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Lindqvist Hexamolybdate

Pingfan Wu,!#<l Qiang Li,'™ Ning Ge,/*! Yongge Wei,*!2! Yuan Wang,!?! Ping Wang,"® and
Hongyou Guo*!!

Keywords: Organoimido Derivatives / Polyoxometalates / Acid Catalysis / Dehydration / Organic—inorganic hybrid

In the presence of a carbodiimide (DCC) a proton can dra-
matically speed up the reaction of u-[MogO,6]*~ with aro-
matic amines under mild conditions and convenient bench
manipulations, which results in the easy synthesis of mono-
functionalized organoimido derivatives of [MogO19]>~ even

bearing an electron-withdrawing group such as bromo or
chloro groups.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

The surface modification of polyoxometalates, that is, the
substitution of a terminal oxo or M=0 group with organic
species,!?l has received increasing interest in recent
years because it can afford a way to conveniently and effec-
tively  construct novel organic—inorganic  hybrid
materials®~° with the so-called “value-adding proper-
ties”['% and possible synergistic effects.'!] Organoimido
derivatives,®%11 =24 which were first reported by E. A.
Maatta et al.,['3l are amongst the most important organic
derivatives of polyoxometalates obtained by surface modifi-
cation, since the 7 electrons in the organic component may
extend their conjugation to the inorganic framework and
thus dramatically modify the electronic structure and redox
properties of the corresponding parent polyoxo-
metalates.'" 121 In addition, organoimido derivatives of
polyoxometalates with a remote, active functional group
may be exploited to prepare covalently-linked nano-dumb-
bells,['*!4 polymeric chains®! and even networks of poly-
oxometalates in more controllable manners.

So far, the synthesis of organoimido derivatives of po-
lyoxometalates has focused mainly on Lindqvist polyoxo-
metalates such as the hexamolybdate ion, [MogO;4]>~, the
hexatungstate ion, [W¢O;o]> ", and the pentatungstenmolyb-
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date ion, [MoW;O,4]>~, obtained by reactions with phos-
phinimines,['>-1®! isocyanates!! 7~ ' or aromatic amines.[?-2!]
As we know, it is very difficult to prepare organoimido de-
rivatives of polyoxometalates bearing an electron-with-
drawing group in reasonable yield and high purity using
the three approaches mentioned above. However, one of us,
together with his co-workers??>23 at UMKC, has recently
developed an efficient and convenient reaction protocol to
give monofunctionalized arylimido derivatives of polyox-
ometalates with a carbodiimide, that is, DCC (N,N’-di-
cyclohexylcarbodiimide), as the dehydrating agent. Further-
more, a first attempt to modify the a-octamolybdate ion,
a-[MogO,6]*~, with this approach resulted in the selective
synthesis of bifunctionalized arylimido derivatives of hexa-
molybdate, in a degradation and re-assembly process, with
reasonable yield and high purity.’) However, under such ac-
tive reaction conditions, it was still not possible to func-
tionalize polyoxometalates with aromatic amines bearing
electron-withdrawing groups, for example, bromo and
chloro groups, because of the weak nucleophilicity and easy
oxidization of these kinds of amines. In this communi-
cation, we report our recent discovery that a proton can
dramatically speed up the reaction of a-[MogO,e]*~ with
aromatic amines under much milder conditions and, in the
meanwhile, monofunctionalized organoimido derivatives of
[MogO;o]>~, bearing even electron-withdrawing groups
such as para-chloroaniline, meta-chloroaniline, ortho-chlo-
roaniline and para-bromoaniline, are selectively synthesized
in high purity and moderate yield with easy bench manipu-
lations. As examples, the synthesis and structural charac-
terization of five arylimido derivatives, (BuyN),[Mo4Og-
(:NAR)], (Where AR = 0-CH3C6H4 1, AR = p-C1C6H4 2,
AR = 0-CIC4H4 3, AR = m-CIC¢H, 4, AR = p-BrCgH, 5)
will be introduced here.[>]
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Results and Discussion

When a mixture of (BuyN)4:[a-MogO,¢], an aromatic am-
ine and its hydrochloride salt, and DCC or other carbodi-
imides is refluxed in anhydrous acetonitrile under nitrogen,
the corresponding monofunctionalized organoimido de-
rivative of [MogOo]>~ is formed and this reaction is usually
complete in about six hours. However, under the same con-
ditions, no anticipatory dehydrating reaction was observed
for (BuyN)> [MogOo]. Instead, it was reduced, while the
aromatic amine was oxidized. The key role of DCC here is
to act as a special dehydrating agent with an activating ef-
fect on the terminal Mo—O bond, which is similar to its
activating effect on the carboxyl group in the synthesis of
amide or peptides.??! In our tests, the amount of DCC is
equivalent to, or slightly higher than that of the water
needed to be removed from the reaction system because ex-
cess DCC usually results in unexpected side reactions and
reduces the yield of the products.[>’]

It was observed that no hydrochloride salt is present, o-
toluidine or other active aromatic amines with an electron-
donating group, react with a-[MogO,4]*~ to produce only
the bifunctionalized arylimido derivatives of hexamolyb-
date.’] On the other hand, under the same conditions, no
reaction occurs between a-[MogO,g]*~ and para-chloroani-
line or other inert aromatic amines with an electron-with-
drawing group, except for the oxidation of the correspond-
ing amines. However, for both types of aromatic amines, the
addition of hydrochloride salts to the reaction mixture re-
sults in the formation of monofunctionalized organoimido
derivatives of hexamolybdate, for instance, 1 and 2. More-
over, the reaction can be speeded up by increasing the
amount of hydrochloride salts. It is also worth pointing out
that this novel routine can be carried out even at room tem-
perature. The hydrochloride salt is, in fact, a proton carrier
that introduces the proton into the reaction mixture. While
more work needs to be done to shed light on the detailed
reaction mechanism, the likely role of the proton is to com-
plex with DCC and hence to increase the electrophilic
ability of DCC to attack the oxo group of Mo—O. Ad-
ditionally, it also promotes the conversion of the octamo-
lybdate into the hexamolybdate through a degradation and
re-assembly process since in an acidic organic solvent, hexa-
molybdates and its derivatives are much more stable than
octamolybdates.l!

The optimum reaction conditions, including the amount
of each raw material and the reaction time, can be obtained
by monitoring the reaction system by TLC, UV or 'H
NMR technology and a favorable routine is given in the
Exp. Sect. Compared to previous methods presented in the
literature,!'>~ 23 this novel reaction route has many advan-
tages: it is faster and is usually complete in less than 6 h, it
is more efficient with easy bench manipulations, and the
reaction conditions are much milder. Best of all, this ap-
proach tolerates electron-withdrawing functional groups
such as chloro and bromo. With aromatic amine chlorides
or bromides easily accessible, a great number of organo-
imido derivatives of hexamolybdate bearing halogen groups
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can now be easily synthesized in reasonable yield. Thus, this
reaction opens alternative ways to make organic—inorganic
hybrids based on polyoxometalates in a much more con-
trolled fashion.¥ Related work is underway in our labora-
tory and will be published in subsequent papers.

The composition and structures of compounds 1, 2, 3, 4,
and 5 were initially obtained according to elemental analy-
sis, and IR, 'H NMR, and UV/Vis spectroscopy studies.
The IR spectra of the compounds are similar to those of
previously reported mono organoimido derivatives, and the
strong shoulder peak near 974 cm™! proves them to be the
mono-organoimido substitution derivatives.['>16-21:26] Com-
pared to the 'H NMR spectra of corresponding free amine
ligands, the protons of 1, 2, 3, 4, and 5, except for those
in the tetrabutylammonium cation, all exhibit significantly
downfield chemical shifts, indicating that the shielding nat-
ure of [MosO,3(Mo=N-)]>" is much weaker than that of
the amino group NH,—. The fact that the chemical shifts
of the aromatic protons in 2, 3, 4, and 5 are higher than in
1 implies that the Mo=N bond in 2, 3, 4, and 5 is more
electron withdrawing than in 1, which is in good agreement
with the electronic character of their imido ligands: 1 has
an electron-donating methyl group (CHj3) whereas 2, 3, 4,
and 5 have an electron-withdrawing halogen group (Cl or
Br). The lowest energy L—M electronic transition at
325 nm in [MogO;o]*>~ is bathochromically shifted by more
than 20 nm and becomes considerably more intense in 1
(350 nm), 2 (346 nm), 3 (345nm), 4 (344 nm), and 5
(345 nm), which indicates that the Mo—N n-bond is formed
in these organoimido derivatives. The bathochromic shift
on going from 2, 3, 4, and 5 to 1 is consistent with the trend
in the m-donor ability of imido ligands.

The molecular structures of 1 and 2 have also been con-
firmed by single-crystal X-ray diffraction analysis®>”! and
their cluster anions are shown in Figure 1. In both struc-

Figure 1. ORTEP drawings of the cluster anions of 1 and 2
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Figure 2. Showing of the dimer structure of cluster anions of 1 and 2

tures, the arylimido ligands are indeed bound to a terminal
position of the hexamolybdate in a monodentate fashion.
The short Mo—N bond lengths [1.772(18) A in 1 and
1.686(5) A in 2] and the C—N—Mo bond angles close to
180° (173.9° for 1 and 163.6° for 2) are typical of organo-
imido groups bound to an octahedral d° metal center and are
consistent with a substantial degree of Mo=N triple bond
character.?®! The C(1)—N(1)—Mo(1) bond angle of 2 is in
agreement with angles of other derivatives bearing para-
only-replaced phenylimido ligands and substantially
smaller than the angles of 1 and other derivatives bearing
ortho-replaced phenylimido ligands. Since the shortening of
the Mo=N bond is not observed for ortho-replaced phe-
nylimido ligands derivatives, and 2 and other derivatives
with para-only replaced phenylimido groups all crystallize
in the same monoclinic space group of No. 14, this differ-
ence is probably due to the force of the crystal packing.
Compared to the hexamolybdate and other derivatives, the
bond lengths of the five terminal oxo ligands of 1 and 2 do
not vary appreciably. The Mo(1)—O(1) distances between
the Mo-bearing imido group and the central oxygen atom
within the cluster anion cage are both significantly shorter
than the other Mo—O(1) distances. An analogous contrac-
tion was noticed in the structures of other monofunctional-
ized imido derivatives of Lindqvist polyoxometalates re-
ported in the literature,l'' =24 which implies that there are
no appreciable differences in their molecular structures.
However, an important feature that should be pointed out
here is the dimerization of cluster anions of 1 and 2 in the
solid state through the n-n stacking of parallel phenyl rings
of two neighboring cluster anions (see Figure 2). The exist-
ence of supramolecular m-n interactions between the pairs
of cluster anions is clearly indicated by the short vertical
phenyl ring separation of 3.136 and 3.796 A in 1 and 2,
respectively. Such a structural feature has not been men-
tioned before in the reported mono phenylimido derivatives
of hexamolybdate.l'! ~24
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Conclusion

In summary, we have developed a novel reaction route to
give organonimido derivatives of Lindqvist polyoxometal-
ates by introducing a proton. Compared to literature meth-
ods, even in the case of aromatic amines with an electron-
withdrawing halogen group, this new method allows the re-
action to be carried out under much milder conditions, even
at room temperature, with much faster reaction rates and
reasonable yield. With aromatic amine chlorides or bro-
mides widely accessible and much cheaper than the corre-
sponding iodides, this new approach provides an alternative
way to efficiently construct novel, hybrid molecular materi-
als containing covalently-bonded metal—oxygen clusters
and organic conjugated segments. Extension of this ap-
proach to other polyoxometalates is still under study in
our laboratory.

Experimental Section

A typical synthesis is as follows: a mixture of (BuyN)4[a-MogO4]
(1.0 mmol), DCC (3.4 mmol), aromatic amine (1.34 mmol) and its
salt (1.34 mmol) was refluxed under nitrogen in anhydrous aceto-
nitrile (10 mL) for about 6 h. During the course of the reaction
the color of the solution changed into red-brown, and some white
precipitates (N,N'-dicyclohexylurea) were formed. The resulting
dark-red solution was cooled down to room temperature and the
white precipitates were removed by filtration. While most of the
acetonitrile evaporated slowly in the open air, the product precipi-
tated from the filtrate as a red colloid-like solid. The product was
collected by filtration, washed successively with EtOH or benzene
and Et,O for several times, and then recrystallized twice from the
mixture of acetone and EtOH (1:1), the product deposited as or-
ange crystals usually in moderate yield of ca. 40 to 50 %.

1 (vield, 52 %): C3H,o0MogN;01¢ (1453.7): caled. C 32.22, H 5.48,
N 2.89; found C 32.51, H 5.46, N 2.85. '"H NMR (600 MHz,
CD;CN, 300 K): & = 0.98 (t, 24 H, CHs-, [BuyN]¥), 1.38 (m, 16
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H, -CH,-, [BusNJ*), 1.62 (m, 16 H, -CH,-, [Bu,N]*), 2.61 (s, 3 H,
CH;-, CH;-Ar), 3.12 (t, 16 H, NCH,-, [BuyN]™"), 7.26 (m, 1 H, o-
ArH), 7.21 (m, 2 H, m-ArH), 7.04(m, 1 H, p-ArH) ppm. IR (KBr
pellet, major absorbances): 2961, 2873, 1638, 1619, 1478, 1378,
1323, 1194, 1173, 1118, 1107, 1064, 1027, 997, 952 with shoulder
at 973, 883, 794 with shoulder at 710, 661, 599 cm~!. UV/Vis
(MeCN): Apax/nm = 235 (3.2 X 10%), 245 (3.3 X 10%), 350 (2.0 X
104 e/M~'em™!. Crystals suitable for single-crystal X-ray diffrac-
tion were grown from a mixed solution of acetone and EtOH (1:1).

2 (yield, 45 %): CsgH76CIMogN;0,¢ (1474.1): caled. C 30.96, H
5.20, N 2.85; found C 30.54, H 5.22, N2.49. '"H NMR (600 MHz,
CD;CN, 300 K): 6 = 0.98 (t, 24 H, CH3-, [BuyN]*), 1.38 (m, 16
H, -CH,-, [BuyN]"), 1.62 (m, 16 H, -CH,-, [BuyN]"), 3.12 (t, 16
H, NCH,-, [BuyN]"), 7.23, 7.24 (2 H, 0-H-Ar), 7.40, 7.41 (2 H, m-
H-Ar) (AA'BB’ “quadruplet’, 4 H, Ar) ppm. IR (KBr pellet, major
absorbances): 2963, 2874, 1639, 1620, 1473, 1380, 1336, 1171, 1090,
954 with shoulder at 975, 884, 795 with shoulder at 710, 602 with
shoulder at 637 cm™~'. UV/Vis (MeCN): Ap.J/nm = 226 (3.5 X
10%), 254 (3.5 X 10%), 346 (2.2 X 10*) e/mM~'em~'. X-ray quality
crystals were obtained from a mixed solution of acetone and
EtOH (1:1).

3 (monofunctionalized derivative of o-chloroaniline: yield, 50 %):
'"H NMR (600 MHz, CDsCN, 300 K): & = 0.99 (t, 24 H, CH;-,
[BuyN]*), 1.40 (m, 16 H, -CH,-, [Bu,N]*), 1.63 (m, 16 H, -CH,-,
[BuyN1*), 3.13 (t, 16 H, NCH,-, [Buy,N]"), 7.35 (m, 2 H, p-H-Ar),
7.47 (m, 2 H, o-H-Ar) ppm. UV/Vis (MeCN): A /nm = 223,
247, 345.

4 (monofunctionalized derivative of m-chloroaniline: yield, 48 %):
'"H NMR (600 MHz, CDsCN, 300 K): & = 0.99 (t, 24 H, CH;-,
[Buy,N]*), 1.40 (m, 16 H, -CH,-, [Bu;N]*), 1.63 (m, 16 H, -CH,-,
[BuyN1*), 3.12 (t, 16 H, NCH,-, [BuyN]*), 7.20(m, 1 H, m-m-H-
Ar), 7.24 (s, 1 H, 0-0-H-Ar), 7.38, 7.39 (d, 2 H, o-p-H-Ar) ppm.
UV/Vis (MeCN): Ay /nm = 225, 248, 344.

5 (monofunctionalized derivative of p-bromoaniline: yield, 48 %):
'H NMR (600 MHz, CDsCN, 300 K): & = 0.99 (t, 24 H, CH;-,
[BuyN1*), 1.40 (m, 16 H, -CH,-, [BuyN]*), 1.63 (m, 16 H, -CH,-,
[BuyN1*), 3.12 (t, 16 H, NCH,-, [BuyN1*"), 7.14, 7.15 (2 H, o-H-
Ar), 7.56, 7.57 (2 H, m-H-Ar) (AA'BB’ “quadruplet’, 4 H, Ar)
ppm. UV/Vis (MeCN): A /nm = 223, 246, 345.
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