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Abstract—Pyridine-based, structurally isomeric two macrocyclic compounds displayed a remarkably different complexation nature. The
cage-type compound has an ideal structure for spherical cations, especially for the NH4

þ ion, but the reaction with some transition metals and
Ln3þ produced its protonated species. On the other hand, its isomer formed complexes with alkali metals and lanthanides (1:1) and also with
transition metals. Some structures of the complexes were clarified by crystallographic analyses. q 2003 Elsevier Science Ltd. All rights
reserved.

1. Introduction

In the previous reports, we have discussed the host–guest
chemistry of the pyridine-based macrocyclic compounds 1
(Fig. 1).1 Compound 2 is a structurally isomeric compound
of 1, which has six pyridine rings connected with four
bridgehead nitrogen atoms in a different manner. Further-
more, compound 1 has rigid skeleton, but, on the other hand,
compound 2 is relatively mobile compared to compound 1.
Each compound has 10 lone pairs directed to the center of
the cavity. By reason of the difference in the structure,
compound 1 has a suitable structure for spherical cations,
but 2 has selectivity for small planar molecules such as
guanidine salt and urea. Interestingly, 2 formed a complex
(or hydrate) with six water molecules.2 However, complex
formation with metal cations has not been studied yet;
therefore, we report herein the complexation features of 1
and 2 which result from the difference in the structures.

2. Results and discussion

2.1. Synthesis

A potassium complex of 1 was obtained from a one-pot

reaction between 2,6-bis(aminomethyl)pyridine dihydro-
chloride and 2,6-bis(bromomethyl)pyridine under phase
transfer conditions. On the other hand, compound 2 was
prepared by a stepwise route via 2,11-diaza[3.3](2,6)pyri-
dinophane.2 Lehn et al. obtained compound 2 by the
coupling reaction between 2,6-bis(bromomethyl)pyridine
and 2,6-bis(aminomethyl)pyridine in the presence of a base
employing acetonitrile as the solvent.3 However, in our
case, the one-step coupling reaction under phase transfer
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Figure 1. Structures and topologies of compounds 1 and 2.
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condition (CH2Cl2–aq. KOH/n-Bu4NBr) mainly afforded
cage compound 1 and sometimes produced compound 2 as a
by-product. However, we could not find a definite condition
which selectively gives 1 or 2.

2.2. Complexation study

The structural effect on the cation affinity of 1 and 2 was
investigated by the observation of complex formation and
stability measurements. However, several experimental
difficulties limited the measurement method. The metal-
free form of 1 is difficult to prepare and it is labile under
aerobic conditions;7 thus, direct observation of the reaction
between 1 and Mþ is not practical. This problem was
overcome by employing the competitive reaction between
Mþ,1 and a metal salt. Previously, the stability constant of
Kþ,1 was estimated by a competition experiment;1b thus,
we can apply this method for estimating the stability
constants of Mþ,1 by observing the following reaction:

Kþ , 1 þ Mþ
O Mþ , 1 þ Kþ

However, this reaction is very slow and more than 3 days
were necessary to reach equilibrium; thus, 1H NMR
spectroscopy was employed. Another difficulty in the
experiment is the solubility problem. We had to consider
a solvent which has sufficient solubility for Kþ,1, 2 and
also metal picrates. A desirable solvent could not be found,
and thus, a two-solvent system was employed for this
purpose. Because the metal complex Kþ,1 has low
solubility in CDCl3, the stability constants of Mþ,1 were
determined in DMSO-d6 by mixing Kþ,1 and metal
picrates. Each aromatic signal of Mþ,1 appeared at a
different position; thus the ratios [Kþ,1]/[Mþ,1]
(Mþ¼Liþ,Csþ, NH4

þ) were easily obtained. Therefore,
each stability constant was determined by the equations:

Mþ þ 1O
K1

Mþ , 1 : K1 ¼ ½Mþ , 1�=½Mþ�½1�

Kþ þ 1O
K2

Kþ , 1 : K2 ¼ ½Kþ , 1�=½Kþ�½1�

Kþ , 1 þ Mþ
O
K3

Mþ , 1 þ Kþ :

K3 ¼ ½Mþ , 1�½Kþ�=½Kþ , 1�½Mþ�

[ K1 ¼ K2K3

On the contrary, metal-free compound 2 is readily
available,2,4 and the direct reactions between 2 and Mþ

were observed by 1H NMR spectra. The stability constants
were measured in CDCl3–CD3CN (11/1, v/v) because
compound 2 is nearly insoluble in DMSO.

As a result, log K¼2.46 (Naþ), 6.35 (Kþ), 6.89 (Rbþ), 5.69
(Csþ), and 6.40 (NH4

þ) were obtained in the case of Mþ,1,
and it showed Rbþ selectivity. The complexation of Liþ was
not observed in this method. The selectivity for the cations
is relatively large, and the log K curve is steep (Fig. 2). On
the other hand, the curve for that of compound 2 is gentle.
Kþ selectivity was observed in this case, viz. log K¼2.93
(Liþ), 3.37 (Naþ), 4.62 (Kþ), 2.93 (Rbþ), and 2.85 (Csþ)
were obtained. The reaction between 2 and NH4

þ resulted in
complete broadening of the signals of the host and the
complex. Each signal was not separated, and thus, the
stability constant could not be determined. All of the metal
complexes of 1 or 2 were isolable, and 1:1 complexes were
confirmed. In general, the stability of the metal complex is
smaller in solvents having a large donor number than in
solvents having a small donor number.5 Therefore, the
stability constants of Mþ,2 in DMSO should be much
smaller than in the mixed solvent (CDCl3–CD3CN¼11/1,
v/v). Therefore, we can anticipate that the cation affinity of 1
is much larger than that of 2. Another specific difference in
the complexation properties of 1 and 2 is the exchange rate
of the metal cation between the cavity and the solution. It is
very slow in the case of Mþ,1 (.3 days) but fast in the case
of 2 (immediately after mixing). Compound 1 has a
spherical cavity of fixed size and is supported by a rigid
skeleton. Furthermore, the cavity is surrounded by six
aromatic walls. Therefore, the complexes are thermo-
dynamically stable, and the selectivity for the cation
becomes large. Also, the cation exchange rate become
very slow because of the character of the cavity. On the
other hand, cavity of compound 2 is easy to access from the
outer environment, the molecule is very flexible compared
to compound 1; thus, the selectivity for the cation is small
and the rate of complexation is fast.

Besides the alkali metal cations, complex formations with
some transition metals were investigated. Preparation of the
complexes was attempted by mixing Kþ,1 or compound 2
and the corresponding metal salts (NO3

2, Cl2, picrate, or

Figure 2. Plots of log Ks of Mþ,1, 2 vs ionic radii (Å) of the cations.
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BF4
2) in CH2Cl2–MeOH (1/1, v/v) or CH2Cl2–CH3CN

(1/1, v/v). Metal complexes (Eu3þ, Co2þ, Agþ, and Cu2þ)
of 2 were easily prepared and isolated, but the reaction
between compound 1 and the metal salts (Eu3þ, Co2þ,
Cu2þ, and Fe3þ) afforded insoluble materials, and the
composition could not be identified. Alkali metal cations6

and Eu3þ generate 1:1 complexes with 2, but dinuclear
complexes were obtained with Agþ, Co2þ, and Cu2þ. The
attempt to prepare Cuþ complex of 2 failed, because the
Cuþ complex was very easy to be oxidized to Cu2þ complex
under usual experimental conditions. The reason why alkali
metal and Eu3þ formed 1:1 complex and other metals
formed dinuclear complex is unclear so far. The coordi-
nation number of the metals and the preference of the
coordination geometry seem to be concerned with these
phenomena, but details are equivocal.

The transition metal complexes, Cuþ,1, 2Agþ,1, and
Agþ,1 were easily obtained, and the properties have
already been reported.7 These are important key inter-
mediates to synthesize metal-free 1. However, the com-
plexes of the transition metals, Eu3þ, Co2þ, Cu2þ, and Fe3þ,
were not obtained. In the previous report, we clarified that
the fluorine derivative of 1 generates protonated species
with cations which have large hydrolysis constants8 or small
cations.9

xMnþ þ yH2OO
K

MxðOHÞn2y
y þ yHþ

A similar principle is applicable to compound 1, and
according to this, almost all of the transition metal
complexes are difficult to generate because they are too
small and they have large hydrolysis constants. Further-
more, the affinity of compound 1 for protons is much larger
than that of the fluorine derivative, thus the complexes could
not be obtained in these metal cases.1b,7,9 Only Tlþ can
probably generate a stable complex. Examples of the
hydrolysis constants of the metal cations are as follows
(x¼1, y¼1): 2log K11¼Liþ (13.9), Naþ (14.7), Kþ (14.46),
Agþ (12.0), Eu3þ (7.8), Co2þ (9.65), Cu2þ (7.96), Fe3þ

(2.19), and Tlþ (13.3).

Despite the fact that the number of the donor units
(pyridine) and the lone pairs of these two macrocyclic
compounds are the same, the complexation properties are
quite different. This phenomenon resulted from the
difference in the topology of the molecule: spatial arrange-
ment of the donor strongly affects the molecular properties.
Therefore, we have to be careful in designing a molecule
which has the desirable properties we want.

2.3. X-Ray crystallographic analyses

2.3.1. Crystal structure of 2Ag1,2. In order to confirm
the coordinating structure, X-ray crystallographic analysis
of 2Agþ,2·2BF4

2 was achieved (Fig. 3). The three pyridine
and two bridgehead nitrogen atoms coordinate to each Agþ

ion in a distorted pyramidal fashion. Each pyridinophane
unit of 2 is in a syn form, and its methylene unit is in a boat–
boat conformation. This type of conformation is also
observed in other transition metal complexes of 2,11-
diaza[3.3](2,6)pyridinophane.10 The Agþ–N(bridgehead)
distance is an average of 2.52 Å, and it is longer than that

of Agþ–N(pyridine) distance (average of 2.36 Å). The
pyridine–Agþ–pyridine angles in the pyridinophane units
are 73.28 and 73.18, respectively. In a previous report, we
described that the Agþ–Agþ distance of 2Agþ,1 (2.78 Å)
is shorter than that of metallic silver (2.89 Å) and it has a
possibility of a Ag–Ag bond.7 On the other hand, the Agþ–
Agþ distance of 2Agþ,2 is much longer (4.84 Å) than that,
and there is no interaction or bond between the two Agþ

atoms. The dinuclear complex, 2Agþ,2, easily decom-
poses under light or by heating similar to other common
silver complexes, and this is quite in contrast to the fact that
2Agþ,1 and Agþ,1 are abnormally stable under strong
light, heat, and the attack of halides (Cl2, Br2, I2).7 The
2Agþ,2 decomposed in a day under room light, and the
solution immediately turned black on heating.

2.3.2. Crystal structure of NH4
1,1. Our interest focused

on the coordination structure of NH4
þ,1 because the host 1

has an ideal structure for the NH4
þ complexation: especially,

the geometry of NH4
þ and its hydrogen bond pattern in the

cavity of 1. After several attempts, the structure of NH4
þ,1

was elucidated by X-ray crystallographic analysis (Fig. 4).
The molecule was disordered even at low temperatures
(21508C). The overall structure of the ligand is similar to
that of Kþ,1,2c and NH4

þ is placed at the center of the
cavity. The four bridgehead nitrogen atoms are directed
inward, and they form hydrogen bonds with each proton of
NH4

þ. The average distance of N–Hþ· · ·N (bridgehead) is
2.38 Å, and the bond angles of N–Hþ· · ·N (bridgehead) are

Figure 3. Molecular structure of silver complex, 2Agþ,2 (hydrogen atoms
are omitted for clarity).

Figure 4. Crystal structure of NH4
þ,1 (thermal ellipsoids are drawn with

50% probability).
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approximately linear (169–1768). The average distance of
Nþ(H)· · ·N (bridgehead) is 3.19 Å, which is identical to that
of Nþ(H)· · ·N (pyridine) (3.19 Å).

The ammonium proton favors tetrahedrally arranged
bridgehead nitrogen atoms rather than octahedrally arranged
pyridine nitrogen atoms in spite of the identical Nþ(H)· · ·N
distances. This is explained by the complementarity of the
host–guest geometry; a tetrahedral binding site favors a
tetrahedral guest, and vice versa. Furthermore, the basicity
of the bridgehead nitrogen atom is somewhat larger than
that of pyridine (pKa of tribenzylamine, 4.1 in DMSO, 12.3
in nitromethane; pyridine, 3.5 in DMSO, 11.95 in
nitromethane).11 Because the benzene analog of 1 which
contains only four bridgehead nitrogen atoms does not form
complexes with NH4

þ,1 the dominant factor in NH4
þ

complexation of 1 is the electrostatic interaction with the
pyridine rings but not the hydrogen bonds with the
bridgehead nitrogen atoms. The weak hydrogen bonds
merely determine the direction of the N–Hþ bonds.

3. Conclusion

The topology of the host molecule greatly affected the metal
complexation properties. This result provides an index for
the design of the host molecule. The cage-type compound
prefers spherical cations, and the protonation reaction
dominates with acidic and small transition metals. On the
other hand, the structural isomer which is built with
[3.3](2,6)pyridinophane units binds a wide variety of guests,
i.e. guanidine salt, urea, water molecules, alkali metal
cations, transition metal cations, and even rare earth metal
ions, although its binding ability is not very large. These
definitive differences of the guest selectivity arise from the
topology (spatial arrangement of the pyridine donor and the
shape of the cavity) and rigidity of the molecule
(the compound 1 is rigid, but 2 is more flexible).

4. Experimental

4.1. General procedures

All melting points were measured in Ar or N2 sealed tubes
and were uncorrected. 1H NMR spectra were recorded at
270 MHz in CDCl3 (TMS as an internal standard), CD3OD,
DMSO-d6, and CDCl3/CD3CN mixture (solvent signal as an
internal standard). Mass spectra were recorded with m-NBA
as a matrix.

X-Ray crystallographic analyses. Measurements were
performed on a Rigaku RAXIS-IV imaging plate area
detector with graphite monochromated Mo Ka radiation for
NH4

þ,1·Pic2 and on a Rigaku RAXIS-RAPID imaging
plate diffractometer with graphite monochromated Mo Ka
radiation for 2Agþ,2·(BF4

2)2. Structures were solved by
direct methods (SHELXS-9712 for 2Agþ,2·(BF4

2)2 and
SIR9213 for NH4

þ,1·Pic2) and refined by full-matrix least-
squares techniques.14 The non-hydrogen atoms were refined
anisotoropically. For NH4

þ,1·Pic2, the hydrogen atoms
were included, but their positions were not refined, and the
isotopic B values were refined. All calculations were

performed using the teXscan crystallographic software
package from Molecular Structure Corporation.

Measurements of stability constants by 1H NMR spectra. In
each NMR tube, about 3 mg of Kþ,1·Br2, 4–7 mg of
metal picrates, and DMSO-d6 were weighed exactly. Initial
concentrations of the host were 2.66–3.91£1023 mol L21

and concentrations of the metal picrates were 1.62–
47.9£1023 mol L21. Each sample was left in a tempera-
ture-controlled water bath (25^0.18C) for a week, and then
1H NMR spectra were observed. The intensities of doublets
and triplets of the pyridine rings were measured and used for
calculation. In a similar way, samples of compound 2 and
metal picrates were prepared. The initial concentration of
the host was 3.92£1023 mol L21 (CDCl3–CD3CN¼11/1,
v/v), and the concentrations of metal picrates were 0.48–
1.75£1023 mol L21.

4.2. Preparation of the metal complexes

4.2.1. 2Cu21,2·4NO3
2·3CH3OH. To a solution of com-

pound 2 (51.4 mg, 7.5£1022 mmol) in a mixed solvent
(CH2Cl2–CH3CN¼3/2) was added a solution of Cu(NO3)2·
3H2O (64.2 mg, 2.7£1021 mmol) in 1 mL of CH3CN and
the mixture then stirred at room temperature overnight. The
resultant precipitates were filtered and recrystallized from
CH3OH–CH3CN. Greenish blue prisms (11.4 mg, 13.1%).
MS (FAB) m/z 936 (2.1%, [Mþ63Cu2N2O6]þ), 938 (1.6%,
[Mþ63Cu65CuN2O6]þ), 940 (0.6%, [Mþ65Cu2N2O6]þ).
Anal. calcd for C42H42N14O12Cu2·3CH4O: C, 46.67; H,
4.54; N, 16.94. Found: C, 46.47; H, 4.70; N, 16.93%.

4.2.2. Eu31,2·3ClO4
2·2H2O. To a solution of compound 2

(53.1 mg, 7.7£1022 mmol) in 3 mL of CH2Cl2 was added a
solution of Eu(ClO4)3·6H2O (168.8 mg, 0.3 mmol) in 5 mL
of CH3OH and the mixture then stirred at room temperature
for three days. The resultant precipitates were filtered and
recrystallized from dioxane-CH3CN. White powder
(63.6 mg, 59.4%). MS (FAB) m/z 936 (2.9%,
[Mþ151Eu35ClO4]þ), 938 (3.8%, [Mþ153Eu35ClO4]þ,
[Mþ151Eu37ClO4]þ), 940 (1.2%, [Mþ153Eu37ClO4]þ).
Anal. calcd for C42H42N10O12Cl3Eu·2H2O: C, 43.00; H,
3.95; N, 11.94; found: C, 42.76; H, 3.83; N, 11.82%.

4.2.3. 2Ag1,2·2BF4
2·H2O. A solution of 2 (49.7 mg,

7.2£1022 mmol) and AgBF4 (32.1 mg, 0.16 mmol) in
3 mL of CH2Cl2 was stirred for a day in the shade. The
resultant solution was filtered through Celite and the solvent
was evaporated. The powder thus obtained was rinsed with
water, dried, and recrystallized from CH3OH. Colorless
needles (14.0 mg, 17.8%). Mp .271.58C (dec. N2 sealed
tube); 1H NMR (CD3OD): d 8.18 (t, 2H, J¼7.5 Hz), 7.81 (d,
4H, J¼7.0 Hz), 7.14 (t, 4H, J¼7.5 Hz), 6.58 (d, 8H,
J¼7.0 Hz), 5.01 (s, 8H), 4.40 (d, 8H, J¼14.1 Hz), 3.69 (d,
8H, J¼14.1 Hz); FAB-MS: m/z 987 ([Mþ107Ag2þBF4]þ,
2.8%), 989 ([Mþ107Agþ109AgþBF4]þ, 5.0%), 991
([Mþ109Ag2 þBF4]þ, 3.0%), 793 ([Mþ107Ag]þ, 6.9%),
([Mþ109Ag]þ, 4.7%). Anal. calcd for C42H42N10B2F8·H2O:
C, 46.10; H, 4.05; N, 12.80. Found: C, 46.12; H, 4.00; N,
12.83%.

4.2.4. NH4
1,1·Pic2. To a solution of Kþ,1·Br2

(50.0 mg, 6.0£1022 mmol) in 6 mL of mixed solvent
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(CH2Cl2–CH3OH¼1/1) was added an excess of NH4Pic
and the mixture stirred at room temperature overnight. The
mixture was filtered, and the solid product rinsed with water
and dried. The resultant yellow powder was recrystallized
from CH2Cl2–CH3CN. Yellow prisms (57.6 mg, quant.).
Characterization was done as the Br2 form after anion
exchange. NH4

þ,1·Br2: Colorless granules. Mp .2418C
(dec. Ar sealed tube); 1H NMR (CDCl3): d 8.40 (t, 4H,
J¼54 Hz, NH4

þ), 7.60 (t, 6H, J¼8 Hz, Ar-H), 7.17 (d, 12H,
J¼8 Hz, Ar-H), 3.60 (s, 24H, –CH2-); FAB-MS: m/z 704
(Mþ). Anal. calcd for C42H46N11Br: C, 64.28; H, 5.91; N,
19.63. Found: C, 64.19; H, 5.86; N, 19.39%.

4.3. Crystal data

4.3.1. 2Ag1,2·2BF4
2·H2O. C45H42N10O3B2F8Ag2,

Mr¼1160.24 g mo121, colorless prism (grown from
MeOH), size 0.50£0.15£0.10 mm3, triclinic, space group
P�1ð#2Þ; a¼13.5492(5) Å, b¼16.9215(5) Å, c¼
11.9515(5) Å, a¼105.309(2)8, b¼114.69765(8)8, g¼
95.2771(8)8, V¼2336.3(2) Å3, Z¼2, rcalcd¼1.649 g cm23,
m(Mo Ka)¼9.21 cm21, F(000)¼1164.00, T¼2180^18C
using the v–2u scan technique to a maximum 2u value of
55.08. A total of 21847 reflections were collected. The final
cycle of the full-matrix least-squares refinement was based
on 9341 observed reflections (I.3.00s(I)) and 703 variable
parameters and converged with unweighted and weighted
agreement factors of R¼0.035, Rw¼0.068, and GOF¼1.19.
The maximum and minimum peaks on the final difference
Fourier map corresponded to 1.00 and 20.78 e2 Å23,
respectively.

4.3.2. NH4
1,1·Pic2. C48H48N14O7, Mr¼933.00 g mol21,

yellow prism (grown from CH2Cl2–CH3CN mixture), size
0.50£0.40£0.30 mm3, monoclinic, space group P1ð#4Þ;
a¼10.644(2) Å, b¼16.885(6) Å, c¼13.063(3) Å, b¼
100.08(1)8, V¼2311.5(9) Å3, Z¼2, rcalcd¼1.340 g cm23,
m(Mo Ka)¼0.94 cm21, F(000)¼980.00, T¼2150^18C
using the v–2u scan technique to a maximum 2u value of
55.08. A total of 4817 reflections were collected. The final
cycle of the full-matrix least-squares refinement was based
on 4211 observed reflections (I.3.00s(I)) and 670 variable
parameters and converged with unweighted and weighted
agreement factors of R¼0.106, Rw¼0.099, and GOF¼3.10.
The maximum and minimum peaks on the final difference
Fourier map corresponded to 1.08 and 20.72 e2 Å23,
respectively.

Crystallographic data (excluding structure factors) for the
structures in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication numbers CCDC 111964 for NH4

þ,1·Pic2 and
CCDC 191527 for 2Agþ,2·2BF4

2·H2O. Copies of the data
can be obtained, free of charge, on application to CCDC, 12

Union Road, Cambridge CB2 1EZ, UK. (fax: þ44-(0)1223
336033 or e-mail: deposit@ccdc.cam.ac.uk).
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