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Abstract

The synthesis of aromatic ketimines via hydroamination of phenylacetylenes (PAs) with anilines 

(ANs) has been accomplished in high yields and with excellent regio- and stereo-selectivity 

using gold nanoparticles (AuNPs) embedded in crystalline syndiotactic polystyrene-cis-1,4-

polybutadiene (sPSB) multiblock copolymer matrix. The performances of the AuNPs-sPSB 

catalyst exceed those of the other commercial gold catalysts as a result of the physical chemical 

properties of the nanoporous polystyrenic support which allows excellent activity, thermal 

stability and recyclability of the catalyst. Electron donating (EDGs) and electron withdrawing 

(EWGs) substituents onto the aromatic group of ANs and PAs yield, in all examined cases, high 

selectivity in the formation of the thermodynamic favoured E stereoisomer of the aromatic 

ketimines. Kinetic investigation of the reaction mechanism in the presence of AN and of the 

deuterated analogue, AN-N,N-d2, highlighted a new reaction pathway for the hydroamination 

reaction, which was also supported by DFT calculations. Actually, the formation of AN 

aggregates stabilized by hydrogen bonding interactions produces a favourable transition state for 

the nucleophilic attack of AN to PA, coordinated/activated onto AuNPs surface. Moreover, an 

additional AN molecule cooperatively assists the 1,3-hydrogen shuttling from the N atom to the 

Cβ of the coordinated enamine intermediate to produce the kinetically favoured Z-ketimine 

intermediate that in turn evolves into the thermodynamically stable E-aromatic ketimine. The 

first order kinetics observed for AN, along with the experimental energetic barrier (ΔG‡ = 

26.6±0.7 kcal mol−1; ΔH‡ = 13.4±1.8 kcal mol-1; ΔS‡ = -0.04±0.04 kcal mol-1 K-1) found in good 

agreement with the energy of the transition state calculated for the 1,3-hydrogen shift in the DFT 

modelling, strongly support that the latter is the rate determining step in the gold catalysed 

hydroamination of AN with PA.
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1. Introduction

Nitrogen-containing organic compounds find wide application in the synthesis of fine chemicals, 

polymers, solvents, surfactants and pharmaceuticals.[1-6] The development of new 

methodologies for the synthesis of amines and imines, or heterocyclic compounds such as 

indoles and quinolones, from accessible and low cost reagents, is in the focus of research 

interests in organic, pharmaceutical and industrial chemistry.[1-6] In this contest, 

hydroamination of alkenes and alkynes is a convenient synthetic route because it is one the most 

cost-effective processes, showing high efficiency and sustainability because of the 100% atom 

economy of the reaction.[1-6] However, the electronic repulsion between the electron-rich 

functional groups involved, namely the nitrogen lone pair and the alkene/alkyne π-system, as 

well as the regioselectivity towards the Markovnikov and anti-Markovnikov products, make this 

reaction challenging. Moreover kinetic and thermodynamic constraints due to the energy 

difference between the π-system of the C-C multiple bond and -(N-H) orbital, the slightly 

exothermic or even thermo neutral character of the reaction, and the negative entropy of the 

coupling reaction require an efficient catalyst for obtaining high activity and chemoselectivity 

under mild conditions. Homogenous catalysts based on metal salts, alkali and earth alkali metal 

hydroxides, lanthanides and transition metal complexes have been so far reported for both 
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intermolecular and intramolecular hydroamination of alkynes.[1, 4, 5] Gold nanoparticles 

(AuNPs) stabilized by inorganic oxides (titanium oxide,[7] nitrogen-doped titanium oxide,[8, 9] 

silica[10]), functionalized silica,[11, 12] surfactants,[13] capping agents,[14] carbon 

materials[15, 16] and polymers (polyvinylpyrrolidone[17], chitosan[18]) are emerging as 

promising and recyclable heterogeneous catalyst for this reaction.[7-19] 

In this work we report on the performances of the AuNPs catalyst embedded in a nanoporous 

semicrystalline polymer matrix consisting of syndiotactic polystyrene-cis-1,4-polybutadiene 

multiblock copolymer (sPSB). [20-24] The copolymer with composition rich in styrene (>80 

wt%) makes the properties of this support similar to those of syndiotactic polystyrene where high 

affinity and permeability to small organic molecules were demonstrated. Actually aromatic and 

halogenated molecules are hosted into the nanocavities or nanochannels of the crystalline lattice 

of the δ and ε crystalline forms, producing co-crystalline phases or intercalates of syndiotactic 

polystyrene.[25-29] By analogy, the nanopores in sPSB act as a conveyor and concentrator of the 

reagents towards the gold catalytic sites, making the AuNPs-sPSB catalyst highly efficient in 

aerobic oxidation of alcohols,[30-32] direct oxidative esterification of alcohols with aliphatic 

alcohols[31, 32] and selective reduction of nitroarenes to anilines[33].

2. Methods

2.1. General procedures and materials

Air- and moisture-sensitive compounds were manipulated under nitrogen atmosphere using 

standard Schlenk techniques and MBraun glovebox. The catalytic tests were carried out under 

inert protective atmosphere (N2) and dark conditions in the presence of activated molecular 
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sieves (4A). The sPSB copolymer [20-24] (88 mol% of styrene (93 wt%)), the AuNPs-sPSB 

catalyst ([Au] = 2.0 wt%)[30-33] and aniline-N,N-d2[34] were synthesized and characterized 

according to the reported procedures. Tetrachloroauric acid trihydrate (≥49.0 wt% of Au, Sigma-

Aldrich), sodium triethylborohydride (1.0 M in THF; Sigma-Aldrich), phenylacetylene (PA; 

98%; Sigma-Aldrich), aniline (AN; 98 %; TCI Chemicals), p-toluidine (99 %; Sigma-Aldrich), 

4-chloroaniline (98 %, Sigma-Aldrich), 2,4,6-trimethylaniline (98 %, Sigma-Aldrich), 4-

bromoaniline (97 %, Sigma-Aldrich), 1-bromo-4-ethynylbenzene (97 %, Sigma-Aldrich), 4-

ethynylanisole (97 %, Sigma-Aldrich), p-anisidine (>99 %, Sigma-Aldrich), 4-ethynyltoluene 

(97 %, Sigma-Aldrich), AuNPs-TiO2 (1 wt%Au on titania support; Strem Chemicals), AuNPs-

ZnO (1 wt%Au on zinc oxide; Strem Chemicals), AuNPs-Al2O3 (1 wt%Au on aluminium oxide; 

Strem Chemicals), AuNPs–CB (1 wt%Au on amorphous carbon black support; Strem Chemicals), 

gold(III) standard solution for analysis ICP-OES of AuNPs-sPSB (1.000±0.002 g/L of gold in 

water with 2 wt% of HCl; Carlo Erba Reagenti) and deuterated solvents (Sigma-Aldrich or 

Eurisotop) were used, unless otherwise stated, as received.

2.2. Hydroamination of phenylacetylene with aniline catalysed by AuNPs-sPSB-t (entry 1 of 

Table 1)

 This general procedure has been applied to all catalytic runs of Table 1 and Table 2 performed 

with the AuNPs-sPSB-t catalyst having the polymer support in the β crystalline form. A 10 mL 

round bottom flask, equipped with a magnetic stirring bar, was charged with AuNPs-sPSB-t (100 

mg, [Au] = 0.09 mol%), PA (5.08 mmol) and AN (6.09 mmol) corresponding to PA:AN:Au = 

500:600:1 molar ratio. The reactor was equilibrated at 100 °C and the reaction was carried out 

for 7 h under vigorous stirring. The mixture was then cooled at room temperature and DMSO-d6 



6

was added for the precipitation of the catalyst. After centrifugation (4000 rpm) and removal of 

the solid by filtration, the solution was rapidly analyzed by 1H NMR spectroscopy.

2.3. Kinetic investigation of hydroamination of phenylacetylene with aniline promoted by 

AuNPs-sPSB-t

The catalytic tests were carried out under pseudo-first-order reaction conditions with respect to 

AN, AN-d2 or PA for the determination of the kinetic parameters. A 10 mL round bottom flask, 

equipped with a magnetic stirring bar, was charged with AuNPs-sPSB-t (100 mg; [Au] = 0.09 

mol%), PA, AN, equilibrated at 100 °C and left under stirring for 7 h. The determination of the 

reaction order for AN or AN-d2 was conducted using PA (10.51 mmol) and AN (0.66 mol); the 

determination of reaction order of PA was performed using AN (10.51 mmol) and PA (0.66 mol) 

corresponding to a (PA+AN):Au molar ratio of 1100:1 and a gold loading of 0.09 mol%. 

Aliquots were sampled from the reaction mixture under nitrogen; DMSO-d6 was added for the 

precipitation of the catalyst that was separated by centrifugation (4000 rpm). The solution was 

rapidly analysed by 1H NMR spectroscopy. (Table 3).

2.4. Instrumentation and methods

NMR spectra were collected on AVANCE Bruker spectrometers (600, 400 and 300 MHz for 

1H). The chemical shifts are referenced to tetramethylsilane, as external reference, using the 

residual protio signal of the deuterated solvent. 1H NMR chemical shifts of diagnostic 

signals[35-37] for the reaction products (δ in ppm, DMSO-d6, 25 °C) are: (E)-N-1-

diphenylethan-1-imine (400 MHz), δ = 7.99 (2H, d, J = 6.4 Hz), 7.52-7.45 (3H, m), 7.36 (2H, t, J 
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= 7.7 Hz), 7.00 (1H, t, J = 7.7 Hz), 6.78 (2H, d, J = 7.3 Hz), 2.20 (3H, s); (E)-1-(4-

bromophenyl)-N-phenylethan-1-imine (400 MHz), δ = 7.92 (2H, d, J = 8.6 Hz), 7.68 (2H, d, J = 

8.5 Hz), 7.36 (2H, t, J = 7.8 Hz), 7.08 (1H, t, J = 7.4 Hz), 6.79 (2H, d, J = 7.2 Hz), 2.18 (3H, s); 

(E)-N-phenyl-1-(p-tolyl)ethan-1-imine (400 MHz), δ = 7.88 (2H, d, J = 8.1 Hz), 7.35 (4H, t, J = 

7.9 Hz), 7.07 (2H, t, J = 7.5 Hz), 6.77 (2H, d, J = 7.6 Hz), 2.31 (3H, s), 2.17 (3H, s); (E)-1-(4-

methoxyphenyl)-N-phenylethan-1-imine (400 MHz), δ = 7.95 (2H, d, J = 8.8 Hz), 7.34 (2H, t, J 

= 7.8 Hz), 7.04-6.98 (3H, m), 6.76 (2H, d, J = 7.3 Hz), 3.82 (3H, s), 2.15 (3H, s); (E)-1-phenyl-

N-(p-tolyl)ethan-1-imine (δ in ppm) = 8.00-7.94 (2H, m), 7.52-7.44 (3H, m), 7.16 (2H, d, J = 7.9 

Hz), 6.68 (2H, d, J = 8.1 Hz), 2.29 (3H, s), 2.19 (3H, s); (E)-N-(4-methoxyphenyl)-1-

phenylethan-1-imine ( δ = 8.00-7.94 (2H, m), 7.51-7.43 (3H, m), 6.93 (2H, d, J = 8.7 Hz), 6.75 

(2H, d, J = 8.7 Hz), 3.75 (3H, s), 2.21 (3H, s); (E)-N-mesityl-1-phenylethan-1-imine (δ in ppm) = 

8.02 (2H, d, J = 6.6 Hz), 7.53-7.44 (3H, m), 6.86 (2H, s), 2.22 (3H, s), 2.02 (3H, s), 1.90 (6H, s); 

(E)-N-(4-bromophenyl)-1-phenylethan-1-imine (δ in ppm) = 7.98 (2H, m), 7.56-7.45 (4H, m), 

7.11 (1H, d, J = 8.7 Hz), 6.77 (2H, d, J = 8.6 Hz), 2.20 (3H, s); (E)-N-(4-chlorophenyl)-1-

phenylethan-1-imine (δ in ppm) = 7.98 (2H, m), 7.56-7.44 (4H, m), 7.00 (1H, d, J = 8.6 Hz), 

6.82 (2H, d, J = 8.5 Hz), 2.21 (3H, s); (Z)-N-phenyloctan-2-imine (600 MHz) δ = 1.71 (3H, s); 

(E)-N-phenyloctan-2-imine (600 MHz), δ = 2.06 (3H, s). 

The gold loading in AuNPs-sPSB was determined by inductively coupled plasma optical 

emission spectrometry (ICP-OES) with a Optima 7000 DV spectrometer from Perkin-Elmer.[30-

33, 38] The AuNPs-sPSB catalyst (50 mg) was acid digested in a Kjeldahl flask by treatment 

with concentrated sulfuric acid (2.5 mL, 98 wt%) at 250 °C for 30 min and then at room 

temperature with hydrogen peroxide (4.0 mL, 30 wt%). The resulting suspension was heated at 

250 °C until to produce a clear solution. Aqua regia (1.5 mL) was added at room temperature and 



8

the solution was diluted with an aqueous solution of HCl (10 v%) to a final volume of 10.0 mL. 

The calibration was performed using seven solutions with variable concentration of gold(III), 

prepared by progressive dilution of a standard solution (1.000±0.002 g/L in water with 2 wt% of 

HCl) with water and an aqueous solution of HCl (10 v%). 

Wide angle x-ray diffraction (WAXD) patterns have been obtained in reflection mode with an 

automatic Bruker D8 powder diffractometer using the nickel-filtered Cu Kα radiation. 

Conventional transmission electron microscopy (CTEM) was carried out with a Tecnai Spirit 

transmission electron microscope from FEI, working at acceleration voltage of 120 kV, equipped 

with a lanthanum hexaboride thermionic electron source and a twin objective lens, and the 

images were acquired using a Gatan Orius CCD camera. HRTEM was carried out with a Titan 

transmission electron microscope from FEI, working at acceleration voltage of 300 kV, equipped 

with an ultra-bright field emission electron source (X-FEG) a super-twin objective lens, and the 

images were acquired using a Gatan 2k2k CCD camera. For both CTEM and HRTEM imaging, 

the specimens were prepared by dispersing and sonicating the AuNPs-sPSB catalyst in 

isopropanol, followed by the deposition of a small droplet of it onto a grid for TEM imaging 

(carbon film supported by 300-meshes copper) supplied by TedPella (USA). 

XPS measurements were performed at normal angle emission in a Specs setup, using Al Kα 

monochromated radiation (hν = 1486.7 eV) of an X-ray gun, operating with 300 W (12 kV/25 

mA) power. A flood gun with electron acceleration at 1 eV and electron current of 100 mA was 

used in order to avoid charging effects. The energy of photo ejected electrons is measured using 

a Phoibos 150 analyser, operating with pass energy of 30 eV. The spectra were fitted using Voigt 

profiles combined with their primitive functions, for inelastic background. The Gaussian width 

of all lines and thresholds can be considered constant for each spectrum as they should not differ 
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considerably from one spectrum to another, being always in the range of 2 eV. The spectra were 

collected in the energy range corresponding to Au(0) 4f7/2 Au(0) 4f5/2 peaks.

2.5. Computational details

Theoretical calculations were carried out by means of the Gaussian 16 program package.[39] All 

geometry optimizations were carried out using the pure Perdew, Burke and Ernzerhof 

functional[40] and the Ahlrichs basis set def2-SVP [41] was selected. Since dispersive Au···H–C 

and Au···π interactions are expected,[42] the Grimme’s dispersion correction[43] with Becke-

Johnson damping was also included in these optimizations. Analysis of corresponding 

frequencies were performed to characterize structures of minima (Nimag = 0) or transition states 

(Nimag = 1). All models were built using an Au20 cluster obtained from crystallographic 

coordinates. Initially, Au cluster was optimized using a D2h point group symmetry. Then, all 

models were optimized on the surface keeping the optimization all Au atoms frozen. Gibbs free 

energies (ΔG298, in kcal/mol) were used for the discussion on the relative stabilities of the 

considered structures. 

Molecular Electrostatic Potential (MEP) surface of Au20 was also calculated at the same level of 

theory and plotted onto the van der Waal surface (0.001 a.u. isodensity value). The Bader’s 

"Atoms in molecules" theory has been applied by means of the AIMall calculation package.[44]
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3. Results

3.1. Synthesis and characterization of the AuNPs-sPSB catalyst

The AuNPs-sPSB catalyst was prepared according to the previously reported procedure.[30-33] 

The inductively coupled plasma-optical emission spectrometry (ICP-OES) analysis of acidic 

digested AuNPs-sPSB samples showed that the gold entrapment is quantitative and the final 

concentration is of 2.0 wt%. The powder wide angle x-ray diffraction (WAXD) analysis of as 

synthesized AuNPs-sPSB showed, in the 2θ range from 5° to 30°, signals diagnostic of the co-

crystalline δ form of the polymer support containing toluene (Fig. 1a) or THF molecules (Fig. 

1b) resulting from the synthetic procedure, clathrated in the voids of the crystalline lattice of the 

syndiotactic polystyrene phase. The mean size of the AuNPs, calculated with the Scherrer 

equation applied to the <111> reflection of crystalline gold, is of 5.3 nm (Fig. 1b). The 

conventional (TEM) and high resolution transmission electron microscopy (HRTEM) revealed 

that the AuNPs are homogeneously embedded in the crystalline polymer matrix (Fig. 2a), with 

few of them occasionally aggregated (Fig. 2b) or found in irregular cuboctahedral morphology 

(Fig. 2c). The annealing of the catalyst at 170 °C for 5 h (AuNPs-sPSB-t) allows removing the 

clathrated molecules and converts the polymeric support from δ to β crystalline form (Fig. 1c), 

the latter showing a compact polymer chain packing [25, 26, 29] with reduced permeability to 

small organic molecules. During the thermal treatment, a partial coalescence of the naked AuNPs 

is observed that produces an increase of the average size to 9.00.5 nm (Fig. 1c) as well as the 

formation of both twinned and single AuNPs with spheroidal-like morphology (Fig. 2d-f). 

The x-ray photoelectron spectra (XPS) of AuNPs-sPSB revealed the exclusive presence of Au(0) 

on the catalyst surface showing peaks centred at 84.3 and 87.9 eV consistent with Au(0) 4f7/2 and 

4f5/2 signals (Fig. 1e).
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Fig. 1. WAXD patterns of: a) the sPSB polymer support in the δ-crystalline form; b) as 
synthesized AuNPs-sPSB in the δ-crystalline form; c) AuNPs-sPSB-t after annealing at 170 °C 
for 5 h (observed in the β-crystalline form); d) AuNPs-sPSB-ct after a catalytic run carried out 
under the reaction conditions of entry 1 of Table 1 (observed in the δ-crystalline form). Dotted 
lines mark the reflections of fcc crystalline lattice planes of nanocrystalline gold. XPS profile of 
AuNPs-sPSB with Au(0) 4f7/2 and 4f5/2 predicted traces (e).
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Fig. 2. TEM (panels a, d, g) and HR-TEM (panels b, c, e, f, h and i) images of as synthesized 
AuNPs-sPSB (panels a-c); after thermal treatment at 170 °C for 5h (AuNPs-sPSB-t; panels d-f) 
and after a catalytic run under the reaction conditions of entry 1 of Table 1 (AuNPs-sPSB-ct; 
panels g-i). 
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 3.2. Hydroamination of phenylacetylenes with anilines

The high affinity and permeability of AuNPs-sPSB towards aromatic compounds,[25-29] 

prompted us to investigate hydroamination of phenylacetylene (PA) with aniline (AN) as a 

model reaction. Preliminary, the catalytic properties of AuNPs-sPSB-t were screened in parallel 

with those of commercially available gold catalysts, namely AuNPs-TiO2 (1 wt%Au) AuNPs-

Al2O3 (1 wt%Au), AuNPs-ZnO (1 wt%Au) and AuNPs-CB (CB = carbon black; 1 wt%Au).

Anhydrous reagents, inert protective atmosphere and dark conditions were chosen for 

minimizing the side-effects of water, oxygen and light on the catalyst performances.[4, 8] The 

AuNPs-sPSB-t catalyses the hydroamination of neat PA and AN into the corresponding aromatic 

E-ketimine with conversion values among the highest so far reported for this reaction (90 % in 7 

h, entry 1 of Table 1). The head-to-head comparison with the commercial gold catalysts, under 

the conditions of slight excess of AN (AN:PA molar ratio of 1.2:1) and gold loading of 0.09 

mol% (AN: PA: Au = 600:500:1 molar ratio) is summarized in Table 1. AuNPs-sPSB-t and 

AuNPs-TiO2 show similar activity producing 90% conversion of PA at 100 °C in 7 h, 

corresponding to a turnover frequency (TOF) of 64 h-1 (entries 1 and 2 of Table 1). The 

performances of AuNPs-TiO2 were partially unexpected since previous reports highlighted that 

UV irradiation or acidic co-catalysts are necessary for obtaining high conversion under 

comparable conditions.[7-9] In all investigated cases the main reaction product is the secondary 

ketimine derivative, namely the Schiff base with Markovnikov regiochemistry and E 

configuration (Table 1). The PA conversion with AuNPs-Al2O3 (entry 3, Table 1), AuNPs-ZnO 

(entry 4, Table 1) and AuNPs-CB (entry 5, Table 1) are lower than those obtained with the title 

catalyst. 
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Table 1. Hydroamination of PA with AN.

Entry a Catalyst T t Conversionb,c E/Z c TON c,d TOF c,e

(°C) (h) (%) (molar ratio) (h-1)

1 AuNPs-sPSB-t 100 7 90 >99:1 450 64

2 AuNPs-TiO2 100 7 90 >99:1 450 64

3 AuNPs-Al2O3 100 7 65 >99:1 325 46

4 AuNPs-ZnO 100 7 28 >99:1 140 20

5 AuNPs-CB 100 7 81 >99:1 405 58

6 AuNPs-sPSB-t 60 1 5 >99:1 25 25

7 AuNPs-sPSB-t 80 1 23 >99:1 115 115

8 AuNPs-sPSB-t 100 1 45 >99:1 225 225

9 AuNPs-sPSB-t 120 1 64 >99:1 320 320

10[f] AuNPs-sPSB-t 60 1 27 >99:1 135 135

11[f] AuNPs-sPSB-t 80 1 43 >99:1 215 215

12[f] AuNPs-sPSB-t 100 1 63 >99:1 315 315

13[f] AuNPs-sPSB-t 120 1 83 >99:1 415 415

a Reaction conditions: PA (5.08 mmol); AN (6.09 mmol); AuNPs-sPSB-t (Au loading of 0.09 
mol%); PA:AN:Au = 500:600:1 molar ratio. b Conversion of PA. c Determined by 1H-NMR 
analysis of the reaction mixture (DMSO-d6, 25 °C). d Turnover number (molproduct/molAu). e 
Overall turnover frequency (TON/reaction time). f Runs carried out with AN-d2.
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The reaction temperature strongly affects the reaction rate. The screening of the catalytic activity 

was performed at low conversion of PA and AN, using a reaction time of 1h in the temperature 

range 60-120°C (entries 6-9 of Table 1); as expected the conversion increases with temperature 

leaving totally unaffected the selectivity of the reaction.

To gain information on the reaction mechanism (vide infra) the hydroamination reaction was 

carried out with aniline-N,N-d2 (AN-d2) under the same experimental conditions (entries 10-13 

of Table 1). The activity of AuNPs-sPSB-t dramatically drops at 60°C and linearly increases up 

to 120°C; surprisingly the reactivity of AN-d2 exceeds that of AN in the range of temperature 

explored (compare entries 10-13 with 6-9 of Table 1). The TOF values calculated at low 

conversion reached in this case the excellent value of 225 and 320 h-1 in 1h at 100°C and 120 °C 

that are among the highest so far reported for heterogeneous gold catalysts.[7-19] 
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Table 2. Scope of the hydroamination reaction of PAs with ANs promoted by AuNPs-sPSB-t.

Entrya  Alkyne       Aniline         Productb Conv.b,c E/Zb TONb,d TOFb,e

   (%)  (h-1)

1 78 >99:1   392  56

2 91 >99:1   458 65

3 94 >99:1 473 68

4 96 >99:1 483 69

5 99 >99:1 498 71

6 65 >99:1 327 47

7 89 >99:1 444 64

8 80 >99:1 402 57

9 f <1 n.d. n.d n.d

10  f 48 27:73 96 4
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a Reaction conditions: alkyne (5.08 mmol), amine (6.09 mmol), AuNPs-sPSB-t (100 mg, gold 
loading of 0.09 mol%, PA:AN:Au = 500:600:1 molar ratio); 100°C; 7h. b Determined by 1H 
NMR analysis of reaction mixture (DMSO-d6, 25 °C). c Conversion of PA. d Overall turnover 
number (molproduct/molAu). e Overall turnover frequency (TON/reaction time). f AuNPs-sPSB-t 
(250 mg, gold loading of 0.22 mol%, PA:AN:Au = 200:240:1 molar ratio), 80 °C, 24 h.
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3.3. Scope of the reaction

The scope of the hydroamination reaction of alkynes catalysed by AuNPs-sPSB-t was explored 

investigating the coupling of PAs and ANs carrying electron-withdrawing (EWG) and electron-

donating (EDG) groups onto the aromatic rings; the reaction conditions of entry 1 of Table 1 

were adopted for all the catalytic tests (100 °C; molar ratio PA:AN:Au = 500:600:1; gold loading 

of 0.09 mol%). The main results are reported in Table 2. In the case of PAs and ANs, the yields 

are excellent and the selectivity high in favour of the Markovnikov product showing the 

thermodynamic favoured E configuration [ΔEZPE (E-isomer)= ‒2.4 kcal/mol]. The introduction 

of EWGs onto the aromatic groups of AN produces a limited effect, being all activity values 

high, with the TOF values ranging from 56 h-1 to 61 h-1. The effect of the EWG groups onto the 

PAs seems to be more pronounced, determining an increase of the TOF values from 47 h-1, for 

the methyl p-substituent, to 57 h-1 and 64 h-1 for the bromo- and methoxy- p-substituted 

analogues; however a mesomeric effect can also be invoked in the latter case (entry 3, Table 2).

Compared to PAs and ANs, the preliminary screening of the performances of aliphatic amines 

and alkynes, typically used in gold catalysed synthesis of imines,[1, 4, 5, 45] showed that these 

compounds are less reactive than the aromatic analogues (see entries 9 and 10 of Table 2). The 

coupling of PA with 1-hexylamine is unproductive also when the reaction is carried out at high 

catalyst loading (0.22 mol%Au) and prolonged reaction time (24 h) (entry 9, Table 2) whereas the 

coupling of 1-octyne with AN (entry 10, Table 2) showed low TOF and scarce selectivity under 

the same conditions. These results are comparable to those observed in alcohols oxidation 

catalysed by AuNPs-sPSB [25, 26, 30-32] where aliphatic alcohols were found less reactive than 

aromatic alcohols. More interestingly, a kinetic investigation highlighted that the reaction is of 

first order for e.g. benzyl or cinnamyl alcohol and of zero order for ethanol and 1-butanol. It was 
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proposed that a fast diffusion of the aromatic reagents occurs through the porous polymeric 

support whereas a diffusion controlled kinetics is active in the case of aliphatic alcohols that 

penetrate the polymeric support likely through the amorphous phase.”  

3.4. Catalyst recycling

The reusability of AuNPs-sPSB-t was checked in repeated catalytic hydroamination of PA with 

AN at 100 °C under the reaction conditions of entry 8 of Table 1 (Table S1; Fig. 3). In the first 

catalytic run AuNPs-sPSB-t confirmed the excellent TOF of 226 h-1; this value drops to 176 h-1 

in the second run, remaining constant in the following runs (entries S2-4 of Table S1; Fig. 3). It 

was previously observed that the repeated intramolecular hydroamination catalysed by AuNPs-

TiO2 produces a gold leaching of about 10%. [46] At the first sight the same seems occurring in 

this study, favoured by the swelling of not crosslinked polymer matrix in aromatic 

solvents/reactants; however we found that this is not the case since both the gold concentration in 

the support and the catalytic activity are constant in the consecutive runs. To explain this effect 

we propose a partial reconstruction of the surface of the AuNPs promoted by AN; a 

rearrangement of the gold atoms on the nanoparticle surface has been observed at the boundaries 

of grains in similar multigeminate defective AuNPs.[47] Noteworthy a modification of the 

crystalline phase of the polymer support, from the not permeable β crystalline form in AuNPs-

sPSB-t, to the porous δ form was observed just during the first catalytic run (Fig. 1c,d).
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Fig. 3. Catalyst recycling tests in hydroamination of PA with AN at 100°C (reaction conditions 
in Table S1)

3.5. Mechanistic investigations

Aiming to gain insight into the hydroamination mechanism catalysed by AuNPs-sPSB-t, the 

kinetic order of the reagents under solventless conditions was investigated. Table 3 reports the 

kinetic parameters for the reaction of PA with AN, or deuterated aniline AN-d2, under pseudo-

first-order reaction conditions using gold loading of 0.09 mol%. The conversion plots vs time in 

the temperature range 60°C–100°C are best fitted with pseudo-first order kinetics with regard to 

both AN (Fig. S1) and PA (Fig. S3), providing specific kinetic constants in the range of 0.825 – 

7.94 10-4 s–1 (Table 3). The corresponding Eyring plot gives a free energy of activation ΔG‡ of 

26.6±0.7 kcal mol−1 with ΔH‡ of 13.4±1.8 kcal mol–1 and ΔS‡ of –0.04±0.04 kcal mol–1 K–1 

respectively (Table 3 and Fig. S1). Hence, the enthalpic contribution is higher than the entropic 

one, that is negative as expected for a coupling reaction. Interestingly AN-d2 behaves differently 

than AN in the coupling with PA. The conversion plot is best fitted with a second order kinetics 

with respect to AN-d2 and first order with respect to PA (see Table 3 and Fig. S2). The specific 
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kinetic constants are in the range of 0.455 – 6.94 x 10-3 L mol–1 s–1, thus higher in value than 

those observed with AN. In agreement with these outcomes, the coupling with PA with AN-d2 

proceeds faster at short reaction time, when the concentration of AN-d2 is high and is slower at 

prolonged reaction time, as expected for a reaction profile with kinetic of second order (see Fig. 

S3, S1a and S2a). The corresponding Eyring plot gives a ΔG‡ of 25.1±0.5 kcal mol−1 with ΔH‡ 

and ΔS‡ values respectively of 16.1±0.9 kcal mol–1 and −0.03±0.03 kcal mol–1 K–1 (Table 3; Fig. 

S2c). The kinetic isotopic effect (KIE) of this reaction (kH/kD = 0.18 at 60°C; = 0.09 at 80°C; = 

0.11 at 100°C) is negligible under the experimental conditions explored. 
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Table 3. Kinetic parameters for hydroamination of PA with AN or AN-d2.

Entrya Aniline T

(°C)

k ΔG‡

(kcal/mol)

ΔH‡

(kcal/mol)

ΔS‡

(kcal/molK)

1 60 0.825∙10-4±6.6∙10-7 s-1

2 80 1.91∙10-4±5.5∙10-6 s-1

3 90 4.59∙10-4±1.6∙10-5 s-1

4

AN

100 7.94∙10-4±3.2∙10-5 s-1

26.6±0.7 13.4±1.8 -0.04±0.04

5 60 0.455∙10-3±8.9∙10-6 mol-1 s-1

6 80 2.180∙10-3±5.4∙10-6 mol-1 s-1

7

AN-d2

100 6.94∙10-3±1.2∙10-5 mol-1 s-1

25.1±0.5 16.1±0.9 -0.03±0.03

a Reaction conditions: PA (10.51 mmol), AN or AN-d2 (0.66 mmol), AuNPs-sPSB-t (100 mg, 
[Au] = 0.09 mol%; PA:AN:Au =1035:65:1 molar ratio (the methodology for the evaluation of 
the kinetic constants and the reaction order is reported in the SI).

3.6. DFT modelling of hydroamination of PA with AN over AuNPs

In order to shed light on the reaction mechanism of hydroamination of alkynes catalysed by 

AuNPs-sPSB, DFT calculations were carried out at 298 K using the Au20 cluster as model 

mimicking the corners, edges and planes located on the surface of the nanoparticle. Firstly, the 

analysis of the molecular electrostatic potential (MEP) was applied to understand the most 

favourable adsorption sites on the surface of the Au20 cluster. The calculated values reveal some 

positive regions (+14 kcal/mol) that allow PA coordination along with negative regions (‒6.0 

kcal/mol) as feasible adsorption sites for AN (Fig. 4). The adsorption of AN onto the surface is 

even better than PA (ΔΔEads = ‒1.0 kcal/mol). MEP surface analysis suggests that AN 

coordination strongly reduces the nucleophilic capability of this reagent (V = +30.7 kcal/mol) 

that should thus require pre-activation to afford the hydroamination reaction. A photocatalytic 
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activation in AuNPs-TiO2 by the TiO2 support was proposed to overcome this drawback; a 

radical cations is first generated, followed by electrophilic attack to PA.[9] The results herein 

provided seem to rule out this hypothesis because an organic polymer support provides 

comparable if not better catalytic performances than the photoactive TiO2. Alternatively N-H -

bond activation[16] (see Scheme 1a and Fig. S6) or deprotonation with Brønsted bases were 

proposed for reducing the steric hindrance at the nitrogen atom and to promote the electrophilic 

attack to coordinated PA. The calculated energetic barrier for this reaction step on Au20 is too 

large (ΔG298 = 50.1 kcal/mol) when compared to the experimental values obtained in the kinetic 

investigation.

Fig. 4. MEP plotted on the van der Waals surface and Mulliken charges of representative 
carbons (energies are given in kcal/mol).
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Fig. 5. Gibbs energy profile for the hydroamination of PA with AN catalysed by Au20 cluster at 
298 K. Schematic structures for the representative species are shown (distances are in Å).

A simple inspection of Mulliken’s charge or even the corresponding MEP surface of PA (Fig. 

5b, Vc≡c = ‒16.9 kcal/mol) reveal a negative electron density that makes difficult the attack to AN 

coordinated on gold because of an electrostatic repulsion. The AuNPs surface seems to mimic 

the acidic conditions of Brønsted acids or activation by cationic transition metal complexes that 

modify the electron density of PA (Fig. 5b, Vc≡c = +8.6 kcal/mol). The activation Gibbs energy 

calculated for the nucleophilic attack of AN to coordinated PA on Au20 is of 30.6 kcal/mol 

(ΔG‡
Nuc) that is higher than the experimental value (ΔG‡

exp = 26.6 kcal/mol) found in the kinetic 

investigation (see Table 3 and Fig. 5). To improve the quality of the reaction modelling we 

considered that the possibility of hydrogen bonding interaction with a second AN molecule (Fig. 
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5). The same could occur in the following reaction steps where the proton transfer can be 

assisted by a AN molecule as a proton shuttle; these intermediate species were proposed in the 

hydroamination reaction with hydrazine.[48] The reaction pathway modelled on the basis of this 

assumption gives the optimized structure of the transition state corresponding to the nucleophilic 

attack of AN to PA (TSNuc) at Cα [δ+
(Cα) = 0.289], affording the Markovnikov-type addition (I1) 

shown in Fig. 5. This hydrogen bond-assisted TSNuc presents a N···C distance of 2.12 Å 

(approaching angle of 111º) and leads to a ΔG‡
Nuc of 21.1 kcal/mol. To characterize this 

hydrogen bonding interaction, the Bader`s theory Atoms in Molecules was also successfully 

applied and the following values RN···H2N = 1.99 Å and ρ = 0.0433 a.u. were calculated (Fig. S7). 

Upon formation of the C-N bond, a proton transfer may proceed through a stepwise or a 

concerted mechanism. The stepwise mechanism presumably involves a transition state (TSPT1), 

intermediate IPT and another TSPT1’. These consecutive steps should finally afford the enamine-

bound intermediate I2 (RC-Au = 2.24 Å) which presents η1-coordinated enamine. Firstly, we 

evaluated the role of AN to draw a proton from the amine moiety (I1) to produce an anilinium 

cation [Ph(NH3)+]. The removal of a N-H proton affording the IPT intermediate, stabilized by the 

anilinium counterion, is not favoured in this case. In fact, this situation drives to a concerted 

mechanism with a large barrier (ΔG‡
PT of 23.6 kcal/mol) in which another proton is 

simultaneously transferred to terminal carbon (TSPT). For this reason, we explored a concerted 

mechanism in which two AN molecules are involved in. In this case, a proton transfer to AN (I) 

and the fleeting anilinium cation released another proton to a second AN molecule (II) which 

subsequently transferred a proton to Cα carbon of the coordinated alkyne to form the 

aforementioned intermediate I2 (see Fig. S8). Despite this feasibility, TSPT1 was not found in the 

potential energy surface since TSPT1 and IPT displayed an energy difference (ΔE) between them 
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less than 2 kcal/mol (Fig. S9). Contrarily, the Gibbs energy difference between IPT and TSPT1’ 

was calculated in 7.0 kcal/mol. Similar to previous studies, the thermodynamic driving force of 

this reaction is the formation of imine P2, 31.4 kcal/mol more stable than reactants. In this 

context, a new insight arises from Au20 cluster as model for gold nanoparticles. The coordinated 

enamine I2 is more stable than imine one (I3, ΔΔG = ‒1.4 kcal/mol), and therefore, is the 

thermodynamic product of this reaction. However, the desorption from the surface is strongly 

favoured (ΔΔGdes = ‒11.1 kcal/mol). When enamine tautomer P1 (pro-Z configuration) is 

desorbed, it suffers a subsequent tautomerization step (calculated barrier, ΔG‡
tau = ‒6.2 kcal/mol) 

to finally afford the (Z)-imine product P2 (ΔΔG = ‒2.6 kcal/mol). The proton transfer of this 

tautomerization is again mediated by aniline where the TStau shows both N-H bond breaking (RN-

H = 1.39 Å) and C-H bond formation (RC-H = 1.49 Å). This pro Z-configured TStau indicates that 

Z-isomer is the kinetically favoured (ΔG‡
tau = 1.5 kcal/mol for E-configuration). Once Z-imine P2 

is formed, a thermal isomerization afforded the thermodynamically E-imine P2’ product (ΔGP2’ = 

‒33.9 kcal/mol).[49]

4. Discussion

Mechanistic studies on the hydroamination reaction of PAs with ANs catalysed by gold are few 

and mainly focused on homogeneous Au(I) catalysts.[5, 8, 9, 16, 50] Two main routes, depicted 

in Scheme 1, can be conceived depending on which reactant is activated onto gold surface, 

namely AN or PA.[1] In heterogeneous catalysis by Au(0), the proposed reaction mechanism, 

supported by DFT calculation,[16] proceeds through: i) coordination/activation of the N-H -

bond and coordination of the π system of PA onto the gold surface; ii) insertion of the PA into N-

Au bond; iii) reductive elimination of the enamine from the surface of the AuNPs followed by 
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tautomeric isomerization to ketimine (Scheme 1a). The alternative alkyne insertion into Au-H 

bond could produce the corresponding aldimine derivative (Fig. S6, reaction pathway c’-d’).[1, 

16] 

The acid catalysed reaction pathway, typical of homogeneous Au(I) catalysts, involves: i) 

activation/coordination of the C≡C triple bond to electrophilic species (Au(0) or Au(I)); ii) 

nucleophilic attack of the amine to π-system of alkyne; iii) proton transfer from the anilinium 

cation to the alkenyl-gold, generating the enamine intermediate; iv) tautomeric rearrangement of 

the enamine into the corresponding Markovnikov ketimine (see Scheme 1b). 

The kinetic investigation herein reported supports the mechanistic pathway involving the 

preliminary activation of the alkyne onto gold surface of AuNPs-sPSB-t (Scheme 1b) that 

enhances the reactivity of the PAs towards nucleophiles in agreement with the well-known 

“alkynophilic” behaviour of the gold.[45] The presence of EWGs on the aromatic rings of PA 

indeed increases the electrostatic polarization of the triple C≡C bond favouring the nucleophilic 

attack of the amine at the Cα (see Table 2 and Table 1). The DFT calculation highlighted that the 

energetic barrier of this reaction step decreases as the number of AN molecules increases in the 

transition step, where the formation of AN aggregates stabilized by hydrogen bonding have been 

proposed. The nucleophilicity of AN involved in the N-C bond forming reaction is thus 

increased in this way and yields lower energetic barrier (< 21.1 kcal mol-1). In conclusion, this 

cannot be considered the rate determining step in hydroamination reaction. The following 

reaction step consists of a 1,3-hydrogen shift from the anilinium cation to the Cβ of the enamine 

intermediate (vinyl-Au) bound to the gold surface. The transition state TSPT of Fig. 5 decreases 

in energy to 23.6 kcal mol-1 when one additional AN molecule is involved in the proton 

shuttling; this value is now comparable to the experimental activation energy found in the kinetic 
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experiments and supports the pseudo-first order kinetics found for AN in the rate determining 

step. If this is the case the interpretation of the kinetic order for AN-d2 is not straightforward. 

The reaction rates are always higher in the explored range of temperature (60-120°C; Table 3) 

and second order kinetics has been found for this reagent. Noteworthy a non-negligible inverse 

KIE was found that is partially surprising in view of the reaction mechanism previously proposed 

in the literature.[16] This feature of the reaction mechanism cannot be explained in a simple way 

in view of the multistep reaction pathway and deserves a more accurate investigation of the 

energy values of the reaction intermediates.

The 1H NMR analysis of the aromatic ketimine resulting from the reaction of PA with AN-d2 

shows an unexpected distribution of deuterated compounds at the methyl group of the 

arylketimine, namely -CH3, -CDH2, -CD2H and -CD3, in the 4:22:33:41 molar ratio (Fig. S5). 

This outcome could result from isotopic scrambling between AN-d2 and PA, in the pre-activation 

step, or in the ketimine-enamine tautomerism assisted by AN-d2. The first hypothesis supports 

the complex reaction pathway opened by AN-d2 in which likely more than one AN molecule 

could be involved in the transition state for the proton shuttling. The ketimine-enamine 

tautomerism assisted by AN-d2 was investigated by 1H NMR analysis (Fig. S6) in the absence of 

the gold catalyst at 80°C. The reaction of ketimine (E)-N,1-diphenylethan-1-imine with AN-d2 

yields the expected isotopic scrambling via an equilibrium reaction among the species in the 

absence of gold, as predicted from the DFT calculation. 
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Scheme 1. Possible reaction pathways for gold catalysed hydroamination of PA with AN via 
amine (a) or alkyne (b) pre-activation. 
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5. Conclusions

In this paper we have shown that AuNPs-sPSB-t is a very efficient catalyst in intermolecular 

hydroamination of ANs with PAs. The naked AuNPs are stabilized by the aromatic rings of the 

polymer support via weak not bonding interaction; compared to the conventional metal oxides 

inorganic support we can rule out in this case any synergistic effect between the catalytic 

properties of the AuNPs and the support. The highest TOF value in hydroamination reaction of 

PA and AN were reached without introducing acidic activator or photosensitive support. 

Moreover the nanoporosity of the crystalline polymer phase allows fast diffusion of the reagents 

to the catalytic sites located at the surface of the nanoparticles as demonstrated by the first order 

kinetics of AN and PA. The selective formation of the corresponding N-arylketimine, found in 

the thermodynamic favoured E configuration, has been accomplished with high stereo- and 

regio-control under mild conditions, highlighting the greenness of this process in solventless 

conditions. AuNPs-sPSB-t was found robust and stable at 100°C; it was successfully recycled for 

four times showing only a small drop of the catalytic activity after the first catalytic run as a 

result of crystallinity of the polymer phase that acts as physical crosslinks. The slight decrease in 

activity observed only in the second run was attributed to a reconstruction of the defective 

nanoparticle surface in the presence of the reactants. The excellent TOFs of 225 and 320 h-1 

obtained at 100°C and 120 °C are the highest so far reported for heterogeneous gold catalysts.

A new reaction pathway for the hydroamination catalysed by AuNPs-sPSB has been proposed on 

the basis of kinetic investigations supported by the DFT calculations. The rate determining step 

in this reaction is generally identified in the nucleophilic attack of the AN to alkynes; actually 

deprotonation of ANs with a base, or the N-H -bond activation onto the AuNPs surface are 

necessary to reduce the electron density at the nitrogen atom and increase its nucleophilicity. The 
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calculated energetic barrier for the latter reactions, however, is higher than the experimental 

value determined in the kinetic study of this work. DFT modelling of the hydroamination 

reaction strongly suggested the formation of AN aggregates, stabilized by hydrogen bonding 

interactions, that increases nucleophilicity of the AN nitrogen atom, leading to a lower energetic 

barrier in the reaction with activated/coordinated PA onto the gold surface. The next reaction 

step is the intramolecular 1,3-hydrogen shift from the nitrogen atom of vinyl-anilinium cation to 

the C of the coordinated enamine intermediate. If this reaction is cooperatively assisted by one 

AN molecule, the transition state TSPT decreases in energy reaching the value of 23.6 kcal/mol 

that is in good agreement with the activation energy found in the kinetic study. Our proposal is 

that this elementary reaction is the rate determining step, in agreement with the pseudo-first 

order kinetics determined for AN. The absence of KIE rules out that the N-H -bond activation 

could be the key-step of the reaction. In the presence of AN-d2 a more complex reaction pathway 

could be anticipated on the basis of the second order kinetics observed for this reagent and the 

resulting isotopic distribution in the deuterated ketimine product. 
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Highlights

 AuNPs embedded in crystalline nanoporous polymer matrix as robust and reusable 

catalyst

 High efficient and selective synthesis of aromatic ketimines

 Excellent regio- and stereo-selective coupling of phenylacetylenes with anilines

 Kinetic investigations of the reaction mechanism

 DFT modelling of the cascade reactions
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