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chemistry, that of larger rings becomes increasingly difficult
with increasing number of ring members (r).'*! Macro-
cyclization with n~10-30 is a difficult task, but is often
achieved under high-dilution conditions. However, ultrama-
crocyclization with n>100 has scarcely been described
because the entropy cost is too high in bringing the ends of a
long acyclic compound together for cyclization to proceed
(Figure 1a). However, if the reaction sites are sufficiently

a)

Figure 1. Cartoon representation for macrocyclization through a) the
formation of a chemical bond and b) reversible catenation.

large, the probability of the association of the both ends prior
to cyclization should significantly increase and ultramacro-
cyclization should proceed efficiently. Such an idea prompted
us to examine the reversible catenation™® of coordination
rings for ultramacrocyclization (Figure 1b). Palladium(ir)-
clipped macrocycle 1 has a nanometer-sized framework and
easily transforms into its catenated dimer in polar media
through n—m aromatic interactions between the two rings.’ In
expectation of ultramacrocyclization through catenation, we
designed the long acyclic compound 2, which comprises Pd"-
clipped macrocyclic units at both ends. Accordingly, we found
that compound 2 selectively catenates into ultramacrocyclic
dimer 3, which contains over 200 non-hydrogen atoms in its
backbone.

Double-loop compound 2a was obtained by treating
ligand 4 with bimetallic linker 5% in dimethyl sulfoxide
(DMSO; Scheme 1). Typically, ligand 4 (7.1 mg, 10 pmol) was
treated with 5 (4.6 mg, 5.0 umol) in DMSO (0.50 mL) for a
few minutes at ambient temperature. The formation of 2a as a
single product was confirmed by 'HNMR spectroscopy
(Figure 2a) and cold-spray ionization mass spectrometry
(CSI-MSP) .1 Subsequently, we examined the catenation of
2a at both loops by adding water to the solution in DMSO."”
As revealed by 'H NMR spectroscopy (Figure 2b-g), peaks
for the protons of the monomer 2a decreased with increasing
water content. Instead, significantly highfield-shifted aro-
matic protons appeared around 6 =8.20-6.75 ppm, character-
istic of the catenation of the Pd"-clipped rings. CSI-MS clearly
indicated that the newly formed product was cyclic dimer 3,
which contains two catenated frameworks. The spectrum
from a solution in N,N-dimethylformamide (DMF) and H,O
(1:2) showed a series of peaks for [3—(NO;), + (dmf),,]**: for
example, m/z =669.7 corresponds to [3—(NO;), + (dmf),]"";
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Scheme 1. Synthesis of double-loop compounds 2.

mlz =767.5 corresponds to [3—(NO;)¢+ (dmf)s]*"; and m/z =
874.7 corresponds to [3—(NO,)s 4+ dmf]** (Figure 3). Whereas
the Pd"-clipped ring is achiral, its catenated form is chiral.
Therefore, equivalent proton pairs in each Pd"-clipped ring
become diastereotopic after catenation and are independ-
ently observed (see pairs for H,, Hyg, and H,-H, in
Figure 2g).'"!l Probably, 3 is a mixture of two diastereomers
because of the chirality of the two catenated moieties, but the
diastereomers are not clearly distinguishable.

The solution of catenated species in a mixture of
[D¢]DMSO/D,0 (1:1) was subjected to a DOSY (diffusion-
ordered NMR spectroscopy) study!'>'* to confirm the purity
of the component (Figure 4). The spectrum clearly showed
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Figure 2. Observation by 'H NMR spectroscopy (aromatic region,

500 MHz, 25°C) of the ultramacrocyclization of monomer 2a (5 mm)
to dimer 3. Spectra were obtained by treating the solution of 2a in
DMSO with water at room temperature. Solvent systems:

a) [DgDMSO only, b) [DDMSO/D,0 (3.5:1), c) [DDMSO/D,0 (3:1),
d) [Dg]DMSO/D,0 (2.5:1), €) [D]DMSO/D,0 (2:1), f) [Dg]DMSO/D,0
(1.5:1), and g) [DDMSO/D,0 (1:1).

the appearance of all the signals at the same
diffusion coefficient (log D =—10.35) which
indicates the selective formation of a single
product.!'” Tt is remarkable that despite the
2 flexible structure of the linker, no other
products were formed. Presumably, a cyclic
monomer derived from the intramolecular
catenation of 2a is less stable because of the
unfavorable orientation of the two Pd"-clip-
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Figure 3. CS| mass spectrum of 3 as a solution in DMF/H,0 (1:2).
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Figure 4. DOSY spectrum of 3 showing the formation of a single prod-
uct. The spectrum was obtained after treatment of 4 (5 mm) with 5
(5 mm) for 5 minutes at room temperature in [D]DMSO/D,O (1:1).

ped rings, whereas a cyclic trimer or higher oligomers are
disfavored because of the higher entropy cost.

CPK modeling showed that an expanded conformation of
3 has an external diameter of approximately 4 nm (Figure 5).
The backbone of 3 comprises 238 non-hydrogen atoms

Figure 5. A CPK (Corey—Pauling—Koltun) model for the expanded con-
formation of molecule 3. Ar, Py black; O red; N blue; F green; Pd gray;
H cream.
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(C,uNs0,4Pd,), and it is one of the largest macrocyclic
compounds to be synthesized in reasonable yields and
characterized well.

Ultramacrocyclization through double catenation also
proceeded smoothly when the length of the oligo(ethylene
oxide) chain was limited.["! The double catenation of 2b (n =
2), which was also quantitatively prepared from 5b in a polar
solvent (Scheme 1), was examined. Upon addition of water,
2b was efficiently transformed into an ultramacrocyclic dimer
as indicated by '"H NMR spectroscopy and CSI-MS studies."!
Although conformational strain was anticipated to some
extent, no other oligomers were detected. From a modeling
study, the dimension of the dimer in its extended conforma-
tion is estimated to be 3.0 nm.

In the construction of nanoscopic assemblies from extra-
ordinarily large components, close proximity of the reaction
centers between the components is entropically unfavorable.
As we have demonstrated here, the Pd"-linked coordination
ring can be regarded as a nanoscale reaction center. We
suggest that the use of such large reaction centers may
overcome the entropic disadvantage in nanoscopic molecular
manufacturing. Accordingly, we expect that large nanoscopic
objects, such as protein molecules or metal nanoparticles, can
be easily linked together and aligned through reversible
catenation.
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