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N,N�,N��-Tris(p-tolyl)azacalix[3](2,6)pyridine (1) that shows a
high proton affinity (pKBH+ = 23.1 in CD3CN) has been classi-
fied as a new type of proton-sponge-like compound. X-ray
crystallography reveals that 1 is ideal for accommodating a
single proton in its cavity.

Introduction
Neutral organic bases and superbases play an important

role in organic syntheses.[1–3] Since it has been reported that
1,8-bis(dialkylamino)naphthalenes with chelating nitrogens
for a proton exhibit an unusually high basicity and behave
as “proton sponges”, many studies of related proton sponge
compounds with chelating proton acceptors have been car-
ried out.[2] Investigations have also been performed on the
ability of polycyclic amines to encapsulate a proton in their
cavity.[3] These polycyclic amines also exhibit a high basicity
because of the synergistic effect of polycyclic amine nitro-
gens for accommodating a proton in their cavity.

We previously reported the preparation of N-substituted
azacalix[n](2,6)pyridines (n = 3–8, and 10) by Pd- and Cu-
catalyzed C–N bond formations.[4] Among the macrocyclic
compounds, the structure of N,N�,N��-tris(p-tolyl)azaca-
lix[3](2,6)pyridine (1) is of particular interest because the
arrangement of three pyridine nitrogen lone pairs in its cav-
ity seems to be efficient for capturing a single proton. X-ray
crystallography shows that the distances between pyridine
nitrogen atoms (Npy atoms) in 1 are very short (2.602–
2.671 Å),[4b] which are shorter than that between the nitro-
gen atoms (2.79 Å) in 1,8-bis(dimethylamino)naphthalene
(2).[2b,2e,2g] We here report on the high proton affinity of 1
and the molecular structure of the inner monoprotonated
form of 1 (1a).

Results and Discussion
The macrocyclic compound 1 was prepared according to

our previous report.[4b] Compound 1 was monoprotonated
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by treatment with NH4PF6. The structure of 1a·PF6 was
confirmed by spectroscopic methods, including X-ray crys-
tallography (see below). As shown in Figure 1, the 1H
NMR spectrum of 1a·PF6 exhibits a new singlet signal at δ
= 22.06 ppm in CD3CN. The largely downfield-shifted pro-
ton signal indicates three strong Npy···H bridges in the cav-
ity. The addition of excess amounts of strong acids such as
HClO4 and CF3COOH seemed to lead to further proton-
ation; however, such protonation could not be achieved by
adding excess NH4PF6.

Figure 1. 1H NMR spectrum of 1a·PF6 in CD3CN. Peaks marked
with an asterisk * are due to solvent impurities (CD2HCN and
H2O).

To estimate the basicity of 1, transprotonation experi-
ments on 1 and the known proton sponge 2 (pKBH+ = 18.2–
18.7 in CH3CN)[2b,5] were carried out by 1H NMR spec-
troscopy. The NMR experiments using 1:1 mixtures of 1
with the hexafluorophosphate salt of 2 (2a·PF6) and of
1a·PF6 with 2 showed that 1 is much more basic than 2. In
neither case was any free 1 detected as shown in Equation
(1).
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(1)

Among the organic bases tested, 1,1,3,3-tetramethylgua-
nidine (TMG, pKBH+ = 23.3 in CH3CN)[5c] was shown to
be an appropriate base for the transprotonation experi-
ments on 1a·PF6 [Equation (2)], on the basis of sufficiently
separated signals in the 1H NMR measurements in CD3CN
at –30 °C. The NMR spectra of 1:1 and 1:4 mixtures of
1a·PF6 with TMG showed 44% and 14% of 1a, respectively
(cf. Figure S1 in the supporting information). Similar trans-
protonation experiments comparing 1a with TMG showed
that the estimated pKBH+ of 1 was 23.1±0.1. Accordingly,
the basicity of 1 is higher by a factor of 108 than those of 2-
aminopyridine (pKBH+ = 14.26–14.66 in CH3CN) and 2,6-
diaminopyridine (pKBH+ = 14.56 in CH3CN).[5a,5b] This re-
veals a strong synergistic effect of chelating Npy atoms on
protonation.

(2)

In contrast, homologues of 1 with larger macrocyclic
compound, i.e., N,N�,N��,N���-tetrakis(p-tolyl)azacalix[4]-
(2,6)pyridine and N,N�,N��,N���,N����,N�����-hexakis(p-tolyl)-
azacalix[6](2,6)pyridine,[4b] did not exhibit such a high pro-
ton affinity, as revealed by similar transprotonation experi-
ments on 2a·PF6. In neither case was any transprotonation
from 2a to either macrocycle observed. These results indi-
cate that the size of the cavity of 1 is appropriate for a high
proton affinity. This is because the Npy atoms of 1 are ar-
ranged in close proximity and form three six-membered
chelating Npy···H bridges, as shown in Scheme 1.

Scheme 1. Protonation of 1.

When 1 and 1a were dissolved in CD3CN, the 1H NMR
spectrum of the resulting mixture was broad, however, the
signals were separately observed at room temperature and
sufficiently separated at –30 °C. This indicates that the pro-
ton exchange between 1 and 1a is relatively slow on the
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NMR time scale. A similar low rate of proton exchange was
observed for 2.[2] The slow proton exchange of the captured
proton in 1 is also attributed to the three stable Npy···H
bridges in the cavity.

The high proton affinity of 1 was elucidated by X-ray
crystallography. Figure 2 shows the ORTEP drawing of
1a.[6] The crystallographic data of 1 have previously been
reported.[4b] Compound 1 adopts an alternate conforma-
tion, regarding the up and down arrangements of the three
Npy atoms from the center circle due to the destabilizing
overlap of the lone electron pairs of Npy atoms (cf. Figure
S2 in supporting information). In contrast, Figure 2 depicts
that the monoprotonation of 1 leads to a well-fitted accom-
modation of the proton in the cavity, which induces re-
ductions in the Npy···Npy distances [for N(2)···N(4) and
N(2)···N(2)*, the distances are 2.534(5) and 2.566(4) Å,
respectively] and results in the coplanarity of the macro-
cycle with a slight deviation of the pyridine rings from the
macrocyclic framework. Compound 1a adopts an approxi-
mate S3 conformation, whereas the captured proton is lo-
calized unsymmetrically within nonlinear hydrogen bridges
[the short N(4)–H(1) bond length was 1.18(7) Å, and the
long N(2)···H(1) and N(2)*···H(1) distances were
1.63(4) Å]. These hydrogen bond lengths are somewhat
longer than that of 2a·PF6 [the N(1)–H(1) bond length was
1.19(11) Å and the N(2)···H(1) distance was 1.45(11) Å],[2f]

but are much shorter than the sum of the van der Waals
radii of H and N (2.75 Å).

Figure 2. X-ray crystal structure of 1a·PF6, with thermal ellipsoids
drawn at the 50% probability level; hydrogen atoms except for the
captured proton and PF6

– anion are omitted for simplicity. Selected
bond length [Å], atom distances [Å], hydrogen bonding distances
[Å], and torsion angles [°]: N(2)···N(4), 2.534(5); N(2)···N(2)*,
2.566(4); N(4)–H(1), 1.18(7); N(2)···H(1), 1.63(4); N(2)–C(1)–N(1)–
C(1)*, –5(4); N(4)–C(6)–N(3)–C(5), –8(3); N(2)–C(5)–N(3)–C(6),
12.9(7).
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As described above, the azacalix[3](2,6)pyridine 1 serves

as a strong proton chelator. The macrocyclization of amino-
pyridine units results in the synergistic hydrogen-bonding
ability of three Npy atoms in the cavity, leading to a marked
increase in proton affinity. Because of the emergence of ap-
plications of organic superbases and proton-sponge-like
compounds, the design of various macrocyclic proton che-
lators is of interest.

Experimental Section
N,N�,N��-Tris(p-tolyl)azacalix[3](2,6)pyridine Hydrogen Hexafluo-
rophosphate (1a·PF6): A mixture of 1 (55 mg, 0.10 mmol) and
NH4PF6 (33 mg, 0.20 mmol) was dissolved in acetonitrile (25 mL),
and stirred at room temperature for 1 h. After evaporation of the
solvent, the residue was thoroughly washed with water and ether
to give a pale yellow powder of 1a·PF6 (62 mg, 90% yield). ESI-
MS: m/z = 547 [M+H]+. 1H NMR (300 MHz in CD3CN): δ =
22.06 (s, 1 H), 7.55 (m, 9 H), 7.38 (d, J = 8.1 Hz, 6 H), 6.02 (d, J =
8.4 Hz, 6 H), 2.50 (s, 9 H) ppm. 13C NMR (100 MHz in CD3CN): δ
= 151.8, 142.4, 141.5, 136.9, 133.0, 130.3, 106.4, 21.3 ppm.
C36H31F6N6P (692.64): calcd. C 62.43, H 4.51, N 12.13; found C
62.15, H 4.56, N 12.21.

Supporting Information (see also the footnote on the first page on
this article): General experiments, transprotonation experiments,
and X-ray crystal structures of 1 and 1a.

Acknowledgments

The authors gratefully acknowledge Prof. K. Tanaka of Institute
for Molecular Science for ESI-MS measurement, and are grateful
to Mr. K. Okamoto and Dr. T. Koizumi of our laboratory for their
experimental support. This work was partly supported by a Grant-
in-Aid from the Ministry of Education, Science, Sports, and Cul-
ture of Japan.

[1] a) H. Oediger, F. Möller, K. Eiter, Synthesis 1972, 591; b) T.
Isobe, K. Fukuda, T. Ishikawa, J. Org. Chem. 2000, 65, 7770;
c) J. G. Verkade, P. B. Kisanga, Tetrahedron 2003, 59, 7819; d)
I. A. Koppel, R. Schwesinger, T. Breuer, P. Burk, K. Herodes,
I. Koppel, I. Leito, M. Mishima, J. Phys. Chem. A 2001, 105,
9575; and references cited therein.

[2] a) H. A. Staab, T. Saupe, Angew. Chem. Int. Ed. Engl. 1988,
27, 865; b) A. F. Pozharskii, Russ. Chem. Rev. 1998, 67, 1; c)
C. Krieger, I. Newsom, M. A. Zirnstein, H. A. Staab, Angew.
Chem. Int. Ed. Engl. 1989, 28, 84; d) H. A. Staab, M. A.

www.eurjoc.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2006, 3314–33163316

Zirnstein, C. Krieger, Angew. Chem. Int. Ed. Engl. 1989, 28, 86;
e) E. Grech, Z. Malarski, L. Sobczyk, J. Mol. Struct. 1985,
129, 35; f) V. A. Ozeryanskii, A. F. Pozharskii, T. Głowiak, I.
Majerz, L. Sobczyk, E. Grech, J. Nowicka-Scheibe, J. Mol.
Struct. 2002, 607, 1; g) A. F. Pozharskii, O. Ryabtsova, V. A.
Ozeryanskii, A. V. Degtyarev, O. N. Kazheva, G. G. Alexand-
rov, O. A. Dyachenko, J. Org. Chem. 2003, 68, 10109; h) M. C.
Elliott, E. Williams, Org. Biomol. Chem. 2003, 1, 3038; i) V.
Raab, E. Gauchenove, A. Merkoutov, K. Harms, J. Sun-
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