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at 298 K, the 1H-NMR spectrum remained essen-
tially unchanged, which indicates the absence
of flexibility or gross conformational change
(figs. S5 and S6).

The 1H-NMR spectrum at 298 K (Fig. 2B) is
entirely consistent with the suggested trefoil knot
drawn in Fig. 2: a structure that exhibits C3 sym-
metry, with an inequivalent environment for each
proton of an individual building block but overall
equivalence of the three building blocks com-
posing the knotted macrocycle. The NDI protons
span a wide range of chemical shifts from d = 9.2
to 4.6 ppm. The occurrence of an NDI proton
signal (4′ in Fig. 2) at 4.6 ppm fortifies the hy-
pothesis of a knot structure where at least one
hydrophobic NDI aromatic core is deeply buried
within the molecule and so experiences shielding
from neighboring NDIs. The 1H-NMR could be
fully rationalized by matching the structure of the
proposed knot and the observed nuclear Over-
hauser effect (NOE) crosspeaks, which allows
the assignment of each proton of the molecule as
labeled in Fig. 2A (figs. S7 to S11).

A trefoil knot is topologically chiral, and in this
case, the right- and left-handed knots would be
diastereomers, because the building block is chi-
ral. However, only one diastereomer of the knot
was observed by LC-MS and NMR, which im-
plies that the building block, composed of all
L-amino acids, is dictating the chirality of the
knot. The enantiomeric building block derived
from all D-amino acids leads to the formation of
the enantiomeric knot. The racemic mixture of
all-L- and all-D building blocks mainly self sorts
to give the single diasteromer of the knot in ra-
cemic form (figs. S19 and S20), which further
demonstrates that this structure is exceptionally
efficient in its packing and, therefore, thermo-
dynamically stable. By contrast, the diastereo-
meric building block containing L-cysteine and
D-b-amino-alanine does not form the knot but
instead gives mainly the dimer (fig. S18).

The CD signal of the knot (Fig. 2D) consists
of an intense positive band in the NDI absorption
region (385 nm) and a strong negative band in the
imide region (245 nm); this matched a Zerner's
intermediate neglect of differential overlap–random
phase approximation (ZINDO/RPA)–predicted
CD spectrum (fig. S17) based on the right-handed
knot depicted in Fig. 2A. This induced CD signal
is orders of magnitude stronger than that in re-
lated catenanes andmacrocycles reported in earlier
publications by our group (fig. S15), which in-
dicates rigid geometrical relations between the
NDI units.

The library is fully oxidized after only 4 hours
and may not reach thermodynamic equilibrium;
therefore, kinetics plays an important role in the
knot formation and allows us to explore pos-
sible mechanistic pathways. The oxidation of a
5 mM library containing 1 M NaNO3 was moni-
tored by LC-MS every 35 min (Fig. 3B). The
formation and disappearance of intermediate
species (macrocycles and open oligomers) high-
light the reversibility of the system in the early

Fig. 2. (A) Chemical structure of the right-handed knot. (B) 1H-NMR spectrum of the knot (500 MHz,
D2O, 298 K). The protons are labeled according to the scheme shown above. (C) UV-Vis and (D) CD spectra
of the knot in water at 298 K.

Fig. 3. (A) Proposedmechanism for the synthesis of the
trefoil knot. (B) Kinetic profile of a library (5 mM, 1 M
NaNO3, water, pH 8, absorption monitored at 383 nm),
showing (black open square) the consumption of the building block and (magenta square) the formation
of the knot. The formation and disappearance of the macrocyclic intermediates can also be traced: (green
filled circle) closed monomer, (red open triangle) open dimer, (blue triangle) closed dimer, (yellow open
circle) open trimer. The percentages were evaluated from the HPLC peak areas. (C) Energy-minimized
model of the knot from molecular modeling at a semiempirical level using PM6-DH+ (20, 21) force field
with COSMO (22) parameters for expressing the dielectric medium.
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chain length increases. Odd−even effects are often observed in
the solid state9 but appear to be less common in solution
state.10 We, therefore, discuss the possible origins of this effect,
which seems to be associated with kinetically controlled
processes and tends to disappear when the library progresses
toward thermodynamic equilibrium. Finally, we also demon-
strate that the catenane synthesis can be influenced by
differences in the building block chirality.
Overall, these catenanes constitute a model from which

synthetic rules can be extracted. Our results provide an insight
into the kinetics and thermodynamics governing the library
distribution and highlight the role of various parameters
directing catenane synthesis, particularly hydrophobicity,
flexibility, and chirality. Representative samples of each type
of catenanes were isolated by preparative HPLC and fully
characterized as individual compounds by 1H NMR and UV−
vis in addition to the LCMS analyses. This work, which is
summarized in Figure 1, therefore constitutes a benchmark for
the easy and versatile synthesis of different types of water-
soluble [2] and [3]catenanes.

■ RESULTS AND DISCUSSION
The synthesis of catenanes was achieved in water in one pot
from simple linear building blocks: an electron-rich dialkox-
ynaphthalene building block (1) and a series of homologous
acceptor building blocks (2−9, Figure 1). The acceptor

building blocks 2−9 are all based on the same design: two
large hydrophobic electron-deficient π-systems (1,4,5,8-naph-
thalenetetracarboxylic diimide) are connected via a flexible
aliphatic chain and terminated by L-cysteine hydrophilic side
chains.11 Eight consecutive diamines, from 1,2-diaminoethane
to 1,9-diaminononane, were used to produce flexible aliphatic
linkers of systematically increasing length. The notation 2−9
refers both to the acceptor building block and to the
corresponding number n of CH2 of the alkyl chain linking
the two aromatic moieties. Some of the results related to
building block 4 have been previously published in preliminary
form;5 they are presented here as a part of a more general
picture.

Exploiting the Hydrophobic Effect to Assemble All-
Acceptor Catenanes. The first set of libraries was prepared
by dissolving each acceptor 2−9 at a concentration of 5 mM in
water at pH 8 in the presence of 1 M NaNO3 and was analyzed
by reverse-phase HPLC. Absorbance was recorded at 383 nm,
the optimum wavelength for the naphthalenediimide, and the
library members were unambiguously identified by tandem ESI-
MS and MS/MS.
Libraries prepared from the short-linker building blocks (n <

7) are dominated by the cyclic dimer, while the proportion of
cyclic monomer increases with longer linkers (7 ≤ n ≤ 9, see
SI). For n = 8, we observed trace amount of a new species that
corresponded to an all-acceptor [2]catenane composed of two

Figure 1. Different types of [2] and [3]catenanes formed in dynamic combinatorial libraries from electron-rich 1 and electron-deficient 2−9 building
blocks. The cartoon yellow dots represent the sulfur atoms of the building blocks.
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