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The contemporary interest in polyoxometalates reflects the
ubiquitous nature of this family of inorganic networks, which
exhibit a diverse compositional range and considerable
structural versatility,'! as well as important magnetic,
optical,ll and catalytic properties.'l A great deal of attention
has been paid to heteropolyanions containing inorganic
anionic ligands,®! mainly tetrahedral phosphate groups, be-
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cause of the fascinating electronic and structural properties of
polyoxomolybdenum and vanadium phosphates.*! Among
these derivatized polyoxoanions, examples incorporating the
pyramidal sulfite anion as the inorganic ligand are largely
unknown, except for the molybdenum(vi) derivative
[MoY'0,5(SO;),]*~.PI The lack of such complexes is surprising
for two main reasons: first, metal —sulfite chemistry is very
attractive in view of its potential for restricting the serious
environmental problem of acid rain,! and second, exploring
the possibility of incorporating the pyramidal sulfite anion
into frameworks, rather than the more frequently used
tetrahedral phosphate groups, could result in unprecedented
structural features and novel properties for these frame-
works.[l Furthermore, molybdenum —sulfite chemistry is of
great biological interest, since the enzyme sulfite oxidase,
which is associated with the invivo oxidation of SO;* to
SO, contains a molybdenum atom at its active center.[®!
Herein, we describe the synthesis, structural, and physico-
chemical characterization of the first polyoxomolybdenum(v)
sulfite complexes 1-3.

(NHy)z0[ (M03 O4)6(142-SO3) 12(15-S05)4] - 4 H,O 1
(NH,);s{Na[ (Mo3 O,)5(12-SO5)5(1s-SO3) o} - SH,O 2

(NH,)s[ (M0Y O,)(SO3)4(u,-S05)] - 2H,O 3

Complex 1 was prepared by treating MoV Cls (7.3 mmol) in
concentrated (37 %) HCIL:H,O (1:4 v/v, pH approximately 0)

with solid (NH,),SO; (Scheme 1). Upon addition of
(NH),SO; (89 mmol)
(pH =35)
conc HCI:H,O (1:4) 1
pH ca. 0 (ca. 25 ml)
Mo Cls
(7.3 mmol) \_/ 3
(NH);SO; (150 mmol)
(pH =6)
conc HCI:H,O (1:4) (NH,),S0; (67 mmol)
pH ca. 0 (ca. 25 ml) (pH=5.5)
NazMOVIO4 _ 2
NHzNHz'Hzo
(12.6 mmol) (6.3 mmol)

Scheme 1. The synthetic routes leading to the isolation of 1-3.

(NH,),SO; (89 mmol) the pH of the solution changed to
approximately 5, and thus it is apparent that the SO5>~ ion
performs the dual role of raising the pH of the solution, as well
as acting as a ligand. However, if the same reaction was
performed with a larger quantity of (NH,),SO; (150 mmol,
final pH of the solution was approximately 6), complex 3 was
isolated (Scheme 1). Reduction of Na,MoY'O, dissolved in
concentrated (37 %) HCI:H,O (pH approximately 0) with an
excess of hydrazine, followed by addition of (NH,),SO; (final
pH of the solution was approximately 5.5) resulted in the
formation of 2 (Scheme 1).
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The X-ray structure of 1) exhibits a [(MoY O,)¢(SO3)6]**~
cluster 1a (Figure 1 A), which contains 12 MoV centers within
the main structural unit. Each molybdenum atom has
octahedral coordination, and is bonded to a terminal oxo

e Mod

i M3

Figure 1. A) Ball-and-stick representation of the [(M0,0,)s(SO3),4]*~ ion:
Mo: gray, S: smaller gray balls, O: dark-gray. Average bond lengths [A]:
Mo=0 1.69(1), Mo-O (16,-0%") 1.944(9), Mo-O (1,-SO:2) 2.13(1), Mo-O
(u5-SO3*7) 2.20(1), Mo-Mo (single bond) 2.561(4), S-O (terminal) 1.49(1),
S-O (4,-SO527) 1.55(1), S-O (u3-SO5*7) 1.537(9); B) polyhedral representa-
tion of the [(M0,0,)(SO;),4]*°~ ion: S: black, O: white, N: gray; C) the
arrangement of the twelve MoY atoms of the [(Mo0,0,)s(SO3),6]*~ ion.

group, two u,-O?~ ions, and three sulfite (two u,- and one us-)
oxygen atoms. The twelve MoY atoms form six binuclear units
[MoYO,]** with a Mo—Mo separation of about 2.56 A (single
bond). The six [MoYO,]>** moieties are connected to each
other by twelve sulfite ligands, Twelve of which have a u,-
(2L,2M) bonding mode, while the remaining four anions have

2802 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

the novel us- (3L,3M) mode of ligation (see below). The u,-
SO;* ions can be considered as “outer” groups, and each of
these anions bridges two MoYO,, units comprised of two
edge-sharing MoYOy octahedra, while the four u;-SO;*~
anions are the “inner” groups, and each of these anions are
connected to three Mo,0O,, dimeric moieties (Figure 1B).[']
Four ammonium cations are located deep within the
[(M0YO,)6(SO3),4]*°~ ion (Figure 1B), and contribute to its
stability. The arrangement of the molybdenum atoms in 1 is
similar to an e-Keggin isomer (Figure 1C),l'> '] except that 1
contains six separated {Mo,0;,} moieties (Figure 1B). This
arrangement is in contrast to e-Keggin derivatives (and other
Keggin forms), where the twelve MO, octahedra are arranged
in four groups of three edge-shared octahedra, M;O;.

X-ray structural analysis of 2C revealed the presence of the
discrete anion [Na{(MoYO,)3(2-0)3(2-SO3)5(s-SO5)},]'*
(2a; Figure 2A), with ammonium cations and water of
crystallization also present in the lattice. The anion 2a
consists of two identical hexanuclear polyoxomolybdenum
sulfite anions [ (Mo3y O,);(u>-O);(1,-SO5)5(us-SO5) |3~ (2b; Fig-
ure 2B), linked by a sodium cation. The six molybdenum(v)

A)

B}

Figure 2. A) Representation of the [Na{(Mo0,0,);(0);(SOs),},]"*~ dimer:
Mo: light-gray, S: smaller light-gray balls, O: dark gray, Na: gray; B) ball-
and-stick representation of 2b: Mo: gray, S: smaller gray balls, O: dark
gray. Average bond lengths [A]: Mo=0 1.673(1), Mo-O (u,-O*~ of the
{Mo0,0,} units) 1.944(8), Mo-O (u,-O?*~ bridging {Mo,0,} units) 2.11(1),
Mo-O (u,-SO3*7) 2.059(3), Mo-O (us-SO5>7) 2.36(2), Mo-Mo (single bond)
2.597(5), S-O (terminal) 1.48(1), S-O (u,-SO5>7) 1.565(8), S-O (us-SO5>")
1.528(2).
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atoms are co-planar, and are arranged in a pseudohexagonal
arrangement, in which alternating bonding and non-bonding
contacts are evident. There are four sulfite groups in 2b: three
of these are on the periphery of the cluster and possess a
terminal oxo group, while the unique central sulfite group
provides three u,-oxygen bridges, so as to join each pair of
molybdenum(V) centers. There are three crystallographically
independent molybdenum atoms in the asymmetric unit,
(Figure 2B). Each atom has severely distorted octahedral
geometry (ignoring the MoY—MoV bond), being coordinated
to three u,-O?% ions, two sulfite (one u,- and one u¢-) oxygen
atoms, as well as an oxo group. The sulfite groups (3u,- and
one ug-) and the three “syn” u,-O?~ ions are located on one
side, with the terminal oxo group and the six “anti” u,-O*"
ions found on the other side, such that the [(Mo,"O,);-
(U2-0)3(u2-SO3)5(s-SO3) P~ cluster takes the shape of an
adorned crown. In the dimeric assembly 2a (Figure 2A) a
sodium cation is sandwiched between two identical 2b anions.
The two anions are staggered with respect to one another, so
as to effect octahedral coordination of the sodium cation,
which interacts with the six anti-u,-O%" ions of the [MoY O,]**
moieties. The anion 2b is closely related to several molybde-
num(Vv) oxometalates containing phosphate ligands!*® 122-d] ag

well as sulfate/arsenite('*! and carbonate groups, for example
41121

(NH,)s[ (M0y 0,)3(1s-CO;3) (1-CO3)5(u-OH);] - 4

All of these complexes, which are reminiscent of the
“Anderson” species,'? possess a Mog-planar core with a
central 4, and three peripheral u,ligands as well as three
additional hydroxy (in most cases) or oxo groups bridging the
three [MoY O,]*" moieties. In 2b, these ligands are pyramidal
SO5?~ ions, whereas in the “Anderson”-like molybdenum(v)
hexametalates so far reported, the equivalent ligands are
generally tetrahedral (phosphates), or less frequently trigo-
nal-planar anions (carbonates) or mixed tetrahedral-pyrami-
dal building blocks (sulfate —arsenite anions).

A comparison of 1a, 2b and the ion [(MoyO,);(OH);-
(CO3), )21 (42a) reveals that the same structural unit
[(M0oYO,)(u,-XO3)] (X =S, C) exists in all cases, where short
MoVY—MoV separations (MoY—Mo" single bonds; 1a:2.561(4),
2b: 2.597(5), 4a: 2.5884(6) A) alternating with longer
Mo---Mo contacts (la: 5.70(3), 2b: 3.593(4), 4a:
3.548(6) A). This observation proves that the 4d electrons
must be regarded as being localized in all {MoY} pairs, a fact
which corresponds to the diamagnetism and the red color of
the cluster complexes 1, 2, and 4.3

As shown in Figure 3, the anion of 3 is a centrosymmetric
dimer.”) Each molybdenum(v) atom is coordinated in a
distorted octahedral geometry (ignoring the MoY—MoV inter-
action) by two u,-O?~ ions, three sulfite (two terminal and one
Uy-) oxygen atoms, and an oxo group. A comparison of 3,
which contains the syn-Mov(O)(u,-O),MoY(O) core, with
[(SO,)MO0Y(O)(u,-S),M0Y(0)(SO,) J*~,[") which contains the
syn-MoY(O)(u,-S),MoY(O) unit, reveals that the MoY—MoV
bond is approximately 2.60 A for 3, compared with 2.80 A for
the latter complex. In addition, the Mo-Oy(Sy)-Mo (b=
bridging) bond angles are approximately 83.5 and 74.5°,

Angew. Chem. Int. Ed. 2002, 41, No. 15

Figure 3. ORTEP plot of 3. Displacement ellipsoids are plotted at the 50 %
probability level. Average bond lengths [A]: Mo=0 1.686(5), Mo-O (u,-
0?7) 1.940(9), Mo-O (terminal-SO;*7) 2.10(1), Mo-O (u,-SO5>") 2.27(1),
Mo-Mo (single bond) 2.5872(18), S-O (terminal) 1.46(10), S-O (terminal-
S0O;%7) 1.57(2), S-O (u,-SO5*7) 1.53(1).

respectively, while the O(S,)-Mo-O(S,) bond angles are
approximately 95° for 3 and 105° for the latter.

It is worth noting that the sulfite anion exhibits the bonding
modes a—g, (Scheme 2) in the known metal complexes!'>2"]
and the only polyoxometal sulfite complex.’! The two new

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002
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Scheme 2. The bonding modes (a—g) of SO;*~ ions observed in metal
complexes and the only polyoxometal sulfite complex, and the two new
bonding modes (h and i) present in complexes 1 and 3, respectively.

bonding modes h and i, observed in complexes 1 and 2, are
also shown in Scheme 2. Characteristic IR bands, solid- and
solution-state UV/Vis spectra, as well as thermogravimetric
analysis data for complexes 1-3 are reported in the Exper-
imental Section.

In conclusion, the first polyoxomolybdenum(v) sulfite
complexes 1-3 have been synthesized and structurally and
physicochemically characterized. The modification of the
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oxide microstructure by the incorporation of SO;*~ groups is
apparent in the structure of the dodecamer 1, which exhibits a
unique structural motif among polyoxomolybdenum(v) do-
decamers (and polyoxometalates in general). Thus, the
insertion of pyramidal SO5>~ ions into polyoxometalate units
can be effective for the assembly of frameworks with novel
structural characteristics (and possibly new properties), as
compared to established metal oxides containing tetrahedral
phosphate ligands. Furthermore, the novel u;-(3L,3M) and u4-
(3L,6M) coordination modes of the sulfite anion observed in 1
and 2, respectively, reveal the great versatility of the sulfite
group. Therefore, this seemingly pedestrian anion can be an
excellent ligand not only in polyoxometalates, but in coordi-
nation complexes in general.

Experimental Section

1: Solid (NH,),SO; (12.00 g, 89 mmol) was added in one portion to a light-
red solution of MoCls (2.00 g, 7.3 mmol, pH ~0) in concentrated (37 %)
HCI:H,O (1:4 v/v, 25 mL). After stirring the mixture for 5 min, the initially
formed orange solid had redissolved, and a dark red (pH ~ 5) solution was
obtained. The solution was kept in an open beaker for one day and then the
precipitated red needles were filtered and dried in the air. Yield: 1.44 g
(73% based on Mo). IR: 7=1637 [6(H,O)], 1401 [6(NH,")], 1051
[v(SO5*)], 988 [v(Mo=0O)], 969 [v(Mo=0O)], 895 [¥(SOs*)], 837
[v(SO5*)], 677 [v(SO5*7)], 479 cm™! [»(SO5*7)]; UV/Vis (solid-state
reflectance  spectrum): A1=553, 329nm; UV/Vis (H,0): A/nm
(e/dm*mol~'cm~') =314 (30200); TGA: percentage weight loss (temper-
ature (°C)) =5.17 (28.2), 32.53 (135.1), 9.52 (254.8), 4.66 (396); elemental
analysis calcd (%) for HggMo01,N,0046S ;6 (3249.14): H 2.73, N 8.62, S 15.79,
Mo 35.43; found: H 2.85, N 8.50, S 15.90, Mo 35.65.

2: Hydrazine monohydrate (0.320 g, 6.3 mmol) was added to a stirred
solution of Na,Mov'O,-2H,0 (3.00 g, 12.6 mmol, pH ~ 0) in concentrated
(37%) HCI:H,O (1:4 v/v, 25 mL). The light-yellow color of the solution
changed to dark-blue. Solid (NH,),SO; (9.00 g, 67 mmol) was then added to
the solution in one portion. Upon addition of (NH,),SO; the dark-blue
color of the solution became olive-green, and its pH value was ca. 5.5. The
solution was kept in an open beaker for 2-3 days, after which time the
precipitated red block-shaped crystals were filtered and dried in the air.
Yield: 2.17 g (78 % based on Mo). IR: 7=1637 [6(H,0)], 1408 [6(NH,")],
1088 [¥(SOs*)], 981 [¥(Mo=0)], 963 [¥(Mo=0)], 889 [v(SO:*")], 865
[v(SO5*)], 809 [v(SO:*)], 546 [v(SO5*7)], 487 cm™' [»(SO;*7)]; UV/Vis
(solid-state reflectance spectrum): 1 =495, 324, 251 nm; UV/Vis (H,0)
Alnm (¢/dm®mol~'em™') =470(sh) (310), 306 (16500), 208 (32200); TGA:
percentage weight loss (temperature (°C)) =3.43 (69.4), 4.02 (128.2), 21.87
(236.4),1.37 (374.3), 0.84 (397.0), 0.11 (579.1); elemental analysis calcd (%)
for H;)Mo,N;5sNaOs,Sg (2655.46): H 2.66, N 7.91, S 9.66, Mo 43.36; found:
H 2.75, N 8.20, S 9.40, Mo 43.15.

3: This was synthesized in a similar fashion to 1, except that the amount of
(NH,),SO; added to the MoCls (2.00 g, 7.3 mmol) solution was 20.00 g
(150 mmol) and the pH value of the resulting dark-red solution was ca. 6.
The solution was filtered and red orthogonal crystals of 3 were formed by
vapor diffusion of MeOH into the filtrate for one week. The crystals were
filtered and dried in air. Yield: 1.20 g (39% based on Mo). IR: 7=1403
[6(NH4%)], 993 [¥(SO5*)], 965 [v(M0o=0)], 903 [»(SO5>7)], 821 [»(SO5*7)],
662 [v(SO)], 527 [v(SO5*)], 468 cm™' [v(SO;?7)]; UV/Vis (solid-state
reflectance  spectrum): A=553, 325nm; UV/Vis (H,O) A/nm
(¢/dm*mol~'cm~') =312 (4000); TGA: percentage weight loss (temper-
ature (°C))=67 (160), 1.36 (395.4); elemental analysis calcd (%) for
H;Mo,NzO,,S; (836.55): H 4.33, N 13.39, S 19.16, Mo 22.94; found: H 4.17,
N 13.13, S 19.25, Mo 23.2.
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“Molecular Symmetry Breakers” Generating
Metal-Oxide-Based Nanoobject Fragments as
Synthons for Complex Structures:
[{(Mo,,5Eu,035H,((H,0)4,),1*°, a Giant-Cluster
Dimer**
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The synthesis and manipulation of a huge variety of
nanoscaled species of similar chemical nature under one-pot
reaction conditions requires access to a potential “dynamic
library” of appropriate building blocks.l'] For instance, by
exploiting a detailed knowledge of polyoxometalate chem-
istry, a variety of discrete clusters (see ref. [1b—g]) and related
extended structures™ can be formed by the linking of well-
defined metal —oxygen building blocks. These types of com-
pounds have been shown to exhibit unusual topological as
well as electronic properties and, furthermore, are interesting
for materials science.’) A couple of years ago, we reported
wheel-shaped mixed-valence molybdenum clusters of the type
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{Mo;s4}, {M0y7},11> &7l and {Mo,yg);[1! of these, the first two
parent species—exhibiting nanometer-sized cavities and
therefore presenting fascinating perspectives for a new type
of host — guest chemistry—can now be obtained in high yields
in facile syntheses.l®! Herein, we describe for the first time a
dimer of two giant clusters, that is, of structurally well-defined
covalently linked nanoobjects with a rather high degree of
complexity. The dimer contains two elliptical molybdenum
oxide based units, linked together by two Eu-O-Mo bonds,
each unit incorporates 128 Mo""V and 4 Eu centers and
includes large fragments of the above-mentioned parent
clusters. The interpretation would be that these dimers are
formed by Eu' centers acting as symmetry breakers which
prevent the corresponding highly symmetrical parent-ring
closure.'> %1 Of general importance is that in systems showing
growth, potential (abundant) agents, such as Eu'™ centers, can
act as “symmetry breakers” which results in the generation of
structural complexity. In any case, it is important to realize that
large nanoobject fragments can, in principle, be used as
synthons. The ability to connect or assemble clusters in a
predefined manner may allow the design of nanoscopic
devices using the “bottom up” method (that is, generating
large objects from small units).

While the “classical” reduction of an acidified aqueous
molybdate solution leads to the blue, wheel-shaped tetra- and
hexadecameric parent-cluster anions mentioned above,®! the
generation of smaller species requires the presence of
electrophiles, such as Pr'" ions which increase the curvature
by replacing the larger electrophilic {Mo,}**-type building
units (see below). In the presence of smaller Eu'™ ions, even
ring closure to the parent clusters does not take place, which
allows the isolation of compound 1 containing a novel cluster
collective. Compound 1 was characterized by single-crystal
X-ray structure analysis® (including bond valence sum (BVS)
calculation to aid in the determination of the (formal) number
of MoV centers and protonation sites),l'”) elemental analyses
((K), Eu, Mo; see details in ref. [12]), thermogravimetric
analysis, redox titration (to aid in the determination of the
(formal) number of MoV centers), IR, and EXAFS spectros-
copy (Eu-L;; edge'! with the option to distinguish in
principle between the different Eu centers in the lattice and
cluster sites) as well as magnetic susceptibility measurements
with a SQUID magnetometer.

EugX,1a-ca. 600 H,0 1021

[{MO?/ng/VEu4o3xxH10(Hzo)sl}2]207 1al2

The crystal structure of 1 shows the dimeric unit 1a, which
comprises two linked nanosized clusters with 1202 non-
hydrogen (including 264 metal) positions, of rather high
structural complexity—regarding the versatility of different
building blocks and protonation types—packed in a config-
uration that gives rise to channels incorporating Eu' jons on
the inner side of the cavities (Figure 1; see also ref. [12]).
Compound 1a can be geometrically related to fragments of
the ring-shaped {Mo,s,} =[Mo0y5404,H;4(H,0)7]"*" (22) pa-
rent-cluster archetype. The two cluster units of la are
elliptical with an outer and inner ring diameter of about 38
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