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Abstract 

A practical, efficient, and selective electrochemical N-demethylation method of tropane 

alkaloids to their nortropane derivatives is described. Nortropanes, such as noratropine and 

norscopolamine, are important intermediates for the semi-synthesis of the medicines 

ipratropium or oxitropium bromide, respectively. Synthesis was performed in a simple home-

made electrochemical batch cell using a porous glassy carbon electrode. The reaction proceeds 

at room temperature in one step in a mixture of ethanol or methanol and water. The method 

avoids hazardous oxidizing agents such as H2O2 or m-chloroperbenzoic acid (m-CPBA), toxic 

solvents such as chloroform, as well as metal-based catalysts. Various key parameters were 

investigated in electrochemical batch or flow cells, and the optimized conditions were used in  

batch and flow-cells at gram scale to synthesize noratropine in high yield and purity using a 

convenient liquid-liquid extraction method without any need for chromatographic 

purification. Mechanistic studies showed that the electrochemical N-demethylation proceeds 

by the formation of an iminium intermediate which is converted by water as the nucleophile. 

The optimized method was further applied to scopolamine, cocaine, benzatropine, 

homatropine and tropacocaine, showing that this is a generic way of N-demethylating tropane 

alkaloids to synthesize valuable precursors for pharmaceutical products. 
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2.1. Introduction 

Naturally occurring tropane alkaloids, such as the anticholinergic agents atropine 1 and 

scopolamine 2, and the stimulant cocaine 3, are among the oldest drugs that have been used 

by humans. The important characteristic of these compounds is the presence of a tropane ring 

4 including a tertiary N-methylamine group, in their chemical structure [1]. N-demethylation 

of tropane alkaloids to their nortropane derivatives is a key step in the semi-synthesis of some 

important therapeutic agents [2,3]. For example, noratropine 5 is an intermediate for the 

synthesis of the bronchodilator ipratropium bromide 6, which is in the WHO’s list of essential 

medicines. Under the brand name of Combivent, ipratropium bromide had world-wide sales 

of $850 million and $950 million in 2008 and 2009, respectively, and is among the top 200 

pharmaceutical products either by retail sales or prescriptions in the United States, in the last 

decade [4,5]. Once 1 is demethylated to 5, 5 is alkylated with isopropyl bromide to give N-

isopropyl-noratropine 7, which is quaternized with methyl bromide to give 6 (Figure 1B), with 

the N-isopropyl and N-methyl substituents in axial and equatorial positions, respectively. In 

contrast, direct quaternization of 1 with isopropyl bromide leads to an isomeric mixture with 

the isopropyl group in both the axial and the equatorial positions [1,3]. Pharmaceutical 

companies are currently using 7 for the preparation of 6 [6]. In a similar manner, 

norscopolamine 8 is used as an intermediate for manufacturing the bronchodilator oxitropium 

bromide 9 with N-ethyl and N-methyl substituents in the axial and equatorial positions, 

respectively, while the ethyl group is located in the equatorial position, if 8 is alkylated directly 

[1,7].  
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Figure 1, A) Structure of some naturally occurring tropane alkaloids (1-3), tropane (4), norscopolamine 

(8), and the semi-synthetic bronchodilator oxitropium bromide (9); B) Synthesis of ipratropium bromide 

(6) from noratropine (5).  

Despite the importance of selective N-demethylation of tropane alkaloids, it has remained a 

challenging step for synthetic chemists [8]. Different approaches have been reported for N-

demethylation of the tertiary amine in atropine and scopolamine using agents such as 2,2,2-

trichloroethyl chloroformate [9], α-chloroethyl chloroformate [10], KMnO4 [10,11] and 

photochemistry [12]. Although these methods provide low to excellent yields (16 - 100%) of 5 

and 8, they use toxic solvents and chemicals producing hazardous waste and by-products.  

The original Polonovski reaction has proven to be effective for the N-demethylation of tertiary 

N-methylamines [13]. Over the past decade, modifications of the reaction based on iron 

catalysts have been developed for the N-demethylation of tropane and opiate alkaloids 

[2,3,6,8,14–19]. These reactions are based on a multi-step process, comprising the oxidation of 

the tertiary amine using m-chloroperbenzoic acid (m-CPBA) or H2O2 to the corresponding N-

oxide, which is then isolated as the HCl salt. The N-oxide salt is N-demethylated with iron-

based catalysts such as FeSO4 • 7H2O, FeCl2 • 4H2O, or Fe(NH4SO4)2 [14,15], iron porphyrin 

complex [16,17], ferrocene [8], and iron powder [2] which need to be separated from the 
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reaction mixture by chelating with EDTA or TPPS (meso-tetra(4-sulfophenyl)porphyrin) 

[14,15] or by filtration [16–18].  

Recent works have focused on using greener solvents such as ethanol and isopropanol, instead 

of chloroform, in the N-demethylation of N-oxides [3,6,18],[20]. In one approach, iron 

nanoparticles have been studied as catalyst for the N-dealkylation of various alkaloids 

reporting a yield of 85% for the synthesis of noratropine [18]. However, chloroform is still in 

use for N-oxide formation in the first step of the reaction [18]. Pham et. al studied the N-

demethylation of atropine and scopolamine using Fe(III)-TAML (tetra-amidato macrocyclic 

ligand) as catalyst in ethanol without isolation of the N-oxide as the hydrochloride salt, 

reporting a yield of about 80% for noratropine and norscopolamine [3,6]. However, this 

method uses 50 equivalents of H2O2, which must be deactivated at the end of the process by 

treatment with MnO2 [3,6]. A detailed comparison of these methods with respect to their 

advantages and disadvantages is provided in Table S1. 

Previous methods use either toxic organic solvents, require powerful oxidants or necessitate 

chromatographic purification or filtration to remove catalysts, all of which add to the overall 

cost of the procedure and increase the impact on the environment notably for large-scale 

production processes [2,3,6,8,14–19].  

Concerted N-demethylation/N-acylation strategies based on palladium catalysts have been 

reported for atropine and opiate alkaloids [21–24]. Although these methods have been applied 

for the synthesis of the semi-synthetic opiates naltrexone [22] and buprenorphine [23], the 

reaction is not selective for atropine, since the hydroxyl group is dehydrated, leading to the 

formation of apoatropine [21]. In addition, application of palladium catalysts in commercial 

medicines leads to cost issues due to the need for palladium removal below the required level 

of 10 ppm [3]. 

Organic electrosynthesis has several advantages over traditional methods, such as the limited 

use of hazardous chemicals, mild reaction conditions, a simple system design, scalability and 

notably sustainability [25–27]. It is thus considered to be a “green” alternative to widely used 

organic synthesis methods [28,29]. While electrochemistry has been applied for the oxidation 

of aliphatic amines [30–32], ferrocene-mediated oxidation of cyclohexylamines [33,34], and 

some phenethylamines [35] as well as the synthesis of a wide-range of organic molecules (for 
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a detailed list see a recent review [36]), there is no report regarding its application for the N-

demethylation of bicyclic tertiary amines in general and tropane alkaloids in particular. 

Recently, Gul et al. reported optimized conditions for generating N-dealkylated lidocaine [37]. 

In another study, electrochemical N-dealkylation of fesoterodine was reported [38]. However, 

the reported concentrations (0.1-1 mM) are far lower than what is used in practical synthesis 

procedures, while only achieving less than 30% conversion to the N-dealkylated drugs [37,38].  

In order to overcome the challenges of the available organic synthesis methods, we developed 

a generic electrochemical N-demethylation strategy for tropane alkaloids that gives both good 

selectivity and yields in gram-scale synthesis. Product isolation is straightforward using 

liquid-liquid extraction. The reaction proceeds at room temperature in one step without the 

need for metal-based catalysts in an ethanol or methanol/water mixture. After having 

established the electrochemical synthesis reaction, we studied the mechanistic pathway 

showing that this reaction proceeds via the formation of an iminium intermediate that reacts 

with water to give nortropanes.  

2.2. Methods 

2.2.1. Reagents 

Atropine, scopolamine·HBr, benzatropine·mesylate, tropane, clemastine fumarate, 4-

Diphenylmethoxy-1-methylpiperidine·HCl, sodium carbonate (Na2CO3), sodium sulfate 

(Na2SO4), ammonium hydroxide (NH4OH), and potassium cyanide (KCN) were purchased 

from Sigma-Aldrich. Ultra-pure HPLC grade acetonitrile (ACN) and dichloromethane (DCM) 

were purchased from Biosolve. Absolute ethanol and methanol were purchased from either 

Biosolve or VWR Chemicals. MP Ecochrom silica 32-63, 60 Å was used for column 

chromatography. Tropacocaine·HCl, cocaine, and homatropine·HBr were obtained from the 

Interfaculty Mass Spectrometry Center (IMSC), University of Groningen, Groningen, The 

Netherlands.  

2.2.2. Electrochemical methods 

A thin-layer electrochemical flow-cell (µ-PrepCell 2.0, Antec-Scientific, Zoeterwoude, The 

Netherlands) was used to determine the optimal electrode material for the electrochemical N-

dealkylation reaction. The µ-PrepCell has a 30 mm x 12 mm rectangular working electrode 



 

57 

 

2 

(Glassy Carbon, Boron-Doped Diamond, TiO2, Stainless steel, Pt or Au) and a counter 

electrode made from a conductive polyether ether ketone (PEEK) polymer. It has a reaction 

volume of about 20 µL. Reaction solutions were pumped into the flow-cell at flow-rates of 1-5 

µL/min with a syringe pump (KD Scientific Inc., Holliston, MA, USA) using a glass syringe 

(Hamilton, Reno, NV, USA). The liquid from the outlet of the flow-cell was collected, and the 

fractions subjected to LC-MS analysis. Prior to use and between each experiment, the µ-

PrepCell was flushed with the corresponding reaction mixture to assure stable conditions. 

Electrochemical synthesis was performed in a home-made two-electrode electrochemical cell 

using glassy carbon with 100 pores per inch (100 PPI; Goodfellow Cambridge Ltd, UK) as both 

anode and cathode. A glass test tube was used as reactor. Gram-scale electrochemical synthesis 

of noratropine in batch-cell was performed with a stack of GC electrodes, using four anode 

and four cathode electrodes (Fig S1-S3). Gram-scale electrochemical synthesis of noratropine 

was performed using an 8-channel flow-cell (in series) having 704 µL of total reactor volume 

(88 µL per channel) and 51 cm2 total surface area (106 mm x 3 mm open area per channel). A 

planar graphite electrode with dimension of 110 mm x 45 mm was used both as anode and 

cathode.  Detailed information about the electrochemical flow-cell is reported elsewhere [39]. 

Cyclic voltammetry (CV) experiments were carried out using a glassy carbon electrode (1.6 

mm diameter, ALS Co.) as working electrode, a 100 PPI glassy carbon electrode as counter 

electrode, and an Ag/AgCl reference electrode. A 5 mM solution of compound in 

ethanol/water (2:1) including NaClO4 (0.1 M) as supporting electrolyte was used for CV 

experiments.  

All electrochemical measurements were performed with an Autolab potentiostat (Metrohm 

AG, Herisau, Switzerland) using NOVA software (Metrohm AG) at room temperature under 

ambient atmosphere. Between each experiment, electrode surfaces were washed with water 

and ethanol and then dried under atmospheric conditions for both the µ-PrepCell and home-

made cells.  

2.2.3. 1H and 13C NMR, LC-MS, and HRMS analysis 

1H and 13C NMR spectra were recorded at 500 and 126 MHz, respectively, on a Bruker Avance 

500 spectrometer. Chemical shifts were reported in ppm relative to the solvent. A C18 reversed-

phase LC column (Hypersil gold, 100 x 2.1 mm, Thermo Scientific) was used for liquid-
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chromatography separation at a flow-rate of 300 µL/min (LC20-AD prominence, Shimadzu). 

Solvent A and B were 0.1% formic acid in water and 0.1% formic acid in acetonitrile, 

respectively. Mass spectrometry analysis was performed on a TSQ Quantum Ultra triple 

quadrupole mass spectrometer (Thermo Scientific) with electrospray ionization (ESI) in the 

positive mode. High resolution mass spectrometry analysis was performed on an Orbitrap 

Velos Pro (Thermo Scientific) with electrospray ionization (ESI) in positive mode. 

2.2.4. Liquid-liquid extraction (LLE) 

a) 3-step LLE 

Upon completion of the reaction, electrodes were washed with methanol (15-20 mL) and the 

volume reduced to 3-5 mL using a rotary evaporator. The solution was basified with 15% 

aqueous ammonia to pH 11-12 (indicator paper) and extracted with 2× 20 mL dichloromethane 

(DCM). The volume was reduced to ~5 mL and then extracted with 2× 10 mL 1 M aqueous 

HCl. The aqueous extract was again basified with 15% aqueous ammonia to pH 11-12 

(indicator paper) and extracted with 2× 30 mL DCM [6].  

b) 2-step NaOH-LLE 

Upon completion of the reaction, electrodes were washed with MeOH (15-20 mL) and then the 

reaction solution was dried. The residue was dissolved in 22 mL MeOH:DCM (1:10) and 

extracted with 2× 15 mL 1 M HCl. The aqueous extract was basified with 5 M aqueous NaOH 

and then extracted with 2× 30 mL DCM.  

c) 2-step-NH4OH-LLE 

Upon completion of the reaction, electrodes were washed with MeOH (15-20 mL) and then the 

reaction solution was dried. The residue was dissolved in 22 mL MeOH:DCM (1:10) and 

extracted with 2× 15 mL 1 M HCl. The aqueous extract was basified with 15% aqueous NH4OH 

and then extracted with 2× 30 mL DCM.  

d) gram-scale 3-step LLE 

Upon completion of the reaction, electrodes were washed with methanol (60-70 mL) and the 

volume reduced to ~30 mL using a rotary evaporator. The solution was basified with 15% 

aqueous ammonia to pH 11-12 (indicator paper) and extracted with 3× 100 mL 
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dichloromethane (DCM). The volume was reduced to ~20 mL and then extracted with 2× 30 

mL 1 M aqueous HCl. The aqueous extract was again basified with 15% aqueous ammonia to 

pH 11-12 (indicator paper) and extracted with 3× 100 mL DCM [6].  

The final organic extract was dried (Na2SO4), filtered and the solvent removed under vacuum 

to give the product. The yield was determined from the weight and 1HNMR of the isolated 

product. 

2.3. Results and discussion  

In initial experiments, an electrochemistry-liquid chromatography-mass spectrometry (EC-

LC-MS) approach was used to investigate the feasibility of the electrochemical N-

demethylation of atropine 1 using six commercially available flat electrodes with different 

materials but equal dimensions. The electrochemical reaction of atropine was investigated 

using an analytical electrochemical thin-layer flow-cell having a reactor volume of 20 µL. 

Alcohols (ethanol or methanol) were selected as solvents, since they are considered to be 

among the greenest solvents [20,40]. As listed in Table 1, the electrochemical oxidation of 

atropine (oxidation potential of 0.95 V versus Ag/AgCl reference electrode) over carbon-based 

electrodes (GC and BDD) at constant current showed higher conversion to noratropine 

compared to noble-metal electrodes, while stainless steel and titanium oxide electrodes 

showed no N-demethylation or any other oxidation products at the applied conditions (Table 

1; LC-MS chromatograms in Fig S4). Considering these results and the considerably lower 

price of glassy carbon electrodes compared to either BDD or noble-metal electrodes, a highly 

porous glassy carbon electrode (100 PPI grade) was selected and a home-made electrochemical 

batch-cell was fabricated to further optimize the reaction conditions (Fig S2).  
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Table 1, electrochemical N-demethylation of atropine to noratropine using a flow-cell  

 

Electrode material Conversion to noratropine a 

Glassy carbon (GC) 26% 

Boron-doped diamond (BDD) 16% 

Gold 8% 

Platinum 12% 

Stainless steel 0 

Titanium oxide 0 

a determined by LC-MS.  

 

Table 2, electrochemical N-demethylation of atropine to noratropine under different conditions using 

a batch-cell 

 

Entry Current/time Added water  Conversion (%)a  Yield (%) 

1  6 mA / 3 h 0* 90 70a 

2  6 mA / 5 h 0* 90 37a 

3  6 mA / 7 h 0* 93 28a 

4  4 mA / 6 h 0* 88 25a 

5 8 mA / 3 h 0* 99 52a 

6 6 mA / 5 h 2.2 M (4% v/v) 92 44a 

7 6 mA / 5 h 11 M (20% v/v) 99 65a  

8 6 mA / 3.5 h 18.5 M (33% v/v) 99 67a  

9 4 mA / 4.5 h 18.5 M (33% v/v) 99 82b 

10 4 mA / 4.5 h 18.5 M (33% v/v) 99 84c 

11 4 mA / 4.5 h 18.5 M (33% v/v) 99 68d 

12 4 mA / 4.5 h 18.5 M (33% v/v) 99 80e 

*absolute ethanol was used as solvent and the residual amount of water was not measured. a determined by LC-

MS. Isolated yield (based on weight and 1HNMR) after b silica-gel chromatography, c after 3-step LLE, d after 2-

step-NaOH-LLE, e after 2-step-NH4OH-LLE.  
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As there is only one methyl group difference between atropine and noratropine, separation of 

these two compounds from any reaction mixture can be challenging. For this reason, it is 

important to have full conversion at the end of the reaction. Using only ethanol as solvent did 

not result in full conversion. Increasing the reaction time and decreasing the applied current 

either did not lead to complete conversion or resulted in overoxidation, a decreased yield and 

a complex reaction mixture of byproducts, as determined by LC-MS (Table 2, entry 1-5). 

Although increasing the applied current led to full conversion, analysis of the final reaction 

mixture by LC-MS showed a more complex reaction mixture including different overoxidized 

byproducts (see LC-MS chromatogram in Fig S5). We then considered whether addition of 

water to the reaction mixture would result in full conversion, as the electrochemical N-

demethylation of atropine is similar to the Shono-type electrochemical oxidations, which have 

been applied for the activation and functionalization of C-H bonds adjacent to nitrogen atoms 

[41]. It has been hypothesized that water or methanol may act as a nucleophile trapping the 

iminium intermediate produced during the electrochemical reaction [28,42,43]. Increasing the 

water content of the reaction mixture led to full conversion and decreased the required time 

and charge for completion of the reaction (Table 2, entry 6-8), while giving a moderate yield 

of noratropine (44-67%). LC-MS analysis of the final reaction mixture still showed multiple 

byproducts (Table 2, entry 8). Reducing the applied current to 4 mA resulted in 82% isolated 

yield after silica-gel chromatography and a less complex final reaction mixture with only two 

minor byproducts (Table 2, entry 9; LC-MS chromatogram Fig S6,a). 

Considering the low complexity of the final reaction mixture, based on LC-MS analysis, we 

tested whether the desired product could be purified by liquid-liquid extraction (LLE). As 

waste production and solvent consumption at the final purification step of active 

pharmaceutical ingredients are responsible for more than half of the overall manufacturing 

expenses, there is a strong incentive to adopt other purification methods than chromatography 

[44,45]. Pham et. al applied a three step LLE approach to isolate noratropine and 

norscopolamine from their final reaction mixture with high purity [3,6]. Three different LLE 

techniques were evaluated and compared to chromatographic purification to isolate 

noratropine from the final reaction mixture obtained under the same reaction conditions 

showing that comparable yields to chromatographic purification can be obtained by three- or 

two-step LLE (Table 2, entry 10-12, LC-MS chromatogram of final reaction mixture Fig S6,b-
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d). Another four replicates of the final reaction condition (Table 2, entry 9-12) were performed 

with another set of electrodes and reported in Table S2. 

Table 3, electrochemical N-demethylation of atropine to noratropine using different supporting 

electrolytes.  

 

Entry Current/time Supporting electrolyte Conversion (%)a  Yield (%)b 

1  5 mA / 5 h NaClO4 99 83 

2  5 mA / 5 h LiClO4 99 73 

3  5 mA / 5 h LiCl 99 80 

4  5 mA / 8.5 h LiBr 99, 85c 75 

a determined by LC-MS. b isolated yield after 2-step-NH4OH-LLE. c conversion after 5 h. 

 

In order to investigate the sensitivity of the electrochemical N-demethylation reaction to either 

solvent or supporting electrolyte, methanol was selected as an alternative solvent and four 

different supporting electrolytes were tested. As listed in Table 3, the electrochemical N-

demethylation of atropine proceeded with good yield under all of these reaction conditions 

(LC-MS chromatogram of final reaction mixture Fig S7). However, using LiBr as supporting 

electrolyte required a longer reaction time to complete the conversion of atropine as compared 

to other supporting electrolytes.  

Having studied different reaction conditions for the electrochemical N-demethylation of 

atropine, we investigated the generality of this approach by applying it to other tropane 

compounds (Figure 2). We performed electrochemical N-demethylation of tropacocaine 10 in 

the home-made batch cell resulting in an isolated yield of 70% of nortropacocaine. It is 

noteworthy that performing the electrochemical reaction using its salt form 

(tropacocaine·HCl) did not lead to any conversion, possibly due to the acidic pH of the reaction 

solution with tropacocaine·HCl. Adding an equimolar of sodium carbonate to the reaction 

solution increased the pH of the solution to about 10 leading to 95% conversion (Table S3). The 

facile N-demethylation reaction at basic pH is likely due to the fact that the lone-pair electrons 
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of the tertiary amine group are more easily available for abstraction than under acidic 

conditions, when the amine is largely protonated [37,38,46,47]. Besides tropane alkaloids, we 

have applied the electrochemical N-demethylation reaction to other examples of organic 

compounds having N-methylpiperidine or N-methylpyrrolidine in their chemical structures 

(Table S4). Although the reaction proceeds with those compounds as well, the isolated yield 

of the secondary amine is lower than for the nortropanes, especially for N-methylpyrrolidine; 

the drug clemastine 14 was mostly converted to a product which was hydroxylated on the 

carbon adjacent to the nitrogen.  

Tropane alkaloids Synthesized nortropanes 

Scopolamine 2b 

1.01 V e 

 

83%c 

4 mA/3 h 

74% f 
 

Cocaine 3b 

1.04 V e 

 

60%d 

4 mA/3 h 

53% f 

  

Tropacocaine 10a 

1.00 V e 
 

73%c 

4 mA/7 h 

22% f  

Homatropine 11b 

0.97 V e 

 

63%c 

4 mA/7 h 

24% f 
 

Benzatropine 12a 

0.91 V e 

 

72%d 

4 mA/12 h 

12% f 
 

a0.16 mmole. b0.2 mmole. cIsolated yield after 2-step-NH4OH-LLE.  dIsolated yield after silica-gel 

chromatography. eelectrochemical oxidation potential versus Ag/AgCl reference electrode (CV curves in Fig S9). 
fFaradaic efficiency (2-electron oxidation). 

Figure 2, scope of electrochemical N-demethylation of tropane alkaloids 

Having studied the reaction conditions, the electrochemical N-demethylation of atropine was 

performed at the gram-scale using a stack of electrodes in a batch cell (Fig S3). As listed in 

Table 4, good yields of noratropine were obtained by a three-step LLE method after 
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electrochemical reaction, with high purity as examined by 1H-NMR analysis (1H-NMR spectra 

of g-scale synthesis in SI), which can be used directly in subsequent steps for the synthesis of 

ipratropium bromide medicine [6]. 

Table 4, gram-scale synthesis of noratropine in a batch-cell. 

Entry Current/time Solvent 
Supporting 

electrolyte 
Yield (%)b 

Faradaic efficiency 

(%) 

1a 40 mA/ 7 h Methanol/water (2:1) LiCl 79 52%  

2a  40 mA/ 6 h Methanol/water (2:1) NaClO4 74 57%  

3a  40 mA/ 6 h Ethanol/water (2:1) NaClO4 73 56% 

a 1 g atropine in 45 mL solvent. b isolated yield after three-step LLE.  

 

Flow synthesis is considered to be an interesting alternative to batch cell synthesis and 

electrochemical flow cells have been employed successfully for gram-scale synthesis [48].  In 

order to make a comparison between the batch-cell and flow-cell synthesis of nortropanes in 

gram-scale, we used a newly designed electrochemical flow-cell [39], which has been applied 

to various electrochemical reactions [49,50]. It is an 8-channel flow-cell, with a reactor volume 

of 88 µL per channel using graphite working and counter electrodes. The 8 channels of the 

flow-cell were used in series with the same solvent system as Table 4, entry 2. We performed 

a 2-gram scale electrosynthesis of noratropine. An isolated yield of 67% was obtained after 

three-step LLE, which is comparable to the batch-cell synthesis. A residence time of 42 min 

and 8 mA was found to be the optimal conditions. Increasing the applied current for the same 

residence time leads to lower yield and higher conversion to byproducts while decreasing the 

residence time at the same applied current did not lead to full conversion of atropine. It is 

noteworthy to mention that the ratio of the electrode surface area to the reactor volume of the 

batch-cell in gram-scale is calculated to be about 42 cm-1 [51,52]. This number is comparable to 

the surface-to-volume ratio of the flow-cell [39] which is about 72 cm-1.  

Since a considerable amount (80-90%) of non-aqueous waste generated from the 

manufacturing of active pharmaceutical ingredients (APIs) are solvents, the use of green 

solvents, such as ethanol, methanol and water, is a critical requirement [20]. Besides, the 

application of heterogeneous catalysis plays a key role in developing new reaction processes 

to meet the target of green chemistry [53]. The concept of catalyst immobilization and reuse, 
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which has been recently defined as a new “key green chemistry research area” by big 

pharmaceutical companies [54], is addressed by our newly developed method using a cheap 

glassy carbon electrode for a prolonged period of time for different batches of the reaction in 

gram-scale. Finally, the purification of the synthesized noratropanes using a convenient LLE 

technique in high yields and purity is another advantage of the developed method avoiding a 

chromatographic purification step which is a growing demand in the pharmaceutical industry 

[45].  

2.3.1. Analysis of byproducts and mechanistic studies 

Analysis of the final reaction mixture by LC-MS showed two main byproducts with m/z of 

304.1 and 561.1 next to the produced noratropine (m/z of 290.1). Analysis of the aqueous extract 

in the first step of LLE, and the organic extract in the second step of LLE, showed a high 

intensity of these two byproducts compared to remaining noratropine, which confirms that 

the LLE method did not recover all of the products. The peak with m/z of 304.1 was therefore 

isolated using silica gel chromatography and characterized by 1H and 13C NMR and was 

confirmed to be N-formyl-noratropine which was also reported elsewhere as a byproduct of 

atropine demethylation [3,6]. Interestingly, all of the other examined tropanes (compounds 10-

12), except scopolamine, showed equivalent byproducts: analysis of the final reaction mixtures 

by LC-MS analysis showed for every compound a peak of M-14 as the nortropane product, a 

peak of M+14 as the N-formyl-nortropane product and a peak at [M]+[M-14]-5 as a probable 

dimer byproduct. In order to confirm the dimer structure, the electrochemical reaction was 

performed by tropane 4 as starting compound. As expected, a byproduct with m/z of 233.1 was 

produced. The byproduct was isolated and purified from the reaction mixture and its structure 

confirmed by 1H-NMR, 13C-NMR and HRMS as a quaternary amine, compound V-4 (Figure 

3).  

A basic understanding of the mechanistic pathways of the catalytic reactions facilitates the 

improvement of catalytic processes providing the opportunity for the rational design of the 

catalytic systems [53]. The high dissociation energy of the C-N bond and the intrinsic stability 

of amines makes cleavage of the C-N bond challenging for synthetic chemists [55]. Generally, 

two types of C-N bond cleavage by transition-metal catalysts (such as iron-based catalysts) 

have been studied broadly: a) the oxidative addition of transition-metal catalysts to the C-N 
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bond and, 2) the formation of intermediate imine or iminium species [56]. The latter 

mechanism has also been proposed for the Shono-type electrochemical oxidation [57,58], 

which provides a route to activate and functionalize C-H bonds in the vicinity of a nitrogen 

atom. Shono-type oxidations proceed by the initial formation of a nitrogen-centered radical 

via direct electron transfer to the electrode, followed by a sequence of ET/PT/ET 

(electron/proton/electron transfer) steps leading to an iminium intermediate, which can be 

trapped with water or alcoholic solvents [28,42,43]. Therefore, we hypothesized that the 

electrochemical N-demethylation of tropane alkaloids on glassy carbon electrodes may also 

proceed via the formation of an iminium intermediate, which subsequently reacts with water 

to form nortropanes, as depicted in Figure 3 (route a). 

 

 

 

Figure 3, Proposed mechanism for the electrochemical N-demethylation of tropane alkaloids via the 

formation of an iminium intermediate reacting with water (route a), and predicted route for trapping 

the iminium intermediate with cyanide (route c). 

C-N bond cleavage in the form of N-dealkylation, a common in vivo metabolic pathway for 

most of the amine-containing drugs catalyzed by Cytochrome P450 (CYP) enzymes, also 

proceeds via iminium intermediate formation [59,60] which can be trapped by a nucleophile 

such as cyanide [61]. In order to investigate the mechanism, we added an excess amount of 

potassium cyanide as a source of cyanide ions to trap the iminium intermediate (Figure 3, 

route c). LC-MS analysis of the outlet of the cell (Fig S8) showed that, besides intact atropine 

at m/z = 290.1 (M) and noratropine at m/z = 276.1 (M-14), a new compound at m/z = 315.1 (M+25) 

was produced during the reaction. This compound (N-nitrilo-noratropine, VI-1, Figure 3) can 

be formed by the addition of a CN- group (26 Da) to an iminium intermediate and abstraction 
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of a hydrogen atom, supporting a reaction mechanism during which an iminium intermediate 

is generated by a two-electron oxidation reaction at the anode. N-nitrilo-noratropine was 

synthesized in a home-made electrochemical cell and characterized by 1H and 13C NMR. Dimer 

formation during the electrochemical reaction can be explained by this mechanism as well, 

since the produced noratropine, a secondary amine, can act as a nucleophile and react with 

the iminium intermediate resulting in a tertiary diamine (compound IV, Figure 3) which 

undergoes a two electron electrochemical oxidation reaction to form an amidinium structure. 

The produced formaldehyde from removed methyl group was detected by LC-MS using a 

simple derivatization method, where acetylacetone reacts with formaldehyde in the presence 

of ammonium acetate to form the cyclized 3,5-diacetyl-1,4-dihydrolutidine product (m/z of 

194.1) [62,63], which can be easily detected by LC-MS analysis (Fig S12). In theory, only 2 

F.mol-1 electricity is required for a two-electron oxidation reaction [47]. The electrochemical N-

demethylation of atropine at gram scale was calculated to require 2.6 F.mol-1.  

2.4. Conclusions 

We introduce an efficient, straightforward and green electrochemical N-demethylation 

strategy for tropane alkaloids based on oxidation on a glassy-carbon electrode. Using a 

commercially available flow cell (µ-PrepCell) and a home-made electrochemical batch cell, we 

screened a number of parameters. The optimized conditions were applied to a set of tropane 

alkaloids, with a focus on atropine and scopolamine. Compared to other, iron-based catalytic 

methods, our electrochemical procedure proved to be generally applicable for producing 

nortropane derivatives in good to high yields with high purity at gram-scale without any need 

for chromatographic purification. The method is a convenient, one-step process using a water-

ethanol/methanol co-solvent system avoiding multi-step processes, need for hazardous 

oxidizing agents such as H2O2 or m-CPBA, toxic solvents such as chloroform or metal-based 

catalysts. Other advantageous features of our approach comprise the use of an open-flask 

electrochemical reactor under ambient conditions and a low-cost porous glassy carbon 

electrode, which can be used for a prolonged period of time. We show that alternatively an 

electrochemical flow reactor can be used for gram-scale synthesis of nortropanes.  
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Supporting Information  

Table S1, Conditions and advantages/disadvantages of different catalytic methods for the N-

demethylation of tropane alkaloids (References order is based on the main manuscript). 
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Fig S1, Set-up of the analytical electrochemical flow-cell (µ-PrepCell, Antec Scientific) 

 

 

 

 

 

 

 

 

 

 



 

74 

 

 

  

 

Fig S2, Set-up of the home-made electrochemical cell using a 100 PPI GC electrode, a stainless steel 

wire and a half-cut glass test tube 
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Fig S3, Home-made electrochemical cell with a stack of four paired anode-cathode electrodes for 

gram-scale synthesis 
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Fig S4, LC-MS chromatogram of flow-cell experiment with different electrode materials. Reaction 

condition: 10 mM, 5 µL/min, 200 µA, ethanol, NaClO4 (4 equivalent). 
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Fig S5, LC-MS chromatogram of final reaction mixture of entry 5, Table 1. 57 mM atropine, 

ethanol/water 2:1, 8 mA/3 h.  
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Fig S6, LC-MS chromatogram of final reaction mixture in four different conditions, entry 9-12, Table 

1 (panels a-d, respectively).  57 mM atropine, ethanol/water 2:1, 4 mA/4.5 h. 
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Fig S7, LC-MS chromatogram of final reaction mixture with four different supporting electrolytes, 

entry 1-4, Table 3. 57 mM atropine, methanol/water 2:1. 
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Fig S8, LC-MS chromatogram of flow-cell experiment with added KCN.  Reaction condition: 10 mM 

atropine, 1 µL/min, 200 µA, ethanol/water 1:1, NaClO4 (4 equivalent), KCN (4 equivalent). 
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Fig S9, Cyclic voltammetry of different compounds (5 mM) in ethanol/water (2:1) with NaClO4 (0.1 

M) as supporting electrolyte, glassy carbon both as working and counter electrodes, scan rate = 100 

mV/s.  
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Fig S10, Product distribution during the reaction period for the electrochemical N-demethylation of 

atropine (Table 2, entry 10).   

 

 

 

 

Fig S11, Product distribution during the reaction period for the electrochemical N-demethylation of 

atropine in gram-scale (Table 4, entry 2).   
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Fig S12, LC-MS chromatogram and reaction scheme of the derivatization reaction of formaldehyde 

in the reaction solution. 
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Table S2, electrochemical N-demethylation of atropine to noratropine using another set of electrodes. 

50 mg atropine, 3 mL, ethanol, NaClO4 (4 equiv.) (the same condition as Table 2, entry 9-12) 

Entry Current/time Added water  Conversion (%)a  Yield (%) 

 

1  4 mA / 4.1 h 18.5 M (33% v/v) 99 74b 

2  4 mA / 4.1 h 18.5 M (33% v/v) 99 70b 

3  4 mA / 4.1 h 18.5 M (33% v/v) 99 70b 

4 4 mA / 4.1 h 18.5 M (33% v/v) 99 

 

76b 

a determined by LC-MS. b Isolated yield after 2-step-NH4OH-LLE 

 

 

 

Table S3, electrochemical N-demethylation of tropacocaine at different pH values.  

 

Entry Current/time Supporting 

electrolyte 

(4 equiv.) 

Conversion (%)a  Yield (%) pHb 

1c, d 4 mA / 7 h NaClO4 99 70e 11 

2c 4 mA / 4 h LiCl 0 - 4 

3f 4 mA / 1 h NaClO4 2 - 5 

4f, g 4 mA / 1 h NaClO4 95 81h 10 

a determined by LC-MS. b measured by pH paper. c 54 mM. d reaction with free amine. e isolated yield by 2-step-

NH4OH LLE.  f 20 mM. g pH increased by adding equimolar amount of sodium carbonate. h yield 

determined by LC-MS.  
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Table S4, electrochemical N-demethylation of N-methylpiperidine and N-methylpyrrolidine examples. 

Starting compound 

 

Synthesized compound 

 

4-diphenylmethoxy-1-methyl 

piperidine 13 

0.96 V a 
4 mA / 12 h 

 

 

44 % b 

 

 

 

 

   

 

Clemastine 14 

0.82 V a 
4 mA / 9 h 

 

 

19% c 

 

+ 

 

52% c 

 

a electrochemical oxidation potential versus Ag/AgCl. b Isolated yield after silica-gel chromatography.  

c Isolated yield after C18 chromatography.  
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Noratropine 

 

1H NMR (500 MHz, CDCl3) δ 7.41 – 7.25 (m, 5H), 5.07 (t, J = 5.2 Hz, 1H), 4.21 – 4.12 (m, 1H), 3.86 – 3.74 (m, 2H), 3.43 

(dt, J = 6.8, 3.1 Hz, 1H), 3.31 (dt, J = 6.7, 3.0 Hz, 1H), 2.45 (br.s, 2H), 2.00 (dddd, J = 15.1, 5.3, 3.7, 1.5 Hz, 1H), 

1.96 – 1.83 (m, 2H), 1.74 (dt, J = 15.1, 1.8 Hz, 1H), 1.70 – 1.59 (m, 1H), 1.53 (dq, J = 15.0, 1.8 Hz, 1H), 1.52 – 

1.40 (m, 1H), 1.31 (ddd, J = 13.1, 9.2, 4.5 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 172.36 (C=O), 135.92 (C), 

128.94 (CH), 128.25 (CH), 127.79 (CH), 68.73 (CH), 64.03 (CH2), 54.66 (CH), 53.17 (CH), 53.09 (CH), 37.20 

(CH2), 36.92 (CH2), 28.98 (CH2), 28.59 (CH2).  HRMS; Calculated for C16H22NO3 [M+H+]=276.1597, 

observed = 276.1594. Data are consistent with literature [1,2]. 

 

Norscopolamine 

 

1H NMR (500 MHz, CDCl3) δ 7.43 – 7.32 (m, 2H), 7.36 – 7.29 (m, 1H), 7.32 – 7.20 (m, 2H), 5.03 (t, J = 5.2 Hz, 1H), 4.17 

(dd, J = 11.0, 8.8 Hz, 1H), 3.81 (dd, J = 11.0, 5.3 Hz, 1H), 3.76 (dd, J = 8.8, 5.2 Hz, 1H), 3.27 (d, J = 3.0 Hz, 1H), 

3.22 (dd, J = 3.9, 2.3 Hz, 1H), 3.07 (dd, J = 3.9, 2.2 Hz, 1H), 2.61 (br.s, 1H), 2.72 (s, 1H), 2.52 (d, J = 3.0 Hz, 1H), 

2.13 (ddd, J = 15.2, 5.4, 3.9 Hz, 1H), 2.04 (ddd, J = 15.3, 5.2, 3.9 Hz, 1H), 1.67 (dq, J = 15.3, 1.8 Hz, 1H), 1.44 

(dq, J = 15.5, 1.8 Hz, 1H).13C NMR (126 MHz, CDCl3) δ 171.86 (C=O), 135.82 (C), 129.13 (CH), 128.17 (CH), 

128.11 (CH), 66.94 (CH), 63.95 (CH2-OH), 54.40 (CH), 53.97 (CH), 53.47 (CH), 51.92 (CH), 51.80 (CH), 31.34 

(CH2), 31.14 (CH2). HRMS: Calculated for C16H20NO4  [M+H+]=290.1387, observed = 290.1388. Data are 

consistent with literature [1-3]. 

 

N-formyl-noratropine 

 

1H NMR (500 MHz, CDCl3) δ 8.08 (s, 0.5H), 8.06 (s, 0.5H), 7.40 – 7.25 (m, 5H), 5.21 – 5.15 (m, 1H), 4.56 (dt, J = 6.8, 3.0 

Hz, 0.5H), 4.43 (dt, J = 6.8, 2.9 Hz, 0.5H), 4.22 (ddd, J = 9.9, 7.9, 1.3 Hz, 1H), 4.01 (dt, J = 6.7, 2.8 Hz, 0.5H), 

3.91 – 3.80 (m, 2.5H), 2.46 (broad s, 1H), 2.20 – 1.55 (m, 7H), 1.28 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 

172.16 (OC=O), 172.14 (OC=O), 157.37 (CH=O), 135.41 (C), 135.33 (C), 129.06 (CH), 129.04 (CH), 128.11 (CH), 

128.08 (CH), 128.00 (CH), 127.96 (CH), 68.23 (HC-O), 64.12 (CH2-OH), 64.08 (CH2-OH), 54.34 (CH), 54.31 

(CH), 53.37 (CH), 53.27 (CH), 48.52 (CH), 48.44 (CH), 38.47 (CH2), 38.14 (CH2), 35.82 (CH2), 35.57 (CH2), 

27.88 (CH2), 27.40 (CH2), 27.11 (CH2), 26.68 (CH2). HRMS: Calculated for C17H22NO4 [M+H+] = 304.1543, 

observed = 304.1544. Data are consistent with literature [2]. 
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Nortropacocaine 

 

1H NMR (500 MHz, CD3OD) δ 8.05 – 7.94 (m, 2H), 7.59 (dd, J = 8.3, 6.5 Hz, 1H), 7.46 (t, J = 7.8 Hz, 2H), 5.29 (tt, J = 

11.2, 6.1 Hz, 1H), 3.61 (p, J = 3.0 Hz, 2H), 2.10 (ddd, J = 13.6, 6.1, 2.9 Hz, 2H), 1.94 – 1.79 (m, 4H), 1.82 – 1.69 

(m, 2H). 13C NMR (126 MHz, CDCl3) δ 166.56 (C=O), 133.36 (C), 130.58 (CH), 129.53 (CH), 128.27 (CH), 

67.50 (CH), 54.31 (CH), 38.98 (CH2), 29.15 (CH2). HRMS: Calculated for C14H18NO2  [M+H+]=232.1332, 

observed = 232.1333. Data are consistent with literature [4,5]. 

 

Norhomatropine 

 

1H NMR (500 MHz, Chloroform-d) δ 7.47 – 7.27 (m, 5H), 5.14 – 5.00 (m, 2H), 3.45 – 3.38 (m, 1H), 3.32 (s, 1H), 3.29 – 

3.24 (m, 1H), 2.12 – 1.95 (m, 1H), 1.94 – 1.86 (m, 1H), 1.85 – 1.71 (m, 2H), 1.64 (tq, J = 12.3, 6.4, 5.9 Hz, 1H), 

1.49 – 1.35 (m, 2H), 1.14 – 0.95 (m, 1H). 13C NMR (126 MHz, Chloroform-d) δ 172.91 (C=O), 138.54 (C), 128.62 

(CH), 128.49 (CH), 126.72 (CH), 73.29 (CH), 70.12 (CH), 52.93 (CH), 52.83 (CH), 36.97 (CH2), 36.74 (CH2), 

28.87 (CH2), 28.36 (CH2). HRMS: Calculated for C15H20NO3 [M+H+] = 262.1438, observed = 262.1438.  

 

Norbenzatropine 

 

1H NMR (500 MHz, Chloroform-d) δ 7.37 – 7.22 (m, 10H), 5.42 (s, 1H), 4.75 (s, 3H), 4.06 – 4.01 (m, 2H), 3.84 – 3.75 

(m, 1H), 2.50 – 2.36 (m, 4H), 2.26 – 2.17 (m, 2H), 2.06 (d, J = 15.3 Hz, 2H). 13C NMR (126 MHz, Chloroform-

d) δ 141.98 (C), 128.55 (CH), 127.65 (CH), 126.71 (CH), 81.60 (CH), 67.66 (CH), 53.99 (CH), 33.42 (CH2), 26.31 

(CH2). HRMS: Calculated for C20H24NO [M+H+] = 294.1852, observed = 294.1852. 
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8-((8-azabicyclo[3.2.1]octan-8-yl)methylene)-8-azabicyclo[3.2.1]octan-8-ium 

  

1H NMR (500 MHz, Chloroform-d) δ 8.18 (s, 1H), 4.52 – 4.37 (m, 4H), 2.29 – 2.17 (m, J = 5.6, 4.7 Hz, 4H), 2.04 – 1.92 

(m, 4H), 1.91 – 1.72 (m, 11H). 13C NMR (126 MHz, Chloroform-d) δ 143.22 (CH), 63.85 (CH), 56.54 (CH), 

33.21 (CH2), 32.09 (CH2), 28.35 (CH2), 25.68 (CH2), 16.22 (CH2). HRMS: Calculated for C15H25N2+ [M]= 

233.2012, observed = 233.2012. 

 

8-(cyanomethyl)-8-azabicyclo[3.2.1]octan-3-yl 3-hydroxy-2-phenylpropanoate 

 

1H NMR (500 MHz, Chloroform-d)  δ 7.37 – 7.23 (m, 5H), 5.05 (t, J = 5.3 Hz, 1H), 4.18 (dd, J = 11.0, 8.6 Hz, 1H), 3.86 

– 3.76 (m, 2H), 3.27 (d, J = 13.7 Hz, 3H), 3.19 – 3.12 (m, 1H), 2.44 – 2.24 (br.s, 1H), 2.21 – 2.05 (m, 2H), 1.87 – 

1.74 (m, 3H), 1.66 – 1.51 (m, 2H), 1.26 – 1.20 (m, 1H). 13C NMR (126 MHz, Chloroform-d) δ 172.20 (CO), 

135.46 (C), 129.01 (CH), 128.14 (CH), 127.90 (CH), 116.95 (CN), 67.54 (CH), 64.15 (CH2-OH), 58.95 (CH), 

58.86 (CH), 54.28 (CH), 40.81 (CH2), 36.65 (CH), 36.45 (CH), 25.25 (CH), 24.70 (CH). HRMS: Calculated for 

C18H23N2O3 [M+H+] = 315.1703 , observed = 315.1703. Data are consistent with literature [6,7]. 

 

Norcocaine 

 

1H NMR (500 MHz, Chloroform-d) δ 7.96 – 7.91 (m, 2H), 7.55 (td, J = 7.3, 1.4 Hz, 1H), 7.45 – 7.38 (m, 2H), 5.44 (dt, J 

= 11.6, 6.5 Hz, 1H), 3.82 (td, J = 7.6, 2.6 Hz, 2H), 3.64 (s, 3H), 3.47 (s, 1H), 3.11 (dd, J = 6.8, 2.2 Hz, 1H), 2.20 – 

1.95 (m, 4H), 1.80 – 1.70 (m, 2H). 13C NMR (126 MHz, Chloroform-d) δ 172.83 (C=O), 165.64 (C=O), 133.32 

(CH), 129.94 (C), 129.64 (CH), 128.52 (CH), 66.75 (CH), 56.07 (CH), 53.40 (CH), 51.96 (CH3), 48.02 (CH), 34.82 

(CH2), 28.10 (CH2), 27.20 (CH2). HRMS: Calculated for C16H20NO4 [M+H+] = 290.1386 , observed = 290.1386 

. 
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4-(benzhydryloxy)piperidine 

 

1H NMR (500 MHz, Chloroform-d) 7.32 (d, J = 5.5 Hz, 8H), 7.26 – 7.23 (m, 2H), 5.44 (s, 1H), 3.81 – 3.67 (m, 2H), 3.45 

(ddd, J = 14.0, 10.5, 3.9 Hz, 2H), 3.27 (dt, J = 12.7, 4.6 Hz, 2H), 1.99 (qt, J = 14.8, 4.0 Hz, 4H).  13C NMR (126 

MHz, Chloroform-d) δ 142.01 (C), 128.72 (CH), 127.92 (CH), 127.01 (CH), 81.52 (CH), 67.49 (CH), 41.68 

(CH2), 27.59 (CH2). HRMS: Calculated for C18H22NO [M+H+]=268.1696, observed = 268.1696 . 

 

(R)-2-(2-((R)-1-(4-chlorophenyl)-1-phenylethoxy)ethyl)pyrrolidine formate 

 

. HCOOH 

 

1H NMR (500 MHz, Chloroform-d) 8.58 (s, 1H), 7.35 – 7.23 (m, 10H), 3.66 (tt, J = 8.9, 6.5 Hz, 1H), 3.43 – 3.17 (m, 4H), 

2.25 – 1.87 (m, 6H), 1.86 (d, J = 4.4 Hz, 3H), 1.68 (dq, J = 12.8, 8.8 Hz, 1H).  13C NMR  (126 MHz, Chloroform-

d) δ 169.07 (C=O), 145.84 (C), 145.10 (C), 132.95 (CCl), 128.32 (CH), 128.30 (CH), 128.27 (CH), 127.34 (CH), 

126.72 (CH), 80.70 (C), 59.76 (CH2), 57.78 (CH), 44.15 (CH2), 32.72 (CH2), 30.56 (CH2), 25.63 (CH3), 23.84 

(CH2). HRMS: Calculated for C20H25NOCl[M+H+] = 330.1619, observed = 330.1616 . 

 

(5R)-5-(2-((R)-1-(4-chlorophenyl)-1-phenylethoxy)ethyl)-1-methylpyrrolidin-2-ol 

 

1H NMR (500 MHz, Chloroform-d) δ 7.36 – 7.24 (m, 9H), 3.99 (ddd, J = 11.4, 8.4, 2.6 Hz, 1H), 3.81 (dq, J = 14.2, 8.8, 

8.1 Hz, 2H), 3.45 (s, 3H), 3.39 (dq, J = 8.3, 4.2, 3.1 Hz, 1H), 3.29 (td, J = 9.0, 4.0 Hz, 1H), 2.33 – 2.09 (m, 4H), 

2.02 – 1.88 (m, 2H), 1.85 (s, 3H). 13C NMR (126 MHz, Chloroform-d) δ 145.15 (C), 145.01 (C) , 132.85 (CCl), 

128.30 (CH), 128.26 (CH), 128.09 (CH), 127.41 (CH), 126.71 (CH), 80.80 (CH), 76.39 (C), 69.18 (CH), 58.77 

(CH2), 51.82 (CH3), 28.24 (CH2), 27.76 (CH2), 25.49 (CH2), 19.56 (CH3). HRMS: Calculated for C21H27ClNO2 

[M+H+] = 360.1725, observed = 360.1720.  
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1H NMR of gram-scale synthesized noratropine (Table 5, entry 1) 
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