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ABSTRACT 

 This thesis covers the four topics discussed in each of the following paragraphs. It is unified 

by the dual ability of ambient ionization mass spectrometry as a useful analytical tool allowing for 

monitoring of chemical reactions, in addition to its capability to accelerate reaction rates using the 

same equipment under accelerating or non-accelerating conditions. The ability to manipulate 

reactions and monitor the subsequent effects to the rate of the reactions can provide vital 

information for many industrial arenas. Current process analytical technology (PAT) is extremely 

time-consuming, and typically costly due to dependence on analysis conducted at the end stage of 

production. Additionally, many chemical reactions found to be useful in pharmaceutical or 

manufacturing industries are labor intensive and require harsh conditions such as heat or expensive 

catalysts. Several methods have been developed to overcome these current limitations, while 

providing vital information on short-lived intermediates, degradation products, and accelerated 

reaction rates. A sampling device was developed and coupled with nESI allowing for monitoring 

of heterogeneous chemical reactions by mass spectrometry without the additional requirement of 

separation (filters, chromatography, etc.) In addition, this technique maintains the high sensitivity, 

specificity, speed and structural elucidation provided by mass spectrometry analysis. The analysis 

provided kinetic profiles of all reactants, intermediates, products and coproducts throughout the 

course of the reaction.  

 The ability to effectively control chemical reactions and their rates is a priority across 

several fields of study. Several factors affecting reaction rates, such as heat and catalysts selected, 

have been well studied. However, there has been recent interest in exploring the capabilities for 

reaction acceleration in charged microdroplets. It is known that reaction rates on the surface of a 

droplet greatly differ from reactions occurring in the droplet. The Katritzky transamination 

reaction was used as a model to identify the effects of the air-solution interface on reaction 

acceleration by varying the air-liquid surface to volume ratio. The significant increase in reaction 

rate constants was further enhanced by solid–solution interfacial effects observed after addition of 

glass nanoparticles.  

 The effective degradation of non-polar hydrocarbons is an environmental concern as they 

are the main composition of waste generated from petroleum processing. Saturated alkanes are 

relatively stable molecules which present a challenge for analysis by mass spectrometry without 
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the use of extreme experimental conditions. A rapid analysis method by paper spray ionization 

was developed that allows for the oxidation products of saturated alkanes to be monitored by MS 

in under two minutes. This method relies on the generation of a hydroxyl radical by reacting iron 

(III) chloride with aqueous hydrogen peroxide on the principle of Fenton’s chemistry. The 

presence of this radical in direct contact with an alkane produces several oxidation products which 

can be easily monitored by MS. The reagents are added to a paper triangle sequentially, creating a  

thin film which allows reaction acceleration in relatively small volumes analyzed directly from 

paper at atmospheric pressure. 

 The dimerization of 4-ethynylaniline derivatives in acetonitrile was monitored by nano 

electrospray ionization mass spectrometry. Dimer products formed by electrocyclization and 

radical processes were observed that are not detected as a corresponding bulk reaction. This gas-

phase reaction has been interrogated in a solution phase analog with radical initiators and 

characterized by 1H NMR. This work demonstrates that compounds can be synthesized by the 

electrospray process. Future studies may reveal how this observation affects the interpretation of 

the MS results involving electrospray. 
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INTRODUCTION 

1.1 Overview 

 Mass spectrometry (MS) is a robust analytical technique used to analyze one or more 

ioniable species present in a sample. The process involves generation of ions in order to measure 

their mass-to-charge ratios (m/z), and results are typically represented as a mass spectrum (ion 

intensity vs. mass/charge).1-3 These measurements can reveal identities of unknown compounds, 

quantification of known compounds, and determination of chemical and structural properties of 

these charged species. Mass spectrometers are sophisticated instruments providing high sensitivity 

and specificity of detection. The development of ambient ionization mass spectrometry has created 

an alternative workflow eliminating or minimizing sample preparation and allowing for direct 

analysis of a broad range of samples.2 This ionization technique can follow reaction progress in 

bulk solutions and enhance rate effects in microdroplets and high surface-to-volume systems. The 

various ionization sources available for the chemical analysis of small and large molecules by 

ambient ionization mass spectrometry has led to wide spread use in numerous applications.2-6 

1.1.1 Ambient Ionization 

 The development of ambient ionization sources has provided the ability to perform mass 

spectrometric analysis methods with minimal to no sample preparation. There are a basic set of 

characteristics that must be met with any ambient MS technique with starting with the generation 

of ions in open air. This allows for the direct surface analysis of samples with unconventional 

shapes and sizes, including solid materials ranging from drugs to fabrics.7-10 The versatility of 

ambient MS ion sources is demonstrated in its interchangeable capabilities between most mass 

spectrometers containing atmospheric pressure interfaces. Generally, this eliminates the need for 

any modification requirements to the ion transfer optics or the vacuum interface when utilizing 

various ambient ion sources on the same MS instrument. A key advantage of the use of ambient 

MS methods is the introduction of surface analysis based on well-established ionization 

mechanisms.3, 15 The majority of these sources rely on the fundamentals of electrospray ionization 

(ESI) which ionizes samples without causing significant fragmentation. 
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1.1.2 Electrospray Ionization 

 Electrospray ionization is a soft ionization technique developed at Yale University in 1981 

by John B. Fenn and colleagues.16 These scientists demonstrated the ability to ionize large 

biomolecules with relatively little to no fragmentation, and extension of the mass range of analyte 

analysis by producing multiple charged ions.16, 17 Much of the success of this technique is attributed 

to the compatibility of the ESI-MS interface with gas chromatography (GC) and liquid 

chromatography (LC), in addition to the introduction of ESI as a viable alternative to the 

traditionally used (EI). 

 Traditionally, ESI is an atmospheric ionization technique whereby ions are produced by 

application of DC potentials to an analyte solution contained in a narrow, sharp emitter causing an 

accumulation of charge at the tip of the emitter. As the voltage is applied in an electric field, the 

resultant high potential causes the shape of the liquid droplet surface to become converted into a 

conical shape whose apex emits a thin stream of charged droplets. These charged microdroplets 

formed from the Taylor cone undergo Coulombic fission producing smaller, secondary droplets. 

Rapid solvent evaporation yields bare ions which are ejected towards the inlet of the mass 

spectrometer.18-21 This occurs once the magnitude of the electrostatic forces of the applied field 

become similar in magnitude to the forces of the surface tension of the solution. 

 There are two main theories to explain the mechanism of ion formation as a result of droplet 

desolvation: 1) the ion evaporation model (IEM) or 2) the charge residue model (CRM).  The first 

model or IEM states that initial droplets formed from the spray emitter undergo Coulombic fission 

to generate smaller, secondary droplets and lightly solvated ions.19 This occurs as a result of a 

rapid decrease in droplet size caused by solvent evaporation until the charge on the surface of the 

droplet exceeds the Rayleigh limit and is a generally accepted model for small molecules. The 

second model, or CRM explains the formation of ions from larger molecules such as proteins and 

nucleic acids.20-22 This theory states that as a droplet undergoes evaporation and reaches the 

Rayleigh limit, it declusters producing smaller charged droplets and leaving charges behind which 

are then transferred to the analyte to form an ion.22 It must be noted that both of these models are 

centered around the basis of droplet evaporation and provides well documented evidence in the 

literature. Recently, a third model has been proposed, the chain elongation model (CEM), which 

explains that part of a chain escapes the droplet surface and moves into the gas phase while 

maintaining some of the original charge. This model is widely accepted; however, its application 
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is restricted to significantly larger molecules such as unordered polymers. Over the past few 

decades, several other mechanisms of electrospray ionization have been proposed to describe this 

phenomenon.20-23 Many of these fundamental principles of electrospray ionization are generally 

accepted, though not fully understood. A further understanding of the mechanism could help to 

develop methods to increase ionization efficiency of this technique and provide insight into the 

reactivity of this method. 

 The ability to form gas phase ions from charged microdroplets is called ionization 

efficiency (IE) and greatly depends on the nature of the solvents used during the analysis. 

Ionization efficiency is an important factor to consider when using ESI for analysis as it enables 

the sensitivity required to detect analyte species at relatively low concentrations.12, 25-27 IE remains 

relatively poor and directly effects the interpretation of the data generated. It is important that the 

high voltages used during ionization experiments are able to overcome the high surface tensions 

of the solvent being used during the experiment. Each chemical species has a different IE 

determined by the ratio of ions delivered to the inlet of the mass spectrometer to the number of 

molecules introduced by the ionization source. The charge transfer rate, concentration of analyte 

molecules, transmission of ions to the mass spectrometer, and the humidity level are a few other 

aspects that affect ionization efficiency.25 

 Initial designs of ESI emitters involved approximately 200 um wide blades made of 17 

stainless steel. Further optimization of these designs was made by Mann et al with the use of glass 

capillaries of significantly smaller diameters (ca. 1-5 um) as emitters. This technique is widely 

used today and commonly known as nano-electrospray ionization (nESI). nESI uses much lower 

sample volumes and has higher ionization efficiencies compared to traditional ESI methods. nESI 

also eliminates the use of a heated sheath gas to assist desolvation and operates at flow rates of 

about 20 nL/min.28 In addition to nESI, there are a variety of ionization sources, some of which 

are considered ambient ionization techniques, since the ionization occurs at atmospheric pressure 

and temperature and no sample preparation is required.  

 Some of the more popular ambient ionization sources include desorption electrospray 

ionization (DESI) and direct analysis in real time (DART).28-31 DESI uses a primary ESI spray 

plume directed at an angle towards a sample surface from which primary droplets desorb the 

analyte from the surface.30 Impact on the thin film surface generates secondary droplets containing 

the desorbed analyte at a complementary angle toward the inlet of the MS for direct analysis. Some 
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other variants of ambient ionization techniques include paper spray ionization (PS), extractive and 

electrospray ionization (EESI).30-32 Paper spray ionization is an ambient ionization technique 

which the analyte of interest in placed on a paper substrate that is cut to a sharp tip, solvent is 

added creating a chromatographic step and the solvent wicks through the paper.33-35 Once a voltage 

(3-5 kV) is applied, an electrospray plume is formed from the tip of the paper creating various 

spray methods depending on the amount of solvent applied to the paper (microdroplets vs thin 

film). Easy ambient sonic spray ionization (EASI) is a simple variant of ESI in which a flow rate 

sheath gas is used to provide a soft desolvation method in comparison to ESI, and does not require 

the need for an applied voltage.36 

Manipulation of Chemical Reactions 

 The monitoring of chemical reactions by MS has been utilized in numerous applications, 

and has increasingly become the preferred method for the investigation of many types of 

reactions.2,6 This method is characterized as either an online or offline analysis for probing reaction 

species, kinetic rates, percent yields and reaction completion.21 Additionally, the ability to monitor 

reaction intermediates can provide essential information on the mechanistic pathway of the 

reaction. Typically, reaction monitoring is performed by offline analysis due to its simplicity, and 

reduced time constraints that can allow for replicate sampling. Online analysis can provide real-

time kinetic information and is the mode of choice for relatively fast reactions with short-lived 

intermediates.21 Reaction acceleration differs from reaction monitoring by performing the analysis 

under accelerating conditions, such as adding the effects of heat, distance, evaporation, pH, 

concentration, volume, etc. 
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 REACTION MONITORING OF HETEROGENEOUS 

CHEMICAL REACTIONS BY LAB-DESIGNED SAMPLING PROBE 

2.1 Abstract 

 The ability to monitor reactions is vital in many industries (e.g., manufacturing of 

chemicals, petrochemicals, pharmaceuticals, and polymers) in order to ensure product purity and 

quality. In addition to improving product quality, effective monitoring of manufacturing processes 

alleviates the dependence of analytical testing at the end stage of production, which in turn reduces 

cost and time. Unfortunately, monitoring of batch slurry reactions at the site of production is 

challenging and usually requires extensive sample preparations before analysis of the 

heterogeneous reaction mixtures. Reaction monitoring by mass spectrometry (MS) can provide 

real-time information about reaction progress; however, previous efforts have been limited to 

homogeneous solutions. Heterogeneous reactions pose challenges with uniform sampling and 

clogged plumbing which limit the utility of previous devices.  

 We demonstrate the simplest setup to achieve heterogeneous reaction monitoring through 

the use of a lab-built sample probe which is capable of acquiring reproducible kinetic information 

of pharmaceutically important, slurry-like mixtures. Proof of concept experiments were conducted 

by monitoring three heterogeneous reactions: (i) esterification of nicotinic acid, (ii) amide bond 

formation from an amine, and (iii) iodine catalyzed boc protection of a diamine. These highly 

concentrated solutions can be tracked over time without fear of clogging spray emitters or 

saturation of ion detection, by using common laboratory supplies. Dissolution solvent (DS) serves 

a dual purpose by assisting in stable spray quality and washing of probe between each sample 

measurement. Furthermore, with the addition of internal standards to the dissolution solvent it is 

expected that quantitative analysis may be achieved. Addition setup including peek tubing, with 

an attached split valve for waste, attached to a nESI ionization source would allow for a fully 

automated sampling approach. 
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2.2 Introduction 

 Heterogeneous reactions are used in the synthesis of drugs, reagents, polymers, and a 

number of other chemical-based products. The potential for the efficient, detailed analysis of these 

types of reactions continues to draw interest from a broad range of disciplines in academia and 

industry.1-5 Reaction progress measurements of the changes in starting materials, reaction 

intermediates, and major and minor reaction products can be monitored over the course of a 

chemical reaction, providing important mechanistic details of a chemical reaction.3 ,4, 6-10 Most 

analytical methods are developed for the analysis of homogeneous solutions due to the 

instrumentation available, and the necessity for sample preparation.  

 Mass spectrometry has proven to be a useful tool in reaction monitoring as it allows 

scientists to monitor the reaction kinetics of a wide range of reactions, as well as identify final 

reaction products.11-13 Additionally, it is these details that allow scientists to optimize current 

reactions or to create new chemical processes. However, this valuable information can become 

lost due to the lack of current analytical technology capable of observing chemical transformations 

under particular synthetic conditions.4, 14, 15 This is particularly true for reactions involving 

heterogeneous reagents, especially solid/liquid slurries. A number of techniques allow for 

monitoring in real time, including FT-IR, UV-vis and EPR spectroscopy.16-18 However, these 

techniques only monitor soluble components of a reaction, and require additional equipment such 

as compressed reactors or multi-configuration valve systems. 

 Herein, we describe a prototype sampling probe capable of sampling heterogeneous slurry 

(solid and solution) reactions. A lab-designed, sampling probe containing two fused-silica 

capillaries is placed directly in line with a continuously stirring heterogeneous reaction mixture in 

the open position to allow reaction solution to flow through the probe into a compartment held at 

a fixed volume, without interrupting the flow of the slurry. When the probe is set to the closed 

position, and the dissolution solvent is directly delivered to the trapped reaction sample through 

one of the connecting capillary lines. The addition of a syringe pump would further allow for 

flexibility of flow rates and dilution factors, although this has been tested for feasibility, it has not 

been implemented for the generation of the kinetic data represented in this chapter. The 

homogeneous sample is then extracted through the second capillary and analyte ions are directly 

analyzed by mass spectrometry using nano-electrospray ionization (nESI). This ionization method 

uses non-accelerating conditions that are ideal for the monitoring of bulk-phase reactions.14, 19, 20 
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 The rate of conversion can be calculated as a ratio of the product signal intensity vs.  the 

reactant signal intensity of the chemical reaction as a function of time. Kinetic data is represented 

as a time profile displaying the reaction progress of three proof-of-concept, heterogeneous 

chemical reactions: (i) esterification of nicotinic acid with n-octanol, (ii) amide bond formation of 

a diamine with benzoyl chloride (iii) a molecular iodine catalyzed, N-BOC protection of 2-

aminopyridine. The absolute signal intensity of all starting materials, intermediates, products and 

by products m/z peaks are summed together to act as a normalization tool. The individual peak 

intensities are divided by the summed quantity and the average of three replicates is represented 

by a data point at each corresponding time point. This is an approximation as it assumes there is 

negligible difference in the ionization efficiency between the starting material and the product 

formed. 

2.3 Experimental 

2.3.1  Reagents 

 All chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO) and used as 

received without further purification. 

2.3.2  Sampling Probe 

 The lab-designed sampling probe was composed of a stainless steel sample compartment 

attached to a copper pipe containing two fused-silica capillaries, each attached to a syringe. The 

probe was set to the open position and directly introduced into a heterogeneous reaction mixture 

to allow undisturbed flow of the reaction solution, while capturing the reaction on the compartment 

walls as it flows through the probe. As the probe is removed from the reaction slurry, it is kept in 

the open position allowing for the majority of the mixture to return to the slurry solution and only 

a small aliquot of the heterogeneous sample remains in the sampling chamber. The sampling probe 

is then set to the closed position, and the dissolution solvent (1:1 ACN/DCM), is directly delivered 

to the sample compartment through one capillary, ie. the introduction capillary. The sampling 

compartment can hold a maximum volume of 400 µL without causing overflow into the copper 

tubing. Applied positive pressure as a result of the syringe introducing the DS into the first 

capillary allows for simultaneous desolvation and dissolution in the same process. The newly 



 

 

25 

homogeneous sample is extracted through the secondary capillary, ie. withdrawal capillary, by the 

negative pressure applied by the second syringe. Sample aliquots (<10 µL) of the diluted reaction 

mixture were directly analyzed via nESI-MS. Dissolution solvent was then washed through 

capillary lines twice to eliminate any cross contamination, and confirmed as the MS spectra of the 

second wash being nearly identical to that of blank solution. 

2.3.3 Batch synthesis of N-methylnicotinic acid 

 A solution mixture containing 3.08g (25 mmol) of nicotinic acid and 6.25 mL (100 mmol) 

methyl iodide in 75 mL of ethanol was refluxed for 4 hours, then cooled in an ice-bath for 20 

minutes. The suspension was filtered, and yellow crystalline solid was recrystallized in ethanol. 

MS (ESI+): m/z (%) 138 (100, [M]+). 1H NMR (400 Hz/55 MM). 

2.3.4 Batch synthesis of octyl 1-methyl-1-pyridine-3-carboxylate 

 Reaction solution containing 1.23 g (10 mmol) of nicotinic acid and 623 µL (10 mmol) of 

methyl iodide is added to 10 mL of dichloromethane (DCM). 61 mg (5 mol %) of 

dimethylaminopyridine (DMAP) and 3.14 mL (20 mmol) of 1-octanol was stirred at room 

temperature. Reaction mixture is cooled over ice. 2.26 g of dicyclohexylcarboiimide (DCC) is 

added to cooled solution mixture and stirred over ice for 5 minutes. 

2.3.5 Batch synthesis of N-(4-(dimethylamino)phenyl)benzamide 

 The acetonitrile solution (10 mL) of benzoyl chloride (0.309 g, 2.2 mmol) was added 

dropwise to an acetonitrile solution (20 mL) of N, N-dimethyl-p-phenylenediamine (0.272 g, 2 

mmol) and allowed to stir at room temperature. 

2.3.6 Batch synthesis of tert-butyl phenylcarbamate 

 To a magnetically stirred mixture composed of aniline (1 mmol) and (Boc)2O (1 mmol), a 

catalytic amount of iodine (10 mol %) in methanol (5 mL) was introduced at room temperature. 
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2.3.7 nESI-MS Analysis 

 Experiments were performed by spraying diluted, 10-uL aliquots directly into an LTQ ion 

trap mass spectrometer (Thermo Fisher Scientific, San Jose, CA) using nano-ESI (nESI) emitters 

with ca. 5 µm diameter tip made from pulled borosilicate glass using a Flaming/Brown 

micropipette puller (P-97 by Sutter Instruments).  

2.4 Results and Discussion 

2.4.1 Esterification reaction progress 

 Initially, the method was performed according to literature as a one-pot synthesis of 

nicotinic acid with n-octanol in the presence of dichloromethane (DCM), dicyclohexylcarboiimide 

(DCC) as the coupling agent, and 4-dimethylaminopyridine (DMAP) as the catalytic agent 

(Scheme 1a). Preliminary results demonstrate the difficulty with monitoring certain molecules by 

mass spectrometry. In order to calculate kinetic progress of the chemical reaction, a minimum of 

one starting material and the final product should be visible in the spectra throughout the course 

of the reaction. The protonated form of nicotinic acid results in the formation of a zwitterion which 

cannot be observed by mass spectrometry due to the presence of opposing charges present on one 

molecule. Subsequently, a minor peak at m/z 123 was observed for the catalyst.  

 

Scheme  2.1 Steglich Esterification of a carboxylic acid with a terminal alcohol. 

 

 We deliberately introduced methyl iodide into the previous method, and subsequently 

observed a new starting material peak at m/z 137 which corresponds to 1-methyl, 4-

dimethylaminopyridine. Though this results in a loss of its catalytic ability by the addition of a 

methyl group on the pyridine, catalytic DMAP (m/z 123) is still present in the reaction and is 

consumed before the methylated version. We propose the mechanism for the formation of the ester 

(Scheme 1b) as a two-step process. Initially, the ester is formed by activation of the carboxylic 
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acid by DMAP which removes the hydrogen of the hydroxyl group, resulting in a nucleophilic 

attack by that oxygen onto one of the doubly bound nitrogens in DCC. This generates several 

rearrangements as DCC and DMAP provide and remove a hydrogen eventually forming an O-

acylisourea intermediate. The activated carboxylic acid experiences a nucleophilic attack by the 

alcohol to form dicyclohexylurea (DCU) and the ester. The ester is more electrophilic than the 

remaining methylated DMAP and will abstract the methyl group to form the final reaction product. 

 

Scheme 2.2 DMAP-catalyzed esterification of a nicotinic acid and n-octanol. 

 In this reaction, DCC activates the carboxyl group of nicotinic acid and is accelerated by 

DMAP to eliminate side reactions by acting as an acyl transfer-agent. However, side products were 

initially observed at m/z 306 and m/z 337 (Fig 1.), corresponding to DCC derivatives identified by 

MS/MS data (Figure 2 and Figure 3). The signal intensity of these ions decrease greatly in the first 

twenty minutes, resulting in a corresponding signal increase in the starting material and product 

ion peaks (Fig. 4). Altogether, the starting material required forty minutes to reach its highest 

concentration as the parent peak based on signal intensity. Shortly after this time, the product signal 

reached its maximum signal intensity after approximately 400 minutes.   
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 To validate the proposed mechanism, we synthesized 1, 4-methyl dimethylpyridine and 

trigonelline and repeated the experiments without methyl iodide to investigate the reaction 

mechanism (Fig.3). 

 

Figure 2.1 Nano electrospray ionization mass spectrum of reaction starting material, side 

products and final reaction product. 

 

Figure 2.2 Representative MS of reaction progress of the esterification reaction 

 Here we form the same reaction product as evident in the tandem mass spectrometry data 

(Fig.3C and 3D), the ion at m/z 138 is the loss of the alcohol chain. In the case of N-methyl DMAP 

(Fig. 3A) there is no product formed, yet in the experiment using N-methyl nicotinic acid (Fig. 

3B), there is relatively no signal intensity for any starting material. 
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Figure 2.3 Nano electrospray ionization mass spectra of: A) full scan of the synthesized 

methylated DMAP. B) full scan of the synthesized methylated nicotinic acid. C) MS/MS spectra 

of reaction product from A. D) MS/MS spectra of reaction product from B. 

 

 

 

 

Figure 2.4 ESI-MS analysis of: a) reagents and side products present in reaction mixture, b) 

overlay of reagent ion intensity at m/z 137 and product ion intensity at m/z 250. 
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2.4.2 Acylation reaction progress 

 Additionally, we further tested the capability of the heterogeneous sampling probe by 

monitoring the acylation of N, N-dimethyl-p-phenylenediamine (DMPA) by benzyl chloride 

(Scheme 2). In this reaction, the carbonyl group of the benzyl chloride experiences a nucleophilic 

attack by the lone pair on the diamine, which is followed by an elimination of the chloride. Here, 

the formation of the product ion peak occurred relatively quickly in comparison to the previous 

reaction (Fig. 4).  

 

Scheme 2.3 Amide bond formation between an acyl chloride and an amine. 

 

Figure 2.5 Kinetic profile for the acylation reaction progress as an amine (m/z 137) is converted 

into a diamine (m/z 241). 

 

 Within five minutes, new signals at m/z 241 and m/z 263 appeared correlating to the product 

ion and its sodiated adduct, respectively. The product ion signal intensity reached its maximum 
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after approximately one hour of reaction time. Signal intensity of the sodiated product ion peak 

was incorporated into the calculation for the conversion ratio. 

2.4.3 Protection reaction progress 

 Multistep organic synthetic reactions frequently utilize functional groups such as tert-

butoxycarbonyl (BOC) to aid the protection and deprotection of specific organic compounds. The 

benefits of the synthetic method for protection and deprotection throughout a multistep synthesis 

containing specific functional groups that may need to be conserved, allows for chemoselective 

transformations. A protecting group is often introduced prior to a particular reaction step and later 

removed, in order to preserve a specific group that otherwise would not survive. There are 

numerous types of protecting groups, each with individual requirements that must be met to cause 

their removal once the molecule has progressed to a stage in the reaction scheme that will not cause 

reactivity at the functional group in the remaining steps. The mild, selective, and efficient 

protecting group used in this experiment is commonly referred to as “Boc” and is primarily utilized 

in the protection of amines in multistep syntheses, due to its stability toward catalytic 

hydrogenation and resistance against basic and nucleophilic reactions. Its most extensive use is 

found in the areas of peptide synthesis and medicinal chemistry.  

 

Scheme 2.4 Amine protection between a tert-butoxycarbonyl and a diamine. 
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Figure 2.6 MS analysis of the protection reaction progress: a) after initial mixing; b) after 24 hrs.  

2.5 Conclusions 

 These specific reactions were selected based on their fundamental importance in organic 

synthesis. All three proof-of-concept reactions demonstrate the robustness of the sampling probe 

for heterogeneous reaction monitoring by mass spectrometry using various organic solvents under 

different conditions for a range of reaction times. 
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 REACTION ACCELERATION AT AIR-SOLUTION 

INTERFACES: ANISOTROPIC RATE CONSTANTS FOR 

KATRITZKY TRANSAMINATION 

3.1 Abstract 

 The acceleration of chemical reactions in confined volumes has been widely demonstrated 

in many systematic studies and these accelerated rates are attributed to the limited solvation of the 

reactants at the surface.  Interest in the role of the air-solution interface in these reaction rate 

acceleration studies has increased. This study investigated the factors controlling reaction rates in 

bulk solutions of constant surface area, yet different volumes over a concentration range covering 

three orders of magnitude. Rate acceleration factors (relative to bulk) of more than an order of 

magnitude were observed by mass spectrometry in the reaction rate acceleration of the Katritzky 

transamination reaction of p-anisidine with three pyrylium salts of varying surface activities. 

Strikingly, results demonstrate that the significant role of interfacial effects on Katritzky reaction 

acceleration seen in confined systems of small volumes can be replicated in bulk solutions. 

3.2 Introduction 

 Significant interest in the manipulation of the kinetic rates of chemical reactions is a 

primary objective in chemical and pharmaceutical industries where time and cost is a major  

consideration. Many mass spectrometric studies have demonstrated reaction rate acceleration in 

confined volumes including Leidenfrost levitated droplets1-11, emulsions12-17, micelles18, 

depositions of thin films19-21, microfluidic devices22, charged microdroplets23-33 from electrospray 

ionization and other spray methods. Observations of these enhanced rates have been attributed to 

several contributing factors such as desolvation, droplet size and lifetime, temperature, reagent 

confinement and interfacial effects unique to the air-solvent interface. These interfacial effects are 

hypothesized to be due to partial solvation of the reactants at the interface demonstrated by 

enhanced reactivity in microdroplet reactions. Evidence favors the high surface to volume ratio as 

an important feature of acceleration by creating a more reactive environment at the surface. 

Empirical observations of enhanced surface adsorption of reactants and products in numerous 
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droplet studies indicate the reaction rates increased by several orders of magnitude when compared 

to the corresponding reaction conducted in the bulk solution. 

  Traditionally, the bulk solution serves as a corresponding control in accelerated studies 

and must be conducted under relatively harsh conditions. The use of an acid or base for catalysis 

provides an alternative reaction pathway at a lower activation energy. Thermal acceleration due to 

elevated temperatures increases molecular interactions between reactants, while agitation by 

stirring also allows for faster diffusion and mixing.  This is a directly related to the higher activation 

energy demand for desolvation in the condensed phase required for the reaction to proceed, and 

resulting in the slower reaction rate. Studies have shown the capability to accelerate bulk reaction 

mixtures by solvent removal in a rotary evaporator causing an increased rate due to a concentration 

effect of the reagents34. In nearly all cases, a typical bulk reaction is held at a constant volume and 

allowed to reach completion before any solvent removal34. In this study, we report enhanced rate 

effects observed in bulk solutions of confined volumes, conducted under ambient conditions, and 

without the need for the addition of a catalyst or laboratory apparatus. By removing several factors 

known to affect reaction rates; such as pH changes and reagent concentration due to solvent 

evaporation, results provide evidence that increased surface area-to-volume ratios is a dominate 

factor responsible for interfacial reactivity in these reactions.  

3.3 Experimental 

3.3.1 Reagents 

 2,4,6-Triphenylpyrylium tetrafluoroborate (98%), 2,4,6-tri(p-tolyl)pyrylium 

tetrafluoroborate salt (≥95%), 2,4,6-trimethylpyrylium tetrafluoroborate and p-anisidine (≥99%) 

were purchased from Sigma-Aldrich while acetonitrile (Optima® grade) was purchased from 

Fisher Scientific. Reagents were used as received and dissolved in pure acetonitrile to prepare 

stock solutions in plastic Eppendorf tubes. Reaction solutions over a large concentration range 

were prepared by serial dilution in acetonitrile, then freshly mixed in stoichiometric amounts to 

the desired reaction mixture concentration just before the analysis.  
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3.3.2 Batch experiments 

 Bulk kinetic studies were performed under ambient conditions with total volumes of either 

0.3 mL or 1.2 ml of reaction mixtures. Equimolar solutions which were first thoroughly mixed by 

pipet and subsequently allowed to remain undisturbed in plastic sample vials for a designated 

amount of time. Periodic sampling was conducted using 10-μL aliquots for analysis by 

nanoelectrospray with an ion trap mass spectrometer. 

3.3.3 nESI-MS experiments 

 Standard, thick- wall borosilicate glass without filament (B150-86-10) was purchased from 

Sutter Instruments, cleaned by sonication in an organic solvent mixture (acetone: methanol: 2-

propanol = 1: 1: 2; HPLC grade) to remove any organic contaminates, flushed with deionized 

water to remove solvents and oven dried. The cleaned glass capillaries were allowed to cool to 

room temperature before being pulled into nESI spray emitters with ca. 2 um tip inner diameter 

using a Flaming/Brown micropipette puller (P-97 by Sutter Instruments). The newly fabricated tip 

diameter was then estimated from the measurement of the scale located in the eyepiece of a 

Konus™ Campus Binocular microscope (#5306) at 100x magnification. The nESI electrodes were 

created by fitting a Ag wire purchased from Warner Instruments and mounting in an E Series 

Electrode Holder. Non-accelerating conditions were maintained by clamping the nESI sprayer 

emitter to a ring stand placed very close (ca. 3 mm) to the instrument inlet. During nESI-MS 

analysis, the electrode is kept in constant contact with the sample aliquots placed in the glass 

capillary to determine reaction progress. 

  To avoid the possibility of signal carryover between analysis of each sample, the Ag 

electrode wire is wiped using Kimwipes from Kimtech Science® saturated with methanol to 

eliminate any cross contamination between sampling. No carry-over signal was detected in MS 

spectra of blank solutions composed of pure acetonitrile collected in between trials. All 

experiments were performed using an LTQ instrument (ThermoFisher, San Jose, California) for 

mass analysis. Nanoelectrospray analysis in the positive ion mode was performed with a 1.5 kV 

potential applied directly to the electrode by a copper alligator clip. Optimized instrumental 

parameters included a heated inlet capillary temperature of 300 °C. Low-current potentials of 15 

V and 65 V were applied to the inlet capillary and tube lens; respectively. All mass spectra were 
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recorded in a mass range from m/z 50 -700 and represented as an average of 100 scans. Data 

processing for rate constant calculations correspond to peak height ratios of the ion intensities of 

interest. 

3.4 Results and discussion 

3.4.1 The Katritzky Transamination reaction 

 The model reaction selected for surface interrogation is the Katritzky transamination of a 

pyrylium heterocycle, shown in Scheme 1a; this reaction converts an amine to a pyridinium salt.36-

42 Katritzky transamination reagents of 2,4,6-triphenylpyrylium tetrafluoroborate and p-anisidine 

were dissolved in acetonitrile in stoichiometric amounts without the addition of any external 

catalyst. This robust reaction allows for efficient reaction monitoring of the conversion of a pre-

charged species into formation of a different pre-charged species analyzed by mass spectrometry.  

 

Scheme 3.1   Katritzky transamination: the reaction between pyrylium salts (TPP, TTP, TMP) 

and p-anisidine to form pyridinium salts. 
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 Charged species produce high ionization efficiencies of detection in a linear ion trap 

allowing for accurate measurements of reaction kinetics. This is evident in the linearity of signal 

intensity ratios between the two pre-charged compounds and observed concentration ratios as low 

1 to 0.0001, as seen in Figure 1.  

 

Figure 3.1   (a) Measured relative ion signals from mixed solutions of isolated product 

pyridinium and pyrylium reactant to calculate yield and rate constant. (b) Three replicates are 

shown in the calibration curve. (c) The linearity of a single replicate is good even at low 

concentration ratio. 

 

 Reaction acceleration in this study is directly reflective of phenomena occurring in the 

condensed phase reaction and not reflective of gas-phase chemistry due to MS analysis. Therefore, 

all nESI-MS measurements of product yield were collected by maintaining a significantly short 

distance (ca. 3mm) between the nESI sprayer tip and MS inlet to eliminate solvent evaporation 

which causes undesired reaction acceleration during the analysis step. MS analysis under non-

accelerating conditions was confirmed by analyzing freshly mixed reaction solutions, which 

showed less than 0.1% yield at all concentrations (Figure 2), compared to minimum yield of 10 % 

of the same reaction under accelerated conditions at respective concentrations.  
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Figure 3.2  (a) Zero yields seen in full MS of freshly mixed reactant solution validated the non-

accelerating nESI-MS analysis across the concentration range. (b) Test by MS shows no residue 

on the well plate after performing the Katritzky reaction in droplets (130 µL; 1000 µM) for 5 

min 

 

 Ion intensity ratios of the reagent and product are obtained from the nESI analysis method 

as shown in Eq.1. Equation 2 is derived from Eq.1 to use the MS data to calculate concentrations 

at certain times in the kinetic studies. The underlying mechanism of the Katritzky reaction is shown 

in Scheme 2, and has been studied extensively. It is well understood that the reaction occurs by a 

number of fast steps leading to the ring opened intermediate, which proceeds the final electrocyclic 

ring closure step being the rate-limiting step.  The use of a 2nd order rate equation to calculate the 

rate constant is validated in using Equation 3.  

 

[𝐫𝐞𝐚𝐜𝐭𝐚𝐧𝐭] = 𝟐. 𝟗 [𝐩𝐫𝐨𝐝𝐮𝐜𝐭] ·
𝑰𝟑𝟎𝟗

𝑰𝟒𝟏𝟒
                   Eq.1 

 

 

[𝐫𝐞𝐚𝐜𝐭𝐚𝐧𝐭] =
[𝒓𝒆𝒂𝒄𝒕𝒂𝒏𝒕]

[𝒑𝒓𝒐𝒅𝒖𝒄𝒕]+[𝒓𝒆𝒂𝒄𝒕𝒂𝒏𝒕]
· 𝒄𝟎 =

𝟐.𝟗 𝑰𝟑𝟎𝟗

𝑰𝟒𝟏𝟒 +𝟐.𝟗 𝑰𝟑𝟎𝟗
· 𝒄𝟎        Eq. 2 

 

 



 

 

40 

 

Scheme 3.2  Proposed mechanism of the model Katritzky reaction (note: K1, K2, K3 indicate 

equilibrium constants and k1 indicates rate constant.) 

 

 

𝒅[𝑷]

𝒅𝒕
= 𝒌𝟏 ∙ [𝑰𝑴𝟑][𝑯+] = 𝒌𝟏 ∙ 𝑲𝟑 ∙ [𝑰𝑴𝟐][𝑯+] = 𝒌𝟏 ∙ 𝑲𝟑 ∙ 𝑲𝟐 ∙ [𝑰𝑴𝟏]             Eq. 3 

 

 In the experiments, the two reactants were mixed in stoichiometrically equal amounts: 

𝑐(𝑅1) = 𝑐(𝑅1) = 𝑐0  . At any time, t, assume that [𝑅1] = [𝑅2] = 𝑐, so [𝑃] = 𝑐0 − 𝑐, the rate 

equation can be written as follows:  

 

𝒓𝒂𝒕𝒆 =
𝒅[𝑷]

𝒅𝒕
= −

𝒅𝒄

𝒅𝒕
= 𝒌 ∙ 𝒄𝟐 

 

The integrated rate law for a 2nd-order reaction can then be expressed as: 

 

− ∫
𝟏

𝒄𝟐

𝒄

𝒄𝟎

∙ 𝒅𝒄 = 𝒌 ∙ ∫ 𝒅𝒕
𝒕

𝟎

 

 

𝟏

𝒄
−

𝟏

𝒄𝟎
= 𝒌 ∙ 𝒕 

 

 Based on the integrated rate law for a 2nd-order reaction and Eq. 3, the rate constant k, as 

defined in Eq. 4, can be calculated using the MS ion intensity ratio, while taking into consideration 

the reaction time t and initial reactant concentration c0. 

 

𝒌 =
[𝒑𝒓𝒐𝒅𝒖𝒄𝒕]

[𝒓𝒆𝒂𝒄𝒕𝒂𝒏𝒕]∙𝒕∙𝒄𝟎
=

𝑰𝟒𝟏𝟒

𝟐.𝟗 𝑰𝟑𝟎𝟗∙𝒕∙𝒄𝟎
          Eq. 4  
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 The MS intensities are corrected for ionization efficiencies after the calibration described 

in Figure 1. Tandem MS data was collected for each of the expected transamination products, as 

displayed in Figure 3.3.  The spectra obtained for these compounds confirm the identity of the 

reaction products and are in agreeance with fragmentations found in literature.13 

  

 

Figure 3.3  Tandem MS of reactants, intermediate and product for the model Katritzky reaction 

(isolation width used is not larger than 2 Th. CID refers to collision energy and NL to signal 

intensity). 

 

 Experiments were performed in bulk solutions of the Katritzky reagents by measuring the 

kinetics under different concentrations and reaction volumes. Interestingly, similar interfacial 

effects are observed in the undisturbed bulk solutions at room temperature, typically seen in 

confined systems of significantly smaller volumes. Concentrated reaction mixtures displayed no 

measureable difference in bulk kinetics between the 0.3-mL bulk and the 1.2-mL bulk reaction 

mixtures contained in cylindrical plastic vials of the same dimensions. However, at the lower 

concentration of 50 μM, the 0.3-mL bulk rate constant was 1.8-times greater than that observed in 

1.2-mL bulk, as shown in (Figure 3.4). 

 The scope of the kinetic study was expanded to determine the extent of acceleration by 

providing a comparison between three different pyrylium salts, 2,4,6-triphenylpyrylium 

tetrafluoroborate (TPP), 2,4,6-tri(p-tolyl)pyrylium tetrafluoroborate (TTP), and 2,4,6-

trimethylpyrylium tetrafluoroborate (TMP) as shown in Scheme 1. 
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Figure 3.4  Bulk (0.3-mL and 1.2-mL) kinetics of the Katritzky reaction (Scheme 1a) at 50 μM. 

 

 Reaction monitoring by MS analysis was performed by recording signal intensity changes 

of the reactant and product cations over time to follow reaction progress. In these experiments, all 

three reactions were tested at 50 μM for two volumes representing two different surface-to-volume 

ratio systems. Reactions with TTP elicited the highest rate constant enhancement (1.9-fold, shown 

in Figure 3.5) which was slightly lower than that with TPP (1.8-fold), while reactions with TMP 

elicited the lowest rate constant enhancement (1.5-fold, shown in Figure 3.6) of the three pre-

charged salts examined. Interestingly, the observed increase in surface affinity seems to directly 

correlate to the increase in electron density of the particular substituents bound to the pyrylium 

ring (-Ch3> -Ph > -PhCh3).
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Figure 3.5  Bulk kinetics of Katritzky reaction (1b) using TTP as the reactant at 50 μM for two 
different volumes (0.3 mL and 1.2 mL) 

Figure 3.6  Bulk kinetics of Katritzky reaction (1c) using TMP as the reactant at 50 μM in two 
different volumes (0.3 mL and 1.2 mL) 
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 Encouraged by the demonstrated surface effects on the acceleration of the reaction in bulk 

solutions, we infer that the observed small differences in acceleration among the three precharged 

salts is due to their surface activity. To investigate the tendency of molecules to adsorb to the 

surface of the reaction vessel, we first measured the ionization efficiencies of each pure compound 

as a reference, displayed in Figure 3.7. Individual mass spectra (Figure 3.7a) were recorded for 50 

μM solutions of each pyrylium salt dissolved in acetonitrile and injecting ions for only 0.3 ms, 

with AGC (automatic gain control) turned off.  

 

Figure 3.7   (a) Three MS spectra of each pyrylium salt (TMP/TPP/TTP) in acetonitrile at 50 μM 

(b)MS of equimolar (50 μM) pyrylium salts (TMP, TPP, TTP) mixture in acetonitrile. The 

numbers indicate relative MS peak areas. Note that (a) and (b) are normalized separately. 

 

 The detected ion currents of TPP and TTP were found to be 9-times and 6-times more 

intense than that of TMP. Mass spectra from a mixture containing each salt was then recorded and 

the relative ion currents used to characterize their surface activity. Figure 3.7b shows the nESI-

MS from an equimolar mixture of the three salts in acetonitrile at a concentration of 50 μM each. 

It is shown that ion current intensities of TMP are up to 32-times and 59-times less intense than 

ion currents of TPP and TTP, respectively. Surface activity trends were constructed after correction 

by the ionization efficiency ratios measured from Figure 3.7a. TMP displayed the least surface 
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affinity followed by TPP and then TTP with a measured surface preference to be 1:3:10 

(TMP:TPP:TTP). Surface reactivity has been previously reported for this reaction in the 

literature.45 

 The data in Figures 3.4-3.6 require that the reaction occur at a minimum of two different 

rates which we suggest correlates to reactions proceeding at the surface of the bulk (300 µL) and 

reactions occurring in the interior of the solution (1200 µL). The bulk volume and surface effects 

(2-fold enhancement in rate constants) can be considered in terms of a shell-core model used to 

explain reaction acceleration in smaller systems of high surface-to-volume ratios. It is proposed 

that there are at least three contributing factors: a) accelerated reactions near the surface due to 

increased rate constants, yet with a negligible effect of increased concentration at the surface; b) 

non-accelerated reactions at the interior of the bulk solution c) minor mass transfer between the 

surface and the interior of the bulk solution in the absence of heat. 

 The rate constants calculated for the bulk is dependent on the fraction of reactants adsorbed 

to the surface of the solution in order to participate in the surface reaction may be dominated by 

two effects: a) a minor contribution due to mass transfer from the interior of the solution to the 

surface; b) the reaction capacity of the surface. The high surface-volume system provides a shorter 

distance of travel of the reactants and products from the interior to the surface allowing for mass 

transfer and a higher turnover number at the surface. 

 The kinetic rates monitored at low volumes are higher than those at high volumes for bulk 

reaction solutions. The surface-to-volume ratio (air-solution interface) of the 1.2-mL solution is 

calculated to be 0.065 mm-1 and that of the 0.3-mL solution to be 0.26 mm-1. As the volume of a 

reaction mixture decreases, the surface/volume ratio increases and thus the fraction of reactants 

that can access the surface per unit time increases. As the concentration of reagents in a reaction 

mixture decreases, this capacity does not change yet a larger portion of the reagents can reach the 

surface region per unit time to give a higher overall rate constant by effective mass transfer. 

Although mass transfer is limited in the unstirred bulk reactions, the 4-fold enhancement in 

surface-to-volume ratio dictates volume as a dominate factor over concentration, as shown in 

Figure 3.8. At low concentrations, the increased surface/volume ratio leads to the observed 

increase in reaction rate.  
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Figure 3.8  Rate constant enhancements of bulk reactions using their own reference rate constants at 

the high concentrations in large volumes (reference for unstirred bulk solutions at room temperature: 
k0bulk = k500 μM, 1.2 mL = 0.00058 M-1s-1). The numbers indicate that volume effects in bulk solutions 

were enhanced by a larger surface-to-volume (S/V) ratio difference (4-fold enhancement in S/V ratio 
from 1.2-mL solutions to 0.3-mL solutions. 

 

 These arguments account for the observed increase in overall rate in bulk solutions as the 

surface area is held constant and the volume is decreased. By using more surface-active reactants 

(e.g. TTP instead of TMP), such effects are enhanced as expected and this observation further 

supports the role of surface effects in reaction acceleration. The results provide evidence for the 

previously suggested mechanism: partial solvation of reagents at the air-solution interface provide 

a unique, polar environment resulting in a reduced activation barrier and increased reaction rate 

evident by an increased rate constant. Additionally, the data demonstrates the high throughput 

ability of the low concentration, low volume system conducted in commonly used LC-MS 

autosampler vials. The increase in reaction rate caused mainly due to a volume effect observed in 

reaction solutions of the same concentration may have a future influence in factors governing 

regarding method development. Given these interesting findings, a significant question is whether 

these capabilities can be extended to other reactions of use in chemical synthesis. 

3.4.2 Claisen-Schmidt condensation 

 Aldol condensation reactions are extensively used in organic synthesis by providing a 

facile method for carbon-carbon bond formation. These condensation reactions typically involve 

an enol or enolate ion reacting with a carbonyl compound to form a beta-hydroxyaldehyde or beta-



 

 

47 

hydroxyketone, followed by dehydration to give a conjugated enone.24,46 Condensation reactions 

between an aliphatic aldehyde or ketone with an aromatic carbonyl compound lacking an alpha-

hydrogen to form an alpha, beta-unsaturated aldehyde or ketone are known as Claisen-Schmidt 

condensation.49 Previous studies have demonstrated high chemoselectivity when conducted in the 

presence of an acid or a base, and occur much faster in confined volumes than in the bulk 

solutions.13-14,28,35 Here, we studied the interfacial effects of the Claisen-Schmidt reaction of 6-

hydroxy-1-indanone with 2-methoxybenzaldehyde in bulk solutions, Scheme 3.7. 

 

 

Scheme 3.3  Claisen-schmidt reaction of 6-hydroxy-1-indanone with 2-methoxybenzaldehyde. 

 

 

Figure 3.9  Bulk kinetics of the Claisen-Schmidt reaction at 5 mM in plastic vials of different 
volumes tested by ESI-MS with automatic sampling with a) 2 eq of KOH; b) 20 eq of KOH. 

 

 Bulk kinetics of the base-catalyzed Claisen-Schmidt reaction is shown in Figure 3.9 and 

did not demonstrate any acceleration due to the high surface, low volume system. The reaction 

with 2 eq of potassium hydroxide (Figure 3.9a) produced results with more variance between the 

measurements. This is due to the relatively minor amounts of product yielded, producing ion 

intensity signals near the baseline of the measurement. The lack of volume effect for this reaction 
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is confirmed by the data collected with 20 eq of base (Figure 3.9b). No significant difference is 

observed during the first 12 hrs of analysis. After this time period, minor rate acceleration is 

evident in the larger volume (1200 µL). 

 The Katritzky and Claisen-Schmidt reactions are both base-catalyzed, producing water as 

one of the products. However, the Katritzky reaction will proceed without the addition of catalyst, 

where as in the case of Claisen-Schmidt the base is a necessary to initiate the reaction. These 

differences may account for the positive effect of volume observed in Katritzky, that is not 

observed for Claisen-Schmidt. 

3.4.3 Imine Formation 

 Reactions of amines are of significant consideration in many fields as they are the building 

blocks of molecules found in nature and medicine. Imines are compounds formed from the 

condensation reaction of ammonia or an amine with a carbonyl compound.29,47 Structures contain 

a carbon-nitrogen double bond, and those formed by amines are relatively more stable than those 

formed by ammonia. This study considered the interfacial effects of the of the imine formation by 

reaction of dibutylpropane-1,3-diamine with 3-hydroxybenzaldehyde, illustrated in Scheme 3.7. 

 

 

Scheme 3.4  Imine formation reaction of dibutylpropane-1,3-diamine with 3-

hydroxybenzaldehyde. 

 

 MS results display the relatively slow reaction requiring long reaction times in the absence 

of a catalyst, as shown in Figure 3.10. Initially, the reaction appeared to be accelerated by a volume 

effect as the 300 µL proceed at a slightly faster rate. Due to the increased variability in the 

measurements of the 1200 µL solution, it was determined that no significant difference in the 

reactions at the two volumes can be determined.  

 It should be noted that both reactions displaying negative effects were analyzed in methanol, 

whereas positive results were detected in acetonitrile. Solvent choice is known to greatly affect the 

m/z 187 m/z 291
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ability for a reaction to proceed forward, especially as the accelerated rate is based on partial 

solvation theory. In the case of Katritzky, the reaction proceeded significantly faster in methanol 

than in acetonitrile, however the stability of the spray method greatly suffered producing more 

error in between replicate sampling. This may explain the results described for the condensation 

reactions. 
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Figure 3.10  Bulk kinetics of the Imine formation reaction at 5 mM in plastic vials of different 
volumes tested by ESI-MS with automatic sampling.  

  

3.5 Conclusion 

 In summary, the reported study provides convincing evidence that the Katritzky 

transamination reaction can be accelerated at the air-solution interface of bulk solutions of high 

surface-to-volume ratios. By varying the volume while holding the surface area constant, the 

kinetic effect of surface-to-volume ratios was observed. The reaction rate observed at the bulk air-

solution interface is 1.8 times faster in reactions of smaller volumes, compared to larger volumes 

with equal surface area, indicating that the surface of the reaction vessel is involved in enhancing 

the rate of reaction. For the Katritzky reaction studied, the rate can be further enhanced with 

reagents having greater surface affinities resulting in greater surface adsorption and hence reaction 
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acceleration. It is concluded that reactions with surface-active reactants can be accelerated at lower 

concentrations in systems of higher surface-to-volume ratios. These results reinforce the 

suggestion that limited solvation of reagents heavily contribute to the increased rate constants 

observed in reactions occurring at the air-solvent interface.  

 The Claisen-Schmidt and imine formation reactions did not appear to be effected by the 

high-surface, low-volume systems. All three reactions proceed by different mechanisms, and only 

share an elimination of water which does not seem to contribute to the results. It may be of interest 

to reexamine these reactions in other organic solvents, such as acetonitrile, and even in water to 

evaluate the possibility of reactions occurring at the air-water interface of this established system. 
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 REACTION ACCELERATION AT SOLID-SOLUTION 

INTERFACES: KATRITZKY TRANSAMINATION BY GLASS 

NANOPARTICLES  

4.1 Abstract 

 Chemical interactions with glass substrates and their effect on reaction rates have been 

interrogated utilizing the Katritzky transamination as a model reaction. Preliminary results reveal 

an increase in reaction rate in the presence of glass wool in comparison to that of a control. 

Additionally, three sample vial types for bulk solutions showed significant differences in reactivity, 

with the greatest acceleration found in an untreated glass vial. Reaction rates in glass substrates 

were greatly increased at the solid-solution interface of high surface-to-volume systems of bulk 

solutions. Interestingly, these results display the combined effect of partial solvation of reagents 

at the interface and catalysis by glass substrates can greatly alter rate constants of chemical 

reactions. 

4.2 Introduction 

 The use of glass substrates has enlarged the number of applications in chemical and 

biological sciences due to its numerous unique properties. Typically, glass has been used as solid 

support in heterogeneous catalysis in a variety of chemical reactions.1-6 In catalysis, the support 

can either be in a passive manner that solely restricts the movement of the active catalyst through 

chemical bonding or fixation.5-7 The method of activation is usually based on doping the inert glass 

surface by implantation with metal ions.4,6  Recently, studies have demonstrated the use of glass 

wool as a readily available, relatively inexpensive catalyst support for synthesis of important 

organic reactions by deposition of metal and metal oxide nanoparticles.4-8 Other studies have 

observed increase reaction rates by using glass wool as a collection surface, in the absence of any 

catalysts.7 This differs from cases in which the intrinsic properties of the support material 

contribute to the performance of the catalyst, such as conductivity, absorption and scattering 

properties.10-12  

 Glass is commonly used as a filter, packing material, and for the storage and transport of 

drugs, environmental samples, and reagents in the biomedical and pharmaceutical industries. 
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Several occurrences of drug degradation, changes in efficacy and dosage, and product losses have 

generated interest in identifying the underlying mechanism due to direct glass interactions with the 

reaction solution.13-15 A few studies have been reported over the years detailing observations of 

reaction acceleration in the presence of glass due to mechanisms based on ion exchange, reagent 

reactivity on glass surface and additional mechanisms based on the manufacturing process of the 

glass used.3 The latter effects the composition, physical, and chemical properties of the glass 

surface. Metal oxides, such as Fe3O3, TiO3 or MnO, can be added to produce amber borosilicate 

glasses for the protection against UV light, whereas Al2O3 is added to improve chemical durability 

of the glass to resist leaching.4,7 Reaction acceleration by various glass materials broadly rely on 

mechanism of glass delamination or flaking from the surface, metal ion interactions between the 

solvent, reactants, and glass surface, and the adsorption of reactants or products onto the glass 

surface, with the surface of the glass material as the dominating factor.2,5 

 The use of glass for catalysis was observed to produce a 4-time increase in rate of 

polymerization of methyl methacrylate in water. By addition of colorless soda lime or amber glass 

particles in the presence of a sodium bisulfite initiator in comparison to a control.16 The decrease 

in the particle size of soda lime glass selected (from 200 to 50 mesh) resulted in a 3.8 times higher 

conversion from monomer to polymer, as well as a 5.5 times increased rate of polymerization 

when the initiator concentration was reduced to 0.01 mole/L. The authors attributed the catalytic 

effect to the dissociation of ions from the initiator-glass complex forming radicals responsible for 

the polymerization process.16 

 In order to ensure inertness of the glass material, it may be treated by silylation in order to 

block active functional groups from participating in the reaction. The effect of treating the glass 

surface and its role in reaction acceleration has been reported for the analysis of an intramolecular 

Diels-Alder reaction in an untreated or pretreated-glass flasks.17 The reaction did not occur in the 

silylated flask, leading the authors to conclude that the epimerization of the starting material was 

catalyzed by the glass surface. The increased degradation of a commercial fungicide has been 

shown to be heavily dependent on the container used, where plastic containers inhibited loss of 

product and soda lime glass containers exhibited a slower rate compared to samples stored in 

borosilicate glass. These effects were attributed to adsorption or reaction of the product with the 

surface of the glass container. 
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 Glass surface catalyzed reactions typically involve a nonpolar medium with a polar surface, 

therefore appropriate selection of solvent has been shown to greatly alter catalysis. Glass-catalyzed 

ketonization in acetonitrile has been shown to catalyze interconversion due to the weakly basic 

glass surface of the reaction vessel17. The fluorodesilylation reaction by xenon difluoride occurred 

in a glass flask in comparison to a Teflon tube18. However, the reaction in the glass flask was 

inhibited when conducted in acetonitrile possibly due to loss of acidic protons on the glass surface 

involved in catalyzing this reaction.  

 Polar solvents reduce the catalysis of Diels-Alder reactions by silica or glass, whereas 

neutral and acidic solutions are  known to undergo ion exchange between sodium ions in the glass 

being replaced by hydronium ions of the solution.16-18 One study concluded that the alkaline 

species and hydroxyl groups present in the reaction solution can attack the glass surface causing 

breaking of Si-O bonds.17 Evidence for this is also suggested in the study of the accelerated 

conversion of boronic esters in the presence of borosilicate glass, where no reaction occurred with 

soda-lime glass or silica.19 It must be stated that the glass surface in that study was first cleaned in 

a base bath to create etching of the surface, as the authors stated the reaction did not occur in a 

new, smooth glass flask. This phenomenon has also demonstrated in the glass catalyzed double 

bond isomerization of an alkyl halide which did not occur in quartz, yet was accelerated by a factor 

of 2 in the presence of Pyrex glass wool.20 Pyrex glass contains a considerable amount of boric 

oxide which may aid in the electrophilic solvation of the halide ion. 

 In this work, we report significant reaction acceleration of the Katritzky transamination 

reaction catalyzed by glass nanoparticles in comparison to the control. Silanized glass 

nanoparticles also caused reaction acceleration, though to a lesser degree. These results are 

consistent with those obtained by conducting the transamination reaction in untreated glass and 

silanized glass containers, utilizing results obtained in plastic containers as the control. 

4.3 Experimental 

4.3.1 Reagents 

 Non-treated glass wool (GW, Aldrich catalog #: 20384) and silanized glass wool (SGW, 

Aldrich catalog #: 20411) were purchased from Sigma Aldrich (St. Louis, MO). Plastic vials (PV), 
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glass vials (GV) and silanized glass vials (SGV) were purchased from Microsolv (Leland, NC). 

All other chemicals have been previously mentioned in detail in Chapter 3. 

4.3.2 Glass wool experiments 

 All glass wool experiments involved weighing 10 mg of untreated or silanized treated glass 

wool and diluted in 1 mL of acetonitrile. Solution is allowed to sit undisturbed for 1 min and 

immediately vortexed for 2-5 seconds. After this time, supernatant of the mixture is poured into a 

new sample tube and solid glass wool will remain in initial tube. Supernatant is used as glass 

nanoparticle solutions. 

4.4 Results and Discussion 

4.4.1 Katritzky Transamination reaction  

 The model reaction for the interrogation of glass catalyzed acceleration is the Katritzky 

transamination reaction of various pyrylium salts with p-anisidine to form a pyridinium product, 

shown in Scheme 4.1. As reported in Chapter 3 of this work, this reaction can be accelerated in 

high surface-to-volume systems at relatively low concentrations, and used to calculate overall 

reaction rate constants using nano electrospray ionization mass spectrometry (nESI-MS) as the 

analytical tool for measurement. In this work, significantly different results were observed by 

keeping the same experimental workflow, but simply changing the container used as the reaction 

vessel from plastic vials to glass vials.  

 Under this new experimental method, the reaction kinetics in bulk was studied in detail by 

dissolving the two reagents in acetonitrile in stoichiometrically equal amounts at different 

concentrations without the addition of acid or base. The effect of selecting reactants of greater 

surface affinity has enhanced the kinetic rate of this reaction significantly in comparison to the 

control. Bulk kinetic studies were performed by analyzing equimolar solutions of the reaction 

mixture with addition of glass nanoparticle solution or acetonitrile in the case of the control.  

 Preliminary analysis involved determining the catalytic effect of the reaction container on 

the kinetic rate of the Katritzky reaction between 2,4,6-triphenylpyrylium tetrafluoroborate (TPP) 

and p-anisidine in acetonitrile. To investigate the tendency of glass contaminants to adsorb to the 

walls of the container, we first prewashed the glass vials (CGV) or the prewashed silianized glass 
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vials (CSGV) in triplicate with acetonitrile as an additional comparison to the untreated glass vials 

(UGV) and untreated silanized glass vials (USGV) and used as received, and plastic vials (PV) 

used as the control, displayed in Figure 4.1. Studies have shown that glass flakes can delaminate 

from the vial walls into the reaction solution and can cause reaction acceleration or cause a reaction 

not to occur.  

 

Scheme 4.1   Katritzky transamination reactions of pyrylium salts (TPP, TTP, TMP) and p-

anisidine to form pyridinium salts. 

 

 In these experiments, 50 µM reaction solutions were tested at 300 µL and 1200 µL volumes 

in three cylindrical reaction containers of the same inner dimensions. The bulk rate constant of the 

reaction in the CGV for 300 µL is approximately 2 times greater than that observed in the PV, and 

a 4 times increase in the UGV in comparison to the PV, as shown in Figure 4.1a. Interestingly, the 

reaction occurring at 1200 µL displays the same trend, though to a much lesser degree, seen in 

Figure 4.1b. The uncleaned glass vial used as purchased (UGV) demonstrated a 2-time increase to 

that of the CSGV, and almost 3 times greater acceleration than that observed in the control (PV). 

The effect of prewashing the glass vials with solvent acts as a normalization between the effect of 

the glass compared to no effect obtain in the plastic vials. This trend holds true in the case of the 

pretreated glass vial containers. The hydroxyl groups of the glass containers may form hydrogen 

bonding with the reactants involved, resulting in a lower transition energy barrier or alternate 

pathway, causing the glass to act as a catalyst. 
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Figure 4.1   Bulk kinetics of the Katritzky reaction at 50 µM: a) glass vials at 300 µL; b) glass 

vials at 1200 µL; c) silanized glass vials at 300 µL; b) silanized glass vials at 1200 µL. 

 

 The effect of the silanized, pretreated vials is seen in Figure 4.1c for the 300 µL reaction 

and Figure 4.1d 1200 µL reaction solutions. The catalysis due to glass is evident even in the treated 

glass containers, however the effect of washing the silanized vial seems to have more of an effect 

at the 1200 µL solutions resembling the control. In the high surface to volume system at 300 uL 

solutions the effect of washing the container is not as significant. Encouraged by these findings, 

an optimized bulk kinetic study was conducted to test the reproducibility of the accelerated trends 

observed for the 50 µM reaction solutions at the 300 µL volume and the effect of prewashing 

sample vials before analysis. Results displayed in Figure 4.2 provide a validation to the previous 

observations of the catalytic effect of the presence of glass in the Katritzky transamination reaction. 

The effect of cleaned glass is 4-times greater than that of using the plastic vials, and 6 times greater 

when conducted in the unwashed glass vials. 
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Figure 4.2   Bulk kinetics of the Katritzky reaction (Scheme 1a) at 50 μM in different vials. 

 

The scope of the kinetic study was expanded to determine the extent of acceleration due to 

effect of reactant concentration. Previously, we demonstrated the increase in accelerated rates of 

this reaction as the concentration is reduced, with the greatest acceleration observed at 50 µM. 

Concentrations of bulk solutions below 50 µM caused the reaction to proceed extremely slowly, 

with relatively little to no product formation over several days. However, due to the enhanced 

accelerated effect in the presence of glass, we predicted that the glass catalyzed reaction would 

occur fast enough to monitor changes due to concentration effects. Reaction solutions were tested 

at 5 µM in untreated glass vial containers and analyzed in triplicates. The reproducibility of the 

analysis method was also investigated through the use of an automatic sampler system with ESI-

MS and monitored over a 24 h period. Acceleration due to reactions conducted in glass vials 

demonstrate a significant enhancement in comparison to the control reacted in plastic vials, seen 

in Figure 4.3.  
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Figure 4.3  Bulk kinetics of the Katritzky reaction (Scheme 1a) at 5 μM in different vials tested by 
ESI-MS with automatic sampling. 

 

 The lower concentration produced more variability between replicates, however it is 

clearly evident by the nonlinear response seen in Figure 4.3 that there is significant acceleration 

due to the glass container. The kinetic profile of the 5 µM reaction increases exponentially, 

which varies from the linear response at the 50 µM reaction solutions (Figure 4.4), and also the 

500 µM (Figure 4.5). Figure 4.4 demonstrates the reproducibility of the analysis method which is 

evident in the linearity and R2 value close to unity when automatic sampling in used. 

Acceleration factors were determined for the 50 µM reaction solutions. Reactions occurring in 

glass vials at 1200 µL were found to be accelerated by a factor of 7 compared to reaction 

conducted at the same concentration and volume in plastic vial containers. The accelerated rate is 

increased to a factor of 12 for reactions at the 300 µL reaction solutions.  

 This also encourages the hypothesis that the variability observed at the lower concentration 

may be representative to the limit of detection of the linear ion trap used for analysis. 

Encouraged by the demonstrated glass surface effects on the acceleration of the reaction rate in 

bulk solutions conducted in glass containers, we investigated the robustness of the study by 

determining the extent of acceleration by including a comparison with glass nanoparticles. The 

manufacturing and treatment processes vary from the glass containers to glass wool, and interest 

in the cause of the acceleration due to glass may be understood by replacing the glass substrate 

used for catalysis in these reactions.  
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Figure 4.4  Bulk kinetics of the Katritzky reaction (Scheme 4.1a) at 50 μM in different vials tested 
by ESI-MS with automatic sampling. 

 

 

Figure 4.5  Bulk kinetics of the Katritzky reaction (Scheme 4.1a) at 500 μM in different vials tested 

by ESI-MS with automatic sampling. 

 

 For example, the glass containers are made from borosilicate glass material which can 

contain trace metals such as large amounts of boron involved in the fabrication process. Iron oxides 

are used to darken the glass container to reduce photo-oxidation damage to the contained samples 



 

 

62 

change the glass from translucent to amber in color. Figure 4.6 shows the nESI-MS from 50 μM 

solutions containing an addition of acetonitrile as the control, an addition of glass nanoparticles 

(GP) in acetonitrile, or an addition of silanized glass nanoparticles (SGP) in acetonitrile. After 

reaction monitoring for four hours, no product is detected in the control solutions or in that of the 

SGP solutions. Interestingly, mass spectra of the GP solutions yield a product peak at about 10% 

relative abundance compared to that of the starting material.   

 The reaction progress was monitored for over a week resulting in the control reaction 

producing the same amount of product synthesized in the GP solutions in the previous 4 h time 

period. Results of the reaction progress due to addition of Gp solutions after a week yielded near 

complete conversion. Most interestingly is the data obtained by the SGP solutions, which seems 

to decelerate the reaction rate as evident in comparison to the control data. It may be due to steric 

hindrance of the bulky silyl groups introduced on the glass particle during silanization treatment 

process. The reactants and products are in constant movement until equilibrium is reached. As the 

reactant adsorbs to the surface, the formed product diffuses from the surface back to the center of 

the solution, and this process may be impeded in the case of the SGP solutions. 

 

Figure 4.6  MS of Katritzky reaction (Scheme 1a) at 50 μM in plastic vials without particles vs. 

with glass or silanized glass particles added. 
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 These results led to interest in the qualitative effect of the size and number of glass particles 

present in the addition solutions. The data suggests that the smaller glass particle sizes (> 200 μM) 

are the main contributor of the increased acceleration rate observed in Figure 4.7. The effect of 

filtering the GP solution physically reduces the total number of particles present in the solution, 

yet there is no significant reduction in acceleration when compared to the unfiltered GP solution.  

The effect of pretreating the glass nanoparticles with silyl groups significantly reduces the rate of 

reaction than filtration of the untreated glass particles. The silyl groups added to the nanoparticles 

during the silanization treatment are relatively bulky functional groups attached to the surface of 

the glass particles. As previously mentioned, the reaction is not a static process and involves the 

movement of reactants and products throughout the course of the reaction progress.    

 

Figure 4.7  Bulk kinetics of the Katritzky reaction (Scheme 4.1a) at 50 μM in plastic vials with 

different types of wool supernatant added or without addition. 

 

 Therefore, sterics may play a role in the reduced acceleration effect observed in the reaction 

with treated glass particles. Additionally, the methoxy functional group of the aniline in this 

reaction can interact with the silyl groups and may become trapped by the glass particles, 

restricting less reactants to reach the surface of the solution where the acceleration occurs. 
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Treatment with silyl groups is traditionally used to make the glass surface inert, however it is 

dependent on the efficiency of the process. Silanized container vials from two different batch 

processes from the same retailer demonstrated different levels of acceleration between batches, yet 

consistent results from replicates analyzed in containers from the same batch. The study was then 

expanded to evaluate if the acceleration due to the catalyzed effect of the glass nanoparticles is 

linearly related to the amount of particles added to the solution, displayed in Figure 4.8.                    

 

Figure 4.8  Bulk kinetics of the Katritzky reaction (Scheme 4.1a) at 50 μM in plastic vials with 

different amounts of the same glass wool supernatant added. The linearity of the plot reflects the 

enhancement of rate constants. 

 

 The data obtained at the 2-h time point was selected as it displays the greatest degree of 

separation with the least amount of variance in the results for 50 μM solutions at 300 μL volume. 

The ion intensity ratios were then plotted as a function of the amount of glass nanoparticles 

present in the solution to generate a calibration curve, as seen in Figure 4.9, which can be further 

used to calculate yield if scale up is of interest. Most importantly, these results provide evidence 

of the catalytic effect of glass nanoparticles on the reaction rate of the Katritzky transamination 

reaction. It must be noted that the increase in rate constants from the 0% glass wool solution of 

the control to the 75 % glass wool solution resulting in an acceleration factor of 128. 
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 Bulk kinetics of the Katritzky reaction (Scheme 1a) at 50 μM in plastic vials was explored 

again to compare rate acceleration previously observed due to a surface effect with the same 

volumes of solution, either with the a 50 % addition of glass wool supernatant or with acetonitrile 

added as the control (Figure 4.10). Interestingly, a 1.8-fold increase in rate constants for volume 

effect occurs at the same rate as in Chapter 3 using plastic vials without glass addition. Figures 

4.11-4.13 shows the comparison of reaction acceleration in high surface to volume ratio system at 

low concentrations for the three pyrylium salts selected at 50 μM in plastic vials with so percent 

glass wool addition of solvent added to the reaction mixture to be used as the control.   

 

Figure 4.9  Katritzky reaction (Scheme 4.1a) rate constants at 50 μM increase with increasing 

amounts of glass nanoparticles. (Acceleration factor at 75% glass wool solution: 128 for 

unstirred bulk at room temperature for 2 h). 
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Figure 4.10  Bulk kinetics of the Katritzky reaction (Scheme 4.1a) at 50 μM in plastic vials with 

the same glass wool supernatant added but of different total volumes of solutions. There is a 1.8-

fold increase in rate constants for volume effect (the same as in Chapter 3 using plastic vials 

without glass addition). 

 

Figure 4.11  Bulk kinetics of the Katritzky reaction (Scheme 4.1a) at 50 μM in plastic vials with 

glass particles added vs. without glass particles added. 
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Figure 4.12  Bulk kinetics of the Katritzky reaction (Scheme 4.1b) at 50 μM in plastic vials with 

glass particles added vs. without glass particles added. 

 

 

 It is has been previously shown that ion current intensities of TMP are up to 32-times and 

59-times less intense than ion currents of TPP and TTP, respectively. The ionization efficiency 

ratios measured from Chapter 3 were used as a normalization tool to construct surface activity 

trends of the selected pre-charged salts. Interestingly, trends previously observed are still 

consistent with the glass catalyzed results in thesis work. TTP displayed the greatest surface 

affinity followed by TPP and then TMP with a measured surface preference to be 10:3:1 

(TTP:TPP:TMP). Surface reactivity has been previously reported for this reaction in the 

literature.45 However, the enhanced effect due to the presence of glass increased drastically with a 

measured surface presence 383:82:44 ((TTP:TPP:TMP).
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Figure 4.13  Bulk kinetics of the Katritzky reaction (Scheme 4.1c) at 50 μM in plastic vials with 

glass particles added vs. without glass particles added. 

4.4.2 Claisen-Schmidt 

 Reaction kinetics of the Claisen-Schmidt reaction was evaluated for surface effects due to 

glass catalysis no previously observed in the absence of glass, shown in Scheme 4.2. Glass vial 

solutions at 5 mM of two different volumes over the course of three days is shown in Figure 4.14.  

 

Scheme 4.2  Claisen-Schmidt reaction of 6-hydroxy-1-indanone with 2-methoxybenzaldehyde. 

 

 Results confirm previous speculation that this condensation reaction is not affected by high 

surface to volume constraints, not does it interact with glass when reacted in glass containers. There is 

no significant difference observed between reactions at 300 μL or 1200 μL for this reaction collected 

m/z 147 m/z 265
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by electrospray ionization mass spectrometry automatic sampling, indicating this reaction does not 

accelerate due to a volume effect. 
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Figure 4.14  Bulk kinetics of the Claisen-Schmidt reaction at 5 mM in glass vials of different 
volumes tested by ESI-MS with automatic sampling. 

4.4.3 Imine Formation 

 Kinetic analysis of an imine formation reaction (Scheme 4.3) evaluated the effect of the 

different glass vial containers: untreated and silanized for the 5 mM reaction solution at two different 

volumes, seen in Figure 4.15. The effect of volume on the reaction at 300 μL and 1200 μL in the glass 

vials is shown in Figure 4.15a, and initially does not demonstrate any significant difference in the first 

24 hours between the two volumes. However, after this time there is minor, yet statistically different 

rate enhancement at the lower volume reaction. In the case of the silanized glass vials, seen in Figure 

4.15b, there appears to follow the same trend of the glass vials, yet no statistical difference is detected 

at the corresponding time period. 
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Scheme 4.3  Imine formation reaction of dibutylpropane-1,3-diamine with 3-

hydroxybenzaldehyde. 

 

 

Figure 4.15  Bulk kinetics of the Imine formation reaction at 5 mM at different volumes tested by 
ESI-MS with automatic sampling in a) glass vials; b) silanized glass vials. 

4.5 Conclusions 

 Here, we have demonstrated the catalysis due to glass in the acceleration of the Katritzky 

transamination reaction. The reaction rate at the air-solution interface of the glass catalyzed 

reactions can be accelerated 128-times that of the control for this reaction. The rate enhancement 

can be further enhanced at high surface-to-volume systems. Reactions with more surface-active 

reactants displayed drastically larger rate constants at lower concentrations when catalyzed by 

glass particles. These results further support the mechanism of accelerated reactions observed at 

air-solution surfaces due to the partial solvation of the reagents at the surface, and solid-solution 

interfaces due to interaction with glass surfaces. The Claisen-Schmidt and imine formation 

reactions did not appear to be catalyzed by the presence of glass in high-surface, low-volume 
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systems. These reactions vary in their mechanistic pathways, yet all undergo dehydration as the 

final step which does not seem to participate in the catalytic process.  
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 ACCELERATED OXIDATION OF ALKANES IN THIN 

FILMS AND MICRODROPLETS USING FENTON’S CATALYST 

USING REACTIVE PAPER SPRAY IONIZATION MASS 

SPECTROMETRY  

5.1 Abstract 

 MS can be utilized for the relative oxidation of non-functionalized, saturated hydrocarbons 

initiated by oxidation using a modified Fenton’s reagent in under ambient conditions using paper 

spray ionization (PS) mass spectrometry. This was achieved by the combination of thin film and 

microdroplet formation provided by this ionization method, without the need of pre-analysis 

filtration or chromatographic separation. This simple analytical method allows for rapid and direct 

analysis of relatively stable short chain, long chain and highly branched alkanes at atmospheric 

pressure without sample preparation. 

5.2 Introduction 

 Non-polar hydrocarbons present an additional  challenge as they are difficult to analyze by 

MS under  atmospheric conditions.1-4 The lack of functional groups, aromatic rings and 

unsaturation in these alkanes in particular can only be analyzed under relatively harsh 

environmental conditions requiring high voltage input which can lead to unwanted 

fragmentation.2-6 As a major constituent of petroleum distillates and industrial waste water, the 

degradation of alkanes is of great environmental concern.1, 5-8 The contamination of soils and 

groundwater by these organic compounds create a widespread issue for remediation efforts.9-16 

Bioremediation by advanced oxidation processes are ideal when time and resources are limited. 

Fenton’s chemistry is an advanced oxidation process involving the catalytic decomposition of 

hydrogen peroxide by iron (III) chloride to form hydroxyl radicals which can decompose the 

otherwise stable compounds.17-19 

 We have developed a paper spray ionization method that allows for the oxidation products 

of saturated alkanes to be monitored by MS in under two minutes. This method relies on the 

generation of a hydroxyl radical by reacting iron (III) chloride with aqueous hydrogen peroxide on 

the principle of Fenton’s chemistry.  
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Scheme 5.1 Generation of hydroxyl radical species vs Fenton’s chemistry. 

 

The presence of this radical will come in direct contact with an alkane as it travels through 

the paper triangle, producing several oxidation products which can be easily monitored by MS. 

The reagents are added to a paper triangle sequentially, creating a wet, thin film that allows 

reactions in relatively small volumes to be analyzed directly from paper at atmospheric pressure.  

Here, the primary goal was the development of a method that would allow for monitoring of 

relatively stable alkanes through hydroxyl radical oxidation by Fenton’s catalyst.  

 The ability to directly analyze hydrocarbons quickly through forced oxidation and their 

degradation products under ambient conditions was demonstrated in this study. The use of paper 

spray ionization removes the need for sample preparation, and the micro-droplets produced from 

the tip of the paper triangle accelerates the rate of oxidation. The alkane sample is placed in the 

center of an 8 cm x 8 cm Whatman paper triangle (Fig. 5.1) held in place by a copper alligator clip.  

A volume of 20 µL of 5 mg/ml iron (III) chloride is dropcast at the rear of the alkane sample spot. 

When a high voltage (5 kV) is applied to the base of the paper triangle, 50 µL of 30% hydrogen 

peroxide is slowly added to the rear of the triangle.  

 

Figure 5.1 Methodology for the Accelerated Oxidation of alkanes using Paper Spray Ionization. 

10 µl of  alkane

applied to paper

20 µl of  Fe2+

applied to the 

rear of  paper

50 ul of  H2O2

added as 
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and MS taken  

Degradation occurs << 2 min

Fe2+ + H2O2  Fe3+ + HO· +OH-

Fe3+ + H2O2  Fe2+ + HOO· + H+
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 Due to capillary action the peroxide will react with the iron chloride first generating the 

radical which will subsequently react with the alkane. As the oxidized products travel to the tip of 

the triangle, micro-droplets are formed and directly enter the mass spectrometer for analysis. Due 

to the small surface area of the charged droplet and increased analyte concentration as the droplet 

evaporates, acceleration of the reaction is assumed. 

5.3 Experimental 

5.3.1 Reagents 

 All alkanes were purchased from Sigma-Aldrich (St. Louis, MO). HPLC-grade acetonitrile 

and hydrogen peroxide were purchased from Fisher Scientific (Hampton, NH). Whatman 31 

analytical filter paper was purchased from GE Healthcare Bio-Sciences (Pittsburgh, PA). 

5.3.2 Paper spray experiments 

 Whatman 31 filter paper was cut into approximately 8 mm by 10 mm triangles and attached 

a copper clip (Mueller Electric, Akron, OH) to the base of the triangular-cut paper substrate. This 

apparatus was placed in front of a Thermo-Fisher LTQ MS (San Jose, CA) and reagents (10 μL of 

alkane (neat) and 20 μL of 5 mg/ml of iron (III) chloride in acetonitrile) were pipetted sequentially 

(also known as dropcasting) onto the center of the filter paper and not allowed to dry to maintain 

a thin film. Elution solvent (40 μL of 30% hydrogen peroxide) was added to the base of the paper, 

and a 4.5 kV potential was applied for paper spray ionization and MS analysis. Parameters for the 

MS were spray voltage, 4.5 kV; capillary voltage, 15 V; tube lens, 65 V; capillary temperature, 

150 °C; and a mass range of m/z 50–700. 

5.4 Results and Discussion 

5.4.1 Long chain alkane experiments 

 We investigated the robustness of the method by analyzing short linear alkanes (nonane 

and decane), long chain alkanes (heptadecane and heptamethylnonane), and branched alkanes 

(squalane) in their neat form with no additional sample manipulations. For a target alkane with a 
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molecular weight M, the mono-oxidized product has a molecular weight of [M+16] and the 

detected signal at m/z [M+O-H]+. In addition to mono-oxidation products, oxidized dimers and 

trimers, and degradation products were present in the data. Initial studies tested chloroform and 

peroxide as possible oxidizing agents (Figure 5.2, top and middle).  

 

Figure 5.2 Paper spray ionization mass spectra of n-heptadecane as a model alkane to identify 

optimum oxidizing agent. 

 Preliminary data utilizing chloroform revealed relatively minimal information with the 

mono-oxidized product peak at approximately twenty percent of the overall signal intensity. 

Oxidation was observed with peroxide, yet the signal-to-noise greatly depreciated the data quality. 

Performing the same method by substituting peroxide for Fenton’s catalyst demonstrated the most 

powerful oxidizing effect while maintaining data integrity (Figure 5.2, bottom). Heptadecane is a 

long chain, unbranched alkane with a chemical formula of C17H36 and is found in several plant 

species. For the oxidation of heptadecane, we observe the mono-oxidation product ion at m/z 256 

as the base peak in the spectrum. Several oxidized dimers and trimer were observed in the 400-

600 and 700-800 mass range, respectively.  
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5.4.2 short chain alkane experiments 

 Decane was selected to identify if the oxidation method is limited to alkanes with longer 

carbon chains such as in n-heptadecane. Decane is a short, linear alkane with a chemical formula 

C10H22. It is often used for industrial purposes as a type of hydrocarbon solvent commonly used in 

fuels, such as gasoline. There is clear separation in the mass ranges corresponding to either the 

oxidation of decane or its oxidized dimers which allows for quick identification without 

overlapping of product ion peaks. Figure 5.3 displays the oxidative degradation of decane with the 

dominant contribution from [M+O-H2-H]+ at m/z 155. Several oxidized dimers were observed in 

the 300-400 m/z region of the spectra. Further interrogation at the higher mass range did not reveal 

any trimer species.  

 

Figure 5.3  Representative MS of oxidation products, oxidized dimers and radical degradation of 

decane where m/z 142 represents the ionized alkane. 

 In the case of the forced degradation of nonane, several oxidized species were observed as 

seen in Figure 5.3. Nonane has a chemical formula of C9H20 and is a colorless liquid used as a 

solvent, as a fuel additive, and a component in biodegradable detergents. The mono-oxidized 

products at m/z 141 and m/z 143, one di-oxidized product at m/z 157 and an oxidized dimer product 

at m/z 319 were identified. A significant peak appears at m/z 371 but could not be identified. The 
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most abundant peak in the spectra correlates to [M+O-H2-H]+ at m/z 141, in a similar manner to 

that observed in the oxidation of decane at m/z 155. 

 

Figure 5.4  Representative MS of oxidation products, oxidized dimer and radical degradation of 

nonane where m/z 127 represents the ionized alkane 

5.4.3  Branched alkane experiments 

 Many alkanes present in nature are known as branched alkanes and differ from the linear 

alkanes in that a few hydrogens are substituted with carbon chains, such as methyl groups. In the 

oxidation analysis of heptamethylnonane, the deprotonated alkane ion was observed at m/z 225, 

with the mono-oxidization product at m/z 241, as in Figure 5.5. Also known as isocetane, this 

highly branched alkane is a colorless liquid used as a reference standard in fuel measurements, and 

has a chemical formula of C16H34. No oxidized dimers or trimers were detected for this sample by 

this method. However, a tri-oxidized product was detected at m/z 271, and a highly oxidized 

product of [M+O9-H]+ was found at m/z 371.  
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Figure 5.5  Representative MS of oxidation products, oxidized dimers and radical degradation of 

heptamethylnonane where m/z 225 represents the ionized alkane. 

  

Interestingly, the peak at m/z 371 correlates to the unknown product peak found in the case 

of nonane oxidation, yet here the relative abundance is significantly greater than previously 

mentioned. The difference in the structure of the two compounds is the seven branched methyl 

groups attached the main alkane backbone chain. 

  Similarly, squalane was selected to investigate the effect of branching and can be seen in 

Figure 5.6. Squalane has a chemical formula of C30H62 and is primarily produced by hydrogenation 

of squalene, and not susceptible to autooxidation due to complete saturation. In addition to a base 

peak at m/z 435 of the mono-oxidation product of squalane, there is also evidence of degradation 

through the loss of pentyl groups. Di-oxidized and tri-oxidized oxidation products were reserved 

at m/z 451 and m/z 467, respectively. However, it seems the branching of the alkane structure has 

removed the appearance of oxidized dimers which were present in the degradation of linear alkanes. 

 This simple method demonstrates the capability of paper spray ionization mass 

spectrometry coupled with Fenton’s reagent can generate various degradation and oxidation 

products of the representative alkanes as a model for short, long or branched structures containing 

as little as nine carbons to as many as thirty carbons making up the alkane. 
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Figure 5.6  Representative MS of oxidation products of squalane where m/z 421 represents the 

ionized alkane. 

5.5 Conclusion 

 This method is highly efficient as minimal sample is consumed to wet the paper triangle 

and signal stability is observed in less than .25 minutes and remains stable for over 5 minutes of 

spraying time. As this is a “soft” ionization technique, there is no evidence of fragmentation or 

ring opening. Analysis under negative mode polarity was also investigated, yet yielded no 

additional information. This work highlights the importance of a 2 min total analysis time of 

saturated hydrocarbons without the need for a chromatographic step that can be directly analyzed 

by paper spray ionization mass spectrometry. 
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 ELECTROCYCLIZATION AND DIMERIZATION OF 

ETHYNYL ANILINES IN MICRODROPLETS 

6.1 Abstract 

 Reaction monitoring by electrospray ionization requires that ions observed in the gas-phase 

reflect the chemical composition of the solution phase. The electrocyclization of symmetrically 

substituted 4-ethynyl aniline derivatives containing electron-donating (N,N-dimethylamino or 

N,N-diethyl amino) groups has been investigated in some detail. Several products were observed 

in the charged electrospray microdroplet reaction that were not detected in the corresponding bulk 

solution reaction. The introduction of radical initiators in the solution phase reaction produces 

identical gas phase products confirmed by their CID fragmentation pattern. We attribute these 

observations to be a combined result of even-electron and radical processes. Future studies may 

reveal how this observation affects the interpretation of MS results produced by electrospray 

ionization. 

6.2 Introduction 

  Recently, there has been a growing interest in the interrogation of chemical reactions in 

electrospray microdroplets due to the observed rate acceleration in confined volumes.  Although 

the exact mechanisms are not well understood, several contributing factors have been hypothesized 

including increased molecular contacts1-3, pH4, reagent orientation on droplet surface2,5, and partial 

solvation of reagents at the air-solution interface resulting in decreased activation barriers.2,4-10 

Previous studies have demonstrated reaction rate acceleration due to enhancement of surface 

reactivity in confined high-surface-area locations of chemical reagents in both microdroplet and 

bulk solution experiments.11-22 Acceleration of reactions in electrospray droplets due to solvent 

evaporation and droplet lifetime has been examined in a separate experiment by varying the 

distance between the spray source and the inlet of the mass spectrometer.3, 6-22 

 Microdroplets produce a small volume reaction vessel that provides useful information on 

reaction intermediates, allows for organic synthesis and scale-up at ambient conditions, and 

accelerated rate kinetics in comparison to the bulk processes. In contrast, the reaction process does 

not occur in the solution phase without the addition of a catalyst, yet surprisingly occurs 
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spontaneously in microdroplets. There have been few studies previously demonstrating this effect 

of spontaneous occurrence in aqueous microdroplets while the bulk phase solution remains 

thermodynamically unfavorable.23 Due to the partial solvation of reagents in microdroplets, it is 

expected to be a hybrid of the observed effects of the bare, gas-phase ion in contrast to that of the 

fully solvated solution-phase molecule.24-25 This may provide evidence for the observation of 

alternate reaction mechanisms leading to unconventional reaction products. 

 In this chapter, three unexpected dimerization products of 4-ethynyl-N,N-dimethylaniline 

are observed to occur in microdroplets, but not in the bulk reaction. Products are characterized and 

the even-electron products undergo radical losses upon fragmentation by collision-induced 

dissociation, a direct violation of the ‘even-electron rule’.24-26 There has been report of a related 

compound forming dimer species in electrospray droplets observed to having radical fragments.27-

28 Additionally, the effect of the substituent symmetrically bound to the amino group of the aniline 

was investigated by the analysis of 4-ethynylaniline and 4-ethynyl-N,N-diethylaniline. 

6.3 Experimental 

6.3.1 Reagents 

 All chemicals for spray based reactions and the corresponding bulk-phase reactions were 

purchased from Sigma-Aldrich (MO, USA), including 4-ethynyl-N,N-dimethylaniline, 4-

ethynylaniline, 4-ethynyl-N,N-diethylaniline, benzoyl peroxide, copper (II) perchlorate 

hexahydrate, tris(4-bromophenyl)aminium hexachloroantimonate, HPLC grade acetonitrile 

(CAN), dichlormethane (DCM) and methanol (MeOH). Deionized water was purchased by 

Thermo-Scientific Barnstead EasyPure II system.  

6.3.2 Spray-based reactions 

 Nanoelectrospray ionization (nESI) was used to generate microdroplets analyzed in this 

work. A pre-washed, borosilicate nESI emitter was pulled to a tip size ca. 4 µm inner diameter and 

fitted with a platinum electrode. A +1.5 kV potential was applied for analysis in positive mode. 

All mass spectrometry measurements were made using an LTQ (Thermo-Fisher, San Jose, CA) 

ion trap mass spectrometer. Typical MS parameters included averaging of 6 microscans, 100 ms 

maximum injection time, 15 V capillary voltage, 150 oC capillary temperature, and 65 V tube lens 
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voltage. Tandem mass spectra were produced by collision-induced dissociation (CID) 

fragmentation. 1H NMR, 13C NMR and 1H-1H COSY spectra of 4 were recorded on a Bruker ARX 

400 spectrometer at 293 K with deuterated chloroform as the solvent. 

6.3.3 Bulk-phase reactions 

 Reagent 1 (10 mmol) was dissolved in ACN and reflux with or without adding free radical 

initators, respectively. Three kinds of radical initiators were tested respectively to investigate 

dimerization products, including benzoyl peroxide, copper (II) perchlorate, and tris(4-

bromophenyl)aminium hexachloroantimonate. All bulk-phase reactions were monitored and 

detected using nESI-MS with the distance between the nanoelectrospray tip and the MS inlet kept 

minimal (< 1 cm) for off-line analysis under non-accelerating conditions. 

6.3.4 Organic synthesis 

 Four compounds were synthesized in this study including deuterated variants of the starting 

material (5-7) and the covalent dimer (2). They were used to verify the electrocyclization occurred 

during the electrospray process, as well as to investigate the MS2 fragmentation characteristics of 

the corresponding cyclization products. Synthetic routes of target molecules are shown below.  

 

Scheme 6.1  Synthetic route to 4-(ethynyl-d)-N,N-dimethylaniline (5). 

 

1H and 13C NMR spectra were recorded on a Bruker ARX 400 or Avance III 500 spectrometer 

with deuterated chloroform as the solvent. 

 

Compound 5: 

 4-Ethynyl-N,N-dimethylaniline (1) (145 mg, 1 mmol) in ether (10 mL) was treated with 

nBuLi (1.6 M, mL, mmol) at 0 °C (Scheme 6.1). After stirring for 1 h at 0 °C, D2O (1 mL) was 

added. The mixture was extracted with ether, and the extract was dried over anhydrous Na2SO4 
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and evaporated to dryness to give 4-(ethynyl-d)-N,N-dimethylaniline (5) (142.3 mg, 97.5 %). ESI-

MS: m/z 147.1 [(M + H)+]. 1H NMR (400 MHz, CDCl3, Figure 6.1) δ 7.41 (d, 2H), 6.64 (d, 2H), 

2.98 (s, 6H). The product has no alkyne-H at ~ 3.0, which means it has been substituted by 

deuterium. 

 

Scheme 6.2  Synthetic route of 4-ethynyl-N,N-dimethylaniline-2,3,5,6-d4 (6). 

 

Compound 13: 

 To a solution of aniline-d5 (11) (500 mg, 5.1 mmol) in acetic acid (15 mL) was added 4,4-

dibromo-3-methyl-2-pyrazolin-5-one (12) (1.42 g, 5.61 mmol) portion-wise over 30 minutes 

(Scheme 6.2). The reaction was stirred at room temperature overnight and the precipitate was 

removed via filtration rinsing with cold acetic acid. The acetic acid solution was then diluted with 

water and brought to pH > 7 via careful addition of solid K2CO3. The resulting solution was 

extracted with Et2O/hexane = 1/1 (3  20 mL) and the organic layers were combined, washed with 

water, dried over MgSO4, filtered and concentrated under reduced pressure. The resulting residue 

was purified via silica gel column chromatography Hex/EA = 100/0 to 7/3) to afford 4-bromo-

2,3,5,6-tetradeuteroaniline-d4 (13) (580 mg, 64%) as a brown solid. ESI-MS: m/z 176.1 [(M + H)+]. 
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Figure 6.1  400 MHz 1H NMR spectrum of compound (5) in CDCl3. 

 

Compound 14: 

 To a solution of 4-bromo-2,3,5,6-tetradeuteroaniline-d4 (13) (200 mg, 1.39 mmol) in 2,2,2-

trifluoroethanol (5 mL) was added paraformaldehyde (168 mg, 5.56 mmol) and NaBH4 (105 mg, 

2.78 mmol). The resulting suspension was heated at reflux for 2 h, and cooled to room temperature, 

then another portion of paraformaldehyde (168 mg, 5.56 mmol) and NaBH4 (105 mg, 2.78 mmol) 

were added. It was stirred at reflux until the starting material was fully consumed. The solids were 

filtered off and washed with DCM. It was concentrated to give a residue, which was purified by 

silica gel column chromatography (Hex/EA = 100/0 to 80/1) to give 4-bromo-N,N-

dimethylaniline-2,3,5,6-d4 (14) (185 mg, 61%) as a brown solid. ESI-MS: m/z 204.1 [(M + H)+]. 

 

Compound 15: 

 To a solution of 4-bromo-N,N-dimethylaniline-2,3,5,6-d4 (14) (92 mg, 0.453 mmol) in 

piperidine (2.0 mL) was added trimethylsilylacetylene (98 mg, 0.997 mmol, 2.2 eq), CuI (8.6 mg, 

0.0453 mmol, 0.1 eq), PPh3 (23.7 mg, 0.0906 mmol, 0.2 eq) and bis-(triphenylphosphine) 

palladium(II) chloride (15.9 mg, 0.0227 mmol, 0.05 eq). The resulting mixture was degassed and 
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charged with Argon (×3), and heated at reflux for 8 h. The reaction mixture was concentrated in 

vacuo and saturated NaHCO3 was added. The product was extracted with hexane. The combined 

hexane extracts were washed with water and brine, dried over MgSO4, and concentrated to give a 

residue, which was purified by silica gel column chromatography to give N,N-dimethyl-4-

((trimethylsilyl)ethynyl)aniline-2,3,5,6-d4 (15) (48 mg, 48%) as a yellow solid. 1H NMR (400 

MHz, CDCl3) δ 2.99 – 2.93 (m, 6H), 0.27 – 0.17 (m, 9H). 13C NMR (100 MHz, CDCl3) δ 150.2, 

133.1, 132.9, 132.6, 111.6, 111.4, 111.1, 109.8, 106.7, 91.3, 40.3, 0.4. 

 

Compound 6: 

 To a solution of N,N-dimethyl-4-((trimethylsilyl)ethynyl)aniline-2,3,5,6-d4 (15) (36 mg, 

0.162 mmol) in THF (2 mL) and H2O (0.3 mL) was added TBAF (1.0 M, 0.18 mL, 0.18 mmol) at 

0 °C and the reaction was stirred for 1 h at 0 °C. The reaction mixture was concentrated and H2O 

(20 mL) was added. The mixture was extracted with hexane and the combined extracts were dried 

over Na2SO4 and concentrated to give a residue, which was purified by silica gel column 

chromatography to give 4-ethynyl-N,N-dimethylaniline-2,3,5,6-d4 (6) (18 mg, 74%) as a yellow-

orange solid. 1H NMR (300 MHz, CDCl3) δ 2.98 (s, 1H), 2.97 (s, 6H). 13C NMR (100 MHz, CDCl3) 

δ 150.4, 133.2, 133.0, 132.7, 111.7, 111.4, 111.2, 109.4, 108.7, 85.0, 74.9, 40.3. 

 

Scheme 6.3  Synthetic route of 4-ethynyl-N,N-bis(methyl-d2)aniline (7). 

 

Compound 17: 

 To a solution of 4-bromoaniline (344 mg, 2 mmol) in 2,2,2-trifluoroethanol (7 mL) was 

added paraformaldehyde-d2 (240 mg, 8 mmol) and NaBH4 (151.3 mg, 4 mmol). The resulting 

suspension was heated at reflux for 2 h, and cooled to room temperature, then another portion of 

paraformaldehyde-d2 (240 mg, 8 mmol) and NaBH4 (151.3 mg, 4 mmol) were added (Scheme 6.3). 
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It was stirred at reflux until the starting material was fully consumed. The solids were filtered off 

and washed with TFE. It was concentrated to give a residue, which was purified by silica gel 

column chromatography (Hex/EA = 100/0 to 80/1) to give 4-bromo-N,N-bis(methyl-d2)aniline (17) 

(380 mg, 93.1 %) as a brown solid. 1H NMR (400 MHz, CDCl3) δ 7.31 (d, J = 9.2 Hz, 2H), 6.59 

(d, J = 9.2 Hz, 2H), 2.89 (s, 1H), 2.88 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 149.6, 131.8, 114.1, 

108.5, 40.4, 40.2, 40.0, 39.8, 39.6.  

 

Compound 18: 

 To a solution of 4-bromo-N,N-bis(methyl-d2)aniline (17) (98 mg, 0.48 mmol) in piperidine 

(2.5 mL) was added trimethylsilylacetylene (104 mg, 1.06 mmol, 2.2 eq), CuI (9.1 mg, 0.048 mmol, 

0.1 eq), PPh3 (25 mg, 0.096 mmol, 0.2 eq) and bis-(triphenylphosphine) palladium(II) chloride 

(16.8 mg, 0.024 mmol, 0.05 eq). The resulting mixture was degassed and charged with Argon (×3), 

and heated at reflux for 8 h. The reaction mixture was concentrated in vacuo and saturated NaHCO3 

was added. The product was extracted with hexane. The combined hexane extracts were washed 

with water and brine, dried over MgSO4, and concentrated to give a residue, which was purified 

by silica gel column chromatography to give N,N-bis(methyl-d2)-4-((trimethylsilyl)ethynyl)aniline 

(18) (78.2 mg, 73.6%) as a yellow solid. 1H NMR (400 MHz, CDCl3) δ 7.34 (d, J = 8.8 Hz, 2H), 

6.59 (d, J = 8.8 Hz, 2H), 2.92 (d, J = 1.3 Hz, 2H), 0.30 – 0.15 (m, 9H). 13C NMR (100 MHz, 

CDCl3) δ 150.4, 133.3, 111.7, 110.0, 106.7, 91.3, 39.9, 39.7, 39.5, 39.3, 0.4. 

 

Compound 7: 

 To a solution of N,N-bis(methyl-d2)-4-((trimethylsilyl)ethynyl)aniline (18) (30 mg, 0.136 

mol) in THF ( 2 mL) and H2O (0.3 mL) was added TBAF (1.0 M, 0.15 mL, 0.15 mmol) at 0 °C 

and the reaction was stirred for 1 h at 0 °C. The reaction mixture was concentrated, and H2O (20 

mL) was added. The mixture was extracted with hexane and the combined extracts were dried over 

Na2SO4 and concentrated to give a residue, which was purified by silica gel column 

chromatography to give 4-ethynyl-N,N-bis(methyl-d2)aniline (7) (16.0 mg, 79.2%) as a yellow-

orange solid. 1H NMR (400 MHz, CDCl3) δ 7.38 (d, J = 8.7 Hz, 2H), 6.62 (d, J = 8.7 Hz, 2H), 

2.98 (s, 1H), 2.94 (d, J = 1.5 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 150.6, 133.4, 111.8, 108.9, 

85.0, 74.9, 40.1, 39.9, 39.7, 39.5, 39.2. 
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Scheme 6.4  Synthetic route of 8-(4-(dimethylamino)phenyl)-N,N-

dimethylnaphthalen-2-amine (2). 

 

Compound 20: 

 To a solution of 2-(4-nitrophenyl)ethanol (19) (8.5 g, 50 mmol) in DCM (100 mL) was 

added Dess-Martin periodinane (DMP) (21 g, 50 mmol) with stirring at 0 °C. And then, the 

reaction was stirred at room temperature overnight. The solids were filtered off and washed with 

DCM. It was concentrated to give a residue, which was purified by silica gel column 

chromatography (PE /EA = 1/1) to give 2-(4-nitrophenyl)acetaldehyde (20) (5.2 g, 60%) as a light 

yellow solid. The product was kept in the refrigerator. ESI-MS: m/z 166.1 [(M + H)+]. 

 

Compound 22: 

 To a solution of 4-bromo-N,N-dimethylaniline (21) (2 g) in DMA (20 mL) was degassed 

and charged with Argon (×3). Pd(PPh3)2Cl2 (350 mg), CuI (100 mg) and Cs2CO3 (328 mg) were 

added and heated at 120 °C. The solution was added 1,2-bis(trimethylsilyl)ethyne (3.4 g) dorpwise 

and then heated at 120 °C for 1 h. After being cooled to room temperature, the reaction mixture 

was extracted with EA (70 mL), washed by 10% NaCl (70 mL ×2), dried over anhydrous Na2SO4 

and evaporated to dryness to give crude product. Silica gel column chromatography was used to 

purify the crude product to give N,N-dimethyl-4-((trimethylsilyl)ethynyl)aniline (22) (90 mg, 4%) 

as a light yellow solid. ESI-MS: m/z 218.1 [(M + H)+]. 

 



 

 

90 

Compound 23: 

 To a solution of N,N-dimethyl-4-((trimethylsilyl)ethynyl)aniline (22) (220 mg) in DCM 

(15 mL) was added 20 (340 mg). The solution was added TiCl4-DCM solution (570 mg TiCl4 

desolved in 5 mL DCM) dorpwise at room temperature, and then was stirred at room temperature 

for 2 h. TLC showed the reaction was completed, and the saturated Na2CO3 (60 mL) was added. 

The reaction mixture was extracted with EA (70 mL ×3), dried over anhydrous Na2SO4 and 

evaporated to dryness to give crude product 23 (420 mg). ESI-MS: m/z 293.1 [(M + H)+]. The 

crude product was used for next step directly. 

 

Compound 24: 

 To a solution of crude N,N-dimethyl-8-(4-nitrophenyl)naphthalen-2-amine (23) (420 mg) 

in THF (20 mL) and saturated NH4Cl aq. (20 mL) was added Zn powder (560 mg), and the reaction 

mixture was stirred at room temperature. TLC was used to monitor the reaction process. After 

complete reaction, the solution was adjusted to pH ~8 using saturated Na2CO3, extracted with EA 

(70 mL ×2), dried over anhydrous Na2SO4 and evaporated to dryness to give crude product. Silica 

gel column chromatography (PE → PE/DCM=1/1 → DCM/MeOH=100/1) was used to purify the 

crude product to give 8-(4-aminophenyl)-N,N-dimethylnaphthalen-2-amine (24) (150 mg) as a 

light yellow solid. ESI-MS: m/z 263.1 [(M + H)+]. 

Compound 2: 

 To a solution of 8-(4-aminophenyl)-N,N-dimethylnaphthalen-2-amine (24) (100 mg) in 

THF (20 mL) and formaldehyde aq. (5 mL) was added concentrated H2SO4 (1 mL). The reaction 

solution was added NaBH4 portionwise (100 mg ×3), and then it was stirred at room temperature. 

After complete reaction (TLC), the solution was adjusted to pH ~8 using saturated Na2CO3, 

extracted with EA (100 mL ×2), dried over anhydrous Na2SO4 and evaporated to dryness to give 

crude product. Silica gel column chromatography (PE → PE/DCM=1/1 → DCM/MeOH=100/1) 

was used to purify the crude product to give 8-(4-(dimethylamino)phenyl)-N,N-

dimethylnaphthalen-2-amine (2) (10 mg, 9%) as a light yellow solid. 1H NMR (400 MHz, CDCl3, 

Figure 6.2) δ 7.75 ‒ 6.85 (Ar-H, 10H), 3.03 (s, 6H), 2.94 (s, 6H). 

 The MS and MS2 spectra of the synthesized covalent bond dimer (2) was showed in Figure 

6.3a and 6.3b. The fragmentation rule of the synthesized covalent bond dimers is as same as the 

covalent bond dimers generated by spray experiments (Figure 6.3c). 
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Figure 6.2  400 MHz 1H NMR spectrum of compound 2 in CDCl3. 

 

 

 

Figure 6.3  MS and MS2 spectra: a-b) synthesized covalent bond dimer; c) covalent bond dimer 

generated in spray experiments. 

 

The 13C NMR spectrum of compound 4 is given in Figure 6.4. 13C NMR (100 MHz, CDCl3) 

δ 158.5, 152.4, 149.4, 138.8, 137.3, 132.8, 132.1, 127.1, 123.5, 121.2, 118.5, 112.2, 81.7, 80.7, 

44.8. 40.0.
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Figure 6.4  400 MHz 13C NMR spectrum of compound 4 in CDCl3.
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Figure 6.5  400 MHz 1H NMR spectrum of compound 4 in CDCl3.
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Figure 6.6  400 MHz 1H-1H COSY spectrum of compound 4 in CDCl3. 

6.3.5 Theoretical chemistry 

 All density functional theory (DFT) calculations were performed using the Gaussian 0915 

program package employing the hybrid B3LYP16,17 exchange correlation functional. For all 

reaction pathways, the 6-311+G(d) basis sets18 were used for C, H, N atoms. The reaction 

calculations involve geometry optimization of reactant and products. Vibrational frequency 

calculations were performed to ensure the reactant and product have zero frequency. The reported 

energies (ΔH0K in eV) are corrected with zero-point vibrations. The results of simulations have 

been summarized in Figure 6.7.  
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Figure 6.7  Chemical process simulated by computation (eV). 

6.4 Results and Discussion 

6.4.1 4-Ethynyl-N,N-dimethylaniline dimerization 

 Microdroplets generated by the electrospray process resulted in the expected protonated 

monomer 1, but also results in the formation of three dimer species (Scheme 6.5, Figure 6.8). Other 

isomers are possible for the structure of these compounds. The relative intensity of these dimer 

species is increased with increased distance between the spray source and the MS inlet. It is 

hypothesized that these reactions occur in the droplets and not in bulk solution. To test this 

hypothesis, reagent 1 was reacted under reflux conditions and analyzed by NMR. Spray 

experiments with different spray distances were performed by coupling with a stainless steel 

transfer tube to study whether the covalent dimer product is formed in the spray process.  
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Scheme 6.5  4-ethynyl-N,N-dimethylaniline (1, m/z 146) forms three dimer species when 

electrosprayed, a covalent bond dimer (2, m/z 291) and two dehydrogenation products, 3 (m/z 

289), and 4 (m/z 287). 

 

Figure 6.8  a) MS analysis of 4-Ethynyl-N,N-dimethylaniline (1, observed at m/z 146 as [M+H]+) 

forms three dimer species 2 ([2M+H]+ observed as at m/z 291),  3 ([2M-H]+ observed at m/z 289) 

and 4 ([2M-3H]+ observed at m/z 287), b) highlighted region of interest expanded to show the 

three products observed in electrospray analysis. 

 

 Nanoelectropray droplets results in the observation of the electrocyclization of the covalent 

dimer (2) synthesized by carbon-carbon bond formation. Surprisingly, after further investigation 

two dehydrogenated dimer products (3 and 4) were synthesized in the electrospray process. This 

sugests that the formation of covalent dimer product (2) and dimer products (3 and 4) undergo 

different reaction pathways. Due to the lone pair of electrons on the nitrogen of aromatic amines, 

dimer products can be generated by head-to-tail (htt), tail-to-tail (ttt), or head-to-head (hth) 

linkages. Dimethylanilines have been shown to dimerize in several electrochemical and 

electrospray experiments to form both tail-to-tail (ttt) coupling and head-to-tail (htt) coupling 

products.21-23 However, it seems unlikely in this case to form the substituted diphenyl diacetylene 

or ttt product which requires initiation by means of thermal, photochemical, or irradiation sources. 

A head to tail structure has also been considered, yet based upon fragmentation patterns seem to 
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be less likely. A previous study demonstrated the ability of a nitrogen in an amino form bound to 

an aromatic system transforms into a quartenary ammonium form when analyzed by ESI.24 The 

dimethylamino and alkyl groups of the aromatic ring are strong electron-donating groups, allowing 

for possible attack from the protonated monomer initiated in the spray method to form these dimers.  

 Tandem mass analysis of the covalent dimer (2) was utilized for the confirmation of the 

proposed dimer observed in the spray method. The major fragments are the result of the loss of a 

methyl radical (•CH3) at m/z 276 (Figure 6.9) and the loss of a dimethylamino radical (•N(CH3)2) 

at m/z 247 (Figure 6.10). Spray-based experiments were also carried out using synthetized 

deuterated variants of the starting materials (5-7) to verify the fragmentation of these covalent 

dimers (Figure 6.11). The radical losses that are observed here are contradictory to the “even-

electron rule” where a closed-shell species does not normally fragment to form an open-shell 

species. This rule is violated when a particularly stable radical cation species is formed, as is the 

case here where a resonance stabilized radical cation species is formed by the loss of a methyl or 

dimethylamino radical species24-26. 

 

 

Figure 6.9  CID spectrum of covalent bond dimer 2 results in a major peak observed at m/z 276 

due to loss of a methyl radical. 
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Figure 6.10  CID spectrum of covalent bond dimer 2 results in a major peak observed at m/z 247 

due to loss of a dimethylamino radical. 

 

 The structure of the covalent dimer was first suggested as compound 2 based on high 

resolution mass spectrometry (HRMS) detection. To validate the structure of the covalent dimer, 

we synthesized 2 and characterized it with NMR. This confirmed our previous deduction on its 

structure as the fragmentation of the bulk synthesized compound matches that of the compound 

observed in spray. The structure of the covalent dimer has also been confirmed by collection and 

purification of an offline electrospray experiment (Bulk Organic Synthesis section, Figure 6.3). 

In addition to the formation of the major product 2, a secondary (3) and tertiary (4) reduced 

dimer products are observed at lower intensity when compared to product 2. Though dimer species 

3 and 4 are observed in the gas phase, the chemistry can be interrogated through solution phase 

chemistry through the addition of a radical initiator. Various radical initiators, including benzoyl 

peroxide (8), copper (II) perchlorate hexahydrate (9) and tris(4-bromophenyl)aminium 

hexachloroantimonate (10), have been used in this study to produce radicals by various 

mechanisms (Figure 6.12). 
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Figure 6.11  CID spectra of covalent bond dimers result in major peaks at the loss of a methyl 

radical and a dimethylamino radical: a) dimer m/z 291 formed from 1; b) dimer m/z 293 formed 

from 5; c) dimer m/z 299 formed from 6; b) dimer m/z 299 formed from 7. The corresponding 

fragments observed in the MS2 were shown in right hand side.
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Figure 6.12  Radical initiators 9 and 10 utilized in bulk synthesis. 

 

In previous studies, the oxidative dimerization of N,N-dimethylaniline was observed in acetonitrile 

solution via cyclic voltammetry and a reactive dimethylaniline radical intermediate species was 

observed.27,29 This reaction is also observed in electrospray microdroplets and the radical 

intermediate species has been observed via desorption electrospray ionization on a platinum 

electrode by Zare and co-workers.26 This reaction is also observed in bulk by a radical initiator 

species, such as copper (II). 

M + Cu2+  M+ + Cu+ Eq. 1 

 

This method has been used to dimerize N,N-dimethylaniline in a bulk-phase reaction.52 Copper 

species with a counter ion that is not a strong nucleophile result in the dimerization of N,N-

dimethylaniline; when a strong nucleophile is present, such as Cl-, a chlorine addition product is 

observed. Benzoyl peroxide is a free radical initiator that is commonly used for initiation of 

polymerization.53 Benzoyl peroxide has also been used in small molecule chemistry for the 

oxidation of pyroles.54 In addition, tris(4-bromophenyl)aminium hexachloroantimonate is a stable 

radical species that is commonly used to initiate C-H bond transformations through radical 

chemistry.55 In our case, these radical initiation species synthesized in the bulk solution produces 

the same compounds observed in the gas phase. This solution phase chemistry allows for their 

synthesis and purification for NMR structural determination. 

 The reaction of 1 with 8, a very good oxidizing agent, results in the formation of 3 or with 

9, a common radical initiator, resulting in the formation of 4. Dehydrated dimer products 3 and 4 

are both formed in the presence of 10, a stable radical species commonly used to initiate carbon-

hydrogen bond transformations. This difference may be due to the different activity of free radicals 

themselves. These dimer species were confirmed as the observed spray-based product by 

comparison of CID fragmentation. The structure of 4 was further confirmed by NMR analysis. 

The use of bulk phase chemistry to inform spray- based reactions has not been previously done. 

9 10
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This analysis not only identifies the spray product but also gives insight into the mechanism of the 

reaction, (described later in Figures 6.17 and 6.18). 

 Copper (I) forms a very stable complex with acetonitrile which allows copper (II) salts to 

be very good oxidizing agent in acetonitrile.56 The perchlorate salt is used because in the presence 

of a strong nucleophile, such as Cl- or Br-, nucleophilic attack to the aromatic ring occurs. Figure 

6.13a shows the bulk reaction of 1 with copper (II) perchlorate hexahydrate after initial mixing.  

 

Figure 6.13  Bulk reaction progress of 1 with copper (II) perchlorate hexahydrate radical intiator: 

a) MS spectrum of after initial mixing; b) MS2 spectrum of m/z 289 shows the loss of a methyl 

radical and a dimethylamino radical, which mirrors the covalent dimer CID spectrum; Bulk 

reaction progress of 1 with tris(4-bromophenyl)aminium hexachloroantimonate c) MS spectrum 

after initial mixing; d) MS spectrum after 1 hr of reaction time. 

 

 Figure 6.13b shows the MS2 of m/z 289, and the loss of a methyl radical and a 

dimethylamino radical, which mirrors the covalent dimer CID spectrum after initial mixing as 

Attempts to purify the compound with m/z 289 from the copper (I) salt have not been successful. 

Because of the stable complex with acetonitrile, it is difficult to get an NMR where the m/z 289 

signal is not swamped by the acetonitrile signal. This reaction does not form m/z 287 and the sole 
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dimer product is m/z 289. There are peaks at m/z 325 and m/z 327 that potentially correspond to a 

dimer where the aromatic ring has undergone a nucleophilic substitution with a chlorine, but this 

product has not been investigated.  

The radical initiators discussed have produced either m/z 287 or m/z 289, while reactions 

with the stable radical species tris(4-bromophenyl)aminium hexachloroantimonate (10) has 

resulted in the formation of both m/z 287 and m/z 289. Immediately after mixing, shown in Figure 

6.13c, the major peak is m/z 289. After 1 h. of mixing, shown in Figure 6.13d, a much greater 

fraction of m/z 287 is formed. In addition, the possible chlorinated dimer species is formed, but 

this species has not been characterized. Preliminary separation experiments have been done and 

show positive results that m/z 289 can be isolated and its structure confirmed via NMR. 

 Tandem mass analysis of 3 formed in the spray based method reveals fragmentation 

due to radical losses (Figure 6.14) and neutral losses (Figure 6.15). The radical losses observed for 

this structure are a result of a loss of a methyl radical (•CH3) at m/z 274 and the loss of a 

dimethylamino radical (•N(CH3)2) at m/z 245, following the same fragmentation pattern as 

observed for the covalent dimer, 2. 

 

 

Figure 6.14 CID spectrum of dimer 3 results in a major peak observed at m/z 274 due to loss of a 

methyl radical and m/z 245 corresponds to a loss of a dimethylamino radical. 

 MS/MS data of the major fragments of 3 reflects fragmentation due to neutral losses of  

(H2) at m/z 287 forming the compound 4, and a loss of methane (CH4) observed at m/z 273, as 
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highlighted in Figure 6.15. CID validates structure of m/z 289 formed by the electrospray process 

and by bulk organic synthesis. 

 

Figure 6.15 CID spectrum of dimer 3 results in a major peak observed at m/z 287 due to loss of 

dihydrogen and m/z 273 corresponds to a loss of a methane. 

 

As mentioned previously, the addition of benzoyl peroxide results in the formation of m/z 

287, which is observed in spray experiments in smaller abundance. Figure 6.16 shows the 

progression of the bulk reaction over time. Spectrum in Figure 6.16a shows the reaction after the 

initial mixing in which one of the most abundant peaks is starting material at m/z 146. After 24 

hours, shown in Figure 6.16b, the base peak corresponds to the product at m/z 287. The MS/MS 

data for m/z 287 is shown in Figure 6.16c and 6.16d. CID spectrum of compound 4 produced 

during the spray process is shown in Figure 6.17, and experiences both radical and neutral loss 

fragments. The major fragments are the result of the loss of a methyl radical (•CH3) at m/z 272, 

with the dominant ion intensity due to loss of methane (CH4) at m/z 271.  

The complementary information gained by comparison of the MS/MS data provides 

confirmation that the m/z 287 product produced in the spray method was the same structure as that 

produced by synthesis with benzoyl peroxide. The product 4 (m/z 287) was purified by a liquid-

liquid extraction followed by preparative TLC. One of the byproducts of the benzoyl peroxide 

reaction is benzoic acid, which is believed to have hindered the separation when not first removed. 

Since benzoic acid is not soluble in water, a chloroform-water liquid-liquid extraction was done to 
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remove this species. This allowed for the m/z 287 product to be purified by an alumina preparative 

TLC plate with DCM:MeOH = 9 : 1 (v/v) mobile phase. The 13C NMR spectrum of 4 (m/z 287) is 

given in Figure 6.4 of the Organic Synthesis section of this chapter. The 1H NMR and 1H-1H COSY 

spectra of the pure compound are shown in the same section as Figure 6.5 and 6.6.  

 

 

Figure 6.16  Bulk reaction progress of 1 with benzoyl peroxide radical initiator: a) MS spectrum 

after initial mixing; b) MS spectrum after 24 h of reaction time; c) MS2 spectrum of m/z 287 

where m/z 271 corresponds to a methyl radical loss and m/z 272 corresponds to a loss of 

methane; d) MS3 spectrum for m/z 287 and m/z 271. 
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Figure 6.17 CID spectrum of dimer 4 results in a major peak observed at m/z 272 due to loss of a 

methyl radical and m/z 271 corresponds to a loss of a methane.  

 

In this study, three products were produced from 1 by spray-based cyclization, including 

one covalent bond dimer 2 (m/z 291) and the two other dimer species 3 (m/z 289) and 4 (m/z 287). 

The reaction mechanism has not been supported by the demonstration of intermediates  

Dimers 3 and 4 were likely formed through a free radical pathway, because they are able 

to be found in the bulk-phase reactions mediated by free radical initiators. As stated above, copper 

(II) perchlorate hexahydrate (8) radical initiation forms compound 3, whereas tris(4-

bromophenyl)aminium hexachloroantimonate (9) radical initiation forms both 3 and 4. This 

difference may be due to the different activity of free radicals. Due to the relatively weak binding 

capacity of the outer electrons, one electron lost from transition metal copper was obtained by the 

starting material (1) to form a Cu-mediated free radical. 

Meanwhile, the Copper (I) salt forms a tetrahedral complex with acetonitrile. As a result, 

the activity of Cu-mediated free radical is relatively high, and it forms only one product. 

Compound 9 is also a common free radical initiator, which is able to form a free radical cation (10) 

at room temperature. The activity of 10 is not as high as the Cu-mediated free radical, therefore 10 

mediates generation of various products.  

The reasoning behind the formation of these two different species in a radical environment, 

as well as the reaction pathways, is not well understood at this time. It is possible that there are 
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two competing reaction pathways for the monomer radical to follow. Another possibility is that a 

radical of m/z 289 goes on to fully aromatize to m/z 287. One possible experiment is once m/z 289 

is isolated to subject this pure compound to radical conditions and to see if it reacts to form m/z 

287. However, we prefer to think that the two pathways are relatively independent, rather than 4 

is obtained by 3 oxidative dehydrogenations. One reason is that the oxidation of 8 is stronger than 

that of 9. Therefore, if 4 is generated from 3 by oxidative dehydrogenation, one would expect that 

the 8-mediated reaction would generate more 4 than the reaction mediated by 9, which is not the 

case from our experimental data. Just as the benzoyl peroxide, the one with strongest oxidation 

capacity among three radical initiators used in this study, only results in the formation of 4. Another 

reason is that the simulation result of theoretical chemistry shows ∆H > 0 of the reaction of 4 

generated from 3.  

In this study, three products were produced from 1 by spray-based cyclization, including 

one covalent bond dimer 2 (m/z 291) and the two other dimer species 3 (m/z 289) and 4 (m/z 287). 

The reaction mechanism has not been supported by the demonstration of intermediates. Free 

radical dimer 3 and 4 were likely formed through a free radical pathway, because they are able to 

be found in the bulk-phase reactions mediated by free radical initiators. As stated above, copper 

(II) perchlorate hexahydrate (8) radical initiation forms compound 3, whereas tris(4-

bromophenyl)aminium hexachloroantimonate (9) radical initiation forms both 3 and 4. This 

difference may be due to the different activity of free radicals. Due to the relatively weak binding 

capacity of outer electron, one electron lost from transition metal copper was obtained by the 

starting material (1) to form a Cu-mediated free radical. Meanwhile, the Copper (I) salt forms a 

tetrahedral complex with acetonitrile. As a result, the activity of Cu-mediated free radical is 

relatively high, and it forms only one product. Compound 9 is also a common free radical initiator, 

which is able to form a free radical cation (10) at room temperature. The activity of 10 is not as 

high as the Cu-mediated free radical, therefore 10 mediates generation of various products. 

6.4.2 4-Ethynylaniline dimerization  

Encouraged by these findings, we investigated the role that the alkylamine substituents of 

the aromatic acetylenes might play in the types of dimers formed by this spray method. It is known 

that the anodic oxidation of aniline and its derivatives proceeds through a series of reactions 

resulting in various products.  
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Scheme 6.6  4-ethynylaniline (25, m/z 118) forms one dimer when electrosprayed, a covalently 

bound dimer species 26 ([2M+H]+ observed as at m/z 235). 

 

Figure 6.18  a) MS analysis of 4-ethynylaniline (25, observed at m/z 118 as [M+H]+) forms one 

dimer species 26 ([2M+H]+ observed as at m/z 235), b) MS2 spectra of covalent bond dimer at 

m/z 235 shows a fragment loss of aniline forming m/z 142. 

 

Mass spectra of 4-ethynylaniline (25) displays a [M+H]+ peak observed at m/z 118 and an 

eletrocyclized dimer peak (26) representing [2M+H]+ at m/z 235, seen in Figure 6.20a. The data 

suggests that the ionization efficiency of the solvent peak at m/z 102 is larger than the ions of 

interest, greatly suppressing signal intensity generated from the reagent and product from ions. 

Tandem mass spectra of the dimer 26 displays a strong signal intensity at m/z 142 was observed 

as the major fragment due to loss of aniline (C6H7N). Minor fragment peaks were also observed at 

m/z 118 due to loss of the monomer and at m/z 101 due to loss of C8H10N2, as seen in Figure 6.20b. 

These results suggest there is a contribution from the electron-donating alkyl groups bound to the 

amine as the conversion from methyl to hydrogen has reduced the number of dimerized species 

observed in the electrospray process. Therefore, by lengthening the alkyl chain which in turn 

increases the electron contribution to the aromatic ring, there is the possibly to further observe 

increased dimerization. 
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6.4.3 4-Ethynyl-N,N-diethylaniline dimerization 

MS analysis of the diethyl derivative (27) yields one dimer species in a similar fashion as 

the dimethyl derivative, as seen in Figure 6.19. The lengthening of the alkyl chain of the amino 

group from methyl to ethyl produces significantly more species in the mass spectrum, as shown in 

6.19a and enlarged in 6.19b. The dimer species formed by this compound appears 1 mass unit 

above the expected dimer product thought to form in a similar manner observed in the dimethyl 

analysis. However, in the previous case the covalently bound dimer 2 was the predominate peak 

in the spectra, and the other two dimer species were found at mass units 2 or 4 mass units lower. 

Interestingly, the dominate dimer peak in this case corresponds to a [2M+2H]+ structure appearing 

at m/z 348. However, there was no detection of the covalently bound analog which is expected to 

appear at m/z 347.  

 A slow scan analysis was implemented to determine if there were any other dimer species 

could be detected once instrumental resolution capabilities were enhanced, and is displayed in 

Figure 6.20. After careful inspection, three dimer products were observed in the spectra 

representing [2M]+ at m/z 346, [2M+H]+ at m/z 347, and [2M+2H]+  previously mentioned at m/z 

348 (Scheme 6.7). Additionally, a doubly charged dimer species was detected at m/z 174, yet the 

mass for this peak is shifted 0.5 mass units higher than the monomer peak and confirming its 

structure. 
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Figure 6.19   nESI-MS analysis of 4-Ethynyl-N,N-diethylaniline (27) a) MS spectrum with the 

region of interest highlighted; b) highlighted region is expanded to show the monomer and dimer 

product observed in the spray; c)  expanded region of monomer observed at m/z 174 as [M+H]+; 

expanded region of unexpected dimer  [2M+H]+ observed as at m/z 348. 

 

 

 

Figure 6.20  Enhanced scan nESI-MS analysis of 4-Ethynyl-N,N-diethylaniline. 
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Scheme 6.7  4-Ethynyl-N,N-diethylaniline (27, m/z 174.1) forms four dimer species when 

electrosprayed, a dimer with delocalized charge (m/z 346), a covalently bound dimer (28, m/z 

347) a doubly bound dimer (m/z 348), and a doubly charged dimer species (29, m/z 174.8). 

 

 

 MS/MS spectra of the three dimer products displays the same overall fragmentation pattern 

(Figure 6.21) where major fragments are due to the loss of a methyl radical (•CH3), an ethyl radical 

(•CH2CH3), a methyl and ethyl radical (•C3H8) and the loss of a diethylamino radical 

(•N(CH2CH3)2). Interestingly, the fragment peaks due to loss of an ethyl radical (•CH2CH3) at m/z 

319 for the [2M+2H]+ dimer (Figure 6.20a) and m/z 318 for the [2M+H]+ dimer (Figure 6.20b) 

produce the greatest signal intensity during fragmentation. The fragment peak due to loss of a 

methyl radical (•CH3) at m/z 331 is the base peak in the CID spectra of 28. 

 

 

Figure 6.21  CID spectrum of three observed dimers observed at: a) m/z 348; b) m/z 347; and c) 

m/z 346; with peaks representing fragmentation due to losses of a methyl radical, ethyl radical, 

methyl and ethyl radicals or a dimethylamino radical, and a diethylamino radical. 

 

 Structural elucidation for the covalently bound dimer at m/z 347 was achieved by tandem 

mass analysis and is highlighted in Figures 6.22-6.25. Radical losses for compound 28 obtained 
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during the enhanced scan method shown in Figure 6.22 correlates with data collected during the 

normal scan. It appears the dimer peak is not visible in the traditional, full scan analysis but can 

be isolated in a narrow window and fragmented reproducibly. 

 

 

Figure 6.22  CID spectrum of dimer 28 results in a minor peak observed at m/z 332 due to loss of 

a methyl radical. 

 

Figure 6.23  CID spectrum of dimer 28 results in a major peak observed at m/z 318 due to loss of 

an ethyl radical.
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Figure 6.24  CID spectrum of dimer 28 results in a minor peak observed at m/z 303 due to loss of 

a methyl and ethyl radical.
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Figure 6.25   CID spectrum of dimer 28 results in a major peak observed at m/z 275 due to loss 

of a dimethylamino radical. 

6.5 Conclusions 

We presented evidence here showing that compounds are generated by electrospray. In the 

case of 4-ethynyl-N,N-dimethylaniline (1) dissolved in acetonitrile, three dimer products (2-4) 

were observed in microdroplet reactions. The covalent bond dimer product (2) does not occur in a 

corresponding bulk-phase reaction. This product has been further characterized by various 

methods as an electrocyclized dimer product, a reaction type that has not previously been reported 

in electrospray droplets. A secondary product (3) is formed in which a pyridinium salt is formed 

via radical reaction. This gas-phase reaction has been interrogated via solution phase chemistry 

with radical initiators and characterized by NMR. A third dimer product (4) is formed, but has not 

yet been characterized. It is believed to be a methyl pyridine species that is dehydrogenated to 

aromatize to the pyridinium species.  

In the case of 4-ethynylaniline (25) dissolved in acetonitrile, one dimer product (26) was 

observed in the microdroplet reactions with no further dimer species detected.  However, the 

analysis of 4-ethynyl-N,N-diethylaniline (27) in acetonitrile produced two dimer products 

representing a [2M+2H]+ species and a [2M]+ product observed at m/z 348 and m/z 346, 

respectively. Upon further inspection, a covalently bound dimer product (28) was detected and 

deemed analogous to the dimer product (2) previously characterized for the dimethyl derivative. 
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Additionally, a doubly charged dimer species (29) was detected and characterized by its 

fragmentation pattern upon collision-induced dissociation. 
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