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ABSTRACT: By control of in situ ligand reaction, two zinc metal-organic frameworks (1, 2) have been isolated hydrothermally.
Both complexes are 3D open frameworks. Complex 1, which is based on an unprecedented {Zn8O13} SBU constructed of 2H-
imidazole-4,5-dicarboxylic acid (H3IMDC), has the same topology as that of MOF-5. Complex 2 contains large homochiral channels
based on the in situ generated 4,5-di(1H-tetrazol-5-yl)-2H-imidazole (H3DTIM). Both H3IMDC and H3DTIM ligands are in situ
generated from the same precursor, 2H-imidazole-4,5-dicarbonitrile.

The rational design and synthesis of functional metal-organic
frameworks (MOFs) is becoming an active field in supramole-
cular chemistry and crystal engineering.1,2 In the past decades,
many porous metal-organic frameworks based on multicarbox-
ylate ligandswith interesting topologies and potential application
have been synthesized and characterized.3,4 Recently, functional
MOFs with tetrazole ligands have also been reported, which in-
dicate tetrazole groups can possess similar coordination charac-
teristics to those of carboxylate groups.5 Currently, one of the
major challenges to chemists is to predict the structure of the pro-
duct in a multicomponent system. Due to the complexity of one-
pot assembly, it is difficult to control the reaction to construct
MOFs with desired topologies. Furthermore, some unexpected
in situ ligand reactions may occur in the one-pot reaction involv-
ing organic ligand and metal ion, especially in hydro- or solvo-
thermal reactions, which add more elements of complexity in
accurately predicting final structures.

However, from a design perspective, the rapidly developing
in situ ligand reactionmay provide a new strategy in construction
of functional MOFs.6 For example, Xiong and co-workers have
synthesized a series of MOFs based on tetrazole ligands in situ
generated from a CN-containing precursor.7 Lin et al. reported a
series of acentric MOFs of metal-carboxylate based on in situ
ligand reaction,8 which may not be obtained from their corre-
sponding carboxylate ligands.Hence, novelMOFs that cannot be
obtained from the target ligand can be generated through in situ
ligand reaction.

Considering these in mind, recently, we began to construct
MOFs by use of the advantage of in situ ligand reaction. On the
basis of current research on in situ ligand reaction, the carbox-
ylate- and tetrazole-based ligands can be in situ generated from
the same precursor, CN-containing ligands (Scheme 1). Thus, the
precursorwe selected is 2H-imidazole-4,5-dicarbonitrile (HIMDN)
due to its following characteristics: (1) it contains two CN groups,
which can form a carboxylate or tetrazole ligand through in situ
ligand reaction; (2) although its corresponding acid, 2H-imidazole-
4,5-dicarboxylic acid (H3IMDC), has been widely applied in con-
struction of MOFs,9 through in situ ligand reaction, novel MOFs
possessing different structures with reported results may be gener-
ated; (3) its corresponding tetrazole, 4,5-di(1H-tetrazol-5-yl)-2H-
imidazole (H3DTIM), has never been applied in construction of
MOFs. In this communication, we report two open zinc metal-
organic frameworks based on carboxylate and tetrazole ligands
in situ generated from 2H-imidazole-4,5-dicarbonitrile (Scheme 1).

Hydrothermal reaction of IMDN and zinc salt resulted in the
formation of colorless crystals of [H2N(CH3)2]4[Zn8O(IMDC)6]
(1) and Zn(HDTIM) 3 1.5H2O (2), which were not soluble in
common organic solvents. Single crystal X-ray diffraction reveals
that both complexes 1 and 2 are 3D open frameworks (Figure 1).

Complex 1 crystallizes in the high symmetry cubic Fm3 space
group. The basic building block (or secondary building unit) is a
new {Zn8O13} cluster (Figure 2). There are two types of zinc ions
with different coordination geometries in 1: one (Zn1) is four-
coordinated by three carboxyl oxygen atoms from different
IMDC ligands and one μ4-O atom in a tetrahedral geometry;
the other (Zn2) is six-coordinated by three carboxyl oxygen atoms
and three nitrogen atoms in a distorted octahedral geometry. The
central μ4-O atom attaches to four Zn1 ions to generate a {Zn4O}
unit with the Zn-O distance of 2.298(6) Å. The {Zn4O} unit is
further capped by four Zn2 ions linked by IMDC ligand through
a chelate-bridging mode (Scheme 2), resulting in a new {Zn8O13}
cluster (Figure 1), which has never been reported in construction
of functional MOFs prior to this work.

In the {Zn8O13} cluster, each Zn2 ion is chelated by three
IMDC ligands; thus, the {Zn8O13} cluster is surroundedby twelve
IMDC ligandswith every two IMDC ligands pointing toward the
same direction. Hence, the {Zn8O13} cluster can be considered as
a six-connected node and further linked by six pairs of IMDC
ligands to give rise to a 3D anionic cubic framework (Figure 2).
The deprotonated dimethylamine, which is hydrolyzed from
DMF and characterized from elemental analysis and TGA,
locates in the cavity to balance the charge, as found in other
results.10 Complex 1 has the same topology with the well-known
MOF-5,11 except that the {Zn4O} cluster and the 1,4-benzenedi-
carboxylate (BDC) in MOF-5 are replaced by the {Zn8O13}
cluster and a pair of IMDC in complex 1, respectively. Due to
the shorter linker of IMDC, the dimensions of the channels are
6.26 � 5.32 Å2 (from carbon atom to carbon atom) with 31.7%
solvent-accessible volume calculated from PLATON, which is
significantly smaller than those of MOF-5. It should be pointed
out that attempts to synthesize complex 1 with H3IMDC as the

Scheme 1. Schematic Representation of in Situ Generated Two

Types of Organic Ligands from 2H-Imidazole-4,5-dicarbonitrile
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starting material failed, indicating the in situ ligand reaction is
crucial for the formation of 1.

It is well-known that the in situ ligand reaction of CN-contain-
ing ligand and NaN3 in the presence of ZnCl2 can generate tet-
razole ligand.7 Thus, the hydrothermal reaction of 2H-imidazole-
4,5-dicarbonitrile, NaN3, and ZnCl2 resulted in the formation of
a large amount of colorless crystals of 2, which was structually
characterized by X-ray single crystal diffraction, elemental ana-
lysis, and TGA (Figure 3).

Single crystal X-ray diffraction reveals that complex 2 crystal-
lizes in the orthorhombic chiral P212121 space group. As expec-
ted, the 4,5-di(1H-tetrazol-5-yl)-2H-imidazole is in situ generated
and almost coplanar, with the average dihedral angle between the
imidazole and tetrazole rings of 11.9�. One of the nitrogen atoms
in the imidazole ring is protonated, and both tetrazole rings are
deprotonated. The asymmetric unit of 2 consists of one zinc ion,
oneHDTIM ligand, and one uncoordinated water molecule. The
central zinc ion is five-coordinated by four nitrogen atoms from
the tetrazole ring and one nitrogen atom from the imidazole ring,
in a trigonal bipyramidal geometry, with the average Zn-N
distance of 2.0924(4) Å. The HDTIM adopts a chelate-bridging
coordination mode to link three zinc ions and can be considered
as a 3-connected ligand (Scheme 2). As shown in Figure 3, the
HDTIM ligand uses its four nitrogen atoms;two (N1,N7) from
one imidazole ring and one tetrazole ring, two (N6, N10) from
two tetrazole rings, respectively;to chelate two zinc ions, and it
uses one nitrogen atom in one tetrazole ring to link one zinc ion,
while the remainingN2 in the imidazole ring andN3,N5,N8, and
N9 in the tetrazole rings did not take part in coordination. Each

zinc ion is surrounded by three HDTIM ligands, two of which
adopt a chelating mode as shown in Figure 3.

Thus, the linkage of the five-coordinated zinc ions byHDTIM
ligands results in the formation of an unprecedented 3D open
framework with large rectangular channels along the a axis, in
which a large amount of uncoordinated water molecules reside.
The most striking feature of complex 2 is the chirality of the re-
ctangular channels (Figure 4), in which the imidazole and tet-
razole(2) rings form the wall and the corners are occupied by four
1D helical Zn-tetrazole(1) chains. Each rectangular channel is
composed of four 1D helical chains, and every helical chain is
surrounded by four rectangular channels. Due to the linking
modes and the rigidity ofHDTIM, the same chirality of the helical
chains around the rectangular channel is preserved, providing a
chiral framework (Flack value, 0.16(3), Figure S9 of the Support-
ing Information). Remarkably, the HDTIM ligand uses its
tetrazole(1) ring to connect zinc ion to generate the 1D helical
chain, which is further linked by the imidazole and tetrazole(2)
rings to give rise to the 3Dopen chiral framework. The dimensions
of the chiral channels are 9.6 � 6.7 Å2, with 38.5% solvent-
accessible volume calculated from PLATON, which is slightly
larger than that in complex 1.

TGA measurement reveals that both complexes can be stable
up to 400 �C. For complex 1, the gradual weight loss of 11.4%
from 105 to 315 �C is in accordance with the loss of four H2N-
(CH3)2 cations (calcd: 11.3%), and after 375 �C, 1 starts to de-
compose. For complex 2, the weight loss of 8.2% from 100 to
250 �C corresponds to the loss of one and a half uncoordinated
water molecules (calcd: 8.0%). There is no further weight loss
until 390 �C, where complex 2 starts to decompose.

In conclusion, two zinc-organic frameworks have beenhydro-
thermally synthesized through in situ ligand reaction from the
same precursor. Our research results reveal that, by control of the
reaction condition, different types of organic ligands can be
generated from the same precusor, and they further indicate that
in situ ligand reaction becomes a new strategy in construction of
novel MOFs and a new bridge between coordination chemistry
and organic synthetic chemistry.6

Figure 2. 3D cubic framework of 1 along the c axis.

Figure 1. (Left) {Zn4O} cluster (top) in MOF-5 and {Zn8O13}
cluster (bottom) in 1. (Right) One of the cavities in 1 with eight
{Zn8O13} clusters linked by twelve pairs of IMDC ligands.

Scheme 2. CoordinationModes of IMDCandHDTIM in 1 and 2
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Further studies are focusing on the synthesis of a homochiral
bulk sample of complex 2 through chiral inducement12 by adding
a chiral molecule in the reaction system and its chiral catalysis.
This research is currently underway and will be reported in a full
paper.

Acknowledgment. We gratefully acknowledge the financial
support of the Natural Science Foundation of China (90922014,
20701025), the Natural Science Foundation of Shandong Pro-
vince (Y2008B01, BS2009CL007), and Shandong University.

Supporting Information Available: Syntheses of complexes 1 and
2, crystal data, structural drawings, TGAplots, andPXRDplots for
1 and 2, and CD spectrum for 2. This material is available free of
charge via the Internet at http://pubs.acs.org.

References

(1) For recent reviews, see: (a) Phan, A.; Doonan, C. J.; Uribe-Romo,
F. J.; Knobler, C. B.; O’Keeffe, M.; Yaghi, O. M. Acc. Chem. Res.
2010, 43, 58. (b) Uemura, T.; Yanai, N.; Kitagawa, S.Chem. Soc. Rev.
2009, 38, 1228. (c) Zheng, X. D.; Lu, T. B. CrystEngComm 2010, 12,
324. (c)Murray, L. J.; Dinca,M.; Long, J. R.Chem. Soc.Rev. 2009, 38,
1294. (d) Aakeroy, C. B.; Champness, N. R.; Janiak, C. CrystEng-
Comm 2010, 12, 22. (e) Wang, Z. Q.; Cohen, S. M. Chem. Soc. Rev.
2009, 38, 1315. (f) Kurmoo, M. Chem. Soc. Rev. 2009, 38, 1353.
(g) Lee, J. Y.; Farha, O. K.; Roberts, J.; Scheidt, K. A.; Nguyen, S. T.;
Hupp, J. T. Chem. Soc. Rev. 2009, 38, 1450. (h) Li, J.-R.; Kuppler,
R. J.; Zhou, H.-C. Chem. Soc. Rev. 2009, 38, 1477.

(2) (a) Dybtsev, D. N.; Nuzhdin, A. L.; Chun, H.; Bryliakov, K. P.;
Talsi, E. P.; Fedin, V. P.; Kim, K. Angew. Chem., Int. Ed. 2006, 45,
916. (b) F�erey, G.; Mellot-Draznieks, C.; Serre, C.; Millange, F.;
Dutour, J.; Surbl�e, S.; Margiolaki, I. Science 2005, 309, 2040.

(c) Moon, H. R.; Kobayashi, N.; Suh, M. P. Inorg. Chem. 2006, 45,
8672. (d) Wang, X. L.; Qin, C.; Wu, S. X.; Shao, K. Z.; Lan, Y. Q.;
Wang, S.; Zhu, D. X.; Su, Z. M.; Wang, E. B. Angew. Chem., Int. Ed.
2009, 48, 5291. (e) Jin, C. M.; Zhu, Z.; Chen, Z. F.; Hu, Y. J.; Meng,
X. G. Cryst. Growth Des. 2010, 10, 2054.

(3) (a) Lin, X.; Telepeni, I.; Blake, A. J.; Dailly, A.; Brown, C. M.;
Simmons, J. M.; Zoppi, M.; Walker, G. S.; Thomas, K. M.; Mays,
J.; Hubberstey, P.; Champness, N. R.; Schroder, M. J. Am. Chem.
Soc. 2009, 131, 2159. (b) Kishan, M. R.; Tian, J.; Thallapally, P. K.;
Fernandez, C. A.; Dalgarno, S. J.; Warren, J. E. Z.; McGrail, B. P.;
Atwood, J. L.Chem.Commun. 2010, 46, 538. (c) Park, H. J.; Suh,M. P.
Chem. Commun. 2010, 46, 610. (d) Zhang, Y. B.; Zhang, W. X.; Feng,
F. Y.; Zhang, J. P.; Chen, X.M.Angew.Chem., Int. Ed. 2009, 48, 5287.
(e) Zhao, D.; Yuan, D. Q.; Sun, D. F.; Zhou, H.-C. J. Am. Chem. Soc.
2009, 131, 9186.

(4) (a) Li, Z. Y.; Zhu, G. S.; Lu, G. Q.; Qiu, S. L.; Yao, X. D. J. Am.
Chem. Soc. 2010, 132, 1490. (b) Ma, L. Q.; Lin, W. B. J. Am. Chem.
Soc. 2009, 131, 4610. (c) Liu, X. F.; Park, M.; Hong, S.; Oh, M.; Yoon,
J. W.; Vhang, J.; Lah, M. S. Inorg. Chem. 2009, 48, 11507. (d) Klein,
N.; Senkovska, I.; Gedrich, K.; Stoeck, U.; Henschel, A.; Mueller, U.;
Kaskel, S. Angew. Chem., Int. Ed. 2009, 48, 9954. (e) Liu, Y. L.;
Eubank, J. F.; Cairns, A. J.; Eckert, J.; Kravtsov, V. Ch.; Luebke, R.;
Eddaoudi, M. Angew. Chem., Int. Ed. 2007, 46, 3278.

(5) (a) Dinca, M.; Long, J. R. J. Am. Chem. Soc. 2007, 129, 11172.
(b) Horike, S.; Dinca, M.; Tamaki, K.; Long, J. R. J. Am. Chem. Soc.
2008, 130, 5854. (c) Dinca, M.; Yu, A. F.; Long, J. R. J. Am. Chem.
Soc. 2006, 128, 8904. (d) Song,W. C.; Li, J. R.; Song, P. C.; Tao, Y.; Yu,
Q.; Tong, X. L.; Bu, X. H. Inorg. Chem. 2009, 48, 3792. (e) Hu, T. P.;
Liu, L. J.; Lv, X. L.; Chen, X. H.; He, H. Y.; Dai, F. N.; Zhang, G. Q.;
Sun, D. F. Pohedron 2010, 29, 296.

(6) Chen, X. M.; Tong, M. L. Acc. Chem. Res. 2007, 40, 162 and
references therein .

(7) (a) Ye, Q.; Song, Y. M.; Wang, G. X.; Chen, K.; Fu, D. W.; Chan,
P. W. H.; Zhu, J. S.; Huang, S. P.; Xiong, R. G. J. Am. Chem. Soc.
2006, 128, 6554. (b) Fu, D.W.; Zhang,W.; Xiong, R. G.Cryst. Growth
Des. 2008, 8, 3461. (c) Xiong, R. G.; Xue, X.; Zhao, H.; You, X. Z.;
Abrahams, B. F.; Xue, Z. L. Angew. Chem., Int. Ed. 2002, 41, 3800.
(d) Zhao, H.; Qu, Z. R.; Ye, H. Y.; Xiong, R. G.Chem. Soc. Rev. 2008,
37, 84.

(8) Evans, O. R.; Lin, W. B. Acc. Chem. Res. 2002, 35, 511 and
references therein .

(9) (a) Akordi, M. H.; Liu, Y. L.; Larsen, R. W.; Eubank, J. F.;
Eddaoudi,M. J. Am.Chem. Soc. 2008, 130, 12639. (b) Lu,W.G.; Su,
C. Y.; Lu, T. B.; Jiang, L.; Chen, J.M. J. Am.Chem. Soc. 2006, 128, 34.
(c) Lu,W.G.; Jiang, L.; Feng,X. L.; Lu, T. B.Cryst. GrowthDes. 2008,
8, 986.

(10) (a) Chen, W.; Wang, J. Y.; Chen, C.; Yue, Q.; Yuan, H. M.; Chen,
J. S.; Wang, S. N. Inorg. Chem. 2003, 42, 944. (b) He, J.; Yu, J.;
Zhang, Y.; Pan, Q.; Xu, R. Inorg. Chem. 2005, 44, 9279. (c) Burrows,
A. D.; Cassar, K.; Friend, R.M.W.;Mahon,M. F.; Rigby, S. P.;Warren,
J. E. CrystEngComm 2005, 7, 548.

(11) Li, H. L.; Eddaoudi, M.; O’Keeffe, M.; Yaghi, O. M.Nature 1999,
402, 276.

(12) (a) Zhang, J.; Chen, S. M.; Wu, T.; Feng, P. Y.; Bu, X. H. J. Am.
Chem. Soc. 2008, 130, 12882. (b) Dai, F. N.; He, H. Y.; Zhao, X. L.; Ke,
Y. X.; Zhang, G. Q.; Sun, D. F. CrystEngComm 2010, 12, 337.

Figure 3. (Left) Coordination mode of HDTIM. (Right) Coordination environment of zinc ion in 2, showing each zinc ion is surrounded by
three HDTIM ligands.

Figure 4. 3D open framework containing chiral channels of 2. The
helical chain and the chiral channel are highlighted.


