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Introduction

Chemical energy release from the hydrogen molecule is considered as a practical alternative to replace fossil fuels, and the implementation of a global economy based on hydrogen as an energy vector ("Hydrogen Economy") has been envisaged. [1] At this regard, H2-storage in a chemical reagent by formation of covalent bonds has attracted considerable attention. [2] Among the different possibilities explored, [3] the use of ammonia borane (H3N•BH3) is particularly appealing for the controlled storage and supply of H2 due to its high hydrogen gravimetric content (19.6 %wt) and favorable physical properties including high thermal stability, non-flammability and low toxicity. [4] Hydrogen generation from H3N•BH3 can be accomplished by different methods, [3,5] including thermal and catalytic decomposition. [6] These methods present disadvantages such as the uncomplete release of the maximum available H2 content (3 equiv) and formation of different by-products from which it is difficult to regenerate the H3N•BH3 molecule. [7] As another method, solvolysis of H3N•BH3 by a protic solvent such as water [8,9] or an alcohol [9] usually allow the release of the maximum H2 content and the concomitant formation of a sole H2-depleted by-product. Hydrogen generation from ammonia borane using methanol is particularly interesting given the high solubility of H3N•BH3 in this solvent (23 %wt at 23 o C) and the long-term stability of the solutions. Moreover, methanolysis of H3N•BH3 yields ammonium tetramethoxyborate (NH4B(OMe)4), which unlike the product formed by the hydrolysis of ammonia borane (ammonium metaborate, NH4BO2), can be easily reconverted to H3N•BH3 by reaction with LiAlH4 and NH4Cl. [9] Metal nanoparticles (NPs) are appealing catalytic systems due to their high proportion of surface atoms providing numerous active sites. [START_REF]Nanotechnology in Catalysis[END_REF] The design of well-controlled nanoparticles in terms of size, dispersion and surface state is crucial to achieve good levels of activity and selectivity in a catalytic process. In this context, the organometallic approach for the synthesis of metal nanoparticles has proven to be a powerful method to obtain small and well-controlled nanoparticles displaying hydrides and coordinated ligands at their surface. [START_REF] Philippot | Chaudret in Comprehensive Organometallic Chemistry III[END_REF] Transition metal nanoparticles have been shown to catalyze H3N•BH3 decomposition, [12] including the methanolysis of ammonia borane. [13] Most of the described systems of NPs are stabilized using porous materials such as oxide supports and resins that increase the weight of the resulting H2-storage/delivery system.

Herein, we report the organometallic synthesis of Pt NPs stabilized by sterically demanding phosphanes containing terphenyl groups, and their use as catalysts in H2 generation from ammonia borane and methanol. [START_REF] Cheng | For selected examples of Pt-based catalysts for ammonia borane dehydrogenation[END_REF] A proper adjustment of the phosphane ligand and the phosphane/Pt ratio allowed to obtain small nanoparticles of 1.5-2.2 nm in size that display high catalytic activities. Furthermore, the feasibility of tandem H3N•BH3 dehydrogenation and N-heterocycle hydrogenations catalyzed by these catalysts is demonstrated.

Results and Discussion

Synthesis and characterization of Pt•L nanoparticles

A series of platinum nanoparticles were easily synthesized by decomposing a THF solution of bis(dibenzylideneacetone)platinum, [Pt(dba)2], at room temperature under 3 bar of H2 and in the presence of a phosphane containing a sterically demanding terphenyl group as stabilizing ligand. Three different phosphanes were tested: dimethyl-2,6-bis(2´,6´-dimethylphenyl)phenylphosphane, L1; diethyl-2,6-bis(2´,6´-dimethylphenyl)phenylphosphane, L2; and dimethyl-2,6-bis(2´,6´-di(isopropyl)phenyl)phenylphosphane, L3 (Figure 1, Table 1). A color change from violet to dark brown was FULL PAPER observed after 3 h of reaction, but the reaction mixture was kept under vigorous stirring for 14 h to ensure the total decomposition of the precursor. Then, the dihydrogen pressure was released, and the NPs were isolated by precipitation with cold pentane, giving rise to black powders that were further used for catalytic studies. In order to obtain the best conditions in terms of dispersion and homogeneity, different ligand to metal ratios (L/Pt = 0.2 or 0.5) were examined. The metal content of the purified nanoparticles was obtained by Inductive Coupled Plasma (ICP) with values of 52-69%wt Pt (Table 1). The morphology and size of the nanoparticles were determined by TEM (transmission electron microscopy). Mean sizes in the range 1.5-2.2 nm depending on the ligand used were measured (Table 1, Figure 2). The first Pt/phosphane sample (Pt•L1 0.2 ) was prepared employing 0.2 molar equiv of ligand L1 as stabilizer with respect to platinum. In these synthesis conditions, nanoparticles of 2.2 (0.5) nm were formed (Figure 2). When the reaction was performed using 0.5 equiv of ligand L1, nanoparticles Pt•L1 0.5 displaying a better dispersion and presenting a slightly smaller size (2.0 (0.3) nm) were obtained (Figure 2). This trend (smaller size with more ligand at the surface) has already been observed for Ru and Pt NPs stabilized with different ligands. [15,16] The third Pt/phosphane sample (Pt•L2 0.2 ) was synthesized with 0.2 equiv of ligand L2, leading to a homogeneous population of NPs having a mean size of 1.5 (0.2) nm. Finally, a fourth colloid was prepared in the presence of 0.2 equiv of ligand L3 (Pt•L3 0.2 ). In this case, nanoparticles of mean size 2.0 (0.5) nm were observed by TEM. 

Pt NPs

L/Pt ratio %wt Pt [a] Mean size [nm] [b] Pt High-resolution transmission electron microscopy (HRTEM) analysis performed on THF colloidal solution of Pt•L1 0.2 showed the high crystalline character of the nanoparticles and their facecentered cubic structure. Fast Fourier transformation (FFT) evidenced reflections that correspond to the (002), ( 220) and ( 204) atomic planes. The composition of the particles was confirmed by High angle annular dark field imaging (HAADF) coupled with energydispersive X-ray spectrometry (EDX) mapping using scanning transmission electron microscopy (STEM). The EDX spectrum recorded in a selected area of the grid revealed some peaks that can be attributed to Pt (at ca. 1.6, 2.1, 2.8, 8.2 and 9.4 keV) despite an overlapping with peak for phosphorous at ca. 2.0 keV. (see SI).

•L1 0.2 0.2 64 2.2 (0.5) Pt•L1 0.5 0.5 52 2.0 (0.3) Pt•L2 0.2 0.2 67 1.5 (0.2) Pt•L3 0.2 0.2 69 

H2 generation by methanolysis of ammonia borane

The catalytic activity of the terphenylphosphane stabilized platinum nanoparticles Pt•L was evaluated in the generation of H2 from methanol solutions of H3N•BH3. Reactions were performed at 30 o C using 0.14-0.19 mol% Pt loadings of Pt•L NPs (Figure 4, Table 2). The monitoring of the catalytic performance was done by measuring the increase of the pressure of gas evolved. Using Pt•L1 0.2 as catalyst, the reaction started with no induction period and led to complete conversion in less than 8 min with the evolution of 3 mol H2 per mol of H3N•BH3. A significant turnover frequency (TOF; calculated from mmol of H2/(mmol Pt x time)) of 191 min -1 was found (Table 2, entry 1). [START_REF] Philippot | Chaudret in Comprehensive Organometallic Chemistry III[END_REF] B NMR spectroscopy analysis of the hydrogen depleted solution showed the presence of only a singlet at  7.5 ppm, supporting the quantitative formation of ammonium tetramethoxyborate, NH4B(OMe)4 (Figure S2). [9] The NPs synthesized with a L1/Pt ratio of 0.5 appeared significantly less active than their Pt•L1 0.2 counterparts (entries 1 and 2) showing a TOF value of 107 min -1 against 191 min -1 , respectively. This decrease of activity can be attributed to a higher coverage of the nanoparticle metal surface by the phosphane ligands that prevents substrates from accessing the reactive sites, as previously observed in other catalytic processes mediated by ligand-stabilized NPs. [16] Hence, the catalytic behavior of the terphenylphosphane stabilized Pt nanoparticles with L/metal ratios of 0.2 was compared, showing that the steric properties of the phosphane ligand have a marked influence on the catalytic activity. Nanoparticles Pt•L2 0.2 , which differ from Pt•L1 0.2 in the alkyl substituent of the phosphane ligand (methyl and ethyl groups, respectively), were found to be a slower catalyst (entry 3). Alternatively, nanoparticles based on L3, having a more sterically demanding terphenyl group, provided a ca. 1.5-fold increase of the catalytic activity with respect to Pt•L1 0.2 , giving rise to a notable TOF of 284 min -1 (entry 4). This high catalytic performance compares favorably with activities provided by other metal catalysts in the methanolysis of H3N•BH3 (see SI, Table S1). It is also worth mentioning that with Pt•L3 0.2 , the catalyst loading could be further decreased to 0.08 mol% without a significant impact on the catalytic activity (entry 5; Figure S3). Furthermore, TEM analysis of the colloid Pt•L3 0.2 after the catalytic reaction showed a very slight increase in the nanoparticles size to 2.3 (0.4) nm (Figure S4).

In order to obtain a better insight of the potential of our catalytic system, a solution of 15.2 mmol of H3N•BH3 in MeOH was added to a colloidal suspension of 2.5 mol Pt•L3 0.2 (0.016 mol% Pt) in MeOH at 25 o C, and the volume of gas evolved was measured in a gas burette (Figure 5). A steady H2 production was observed until approximately 90% conversion of H3N•BH3, with an average TOF of 122 min -1 . Overall 18240 mmol H2 per mmol Pt were produced in the reaction. 2 for experimental details.

Table 2. Methanolysis of H3N•BH3 catalyzed by Pt•L NPs. [a] Entry Pt•L Cat. loading [b] [mol%]

Conv.

[%] (time, [min]) 5 [b] Pt•L3 0.2 0.08 100 ( 15) 253 Ammonium tetramethoxyborate (NH4B(OMe)4) can be easily sublimated under reduced pressure, and its reconversion to H3N•BH3 has been demonstrated. [9] Since clean transformation of H3N•BH3 to ammonium tetramethoxyborate was observed in the methanolysis of H3N•BH3 catalyzed by the Pt•L nanoparticles (see [START_REF] Philippot | Chaudret in Comprehensive Organometallic Chemistry III[END_REF] B NMR spectroscopy analysis), a reusable H2 delivery system based on catalyst reutilization after vacuum distillation removal of the H2-depleted by-product and MeOH was tested (Figure 6). Over three reuse cycles, complete conversion of H3N•BH3 was observed in the reactions mediated with Pt•L1 0.2 , Pt•L2 0.2 and Pt•L3 0.2 nanoparticles, retaining the catalysts 55-66% of their initial activities after the third reutilization. 

Tandem H3N•BH3 dehydrogenation/N-heterocycle hydrogenation

In addition to its use as energy carrier, ammonia borane has found applications as a reductant in synthetic organic chemistry, [4e,17] and the development of metal-catalyzed reductions using H3N•BH3 as hydrogen source has been explored. [18] Interestingly, hydrogen generation by ammonia borane methanolysis allows for an easy separation of the reaction products from the dehydrogenated by-products. Therefore, tandem H3N•BH3 dehydrogenation/hydrogenation of N-heterocycles catalyzed by Pt•L nanoparticles was examined to probe the potential of the catalysts in such a tandem process (Table 3). Hydrogenation of quinoline was cleanly carried out with 3 equivalents of H3N•BH3 in 91 and 58% yields using 1.0 mol% of Pt•L1 0.2 and Pt•L3 0.2 , respectively (entries 1 and 2). Moreover, nanoparticles Pt•L1 0.2 were also effective in the reduction of other N-heterocycles such as phenanthridine, 2-methylquinoxaline and acridine providing the corresponding reduction products in >90% yield (entries 3-5).

Conclusions

Narrowly dispersed Pt nanoparticles stabilized with sterically demanding terphenylphosphane ligands have been synthesized. These nanoparticles displayed high activities in the generation of H2 by methanolysis of H3N•BH3. Thus, by a simple adjustment of the structure of the phosphane ligand and the phosphane/Pt ratio, high turnover frequencies of up to 283 min -1 were observed at 30 o C and low catalyst loadings. Also, reusability studies of the catalysts have shown it is feasible although an erosion of the catalytic activity was observed after three catalytic runs. Finally, the possibility to use these catalysts for tandem H3N•BH3 dehydrogenation/N-heterocycle hydrogenation reactions has been demonstrated. It is worth mentioning that with the colloidal catalysts here described, additional weight and effects produced by supports as used with other nanocatalysts for the target reaction are avoided. 

Experimental Section

General procedures and characterization techniques. All the reactions have been carried out in a glovebox or under nitrogen or argon atmosphere using Schlenk-type techniques. Solvents have been dried by already known procedures and distilled under argon or nitrogen atmosphere before their use. Methanol was dried with sodium methoxide (NaOMe) and distilled under argon. Ammonia borane was purchased from Aldrich, and used without any further purification. Terphenylphosphane ligands L1, [19] L2 [19] and L3 [20] were prepared according to already published procedures.

[Pt(dba)2] was obtained by a previously reported method, [21] and its %wt of Pt was determined by ICP. Pt NPs were analyzed by TEM and HRTEM after deposition of a drop of the crude THF colloidal solution or a drop of a solution of the isolated nanoparticles after dispersion in THF on a covered holey copper grid, respectively. TEM analyses were performed at the Centro de Investigación, Tecnología ) was added into the reactor. The Fisher-Porter bottle was pressurized with 3 bar of H2 and the solution was left to reach slowly the room temperature under vigorous stirring. The homogenous solution, which turns black after 30 minutes of reaction, was kept under stirring overnight at room temperature. After this period of time, excess of H2 was eliminated and the volume of solvent was reduced to 10 mL under vacuum. Pentane (40 mL) was added to the colloidal suspension which was cooled down to -30 ºC to precipitate the particles. After filtration under argon with a cannula, the black solid powder was washed twice with pentane (2 x 40 mL) and dried under vacuum. For Pt content determination by ICP and TEM analysis of the nanoparticles, see Table 1.

Catalytic reactions

Experimental setup for small scale H2 production. H2 generation was followed up using a Fisher-Porter vessel (25 mL) connected to a vacuum line and coupled to a ESI pressure gauge model GS4200-USB (0-6 bar) plugged to a computer.

Representative procedure for hydrogen generation. A freshly prepared solution of ammonia borane (1.9 M) in MeOH (1.0 mL, 1.9 mmol H3N•BH3) was added to a colloidal suspension of the nanoparticles Pt•L1 0.2 (1.0 mg, 3.3 mol Pt) in MeOH (0.5 mL) thermostated to 30 ºC and stirred at 750 rpm. H2 generation was monitored by registering the increase of pressure in the system. Quantitative formation of ammonium tetramethoxyborate (NH4B(OMe)4) was determined by 11 B NMR spectroscopy.

Large scale hydrogen generation. A freshly prepared solution of ammonia borane (1.9 M) in MeOH (8.0 mL, 15.2 mmol H3N•BH3) was added over 16 min to a colloidal suspension of nanoparticles Pt•L3 0.2 (0.7 mg, 2.5 mol Pt) in MeOH (0.25 mL) thermostated to 25 ºC and stirred at 750 rpm. H2 generation was monitored by measuring the gas evolved in a gas burette. Quantitative formation of ammonium tetramethoxyborate was determined by 11 B NMR spectroscopy.

Representative procedure for H2 generation with catalyst recycling.

A solution of ammonia borane (1.9 M) in MeOH (1.0 mL, 1.9 mmol H3N•BH3) was added to a colloidal suspension of the nanoparticles Pt•L1 0.2 (1.0 mg, 3.3 mol Pt) in MeOH (0.5 mL) thermostated to 25 ºC and stirred at 750 rpm. H2 generation was monitored by registering the increase of pressure in the system. After the reaction proceeded to completion, solvent and ammonium tetramethoxyborate were distilled off under vacuum. MeOH (0.5 mL) and a solution 1.9 M of H3N•BH3 in MeOH (1.0 mL, 1.9 mmol) were successively added to the nanoparticles and H2 generation was again monitored. The process was repeated over three times.

General procedure for tandem H3N•BH3 methanolysis/N-heterocycle hydrogenation. A 10 mL Fisher-Porter vessel was charged with a suspension of Pt•L1 0.2 (1.0 mg, 3.8 mol Pt) and the corresponding Nheterocycle (0.38 mmol) in MeOH (0.5 mL), and 0.75 mL (1.1 mmol of H3N•BH3) of a freshly prepared solution of H3N•BH3 in MeOH was added.

The reaction mixture was heated to 60 o C for 21 h. CAUTION: hydrogen pressure is developed. Product yield was determined by 1 H NMR spectroscopy using mesitylene as an internal standard.

Figure 1 .

 1 Figure 1. Terphenylphosphanes L used to stabilize Pt nanoparticles.

  %wt Pt content as determined by ICP. [b] Measured from TEM images. Standard deviations in parentheses.

Figure 2 .

 2 Figure 2. TEM images and size histograms of Pt•L1 0.2 (top, left) , Pt•L1 0.5 (bottom, left), Pt•L2 0.2 (top, right) and Pt•L3 0.2 (bottom, right).

Figure 3 .

 3 Figure 3. HRTEM (left) and FFT (right) images obtained for Pt•L1 0.2 .

Figure 4 .

 4 Figure 4. Hydrogen evolution from the methanolysis of H3N•BH3 catalyzed by Pt•L nanoparticles. See Table2for experimental details.

  [a] Reactions conditions, unless otherwise noted: 30 o C, [H3N•BH3] = 1.2 M. TOF values as calculated from (mmol of H2/mmol Pt) x min -1 . [b] [H3N•BH3] = 1.7 M.

Figure 5 .

 5 Figure 5. Large scale methanolysis of H3N•BH3 catalyzed by Pt•L3 0.2 nanoparticles. Reactions conditions: 0.016 mol% Pt, 25 o C, [H3N•BH3] = 1.8 M.

Figure 6 .

 6 Figure 6. Recycling experiments of Pt•L nanoparticles. Reaction conditions: 0.2 mol% Pt, 25 o C, MeOH, [H3N•BH3] = 1.3 M. TOF values as calculated from (mmol of H2/mmol Pt ) x min -1 .

Table 1 .

 1 Terphenylphosphane stabilized Pt NPs.

Table 3 .

 3 Tandem H3N•BH3 methanolysis/N-heterocycle hydrogenation with Pt•L nanoparticles.[a] 

	Entry	Pt•L	Substrate	Product	yield [%]
	1	Pt•L1 0.2			91
	2	Pt•L3 0.2			58
	3	Pt•L1 0.2			92
	4	Pt•L1 0.2			>99
	5	Pt•L1 0.2			91
	[a] Reaction conditions: 3 equiv H3N•BH3, 1.0 mol% Pt, 60 o C, MeOH, [S]
	= 0.3 M, 21 h.			
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The synthesis of a series of narrowly dispersed phosphanedecorated Pt nanoparticles is reported. These nanoparticles are highly efficient catalysts for hydrogen generation by methanolysis of ammonia borane (H3N•BH3). Reusability studies of the catalysts have been carried out, as well as the use of these nanoparticles for tandem H3N•BH3 dehydrogenation/Nheterocycle hydrogenation processes.