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Chapter 5 

Catalytic N-dealkylation of Drug Molecules on a 

Nanoporous Gold Surface* 

Nanoporous gold (NPG) prepared by dealloying has received considerable attention 

as a versatile catalyst. Here we report for the first time the application of NPG for 

the highly selective N-dealkylation of drug molecules. N-dealkylation of lidocaine 

and metoprolol on a catalytic NPG surface showed yields of 93% and 99%, 

respectively, and no other reaction products were formed. The turnover frequencies 

of lidocaine and metoprolol were 3.1 h-1 and 4.3 h-1. NPG with lower Ag content and 

larger pore size improves the N-dealkylation yield. As a heterogeneous catalyst, 

nanoporous gold has the merits of easy preparation, simplicity of product recovery, 

excellent selectivity, robustness and long-term stability. Nanoporous gold is a 

promising catalyst for synthesizing N-dealkylated drug metabolites and added-value 

pharmaceutical intermediates. 

 
 

 

 

 

 

 

 

 

 

 

 

 

* This chapter is based on T. Yuan , J. Wu , T. Zhang, M. Holtkamp, P. Rudolf, U. Karst, R. Bischoff a and H. Permentier, 
Catalytic N-dealkylation of drug molecules on a nanoporous gold surface. Submitted.  
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5.1 Introduction  

Nanoporous gold (NPG) can be fabricated by etching gold alloys, containing less 

noble elements such as silver or copper, under strongly acidic conditions, resulting 

in a three-dimensional sponge-like porous network structure [1]. The NPG surface 

area is ten to several hundred times larger than a planar gold surface of equivalent 

geometrical surface area. In contrast to surface-supported gold nanoparticles, which 

exhibit little catalytic activity when the diameter is larger than 5 nm, NPG surfaces 

with a pore size larger than 30 nm exhibit significant catalytic activity [2]. The 

catalytic oxidation of CO to CO2 on an NPG surface was first reported about ten 

years ago [3]. Since then, more catalytic reactions have been reported on NPG, for 

example, the gas phase catalytic oxidation of methanol [4, 20], benzyl alcohol [5], 

and allyl alcohol [6]. In addition, liquid phase oxidation reactions were investigated 

on NPG, such as the oxidation of glucose [7] and organosilanes [8]. Owing to its 

large interface-to-volume ratio, ease of preparation and tunable pore size, NPG is 

recognized as an attractive material for catalytic reactions. In this study, we report a 

new liquid phase catalytic reaction of NPG: the selective N-dealkylation of drug 

molecules. 

  N-dealkylation of complex drug molecules is an important biochemical reaction 

catalyzed by members of the cytochrome P450 enzyme family [9, 10]. Before a new 

chemical entity enters the market as a commercial pharmaceutical product, it is 

critically important to ensure the safety of drug metabolites which may be formed in 

vivo. Synthesis of these metabolites is helpful for preclinical ADME (absorption, 

distribution, metabolism and excretion) studies in the early development of a new 

drug. The N-dealkylation reaction has been carried out by chemical and 

electrochemical methods [11, 12]. However, these approaches have limitations such 

as loss of catalytic activity at elevated temperatures, limited scalability, the use of 

toxic or environmentally hazardous reagents, or the need for elevated electric 

potentials, leading to side reactions such as N-oxide formation and benzylic or 

aromatic hydroxylations. Moreover, the requirement for isolating the product of 

interest from complex mixtures makes many of these methods costly and time-

consuming.  

  In the search for a more sustainable and environmentally-friendly way to N-

dealkylate drug molecules, we explored the effectiveness of NPG. We show for the 
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first time that NPG acts as a robust heterogeneous catalyst for the selective N-

dealkylation of lidocaine and metoprolol. 

5.2 Experimental Section  

Materials. HNO3 (69%), hydrogen peroxide (30 vol%), lidocaine, and metoprolol 

were purchased from Sigma-Aldrich. A 1×1×0.05 cm piece of 99.99 wt% (weight%) 

gold sheet and a 585 gold alloy sheet containing 58.5 wt% gold, 30 wt% silver and 

11.5 wt% other not further specified, non-noble metals, all were purchased from 

Heraeus (Hanau, Germany) and cut into four equal pieces. Another gold alloy 

containing 58.5 wt% gold and 41.5 wt% silver was purchased from Allgemeine 

Gold- und Silberscheideanstalt AG (Pforzheim, Germany). Unless specified, the 

gold alloy and NPG used are from Heraeus (Hanau, Germany). An Ag/AgCl 

reference electrode and a Pt wire counter electrode were purchased from 

Bioanalytical Systems (West Lafayette, USA). Water was purified by a Milli-Q 

Advantage A10 system (Merck Millipore, Billerica, USA). Ultrapure HPLC grade 

acetonitrile (ACN) was purchased from Biosolve Chimie (Dieuze, France). Acetone 

(AR-grade) was purchased from Biosolve BV (Valkenswaard, the Netherlands), and 

H2SO4 (98%) was purchased from Merck (Darmstadt, Germany). Electrochemical 

measurements were done with an Autolab system (PGSTAT 204, Metrohm, 

Schiedam, the Netherlands) in 0.5 M H2SO4. 

Preparation of the catalytic nanoporous gold surface and gold plate electrode. 

The catalytic nanoporous gold (NPG) surface was prepared from the Heraeus 585 

gold alloy by etching in concentrated nitric acid for different time periods (2 h, 6 h, 

24 h and 720 h), followed by thorough washing with deionized water and acetone 

prior to use. The alloy from Allgemeine Gold-und Silberscheideanstalt AG was 

etched in concentrated nitric acid for 24 h, and was used only in Fig. S8. Before the 

electrochemical measurements, the 99.99 wt% gold plate electrode and NPG were 

immersed in freshly prepared piranha solution (98% H2SO4:30% H2O2 with volume 

ratio of 3:1) for 3 min, and then rinsed with water prior to use. Piranha solution was 

also used for the cleaning of the 24 h etching NPG.  

Sample preparation. For catalytic conversions, solutions of lidocaine and 

metoprolol were prepared at 100 µM in acetonitrile. 500 µL samples were incubated 

with NPG (3 independent preparations from three 24 h etching NPG) under the 

indicated conditions of time and temperature. Samples were diluted 100 times in 
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deionized water and subsequently analyzed by LC-MS/MS. For high-resolution 

MS/MS measurements, samples were dried and diluted 5 times in H2O prior to 

analysis. 

LC-MS/MS analysis. The LC-MS/MS system consisted of an Ultimate plus HPLC 

(Dionex-LC Packings, Amsterdam, The Netherlands) coupled to an API 365 triple 

quadrupole mass spectrometer (MDS Sciex, Concord, Canada) operated in positive 

electrospray ionization mode. MS/MS parameters were as follows: ion spray voltage 

5000 V, ring (RNG) voltage 170 V, orifice (OR) 40 V, and collision energy 20 eV. 

The product ion scan range was m/z 70 to 700 with step size 1.0 amu and a dwell 

time of 1 ms. A flow rate of 1 L/min nitrogen at 450 °C was used for LC-MS/MS. A 

C18 reversed-phase column (GraceSmart RP 18 5 μm, 2.1×150 mm Grace Davison, 

Lokeren, Belgium) was used throughout the experiments at a flow rate of 250 μL/min. 

Solvent A: H2O with 0.1% formic acid; solvent B: ACN with 0.1% formic acid. A 

linear gradient of 20-50% B in 10 min was used for elution with 40 μL injections of 

the diluted samples. High-resolution MS/MS measurements were performed on an 

LTQ-Orbitrap XL mass spectrometer (Thermo Scientific, Bremen, Germany) in 

positive electrospray ionization mode. The normalized collision energy was set to 35 

V. MS scans from m/z 200 to 350 were performed at a resolution of 72000. 

Fragmentation was induced by collision-induced dissociation (CID) in the linear ion 

trap of the instrument and fragment ions were analyzed at a resolution of 17500.  

Scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy 

(XPS). SEM characterization of the NPG surfaces was performed on a Philips XL-

30S SEM FEG system (Amsterdam, the Netherlands) at 30 kV. X-ray photoelectron 

spectroscopy (XPS) characterization of the NPG surfaces was done on an SSX-100 

photoelectron spectrometer from Surface Science Instruments (Ontario, Canada) 

with a monochromatic Al Kα X-ray source (1486.6 eV), operating at a pressure of 

1.3×10-10 mbar. The analyzed area was 600 μm in diameter. At least three different 

spots were measured on each sample to check for reproducibility. The energy 

resolution was set to 1.26 eV. The spectra were analyzed by Winspec software 

developed at the LISE laboratory, University of Namur, Belgium.  

Micro X-ray fluorescence spectroscopy (µXRF). To investigate the elemental ratio 

in the NPG surfaces, a laboratory benchtop µXRF spectrometer M4 Tornado (Bruker 

Nano GmbH, Berlin, Germany) was used. The Rh-anode micro-focus X-ray tube 

was set at a voltage of 50 kV and anode current of 600 µA. The device is equipped 
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with polycapillary optics to focus the incident X-ray beam on a size of 25 µm for the 

Mo-K-alpha line. The analytes Cu (8,0267 keV), Ag (22,1630 keV) and Au (9,6280 

keV) were detected on their major K- or L-alpha lines. The signals were detected by 

means of a silicon drift detector (SDD, XFlash® 5030, Bruker Nano, GmbH). Each 

sample was investigated with 20 replicates over the whole surface, with 10 seconds 

measuring time per spot. Data Processing was performed using the software ESPRIT 

HyperMap (Bruker Nano GmbH). 

5.3 Results and Discussion  

5.3.1 Morphological Characterization of NPG 

The nanoporous gold (NPG) surface was prepared by etching a 5 × 5 × 0.5 

mm piece of gold alloy containing 58.5 wt% (weight%) gold, 30 wt% silver 

and 11.5 wt% other, unspecified, non-noble metals [13b] in concentrated 

nitric acid, as described elsewhere [13]. The morphology of the NPG was 

investigated by scanning electron microscropy (SEM), showing a sponge-like 

homogeneous three-dimensional structure after etching for 24 h (Figure. 1a, 

1b). The diameter of the pores was in the order of tens of nanometers.  

X-ray photoelectron spectroscopy (XPS) was used to study the surface 

elemental composition of the original alloy and NPG. Micro X-ray 

fluorescence spectroscopy (µXRF) was used to characterize NPG at a depth 

of a few µm. XPS measurements of the original alloy showed that, besides 

Au and Ag, only Cu was present at a level of 10.8 wt%. We did not find other 

common metals, such as Fe, Co, Ni or Al, on the surface of the alloy. After 

etching, Cu was no longer detected upon XPS analysis (Figure 1c) and the 

amount of silver decreased from 33.5 wt% to 6.4 wt% as deduced from the 

integrated area of the intensity of the Ag3d signal to that of the Au4f signal 

(average of 3 spots, Figure. 1c). Peaks of carbon and oxygen were also 

observed due to contamination of the surface by residual organic compounds 

that are difficult to remove completely during sample preparation [3a]. µXRF 

measurements across the NPG gave a composition of 8.3 wt% Cu (± 1.2 wt%), 

which did not change significantly upon etching for up to 24 h indicating that 

etching with concentrated nitric acid only affects the surface of the material. 
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Weight percentages of Ag and Au were 25.0% and 63.4%, respectively, after 

24 h etching. These relative amounts were not affected by etching. 

 

Figure. 1. Scanning electron microscopy (SEM) image of the catalytic, nanoporous 

gold (NPG) surface at a magnification of 20000 (a) and 50000 (b). (c) X-ray 

photoelectron spectroscopy (XPS) analysis of the original gold alloy (black trace) 

and the NPG surface (red trace), average of 3 spots. 

5.3.2 Electrochemical characterization of NPG 

In order to determine the roughness factor of the NPG surface, which is the ratio 

between the active surface area and the geometrical surface area, cyclic voltammetry 

(CV) was performed in 0.5 M H2SO4 (Figure. 2). The integrated cathodic peak area 

at ~0.8 V, corresponding to the reduction of gold oxide that was formed during the 

anodic scan, was taken to be proportional to the active surface area of the electrode 

[14, 15], giving a roughness factor of 174 after etching. 
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Figure. 2. Cyclic voltammetry (CV) of a nanoporous gold (NPG, 24 h etching) 

electrode (red trace), a gold plate electrode with the same geometrical surface area 

(blue trace; see insert for magnification). Measurements were done in 0.5 M H2SO4 

at a scan rate of 1 V/s. 

5.3.3 Catalytic N-dealkylation of lidocaine on NPG 

To study the catalytic activity of the NPG surface with respect to N-dealkylation, we 

used lidocaine, a drug that has been thoroughly investigated by our group, as first 

example [16]. Lidocaine contains a tertiary amine that is dealkylated during Phase-I 

metabolism by cytochrome P450. Former reports showed that a mixture of two 

products, the N-dealkylation product and the N-oxide, was obtained 

electrochemically in a three-electrode cell with a gold disk working electrode and 

tetrabutylammonium perchlorate (TBAP) as electrolyte [17]. In this study, control 

experiments showed that planar gold and an Au/Ag alloy without the nanoporous 

structure do not catalyze N-dealkylation of lidocaine (Figure. S1), while simply 

dipping the NPG catalyst into a 100 µM lidocaine solution in acetonitrile for 24 h at 

room temperature without applying an electric potential resulted in 50% N-

dealkylation (Figure. S1), indicating that the nanoporous nature of the surface is 

critical for catalysis.  
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  Experimental conditions were further optimized to promote the N-dealkylation 

reaction. Lidocaine was incubated with the NPG catalyst in a closed vial without 

stirring for 3 h at different temperatures ranging from 23 °C (room temperature) to 

60 °C, a temperature where most biocatalysts would rapidly lose their activity. N-

dealkylation yield increased remarkably from 10% at room temperature to 50% at 

60 °C (Figure. 3a). Molecular oxygen, activated by residual Ag in the NPG, was 

reported to play an important role in NPG catalysis [18]. Our studies show that 

molecular oxygen significantly boosts the N-dealkylation reaction, since the yield of 

the N-dealkylation product of lidocaine after 3 h incubation at 60 °C was 22 % under 

N2 purging, while increasing to 93 % with air purging (Figure. 3b).    

 

Figure. 3. Effect of temperature and oxygen on the NPG-catalyzed N-dealkylation of 

lidocaine. a) N-dealkylation yield of 100 µM lidocaine in acetonitrile on an NPG (24 

h etching) surface after 3 h incubation in a closed 1 mL vial at different temperatures 

without stirring; b) N-dealkylation conversion yield of 100 μM lidocaine on NPG in 

acetonitrile for 3 h at 60 °C with nitrogen purging or compressed air purging. Each 

sample was prepared and analyzed three times.  

A more detailed study of N-dealkylation yield and reaction time showed that a 

plateau of 93% was reached after ~90 min at 60 °C with air purging (Figure. 4b, 4c). 

The N-dealkylation yield on the NPG surface without potential is 150 times higher 

than for a gold disk electrode (Figure. S2) under the optimal electrochemical 

conditions as reported in [17]. It is noteworthy that NPG catalysis produced only the 

N-dealkylation product with no N-oxide formation, benzylic hydroxylation or 

aromatic hydroxylation, which are often generated as side products by other methods 

[16, 17]. No other products, such as diethylamine (m/z 74) and the double N-

dealkylation product (m/z 179) were detected by LC-MS/MS. There was no loss in 
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catalytic activity after ten months for three separately prepared samples of NPG, 

demonstrating that NPG is a robust catalyst for long-time use. 

 

Figure. 4. Catalytic N-dealkylation of lidocaine (100 µM) on an NPG surface (24 h 

etching) in acetonitrile. a) The N-dealkylation reaction of lidocaine; b) LC-MS/MS 

analysis of the sample after 2.5 h incubation at 60 °C with air purging, N-dealkylated 

lidocaine (m/z 207, red trace), lidocaine (m/z 235, black trace); c) Time-dependent 

N-dealkylation yield of lidocaine on an NPG surface at 60 °C with air purging (each 

sample was prepared and analyzed three times). 

5.3.4 Catalytic N-dealkylation of metoprolol on NPG 

In order to investigate whether the NPG surface functions as a general N-

dealkylation catalyst, we studied a more complex drug molecule, metoprolol, which 

contains a secondary amine (Figure. 5a). Metoprolol undergoes a range of oxidation 

reactions by cytochrome P450, including N-dealkylation, aromatic hydroxylation, 

benzylic hydroxylation, and O-dealkylation [19]. Control experiments by incubation 

with the original gold alloy showed no conversion of metoprolol. However, when 

incubated with NPG at 60 °C with air purging, the N-dealkylation product was 

readily observed reaching complete conversion after 2 h. The turnover frequency 

(TOF) of this reaction is 0.22 h-1 on NPG. Metoprolol (m/z 268) was converted to a 
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product with an m/z of 226 corresponding to removal of the isopropyl group (Figure. 

5a, 5c). Product identity was confirmed by high-resolution MS and MS/MS analyses 

(Figure. 5b, 5d). This shows that NPG catalyzes also the N-dealkylation of the 

secondary amine in metoprolol without any side reactions, such as O-dealkylation, 

isopropylamine formation, aromatic hydroxylation or benzylic hydroxylation, which 

are observed upon electrochemical oxidation [19]. 

 

Figure. 5. Catalytic N-dealkylation of metoprolol (100 µM) on an NPG surface (24 h 

etching) in acetonitrile at 60 °C with air purging. a) The N-dealkylation reaction of 

metoprolol; b) Assignment of MS/MS fragments of the N-dealkylation product of 

metoprolol shown in Figure. 5d; c) LC-MS/MS analysis after 2 h incubation 

(metoprolol black trace, N-dealkylation product red trace); d) High-resolution MS/MS 

spectrum of the N-dealkylation product of metoprolol. 

Taken together, these examples demonstrate that the NPG surface catalyzes N-

dealkylation reactions without the need for an electrochemical potential or a 

combination of metal-based catalysts and oxidizing agents in solution, which are the 

current methods of choice.  

In view of upscaling the N-dealkylation reaction in the batch system it is important 

to determine the turnover frequency (TOF), which is the number of drug molecules 
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converted to the N-dealkylation product per surface gold atom per hour [4]. The TOF 

increased substantially when the lidocaine concentration was increased from 100 μM 

(0.4 h-1) to 3 mM (3.1 h-1) at where a plateau was reached (Figure. S3), indicating 

that the reaction rate is limited by mass transport. Similar results were found for 

metoprolol with a maximum TOF of 4.3 h-1 at a metoprolol concentration of 3 mM 

(Figure. S4). Compared to the reported lidocaine N-dealkylation reactions by 

cytochrome P450 enzymes, where the TOF is in the range of 0.6 to 120 h-1 [10b], the 

TOF on the NPG is comparable. At 3 mM concentration, we were able to synthesize 

0.12 and 0.2 mg of the N-dealkylation products of lidocaine and metoprolol, 

respectively, in 0.5 h. 

5.3.5 N-dealkylation Catalytic mechanism on NPG 

The mechanistic basis for the catalytic activity of the NPG surface is intriguing, 

but controversial [20-23]. Our studies show that N-dealkylation of lidocaine is an 

oxygen-assisted reaction (Figure. 3b), similar to the oxidation of CO or methanol 

reported before [13, 24]. Residual Ag was previously reported to play an important 

role in NPG-catalyzed reactions since it can activate molecular oxygen on the NPG 

surface [18]. To study this further, we prepared NPG with different etching times. 

The amount of residual Ag on the NPG surface decreased only slightly from 8.9 wt% 

to 6.3 wt% when the etching time was varied between 2 and 24 h (Figure. S5), while, 

the pore size increased from 18 nm to 38 nm (Figure. S6). The yield of lidocaine N-

dealkylation increased from 16.8% to 50.2% when prolonging the etching time from 

2 h to 24 h (Figure. S7; 60 °C, no air purging), which may be ascribed to a coarsening 

of the surface due to the dissolution of Ag [7, 25]. The amount of Ag decreased very 

slowly when prolonging the etching time up to 30 days (Figure. S5), while the N-

dealkylation yield remained stable (Figure. S7). This indicates that residual Ag plays 

a minor role in catalysis relative to the porous structure of NPG. The alloy contained 

also about 11.5 wt% Cu as non-noble metal but surface-exposed Cu was below the 

detection limit of XPS after etching. To investigate whether minor traces of residual 

Cu have an effect on catalytic activity, we tested a different alloy containing 58.5% 

gold and 41.5% silver (weight) but no Cu. As displayed in Figure. S8, the N-

dealkylation catalysis of lidocaine on an NPG prepared from this alloy proceeded as 

well, albeit with a lower yield (26%) than the alloy containing both Ag and Cu (50% 

yield, figure 3b). 
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Based on these observations, we conclude that NPG-catalyzed N-dealkylation 

reaction is an oxygen-mediated reaction, and that the 3D nanoporous structure is 

critical for efficient N-dealkylation but that residual Ag and Cu are of minor 

importance for catalytic activity. The observation that pure gold nanoparticles on a 

ZrO2 support catalyze the N-dealkylation reaction of lidocaine in the absence of 

silver, albeit to a low extent, further supports this conclusion (Figure. S9). 

5.4 Conclusions 

In summary, a nanoporous gold (NPG) surface with a sponge-like structure was 

prepared from a gold alloy by chemical etching in concentrated nitric acid. NPG 

catalyzed the N-dealkylation of two drug molecules of increasing complexity, 

lidocaine and metoprolol, with high selectivity and excellent yield. NPG showed 

stable catalytic activity over extended time periods (up to ten months tested so far). 

Catalytic activity was enhanced at elevated temperatures with air purging. Our 

results describe an N-dealkylation catalyst with potential applications in the 

synthesis of drug metabolites and added-value intermediates for the production of 

pharmaceuticals [26]. 
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Supporting information 

Turnover frequency calculation 

The turnover frequency (TOF) of lidocaine was defined as the number of drug 

molecules converted to N-dealkylation product per surface gold atoms of NPG 

(nanoporous gold) per second [4]. The conversion of 100 μM lidocaine showed 48% 

yield in 0.5 h on NPG (148.8 mg). The active surface area of NPG was 

electrochemically measured to be 8.74×10-3 m2 (Figure 2a). The density of surface 

atoms for Au(111), the most energetically stable surface of gold is 1.4×1019 atoms/m2 

[4]. Based on these values, we calculated the TOF of lidocaine to be 0.4 h-1 at a 

lidocaine concentration of 100 μM. Similarly, the TOFs of lidocaine and metoprolol 

under different concentrations have been calculated and plotted in Figures S3 and 

S4. 

 
Figure. S1. N-dealkylation yields of 100 μM lidocaine in acetonitrile after 24 h at room 

temperature in a closed 1 mL vial, using a planar surface of the alloy before etching, 

a gold plate electrode and nanoporous gold (NPG, 24 h etching). Lidocaine 

incubated without any metal sheet was added as a control. Each sample was 

prepared and analyzed three times. 
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Figure. S2. LC-MS/MS analysis of the electrochemical conversion sample of N-

dealkylation of lidocaine (100 µM) on a gold disk electrode, N-dealkylated lidocaine 

(m/z 207, red trace), lidocaine (m/z 235, black trace), N-oxide (m/z 251, blue trace). 

Working electrode: gold disk; counter electrode: Pt wire; reference electrode: Ag wire. 

-1 V potential was applied on the working electrode for 1 h, air purging was used 

throughout the experiment. The solution was 100 μM lidocaine in acetonitrile 

containing 100 μM tetrabutylammonium perchlorate as electrolyte. 

 

Figure. S3. Turnover frequency (TOF) of lidocaine on NPG at different 

concentrations. 2 mL lidocaine solutions were incubated with NPG under air purging 

for 30 min at 60 °C in a vial. 
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Figure. S4. Turnover frequency (TOF) of metoprolol on NPG at different 

concentrations. 2 mL metoprolol solutions were incubated with NPG under air 

purging for 30 min at 60 °C in a vial. 

 
Figure. S5. X-ray photoelectron spectroscopy (XPS) analysis of the percentage of 

Ag (at%) on the surface of NPG after different etching times. Each sample was 

analyzed three times. 
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Figure. S6. Scanning electron microscopy (SEM) images of the nanoporous gold 

(NPG) surface after different etching times. The size of the ligaments is 15, 22, 28, 

38 and 200 nm after 2 h, 6 h, 12 h, 24 h and 30 days etching, respectively. The 

magnification was 20000 for 2 h and 6 h samples, and 10000 for 12 h, 24 h, and 30 

day samples. 

 
Figure. S7. N-dealkylation yield of 100 μM lidocaine in acetonitrile after 3 h 

incubation at 60 °C without purging on NPG surfaces that were prepared as shown 

in Figure S6 (2 h, 6 h, 12 h, 24 h, 30 days etching). The corresponding Ag amount 

is 15.0 %, 14.7 %, 15.9 %, 10.8 %, 10.0 %. Each sample was prepared and analyzed 

three times. 
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Figure. S8. N-dealkylation of 100 μM lidocaine in acetonitrile after 24 h incubation at 

60 °C without air purging in a closed vial on NPG prepared from an alloy from 

Allgemeine Gold- und Silberscheideanstalt AG (Pforzheim, Germany) containing 

58.5 wt% gold and 41.5 wt% Ag after etching in concentrated nitric acid for 24 h. N-

dealkylated lidocaine (m/z 207, red trace), lidocaine (m/z 235, black trace). 

 
Figure. S9. N-dealkylation of 100 μM lidocaine in acetonitrile after 24 h incubation at 

60 °C without air purging on a gold nanoparticle catalyst (average size 3 nm in 

diameter) on a ZrO2 support [27]. N-dealkylated lidocaine (m/z 207, red trace), 

lidocaine (m/z 235, black trace). 



Chapter 5 

 

 

90 
 

References 

[1] Y. Ding, Y. J. Kim, J. Erlebacher, Nanoprous gold leaf: “Ancient 

technology”/advanced material. Adv. Mater. 16 (2004) 1897-1900. 

[2] a) M. Valden, X. Lai, D. W. Goodman, Onset of catalytic activity of gold 

clusters on titania with appearance of nonmetallic properties. Science. 281 

(1998) 1647-1650; b) A. Wittstock, A. Wichmann, M. Bäumer. Nanoporous 

gold as a platform for a building block catalyst. ACS Catal. 2 (2012) 2199-

2215. 

[3] a) V. Zielasek, B. Jurgens, C. Schulz, J. Biener, M. M. Biener, A. Hamza, M. 

Baumer, Gold catalysts: nanoporous gold foams. Angew. Chem. Int. Ed. 45 

(2006) 8241-8244; b) C. X. Xu, J. X. Su, X. H. Xu, P. P. Liu, H. J. Zhao, F. 

Tian, Y. Ding, Low temperature CO oxidation over unsupported nanoporous 

gold. J. Am. Chem. Soc. 129 (2007) 42-43. 

[4] A. Wittstock, V. Zielasek, J. Biener, C. M. Friend, M. Baumer, Nanoporous 

gold catalysts for selective gas-phase oxidative coupling of methanol at low 

temperature. Science. 327 (2010) 319-322. 

[5] D. Q. Han, T. T. Xu, J. X. Su, X. H. Xu, Y. Ding, Gas-phase selective oxidation 

of benzyl alcohol to benzaldehyde with molecular oxygen over unsupported 

nanoporous gold. ChemCatChem. 2 (2010) 383-386. 

[6] B. Zugic, S. Karakalos, K. J. Stowers, M. M. Biener, J. Biener, R. J. Madix, C. 

M. Friend, Continuous catalytic production of methyl acrylates from 

unsaturated alcohols by gold: the strong effect of C=C unsaturation on reaction 

selectivity. ACS Catal. 16 (2016) 1833-1839. 

[7] H. M. Yin, C. Q. Zhou, C. X. Xu, P. P. Liu, X. H. Xu, Y. Ding, Aerobic 

oxidation of D-Glucose on support-free nanoporous gold. J. Phys. Chem. C. 

112 (2008) 9673-9678. 

[8] N. Asao, Y. Ishikawa, N. Hatakeyama, Menggenbateer, Y. Yamamoto, M. W. 

Chen, A. Inoue, Nanostructured materials as catalysts: nanoporous-gold-

catalyzed oxidation of organosilanes with water. Angew. Chem. Int. Ed. 49 

(2010) 10093-10095. 

[9] A. P. Li, D. L. Kaminski, A. Rasmussen. Substrates of human hepatic 

cytochrome P450 3A4. Toxicology. 104 (1995) 1-8. 

[10] M. Poraj-Kobielska, M. Kinne, R. Ullrich, K. Scheibner, G. Kayser, K. E. 

Hammel, M. Hofrichter, Preparation of human drug metabolites using fungal 

peroxygenases. Biochem. Pharmacol. 82 (2011) 789-796. 



Catalytic N-dealkylation of Drug Molecules on a Nanoporous Gold Surface 

 

 

91 
 

[11] a) J. E. Hengeveld, A. K. Gupta, A. H. Kemp. A. V. Thomas, Facile N-

demethylation of erythromycins, Tetrahedron. Lett. 40 (1999) 2497-2500; b) 

D. F. Taber, J. D. Jernigan, J. T. Watson, K. Carr, R. L. Woosley, N-

desethyacecainide is a metabolite of procainamide in man convenient method 

for the preparation of an N-dealkylated drug metabolite. Drug. Metab. Dispos. 

7 (1979) 346-346; c) R. A. Olofson, J. T. Martz, J. P. Senet, M. Piteau, T. 

Malfroot, high-yield N-dealkylation of tertiary amines-improved syntheses of 

naltrexone and nalbuphine. J. Org. Chem. 49 (1984) 2081-2082. 

[12] a) U. Jurva, H. V. Wikström, A. B. Bruins, In vitro mimicry of metabolic 

oxidation reactions by electrochemistry/mass spectrometry. Rapid Commun. 

Mass Spectrom. 14 (2000) 529-533; b) W. Lohmann, U. Karst, Biomimetic 

modeling of oxidative drug metabolism. Anal. Bioanal. Chem. 391 (2008) 79-

96; c) H. Simon, D. Melles, S. Jacquoilleot, P. Sanderson, R. Zazzeroni, U. 

Karst, Combination of electrochemistry and nuclear magnetic resonance 

spectroscopy for metabolism studies. Anal. Chem. 84 (2012) 8777-8782.  

[13] a) M. Yan, T. N. Jin, Y. Ishikawa, T. Minato, T. Fujita, L. Y. Chen, M. Bao, N. 

Asao, M. W. Chen, Y. Yamamoto, Nanoporous gold catalyst for highly 

selective semihydrogenation of alkynes: remarkable effect of amine additives. 

J. Am. Chem. Soc. 134 (2012) 17536-17532; b) A. M. Hafez, A. Huber, B. W. 

Wenclawiak, Time-of-flight-secondary ion mass spectrometry and cyclic 

voltammetry studies of self-assembly of dodecanethiol on a nanoporous gold 

surfaces. Anal. Chem. 85 (2013) 3334-3339. 

[14] a) J. C. Hoogvliet, M. Dijksma, B. Kamp, W. P. van Bennekom, 

Electrochemical pretreatment of polycrustalline gold electrodes to produce a 

reproducible surface roughness for self-assembly: a study in phosphate buffer 

pH 7.4. Anal. Chem. 72 (2000) 2016-2021; b) S. Trasatti, O. A. Petrii, Real 

surface area measurements in electrochemistry. Pure Appl. Chem. 63 (1991) 

711-734. 

[15] K. Bonroy, J. M. Friedt, F. Frederix, W. Laureyn, S. Langerock, A. Campitelli, 

M. Sara, G. Borghs, B. Goddeeris, P. Declerck, Realization and 

characterization of porous gold for increased protein coverage on acoustic 

sensors. Anal. Chem. 76 (2004) 4299-4306. 

[16] a) E. Nouri-Nigjeh, H. P. Permentier, R. Bischoff, A. P. Bruins. 

Electrochemical oxidation by square-wave potential pulses in the imitation of 

oxidative drug metabolism. Anal. Chem. 83 (2011) 5519-5525; b) E. Nouri-

Nigjeh, A. P. Bruins, R. Bischoff, H. P. Permentier, Electrocatalytic oxidation 



Chapter 5 

 

 

92 
 

of hydrogen peroxide on a platinum electrode in the imitation of oxidative drug 

metabolism of lidocaine. Analyst, 137 (2012) 4698-4702. 

[17] E. Nouri-Nigjeh, H. P. Permentier, R. Bischoff, A. P. Bruins, Lidocaine 

oxidation by electrogenerated reactive oxygen species in the light of oxidative 

drug metabolism. Anal. Chem. 82 (2010) 7625-7633. 

[18] A. Wittstock, M. Bäumer. Catalysis by unsupported skeletal gold catalysts. Acc. 

Chem. Res. 47 (2014) 731-739. 

[19] T. Johansson, L. Weidolf, U. Jurva, Mimicry of phase I drug metabolism-novel 

methods for metabolite characterization and synthesis. Rapid Commun. Mass 

Spectrom. 21 (2007) 2323-2331. 

[20] J. C. F. Rodriguez-Reyes, C. G. F. Siler, W. Liu, A. Tkatchenko, C. M. Friend, 

R. J. Madix. Van der Waals interactions determine selectivity in catalysis by 

metallic gold. J. Am. Chem. Soc. 136 (2014) 13333-13340. 

[21] T. Fujita, P. F. Guan, K. Mckenna, X. Y. Lang, A. Hirata, L. Zhang, T. 

Tokunaga, S. Arai, Y. Yamamoto, N. Tanaka, Y. Ishikawa, N. Asao, Y. 

Yamamoto, J. Erlebacher, M. W. Chen, Atomic origins of the high catalytic 

activity of nanoporous gold, Nat. Mater. 11 (2012) 775-780. 

[22]  P. Liu, P. F. Guan, A. Hirata, L. Zhang, L. Y. Chen, Y. R. Wen, Y. Ding, T. 

Fujita, J. Erlebacher, M. W. Chen, Visualizing under-coordinated surface 

atoms on 3D nanoporous gold catalysts. Adv. Mater. 28 (2016) 1753-1759. 

[23]  M. L. Personick, M. M. Montemore, E. Kaxiras, R. J. Madix, J. Biener, C. M.     

Friend. Catalyst design for enhanced sustainability through fundamental 

surface chemistry. Phil. Trans. R. Soc. A. 374 (2016) 20150077. 

[24]  a) A. Wittstock, B. Neumann, A. Schaefer, K. Dumbuya, C. Kube, M. M 

Biener, V. Zielasek, H. P. Steinruck, J. M. Gottfried, J. Biener, A. Hamza, M. 

Bäumer. Nanoporous Au: an unsupported pure gold catalyst? J. Phys. Chem. 

C. 113 (2009) 5593-5600; b) K. M. Kosuda, A Wittstock, C. M. Friend, M. 

Bäumer. Oxygen-mediated coupling of alcohols over nanoporous gold 

catalysts at ambient pressures. Angew. Chem. Int. Ed. 51 (2012) 1698-1701. 

[25]  O. V. Shulga, K. Jefferson, A. R. Khan, V. T. D'Souza, J. Y. Liu, A. V. 

Demchenko, K. J. Stine, Preparation and Characterization of Porous Gold and 

its Application as a Platform for Immobilization of Acetylcholine Esterase. 

Chem. Mater. 19 (2007) 3902-3911. 

[26]  M. J. Vandermeer, H. K. L. Hundt, Preparation of noratropine by oxidative n-

demethylation of atropine. J. Pharm. Pharmacol. 35 (1983) 408. 

[27] S. S. Liu, K. Q. Sun, B. Q. Xu, Specific selectivity of Au-catalyzed oxidation 



Catalytic N-dealkylation of Drug Molecules on a Nanoporous Gold Surface 

 

 

93 
 

of glycerol and other C3-polyols in water without the presence of a base. ACS 

Catal. 4 (2014) 2226-2230. 

 




