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A Mixed-Valence, Hexadecamolybdenum Cluster With an MoVI Cubane
“Jewel” in a “Setting” of Five MolybdateVI-Linked Dinuclear MoV Units

Lyndal M. R. Hill, Brendan F. Abrahams, and Charles G. Young*[a]

Introduction

Polyoxometalates are well known in early transition metal
chemistry and many have found applications in analytical
chemistry, materials science, nanotechnology, homo- and
heterogeneous catalysis, green chemistry, environmental re-
mediation, and medicine.[1–3] These complexes vary in nucle-
arity, charge, size, and topology, and the variation of these
attributes provides enormous opportunities for new struc-
tures, properties, and applications; the influence of topology
on the properties of polyoxometalate species is of particular
interest to researchers in this area.
Isopolyanions and Keggin, Dawson, and lacunary species

are classic examples of polyoxometalates in the small size
range.[4] Cation-anion aggregates, e.g., Weakley complexes,
constitute medium-sized species.[4] Extremely large compo-
site and mesoscopic polyoxometalates have been pioneered

by M,ller and co-workers;[5,6] these complexes are now
being fabricated into nanostructured materials with exciting
properties and applications. Very few polyoxomolybdates
feature tetrahedral molybdate (MoO4

2�) units and those
that do typically contain a second metal (Cu, Ni, Co) bound
at multiple peripheral sites.[7–10] Only two of these species
contain dinuclear MoV fragments, viz., a spherical Mo13
porous capsule[11] and an approximately tetrahedral Mo13
complex.[12] To date, examples of hexadecamolybdates are
limited to the “shrink-wrapped” anion [H2Mo16O52]

10�,[13]

and the “cation-encapsulating” anions [H2Mo16(OH)12O40]
6�

and [NaMo16(OH)12O40]
7�.[14,15] These mixed-valence species

possess spherical topologies and are devoid of tetrahedral
centers.
Here, we report the synthesis and structure of

[Mo16O42(OH)2(3-iPrC3H3N2)12]·nH2O (1), formed upon the
degradation of [TpiPrMoO2ACHTUNGTRENNUNG{OC6H3ACHTUNGTRENNUNG(OMe)2-2,3}] (TpiPr=

hydro ACHTUNGTRENNUNGtris(3-isopropylpyrazolyl)borate) in dichloromethane/
methanol mixtures. The non-spherical, electrically neutral,
mixed-valence cluster is comprised of fragments that are
generally atypical of polyoxometalates and features a net-
work of hydrogen bonds between the surface pyrazole NH
and framework oxygen atoms.

Abstract: The hexadecanuclear, mixed-
valence cluster [Mo16O42(OH)2(3-
iPrC3H3N2)12]·nH2O (1), has been syn-
thesized and characterized by X-ray
crystallography, IR spectroscopy and
mass spectrometry. The C2-symmetric
complex consists of a cubane MoVI4O4

“jewel” held in a 10-point “setting”
comprised of five dinuclear MoV units
tethered together by two tetrahedral
MoVI centers. The dinuclear units are
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Results and Discussion

Views of the complete structure (excluding lattice solvent)
and a polyhedral representation of 1 are shown in Fig-
ure 1a–c, and a view of the central donor-atom/metal frame-
work is given in Figure 2. The C2-symmetric complex con-
sists of a cubane “jewel” held in a 10-point “setting” com-
prised of five dinuclear units tethered together by two tetra-
hedral Mo centers (Figure 1a). The periphery of the cluster
is decorated by isopropylpyrazole ligands, H-bonded to oxo
ligands and lattice water molecules, the H-bonding network
being displayed in Figure 1b.
The cubane unit consists of two Mo2(m3-O-donor)2 butter-

fly units, linked via four Mo�O bonds. The Mo atoms of the
top face, Mo1 and Mo1’, are further coordinated by a termi-
nal oxo group (1.710(5) O) and two m2-oxo ligands from ad-
jacent dinuclear units. The Mo atoms on the lower face,
Mo2 and Mo2’, are bound by three m2-oxo ligands from
three separate dinuclear units. The faces of the cubane also
deviate from planarity. The cubane core and the coordinated
terminal and m2-oxo groups can be described in terms of
four edge shared MoO6 octahedra, the structure being remi-
niscent of [W4O16]

8� and certain subunits in polyoxometa-
lates.[4] Bond distances within the cubane unit are given in
Table 1. Table 2 lists the bond and torsion angles and
Table 3 lists the interplanar angles calculated for the cubane
unit. The Mo···Mo distances in the cubane unit of 1 exceed
3.4 O, consistent with the presence of MoVI centers. The
cubane unit of 1 is a rare example of an asymmetric Mo4O4-
cluster, featuring terminal oxo ligands at only two of the
four Mo centers, and a complement of m3-bridging oxo and
hydroxo ligands. To date, only four MoVI[16] and four MoV[17]

cubane complexes have been structurally characterized.
The cubane “jewel” is clasped within a 10-point “setting”

comprised of five dinuclear syn-[Mo2O2ACHTUNGTRENNUNG(m-O)2]
2+ units

linked by two tetrahedral molybdate(VI) units, and decorat-
ed by peripheral 3-isopropylpyrazole ligands (Figure 1a,b).
The bond distances within the dinuclear units are listed in
Table 4. The relevant Mo centers possess distorted-octahe-
dral geometries, with the exception of Mo5 and Mo5’, which
have square pyramidal geometries (Figures 1c (green cen-
ters) and 2). The axial terminal oxo groups of the dinuclear
units point away from the center of the molecule. The dinu-
clear units are of three types. Two of the dinuclear units
(Mo3/Mo4 and Mo3’/Mo4’) bind across opposing lateral
faces of the cubane via axial m-oxo ligands (viz. , trans to oxo
ligands O5 and O14); one Mo bears two pyrazole ligands,
and the other is coordinated by a single pyrazole. Two other
dinuclear units bind across the other lateral faces of the
cubane, via m-oxo ligands that occupy the equatorial posi-
tions of Mo5 and Mo5’; the second Mo atom in these units,
Mo6 and Mo6’, bind two pyrazole ligands. Finally, a unique
dinuclear unit (Mo7/Mo7’) binds the bottom face of the
cubane via its axial m-oxo ligands (viz. , trans to oxo ligands
O20 and O20’), with the Mo centers bearing anti pyrazole li-
gands.

The terminal oxo ligands possess characteristically short
Mo�O distances (�1.67 O), while the Mo�ACHTUNGTRENNUNG(m-O) distances
fall into two ranges: 1.9–2.0 O for the single bonds linking

Figure 1. a) Structure of 1 (Mo purple; O red; N blue; C black). The C2

axis runs vertically. Apart from the cubane (linkages in green), the Mo�
O framework is represented with black bonds. All other bonds are gold.
b) The H-bonding network in 1. H-bonds are indicated by black and
white rods, with participating nitrogen centers numbered. The molecule
has been rotated by �45 8 about the C2 axis with respect to the image in
(a). c) Polyhedral representation of 1. The six-, five- and four-coordinate
centers are shown in yellow, green and blue, respectively.
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dinuclear cores, and 2.0–2.3 O for weaker cubane/dinuclear-
unit interactions. The bond distances and angles in the dinu-
clear fragments conform with those expected of [MoV2O2ACHTUNGTRENNUNG(m-
O)2]

2+ units possessing a single Mo�Mo bond.[18]
Each of the two tetrahedral

Mo centers, Mo8/Mo8’, is
linked to three different dinu-
clear units via m2-oxo ligands.
Their coordination spheres are
completed by a terminal oxo
ligand, projecting away from
the cubane unit. These molyb-
date units occupy anti, equato-
rial sites of the basal dinuclear
unit. Bond distances and
angles for these tetrahedral
centers are provided in
Table 5. The Mo8/8’�ACHTUNGTRENNUNG(m-O)
bonds are �0.06–0.10 O longer
than the terminal oxo bond
(Mo8-O18) of 1.705(5) O, and
all are typical of four-coordi-
nate MoVI centers. The bond
angles subtended at Mo8/8’
(107.3(3)-111.3(2)8) are all
close to the tetrahedral angle.
Twelve, H-bonded 3-isopro-

pylpyrazole ligands decorate
the periphery of the complex
(Figure 1b). The two upper-
most pyrazole ligands are H-
bonded to the terminal oxo li-
gands on the cubane
(N2H···O1=2.888(9) O), and

the m2-oxo link provided by O4 (N2H···O4=2.880(9) O).
The m2-oxo link of O21 is also H-bonded, with
N10H···O21’=2.686(8) O. Six of the remaining eight ligands
participate in NH···O H-bonding interactions with bridging
oxo ligands of the Mo2O2ACHTUNGTRENNUNG(m-O)2 units, with H-bond distances
ranging from 2.722(9)–2.741(8) O. Donor atom N6 is H-
bonded to the water of crystallization, O24 and O25. Thus,
each of the pyrazole ligands is bound as a neutral, H-
bonded moiety. There are no counterions in the lattice and
hence the complex is electrically neutral.[19] Space-filling
models of the complex reveal that the pyrazole groups coat
much of the surface, apart from a number of oxo-rich seams
that trace out a chiral pattern (see the Supporting Informa-
tion).
Structural parameters (vide supra) and charge balance re-

quirements support the assignment of +5 and +6 oxidation

Figure 2. ORTEP projection of the donor-atom/metal framework of 1
(50% thermal ellipsoids). Dark bonds highlight the cubane and dinuclear
moieties. The tetrahedral Mo sites (Mo8/Mo8’) lie at the lower left and
right of the diagram.

Table 1. Bond distances in the Mo4O4 cubane core.

Bond or atom pair Distance [O] Bond or atom pair Distance [O]

O2···O23 2.421(17) Mo2�O2 2.356(5)
Mo1�O1 1.710(5) Mo2�O3 1.975(5)
Mo1�O2 2.218(5) Mo2�O3’ 2.207(5)
Mo1�O2’ 2.084(5) Mo2�O6 1.818(5)
Mo1�O3’ 2.243(5) Mo2�O13 1.726(5)
Mo1�O4 1.769(5) Mo2�O22 1.736(5)
Mo1�O8 1.811(5)

Table 2. Bond and torsion angles of the Mo4O4 cubane core.

Atoms Angle [8] Atoms Angle [8]

Mo1�O2�Mo1’ 104.0(2) Mo2�O3’�Mo2’ 101.0(2)
O2�Mo1�O2’ 73.2(2) O3’�Mo2’�O3 73.3(2)
Mo1�O2�Mo1’�O2’ �17.4(3) Mo2�O3’�Mo2’�O3 �24.0(2)
O2�Mo1�O2’�Mo1’ �18.6(3) O3’�Mo2’�O3�Mo2 27.1(3)
O2�Mo1�O3’ 71.4(2) Mo1�O2’�Mo2’ 100.3(2)
Mo1�O3’�Mo2 110.9(2) O2’�Mo2’�O3’ 72.4(2)
O3’�Mo2�O2 69.5(2) Mo2’�O3’�Mo1 107.9(2)
Mo2�O2�Mo1 106.5(2) O3’�Mo1�O2’ 73.0(2)
O2�Mo1�O3’�Mo2 10.6(2) Mo1�O2’�Mo2’�O3’ �19.9(2)
Mo1�O3’�Mo2�O2 �10.1(2) O2’�Mo2’�O3’�Mo1 19.1(2)
O3’�Mo2�O2�Mo1 9.9(2) Mo2’�O3’�Mo1�O2’ �21.6(2)
Mo2�O2�Mo1�O3’ �9.6(2) O3’�Mo1�O2’�Mo2’ 17.4(2)

Table 3. Interplanar angles of the Mo4O4 cubane.

Face Plane 1 Plane 2 Angle [8]

upper O2�Mo1’�O2’ O2�Mo1�O2’ 22.0(1)
Mo1’�O2�Mo1 Mo1�O2’�Mo1’ 28.7(2)

lower O3’�Mo2’�O3 O3’�Mo2�O3 32.0(1)
Mo2�O3’�Mo2’ Mo2’�O3�Mo2 40.6(2)

side A O2�Mo1�O3’ O3’�Mo2�O2 11.7(3)
Mo1�O3’�Mo2 Mo2�O2�Mo1 16.4(3)

side B Mo1�O2’�Mo2’ Mo2’�O3’�Mo1 31.2(2)
O2’�Mo2’�O3’ O3’�Mo1�O2’ 23.7(2)

combinations[a] lower upper 0.00(1)
side A upper or lower 88.5(1)
side B upper or lower 90.0(1)
side A side B 88.8(2)

[a] Plane 1 and Plane 2 refer to the average planes calculated for the four-membered faces listed.
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states to the dinuclear and cubane/tetrahedral Mo centers,
respectively. These oxidation state assignments were con-
firmed by bond valence sum (BVS) analyses. The BVS ap-
proach establishes the bond valence of each bond in a com-
pound, enabling a BVS to be calculated for a given atom, as
simply the additive effect of the contributing bonds. Equa-
tion (1) defines the relationship between the bond length, r,
and bond valence, s, for a cation-anion pair:[20]

s ¼ exp ½ðro�rÞ=B� ð1Þ

In which ro and B are empirically determined parameters.
The oxidation state of the cation (i), Vi, can then be estimat-
ed using Equation (2) (where sij is the bond valence between
the atoms i and j).

Vi ¼
X

j sij ð2Þ

Oxidation-state-specific ro values have been established
for MoV and MoVI bonds to O and N.[21] More precise oxida-
tion states may be calculated using oxidation-state-specific
values.[22] Liu and Thorp claim
to obtain reliable BVS values
only when their values of ro
are used.[21] Table 6 provides ro
values for the pertinent bonds
of the Mo16 complex.
In order to apply the ro

values in Table 6 to the Mo16

complex, the cubane and tetra-
hedral sites (Mo1, Mo2 and
Mo8) were assigned as MoVI

centers and the dinuclear sites
(Mo3, Mo4, Mo5, Mo6 and
Mo7) as MoV. The results of
bond valence sums carried out
using Equations (1) and (2) are
given in Table 7.
The BVS calculations vary

somewhat depending on the
set of ro values used. The
upper entries of Table 7 sup-
port a +6 oxidation state as-
signment for the cubane and
tetrahedral Mo atoms, while
the lower entries provide rea-
sonable values supporting di-
nuclear MoV centers. Success-
ful reports of the application
of bond valence sums to mo-
lybdenum polyanions contain-
ing MoV�MoV bonds have not
indicated which of the ro
values tabulated by Brown
were used.[13,30] Thus, the BVS
approach supports the oxida-

tion state assignments for 1, though it is recognized that the
selective use of ro values (here, the combining of the two
sets of results in Table 6) is a consequence of the prevailing
accounts of different bond valence parameters (namely ro).
In conclusion, the above BSV analysis supports the formula-
tion of the complex as a neutral MoV10Mo

VI
6 mixed-valence

species.
The diamagnetic, EPR-silent complex exhibits medium in-

tensity IR n ACHTUNGTRENNUNG(Mo=O) bands at �950 cm�1 and n ACHTUNGTRENNUNG(Mo�m-O)
and n(Mo ACHTUNGTRENNUNG(m-O)2) bands at �897–827 cm�1, 740–728 cm�1
and 478 cm�1. Broad, weak bands at 3241 and 3133 cm�1 are

Table 4. Bond distances in the Mo2O2 ACHTUNGTRENNUNG(m-O)2 groups.

Bond Atoms Distance [O] Bond Atoms Distance [O]

Mo�Mo Mo3�Mo4 2.5618(11) Mo�O[a] Mo3�O9 1.937(5)
Mo5�Mo6 2.5871(10) Mo3�O10 1.940(6)
Mo7�Mo7’ 2.5659(14) Mo4�O9 1.941(5)

Mo=O Mo3�O5 1.668(6) Mo4�O10 1.930(6)
Mo4�O14 1.677(6) Mo5�O11 1.926(5)
Mo5�O7 1.663(6) Mo5�O12 1.925(5)
Mo6�O15 1.674(6) Mo6�O11 1.932(5)
Mo7�O20 1.669(5) Mo6�O12 1.951(5)

Mo�O[b] Mo3�O4 2.183(5) Mo7�O21 1.940(5)
Mo4�O13’ 2.299(5) Mo7�O21’ 1.923(5)
Mo4�O17 2.037(5) Mo�N Mo3�N1 2.184(7)
Mo5�O6 2.027(5) Mo3�N3 2.211(7)
Mo5�O8 2.030(5) Mo4�N5 2.176(7)
Mo6�O16 2.165(5) Mo6�N7 2.217(6)
Mo7�O22’ 2.269(5) Mo6�N9 2.210(6)
Mo7�O19 2.073(5) Mo7�N11 2.203(6)

[a] Atoms in dinuclear units. [b] Atoms in core framework.

Table 5. Bond distances and angles at the tetrahedral Mo sites, Mo8 and Mo8’.

Bond Distance [O] Oxygen Type Connectivity Angle [8]

O16�Mo8�O17 110.2(3)
Mo8�O16 1.761(5) bridge to Mo6 O16�Mo8�O18 109.0(3)
Mo8�O17 1.801(5) bridge to Mo4 O16�Mo8�O19 111.3(2)
Mo8�O18 1.705(5) terminal oxo O17�Mo8�O18 108.5(3)
Mo8�O19 1.790(5) bridge to Mo7 O17�Mo8�O19 110.4(3)

O18�Mo8�O19 107.3(3)

Table 6. Reported ro values for molybdenum.

Bond ro [O]
[a]

MoII–VI�O 1.882[23]

MoV–VI�O 1.872[24]

MoIII–VI�O 1.890[25]

MoVI�O 1.882,[26] 1.90,[27] 1.907[21]

MoV�O 1.917[21]

MoV�N 1.893,[28] 2.006[21]

[a] Apart from the values of Liu and Thorp[21] all values have been
ACHTUNGTRENNUNGtabulated by Brown.[29]

Table 7. BVS calculations for 1.

Mo site Mo1 Mo2 Mo8 Mo3 Mo4 Mo5 Mo6 Mo7

BVS[a] 5.91 6.06 5.91 5.53 5.53 5.42 5.45 5.51
5.80 5.95 5.80 4.91 5.02 5.04 4.85 5.01

[a] The upper entries use ro values reported by Liu and Thorp
[21] and the lower entries use values tabulated by

Brown (ro: Mo
VI�O 1.90; MoV�O 1.89; MoV�N 1.893; see Table 6).[29] B is taken to be 0.37.[20]
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assigned to the n(NH) modes of the pyrazole units. The pos-
itive ion electrospray ionization mass spectrum (ESI-MS) of
1 in MeCN/MeOH exhibited a strong peak cluster around
m/z 1810–1825 (see the Supporting Information). Half-inte-
ger peak separations were consistent with a dicationic
parent ion peak cluster, principally solvated [1+2H]2+ .
Peaks resulting from successive loss of five isopropyl-
ACHTUNGTRENNUNGpyrazole units were also observed. The compound was not
sufficiently soluble to allow NMR experiments.

Conclusion

A hexadecanuclear MoV10Mo
VI
6 species (1) stabilized by a

H-bonded network of surface 3-isopropylpyrazole ligands
has been isolated and structurally characterized. Electrically
neutral, mixed-valent 1 exhibits a unique structure that com-
bines moieties generally atypical of polyoxometalates, viz.,
the first Mo cubane “jewel” to contain only two terminal
oxo ligands[19] and three distinct MoV2 units (including a 5-
coordinate Mo center) tethered into a 10-point “setting” by
two tetrahedral MoVI centers.

Experimental Section

Syntheses :

[TpiPrMoO2 ACHTUNGTRENNUNG{OC6H3 ACHTUNGTRENNUNG(OMe)2-2,3}]: The complex was prepared by adapting
a literature procedure described by Millar et al.[31,32] A solution of
[TpiPrMoO2Cl] (1.00 g; 2 mmol), 2,3-dimethoxyphenol (5 mmol) and tri-
ACHTUNGTRENNUNGethylamine (3–4 mL; 21.5–28.7 mmol) in dichloromethane (30 mL) was
stirred for 3 days, whereupon the reaction mixture was reduced to low
volume (�5 mL) by rotary evaporation. The residue was purified by
column chromatography on silica gel by using dichloromethane as eluent.
The complex eluted as an orange band after unreacted [TpiPrMoO2Cl]
and excess parent phenol. The isolated fraction was reduced to dryness,
then treated with methanol and refrigerated to yield crystals (yield
1.10 g, 90%).
1H NMR (C6D6, 400 MHz, 238C): d =1.00, 1.20, 1.23 (3Rd, 6H; 6RCH3

of iPr), 3.33, 3.78 (2Rs, 3H; 2ROCH3), 3.98 (sept, 2H; CH of iPr), 4.83
(sept, 1H; CH of iPr), 5.66 (d, 1H; 4-CH of TpiPr), 5.87 (d, 2H; 4-CH of
TpiPr), 6.24 (dd, 1H; arene ring CH), 6.28 (dd, 1H; arene ring CH), 6.61
(t, 1H; arene ring CH), 7.19 (d, 1H; 5-CH of TpiPr), 7.36 ppm (d, 2H; 5-
CH of TpiPr); IR (KBr): ñ= 2503 (m, BH), 2466 (w, BH), 1507 (s, CN),
925 (s, MoO2), 903 cm

�1
ACHTUNGTRENNUNG(s, MoO2); elemental analysis calculated (%) for

C26H37BMoN6O5: C 50.34, H 6.01, N 13.55; found: C 49.79, H 5.85, N
13.16.

Complex 1: The instability of [TpiPrMoO2 ACHTUNGTRENNUNG{OC6H3 ACHTUNGTRENNUNG(OMe)2-2,3}] and related
dioxo complexes in the absence of excess phenolate co-ligand has been
noted[32] and di-, tetra-, octa- and hexadecanuclear (1) species are formed
upon degradation under different conditions.

Attempts to grow crystals of [TpiPrMoO2 ACHTUNGTRENNUNG{OC6H3 ACHTUNGTRENNUNG(OMe)2-2,3}] by diffusion
of methanol into a solution of the complex in dichloromethane led to the
development of a blue coloration and large ruby-red crystals of 1
(�10% yield) after two weeks. IR (KBr disk): ñ = 3241 (w, NH), 3133
(w, NH), 2967 (m), 2933 (w), 2873 (w), 1369 (w-m), 957 (m, Mo=O), 947
(m, Mo=O), 897 (s, Mo�m-O), 876 (s, Mo�m-O), 860 (s, Mo�m-O), 827 (s,
Mo�m-O), 740 (m, Mo ACHTUNGTRENNUNG(m-O)2), 728 (m), 478 cm

�1 (w-br). The compound
was not obtained in sufficient yield to permit elemental analysis.

Crystal data : Complex 1 (n=4.94): C72H131.89Mo16N24O48.94, Mr=3652.02,
monoclinic, space group C2/c, a=24.608(4), b=19.517(3), c=

30.086(5) O, b =107.002(3)8, V=13818(4) O3, Z=4, 1calcd=1.751 gcm�3,

m ACHTUNGTRENNUNG(MoKa)=14.74 cm�1, T=293 K, 2qmax.=53.428, 39569 measured reflec-
tions, 14275 independent reflections all of which were used in the refine-
ment, R1 [I>2s(I)]=0.0614, wR2 (all data)=0.1612. Data were collected
by using a Bruker CCD diffractometer. The structure was solved by
direct methods, and refined by a full-matrix least-squares procedure.[33]

The asymmetric unit contains an Mo8 fragment; the Mo16 cluster, 1, is
generated by the crystallographic 2-fold symmetry. The Mo centers and
their donor atoms are well defined and free of disorder. The six 3-isopro-
pylpyrazole ligands of the asymmetric unit were modeled using SAME
restraints in order to provide reasonable thermal parameters for the an-
ACHTUNGTRENNUNGisotropic ring atoms. Two isopropyl groups required isotropic modeling
for rotationally-related forms, owing to the considerable thermal motion.

Solvent molecules (water) were refined as isotropic atoms. A total of
four solvent sites were identified. A water molecule with full occupancy,
O23, is H-bonded to O2 of the cubane. Two water molecules (O24 and
O25) are involved in H-bonding with a pyrazole nitrogen (N6), with O25
and the nearby O50 having complementary site occupancies (�47%) to
O24 (�53%). The crystal lattice may contain additional solvent in chan-
nel/s, as evidenced by the presence of a small solvent accessible void that
could accommodate approximately one water molecule per asymmetric
unit (�1% volume). Hydrogen atoms were not assigned to the solvent
sites.

CCDC 626899 (1) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif
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