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Molecular and Polymeric Hybrids Based on
Covalently Linked Polyoxometalates and
Transition-Metal Complexes**

Jeonghee Kang, Bubin Xu, Zhonghua Peng,*
Xiaodong Zhu, Yongge Wei, and Douglas R. Powell

We report a rational synthetic approach to novel molecular
and polymeric hybrids containing polyoxometalate (POM)
clusters and transition-metal complexes covalently linked by
an organic m-conjugated bridge. There continues to be
extensive interest in hybrids containing both POMs and
organometallic components.!' The motivation lies not only
in chemists’ steady desire to bring different structural units
together but also in the prospect of generating new functional
and multifunctional materials,”¥! although the overwhelming
interest in organometallic/POM hybrids has so far been
focused to their catalytic activity.l"” A significant number of
organometallic/POM hybrids have already been reported,
most of which anchor the organometallic component by
either the surface oxygen atoms of POM clusters or active
metal centers incorporated within the POM cluster.'! The
commonly adopted synthetic approach relies on a self-
assembly process in which attachment of the organometallic
component and assembly of the POM cluster occur simulta-
neously.'" Although various other preparation methods
have been reported,” one which allows rational design and
predetermination of structure and properties remains elusive.

One fascinating aspect of POM clusters is their structural
diversity, not only in the cluster frame itself but also in the
ways of derivatizing them.'! Among the many types of
organically functionalized POMSs, organoimido derivatives
are particularly interesting.”! Aside from remarkable stability
of the imido metal-nitrogen linkage, which makes further
structural modification on the cluster-anchored organic
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on the POM cluster may lead to a new class of electronic
hybrid materials.”’ Indeed, we have recently shown that
organoimido derivatives with remote functionality can be
used as building blocks to construct hybrid dumbbells,"”!
charge-transfer hybrids,""! and polymer hybrids!'"? which
have been demonstrated to be photovoltaic materials. Here
we report that the building block approach can be extended to
the preparation of organometallic POMs with predetermined
structures. In particular, we describe the synthesis and optical
properties of the first molecular and polymeric hybrids (3 and
6in Schemes 1 and 2, respectively) in which POM clusters and
transition-metal complexes are linked by an organic m-
conjugated bridge. Such hybrids were designed to take
advantage of the metal-to-ligand charge-transfer (MLCT)
transitions of transition-metal complexes,”¥ the electron-
accepting properties of POM clusters, and the charge-trans-
port properties of m-conjugated systems, to realize systems
with efficient photoinduced charge separation.

Schemes 1 and 2 show the structures and syntheses of
molecular hybrid 3 and polymeric hybrid 6, respectively.
Polyoxometalate clusters functionalized with one or two iodo
functional groups (1 and 4, respectively) were prepared
according to previously reported procedures.'* Pd-cata-
lyzed coupling of 4'-ethynyl-2,2",6",2"-terpyridine with 1 and 4
yielded terpyridine-functionalized clusters 2 and 5, respec-
tively. The crystal structure of hybrid 2 was communicated
previously." Hybrid 5 was characterized by "H NMR spec-
troscopy (see Experimental Section), electrospray ionization
mass spectrometry (ESI-MS), and X-ray single-crystal dif-
fraction.

The mass spectrum of 5 shows isotopic clusters centered at
m/z 853.05 (100), 1707.73 (9), and 1953.09 (3 % ). These signals
can be assigned to the cluster anion M* (M=
[Mo40;;NsCsgHs,], caled m/z: 854.36), M* +H™* (caled mi/z:
1709.72), and M* +Bu,N™ (calcd m/z: 1952.17), respectively,
consistent with its structure.

Hybrid 5 crystallizes in the triclinic space group P11 with
two formula units per asymmetric unit of the cell. The anions
of the two formula units adopt rather different configurations
(Figure 1). Most notable are the different dihedral angles
between one terpyridine system (2-3-4) and the adjacent
phenyl ring (ring 1). In configuration a, the dihedral angle
between rings 1 and 2 is only 19.7°, while the corresponding
two rings are nearly perpendicular to each other in config-
uration b.

Coordination of hybrids 2 and 5 with Fe** was carried out
in acetonitrile or dimethyl sulfoxide (DMSO) at room
temperature. '"H NMR titration (see Supporting Information
(SI) for details) indicates that the terpyridine ligand in 2
almost completely coordinates with Fe?* to form Fe?*
bis(terpyridine) complex when 0.5 equiv of Fe** (vs 2) is
added. Further addition of Fe?" does not result in the
dissociation of the bis(terpyridine) complex; this indicates a
high kinetic barrier and thus kinetic inertness of [Fe(tpy),]*"
complexes."s Hybrid 3, however, has a net —2 charge. Excess
Fe?* can replace Bu,N* and form ion pairs with 3. Indeed,
when an excess of FeCl, (10 equiv) was added to a solution of
2 in acetonitrile, a green precipitate immediately formed,
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Scheme 2. Synthesis of a polymer hybrid by metal-ligand coordination.

Figure 1. ORTEP representation for the two anion configurations in
hybrid 5. Selected dihedral angles [°]: I-Il, 25.1 (a), 25.6 (b); II-III, 18.8
(@), 17.2 (b); 111V, 6.7 (a), 16.8 (b); 1-2, 19.7 (a), 81.6 (b); 2-3, 3.8
(a), 6.4 (b); 2-4, 35.2 (a), 33.6 (b).
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whose "H NMR spectrum shows no proton signals of Bu,N*
(see the Supporting Information). A UV/Vis titration experi-
ment (see the Supporting Information) also points to the
formation of 3-Fe** ion pairs when an excess of Fe** is added.
These results indicate that, to form 3 with Bu,N*t as the
counterion, the appropriate ratio of Fe**/2 is 1:2.

Hybrid 3 with the Bu,N* counterion is soluble in dimethyl
formamide (DMF) and DMSO. Its structure was confirmed
by 'HNMR and ESI-MS measurements. As shown in
Figure 2, both hybrids 2 and 3 show nearly identical signals
in the region of chemical shifts between 0 and 4 ppm, where
protons in the Bu,N" counterion (labeled a, b, ¢, d) and the
benzyl methyl protons (proton 8) appear. The cluster-bound
aryl protons (proton 7) also exhibit similar chemical shifts.
Protons in the terpyridine ligands, however, show drastic
changes in chemical shifts after Fe**—terpyridine coordina-
tion. By comparison with the "H NMR spectrum of Fe**—
bis(terpyridine) model complex 7, one can clearly identify the
similarity in the aromatic region between 3 and 7, assign all
signals accordingly, and thus unambiguously confirm Fe’*—
terpyridine complexation. The lack of signals corresponding
to free terpyridine ligands in the 'H NMR spectrum of 3
indicates rather complete coordination. The integration ratio
of signals associated with the hybrid anion versus those
corresponding to the counterion also offers useful structural
information. For example, the integration ratios of signal 3’
over b are 1:7.76 for 2 and 1:3.82 for 3, that is, one Fe** ion
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Figure 2. "H NMR spectra of 2 and 3. The middle spectrum is the
"H NMR spectrum of 7. All spectra were recorded in [Dg] DMSO.

indeed binds to two terpyridyl ligands (the theoretical ratios
of 3" over b for 2 and 3 are 1:8 and 1:4, respectively).

The structure of 3 is also confirmed by ESI-MS measure-
ments. The ESI mass spectrum of hybrid 3 shows two major
isotopic clusters centered at m/z 1265 and 1239.2. The first
signal can be assigned to the cluster anion M*~ of 3 (M*>™ =
[Mo0,,036NsCsH;eFe]*™, caled m/z: 1266.0), while the second
is attributed to hybrid 2 ([2]*” + H*, [Mos0sN,C,sH,o]~, caled
m/z: 1239.1). The relative intensity of these two signals
depends strongly on probe potential. Under relatively high
probe potential (15V), the signal corresponding to free
hybrid ligand 2 dominates (1239.2, 100 %; 1265, 55 %), while
under low probe potential (8 V), the relative intensity of the
two signals reverses (1239.2, 38 % %; 1265, 100 % ) ; hence, the
appearance of signals corresponding to noncoordinated
hybrid 2 is due to in-source decomposition of 3. Great efforts
were made to grow single crystals of 3, but all attempts so far
were unsuccessful.

Unlike 3, coordinated hybrid 6 exhibits poor solubility in
common organic solvents. When the coordination of § with
FeCl, is carried out in acetonitrile, the coordinated product
precipitates immediately as a green solid, and the overlying
clear solution becomes colorless. "H NMR measurements on
the clear solution show no signals for aromatic proton but
only for tetrabutylammonium counterion, indicating that all
starting hybrid § has reacted and precipitated. Hybrid 6 does
show slight solubility in DMSO, however. When the coordi-
nation process of hybrid § with FeCl, was carried out in
[D¢]DMSO, a green precipitate was again produced. The
color of the solution, however, remained green. After mixing
with FeCl, for only 20 min, the '"H NMR spectrum of the
solution (see the Supporting Information) shows that the
signals corresponding to free terpyridine ligands have com-
pletely disappeared, that is, all terpyridine ligands have
coordinated with Fe?". The peaks in the aromatic region
show chemical shifts nearly identical to those of hybrid 3,
further confirming the formation of iron(ir)-bis(terpyridine)
complexes. The overwhelming counterion signals in the
solution indicate that, as coordinated hybrid 6 precipitates
from solution, the tetrabutylammonium counterion remains.
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Indeed, the "H NMR spectrum of 6 (the green precipitate),
obtained after days of data collection due to its poor
solubility, shows no signals attributable to the counterion,
while signals consistent with iron(i)-bis(terpyridine) complex
can be identified. Note that the lack of free terpyridyl ligands
in 6 may also indicate the formation of cyclic oligomers.

The electronic properties of hybrids 3 and 6 were studied
by UV/Vis absorption measurements. As shown in Figure 3,
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Figure 3. UV/Vis absorption spectra of hybrids 2, 3, 5, 6, and model
Fe**—bis(terpyridine) complex 7 in DMSO.

terpyridine-anchored clusters 2 and 5 both show a maximum
absorption at 392 nm, which is assigned to the ligand-to-metal
charge-transfer (LMCT) transition associated with Mo—N w
bonding. After coordination with Fe?", the resulting hybrids 3
and 6 show two new absorption bands, one at 595 nm and the
other at 333 nm. The first band is attributed to MLCT, while
the second is due to the ligand-centered (LC) transition, both
associated with the Fe?™—bis(terpyridine) complex. These
assignments are confirmed by the UV/Vis absorption spec-
trum of model complex 7, which shows two similar absorption
bands. The MLCT bands of 3 and 6 are red-shifted by nearly
40 nm compared to that of 7. The electron-withdrawing
nature of the Mo=N bond lowers the x* orbital of the ligand
and thus decreases the MLCT band gap and results in its
bathochromic shift.'”) The more extended m conjugation of
the ligands in 3 and 6 than in 7 also contributes to the red
shift.[2!

The electrochemical behavior of hybrids 3 and 6 was
studied by cyclic voltammetry. Figure 4 shows the cyclo-
voltammogram of 6, measured on its polymer film, together
with those of 3, model complex 7, and hybrid 2, measured in
DMSO solutions. In the range —2.0-1.5V (vs Ag/Ag?), 7
shows one metal-localized (Fe’*/Fe**) reversible oxidation
wave at 0.805V (AE=0.11V) and two ligand-localized
reversible reduction waves at —1.47V (AE=0.10 V) and
—1.62 V (AE=0.10 V).l In the same potential range, hybrid
2 exhibits no oxidation process. Besides one semireversible
reduction process at —1.60 V, which can be attributed to the
reduction of the terpyridine ligand, a reversible reduction
wave at a much lower potential of —0.80 V (AE=0.17 V) is
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Figure 4. Cyclic voltammograms of 2, 3, and 7.

observed. This reduction process is associated with the POM
cluster.” Under the same conditions and in the same
potential range, hybrid 3 shows redox waves of both 2 and
7. The observation of the Fe**** oxidation wave, the POM-
associated reduction wave, and the two ligand-centered
reduction waves once again confirms the structure of 3. For
6, the Fe>*™* oxidation wave is still noticeable, and the
reduction peak at —1.12 V is consistent with diimido deriv-
atives of POMs.[""?!

In conclusion, we have successfully prepared the first
hybrid in which a POM cluster and transition-metal com-
plexes are linked through an extended n-conjugated bridge. A
coordinated POM-containing hybrid polymer is also demon-
strated. The hybrids exhibit low-lying MLCT transitions
associated with the transition-metal complexes and LMCT
transitions located at the cluster/organic Mo=N junction. This
rational building-block approach may be extended to the
preparation of hybrids with other metal ions, particularly
those coordinating with terpyridine ligands at room temper-
ature with large binding constants.

Experimental Section

See the Supporting Information for detailed synthetic procedures of
hybrids 3, 5, and 6, their '"H NMR spectra, 'H NMR titration and UV/
Vis titration of the coordination process of 2 with FeCl,, and ESI-MS
data of 5 and 3.
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