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We report the facile synthesis of novel hybrid molecular
dumbbells in which two polyoxometalate (POM) clusters are
covalently bridged by a rigid, �-conjugated organic rod of
controllable length. Hybrid materials based on covalently
linked POMs and organic species have been extensively
studied in recent years.[1±3] The motivation lies not only in the
combinations of ™value-adding properties∫,[4] but also in
introducing possible synergistic effects. Among the many
organic derivatives of POMs, organoimido derivatives have
attracted particular interest because the organic � electrons
may extend their conjugation to the inorganic framework and
thus dramatically modify the redox properties of the clus-
ter.[4, 5] Moreover, organoimido derivatives of POMs with a
remote functionality may be utilized to construct covalently
linked POM networks. Here we show that functionalized
POM clusters can indeed be utilized to conveniently and
efficiently construct POM networks.[3a] Specifically, we report
the synthesis of two novel hybrid dumbbells 1 and 2, in which
two POM cages are linked through an extended �-conjugated
organic bridge.[5c, 6]

The hybrid dumbbells were synthesized by the Pd-catalyzed
Sonogashira coupling reaction.[7,8] As shown in Scheme 1,
direct coupling of the iodo-functionalized hexamolybdate

perfluorinated additive OFN, as well as evidence from
fluorescence measurements, show that the supramolecular
synthon pyrene ±OFN can be used for the association of
PEGs in aqueous solution.

Experimental Section

Detailed information on synthesis and characterization is published as
Supporting Information.

3 ± 4b : Poly(ethylene glycol) (4 mmol) was melted in a flask and stirred
under high vacuum. Toluene (100 mL) and 1 or 2 (12 mmol) were added to
the polymer and the mixture heated until a clear solution was obtained.
Pyridine (1 mL) was added slowly dropwise to the solution followed by
stirring at 80 �C for 12 h. The reaction mixture was cooled to RT, the
precipitated pyridinium hydrochloride removed by filtration through
Celite (Aldrich) and the toluene solution added dropwise to diethyl ether
(1 L). The polymer precipitate was collected by filtration, dried under high
vacuum, redissolved in a small amount of dichloromethane and reprecip-
itated into diethyl ether. After recovering the product by filtration the
polymer was dried under high vacuum for 24 h.

General procedure for the preparation of gels: 4b (1 equiv) was melted at
approximately 60 �C and OFN (2 equiv) dissolved in the melt. The melt was
cooled to RT where it solidified. A mixture of deionized water and the
desired amount of the solid mixture were sealed in a glass vial and heated in
a steam bath under stirring for about 10 min until a homogeneous mixture
was obtained. Upon cooling to RT a clear yellow gel or viscous liquid was
formed.

Received: December 21, 2001 [Z18428]

[1] C. R. Patrick, G. S. Prosser, Nature 1960, 187, 1021.
[2] T. Dahl, Acta Chem. Scand. Ser. A 1988, 42, 1.
[3] J. H. Williams, Acc. Chem. Res. 1993, 26, 593.
[4] C. A. Hunter, Angew. Chem. 1993, 105, 1653; Angew. Chem. Int. Ed.

Engl. 1993, 32, 1584.
[5] A. P. West, S. Mecozzi, D. A. Dougherty, J. Phys. Org. Chem. 1997, 10,

347.
[6] J. Potenza, D. Mastropaolo, Acta Crystallogr. 1975, 31, 2527.
[7] D. G. Naae, Acta Crystallogr. Sect. B 1979, 35, 2765.
[8] V. B. Smith, A. G. Massey, Tetrahedron 1969, 25, 5495.
[9] U. H. F. Bunz, V. Enkelmann, Chem. Eur. J. 1999, 5, 263.

[10] A. S. Batsanov, J. A. K. Howard, T. B. Marder, E. G. Robins, Acta
Crystallogr. Sect. C 2001, 57, 1303.

[11] A. S. Batsanov, J. C. Collings, J. A. K. Howard, T. B. Marder, Acta
Crystallogr. Sect. E 2001, 57, o950.

[12] A. S. Batsanov, J. C. Collings, J. A. K. Howard, T. B. Marder, D. F.
Perepichka, Acta Crystallogr. Sect. C 2001, 57, 1306.

[13] J. C. Collings, A. S. Batsanov, J. A. K. Howard, T. B. Marder, Acta
Crystallogr. Sect. C 2001, 57, 870.

[14] J. C. Collings, K. P. Roscoe, R. L. Thomas, A. S. Batsanov, L. M.
Stimson, J. A. K. Howard, T. B. Marder, New J. Chem. 2001, 25, 1410.

[15] G. W. Coates, A. R. Dunn, L. M. Henling, D. A. Dougherty, R. H.
Grubbs, Angew. Chem. 1997, 109, 290; Angew. Chem. Int. Ed. Engl.
1997, 36, 248.

[16] G. W. Coates, A. R. Dunn, L. M. Henling, J. W. Ziller, E. B. Lobkov-
sky, R. H. Grubbs, J. Am. Chem. Soc. 1998, 120, 3641.

[17] W. J. Feast, P. W. Lovenich, H. Puschmann, C. Taliani, Chem.
Commun. 2001, 505.

[18] L. Brunsveld, B. J. B. Folmer, E. W. Meijer, R. P. Sijbesma, Chem. Rev.
2001, 101, 4071.

[19] See for example G. Tae, J. A. Kornfield, J. A. Hubbell, D. Johanns-
mann, T. E. Hogen-Esch, Macromolecules 2001, 34, 6409, and
references therein.

[20] See for example S. B. Kennedy, E. R. deAzevedo, W. A. Petka, T. P.
Russell, D. A. Tirrell, M. Hong, Macromolecules 2001, 34, 8675, and
references therein.

[21] S. Miyagishi, A. Isomi, M. Iwata, T. Asakawa, M. Nishida, Bull. Chem.
Soc. Jpn. 1985, 58, 3643.

[22] L. J. D×Souza, U. Maitra, J. Org. Chem. 1996, 61, 9494.
[23] U. Maitra, L. J. Dsouza, J. Chem. Soc. Chem. Commun. 1994, 2793.

[*] Prof. Z. Peng, M. Lu, Dr. Y. Wei, B. Xu, C. F.-C. Cheung
Department of Chemistry
University of Missouri ± Kansas City
Kansas City, MO 64110 (USA)
Fax: (�1)816-235-5502
E-mail : pengz@umkc.edu

Dr. D. R. Powell
Department of Chemistry
University of Kansas
Lawrence, KS 66045 (USA)

[**] This work is supported by Research Corporation, National Science
Foundation (DMR 0134032) and the Office of Naval Research.
Acknowledgement is also made to the Donors of Petroleum Research
Fund, administered by the American Chemical Society, for the
support of this work.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 9 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4109-1567 $ 20.00+.50/0 1567

Scheme 1. Syntheses of hybrid molecular dumbbells. The countercation is
tetrabutylammonium. a) [PdCl2(PPh3)2], CuI, K2CO3, Et3N, CH3CN, RT.

anion A and the ethynyl-substituted analogue B, both
synthesized by using an approach developed in our labora-
tory,[9] gave hybrid 1 in greater than 78% yield of isolated,
pure, crystalline product. Hybrid 2, which has a longer bridge,
was prepared by coupling of 2,5-bis(2,2-dimethylpropoxy)-
1,4-diethynylbenzene and 2 equiv of A. Both reactions
proceeded smoothly at room temperature and were complet-
ed in less than one hour. Analytically pure products can be
obtained by simple recrystallization.

Hybrid 2 shows excellent solubility in common organic
solvents such as acetone, acetonitrile, dichloromethane, and
chloroform, but hybrid 1 is only slightly soluble in these
solvents. Their 1H NMR spectra (in CD3CN) are shown in
Figure 1. The spectrum of 1 is nearly identical to that of B
except for the absence of the signal for the ethynyl proton at
�� 3.65. The signals for the aromatic and methyl protons
appear as singlets at �� 7.22 and 2.59, respectively. The
remaining peaks correspond to the protons of the tetrabutyl-
ammonium cation. The spectrum of 2 has, in addition to the
peaks found in 1, three additional signals at �� 7.06, 3.71, and
1.09. These three singlets correspond to the aromatic protons
on the central phenyl ring, the methylene protons linked to
the oxygen atom, and the benzyl methyl protons, respectively.
Both spectra show clearly resolved signals, all of which can be
unambiguously assigned (see Figure 1 for complete assign-
ment).

The electronic properties of the hybrid dumbbells were
studied by UV/Vis absorption and fluorescence measure-
ments. As shown in Figure 2, the lowest energy electronic
transition exhibits a significant bathochromic shift on going
from A (362 nm) and B (368 nm) to 1 (426 nm) and 2
(438 nm), and this indicates that the Mo�N � electrons are
delocalized over the organic conjugated � system. In other
words, there is strong electronic interaction between the
metal ± oxygen cluster and the organic conjugated segment.
Static fluorescence studies show that hybrids 1 and 2 show no
fluorescence under excitation from 200 to 500 nm. Since
oligo(phenylene ethynylene)s are strongly fluorescent mole-
cules,[10] the hexamolybdate cluster clearly acts as a fluores-
cence quencher, presumably by accepting the excited elec-
trons.

The molecular structure of 1 was determined by single-
crystal X-ray diffraction.[11] Compound 1 crystallizes in the

Figure 1. 1H NMR spectra of 1 and 2. The peaks marked with * and #
correspond to the protons of acetone and acetonitrile, respectively.

Figure 2. UV/Vis absorption spectra of 1, 2, A, and B in acetronitrile.

monoclinic space group P21/c. Each cluster anion sits on a
crystallographic center of symmetry, so that only one half of
an anion is included in the asymmetric unit. As expected, the
anion of 1 (Figure 3) is indeed made up of two terminally
substituted imidohexamolybdate cages bridged by a para-
disubstituted, conjugated, rodlike aromatic system. This
cluster anion has crystallographically imposed ideal Ci

symmetry with the inversion center located at the middle of
the C�C bond. As a result of the slight bending of theMo-N-C
bonds (172.8� bond angle), the hybrid dumbbell adopts a
flattened S-shape. The slight bending of the C�C�C bonds
results in a minor vertical displacement of the two parallel
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Figure 3. ORTEP plot of the anion of 1 (50% probability thermal
ellipsoids for non-hydrogen atoms) showing the atom-labeling scheme for
the asymmetric unit. Selected bond lengths [ä] and angles [�]: C1-N1
1.381(4), Mo1-N1 1.744(3), Mo1-O1 2.211(2), Mo2-O2 1.692(3), Mo2-O1
2.330(2), Mo3-O3 1.689(2), Mo3-O1 2.327(2), Mo4-O4 1.687(3), Mo4-O1
2.359(2), Mo5-O5 1.694(2), Mo5-O1 2.331(2), Mo6-O6 1.686(3), Mo6-O14
2.029(3), Mo6-O1 2.350(2); C1-N1-Mo1 172.8(3), N1-Mo1-O7 100.51(14),
N1-Mo1-O10 102.87(13), N1-Mo1-O9 103.11(13), N1-Mo1-O8 101.02(12),
N1-Mo1-O1 178.28(12).

phenyl rings. The hexamolybdate cages in 1 show features
typical of other arylimido derivatives:[5] the Mo�N bond has
substantial triple bond character, as evidenced by its short
bond length and near linear Mo-N-C bond angle; the central
oxygen atom inside the cluster cage is drawn closer to the
imido-bearing Mo atom; the equatorial Mo4O4 belt perpen-
dicular to the long axis of the molecule shows regular short ±
long bond length alternation. Careful comparison of the bond
lengths of 1 with those of A and B reveals some notable
differences. In 1, the bond between the central oxygen atom
and the imido-bearing Mo atom and the N�C bond are
shorter, while the Mo�N bond is longer than the correspond-
ing bonds in A and B. These results indicate stronger �-
electron delocalization among the molecular axes, which
makes the bond-length alternation less pronounced.

In conclusion, we have demonstrated that functionalized
organoimido derivatives of polyoxometalates can be utilized
to construct covalently linked POM hybrids. The modular
building block approach introduces the advantages of versa-
tility, flexibility, and controllability of organic reactions into
the synthesis of covalently linked POM/organic hybrids with
predetermined structures. The strong electronic interactions
between the POM clusters and the conjugated organic bridge
in these hybrid molecular dumbbells makes them an interest-
ing new class of electrically active materials. In addition to
molecular dumbbells, many other POM/organic hybrids
linked in a variety of geometries can in principle be prepared
by similar approaches.

Experimental Section

1: A mixture of A (0.75 g, 0.5 mmol), B (0.80 g, 0.5 mmol), [PdCl2(PPh3)2]
(10 mg, 0.01 mmol), copper(�) iodide (6 mg, 0.02 mmol), K2CO3 (anhydrous,
1.0 g, 7 mmol), triethylamine in acetonitrile (0.5 mL of a 1� solution,
0.5 mmol), and acetonitrile (20 mL) was stirred at room temperature for
about 30 min under nitrogen. The resulting dark red solution was added to
CH2Cl2 (100 mL), washed twice with brine, and then concentrated to about
30 mL. After the addition of ethyl acetate (100 mL), the solution was left
standing without disturbance for about 8 h. The orange precipitate was
collected by filtration and washed successively with dichloromethane and
acetone. It was further purified by recrystallizing twice from acetone (yield:
1.16 g, 78%). The single crystals used for X-ray diffraction were obtained
by diffusion of ethyl acetate into a solution of 1 in DMF. Elemental analysis
(%) calcd for C82H160N6O36Mo12: C 33.30, H 5.45, N 2.84; found: C 33.06, H

5.53, N 2.80. 1H NMR (250 MHz, CD3CN, 25 �C, TMS): �� 7.22 (s, ArH,
4H), 3.09 (t, J� 8.50 Hz, NCH2, 32H), 2.59 (s, (Ar)CH3, 12H), 1.60 (q, J�
7.94 Hz, CH2, 32H), 1.35 (H, J� 7.25 Hz, CH2, 32H), 0.96 (t, J� 7.25Hz,
CH3, 48H); UV/Vis (MeCN): �/nm (�/��1 cm�1)� 206 (1.40� 105), 260
(9.43� 104), 426 (1.04� 105).

2 : A mixture of C (0.5 mmol), A (1.75 g, 1.1 mmol), [PdCl2(PPh3)2] (40 mg,
0.057 mmol), copper(�) iodide (20 mg, 0.1 mmol), triethylamine (1 mL), and
acetonitrile (40 mL) was stirred under nitrogen for 1 h at room temper-
ature. The dark red solution was added to CH2Cl2 (300 mL) and washed
twice with water. The organic layer was collected, and its solvent removed
by vacuum evaporation. Acetone (20 mL) was added to the residue. The
resulting suspension was filtered through a syringe filter (0.2 �m), and the
filtrate was concentrated to ca. 10 mL. The concentrated solution was
added slowly to diethyl ether (200 mL). After standing for 10 min, the top
layer of solvents was decanted. The oily residue was dried under vacuum
overnight to give a dark red powder, which was purified by recrystalizion
from acetone/diethyl ether to yield analytically pure product (81%).
Elemental analysis (%) calcd for C100H182N6O38Mo12: C 37.21, H 5.68, N
2.60; found: C 37.60, H 5.24, N 2.33. 1H NMR (400 MHz, CD3CN, 25 �C):
�� 0.96 (t, J� 7.25 Hz, 48H, CH3), 1.09 (s, 18H, CH3), 1.35 (m, 32H, CH2),
1.59 (m, 32H, CH2), 2.60 (s, 12H, ArCH3),3.10 (m, 32H, NCH2), 3.71 (s,
4H, OCH2), 7.05 (s, 2H, ArH), 7.21 (s, 4H, ArH); 13C NMR (400 MHz,
CD3CN, 25 �C): �� 14.2, 18.8, 20.7, 24.7, 27.2, 33.2, 59.6, 80.4, 89.7, 95.9,
114.9, 123.4, 131.2, 139.7, 154.6, 155.3; UV/Vis (MeCN): �max/nm (�/
��1 cm�1)� 206 (1.36� 105), 250 (8.82� 104), 438 (1.24� 105).
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