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Inclusion Behavior through Dynamic Covalent Chemistry

Ji-Min Han,[a] Jin-Long Pan,[a] Ting Lei,[a] Chenjiang Liu,*[b] and Jian Pei*[a]

Introduction

Many artificial host–guest systems are designed to mimic
biochemical processes in nature, which often exhibit excel-
lent recognition and high specificity. The notion that each

protein (host) recognition site has a different binding affini-
ty to a precisely specific ligand (guest) molecule was called
the “lock-and-key” principle by Fischer in 1894,[1] and is still
an important requirement for rational design of drugs or
host–guest systems. However, according to the “induced-fit”
hypothesis,[2] the hosts and guests need not exhibit precisely
complementary interaction, and different functions could be
achieved through a single interaction.[3] In these processes,
adaptation, such as dramatic conformation changes of flexi-
ble molecules upon complex formation, plays a very impor-
tant role. For example, the ubiquitin molecule is important
in many cellular signaling process such as protein degrada-
tion, and is recognized by a broad variety of proteins with
high specificity only by means of their conformational self-
adjusting ability.[4]

Considerable interest has been paid to artificial macrocy-
clic compounds[5] due to their intriguing topology,[6] which
mimics the biological process. These compounds have poten-
tial applications in molecular recognition,[7] ion transport,[8]

chemosensing and imaging,[9] and construction of molecular
machines.[10] However, to go beyond the lock-and-key prin-
ciple to reach high selectivity, the design of the cavity size

Abstract: A family of macrocycles with
oligo(ethylene glycol) chains, 4O, 5O,
and 6O, was developed to construct a
series of new incorporated macrocycles
through dynamic covalent chemistry.
These flexible macrocycles exhibited
excellent “self-sorting” abilities with di-
amine compounds, which depended on
the “induced-fit” rule. For instance, the
host macrocycles underwent conforma-
tional modulation to accommodate the
diamine guests, affording [1+1] intra-
molecular addition compounds regard-
less of the flexibility of the diamine.
These macrocycles folded themselves
to fit various diamines with different
chain length through modulation of the

flexible polyether chain, and afforded
intramolecular condensation products.
However, if the chain of the diamine
was too long and rigid, oligomers or
polymers were obtained from the mix-
ture of the macromolecule and the di-ACHTUNGTRENNUNGamine. All results demonstrated that
inclusion compounds involving confor-
mationally suitable aromatic diamines
were thermodynamically favorable can-
didates in the mixture due to the re-

striction of the macrocycle size. Fur-
thermore, kinetic and thermodynamic
studies of self-sorting behaviors of both
mixed 4O–5O and 4O–6O systems
were investigated in detail. Finally, the-
oretical calculations were also em-
ployed to further understand such self-
sorting behavior, and indicated that the
large enthalpy change of
H2NArArNH2@4O is the driving force
for the sorting behavior. Our system
may provide a model to further under-
stand the principle of biomolecules
with high specificity due only to their
conformational self-adjusting ability.

Keywords: dynamic covalent
chemistry · host–guest systems ·
macrocycles · molecular recogni-
tion · self-sorting

[a] J.-M. Han, J.-L. Pan, T. Lei, Prof. J. Pei
Beijing National Laboratory for Molecular Sciences
The Key Laboratory of Bioorganic Chemistry and
Molecular Engineering of the Ministry of Education College of
Chemistry
and Molecular Engineering Department
Peking University, Beijing 100871 (China)
Fax: (+86) 106-275-8145
E-mail : jianpei@pku.edu.cn

[b] Prof. C. Liu
Key Laboratory of Petroleum and Gas Fine Chemicals
Educational Ministry of China, College of Chemistry and
Chemical Engineering
Xinjiang University, Urumqi 830046 (China)
E-mail : pxylcj@126.com

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201001606.

� 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 13850 – 1386113850



and conformational flexibility of target macrocycles are
greatly limited. In addition, most host–guest systems are
mainly based on noncovalent interactions, but one drawback
of this strategy is their low stability. Because the association
constant is dependent on environment, any change in the
temperature, composition, or pH of the solution may affect
the equilibrium of the system.

As a result, developing a smart artificial system mimick-
ing a biosystem by following the induced-fit principle is still
a challenge. Herein we report a facile route to a series of
flexible macrocycles containing two formyl groups, which
can condense with amino groups to give imines in the spirit
of dynamic covalent chemistry (DCC),[11] in which DCC
refers to the reversible formation of chemical bonds, which
tends to give the thermodynamically most stable products.
Encouraged by its “error-checking” nature, many efforts
have been devoted to constructing complex architectures by
DCC, including macrocycles,[12] rotaxanes or catenanes,[13]

and nanocages.[14] The series of macrocycles presented here
can be condensed with suitable diamine compounds to give
[1+1] inclusion products under both kinetic and thermody-
namic control. It is not surprising that the products are ther-
modynamically favored ones, but the fact that they are also
the kinetic ones is interesting. Moreover, owing to a length
limit, a specific macrocycle exhibits different behavior in in-
corporation of diamines. For example, if the diamine chain
is longer than the limit, flexible diamines may readjust their
conformation to fit the macrocycle cavity size and give
[1+1] inclusion products, while rigid ones can not. However,
when the chain length of the diamine is shorter than the
limit, all diamines afford inclusion products with these mac-
rocycles.

The term “self-sorting” has been discussed extensively in
recent years. Usually, “sorting” is defined as a process in
which different subunits are controlled with precise constitu-
tional and/or positional order according to certain features
or criteria. Thus “self-sorting” refers to not only the ability
to distinguish “self” from “nonself”, but also the operation
completed simultaneously and orthogonally within the mix-
tures.[15] Intuitively, the more similar the subunits are, the
more difficult self-sorting is, which is why self-sorting is very
common in biological systems but rare in synthetic sys-
tems.[16] Here we demonstrate rapid and highly accurate
self-sorting behaviors in a complex system, namely, a mix-
ture of two macrocycles and two diamines. Although their
reactive groups are completely the same, only two kinds of
conformationally suitable aromatic diamine@macrocycle
species are found. To the best of our knowledge, this is the
first example of self-sorting inclusion behavior controlled by
DCC. Our results provide a model system to mimic bio-
chemical systems.

Results and Discussion

Synthesis of macrocycles 4O, 5O, and 6O, and formation of
aromatic amines@macrocycles : Our target macrocycles 4O,

5O, and 6O were designed to incorporate two 2,6-diphenyl-
benzaldehyde units and ethylene glycol fragments with vari-
able chain length. Scheme 1 illustrates the synthetic ap-
proach to macrocycles 4O, 5O, and 6O. a,w-Bis-OTs ethyl-
ene glycols were prepared by a modified literature proce-
dure[17] and subjected to nucleophilic reactions with 4-hy-
droxyphenylboronate to afford intermediates 1 a, 1 b, and
1 c. Compound 2 a was obtained by a Suzuki cross-coupling
procedure between 1 a and 2,6-dibromobenzaldehyde in
moderate yield. The same Suzuki cross-coupling reaction be-
tween 1 a and 4-hydroxyphenylboronate gave 3 in 90 %
yield. Compound 4O was obtained by the ring-closing reac-
tions of 2 a with 3 in highly dilute DMF solution in 75 %
yield. Following the same procedures, 5O and 6O were also
obtained in moderate yields. These macrocyclic compounds
are readily soluble in common organic solvents, such as tolu-
ene, THF, and CH2Cl2. The structures and purity of all new
compounds were fully characterized and verified by 1H and
13C NMR spectroscopy, elemental analysis, and ESI HRMS.

The condensation step (Scheme 2) was performed by two
procedures that differed in the amount of acid catalyst used.
For aliphatic amines, procedure A was preferred: Only
0.1 equivalents of trifluoroacetic acid (TFA) were used, but
a longer reaction time (�1 h) was used. Procedure B was
used for aromatic amines by adding 100 equivalents of TFA
and using a dramatically shorter reaction time (1 min), al-
though, as shown in the literature, this is not the optimum
method for establishing equilibrium.[18]

Several rigid aromatic amines with different length were
first chosen to study the flexibility of 4O, 5O, and 6O. Partial
1H NMR spectra (300 MHz, CDCl3, 298 K) of 4O treated
with three different linear aromatic amines are outlined in
Figure 1. Under the conditions of procedure A for 1 h, the
signal assigned to CHO at d=9.77 ppm in the 1H NMR
spectrum of 4O (Figure 1a) completely disappeared and a
new signal assigned to the protons of imino groups (CH=N)
emerged at d=8.33 ppm (Figure 1b). This, combined with
the fact that all signals assigned to aromatic protons of 4O
moved downfield and a new singlet appeared at d=

6.96 ppm, indicated that a [1+1] bicyclic compound was
formed in nearly quantitative yield on mixing 4O with
H2NArNH2.

[19] Meanwhile, the ESI mass spectrum proved
the formation of the proposed structure. Only an ion peak
at m/z 881.4 for [M+H]+ was observed. Moreover, as
shown in Figure 1c, this reaction was went almost to comple-
tion without byproducts in only 1 min. The evenly downfield
shifted signals could be assigned to the salt form of the
Schiff bases. All characterization techniques verified the for-
mation and the purity of the [1+1] intramolecular product,
excluding the formation of any oligomers or polymers. Fig-
ure 1d illustrates the partial 1H NMR spectrum when aniline
was used instead of H2NArNH2. Apparently, because the
mono-amine could not form such a chelate-type bicyclic
product, clean 1H NMR spectra were hard to achieve. The
signals assigned to the imino groups split into two peaks due
to formation of two different imines. Moreover, the signal
assigned to CHO (d= 9.42 ppm) still existed, but it moved
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upfield owing to the addition of TFA. Based on the above
facts, we speculate that the cavity size of 4O is sufficient to
accommodate a diamine with the length of phenyl and the
second aldehyde is still available if the cavity is not fully
filled.

With benzidine (H2NArArNH2), a white precipitate was
immediately generated after the addition of 100 equivalents
of TFA and the filtrate showed no clear 1H NMR signals,
with a few broad peaks indicating typical formation of oligo-
mers or polymers. This indicated that this process was so

Scheme 1. Synthetic approach to macrocyclic hosts 4O, 5O, and 6O.

Scheme 2. Condensation reaction between macrocycles and diamines. Conditions: A) TFA (0.1 equiv), 1 h, 70 8C; B) TFA (100 equiv), 1 min, RT.
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quick that we could hardly observe the formation of any in-
termediates. Figure 1e illustrates the partial 1H NMR spec-
trum, for which we simply combined the two reactants. The
1H NMR spectrum revealed that the intermediate exhibits
one signal assigned to CHO at d=9.58 ppm and an imine
signal at d= 8.14 ppm, with integral ratio of 1:1. Further
comparison of aromatic protons revealed that Figure 1d cor-
responds to a mixture of the two starting materials and the
mono-condensed intermediate with both a free aldehyde
group and a free amino group. We speculated that
H2NArArNH2 is too large to be contained inside the cavity
of 4O, so further intramolecular condensation was prevent-
ed. Therefore intermolecular reactions to give oligomers or
polymers were preferred.

The different inclusion behavior of 4O with various aro-
matic diamines is shown in Scheme 3, which is very similar
to the typical protein–protein interaction process.[20] For
short-chain diamines, the first imine bond is easily formed
after a diffusional encounter, then the macrocycle reshapes
its oligoethylene glycol chains to satisfy bonding of the
second imine before formation of the final bonds. Self-ad-
justment of the flexible oligoethylene glycol chains and for-
mation of the second imine bond can apparently considered
as a single step because the rate is very fast. However, for a
diamine with a long rigid chain, the energy for the confor-
mational changes is too high to promote the guest�s further
inclusion, so oligomers and polymers are easily generated
from these A2 and B2 systems.

Similar results were obtained with macrocycles 5O or 6O
and various diamines. As shown in Figure 2, [1+1] bicyclic

inclusion compounds of 5O with aromatic diamines
H2NArNH2 and H2NArArNH2 were obtained in quantita-
tive yield. All protons were shifted downfield upon addition
of TFA. Meanwhile, ESI-MS shows the ion peak of [1+1]
addition products at m/z 969.4 for [M+H]+ . Compared with
4O, 5O could contain the longer rigid diamine
H2NArArNH2 owing to the prolonged flexible ethylene
glycol chain, which self-adjusted the size of the cavity and

Figure 1. Partial 1H NMR spectra (300 MHz, CDCl3, 298 K) of a) 4O, b) 4O+H2NArNH2 (procedure A), c) 4O+ H2NArNH2 (procedure B), d) 4O+

ArNH2 (procedure B), e) 4O+H2NArArNH2 (procedure A). All compounds were in equimolar concentrations (1 � 10�2 mol L�1).

Scheme 3. Inclusion behavior between 4O and linear aromatic amines.
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the distance between the two formyl groups of 5O. Once the
condensation reaction was completed at one site, the intra-
molecular reaction was preferred to the intermolecular reac-
tion in solution, and the [1+1] addition product was ob-
tained regardless of the reaction time and the amount of
TFA added. The same results were obtained with 6O
(Figure 3). Both 1H NMR and ESI-MS spectra confirmed
the production and purity of rigid diamines@6O. However,
for 4,4’’-diamino-p-terphenyl (H2NArArArNH2), the intra-
molecular reaction was prevented because the length of
three phenyl groups was too long for 6O. Therefore, the dis-
tance between the two formyl groups could not match the
rigid rod no matter how the flexible chain was stretched
(see the Supporting Information).

X-ray diffraction analysis of the single-crystal structure of
H2NArNH2@4O and H2NArArNH2@5O led to further iden-
tification of [1+1] inclusion products. As shown in Figure 4,
the diamine compounds are “stuck” in the cavity and the
phenyl groups show small torsion angles to ensure good con-
jugation of the Schiff bases. Meanwhile, the ethylene glycol
chains adopt the most stable helix form, with trans-gauche-
trans conformation around the successive O-C-C-O
bonds.[21] To sum up, rigid amines with various lengths react
with 4O, 5O, and 6O to give [1+1] inclusion compounds;
however, only oligomers or polymers were obtained when
the macrocycles were not large enough.

Study of flexible aliphatic amines@macrocycles : We further
chose to use ethane-1,2-diamine (C2), propane-1,3-diamine
(C3), butane-1,4-diamine (C4), pentane-1,5-diamine (C5),
and hexane-1,6-diamine (C6) to understand the behavior of
4O, 5O, and 6O when treated with flexible amines. Only in-
tramolecular [1+1] addition products were obtained even
though the lengths of the aliphatic amine in a stretched con-
formation were much longer than the distance between two
aldehyde groups in the macrocycle hosts. For 4O, for exam-
ple, an equimolar solution of the macrocyclic host and ali-
phatic diamine guest in CDCl3 showed almost unique aro-
matic protons, as illustrated in Figure 5. The signals assigned
to imines were at d=8.11 (C2@4O), 8.02 (C3@4O), 8.03
(C4@4O), 8.04 (C5@4O), and 7.96 ppm (C6@4O). The clean
1H NMR spectra definitely indicated formation and the
purity of intramolecular [1+1] addition products. We ob-
tained similar results for larger macrocycles as well (see the
Supporting Information). Therefore, if the diamine molecule
is small, the host undergoes conformational readjustment to
arrange its reactive sites to be complementary to the guest
regardless of whether the diamines were flexible or not.
However, relatively large and flexible diamine molecules
can fold themselves to give intramolecular condensation
products, whereas rigid ones give oligomers or polymers, as
shown in Scheme 4.

Figure 2. Partial 1H NMR spectra (300 MHz, CDCl3, 298 K) of a) 5O, b) 5O+H2NArNH2 (procedure A), c) 5O+ H2NArNH2 (procedure B), d) 5O+

H2NArArNH2 (procedure A), e) 5O+H2NArArNH2 (procedure B). All compounds were in equimolar concentrations (4 � 10�3 mol L�1).
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1H NMR study of the reorganization ability of macrocycles :
It is interesting to examine what would happen if several
amines and a macrocycle were mixed in solution. To answer
this question, four typical amines were selected: aniline, C2
(representing flexible diamines), H2NArNH2, and
H2NArArNH2 (representing short and long rigid aromatic
diamines, respectively). Before the experiment, it might be
argued that these systems would be under kinetic control.
For example, C2 might be more reactive because of its

strong nucleophilicity. To ex-
clude this possibility, we chose
procedure A as the experimen-
tal conditions under which both
nucleophilic and less nucleo-
philic amines undergo a fast
condensation reaction. Fig-
ure 6a illustrates 1H NMR spec-
tra of 4O reacting with four dif-
ferent aliphatic amines. It could
be concluded that
H2NArNH2@4O was the major
product in the mixture, but the
broadness of the signals indicat-
ed that other condensation
products were also present.
However, these byproducts
gradually vanished after heating

at 70 8C for 1 h. The sharp singlet at d= 8.70 ppm, together
with other aromatic protons that perfectly match those in
Figure 6b, definitely showed that H2NArNH2@4O was the
dominant species in the mixture, whereas other unconsumed
amines finally became insoluble ammonium salts.

In summary, rigid aromatic amines with suitable lengths
are the most favorable candidates to be incorporated into
the cavity of the macrocycle. First, compared with aniline,
the aromatic diamines could form a “chelate-like” structure,

Figure 3. Partial 1H NMR spectra (300 MHz, CDCl3, 298 K) of a) 6O, b) 6O+H2NArNH2 (procedure A), c) 6O+ H2NArNH2 (procedure B), d) 6O+

H2NArArNH2 (procedure A), e) 6O +H2NArArNH2 (procedure B). All compounds were in equimolar concentrations (4 � 10�3 mol L�1).

Figure 4. Single-crystal structures of H2NArNH2@4O (left) and H2NArArNH2@5O (right).
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which is thermodynamically much more favorable due to
the large energy gain on the formation of an additional
bond. Secondly, the formation of oligomers or polymers be-
tween H2NArArNH2 and 4O was prevented by a large en-
tropy loss. As a result, the most stable, highly conjugated
H2NArNH2@4O formed instead of the nonconjugated
C2@4O (Scheme 5).

Static study of self-sorting behavior: With the above results
in hand, we mixed different macrocycles and mixtures of di-

amines to investigate whether
the system is able to sort suita-
ble diamines. Surprisingly, these
flexible hosts also showed an
excellent self-sorting ability, as
usually observed in noncovalent
systems. At first, condensation
occurred immediately upon ad-
dition of 100.0 equivalents of
TFA to an equimolar mixture
of 4O, 6O, H2NArNH2, and
H2NArArNH2 in CDCl3, as in-
dicated by 1H NMR spectrosco-
py. As is characteristic of the
incorporation of amines into
macrocycles, three sets of imine
protons appeared at d= 8.84,
8.77, and 8.73 ppm, indicating
that the mixture contained the
salt forms of the Schiff bases
H2NArNH2@6O, H2NAr-ACHTUNGTRENNUNGArNH2@6O, and H2NAr-ACHTUNGTRENNUNGNH2@4O, respectively. This
result was confirmed by ESI-
MS as well: peaks at m/z 881.4,
1057.5, 1093.5, and 1169.5, as-
signed to [H2NAr-ACHTUNGTRENNUNGNH2@4O+H]+ , [H2NAr-ACHTUNGTRENNUNGNH2@6O+H]+ , [H2NAr-ACHTUNGTRENNUNGNH2@6O+2 H2O]+ , and [H2NAr ACHTUNGTRENNUNGArNH2@6O+2 H2O]+ , re-

spectively, were found. The ratio of matched pairs and mis-
matched pairs was estimated to be more than 90:10 from
the integrated intensity of the imine protons, which further
proved that rigid aromatic amines of suitable length are the
most favorable candidates for incorporation into the cavity
of the macrocycle: 4O matched with H2NArNH2, and 6O
with H2NArArNH2. This rapid and highly accurate self-sort-
ing behavior is remarkable in an artificial system. Inevitably,
because of the flexibility of the 6O macrocycle, mismatched
H2NArNH2@6O was also obtained as minor product after
rapid conformational readjustment. However, according to
the principle of DCC, these less stable products, or mis-
matched pairs, would finally transform into more stable
products after a so-called error-check process. After heating

Figure 5. 1H NMR spectra (300 MHz, CDCl3, 298 K) of 4O treated with five different linear aliphatic amines:
a) 4O+C2, b) 4O +C3, c) 4O +C4, d) 4O+C5, e) 4O+C6. All compounds were in equimolar concentrations
(2 � 10�3 mol L�1).

Scheme 4. Inclusion behavior between 4O and linear aliphatic and aro-
matic amines.

Scheme 5. Inclusion behavior between 4O and four amines.
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for 1 h, the matched pairs of H2NArArNH2@6O and
H2NArNH2@4O were finally obtained in nearly quantitative
yield (Figure 7b).

We can then conclude that both kinetic and thermody-
namic self-sorting behaviors could be observed on a very
short timescale with high efficiency.[22] In this case, the ther-
modynamic product is also the kinetically favorable one,
and complete equilibrium can be reached after heating with
exclusion of mismatched products thanks to the inherent
“proof-reading” ability of DCC. Even when the macrocycles

are of very similar size, such as
4O and 5O, self-sorting still
proceeds efficiently (Scheme 6).
Similarly, a mixture of matched
and mismatched components
was obtained initially, but the
imine signals at d=8.83 ppm as-
signed to H2NArNH2@5O in
Figure 7c decreased dramatical-
ly after 1 h of heating, and only
H2NArNH2@4O and H2NAr-ACHTUNGTRENNUNGArNH2@5O were produced, as
evidenced by the signals at d=

8.71 and 8.58 ppm, respectively
(Figure 7d). Meanwhile, ESI-
MS provided further confirma-
tion of the proposed structures:
peaks at m/z 881.4, 969.4, and

1081.5, assigned to [H2NArNH2@4O+H]+ ,
[H2NArNH2@5O+H]+ , and [H2NArArNH2@5O+2 H2O]+ ,
repectively, were found.

Time-dependent 1H NMR study of self-sorting behavior :
Figure 8 shows time-dependent 1H NMR spectra of a mix-
ture of 4O, 6O, H2NArNH2, and H2NArArNH2 in CDCl3 at
348 K. The signals of formyl protons at d=9.83 and
9.76 ppm appeared, and finally all signals of formyl protons
disappeared over time. As the 1H NMR spectra show, there
are only two signals, which means that no intermediates are
formed other than inclusion products. Thus, we confirmed
that formation of the imine bonds is a self-accelerating pro-
cess. After one imine bond is formed, the reaction rate of
the other bond becomes much faster, even though the reac-
tivity of the second amino group dramatically drops after
the end of condensation of the first one.[23] In addition, the
formyl protons assigned to 6O at d=9.76 ppm decreased
faster than those of 4O, probably because 6O could react
with both H2NArNH2 and H2NArArNH2 with similar rates,
whereas the reaction rate between 4O and H2NArArNH2

was relatively slow, as shown before. As a result, “wrong”
structures are unavoidable, so the chemical shift assigned to
dynamic mismatched product H2NArNH2@6O at d=

8.32 ppm persists for the first 15 min. However, this peak
then gradually vanished over 1 h, which indicates that the

Figure 6. Partial 1H NMR spectra (300 MHz, CDCl3, 298 K) of a mixture of 4O, aniline, ethane-1,2-diamine,
1,4-diaminobenzene, and benzidine in the presence of TFA (100 equiv) after a) 1 min and b) 1 h. All com-
pounds were in equimolar concentrations (4 � 10�3 mol L�1).

Figure 7. Partial 1H NMR spectra (300 MHz, CDCl3, 298 K) of a mixture
of 4O, 6O, H2NArNH2, and H2NArArNH2 in the presence of TFA
(100 equiv) after a) 1 min and b) 1 h, and of a mixture of 4O, 5O,
H2NArNH2, and H2NArArNH2 in the presence of TFA (100 equiv) after
c) 1 min and d) 1 h. All compounds were in equimolar concentrations
(4 � 10�3 mol L�1).

Scheme 6. Self-sorting behavior.
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flexible smart macrocycles un-
dergo error-correction steps to
adjust their conformation and
accommodate the most suitable
guests, that is, to distinguish
“self” from “nonself”. Finally,
the clean signals assigned to
thermodynamically controlled
products H2NArArNH2@6O
and H2NArNH2@4O at d= 8.36
and 8.27 ppm indicate that the
reaction of the dynamic prod-
uct, either H2NArNH2@6O or
proposed oligomers generated
by 4O and H2NArArNH2, is reversible, and equilibrium is
established to afford the most stable self-sorted products.
Although the imine bonds are the same, only the conforma-
tionally flexible side chains control the final equilibrium
state, which further confirms our induced-fit hypothesis.

Theoretical explanation of self-sorting : To understand the
origin of selectivity and how the flexible chains of macrocy-
cles control the self-sorting behavior by the induced-fit prin-
ciple, theoretical calculations were performed by using
Gaussian 03.[24] Geometry optimization and single-point
energy (SPE) calculations were done at the B3LYP/6-
31G(d) level (ZPE correction parameter: 0.9804) and calcu-
lations of solvent SPEs were based on the optimized gas-
phase geometry by using the CPCM model. Besides the pro-
posed structures of macrocycles and their relevant inclusion
compounds, model compounds without oligo(ethylene
glycol) units were optimized as well (Figure 9). In-depth un-

derstanding of the process was gained by calculation of en-
thalpies (Table 1).[25]

The enthalpy contribution can be roughly divided into
two parts: 1) imine bond formation and 2) conformational
change of ethylene glycol. Although sizes are quite different
for these macrocycles and diamines, the reaction activities
for both aldehyde groups and amino groups are almost the
same. Therefore, model compound M served as a reference
to study the effects of imine bond formation, and the ener-
gies of condensation are relatively close: 15.4 kcal mol�1 for
H2NArNH2@M and 20.3 kcal mol�1 for H2NArArNH2@M.
These results also indicate the reversible nature of imine for-
mation.

Similar results were obtained on calculating 6O and its
relatives (Figure 10). The enthalpy changes of condensation
are 19.4 kcal mol�1 for H2NArNH2@6O and 21.8 kcal mol�1

for H2NArArNH2@6O, and solvent SPEs were calculated as
20.2 and 21.8 kcal mol�1, respectively. We can then conclude
that for small diamines, the enthalpy contribution of oligo-ACHTUNGTRENNUNG(ethylene glycol) conformational changes is very small, so
that only slight increases are observed. However, when we
turned to 4O and its derivatives, only the H2NArNH2@4O
system showed the similar enthalpy changes both in vacuum

and in solution. The H2NArArNH2@4O system exhibits a
very high enthalpy change of 27.2 kcal mol�1 in vacuum or
31.0 kcal mol�1 in solution, which means the enthalpy penal-
ty comes mainly from the oligo(ethylene glycol) chains
stretching. In the H2NArNH2@4O system, the macrocycle is
large enough to accommodate H2NArNH2 inside the cavity,

Figure 8. Time-dependent partial 1H NMR spectra (300 MHz, CDCl3,
348 K) of self-sorting behavior of a mixture of 4O, 6O, H2NArNH2, and
H2NArArNH2 in the presence of TFA (0.1 equiv) after a) 5, b) 10, c) 15,
d) 45, and e) 60 min. All compounds were in equimolar concentrations
(1 � 10�2 mol L�1).

Figure 9. Computed structures of model imine intermediates.

Table 1. Calculated reaction enthalpies of condensation.

Compound DHgas [kcal mol�1] DHsol [kcal mol�1]

H2NArNH2@4O 15.8 18.0
H2NArArNH2@4O 27.2 31.0
H2NArNH2@5O 17.1 22.4
H2NArArNH2@5O 20.4 23.9
H2NArNH2@6O 19.4 20.2
H2NArArNH2@6O 21.8 21.8
H2NArNH2@M 15.4 –
H2NArArNH2@M 20.3 –
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and the structure was similar to the most stable trans-
gauche-trans conformation, in accordance with the previous
single-crystal data. However, in the H2NArArNH2@4O
system, if the rigid diamine is incorporated into the cavity,
all oligo(ethylene glycol) chains are forced to be nearly
linear, so that the repulsion of the flexible chains dominates
the enthalpy contribution to prevent the generation of
H2NArArNH2@4O.

Because product formation occurs under thermodynamic
control, product distributions depend only on the relative
stabilities of the final products. It is speculated that in the
mixture of 4O, 6O, H2NAr ACHTUNGTRENNUNGNH2, and H2NAr ACHTUNGTRENNUNGArNH2 in the
presence of TFA, the enthalpy contribution of oligo(ethy-
lene glycol) conformational changes is very similar between
H2NAr ACHTUNGTRENNUNGNH2@6O and H2NAr ACHTUNGTRENNUNGArNH2@6O, so both inclusion

compounds are observed. How-
ever, because H2NAr-ACHTUNGTRENNUNGArNH2@4O is not a thermody-
namically favored product, only
H2NAr ACHTUNGTRENNUNGNH2@4O is formed, and
H2NAr ACHTUNGTRENNUNGArNH2@6O is “forced”
to transform into H2NAr-ACHTUNGTRENNUNGNH2@6O, by virtue of reversi-
ble DCC reaction. Finally, the
high enthalpy demand of
H2NAr ACHTUNGTRENNUNGArNH2@4O is the key
element to ensure that self-sort-
ing can complete with high ac-
curacy in a short time.

Conclusion

In summary, we have developed
a series of “smart” macrocycles,
4O, 5O, and 6O, for self-sorting
the various diamines that fit
them by DCC. The investiga-
tions of their condensation
properties with different amines
indicate that although they
have nearly the same structure
except for the different side-
chain lengths, they exhibit rapid
and highly accurate self-sorting
behaviors. The cavity limit to-
gether with the flexible side
chains allow the macrocycles to
“intelligently” recognize confor-
mationally suitable aromatic di-
amines through the induced-fit
principle. The self-sorting be-
haviors of both 4O–5O and
4O–6O systems are controlled
by either kinetic or thermody-
namic conditions. Taking 4O–
6O, for example, two bicyclic

compounds H2NArNH2@4O and H2NArArNH2@6O are
formed as major products immediately after an excess of
acid is added, and the self-sorting effects are enhanced after
heating. Time-dependent 1H NMR analyses indicate that
multivalent bonds of these cooporations between aldehydes
and amines can be facilely and effectively constructed simul-
taneously. In the mixed DCC process, the matched pairs are
the main products not only under thermodynamic control,
but also under kinetic control. Theoretical calculation shows
the large enthalpy change of H2NArArNH2@4O may be the
driving force.

The DCC concept is known for its “error-checking”
nature. Our results demonstrate that although our “smart”
molecules make errors at first, they find their partners in
the end. Side-chain conformational readjustment is the key

Figure 10. Computed structures of 4O, 5O, 6O, and their imine intermediates.
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to self-sorting, which is common in nature but rare in syn-
thetic systems. This work helps to shed more light on the
nature of molecular recognition and selectivity. Further-
more, such a covalent approach to synthesizing interlocked
structures, such as rotaxanes[26] and catenanes,[27] is very dif-
ficult and examples are rare; a key reason for this is that a
bicyclic inclusion structure that is easy to build and to break
is hard to achieve. Finally, our systems may afford unique in-
sights into the formation process of DCC-based rotaxanes
and catenanes. The development of even “smarter” systems
is in progress.

Experimental Section

General methods : Commercial chemicals were used as received. All air-
and water-sensitive reactions were performed under a nitrogen atmos-
phere. 1H and 13C NMR spectra were recorded by using a Mercury Plus
300 MHz at RT or 70 8C in appropriate deuterated solvents. All chemical
shifts are reported in parts per million (ppm); ESI HRMS spectra were
recorded on a Bruker Apex IV FTMS. X-ray diffraction was performed
by using a Bruker SMART-1000 diffractometer.

General procedure for the preparation of 1a, 1b, and 1 c : A mixture of
an oligo(ethylene glycol) bis-toluenesulfonate (27.3 mmol), (4-hydroxy-
phenyl)boronate pinacol ester (9.09 mmol), [PdACHTUNGTRENNUNG(PPh3)4], and K2CO3

(13.6 mmol) in acetonitrile (200 mL) was heated at reflux overnight
under nitrogen. After filtration, the solvents were removed under re-
duced pressure to afford crude product. The residue was purified by
column chromatography (eluent: petroleum ether/ethyl acetate 1:1) to
afford the desired product.

Compound 1a : Colorless oil (yield: 85 %). 1H NMR (CDCl3, 300 MHz):
d=7.78–7.80 (d, J =8.1 Hz, 2H), 7.72–7.75 (d, J=8.7 Hz, 2H), 7.31–7.33
(d, J =8.1 Hz, 2 H), 6.88–6.90 (d, J =8.7 Hz, 2 H), 4.11–4.17 (m, 4H),
3.80–3.83 (m, 2 H), 3.60–3.70 (m, 6H), 2.42 (s, 3 H), 1.33 ppm (s, 12H);
13C NMR (CDCl3, 75 MHz): d= 163.9, 161.2, 144.7, 136.4, 132.9, 129.8,
127.9, 113.9, 83.5, 70.7, 69.6, 69.2, 68.6, 67.1, 24.8, 21.6 ppm; ESI-HRMS:
m/z calcd for C25H35BNaO8S: 529.2042; found: 529.2038 [M+Na]+ .

Compound 1b : Colorless oil (yield: 77 %). 1H NMR (CDCl3, 300 MHz):
d=7.78–7.81 (d, J =8.4 Hz, 2H), 7.72–7.75 (d, J=8.7 Hz, 2H), 7.32–7.34
(d, J =8.4 Hz, 2 H), 6.88–6.91 (d, J =8.7 Hz, 2 H), 4.13–4.16 (m, 4H),
3.83–3.85 (m, 2H), 3.58–3.71 (m, 10H), 2.43 (s, 3 H), 1.33 ppm (s, 12 H);
13C NMR (CDCl3, 75 MHz): d= 161.3, 161.2, 144.7, 136.4, 132.9, 129.8,
127.9, 113.9, 83.5, 70.7, 70.6, 69.6, 69.2, 68.6, 67.1, 24.8, 21.6 ppm; ESI-
HRMS: m/z calcd for C27H39BO9S: 551.2485; found: 551.2483 [M+H]+ .

Compound 1c : Colorless oil (yield: 65%). 1H NMR (CDCl3, 300 MHz):
d=7.78–7.81 (d, J =8.4 Hz, 2H), 7.72–7.75 (d, J=8.7 Hz, 2H), 7.32–7.35
(d, J =8.4 Hz, 2 H), 6.88–6.91 (d, J =8.7 Hz, 2 H), 4.13–4.17 (m, 4H),
3.85–3.87 (m, 2H), 3.58–3.71 (m, 14H), 2.44 (s, 3 H), 1.33 ppm (s, 12 H);
13C NMR (CDCl3, 75 MHz): d= 160.9, 161.2, 144.8, 136.0, 132.5, 129.4,
127.5, 113.4, 83.1, 70.3, 70.1, 69.1, 68.9, 68.1, 66.7, 24.5, 21.2 ppm; ESI-
HRMS: m/z calcd for C29H43BO10S: 595.2748; found: 595.2738 [M+H]+ .

General procedure for the preparation of 2a, 2b, and 2 c : A mixture of
2,6-dibromobenzaldehyde (1.73 mmol), boronic ester 1a, 1b, or 1c,
Na2CO3 (2 m, 6.90 mmol), and [Pd ACHTUNGTRENNUNG(PPh3)4] (0.173 mmol) in THF (50 mL)
and deionized water (5 mL) was heated at reflux overnight under nitro-
gen. The mixture was extracted with ethyl acetate. The combined organic
extracts were dried over MgSO4. After removal of solvent under reduced
pressure, the residue was purified by column chromatography (eluent:
petroleum ether/ethyl acetate 1:2) to afford the desired product.

Compound 2a : Yellow oil (yield: 75 %). 1H NMR (CDCl3, 300 MHz):
d=9.93 (s, 1 H), 7.79–7.82 (d, J =8.4 Hz, 2 H), 7.52–7.55 (t, J =7.2 Hz,
1H), 7.32–7.36 (m, 6H), 7.25–7.28 (d, J =8.7 Hz, 4H), 6.95–6.98 (d, J =

8.4 Hz, 4 H), 4.14–4.19 (m, 8 H), 3.84–3.87 (m, 4 H), 3.62–3.72 (m, 12 H),
2.43 ppm (s, 6H); 13C NMR (CDCl3, 75 MHz): d =193.9, 158.4, 144.8,

143.79, 133.1, 132.9, 132.0, 131.4, 130.8, 130.1, 129.8, 127.9, 114.2, 70.7,
69.7, 69.2, 68.7, 67.4, 21.6 ppm; ESI-HRMS: m/z calcd for C45H54NO13S2:
880.3031; found: 880.3025 [M+NH4]

+ .

Compound 2b : Yellow oil (yield: 59 %). 1H NMR (CDCl3, 300 MHz):
d=9.93 (s, 1 H), 7.78–7.81 (d, J =8.4 Hz, 2 H), 7.53–7.55 (t, J =7.5 Hz,
1H), 7.32–7.36 (m, 6H), 7.25–7.28 (d, J =8.7 Hz, 4H), 6.95–6.98 (d, J =

8.4 Hz, 4 H), 4.14–4.19 (m, 8 H), 3.86–3.90 (m, 4 H), 3.60–3.75 (m, 20 H),
2.44 ppm (s, 6H); 13C NMR (CDCl3, 75 MHz, ppm): d=193.9, 158.5,
144.8, 143.9, 133.2, 133.0, 132.1, 131.4, 130.8, 130.1, 129.8, 127.9, 114.2,
70.8, 70.7, 70.7, 70.6, 69.7, 69.2, 68.7, 67.4, 21.6; ESI-HRMS m/z : calcd
for C49H59O15S2: 951.3290; found: 951.3284 [M+H]+ .

Compound 2c : Yield: 44 %, yellow oil. 1H NMR (CDCl3, 300 MHz): d=

9.93 (1 H, s), 7.78–7.81 (2 H, d, J=8.4 Hz), 7.53–7.55 (1 H, t, J =7.5 Hz),
7.32–7.36 (6 H, m), 7.25–7.28 (4 H, d, J =8.7 Hz), 6.95–6.98 (4 H, d, J=

8.4 Hz), 4.14–4.19 (8 H, m), 3.86–3.90 (4 H, m), 3.60–3.75 (20 H, m), 2.44
(6 H, s); 13C NMR (CDCl3, 75 MHz): d =194.0, 158.4, 144.8, 143.8, 133.1,
132.7, 131.9, 131.5, 130.8, 130.1, 129.8, 127.9, 70.8, 70.5, 69.6, 69.2, 68.6,
67.3, 21.6 ppm; ESI-HRMS: m/z calcd for C53H67O17S2: 1039.3814; found:
1039.3824 [M+H]+ .

Compound 3 : A mixture of 2,6-dibromobenzaldehyde (0.778 g,
2.95 mmol), (4-hydroxyphenyl)boronate pinacol ester (2.00 g, 8.85 mmol),
Na2CO3 (2 m, 3.12 g, 29.5 mmol), and [Pd ACHTUNGTRENNUNG(PPh3)4] (0.340 g, 0.295 mmol) in
THF (50 mL) and deionized water (18 mL) was heated at reflux over-
night under nitrogen. The mixture was extracted with ethyl acetate. The
combined organic extracts were dried over MgSO4. After removal of sol-
vent under reduced pressure, the residue was purified by column chroma-
tography (eluent: petroleum ether/ethyl acetate 2:1) to afford 3 (0.80 g)
as a white solid (yield 90%). 1H NMR (CD3COCD3, 300 MHz): d=9.96
(s, 1H), 8.63 (s, 2 H), 7.56–7.61 (t, J= 7.5 Hz, 1 H), 7.33–7.35 (d, J=

7.5 Hz, 2 H), 7.18–7.22 (d, J =8.7 Hz, 4 H), 6.89–6.94 ppm (d, J =8.4 Hz,
4H); 13C NMR (CD3COCD3, 75 MHz): d=195.0, 158.8, 145.3, 135.5,
132.9, 132.6, 131.3, 116.6 ppm; ESI-HRMS: m/z calcd for C19H15O3:
291.1016; found: 291.1014 [M+H]+ .

General procedure for preparation of 4O, 5O, and 6O : A mixture of 3
(0.096 mmol), and 2 a, 2 b, or 2c (0.096 mmol), Cs2CO3 (0.288 mmol) in
DMF (100 mL) was heating at 100 8C for 2 d under nitrogen. After filtra-
tion, the solution was concentrated under reduced pressure to afford resi-
dues, which were purified by column chromatography (eluent: ethyl ace-
tate) to afford the desired products.

Compound 4O : White solid (yield: 75%). 1H NMR (CDCl3, 300 MHz):
d=9.77 (s, 2 H), 7.43–7.48 (t, J=7.5 Hz, 2 H), 7.25–7.27 (d, J =7.5 Hz,
4H), 7.11–7.14 (d, J =8.7 Hz, 8H), 6.90–6.93 (d, J =8.4 Hz, 8H), 4.09–
4.17 (m, 8H), 3.89–3.92 (m, 8H), 3.78 ppm (s, 8H); 13C NMR (CDCl3,
75 MHz): d=193.7, 158.2, 143.7, 133.3, 131.9, 131.1, 130.8, 129.8, 114.4,
71.0, 69.7, 67.6 ppm; ESI-HRMS: m/z calcd for C50H48NaO10: 831.3140;
found: 831.3129 [M+Na]+ .

Compound 5O : White solid (yield: 47%). 1H NMR (CDCl3, 300 MHz):
d=9.79 (s, 2H), 7.42–7.47 (t, J=7.5 Hz, 2H), 7.24–7.26 (m, 4H), 7.14–
7.16 (d, J=8.7 Hz, 8 H), 6.89–6.92 (d, J =8.4 Hz, 8H), 4.12–4.15 (m, 8H),
3.89–3.92 (m, 8H), 3.74–3.77 ppm (m, 16H); 13C NMR (CDCl3, 75 MHz):
d=193.6, 158.3, 143.6, 133.0, 131.8, 131.2, 130.7, 129.8, 114.1, 70.7, 69.6,
67.4 ppm; ESI-HRMS: m/z calcd for C54H56NaO12: 919.3664; found:
919.3655 [M+Na]+ .

Compound 6O : White solid (yield: 40%). 1H NMR (CDCl3, 300 MHz):
d=9.85 (s, 1 H), 7.44–7.49 (t, J=7.5 Hz, 2 H), 7.27–7.29 (d, J =7.5 Hz,
4H), 7.17–7.20 (d, J= 8.7 Hz, 8 H), 6.91–6.94 (d, J =8.4 Hz, 8H), 4.15 (m,
8H), 3.87 (m, 8H), 3.69–3.72 ppm (m, 24H); 13C NMR (CDCl3, 75 MHz):
d=193.7, 158.5, 143.8, 133.3, 132.0, 131.3, 130.8, 130.0, 114.3, 70.9, 70.7,
69.7, 67.5 ppm; ESI-HRMS: m/z calcd for C58H64NaO14: 1007.4188;
found: 1007.4172 [M+Na]+ .

General procedure for preparation of single crystals of H2NArNH2@4O
and H2NArArNH2@5O : A phase-separation process was employed to
obtain single crystals. A mixture of macrocycle (0.002 mmol) and aromat-
ic diamine (0.002 mmol) was dissolved in CHCl3 (1 mL) and TFA (15 mL)
was injected before MeOH (2 mL) was added. One week later, colorless
crystals were finally collected from the mixture.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 13850 – 1386113860

C. Liu, J. Pei et al.

www.chemeurj.org


Acknowledgements

This work was supported by the Major State Basic Research Develop-
ment Program (nos. 2006CB921602 and 2007CB808000) from the Minis-
try of Science and Technology and the National Natural Science Founda-
tion of China.

[1] E. Fischer, Chem. Ber. 1894, 27, 2985 –2993.
[2] D. E. Koshland Jr. , Proc. Natl. Acad. Sci. U.S.A. 1958, 44, 98-104.
[3] a) J. D. Kilts, H. S. Connery, E. G. Arrington, M. M. Lewis, C. P.

Lawler, G. S. Oxford, K. L. O�Malley, R. D. Todd, B. L. Blake, D. E.
Nichols, R. B. Mailman, J. Pharmacol. Exp. Ther. 2002, 301, 1179 –
1189; b) T.-W. Mu, H. A. Lester, D. A. Dougherty, J. Am. Chem.
Soc. 2003, 125, 6850 – 6851; c) E. Perola, P. S. Charifson, J. Med.
Chem. 2004, 47, 2499 –2510; d) N. Borho, Y. Xu, J. Am. Chem. Soc.
2008, 130, 5916 –5921.

[4] a) L. Hicke, H. L. Schubert, C. P. Hill, Nat. Rev. Mol. Cell Biol.
2005, 6, 610 –621; b) J. W. Harper, B. A. Schulman, Cell 2006, 124,
1133 – 1136; c) P. S. Brzovic, R. E. Klevit, Cell Cycle 2006, 5, 2867 –
2873.

[5] a) C. W. Bielawski, D. Benitez, R. H. Grubbs, Science 2002, 297,
2041 – 2044; b) L. A. Wessjohann, D. G. Rivera, O. E. Vercillo,
Chem. Rev. 2009, 109, 796 –814.

[6] K. S. Chichak, S. J. Cantrill, A. R. Pease, S.-H. Chiu, G. W. V. Cave,
J. L. Atwood, J. F. Stoddart, Science 2004, 304, 1308 –1312.

[7] a) R. M. Izatt, K. Pawlak, J. S. Bradshaw, R. L. Bruening, Chem.
Rev. 1995, 95, 2529 –2586; b) Q. Li, W. Zhang, O. S. Miljanic, C.-H.
Sue, Y.-L. Zhao, L. Liu, C. B. Knobler, J. F. Stoddart, O. M. Yaghi,
Science 2009, 325, 855 –859.

[8] J. Seo, S. Park, S. S. Lee, M. Fainerman-Melnikova, L. F. Lindoy,
Inorg. Chem. 2009, 48, 2770 –2779.

[9] J. S. Kim, D. T. Quang, Chem. Rev. 2007, 107, 3780 – 3799.
[10] a) V. Balzani, M. G�mez-L�pez, J. F. Stoddart, Acc. Chem. Res.

1998, 31, 405 – 414; b) W. R. Browne, B. L. Feringa, Nat. Nanotech-
nol. 2006, 1, 25– 35; c) B. Champin, P. Mobian, J. P. Sauvage, Chem.
Soc. Rev. 2007, 36, 358 –366.

[11] a) S. J. Rowan, S. J. Cantrill, G. R. L. Cousins, J. K. M. Sanders, J. F.
Stoddart, Angew. Chem. 2002, 114, 938 –993; Angew. Chem. Int. Ed.
2002, 41, 898 –952; b) J.-M. Lehn, Chem. Eur. J. 1999, 5, 2455 –2463.

[12] a) C. S. Hartley, E. L. Elliott, J. S. Moore, J. Am. Chem. Soc. 2007,
129, 4512 –4513; b) C. S. Hartley, J. S. Moore, J. Am. Chem. Soc.
2007, 129, 11682 –11683.

[13] a) S. Ro, S. J. Rowan, A. R. Pease, D. J. Cram, J. F. Stoddart, Org.
Lett. 2000, 2, 2411 –2414; b) Y. Liu, L. M. Klivansky, S. I. Khan, X.
Zhang, Org. Lett. 2007, 9, 2577 – 2581; c) G. Koshkakaryan, D. Cao,
L. M. Klivansky, S. J. Teat, J. L. Tran, Y. Liu, Org. Lett. 2010, 12,
1528 – 2581.

[14] a) N. Iwasawa, H. Takahagi, J. Am. Chem. Soc. 2007, 129, 7754 –
7755; b) J. Luo, T. Lei, X. Xu, F-M. Li, Y. Ma, K. Wu, J. Pei, Chem.
Eur. J. 2008, 14, 3860 –3865.

[15] a) A. Wu, A. Chakraborty, J. C. Fettinger, R. A. Flowers, L. Isaacs,
Angew. Chem. 2002, 114, 4200 –4203; Angew. Chem. Int. Ed. 2002,
41, 4028 – 4031; b) A. Wu, L. Isaacs, J. Am. Chem. Soc. 2003, 125,
4831 – 4835; c) S. Liu, C. Ruspic, P. Mukhopadhyay, S. Chakrabarti,
P. Y. Zavalij, L. Isaacs, J. Am. Chem. Soc. 2005, 127, 15959 –15967;
d) P. Mukhopadhyay, P. Y. Zavalij, L. Isaacs, J. Am. Chem. Soc.
2006, 128, 14093 – 14102; e) M. Schmittel, K. Mahata, Angew. Chem.
2008, 120, 5364 – 5366; Angew. Chem. Int. Ed. 2008, 47, 5284 –5286;
f) W. Jiang, H. D. F. Winkler, C. A. Schalley, J. Am. Chem. Soc.
2008, 130, 13852 – 13853; g) Y. Rudzevich, V. Rudzevich, F.
Klautzsch, C. A. Schalley, V. Bçhmer, Angew. Chem. 2009, 121,

3925 – 3929; Angew. Chem. Int. Ed. 2009, 48, 3867 – 3871; h) N. Tomi-
masu, A. Kanaya, Y. Takashima, H. Yamaguchi, A. Harada, J. Am.
Chem. Soc. 2009, 131, 12339 –12343.

[16] a) J.-M. Lehn, Chem. Eur. J. 2000, 6, 2097 – 2102; b) J.-M. Lehn, Sci-
ence 2002, 295, 2400 –2403; c) J. R. Nitschke, Acc. Chem. Res. 2007,
40, 103 –112; d) B. H. Northrop, Y.-R. Zheng, K.-W. Chi, P. J. Stang,
Acc. Chem. Res. 2009, 42, 1554 –1563.

[17] F. Kazemi, A. R. Massah, M. Javaherian, Tetrahedron 2007, 63,
5083 – 5087.

[18] N. E. Borisova, M. D. Reshetova, Y. A. Ustynyuk, Chem. Rev. 2007,
107, 46 –79.

[19] a) K. Hiratani, J. Suga, Y. Nagawa, H. Houjou, H. Tokuhisa, M.
Numata, K. Watanabe, Tetrahedron Lett. 2002, 43, 5747 – 5750; b) B.
Kersting, G. Steinfeld, Chem. Commun. 2001, 1376 –1377.

[20] D. D. Boehr, P. E. Wright, Science 2008, 320, 1429 – 1430.
[21] H. Matsuura, K. Fukuhara, J. Mol. Struct. 1985, 126, 251 –260.
[22] Indeed, limited by the timescale of our analytical technique, we

could not know exactly whether the self-sorting process had hap-
pened in the very early stage, and the kinetic process called for the
calculation of active energy, which was very difficult in such com-
plex systems. We speculated that formation of the imine bonds and
the self-sorting process proceeded at the same time. Once the initial-
ly “wrong” pairs formed, they started to transform into matched
pairs, so that matched pairs were the main products at the very
start. Thus, we still believe that our products are both the kinetic
and thermodynamic products.

[23] F. Benetollo, G. Bombieri, L. De Cola, A. Polo, D. L. Smailes, L. M.
Vallarino, Inorg. Chem. 1989, 28, 3447.

[24] Gaussian 03, Revision C.02, M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgom-
ery Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyen-
gar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y.
Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg,
V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O.
Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Fores-
man, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski,
B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L.
Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Na-
nayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian Inc., Wallingford,
CT, 2004.

[25] Although the condensation reactions are much influenced by the en-
tropy change, we do not show the entropy results herein because the
main contribution to the entropy change comes from the release of
two water molecules, so that the entropy changes in the different
systems are almost the same and do not reflect useful conformation-
al information.

[26] a) H. Kawai, T. Umehara, K. Fujiwara, T. Tsuji, T. Suzuki, Angew.
Chem. 2006, 118, 4387 – 4392; Angew. Chem. Int. Ed. 2006, 45, 4281 –
4286; b) K. Hiratani, M. Kaneyama, Y. Nagawa, E. Koyama, M. Ka-
nesato, J. Am. Chem. Soc. 2004, 126, 13568 –13569; c) N. Kameta, K.
Hiratani, Y. Nagawa, Chem. Commun. 2004, 466 –467.

[27] A. Godt, Eur. J. Org. Chem. 2004, 1639 –1654.

Received: June 8, 2010
Published online: October 13, 2010

Chem. Eur. J. 2010, 16, 13850 – 13861 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 13861

FULL PAPERSmart Macrocyclic Molecules

http://dx.doi.org/10.1073/pnas.44.2.98
http://dx.doi.org/10.1124/jpet.301.3.1179
http://dx.doi.org/10.1124/jpet.301.3.1179
http://dx.doi.org/10.1124/jpet.301.3.1179
http://dx.doi.org/10.1021/ja0348086
http://dx.doi.org/10.1021/ja0348086
http://dx.doi.org/10.1021/ja0348086
http://dx.doi.org/10.1021/ja0348086
http://dx.doi.org/10.1021/jm030563w
http://dx.doi.org/10.1021/jm030563w
http://dx.doi.org/10.1021/jm030563w
http://dx.doi.org/10.1021/jm030563w
http://dx.doi.org/10.1021/ja0783411
http://dx.doi.org/10.1021/ja0783411
http://dx.doi.org/10.1021/ja0783411
http://dx.doi.org/10.1021/ja0783411
http://dx.doi.org/10.1038/nrm1701
http://dx.doi.org/10.1038/nrm1701
http://dx.doi.org/10.1038/nrm1701
http://dx.doi.org/10.1038/nrm1701
http://dx.doi.org/10.1016/j.cell.2006.03.009
http://dx.doi.org/10.1016/j.cell.2006.03.009
http://dx.doi.org/10.1016/j.cell.2006.03.009
http://dx.doi.org/10.1016/j.cell.2006.03.009
http://dx.doi.org/10.1126/science.1075401
http://dx.doi.org/10.1126/science.1075401
http://dx.doi.org/10.1126/science.1075401
http://dx.doi.org/10.1126/science.1075401
http://dx.doi.org/10.1021/cr8003407
http://dx.doi.org/10.1021/cr8003407
http://dx.doi.org/10.1021/cr8003407
http://dx.doi.org/10.1126/science.1096914
http://dx.doi.org/10.1126/science.1096914
http://dx.doi.org/10.1126/science.1096914
http://dx.doi.org/10.1021/cr00039a010
http://dx.doi.org/10.1021/cr00039a010
http://dx.doi.org/10.1021/cr00039a010
http://dx.doi.org/10.1021/cr00039a010
http://dx.doi.org/10.1126/science.1175441
http://dx.doi.org/10.1126/science.1175441
http://dx.doi.org/10.1126/science.1175441
http://dx.doi.org/10.1021/ic801265y
http://dx.doi.org/10.1021/ic801265y
http://dx.doi.org/10.1021/ic801265y
http://dx.doi.org/10.1021/cr068046j
http://dx.doi.org/10.1021/cr068046j
http://dx.doi.org/10.1021/cr068046j
http://dx.doi.org/10.1021/ar970340y
http://dx.doi.org/10.1021/ar970340y
http://dx.doi.org/10.1021/ar970340y
http://dx.doi.org/10.1021/ar970340y
http://dx.doi.org/10.1038/nnano.2006.45
http://dx.doi.org/10.1038/nnano.2006.45
http://dx.doi.org/10.1038/nnano.2006.45
http://dx.doi.org/10.1038/nnano.2006.45
http://dx.doi.org/10.1039/b604484k
http://dx.doi.org/10.1039/b604484k
http://dx.doi.org/10.1039/b604484k
http://dx.doi.org/10.1039/b604484k
http://dx.doi.org/10.1002/1521-3757(20020315)114:6%3C938::AID-ANGE938%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3757(20020315)114:6%3C938::AID-ANGE938%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3757(20020315)114:6%3C938::AID-ANGE938%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C898::AID-ANIE898%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C898::AID-ANIE898%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C898::AID-ANIE898%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3773(20020315)41:6%3C898::AID-ANIE898%3E3.0.CO;2-E
http://dx.doi.org/10.1002/(SICI)1521-3765(19990903)5:9%3C2455::AID-CHEM2455%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1521-3765(19990903)5:9%3C2455::AID-CHEM2455%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1521-3765(19990903)5:9%3C2455::AID-CHEM2455%3E3.0.CO;2-H
http://dx.doi.org/10.1021/ja0690013
http://dx.doi.org/10.1021/ja0690013
http://dx.doi.org/10.1021/ja0690013
http://dx.doi.org/10.1021/ja0690013
http://dx.doi.org/10.1021/ja0745963
http://dx.doi.org/10.1021/ja0745963
http://dx.doi.org/10.1021/ja0745963
http://dx.doi.org/10.1021/ja0745963
http://dx.doi.org/10.1021/ol005962p
http://dx.doi.org/10.1021/ol005962p
http://dx.doi.org/10.1021/ol005962p
http://dx.doi.org/10.1021/ol005962p
http://dx.doi.org/10.1021/ol070970s
http://dx.doi.org/10.1021/ol070970s
http://dx.doi.org/10.1021/ol070970s
http://dx.doi.org/10.1021/ol100215c
http://dx.doi.org/10.1021/ol100215c
http://dx.doi.org/10.1021/ol100215c
http://dx.doi.org/10.1021/ol100215c
http://dx.doi.org/10.1021/ja072319q
http://dx.doi.org/10.1021/ja072319q
http://dx.doi.org/10.1021/ja072319q
http://dx.doi.org/10.1002/chem.200800154
http://dx.doi.org/10.1002/chem.200800154
http://dx.doi.org/10.1002/chem.200800154
http://dx.doi.org/10.1002/chem.200800154
http://dx.doi.org/10.1002/1521-3757(20021104)114:21%3C4200::AID-ANGE4200%3E3.0.CO;2-L
http://dx.doi.org/10.1002/1521-3757(20021104)114:21%3C4200::AID-ANGE4200%3E3.0.CO;2-L
http://dx.doi.org/10.1002/1521-3757(20021104)114:21%3C4200::AID-ANGE4200%3E3.0.CO;2-L
http://dx.doi.org/10.1002/1521-3773(20021104)41:21%3C4028::AID-ANIE4028%3E3.0.CO;2-2
http://dx.doi.org/10.1002/1521-3773(20021104)41:21%3C4028::AID-ANIE4028%3E3.0.CO;2-2
http://dx.doi.org/10.1002/1521-3773(20021104)41:21%3C4028::AID-ANIE4028%3E3.0.CO;2-2
http://dx.doi.org/10.1002/1521-3773(20021104)41:21%3C4028::AID-ANIE4028%3E3.0.CO;2-2
http://dx.doi.org/10.1021/ja028913b
http://dx.doi.org/10.1021/ja028913b
http://dx.doi.org/10.1021/ja028913b
http://dx.doi.org/10.1021/ja028913b
http://dx.doi.org/10.1021/ja055013x
http://dx.doi.org/10.1021/ja055013x
http://dx.doi.org/10.1021/ja055013x
http://dx.doi.org/10.1021/ja063390j
http://dx.doi.org/10.1021/ja063390j
http://dx.doi.org/10.1021/ja063390j
http://dx.doi.org/10.1021/ja063390j
http://dx.doi.org/10.1002/ange.200800583
http://dx.doi.org/10.1002/ange.200800583
http://dx.doi.org/10.1002/ange.200800583
http://dx.doi.org/10.1002/ange.200800583
http://dx.doi.org/10.1002/anie.200800583
http://dx.doi.org/10.1002/anie.200800583
http://dx.doi.org/10.1002/anie.200800583
http://dx.doi.org/10.1021/ja806009d
http://dx.doi.org/10.1021/ja806009d
http://dx.doi.org/10.1021/ja806009d
http://dx.doi.org/10.1021/ja806009d
http://dx.doi.org/10.1002/ange.200805754
http://dx.doi.org/10.1002/ange.200805754
http://dx.doi.org/10.1002/ange.200805754
http://dx.doi.org/10.1002/ange.200805754
http://dx.doi.org/10.1002/anie.200805754
http://dx.doi.org/10.1002/anie.200805754
http://dx.doi.org/10.1002/anie.200805754
http://dx.doi.org/10.1021/ja903988c
http://dx.doi.org/10.1021/ja903988c
http://dx.doi.org/10.1021/ja903988c
http://dx.doi.org/10.1021/ja903988c
http://dx.doi.org/10.1002/1521-3765(20000616)6:12%3C2097::AID-CHEM2097%3E3.0.CO;2-T
http://dx.doi.org/10.1002/1521-3765(20000616)6:12%3C2097::AID-CHEM2097%3E3.0.CO;2-T
http://dx.doi.org/10.1002/1521-3765(20000616)6:12%3C2097::AID-CHEM2097%3E3.0.CO;2-T
http://dx.doi.org/10.1126/science.1071063
http://dx.doi.org/10.1126/science.1071063
http://dx.doi.org/10.1126/science.1071063
http://dx.doi.org/10.1126/science.1071063
http://dx.doi.org/10.1021/ar068185n
http://dx.doi.org/10.1021/ar068185n
http://dx.doi.org/10.1021/ar068185n
http://dx.doi.org/10.1021/ar068185n
http://dx.doi.org/10.1021/ar900077c
http://dx.doi.org/10.1021/ar900077c
http://dx.doi.org/10.1021/ar900077c
http://dx.doi.org/10.1016/j.tet.2007.03.083
http://dx.doi.org/10.1016/j.tet.2007.03.083
http://dx.doi.org/10.1016/j.tet.2007.03.083
http://dx.doi.org/10.1016/j.tet.2007.03.083
http://dx.doi.org/10.1021/cr0683616
http://dx.doi.org/10.1021/cr0683616
http://dx.doi.org/10.1021/cr0683616
http://dx.doi.org/10.1021/cr0683616
http://dx.doi.org/10.1016/S0040-4039(02)01201-7
http://dx.doi.org/10.1016/S0040-4039(02)01201-7
http://dx.doi.org/10.1016/S0040-4039(02)01201-7
http://dx.doi.org/10.1039/b103050g
http://dx.doi.org/10.1039/b103050g
http://dx.doi.org/10.1039/b103050g
http://dx.doi.org/10.1126/science.1158818
http://dx.doi.org/10.1126/science.1158818
http://dx.doi.org/10.1126/science.1158818
http://dx.doi.org/10.1016/0022-2860(85)80118-6
http://dx.doi.org/10.1016/0022-2860(85)80118-6
http://dx.doi.org/10.1016/0022-2860(85)80118-6
http://dx.doi.org/10.1021/ic00317a011
http://dx.doi.org/10.1002/ange.200600750
http://dx.doi.org/10.1002/ange.200600750
http://dx.doi.org/10.1002/ange.200600750
http://dx.doi.org/10.1002/ange.200600750
http://dx.doi.org/10.1002/anie.200600750
http://dx.doi.org/10.1002/anie.200600750
http://dx.doi.org/10.1002/anie.200600750
http://dx.doi.org/10.1021/ja046929r
http://dx.doi.org/10.1021/ja046929r
http://dx.doi.org/10.1021/ja046929r
http://dx.doi.org/10.1039/b314744d
http://dx.doi.org/10.1039/b314744d
http://dx.doi.org/10.1039/b314744d
http://dx.doi.org/10.1002/ejoc.200300503
http://dx.doi.org/10.1002/ejoc.200300503
http://dx.doi.org/10.1002/ejoc.200300503
www.chemeurj.org

