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Formation of Supramolecular Polymers from
Homoditopic Molecules Containing Secondary
Ammonium Ions and Crown Ether Moieties**
Nori Yamaguchi and Harry W. Gibson*

Chemists are extending the concept of self-organizing
noncovalent interactions into the field of material science to
control and engineer linear and network supramolecular
polymers.[1] Such interactions permit reversibility in the
polymeric materials at the molecular level to afford thermo-
dynamically controlled suprastructures.[2] This factor is ad-
vantageous for producing polymers with the potential for
commercial use, since kinetically induced defects in conven-
tional covalently bonded polymers are irreversible.

Strong associations between self-organizing building blocks
promote the construction of well-defined supramolecular
polymeric materials with properties comparable to covalent
polymers.[3] This prompted us to utilize a simple system with
dibenzylammonium hexafluorophosphate and dibenzo-
[24]crown-8 (DB24C8) units, between which the association
constant is desirably high (Ka� 2.7� 104mÿ1 in [D3]chloro-
form at 25 8C).[4] Association of homoditopic molecules that
contain such complimentary units spontaneously leads to
reversible chain extension in 1:1 stoichiometric solutions to
form linear supramolecular polymers based on pseudorotax-
ane formation.

The synthetic methodologies employed for the homoditop-
ic molecules are depicted in Scheme 1 and the constructions

were not refined. The final refinements were carried out using full-matrix
least-squares techniques for non-hydrogen atoms. All calculations were
performed using the TEXSAN crystallographic software package of
Molecular Structure Corporation. Crystal data: C16H12Cu2N6O10, Mr�
575.40, orthorhombic, space group P21/c, a� 4.693(3), b� 19.849(2), c�
11.096(2) �, b� 96.90(2)8, V� 1026.1(6) �3, Z� 2, 1calcd� 1.862 gcmÿ3,
l(MoKa)� 0.71069 �, F(000)� 576, m(MoKa)� 21.43 cmÿ1, T� 25 8C,
2qmax� 55.18, 2447 reflections measured, 934 observed (I> 2.00s(I)),
number of parameters 155; R� 0.062, Rw� 0.062. Crystallographic data
(excluding structure factors) for the structure reported in this paper have
been deposited with the Cambridge Crystallographic Data Center as
supplementary publication no. CCDC-103110. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit
@ccdc.cam.ac.uk).

Gas adsorption measurements: The adsorption isotherms of CH4 gas were
measured according to the reported procedure.[18, 24, 25] The apparatus was
equipped with a Cahn R-100 electrobalance contained within a SUS steel
pressure chamber which was connected with two separate lines for
evacuation and adsorbate gas pressurization. Prior to adsorption measure-
ment, in order to remove the solvated water molecules, the sample (50 ±
80 mg) was dried under reduced pressure at 25 8C until no further weight
loss was observed. The adsorbate CH4 was dosed into the adsorption
chamber, then the change of the weight of the sample was monitored. The
entire adsorption isotherms were determined by increasing the adsorbate
gas pressure to a maximum of 31 atm.
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of self-organized supramolecules are illustrated in Scheme 2.
The 1H NMR spectrum of an equimolar solution of 3 a and 7
in [D6]acetone/[D3]chloroform (1/1) at 22 8C showed three

Scheme 2. Illustration of the construction of the supramolecules 8 and 9
from 3 a and 7.

sets of signals for the benzylic protons of 7 (Figure 1 d).[5] Two
of these can be attributed to the signals for complexed 7 while
the other set corresponds to the signals for uncomplexed 7
based on the argument of slow exchange on the 1H NMR time
scale. The two sets of signals for complexed 7 arise from two
different pseudorotaxane structures, the cyclic dimer 8 and
linear chain 9. The chemical shifts of the signals for complexed
7 in the 1:1 cyclic dimer 8 are unique from those in the linearly
linked chain 9 as a consequence of the discrete geometry

adopted by 8. A series of 1.0� 10ÿ2m
solutions of 7 were prepared with non-
stoichiometric amounts of 3 a (from
2.0� 10ÿ2 to 8.0� 10ÿ2m) and the
1H NMR spectra were recorded at
22 8C (Figure 2) so that the two sets of
signals could be assigned properly. An
increase in the concentration of 3 a with
respect to 7 shifts the complexation
equilibrium toward the formation of
the 1:2 complex 7:(3 a)2, which emu-
lates the repeating sequence in 9. Since
the signals at d� 4.53 and 4.63 become
more intense while the signals at d�
4.45 and 4.74 become less intense as the
concentration of 3 a increases the for-
mer (inner) signals correspond to the
benzylic protons of complexed 7 in the
linearly linked chain 9 and the latter
(outer) signals to those in the 1:1 cyclic
dimer 8.

The 1H NMR spectra (Figure 1)
recorded at different concentrations of
equimolar solutions of 3 a and 7 in
[D6]acetone/[D3]chloroform (1/1) at
22 8C revealed that both the ratio of
8 :9 and the extent of aggregation in 9

are concentration dependent. At lower equimolar concen-
trations (less than 1.0� 10ÿ2m) the 1H NMR spectra revealed
more intense signals for complexed 7 in the cyclic dimer 8 than

Figure 1. The stacked 1H NMR spectra (400 MHz, [D6]acetone/CDCl3

(1/1), 22 8C) of solutions of 3a and 7 at various concentrations: a) 1.0�
10ÿ2/0m, b) 0/1.0� 10ÿ2m, and equimolar solutions c) 1.0� 10ÿ3m, d) 1.0�
10ÿ2m, e) 0.10m, f) 0.50m, g) 1.0m, and h) 2.0m. The three sets of signals are
for uncomplexed 3a and 7 (u), 8 (d), and 9 (l).

Scheme 1. Syntheses of 3a, 3b, and 7.
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Figure 2. The stacked 1H NMR spectra (400 MHz, [D6]acetone/
[D3]chloroform (1/1), 22 8C) of solutions of 3 a and 7 at a) 1.0� 10ÿ2/0m,
b) 0/1.0� 10ÿ2m, c) 1.0� 10ÿ2/1.0� 10ÿ2m, d) 2.0� 10ÿ2/1.0� 10ÿ2m,
e) 4.0� 10ÿ2/1.0� 10ÿ2m, f) 8.0� 10ÿ2/1.0� 10ÿ2m . The three sets of signals
are for uncomplexed 3 a and 7 (u), 8 (d), and 9 (l).

in the linear chain 9. For instance, 72 and 66 % of each
homoditopic molecule are consumed to form the 1:1 cyclic
dimer 8 in 1.0� 10ÿ3 and 1.0� 10ÿ2m equimolar solutions at
22 8C, respectively (Table 1). The NOESY spectrum of the
1.0� 10ÿ3m equimolar solution recorded at 22 8C showed a
through-space interaction between the protons of the meth-
ylene units of corresponding homoditopic molecules 3 a and 7,
which indicated the presence of the 1:1 cyclic dimer 8. In
contrast, the signals for the 1:1 cyclic dimer are no longer
observed (Figure 1 h) at the highest equimolar concentration
we examined (2.0m), which indicated its absence.[6] Since the
concentrations of the end groups in the supramolecular
polymers 9 are readily determined by integration of the signal
for uncomplexed 7 in the 1H NMR spectra, one can estimate

the average molecular weight of the linearly linked chain 9 at
a given concentration (Table 1).[7] For instance, in the 1.0m
equimolar solution Mn� 15 kDa (n� 7.5), while the 2.0m
equimolar solution[8] gives an even higher molecular weight
of 18 kDa (n� 9.1). Substantially broadened signals (Figures
1 g and 1 h) strongly support the formation of large supra-
molecular polymers 9 in solution.[9]

The plot of reduced viscosity hred versus concentration of
equimolar solutions of 3 a and 7 in chloroform/acetone (1/1) at
22 8C is nonlinear (Figure 3 b), which reflects the increase in
size of the supramolecular polymer 9 with concentration, as

Figure 3. Reduced viscosity hred as a function of concentration c in acetone/
chloroform (1/1) at 22 8C for a) 3b and 7 and b) 3a and 7.

shown by the 1H NMR data. In fact the viscosities of 1.0 and
2.0m equimolar solutions were too high to measure by this
method. On the other hand, a completely different solution
viscosity profile was observed for equimolar solutions of 3 b, a
constitutional isomer of 3 a, and 7 (Figure 3 a). It should be
noted that the 1H NMR spectrum of an equimolar solution of
1 b and dibenzylammonium hexafluorophosphate in the same
solvent system displayed no sign of complexation.[10] A
straight line with a small slope (Figure 3 a) is consistent with
the 1H NMR observation that there is no complexation
between 3 b and 7 in solution. It also indicates that the ionic
strength per se has a negligible effect on viscosity under these
experimental conditions. Therefore, the sharp increase in
viscosity at higher concentrations (Figure 3 b) is reflective of
the aggregation between 3 a and 7, which produces structures
of large hydrodynamic volume, namely, 9.

Solid samples prepared by freeze-drying[11] the 1.0� 10ÿ2,
0.10, and 0.50m equimolar solutions of 3 a and 7 in acetone/
chloroform (1/1) were analyzed by differential scanning
calorimetry (DSC).[12] The Mn value of the supramolecular
polymer 9 and the abundance of the 1:1 cyclic dimer 8 in each
sample were estimated from low temperature 1H NMR
spectra (Table 1).[13] The DSC thermograms for the 0.10 and
0.50m materials were entirely different from those observed
for the pure, crystalline homoditopic molecules 3 a and 7. As a
result of self-organization amorphous polymers 9 with glass
transition temperatures Tg above 50 8C were formed for the
0.10 and 0.50m samples (57 and 59 8C, respectively). From
end-group analysis the 0.10 and 0.50m materials contained
supramolecular polymers 9 of Mn� 13 and 16 kDa, respec-
tively (Table 1). The polymers became rubberlike materials

Table 1. Percentages of ammonium ion moieties in dimer 8 and supra-
molecular polymer 9, and the average number of repeat units n in 9.[a]

Equimolar % 7 in 8 at % uncom-
plexed 7 at

n[c] at Mn
[d] [kDa] at

conc. [m] 22/ÿ 40 8C
22/ÿ 40 8C

22/ÿ 40 8C 22/ÿ 40 8C

2.0 0/ ± [b] 5.5/ ± [b] 9.1/ ± [b] 18/ ± [b]

1.0 3.4/ ± [b] 6.4/ ± [b] 7.5/ ± [b] 15/ ± [b]

0.50 12/15 7.9/5.1 5.6/8.3 11/16
0.10 23/27 20/5.4 1.9/6.8 3.8/13
0.01 66/81 16/4.3 1.1/2.2 2.2/4.4
0.001 72/94 20/2.3 0.70/1.3 1.4/2.6

[a] Calculated from the 1H NMR spectra of equimolar solutions ([D6]ace-
tone/[D3]chloroform, 1/1) of 3a and 7 at various concentrations and
temperatures. [b] The 1H NMR spectra of the 2.0 and 1.0m equimolar
solutions recorded at lower temperatures exhibited severe signal broad-
ening, which prevented accurate signal integration. [c] For the determi-
nation of n see reference [7]. [d] The number average molecular weight
(Mn) of the aggregate was calculated from the following equation; Mn�
n� 1980 Da (repeat unit mass).
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above Tg and thus they may be processable. A high degree of
crystallinity was observed by optical microscopy in the case of
the 1.0� 10ÿ2m sample (81 % cyclic dimer 8, Table 1).
Presumably, compactness and the semi-rigid nature of 8 allow
stable packing in the crystal lattice.[14]

It is noteworthy that flexible, creasible, amorphous, and
transparent films can be cast from 1:1 stoichiometric solutions
of 3 a and 7. Such properties can only result from entangle-
ment of linearly connected macro-sized aggregates. Similarly,
since a polymer structure of high molecular weight is
necessary for fiber formation,[15] the scanning electron micro-
scope images (Figure 4) of a rodlike fiber with a regular
diameter of 10 mm drawn from a concentrated equimolar
solution of 3 a and 7 in acetone/chloroform (1/1) indicate a
high degree of the linear chain extension in 9.

Figure 4. Longitudinal views of scanning electron micrographs of a fiber
pulled from a concentrated (>2.0m) acetone/chloroform (1/1) equimolar
solution of 3 a and 7; a) low resolution, b) high resolution.

In summary, the 1:1 cyclic dimer complex 8 is preferentially
formed in dilute equimolar solutions (<1.0� 10ÿ2m), while
linear chain extension to 9 is observed almost exclusively in
concentrated equimolar solutions (>1.0m). The solution
behavior of the self-organized supramolecules 9 was charac-
teristic of large aggregates as demonstrated by the viscosity
experiments. The solid state samples prepared by freeze-
drying 0.10 and 0.50m equimolar solutions showed that the
supramolecules 9 are amorphous polymers. The preparation
of films and fibers corroborates the polymeric nature of the
self-organized suprastructures 9.

Experimental Section

General procedure for 2 a and 2b : Compounds 1a and 1 b[16] were reduced
with LAH in THF, followed by standard isolation and recrystallization
from EtOH.

2a : 92 % yield, m.p. 82 ± 84 8C. 1H NMR (400 MHz, [D3]chloroform, 22 8C):
d� 3.83 (8 H, s), 3.91 (8H, t, J� 4.4 Hz), 4.13 ± 4.17 (8H, m), 4.58 (2 H, s),
6.82 ± 6.90 (7H, m); MS (FAB): m/z : 478.3 [M]� ; HR-MS (FAB): calcd for
[M]� C25H34O9: 478.2203; found: 478.2200; elemental analysis calcd for
C25H34O9: C 62.73, H 7.17; found: C 62.61, H 7.15.

2b : 83 % yield, m.p. 78 ± 80 8C. 1H NMR (400 MHz, [D3]chloroform, 22 8C):
d� 3.72 (8H, s), 3.81 (8H, m), 4.14 (8H, m), 4.58 (2H, d, J� 6.4 Hz), 6.52
(2H, d, J� 1.6 Hz), 6.61 (1H, t, J� 1.6 Hz), 6.88 ± 6.93 (4 H, m); MS (FAB):
m/z : 478.3 [M]� ; HR-MS (FAB): calcd for [M]� C25H34O9: 478.2203; found:
478.2183; elemental analysis calcd for C25H34O9: C 62.73, H 7.17; found: C
62.58, H 7.17.

General procedure for 3a and 3b : Sebacoyl chloride was condensed with 2
(2.00 equiv) in pyridine (2.20 equiv) and anhydrous THF at 40oC, followed
by standard isolation and recrystallization from EtOH.

3a : 80% yield, m.p. 120 ± 122 8C. 1H NMR (400 MHz, [D3]chloroform,
22 8C): d� 1.23 ± 1.27 (8 H, m), 1.57 (4 H, m), 2.31 (4H, t, J� 8.0 Hz) 3.83
(8H, s), 3.91 (8 H, t, J� 4.0 Hz), 5.00 (4H, s), 6.82 (1H, d, J� 8.0 Hz), 6.85 ±
6.91 (6H, m); MS (FAB): m/z : 1123.2 [M�H]� ; HR-MS (FAB): calcd for
[M]� C60H82O20: 1122.5399; found: 1122.5374; elemental analysis calcd for
C60H82O20: C 64.14, H 7.36; found: C 64.10, H 7.40.

3b : 90 % yield, m.p. 78 ± 80 8C. 1H NMR (400 MHz, [D3]chloroform, 22 8C):
d� 1.25 ± 1.29 (8H, m), 1.63 (4H, m), 2.33 (4H, t, J� 8.0 Hz), 3.72 (8 H, s),
3.82 (4H, t, J� 4.0 Hz), 3.85 (4H, t, J� 4.0 Hz), 4.15 (8H, t, J� 4.0 Hz),
5.00 (4H, s), 6.48 (2H, d, J� 1.6 Hz), 6.66 (1H, t, J� 1.6 Hz), 6.87 ± 6.92
(4H, m); MS (FAB): m/z : 1123.2 [M�H]� ; HR-MS (FAB): calcd for [M]�

C60H82O20: 1122.5399; found: 1122.5372; elemental analysis calcd for
C60H82O20: C 64.14, H 7.36; found: C 64.06, H 7.29.

5 : Condensation of 4[17] and benzylamine (2.00 equiv) in refluxing toluene
afforded an off-white solid, 4.56 g, 88% yield, m.p. 105 ± 107 8C. 1H NMR
(400 MHz, [D3]chloroform, 22 8C): d� 1.34 (8H, s), 1.46 (4 H, m), 1.79 (4 H,
m), 3.99 (4H, t, J� 6.4 Hz), 4.79 (4H, s), 6.92 (4H, d, J� 8.8 Hz), 7.24 ± 7.34
(10 H, m), 7.72 (4 H, d, J� 8.8 Hz), 8.31 (2 H, s); MS (FAB): m/z : 561.5
[M�H]� ; HR-MS (FAB): calcd for C38H44N2O2 ([M�H]�): 561.3481;
found: 561.3474; elemental analysis calcd for C38H44N2O2: C 81.39, H 7.91;
found: C 81.28, H 7.86.

6 : Reduction of 5 in MeOH with NaBH4 (2.00 equiv) gave an off-white
solid, 3.12 g, 93%, m.p. 64 ± 66 8C. 1H NMR (400 MHz, [D3]chloroform,
22 8C): d� 1.34 (8H, s), 1.46 (4H, m), 1.78 (4 H, m), 3.75 (4H, s), 3.80 (4 H,
s), 3.95 (4H, t, J� 6.4 Hz), 6.86 (4H, d, J� 8.8 Hz), 7.25 (4 H, d, J� 8.8 Hz),
7.26 ± 7.34 (10 H, m); MS (FAB): m/z : 565.5 [M�H]� ; HR-MS (FAB): calcd
for C38H48N2O2 ([M�H]�): 565.3794; found: 565.3790; elemental analysis
calcd for C38H48N2O2: C 80.81, H 8.57; found: C 80.68, H 8.47.

7: A solution of 6 in MeOH was treated with excess 2m HCl. The solvent
was removed to give an off-white solid, which was then suspended in
acetone and aqueous NH4PF6 added until complete dissolution occurred.
The solvent was evaporated and the resulting solid was washed thoroughly
with H2O to afford an off-white solid, 2.90 g, 87% yield, m.p. 150 8C
(decomp). 1H NMR (400 MHz, [D6]acetone, 22 8C): d� 1.34 (8H, s), 1.45
(4H, m), 1.76 (4H, m), 4.01 (4H, t, J� 6.4 Hz), 4.58 (4H, s), 4.61 (4 H, s),
6.99 (4 H, d, J� 8.8 Hz), 7.45 ± 7.58 (10 H, m), 7.50 (4H, d, J� 8.8 Hz); MS
(FAB): m/z : 711.6 [MÿPF6]� ; HR-MS (FAB): calcd for C38H50N2O2PF6

([MÿPF6]�): 711.3514; found: 711.3528; elemental analysis calcd for
C38H50N2O2P2F12: C 53.27, H 5.88; found: C 53.17, H 5.81.
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Cleavage of Palladium Metallacycles by Acids:
A Probe for the Study of the Cyclometalation
Reaction**
Juan CaÂmpora,* Jorge A. LoÂ pez, Pilar Palma,* Pedro
Valerga, Edzard Spillner, and Ernesto Carmona*

The cyclometalation reaction[1] constitutes one of the first
known examples of C ± H bond activation, which is a major
achievement of organometallic chemistry.[2] Of particular
interest is the cyclometalation of a pendant aromatic ring, a
process that constitutes a good model for C ± H activation and
has in addition led to many useful synthetic applications.[3±6]

Despite the number of studies devoted to this transforma-
tion,[7] contemporary work continues to provide important
mechanistic information.[1a] A recent account by Canty and
van Koten has pointed out the formal relationship that may be
established between the cyclometalation reaction and the
protonation of M ± CH3 and M ± C6H5 bonds,[8] as well as the
possible intermediary role of arenonium ions in both proc-
esses.[8, 9] Here we provide experimental evidence in support
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