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Table of content 

 

 

A Au@MOF catalyst for reduction, aerobic oxidation, and N-alkylation reaction sequences has 

been achieved using a novel absorption/reduction method.  
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In this study, highly dispersed Au nanoparticles have been immobilized on amino-

functionalized metal-organic frameworks (MOFs) via a novel absorption/reduction method in 

solution. The amino functionality of the MOF rapidly coordinated with HAuCl4 and acted as 

the Au(0) precursor in the absence of protecting agents. The resulting Au@MOF catalyst was 

well dispersed in aqueous media taking advantage of its well-defined and uniform sizes and 

nanomorphologies. The as-synthesized Au@MOF catalyst exhibited high catalytic activities in 

a wide variety of reactions under ambient conditions, such as the base-free aerobic oxidation of 

alcohols and a oxidation/imine formation/reduction reaction sequences. Furthermore, the 

Au@MOF catalyst can be easily recovered and reused several times without leaching of metals 

or significant loss of activity. 

Introduction 

Metal-organic frameworks (MOFs) are emerging as important 

functional materials for gas storage, separation, heterogeneous 

catalysis, sensing and drug delivery due to their high surface area, 

porosity and chemical tunability.1,2 Owing to these features, the 

applications of MOFs in heterogeneous catalysis have recently 

attracted tremendous attention.3-5 Likewise, the use of metal 

nanoparticles to catalyze organic chemistry transformations has 

attracted great interest in recent years.6 Various materials, such as 

polymers7,8 and inorganic oxides,9 have been employed as supports 

in order to prevent the agglomeration of the metal nanoparticles. 

Recently, MOFs have been utilized as a new type of support for 

noble metal nanoparticles.10-12 The combination of the solid porous 

structure of MOFs and the high catalytic activities of metal 

nanoparticles offers advantages over other catalysts, such as shorter 

reaction times and excellent recyclability.13  

Several methods for loading metal nanoparticles into porous 

MOFs using an assortment of techniques have been recently reported, 

such as solid grinding,14,15 chemical vapor deposition,16 incipient 

wetness impregnation17 and solution infiltration.18,19 A solution-

based synthetic approach to MOFs is preferred because it can be 

easily carried out in lab or on a large scale.20 Férey introduced 

ethylenediamine grafting onto MIL-101(Cr) for the encapsulation of 

noble metal nanoparticles.21 Cao reported several Pd@MOF 

materials using a direct anionic exchange approach for palladium 

nanoparticle encapsulation.22,23 Among metal and metal oxide 

nanoparticles, gold nanoparticles have become one of the most 

intensely studied catalysts beginning with the discovery of low-

temperature CO oxidation over Au nanoparticles (NPs) supported on 

base metal oxides.24,25 In particular, we are interested in the 

fabrication of gold nanoparticles in nanosized metal-organic 

frameworks because it may bring new opportunities in the 

development of highly active heterogeneous gold catalysts.26  

Although a few examples of MOF-supported gold nanoparticles 

have been reported, the preparation of active gold nanoparticles 

deposited on MOF catalysts in solution remains challenging.27,28 

Furthermore, while large amounts of MOF materials have been 

studied as catalysts, nanoscale MOFs have received much less 

attention.29 Nanoscale metal-organic frameworks characteristically 

show well-defined and uniform sizes and morphologies.30,31 These 

features make MOFs at nanoscale excellent catalysts since they can 

be well dispersed in aqueous media or other solvents.32,33 Herein, we 

report a one-pot absorption/reduction synthesis of gold deposited 

MOFs on the nanoscale, which are functionalized by amino groups 

for the stabilization of metal nanoparticles. These amino 

functionalized MOFs can be used for depositing small gold 

nanoparticles using a solution-based preparation method, which 

obviates the use of metal stabilizers, such as polyvinylpyrrolidone 

(PVP).34 To the best of our knowledge, this work represents the first 

example of utilizing amine functional groups for the stabilization of 

Au(0) through a solution-based synthesis approach. In contrast to 

current literature precedence involving aerobic oxidation reactions 

and N-alkylation reaction sequence promoted by Au(0), our 

Au@nanosized MOFs catalyst is the first example for a single Au(0) 

heterogeneous catalyst that promotes multiple catalytic 

transformations involving oxidation and reduction. The as-

synthesized Au@UiO-66(NH2) at nanoscale shows excellent 
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catalytic activities toward base-free aerobic oxidation of alcohols 

and aerobic oxidation/imine formation/reduction reaction sequences.  

 

2. Experimental 

2.1 Catalyst Preparation 

Preparations of nano IRMOF-3 crystals. Synthesis of nanoscale 

IRMOF-3 was achieved using a modified literature procedure.35 

Zn(NO3)2•4H2O (1.44 g, 5.5 mmol), 2-aminoterephtalic acid (0.37 g, 

2 mmol), and 50 mL N,N-dimethylformamide (DMF) were mixed at 

room temperature. The obtained solution was sealed and placed in 

the oven at 55 °C for 96 h. 10 mL of the incubated solution was 

placed in a reaction flask and cetyltrimethylammonium bromide 

(CTAB) (0.728 g, 2 mmol) was added with stirring at 55 °C until the 

CTAB was completely dissolved. The solution was then transferred 

to another oven at 105 °C and heated for 1.5 h. After the reaction 

was cooled, triethylamine (TEA) was added (278 µL, 2 mmol) under 

strong stirring for 10 min. Nanoscale IRMOF-3 products were 

separated, washed with DMF (3 x 10 mL) and chloroform (3 x 10 

mL). The product was immersed in chloroform overnight to remove 

DMF guest molecules from IRMOF-3 crystals and finally dried 

under vacuum.  

Preparations of nano UiO-66(NH2) crystals. Synthesis of 

nanoscale UiO-66(NH2) was achieved by using modified literature 

procedures.36,37 A mixture of ZrCl4 (0.4 g, 1.7 mmol) in DMF (75 

mL) was reacted with acetic acid (2.85 mL, 850 mmol) at 55 ºC. A 

DMF solution (25 mL) of 2-aminoterephtalic acid (0.311 g, 1.7 

mmol) was added to the clear solution. Next, water (0.125 mL, 0.007 

mmol) was added to the solution and the solution was sonicated at 

60 ºC and kept in a bath at 120 ºC for 24 h. After 24 h, the solution 

was cooled to room temperature and the precipitate was collected by 

centrifugation. The obtained solid was washed with DMF (2 x 10 

mL), ethanol (3 x 10 mL) and dried under reduced pressure (80 ºC, 3 

h). Our synthesized nanoscale UiO-66(NH2) exhibited excellent 

mechanical stability.38 

Preparations of nano Cr-MIL-101(NH2) crystals. The synthesis of 

nanoscale Cr-MIL-101(NH2) was not successful using 2-

aminoterephtalic acid as the organic ligand with the control of the 

nanomorphology. It was expected that the synthesis of nanoscale Cr-

MIL-101(NH2) could be achieved starting from nanoscale MIL-101. 

However, the post-synthetic modification of Cr-MIL-101 approach 

was not utilized because it added several extra steps towards the 

MOF synthesis with the involvement of environmentally hazardous 

Cr(NO3)3·9H2O and SnCl2 reagents.39  

Preparations of Au@IRMOF-3 crystal by solution-based 

synthesis method. Nanoscale IRMOF-3 crystals (0.5 g) were 

dispersed into a solvent mixture of absolute ethanol (50 mL) and 

deionized water (50 mL) in a flask. After being transferred into a 

250 mL three-necked flask, HAuCl4 (2.5 mL, 0.025 M aqueous 

solution) was added and stirred mechanically in an ice bath for 4 h 

followed by addition of a NaBH4 aqueous solution (10 mL, 0.05 M 

aqueous solution). The reaction was incubated at 0 ºC for 0.5 h, and 

the resulting product was separated through centrifugation and 

washed with water (3 x 15 mL). 

Preparations of Au@UiO-66(NH2) crystal by solution-based 

synthesis method. The procedure was the same as the 

aforementioned preparation of Au@IRMOF-3 except nanoscale 

UiO-66(NH2) crystals were used instead of IRMOF-3 crystals.  

2.2. Characterization.  

The phase composition of the samples was investigated by X-ray 

powder diffraction (XRD, M21X, Cu Kα radiation, λ=0.154178 nm). 

The morphology and structure of the as-obtained product were 

characterized by scanning electron microscopy (SEM, ZEISS 

SUPRA55). Further information about the structure was revealed by 

transmission electron microscopy (TEM, TEI Tecnai F20) and high-

resolution TEM (HRTEM, TEI Tecnai F20) using TEI Tecnai F20. 

The samples for the SEM, TEM and HRTEM measurements were 

first dispersed in ethanol and sonicated for a few minutes then 

supported onto the silicon slice and the holey carbon film on a Cu 

grid, respectively.  The chemical compositions were analyzed using 

X-ray photoelectron spectrometer (XPS, ESCALAB 250Xi) and 

inductively coupled plasma-atomic emission spectrometry (ICP-AES, 

Vavian 715-ES). Thermogravimetric analysis (TG) was conducted 

by Netzsch STA449F at a heating rate of 10 oC/min under the N2 

flow. The specific surface areas were calculated by nitrogen 

sorption-desorption isotherms using a Micromeritics ASAP 2420 

adsorption analyzer. The pore size distributions were derived from 

the adsorption branches of isotherms by using the Barrett-Joyner-

Halenda (BJH) model. Fourier transform infrared spectroscopy 

(FTIR) was acquired on Nicolet 6700 using the KBr pellet technique. 

The results were analyzed by gas chromatography-mass 

spectrometry using an internal standard (GC-MS, 

Agilent7890/5975C-GC/MSD, HP5-MS column, Ar carrier gas, 200 

ºC). 

2.3. Catalytic performance evaluation. 

Aerobic Oxidation of Alcohols. The catalytic activity of all of the 

prepared catalysts in the aerobic oxidation of alcohols was evaluated 

by running the reactions in a 25 mL flask with a reflux condenser. In 

a typical reaction, the flask was first charged with desired amount of 

alcohol, catalyst and NaHCO3. After purging three times with 

oxygen and setting up with an oxygen balloon, the closed vessel was 

heated rapidly to reach the desired reaction temperature. After 1 h, 

the flask was cooled to room temperature. The filtered liquid 

samples were quantitatively analyzed by gas chromatography using 

nitrobenzene as the standard without aqueous work-up. A calibration 

curve for each reactant and product has been built, which is included 

in the supporting information. The in-situ 1H NMR monitoring of 

reaction conversion and yield was performed in DMF-d7 solvent. 

The crude sample was filtered and transferred to an NMR tube for 

direct 1H NMR analysis. Furthermore, all aldehyde products were 

isolated through column chromatography and the isolated yields 

were provided.  

 

Oxidation/Imine Formation/Reduction Sequence. A 25 mL flask 

with a reflux condenser was charged with a magnetic stirring bar, 

benzyl alcohol (1.0 mmol), aniline (1.0 mmol), Au catalyst (1.0 

mol%), NaHCO3 (1.0 mmol), and xylenes (3.0 mL). The mixture 
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was stirred under a N2 atmosphere at 130 °C for 12 h, followed by 

the addition of 2-propanol (6.0 mmol) and then stirred for another 36 

h. The reaction mixture was washed with H2O, extracted with Et2O, 

dried over Na2SO4, filtered, and analyzed by GC-MS and GC using 

anisole as an internal standard. 

2.4. Catalyst Recycling. 

For catalyst recycling experiments, the reactions were performed 

under the same reaction conditions each time using the recovered 

catalyst from the previous run. The catalyst was filtered and washed 

with DMF before reuse. To study the leaching of Au during the 

reaction, the mother liquor was analyzed by ICP-AES and re-

evaluated under catalytic conditions.  

3. Results and Discussion 

3.1. Characterization of Nano-MOFs Material 

 

Fig. 1 SEM images of nanoscale IRMOF-3 (a) and UiO-66(NH2) (b). 

The successful synthesis of nanoscale IRMOF-3 and UiO-66(NH2) 

was achieved according to modified literature procedure. 

Rectangular cuboid crystals of IRMOF-3 with good monodispersity 

and crystallinity were successfully produced in very high yield (> 

95%). Crystal sizes of about 200-300 nm were observed in the 

present synthesis at room temperature (Fig. 1a). On the other hand, 

UiO-66(NH2) crystals appear to have an octahedral morphology and 

a size of 150 nm (Fig. 1b).  

 

Scheme 1 Schematic illustration of the synthesis of the Au@MOF material. 

The amino-functionalized MOFs were employed for a good 

distribution of HAuCl4 over the outer and inner surfaces of the MOF 

porous structure. The excellent distribution of HAuCl4 ensures the 

gold nanoparticles disperse well over the surface of the nano MOFs. 

The Au@MOF material was synthesized using HAuCl4 as the gold 

precursor in the presence of NaBH4 (Scheme 1). To demonstrate that 

HAuCl4 has been adsorbed onto the MOF support before the NaBH4 

reduction, the reaction solution was monitored by a digital camera, 

as well as UV-Vis spectroscopy (Fig. S1 and S2). Fig. S2 shows the 

UV-vis spectra of a HAuCl4 aqueous solution before and after the 

effect of the adsorption procedure. A rapid absorption of HAuCl4 

with the disappearance of yellow color, which was not observed in 

other MOFs without an amino group, suggested the crucial role of 

the amine group on MOFs for absorption (Fig. S1). The peak of 

[AuCl4]
− ions at 300 nm disappeared rapidly after mixing an amino 

functionalized MOF support and the HAuCl4 aqueous solution, 

which further indicated the absorption of [AuCl4]
− ions via an 

electrostatic interaction between NH+ and [AuCl4]
− (Fig. S2).  

It was also observed that IRMOF-3 was unstable towards to 

HAuCl4 or NaBH4, and led to significant decomposition during the 

loading of gold nanoparticles. This decomposition was confirmed by 

XRD and HRTEM (Fig. S11 and S12). In this case, UiO-66(NH2) 

was used as a stable support for gold nanoparticles. The great 

stability of the UiO-66(NH2) compared with the IRMOF-3 was an 

incentive to use the former for heterogeneous catalysis. It is worth 

mentioning that 2,5-pyridinedicarboxylic acid (pydc) was also 

employed as the organic ligand for Zr-based Zr(pydc) MOF support. 

However, no HAuCl4 absorption with Zr(pydc) MOF was observed, 

presumably because the pyridine moiety participates in the formation 

of the main framework of the Zr(pydc) MOF. This result suggested 

the free amine moiety on UiO-66(NH2) was the key for the HAuCl4 

absorption. Treatment of UiO-66(NH3)
+AuCl4

- with NaBH4 cleanly 

converted it to the desired  Au@UiO-66(NH2) material (Scheme 1).  

 

 

Fig. 2 HRTEM images of 1.8% Au@UiO-66(NH2) (a) and size distribution 

of Au NPs (b), the inset of b is the zoomed TEM image. 

The gold distribution for Au@UiO-66(NH2) was analyzed by 

HRTEM. HRTEM images of 1.8 wt% Au@UiO-66(NH2) and 

corresponding size distribution of Au nanoparticles are shown in Fig. 

2. The loading of gold nanoparticles did not affect the nano 

morphology of UiO-66(NH2) (Fig. 2a). It was determined that Au 

NPs were highly dispersed on the Au@UiO-66(NH2) with mean 

diameters of 2.8 nm and 3.1 nm (as estimated by size distribution in 

Fig. 2b). The proposed formation mechanism of ~3 nm gold 

nanoparticles is as follows. The formation was initiated by the 

collection of HAuCl4 molecules inside the channels, as well as 

partially on the surface of the host solid. The ion pair (NH3)
+AuCl4

- 

was stabilized by the amine ligands attached to benzene-1,4-

dicarboxylate, and the ion pair was distributed evenly over the MOF 

channels as the immersion time progressed, until the nanoparticles 

were formed upon the treatment of NaBH4. The EDX and XPS 

analysis confirm the presence of Au(0) for the Au@UiO-66(NH2) 

sample (Fig. S4 and 4).  

The BET surface area and gold loading data of nanoscale MOFs 

and Au@MOFs are summarized in Table 1. The corresponding 
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surface area of Au@IRMOF-3 reduced significantly from the parent 

IRMOF-3 due to the decomposition of IRMOF-3 pores. The gold 

Table 1 The N2 Adsorption–desorption Isotherms and Au Loading 

of MOFsa 

 

Sample SBET (m2g-1) Vpore (cm3g-1) Au loading  

IRMOF-3b ~600 0.44 - 

Au@IRMOF-3c 111.4 0.41 1.6 wt% 

UiO-66(NH2) 1263.5 0.71 - 

Au@UiO-66(NH2)
c 1024.1 0.71 1.8 wt% 

Au@UiO-66(NH2)
d 684.5 0.65 12.9 wt% 

a All at nanoscale, b Modified literature procedure with 5.5 mmol 

Zn(NO3)2•4H2O, 2.0 mmol 2-aminoterephtalic acid and 50 mL DMF, c 

HAuCl4 : MOF = 1:7.4, d HAuCl4 : UiO-66(NH2) = 1:1 

 

content in Au@UiO-66(NH2) was determined to be 1.6 wt% when 

1:7.4 mole ratio of HAuCl4 : UiO-66(NH2) was employed (Table 1). 

Nanoscale UiO-66(NH2) exhibited higher surface area during our 

investigation. The N2 adsorption-desorption isotherms obtained at 77 

K on the functionalized UiO-66(NH2) are type-I isotherms. UiO-

66(NH2) and Au@UiO-66(NH2) possess similar patterns, which is 

indicated by similar surface areas and porosity (Fig. S7 and S8). The 

BET area only decreases from 1263.5 m2g-1 to 1024.1 m2g-1 after 

loading, while the gold content for Au@UiO-66(NH2) was 

determined to be 1.8 wt% (1:7.4 mole ratio of HAuCl4 : UiO-

66(NH2)). A catalyst with higher loading of gold content was 

achieved when the mole ratio of HAuCl4 and UiO-66(NH2) was set 

to 1:1. Gold loading was measured to be 12.9 wt% according to ICP-

AES (Table 1). The BET area further decreased to 684.5 m2g-1 as the 

gold content was increased. This observation further confirms that 

the Au nanoparticles are mostly inside of the channel because of 

such a huge decrease in surface area. However, only 1.8 wt% gold 

catalyst was tested for its catalytic performance due to the cost of 

gold.  

 

 

Fig. 3 The powder XRD pattern of the UiO-66(NH2) (a) and 1.8 wt% and 

12.9 wt% of Au@UiO-66(NH2) (b and c). 

 

The powder XRD pattern of nanoscale UiO-66(NH2) is in 

agreement with previously reported UiO-66(NH2) materials in the 

literature (Fig. 3).40 After the absorption of HAuCl4 and NaBH4 

reduction, Au@UiO-66(NH2) showed no significant loss of 

crystallinity according to the powder XRD pattern, indicating that 

the framework of UiO-66(NH2) is mostly maintained. No 

diffractions were detected for gold nanocomposite, which indicate 

1.8 wt% gold loading is too low for detection. At 12.9 wt% gold 

loading, a strong band at 38.2º is observed, which represents Bragg’s 

reflections from (111) planes of Au. FTIR spectra indicate there is 

no component difference before and after gold loading, even when 

the gold loading went up to 12.9 wt% (Fig. S5). The UiO-66(NH2) 

and Au@UiO-66(NH2) MOFs were examined by thermal 

gravimetric analysis (TGA) to confirm the thermal and structural 

stability. The UiO-66(NH2) MOFs showed good thermal stability 

(Fig. S9). The gold deposited samples Au@UiO-66(NH2) show 

thermal stabilities comparable to that of UiO-66(NH2) with a 

decomposition temperature of approximately 400 ºC in air (Fig. S10).  

 

 

 

Fig. 4 XPS patterns of 1.8 wt% Au@UiO-66(NH2) catalyst. 

XPS measurements were carried out to analyze the surface 

chemical state of the as-synthesized 1.8 wt% Au@UiO-66(NH2). As 

presented in Fig. 4a, the XPS survey spectrum confirms the 

existence of Zr, Au, O, N and C in the sample. The signal strength of 

Au is low due to the relatively low loading of Au content in the 

MOF structure. The curves of Zr 3d region could be deconvoluted 

into two peaks for Zr 3d5/2 and Zr 3d3/2 located at around 182.9 eV 

and 185.2 eV, respectively. The deconvolution of the O 1s spectrum 

results in two peaks at 532.0 eV and 531.1 eV, which can be 

attributed to the carboxylate and other oxygen-containing species, 

respectively (Fig. 4). Furthermore, the oxidation state of the gold 

nanoparticles was confirmed. The Au 4f spectra shown in Fig. 4d fit 

the doublet of binding energy 87.5 eV and 83.8 eV attributed to Au 

4f5/2 and Au 4f7/2 spin-orbit coupling of elemental gold (Au0), which 

indicates the formation of Au0 nanoparticles through the reduction of 

AuCl4
- ions. 

3.2. Aerobic Oxidations of Alcohols. 
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The selective oxidation of alcohols is one of the most important 

organic transformations in industry.41 There are many oxidizing 

reagents for accomplishing such a transformation; however, a large 

percentage of these oxidants are highly toxic.42 As the environmental 

concerns increase, more attention will be focused on the use of 

molecular oxygen as the oxidant.43 Although aerobic oxidation of 

alcohols promoted by heterogeneous gold catalysts has been 

reported,44 the application of supported gold nanoparticles in alcohol 

oxidation typically requires an aqueous alkaline reaction medium, 

such as excess NaOH or K2CO3 solution. This caustic environment 

often results in undesired carboxylate products.45,46 Our highly 

dispersed Au@UiO-66(NH2) catalyst offers great advantages in 

terms of high yield under base-free condition, as well as ease of 

catalyst synthesis, high catalytic efficiency and wide substrate 

tolerance.  

The oxidations of alcohols were carried out under atmospheric O2 

pressure with the as-synthesized Au@UiO-66(NH2) catalysts. The 

aerobic oxidation of benzyl alcohol did not proceed in the absence of 

catalyst (Table 2, entry 1). 1.8 wt% Au@UiO-66(NH2) gave a low 

yield of the desired product due to slow conversion in acetonitrile at 

80 ºC (Table 2, entry 2). Significantly enhanced yields were 

observed using DMF as the solvent at a higher temperature, which is 

a common for aerobic alcohol oxidations (Table 2, entry 3).47 UiO-

66(NH2) support without nanomorphology control was tested. 1.8 wt% 

Au@bulk UiO-66(NH2) catalyst gave slightly lower yield in 

comparison to the nanoscaled heterogeneous catalysts (Table 2, 

entry 4). The better dispersion of the nanoscaled catalyst in solution 

was demonstrated in Fig. S3, which benefits liquid phase catalysis. 

These observations show the advantages of using nanoscaled MOF 

support in terms of catalytic performance. Higher gold catalyst 

loadings gave a comparable yield at much shorter reaction times 

(Table 2, entry 5). Overall, the use of 1.8 wt% Au@UiO-66(NH2) as 

the catalyst was found to be optimal due to the cost of gold. 

Unsupported gold nanoparticles, Au@TiO2 and Au@PANI catalysts 

have been evaluated as controls in comparison of with the as-

synthesized Au@UiO-66(NH2) catalyst. However, the unsupported 

gold catalyst did not function well in the absence of base under the 

optimized reaction conditions (Table 2, entry 6). The addition of 

Na2CO3 boosted the yield to 15%, together with trace amount of 

ester by-product (Table 2, entry 7). Very low yield was obtained 

with Au@TiO2 in the absence of Na2CO3 base (Table 2, entry 8). 

Moderate yields were achieved when Na2CO3 was utilized as the 

inorganic base (Table 2, entry 9). Furthermore, a slightly improved 

yield was observed with Au@PANI compared to Au@TiO2, which 

could be due to the basicity of PANI (Table 2, entry 10). The yield 

was further increased to 31% utilizing Na2CO3 base (Table 2, entry 

11). However, the catalytic efficiency is still significantly lower than 

the Au@UiO-66(NH2) system under base-free condition. The best 

results for aerobic oxidation of benzyl alcohol using our Au@UiO-

66(NH2) catalyst were achieved in the absence of inorganic base 

(Table 2, entries 3). Our aerobic alcohol oxidation system is much 

more efficient than other literature reported gold heterogeneous 

systems,47,48 which provides the desired aldehyde product in 38% 

yield using bulk gold catalyst and 9.2% yield using Au/MgO 

respectively. The reason for better catalytic performance is because 

of the highly dispersed gold nanoparticles in a large surface area 

MOF support and the narrow distribution of gold nanoparticles 

without self-aggregation. The addition of a weak base, such as 

NaCO3 and NaHCO3 did not improve the conversion or yield (Table 

2, entries 12 and 13).49 It is also worth to mention that Au@UiO-

66(NH2) catalyst tends to decompose slowly in the presence of weak 

inorganic base. The addition of strong base NaOH led to the 

decomposition of Au@UiO-66(NH2) catalyst, which formed a 

homogeneous solution at the end of the reaction and was the major 

reason for low conversion (Table 2, entry 14). We propose that the 

amino groups on the MOF act as a weakly basic promoter, which 

allows for the efficient aerobic oxidation catalyzed by Au@UiO-

66(NH2) without the addition of a basic co-catalyst. Our base-free 

strategy extends the scope of available MOF supports since 

numerous MOFs are unstable toward inorganic bases.50 The addition 

of radical initiators such as (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl 

(TEMPO) or azobisisobutyronitrile (AIBN) did not affect the 

reaction rate, which suggests an anionic reaction pathway rather than 

the radical pathway (Table 2, entries 15 and 16).  

 

Table 2 Optimization of Aerobic Oxidation of Benzyl Alcohola  

 

 

 

Entry 

 

Catalyst 

 

Solventb 

 

Additive 

 

T [oC] 

 

Yieldb 

Isolated  

Yield c 

1d - CH3CN - 80 - N.A. 

2 Au@UiO-66(NH2) CH3CN - 80 17% N.A. 

3 Au@UiO-66(NH2) DMF - 100 94% 91% 

4e Au@UiO-66(NH2) DMF - 100 78% 72% 

5f Au@UiO-66(NH2) DMF - 100 93% 90% 

6 unsupported Au DMF - 100 <5% N.A. 

7 unsupported Au DMF Na2CO3 100 15% N.A. 

8 Au@TiO2 DMF - 100 8% N.A. 

9 Au@TiO2 DMF Na2CO3 100 23% 14% 

10 Au@PANI DMF - 100 23% 15% 

11 Au@PANI DMF Na2CO3 100 31% 24% 

12 Au@UiO-66(NH2) DMF Na2CO3 100 94% N.A. 

13 Au@UiO-66(NH2) DMF NaHCO3 100 94% N.A. 

14 Au@UiO-66(NH2) DMF NaOH 100 29% N.A. 

15 Au@UiO-66(NH2) DMF TEMPO 100 92% N.A. 

16 Au@UiO-66(NH2) DMF AIBN 100 92% N.A. 

a Reaction conditions: benzyl alcohol (1.0 mmol), 1.0 mol% of 1.8 wt% 

Au@MOF catalyst, solvent (3.0 mL), 1 atm O2 bubbling rate (20 mL/min) 

for 1 h, b Determined by GC-MS, c Isolated by column chromatograph, d 

Without catalyst, e 1.8 wt% Au@bulk UiO-66(NH2), 
f Using 12.9 wt% 

Au@UiO-66(NH2) for 10 min.  

 

The catalytic performance of Au@UiO-66(NH2) was further 

evaluated in aerobic oxidations of various alcohols under the 

optimized reaction conditions. Benzyl alcohol 3a was transformed to 

the desired benzaldehyde in 94% yield, which was confirmed 

through the isolated yield of 91% (Table 3, entry 1). This Au@UiO-

66(NH2)-catalyzed aerobic oxidation approach was compatible with 

electron-rich aromatic alcohols, such as 4-methoxybenzyl alcohol 3b. 
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The desired 4-methoxy benzaldehyde was isolated in 94% yield 

(Table 3, entry 2). For electron-deficient aromatic alcohol 4-

fluorobenzyl alcohol 3c, a slightly compromised yield was obtained 

under base-free conditions (Table 3, entry 3). Cinnamyl alcohol was 

evaluated as a vinylogous alcohol and great yield was achieved with 

the clean formation of cinnamaldehyde (Table 3, entry 4). 

Furthermore, 1-phenylethanol 3e was tested as the model substrate 

for secondary alcohols, and a GC yield of 74% and isolated yield of 

69% were obtained (Table 3, entry 5). It is worth mentioning that 

extended reaction times were not able to further increase the yield of 

acetophenone 4e. The conversion of alcohol substrates over time was 

monitored by 1H NMR in DMF d7 solvent, which showed a clean 

formation of desired aldehyde products (see ESI).  

Table 3 Aerobic Oxidation Catalysis using Au@UiO-66(NH2)
a  

 
 a Reaction conditions: alcohol (1.0 mmol), 1.0 mol% Au@UiO-66(NH2) 

catalyst, 3.0 mL DMF, 100 ºC for 1 h, 1 atm O2 bubbling rate (20 mL/min), b 

6 h, c Determined by GC-MS, d Isolated by column chromatography. 

 

 

3.3. N-alkylation of Primary Amines Reaction Sequences.  

The reduction of 4-NP by NaBH4 at room temperature was 

chosen as a test reaction to demonstrate the reduction activity of the 

Au@UiO-66(NH2) catalyst. The highly dispersed Au nanoparticles 

on UiO-66(NH2) showed excellent catalytic activity for the reduction 

of 4-nitrophenol using NaBH4 as the reducing reagent. The reduction 

reaction did not proceed in the absence of catalyst or in the presence 

of only UiO-66(NH2) material.51 A catalytic amount of 1.8 wt% 

Au@UiO-66(NH2) results in the full reduction of 4-nitrophenol to 4-

aminophenol within 9 minutes (Fig. S18). As observed from the 

reaction solution, the bright yellow solution gradually became 

colorless. This observation demonstrated the high reactivity of 

supported Au nanoparticles. Encouraged by the catalytic reduction 

and oxidation performance promoted by our 1.8 wt% Au@UiO-

66(NH2), we hoped to further demonstrate the powerful 

reduction/oxidation activities of the gold heterogeneous catalyst. 

Therefore, we devised a reaction sequences involving an aerobic 

oxidation and a transfer hydrogenation reduction was designed. A 

amine N-alkylation reaction sequences employing benzyl alcohol 3a 

and aniline 5 as the starting materials for generating secondary 

amines was studied.52,53 This reaction reveals the ability of the 

Au@UiO-66(NH2) catalyst to promote both oxidations and 

reductions in the absence of O2 and H2.
54 

 

Table 4 Amine N-alkylation with alcohol via Oxidation/Imine 

Formation/Transfer Hydrogenation Reactionsa 

 

 

Entry Conditions Conv.  

of 3a 

Yield 

of 6 

Yield  

of 7 

1 No catalyst/DMF/100 ºC - - - 

2 Au@UiO-66(NH2)/DMF/100 ºC 18% 11% 5% 

3 Au@UiO-66(NH2)/toluene/100 ºC 39% 13% 21% 

4b Au@UiO-66(NH2)/toluene/100 ºC 99% 77% 14% 

5 Au@UiO-66(NH2)/xylenes/130 ºC 76% 13% 53% 

6 Unsupported Au/xylenes/130 ºC 14% <5% 10% 

7 Au@TiO2/xylenes/130 ºC 23% 11% 10% 

8 Au@PANI/xylenes/130 ºC 38% 14% 19% 

a Reaction conditions: aniline (1.0 mmol), benzyl alcohol (1.0 mmol), 2.0 

mol% Au@UiO-66(NH2) (1.8 wt%) and solvent (2.0 mL) were stirred under 

N2 atmosphere for 12 h, then 2-propanol (6.0 mmol) was added and the 

reaction was stirred for another 36 h, b Under O2 atmosphere. 

 

   The N-alkylation of aniline 5 with benzyl alcohol 3a over 

Au@UiO-66(NH2) catalyst was investigated in the presence of an 

excess amount of 2-propanol as a hydrogen donor and possibly a 

base (Table 4).54 There was no imine or N-alkylation product in the 

absence of catalyst (Table 4, entry 1). 18% conversion of benzyl 

alcohol 3a was achieved in the presence of Au@UiO-66(NH2) 

catalyst, however, only trace amount (5%) of N-benzylaniline 7 was 

produced with imine 6 as the major product (Table 4, entry 2). The 

formation of imine 6 excluded the possibility of direct N-alkylation 

from benzyl alcohol 3a to N-benzylaniline 7. A slightly higher 

conversion was achieved using toluene as the solvent under N2 

atmosphere (Table 4, entry 3). A full conversion of benzyl alcohol 

3a was observed under O2 atmosphere. However, imine 6 was 

formed as the major product, together with only 14% of the desired 
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benzylaniline 7 (Table 4, entry 4). Lastly, xylenes was employed as 

the a higher boiling point solvent to boost the yield of the desired 

benzylaniline 7 to 53% (Table 4, entry 5). This is the one of few 

examples for the synthesis of N-benzylaniline 7 via a one-pot 

approach.55-57 In contrast, unsupported gold nanoparticles, Au@TiO2 

and Au@PANI did not perform well under the optimal reaction 

condition (Table 4, entries 6-8). Au@PANI provided the highest 

conversion of the benzyl alcohol substrate 3a, which leads to a 19% 

yield of the desired N-benzylaniline 7 product (Table 4, entry 8). Our 

system achieves much higher yield of N-benzylaniline 7 and 

employs no inorganic base. The yield of 53% is rather practical for 

the synthesis of N-benzylaniline, since a complicated organic 

transformation over three steps was carried out in a sequential 

reaction fashion.  

 

3.4. Recycling of the Au@UiO-66(NH2) Catalyst.  

 

Fig. 5 Recycling of the Au@UiO-66(NH2) catalyst. 

 

The recyclability of the Au@UiO-66(NH2) catalyst was evaluated 

employing the 1.8 wt% Au@UiO-66(NH2) catalyst for different 

organic transformations. For the aerobic oxidation of benzyl alcohol 

3a, only slightly lower yield were observed after over five runs (Fig. 

5, Oxidation). The supernatant liquid of the DMF suspension 

showed no reactivity towards to the benzyl alcohol substrate, which 

indicates no leakage of the gold catalyst. This conclusion was further 

confirmed through ICP-AES analysis of the filtered supernatant 

liquid, which showed no gold content. The catalyst before and after 

catalysis was assessed by PXRD, FTIR and TEM to evaluate the 

structure integrity of the Au@UiO-66(NH2) catalyst. The PXRD and 

FTIR spectra of the Au@UiO-66(NH2) catalyst after used in five 

reactions times reuse were also indistinguishable from those of fresh 

catalyst (Fig. S5 and S13). Furthermore, SEM and TEM studies were 

carried out in order to show the stability of the catalyst morphology. 

There was no significant change in terms of nanomorphology of the 

as-synthesized catalyst after 5 cycles (Fig. S14). For the N-alkylation 

reaction sequences of aniline 5 with benzyl alcohol 3a and, the 

formation of desired secondary amine 7 showed almost no loss of 

reactivity after five runs (Fig. 5, N-alkylation).  

 

4. Conclusions 

In summary, highly dispersed Au nanoparticles deposited on 

amine-functionalized MOFs have been prepared through a 

facile solution-based synthetic approach. Nanomorphology was 

introduced to increase the dispersion of Au@UiO-66(NH2) 

catalyst in solvent, which resulted in high catalytic performance. 

The newly developed Au@UiO-66(NH2) catalyst served as an 

efficient nanocatalyst in the aerobic oxidation of alcohols and 

oxidation/imine formation/reduction reaction sequences. The 

Au@UiO-66(NH2) catalyst can be recycled five times without 

significant loss of activity in all catalytic reactions. Our rapid 

and facile synthetic approach opens up alternative routes for 

metal deposition on MOF catalysts under mild conditions, 

which can be utilized for a variety of catalytic organic 

transformations.  
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