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[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),.

Mechanically interlocked molecular systems such as
rotaxanes and catenanes have attracted increasing atten-
tion due to the unique bonding and structure and a
prototype of molecular machines.'—* Rotaxane-based mole-
cular shuttles* are employed as intelligent materials such
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as molecular devices,® solids with functional surface,’” and
topological gels.® There have been fewer reports
for rotaxanes bearing a reactive site.””'! Epoxidation of
polybutadiene’ and asymmetric hydrogenation of ena-
mides'! 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.'”~'* Rotaxanes having
multiple reaction sites would provide the catalysts in which
individual motion of the component molecules 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

(7) Berna, J.; Leigh, D. A.; Lubomska, M.; Mendoza, S. M.; Pérez,
E. M.; Rudolf, P.; Teobaldi, G.; Zerbetto, F. Nature Mater. 2005, 4,704.

(8) (a) Okumura, Y.; Ito, K. Adv. Mater. 2001, 13, 485. (b) Oku, T.;
Furusho, Y.; Takata, T. Angew. Chem., Int. Ed. 2004, 43, 966.

(9) Thordarson, P.; Bijsterveld, E. J. A.; Rowan, A. E.; Nolte,
R.J. M. Nature 2003, 424, 915.

(10) Tachibana, Y.; Kihara, N.; Takata, T. J. Am. Chem. Soc. 2004,
126, 3438.

(11) Hattori, G.; Hori, T.; Miyake, Y.; Nishibayashi, Y. J. Am.
Chem. Soc. 2007, 129, 12930.

(12) Sato, T.; Takata, T. Polymer J. 2009, 41, 470.

(13) Cantrill, S. J.; Grubbs, R. H.; Lanari, D.; Leung, K. C.-F.;
Nelson, A.; Poulin-Kerstien, K. G.; Smidt, S. P.; Stoddart, J. F.; Tirrell,
D. A. Org. Lett. 2005, 7, 4213.

(14) Parham, A. H.; Windisch, B.; Vogtle, F. Eur. J. Org. Chem. 1999,
1233.



catalytic properties for a ring-closing Mizoroki—Heck
reaction of difunctionalized substrates are studied in detail.

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

Figure 1 shows the structure of palladium-containing
crown ether, 1, used in this study. The ligand 2 was prepared
by ring-closure Williamson ether synthesis of C¢Hy-1,2-{(O-
CH,CH,);0Ts}, and C¢H»-1,2-1,-4,5-(OH),, giving diiodo-
dibenzo[24]crown-8 (DB24C8—1,), and by its subsequent
Sonogashira reaction with 2-ethynylpyridine.'>'® Reaction
of 2 with PdCl,(cod) (cod = 1,5-cyclooctadiene) at 100 °C
yielded Pd complex 1 in 92%."*'7 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
Clligands are located at trans positions. The "H NMR signal
of H6-pyridyl hydrogen of 1 (6 8.86, in CDCl3) was observed
at lower magnetic field position than that of 2 (6 8.62).
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Figure 2. Structure of 1 obtained by X-ray crystallography.
Hydrogen atoms and incorporated solvent molecule (N-methyl-
pyrrolidone, NMP) were omitted.

Scheme 1 summarizes the synthesis of a [3]rotaxane
bearing 1 as the macrocyclic component. Homometathe-
sis reaction of [FCCHzNHzCH2C6H4-4-OCH2CH2CH=
CHz]PF6 (3, Fc = FC(C5H4)(C5H5)) Catalyzed by (Hzl-
Mes)(PCy3;)CLRuCHPh (H»,IMes = N,N-bis(mesityl)-
4,5-dihydroimidazol-2-ylidene) in the presence of 1 produced
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Scheme 1. Synthesis of [3]Rotaxane, 4
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dicationic [3]rotaxane 4 in 62% isolated yield."® ' The 'H
NMR spectrum of 4 contains the NCH, hydrogen signal at ¢
4.38 and 4.43.* The lower magnetic field position of the
signal than that of 3 (6 4.02, 4.04) is attributed to the
hydrogen bonds between NCH, hydrogen and oxygen atoms
of the crown ether. The broadened vinylene hydrogen signal
of 4 (6 5.38) suggests the presence of trans and cis isomers of
the vinylene groups of the axle component of [3]rotaxane.”

Table 1. Mizoroki—Heck Reaction of lodobenzene with Methyl
Acrylate Using 1 and 4 as the Catalyst®

@—I . \}o cat. Pd, Et;N . o)
OMe " DMF-d, 100 °C w OMe
run catalyst, mol % yield after 72 h (%)° Bobsa /s~
1 1,1.0 72 2.3x107*
2 4,0.5 68 3.6x10°*
“Reaction conditions: [Phl], = [methyl acrylate]y = 5.0 mM,

[EtsN] = 40 mM, DMF-d; solvent. ’ Determined by '"H NMR spectro-
scopy. ‘ Determined by the plots assuming the first-order kinetics.

Table 1 summarizes the results of the catalytic Mizoroki-
Heck reactions of iodobenzene with methyl acrylate in
DMF-d;. It was conducted to test the catalytic ability of
the Pd complexes.* ¢ Both the reactions catalyzed by 1
and by 4 yielded methyl cinnamate. Time profiles of the
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Figure 3. Profile of the reaction of iodobenzene with methyl acrylate
catalyzed by (a) 1 (1 mol %) and (b) 4 (0.5 mol %) in DMF-d; at
100 °C ([iodobenzene], = [methylacrylate], = 5.0 mM).

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 kgpeg = 2.3 x 107457}
at 100 °C. The reaction catalyzed by dinuclear rotaxane
catalyst 4 proceeds with a larger rate constant (kopsg = 3.6 X
10~*s7"), and gives the product in 68%.

The Pd complex 4 and Pd(OAc), 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

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

o}
O-< >~| A

/E)c + O? n=1(5a, 6a, 7a, 8a)

/\rroooé/n n=3 (5b, 6b, 7b, 8b)

5a, 5b 6a, 6b

0,
100 °C 7a.7b
(o] (0]
( O Orb‘ﬁ;o@“\*o”%ﬁ;o’“%q
8a, 8b
yield (%)° after 48 h
run substrate catalyst? 7a,7b 8a, 8b?
1 5a, 6a 4 45% 28%
2 5a, 6a Pd(OAc), 32% 28%
3 5b, 6b 4 62% 14%
4 5b, 6b Pd(OAc), 54% 10%

“Reaction conditions: 5a and 6a (or 5b and 6b) (5.0 mM), Et;N
(20 mmol), DMF solvent, 100 °C. b4 = 1.0mol %, Pd(OAc), = 2.0 mol
% (4.0 mol % of PPh; was added to Pd(OAc),). “NMR yield. ‘Mole-
cular weights of 8a and 8b were determined to be M, = 1000—2500 by
GPC based on polystyrene standards.
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of 5b with 6b.>’ Rotaxane 4 catalyzes the reaction of 5a
with 6a ([5a], = [6a], = 5.0 mM) to yield 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), yields 7a in lower yield (32%, run 2). Similar
results are obtained for the reaction of 5b with 6b, which
yields 40 membered crown ether 7b. Figure 4 depicts the
profile of the reactions. The reaction of Sa with 6a
catalyzed by rotaxane catalyst 4 takes place much more
rapidly than that catalyzed by Pd(OAc), (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
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Figure 4. Profile of the reaction of 5a with 6a (n = 1) catalyzed
by (a) 4 (1.0 mol %) and (b) Pd(OAc), (2.0 mol %) and the
reaction of 5b with 6b (n = 3) catalyzed by (c) 4 (1.0 mol %) and
(d) Pd(OACc), (2.0 mol %). The reactions were carried out in
DMF-d; at 100 °C.

reaction catalyzed by Pd(OAc),. These results indicate
that the cyclization is enhanced by the rotaxane catalyst
efficiently.?®

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 the Pd—aryl bond. Intermediate B can be 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
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Figure S. Plausible intermediates for the ring-closure in the
reaction of 5a (5b) with 6a (6b).

intermolecular insertion of a new substrate, leading to the
polycondensation.

Org. Lett,, Vol. 13, No. 15, 2011

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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