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Abstract: The understanding of the for-
mation of complex molecular systems
from simple building blocks by conser-
vative self-assembly processes is still a
challenge. We report the synthesis and
structural characterization of the large
reduced polyoxometallate compounds
(NH)14[H1sM05,0415] - 35H,0 (D),
(NH,)21[H;Mos;V(NO)O153(H,0) 1] -

55H,0 (2) (by an improved synthesis)
and  Nay(NH,),5[H;MogV(NO)6O95-
(H,0),,] -41H,0O (3). The cluster sys-
tems are formed by a stepwise growth

process. This implies the appearance,
during the cluster formation, of ephem-
eral polyoxometallate intermediates
(some of which we were able to isolate).
The negative charge and therefore the
nucleophilicity of the intermediate clus-
ter fragments increase when they are
reduced, resulting in further attraction

Keywords: clusters molecular
growth - molybdenum - polyoxo-
metallates - self-assembly

of electrophiles and thus in growth of
molecular systems. In the case of the
cluster anion of 3 we observed, corre-
spondingly, the loss of an {MoO}*
oxometallate fragment by air oxidation;
this implies that its uptake and release
are controlled by the degree of reduc-
tion of the cluster. Correspondingly,
intermediates between the anions of 2
and 3 of the {Mos;,, V) type could be
isolated. The unusual anion of 1 is
formed by symmetry breaking pro-
cesses.

Introduction

Optimally functioning complex molecules or natural products
in the biosphere are most elegantly produced stepwise, either
under genetic control or epigenetically through self-assembly
under dissipative conditions, which means far from equili-
brium (natura naturans).ll Chemists, however, are normally
constrained to use a sequence of several extremely time-
consuming reactions for synthesis of these complex molecules,
manipulating functional groups and forming covalent bonds
one by one. Here we study near-equilibrium chemical systems
where complex molecules are formed from simple fragments
by symmetry-breaking steps and/or molecular growth proc-
esses. The relevant field is that of the polyoxometallates,? !
which exhibit not only unique topological and electronic
versatility, with immense importance because of their wide
range of application,? but also the fascinating property that
fragments can be linked, starting from simple units that
resemble Platonic solids and progressing stepwise through the
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mesoscopic range, where they appear in many forms, towards
macroscopic compounds with network structures. > ¢

These and related aspects are demonstrated here through
the study of the formation of two discrete molecular systems
which are formed by basic conservative self-organization and
growth processes and contain 37 and between 63 and 69 metal
atoms, respectively.

Results and Discussion

The first of these is the cluster anion of the racemic reddish
brown compound (NH,),,[H; ;Mo05,0,,]-35H,0 (1) (Fig-
ures 1 and 2) which represents an unusual binary molecular
species formed by a self-assembly process and which contains
no symmetry element. The anion la of the diamagnetic,
mixed-valence compound 1 (type I according to the classi-
fication of Robin and Dayl”) obtained from molybdate
solution (see below), consists of a central {HiMo}-
04(M0Y05),} core and two similar but non-identical coor-
dinated ligands ({Mo,,} and {Mo,;}, Figures 1 and 2). The
ligands differ with respect to the number of Mo centres (10 or
11) and the degree of reduction and protonation. The core is
built up from an {Mo},0,,} e-Keggin type of subcorel®! which
is capped by four {MoVO;} groups. The {Mo,} ligand
(Figure 1bottom), which has approximately o symmetry, is
mainly built up of two incomplete Mo;O, cubes with
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octahedrally coordinated Mo atoms (Mo 18, Mo 23, Mo 24 and
Mo21, M026, Mo27, respectively). Two MoOy octahedra of
the first Mo;O, unit are connected through edges to the
(neighbouring) MoOg octahedra (Mo22, Mo25) linking the
two Mo;0, units, while the third is bonded to an MoO; cap
(Mo 14) of the central {HMo},0,,(M0VO,),} core. All mo-
lybdenum atoms are of the MoV type and the u;-O and the
three u,-O atom(s) are protonated. The three MoOg octahe-
dra forming the second Mo;O, unit are bonded to (neigh-
bouring) polyhedra through corners. As this Mo;O, unit
contains exclusively Mo"! centres, with only the u;-O atom
being protonated, its formal charge is the same as that of the

first unit. The ligand contains one additional MoV centre
(Mo 17) and interestingly is coordinated to five oxygen atoms
forming an unusual square pyramid, which shares one edge
with a second MoO; cap (Mo13) of the central {HMo?,-
0,(M0Y0;),} core. Two further MoY' atoms (Mo19 and
Mo20; the corresponding octahedra are linked through
corners to those of the Mo22 and Mo25 atoms respectively)
cap two Mo;O, units of the central {H;Mo},04(MoVYOs),}
core, thus completing Mo,O, cubes. In the {Mo,} ligand, the
two incomplete Mo;O, cubes comprise the Mo29, Mo33,
Mo34 and Mo31, Mo36, Mo37 atoms, respectively. One of
the previously mentioned MoV'-type centres (the one corre-
sponding to Mo 19 in the {Mo,}
ligand) is missing, leaving one
Mo;0, unit of the {H¢Mo}-
0,(MoV0O;),} core uncapped
and its three u,-O atoms proto-
nated (Figure 1top). Mo32 and
Mo 33 are in contrast with equiv-
alent atoms (Mo22, Mo23) of
the {Moy,} ligand of the MoV
type: Mo32 has two terminal
oxygen atoms (corresponding to
the missing Mo atom) bonded to
it and the two u,-O atoms of the
Mo,;0, unit, bonded to Mo33,
are unprotonated.

The assignment of MoV and
MoY! centres, as well as the
protonation, clearly follows
from bond-valence sum calcula-

Figure 1: Top: Structure of the cluster anion of 1. {Mo} core: Mo atoms are enlarged (the 12 Mo atoms of the e-Keggin core are cross-hatched and the four
Mo atoms of the {MoO;} caps are hatched). {Mo,,} and {Mo,,} ligands: MoV centres are presented with a randomly dotted pattern and Mo"! centres are black.
All O atoms are shown as open circles, the OH groups are regularly dotted and the Mo¥—MoY dumbbells are denoted by broken lines. Bottom: Structure of
the {Mo,,} (left) and {Mo,,} ligands (right), and demonstration of their linking to the central {Mo,4} core (represented by broken lines). The patterns of the
relevant atoms are identical to those in Figure 1 top with the exception of the Mo centres (Mo 17, M028) of the unusual MoOs square pyramids, which are
white with dark shading.

Chem. Eur. J. 1998, 4, No. 6 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0406-1001 $ 17.50+.25/0 1001



FULL PAPER

A. Miiller et al.

[H. Mc'wu an]w X
ce-Keggin ion

[Hy MD‘{m 040]&0 )

freduced) o-Keggin ion

4 {Ma" 05}
R

[Hy MoY,,0,4(Mc"' 05,1120 *!

{f\-‘lo-ﬂj}—ligand
[H,Mo¥, MoYl, Qag)*

{Mo,z}-core
{H: WMoY, Ozp(Mo¥0 5 ), 11

1a

[©]

reduction
N,(T)| + [EH — [NT]E, ]
lrer-‘ucrlon
N [NT] + [E}Y — [N N
(2N=T) 2n

tions®! and is in agreement with the charge on the cluster
corresponding to the number of cations and the fact that all
MoV centres form the dumb-bell type of short (approx.
2.65 A) Mo—Mo bonds. This corresponds also to the brown
colour, typical for systems with localized MoY—MoV pairs. In
contrast with the low symmetry of 1a, the related giant cluster
anion  [Na(H,0);H;sMo¥Mo{'O,{(OCH,);CCH,0OH},]"~
with a comparable central {MoOs,} core has (quite high)
C,, symmetry: its formation is controlled by the external
organic pentaerythritol ligands.['"]

The self-assembly of 1 takes place in aqueous molybdate
solution under reducing conditions (in the presence of N,H,-
H,SO,) and can be rationalized by assuming the initial
formation of a cluster of the well-known a-Keggin type with
T, symmetry.""l Tts reduction yields the highly nucleophilic &-
Keggin type cluster [H.Mo0},0,]® - (Figures 1 and 2).1> 8
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reduction, presence of molybdate
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Figure 2. Top: Demonstration of the stepwise growth
process leading to the cluster anion 1a of 1. The central
highly nucleophilic e-Keggin-type {H,Mo,,0,,} core and the
four captured {MoQO;} groups are shown as blue and yellow
polyhedra, respectively. The {Mo,}- and {Mo,,}-type ligands
are represented as ball-and-stick models (Mo green; O
white). Bottom: Reaction scheme corresponding to the
growth process at the top of the Figure, demonstrating
principally the step-by-step procedure in which nucleophiles
attract electrophiles, which remarkably then become nucleo-
philes on the surface of the cluster upon reduction (see also

E text). O denotes species at the beginning of a growth

process. N,(T) denotes a nucleophilic intermediate/fragment
produced under reducing conditions (2N —1 according to
Scheme 2) with a potential template function for the
generation of the electrophilic intermediate E; (2n, accord-
ing to Scheme 2).

This species can be stabilized by protonation and by the
capture of four electrophilic {Mo"!Os} groups, thus forming an
anion of the type [HMo};,0,(MoY'O;),]® %~ which was
isolated with a well-defined protonation, and has been
structurally characterized as the NH,Mej salt.®l Remarkably,
on further reduction (Mo¥! —Mao") the originally electrophilic
{MoY'0O;} groups on the surface of the cluster themselves
become nucleophilic and, in addition, assume a template
function. In a type of synergistic co-assembly they evidently
attract further electrophilic polyoxometallate fragments with
10 and 11 molybdenum atoms ({Mo,o} = {H;Moy Moy O+
and {Mo,} = {HsMo¢Mo?Y'O;,}**) the formation of which is
due to the information stored in the {Moy}(=
{HMo01,040(M0Y05),}'®") nucleus or its template function
(see Figure 2). Finally, the anion of 1 of the type
[{Mo,¢}{Mo,,}{Mo,;}]'"*~ mentioned above is consequently
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produced through a type of symmetry-breaking step (Fig-
ures 1 and 2). The asymmetric growth can be attributed in
principle to the asymmetric protonation of only three of the
four us;-oxygen atoms forming the central cavity (see Fig-
ure 1); this may cause an asymmetric charge distribution and
protonation on the surface of the intermediate (see also
ref. [8]). In this context, it should be noted that self-assembly
of very simple ingredients normally leads to products of high
symmetry> 12! (see also refs. [6, 13]).

In the case of large metal—oxygen clusters containing
six vanadium and between 57 and 63 molybdenum centres,
a novel type of molecular growth process takes place
which can be considered to mimic specifics of an im-
portant class of transition metal oxides with relevance to
materials science, especially to catalysis.'* 13l The cluster
anion of the corresponding compound with the lowest Mo
content, (NH,)[HsMos;V4(NO)O155(H,0)15] - SSHO (2)—
its {Mos;V,} centre comprising three large {Mo,;} fragments
linked by six V!V centres and three {Mo)}-type entities—is

shown in Figure 3 (bottom, left).l'> ] An interesting struc-
tural feature is the presence of six rather large cavities located
on the outer sphere between the {Mo,;} fragments (Figure 3,
bottom). These are accessible to the coordination of further
highly electrophilic metal—oxygen fragments such as the
{MoO}** groups, thus resulting—in aqueous solution under
specific experimental parameters (reducing conditions
(NH,OH - HCl) and in the presence of an excess of molybdate
which, according to the preparation method, is added to a
solution containing 2a)—in a step-by-step growth process
which enables all species of the type {Mos;,,Vs} (x=0-6) to
be be formed. Each of the {MoO}* groups binds to three
oxygen atoms (two terminal) of the {Mos;Vy} core of 2a,
resulting in a tetrahedral coordination of the incorporated Mo
atoms. The degree of occupation of the cavities can be
correlated with the degree of reduction of the cluster system.
Reduction increases the nucleophilicity of the cluster periph-
ery compared with 2a and initiates a type of growth process in
which up to as many as six electrophilic {MoO}** entities—as

red. + {MoO}

4
-

" ox. — {MoO}¥*

2a 3a

Figure 3. Top: Structure of the cluster anions 2a and 3a (Mo blue; V green; O red; N purple) showing extra MoO, tetrahedra (yellow polyhedral
representation) together with one of the segments characteristic of the Uptake of {MoO}** groups relative to 2a. Bottom: Uptake (formal) and release of
{MoO}** groups in the case of the cluster anions of 2 and 3 (2a and 3a, respectively) and of those with stoichiometries between these two. The central
{Mos, Vi) core of each, 2a and 3a, is built up of three {Mo,,} units (blue, polyhedral representation), which are linked by three {Moy} entities (red) and six VIV
centres (green). The six {MoO}*+ groups (including the relevant coordinating O atoms of 3a) are represented as yellow tetrahedra.
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in the case of the newly synthesized blackish blue compound
(NH,)1sNas[H3Mos; Ve(NO )40 15(H,0) 1(M0oO)e] - 41 H,O (3)
—can be incorporated. A formal increase in the positive
charge on the corresponding cluster anion 3a by each of the
{MoO}*+ groups is locally compensated since a twofold
deprotonation of the bridging oxygen atom O 18 together
with the reduction of two symmetry-equivalent Mo 1 atoms in
the direct vicinity can be observed (see Figure 3, top).
Whereas high values (approx. 5.90) of the Mo bond-valence
sums are found for the Mo1-type atoms (=Mo"') on the
periphery of the cluster anion 2a, in the reduced species 3a—
a mixed-valence (MoY/Mo"") compound of type III according
to the classification of Robin and Day/—with 12 4d electrons
(not considering the electronically isolated {Mo(NO)}** and
the {MoY} groups!'®) the corresponding atoms show a much
lower value (5.25). In 2, six 4d electrons are almost localized
in the above-mentioned {Mo}} units.[® 7]

The cavity mentioned above will now be described in detail.
All the incorporated {MoO}** groups (Mo 8; see Figure 3, top)
which are located in the symmetry-equivalent cavities be-
tween the {Mo,;} units are bound to three oxygen atoms also
found in the parent anion 2a.['¥l Two of these are the (formerly
terminal) oxygen atoms (O1) of two neighbouring {Mo,;}
units of 2a. The third atom (O18) is located on a crystallo-
graphic mirror plane and connects two Mo atoms (Mo6) of
the {MoY} unit (see Figure 3, top, and refs. [16, 17]). This
oxygen atom is doubly protonated in 2a and here, owing to
coordination to the {MoO}*+ group, it is (formally) deproto-
nated. Furthermore, standard extended Hiickel calculations
correspondingly reveal the LUMO in 2 to be mostly localized
on peripheral positions close to the vacant cavities.

Interestingly, the (formal) uptake of electrophilic {MoO}**
groups is reversible upon oxidation (Figure 3b). Indeed, the
entire process can be regarded as a model for biological metal
assembly processes that are dependent on electron transfer, or
metal centre uptake and release in metal storage proteins; for
instance this model is valid for ferritin with more than 4000 Fe
atoms!® or for the Mo storage protein of the N,-fixing
microorganism Azotobacter vinelandii with approximately 16
Mo atoms organized in a polyoxomolybdate unit.'"”) The
tetranuclear Mn complex in the photosystem II of green
plants, for example, is formed by the stepwise binding of four
Mn'" centres accompanied by photooxidation to produce
Mn"L08 In the ferritin case, growth of the metallocentre core
occurs by oxidative processes on the surface of the mineral
type particle.

In general, polyoxometallates represent a class of polynu-
clear, anionic metal —oxygen clusters with an extraordinary
topological and overwhelming structural variety in the meso-
scopic region, which lies between simple, mononuclear
species such as MoO3~ or VO3~ and compounds with typical
solid-state structures and which is characterized by a quasi-
infinite number of possible arrangements of linked building
units.> -2 Their ability to develop from the molecular world
and to gradually approach that of macroscopic structures
predestines the polyoxometallates for the study of phenom-
ena relating to stepwise self-organization (as in the cases
mentioned above) of nanoscale material systems with the
concomitant generation of complexity (Scheme 1).
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. H* . H* .
mononuclear anions——= polyoxoanions ——— = oxides

(microscopic) (mesoscopic) (macr oscopic)

MoOZ" VO3~ [H14M0g70115] 14 1a MoOs, V,0s

[H3M0g3V6(NO)O105(H20)12]%~ 3a

[H2sM0354(NO)140445(H20) 7] ?5+9)- (21

Scheme 1. Stepwise self-organization of polymetallates.

In the examples mentioned above, growth or self-assembly
processes lead to highly complex structures; thus the molec-
ular complexity increases (generally with a concomitant
decrease in symmetry® 21) with increasing numbers of
elements, of relevant interlinkages and of different types of
linkages.

A prerequisite for molecular growth in the case of
polymolybdates such as 1 and 2 is the facile reducibility of
the starting material and/or the relevant intermediates in the
reaction mixture. The reduction results in an increase in
nucleophilicity on certain regions of the cluster periphery and
a subsequent capture of (further) electrophilic entities in a
specific manner. The highly negatively charged species, such
as those in Figure 2, remain intact in solution because of the
large repulsive interactions between them and the protection
against hydrolysis whereby the large enthalpy of hydration
allows the continuation of a growth process.

In the biological world, the overall generation of complex-
ity occurs under dissipative conditions (that is, far from
equilibrium), and with simultaneous entropy export. Complex
biomolecules, for example, or even bioclusters, are produced
stepwise by several gene-directed processes. The FeMo
cofactor of the FeMo-protein nitrogenase for instance—an
unusual hetero metal —sulfur cluster important for the devel-
opment and existence of life on Earth—is generated stepwise
with the help of various genes.?*]

In this context, however, we also have to address the basic
question of whether it is possible to create molecular
complexity, not only far from equilibrium as in the biosphere,
but also under near-equilibrium conditions, by some con-
servative growth process (Scheme 2) including feedback

| = 1l = VvV = Vi
AR

Scheme 2. Conservative growth process with feedback reactions.

(2N-1)

(@n)

reactions, if the ingredients are selected correspondingly. The
odd capital Roman numerals 2N —1 represent steps of a
growing molecular system and the even lower-case Arabic
numerals 2n stand for ingredients in the solution which react
only with one particular product. Each intermediate 2N — 1,
such as the {Moy} nucleus in the case of la or the
{Mos,V¢(Mo),} (x=0-5) cores of the species finally leading
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to 3a, carries information (in J. Monod’s sense) for the
formation of the subsequent intermediate 2n, such as {Mo,},
{Moy;} and {MoO}**, respectively, which was not originally
abundant in solution. The complex system at the end of the
growth process is generated by a symmetry-breaking step (see
also ref. [25]). It should be stressed, however, that during the
growth process in the case of 1a the decrease in symmetry
from T, to C; cannot be attributed to the same type of
symmetry breaking as that of more usual first- and second-
order phase transitions, for instance during crystallization
from solution or during transformation from paramagnetism
to ferromagnetism. In these cases, symmetry breaking refers
to the whole system.[?> 23]

Complex, giant, electron-rich metal oxide cluster anions
obtainable in this way may have multifunctional properties: a
high density of states in the HOMO/LUMO region with
pseudo-band structure and a narrow band gap (prerequisites
for small molecular semiconductors), electron-storage prop-
erties and thus potential suitability as redox catalysts,™
tunable magnetic exchange interactions according to a step-
wise substitution of paramagnetic centres (a prerequisite for
the generation of different types of molecular magnets),?6-2%]
the capability for growth, nanoscale cavities and correspond-
ing host properties.?!! Furthermore, their large surface areas
model those of solids, such as mixed-valence transition metal
oxides with catalytic activity.!'*]

The important conclusion is that systems or intermediates
containing building blocks with fairly high free energy (here,
species with populated antibonding orbitals
upon reduction), which can be linked in differ-

followed by decantation. Yield: 5.6¢g (42% relative to Mo).
H,,)Mo3;N,0,4;: caled H 2.24, Mo 56.90, N 3.14; found H 2.15, Mo 56.1,
N 3.12; IR (KBr pellet): 7=1615 (m, 6(H,0)), 1400 (s, 0,,(NH{)), 960 (s),
905 (s) (#(Mo=0)); 865 (m)), 780 (vs), 745 (vs), 600 (m), 505 cm~! (m);
UV/Vis (solid-state reflectance spectrum): A =390 nm (br).

Synthesis and spectroscopic data of (NH,),[H:Mos,V4(NO)4O5:(H,0) 5] -
55H,0 (2): An improved method was followed:'! a mixture of
(NH,)s[M0;0,,]-4H,O (8.7 g, 7.0 mmol), NH,OH-HCI (4 g, 57.5 mmol),
NH,CI (4.6 g, 86.0 mmol) and H,O (150 mL) was heated in a 300 mL wide-
necked Erlenmeyer flask covered with a watchglass at 60°C without
stirring for 17h. The hot solution was filtered and stored at room
temperature. The precipitated red crystals of (NH,);;[Mo03s(NO),Ops-
(H,0),4] - 33H,0 (4) (see ref. [16]) were filtered off after 6 h (yield: 91 %).
Compound 4 (2 g, 0.312 mmol) was added to a 0.5M aqueous VOCI,
solution (22 mL) which was subsequently heated at 90°C for 30 min. After
a brownish precipitate had been filtered from the hot solution, NH,Cl
(0.5 g) was added to the purple filtrate, which was then stored at room
temperature for crystallization; violet hexagonal crystals of 2 were
deposited within three days. Yield: 0.79g (36% relative to Mo).
H,33Mo05,N,;044,Ve: caled H 2.21, Mo 51.69, N 3.57, V 2.89; found H 1.7,
Mo 51.52, N 3.52, V 2.76.

Synthesis and spectroscopic data of (NH,)sNa;[H;Mos,V(NO)zOg-
(H,0),(M00O)¢]-41H,0 (3): Aqueous solutions of Na,MoO,-2H,0
(14.92 g, 61.7 mmol, in 100 mL), NH,VO; (2.38 g, 20.3 mmol, heated in
200 mL) and NH,OH - HCI (25.66 g, 369 mmol, in 100 mL) were combined
in a 500 mL round-bottomed flask (with formation of a yellow precipitate)
and acidified with 3.5 % hydrochloric acid (9.5 mL). The flask was covered
with a watchglass and heated for 6 h without stirring in an oil bath (105 °C)
(color changes: initially yellow, to orange, to greenish brown, to dark blue).
The resulting dark blue precipitate was filtered off from the hot solution
and the filtrate refluxed for about 20 min under an argon atmosphere. After
it had been cooled to approximately 80°C, Na,MoO,-2H,0 (20¢g,
82.7 mmol) was added. The mixture was refluxed again for 20 min and

Table 1. Crystal data, data collection and refinement parameters.

ent ways under different conditions, can gener-

ate in a stepwise manner a huge variety of

. . . . L. sum formula
species with high molecular complexity (this is M
also valid for amino acids, of course; see, for
example, refs. [29, 30]). The route leading to the
end product, according to Scheme 2, might
include feedback reactions and reaction path-

r

color

space group

ways involving several intermediates (2N — 1) of aT [[}f]]
the molecular system, in growth with a possible b [zf‘x]
template function for the formation of inter- ¢ [é]
mediates (2n) reacting with the relevant 2N — 1 Z [[]]
species. This type of reaction is not only relevant v ]
for prebiotic processes, but concerns the gener- v [A3]

ation of complex material systems in general. z
Pealed [g Cmiz]

/u(MOK(x) [mmq]

26max. measured [O]
reflections measured
unique reflections (R;,)
observed (I>2a(1))
refined parameters 994 295 304
R (F, > 4o(F,))

Experimental Section

Synthesis and spectroscopic data of (NH,)4,[H;;Mo03,0;,] -
35H,0 (1): (NH,)¢[Mo,0,]-4H,0 (14¢g, 11.3 mmol),
NH,Cl (14g, 261.9mmol) and N,H,-H,SO, (2¢g,

. . : wR,ll
15.4 mmol) were dissolved in a mixture of water >

crystal dimensions [mm] 0.4 x 0.1 x 0.06
crystal system

Ap(max/ min) [e A~3]

1 2 3lal
Hi4MoyN4,O04y; Hy:3M05:N» 056, Ve HigiM0gsNpNazOo5, Vi
6239.04 10579.35 11001.50
brown violet blue
0.4x0.3x0.3 0.2 x 0.08 x 0.08
monoclinic hexagonal hexagonal
C2/c P6s/mmc P6s/mmc
203 183 203
27.173(5) 23.496(1) 23.587(7)
44.085(11) 23.496(1) 23.587(7)
23.427(9) 26.811(1) 26.542(12)
90 90 90
103.49(2) 90 90
90 120 120
27289(13) 12818.1(9) 12788(8)
8 2 2
3.04 2.74 2.86
3.40 3.02 331
47 54 50
22498 72170 8532
19996 5110 4181
13728 4304 2434

0.0814 0.0485 0.067
0.190 0.122 0.181
24/ -14 1.78/ -1.19 1.53/-2.14

(350 mL) and 100% acetic acid (1.5 mL) and heated to
100°C (color change, blue to green to brown). After
keeping the solution for 2h at this temperature, the
resulting brown precipitate was filtered off from the hot
solution, then the filtrate was cooled to 20 °C and allowed
to stand for 1-2 weeks in an Erlenmeyer flask covered
with a watchglass. The brown crystalline fraction of 1 was
separated from a fine brown precipitate by repeated
suspension of the latter in the filtered mother liquid

[b] R,

Chem. Eur. J. 1998, 4, No. 6
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[a] Several other structures of compounds of the type {Mos;,,V4} which contain between 57
and 63 Mo atoms were determined but are not listed here. The corresponding disorder
problems with respect to different occupied positions of clusters in different unit cells will also
not be discussed here. This refers also to different possible sites for the three protons in case
of 3 though these are clearly found in the bridging O atoms of the {Mo}} groups of 2.11% 7]

AR
I

F2 — F2)? 0.1(F2 4+ 2F?
2 )V with 1w = o2y 4 Ao £ 2FE)

[e] wRy= [ Z S
S w(F3) 3
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subsequently slowly cooled to room temperature. From the dark blue
mother liquor which was stored at 5°C for crystallization under an argon
atmosphere, black, needle-shaped, air-sensitive crystals were precipitated
within 5-7 days. They were separated by filtration and dried in an argon
stream. Under similar but less reducing conditions and without subsequent
additon of Na,MoO,-2H,0, intermediates between 2 and 3 of formula
{Mos;, V¢ (with x=1-5) were formed. Yield: 2.0 g (18.6% relative to
Mo). H5;Mog;N,,Na;0,5,Ve: caled H 1.66, Mo 54.94, N 3.06, Na 0.63, V
2.78; found H 1.7, Mo 55.10, N 2.93, Na 0.60, V 2.70; IR (KBr pellet): 7=
1580 (s, 0(H,0)), 1400 (s, 0,((NHJ)), 970 (m, »(V=0)), 890 (s, v(M0=0)),
805 (vs), 765 (s), 670 (s), 610 (s), 575 (s), 545 cm™! (s); (resonance) Raman
(degassed H,O/HCI; pH 1.4, A, =1064 nm): 7=953 (w), 883 (m), 826 (s),
451 cm™' (m); UV/Vis (degassed H,O/HCl; pH 1.4): 2=741 nm (&, =
6.1 x 10* Lmol~'cm™!; IVCT); the ¢ value can be related to the number
of MoV centers even in case of decomposition.

Single crystal X-ray structure analyses: The measurements (MoK,
radiation, graphite monochromator) were carried out with a Siemens
three-circle diffractometer with a 1 K-CCD detector (1272 frames each of
which covering 0.3° in w, for 2) and with a Siemens four-circle diffrac-
tometer (Wyckhoff scans for 1 and 3). Lorentz and empirical absorption
corrections were applied. All structures were solved with direct methods
using the program SHELXS-96P" and refined against F? by full-matrix
least-squares using the program SHELXL.-93.5%2 The sites of reduced metal
centres as well as the protonated O atoms were determined by bond-
valence sum calculations.’] Further details of the crystal structure
determination reported in Table 1 may be obtained from the Fachinforma-
tionszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany),
on quoting the depository numbers CSD 407984 for 1, CSD 407986 for 2
and CSD 407985 for 3.
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