, nmetal: n (Triazole + Pyridine) = 1:1) was mixed with a solution (VCH2Cl2/ V methanol = 30:1, 3 mL) of the dendrimer FcMTPD (2.5×10 -5 mmol) in a 20 mL flask with a stir bar. After the mixture was stirred for 30 min, then 5.0 × 10 -3 mmol of NaBH4 was added into the flask under vigorous stirring.

After continuous stirring for 1 h at room temperature, the metal nanoparticles were obtained. 4/3π(RNP) 3 = N 4/3π(Ratom) 3 

(eq. 2)

Where V is the atom volume of the NP, R is the atomic radius of the NP, and N is the total number of atoms within the NP. Rearranging, we obtain: N = (RNP/Ratom) 3 (eq. 3)

Knowing the NP radius, we can also calculate the surface area of a NP with the following equation: SNP = 4π(RNP) 2 (eq. 4)

N'NP = (NM/N) × 6.02×10 23 (eq. 5) S = SNP N'NP (eq. 6)

Normalized to the unit volume of the system, where N'NP is the total number of metal nanoparticles, S is total surface area of metal nanoparticles, NM is the molar of metal nanoparticles. kapp = k0 S (eq. 7) 59 Transition-metal nanoparticles (TMNPs) have attracted much attention from homogeneous to heterogeneous catalysis, [1][2][3][4][5][6][7][8][9] and among them rhodium nanoparticles (RhNPs) have appeared especially reactive for key reactions for which Earth-abundant metals are not efficient or not sufficiently active catalysts. [10][11][12][13][14][15][16][17][18][19][20] Most RhNPs have so far been synthesized by NaBH4 reduction of RhCl3(H2O)n that also generates sodium borohydroxyhydrides influencing catalysis in an undefined fashion. Here we report the synthesis of RhNPs generated by reduction of RhCl3 in water using the commercial reducing agent cobaltocene 21 in THF in stoichiometric amount. Cobaltocene is a strong reducing agent 22,23 that has recently been used for the reduction of graphene oxide, 24 the generation of H2 25 and the reduction of Au, 26 Pd, 26 Cu 27 and Ag 27 salts to metal NPs. It is an electron-reservoir complex, 28,29 i.e. its redox potential E° (Cp2Co +/0 ) is very negative (-1.4 V vs. SCE or 0.93 V vs. NHE) 22,23 and both its oxidized and reduced forms are thermally robust. 24 The reduction of RhCl3 by CoCp2 was conducted stoichiometrically and follows equation 1, the cobaltocene stoichiometry matching the number of chlorides in the rhodium salt and the decrease of oxidation state from III to 0 leading to the formation of Rh 0 NPs.

RhCl3 + 3 Co II Cp2 → 1/n Rhn + 3 [Co III Cp2]Cl (1)

Results and Discussion

Synthesis and characterizations of the ferrocenyl dendrimers

Cobaltocenium chloride, [Co III Cp2]Cl, 30 generated in this reaction, is characterized by its absorption at 394 nm in the UV-vis. spectrum (Fig. 1), and it serves as a protecting group surrounding the RhNPs (Fig. 2). XPS shows the zero oxidation state of the Rh 0 NPs (Fig. 3) . Transmission Electron Microscopy (TEM) shows the very small size of 1.3 ± 0.1 nm (Fig. 4a and5). Such a small RhNP size should be crucial toward excellent catalytic properties.

Previous syntheses of AgNPs by reduction of Ag I salts using cobaltocene have shown that the color of the solution depended on the nature of the counter anion of the precursor anion coordinated to the AgNP surface. 27 Thus the anions Cl -are weak L (2-electron) ligands for these M 0 NP surfaces (Fig. 2).

After standing one week at ambient temperature under N2, the cobaltocenium stabilized polyanionic RhNPs surrounded by chloride ligands assembled into nanocrystals of 40 to 50 nm size (Fig. 4b). It is likely that the formation of these Rh nanocrystals results from supramolecular electrostatic assembly involving interactions between the polyanionic RhNPs via the cobaltocenium linkers. The RhNPs are compared to other MNPs 26,27,[31][32][33][34][35] using their catalytic efficiency in the reduction by NaBH4 of the pollutant 4-nitrophenol, 4-NP, to the dye 4-aminophenol, 4-AP (see Experimental Section).

This "green" reaction characterizes the efficiency of the TMNP surface insofar as it was

shown by Ballauff's group that this process involves transformation of the substrates at the TMNP surface as the rate-limiting step. 34,35 Interestingly, the reaction rates (Fig. 2.2) with 0.2% RhNPs catalyst was found to be remarkably fast with kapp = 0.016 s -1 , highlighting a great potential of these nanomaterial as catalysts. The reaction was quantitative at 35 °C in 24 h using only 20 ppm Rh; it was almost as fast as reported with PdNPs, and faster than with AuNPs and other transition metal NPs. 26,27 The RhNPs were also tested as catalysts in three other key reactions, transfer hydrogenation of nitrobenzene, hydrolysis of ammonia borane and benzene hydrogenation to cyclohexane, and the results of the homogeneous (semi-heterogeneous) reactions are summarized in Table 1. Transfer hydrogenation (TH) is a useful green reaction that allows hydrogenation of substrates with an alcohol as a hydrogen donor instead of dihydrogen. 36,37 For instance TH of nitrobenzene (Table 1, 1rst entry) follows equation (2).

Ph NO2 + 3 i-PrOH → PhNH2 + 3 Me2CO + 2H2O (2)
This TH reaction using H2O/i-propanol as both a substrate and the solvent (equation 2) at 80 °C is catalyzed by the RhNPs with 2 mol % metal providing a yield of 95% (Table 4).

Ammonia borane (AB) hydrolysis is a method of choice to generate hydrogen from a hydrogen-rich inorganic hydride under ambient conditions (equation 3), but it needs a good catalyst in order to reach a sufficiently fast reaction under ambient conditions.

H3N-BH3 + 4 H2O → 3 H2↑ + NH4 + ,B(OH)4 -(3)

RhNPs catalyst is the best case among transition metal NPs at 22 ± 1°C with 0.05 mol% catalyst loading, catalyzing the release of 3 equivalents H2 (100 % conversion, Fig. 2.

3
and Table 5 ) in 510 s. In addition, the fifth reuse of the RhNPs catalyst in 0.05 mol% gave 82% yield (Table 7).

The catalyzed hydrogenation (Table 1, HH) of benzene to cyclohexane is an important industrial process 38,39 for which the RhNPs (the most efficient, Table 6) catalyzed this reaction a among transition metal NPs t 1 atm H2 and 40 °C, providing 100% yield using 0.5 mol% Rh in 16 h or more up to the 3 rd successive recycling run (Table 8).

The RhNPs synthesized in this way were also supported on reduced graphene oxide (rGO) for these four catalytic reactions and found to be very efficient recyclable catalysts. Table 2 compares the catalytic results of the RhNPs with and without rGO support, and Table 3 shows the yields obtained for the TH, AB hydrolysis and benzene hydrogenation upon recycling the RhNPs/rGO catalyst up to 5 times. (AB = hydrolysis of ammonia-borane; TH = transfer hydrogenation; HB = hydrogenation of benzene). a Isolated yield. b 1 H NMR conversion.

Conclusions

In conclusion, the RhNPs generated for the first time upon reduction of RhCl3 in THF/water by cobaltocene have a very small size. This is due to the large reduction driving force between the 19-electron, electron-reservoir complex cobaltocene and RhCl3 resulting in its fast reduction. This contrasts with the weak driving force of the 18-electron complex ferrocene 43 that is a poor reductant. 44 The RhNPs obtained 

Experimental

General data

All the solvents and chemicals were used as received. The UV-vis. absorption spectra

were measured with a Perkin-Elmer Lambda 19 UV-vis. spectrometer. NMR spectra were recorded at 25 °C with a Bruker AC 300 MHz. All the chemical shifts are reported in light yellow to dark yellow due to the formation of the 4-nitrophenolate ion. Then, this solution lost its dark yellow color along with time after addition of the RhNPs. The catalytic 4-NP reduction was 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.

Transfer hydrogenation reaction.

A dry Schlenk tube equipped with a magnetic stir bar was charged with nitrobenzene (0.1 mmol) and NaOH (8 mg, 0.2 mmol) under air. Catalytic amounts of a solution of RhNPs were then successively added, and appropriate amounts of H 2 O and i-propanol were added in order to adjust the volume to a total of 5 mL of solvent (volume ratio of H2O/ipropanol: 1/4). The mixture was stirred and heated at 80 o C for 24 h. After cooling to r.t., the mixture was extracted three times with ethyl acetate (3 × 20 mL), the organic phase was dried over Na2SO4, and the solvent was removed in vacuo to obtain the crude products that were analyzed by 1 H NMR in order to determine the conversions. In parallel, the reaction was checked using TLC. Purification by flash chromatography column was conducted in order to calculate the isolated yields. A reference experiment (Table 4, see Experimental Section) with only the NaOH base was also conducted following the abovementioned procedure without adding the RhNPs catalyst. 1 H NMR spectrum (300 MHz, CDCl3) of aniline. δppm: 3.69 (s, 2H), 6.72-6.89 (m, 3H), 7.19-7.26 (m, 2H) (Fig. 8).

Hydrolysis of ammonia-borane.

A typical dehydrogenation experiment is described here for the hydrolysis of H3N-BH3 using H2O as a solvent and 0.03 mol% catalyst loading: A solution of 42.5 mg (1.38 mmol) of H3N-BH3 in 2.0 ml of H2O was prepared in a round bottom 40-ml flask fitted with a gas outlet and with a side arm sealed with a tight-fitting septum an m cap. The flask was connected via the gas outlet to a water-filled gas burette. A solution of RhNPs in 1.0 ml of H2O was then syringed through the septum, magnetic stirring was connected and timing started. Gas evolution began immediately and the amount of gas evolved was determined periodically by measuring the displacement of water in the burette. 3.0 equivalents of hydrogen occupy 100 mL at atmospheric pressure. Volumes were measured at atmospheric pressure and corrected for water vapor pressure at 20 o C. Table 5 shows the release of hydrogen using different amount of catalyst. The procedure was repeated at different catalyst loadings. 

Characterization of the rhodium nanoparticles (RhNPs

RhNPs catalyst recycling experiments

Procedure for recycling of the RhNPs catalyst:

After the reaction, the system was allowed to cool to r.t.. Extraction of the product from the aqueous solution using cold diethyl ether (2×10 mL), while keeping the catalyst in the water solution under the protection of N2. After charging another run of substrates, the reaction was then allowed to be proceeding. During those processes, cautions should be taken to remove the residual diethyl ether and avoid the air in order to ensure the catalytic active nanoparticles during the catalysis. The diethyl ether solution was then dried over Na2SO4 and filtered, and the solvent was removed in vacuo to give the corresponding product. 1 H NMR was used to calculate the crude conversion, and the product was then purified by silica chromatography when necessary. 

Notes and references

Part ⅡI: Metal-organic frameworks (MOFs) supported heterogeneous catalyst for the Ullmann Homocoupling Reaction and CO2 Conversions

The Ullmann reaction involving aryl halide coupling to biaryl has attracted attention for over a century, 1 in particular given the synthetic interest of biaryl compounds, [2][3][4] and the area has been the subject of excellent reviews. [5][6][7][8][9][10][11][12][13] This reaction was well-known to be catalyzed by large amounts of copper catalyst, to require temperature higher than 200°C

and to undergo extensive hydrodehalogenation as a side reaction. During the last decade, however, efforts have been devoted to circumvent direct aryl halide coupling and to use sophisticated Pd-based or Au-based catalysts. [5][6][7][8][9][10][11][12][13] Au nanoparticles (NP) [14][15][16][17][18] in particular were shown to be tentative catalysts. Jin's group has shown in several publications that small precisely molecularly defined Au nanoclusters covered with thiolate ligands were excellent catalysts of Ullmann coupling. [15][16][17][18] Rodionov's group demonstrated that a combination of thiolate groups and linear semi-fluorinated chains effectively stabilized the NPs against aggregation, while preserving the catalytic activity of AuNPs. 19 Various other reports using AuNP catalysts [20][21][22][23][24] have been recently and comprehensively reviewed by Ding's group, 25 and particular attention to carbon-carbon bond formation catalysts has been drawn by Garcia's group to the use of MOF-based catalysts. 26,27 NP catalysts are indeed particularly efficient for a large variety of reactions and withstand homogeneous as well as heterogeneous reaction conditions. They present the great advantages of simple preparation by reduction of a metal salt, and do not require costly, sophisticated, and toxic ligands. [28][29][30][31][32][33][34][35][36][37] MOF supports, particularly of ZIF-8 type have recently been particularly successful in the field of hydrogen generation and a number of other organic reactions. 27,38,39 29 MOFs are used in catalysis as templates that are all the more efficient as they act in synergy with NP catalysts (MOF-based catalysts). They also serve to form porous, very active N-doped conducting carbon supports ("CN") upon pyrolysis at high temperature such as 900°C, in which case they are classified as MOF-derived heterogeneous catalysts. Given the recent interest in both MOF-based and MOF-derived catalysts, 40,41 here the efficiency and recyclability of ZIF-8-based and ZIF-8-derived catalysts in synergy with Au and Pd NPs for Ullmann homocoupling are compared. In this study ZIF-8-supported AuNPs and PdNPs are also compared, and optimization of the reaction conditions was conducted for the coupling of substituted aryl iodides.

Results

Fabrication and characterization of the support and catalysts

First, ZIF-8 42 was fabricated in methanol by an established method 43 (Supporting Information). Transmission electron microscopy (TEM) images (Fig. 3.1) display the morphology of ZIF-8 with hexagonal nanocrystals with a mean size of 92 nm.

Based on the deposition-precipitation (DP) method, rapid reduction by NaBH4 of metal cations in HAuCl4 or NaPdCl4 in a ZIF-8 suspension was executed to afford metal NP loading in ZIF-8 (M@ZIF-8). Then M@ZIF-8 was collected by centrifugation, successively washed with H2O and dried in vacuo overnight. Then M@ZIF-8 was pyrolyzed at 900 o C for 2 h under N2 to form the MOF-derived metal nanoparticles M@CN as shown in Scheme 1.

Scheme 1. Synthesis of the M@ZIF-8 and M@CN (M= Au, Pd). According to the TEM of the as-prepared Au@ZIF-8, the AuNPs are homogeneously loaded on hexagonal ZIF-8 (Fig. 1a) with a mean size of 3.4 nm (Fig. 1b insert). In the TEM of Pd@ZIF-8 (Fig. 1c), it is not easy to observe the PdNPs on the ZIF-8 support.

Therefore, a common method, digestion of the nanocatalyst with EDTA to release nanoparticles that are further stabilized by PVP, was used to obtain the average size of Pd@ZIF-8: 2.31 nm as shown in Fig. 1d insert, which is smaller than Au@ZIF-8.

Compared with ZIF-8, no peak of either Pd NP or Au NP species was observed in the Xray powder diffraction (PXRD) patterns after reduction (Fig. 3.5), which implies that both Pd@ZIF-8 and Au@ZIF-8 have a too low Au loading or an ultra-small size. 44,45 X-ray photoelectron spectroscopy (XPS) was employed to check the metal oxidation state and composition. XPS results revealed the presence of Zn, Pd, O, C and N in the catalyst Pd@ZIF-8 (Fig. 3.6a). As shown in Fig. 3.6b, the well-defined peaks at 335. N2 physisorption measurements of Brunauer-Emmett-Teller (BET) surface areas for ZIF-8, Pd@ZIF-8 and Au@ZIF-8 were determined to be 1365.1, 1247.7 and 1283.1 m 2 g -1 , respectively (Fig. 2 and Table 3.1). This appreciable decrease means that the pores of ZIF-8 are embedded with MNPs or/and covered by MNPs loading on the surface.

Fig. 2 Nitrogen adsorption-desorption isotherms of ZIF-8, Au@ZIF-8 and Pd@ZIF-8. 

Catalytic activity

In order to optimize the reaction conditions, iodobenzene was first chosen as the model substrate for the classical Ullmann C-C homocoupling reaction, Au@ZIF-8 (with various Au loadings) as catalyst, K2CO3 as a base and dimethyl formamide (DMF) as solvent at 130 o C under N2 atmosphere for 2 days. According to the 1 H NMR results, the conversion of iodobenzene increased slightly from 76% to 83% with the amount of Au changing from 6 mmol% to 12 mmol% (Table 1, entries 1-2). Under the same conditions, Pd@ZIF-8 even with 6 mmol% of Pd exhibits a behavior analogous to Au@ZIF-8 with twice more metal loading (Table 1, entries 3). In addition, the nanocatalyst Pd@ZIF-8 with 1.35 and 5.4 wt% of Pd loading (Table 1, entries 4,5) was used to optimize the metal loading rate.

The 1 H NMR results indicate that 2.7 wt% of Pd is good enough to get an excellent conversion to iodobenzene.

Then different catalysts were applied in the above model reaction, and the MOF-based catalysts Au@ZIF-8 and Pd@ZIF-8 with the same metal loading showed an excellent catalytic performance under the same conditions. Interestingly, the catalytic activity of MOF-derived catalysts with larger sizes considerably decreased (Table 1, entries 7,8)

after calcination of M@ZIF-8 at 900 o C under N2, which may be due to the aggregation of MNPs. In control experiments, no reaction occurred using the support ZIF-8 or CN as the only catalyst (Table 1, entries 6,9). In light of the above results, Au@ZIF-8 and Pd@ZIF-8 were chosen as catalysts to further investigate and optimize catalytic performances and screen out the reaction conditions. With Au@ZIF-8 the investigation of the optimal reaction temperature in this Ullmann homocoupling reaction included conducting the model reaction at 110 o C and 140 o C (Table 3.2, entry 2-3), and it was found that Au@ZIF-8 worked best at 140 o C. Two other solvents with high boiling point (xylene and PEG-400) were probed for the reaction (Table 3.2, entries 4-5), but they were not as satisfactory as DMF (Table 3.2, entry 3). In particular, the reactions using toluene produced poor yields. Indeed, the reaction stoichiometry required the consumption of two electrons, and DMF and alcohols are good electron donors at such high temperature, whereas toluene is not. Thus, DMF that contributes to the stabilization of the NPs also acts as a reductant. Among the different bases that were probed in this system including K2CO3 and K3PO4 (Table 3.2, entries 3, 6), the catalyst Au@ZIF-8 showed the best conversion efficiency (83%) with K3PO4. Analogous studies were also conducted with Pd@ZIF-8. It was shown that Pd@ZIF-8 best cooperated with K3PO4 to catalyze the model reaction at 140 o C for 2 days (Table 2, entries 1-4).

Finally, the scope of the substrates was extended under these optimized reaction conditions. As shown in table 3, 100% of 4-iodo-toluene, 100% of 4-iodo-anisole and 67% of 4-chloro-iodobenzene are consumed to form the final product 4,4'dimethoxy-1,1'-biphenyl, 4,4'-dimethyl-1,1'-biphenyl and 4,4'-dichloro-1,1'-biphenyl (Table 3).

With Au@ZIF-8 as the catalyst, however, in comparison with the conversions above, a lower yield for each electron-rich substrate than with Pd@ZIF-8 was obtained (Table 3), which further demonstrated that Pd@ZIF-8 was the best catalyst. For the electrondeficient substrates, however, Au@ZIF-8 and Pd@ZIF-8 show a similar performance.

The case of 1-iodo-4-nitrobenzene was found to be special. The substrate was totally consumed at 140°C, but the yield of coupled product was only 50% with 50% of the side product nitrobenzene resulting from dehydrohalogenation that was not found with the other p-substituted iodoarenes examined. This result is similar to the case of Au@ZIF-8.

Recyclability of Au@ZIF-8 and Pd@ZIF-8

The conversion of iodobenzene decreased from 100% to 75% after the recycling of Pd@ZIF-8 for the model reaction, which can probably be ascribed to the loss of some Pd species (Fig. 3.7a) It was found by TEM, however, that after the reaction PdNPs became larger (Table 4 and Fig. S4). For Au@ZIF-8, the conversion decreased a lot from 83% to be 43% after the 1st cycle, which is due to the size of AuNPs with a remarkable increase and serious aggregation (Table 4 and Fig. S5). Besides, the signal of Au(0) of Au@ZIF-8 decreased in the XPS spectrum (Fig. 3.7b). Moreover, both Au@ ZIF-8 and Pd@ZIF-8 suffer from leaching as observed by the yellow color of the solution after the reaction.

For the ZIF-8 derived nanocatalyst, the recycling yield is very low, 20% for Au@CN and 9% for Pd@CN (Table 4).

Discussion

Mechanistic discussions on Ullmann coupling catalyzed by inorganic complexes have been reviewed by de Vries and van Koten. 9 Here the specificity of the metal (0) NP catalysts is discussed. The rather high temperature needed for the Ullmann reaction results from the absence of transmetalation step 46 that renders C-C coupling facile in other cross coupling reaction of aryl halides with organoboron and other organometallic reagents.

The difficulty in Ullmann coupling is the double oxidative addition of the aryl halide that requires the intermediacy of high oxidation states with monometallic catalysts. 47 Another crucial problem is that this oxidative addition requires the presence of classic reductant of the metal intermediate species to the starting zero oxidation state. 48 With PdNPs, it is well known that the leaching mechanism observed here is most often encountered in carbon-carbon coupling reaction, even when they are much more facile. 28 Here the high temperature needed for the reaction renders the integrity of the NP doubtful, and the considerable structural change of the NP sizes along the reaction as well as the observed leaching of the PdNPs show that atoms and small clusters of atoms are formed along the reaction pathways.

Thus, it is difficult to claim the actual NP or cluster size during the catalytic events. Under the reaction conditions, the surface Au and Pd atoms are shown by XPS to be in the zerooxidation state, which is expected given the full reduction of the cationic precursors and the L (2-electron)-ligand nature of the DMF ligands. It is well known that oxidative addition of aryl iodides is easy on Pd(0) to start the catalytic cycles, and that the Pd oxidation states involved are 0 and II, i.e. that inner-sphere two-electron transfers are involved in the catalytic steps. Such is not the case for the starting Au(0) that can only undergo single-electron transfer to Au(I), eventually before further oxidative addition to Au(III). Thus, we suggest that the AuNP first acts as reductant of Ar-X in the initial step.

Such a step is endergonic, but it becomes possible at high temperature, single-electron transfers being favored at high temperature, especially given the irreversibility of the follow-up step. The redox step generates X -, Ar . and [Aun] + , and it is followed by cage coupling between the above radical cage followed by hydrogen atom abstraction from the solvent. Indeed the life time of the nitrophenyl radical is considerably prolonged compared to the phenyl radical and other aryl radicals due to the pelectronic delocalization provided by the nitro group. This observation of the dehydro-halogenation in this particular case somewhat confirms the proposal of aryl iodide reduction producing the radical cage in this first step. The overall stoichiometry of the Ullmann coupling requires two electrons (equation 1), which means that the only possible stoichiometric electron donor is the solvent (DMF and alcohols).

2 ArI + 2e -→ Ar-Ar + 2 I - ( equation 1) 
The solvents DMF (that is oxidized in situ to Me2NH and CO2) 49 and PEG are known to be good electron donors, and they are indeed presently suitable and favorable contrary to toluene. Note that DMF plays multiple roles as solvent, stabilizing 2-electron L ligand and reducing agent. DMF has even been used to serve as reducing agent of transition metal cations for the formation of NPs, in particular Ag + to Ag 0 , 49 which shows its ability to serve in single-electron transfer steps.

We suggest that with PdNPs this reducing function is used in the last step of the catalytic cycle (most probably decomposed in two successive single-electron transfer steps) and in the steps involving reduction of cationic AuNP to neutral species in the cycle with AuNP.

These endergonic redox steps of the cycles are most probably the rate-limiting steps of the overall reactions and responsible for the high temperatures required for these Ullmann coupling with both the AuNP and PdNP catalysts. It is interesting that dehydroiodination of 4-nitro-iodobenzene also intervenes in the PdNP-catalyzed reaction, as in the case of AuNP, although to a lower extent. This indicates that reduction of this easily reducible substrate (because of the strongly electron withdrawing nitro group) occurs in competition with oxidative addition onto Pd(0) at this high reaction temperature. The optimization of the base used in the reactions ended up in the finding that K3PO4 was the best base in terms of performance. In fact, the so-called "base" does not function as a base but as a salt in which the electrostatic bonding between the anion and the cation plays the key role in the iodide removal from the metal creating new ion pairs as shown in scheme 2. Thus, it is the relative ion pairing strengths among the distinct ion pairs involved in the catalytic cycle that play the decisive role in the rate of the reaction. 50,51 The comparison between ZIF-8-based catalysts and ZIF-8-derived that had to our knowledge not been recorded earlier provides, under the same conditions, yields that are almost quantitative with ZIF-8 based catalysts and significantly or sharply lower with ZIF-8-derived catalysts. It is possible that the confinement in ZIF-8-based catalysts provides a better stability and efficiency of the NPs than the ZIF-8 derived catalyst for the Ullmann reaction that requires harsh conditions. Therefore, the ZIF-8-based and ZIF-8-derived nanocatalysts have been examined for both Au and Pd.

In comparison with Pd@CN, Pd@ZIF-8 shows a much better performance in the same conditions, but with Pd@ZIF-8 leaching prevents efficient recycling. However, both Au@ZIF-8 and Au@CN display a similar conversion.

Conclusion

The carbon-carbon homocoupling of various aryl iodides is efficiently catalyzed by 

Experimental

General data

All the solvents and chemicals were used as received. Samples are prepared by dehydration on the titania coated glass or silica substrates.

Titania is selected as a substrate to avoid the overlap of Si and Au. Flash column chromatography was performed using silica gel (300-400 mesh).

Preparation of ZIF-8. 42 2-Methylimidazole (75 mmol, 6. Preparation of the nanocatalysts M@ZIF-8.

100 mg of ZIF-8 was dispersed in 5 mL methanol under ultrasound for 5 min, then 1 mL aqueous solution with 5 mg metal (HAuCl4•3H2O or Na2PdCl4) and 4 mL deionized water were added respectively, and the mixture was submitted to ultrasound for another 5 min.

Then stirring was continued for 30 min at room temperature (rt). Then, 1 mL aqueous solution of fresh NaBH4 (10 equiv. per metal) was rapidly injected under vigorous stirring.

After 30 min, the final product was collected by centrifugation at 10000 r.p.m. for 10 min.

and washed three times with deionized water, then dried at 60 o C in vacuo overnight. The metal content was quantified by inductively coupled plasma atomic emission spectroscopy (ICP-AES). The ICP result showed that there was 4.5 wt % Au in Au@ZIF-8 and 2.3 wt% Pd in Pd@ZIF-8.

Preparation of Au@CN and Pd@CN.

The powder of Au@ZIF-8 (or Pd@ZIF-8) sample was placed in a tube furnace, then heated to 900 o C for 2 h with a heating rate of 5 o C/min under a flow of N2 before cooling to rt providing Au@CN (or Pd@CN).

Application in catalysis

A 10-mL Schlenk tube was charged with a magnetic bar, 50 mg M@ZIF-8 or 20 mg M@CN, 0.6 mmol K3PO4, 0.2 mmol aryl iodides and 1mL DMF and purged with N2 for 10 minutes. Then the mixture was heated at 140°C for 48 h, and after cooling down to rt, the reaction mixture was filtered. The liquid was extracted several times with dichloromethane and water in order to remove DMF. The organic phase was dried over Na2SO4, then CH2Cl2 was removed under reduced pressure at the rotary evaporator providing the crude product. Finally, the result of the homocoupling Ullmann reaction was monitored via 1 H NMR (300 MHz, CDCl3).

Procedure for digestion of the nanocatalysts with EDTA, and nanoparticles capping with PVP for TEM characterization.

A schlenk flask is charged with 20 mg of as-prepared Pd@ZIF-8 in 6 mL water, and this mixture is stirred continuously at room temperature. PVP (Mw=10000, 10 equiv per NPs) solubilized in 2 mL water is added and allowed to stir for 30 min. EDTA-2Na•2H2O (10 equiv) in 2 mL water is then added and the mixture is stirring for 1 h. Several drops of this solution are used for TEM characterization.

The TEM images and size distribution of ZIF-8, Au@CN and Pd@CN. The TEM images and size distribution of Pd@ ZIF-8 and Au@ZIF-8 after reaction. To fulfill the circular carbon economy, immense effort has been dedicated to sustainable management of CO2 (a key greenhouse gas) such as CO2 capture and utilization. 1 As the prime route of the CO2 utilization, the chemical conversion of CO2 into high value-added chemicals shows a great promise in green chemistry and has become an industrial and academic frontier due to its abundance, nontoxicity, inexpensive cost, and renewable CO2 synthon. 2 Up to now, various in-depth investigations have been implemented on producing, from CO2, C2+ products such as acrylic acid 3 , polycarbonates, and cyclic carbonates, 4 and so on. 5 The carboxylation of terminal alkynes with CO2 and the cyclization of propargyl amines with CO2 appear to be a good global market value, 6 because of wide applications of propionic acid derivatives and oxazolidinones in cosmetics, pharmaceuticals, and plastics. 7 In this context, many kinds of catalysts were employed in activating CO2 and converting it into targeted products, such as metal organic frameworks (MOFs), 8 covalent organic frameworks (COFs), 9 single atom catalyst (SACs), 10 MOF-based transition nanoparticles, 11 or even simple metal salts. 12 Among them, MOF-based transition nanoparticles (TMNPs),

particularly TMNPs supported on MOFs, 11 which can be fabricated with low-cost precursors under ambient conditions without the aid of unique instruments, are commonly utilized. Most catalysts are noble-metal-based ones, therefore, noblemetal-free NPs loading on the easily available MOFs are rare. 12 Recently, Hu and Zhao etal 13 reported a noble-metal-free Cu2O@ZIF-8 catalyst for high conversion of propargylic alcohols and propargylic amines with CO2 under mild conditions. In this case, the preparation process of Cu2O@ZIF-8 needed to be conducted under an argon atmosphere, however. In order to overcome all the above barriers, we have envisaged the development of noble-metal-free CuNPs supported on MOFs fabricated under ambient conditions in the whole process.

Here we report non-noble-based CuNPs stabilized by glutathione (GSH) supported on ZIF-8 (Cu@GSH/ZIF-8) for CO2 conversion into fine linear and cyclic chemicals under atmospheric pressure. Cu@GSH/ZIF-8 was synthesized by using ligand-etching 14 and wet impregnation methods 15 under ambient conditions (Scheme 1). During this synthetic process, with excess GSH ligands, the ligand L-ascorbic acid (Ascor) of pre-synthetic Cu@Ascor was etched by GSH, forming more stable and antioxidant Cu@GSH nanoparticles (NPs), achieving preparation of Cu@GSH/ZIF-8 under air. In comparison with Cu@GSH, Cu@GSH/ZIF-8

shows a high catalytic activity for both the carboxylation of terminal alkynes with CO2 and the cyclization of propargyl amines with CO2 under mild conditions, which is ascribed to its outstanding recyclability. For the latter reaction, a strong synergetic effect between Cu@GSH and the support ZIF-8 was disclosed. As far as we know, this is the first noble-metal-free catalyst for chemical conversion of CO2 into propionic acid and oxazolidinones respectively under mild conditions. In addition, the reaction mechanisms for the CO2 fixation were proposed and revealed by NMR, XPS, and IR.

Scheme 1 Synthetic route for the fabrication process of Cu@GSH/ZIF-8.

Results and discussion

Synthesis and characterization of the metal nanoparticles (MNPs).

Cu@GSH nanoparticles are fabricated by two steps. First, Ascor as both reducing agent and protective agent 16 was used to reduce Cu 2+ ions to Cu@Ascor NPs for 60 min at room temperature. Then, as-prepared Cu@Ascor NPs solution was added into the aqueous solution of model etchant GSH, here also as a stabilizing agent, then stirring synthetic ZIF-8 17 to obtain the nanomaterial Cu@GSH/ZIF-8.

Highly monodispersed Cu@Ascor NPs with a ultrasmall size of 1.9 nm were observed by transmission electron microscopy (TEM) (Fig. 1). CuNPs@Ascor Fig. 1 TEM image and size distribution of Cu@Ascor NPs.

Fig. 2 The Cu 2p XPS of (bottom) Cu@GSH and Cu@GSH /ZIF-8 (top). Here, ZIF-8 not only acts as the support of Cu@GSH/ZIF-8 to well disperse the Cu@GSH NPs, but also as a CO2 capping agent to promote the diffusion of substrates, 13 improving the catalytic efficiency of the catalyst toward CO2 fixation. First of all, the carboxylation of phenylacetylene with CO2 is adopted as the model reaction to evaluate the catalytic activity of different CuNPs catalysts (Table 1). Compared with ligand-free CuNPs supported on MOFs (entry 1-3), ligand-protected CuNPs (entry 8 and 10) show a much better catalytic performance even in presence much less of CuNPs, and a much better stability of ligand-protected Cu@GSH/ZIF-8 was shown (entry 4 and 5 versus entry 11 and 12) after being exposed to air for 1 week. For Cu@GSH NPs alone (entry 8), its catalytic efficiency is higher than those of Cu@GSH NPs with the ZIF-8 support (entry 7 and 9), but it can be recycled because it is a heterogeneous catalyst. Cu@GSH NPs loading on ZIF-8 (entry 7) was found more efficient than CuNPs packed inside ZIF-8 (entry 9). Thereafter, a higher yield of final product was generated by using more catalyst Cu@GSH/ZIF-8 (entry 7 versus 10). Finally, based on the results above, the reaction time effect was checked to optimize reaction conditions. After trying different reaction times within 24 h, the optimized reaction time was 6 h. According to the optimal reaction conditions, the reaction was extended to a wide scope of substrates. As shown in the table 2, Cu@GSH/ZIF-8 efficiently activates CO2 and transforms it into derivatives of propionic acid in good yields in the presence of terminal alkynes with an excellent functional group tolerance. Afterward, the recyclability and stability of Cu@GSH/ZIF-8 were assessed. As shown in Fig. 4a, the best heterogeneous catalyst Cu@GSH/ZIF-8 was reused 10 times without obvious decrease in catalytic activity. Furthermore, after removing the nanocatalyst Cu@GSH/ZIF-8 (Fig. 4b), the catalytic reaction does not work any longer, the initial amount of the final product shows a negligible change. These results show that the catalyst Cu@GSH/ZIF-8 presents a remarkable reusability and stability and efficiently catalyzes the linear CO2 carboxylation of terminal alkynes. to electron-withdrawing or electron-donating groups on the N-benzyl unit of propargylic amines (entry 2 and 3). In addition, a remarkable steric hindrance effect in the case of N-(prop-2-yn-1-yl)cyclohexanamine (entry 8), provoking a negative effect on catalytic CO2 conversion. A good yield of 90% was got by extending the reaction time from 6 h to 8 h. For the substrate N-(prop-2-yn-1-yl)aniline, however, only 30 % of targeted product was obtained by prolonging the reaction time to 16 h, only gaining a yield of 55% after 3 days. The two reasons responsible for this result are the strong steric hindrance and the weak nucleophilicity of nitrogen after direct connection with the phenyl group, making the nucleophilic attack of CO2 extremely difficult to form the carbamate precursor. These results mentioned above point to the catalyst Cu@GSH/ZIF-8 being efficient to catalyze the cycloaddition of propargyl amines with CO2 under mild conditions.

Conclusion

In summary, a non-noble-based catalyst Cu@GSH/ZIF-8 was synthesized using ligand-etching and wet impregnation methods. After conversion of Cu@Ascor into Cu@GSH using the etching agent GSH, the stability and antioxidant property were extremely enhanced, making the whole preparation process possible under ambient conditions. Cu@GSH endows its inherent properties to Cu@GSH/ZIF-8 that shows a high efficiency for CO2 conversion into fine linear and cyclic chemicals under atmospheric pressure. Compared with Cu@GSH alone, Cu@GSH/ZIF-8 shows excellent recyclability in the former catalytic reaction. Yet, for the latter reaction, there is a remarkable synergetic effect between Cu@GSH and the support ZIF-8 in the case of Cu@GSH/ZIF-8. This shows that the reactive sites of Cu@GSH/ZIF-8 in two catalytic systems are different. This work is the first noble-metal-free catalyst for chemical conversion of CO2 into propionic acid and oxazolidinones respectively under mild conditions. In the end, the reaction mechanisms for the CO2 fixation were proposed and explored by NMR, XPS, and IR.

supernate by the addition of ethanol and washed with ethanol (87.5 vol%) repeatedly for three times.

Synthesis of Cu@GSH/ZIF-8:

Cu@GSH/ZIF-8 was synthesized by wet impregnation, for which the aqueous solution (1 mg, 10mL) of Cu@GSH was dropped into the pre-synthesized ZIF-8 powder 3 (100 mg) and vigorously stirred at room temperature (23 ±2°C) for 20 min. The resulting slurry was separated by centrifugation and dried to get the Cu@GSH/ZIF-8 sample.

CO2 carboxylation catalysis

The catalyst (100 mg) was transferred into a Schlenk tube (10 mL) containing Cs2CO3

(1.5 mmol), and DMF (3 mL). Finally, the terminal alkyne (substrate, 1 mmol) was injected into the tube. Carbon dioxide (99.9 %) was applied to fill the tube three times (vacuum and refilling) before connection with a CO2 balloon. The reactor was transferred into an oil bath at the desired temperature with magnetic stirring (1400 rpm).

It was then cooled down to room temperature, followed by removal of the CO2 balloon.

Then, deionized water (15 mL) was added to the reaction mixture was stirred for 30 min. The solid catalyst was separated from the reaction mixture by centrifugation (8000 rpm, 5 min). The liquid phase obtained was washed with dichloromethane (3 × 10 mL) in a 125 mL separation funnel to keep the aqueous phase. Then, the aqueous phase was acidified to pH = 1 with concentrated HCl at 0 °C. The solution containing the product was then extracted with ethyl acetate. TLC was used to monitor the ether solutions collected in the extraction process until there was no product in the extract. The organic phases were collected, dried over anhydrous sodium sulphate, and filtered. Then, the solvent was removed by rotary evaporation to obtain the proponic acid. The final product was analyzed by 1 H NMR. In the recycling experiments, the catalyst was separated by centrifugation and washed twice with DMF, and twice with methanol.

Thereafter, the catalyst was dried in vacuo at 80 °C overnight before the next use.

TMNPs based on a support? With this doubt in mind, the investigation on the catalytic performance of ligand-free TMNPs based on the ZIF-8 (ZIF-8-based nanocatalyst:

M@ZIF-8) and after calcination (ZIF-8-derived catalyst: M@CN, N-doped carbon support) at 900 o C under N2 was carried out. The model reaction, homocoupling of iodobenzene to biaryl which is a family of notable importance in pharmacy, was selected to evaluate the reactivity and stability of ligand-free TMNPs based on two supports. The reactivity of the catalyst M@CN (M= Pd, Au) s is found to be much less efficient than that of M@ZIF-8 owing to their larger sizes and aggregation during calcination, revealing TMNPs can't be protected very well by its support during pyrolysis. In comparison with Au@ZIF-8, Pd@ZIF-8 provides a better catalytic activity for several aryl iodides, but show a similar behaviour with the by-product deshydroiodination formed as Au@ZIF-8 in the case of 4-nitro-iodobenzene and obvious TMNPs leaching from the support. The larger size and more serious leaching of Au@ ZIF-8 is due to the gold aurophilicity involving the relativistic effect of Au atoms promoting their aggregation. Here, the 2 electrons required for the homocoupling reaction are provided by the solvent, DMF and ligand-free TMNPs. Based on all the results, loading ligand-free TMNPs on a support is not a good way to stabilize TMNPs and optimize the catalytic properties in this case.

Eventually, all the above methods of optimizing the catalytic performance of TMNPs were applied to fabricate noble-metal-free CuNPs-based catalysts for the carboxylation of terminal alkynes with CO2 under atmospheric pressure. After optimization of the reaction conditions, the best case is Cu@GSH/ZIF-8 catalyst, which exhibits an excellent reusability (10 times) and stability, and a wide scope of substrates with outstanding functional group. Then this catalyst was extended into the cycloaddition of propargyl amines with CO2. To our expectation, Cu@GSH/ZIF-8 was found to be highly efficient catalyst with for this CO2 conversion into fine cyclic chemicals under atmospheric pressure. Besides, it is quite stable and recyclable and its catalytic activity without obvious decrease after 10 times recycling. For these two reactions, the Cu(I) is the reactive sites, which is confirmed by the XPS results. It's worth to note that Cu@GSH shows a prominent synergetic effect with ZIF-8 only in the cycloaddition of propargyl amines with CO2, which may be caused by a different reaction mechanism from that of the former CO2 conversion reaction. From the view of the catalytic performance of the best catalyst, the method of ligand-protected TMNPs combing with the support ZIF-8 is the most efficient among the other methods involved in this work.

Furthermore, this kind of CuNPs catalyst show a great potential in CO2 conversion into high value-added products under mild conditions to combat global warming and achieve a carbon-cycle economy.

In sum, our thesis work has led to advancements in the development of current knowledge of catalytic applications of late transition-metal nanomaterials for essential intermediates synthesis, hydrogen energy producing and conversion, degradation of pollutants, and CO2 conversion. According to the explorations of how to make catalytically active TMNPs catalysts, we get deep insight into the relationship between the catalytic properties, the stability of nanoparticles and the structure of stabilizers (ligands and supports). Using a rigid-dendrimer with a bulk ferrocene terminus, a (19e -) organometallic electron reservoir-derived metallocenium cation and glutathione to stabilize TMNPs is a promising strategy to gain catalytically active catalysts. The TMNPs in the latter two cases after supporting on rOG and ZIF-8 respectively appear to be more efficient than those cases without a support. In our work, the method of ligand-protected TMNPs combing with a support is the best one to balance the catalytic efficiency of NPs and their stabilization, in contrast, the most ineffective strategy is ligand-free TMNPs based on a support.

Nanocatalysis plays a more and more important role in science due to the global challenges concerning the energy crisis, global warming, environment decontamination, the highly demand for clean energy, energy storage and conversion, and medical care (nanomedine). 1,2 To overcome these challenges, new nanomaterials, especially nanocatalysts should be designed for more catalytic reactions, in terms of development of sustainable and green chemistry, based on the synergy between new stabilizer and well-defined supports such as covalent organic frameworks (COFs) [3][4][5] , MOFs 2,4-5

Porous-Organic Polymers (POP), 5 and heteroatom-doped carbon 2,6 . In addition, the more methods of how to balance the catalytic performance and the stabilization of catalyst should be developed.

In recent years, the applications of single atom catalysts (SACs) derived from MOFs in nanocatalysis involving water-splitting, CO2 reduction, CO2 conversion, organic synthesis, and pollutant degradation, emerged boomingly owing to their well-defined active centres, good electrical conductivity, and good substrates adsorption. [7][8][9] However, most of SACs are fabricated by pyrolysis of MOFs-based nanomaterials at high temperature, 2,10 SACs prepared by a gentle method are rare. Hence, the more investigation in this field should be conducted to break the bottleneck, and reduce the gas emission involved into atmosphere, which making more environment-friendly and green chemistry.

On the other hand, nanocatalysts for light conversion, i.e. photocalalysis, its developments in H2 energy production and conversion, CO2 reduction, CO2 conversion into fine chemicals deserve to be taken seriously to fulfil sustainable supply of clean energy and a carbon-cycle economy against global warming. However, developing noble-metal-free TMNPs catalysts and SACs for photocatalysis in these fields are still a challenge. It would be fairly meaningful and in high demand for designing the TMNPs catalysts and SACs based on earth-abundant metal like Fe, Co, Ni, and Cu to overcome this challenge.

Figure 1 .

 1 Figure 1. Structure du support catalytique, le dendrimère ferrocenylmethylenetriazolyl-poly(phenylene), en abrégé FcMTPD, pour la nanocatalyse au palladium et à l'or de la réduction du p-nitrophénol en p-aminophénol.

Figure 2 . 2 Figure 3 .

 223 Figure 2. Stabilisation de la nanopartivcule catalytique de rhodium (0) par, en périphérie, un certain nombre de molécules de chlorure de ferricenium, suite à la réduction de RhCl3 par le cobaltocène.

Figure 4 6 Q

 46 Figure 4Voie de synthèse pour le processus de fabrication de la Cu@GSH/ZIF-8.

supported

  Au and Pd nanoparticles (NPs) for the reduction of 4-nitrophenol to 4aminophenol by NaBH4 at 20 °C, and FcMTPD-supported PdNPs are found to be the best nanocatalyst with a rate constant kapp= 7.8×10 -2 s -1 . Excellent catalytic results are also obtained in this reaction for FcMTPD-supported AuNPs with a rate constant kapp= 5.6×10 -2 s -1 . For both Pd NPs and AuNPs, the kinetic results are shown to strongly catalytic efficiency. The FcMTPD-stabilized PdNPs are easily recovered and reused at least 13 times, and their catalytic performance displays only a slight decrease during the first seventh runs.25 
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 122 Figure 2. Stabilization of the catalytic Rh(0) nanoparticle by, at the periphery, a number of ferricenium, chloride molecules following reduction of RhCl3 by cobaltocene.
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Fig. 2 .

 2 Fig. 2. Structure of the ferrocenylmethylene-triazolyl-poly(phenylene) dendrimer, FcMTPD.

Scheme 1

 1 Scheme 1 Syntheses of Au and Pd NPs by a) addition of NaBH4 to FcMTPD-supported Au(III) or Pd(II) leading to the MNPs-1; b) addition of the complex HAuCl4 or Na2PdCl4 to a mixture of the dendrimer and NaBH4 leading to the formation of the MNPs-2.

Fig. 2 .

 2 Fig. 2. UV-vis. spectrum of FcMTPD-stabilized AuNPs-1 and AuNPs-2. Insert: photograph of AuNPs-1 (left) and AuNPs-2 (right).

Fig. 3 .

 3 Fig. 3. XPS spectra of the PdNPs-1(a) and AuNPs-1 (b).

Fig. 4 .

 4 Fig. 4. TEM images of PdNPs-1 (a), AuNPs-1 (c), PdNPs-2 (e) and AuNPs-2 (g); size distribution histogram of PdNPs-1 (b), AuNPs-1 (d), PdNPs-2 (f) and AuNPs-2 (h). The larger size of AuNPs compared to PdNPs is due to the gold aurophilicity involving the relativistic effect of Au atoms facilitating their aggregation.

Fig. 5 .

 5 Fig. 5. N 1s XPS of FcMTPD alone, Pd(II)-FcMTPD and Pd(0) NP@FcMTPD.

Fig. 6 .

 6 Fig. 6. Time-dependent UV-vis. spectrum of p-nitrophenol reduction in the presence of different catalysts (0.5% mmol of MNPs).

Fig. 7 .

 7 Fig. 7. Plots of the consumption rate of 4-NP: [-ln (Ct/C0)] vs. reaction time with 0.5% mmol of nanocatalyst. See ESI (eq.7 and Table 1.2) for the calculation of the rate constant

Fig. 8 .

 8 Fig. 8. (a) Schematic diagram for the re-use of PdNPs-1 in the reduction of 4-NP. Plots of reaction time for full conversion vs. recycling number of PdNP-1 (b).

Fig. 2 . 2 .

 22 Fig. 2.2. XPS spectra of Fe 2p in the sample Pd(II)-FcMTPD.

Fig. 2 . 3 .

 23 Fig. 2.3. XPS spectra of Fe 2p in the sample Pd(0) NP@FcMTPD.

Fig. 2 . 4

 24 Fig. 2.4 UV-vis. spectrum of FcMTD -stabilized PdNPs-1 and PdNPs-2. Insert: the photograph of PdNPs-1 (left) and PdNPs-2 (right).

Fig. 2 . 5

 25 Fig. 2.5 UV-vis. spectrum of FcMTD-stabilized PdNPs-3 and AuNPs-3. Insert: the photograph of PdNPs-3 (left) and AuNPs-3 (right).

Fig. 2 . 6 .

 26 Fig. 2.6. Time-dependent UV-vis. spectrum of the p-nitrophenol reduction reaction in the presence of 0.5% mmol of PdNPs-3 (a) and AuNPs-3 (b). (c) Plots of the consumption rate of 4-NP: [-ln (Ct/C0)] vs. reaction time with 0.5% mmol of MNPs-3.
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 2728 Fig. 2.7. The photograph of AuNPs-3 (a, b) and PdNPs-3 (c).

Fig. 2 . 9

 29 Fig. 2.9 UV-vis. spectrum of FcMTD-stabilized PdNPs-1 and AuNPs-1 after 1 st run.

Fig. 1 Fig. 2

 12 Fig. 1 UV-vis. spectrum of cobaltocenium chloride-stabilized RhNPs.

Fig. 3

 3 Fig. 3 XPS of cobaltocenium chloride-stabilized RhNPs.

Fig. 4 a

 4 Fig. 4 a) TEM image of the RhNPs. b) Nanocristals formed by spontaneous assemblies of cobaltocenium chloride-stabilized RhNPs after one week at ambient temperature under N2. c) TEM image of the RhNP loading on reduced graphene oxide (rGO). d) TEM image of the RhNPs after 4-NP reduction.

  using cobaltocene are very efficient nanocatalysts for 4-NP reduction to 4-AP without any retention time. These RhNPs are also efficient in transfer hydrogenation of nitrobenzene with i-propanol, H2-producing ammonia borane hydrolysis, and hydrogenation of benzene. Supporting the cobaltocenium chloridestabilized RhNPs on rGO provides a robust and easily recyclable catalyst for these reactions. In sum, the cobaltocenium chloride protection provides a fine balance between RhNP protection for stabilization and sufficient open space around the NPs for catalytic activity. The role of the very robust 18-electron cobaltocenium salt is completely ancillary, because the valence shell of the Co atom is totally saturated without any tendency to decoordinate ligands under the reaction conditions. Indeed cobaltocenium salts are inert and do not catalyze any of these reactions in the absence of transition metal NPs. Many other reactions should potentially be efficiently catalyzed by RhNPs or other MNPs prepared using this simple method, and further work along this line with other metals is underway in our laboratories.
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 2122 Fig. 2.1. Histogram of the RhNPs.

Fig. 2 . 8 . 1 H

 281 Fig. 2.8. 1 H NMR spectrum (300 MHz, CDCl3) of aniline. δppm: 3.69 (s, 2H), 6.72-6.89 (m, 3H), 7.19-7.26 (m, 2H).
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 291 Fig. 2.9. 1 H NMR spectrum (300 MHz, CDCl3) of cyclohexane. δppm: 1.49 (s, 12H, CH2).

TEM and size distributions of RhNPs after the catalytic reaction - 4 -Fig. 2 . 10 .Fig. 2 . 11 .Fig. 2 . 12 .Fig. 2 . 13 .Fig. 2 . 14 .

 4210211212213214 Fig. 2.10. Histogram of the RhNPs after 4-NP reduction.

Fig. 1

 1 Fig. 1 TEM images of Au@ZIF-8; a and b (the insert is the size distribution histogram of Au@ZIF-8) and Pd@ZIF-8 (c). d) TEM image and size distribution of Pd@ZIF-8 after digestion of the nanocatalyst with ethylenediamine tetracetic acid (EDTA) to release nanoparticles, and nanoparticles stabilized by PVP.

  MOF-based metal NPs and MOF-derived metal NPs, but the MOF-based nanocatalysts perform better than the related MOF-derived catalysts (MOF = ZIF-8). Both PdNPs and AuNPs are efficient, although the ZIF-8-based PdNPs are slightly better than their nanogold analogues. With these results in hand, mechanisms are proposed for both the Pd(0) and Au(0) nanocatalysts. Since the stoichiometry of the Ullmann reaction requires two electrons, these electrons are provided by the DMF and PEG-400 that are good reductants, whereas poor reductants such as toluene give bad coupling yields. The difference between the catalytic cycles of the Pd(0)-catalyzed and Au(0)-catalyzed reactions must take into account the fact that Pd(0) readily give rise to oxidative addition with increase of two units of the metal oxidation state, whereas Au(0) does not. Thus, double oxidative addition occurs at the beginning of the cycle with Pd(0), whereas the Au(0) cycle must start by reduction of the aryl iodide providing an Au(I)-aryl bond. The double oxidative addition on Pd(0) probably does not reach Pd(IV), but may more easily and successively occur on two distinct Pd(0) atoms of the PdNP surface to give rise to two Pd(II)-aryl species from which aryl-aryl reductive elimination occurs (eventually following some "walk" of the aryl ligands on the Pd surface until reaching each other to reductively eliminate). In both the Pd and Au catalytic cycles, the two electrons are transferred stepwise (see Scheme 2). Finally, these results with NPs may be compared with the remarkable results obtained by Jin's group with Au25 nanoclusters that were obtained under slightly milder conditions. One major difference is that with the Au25 nanoclusters, the sulfide-bonded Au atoms are in the oxidation state Au(I), thus in principle the difficult Au(0) → (Au(I) step of Scheme 2 is not required in the case of the nanocluster catalysts. This may represent one of the significant advantages of the use of the Au25 nanoclusters. Note that a similar situation was reached by Rodionov et al in their use of thiolate-stabilized AuNPs. In conclusion the excellent coupling results and comparison between ZIF-8 based and ZIF-8 derived templates of AuNPs and PdNPs and the comparison between the AuNP and PdNP catalysts together with the scrutiny of the optimized temperature, base and solvent allow a better understanding of the optimization and mechanisms of the Ullmann coupling reactions and their potential applications.

  16 g) was dissolved in 150 mL methanol at room temperature (R.T.) forming a clear solution in flask A. Zn(NO3)2•6H2O (20 mmol, 6.02 g) was dissolved in 150 mL methanol in the flask B. Then the solution in the flask B was added into flask A. After 1 day, the white suspension was collected by centrifugation and washed by methanol three times. ZIF-8 was dried at 60 o C overnight.
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 31 Fig. 3.1. The TEM image (a, c, d) and size distribution histogram (b) of the ZIF-8.

Fig. 3 . 2 Fig. 3 . 3

 3233 Fig. 3.2 The TEM image (a) and size distribution histogram (b) of as-synthesized Au@CN.

Fig. 3 . 4

 34 Fig. 3.4 The TEM image (a) and size distribution (b) of Pd@ZIF-8 after the catalytic reaction. Pd@ZIF-8 after digestion of the nanocatalyst with ethylenediamine tetracetic acid (EDTA) to release nanoparticles, and nanoparticles stabilized by PVP.
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 35 Fig. 3.5 The TEM image (a) and size distribution histogram (b) of as-synthesized Au@ZIF-8 after the catalytic reaction.

Fig. 3 . 6 .

 36 Fig. 3.6. The XRD patterns of ZIF-8, Au@ZIF-8 and Pd@ZIF-8.

Fig. 3 . 7 .

 37 Fig. 3.7. The XPS spectra of the Pd@ZIF-8(a, b) and Au@ZIF-8 (c, d).

Fig. 3 . 8 .

 38 Fig. 3.8. The XPS spectra of the Pd@ZIF-8(a) and Au@ZIF-8 (b) after the catalytic reaction.
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 391 Fig. 3.9. 1 H NMR (300 MHZ, CDCl3) spectrum of the product of 1,1'-biphenyl (Homocoupling of iodobenzene with Pd@ZIF-8).

Fig. 3 .

 3 Fig. 3.10. 1 H NMR (300 MHZ, CDCl3) Spectrum of the product of 4,4'-dimethyl-1,1'biphenyl (Homocoupling of iodotoluene with Pd@ZIF-8).

Fig. 3 .

 3 Fig. 3.11. 1 H NMR (300 MHZ, CDCl3) Spectrum of the product of 4,4'-dimethoxy-1,1'biphenyl (Homocoupling of iodoanisole with Pd@ZIF-8).

Fig. 3 .

 3 Fig.3.12.1 H NMR (300 MHZ, CDCl3) Spectrum of the crude product of 4,4'-dichloro-1,1'-biphenyl (Homocoupling of 1-chloro-4-iodobenzene with Pd@ZIF-8).

Fig. 3 .

 3 Fig. 3.13. 1 H NMR (300 MHZ, CDCl3) Spectrum of the crude product of 4,4'-dinitro-1,1'-biphenyl (Homocoupling of 1-iodo-4-nitrobenzene with Pd@ZIF-8).

1 H

 1 Fig. 3.14. 1 H NMR (300 MHZ, CDCl3) Spectrum of the crude product of 1,1'-biphenyl (Homocoupling of iodobenzene with Au@ZI-8).

Fig. 3 .

 3 Fig. 3.15. 1 H NMR (300 MHZ, CDCl3) Spectrum of the crude product of 4,4'-dimethyl-1,1'-biphenyl (Homocoupling of iodotoluene with Au@ZIF-8).

Fig. 3 .

 3 Fig.3.161 H NMR (300 MHZ, CDCl3) Spectrum of the crude product of 4,4'dimethoxy-1,1'-biphenyl (Homocoupling of iodoanisole with Au@ZIF-8).

Fig. 3 .

 3 Fig.3.17.1 H NMR (300 MHZ, CDCl3) Spectrum of the crude product of 4,4'-dichloro-1,1'-biphenyl (Homocoupling of 1-chloro-4-iodobenzene with Au@ZIF-8).

Fig. 3 .

 3 Fig. 3.18. 1 H NMR (300 MHZ, CDCl3) Spectrum of the crude product of 4,4'-dinitro-1,1'-biphenyl (Homocoupling of 1-iodo-4-nitrobenzene with Au@ZIF-8).

a

  Reaction conditions: phenylacetylene (1 mmol), Cs2CO3 (2 equiv.), DMF (3 mL), CO2 (balloon). b Yield is based on the isolated product.

Tbale 2

 2 Cu@GSH/ZIF-8-catalyzed carboxylation of terminal alkynes with CO2 a Reaction conditions: Substrates (1 mmol), 100 mg catalyst (0.47 mol% relative to substrate based on Cu), Cs2CO3 (1.5 equiv.), DMF (3 mL), CO2 (balloon). b Yield is based on the isolated product.

Fig. 4 a

 4 Fig. 4 a) Recycling performance of Cu@GSH/ZIF-8 in the cyclization reaction of phenylacetylene with CO2. b) The hot filtration experiment of Cu@GSH/ZIF-8 as catalyst for the cyclization reaction of phenylacetylene with CO2. Catalyst was added in the initial 0-2 h; the catalyst was removed after 2h.

  

  

  

  

  

  

  

  

  

  

  

  

Table 1

 1 Comparison

	Entry	Catalyst	Catalyst amount (ug)	kapp (s -1 )	Reference
	1	Pure Pt	4.0	1.25×10 -4	55
	2	Raney Ni	4.0	1.48×10 -4	55
	3	NiPt NPs	4.0	1.93×10 -3	54
	4	PtPdFe	2.5	3.00×10 -2	56
	5	PdCuFe/RGO	2.8	8.90×10 -3	56
	6	Pd/RGO	2.5	4.52×10 -3	56
	7	PtCu/RGO	2.6	8.02×10 -3	56

of selected literature apparent rate constants kapp with the present results for the nanocatalyzed reduction of 4-NP to 4-AP by NaBH4.

  1 H NMR spectra were recorded at 25 °C with a Bruker AC 300 MHz. All the chemical shifts are reported in parts per million (δ, ppm) with reference to Me4Si in CDCl3. Transmission Electron Microscopy (TEM):The sizes of the MNPs were determined by TEM using a JEOL JEM 1400 (120 kV)

microscope. The TEM samples were prepared by deposition of the nanoparticle suspension (10 μL) onto a carbon-coated microscopy copper grid. X-ray Photoelectron Spectroscopy (XPS): System: SPECS SAGE HR; X-Ray source: Al Kα nonmonochromatic; operated at 12.5 kV and 300 W. Take off angle 90 o , at ~10

-8 

Torr. Pass energy for survey spectra 30 eV, 10 eV for narrow scans analysis; spectra are calibrated to C-C carbon 285 eV. Analysis is consisted of Shirley background subtraction. Peaks are fitted with symmetrical Gaussian-Lorentizan (GL) line shapes. Samples are prepared by dehydration on the titania coated glass or silica substrates. Titania is selected as a substrate

Table 1 .

 1 Fe 2p in FcMTD sample showed the typical spectrum for ferrocene with two satellites. XPS spectra of Fe 2p in the sample FcMTD alone.

	1 The XPS data of Fe 2p in FcMTD alone, Pd(II)-FcMTPD and Pd(0)
	NP@FcMTPD.		
		Fe II 2p3/2 BE(eV) [at%]	Fe III 2p3/2 BE(eV) [at%]
	FcMTD	707.9 [100]	-

PdNPs-1 and PdNPs-2

  CasaXPS (T his string can be edit ed in CasaXP S.DEF/P rintFootNot e.t xt )

									Fe 2p [R6,1]
		x 10	3					
		68	Fe II 2p3/2 Name		707.81 Pos .	4465.95 Area	42.85 %Area	dendrimer-Pd
			Fe II 2p1/2		720.45	2232.97	21.43
			Fe III 2p3/2		709.76	2482.07	23.82
		66	Fe III 2p1/2 s atellite Fe III	722.86 730.62	1241.04 461.04	11.91 0.00
			s atellite FeII	711.40	82.70	0.00
	CPS	64						
		62						
									Fe 2p
		60							Fe 2p
			740	735		730		725	720	715	710	705
									Binding Energy (eV)
									Fe 2p [R6,1]
		x 10	2				
		475		Name		Pos .	Area	%Area
				Fe II 2p3/2	707.67	3394.87		74.56
				Fe II 2p1/2	720.23	1158.60		25.44	2p
									Fe
		470							2p
									Fe
		465						
	CPS							
		460						
		455						
				740	735	730		725	720	715	710	705
									Binding Energy (eV)
	CasaXPS (T his string can be edit ed in CasaXP S.DEF/P rintFootNot e.t xt )

Table 1 . 2 .

 12 Physical properties and catalytic efficiencies of the nanocatalysts. Radius of the metal atomic. b Radius of the metal particles. c Apparent rate constant. d Calculated from the data given in the respective papers. e Rate constant normalized to the surface of the particles in the system (eq 7). f Surface area of metal nanoparticles normalized to the unit volume of the system.

			RNP b	kapp c	k0 d, e	[NM]	S d, f
		(nm)	(nm)	(10 -2 s -1 )	[s -1 m -2 L]	[mmol/L]	[m 2 /L]
	PdNPs-1	0.137	1.0	7.80	0.348		0.224
	AuNPs-1	0.144	1.8	5.59	0.386		0.145
						1.15×10 -2
	PdNPs-2	0.137	1.85	3.95	0.326		0.12
	AuNPs-2	0.144	3.25	0.95	0.119		0.08

a

Electron-Reservoir Organometallics as Precursors for preparation of Catalytically Efficient Transition Metal Nanoparticles Chapter 2. High catalytic activity of Rh nanoparticles generated from cobaltocene and RhCl3 in aqueous solution

  

Table 1 .

 1 Reactions catalyzed by RhNPs.

		% Rh	T (ºC)	T (min)	Yield (%)	TON	TOF (h -1 )
	TH PhNO2	2	80	1440	95 a	47.5	2.0
	AB hydrolysis	0.05	25	8.5	100	2000	14290
	HB	1	40	480	99 b	99	12.4
	%Rh: mol Rh vs. mol substrate. a TH: Transfer hydrogenation of nitrobenzene. AB : H3N-
	BH3. Hydrogenation of Benzene (HB) to cyclohexane was also conducted with graphene
	oxide support.						

a Isolated yield. b 1 H NMR conversion.

Table 2 .

 2 Compared catalysis results with RhNPs and RhNPs/rGO, (AB = hydrolysis of ammonia borane; TH = transfer hydrogenation; HB = hydrogenation of benzene.

	4-NP	mol%		T ( o C)	t0 (s)		kapp (s -1 )
	RhNP	0.2		20	0		0.0158
	RhNP/rGO	0.02		20	0		0.0163
	H3N-BH3 + 4 H2O	3 H2↑ + NH4 + B(OH)4 -	
	AB	mol%	T	t	Yield a	TON	TOF
			( o C)	(min)	(%)		(h -1 )
	RhNP	0.05	25	8.5	100	2000	14286
	RhNP/rGO	0.05	25	5.5	100	2000	22222
	a H2 release %.						
	TH	mol%	T ( o C)	T (min)	Yield b (%)	TON	TOF (h -1 )
	RhNP	2	80	1440	95	47.5	2.0
	RhNP/rGO	1	80	1440	93	93	3.9
	HB	mol%	T ( o C)	t (min)	Yield c (%)	TON	TOF (h -1 )
	RhNP	1	40	480	99	99	12.4
	RhNP/rGO	1	40	480	99	99	14.6
	c 1 H NMR conversion.					

b Isolated yield.

Table 3 .

 3 Compared catalytic results from various succesive recycling runs withRhNPs/rGO.

	Catalytic Runs	1 st	2 nd	3 rd	4 th	5 th

Table 4 .

 4 Results of the transfer hydrogenation of nitrobenzene using various amounts of RhNPs and comparison with RuNPs. (See below the 1 H NMR spectrum of the aniline formed).

	Catalysts	Time	1 H NMR	Isolated	TON	TOF
		(h)	conversion	Yield		(h -1 )
	2 mol % Rh	24	100 %	95 %	47.5	2.0
	1 mol % Rh	24	65 %	56 %	56	2.3
	0.1 mol % Rh	24	23 %	16 %	160	7.9
	No (only NaOH)	24	0	0	--	--

Table 5 .

 5 Compared

results of the hydrolysis of ammonia borane using various amounts TMNPs (TM = Rh, Pd, and Ru).

Table 6 .

 6 Results of hydrogenation of benzene using various amounts and cobaltocenium chloride-stabilized TMNPs.

	RhNPs
	PdNPs
	RuNPs
	Time (s)

Table 7 .

 7 Recycling results of the hydrolysis of ammonia-borane using 0.05 mol% of RhNPs.

	Catalytic

Runs 1 st 2 nd 3 rd 4 th 5 th 6 th

  

	H2 release (%)	100 100 92 85 80 52

Table 8 .

 8 Recycling results of the hydrogenation of benzene using 1 mol% of RhNPs.

	Catalytic Runs	1

st 2 nd 3 rd 4 th

  

  2 and 340.7 eV corresponding to Pd (0) 3d5/2 and Pd (0) 3d3/2, and two peaks at 338.1 and 343.7 eV are also observed for Pd(II) 2p5/2 and Pd(II) 2p3/2 respectively. For Au@ZIF-8, similar elements, Zn, O, C and N are observed from Fig.3.6c. The peaks at 83.6 and 87.3 eV

	belong to Au (0) 4f7/2 and Au (0) 4f5/2, and two peaks at 88.7 and 90.8 eV are also observed
	for Zn (II) 2p3/2 and Zn (II) 2p1/2 respectively (Fig. 3.6d).

Table 1 .

 1 Iodobenzene coupling catalyzed by various catalysts.

	Entry	Catalyst	Metal loading (wt %)	Metal% (mmol %)	Conversion (%) b
	1	Au@ZIF-8	5	6	76
	2	Au@ZIF-8	10	12	83
	3	Pd@ZIF-8	2.7	6	86
	4	Pd@ZIF-8	5.4	12	89
	5	Pd@ZIF-8	1.35	3	25
	6	ZIF-8	0	0	0
	7	Au@CN a	13	6.5	40
	8	Pd@CN a	7	6.5	13
	9	CN a	0	0	0
	Reaction conditions: 0.2 mmol iodobenzene, 0.6 mmol K2CO3, 1 mL DMF, 50 mg
	M@ZIF-8, 130 o C, N2.			

a M@ZIF-8 pyrolyzed at 900 o C for 2 h under N2, 20 mg M@CN. b 1 H NMR conversion.

  1 H NMR spectra were recorded at 25 °C with a Bruker AC 300 MHz. All the chemical shifts are reported in parts per million (δ, ppm) with reference to Me4Si in CDCl3. X-ray diffraction (XRD) patterns were obtained on SmartLab 9KW with Cu Kα radiation. Nanoparticles loaded into the ZIF-8 were determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Torr. Pass energy for survey spectra 30 eV, 10 eV for narrow scans analysis; spectra are calibrated to CC carbon 285 eV. Analysis is consisted of Shirley background subtraction. Peaks are fitted with symmetrical Gaussian-Lorentizan (GL) line shapes.

	Transmission Electron Microscopy (TEM): The sizes of the MNPs were determined by
	TEM using a JEOL JEM 1400 (120 kV) microscope. The TEM samples were prepared
	by deposition of the nanoparticle suspension (10 μL) onto a carbon-coated microscopy
	copper grid. X-ray Photoelectron Spectroscopy (XPS): System: SPECS SAGE HR; X-
	Ray source: Al Kα non-monochromatic; operated at 12.5 kV and 300 W. Take off angle
	90 o , at ~10 -8

Table 1

 1 Screening of the reaction conditions for carboxylation of phenylacetylene with

H NMR spectrum (300 MHz, CDCl3) of cyclohexane. δppm: 1.49 (s, 12H, CH2) (Fig.9).

Au@ZIF-8 (6 mmol% Au), 140 o C, N2, 48 h. a 1 H NMR conversion.

I gratefully acknowledge the funding support from the China Scholarship Council for my 4 years of PhD. The Universities

parts per million (δ, ppm) with reference to Me4Si for the 1 H NMR spectra. Transmission Electron Microscopy (TEM): The sizes of the TMNPs were determined by TEM using a JEOL JEM 1400 (120 kV) microscope. The TEM samples were prepared by deposition of the nanoparticle suspension (10 μL) onto a carbon-coated microscopy copper grid. Xray Photoelectron Spectroscopy (XPS): System: SPECS SAGE HR; X-Ray source: Al Kα non-monochromatic; operated at 12.5 kV and 300 W. Take off angle 90 o , at ~10 -8 Torr. Pass energy for survey spectra 30 eV, 10 eV for narrow scans analysis; spectra are calibrated to CC carbon 285 eV. Analysis consisted of Shirley background subtraction.

Peaks are fitted with symmetrical Gaussian-Lorentzian (GL) line shapes. Samples are prepared by dehydration on the titania coated glass or silica substrates. Titania is selected as a substrate to avoid the overlap of Si and Au. Flash column chromatography was performed using silica gel (300-400 mesh).

Synthesis of the RhNPs

RhCl3 (0.84 mg, 4 × 10 -3 mmol) was dissolved in 19 mL of Milli-Q water under nitrogen in a standard Schlenk flask and degassed for 10 min, and [CoCp2] 26 (1.5 mg, 8 × 10 -3 mmol) in dry THF (1 mL), for which the UV-vis. spectrum was checked, 40 was quickly injected under nitrogen into the Schlenk flask. The color of the solution changed from colorless to black, indicating the formation of the RhNPs. This synthesis was also scaled up 10-fold.

RhNPs/rGO Synthesis

The catalyst Rh/rGO was synthesized in water at room temperature. After following the preparation of the cobaltocenium-based RhNPs, GO 41,42 was added, and the reaction mixture was stirred for 30 min. The mixture was then aged 3 hours, and the solid was separated, washed, and dried at 60 °C overnight. For the recycling study, the catalyst has been recovered by centrifugation, washed, and re-dispersed in water. The reaction then proceeded following the above-mentioned procedure.

Catalytic reactions

Reduction of 4-nitrophenol.

4-NP (1 equiv.) was mixed with NaBH4 (81 equiv.) in water under air, and the solution containing the RhNPs (0.2 mol%) was added. The color of the solution changed from

Hydrogenation of benzene.

All hydrogenation reactions were carried out under mild conditions (40 o C, 1 atm of H2).

A dry tube equipped with a magnetic stir bar was charged with the aqueous solution of RhNPs (5 mL). The tube was closed by a septum, and the system was filled with hydrogen.

The substrate, benzene (0.1 mmol), was injected through the septum and the mixture was stirred (1200 rpm). After cooling to r.t., the two phases were separated by decantation, and the organic phase was analyzed by 1 H NMR in order to determinate the conversion. Physical properties of the nanocatalysts on ZIF-8, Au@ZIF-8 and Pd@ZIF-8 

Nanocatalysts for recycling experiments

After the reaction, the system was allowed to cool to r.t. The catalyst was washed with CH2Cl2, and with water by centrifugation respectively to remove iodobenzene and K3PO4, then dried at 60 o C in vacuo. After charging another run of substrates, DMF and K3PO4 , the system was purged with N2 for 10 minutes. The reaction was then allowed to proceed.

After 48 h, the reaction mixture was filtered. The liquid was extracted several times with CH2Cl2 and H2O. The organic phase was dried over Na2SO4, then CH2Cl2 was removed under reduced pressure at the rotary evaporator providing the crude product. 1 H NMR (300 MHZ, CDCl 3 ) was used to calculate the conversion. in the Cu@GSH (Fig. 2, the bottom one). 18 After Cu@GSH loading on ZIF-8 (Fig. 2, the top one), the oxidation state of Cu keeps unchanging, just with a left shift to low bonding enengy which is due to the interaction between CuNPs and the nitrogen atom of ZIF-8.

Compared with the XRD pattern of ZIF-8 (Fig. 3), the Cu@GSH/ZIF-8 exhibits a similar shape as that of ZIF-8, indicating that the morphology of ZIF-8 was unchanged after introduction of Cu@GSH. Fig. 3 The PXRD patterns of ZIF-8, and Cu@GSH/ZIF-8 before and after 10 th run of the catalytic carboxylation of phenylacetylene with CO 2 and cycloaddition of Nbenzylprop-2-yn-1-amine with CO2.

Considering its outstanding catalytic properties, the catalyst Cu@GSH/ZIF-8 was employed to catalyze another atom-economy and environmentally bening reaction, i.e., cycloaddition of propargyl amines with CO2. To optimize the reaction conditions, the reaction temperature impact was investigated first as illustrated in table 3 (entry 1 and2). When the catalytic reaction was conducted at 60 o C, a high conversion efficiency of 99% was reached using the catalyst Cu@GSH/ZIF-8. In order to save energy, reduction of the reaction time to 6 h and 4 h respectively was executed (entry 3 and 4). Eventually, the best case is conversion CO2 into cyclic carbonate in 6 h with a high yield of 98% (entry 3). Interestingly, Cu@GSH NPs or ZIF-8 alone shows a very lower catalytic performance compared to Cu@GSH NPs supported on ZIF-8 (entry 5 and 6), hinting a significant synergetic effect between Cu@GSH and ZIF-8, and Cu@GSH/ZIF-8 with a different reactive site from that involved in former CO2conversion reaction.

Table 3 Different effects on the carboxylative cyclization of propargylic amine With the optimized reaction conditions in hand, different substrates were used to further verify the applicability of Cu@GSH/ZIF-8 (Table 4). In the majority of cases (entry 1-8), Cu@GSH/ZIF-8 was smoothly applied in CO2 conversion into 2-oxazolidinones with high yields under atmospheric pressure. Cu@GSH/ZIF-8 show a good tolerance

Experimental

General data

All the solvents and chemicals were used as received. Samples are prepared by dehydration on the titania coated glass or silica substrates.

Titania is selected as a substrate to avoid the overlap of Si and Au. Flash column chromatography was performed using silica gel (300-400 mesh).

Synthesis of Cu@Ascor NPs:

Briefly, ascorbic acid (0.1761 g) was dissolved in water (10 mL) to form a clear solution.

Then a Cu(NO3)2 aqueous solution (0.1 M, 1 mL) was added dropwise into the ascorbic acid solution under vigorous stirring. The reaction mixture was stirred for 1 h at room temperature (20 °C).

Synthesis of Cu@GSH NPs:

The as-prepared Cu@Ascor NPs solution (0.3 mL) was added to GSH aqueous solution (0.05 M, 3 mL) and kept for stirring for 5 h at room temperature. As the reaction processed, a white precipitate was generated. The resulting supernate was collected by centrifugation at 8000 rpm for 10 min. The Cu@GSH NPs were precipitated from the

General Method for the Synthesis of Propargylic Amines

The general procedure for the synthesis of terminal propargylamine (3a-3i) is as follows: in a typical experiment, propargyl bromide (3 mL, 27 mmol) was slowly added into a 50-mL round bottom flask containing propargylamine (162 mmol) within thirty minutes. Subsequently, the resulting mixture was stirred at room temperature for 12 hours. Then, the obtained mixture was diluted with ether and washed with saturated NaHCO3 aq. solution (3×10 mL). The organic phase was dried over anhydrous Na2SO4, and finally the concentrated the mixture was purified by silica gel column chromatography to afford the corresponding product.

General Procedure for the Catalytic Reactions

In a typical procedure for the cyclization of propargylic amines with CO2, a mixture of catalyst, propargylic amine (0.2 mmol), DBU (0.2 equiv.) and 2 mL of acetonitrile was added into a 10-mL Schlenk tubed equipped with a CO2 balloon. The flask was vacuumed and refilled with CO2 3 times. Then, the reaction mixture was stirred at the targeted reaction temperature for a given reaction time. After reaction completion, the yield was determined by 1 H NMR analysis using 1,3,5-trimethoxybenzene as an internal standard. To obtain the isolated products, first the solvent was removed under evaporation, then add 20 mL ethyl acetate was added into the mixture, and the mixture was washed with H2O (3 × 20 mL). The washed organic phase was extracted by brine water, dried over anhydrous Na2SO4, and filtered. The ethyl acetate solvent was removed under evaporation, the crude product was further purified by column chromatography on silica gel (petroleum ether/ethyl acetate = 9:1 as an eluent) to afford the pure product. Finally, the pure products are characterized by 1 H NMR and 13 C NMR.

In the recycling experiments, the catalyst was separated by centrifugation and washed 3 times with acetonitrile, dried in vavuo at 80 °C overnight before the next use.

Conclusion and Perspectives

In this thesis, our projects get involved in making catalytically active transition-metal nanomaterials by using stabilizers and/or combining TMNPs with a support, which exhibits a considerable potential for essential intermediates synthesis, and hydrogen energy producing and conversion, degradation of pollutants, and CO2 gas conversion, especially focusing on three aspects below:

(i) Design, synthesis, and catalytic properties of TMNPs stabilized by ferrocenylterminated polyphenylene-type "click" dendrimers in a biphasic system.

(ii) Design, synthesis, and catalytic properties of cobaltocenium-protected RhNPs and its heterogeneous catalyst based on reduced oxide graphene (rOG).

(iii) Fabrication and catalytic applications of ZIF-8-based and ZIF-8-derived TMNPs heterogeneous catalysts.

The first investigation begins with using a "click" stabilizer with a rigid structure to obtain a stable and efficient TMNP catalyst due to a wide application of a welldocumented family of "click" dendrimers in nanocatalysis in our group. xx In this project, polyphenylene-type "click" dendrimers with ferrocenyl as the terminal group (FcMTPD) was synthesized to stabilize TMNPs (T= Au, Pd) by two synthetic routes.

The first route is reduction of FcMTPD-coordinated transition-metal cations into

FcMTPD-stabilized TMNPs-1 by sodium borohydride (NaBH4), another one is addition of transition-metal salts into the mixture of FcMTPD and NaBH4 to get TMNPs-2. Here the nitrogen atom from the dendritic triazoles and pyridines of dendrimer act as the protecting sites for TMNPs, and the triazoles of dendrimer are shown to be the main stabilizing ligands. For the role of the terminal ferrocenes at the dendrimer periphery, it is not a redox role in this catalytic reaction, but is to minimize NP agglomeration considering its bulk effect and to balance the stabilization and catalytic activity of TMNPs. Therefore, the performances of the nanocatalysts are boosted by both the triazoles and the terminal ferrocenes of FcMTPD. The higher catalytic performance of TMNPs-1 than that of TMNPs-2 for reduction of 4-NP implies that the first synthetic method is better than the second one. That is due to the insufficient coordination between the metal cation and the dendritic triazole during the rapid reduction process by NaBH4, verifying the NP catalytic efficiency is up to the TMNPs located at the triazole ligands of inter-dendrimer or intra-dendrimer. Compared with PdNPs-1, AuNPs-1, its reactivity is lower than that of PdNPs-1 due to its larger size. The best catalyst PdNPs-1 with an excellent recyclability can be reused 13 times.

The biphasic system and a good balance between the stabilization and catalytic activity make this rigid-dendrimer-stabilized PdNPs-1 be a promising nanocatalyst in other catalytic reactions.

To further get deep insight to the catalytic properties of ligand-stabilized TMNPs, an excellent stabilizer source, a commercial electron-reservoir cobaltocene is chosen to reduce transition metal salts to form TMNPs (T= Ru, Rh, Pd) in aqueous solution. Three different TMNPs are applied to three green reaction hydrogen energy producing and conversion, and transfer hydrogenation. Among those TMNPs catalysts, cobaltocenium-stabilized RhNPs with ultrasmall size and good monodispersity is the best "green" catalyst for hydrogen production from ammonia borane hydrolysis (AB), hydrogenation of benzene in water, and transfer hydrogenation of nitrobenzene with ipropanol as the hydrogen donor. Besides, RhNPs exhibits a high catalytic efficiency for pollutant degradation, i.e. reduction of 4-nitrophenol in H2O at room temperature. On the other hand, another method to optimize the catalytic performance of nanocatalyst is conducted to combine RhNPs with rOG based on of the concept of "redox-mediated synthesis". In this synthetic method of RhNPs/rOG, graphene oxide act as an electronreservoir nanomaterial to transfer electrons and oxo ligands to RhNPs. The catalytic efficiency of RhNPs on rGO is higher than that of RhNPs alone for four reactions mentioned above, especially for reduction of 4-NP even in presence of one tenth of RhNPs and for transfer hydrogenation of Ph-NO2 with 4 times more the TOF value of RhNPs alone. These results indicate that there is a strong synergetic effect between RhNPs and rOG in two reactions above. In terms of the recyclability of RhNPs before and after loading on rOG, RhNPs/rOG is shown to be much better than RhNPs alone in reduction of 4-NP and transfer hydrogen of Ph-NO2 because of no any reusability of RhNPs in these cases. Even though RhNPs can be reused 5 times for hydrogen production and 3 times for the benzene hydrogen but with lower reactivity than that of RhNPs/rOG under the same conditions. This means that rOG plays a key role in protecting RhNPs and maintaining its catalytic properties. This work shows a promising way to optimize the catalytic performance of nanocatalyst for a large variety of other aqueous catalytic systems.

As mentioned above, the method of ligand-protected TMNPs combing with and without a support apparently proved to be efficient. So how about the method of ligand-free 
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Abstract : Nanocatalysis plays a crucial role in chemical synthesis, nanomedicine, and clean energy producing and conversion, environmental decontamination, and greenhouse gas conversion. In this thesis, we focus on green chemistry with various catalytic system by using transition metal nanoparticle (TMNP) catalysts.

To achieve this goal, green catalysis is conducted in the presence of TMNPs stabilized successively by metallocenium salts, reduced graphene oxide (rGO), ZIF-8 and ZIF-8-derivatives. As the first "green" catalysts of this thesis, cobaltocenium chloride-stabilized RhNPs with and without the rGO support show excellent catalytic activity toward H2 evolution upon hydrolysis of H₃N-BH₃, transfer hydrogenation of PhNO2, hydrogenation of benzene, and reduction of 4-nitrophenol (4-NP). Then, the first rigid dendrimer with ferrocenyl group as a stabilizer was employed for the fabrication of highly efficient PdNPs and AuNPs catalysts for reduction of 4-NP in a biphasic system. Besides, ZIF-8 and derivatized ZIF-8 are chosen as supports and stabilizers of ligand-free PdNPs/AuNPs for efficient catalysis of homocoupling of aryl iodides. Finally, nanocomposites based on CuNPs@GSH/ZIF-8 (GSH = glutathione) was found to be versatile nanocatalysts with outstanding stability and recyclability, high catalytic efficiency for CO2 conversion into fine linear and cyclic chemicals under atmospheric pressure.