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Recently Moore et al. disclosed the intriguing properties of
phenylacetylene macrocycles (PAMs), which are based on
self-organization properties owing to p ± p stacking interac-
tions.[1] Moreover, Höger et al. reported the guest binding
ability of a large macrocyclic metaparacyclophane to a large
amine guest.[2] These properties based on weak intermolec-
ular interactions can be fine-tuned by modifying the ring size,
shape of the macrocycles, and the substituents on the
periphery or interior of the macrocyclic framework. As an
extension of our work on diethynylbenzene macrocycles
(DBMs),[3] we disclose here the synthesis and novel associa-
tion behavior of the hexameric DBM 1, which has cyano
groups in the interior of the macrocyclic framework. DBM 1
can be regarded as an extended derivative of the cyanospher-
and, which was shown to bind metal cations.[4] In contrast to
the cyanospherand, we anticipated that 1 would be capable of
binding relatively large molecules by ion-dipole or hydrogen-
bonding interaction, because 1 possesses a well-defined cavity
of about 7 � diameter into which the geometrically ordered
cyano groups are pointing. In addition, it is interesting to
study the effect of cyano groups on the self-association
behavior, since it has been well demonstrated that the p ± p

interaction is sensitive to the substituent on aromatic rings.[5]

It turned out that 1 exhibited novel association behavior; it
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formed heteroaggregates with its analogue 2 and 2:1 (host:
guest) complexes with organic cations.

Compound 1 was synthesized by intramolecular coupling of
open-chain precursor 7, which was prepared by heterocou-
pling of dimer units 5 and 6 (Scheme 1).[6] The hexamer 2,
which has no cyano groups, was synthesized in a similar
fashion.[7]

R

I

Br

R

TMS

TIPS

CN CN

R CN

X

X

R CN

TIPS

TIPS

R CN

X

TIPS

R CN

H

H

c), d)a), b)

e)

6
f)

5
X = H

X = Br

+

6

2×  5

g)

7

X = TIPS

X = H
e)

 1
h)

2

6

2 2

92%

89% 44% 31%

98%

49%

80%

63%

Scheme 1. Synthesis of 1 (R�CO2C8H17). a) triisopropylsilylacetylene,
[Pd2(dba)3] ´ CHCl3, CuI, PPh3, NEt3, 70 8C; b) trimethylsilylacetylene,
[Pd2(dba)3] ´ CHCl3, CuI, PPh3, NEt3, 70 8C; c) LiOH, THF/H2O, room
temperature, 5 min; d) CuCl, N,N,N',N'-tetramethylethane-1,2-diamine
(TMEDA), O2, acetone, room temperature; e) Bu4NF, THF/H2O, room
temperature; f) N-bromosuccinimide (NBS), AgNO3, acetone, room
temperature; g) [Pd2(dba)3] ´ CHCl3, CuI, iPr2NH, benzene, room temper-
ature; h) Cu(OAc)2, pyridine/benzene (3:2,[7]� 5.0� 10ÿ4 mol Lÿ1), room
temperature. dba� dibenzylideneacetone, TIPS� triisopropylsilyl, TMS�
trimethylsilyl.

We found that 2 self-associated to form a dimer in solution
(CDCl3) with DG�ÿ3.4 kcal molÿ1 at 293 K.[7] In contrast,
the chemical shift of the aromatic protons of 1 did not show
any concentration dependence in CDCl3 even in the wide
concentration range of 8.9� 10ÿ5 to 9.9� 10ÿ3 mol Lÿ1, indi-
cating that 1 did not self-associate. We attribute this to the
electrostatic repulsion between the nitrogen atoms, and the
nonplanarity of the macrocyclic framework of 1.[8] On the
other hand, when 1 and 2 were mixed in CDCl3, the chemical
shift of the aromatic protons of 1 moved upfield depending on
the concentrations of the both components (Figure 1). Since
the plots of the chemical shift change did not fit the
theoretical curve obtained by assuming the competitive
formation of heterodimer 1 ´ 2 and homodimer (2)2, we

Figure 1. Chemical shift of the signal of the aromatic proton of 1 (CDCl3;
303 K). The plot shows the observed values (*) from the titration of 1 with
2, and the calculated values (dashed lines) based on the assumption of the
formation of a heterodimer 1 ´ 2 and a homodimer (2)2 with the given
association constants Khetero and the association constant Khomo�
174 Lmolÿ1, respectively. The ideal chemical shift of heterodimer 1 ´ 2 was
assumed to be constant (dhetero� 7.0).

deduce that 1 associates with 2 to form not only dimer 1 ´ 2 but
also higher aggregates, that is, oligomers. Thus, the cyano
groups of 1, which hinder this self-association, serve to
enhance an attractive p ± p stacking interaction toward 2
owing to their electron-withdrawing effect.

While hexamer 1 did not bind neutral molecules in
CDCl3,[9] distinct changes in the 1H NMR chemical shifts
were observed with cationic species such as tropylium
tetrafluoroborate (Tr�BFÿ4 ) and guanidinium tetraphenylbo-
rate (Gu�BPhÿ4 ) in CDCl3/CD3CN (8/2) (Figure 2). Although
we expected the formation of 1:1 complexes,[10] the Job plots
showed maxima at x� 0.6 ± 0.65 of the mole fraction of 1,
indicating the competitive formation of 1:1 and 2:1 (host:
guest) complexes. Moreover, from the nonlinear least-squares
regression analysis of the titration curve (Figure 2), we
estimated the association constants K11 and K21 for 1:1 and
2:1 complexations, respectively, with Tr�BFÿ4 to be 4.0� 101

and 6.3� 104 L molÿ1, respectively, and with Gu�BPhÿ4 to be

Figure 2. Chemical shift of the signal of the aromatic proton of 1 (CDCl3/
CD3CN: 8/2; 303 K) in the titration with Tr�BFÿ4 (*) and Gu�BPhÿ4 (*).
The lines were generated by computer-assisted curve fitting. Insert: Job
plots for titration of 1 with Tr�BFÿ4 (*) and Gu�BPhÿ4 (*). Total
concentration of host plus guest was maintained at 2.3� 10ÿ3 mol Lÿ1.
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4.0� 101 and 2.5� 104 L molÿ1, respectively. In contrast, the
linear hexamer 11 did not show any binding ability to Tr�BFÿ4 .

The driving force for the formation of the 1:1 complex
between 1 and the organic cations is the electrostatic ion ±
dipole interaction between the cation and the cyano groups
preorganized to point inside the cavity of 1. Regarding the
driving force for the extremely facile formation of 2:1
complexes, we assume that the electrostatic interaction
between the guest molecule in the 1:1 complex and the cyano
groups of free 1 is most important.[11] Figure 3 shows that the
electrostatic potential surface derived based on the AM1
calculations for a planar conformer of the model compound 3
changes dramatically when it binds a guest cation (Tr�) to
form a complex 3 ´ Tr�.[12] As a result of the development of
positive charge, the 1:1 complex 1 ´ Tr� could bind another
molecule of 1 by electrostatic interaction. In addition, a p ± p

stacking interaction between the aromatic rings of 1 may also
be operative, because the calculated electron densities on the
aromatic rings of 3 ´ Tr� are substantially reduced compared to
that of 3. In this respect, it should be pointed out that in the
optimized geometry of complex 3 ´ Tr� the host molecule 3

Figure 3. Contour plots for the calculated electrostatic potential surface
(scales in kcal molÿ1) of 3 (a) and 3 ´ Tr� complex (b), sliced through the
mirror plane that bisects the benzene rings. Calculations were done using
the AM1 Hamiltonian implemented in SPARTAN 5.0.

adopts a planar conformation, which is favorable for p ± p

stacking. Accordingly, it is deduced that complexation of 1
with a guest cation induces aggregation to another molecule
of 1 to form 2:1 complexes.

In summary, we have synthesized the diethynylbenzene
macrocycle 1, which has intraannular cyano groups, and
demonstrated its novel association behavior by which it forms
heteroaggregates with 2 and 2:1 (host:guest) complexes with
tropylium and guanidinium cations.
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