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ABSTRACT: Two types of unprecedented Cp*Rh-based
(Cp* = η5-C5Me5) complexes, two octadecanuclear
macrocycles, and a nonanuclear bowl-shaped complex
have been synthesized from two analogous pyridyl-
functionalized imidazole-4,5-dicarboxylate ligands, 2-(pyr-
idin-4-yl)-1H-imidazole-4,5-dicarboxylate ligand and 2-
(pyridin-3-yl)-1H-imidazole-4,5-dicarboxylate ligand, re-
spectively.

The self-assembly of metallasupramolecular macrocyles has
attracted increasing attention in the past few decades owing

to not only their potential applications1 but also their fascinating
structures.2 In the reported metallacycles, the vast majority of
metal−organic coordination macrocyles prepared to date are
binuclear, trinuclear, tetranuclear, or hexanuclear.3 Metal macro-
cycles of large ring systems with higher nuclearity are currently
relatively few,4 especially for organometallic rings. Higher
nuclearity macrocycles are clearly unfavored reactions products,
making them challenging to design and assemble selectively. In
such an assembly process, it is crucial to select multifunctional
organic ligands containing appropriate coordination sites that are
linked by a spacer with specific positional orientation if one is to
construct a diversity of polynuclear and macrocyclic architec-
tures.5

Imidazole-4,5-dicarboxylic acid (H3IDC), a multidentate rigid
ligand, has been widely investigated in the construction of porous
and helical complexes because of its versatile coordinationmodes
and potential hydrogen-bonding donors and acceptors.6 This
system has been functionalized recently by introducing different
substituents at the 2-position of the imidazole ring, such as alkyl
(Me, Et, and Pr), phenyl, and others.7 Within this family of
ligands, pyridyl-substituted ligands8 2-(pyridin-4-yl)-1H-imid-
azole-4,5-dicarboxylic acid (H3L1) and 2-(pyridin-3-yl)-1H-
imidazole-4,5-dicarboxylic acid (H3L2), which possess seven
potential donor atoms, are of great interest because the H3IDC
groups and pyridine rings can rotate around the C−C bond to
meet the different coordination requirements of metal ions in the
assembly process. However, there are so many factors governing
the final structure in systems with multiligands or multidentate
ligands9 that it is common for the products to be significantly
different from those intended.10

Supramolecular chemistry based on Cp*Rh units has grown
rapidly since the first report of the organometallic Cp*Rh
fragment being used as a building block for the construction of

metallasupramolecular frameworks.11 In this Communication,
we report the first examples of 60-membered macrocylic
structures, having 18 half-sandwich Cp*Rh cores based on 2-
(pyridin-4-yl)-1H-imidazole-4,5-dicarboxylate ligand, while a
nonanuclear bowl-shaped Cp*Rh complex was unexpectedly
obtained when 2-(pyridin-3-yl)-1H-imidazole-4,5-dicarboxylate
was used as the organic linker.
The metallamacrocycle 3 was obtained through a two-step

reaction. As shown in Scheme 1, the dilithium salt of H3L1

(Li2HL1) was added to a solution of [Cp*RhCl2]2 in MeOH.
The reaction mixture was then stirred with silver salt AgOTf (Tf
= O2SCF3) for 2 h to yield (83%) orange solid 3, which is soluble
in water and most common polar organic solvents.
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Scheme 1. Synthetic Route to Macrocycle 3
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The crystal structure of 1 could not be obtained due to its poor
solubility, preventing growth of single crystals suitable for X-ray
diffraction analysis; however, the coordination mode can be
supported by the structure of the intermediate iridium complex
4, which formed by the reaction of K2HL1 and [(Cp*IrCl2)2]
after the removal of all of the chloride ligands (Scheme S1). As
expected, three iridium centers bind to one ligand through the
pyridyl N atom and two N^O chelating units, except for the
coordination of four acetonitrile molecules, respectively (Figure
S1). The construction of macrocycle 3 can thus be assumed to
proceed through the zwitterionic12 trinuclear intermediate,
similar to the construction of complex 2.
We speculated that macrocycles may be prepared if the

trinuclear building blocks 1were linked end-to-end after chloride
abstraction by AgOTf, and each ligand adopts the coordination
mode as shown in Scheme 2a. Gratifyingly, macrocycles 3 indeed

formed, and we obtained single crystals suitable for X-ray
diffraction analysis. The cation of complex 3 was confirmed to be
a half-sandwich rhodium octadecanuclear metallamacrocycle
consisting of 18 Cp*Rh units, six L1

3− ligands, and 12
coordinated solvent molecules (methanol and water) with an
inner diameter of ca. 1.1 nm and an outer diameter of ca. 2.6 nm
(Figure 1). There are two distinct Cp*Rh environments in this
structure according to the coordination modes of the metal
centers. One group is composed of six Cp*Rh units that are
ligated by two carboxylate oxygen atoms and one pyridyl

nitrogen atom from two separated L1
3− ligands. The other 12

Cp*Rh units are connected by the L1
3− ligands in a bis-N,O-

chelating fashion, with oxygen atoms from methanol or water
molecules filling the last coordination site of each of these metal
cores. The six Rh atoms in the former group participate in the
formation of the 60-membered ring, while the other 12 Rh atoms
in the latter group can be seen as accessories of the ring. From the
perspective of the ligand, each ligand combines with three
rhodium atoms to form [(Cp*Rh)3L1]

3+ as the basic building
unit, and six of these trinuclear units join together to generate
octadecanuclear macrocycle 3. A remarkable feature of the
structure is that the macrocycle encapsulates six triflate anions
(Figure 1c) through C−H···O interactions between the S−O
units of OTf− and the hydrogen atoms of the methyl groups in
the Cp* rings or of the pyridyl groups in the ligand L1

3− (Figure
S2). Moreover, a chain of weak hydrogen-bonding interactions
between the cation framework, solvent molecules, and triflate
anions bridge two adjacent macrocycles to create nanochannel
architectures along the crystallographic a-axis (Figure 1d). All of
these weak interactions further stabilize the host structures.
To explore the influence of different anions in this system, we

added a range of sodium salts, such as NaNO3, Na2SO4, and
Na2CO3, to the reaction mixture after the reaction was finished
and found that Na2SO4 and Na2CO3 have no influence on the
formation of the architecture of the final octadecanuclear
macrocycle. One small difference was found when NaNO3 was
added to the mixture, in that nitrate was found to be coordinated
to the Rh atoms instead of partial solvent molecules in complex 3,
generating the similar macrocycle 3′ (Figure 2).

We attempted to introduce another transition metal salt into
the system in order to induce similar complexation of the
heterometal to the two remaining carboxyl groups. When
zinc(II) ions were chosen as the second metal centers, the mixed-
metal coordination complex salt 5, having a Rh3ZnRh3
heptanuclear core, was obtained after halide abstraction (Scheme
S2). The coordination mode of the ligand in 5 is the same as that
of complex 4. As shown in Figure 3, zinc ions bridge two
trinuclear building blocks together by coordinating to two
oxygen atoms of each L1

3− unit. The two 7-membered rings
bridged by the zinc atom are non-coplanar, and the distance
between the two planes formed by the imidazole-4,5-
dicarboxylate groups is 1.617 Å.
With the intent of exploring the scope of the synthetic

approach and changing the cavity size of the macrocycles, the
similar multidentate ligand, dilithium salt of H3L2 (Li2HL2) was
introduced into the assembled system under the same conditions
(Scheme 3). We assumed that similar macrocylic structures

Scheme 2. Coordination Modes of L1
3− and L2

3−

Figure 1. (a) Top view and (b) side view of the cationic portion for 3.
The yellow sphere in the center represents the cavity of 3. (c) Space-
filling representation of the framework for 3 encapsulating six triflate
anions. (d) Stacking of the molecules in crystals of 3 viewed along the a
axis. All hydrogen atoms and non-coordinated solvent molecules were
omitted for clarity. Color code: N, blue; O, red; C, gray; F, light green; S,
yellow; Rh, green.

Figure 2. (a) Single-crystal X-ray structure of the cationic portion of 3′.
(b) Stacking of the molecules in crystals of 3′ viewed along the a axis. All
hydrogen atoms, non-coordinated solvent molecules, and anions were
omitted for clarity. Color code: N, blue; O, red; C, gray; Rh, green.
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would be obtained if the deprotonated ligand L2
3− adopts the

same coordination mode as L1
3− (Scheme 2b). Despite the

observation of two 1HNMR singlets at 1.30 and 1.54 ppm due to
two Cp* environments in a ratio of 2:1 (similar to that of 3),
complex 7 was instead confirmed to be the product (yield: 62%).
In this process, we initially sought to obtain building blocks

with three Rh cores. Single crystals of this building block (6)
suitable for X-ray diffraction analysis were obtained due to their
much better solubility than those of the initial product 1 in the
above synthesis of 3. The molecular structure of 6 thereby
allowed us to determine the exact coordination mode of the
ligand L2

3−. Similar to that of 1, each ligand coordinates to three
rhodium atoms through the pyridyl N atom and two N^O
chelating units, respectively (Figure 4). The remaining
coordination sites of the metal centers are all occupied by
chlorine atoms. At this step, the framework is negatively charged;

thus, a neutralizing lithium ion is bound to the oxygen atoms of
the carboxylate, further confirming 6 to be analogous to 1.
Similarly, after abstraction of the chlorine atoms from the

rhodium centers by AgOTf, the “bowl-shaped” 13 complex 7 was
obtained in the presence of sodium nitrate rather than a
metallamacrocycle. Single-crystal X-ray analysis revealed that 7 is
a bowl-shaped hexacation with nine half-sandwich rhodium
fragments and three 2-(pyridin-3-yl)-1H-imidazole-4,5-dicarbox-
ylate ligands, vastly different from 3 and the structure we
expected. As shown in Figure 5, the nine Rh atoms can be

obviously divided into three groups according to the
coordination modes of the metal centers, each group being
composed of three Rh atoms which form equilateral triangles
(Figure 5c). Every Cp*Rh fragment in the bottom triangle
(Rh1−Rh1A−Rh1B) is coordinated to one imidazolate nitrogen
atom and one carboxylate oxygen atom from the same L2

3− unit
and one carboxylate oxygen atom from the adjacent ligand L2

3−

(symmetry codes: A, −x + y, 1 − x, z; B, 1 − y, 1 + x − y, z).
However, the three Rh atoms in the middle layer (Rh3−Rh3A−
Rh3B) still adopt three-legged piano-stool geometries, each
completed by one nitrate oxygen atom, one pyridyl nitrogen
atom and one carboxylate oxygen atom. The coordination
environment of each Rh unit of the upper layer (Rh2−Rh2A−
Rh2B), in contrast, is completed by one acetonitrile molecule
and a chelating N^O site from an imidazole carboxylate. The
edge lengths of the bottom triangle are 5.458 Å, while those of
the middle layer are 11.780 Å and those of the top layer 9.339 Å
(Rh···Rh separation). Notably, the cavity size of 7 is much
smaller than that of 3, such that there is only one nitrate anion
hosted in the cavity through C−H···O interactions between the
N−O units of NO3

− and the hydrogen atoms of the methyl
groups in the Cp* rings (Figure S3).
In summary, two unprecedented octadecanuclear macrocyclic

complexes and a Rh−Zn heterometallic complex have been

Figure 3. Single-crystal X-ray structure of the theme framework of 5. All
hydrogen atoms, solvent molecules, and other ions were omitted for
clarity. Color code: N, blue; O, red; C, gray; Zn, turquoise; Rh, green.

Scheme 3. Synthetic Route to Complex 7

Figure 4. Single-crystal X-ray structure of 6. All hydrogen atoms were
omitted for clarity.

Figure 5. X-ray crystal structures of the cationic portion of 7. (a) Top
view and (b) side view of the framework of 7. The yellow sphere
represents the cavity of 7. Triflate anions and non-coordinated solvent
molecules, as well as hydrogen atoms are omitted for clarity. (c) The
relative size of the three equilateral triangles formed by the Rh atoms of
each level. (d) Space-filling representation of the framework of 7
encapsulatinging one nitrate anion. Color code: N, blue; O, red; C, gray;
Rh, green.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja5096914 | J. Am. Chem. Soc. 2014, 136, 15521−1552415523



designed and synthesized from the alkali salt of 2-(pyridin-4-yl)-
1H-imidazole-4,5-dicarboxylic acid. Meanwhile, an unexpected
bowl-shaped nonanuclear complex was obtained by the use of a
similar dilithium salt of 2-(pyridin-3-yl)-1H-imidazole-4,5-
dicarboxylic acid. The macrocycles are the highest nuclearity
examples known for half-sandwich macrocyclic compounds, and
they have nanosized cavities that can encapsulate small molecules
and anions such as methanol, triflate anions, and others. The
bowl-shaped structure is the first semi-open nonanuclear
structure based on Cp*Rh building blocks. This work shows
again that pyridyl-substituted imidazole-4,5-dicarboxylic acids
can be used as versatile organic linkers in the construction of both
infinite architectures and surprisingly large discrete structures.
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C.-C.; Dobrawa, R.; Saha-Möller, C. R.; Würthner, F. Top. Curr. Chem.
2005, 258, 39−82. (d) Li, S. S.; Northrop, B. H.; Yuan, Q. H.; Wan, L. J.;
Stang, P. J. Acc. Chem. Res. 2009, 42, 249−259. (e) Northrop, B. H.;
Zheng, Y. R.; Chi, K.-W.; Stang, P. J. Acc. Chem. Res. 2009, 42, 1554−
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