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ABSTRACT. Ammonia borane-based transfer hydrogenation mechanisms on copper 

nanoparticles (CuNPs) are identified and assessed by isotope labeling and Kohn-Sham density 

functional methods, using the hydrogenation of styrene to ethylbenzene at ambient conditions as 

the model reaction. The key role of protonic solvents in permitting the ammonia borane 

decomposition is confirmed. Different dehydrogenation pathways are evidenced for the N–H and 
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B–H bonds: while the metal surface always acts as an intermediary in the hydrogen transfer from 

the B–H bond to the organic substrate, the N–H bond can directly hydrogenate the most negatively 

charged carbon atom of the unsaturated bond. The styrene to ethylbenzene reaction is here proved 

to have a > 99% conversion with 100% selectivity at ambient conditions, using methanol, and pure 

water as the solvents. The CuNPs are obtained in situ by reduction of the copper source, SION-X 

(Cu2[(BO)(OH)2](OH)3), by ammonia borane. The catalytic properties of these CuNPs are stable 

for at least 5 cycles without the need for reduction steps, also upon their exposure to the air in 

between subsequent cycles. This is due to ammonia borane’s ability to act simultaneously as the 

hydrogen source for the reaction and as the reducing agent of copper. Ammonia borane shows then 

a significant advantage to other hydrogen sources for transfer hydrogenation in combination with 

CuNPs, eliminating both the catalyst preparation and activation steps, reducing the complexity and 

operational cost of the process. 

1. INTRODUCTION 

Catalytic hydrogenations are an important class of reactions with many applications in several 

industrial sectors1 such as food industry,2, 3 petrochemicals,4 pharmaceuticals,5 material science,6 

and energy production.7 Hydrogenation of olefins and aromatics towards their saturated 

derivatives is often at the core of chemical industrial processes to increase the commercial values 

of different chemical products.8-10 These processes are generally carried out at high temperatures 

and, depending on the application, can be performed in the gas or liquid phase using pressurized 

H2. Noble metal-based catalysts, such as Pd/C and Pt/Al2O3,
11, 12 display high selectivity and 

conversion rate but at the expense of high cost and low sustainability. First row transition metal-

based catalysts (e.g. Raney nickel) often require harsher reaction conditions than their noble metal 
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counterparts and are more prone to deactivation, increasing the energy demand of the processes.13-

15 Among heterogeneous catalysts, metal nanoparticles (NPs) and clusters possess unique catalytic 

properties due to their size.16 They can play a central role in solving stability and activity issues 

typical of first row transition metal-based catalysts, while still requiring close to ambient reaction 

conditions, a key factor for keeping low the cost of the process.17 Scharnagl et al.18 reported a 

biowaste-derived cobalt chitosan catalysts obtained through pyrolysis (at 700 °C) active in the 

hydrogenation of styrene (conversion 96%) and 1-octene (conversion 100%) at 60 °C and 10 bar 

of H2 for 18 h. A nickel silicide/SiO2 nano-catalyst obtained by thermal treatment (1000 °C, 2 h) 

was found to be highly active for the hydrogenations of very different organic substrates 

(nitroarenes, aldehydes, ketones, and alkenes among others) at 10-50 bar of H2 and temperatures 

of 40-100 °C.19 Zhang et al.20 have recently reported the efficient hydrogenation at 30-200 °C and 

1-40 bar of H2 of different olefins and aromatics over highly dispersed Ni0 nanoparticles anchored 

on a MCM-41 support. Nevertheless, the formation and (re)activation of the catalytic centers in all 

these systems need high temperatures and an H2 stream. 

The transfer hydrogenation of organic compounds is a safer process than reduction reactions 

involving pressurized molecular hydrogen.21, 22 Transfer hydrogenation lies on the use of 

hydrogen-rich materials (in liquid or solid form) that, undergoing dehydrogenation, act as on-site 

hydrogen source.23, 24 Ammonia borane (NH3BH3, AB) is a well-known water soluble, non-toxic, 

and air-stable source of H2 that in the presence of a catalyst can release H2 in the reaction 

environment at ambient conditions.25 For these reasons, AB is among the most studied hydrogen 

source for transfer hydrogenation reactions.26-31 AB dehydrogenation can be achieved through 

solvolysis in a protic solvent (often water – hydrolysis – or methanol – methanolysis) and it is 

catalyzed over a wide range of catalysts,32, 33 such as noble metals NPs (Pt, Au, Rh, Ru, and Pd)34 
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and transition metals NPs, such as Ni, Fe, Cu and Co.35-37 Among the latter, Cu(0) nanoparticles 

(CuNPs) present several advantages as hydrogenation catalysts, like high conversion rates and low 

cost.38-40 Additionally, copper has the peculiarity to have a negative standard oxidation potential. 

This makes the catalysts based on Cu0, although still air sensitive,41 less prone to be oxidized, and 

then requiring less frequent reactivation cycles, with respect to the other first-row transition metals 

NPs. 

Recent works have reported the quantitative semi-hydrogenation of different alkynes at 40-60 

°C and atmospheric pressure using AB and CuCl2,
42 or CuSO4,

43 as precursors for in situ 

generation of CuNPs. Du et al.44 demonstrated that a commercially available CuO powder can be 

also reduced by AB to generate a spongy structure consisting of CuNPs highly active in the 

hydrogenation of nitroarenes at 50 °C. 

An additional problem of heterogeneous metal-based catalysts (noble or non-noble ones) is the 

fact that the metal nanoparticles tend to aggregate, causing a change in their activity in time.41, 45 

The main strategies for the stabilization of CuNPs involve the use of capping agents,41, 46 alloying 

with other metals,47 the formation of core-shell structures,48 and the distribution of the 

nanoparticles over supports of very different composition.49, 50 Yu et al.50 studied the activity of 

CuNi NPs assembled over graphene, in the tandem hydrogenation of aromatic nitro compounds to 

primary amines using AB, reporting high conversions (>97%) and good stability at ambient 

temperature and pressure. Nanoporous core-shell Cu/Cu2O NPs (Cu@Cu2O) obtained from the 

dealloying of a CuAl precursor were found to be highly active and stable over 5 reaction cycle in 

the reduction of nitroarenes with AB.51 Metal-organic frameworks-supported Cu nanoparticles 

have been reported to catalyze selectively the transfer hydrogenation of quinolines by AB at 

ambient conditions.52 Nevertheless, all these strategies complicate the synthetic protocol, without 
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eliminating the problem related to the oxidation of the nanoparticles. Moreover, the additive deters 

the aggregation of the particles, but it alters (if not even poisons) the catalyst. Homogeneous 

catalysts are less affected by aggregation problems, although they cannot be easily separated by 

the products.  

Different studies42-44, 53, 54 have recently highlighted that issues related to oxidation are 

intrinsically minimized for CuNPs by the use of AB as the hydrogen source. AB serves in fact at 

the same time for the hydrogenation reaction and the reduction of the copper source to Cu(0) 

species, so forming in situ the CuNPs in the reaction environment and maintaining them in the 

reduced state, minimizing the need of reactivation. Oxidized copper species formed by contact 

with the air are also reduced by AB. This eliminates the need for the catalyst preparation and 

regeneration (calcination/oxidation, reduction, or surface cleaning). Moreover, the AB solvolysis 

products, can be converted back to AB or to boric acid:42, 55-57 e.g., NH4B(OCH3)4, can be 

regenerated to AB upon reaction with LiAlH4 and NH4Cl under ambient conditions.58 The 

separation of the catalyst from the solution is often complicated for unsupported nanoparticles. 

Moreover, safety issues are often raised for the handling of dried unsupported NPs.59 Kinik et al.53, 

54 reported the use of a self-healing catalyst named Jacquesdietrichite60 or SION-X (formula: 

Cu2[(BO)(OH)2](OH)3, see Figure 1a and Figure S1), that can serve as copper source for CuNPs 

and it is able to affect the selective transfer hydrogenation of nitroarenes by AB at ambient 

conditions. Interestingly, AB is selectively decomposed by SION-X to H2, without borane 

formation.53, 54 Unlike other copper sources, this mineral can be reformed quantitatively after the 

transfer hydrogenation reaction, by exposure of the solution to the air. The mechanism behind the 

self-healing properties of these CuNPs is discussed in Refs. 53, 54. Being SION-X solubility in 

water negligible, it can be then filtrated out from the solution at the end of the reaction or simply 
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reused for multiple times without significant catalyst deactivation.44, 45 However, despite the great 

potential of CuNPs synthetized from SION-X as hydrogenation catalyst, they have not been tested 

for other substrates besides nitroarenes. Essential properties as the structure, coordination, and 

oxidation state of Cu in these CuNPs are still uncharacterized. Additionally, transfer hydrogenation 

reaction mechanisms by AB catalyzed by metal nanoparticles have not been investigated so far. 

Indeed, despite the large interest in these reactions,25, 32, 33, 61 the mechanisms proposed in the 

literature are in most part speculative.42-44, 53, 54, 61, 62 

Here, we fill this knowledge gap by assessing the different reaction mechanisms proposed in the 

literature for AB-based transfer hydrogenation on copper nanoparticles.42, 43, 62 We used the 

hydrogenation of styrene to ethylbenzene as a model reaction, and copper nanoparticles 

synthetized in situ by the reduction of SION-X by AB. The reaction was completed in 2 h at 

ambient conditions with a >99% selectivity and using water or methanol as the solvent, or their 

mixtures (see Scheme 1). A combination of gas chromatography-mass spectrometry (GC), X-ray 

absorption spectroscopy (XAS), NMR, UV-Visible spectroscopy, isotope labeling, and Kohn-

Sham density functional methods, were exploited to characterize the reaction products and 

determine the coordination, and oxidation state of Cu in the NPs, and how they change along the 

reaction. Isotope labeling and Kohn-Sham density functional methods were exploited to unravel 

the reaction mechanisms for both AB dehydrogenation and olefin hydrogenation. The key role of 

the protic solvent in AB dehydrogenation,32, 33, 42, 62 hypothesized in previous studies, is here 

experimentally validated. Additionally, we show that the N–H and B–H bonds can follow different 

dehydrogenation pathways. This study lays the basis for understanding the mechanisms of 

ammonia borane dehydrogenation on metal nanoparticles. 
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Scheme 1. Styrene hydrogenation reaction on CuNPs. 

 

2. MATERIALS AND METOHODS 

A detailed description of the experimental and computational methods used is reported in the 

Supporting Information. 

3. RESULTS AND DISCUSSION 

Structure and Reactivity of CuNPs. SION-X was synthetized following the procedure reported 

in Kinik at al.54 and doubling the amount of reagents used. Bulk structural properties were 

confirmed by X-ray powder diffraction (XRPD), infrared spectroscopy (FTIR), and UV-Vis 

spectroscopy (see Figure S1). The UV-Vis spectrum of SION-X (red curve in Figure 1b and Figure 

S1f) is very similar to the spectrum of Cu(OH)2 (black curve in Figure S1f), as expected 

considering the similarity of the Cu oxidation state and coordination environment in the two 

materials. The absorption peak in the UV region near 360 nm can be assigned to the ligand to metal 

charge transfer (LMCT), while the broad band in the visible region near 650 nm is due to the Cu(II) 

d-d transition.63 The absorption peak at 251 nm looming over the 360 nm signal is associated to 

surface plasmon absorption, based on the literature of copper oxide nanoparticles.64 
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Figure 1. Characterization of CuNPs. a. Reaction scheme for the synthesis of the CuNPs. b. 

DR-UV-Vis spectra of SION-X (red line) and CuNPs (blue line) in the air. The sample powders 

have been diluted in BaSO4 (sample:BaSO4 weight ratios are reported in parentheses on the plot). 

c. XRPD patterns of CuNPs, as obtained from the reaction of SION-X and AB (blue) and after the 

5th cycle of the hydrogenation reaction (light blue) followed by filtration and drying. Patterns 

collected in the air. The powder pattern simulated for bulk Cu is also shown for comparison (black 

line). d. SEM image of CuNPs. e. HRTEM image of CuNPs. The diffraction pattern obtained by 

Fast Fourier transform of the region highlighted in blue is reported in the inset. A possible scheme 

of the origin of the hexagonal projection commonly observed for these CuNPs is also shown in an 

inset. f. Histogram of CuNPs size distribution as obtained from HRTEM measurements. 
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Copper nanoparticles were obtained from SION-X using the same reaction conditions used in the 

styrene hydrogenation experiments (Figure 1a). XRPD (blue line, Figure 1c) and DR-UV-Vis 

spectroscopy (blue line, Figure 1b) confirmed that the formed black aggregates are metal copper 

nanoparticles. In particular, the DR-UV-Vis spectrum of the CuNPs in powder (dry) form shows 

similar features as those reported by Henglein for CuNPs in solution, with absorption at 248, 355, 

439, and 607 nm.65 These signals can be associated to surface plasmon resonance in copper 

nanoparticles.65-70 All the signals are broad and featureless absorbance bands, as expected based 

on the literature, for nanoparticles having a dimension lower than 4 nm.65, 69-71 The band at 600 nm 

can be alternatively assigned to Cu(I) species,72 although their presence can be excluded based on 

the XAS measurements (see below). Optical bands of metal nanoparticles are known to be 

significantly affected by the dielectric constant of the medium.68 The spectrum of the CuNPs 

recorded in water is reported in Figure 2a and Figure S5a (dark blue line). In this case, the spectrum 

is almost featureless, with only a residual band at 190 nm. SEM image in Figure 1d shows 

nanoparticles as fluffy aggregates of the order of µm, SEM resolution limits the detail on the 

structure to about 100 nm. To appreciate the shape and dimension of the nanoparticles, they have 

been characterized using HRTEM. The CuNPs show both spherical and polyhedric shapes, as 

highlighted from the detailed HRTEM characterization of a single nanoparticle (Figure 1f), whose 

Fast Fourier Transform (FFT) reveals a lattice fringe of 2.1 Å which corresponds to the (111) 

plane. Accordingly, (111) planes are responsible of the most intense peak in the CuNPs XRPD 

pattern (see Figure 1c). Most part of the polydredric particles show an hexagonal projection in the 

HRTEM images (nanoparticle outlined with a blue line in Figure 1f, see also Figure S3b), that can 

be associated to different type polyhedra (e.g., octahedra as in the inset of Figure 1f). The few 

nanometers size of the CuNPs suggested by UV-Vis measurements is confirmed by three 
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independent techniques: HRTEM, XAS, and XRPD. The size distribution obtained by HRTEM is 

shown in Figure 1f. It indicates a monodisperse distribution of the particle size, 1 – 16 nm, with a 

maximum around 4 nm. Calvin et al.73 have  shown that the size of nanoparticles derived from 

XRPD and XAS can be considered the upper and lower bound of the size distribution, respectively. 

CuNP size estimated from XRPD data in Figure 1c, using the Sherrer equation, is comprised 

between 14 and 23 nm (18±4 nm on average), i.e. very close to the largest value in the size 

distribution obtained by HRTEM (16 nm). XAS indicates that the smallest particles have a 

dimension of 1.6 nm, i.e. very close to the lowest value in the size distribution obtained by HRTEM 

shown in Figure 1f: 1 nm (see Table S1). 

 

Figure 2. UV-Vis spectra of styrene hydrogenation catalyzed by CuNPs in operando. a. 

Spectra of aqueous solution of CuNPs before (dark blue line) and after addition of styrene (light 

blue line) or ethylbenzene (violet line). b. Spectra recorded in time of the transfer hydrogenation 

of AB to styrene catalyzed by CuNPs (RT, air). A lower concentration of reagents was used in the 

UV measurements than in the catalytic tests to keep the absorbance in the linear range of the 

detector. The reaction was monitored through the decrease in intensity of the 245 nm band of 

styrene (see also Figure S8). c. Kinetic plot showing −ln⁡(𝐶styrene
𝑡 /𝐶styrene

𝑡=0 ) as function of the 
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reaction time (grey circle), where 𝐶styrene
𝑡  is the concentration of styrene at the time t. The linear 

fit is reported as a red line (r2 = 0.99). 

 

The catalytic activity of the CuNPs obtained from the reduction of SION-X was successfully tested 

for the hydrogenation of olefins using the styrene to ethylbenzene model reaction (see Table 1).74 

In a typical experiment, AB and styrene were added to an aqueous suspension of SION-X kept 

under inert atmosphere. At ambient conditions, we did not observe the conversion of styrene in 

absence of a catalyst (entry 8, Table 1), in agreement with previous works.75 

 

Table 1. Transfer hydrogenation of styrene to ethylbenzene by ammonia borane catalyzed by in 

situ generated CuNPs.a 

 

Entry SION-X (mmol) NH3BH3 (mmol) Solvent Conversion (%)b 

1 0.025 0.25 H2O 100 

2 0.025 0.17 H2O 62 

3 0.025 0.25 CH3OH 100 

4 0.025 1.5 H2O 100 



 13 

5 0.025 1.5 THF 0 

6 0.0025 1.5 H2O 100 

7 0.0025 0.25 H2O 5 

8 – 1.5 H2O
c 0 

a 0.5 mmol of styrene, 5 mL of solvent. b Analyzed by GC-MS. c Reaction times of 2 h and 18 h. 

 

Supposing the full release of 3 H2 from each ammonia borane complex, the stoichiometric 

amount of AB (moles, nABmin) corresponds to: 

𝑛ABmin =
1

3
(𝑛styrene + 2𝑛SION−X) 

where 𝑛styrene and 2𝑛SION−X are the moles of styrene and SION-X, respectively. Two moles of 

AB per mole of SION-X are necessary in order to reduce the two Cu(II) present in the formula 

unit of SION-X to Cu(0). Aiming at minimizing the amount of SION-X and AB used in the 

reaction, different SION-X:AB:styrene ratios were tested.54 The most relevant results are reported 

in Table 1. For what concerns aprotic solvents (THF), styrene was not hydrogenated even using a 

large excess of AB (10 times nABmin, entry 5). Considering protic solvents, complete conversion of 

styrene was achieved using even a slight excess of AB (entries 1, 3, and 6 in Table 1). It is 

important to notice that this amount of AB is > 6-fold smaller than the one employed in previous 

studies on transfer hydrogenation reactions catalyzed by CuNPs to other substrates.42, 43, 54 Efforts 

to use exactly the minimum theoretical values brought to only partial conversion of styrene (see 

entry 2), suggesting that a portion of H2 (~30%) is lost in the gas phase. This is likely associated 
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to faster kinetics for AB dehydrogenation than for styrene hydrogenation, as confirmed by DFT 

calculations (see below). 

Recycle experiments were performed by using CuNPs preformed from the reaction of SION-X 

and AB. In each cycle, the CuNPs were filtered out from the solution, washed with water, acetone, 

and again water in the air, and then added to an aqueous solution of AB and styrene. The water 

was treated with ultrasound in Ar to remove the dissolved oxygen before adding AB and styrene. 

The reaction was stopped after 1 h and the styrene conversion was quantified using GC-MS. We 

adopted a shorter time in the recycling study than the one used for the catalytic tests (1 h vs. 2 h) 

to obtain only a partial conversion of styrene (~45%). This was done because a reaction time 

corresponding only to a partial conversion of styrene allows to evidence more easily changes in 

the catalytic activity in cycling tests.76 The CuNPs showed no significant changes in product yield 

or selectivity after 5 cycles, with conversions ranging from 42 to 46% (see Figure 3). This result 

is particularly significant, demonstrating the stability and the sustainability of the process. 

 

Figure 3. Cycling of CuNPs as catalyst for the transfer hydrogenation of AB to styrene. 

Conditions: 0.5 mmol of styrene, 5 mL of H2O, 0.025 mmol CuNPs, 1.5 mmol NH3BH3, RT, 1 h. 
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The oxidation state of copper was monitored using in situ XAS spectroscopy (see Figure 4) and 

operando UV-Vis spectroscopy (see Figure 2b and Figure S7). In situ X-ray absorption 

spectroscopy provided evidence of changes in the oxidation state and coordination of Cu in SION-

X after reduction following the reaction with AB and styrene (see Figure 4). Near edge absorption 

spectroscopy (XANES) is sensitive to the geometry and coordination of the absorption site (Cu). 

The XANES spectra of SION-X before and after reaction with AB and styrene, or with styrene 

only, are shown in Figure 4a. The spectra of the pristine SION-X and that after reaction with 

styrene only are identical, indicating that no reaction occurs in the absence of AB. When AB is 

introduced, the spectra match that of the CuNPs reference, confirming the formation of CuNPs 

both in anoxic (SION-X+styrene+AB, Figure 4a) and oxic conditions (SION-X+sytrene+AB_O2, 

Figure 4a). The oxic conditions were obtained by short exposure of the solution to the air to test 

the stability of CuNPs to oxidation. Linear combination fitting of the XANES spectra of SION-X, 

SION-X+styrene, and SION-X+styrene+AB (oxic and anoxic) with the reference spectra of 

Cu(OH)2, CuSO4, CuH, CuO, and CuO2 (Figure S10), indicates that none of these species is 

present before or after the reaction of SION-X with styrene+AB or styrene only, at least in amounts 

> 5 – 10% wt., which is the detection limit of this procedure.77 The position of the absorption edge 

confirms that Cu is in the 2+ oxidation state in SION-X and SION-X+styrene and in the 0 oxidation 

state in SION-X+styrene+AB (oxic and anoxic) (Figures S9 and S10). Previous XPS 

measurements showed, along a majority of Cu(0) species, also the presence of Cu(I) and Cu(II) 

species.54 Nevertheless, the presence of Cu(I) and Cu(II) was associated by Kinik et al.54 to the 

surface oxidation of CuNPs due to the exposure of the sample to air during the sample preparation 

for XPS. The extended part of the absorption spectra (EXAFS) is informative of the local structure 
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around Cu (bond lengths and coordination numbers). The Fourier transform of the extended part 

of the EXAFS signals extracted from the absorption spectra is shown in Figure 4b. The peaks 

correspond to the distances from the Cu atom. In SION-X and SION-X+styrene, the Cu-O (1.95±3 

Å) and Cu-Cu (2.94±3 Å) distances and coordination numbers (respectively 4 and 2) are 

compatible with the structure of Jacquesdietrichite60 within the experimental error, while in the 

SION-X+styrene+AB (oxic and anoxic) the Cu-Cu distance (2.55±3 Å) matches that of the CuNPs 

and bulk metallic Cu references (Table S1). The refined first shell coordination number of SION-

X+styrene+AB (anoxic) is reduced with respect to the bulk metallic Cu value (12) and is similar 

to that of the CuNPs reference (9±1, Table S1), confirming the nanoparticulate nature of the 

reaction product. The first shell coordination number of SION-X+styrene+AB-O2 (oxic) is further 

reduced to 7±1 (Table S1), indicating a smaller size of the NPs with respect to its anoxic 

counterpart (see Section S6 and Table S1 for further details). This means that short exposure to 

the air can be used as a simple way to decrease (slightly) CuNPs dimensions. Short exposure to 

the air does not cause a decrease in the catalytic activity of the CuNPs or a change of Cu oxidation 

state, likely because of the negative standard oxidation potential of copper and to the ability of AB 

to act as reducing agent of the copper, besides as hydrogen source for the transfer hydrogenation 

reaction. 

The reduction of the coordination number can be used to estimate the size of the nanoparticle. 

Following the method reported in Calvin et al.,73 we obtained a CuNP size of 1.6 nm for SION-

X+styrene+AB and 0.8 nm for SION-X+styrene+AB-O2 (Table S1). These values are compatible 

with the particle size distribution size observed at the TEM (1 – 16 nm, with the majority of them 

measuring 4 nm: see Figure 1f), as the NP size calculated from XAS must be considered as a lower 

bound.73 On the other hand, the NP size estimated from XRPD data, using the Sherrer equation, 
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was comprised between 14 and 23 nm (18±4 on average, depending which reflection peak was 

used to calculate it). However, according to Ref. 73, XRPD values should be considered as an upper 

bound. 

 

Figure 4. In situ Cu K-edge XAS measurements. a. XANES spectra of aqueous solution of 

SION-X (2mM, red curve), SION-X + styrene (SION-X: 2mM, styrene: 40mM, green curve), 

SION-X + AB + styrene after 30 minutes reaction time in anoxic conditions (SION-X: 2mM, 

styrene: 40mM, AB: 120mM, blue curve), and SION-X + AB + styrene after 120 minutes reaction 

time in oxic conditions (brown curve). The spectrum of CuNPs obtained from the reaction of 25 

mg of CuSO4 · 5 H2O with 12 mg NaBH4 in 2.5 mL of water is also reported for comparison (black 

curve). The spectra were vertically shifted for easy of view. b. Fourier transform of the EXAFS 

signals extracted from the XAS spectra in panel a showing the local structure around Cu. The 

peaks corresponding to the main contributions to the EXAFS signal arising from the Cu-O or Cu-

Cu interactions are labeled on the plot. The distance is not correct for the phase shift. The corrected 

distances are reported in Table S1. The color legend is the same as panel a. 
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Operando UV-Vis spectroscopy (see Figure 2b and Figure S7) provided similar results to XAS 

spectroscopy concerning the Cu oxidation state. No formation of bands associated with the 

formation of Cu(II) or Cu(III) species was observed over the whole reaction time. The formation 

of Cu(I) species cannot be excluded, having Cu(I) no d-d transition and being then not easily 

detectable with this spectroscopy. However, in situ XAS spectra did not reveal Cu(I) compounds, 

at least at concentrations > 5–10 wt. (Figure 4). Additionally, UV-Vis spectroscopy allows to 

follow the styrene conversion in time, having styrene a characteristic band at 245 nm78 that is 

absent in ethylbenzene (see Figures S4-S6). This band decreases in intensity constantly over two 

hours of reaction, as result of styrene consumption (see Figure 2b, Figure S7, and Figure S8). By 

assuming a first order kinetic, it is possible to verify the linear trend of −ln⁡(𝐶styrene
𝑡 /𝐶styrene

𝑡=0 ) 

versus the reaction time (Figure 2c). This allowed to calculate the apparent kinetic constant k, 

being k = 1.12 · 10–4 s–1. 

Mechanism of Ethylbenzene Formation. We sought to identify and validate the reaction 

mechanism(s) proposed in the literature42, 62 for the transfer hydrogenation of AB to organic 

substrates catalyzed by the CuNPs, using the styrene to ethylbenzene as a model reaction. 

Vasilikogiannaki et al.62 proposed a plausible two-step mechanism for the transfer hydrogenation 

of alkynes by AB on gold nanoparticles, where only the B–H bond inserts into gold.79 This 

mechanism is indicated as Ntrans mechanism in the following and it is shown in Figure 5c. The 

key role of a protic solvent ROH to allow the full dehydrogenation of AB was also explained in 

Ref. 62 through the mechanism in Figure 5b, i.e. following the same process reported for metal-

catalyzed AB hydrolysis or alcoholysis.55 Kusy and Grela42 proved that the mechanisms shown in 
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Figure 5b and c for gold nanoparticles are also reasonable for CuNPs. In particular, the 

diphenylacetylene hydrogenation by NH3BH3 in THF–D2O resulted in the formation of 81% of 

the partial deuterated product, as expected from the mechanism in Figure 5b where the solvent 

hydrogenates only the N moiety.42 

Copper nanoparticles can catalyze hydrogenation reactions using H2 as the hydrogen source.38-40 

Using a reactor, we have verified that these CuNPs catalyze the styrene hydrogenation reaction at 

ambient temperature using 10 bar H2. This means that a mechanism, where the hydrogenation of 

the substrate is mediated by the surface, is also possible for these CuNPs (indicated as surftrans 

mechanism in Figure 5a). 
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Figure 5. Mechanisms of transfer hydrogenation by ammonia borane to styrene on CuNPs. 

Two mechanisms were considered in the computational study: a. the ammonia borane 

dehydrogenates on the copper nanoparticles with the formation of BH2NH2 and then the hydrogen 

transfer to the alkene double bond is delegated to the copper surface (surftrans mechanism); c. 

only the B–H bond dehydrogenates on the copper surface, while the amino directly transfers the 
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hydrogen to the benzylic carbon (Ntrans mechanism). The formed BH2NH2 can re-enter the 

hydrogenation cycles in place of NH3BH3 after reacting with a protic solvent ROH (water or 

methanol in the present study) forming (RO)H2BNH3, as suggested by Vasilikogiannaki et al.62 

and Kusy and Grela.42 The process can be reiterated until the formation of B(OR)2NH2, as 

summarized in part b. In part a, the structure of the cluster used to model the Cu nanoparticles (A 

intermediate) is reported, as optimized at the M06-L/def2-TZVP level. Color code: orange 

(copper). d. Computational reaction profile of transfer hydrogenation by ammonia borane to 

styrene on CuNPs through the surftrans mechanism (part a). The dark blue line follows the central 

cycle in part a while the light blue line corresponds to the alternative pathways. e. Computational 

reaction profile of transfer hydrogenation by ammonia borane to styrene on CuNPs through the 

Ntrans mechanism (see part b). The optimized structures are shown for selected transition states. 

Color code: grey (carbon), white (hydrogen), pink (boron), blue (nitrogen), orange (copper). Data 

obtained at the M06-L/def2-TZVP level using the Cu16 cluster reported in part a. 

 

We have then considered the mechanisms reported in Figure 5a and b with the aim to test and 

validate them using both experimental and DFT calculations. For what concerns the mechanism 

in Figure 5b, previously validated in Refs. 42, 62, it was also confirmed here by the test in THF, 

reported as entry 5 in Table 1 (see above). 

The low polarity of Cu–H species and the almost zero-energy bond dissociation of surface 

hydrogen species on copper surface previously highlighted in the literature80, 81 is here confirmed 

by using TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) as a free radical scavenger. For these 

tests, D2O/MeOD (1:1) was used as the solvent. TEMPO suppresses the hydrogenation reaction: 
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only a small amount of ethylbenzene was observed after two hours of reaction for TEMPO to 

styrene ratio of 1:4, while 100% was formed in absence of TEMPO. GC-MS analysis evidenced 

the formation of TEMPOH (m/z = 157.21) and TEMPOD (m/z = 158.21), i.e., the addition 

products of H· or D· to TEMPO· (see spectra in Figure S37). The presence of TEMPOH/D in the 

reaction mixture was also confirmed by 13C NMR spectroscopy (see Section S9). These results 

indicate a radical-like nature of the Cu–H/Cu–D species.  

Isotope labeling experiments have been exploited to test the Ntrans (Figure 5c) and surftrans 

mechanisms (Figure 5a). Three different deuterated forms of AB have been used: ND3BH3, 

NH3BD3, and ND3BD3. Although several attempts, ND3BD3 was not obtained in a pure deuterated 

form on the N moiety and it contained a significant impurity of THF (see Section S7): therefore, 

the results for ND3BD3 are not discussed in the following (see Section S8.3 for these results). N–

H and N–D moieties undergo to a fast isotope exchange with –OD and –OH species, respectively. 

Protonic (H2O) and deuterated (CD3OD/D2O) solvents have been then used in combination with 

NH3BD3 and ND3BH3, respectively, to maintain the isotopic composition of AB unaltered along 

the reaction. The reaction products have been analyzed using 1H (see Figures S20 and S26), 2H 

(see Figures S21 and S27), and 13C NMR (see Figure 6b and c, Figures S23-S25, and Figure S29) 

spectroscopy. The results were also validated using GC-MS. 

The surftrans pathway does not allow to discriminate the origin of the H/D being the transfer 

hydrogenation surface-mediated: using ND3BH3 or NH3BD3 would bring indifferently to a 

stochastic distribution of all the four deuterated forms of ethylbenzene (Ph–CH2–CH3, Ph–CH2–

CH2D, Ph–CHD–CH3, and Ph–CHD–CH2D; Ph = phenyl). The Ntrans mechanism instead should 

bring to different isotopic forms of ethylbenzene depending on the use of ND3BH3 or NH3BD3 as 

hydrogen source. Ntrans consists of two steps: the transfer of an H/D from the B moiety to the 
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CuNP surface (A-BH3-NH3 → B step in Figure 5c) and the direct transfer of the H/D from the N 

moiety (D → E step). Using ND3BH3, the only expected product should be Ph–CHD–CH3 if 

“pure” Ntrans is the only mechanism at play for the transfer hydrogenation, while Ph–CH2–CH2D 

will be obtained via NH3BD3. Nevertheless, based on the experiment using H2 gas, we are aware 

that the CuNPs surface can directly hydrogenate the double bond. This means that a secondary 

pathway can stem from step B of the Ntrans mechanism, where a H couple originating from two 

different B moieties could hydrogenate the unsaturated carbon bond following a surface-mediated 

mechanism, identical to steps C → E in surftrans (surfB mechanism). The experimental 

observation that NMe3BH3 shows 26% conversion of phenylacetylene in presence of CuNPs 

would support the presence of this side mechanism of Ntrans.42 The presence of this secondary 

pathway should bring to the additional formation of Ph–CH2–CH3 using ND3BH3, and of Ph–

CHD–CH2D for NH3BD3. 

Using computational methods, we have also investigated an alternative mechanism where the N–

H bond in AB is cleaved first, in a preliminary part of this study. Any optimized structure for the 

[H···NH2BH3]
† transition state (for both the gas phase or considering the reaction mediated by the 

copper surface) showed the contribution from a dissociating B–H bond. Additionally, the 

optimized structure of BH3NH2· corresponds to BH2NH2 in interaction with a H·. This means that 

the dissociation of AB cannot start from the N–H moiety and if additional products are observed, 

they can derive only from surftrans mechanism. An experimental confirmation of this 

computational results can be found in the work conducted by Kusy and Grela42 reporting that 0% 

conversion of diphenylacetylene was obtained using NH3BPh3 as the hydrogen source, i.e. a 

molecule that can dehydrogenate only from the N moiety.  
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A summary of the results obtained by NMR for the isotope labeling experiments is shown in Figure 

6a. 1H and 2H NMR results agree and confirm the 13C NMR ones: for the sake of brevity, 1H and 

2H NMR spectra and their interpretation are then reported in the Supplementary Information 

(Section S8). 13C NMR spectrum of the reaction using ND3BH3 in CD3OD/D2O is reported in 

Figure 6b. The 13C NMR spectrum is composed by two singlets at 29.58 and 16.10 ppm, that are 

attributed to –CH2 and –CH3 groups of Ph–CH2–CH3, respectively. Two additional signals are 

present: (i) a 1:1:1 triplet centered at 29.23 ppm (1J13C-D = 19.40 Hz) and (ii) a singlet at 16.04 

ppm. They are assigned to–CHD and –CH3 of Ph–CHD–CH3, respectively. No signals associated 

with Ph–CH2–CH2D and Ph–CHD–CH2D can be detected. This rules out the surftrans mechanism 

and indicates that both the Ntrans and surfB mechanisms are active using ND3BH3. The signals 

associated with Ph–CHD–CH3 and Ph–CH2–CH3 are sufficiently separated in the 13C NMR spectra 

(secondary isotope shifts 113C and 213C of 0.35 and 0.08 ppm, respectively, with n13C = 13C/D 

– 13C/H) allowing to quantify their relative ratio of the two isotopes to 2:1. 

As mentioned above, NH3BH3 in deuterated protic solvents undergoes a fast N–H/N–D exchange. 

Previous studies on the hydrogenation of alkynes using NH3BH3 in deuterated protic solvents 

(D2O,42 CD3OD,62 or THF–D2O)62 showed that products having two C–D on the same double bond 

did not form, while the semi-deuterated (60% for p-methoxyphenylacetylene62 and 81% for 

diphenylacetylene)42 and the not-deuterated products were observed. These results on alkynes 

agree with what obtained here for olefins: only the Ntrans (and surfB) pathway is active for 

ND3BH3, while the surftrans pathway is suppressed. 
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Figure 6. Isotope labeling of ammonia borane. a. The isotopes of ethylbenzene as obtained as 

reaction products of the transfer hydrogenation of styrene by using different AB isotopes are 

reported. b. 13C NMR spectra, normalized to the highest peak in the 30-28 ppm region. The 

asterisks mark the signals associated with THF impurities. c. 2D-HSQC sensitive improved NMR 

spectra of hydrogenation reaction of styrene with ND3BH3 recorded in CD3OD:D2O (5:1) (–CH 

and –CH3, blue; –CH2, green). 

 

The Ntrans and surfB mechanisms using NH3BD3 should bring to the exclusive formation of Ph–

CH2–CH2D and Ph–CHD–CH2D, respectively. Instead, in this case the 13C spectrum of the 

reaction products showed the presence of all the four isotopes of ethylbenzene (see Figure 6a and 

Figure S29): Ph–CH2–CH3 (peaks at 29.40 ppm and 15.99 ppm), Ph–CHD–CH3 (singlet centered 

at 15.89 ppm, and a 1:1:1 triplet centered at 28.96 ppm with 1J13C-D = 19.40 Hz), Ph-CH2-CH2D 

(singlet at 29.23 ppm, and 1:1:1 triplet at 15.67 ppm with 1J13C-D = 19.50 Hz), and Ph-CHD-CH2D 
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(1:1:1 triplet centered at 28.88 ppm with 1J13C-D = 19.40 Hz, and 1:1:1 triplet centered at 15.59 

ppm with 1J13C-D = 19.50 Hz). The formation of Ph–CH2–CH3 and Ph–CHD–CH3 indicates that 

the reaction follows also the surftrans pathway. 

Isotope labeling indicate that deuteration of the N moiety suppresses the surftrans pathway. 

Nevertheless, the surftrans pathway (and likely also Ntrans and surfB) is undoubtedly active if 

the N moiety is hydrogenated. We have used DFT functionals methods to obtain a quantification 

of the energetics at play along the reaction pathways to help the interpretation of the isotope 

labeling experiments. The reaction profiles obtained for the surftrans and the Ntrans mechanisms 

are reported in part d and e of Figure 5, respectively. The reaction profile for surfB can be obtained 

by merging the A → B step in Ntrans with the C → E steps in surftrans. The considerations 

made in the following for surftrans and the Ntrans can be then easily extended to surfB. 

The cluster model used here undergoes structural reconfiguration as the reaction proceeds. This 

contribution to the total energy can affect the energetics of the reaction more than in the real 

nanoparticles because of the smaller size of the model (0.7 vs. 4 nm). Thus, the energies 

corresponding to the structure change of the cluster have been quantified for each step of both the 

surftrans and the Ntrans pathways, verifying that they affect the activation enthalpies by ≤12% 

(see Tables S4 and S5). 

Both surftrans and the Ntrans mechanisms consider as first step the adsorption of NH3BH3 on a 

CuNP (A → A-NH3BH3). The adsorption is exothermic by –125.6 kJ mol–1. The interaction with 

the copper surface occurs through the BH3 moiety, while it was not possible to optimize A-

NH3BH3 with AB interacting through the ammonia with the more external atoms of the 

nanoparticle. The adsorption of NH3BH3 is followed by the cleavage of the B–H bond, with the 
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formation of BH2NH3 (directly bonded to a Cu atom) and an H atom (A-NH3BH3 → B in Ntrans 

and A-NH3BH3 → B’ in surftrans) through the transition state TS1. This reaction step is 

endothermic (+35 kJ mol–1), with a computed activation enthalpy (∆𝐻TS1
c ) is of 62 kJ mol–1. The 

H atom in B/B’ is not directly bonded to a single Cu atom, but it is shared among different Cu 

atoms with the shorter Cu–H distance of 1.78 Å. 

The surftrans pathway proceeds with the breaking of the N–H bond (B’ → B), bringing to the 

formation of NH2BH2 (directly bonded to a Cu atom) and of a second H atom. The reaction is 

strongly exothermic (–82 kJ mol–1), with an activation enthalpy of +35 kJ mol–1 i.e., 27 kJ mol–1 

lower than ∆𝐻TS1
c . The competitive mechanism to the two-step AB dehydrogenation just described 

is the single-step one (A-NH3BH3 → B step in surftrans). This single-step reaction is exothermic 

by –47 kJ mol–1 and it has an activation enthalpy coinciding with ∆𝐻TS1
c  (63 kJ mol–1). The 

computed activation enthalpies for AB dehydrogenation well compare with the experimental 

activation energies reported for Cu-based catalysts (36-52 kJ mol–1)82 and they are compatible with 

the observed catalytic activity of CuNPs for AB dehydrogenation at RT. The Cu–H bond length is 

about 1.78-1.83 Å (considering different locations on the Cu cluster) and each H atom is in general 

shared between two Cu atoms. The Hirshfield charge on the Cu and H is +0.04-0.05 and –0.15 

a.u., respectively. All these values support the low strength of the Cu–H bond and the radical-like 

nature of the hydrogen atoms, that can be described as free surface species. 

After the formation of the hydride species, in the surftrans mechanism, boranamine is displaced 

(∆𝐻des
c  = 130 kJ mol–1) by styrene (∆𝐻ads

c  = –113 kJ mol–1, C-surftrans) from the copper surface. 

It is important to stress that the B → C step in surftrans is not necessary in the real system because 

of the larger surface of the nanoparticles than the model used here. Because boranamine acts as a 



 28 

spectator to the styrene hydrogenation reaction, we do not expect that this extra step (B → C) used 

in the model significantly affects the computed energetics. Boranamine has to be released in the 

solution at a certain point also in the real catalyst to participate to the reactions described in Figure 

5b: this is necessary for ammonia borane to release more than 2 H, as verified experimentally. 

Styrene can then undergo to a single- (blue curve in Figure 5d) or a two-step (dark blue curve) 

hydrogenation from the H atoms adsorbed on the copper surface. The two-step hydrogenation 

involves the hydrogenation of the methylidene group (C → D, through the transition state TS3) 

followed by the hydrogenation of the benzylic carbon (D → E, TS4), while in the single-step both 

the carbons are hydrogenated at the same time (C → E step through the transition state TS3’ in 

Figure 5a). The calculations indicate that the single-step hydrogenation although exothermic 

(∆𝐻C⁡→⁡E⁡
c  = –36 kJ mol–1), has a too high transition state enthalpy to be kinetically relevant at 

ambient conditions (∆𝐻TS3′−surftrans
c  = 105 kJ mol–1). For the two-step reaction, both steps are 

exothermic and characterized by lower activation enthalpies than the single-step process: 82 

(∆𝐻TS3−surftrans
c ) and 67 kJ mol–1 (∆𝐻TS4−surftrans

c ), respectively, with the hydrogenation of the 

methylidene group representing the rate determining step. 

For the Ntrans mechanism, we have considered a two-step hydrogenation of styrene too. The 

hydrogenation of the methylidene group (C → D) is mediated by the copper surface as in 

surftrans. Unlike surftrans, the hydrogenation of the benzylic carbon (D → E) is instead obtained 

by the direct transfer of the hydrogen from the N moiety of –BH2NH3. Both these steps are 

exothermic by –12 (∆𝐻C⁡→⁡D⁡
c , see Figure 5e) and –101 kJ mol–1 (∆𝐻D⁡→⁡E⁡

c ). Their activation 

enthalpies are +76 (∆𝐻TS2−Ntrans
c ) and +69 kJ mol–1 (∆𝐻TS2−Ntrans

c ), respectively. Comparing the 

activation enthalpies in Figure 5e, it is evident that the hydrogenation of the methylidene group 

represents the rate determining step also in Ntrans. The activation enthalpy is lower in Ntrans 
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than in surftrans by 6 kJ mol–1, a difference that is important at ambient temperature, making the 

Ntrans mechanism kinetically favored over the surftrans. The structure of the transition states in 

the two mechanisms (TS2-Ntrans and TS3-surftrans) is identical, differing only by the 

presence/absence of –BH2NH3 on the copper nanoparticle in Ntrans/surftrans, respectively. For 

what concerns the hydrogenation of the benzylic carbon, the Ntrans mechanism is decidedly 

favored over the surftrans on the thermodynamic point of view: the reaction enthalpy is in fact of 

–101 kJ mol–1 for Ntrans to be compared with –32 kJ mol–1 for surftrans. This extrastabilization 

is associated with the contemporaneous formation of BH2NH2 from the –BH2NH3 radical, absent 

in the analogous step in surftrans. 

These calculations indicate that the Ntrans is kinetically and thermodynamically favored over the 

surftrans (and surfB), although the similarity of the activation enthalpy associated with the 

determining step in the two mechanisms (the hydrogenation of the methylidene group, surface-

mediated for both the mechanisms) would imply that surftrans should be also present, although 

less favored with respect to Ntrans. The NH3BD3/H2O experiment indicates in fact the coexistence 

of both mechanisms. The suppression of surftrans in the ND3BH3/CD3OD-D2O reaction should 

be then associated with a modification of the relative ∆𝐻TS
c  due to the isotopic substitution on the 

nitrogen. 

To shed light on this point, we have then evaluated how the activation enthalpy associated with 

the A-NH3BH3 → B-surftrans and B’-surftrans → B-surftrans reaction steps are affected by the 

isotopic substitution on the N moiety. These two steps represent the main difference between 

surftrans and Ntrans because they allow the hydrogen atom transfer from N–H to the copper 

surface. The computed activation enthalpies for ND3BH3 are larger than those calculated for 

NH3BH3. For NH3BH3, the cleavage of one B–H bond (A-NH3BH3 → B’-surftrans and A-
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NH3BH3 → B-Ntrans) has the same activation barrier of the contemporaneous B–H and N–H 

bond dissociation (A-NH3BH3 → B-surftrans), being of 62 and 63 kJ mol–1, respectively. For 

ND3BH3, ∆𝐻TS1′−surftrans
c  increases to 68 kJ mol–1, making A-ND3BH3 → B-surftrans less 

kinetically favored with respect to A-ND3BH3 → B’-surftrans. Additionally, the ∆𝐻TS2−surftrans
c  

for the transfer of the hydrogen atom from N–D to the copper surface (B’-surftrans → B-

surftrans) is of 41 kJ mol–1, 6 kJ mol–1 higher than for N–H. These results indicate that, while for 

N–H the transfer of the hydrogen atom to the copper surface has the same activation enthalpy of 

the transfer from B–H (i.e. the first step in Ntrans and surftrans are happening at the same rate), 

for N–D the activation barrier is 6 kJ mol–1 higher. This corresponds to a 17% increase in the 

∆𝐻TS2−surftrans
c  activation enthalpy and to a 11-fold decrease in the equilibrium constant. This 

means that ND3BH3 dehydrogenate faster on the B moiety than on the N moiety, i.e. the 

dehydrogenation by the copper surface stops at –BH2ND3, and do not proceed to BH2ND2, 

favoring on the kinetic point of view Ntrans over surftrans. This analysis is corroborated by the 

fact that surfB product was always observed in combination with Ntrans, although it coincides 

with surftrans for the hydrogenation of styrene. These results explain why using ND3BH3 we do 

observe only the products associated with Ntrans and surfB. For NH3BD3, deuteration affects 

both Ntrans/surfB and surftrans, being the hydrogen transfer from B–H/B–D to the copper 

surface common to both mechanisms. Because NH3BD3 isotope labeling is not favoring one 

mechanism over the other, products from Ntrans, surfB, and surftrans mechanisms have been 

observed due to the similarities of the activation and reaction enthalpies of the pathways. The effect 

of N–H substitution with N–D is negligible on the activation barrier for its inner-sphere addition 

mechanism to the substrate, i.e. the D-Ntrans → E-Ntrans reaction: ∆𝐻TS3−surftrans
c  goes from 

69 to 72 kJ mol–1, respectively. 
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4. CONCLUSIONS 

In situ generated CuNPs from SION-X can affect the transfer hydrogenation by AB of olefins, in 

particular the hydrogenation of styrene to ethylbenzene. No reversibility of the reaction or coke 

formation was observed. The stability of the catalyst was verified over five reaction cycles, even 

exposing it to the air between two consecutive cycles. This peculiarity over other metal 

nanoparticles is associated to the negative standard oxidation potential of copper and to the ability 

of AB to act as reducing agent of the copper and as hydrogen source for the transfer hydrogenation 

reaction. We confirmed the key role of the protic solvent in guaranteeing the full release of the 3 

moles of H2 per mole of NH3BH3, already verified in previous studies for other reactions. The 

reaction was completed in a few hours by using H2 gas at 10 bar. Using a combination of isotopic 

labeling experiments and DFT calculations, we assessed two mechanisms: Ntrans, where the 

transfer of the hydrogen from the NH3 moiety to the substrate happens through an inner-sphere 

addition mechanism and surftrans, a double surface-mediated hydrogen transfer mechanism. The 

results indicated that both the Ntrans and surftrans mechanisms are kinetically relevant in the 

transfer hydrogenation of NH3BH3 on copper nanoparticles. A significant kinetic isotope effect 

was observed by deuterating the ammonia, which increases the activation enthalpy associated with 

the N–D scission by the copper surface, suppressing de facto the surftrans mechanism. These 

results shed light on the complex mechanisms behind transfer hydrogenation reactions using 

ammonia borane as hydrogen source and metal nanoparticles as the catalysts. The identification of 

the reaction paths and the transition states’ structure here reported is expected to benefit this 

important area of research, allowing the design of more efficient catalysts for transfer 

hydrogenation reactions22, 40, 83 and of new systems for liquid state hydrogen storage.84 
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