
COMPLEXATION OF N-
HETEROAROMATIC CATIONS 
WITH CROWN ETHERS AND 
TETRAPHENYLBORATE

SARI
KIVINIEMI

Department of Chemistry,
University of Oulu

OULU 2001



SARI KIVINIEMI

COMPLEXATION OF N-
HETEROAROMATIC CATIONS WITH 
CROWN ETHERS AND 
TETRAPHENYLBORATE

Academic Dissertation to be presented with the assent of
the Faculty of Science, University of Oulu, for public
discussion in Kajaaninsali (Auditorium L6), Linnanmaa, on
June 21st, 2001, at 12 noon.

OULUN YLIOPISTO, OULU 2001



Copyright © 2001
University of Oulu, 2001

Manuscript received  10 May 2001
Manuscript accepted  14 May 2001

Communicated by
Professor Harri Lönnberg
Professor Jouko Vepsäläinen

ISBN 951-42-5997-1 (URL: http://herkules.oulu.fi/isbn9514259971/)

ALSO AVAILABLE IN PRINTED FORMAT
ISBN 951-42-5996-3
ISSN 0355-3191 (URL: http://herkules.oulu.fi/issn03553191/) 

OULU UNIVERSITY PRESS
OULU  2001



Kiviniemi, Sari, Complexation of N-heteroaromatic cations with crown ethers and
tetraphenylborate 
Department of Chemistry, University of Oulu, P.O.Box 3000, FIN-90014 University of Oulu,
Finland 
2001
Oulu, Finland
(Manuscript received 10 May 2001)

Abstract

Study was made of host-guest complexation of neutral crown ethers with five- and six-membered  N-
heteroaromatic cations and purinium cation. Complexation of tetraphenylborate with selected  N-
heteroaromatic cations and tropylium cation also was studied.

Crown ether complexes were characterized by mass spectrometric and 1H NMR spectrometric
methods and by X-ray crystallography. Fast atom bombardment mass spectrometry (FABMS) was
used as a prelimary tool to  characterize the complexes and electrospray ionization mass spectrometry
(ESIMS) was used to confirm the complexation  stoichiometry. Crystal structures were determined
by X-ray crystallography to study the complexation in solid state, and  stability constants were
measured in acetonitrile by 1H NMR titration at 30 °C to study  the complexation in solution. Mass
spectrometric studies indicated preferential 1:1 complexation stoichiometry between crown  ethers
and N-heteroaromatic cations. Crystal structures of crown ether complexes showed that  hydrogen
bonding and to a lesser degree cation-π and π-π interactions stabilize the structures in solid  state. The
values of stability constants for crown ether complexes with N-heteroaromatic cations and  purinium
cation varied between 10 and 350 M-1. Stability constants were higher for complexes  with six-
membered N-heteroaromatic cations and purinium cation than for complexes with five-membered
cations. The values indicated that hydrogen bonding was the main  interaction in solution.

Tetraphenylborate formed complexes with four N-heteroaromatic cations and tropylium cation,
and  reacted with six N-heteroaromatic cations through the displacement of one phenyl group by  N-
heterocycle to form triphenylboranes. The complexes and displacement products were characterized
by 1H NMR spectrometry. Four crystal structures of complexes and three crystal structures of
displacement products were resolved. Stability constants of complexes were measured in methanol/
acetonitrile (1:1)  solution at 30 °C by 1H NMR titration method. The values of stability constants for
tetraphenylborate complexes with N-heteroaromatic cations ranged from 10 to 50 M-1. C-H•••π and
N-H•••π interactions were found to stabilize the structures both in solid state and in solution.

Keywords: host-guest, stability constant, noncovalent, supramolecular
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 Symbols and abbreviations 

 

BPh4
-   = tetraphenylborate  

CD3CN  = deuterated acetonitrile 

CD3OD  = deuterated methanol 
Ct  = centroid of the aromatic ring 
CT  = charge transfer 
δ  = chemical shift 
DNA  = deoxyribonucleic acid 
FAB  = fast atom bombardment 
ESI  = electrospray ionization 
G  = guest 
H  = host 
H-bond  = hydrogen bond 
IR  = infra red 
K  = stability constant 
Me  = methyl 
MS  = mass spectrometry 
NBA  = 3-nitrobenzyl alcohol 
NMR  = nuclear magnetic resonance 
Ph  = phenyl 
ppm  = parts per million 
TMS  = tetramethylsilane 
UV  = ultraviolet 
vdW  = van der Waals 
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 1 Introduction 

1.1 Supramolecular chemistry 

Our growing interest in understanding the interactions in living systems has made 
supramolecular chemistry one of the fastest-growing and most active field of chemistry. 
Supramolecular chemistry has evolved from efforts to mimic the weak noncovalent 
interactions and the phenomenon of molecular recognition in biological systems [1-5]. 
The characterizing feature of supramolecular chemistry is that carefully designed 
synthetic structures (hosts) recognize target molecules (guests) forming a supramolecular 
complex through noncovalent interactions. Supramolecular chemistry has been defined as 
“chemistry beyond the molecule”, where a variety of noncovalent forces and spatial 
fitting between molecular individuals play a role in the formation of host−guest 
complexes or supramolecular clusters. The experimental methods for studying 
supramolecular complexes are spectroscopic (NMR, UV, MS, IR) and electrochemical 
(potentiometry) methods, calorimetry and X-ray crystallography [4]. Supramolecular 
chemistry and the quantification of noncovalent interactions offer the basis for novel 
approaches in medicine, host−guest chemistry [6], chromatography [7] and biocatalysis 
[8]. 

1.2 Noncovalent interactions 

The weak noncovalent interactions have a constitutive role in biological or biomimetic 
systems as well as in artificial supramolecular structures. Noncovalent or van der Waals 
interactions were first recognized by J. D. van der Waals in the nineteenth century [3]. 
Their role in nature has been unravelled only during the past two decades.  

In contrast to the covalent interactions that dominate in classical molecules, 
noncovalent interactions are weak interactions that bind together different kinds of 
building blocks into supramolecular entities [3,4]. Covalent bonds are generally shorter 
than 2 Å, while noncovalent interactions function within range of several angstoms. The 
formation of a covalent bond require overlapping of partially occupied orbitals of 
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interacting atoms, which share a pair of electrons. In noncovalent interactions, in turn, no 
overlapping is necessary because the attraction comes from the electrical properties of the 
building blocks. 

The noncovalent interactions or van der Waals forces involved in supramolecular 
entities may be a combination of several interactions, e.g. ion-pairing, hydrogen bonding, 
cation−π, π−π interactions etc. [1-5]. A wide range of attractive and repulsive forces is 
subsumed under term noncovalent. Noncovalent interactions comprise interactions 
between permanent multipoles, between a permanent multipole and an induced multipole, 
and between a time−variable multipole and an induced multipole. The stabilizing energy 
of noncovalent complexes is generally said to consist of the following energy 
contributions: electrostatic (or Coulombic), induction, charge transfer, and dispersion. 
These terms are basically attractive terms. The repulsive contribution, which is called 
exchange-repulsion, prevents the subsystems from drawing too close together. The term 
induction refers to general ability of charged molecules to polarize neigbouring species, 
and dispersion (London) interaction results from the interactions between fluctuating 
multipoles. In charge-transfer (CT) interactions the electron flow from the donor to the 
acceptor is indicated. The term van der Waals (vdW) forces is frequently used to describe 
dispersion and exchange-repulsion contributions, but sometimes also other long−range 
contributions are included in the definition. All of these interactions involve host and 
guest as well as their surroundings (e.g. solvation, crystal lattice and gas phase).  

 

1.2.1 Ion pairing 

In ion pairing (ion−ion, ion−dipole, dipole−dipole etc.) the driving force is electrostatic 
(Coulombic) interactions, which unquestionably play an important role in natural and in 
supramolecular systems [1,4]. Charges are heavily delocalized in organic ions, which 
complicates the theoretical analysis of ion pairing [4,5,9]. As a means to understand ion 
pairs, theoretical approaches to the association constant (K) based on Debye-Hückel 
theory have been developed by Bjerrum (spherical ions with point charges) and Fuoss 
(contact ion pairs). A numerical method introduced by Poisson permits the consideration 
of solvent molecules, and the salt effect is well described by Manning’s counterion 
condensation theory [4,9]. As an example of supramolecular ion−ion interaction can be 
presented the interaction of organic cation tris(diazabicyclooctane) with Fe(CN)6

3 -  [1]. 
The structure of alkali metal cation with macrocyclic crown ether can be presented as an 
example of supramolecular ion−dipole interaction. In this structure the oxygen lone 
electron pairs are attracted to the cation positive charge. Between neutral polar molecules 
the electrostatic contributions comes mostly from dipole−dipole interactions.  

1.2.2 Hydrogen bonding 

Hydrogen bonding is a relatively strong and probably the most important noncovalent 
interaction [1,3-5]. Hydrogen bonded complexes are stabilized by electrostatic, induction 
and dispersion energy terms. The electrostatic term is contibuted by dipole−dipole and 
ion−dipole interactions, which give hydrogen bonds their highly directional nature. A 
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hydrogen bond, D−H···A, is formed between a hydrogen attached electronegative donor 
atom (D) and a neigbouring acceptor atom (A). Different types of H-bonds are presented 
in Fig. 1, where the two last types are the less frequent ones [4]. Properties and a common 
classification of the H-bonds in terms of strength are represented in Table 1. The concept 
of hydrogen bonding has also been extended to the weaker C−H···O type, which has been 
studied systematically only recently  [10-13].  
 
 

Fig. 1. Hydrogen bond between donor D and acceptor A atoms. 

 
Table 1. Classification and some properties of hydrogen bonds.[1] 

 Strong Moderate Weak 
D-H···A interaction Mainly covalent Mainly electrostatic Electrostatic 
Bond energy ( kJmol − 1) 60–120 16–60 <12 
Bond lengths (Å): H···A 
                              D···A 

1.2–1.5 
2.2–2.5 

1.5–2.2 
2.5–3.2 

2.2–3.2 
3.2–4.0 

Bond angle ( º ) 175–180 130–180 90–150 
Examples Gas phase dimers with 

strong acids/bases, 
HF complexes 

Acids,  
Biological molecules 

C−H···N/O and 
N/O−H···π 
hydrogen bonds 

 

1.2.3 Cation−−−−ππππ interaction 

In cation−π interactions surprisingly strong forces are found between cations and a π-face 
of an aromatic structure [1,3,4,14]. Electrostatic forces appear to play the dominant role 
in the cation−π interaction, though modern theories also involve additional terms such as 
induced dipole, polarizability, dispersion and CT. The role of electrostatic interactions 
and the charge distribution of aromatics are illustrated in Fig. 2b, where the quadrupole 
moment of benzene is shown in emphasized form. Cation−π interactions are well 
described by a schematic drawing such as Fig. 2a showing a K+ ion interacting with the 
negatively charged π-electron cloud of benzene.  

 
 
 

D H
A D

H

H

A

A

A

D
H

H
AD H

A

A

bifurcatednearly linear bifurcated three centre 
bi-bifurcated



 
 
 

16 
 

 

 

 
 

 
  (a)     (b) 

Fig. 2. (a) Schematic drawing of cation−−−−ππππ interactions showing the contact of K
+

 ion and 
benzene. (b) The charge distribution of benzene showing the positively charged H-atoms and 
negatively charged ππππ-electron cloud. The quadrupolar moment of benzene is represented as 
two opposing dipoles.  

 

1.2.4 Aromatic ππππ−−−−ππππ interaction 

Weak electrostatic, π−π interactions occur between aromatic moieties [1,4,15,16]. The 
stabilizing energy of π−π interactions also includes induced dipole and dispersion 
contributions. Two general types of aromatic π−π interactions are face-to-face and edge-
to-face (Fig. 3a). The latter is actually a C−H···π interaction (the C−H bond generally 
having a small dipole moment). The attraction in these two orientations comes from the 
interaction between positively charged hydrogen atoms and negatively charged π-face of 
aromatic system. The perfect facial alignment of face-to-face orientation is unlikely 
because of the electrostatic repulsion between the two negatively charged π-systems of 
aromatic rings (Fig. 3b). The distance between the aromatic π−π faces is about 3.3−3.8 Å.  
 
 

   (a)     (b) 

Fig. 3. (a) The limiting types of aromatic ππππ−−−−ππππ interactions: face-to-face (interplanar distance 
about 3.3-3.8 Å) and edge-to-face orientations. (b) The repulsion between negatively charged 
ππππ-electron clouds of facially oriented aromatic rings.  

H

face-to-face edge-to-face

3.3-3.8 Å

-H
HH

H

- ++
+ +

-H
HH

H

-
-H

HH

H

-

++
+ +

++
+ +

repulsion



 
 
 

17 
 

 

 

1.3 Hosts for cationic guest molecules 

Important to the progress of supramolecular host−guest chemistry has been the 
development of artificial receptors capable of forming complexes with specific guests [1-
5]. In designing a suitable hosts you have to consider parameters like host size, charge, 
character of the donor atoms etc. according to the properties of target molecules. The 
optimal preorganization of host and guest are attained if the complementarity of the 
binding sites of host and guest match properly. Solubility characteristics of host also have 
a fundamental role in complexation. In this thesis the studies focuse on the complexation 
of neutral crown ethers and tetraphenylborate ion with organic N-heteroaromatic cations.  

1.3.1 Neutral hosts 

Suitable neutral host types known for binding cationic molecules are e.g. crown ethers, 
cryptands, podands, cyclophanes and calixarenes, Fig. 4. These hosts typically interact 
with cations through hydrogen bonding, cation−π or π−π interactions.  

Crown ethers are macrocyclic ligands discovered by Pedersen 1967 [1,4]. The 
important characteristics of crown ethers are the number and type of donor atoms, the 
dimension of the macrocycle cavity and the preorganization of the host molecule for most 
effective coordination. The so-called “macrocyclic effect” of crown ethers is related to the 
last two characteristics. Crown ethers are well known for their binding strengths and 
selectivities towards alkali and alkaline earth metal cations [17]. Their complexation with 
organic ammonium [18,19], arenediazonium

 
[20-22], guanidinium [22-25], tropylium 

[26,27] and pyridinium [28] cations has also been studied. Crown ethers are used in 
analytical separations, the recovery or removal of specific species, ion selective 
electrodes, biological mimics and reaction catalysts.  

Cryptands, or polycyclic ligands, form complexes with both metal cations and organic 
cations [17,19]. Most studies so far have been concerned with the complexation of alkali, 
alkaline earth, silver, thallium cations and nonmetallic ammonium cations.  

Podand are open-chained hosts, whose specific cation selectivity and other properties 
make them useful structures to compare to crown ethers [26,29,30]. Study of the 
structural variations of podands led to the development of the “end-group concept”. 
Further development of podand-type structures include dendrimers [6]. 

Cyclophanes are organic molecules containing bridged aromatic rings and they usually 
contain a molecular cavity [4,31]. Typically, cyclophane hosts bind both organic cations 
and neutral molecules [32]. The cyclophane framework has provided the basis for 
molecular tweezers [33-35] and so called electron-rich cyclophanes [36,37]. 

Calixarenes are a special class of cyclophanes known for their basket-like 
conformation. The original application of calixarenes was as an enzyme mimics. The 
calixarenes, and their derivatives and chemical modifications, have been widely used in 
binding alkali, alkaline-earth and metallic ions [38-40], aromatic ammonium cations 
[41,42] and acetylcholine [41,43].  
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Fig. 4. Examples of  neutral hosts (crown ether, podand, cyclophane and calixarene) for 
cation binding. 

1.3.2 Tetraphenylborate and anionic hosts 

The complexation of cations with anionic host molecules may lead to more stable 
complexes than with neutral hosts because of presence of the electrostatic (or Coulombic) 
interactions [4,5,9]. Where permanent charges are involved, the complexes can be called 
ion pairs. Ion pairing and the role of electrostatic interactions in molecular recognition 
have recently attracted considerable interest [9,44,45].   

In their review of supramolecular chemistry of anions Bianchi et al. also include  
examples of complexes between charged hosts and guests [5]. Recent studies on the 
charged hosts and guests have considered the complexation of polyvalent cyclodextrin 
ions and oppositely charged guests [44] and the interactions between phosphate and 
pyrophosphate anions and polyammonium cations [45].  

In this thesis, tetraphenylborate ion was studied as an example of anionic host. The 
tetraphenylborate ion (BPh4

- ) has been widely used as counterion in metal complexes 
[46-48]. As well, the interactions between tetraphenylborate and organic ammonium 
cations have been studied [49] and these investigations provide a classification and 
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numerous examples of N−H···π and O−H···π hydrogen bonds to the aromatic π-systems 
of tetraphenylborate. Exceptionally short C−H···π hydrogen bonds have been reported for 
the arenediazonium tetraphenylborate salts in the crystalline state [50]. A recent study 
includes the structural characterization of the pyridinium borate ion pairs [51]. 

1.4 Heterocyclic compounds 

When the ring system in an organic compounds contains at least one other element (e.g. 
N, O, S, B, Si) other than carbon, it is classified as heterocyclic [52]. At least one 
heterocyclic ring component is found in about 50% of known organic compounds.  

The most common heterocyclic systems contain heteroatoms N, O or S and good 
examples of these are six-membered heterocycle pyridine and five-membered 
heterocycles pyrrole, furan and thiophene [52]. Pyridine is one of the most common and 
best known heterocycles. It is an excellent polar solvent and act as a donor ligand in metal 
complexes. In a nicotinamide, pyridine is a structural part of an important coenzyme, and 
the tobacco alkaloid nicotine is perhaps the best known naturally occurring pyridine 
derivative. Pyrrole occurs widely in nature and is a structural part of porphyrin haeme, 
chlorophyll and vitamin B1 2 . Furan is found in coal tar, and some terpenoids such as rose 
oil, contain the furan ring in their chemical structure. The reduction of furan leads to the 
heterocyclic ether tetrahydrofuran (THF), which is widely used as an organic solvent. 
Thiophene, which is a sulfur containing heterocycle, occurs in nature in some plant 
products but its greater importance is as an ingredient in synthetic pharmaceuticals and 
dyestuffs. 

N-Heterocycles were involved at the very beginning of life in the genesis of DNA and 
play an essential role in many living systems. The nucleic acid bases adenine (A), 
guanine (G), cytosine (C) and thymine (T) are derivatives of the aromatic N-heterocycles 
pyrimidine and purine [53,54]. The base-pairing of DNA by H-bonding is illustrated in 
Fig. 5. Proteins, which are linear chains of α-amino acids are other important biological 
macromolecules. One of the essential amino acids, histidine, contains a heterocyclic 
imidazole ring in its chemical structure (Fig. 5). Also histamine, which is a 
decarboxylation product of histidine has an  important role in living systems, e.g. as a 
contracting agent of smooth muscles and as a substance involved in allergic reactions. 
The other important amino acid tryptophan (Fig. 5) and many naturally occuring 
alkaloids are indole derived structures [53]. In tryptophane the heteroaromatic indole 
residue has appeared preference for cation−π and π−π interactions [8,14].  

Most of the important heterocycles mentioned here are aromatic [52,53]. According to 
the Hückel rule a monocyclic system containing 4n+2 π-electrons (n=0,1,2,… ) is 
classified as aromatic. Figure 6 shows the orbital structure of the five-membered aromatic 
system imidazole. Other criteria of aromaticity are bond lengths, ring current effects and 
chemical shifts in 1H NMR spectra [52]. All the heterocycles selected for study in this 
work are aromatic 6π-electron systems. 
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Fig. 5. The H-bonding systems of DNA base-pairs between guanine (G) and cytosine (C), and 
adenine (A) and thymine (T). In addition the chemical structures of histidine and tryptophan 
proteins are shown. Histamine is a decarboxylation product of histidine. 

 
 
 

Fig. 6. An example of a five-memberered N-heteroaromatic 6ππππ-electron system. Protonation 
of  imidazole occurs on the lone pair of the nitrogen (in the plane of the ring) and does not 
change the number of ππππ-electrons. 
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1.5 Aim of this work  

The aim of this work was to study the complexation of N-heteroaromatic cations with 
neutral crown ethers and tetraphenylborate ion by weak noncovalent interactions. Though 
the complexation of crown ethers with inorganic cations, organic ammonium and 
guanidinium cations has been widely studied [17-19,22-25], the complexation with other 
organic cations cations has attracted much less attention [20,26-28].  

N-Heteroaromatic compounds have been selected to this study because of their 
biological significance. Biological applications were not included in this research, 
however. The N-heteroaromatic compounds were easily protonated to form cations and 
perchlorate was chosen as counterion to facilitate the crystallization of the complexes. 
Crown and benzocrown ethers were suitable hosts for the study because of their ability to 
interact through their crown oxygen atoms (H-bonding) and also through their aromatic 
rings (cation−π, π−π and charge-transfer interactions). The N-heteroaromatic cations 
were expected to interact with crown ethers in a similar manner to the tropylium [26,27] 
and pyridinium [28] cations studied earlier.  

Tetraphenylborate ion was included in this study for purposes of comparison, as an 
example of an anionic complexing host. The tetraphenylborate ion has been found to 
interact through its aromatic rings (C/N−H···π interactions) [46-50] and was expected to 
do so as well.  

The complexation of N-heteroaromatic cations were studied both in solution and in 
solid state. 1H NMR, FABMS and ESIMS techniques were used to study the 
complexation in solution and in gas phase and X-ray crystallography was used to study 
the complexation in solid state. 
 



 2 Experimental 

2.1 Reagents 

The solvents (Fluka) were dried and distilled according to literature procedures [55]. 
Water was distilled before use. 1-Methylimidazole, 1-phenylimidazole, pyrazole, 1,2,4-
triazole, thiazole, pyrimidine, pyridazine, pyrazine, 4-hydroxypyridine and purine were 
obtained from Aldrich; imidazole was from Riedel de Haen and pyridine from Fluka and 
used without further purification. Crown ethers dibenzo-18-crown-6 (DB18C6), benzo-
18-crown-6 (B18C6), benzo-15-crown-5 (B15C5), benzo-12-crown-4 (B12C4), 18-
crown-6 (18C6), dibenzo-21-crown-7 (DB21C7), dibenzo-24-crown-8 (DB24C8), 
dibenzo-30-crown-10 (DB30C10) were commercially available (Fluka and Aldrich) and 
were used without further purification. Tropylium tetrafluoroborate and 1-ethyl-4-
(methoxycarbonyl)-pyridiniumiodide were obtained from Aldrich and 
sodiumtetraphenylborate (NaBPh4) was obtained from Merck. 

2.2 Synthesis 

Perchlorate salts were prepared by treating the heteroaromatic compound, dissolved in 
suitable solvent (ethanol, ethanol/water) with 60% perchloric acid [56,57]. The salts 
precipitated after upon the addition of ethyl ether and were recrystallized from ethanol. 1-
Methylpyridinium and 1-methylpyrimidinium iodides [58] and 4-hydroxypyridinium 
tetrafluoroborate were prepared according to literature procedures [59].  

Solid crown ether complexes were prepared by dissolving the salt and crown ether 
separately into minimum amounts of acetonitrile and combining the solutions. The 
complexes precipitated soon after mixing of warmed solutions or after the addition of 
diethyl ether, and were filtered out and dried. 

Solid tetraphenylborate complexes were prepared in the same way as the crown ether 
complexes but with water used as the solvent. Precipitation ocured immediately upon 
combination of the solutions. The precipitate was filtered out and washed with water. 
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2.3 Instrumentation 

Nuclear magnetic reconance spectroscopy. 
1H NMR spectra were recorded on Bruker 

AM200 (ASPECT data system), Bruker Avance DPX200 and Bruker DPX400 
spectrometers. 1H peak positions are reported in ppm relative to CD3CN (δ = 1.94 ppm) 
or internal reference tetramethylsilane TMS  (δ = 0 ppm). The temperature (30 °C) was 
held constant to within ± 0.3 °C. Deuterated solvents d3-CD3CN (0.03 v/v-% TMS) and 
d3-CD3OD (0.03 v/v-% TMS) were obtained from Euriso-top and Aldrich. 

1H NMR is a useful techniques for the investigation of the rapid reversible 
complexation [32,60-63]. When host (H) and guest (G) interact in solution forming 1:1 
complex C (equation 1.1), the stability constant K in equilibrium can be expressed as in 
equation 1.2, where [H]0  and [G]0  are the analytical concentrations of host and guest and 
[C] the equilibrium concentration of the complex. 

 
 

(1.1) 
        
 
 

(1.2) 
 
 
 
When the host−guest system involves fast exchange of the C and G in NMR scale and 

the observed nucleus is on the guest, the observed chemical shift is the weighted average 
of the shifts δC and δG. If the solvent effect is ignored and the behaviour of all the species 
in diluted solution is assumed ideal, the stability constant K can be calculated according 
to the Rose−Drago equation 1.3 [64] or the Benesi−Hildebrand equation 1.4 [65]. Rose-
Drago equation contains two variables, [C] and δC, which can be calculated.  If at least 
10-fold excess of host is used, i.e. [H]0  >> [G]0 , equation 1.3 reduces to the Benesi-
Hildebrand equation 1.4. 

 
 

 
(1.3)  

          
 
          

(1.4) 
 
 
 
 

GCGCobs δδHδδKδ −
+⋅

−
=

∆
1

][
1

)(
11

0

)(
1])[][]([1][

00
0

GCGCobs δδK
CGH

δδδ
H

−
+−+⋅

−
=

∆

])[]])([[]([
][

00 CGCH
CK

−−
=

H G+ C
K



 
 
 

24 
 

 

 

The stability constants were measured using at least 10-fold excess of host and were 
calculated by the Benesi-Hildebrand equation 1.4. As an example Fig. 7 shows the 
change in chemical shifts of pyrazinium protons (H-2,3,5,6) upon 1H NMR titration with 
DB18C6. The pyrazinium perchlorate shows a singlet at 9.085 ppm and the change in the 
chemical shift is toward higher field.  
 

Fig. 7. The observed upfield shifts of pyrazinium protons (H-2,3,5,6) in 
1
H NMR titration. 

The values on the right show the host concentration ([DB18C6]=0.004−−−−0.05 M) during the 
titration. The bottom spectrum is for the uncomplexed pyrazinium pechlorate ([guest]=6××××10

-

4
 M). 

1
H NMR spectra recorded at 400 MHz in CD3CN at 30 ºC. 

 
 
X-Ray crystallography. Suitable single crystals were obtained by slow evaporation of 
acetonitrile or vapour diffusion of solvent. X-ray diffraction measurements were carried 
out at the University of Jyväskylä.  

The X-ray crystallographic data for complexes DB18C6·1, DB18C6·7, DB18C6·11 
were recorded with an Enraf-Nonius CAD4 diffractometer and the data for all other 
crown ether complexes, borate complexes and displacement products with a Nonius 
Kappa CCD diffractometer. Graphite monochromatized MoKα radiation [λ(MoKα) = 
0.71073 Å] and temperature of 173.0 ± 0.1 K were used in all other cases except for 
complex DB18C6·11, which was measured using graphite monochromatized CuKα 
radiation [λ(CuKα) = 1.54178 Å] and a temperature of 223.0 ± 0.1 K. The CAD4 and 
CCD data were processed with Denzo-SMN v0.93.0 [66] and all reflections were 
corrected for Lorentz polarization effects. Structures were solved by direct methods 
(SHELXS-97 [67] and refined on F2  (SHELXL-97 [68]). 

Most of the crown ethers and tetraphenylborate complexes and tetraphenylboranes 
crystallized in monoclinic space group. Exceptions were DB21C7·1 and 
1·tetraphenylborate, which crystallized in orthorhombic space group, and the six-



 
 
 

25 
 

 

 

membered cation and purinium complexes 18C6·7, B18C6·7 and DB18C6·12, which 
crystallized in the triclinic space group. The carbon C18 in complex DB21C7·1 is 
disordered between two sites with occupancies of 0.596:0.404. The sulphur S27 and 
carbon C31 of complex DB18C6·6 are disordered with site occupancy factors of 0.561 
and 0.439. One fluorine atom of BF4

- in the complex DB18C6·11 is disordered over two 
positions (site occupancies 0.728 and 0.272). The hydrogens of the water molecule in the 
structure DB18C6·12 could not be located. Three oxygens of one of the perchlorate 
anions in DB18C6·12  are disordered over two sites with occupancies of 0.590 and 0.410. 
The methyl groups C35 and C52 in Me-pyridinium·tetraphenylborate are disordered over 
two positions with occupancies of 0.559:0.441 and 0.744:0.256, respectively.  
 
Mass spectroscopy. FABMS (Fast Atom Bombardment) [69-71] and ESIMS 
(Electrospray Ionisation) [72,73] have been widely used for the detection of weak host-
guest complexes. FAB mass spectra were obtained on a KRATOS MS 80 mass 
spectrometer operating with a DART data system. The atom gun was operated at 8 keV 
and argon was employed as the bombarding gas with pressures of about 1×10- 6  Torr in 
the collision region. The stainless steel probe was coated with a thin layer of 3-
nitrobenzyl alcohol matrix solution (NBA, Aldrich-Chemie), and samples of equimolar 
quantities of host and guest dissolved in acetonitrile were deposited on probe tips for 
insertion. The spectrum was recorded immediately after the sample was installed.  

ESI mass spectra were recorded on an LCT (Micromass Ltd) Time of Flight mass 
spectrometer with an OpenLynx 3 data system. The desolvation temperature was 120 °C 
and N2 was used as nebulizer and desolvation gas. The sample cone voltage was 20−22 V 
and the instrument resolution 5000. The sample concentration was 0.3 mM for the spectra 
of the purinium complexes and 7−9 mM for the spectra of other complexes.  
 
Other methods. Elemental analysis was carried out with a Perkin-Elmer 2400 Series II 
CHNS/O analyser. Melting points were determined with a Thermopan microscope 
(Reichert, Vienna) and are uncorrected. 
 

 
 
 



 3 Results and discussion 

The studies summarized in this thesis has been divided into four parts: complexation of 
five-membered and six-membered N-heteroaromatic cations with crown ethers, 
complexation of purinium cation with crown ethers and finally complexation of selected 
N-heteroaromatic cations and tropylium cation with tetraphenylborate. The complexation 
of the cations were studied both in solution and in solid state. 1H NMR, FABMS and 
ESIMS techniques were used to study the complexation in solution and in gas phase and 
X-ray crystallography was used to study the complexation in solid state. 

3.1 Crown ethers and five-membered N-heteroaromatic cationsI , I I  

The complexation of imidazolium cation (1, Fig. 8) was studied with five different crown 
ethers (Fig. 9). The complexation of DB18C6 was also studied with two substituted 
imidazolium (2, 3) and three other analogous cations (4-6, Fig. 8). The main interaction 
in the complexes was moderately strong H-bonding, while cation−π interactions were 
present only in a secondary role. 

Fig. 8. Chemical structures of the five-membered heteroaromatic cations: imidazolium (1), 1-
methylimidazolium (2), 1-phenylimidazolium (3), pyrazolium (4), 1,2,4-triazolium (5) and 
thiazolium (6). 
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Fig. 9. Chemical structure of crown ethers used in this study. 

 

3.1.1 Characterization of complexes 

The solid crown ether complexes were prepared by dissolving the heteroaromatic salt and 
crown ether separately into a minimum amount of acetonitrile and then combining the 
solutions. The solid complexes precipitated soon after mixing of the warmed solutions or 
after addition of diethyl ether. All complexes between five-membered N-heteroaromatic 
cations (Fig. 8) and crown ethers (Fig. 9) were white and stable enough to be 
characterized by 1H NMR, FABMS, ESIMS and elemental analysis. The spectrometric 
results of the solid complexes confirmed the 1:1 complexation stoichiometry. 
Exceptionally, however, 18C6·1 crystallised in 1:2 host-guest stoichiometry (referred to 
as 18C6·12  in Table 2).  
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Table 2.  Yields and melting of the solid complexes between five-membered N-
heteroaromatic cations and crown ethers. 

Complex 
 

Yield, % Melting range, ºC 

DB18C6 · 1 54 215−220 

B18C6 · 1 55 124−126 

18C6 · 12  47 157−162 

DB21C7 · 1 72 125−128 

DB18C6 · 2 54 188−192 

DB18C6 · 3 69 147−151 

DB18C6 · 4 62 210−215 

DB18C6 · 5 32 187−189 

DB18C6 · 6 86 209−213 

 
 

3.1.1.1 Mass spectrometry 

FABMS was used as a preliminary tool in studying the complex formation. These studies 
(Table 3) revealed 1:1 complex formation for all the complexes. The relative abundances 
of the complex mass peaks (m/z) were low but the peaks were always detectable, and the 
abundancies also correlated with the stability constants of the different crown ether and 
imidazolium complexes. The exceptional stoichiometry of the complex 18C6·1 (host-
guest 1:2) observed in solid state was not observed in the FABMS studies.  

ESIMS studies confirmed the FABMS studies, indicating mainly 1:1 complexation 
stoichiometry. However, traces of 2:1 host−guest complex formation were observed for 
DB18C6·1 and DB18C6·5. The 18C6, which had an exceptional 1:2 host-guest 
stoichiometry with imidazolium cation (1) in solid state, showed only the 1:1 
stoichiometry. Because of this contradiction between the solid state and ESIMS results 
for 18C6·1, further ESIMS experiments were performed using host−guest ratios 1:2 and 
1:3. Other stoichiometries than 1:1 were not observed however.  
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Table 3. Positive ions of FABMS spectra of crown ether complexes with five-membered 
cations (1:1 mixture) in NBA matrix.  

Complex 
 

Ion (m/z) and relative abundance (%) 

DB30C10·1 69 (100) C3N2H5
+, 536 (0.4) [DB30C10+Na]+, 605 (1.8)[DB18C6·C3N2H5]

+ 

DB24C8·1 69 (100) C3N2H5
+, 471 (1.1) [DB24C8+Na]+, 473 (1.2) [DB18C6·C3N2H5]

+ 

DB21C7·1 69 (100) C3N2H5
+, 404 (1.1) [DB21C7]+, 473 (2.8) [DB18C6·C3N2H5]

+ 

DB18C6·1 69 (100) C3N2H5
+, 360 (2.9) [DB18C6]+, 429 (3.2) [DB18C6·C3N2H5]

+ 

B18C6·1 69 (100) C3N2H5
+, 312 (1.4) [B18C6]+, 381 (4.6) [DB18C6·C3N2H5]

+ 

B12C4·1 69 (100) C3N2H5
+, 224 (5.4) [B18C6]+, 293 (4.0) [DB18C6·C3N2H5]

+ 

18C6·1 69 (100) C3N2H5
+, 265 (1.4) [18C6+H]+, 333 (12.1) [18C6·C3N2H5]

+ 

DB18C6·2  83 (100) C4N2H7
+, 360 (1.8) [DB18C6]+, 443 (1.8) [DB18C6·C4N2H7]

+ 

DB18C6·3  145 (100) C9N2H9
+, 360 (1.8) [DB18C6]+, 505 (1.8) [DB18C6·C9N2H9]

+ 

DB18C6·4 69 (100) C3N2H5
+, 360 (2.9) [DB18C6]+, 429 (3.2) [DB18C6·C3N2H5]

+ 

DB18C6·5  55 (100) [C2N3H4–NH]+, 70 (65) C2N3H4
+, 360 (2.9) [DB18C6]+, 430 (6.4) 

 [DB18C6·C2N3H4]
+ 

 

3.1.1.2 Crystal structures 

Single crystals of all imidazolium complexes and complexes DB18C6·4, DB18C6·5 and 
DB18C6·6 were grown by slow solvent evaporation or vapour diffusion method. 
Complexes of substituted imidazolium cations 2 and 3 did not form suitable crystals for 
X-ray analysis.  

The crystal structures of the DB18C6 complexes with five-membered cations 
resembled each other closely and in fact were isomorphous. Hydrogen bonding between 
the host and the guest was observed in solid complexes and π−π interactions appeared to 
play only a secondary role. The H-bonding pattern depended on the cation, however.  

The crystal structure of complex DB18C6·1 (Fig. 10) showed that imidazolium cation 
forms moderately strong H-bonds to two adjacent hosts. The N−H···O distances vary 
between 2.82 and 3.05 Å (Table 4). With one host molecule, imidazolium cation also 
interacts via aromatic π−π interactions. But since the closest distance between the 
centroids of the cation and the crown ether phenyl ring is as long as 4.1 Å, π−π 
interactions makes only a minor contribution to complexation. Similar N−H···O distances 
and bond angles have been reported for structures of encapsulated complexes between 
large benzo crown ethers (≥27 ring atoms) and guanidinium and imidazolium cations [23-
25,74-76]. No aromatic π−π interactions were observed in these complexes. 
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Fig. 10. The crystal structure of DB18C6·1 showing the H-bonding (as dashed lines) of 
imidazolium cation to two adjacent hosts. Perchlorate anion and the H-bonding of one cation 
is omitted for clarity.  

 
Table 4. N···O and H···O distances of crystalline crown ether complexes with five-
membered cations. 

Complex 
 

Crystallographic 
numbering   

Atomic distance 
N···O  (Å)  

Bond length 
H···O  (Å) 

Bond angle 
( º ) 

DB18C6·1  
 

 

N(27)···O(4)            
N(29)···(O1*) c        
N(29)···O(20*) c     

2.823 
3.025 
3.049 

1.999 
2.275 
2.198 

148.7 
132.6 
144.6 

B18C6·1 
 

N(27A)···O(7B)    
N(27B)···O(4B)    
N(29A)···O(13A)  

2.782 
2.940 
2.804 

1.943 
2.153 
1.933 

158.8 
148.5 
170.3 

18C6·1 
 

N(27A)···O(1B) 
N(29B)···O(4A) 

2.746 
2.861 

1.873 
2.018 

171.4 
160.1 

DB21C7·1   
 

N(30)···O(1) c        
N(30)···O(23) c        

2.991 
2.971 

2.475 
2.10 

118.7 
167.5 

DB18C6·4 
 

 

N(28)···O(4)        
N(27)···O(17)  
N(28)···O(7) c      
N(27)···O(14) c         

2.791 
2.711 
3.216 
3.099 

1.912 
1.883 
2.743 
2.591 

174.1 
155.1 
115.0 
117.6 

DB18C6·5 
 

N(27)···O(17) 
N(30)···O(7*) c  
N(30)···O(14*) c  

2.739 
2.989 
2.957 

1.942 
2.213 
2.29 

149.9 
147.1 
132.5 

DB18C6·6 
 

N(29)···O(7) c  
N(29)···O(14) c  

 
2.896 
2.906 

2.049 
2.317 

160.8 
124.3 

c  The catecholic-type oxygen atom of crown ether. 
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The strongest H-bonding, with N−H···O distances 2.79 and 2.71 Å (Table 4), was 
observed in the DB18C6·pyrazolium (4) complex (Fig. 11). In complex DB18C6·4 all H-
bonds are formed with the same host molecule and the strong H-bonds are supported by 
weaker H-bonds (N···O 3.10 and 3.22 Å) to catecholic oxygen atoms of the crown ether. 
In contrast to the corresponding imidazolium complex (Fig. 10), here aromatic π−π 
interactions are observed with the same host molecule as the H-bonding. The closest 
distance between the centroids of the cation and crown ether phenyl rings is 4.0 Å.  
 
 

Fig. 11. The crystal structure of DB18C6·4 showing the H-bonding (as dashed line) of 
pyrazolium cation to one host. Perchlorate anion and H-bonding of one cation is omitted for 
clarity.  

 

Like the imidazolium cation (1) also triazolium cation (5) interacs by similar H-
bonding pattern with two different DB18C6 hosts (Fig. 12). The N−H···O distances 
(2.74−2.99 Å) of DB18C6·5 are similar to those in the imidazolium complex. The most 
sterically crowded packing, due to larger size of the sulfur atoms is observed in 
thiazolium cation (6) complex, which is stabilised by two equally strong H-bonds (N-
H···O distances 2.90 Å). This complex exhibits two different orientations due to the 
disorder between the sulfur (S27) and carbon (C31) atoms. The disordered C/S atoms lie 
at almost equal distances (C/S···O 3.05−3.35 Å) from the crown oxygen atoms.  

 The isomorphous structures of the complexes shown in Figs 10−12 create one-
dimensional arrays in a polar crystal lattice, an interesting finding from the crystal 
engineering point of view [77,78]. In the earlier studied larger encapsulated benzo-crown 
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ether complexes of imidazolium and guanidinium cations, the H-bonding seemed to 
favour the ether oxygens rather than catecholic-type oxygen atoms [75-76]. Hydrogen 
bonds to the less basic catecholic oxygens were also observed in our studies, but they 
seem to be weaker (longer N−H···O distances) than  those to ether oxygens (Table 4). 
 

(a)     (b) 

Fig. 12. The H-bonding pattern in crystal structures of DB18C6·5 (a) and DB18C6·6 (b). The 
sulfur (S27) and carbon (C31) atoms of complex b are disordered. Perchlorate anions are 
excluded for clarity and only one cation is shown. 

 
The structure of the free host DB18C6 in solid state is an open conformation (Fig. 13) 

unlike the complexed form, which is a bowl-like structure, where the guests are wrapped 
inside the cavity of the host (Figs 10−12).  

 
 

 
Fig. 13. The crystal structure of uncomplexed host DB18C6. [79]  

 

N27

N30

 

N29 

S27/C31 

C31/S27 



 
 
 

33 
 

 

 

Also in the crystal structures imidazolium complexes of the B18C6 and 18C6 H-
bonding (Table 4) is the principal binding force. In complex B18C6·1 (Fig. 14) the 
N−H···O distances vary between 2.78 and 2.94 Å and no π−π interactions is observed. 
Interestingly, 18C6 forms a 1:2 host-guest complex (Fig. 15) with two imidazolium 
guests H-bonded (N−H···O distances 2.75 and 2.86 Å) to each host. In complex 18C6·12  
also H-bonds between cation and perchlorate anion are observed. 

Fig. 14. Crystal structures of B18C6·1. The host adopts two different conformations: bowl 
and almost planar-like. Hydrogen bonding is represented as dashed lines. Perchlorate anions 
are excluded. 

Fig. 15. The crystal structure of 18C6·12 , with exceptional 1:2 host-guest stoichiometry. The 
cations form H-bonds also to perchlorate anions (N···O 2.89 and 2.86 Å). Hydrogen bonds are 
shown as dashed lines and two perchlorate anions are excluded for clarity. 
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DB21C7, like DB18C6 has two possible interaction sites. However, the longer crown 

chain allows more conformational flexibility compared to 18C6 and B18C6 and for 
example no π−π interactions were observed. Hydrogen bonding (N−H···O distances 2.97 
and 2.99 Å, Table 3) to catecholic crown ether oxygen atoms is the only observed 
interaction. Because the guest is not in the cavity of the host (Fig. 16), imidazolium 
cation can also form H-bonds to the perchlorate anion.  
 

Fig. 16. The crystal structure of DB21C7·1, showing only H-bond interactions. Also H-
bonding between cation and perchlorate anion (N···O 2.88 Å)  is represented. 

 

3.1.2 Stability of complexes 

The complexation in solution was studied by measuring the stability constants in 
acetonitrile solution by 1H NMR titration method. Complexation caused gradual changes 
in some of the chemical shifts of the studied cations, which could be used to calculate the 
stability constants. Acetonitrile was used as solvent because the crown ethers and the 
prepared heteroaromatic salts easily dissolved in it and also because it had been used 
earlier in corresponding measurements [26-28]. The stablity constants were calculated 
using the linear Benesi-Hildebrand plot (equation 1.4). The differencies in the chemical 
shifts of the free and complexed cations were a linear function of 1/[host] indicating 1:1 
stoichiometry [60]. Even complex 18C6·1, which had exceptional stoichiometry 1:2 in 
crystal state, showed 1:1 complexation in solution. The solid state studies indicated that 
H-bonding was the main complexation interaction, and cation−π and π−π interactions 
played a secondary role in the complexation of benzo-crown ethers. This conclusion was 
supported by the studies in solution. 

The complexation stability of imidazolium cation (1) was studied with five different 
crown ethers. The highest stability constant was measured for 18C6·1 (81 dm3mol- 1) and 
the lowest for DB24C8·1 (22 dm3mol- 1). The relatively high stability constants indicate 
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that H-bonding is the main interaction in all imidazolium complexes. Stabilities are lower 
for tropylium cation [26,27] where there is no possibility of H-bonding.  

The solvent effects in these experiments are difficult to evaluate, but in general solvent 
may have a marked effect on the stability of a host−guest complex [80]. Crown ether for 
example, 18C6, can even form a complex with acetonitrile [81]. Earlier studies of 
DB18C6·pyridinium complexes showed that change in the solvent from acetonitrile to 
chloroform caused an almost 10-fold increase in the stablility constant [28].  

Earlier studies was made of the complexation stability of imidazolium cation with 
large crown ether type hosts [23]. The inclusion complex of imidazolium cation with 
1,2,10,11,19,20-hexacarboxylate-27-crown-9 is stabilized by H-bonds giving a stability 
constant of 350 M- 1  in water. Complexation stabilities have also been reported for neutral 
imidazolium with hosts of calixarene type [82] and with a Rebek’s diacid type (Fig. 17, 
[83]). There is a significant difference in the association constants of these two: 14 M- 1  
for a calixarene and 1×106 M- 1  for Rebek’s diacid, both measured in CDCl3 .  

 
 

 

Fig. 17. Example of a Rebek diacid receptor. 

 
 

In the stability constant measurements the most significant chemical shift changes of 
the imidazolium ring (1) protons occurred for protons H-2. For all imidazolium 
complexes, the chemical shift changes (∆δ) were towards lower field for protons H-2 
(Fig. 18) and towards higher field for protons H-4,5.  

The stability constant measurements revealed similar patterns of chemical shift 
changes for B18C6 (81 dm3mol- 1) and 18C6 (59 dm3mol- 1) complexes and the same 
type of complexation in solution. The largest change in the chemical shifts occurred for 
protons H-2 and was towards lower field; no significant changes were observed in the  
chemical shift of protons H-4,5. The stability constants for complexes between 
imidazolium cation and the larger crown ethers DB21C7 and DB24C8 were of similar 
size (24 and 22 dm3mol- 1 , respectively). The 1H NMR titration experiments showed the 
same H-bonding pattern for proton H-2 (downfield) and protons H-4,5 (upfield) as in 
other imidazolium complexes. 
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Table 5.  Stability constants and chemical shift changes (∆δ c ) determined for complexes 
between crown ethers and five-membered N-heteroaromatic cations in CD3CN at 30 °C 
measured by 

1
H NMR titration. 

Complex K / dm3mol- 1  ∆δc
a  (ppm) r 2  b  

DB18C6 · 1 54 ± 2 0.53 ± 0.01 0.996 

B18C6 · 1 59 ± 1 0.62 ± 0.01 0.999 

18C6 · 1 81 ± 1 0.562 ± 0.004 0.999 

DB21C7 · 1 24 ± 2 0.31 ± 0.02 0.996 

DB24C8 · 1 22 ± 2 -0.31 ±0.02 0.997 

DB18C6 · 2 35 ± 3 0.40 ± 0.03 0.997 

DB18C6 · 3 32 ± 1 0.51 ± 0.01 0.999 

DB18C6 · 4 130 ± 3  -0.462 ± 0.005 0.999  

DB18C6 · 5 37 ± 3 0.46 ± 0.03 0.996 

DB18C6 · 6 65 ± 2 -0.46 ± 0.01 0.999 
a Calculated maximum downfield (+)/upfield (-) shifts (∆δc ) for 1:1 complexes. b  
Regression correlation (r2  ) for the Benesi-Hildebrand plot. 
 

Fig. 18. The 
1
H NMR spectrum of 1:1 DB18C6·imidazolium perchlorate (1) recorded at 200 

MHz in CD3CN at 25 ºC. The direction of the change in chemical shifts of imidazolium 
protons [H-2 8.77 ppm (←←←← downfield); H-4,5 7.34 ppm (→→→→ upfield)] in a 

1
H NMR titration 

experiment is shown.  

N N
H H

1

1 2

3

45

+



 
 
 

37 
 

 

 

Stability constants were almost 50% lower with for complexes of DB18C6 with 1-
methyl- and 1-phenylsubstituted imidazolium cations (35 and 32 dm3mol- 1 , respectively) 
than with unsubstituted imidazolium cation (54 dm3mol- 1). This is as expected since the 
possibilities for H-bonding were reduced by the presence of substituents. The nature of 
the substituent (methyl or phenyl group) had no effect on the stability of the complexes. 
In 1

H NMR titration measurements the chemical shift changes of 1-methylimidazolium 
and 1-phenylimidazolium (proton H-2 downfield; H-4,5 upfield) were of similar size and 
direction, indicating the same type of complexation in acetonitrile. The spectra of 1- 
methylimidazolium and its complex show the changes that takes place in peak H-4,5 
during complexation (Fig. 19). The singlet (H-4,5) observed for the uncomplexed 1-Me-
imidazolium salt is split into two peaks of protons H-4 and H-5, of which only one moves 
during the titration.  

Fig. 19. The 
1
H NMR spectra of (1:1) DB18C6·1-methylimidazolium perchlorate (upper) and 

uncomplexed cation (lower) recorded at 200 MHz in CD3CN at 25 ºC. The diverging of 
protons H-4,5 during complexation is shown; the singlet of salt H-4,5 splits into two peaks. 
The direction of the chemical shift change upon 

1
H NMR titration is shown (↓↓↓↓ indicates not 

observable change).  
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Pyrazolium cation forms the most stable complex DB18C6·4 (130 dm3mol- 1)  due to a 

stereochemistry that, as shown by the crystal structure (Fig. 10), allows two 
simultaneously acting intracomplex H-bonds. In the 1H NMR measurements all the 
pyrazolium protons (H-3,5 and H-4) shift towards higher field (Fig. 20) upon 
complexation unlike the imidazolium protons.  

Fig. 20. 
1
H NMR spectrum of (1:1) DB18C6·pyrazolium perchlorate recorded at 200 MHz in 

CD3CN at 25 ºC. The chemical shift changes (arrows) of pyrazolium protons (H-3,5 and H-4) 
upon complexation are towards higher field.  

 
 
The third nitrogen atom of the triazolium (5) cation seems to decrease the stability of 

DB18C6·5 (37 dm3mol- 1) relative to the corresponding imdazolium complex (54 
dm3mol- 1) even though the complexes have the same capability for H-bonding. In 1H-
NMR titration the chemical shift changes of the triazolium protons (H-3,5; one peak) are 
towards lower field. Despite the differences in the stability constants, the crystallographic 
studies indicate very similar H-bonding patterns, with similar N−H···O distances, in the 
triazolium and imidazolium complexes. Perhaps the solvent interactions for triazolium 
and imidazolium differ leading to different stability constants. 
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Like the substituted cations 2 and 3, thiazolium cation (6) has only one H-bond 
donating site. Despite this, the stability constant (65 dm3mol- 1) is similar to that of the 
imidazolium complex. The chemical shift change of thiazolium proton H-2 (towards 
lower field, Fig. 21) is of the same order of magnitude as for the corresponding 
imidazolium protons. The greatest difference is in the chemical shift of proton H-4 
(upfield) which is more significant than in the imidazolium complex.   

 
 

Fig. 21. 
1
H NMR spectrum of (1:1) DB18C6·thiazolium perchlorate recorded at 200 MHz in 

CD3CN at 25 ºC. The spectrum shows the chemical shift changes of the thiazolium cation 
protons upon complexation. No significant change (↓↓↓↓) was observed in the chemical shift of 
proton H-5.  

 

3.2 Crown ethers and six-membered N-heteroaromatic cationsI I I  

The complexation of six-membered heteroaromatic cations is now considered (Fig. 
22). The studies of crown ethers with six-membered N-heteroatomatic cations were 
focused on the complexation of the biologically interesting pyrimidinium cation (7) with 
crown ethers DB24C8, DB18C6, B18C6 and 18C6 (Fig. 9). Additionally, studies was 
made of the complexation of DB18C6 with the analogous cations pyridazinium (8), 
pyrazinium (9), N-methylpyrimidinium (10) and 4-hydroxypyridinium (11).  

As with five-membered cations, also here, the preliminary tests were performed by 
FABMS, and ESIMS was used to confirm the stoichiometry in solution. Stability 
constants were measured in acetonitrile solution at 30 °C. The main interaction, as in the 
complexes of five-membered N-heteroaromatic cations, was H-bonding and cation−π and 
π−π interactions interactions played a secondary role. 
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Fig. 22. Structures of the six-membered N-heteroaromatic cations: pyrimidinium (7),  
pyridazinium (8), pyrazinium (9), N-methylpyrimidinium (10) and 4-hydroxypyridinium (11). 

 

3.2.1 Characterization of complexes 

The six-membered N-heteroaromatic cations formed solid complexes similar to those of  
the five-membered aromatic cations. Pyrimidinium (7), pyridazinium (8) and pyrazinium 
(9) cations were used as perchlorates, methylpyrimidinium (10) as iodide and 4-
hydroxypyridinium (11) as tetrafluoroborate. The solid complexes were characterised by 
1H NMR and elemental analysis. Table 6 presents the yields and melting ranges of the 
solid complexes. The solid complex of the substituted cations 10 and 11 could not be 
prepared.  

 
 Table 6. Appearance, yields and melting ranges of the solid complexes formed between 
crown ethers and six-membered N-heteroaromatic cations. 

Complex Colour Yield, % Melting range, ºC 

DB18C6 · 7 Yellow 68 180−183 

B18C6 · 7 Pale yellow 80 90−92 

18C6 · 7 White 43 67−68 

DB18C6 · 8 Yellow 77 210−215 

DB18C6 · 9 Yellow 51 158−162 
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3.2.1.1 Mass spectrometry 

The preliminary complexation studies by FABMS clearly showed 1:1 complex formation 
between pyrimidinium and several crown ethers (Table 7). The relative abundances of the 
complex mass peaks were low but generally higher (m/z 3−10%) than the relative 
abundancies of the corresponding imidazolium complexes (m/z 1−5%). Exceptionally, 
crown ethers DB30C10 and 18C6 showed greater complex formation for imidazolium 
than pyrimidinium cation. No significant correlation to stabilities of pyrimidinium 
complexes were observed. As with the five-membered N-heteroaromatic cations, crown 
ethers DB24C8, DB18C6, B18C6 and 18C6, were chosen for further studies.  

ESIMS experiments were carried out for all six-membered heteroaromatic cations 
except methylpyrimidinium iodide. Clear 1:1 complexation peaks were detected for all 
pyrimidinium complexes and also for DB18C6 complexes of pyridazinium and 
pyrazinium cations. No other stoichiometries were observed in these complexes. 
Exceptionally, the complex of DB18C6 with 4-hydroxypyridinium tetrafluoroborate 
complex also showed traces of  2:1 host−guest complex formation.  
 
 
Table 7. Selected positive ions of FABMS spectra of crown ether complexes of 
pyrimidinium cation (1:1 mixture) in NBA matrix. 

Complex 
 

Ion (m/z) and relative abundance (%) 

DB30C10 ·7 81 (100) C4N2H5
+, 537 (1.9) [DB30C10+H]+, 657 (0.4) [DB30C10· 

C4N2H5]+ 

DB24C8 · 7  81 (100) C4N2H5
+, 448 (6.5) [DB24C8]+, 529 (6.5) [DB24C8·C4N2H5]+ 

DB21C7 · 7 81 (100) C4N2H5
+, 404 (4.8) [DB21C7]+, 485 (3.2) [DB18C6·C4N2H5]+ 

DB18C6 · 7 81 (100) C4N2H5
+, 360 (6.5) [DB18C6]+, 441 (5.6) [DB18C6·C4N2H5]+ 

B18C6 · 7 81 (38.7) C4N2H5
+, 313 (24.2) [B18C6+H]+, 393 (6.5) [B18C6· C4N2H5]+

B15C5 · 7 81 (100) C4N2H5
+, 268 (59.7) [B15C5]+, 349 (6.5) [DB15C5·C4N2H5]+ 

B12C4 · 7 81 (100) C4N2H5
+, 224 (50.8) [B12C4]+, 305 (9.7) [DB12C4·C4N2H5]+ 

18C6 · 7 81 (8.1) C4N2H5
+, 265 (24.2) [18C6+H] + , 345 (6.5) [18C6·C4N2H5]+ 
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3.2.1.2 Crystal structures 

Suitable crystals for crystallographic analysis were successfully grown for DB18C6 
complexes of pyridinium (7), pyridazinium (8), pyrazinium (9), 4-hydroxypyridinium 
(11) cations. Single crystals for B18C6 and 18C6 complexes of pyrimidinium cation were 
also grown. DB18C6 complexes of six-membered cations crystallise in the same space 
group as complexes with five-membered N-heteroaromatic cations. Moderately strong H-
bonding seems to be the dominant complexing interaction also for the six-membered N-
heteroaromatic cation. However, the π−π interactions seem to have a more significant role 
in six-membered than in five-membered cation complexes.  

All DB18C6 complexes with unsubstituted six-membered N-heteroaromatics were 1:1 
complexes. The crystal structures are shown in Figs 23−25. The distance between the 
centroids of the closest phenyl ring of the DB18C6 and the six-membered N-
heteroaromatic cations varied from 3.7 to 4.0 Å, compared with distances of about 4.1 Å 
for the five-membered cations. These values are in agreement with the corresponding 
values of the DB18C6·pyridinium complexes [28]. The distances in the corresponding 
DB18C6 and DB24C8 complexes with tropylium ion were 4.0 and 3.7 Å respectively 
[26,27].  

The H-bonding pattern in the crystalline complexes with the six-membered cations is 
different from the pattern of the five-membered cations (1, 4 and 5): there is only one H-
bond donating site in the six-membered cations and two donating sites in the five-
membered cations. The shortest H-bonds of the DB18C6 complexes were observed with 
pyridazinium (8) and the longest with pyrazinium (9) cations (Table 8). Additionally, in 
DB18C6·8, H-bonding and π−π interactions occur with the same host molecule (Fig. 23) 
as was observed in the five-membered DB18C6·4 complex.  

Fig. 23. The crystal structure of DB18C6·8. Here H-bonding and ππππ−−−−ππππ interactions occur with 
the same host molcule. Perchlorate anion and one cation molecule are omitted for clarity. 

N27 
C29 

C 
H 
O
N 



 
 
 

43 
 

 

 

In the other two related complexes DB18C6·7 and DB18C6·9, the H-bonding and π−π 
interactions occur with different host molecules (Fig. 26). In all complexes the weaker H-
bonds are formed with catecholic oxygen atoms (see Table 8). Additionally, in all these 
complexes DB18C6·8, DB18C6·7 and DB18C6·9, relatively strong C−H⋅⋅⋅O (C···O 3.11-
3.41 Å) H-bonds between the guest and the host stabilize the complexation.  

 

(a)      (b)  

Fig. 24. The crystal structures of DB18C6·7 (a) and DB18C6·9 (b). The same type of 
complexation pattern between cation and two host molecules is observed. The perchlorate 
anion and one cation are omitted for clarity. 

 
 
In the crystal structure of DB18C6·4-hydroxypyridinium tetrafluoroborate (Fig. 25) 

the asymmetric unit contains two hosts in slightly different conformations and a guest in 
the cone of each host. The guests are oriented differently in the two cones. The 4-
hydroxypyridinium was the only six-membered cation capable of forming H-bonds to 
two adjacent hosts, in the manner of the five-membered imidazolium (1) and triazolium 
(5) cations. The hydroxyl groups, which are directed outside the cavity of the host, form 
moderately strong H-bonds (O−H···O distances 2.74-2.90 Å) to the catecholic ogygen 
atoms of one adjacent host. The nitrogen atoms are orientated towards the cavity forming 
H-bonds to the other host. One of the nitrogen atoms is also at the H-bonding distance of 
one of the BF4

-  anions (Fig. 25). However, the 4-hydroxypyridinium does not form a 
capsule-like dimer like the purinium cation does. 
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Fig. 25. The crystal structure of DB18C6·11 showing the (N/O−−−−H···O) H-bonding to two 
crown ethers. One cation (N27) also forms H-bonds (distances N27···F204 2.995 and 
N27···F203 2.346) to the tetrafuoroborate anion. The H-bonding of N27 to the crown ether is 
omitted. 

 
Table 8. N···O / O···O distances and bond angles of crystalline complexes between  crown 
ethers and six-membered cations. 

 Complex Crystallographic 
numbering 

Atomic 
distance (Å) 
N···O / O···O 

Bond length 
(Å) 

H···O 

Bond angle 
( ° ) 

DB18C6 · 7 
 

N(29)···O(17)          
N(29)···O(20) c         

2.826 
3.173 

1.969 
2.652 

156.9 
117.1 

B18C6 · 7 
 

N(27)···O(10)          
N(27)···O(13)          

2.751 
3.083 

1.911 
2.635 

158.6 
112.6 

18C6 · 7 N(104)···O(4)          
N(98)···O(69) 
N(80)···O(60)          
N(92)···O(23) 

2.774 
2.735 
2.794 
2.735 

1.914 
1.861 
1.916 
1.861 

165.2 
171.7 
175.8 
158.8 

DB18C6 · 8 N(27)···O(17)          
N(27)···O(20) c         

2.684 
3.147 

1.816 
2.655 

169.9 
116.4 

DB18C6 · 9 N(27)···O(17)          
N(27)···O(14) c         

2.973 
3.008 

2.369 
2.349 

126.0 
131.3 

DB18C6 · 11 
 

N(27B)···O(4B)       
N(27)···O(17)          
O(30B)···O(1) c       
O(30)···O(1B) c       

2.888 
2.986 
2.844 
2.739 

2.066 
2.340 
2.047 
1.922 

157.3 
131.1 
160.7 
167.7 

c  The catecholic oxygen atom of crown ether. 
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The pyrimidinium (7) and imidazolium (1) complexes of B18C6 and 18C6 differ from 
each other. In addition to H-bonding, the B18C6·7 complex shows significant cation−π 
and π−π interactions (Fig. 26), unlike in B18C6·1. The distance between the centroid of 
the phenyl ring of the host and the centroid of the guest is; 3.8 Å for intramolecular, and 
3.5 Å for intermolecular distance. Hydrogen bonds to etheric oxygen atoms are 
moderately strong (N−H···O distances 2.75 and 3.08 Å). The complex 18C6·7 has an 
exceptional host-to-guest ratio of 3:4 in the solid state (Fig. 27). In the crystal lattice 
some parts of the columns have also unsymmetrical host-guest-guest-host order. In the 
symmetrical part of crystal lattice pyrimidinium guests form equally strong H-bonds 
(N−H···O distances 2.75−2.79 Å) to the adjacent hosts (fig. 27).  
 
 

 

Fig. 26. The crystal structure and crystallographic packing of B18C6·7 showing the H-bonds 
and the ππππ−−−−ππππ interactions (distances 3.5 and 3.8 Å) between the cation and aromatic rings of 
the hosts. Perchlorate anions are omitted for clarity. 
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Fig. 27. The crystal structure of 18C63 ·74  (symmetrical part of crystal lattice) with 
exceptional 3:4 host-guest stoichiometry, showing the H-bonding between hosts and guests. 
Perchlorate anions and acetonitrile molecules are omitted for clarity. 

 
 

3.2.2 Stability of complexes 

The stablity constants were measured in CD3CN and calculated using the linear 
Benesi−Hildebrand plot. The differences in the chemical shifts of the free and complexed 
cations were a linear function of 1/[host] indicating 1:1 stoichiometry. A Job plot was 
used to confirm the stoichiometry of complex 18C6·7, which had an exceptional crystal 
structure. FAB and ESI mass spectrometric results supported 1:1 stoichiometry for all 
complexes studied. In ESIMS DB18C6·4-hydroxypyridinium tetrafluoroborate showed, 
however, also signal for 2:1 complex, but it’s size depended much on the measuring 
conditions.   

The stability constants of the pyrimidinium (7) complexes DB18C6·7, B18C6·7, 
18C6·7 and DB24C8·7 were clearly greater than the corresbonding values of the imidazo-
lium complexes (Table 9) but decreased in the same order 18C6 > B18C6 > DB18C6. 
The decreasing trend is also in agreement with the stabilities of the corresponding 
pyridinium [28] complexes and is associated with the number and relative H-bonding 
capability of the etheric oxygen atoms of crown ethers. The catecholic-type oxygen atoms 
are less basic and clearly do not form as strong H-bonds. The same was observed in the 
solid state studies of these complexes. 

The stability constant of 18C6·7 (349 dm3mol- 1) was significantly larger than the 
respective values of the pyridinium (113 dm3mol- 1) [28] and imidazolium complexes. 
Hydrogen bonding is the main binding force in the 18C6 complexes and the stability of 
these complexes correlates with the acidity constants of the heteroaromatics (pKa at 20 
°C in water: pyrimidine 1.23, pyridine 5.23, imidazole 7.00 [52]). Because deviations 
from linearity was observed at higher host concentrations, the stability constant of 
complex 18C6·7 was calculated at lower host concentrations. However, a Job plot (Fig. 
28), like ESIMS, indicated 1:1 stoichiometry in solution. The Job plot showed the 
maximum at molar fraction 0.5 of the host (fH), indicating 1:1 complexation [4,60].  
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Fig. 28. Job plot for the complexation of 18C6 with 7 in CD3CN at 25 °°°°C. The maximum of 
the plot of fG(δδδδo b s -δδδδG) vs. fH  is at molar fraction (fH) 0.5 of 18C6. The fG  is the molar 
fraction of the guest and ∆∆∆∆δδδδ = (δδδδo b s -δδδδG) is the observed chemical shift change of the guest 
proton. 

 
 
Like 18C6·7, also B18C6·7 is more stable than the corresponding pyridinium [28] and 

imidazolium complexes. The significantly higher stability constant of B18C6·7 than of 
B18C6·1 can be explained by the stronger H-bonding to the ether oxygen atoms and the 
participation of π−π interactions, as was also observed in the solid state structures. 
Because of their more flexible structure, both 18C6 and B18C6 can form H-bonds via 
ether oxygen atoms more easily than can for example DB18C6.  

The stability constants of DB18C6·diazinium complexes decrease according to the 
relative position of the ring nitrogen atoms in the order 8 > 7 > 9 (162, 103, 39 dm3mol- 1 , 
respectively, Table 8). The same trend was observed for complexes of the corresponding 
heterocycles and phenols [84-87]. The stability of the previously studied pyridinium 
complex [28] is similar to the stability of the pyrazinium cation (9). The complexation of 
six-membered N-heteroaromatics with Rebek’s diacid, a cleft-like host (Fig. 17), showed 
stability constants in CDCl3  decreasing in the order pyridine (120 M- 1) < pyrimidine 
(700 M- 1) < pyrazine (1400 M- 1) [83]. 

In the 1H NMR titration measurements the chemical shifts of all diazinium cations (7-
9) move towards higher field. Figure 29 shows the 1H NMR spectrum of complex 
DB18C6·7. Also the the chemical shift changes of the pyrimidinium protons (7; H-2, H-
4,6 and H-5, Fig. 29) and the pyridazinium (8) protons (H-3,6 and H-4,5, Fig. 30) are 
towards higher field. The 1H NMR titration of pyrazinium perchlorate (protons H-2,3,5,6; 
singlet at 9.08 ppm) presented in Fig. 7 likewise shows an upfield shift upon 
complexation with DB18C6.  
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Table 9. Stability constants of the complexes between crown ethers and six-membered N-
heteroaromatic cations in CD 3CN solution at 30 °C. 

Complex K / dm3mol- 1  ∆δC / ppm a  r 2  b   

DB18C6 · 7 103 ± 5 -0.343 ± 0.006 0.996 

B18C6 · 7 224 ± 7 0.195 ± 0.001 0.997 

18C6 · 7 349 ± 35 0.22 ± 0.004 0.989 

DB24C8 · 7 60 ± 4 0.43 ± 0.02 0.996 

DB18C6 · 8 162 ± 3 -0.347 ± 0.003 0.999 

DB18C6 · 9 39 ± 2 -0.25 ± 0.01 0.997 

DB18C6 · 10 10 ± 3  -0.10 ± 0.01 c  0.984 

DB18C6 · 11 38 ± 5 d  -0.25 ± 0.02 0.991 

a  Calculated maximum downdield (+)/upfield (-) shifts (∆δC) for 1:1 complexes. b  
Regression correlation (r2) for the Benesi−Hildebrand plot. c  The small may indicate an 
inaccurate value of the stability constant. d  The stability constant has been measured at 25 
°C.   

Fig. 29. 
1
H NMR spectrum of 1:1 DB18C6·pyrimidinium perchlorate (7) recorded at 200 

MHz in CD3CN at 25 ºC. The broadening between 7.9 and 9.5 ppm shows the proton peaks 
(H-2, H-4,6 and H-5) of pyrimidinium cation. The arrows in the upper figure show the 
direction of the chemical shift changes in 

1
H NMR titration.  
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Fig. 30. 
1
H NMR spectrum of pyridazinium perchlorate (8) recorded at 200 MHz in CD3CN 

at 25 ºC. The proton peaks (H-3,6 and H-4,5) and the directions of the chemical shift changes 
upon complexation with DB18C6 and thus 

1
H NMR titration are indicated. 

 
4-Hydroxypyridinium (11) forms an equally strong DB18C6 complex as do 

pyrazinium and pyridinium (33 dm3mol- 1  [28]) cations. The most significant change in 
the chemical shift of 4-hydroxypyridinium was observed in the move of the signal for 
protons H-3,4 towards higher field. This suggests H-bonding via the hydroxyl group 
(O−H···O) rather than N−H···O hydrogen bonds. The modest chemical shift changes of 4-
hydroxypyridinium protons (H-2,6) are towards lower field. Deviations from the linearity 
(1:1 stoichiometry) at higher host concentrations were observed in the stability constant 
measurements, a finding supported the signals for 2:1 host−guest stoichiometry found in 
ESIMS studies. 

The stability of the DB18C6·N-methylpyrimidinium (10) complex is low (10 dm3mol-

1), similar to the stabilities of the N-methylpyridinium [28] and tropylium [26,27] 
complexes. None of these cations allows N−H···O hydrogen bonding. The stability 
constants of the substituted 1-methyl- and 1-phenylimidazolium complexes (Table 3), 
where H-bonding is possible, were three times as high.  
 

3.3 Crown ethers and purinium cationI I I , I V 

Hydrogen bonding was the main interaction in the crown ether complexes of five- and 
six-membered N-heteroaromatic cations and H-bonding also was expected to be an 
important interaction in the corresponding complexes of the purinium cation. The 
structure of purinium cation consists of together fused imidazole and pyrimidine rings. 
The preliminary complexation studies with purinium cation was performed by FABMS, 
which indicated 1:1 complexation with several of the crown ethers. Further studies were 
carried out only with DB18C6 and DB24C8. ESIMS was used to confirm the 
stoichiometry in solution  and  stability constants were measured for DB18C6 and 
DB24C8 complexes in acetonitrile solution at 30 °C. 
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3.3.1 Characterization 

Protonation of a purine produces the purinium cation (12, Fig. 31), where the protonation 
occurs in the pyrimidine part; the pKa value is 2.30 [52]. Although 1:1 host:guest 
stoichiometry was predominant, complexation of purinium with DB18C6 also showed a 
tendency for 2:1 stoichiometry and this was the only complex with purinium that was 
successfully isolated. Complex (DB18C6)2 ·purinium (yield 65%) was white powder, with 
melting range between 153 and 157 ºC. DB24C8 formed a complex with purinium cation, 
but it could not be isolated in pure form.  

 The relative abundances of complex mass peaks in the FABMS studies (m/z, Table 
10) were low but always detectable, confirming the ability of the purinium cation, like 
imidazolium an pyrimidinium cations, to form 1:1 complexes with crown ethers. 

Fig. 31. Structure of the purinium cation and numbering of the atoms. 

 
Table 10. Selected positive ions of FABMS spectra of crown ethers and purinium cation 
complexes (1:1 mixture) in NBA matrix. 

Complex 
 

Positive ion (m/z) and relative abundance (%) 

DB30C10·12 121 (100) C6N4H5
+, 536 (0.7) [DB30C10]+, 657 (1.8) [DB30C10·C6N4H5]

+ 

DB24C8·12 121 (100) C6N4H5
+, 471 (2.2) [DB24C8+Na]+, 569 (3.6) [DB24C8·C6N4H5]

+ 

DB21C7·12 121 (100) C6N4H5
+, 404 (0.7) [DB21C7]+, 525 (1.4) [DB21C7·C6N4H5]

+ 

DB18C6·12 121 (100) C6N4H5
+, 360 (1.1) [DB18C6]+, 481 (2.2) [DB18C6·C6N4H5]

+ 

B18C6·12 121 (100) C6N4H5
+, 312 (1.8) [B18C6]+, 433 (4.7) [B18C6·C6N4H5]

+ 

B12C4·12 121 (100) C6N4H5
+, 224 (50.8)[B12C4]+, 345 (2.2) [DB12C4·C6N4H5]

+ 

18C6·12 121 (100) C6N4H5
+, 265 (1.1) [18C6+H]+, 385 (8.3) [18C6·C6N4H5]

+ 

15C5·12 121 (20.3) C6N4H5
+, 268 (5.8) [B15C5]+, 349 (0.4) [DB15C5·C6N4H5]

+ 
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ESIMS studies on the selected crown ether (DB18C6 and DB24C8) complexes 
showed a  preference for 1:1 complex stoichiometry. However, purinium also showed a 
significant tendency for 2:1 host-to-guest complexation with DB18C6 (12% peak with 
1:1 host−guest ratio in solution). The corresponding value for DB24C8 was <1 %. For 2:1 
mixtures, the 2:1 complex peak for DB18C6 was as high as 38% (Fig. 32), whereas 
DB24C8 continued to show only traces (1%) of the 2:1 peak. 

 

Fig. 32. ESIMS spectra of DB18C6·12 (upper) and DB24C8·12 (lower) for 2:1 crown 
ether:purinium mixtures (0.3 mM) in acetonitrile, showing the relative intensities of the 1:1 
(100% for both) and 2:1 (38% vs. 1%) complexes. The 2:1 peak hight of complex DB24C8·12 
is multiplied by 24. 
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Suitable crystals of (DB18C6)2 ·12 for the X-ray analysis were grown from a mixture of 
DB18C6·purinium by vapour diffusion method over a long period of time. In contrast to 
the five- and six-membered aromatic cations, the purinium cation was uniquely 
encapsulated by two crown ether molecules (Fig. 33). The planar, aromatic, nine-
membered purinium cation has two H-bond donating sites at the opposite ends of the 
molecule, enabling it to interact with two adjacent hosts simultaneously. The formation of 
supramolecular, self-assembled capsules has been studied on several occasions during 
recent years in view of their possible application in the desig of artificial receptors and 
the transport and capture of small organic molecules [88-91].  

The purinium cation is connected to two adjacent hosts via two moderately strong 
(N···O 2.86 and 2.94 Å, Table 11) and two weaker H-bonds (N···O 3.03 and 3.36 Å). The 
weaker H-bonds are formed with the catecholic-type oxygens of the crown ether (Table 
11). The distances between the centroids of the guest and the closest phenyl rings are 3.6 
Å and 3.7 Å indicating stronger π−π interaction than with the other cations of this study.  
Neither of the heterocyclic rings of the purinium cation are exactly face-to-face with the 
benzene rings, which should enhance the attractive nature of the π−π interaction. 4-
Hydroxypyridinium (11) too, has H-bond donors at either end of the molecule. However, 
no encapsulation of 11 with DB18C6 was observed, although the crystal structure of 
DB18C6·11 showed H-bonding to two host molecules. The H-bonds of cation 11, may be 
reflected in the 2:1 peak of (DB18C6)2 ·11 in the ESIMS spectrum. 

 

Fig. 33. The crystal structure of 2:1 encapsulated purinium complex (DB18C6)2  ·12. The 
encapsulated cation forms two H-bonds to each hosts. Perchlorate anions and solvent 
molecules are excluded.  
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Table 11. N···O and H···O distances of crystalline crown ether complexes with purinium 
cation. 

 Complex Crystallographic 
numbering 

Atomic distance 
N···O (Å) 

Bond length 
H···O (Å) 

Bond angle 
( ° ) 

(DB18C6)2  · 12 N(31)···O(17)          
N(31)···O(20) c         
N(27)···O(17B)       
N(27)···O(14B) c      

2.864 
3.034 
2.936 
3.361 

2.211 
2.243 
2.155 
2.628 

130.6 
149.4 
147.4 
141.4 

c  Catecholic-type oxygen atoms of crown ether. 
 

3.3.2 Stability of complexes 

The complexation stability of purinium cation with DB18C6 and DB24C8 was studied in 
acetonitrile at 30 °C (Table 12). The stability constants of the two complexes, DB18C6·12 
and DB24C8·12, were similar to the most stable six-membered cation complexes (Table 
9). The stability constant of complex DB18C6·12 was calculated from the linear part of 
the Benesi−Hildebrand plot (lower host consentrations), where the 1:1 stoichiometry is 
maintained [60]. At higher host concentrations the tendency of DB18C6·12 to form a 2:1 
complex is observed as a deviation from linearity of the Benesi−Hildebrand plot. A 
similar tendency was not observed with the larger DB24C8 host, which, as was observed 
with the corresponding tropylium complex [26,27] can completely fold over a guest of 
this size. 

The different type of complexation of the purinium cation with the two crown ether 
hosts (DB18C6 and DB24C8) could also be deduced from the pattern of the chemical 
shift changes of the 1H NMR titration experiments. The most significant change in the 
chemical shift of DB18C6·12 was a downfield shift of proton H-6 (Fig. 34) in the 
pyrimidinium ring, whereas in DB24C8·12 practically no change at all occurred in this 
proton. The other protons (H-2 and H-8) exhibited very small chemical shift changes in 
DB18C6·12, but significant upfield shifts in DB24C8·12. A strong enhancement of H-
bonding is observed in the stabilities of the complexes [K 154 and 107 dm3mol-1 (Table 
12)  vs. 6 and 10 dm3mol-1 for the respective tropylium complexes [26,27]].  
 
 
Table 12. Stability constants of the complexes between crown ethers and purinium cation 
in CD3CN solution at 30 °C. 

Complex K / dm3mol- 1  ∆δ c  / ppm a  r 2  b  

DB18C6 · 12 154 ± 8 0.197 ± 0.004 0.994 

DB24C8 · 12 107 ± 2 -0.260 ± 0.002 0.999 
a  Calculated maximum downfield (+)/upfield (-) shifts (∆δc ) for 1:1 complexes. b  

Regression correlation (r2) for the Benesi−Hildebrand plot. 
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Fig. 34. 
1
H NMR spectrum of 2:1 (DB18C6)2 ·12 recorded at 200 MHz in CD3CN at 25 ºC. 

The broadening from 8.8 to 9.4 ppm shows the proton peaks (H-6, H-2 and H-8) of purinium 
cation. The arrows in the upper figure show the direction of chemical shift changes of the 
DB18C6 (lower arrows) and DB24C8 (upper arrows) complexes in 

1
H NMR titration.  

 

3.4 Tetraphenylborate and N-heteroaromatic cationsV 

In the final part of this work anionic tetraphenylborate ion used as a host for the 
complexation of five- and six-membered N-heteroaromatic cations and tropylium cation. 
Being anionic, tetraphenylborate facilitates ion pair formation. Unlike the crown ethers, it 
does not have electronegative atoms to facilitate normal H-bonding with cations. Instead, 
C−H···π and N−H···π interactions through its aromatic rings are possible. Since the 1:1 
complexes are neutral, they could not be directly observed by ESIMS. 

The preparation of the solid complexes, or salts, was straightforward as such, since the 
ion pairs that formed were only sparingly soluble in water. When water solutions of the 
starting materials, NaBPh4 and the cation perchlorate (or iodide or tetrafluoroborate), 
were combined, an immediate precipitation occurred. Tetraphenylborate ion formed 
easily 1:1 solid complexes with four (1,2,13 and 15) of the studied N-heteroaromatic and 
tropylium (14) cations (Fig. 35). Appearance and yields of the solid complexes are 
presented in Table 13.  
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With some cations a displacement reaction rather than complexation took place. The 
Lewis-base triphenylborane products, or displacement products, were formed (Fig. 35) 
through a displacement of a phenyl ring from tetraphenylborate. The loss of a phenyl ring 
and the formation of heterocycle−triphenylboranes occured at room temperature in good 
yields with cations 3, 4 and  6-9 (Table 13). It has earlier been reported that, under acidic 
conditions tetraphenylborate anion is of a limited stability and gives rise to 
triphenylboranes [92]. The tri-coordinated boron acts as an electrophile to establish a 
tetrahedral configuration. The formation of a B−N bond by displacement of  a phenyl ring 
has been observed in studies of alkylammonium salts and NaBPh4 [49]. This kind of 
displacement may even occur at room temperature, as was also observed in our studies.  

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 

 
 
 
 
 

 

Fig. 35. The chemical structures of tetraphenylborate and selected cations. Five of the cations 
(1, 2, 13−−−−15) formed complexes (or ion pairs) with tetraphenylborate, while six cations (3, 4, 
6-9) reacted by replacing one phenyl group of the tetraphenylborate anion. 
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Table 13. Yields and appearance of the solid tetraphenylborate complexes and 
displacement products. 

Borates / boranes Colour Yield, % 

1 · BPh4 White 89 

2 · BPh4  White 76 

13  · BPh4 White 92 

14 · BPh4  Orange 86 

15 · BPh4 Pale yellow 87 

Pyrazole−BPh3  White 70 

1-Ph-imidazole−BPh3  White 87 

Thiazole−BPh3 White 82 

Pyridazine−BPh3 Pale yellow 94 

Pyrimidine−BPh3 Pale yellow 66 

Pyrazine−BPh3 Yellow 77 

 
 
The stability constants for the association of the cations and tetraphenylborate anion 

were measured by 1H NMR titration in acetonitrile/methanol (1:1) solution. Methanol was 
added to increase the solubility of the sodium tetraphenylborate. Its presence prevents 
direct comparison with the stabilities of corresponding crown ether complexes, however. 
Methanol facilitates H-bonding between the solvent and the cations giving very different 
environment for the complexation. The stability constant of the tropylium 
tetraphenylborate complex could not be measured in this environment because tropylium 
decomposes in the presence of alcohols [94].  
 

3.4.1 Crystal sturctures 

Single crystals for the crystallographic determinations were grown from the solid 
complexes by slow evaporation of the solvent (e.g. acetonitrile) or by vapour diffusion 
methods. The crystal structures of four 1:1 complexes and three displacement products 
were determined. Hydrogen bonding interactions with aromatic π-systems are observed 
in  the imidazolium tetraphenylborate (1·BPh4) and 1-methylimidazolium tetraphenyl-
borate (2·BPh4) complexes. In the other two complexes (13·BPh4, 15·BPh4), the possible 
interactions are weaker C-H⋅⋅⋅π interactions. The tetraphenylborate anion is known to 
interact with metal centres via its phenyl groups. The metal centre may for example be π-
coordinated to one phenyl group, or the BPh4

-  anion may bridge two or three metal 
centres [46,47] and, for example ruthenium ion can form a compound in which the metal 
cation is sandwiched between cyclopentadienyl ring and one of the BPh4

-  phenyl rings 
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[48]. Study has also been made of the N−H···π and O−H···π interactions between 
tetraphenylborate and organic ammonium cations [49]. Exceptionally short C−H···π 
hydrogen bonds in arenediazonium tetraphenylborate [ArN2

+BPh4
-] salts have also been 

reported [50].  
The imidazolium cation is able to form two H-bonds. However, in 1·BPh4, only one N-

H group participates in the complex formation, while the other is H-bonded to the solvent 
acetonitrile. The imidazolium cation is situated between two tetraphenylborate ions, 
perpendicular (Fig 36 upper) to one host and parallel to the other (Fig. 36 lower). The 
perpendicular orientation is stabilized via N−H⋅⋅⋅π bond (Table 14) and, simultaneously, 
via the same type of C−H⋅⋅⋅π bonding to the opposite phenyl ring. The interactions of C26 
with the parallel host are symmetrical bifurcated C−H⋅⋅⋅π interactions with similar 
distances 3.30 and 3.31 Å (lower Fig. 36). 

Fig. 36. In the crystalline imidazolium·BPh4 ,  the imidazolium cation (1) is positioned 
perpendicular (upper) to the one host ion and parallel (lower) to the other. In upper figure 
N−−−−H⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ππππ (N25⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅Ct2 3.23 Å) and C−−−−H⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ππππ (C29⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅Ct1 3.46 Å) H-bonds to prependicular and in 
lower figure the bifurcated C−−−−H⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ππππ (3.30 and 3.31 Å) H-bonds to the parallel host molecule 
are presented. One nitrogen of imidazolium ring (N27) forms H-bond to the acetonitrile 
molecule (3.13 Å). 
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Table 14. Distances between the N-H and C-H atoms of N-heteroaromatic cations and the 
centroids (Ct) of the phenyl groups of BPh4 in crystalline complexes of tetraphenylborate 
ion. 

Complex  Crystallographic numbering C−H···π/ N−H···π 
(Å) 

1 · BPh4 C29⋅⋅⋅Ct1  
N25⋅⋅⋅Ct2  
C26⋅⋅⋅Ct3*  
C26⋅⋅⋅Ct4*  

3.46 
3.23 
3.30 
3.31 

2 · BPh4 N27⋅⋅⋅Ct3  
C26⋅⋅⋅Ct2   
N27B⋅⋅⋅Ct3B   
C26B⋅⋅⋅Ct2B  
C28⋅⋅⋅Ct1B  
C28B⋅⋅⋅Ct1*  
C30⋅⋅⋅Ct1’ ; C30B⋅⋅⋅Ct1B’  

3.29 
3.42 
3.22 
3.42 
3.33 
3.52  
3.58 

13 · BPh4 C26⋅⋅⋅ Ct1 ; C26⋅⋅⋅ Ct1* 
C28⋅⋅⋅Ct2’’  
C31⋅⋅⋅Ct3’  

3.35 
3.42 
3.55 

15 · BPh4 C26⋅⋅⋅Ct3  
C26⋅⋅⋅Ct4 
C30⋅⋅⋅Ct1* 
C30⋅⋅⋅Ct2*  
C32⋅⋅⋅C15  
C35⋅⋅⋅C22’  

3.37 
3.67 
3.92 
3.30 
3.14 
3.48 

 
 
The weak interactions between cation and tetraphenylborate in complex 1-

methylimidazolium·BPh4 (Fig. 37) are similar to those in 1·BPh4. As in 1·BPh4, the 
cation is situated between the two hosts in parallel position relative to one (Fig. 37 lower) 
and perpendicular to the other (Fig. 37 upper). As well, the type and length of the H-
bonding interactions are similar to those in 1·BPh4. In the part of 2·BPh4 where the cation 
and host are perpendicular, the C−H⋅⋅⋅π  and N−H⋅⋅⋅π distances of the BPh4 aromatic 
rings (Ct) are 3.22−3.42 Å (Table 14). The host in parallel orientation with the cation 
forms two C−H⋅⋅⋅π bonds with distances 3.33 and 3.52 Å. In addition, there are C−H⋅⋅⋅π 
interactions of intermediate strength (3.58 Å) between the N-methyl group of the cations 
and the surrounding hosts.  
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Fig. 37. N−−−−H⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ππππ and C−−−−H⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ππππ (C/N⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅Ct 3.22−−−−3.42 Å) H-bonds of 1-Me-imidazolium·BPh4 . The 
Me-imidazolium cation (2) is positioned perpendicular (upper) to one host ion and parallel  
(lower) to the other. The cation in the lower figure forms a C−−−−H⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ππππ (C⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅Ct 3.52 Å) interaction 
to the other host molecule. Acetonitrile molecules are situated in special positions (upper 
figure) and are not included in the lower figure.  

 
 
There is no possibility for N−H⋅⋅⋅π interactions in methylpyridinium complex 13·BPh4 

(Fig. 38). Thus only C−H⋅⋅⋅π interactions contribute to the complexation in the crystal 
state. The cation is located between three hosts with bifurcated C−H⋅⋅⋅π interaction (3.35 
Å, see Table 14) and normal C−H⋅⋅⋅π interaction from C28 and methyl C31 to two 
adjacent tetraphenylborates (3.42 and 3.55 Å, respectively).  
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Fig. 38. The crystal structure of 13·BPh4. Bifurcated C-H⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ππππ (C26) interaction to one 
tetraphenylborate molecule, and two C-H⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ππππ interactions from C28 and methyl C31 to two 
adjacent tetraphenylborates (3.42 and 3.55 Å, respectively) are shown.  

 
1-Ethyl-4-(methoxycarbonyl)-pyridinium cation (14) forms a solid state complex with 

tetraphenylborate via unsymmetrical, bifurcated C−H⋅⋅⋅π (3.30-3.37 Å, Table 14) 
interactions to two anions (Fig. 39). The cation is located between two tetraphenyl borate 
molecules indicating weak π−π interactions between the edges of the aromatic rings. The 
methyl groups interact weakly with the edges of the aromatic rings of the nearby anions 
(closest distances 3.14 Å and 3.48 Å). 
 

Fig. 39.  The crystal structure of 14·BPh4. Bifurcated C−−−−H⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅ππππ interactions from C26 and C28 
of the cation stabilize the complex. Acetonitrile molecules are omitted for clarity. 
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Structurally, the compounds formed through displacement reaction do not show very 

specific features. The boron atom is in tetrahedral surroundings. The B−C bonds 
(1.633−1.651 Å) seem to be slightly shorter than in BPh4

- . Phenylimidazole−BPh3 and 
pyrazole−BPh3 (Fig. 40) closely resemble each other in respect of their B−N bonds, 
which are about the same length (1.630 and 1.628 Å, respectively), and B−C bonds, also 
the same length (average length 1.631 Å in both cases). In pyrazine−BPh3 the B−N bond 
is 1.637 Å and the B−C bonds 1.616−1.645 Å. The packing of these molecules in the 
crystal state shows some N−H⋅⋅⋅π, C−H⋅⋅⋅π and π−π interactions. 

The displacement reaction takes place more easily with cations having lower pKa 
values. In general the acidity constants of the reacting heteroaromatic cations are lower 
(pKa at 20 °C: pyrazine 0.51, pyrimidine 1.23, pyridazine 2.24, pyrazole 2.5 and thiazole 
2.53 [52]) than those of the cations forming complexes (imidazole 7.0 [52], 
methylimidazole 7.1 [94]).  
 
 
 

  (a)     (b) 

Fig. 40. The crystal structures of pyrazole−−−−BPh3  (a) and 1-phenylimidazole−−−−BPh3  (b) .  

 

 

3.4.2 Stability of complexes 

Numerically the stabilities of the borate complexes are weak and of the same magnitude 
as the stabilities of the corresponding crown ether complexes. However the more polar 
solvent (methanol) used for the borates increases the solubility of the charged species, 
decreasing the degree of association of the complexes and leading to lower stability 
constants. 
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Imidazolium cation (1) forms more stable complexes with BPh4 ion than does 1-Me-

imidazolium (2) (Table 15). This can be explained by the N−H···π interactions. 
Imidazolium has two N−H units available for H-bonding, while 1-Me-imidazolium has 
just one. A similar kind of difference in stabilities was observed in the complexes of 
DB18C6 (54 dm3mol- 1  and 35 dm3mol- 1 , respectively) and was explained by the ability 
of the imidazolium cation to form two N−H···O hydrogen bonds.  

The stability of 13·BPh4 is similar to the stability of the 2·BPh4. Thus, the ring size of 
the cation has no effect on the complexation strength in solution. The stability constant of 
complex 15·BPh4, however, is barely over one-half that of complexes 2·BPh4 and 
13·BPh4, possibly due to interactions between the polar groups of the guest and solvent 
molecules. In the 1H NMR titration measurements the chemical shifts of all protons in 
cations 1, 2, 13 and 15 move towards higher field as an indication of C/N−H···π 
interactions. 

 
 
Table 15. Stability constants (K) for the complexes formed between tetraphenylborate ion 
and cations 1,2,13 and 15 in 1:1 CD3CN / CD3OD solution at 30 °C determined by 

1
H 

NMR titration. 

 
Complex 

 
K / dm3mol- 1  ∆δc  / ppm a  

 
r2  b  

1 · BPh4  46 ± 2 -0.25 ± 0.01 0.999 

2 · BPh4 19 ± 4 -1.1 ± 0.4 0.995 

13 · BPh4  17 ± 2 -0.43 ± 0.05 0.998 

15 · BPh4 10 ± 1 -1.4 ± 0.1 0.997 

a  Calculated maximum downfield (+)/upfield (-) shifts (∆δc ) for 1:1 complexes. b  

Regression correlation (r2) for the Benesi−Hildebrand plot. 
 
 
 
 
 
 



 4 Conclusions 

Study was made of the complexation of a series of N-heteroaromatic cations with 
different neutral crown ethers and tetraphenylborate ion. The six-membered N-
heteroaromatic cations consistently formed more stable complexes with crown ethers than 
five-membered cations. For the most part, the N-heteroaromatic cations formed 1:1 solid 
complexes. Exceptionally, 18C6 exhibited 1:2 and 3:4 host−guest stoichiometries with 
imidazolium and pyrimidinium cations, respectively. In solution, as indicated by  stability 
constant measurements the stoichiometry was 1:1 for all complexes. FABMS and ESIMS 
indicated the preferential 1:1 complexation, but also 2:1 complexes were observed 

Complexes with possibility for hydrogen bonding typically exhibit higher stability 
constants, and the stability constants for the complexes of crown ethers with N-
heteroaromatic cations suggests the importance of hydrogen bonds. However, 1-
methylpyrimidinium, which does not have a N−H hydrogen bond donating site, also 
formed weak complexes with crown ethers. Altough purinium cation likewise forms 
complexes with crown ethers via hydrogen bonds, it was a suitable template for capsule 
formation with two DB18C6 molecules. Acetonitrile solvent formed hydrogen bonds with 
some of the studied cations affecting the strength of the complexation. The strength of 
these interactions is difficult to estimate, however, and they are not discussed. 

Tetraphenylborate formed ion pairs of comparable stability to the crown ether 
complexes. Some of the cations reacted with BPh4 by displacing one of the phenyl rings. 
The use of a different solvent (1:1 methanol/acetonitrile), however, prevented direct 
comparison of the stability constants.  

In summary N-heteroaromatic cations form complexes with very different types of 
host molecules particularly via different types of H-bonding (N/O−H···O, C−H···O, 
N/C−H···π) and by cation−π and π−π interactions. 
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