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ABSTRACT 

The complexes of protonated isomeric primary heptylamines (C7H15-NH2) with crown ethers have been studied by 

using electrospray ionization-collision induced dissociation-tandem mass spectrometry (ESI-CID-MS/MS). It has 

been found that besides the gas phase basicity, small structural changes in the amines may also lead to changes in 

the relative gas phase stabilities of the complexes. For example, 2-aminoheptane and 1,3-dimethylamylamine (the 

heptylamines that are on the list of the prohibited substances of the World Anti-Doping Agency) form complexes 

with DB24C8 of remarkably different relative gas phase stabilities. The H/D exchange in the complexes of 

protonated isomeric heptylamines with crown ethers may also lead to the visible differences in the relative gas 

phase stabilities. 
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INTRODUCTION 

Although crown ethers are the best known for their ability to form complexes with metal cations, their complexes 

with ammonium cation and its conjugates are also interesting. One of the techniques widely used to the study such 

complexes is the electrospray ionization mass spectrometry (ESI-MS). There are a number of papers devoted to the 

ESI-MS complexes of protonated amino acids with chiral crown ether conjugates (chiral recognition) [1-4]. The 

complexes of crown ethers with protonated peptides have been studied by ESI-MS [5-7]. Obviously, the complexes 

between crown ether and ammonium cation and the complexes between crown ether and protonated amines have 

been also studied in details [8-16], and sometimes such complexes are quite large.
17

 By using ion mobility 

spectrometry, the formation of complexes between crown ether and protonated amines may be useful for 

differentiation of isomeric amines [12,13]. 

Besides the practical application of the complex formation between crown ether and protonated amines, the factors 

influencing the relative stabilities of the complexes have been discussed in details (e.g. gas phase basicity of the 

amines) [10-15]. From the scientific point of view it seems to be the most important topic. Sometimes, subtle 

structural changes in the amines may lead to the remarkable changes in the complex stabilities [12]. 

At this paper we asked the question if the crown ether complexes with isomeric heptylamines (C7H15-NH2) have 

different gas phase stabilities. In order to answer this question we obtained the collision induced dissociation mass 

spectra (CID-MS/MS spectra, in other words product ion spectra) of the complexes. ESI was used for gas phase ion 

generation. The structures of heptylamines (1-7) are shown in Scheme 1 and those of crown ethers are shown in 

Scheme 2. The complexes of 1 with crown ethers have been already studied in details by molecular modeling and 
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for the complexes the values of E1/2 (point at which half of the complexes dissociate) have been determined [10].
 

Taking into account the size of the crown ether cavity, 18C6 is appropriate to form complexes with protonated 

primary amines [16]. Therefore we decided to use 18C6 and its two common conjugates (DB18C6 and DC18C6). 

Investigation of larger crown ethers (24C8 and DB24C8) also seems to be reasonable [17,18]. It has to be stressed 

that haptylamines 2 and 5 (tuaminoheptane and 1,3-dimethylamylamine - DMAA) are on the list of the prohibited 

substances of the World Anti-Doping Agency. Obviously, mass spectrometric techniques have been used for their 

analysis [19-22]. DMAA is especially problematic with respect to its effect on the organism [23,24] and its origin in 

the food supplements [25-31]. 
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Scheme 1: Structures of the heptylamines (1-7) 
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Scheme 2: Structures of the crown ethers 

EXPERIMENTAL SECTION 

Amines and crown ethers were obtained from Sigma-Aldrich (Poznań, Poland) and used without purification. ESI-

CID-MS/MS spectra were taken on a Waters/Micromass (Manchester, UK) Q-tof Premier mass spectrometer 

(software MassLynx V4.1, Manchester, UK) equipped with an electrospray ion source (ESI). The sample solutions 

were infused into the ESI source by a syringe pump at the flow rate of 10 l/min. The electrospray voltage was 2.7 

kV and the cone voltage - 30 V. The source temperature was 80
o
C and the desolvation temperature was 250

o
C. 

Nitrogen was used as the cone gas and desolvating gas at the flow-rates of 50 and 300 dm
3
/h, respectively. Argon 

was used as a collision gas at the flow-rate 0.5 ml/min in the T-wave collision cell. This flow rate resulted in the 
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collision cell pressure of 0.3 Pa. The applied collision energy (laboratory frame, Elab), the most important parameter 

for CID-MS/MS experiments, was 7-25 eV. In order to obtain the respective break down plots for the purpose of this 

work, the collision energy values 10, 12, 15, 17 and 20 eV were used. Scan time was 0.5 s, inter scan time was 0.1 s 

and run duration was 6 s. Thus, as can be easy calculated, each mass spectrum (and also each point at the break 

down plots) was generated by averaging ten mass spectra. The calculated relative standard deviations, for the peak 

intensities, did not exceeded 5 %. 

In this work we analyzed thirty complexes (plus three isotope labeled). For each complex at least five ESI-CID-

MS/MS spectra were recorded (it took a few days). It is of key importance that all complexes were analyzed under 

identical conditions, especially with respect to the pressures inside the mass spectrometer (collision cell 0.3 Pa, 

quadrupole analyzer 2.8×10
-3

 Pa, tof analyzer 9.7×10
-5 

Pa). Therefore, the pressures were systematically controlled 

throughout the experiment. Furthermore, each day the ESI-CID-MS/MS spectrum of a selected complex was 

recorded and confronted with the one recorded on the previous day. The sample solutions were prepared in 

CH3CN/H2O (3/1) with crown ether concentrations and amine concentrations of 10
-5

 mol/dm
3
 (the concentrations 

refer to each ingredient, not to their sum). In order to generate the isotope labeled complexes the mixture 

CH3CN/D2O (3/1) was used as a solvent. In this solvent all hydrogen atoms bonded to the nitrogen atom were 

immediately exchanged into deuterium. Thus, the masses of the labeled complexes were by 3 units higher than the 

masses of non-labeled correspondents. By using pure methanol or methanol/water as solvent the abundant 

complexes of interest were also generated. However, CH3OD (initially used to generate the isotope labeled 

complexes) contained relatively high amount of sodium and potassium as contamination. Formation of the abundant 

sodium and potassium complexes with crown ethers affected the formation of abundant complexes of amines with 

crown ethers. Therefore, in order to analyze the isotope labeled and non-labeled complexes at identical conditions, 

acetonitrile/water was used as a solvent, although the solution conditions seemed to be of minor importance for the 

purpose of this work. 

Special care was also taken to make sure if the amine used for the experiments just finished, had been removed from 

the mass spectrometer (compounds which have high ESI response may be sometimes detected for a relatively long 

time, even though they are no longer introduced into ESI source). For the purpose of this study it was of crucial 

importance that the complex subjected to the CID-MS/MS experiment was pure (not a mixture of isomers). 

RESULTS AND DISCUSSIONS 

As expected upon CID conditions, each of the complexes was dissociated into a neutral crown ether molecule and a 

protonated amine. Figure 1 shows the CID-MS/MS spectrum (product ion spectrum) of [5+H+24C8]
+
 as a 

representative example. 

 
Figure 1: Product ion spectrum of [5+H+24C8]+. 

In order to compare the relative gas phase stabilities of the complexes we made the respective break down plots of 

the ratios [amine+H]
+
/[amine+H]

+
+[complex]

+
 against collision energy. Collision energy in the laboratory frame can 

be converted into the center-of-mass frame (Ecm= 40/40+Mion × Elab, 40 - mass of argon) [32]. However, in this work 

we compared the isomeric ions of identical masses; therefore such a conversion seemed to be not necessary. 
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For clarity, the heptylamines were divided into two groups. The first group contained compounds 1-4. Thus, the 

amine group was substituted to the first carbon atom of the heptane chain - 1, to the second - 2, to the third - 3 and 

fourth - 4 (Scheme 1). The second group contained compounds 2, 5 and 6. The general chemical formula of these 

amines is CH3(NH2)CHCH2-C4H9 (2 belongs to both groups). The amines belonging to the first group can be easy 

differentiated by the EI mass spectra; however, the amines belonging to the second group have identical EI mass 

spectra (http://webbook.nist.gov/chemistry/). 

Figure 2 shows the break down plots obtained for the first group. It is well known that the stabilities of the amine-

crown ether complexes increase as the gas-phase basicity of the amine decreases. Thus, it is expected that the 

complexes of 1 will be more stable than the other ones. It was confirmed by the break down plots obtained for the 

complexes of large crown ethers.  

By comparing the known gas-phase basicities of the primary aliphatic amines it is clear that the more branched the 

aliphatic chain, the higher the gas-phase basicity (http://webbook.nist.gov/chemistry/). Obviously the most important 

is the number of alkyl groups attached to the carbon atom bonded with the nitrogen atom (well-known inductive 

effect). In the first group only 1 has one alkyl group attached to the carbon atom (2, 3 and 4 have two alkyl groups 

attached to this carbon atom, Scheme 1). Thus, it can be taken for granted that 1 has the lowest the gas-phase 

basicity so, as consequence 1 should form the most stable complexes with crown ethers. As shown in Figure 2, it 

was observed for the complexes of large crown ethers (24C8 and DB24C8). For the complexes of 18C6 and 

DB18C6 it was less pronounced. The complexes of DC18C6 have similar stabilities. The low stability of 

[2+H+DB24C8]
+
 is worth noting, however difficult to explain (Figure 2). 

Figure 3 shows the break down plots obtained for the second group. The differences in relative stabilities of the 

complexes are observed for the complexes of DC18C6 and DB24C8. The complex [6+H+DC18C6]
+
 is definitely 

less stable than [2+H+DC18C6]
+ 

and [5+H+DC18C6]
+
, while [5+H+DB24C8]

+
 is more stable than 

[2+H+DB24C8]
+ 

and [6+H+DC18C6]
+
.  

The structural differences between the isomeric amines 2, 5 and 6 are relatively far from the nitrogen atom (third 

and fourth carbon atom counting from the carbon atom bonded with nitrogen atom, Scheme 1). Therefore, the 

observed differences in the stabilities of their crown ether complexes can be regarded as a good example illustrating 

the remarkable changes in the complex stabilities in response to subtle structural changes in the amine structure. 

The complexes between protonated amines and crown ethers exist due to the formation of hydrogen bonds. For 

primary amines we deal with three hydrogen bonds. The exchange of the hydrogen atoms involved in the hydrogen 

bond into deuterium may affect the stabilities of the complexes. Furthermore, the question is if the changes in the 

complex stabilities can be different for different complexes. The stabilities of the complexes of 2, 5 and 6 with 18C8 

are practically identical (Figure 3). Therefore, if the changes in the complex stabilities can be different for different 

complexes, they should be clearly seen for the complexes of 2, 5 and 6 with 18C8 (more clearly than for other 

complexes). Figure 4 shows the break down plots obtained for the deuterium labeled complexes of 2, 5 and 6 with 

18C8 and an exemplary representative CID-MS/MS spectrum. As evidenced by Figure 4, deuterium labeled 

complex of 2 with 18C6 is more stable than the deuterium labeled complexes of 5 and 6 with 18C6. At low collision 

energy, the deuterium labeled complex of 5 with 18C6 is more stable than the deuterium labeled complexes of 6 

with 18C6. As mentioned above, the stabilities of the normal (non-deuterium labeled) complexes of 2, 5 and 6 with 

18C8 are practically identical (Figure 3). The observed isotope effect illustrates the unexpectedly strong effect on 

the complex stabilities of subtle structural changes in the amines.  
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Figure 2: The break down plots obtained for the first group 
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Figure 3: The break down plots obtained for the second group 
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Figure 4: The break down plots obtained for the deuterium labeled complexes of 2, 5 and 6 with 18C8 and exemplary representative 

product ion spectrum 

CONCLUSIONS 

The complexes of protonated isomeric heptylamines with crown ethers may have very similar or different gas phase 

relative stabilities. For example, the complexes of 3-aminoheptane and 4-aminoheptane (heptylamines 3 and 4, 

Scheme 1) have similar stabilities for all crown ethers used in this work. 1-Aminoheptane (1), which surely has 

lower gas phase basicity than the other heptylamines, forms more stable complexes with large crown ethers than the 

complexes formed by the other heptylamines with large crown ethers. The most important in this work are 

heptylamines 2 and 5 as their complexes with DB24C8 have remarkably different gas phase stabilities. The H/D 

exchange in the complexes of protonated isomeric heptylamines with crown ethers may also lead to the visible 

differences in the relative gas phase stabilities. 
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