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Biological molecular motor proteins that exist ubiquitously in
nature have inspired the design of supramolecular systems of
controllable motions,[1,2] for example, rotation,[3] shuttling,[4]

and folding.[5] Based on these motions, artificial molecular
devices and machines have been intensively developed, which
are controlled with external stimuli, such as metal-cation
coordination,[6] chemical reaction,[7] redox processes,[8] and
light sensitivity.[9] Recently, artificial molecular devices driven
by anions in organic host systems have received increasing
interest because the anion species play important roles both in
environmental and biological processes.[10, 11] In contrast,
metal–organic self-assembled systems employed to construct
anion controlled molecular devices have rarely been reported
to date.[12] Herein, we present a novel anion-switchable self-
assembled metal–organic macrocyclic system, the conforma-
tion of which can be directly controlled by C�H···anion
hydrogen bonding (Scheme 1). Furthermore, the conforma-
tions and the transformation process of two relatively stable
states have been observed both in solution by NOESY and
ESI-MS and in the solid state by X-ray crystallographic
analysis.

The metal–organic macrocycle was synthesized from the
reaction of a palladium(II) nitrate prescursor with di(1H-
naphtho[2,3-d]imidazol-1-yl)methane (L), which contains two
naphthoimidazole units linked with a methylene bridge and
exists as two stable conformations (cis and trans ; Scheme 1).
Treating L with one equivalent of [(tmen)Pd(NO3)2] (tmen =

N,N,N’,N’-tetramethylethylenediamine) in H2O/acetone (1:1
v/v) at 60 8C for 2 h, the complex 1a·4 NO3

� ([M2L2]·4 NO3
� ,

where M = {(tmen)PdII}) with a fixed bowl-shaped conforma-
tion was formed in quantitative yield. Subsequent addition of
an excess of sodium tetraphenylborate to the solution of
1a·4 NO3

� in H2O/acetonitrile (1:1 v/v) afforded complex
1b·4 BPh4

� with a freed partial-chair conformation. Similarly,

1b·4 PF6
� was obtained by stirring the complex of nitrate in

aqueous ammonium hexafluorophosphate.
In the 1H NMR spectrum of 1a·4 NO3

� in D2O/
[D6]acetone (1:1 v/v), the signals of the methylene bridge
protons of L (d = 7.19, 6.92 ppm) split into a pair of doublets
(Supporting Information, Figure S2). The diastereotopic
environment of the methylene bridges protons cannot be
averaged, which suggests a highly symmetric structure.
Furthermore, the four methyl groups on the tmen units also
split into two groups of singlets, and three pairs of peaks with
chemical shift values between d = 7.30 and 9.35 ppm can be
assigned to the aromatic protons on the naphthanoimidazo-
lium moieties. The results imply that the complex 1a·4NO3

�

keeps a fixed cone conformation in solution at room temper-
ature.

The ESI-MS measurements of 1a·4 NO3
� confirmed the

existence of the cationic macrocycle 1 in methanol solution.
Three intense peaks were observed at m/z = 285, 401, and 632
corresponding to the cations [1a]4+, [1a·NO3

�]3+, and
[1a·2 NO3

�]2+, respectively (Supporting Information, Fig-
ure S28). This is in accordance with the results from a
solution study and X-ray crystallography study shown below.

Scheme 1. Self-assembly of complex 1a, and the conformational
motion between 1a and 1b (free anions and solvent molecules were
omitted for clarity).

[*] T.-Z. Xie, Prof. Dr. S.-Y. Yu
Laboratory for Self-Assembly Chemistry
Department of Chemistry, Renmin University of China
Beijing 100872 (P.R. China)
E-mail: yusy@ruc.edu.cn

C. Guo, Prof. Dr. Y.-J. Pan
Department of Chemistry, Zhejiang University
Hangzhou 310027 (P.R. China)
E-mail: panyuanjiang@zju.edu.cn

[**] This project was supported by The Fundamental Research Funds for
the Central Universities, and the Research Funds of Renmin
University of China (No. 11XNL011), the National Natural Science
Foundation of China (No. 91127039, 51073171, 21025207), and the
Beijing Natural Science Foundation (No. 2112018).

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201106504.

Angewandte
Chemie

1177Angew. Chem. Int. Ed. 2012, 51, 1177 –1181 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/anie.201106504


The crystallographic data from a single crystal (Figure 1)
revealed the formation of a bowl-shaped structure made up of
two ligands connected with two half-protected PdII atoms. The
dimensions of the molecular bowl are as follows: 6.49 � and

7.41 � for the upper-rim lengths (that is, the distances
between the centers of the upper rings of L); 2.38 � and
2.87 � for the lower-rim lengths between the protons of
naphthanoimidazolium units, and 7.8 � in depth. Also of note
is that there is a nitrate anion bound to the bottom of the bowl
by quadruple hydrogen bonds between the oxygen atom of
the nitrate and the C2 hydrogen atoms of the naphthanoimi-
dazolium moieties of 1a·4 NO3

� . The distances are 2.62 � and
2.67 �, and the angles of C�H···O are 147 and 1518,
respectively. This indicates that the nitrate anion locks the
four naphthanoimidazolium moieties toward one direction
when this bowl-shaped structure is formed. Although it is very
common that imidazolium interacts with anions, this phe-
nomenon was not found in the case of homo-metallocalix[3]-
naphthanoimidazoliums with rigid cone conformation in our
previously studies,[13] or any other metal–imidazolium com-
plexes, because of the electron-withdrawing ability of the
metal cations and the environment in aqueous media. It
indicates that the imidazolium protons in the metal–organic
macrocycles (1a, 1 b, 2a) still retain the ability to bind some
anions even in the presence of PdII or PtII.

The complex 1b with a partial chair conformation was
obtained by adding of eight equivalents of sodium tetraphe-
nylborate to the solution of 1a in H2O/MeCN (1:1 v/v) with
nitrate anions, which gave rise to a total precipitation of a neat
partial chair complex. The 1H NMR spectrum of this complex
is shown in the Supporting Information, Figure S3. A series of
signals were observed that are totally different to 1a·4NO3

�

with a bowl-shaped structure. The pair of doublets for the
methylene bridge between naphthanoimidazolium moieties
was replaced by only one peak. This observation means that
the driving force of NO3

� to keep this macrocycle in a cone
conformation has been destroyed by utilizing the solubility
difference between the nitrate and tetraphenylborate. After
numerous attempts to obtain a pure partial chair solution, we

established that this process should be performed only in the
presence of acetonitrile owing to its weak hydrogen bonding
interaction, which is shown by the X-ray structure (see
below).

The 1H NMR spectrum of complex 1b·4 BPh4
� showed

that by changing the anions to tetraphenylborate, a relatively
stable partial chair conformer can be produced at room
temperature (Supporting Information, Figure S3). The most
characteristic peak was the signal of protons at the imidazo-
lium rings, which remarkably shifted upfield to d = 8.1 ppm
compared to that of d = 9.4 ppm in molecular bowl 1a. This
considerable upfield shift suggests that the aromatic planes
linked by palladium form a half-closed cavity and causes an
obvious shielding effect. In the spectrum, it showed only one
signal for the protons of the methylene bridges, indicating that
the naphthanoimidazolium moieties quickly fold around the
methylene bridges on the 1H NMR timescale. Additional
evidence of the partial chair conformation is provided by 2D
1H–1H NOESY NMR spectroscopy (Supporting Information,
Figure S7). The NOE correlations ((Ha, Hj) and (Hd, Hk)
between the methyl protons of tmen units and adjacent
protons confirm that the conformation is a partial chair. The
ESI-MS spectrum of an acetonitrile solution of 1b·4BPh4

�

showed an intense signal at m/z 2101 corresponding to the
cation [1b·3BPh4

�]+, which is consistent with the results of
the 1H NMR and NOESY spectrum.

Now that it has been established that complexes 1a and
1b can be distinguished by large conformational differences
only because they have different anions, the details of
transformation between the two conformers were then
studied. The investigation of anion-switching conformation
transformation was performed by a 1H NMR titration experi-
ment. Upon addition of the nitrate to the solution of the
partial chair conformer 1 b·4 BPh4

� , dramatic changes oc-
curred as shown in the 1H NMR spectrum (Figure 2). A new
series of peaks is different for every proton from those of the
partial chair. The change between the two conformers (bowl-
shaped conformer represented by a’–i’, partial chair confor-
mer represented by a–i) could be observed directly on the
NMR timescale because the conformation transformation
equilibrium is slow. The signal for the protons on the
imidazolium ring shifts downfield (d = 9.65 ppm), demon-
strating that the nitrate anion is associated with the binding
sites on the imidazolium rings. The more obvious feature is
that part of the signal for the singlet corresponding to the
methylene bridges split into two pairs of doublets. This result
showed that the nitrate anion serves as a driving force to
switch the partial chair conformation into the fixed bowl-
shaped conformation. After addition of excessive nitrate, the
peaks ascribed to the partial chair disappeared, indicating that
the partial chair conformer gradually turned into the bowl
conformer on the 1H NMR timescale (yield 92%). The
binding constant Ka of 5800 L mol�1 is calculated according
to Stoddart;[14] the free-energy change DG =�21.5 kcalmol�1

is obtained at 298 K (Supporting Information, Table S1).
Furthermore, we have performed titration experiments with
other anions, such as HSO4

� , H2PO4
� , CF3SO3

� , ClO4
� , PF6

� ,
and carboxylates, with 1b·4BPh4

� . The Ka and DG values are
listed in the Supporting Information. The results revealed that

Figure 1. Crystal structure of 1a·4NO3
� (free solvent molecules and

nonbonding anions were omitted for clarity).
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the anions of NO3
� , HSO4

� , H2PO4
� , and carboxylic acid

could switch the partial chair conformer of 1b into the bowl-
shaped conformer almost completely, while the CF3SO3

� and
ClO4

� anions could change the conformation partially even
after adding a more than 50-fold excess of anions to the
solution used for NMR spectroscopy studies, and there was no
change at all when adding PF6

� anion.
We also examined the halide anions. Unfortunately, the

hydrogen-bonding interactions between naphthanoimidazo-
lium moieties and the halides were so strong that the
coordination bonds of Pd�N were destroyed (Supporting
Information, Figure S16). Therefore, integrating the degree of
conformation conversion and the chemical shift, it is found
that the intensity of anion binding to the complex 1b is in the
order NO3

�>HSO4
�� terephthalate>H2PO4

�>CF3SO3
��

ClO4
�>PF6

� .
To study the details of the intermediate in the conforma-

tion transformation, we adopted a novel method. The
1H NMR spectra displayed such a dramatic phenomenon
that there were two sets of high-resolution signals observed in
CD3CN solution at room temperature. In this solution, a
bowl-shaped conformer was accompanied by a partial chair
conformer in a 1:2 molar ratio. The NOESY spectrum
(Figure 3) of this mixture illustrated couplings that were

consistent with the presence of two conformers in solution:
the proton of single peak at d = 6.76 ppm (Hc and Hb were in
the same environment) had a strong contact with Ha in
imidazolium ring and Hi nearby, indicating that it belonged to
partial chair conformer clearly. Meanwhile, the protons c’
(toward the bottom of the bowl) and b’ (toward the upper rim
of the bowl) of CH2 bridges between the naphthanoimidazo-
lium moieties belonging to bowl-shaped conformer split into
two groups of doublets (d = 6.76, 7.05 ppm) have contact with
Hi’ and Ha’, separately. In the upfield of the spectrum
(Supporting Information, Figure S8), the methyl groups on
tmen units were all split into two groups, because one group of
them was on the shielding effect from the aromatic cavity, and
the other was on deshielding effect, and had strong contact
with the hydrogen atoms on the naphthanoimidazolium rings.
These results could be considered as the intermediate state
and have further shown that an equilibrium exists between
the two stable conformers during the process of conformation
conversion in the solution at room temperature.

Although the analogue of the partial chair with hexa-
fluorophosphate anions has a 1:3 molar ratio in acetonitrile
solution, the single crystal suitable for X-ray analysis was
grown by evaporating the solution of complex 1b·4PF6

�

slowly in a pure form. It showed a partial chair conformation,
which was consistent with the 1H NMR spectrum of
1b·4 BPh4

� (Figure 4). In this structure, both ligands L adopt
a trans conformation, and every two naphthanoimidazolium
moieties with a PdII linkage were oriented toward one
direction. The separation between two palladium atoms was
a little longer than in the cone conformer. Remarkably, two
acetonitrile molecules were located along the central axis of
the partial chair, the nitrogen atoms of which were bound at
the protons on imidazolium rings through double hydrogen
bonding interactions. The associated C···N and H···N distan-
ces are 3.20 and 2.49 �, respectively; the corresponding angle
of C�H···N is 132.88. Moreover, the methyl part of the
actonitrile was stabilized by the adjacent two aromatic planes

Figure 2. a) The conformation transformation between partial-chair
and bowl-shaped structure; and 1H NMR spectra (in [D3]acetonitrile at
298 K) of b) complex 1b·4BPh4

� ; after adding c) 0.4 equiv;
d) 0.6 equiv; e) 0.8 equiv; f) 1 equiv; g) excess (based on 1b·4BPh4

�)
of [nBu4N]NO3. (Bowl-shaped conformer represented by a’–i’; partial
chair conformer represented by a–i; * signals from BPh4

� ; # signals
from tBu4N

+).

Figure 3. Partial NOESY spectra of complex 1b·4PF6
� in

[D3]acetonitrile solution at 298 K.
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by a C�H···p interaction. The crystal structure provided
further evidence to the conformation of 1b·4BPh4

� in the
1H NMR spectroscopy solution.

According the resulting properties of the palladium(II)-
based macrocycles (1a, 1 b), we designed and synthesized an
anion receptor of 2a as the platinum analogue of 1a by the
same procedure, which has been confirmed by 1H NMR
spectroscopy (Supporting Information, Figure S6), ESI-MS
(Supporting Information, Figure S23), and single-crystal X-
ray analysis (Figure 5). The complex 2a·4 PF6

� retained a
fixed bowl-shaped conformation both in solution and solid
state that is the same as 1a·4 NO3

� , but without conformation
changing because of the inertness of the Pt�N bond.[6d] The
interactions between 2a·4PF6

� and a variety of anions were
studied by 1H NMR titration experiments in [D6]DMSO and
CD3CN solution. Even in highly competitive solvents and
under the tiny influence of the weak hydrogen-bonding
interaction between the cation and hexafluorophosphate

anion, the metallomacrocyclic receptor showed a strong
hydrogen-bonding interaction with these anions, and the
complex preserved a bowl-shaped structure on addition of
halogen anions, which was totally different from the complex
1b·4 BPh4

� owing to the inert Pt�N bonds. The titration
experiments support the formation of a 1:1 receptor/anion-
binding model, and the association constants were obtained
by fitting the respective titration data to a 1:1 host–guest
binding model (Table 1).[15] Addition of H2PO4

� to 2a·4 PF6
�

induced the largest downfield shift (Dd = 1.32 ppm) in
[D6]DMSO, with Ka = 7.65 � 105 L mol�1.

In summary, we have demonstrated that flexible ligand L
with a methylene bridge can be employed to coordinate with
dynamic palladium(II) complex to develop a form of metal–
organic macrocycle that is capable of performing well-defined
movement switched by different anions through C�H···anion
hydrogen-bonding interactions. Regarding the effect of
anions, the conformation of the macrocycle can be changed
from fixed bowl-shaped to a relatively stable partial chair
shape, and then return to the bowl shape to complete a cycle.
Moreover, we also synthesized a potential receptor capable of
selectively binding anions in competitive solution. Further
investigation into the host–guest function of these motional
metal–organic macrocycles is in progress.

Experimental Section
Full experimental details are presented in the Supporting Informa-
tion. CCDC 780677 (1a·4NO3

�), CCDC 780678 (1b·4PF6
�), and

CCDC 823548 (2a·4PF6
�) contain the supplementary crystallo-

graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_request/cif

Crystal data for 1a·4 NO3
� : C58H64N12O12Pd2, Mr = 1334.04,

yellow prism, 0.30 � 0.24 � 0.22 mm3, trigonal, space group R3̄m, a =
39.7698(17) �, b = 39.7698(17) �, c = 25.444(2) �, V = 34851(4) �3,
Z = 3, 1calcd = 1.298 gcm�3, F000 = 14046, MoKa radiation, l =
0.71073 �, T= 291(2) K, 2qmax = 528, 64908 reflections collected,
7986 unique (Rint = 0.0633). Final GooF = 1.044, R1 = 0.0458, wR2 =
0.1093, R indices based on 5775 unique reflections with I> 2s (I), m =
0.0483 mm�1.

Crystal data for 1b·4PF6
� : C66H84F24N16O4P4Pd2, Mr = 1958.17,

yellow prism, 0.28 � 0.24 � 0.22 mm3, monoclinic, space group C2/m,
a = 17.723(3) �, b = 18.217(3) �, c = 15.004(2) �, b = 117.392(2)8,
V= 4301.1(12) �3, Z = 2, 1calcd = 1.512 gcm�3, F000 = 1984, MoKa

Figure 4. Crystal structure of 1b·4PF6
� (free solvent molecules and

nonbonding anions were omitted for clarity).

Figure 5. Crystal structure of 2a·4PF6
� (free solvent molecules and

nonbonding anions were omitted for clarity).

Table 1: Binding constants Ka [Lmol�1] at 298 K between molecular bowl
2a·4 PF6

� and anionic guests in [D6]DMSO or CD3CN.

Anions[a] Binding constants[b]

Ka ([D6]DMSO) Ka (CD3CN)

H2PO4
� 7.65 � 105 4.73 � 104

Cl� 6.54 � 104 8.38 � 103

Br� 6.97 � 104 1.17 � 104

I� 3.43 � 103 3.49 � 104

F� 1.43 � 104 3.43 � 103

NO3
� 2.57 � 104 4.00 � 103

[a] The counterion is [nBu4N]+. [b] Binding constants were calculated by
winEQNMR2 program; estimated errors are within �10 %.[15]
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radiation, l = 0.71073 �, T= 291(2) K, 2qmax = 528, 12295 reflections
collected, 4374 unique (Rint = 0.0620). Final GooF = 1.032, R1 =
0.0508, wR2 = 0.1137, R indices based on 3518 unique reflections
with I> 2s (I), m = 0.0630 mm�1.

Crystal data for 2a·4 PF6
� : C66H80F24N16O4P4Pt2, Mr = 2099.52,

yellow prism, 0.28 � 0.22 � 0.20 mm3, monoclinic, space group P21/m,
a = 13.5874(8) �, b = 21.8048(12) �, c = 15.4898(9) �, b =
110.5750(10)o, V = 4296.4(4) �3, Z = 2, 1calcd = 1.623 gcm�3, F000 =

2072, MoKa radiation, l = 0.71073 �, T= 291(2) K, 2qmax = 528,
26869 reflections collected, 6645 unique (Rint = 0.0597). Final
GooF = 1.060, R1 = 0.0459, wR2 = 0.1066, R indices based on 3518
unique reflections with I> 2s (I), m = 0.0498 mm�1.
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