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Abstract—Both the structure and intramolecular flexibility of a series of aza crown ethers were studied by experimental NMR and theoretical
molecular modeling. The stoichiometries of complexation to the anions H2PO4

� and HSO4
� and resulting complex stabilities were determined

by experimental NMR (1H, 31P) titration and, in addition, the structure and mobility changes of the aza crown ethers upon complexation were
also examined.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The use of aza crowns for anion complexation is a long
standing classic of supramolecular chemistry, starting with
the early papers of Hosseini and Lehn.1 A number of reviews
of this research have been published.2 Aza crown ethers due
to their nitrogen lone pairs and N–H moieties are potentially
able to complex both cations and anions, dependent on the
pH value of aqueous solution. This kind of research is still
popular because of the continuing search for useful sensor
systems.

Just recently two papers were published studying not only
the ability of this kind of compounds for their complexation
to Cu2+, Hg2+, and Ni2+,3 but also dealing, at the same time,
with the ability of certain aza crowns to coordinate to certain
anions in aqueous solution.4 Although a number of X-ray
structures of the complexes have been reported,5 only limi-
ted information is available on the conformation of both
aza crown ether hosts and their complexes in solution:
Novak and Potts6 have determined by photoelectron
spectroscopy the cavity width of 12-tetraaza crown-4 ether
(1) and 14-tetraaza crown-4 ether (4); Ranganathan et al.7

detailed the vicinal H,H couplings of 12-tetraaza crown-4
ether (1) with respect to the preferred conformation of the
compound and found that synclinal N–C–C–N fragments
were well preorganized for complexation. At the same
time, Bultinck et al.8 ab initio MO calculated at the HF level
the latter compound and confirmed the synclinal N–C–C–N
conformations and, in addition, determined that hydrogen
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bonding plays only a minor role in stabilizing the ground
state geometry of 14-tetraaza crown-4 ether (4) and its ana-
logs in solution. Rather than hydrogen bonding, it is the elec-
trostatic repulsions of the N-lone pairs that are determinate
for the global minima states.

In addition to the aforementioned tetraaza crown ethers, we
have synthesized a series of analogs (Scheme 1) and studied
both experimentally by NMR and theoretically by molecular
modeling with respect to their preferred conformers. The
flexibility of both the free entities and when complexed to
the anions H2PO4

� and HSO4
� was also evaluated as was

the stoichiometry and stability of the complexes.

2. Results and discussion

2.1. NMR spectra

The 1H and 13C NMR spectra of the compounds were consis-
tent with the structures presented in Scheme 1 and the nuclei
absorb in the ranges expected (see Tables 1 and 2). From
both 1H and 13C NMR spectra, due to the number of ob-
served lines, it can be concluded that the compounds are
symmetric on the NMR timescale although lines in both
spectra were somewhat broadened and thus restricted inter-
conversion of the macrocyclic rings or some other slow
process in the compounds is inferred.

2.2. Complexation study

In order to test the complexational behavior of the di-,
tri-, and tetraaza crown ethers 1–10 to anions, NMR
titration experiments with the salts H2PO4

�+N(n-Bu)4 and
HSO4

�+N(n-Bu)4 were performed in CDCl3. Both the 1H
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and 13C chemical shifts of the various nuclei were followed
with increasing addition of the anions and, in case of the
phosphate titration, the 31P NMR was also recorded.9 With
increasing amounts of anion, both the 1H and 13C chemical
shifts of the macrocyclic ring atoms as well as those of the
R substituents were shifted, and thus complexation was
evident. The same conclusion was drawn from the behavior
of the 31P chemical shifts in the case of phosphate anion.
The stoichiometry of the complexes was determined from
Job’s plots,10 e.g., Figure 1 illustrates the titration of 9 with
H2PO4

�+N(n-Bu)4 following the 1H chemical shift changes
of several protons as well as of the 31P signal of the added salt.

With respect to the stoichiometry of the complexes, the
following results were obtained: (i) complexes between
dioxa,diaza crown ether 10 and H2PO4

� and between hexaaza
crown ether 8 and HSO4

� do not form at all, (ii) the unsubsti-
tuted tetraaza crown ethers 1 and 4 form 1:2 complexes with
phosphate, due to dimerization of H2PO4

� by hydrogen bond-
ing in the less polar solvent CDCl3,11 (iii) 1:1 complexation
occurs in the case of 2, 3, and 5–9 with H2PO4

�, and (iv) all of
the crown ethers studied, except for 8, form 1:1 complexes
with HSO4

�. The stability constants of the complexes are pre-
sented in Table 3 and lie in the range 1.21–4.91 for log K.
Similar values were obtained by Martell et al.12 for the coor-
dination of H2PO4

�with dioxa,hexaaza macrocycles in aque-
ous solution. The lowest complexation for H2PO4

� and
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Scheme 1. Compounds studied.
HSO4
� was obtained for 3; obviously, due to the long fatty

acid tails the macrocyclic ring system is sterically hindered
and thus limits anion complexation. The N-unsubstituted tet-
raaza crown ethers 1, 4, and 7 are the most useful for com-
plexing the selected anions as complexation constants of
log K>3 were obtained. If complexation of the aza crown
ethers is compared with respect to both their ring size and
substitution, the following orders are obtained: with respect
to ring size, 1>4 and 2>5; and with respect to substitution,
R¼H>R¼benzyl>R¼alkyl. The lowest tendency for com-
plexation was observed for 3 and 6 due to the previously
mentioned steric hindrance; the less flexible benzyl substit-
uents in 2 and 5, however, allow easier approach of the
anions to the host cavity for successful complexation.

2.3. Structural information from 1H and 13C NMR
spectra

Structural information was limited due to fast ring intercon-
version at ambient temperature and, further, the symmetry of
the aza crown ethers.

2.3.1. J information. The weighted averages of the partici-
pating synclinal, anticlinal and antiperiplanar conforma-
tions change with increasing steric hindrance (cf. Table 4)
and thus changes in the 3JH,H values, when measurable, im-
ply variations in the dihedral angles N–C–C–C. For 4 (an un-
substituted aza crown), the optimal conformer is synclinal,
but in 5, and even more so in 6, this dihedral angle changes
evermore to the anticlinal conformation due to the steric
hindrance of the R substituents. Similar 3JH,H values were
obtained for both the free and the complexed crown ethers,
and so obviously complexation does not very much change
the conformational equilibria of the host compounds (as
far as it could be concluded from weighted averages in
3JH,H)—thus, 4 and 7 seem to be already in free state well
organized for complexation.

2.3.2. Spatial information. Only limited NOE spatial infor-
mation was obtained for 2, 5, and 8 (NOE contacts were not
observed in the NOESY/ROESY spectra obtained for 1, 3, 4,
6, 7, and 9). NOEs between the NCH2 and ortho phenyl pro-
tons were observed, however, this is without structural impli-
cation. The situation improves slightly in 10 where NOEs
between H-1/H-4, H-7/H-9, and H-9/H-11 were
observed and thus some dihedral angles can be excluded:
NOE (H-1/H-4) indicates the antiperiplanar or anticlinal
conformation of C1–O2–C3–C7; NOE (H-7/H-9) is repre-
sentative for synclinal or anticlinal conformation of C7–
C8–C9–N10 (synperiplanar arrangement precludes NOEs
and the antiperiplanar conformer is sterically prevented);
and NOE (H-9/H-11) provides an indication of the
geometry of the C8–C9–N10–C11 and O2–C1–C10–O20 sys-
tems. Only if the C–C–N–C moiety is in a synclinal
arrangement the two protons H-9 and H-11 can remain
within a measurable NOE distance for each orientation of
the other C–C–N–C dihedral angle. Finally, O2–C1–C10–O20

must be in a synclinal or anticlinal orientation as an anti-
periplanar orientation would bring H-1 near to H-2, an
NOE contact, which was not detected.

Of note, intermolecular NOEs were also measured between
host protons and those of the +N(n-Bu)4 ammonium cation.
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Table 1. 1H NMR chemical shifts (d/ppm) of the aza crown ethers 1–10 and differential values upon complexation to H2PO4
� and HSO4

� anions

Compound H-1 N(2)H H-3 H-4 H-5 H-6 H-7 H-8 H-9 H-10 H-11 H-12 H-13 H-14 H-15 H-16

1 2.65 2.56 — — — — — — — — — — — — —
1/H2PO4

� �0.13
1/HSO4

� +0.03

2 2.68 3.43 7.36 7.25 7.19
2/H2PO4

� �0.02 �0.01 �0.01 �0.01 +0.01
2/HSO4

� +0.06 +0.03 +0.03 +0.07 +0.12

3 3.51 2.30 1.64 1.27 0.89
3/H2PO4

� �0.06 �0.02 �0.01 �0.02 �0.01
3/HSO4

� �0.12 +0.08 +0.07 +0.09 +0.09

4 2.66 3.35 2.73 1.7
4/H2PO4

� �0.16 �0.06 �0.04
4/HSO4

� �0.39 �0.45 +0.01 +0.02

5 2.59 2.49 1.73 3.42 7.29 7.24 7.18
5/H2PO4

� �0.06 �0.04 �0.15 �0.05 �0.09 �0.07 �0.07
5/HSO4

� +0.03 +0.03 +0.02 +0.03 +0.07 +0.02 �0

6 2.65 2.88 1.40 2.32 1.26 0.88
6/H2PO4

� �0.02 +0.04 +0.05 +0.01 �0.03 �0.03
6/HSO4

� �0 +0.05 +0.08 +0.04 �0 +0.11

7 2.67 2.97 2.71 1.67 2.71 2.97 2.71 1.70
7/H2PO4

� �0.12 �0.06 �0.02 �0.06 �0.06 �0.05
7/HSO4

� +0.16 +0.12 +0.15 +0.12 +0.12 +0.12

8 3.13 3.42 7.06 7.34 7.41
8/H2PO4

� �0.05 +0.19 �0.05 �0.14 �0.03
8/HSO4

� a

9 4.19 1.83 3.32 2.76 1.83 1.83 1.24 0.87
9/H2PO4

� �0.44 �0.08 +0.27 +0.13 �0.08 �0.08 +0.01 �0.01
9/HSO4

� �0.49 �0.07 +0.23 +0.34 �0.07 �0.07 �0.02 �0

10 4.39 6.92 6.89 7.29 7.20 3.75 1.91 2.64 1.75
10/H2PO4

� a

10/HSO4
� �0.04 +0.30 +0.32 +0.01 +0.08 +0.17 +0.09 �0.11

a No coordination observed.
Obviously, not only the anion, but also the cation (as a salt
pair) forms part of the complexes. Similar suggestions
have been made by Valiyaveettil et al.11 when studying the
phosphate complexation of open-chain polyaza ethylene
compounds. Actually, evidence for the existence of such
complete complexes was implied by ESIMS measure-
ments.13

2.4. Flexibility information from T1 measurements

Spin–lattice relaxation times T1 of certain aza crown ether
protons were measured in order to confirm the interaction
of the aza crown ethers with the two different anions (cf.
Table 5). As expected, with increasing amounts of the two
different anions in solution, the T1s were reduced in value.
This is due to complexation in reducing the intramolecular
flexibility of the aza crown ethers.14

The T1s of the NCH2 protons of the ammonium cations were
also measured (see Table 6), and these values proved to be
very interesting since the cations are not directly involved
in aza crown ether/anion complexation. In the case of
the N-unsubstituted tetraaza crowns 1, 4, and 7, the T1s in-
creased in value leading to the conclusion that as the anion
complexes with the aza crown ethers, ammonium cations
are less strongly bound to the anion (as ion pairs) and their
flexibility therefore increases. In the remaining aza crowns
2, 3, 5, 6, and 8–10, complexation to the anion was only
minor or non-existent, therefore no effect on the T1 values of
the ammonium cation protons was expected and they should
remain constant. However, they were observed to decrease in
value and the only conclusion from this result is that obvi-
ously the long fatty acid chains attached to the aza crown
ethers and the n-butyl chains of the ammonium cation be-
come arranged along each other due to hydrophobic interac-
tions and thereby the flexibility of the ammonium cation is
reduced and subsequently the T1 values decrease as well.

2.5. Variable temperature 1H and 13C NMR
spectroscopy

Since some signals of the aza crown ethers in both the 1H
and 13C NMR spectra were already broadened at ambient
temperature, deconvolution was thus expected at lower tem-
peratures and the aza crown solutions, both free as well as
complexed to phosphate and sulfate, were examined accord-
ingly. However, only in case of 10 this was successful. This
dioxa,diaza crown ether contains some rigid units, which re-
duce the flexibility of the macrocyclic 15-membered ring
system (vide supra) and from following the line width of
H-1 and H-9, the free energy of interconversion of the 15-
membered ring could be calculated to be 9.2–9.3 kcal/mol,
in excellent agreement with values obtained for similar
crown ethers.15

The ring interconversion of the remaining aza crown ethers
1–9 could not be frozen within the temperature range of the
present NMR equipment when observing 1H NMR spectra.
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Table 2. 13C NMR chemical shifts (d/ppm) of the aza crown ethers 1–10 and differential values upon complexation to H2PO4
� and HSO4

� anions

Compound C-1 N-2/C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10 C-11 C-12 C-13 C-14 C-15 C-16

1 46.5
1/H2PO4

� �0.9
1/HSO4

� +0.5

2 53.0 60.1 140.1 128.9 128.0 126.6
2/H2PO4

� �0.4 �0.5 +0.6 �0.1 �0.1 �0.1
2/HSO4

� +0.3 +0.6 �11.0 +1.3 +2.2 +2.2

3 49.9 31.9 29.6 25.3 22.7a 14.1
3/H2PO4

� �0.6 �0 +0.1 �0.1 �0
3/HSO4

� �0.2 +0.1 +0.2 �0 �0

4 50.8 49.3 29.3
4/H2PO4

� �1.6 +1.3 �0
4/HSO4

� �1.5 +1.4 +1.4

5 50.8 51.9 24.4 59.6 140.6 129.8 128.6 127.6
5/H2PO4

� �0.4 �0.5 �0.3 �0.2 �0.6 �0.9 �0.6 �1.0
5/HSO4

� +0.5 +0.5 +0.2 +0.7 +0.3 +0.1 +1.0 +0.1

6 62.0 56.2 31.9 32.2 14.1 29.6 28.0 23.4a

6/H2PO4
� �0.6 +2.3 +1.6 �0.4 �0.1 +1.2 �0.8 �0

6/HSO4
� �2.2 �1.8 +0.2 �0.3 �0 +1.4 �0.7 �0

7 49.5 49.8 28.8 50.4 51.3 29.2
7/H2PO4

� �0.5 �0.8 �0 �0.6 �1.2 +0.1
7/HSO4

� +1.8 +0.4 +2.1 +0.2 �0 +0.9

8 48.5 59.5 139.1 129.8 128.5 132.8
8/H2PO4

� �0.2 �1.9 �0.4 �0.7 �1.2 �2.5
8/HSO4

� b

9 61.5 171.1 39.2 47.8 29.6, 14.1 29.3 22.7a

9/H2PO4
� �2.4 �0.7 +0.1 +0.1 �0 �0

9/HSO4
� �1.7 �0.6 +0.1 +1.4 +0.8 +0.1

10 65.7 158.2 110.1 120.6 128.5 131.2 158.2 51.6 47.8 29.0
10/H2PO4

� b

10/HSO4
� �0.2 +0.8 +0.1 �0 +0.8 +0.9 +0.8 +1.6 +0.8 �3.5

a Not further assigned.
b No coordination observed.

Figure 1. Job plots of the titration of 9 with H2PO4
�: (A) 1H NMR and (B) 31P NMR chemical shift variations; from the plot of the two parameters the anion-to-

ligand ratio of the complexes was inferred by the value of the x-coordinate at the plot azimuth.
Table 3. Stability constants and stoichiometry of the complexes of 1–10
(log K) with H2PO4

� and HSO4
� anions

Complex 1 2 3 4 5 6 7 8 9 10

With H2PO4
� 4.67 2.52 1.68 3.40 2.18 2.08 3.30 2.19 4.91 a

1:2 1:1 1:1 1:2 1:1 1:1 1:1 1:1 1:1 —
With HSO4

� 3.53 2.31 1.21 3.23 2.55 2.17 3.89 a 4.40 2.83
1:1 1:1 1:1 1:1 1:1 1:1 1:1 — 1:1 1:1

a No coordination observed.
Table 4. 3JH,H coupling constants (Hz) in free aza crown ethers 4–7 and 10
and in their complexes with H2PO4

� and HSO4
� anions

Compound Free With H2PO4
� With HSO4

�

4 5.5 5.0 5.5
5 7.0 7.0 7.0
6 8.5 8.5 8.0
7 5.0 5.0 5.0
10 5.5 a 5.5

a No coordination observed.
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Table 5. Spin–lattice relaxation times T1 (s) of the H-1 protons in aza crown ethers 1–10 and differential values in their complexes with H2PO4
� and HSO4

� anions

Compound 1 2 3 4 5 6 7 8 9 10

Free crown 1.1 0.4 0.35 1.0 0.4 0.3 0.9 0.4 0.6 0.7
+H2PO4

� �0.2 �0.05 �0.1 �0.1 �0.1 �0.05 �0.05 �0.05 �0.1 a

+HSO4
� �0.1 �0.05 �0.05 �0.1 �0.1 �0.05 �0.1 a �0.1 �0.1

a No coordination observed.

Table 6. Spin–lattice relaxation times T1 (s) of the NCH2 protons of the ammonium cations and differential values upon complexation to aza crown ethers 1–10

Compound Free Complexed

1 2 3 4 5 6 7 8 9 10

TBAHPa 0.2 +0.15 �0.1 �0.1 +0.1 �0.05 �0.05 +0.1 �0.15 �0.1 b

TBAHSc 0.25 +0.1 �0.1 �0.05 +0.05 �0.1 �0.05 +0.05 b �0.1 �0.15

a Tetra-n-butyl ammonium hydrogen phosphate.
b No coordination observed.
c Tetra-n-butyl ammonium sulfate.
The signals broadened and split into overlapping, very
wide absorptions on going down to 190 K but, due to these
difficulties, barriers to ring interconversions could not be de-
termined. For example, in Figure 2 the temperature depen-
dence of the 1H NMR spectrum of 2 is depicted.

Since the signal disparities in the corresponding 13C spectra
after deconvolution are generally larger than in the 1H spec-
tra and thus coalescence temperatures are usually higher,14

the temperature dependence of the 13C NMR signals was
also examined, but again without success (cf. also Fig. 2).
Even at 170 K the resonances did not decoalescence and
only became more broadened. Thus, the line broadening as
obtained must be, at least partly, assigned to the obviously
complicated T2 relaxational behavior of the aza crowns
studied.15b The same result was obtained for the correspond-
ing complexes and thus supports the aforementioned
conclusion. The inherent broad width of the 1H NMR signal
lines also precluded the extraction of precise J information
for conformational analysis and thus the accompanying mo-
lecular modeling study was necessary in order to overcome
the deficiencies regarding the adopted conformations.

2.6. Molecular modeling of aza crown ethers 1–10 and
their complexes

In order to assess the conformational behavior of 1–10, the
steric hindrance of the coordinating anions and the mecha-
nism of complexation of the aza crown ethers and their anion
complexes were also studied theoretically in detail.

The modeling study was started by random search calcula-
tions to estimate the conformational equilibria in solution.
For each crown ether, 105 cycles were calculated and up to
Figure 2. Temperature dependence of the NMR spectra of aza crown ether 2: (A) 1H at 298 K, (B) 1H at 190 K, (C) 1H at 170 K, and (D) 13C at 170 K.
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three torsional angles in the macrocyclic ring were varied
per cycle and the obtained geometries were optimized by
force field calculations. Conformations within 3 kcal/mol
of the global minimum structure were stored in a data
bank. However, in order to save CPU time the following sim-
plifications were introduced: N-alkyl chains were substituted
by N-methyl and the effect of the fatty acid tails was studied
later by molecular dynamic simulations (vide infra); benzyl
substituents were substituted by hydrogen but their effect
later considered by grid search calculations and thus correct
conformations of the benzyl substituted aza crowns could be
obtained (vide infra).

The conformers obtained by the random search calculations
were then continuum solvent geometry optimized by the
PM3 method. Aza crown ethers 1 and 4 have already been
ab initio MO studied by Bultinck et al.8 and they were in-
cluded into the present study in order to estimate the quality
of the present semiempirical calculations.

As a result of this theoretical study, a large number of con-
formations were obtained within a relatively narrow energy
window of 3 kcal/mol, though only the global minima struc-
tures of the various crowns were continuum solvent geome-
try optimized and collected in Table 7. Even if there is a
number of different conformations for each aza crown ether
studied, some really informative trends with respect to their
ground state structures and complexational behavior can be
construed:

(i) If the aza crown ethers are N-unsubstituted (1, 4, 7, and
9), the macrocyclic ring with respect to the N–C–C–N
dihedral angle is synclinal in orientation. This result
is in complete agreement with both the theoretical stud-
ies of Wolf et al.16 and Bultinck et al.8

(ii) If the aza crown ethers are N-substituted with the strong
sterically hindering fatty acid tails or benzyl substitu-
ents, the corresponding N–C–C–N dihedral angles
change from synclinal orientations to antiperiplanar
and are seldom in synclinal or anticlinal orientations.

(iii) Adjacent C–N–C–C dihedral angles remain in a syncli-
nal orientation, in good agreement with the NOE study
of crown ether 10.

(iv) The N–C–C–C torsional angles are in synclinal confor-
mations, in agreement with experimental information
(cf. 4 and 7). The same N-substituent steric effect, as
mentioned previously, is observed: N–C–C–C torsional
angles change then to antiperiplanar conformations.

(v) Due to experimental data in the case of 10
(3JH11;H12¼5:5 Hz, no NOE between H-1 and H-11),
the global minimum is validated: both the N–C–C–C
and O–C–C–O torsion angles are synclinal, though
anticlinal but not antiperiplanar conformations are also
possible. In good agreement with the experiment results
are the anticlinal C]C–C–N and C–O–C]C antiperi-
planar conformations. The global minimum structure
of dioxa,diaza crown ether 10 is presented in Figure 3.

2.7. Steric N-substituent effect on the conformation of
the macrocyclic ring

Within this context, firstly, grid search calculations of the
benzyl substituted aza crown ethers were processed. All
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the torsional angles C–N–C–Car and N–C–Car–Car were
varied systematically in 30� steps and the structures thus
obtained were energetically optimized. Comparing the
resulting structures and their energies, it was clear that those
conformations with N-benzyl substituents oriented exocycli-
cally were the most stable ones. Thus, an N-benzyl substitu-
ent does not shield the aza crown cavity completely but
allows the opportunity for anion complexation, and this is
available from both sides of the macrocycle (cf. Fig. 4).

In order to consider the much more flexible fatty acid tails,
molecular dynamic simulations were employed. For 3, 6,

Figure 3. Global minimum structure of crown ether 10.
and 9, the global minima structures from random search cal-
culations were applied substituted with the corresponding
N-alkyl chains (C-12 in the case of 3 and 6 but C-10 in the
case of 9). During 1 ns, the substituents were allowed to
move freely at 300 K, the aza crown ether skeleton, however,
was structurally fixed. The results are not surprising: the
fatty acid tails sterically shield the macrocyclic ring cavity
(cf. Fig. 5) to a great extent and thereby prevent the opportu-
nity of the anions to approach for complexation. By contrast,
the single C10H21 alkyl chains in aza crown ether 9 are
unable to cover the whole macrocyclic ring cavity (cf.
Fig. 6). They can partly cover one side of the cavity, but
only one and thus from the opposite side the approach of
the anion is possible and hence complexation with adequate
complex stability results (vide supra).

2.8. Host–guest interaction in the H2PO4
L and HSO4

L

complexes

Various models concerning the present host–guest interac-
tions have been published. Lu et al.17 consider the number
and strength of potential hydrogen bondings as the funda-
mental criterion for successful complexation—complex sta-
bility increases if aza crown ethers are protonated.15 Albelda
et al.,18 on the other hand, suggest that H2PO4

� should be
sufficiently acidic to protonate nitrogen atoms (the corre-
sponding 15N chemical shifts are strongly deshielded by
complexation) and complex to the aza crown ethers via
Figure 4. Preferred ground state conformations of aza crown ethers 2, 5, and 8.

Figure 5. Spatial extension of fatty acid tails in crown ether 6; possible positions of C-8 (A) and mobility of the alkyl chain (B).
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Figure 6. Mobility of the single alkyl chain of crown ether 9 illustrated from two different directions (A and B).
electrostatic interactions. And finally, Beer and Gale19 con-
sider that the charged anions can complex to the neutral aza
crown ethers via dipole–ion interactions.

Firstly, hydrogen bonding was examined: the anions H2PO4
�

and HSO4
� were positioned near to the cavity (P]O and

S]O moieties, respectively, in the direction of the cavity)
of the NH aza crown ethers 1, 4, 7, 9, and 10 and then
PM3 geometry was optimized. The following trend was
evident: P]O and NH of the aza crown ether form hydrogen
bonds (cf. Fig. 7 for aza crown ether 1) and the macrocyclic
ring changes its conformation in order to enable as many of
these hydrogen bonds as possible, at the same time, the anion
occupies the most favorable position possible. However, the
aza crown cavity cannot completely host the entire anion as
has been observed for 20-membered rings18 because of the
smaller ring sizes in 1–10. If the aza crown ethers studied
are N-substituted (2, 3, 5, 6, and 8) then the former inter-
action (hydrogen bonding), however, is excluded.

In order to study possible N-protonation of the ligand by
the anion, the relevant ligands were monoprotonated and
a HPO4

2� species was positioned near to the cavity and this
geometry was then optimized. The result of this approach
is obvious (cf. Fig. 8 for N-protonation of 3H+—instead of
the long alkyl chains only R¼Me was considered): the NH
proton left the crown ether moiety and transferred back to
the oxygen of the anion, but at the same time the anion
approached the aza crown macrocyclic ring system to com-
plete the complexation. Certainly hydrogen bonding could
not be identified in these cases as a major source of stabili-
zation and therefore dipolar-ion interaction was deemed to
be the major source.

As the other mode for complex formation, dipole–ion inter-
actions were further considered. On the Connolly surface20

of the aza crown ethers (generated by SYBYL)21 surrounded
by the solvent, the electrostatic potential22 of the aza crown
ethers was projected and the anion positioned near the posi-
tive charge region (cf. Fig. 9 for aza crown ether 2—instead
of benzyl only R¼Me was considered). Geometry optimiza-
tion resulted in the following: N–C–C–N dihedral angles
changed completely to antiperiplanar positions and the
NCH2 groups pointed to the inside of the macrocyclic ring
system. Both P]O and S]O anion moieties also pointed
to the same direction but the N-lone pairs are positioned
away from the anion, obviously in order to minimize the re-
pulsion of anion negative charges and N-lone pairs. In the
case of this kind of conformation, already present in the
starting structures, nothing changes during the energy mini-
mization of the complexes. During the approach of the anion,
the electron density of the phosphate/sulfate protons is shifted
to other parts of the anion; the electrostatic potential of the
aza crown near to the P]O/S]O bonds demonstrates the
large positive range of the aza crown ethers in this respect
(cf. the red area of Fig. 9).
Figure 7. PM3 optimized geometry of the host–guest complex 1/H2PO4
� (A) before and (B) after optimization.
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Figure 8. PM3 energy optimization of the 3H+/HPO4
2� complex—instead of the long alkyl chain only R¼Me was considered.

Figure 9. Electrostatic potential of 2 without (A) and with H2PO4
� (B); in addition conformations of 2 without (C) and with H2PO4

� (D) are given—instead of
benzyl only R¼Me was considered.
3. Conclusions

From the detailed NMR study of a series of aza crown ethers
1–10 both the stoichiometry and complex stability constants
with the anions H2PO4

� and HSO4
� were obtained. The aza

crown ethers generally form 1:1 complexes but the complex
stability proved to be strongly dependent on the sterically
hindering effect of the N-substituents if present. At the
same time, the flexibility of 1–10 is reduced upon complex-
ation.

Although structural J and spatial NOE information from
NMR were very limited except in the case of 10, the data
were still able to be included as constraints in the accompa-
nying molecular modeling study. As the major results of the
modeling study it was determined that:
(i) N-Unsubstituted aza crown ethers prefer stable endo
orientations of the donor atoms; if benzyl or alkyl sub-
stituents are present, due to their steric effects, donor
atoms change synclinal to antiperiplanar orientations
of N–C–C–N moieties.

(ii) N-Unsubstituted aza crown ethers form hydrogen bonds
NH/O]S(O]P) to the corresponding anions;
thereby, the geometry of the macrocyclic ring system
changes in order to maximize the number and possibil-
ities of this hydrogen bonding.

(iii) Complexation of aza crown ethers and anions in N-
substituted compounds proceeds via dipole–ion interac-
tions. Due to impossible H-bonding [cf. (ii)] and due to
steric hindrance of complexation by the N-substituents,
the stability constants of the corresponding complexes
drop accordingly.
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It has been proved by study that detailed structural informa-
tion about crown ethers in solution can be obtained (both in
free and complexed state) not only as an substantial alterna-
tive to X-ray studies in the solid state but also as the only
information if no useful crystals could be obtained.

4. Experimental

4.1. Syntheses

The di-, tri-, and tetraaza crown ethers 1–9 and the mixed
dioxa,diaza crown ether 10 were synthesized according to
literature procedures collected in Ref. 23. The reaction prod-
ucts were purified by column chromatography and both the
structure and purity of the compounds were determined by
1H and 13C NMR spectroscopy and accurate mass mea-
surements by ESIMS. The salts H2PO4

�+N(n-Bu)4 and
HSO4

�+N(n-Bu)4 for the complexation studies were pur-
chased from Aldrich and NMR solvents from Chemotrade;
all were used without further purification.

4.2. NMR spectroscopy

1H and 13C NMR spectra were recorded on Bruker Avance
500 or 300 NMR spectrometers using 5 mm probes operat-
ing at 500 and 300 MHz for 1H, and 125 and 75 MHz for
13C. For all measurements, CDCl3 (for lower temperatures
CD2Cl2) was employed as the solvent using TMS as an inter-
nal reference (¼0 ppm for both nuclei). 31P NMR spectra
were calibrated externally (capillary) with 85% H3PO4

(¼0 ppm). Signal assignment was performed at 298 K and
utilized standard Bruker pulse sequences (1H, 13C, 31P,
COSY, HMQC, and HMBC).

For 1H NMR spectra, the digital resolution was set to 16 data
points per hertz and to 1.6 data points per hertz for 13C spec-
tra. For 2D NOESY experiments, an optimal value for the
mixing time tm was assessed as 400 ms. To avoid confusion
arising from spin diffusion, 2D ROESY spectra were also
recorded for comparison and also utilized mixing times of
400 ms. For both NOESY and ROESY experiments as well
as the T1 measurements, paramagnetic oxygen was displaced
from the NMR solutions by ultrasonification for 30 min
under argon prior to measurement. T1 values were measured
using the inversion recovery pulse sequence with a total of
16 different delay times. T1 values were calculated using
standard Bruker software and are reported with an uncer-
tainty of 50 ms. Vicinal 1H–1H coupling constants were
measured using the JRESQF pulse sequence where the spec-
tral widths were set to 4125 and 40 Hz for the f2 and f1
dimensions, respectively, with digital resolutions of 4
and 0.2 Hz.

For the determination of the barriers to ring interconversion
(DGs), the rate constants kc at the coalescence temperatures
Tc were calculated from the chemical sift difference Dn of
the respective peaks extrapolated to Tc using the Gutowski–
Holm method (kc¼2.22�Dn).24 Inserting the resulting rate
constants into the Eyring equation [DGs¼19.14�
Tc�(10.32+log (Tc/kc)] provided values of DGs. Coales-
cence temperatures are reported with an uncertainty of
1 K.
Titration experiments were conducted using the continuous
variation method25 as follows: stock solutions of the salts
H2PO4

�+N(n-Bu)4 and HSO4
�+N(n-Bu)4 and compounds

1–10 were, for ease of convenience, made to the same con-
centration (3.3�10�4 M) to facilitate a simple procedure
whereby the sum of the concentrations of the ligands and
the anions were maintained as a constant during the course
of the titration. The 1H NMR spectra of the free ligands
were first recorded and then the concentration of the ligand
was decreased successively whilst the concentration of the
anion was increased accordingly (e.g., from 1:H2PO4

�+N(n-
Bu)4 or HSO4

�+N(n-Bu)4¼9:1 to 8:2.1:9, etc.).

4.3. Molecular modeling

Random search simulations were performed using the pro-
gram SYBYL21 with the Tripos force field26 and consisted
of 100,000 cycles. All torsional angles within the ring
were allowed to vary randomly and no constraints were
applied. After each cycle, the optimized conformation was
stored if the heat of formation was within 3 kcal/mol of
the lowest calculated heat of formation. The simulation
was terminated prematurely if all so obtained conformations
had been counted at least five times. This ensured that the
global minimum was found with a confidence in excess of
95%.

Geometry optimizations were performed using the semiem-
pirical method PM3.27 The SCRF/SCIPCM (self-consistent
reaction field/self-consistent isodensity polarized continuum
model)28 method were used to consider the solvent effect;
the dielectric constant of chloroform (3¼4.8) was applied.
Calculations were performed on IRIS-INDIGO XS24 or
SGI O2 workstations or on PCs with Pentium 1 processors.
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