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ABSTRACT

[3]Rotaxane containing two Pd centers in the cyclic compounds catalyzes a Mizoroki�Heck reaction of substrates with two iodophenyl groups
with bisacrylate. Formation of the cyclic products is enhanced by the rotaxane catalyst more smoothly than Pd(OAc)2.

Mechanically interlocked molecular systems such as
rotaxanes and catenanes have attracted increasing atten-
tion due to the unique bonding and structure and a
prototype ofmolecularmachines.1�3 Rotaxane-basedmole-
cular shuttles4,5 are employed as intelligent materials such

as molecular devices,6 solids with functional surface,7 and
topological gels.8 There have been fewer reports
for rotaxanes bearing a reactive site.9�11 Epoxidation of
polybutadiene9 and asymmetric hydrogenation of ena-
mides11 were achieved by using rotaxanes containing
manganese porphyrin and a Rh complex, as the respective
catalysts.Reactions involving transformation of the rotax-
ane structure were also reported.12�14 Rotaxanes having
multiple reaction sites would provide the catalysts inwhich
individualmotionof the componentmolecules changes the
structure and relative position of the active sites. Here we
report catalyst with the [3]rotaxane structure containing
two cyclic components equipped with a Pd center. The
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catalytic properties for a ring-closing Mizoroki�Heck
reaction of difunctionalized substrates are studied indetail.

Figure 1 shows the structure of palladium-containing
crown ether, 1, used in this study. The ligand 2was prepared
by ring-closure Williamson ether synthesis of C6H4-1,2-{(O-
CH2CH2)3OTs}2 and C6H2-1,2-I2-4,5-(OH)2, giving diiodo-
dibenzo[24]crown-8 (DB24C8�I2), and by its subsequent
Sonogashira reaction with 2-ethynylpyridine.15,16 Reaction
of 2 with PdCl2(cod) (cod = 1,5-cyclooctadiene) at 100 �C
yielded Pd complex 1 in 92%.15,17 Figure 2 shows the
structure of 1 obtained from X-ray crystallography. The Pd
center of 1 adopts a square planar coordination, and the two
Cl ligands are located at trans positions. The 1HNMRsignal
ofH6-pyridyl hydrogen of 1 (δ 8.86, inCDCl3) was observed
at lower magnetic field position than that of 2 (δ 8.62).

Scheme 1 summarizes the synthesis of a [3]rotaxane
bearing 1 as the macrocyclic component. Homometathe-
sis reaction of [FcCH2NH2CH2C6H4-4-OCH2CH2CHd
CH2]PF6 (3, Fc = Fe(C5H4)(C5H5)) catalyzed by (H2I-
Mes)(PCy3)Cl2RuCHPh (H2IMes = N,N-bis(mesityl)-
4,5-dihydroimidazol-2-ylidene) in the presence of 1produced

dicationic [3]rotaxane 4 in 62% isolated yield.18�21 The 1H
NMRspectrumof 4 contains theNCH2hydrogen signal atδ
4.38 and 4.43.22 The lower magnetic field position of the
signal than that of 3 (δ 4.02, 4.04) is attributed to the
hydrogenbondsbetweenNCH2hydrogenandoxygenatoms
of the crown ether. The broadened vinylene hydrogen signal
of 4 (δ 5.38) suggests the presence of trans and cis isomers of
the vinylene groups of the axle component of [3]rotaxane.23

Table 1 summarizes the results of the catalyticMizoroki-
Heck reactions of iodobenzene with methyl acrylate in
DMF-d7. It was conducted to test the catalytic ability of
the Pd complexes.24�26 Both the reactions catalyzed by 1

and by 4 yielded methyl cinnamate. Time profiles of the

Figure 1. 1,2-Bis(pyridylethynyl)benzene-containing crown
ether and its palladium complex.

Figure 2. Structure of 1 obtained by X-ray crystallography.
Hydrogen atoms and incorporated solvent molecule (N-methyl-
pyrrolidone, NMP) were omitted.

Scheme 1. Synthesis of [3]Rotaxane, 4

Table 1. Mizoroki�HeckReaction of Iodobenzene withMethyl
Acrylate Using 1 and 4 as the Catalysta

run catalyst, mol % yield after 72 h (%)b kobsd /s
�1c

1 1, 1.0 72 2.3�10�4

2 4, 0.5 68 3.6�10�4

aReaction conditions: [PhI]0 = [methyl acrylate]0 = 5.0 mM,
[Et3N] = 40 mM, DMF-d7 solvent.

bDetermined by 1H NMR spectro-
scopy. cDetermined by the plots assuming the first-order kinetics.
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reactions are shown in Figure 3. The reaction catalyzed by
1 formed the product in 72% after 72 h, and the first-order
rate constant was determined to be kobsd= 2.3� 10�4 s�1

at 100 �C. The reaction catalyzed by dinuclear rotaxane
catalyst 4proceedswith a larger rate constant (kobsd=3.6�
10�4 s�1), and gives the product in 68%.
The Pd complex 4 and Pd(OAc)2 were employed as

catalysts for the Mizoroki�Heck reactions of difunctio-
nalized substrates, diethyleneglycol{di(4-iodo-phenyl)}
(5a) and diethyleneglycol(diacrylate) (6a), as well as that

of 5b with 6b.27 Rotaxane 4 catalyzes the reaction of 5a
with6a ([5a]0= [6a]0=5.0mM) toyield the cyclic product
7a (45%) and polymer 8a (28%) after 48 h, indicating that
the 1:1 cyclization reaction and polycondensation occur
independently (Table 2, run 1). The reaction catalyzed by
Pd(OAc)2 yields 7a in lower yield (32%, run 2). Similar
results are obtained for the reaction of 5bwith 6b, which

yields 40 membered crown ether 7b. Figure 4 depicts the

profile of the reactions. The reaction of 5a with 6a

catalyzed by rotaxane catalyst 4 takes place much more

rapidly than that catalyzed by Pd(OAc)2 (Figure 4a and

b), although the difference in the final yield of the

product is not large. Formation of the cyclic compound

7b catalyzed by 4 (Figure 4c) is also much faster than the

reaction catalyzed by Pd(OAc)2. These results indicate

that the cyclization is enhanced by the rotaxane catalyst

efficiently.28

Figure 5 depicts two possible intermediates for the ring

closure, giving 7a (or 7b). Intermediate A, having a single

Pd center, causes insertion of a vinyl group at the end of the

organic ligand formed by initial Mizoroki�Heck reaction

into thePd�aryl bond. IntermediateB canbe proposed for

the reaction catalyzed by the rotaxane catalyst, and under-

goes analogous intramolecular insertion of the terminal

vinyl group into the Pd�C bond.
The structure as well as limited flexibility of the

ligand is suited for the cyclization rather than the

Figure 3. Profileof the reactionof iodobenzenewithmethyl acrylate
catalyzed by (a) 1 (1 mol %) and (b) 4 (0.5 mol %) in DMF-d7 at
100 �C ([iodobenzene]0 = [methylacrylate]0 = 5.0 mM).

Figure 4. Profile of the reaction of 5a with 6a (n = 1) catalyzed
by (a) 4 (1.0 mol %) and (b) Pd(OAc)2 (2.0 mol %) and the
reaction of 5bwith 6b (n=3) catalyzed by (c) 4 (1.0 mol%) and
(d) Pd(OAc)2 (2.0 mol %). The reactions were carried out in
DMF-d7 at 100 �C.

Table 2. Ring-closing Mizoroki�Heck Reaction Using Pd
Catalyst 4 and Pd(OAc)2

a

yield (%)c after 48 h

run substrate catalystb 7a, 7b 8a, 8bd

1 5a, 6a 4 45% 28%

2 5a, 6a Pd(OAc)2 32% 28%

3 5b, 6b 4 62% 14%

4 5b, 6b Pd(OAc)2 54% 10%

aReaction conditions: 5a and 6a (or 5b and 6b) (5.0 mM), Et3N
(20mmol), DMF solvent, 100 �C. b 4=1.0mol%, Pd(OAc)2= 2.0mol
% (4.0 mol % of PPh3 was added to Pd(OAc)2).

cNMR yield. dMole-
cular weights of 8a and 8b were determined to be Mn = 1000�2500 by
GPC based on polystyrene standards.
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intermolecular insertion of a new substrate, leading to the
polycondensation.

In summary, we have demonstrated that the dinuc-
lear Pd catalysts with [3]rotaxane structures catalyze
the Mizoroki-Heck reaction of bifunctional substrates
to produce the cyclic product as the major one. Their
dinuclear structure supported by the rotaxane template
contributes to the ring-closure reaction. Further studies
on new reactions catalyzed by the Pd-containing rotax-
anes are now underway.
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Figure 5. Plausible intermediates for the ring-closure in the
reaction of 5a (5b) with 6a (6b).


