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The reaction of (BusN),[Re,Clg] with lacunary Keggin polyoxo-
metalate K;[PW1;03] in water produces a new dumbbell-shaped
heteropolyoxometalate anion, [Rex(PW110s),]®~, whose structure
contains a central Re, core with a quadruple bond between Re
atoms (Re—Re 2.25 A), coordinated to two polyoxometalate units.
This complex represents the first example of the direct linking of
two polyoxometalate units via a metal—metal multiple bond. The
compounds were characterized by X-ray analysis, IR, and
electrospray ionization mass spectrometry.

Polyoxometalates (POMs) are a unique class of com-
pounds with relevance to catalysis, materials science, and
medicine." The most common are the Keggin-type lacunary
POMs, which are known to incorporate almost all known
transition and nontransition metals in the vacant site.”> Among
all of the heterometals, Re is unique in its ability to enter
the POM structure in at least five oxidation states
(III—VII).>* The ability of Re in low oxidation states to form
metal—metal (M—M) bonds is very well-known, and Re™
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is known to have a strong tendency to form dimeric units
with a Re—Re quadruple bond.’ The work of Pope et al. on
[(Rhy(PW,030),]'"~ complexes has shown compatibility for
a heterometal of being a part of the Keggin structure and
participating in the M—M bonding.® Direct M—M bonding
between two POM units can also be regarded as the simplest
linker (linking the POM ions together with an organic linker
with a st system has become a part of the strategy for creating
new hybrid materials).” In this context, a new way of linking
two POM units with direct participation of o, &, and 0
bonding between them offers new ways of studying the
electron communication between the two POM fragments.
M—M multiple-bonded complexes are catalytically active
in hydrogenations, olefin metathesis, and olefin and alkyne
polymerizations.® In this work, we report the synthesis and
structure of [Re,(PW,,039),]®", where two Keggin-type
anions, [PW;ReOs3]*", are directly linked together through
a short, quadruple bond between the Re atoms. This is the
first example of a multiple M—M bond involvement in the
chemistry of POMs.

The reaction of [N(C4Ho)4]o[Re,Clg], which contains a
Re—Re quadruple bond, with the lacunary Keggin complex
[PW,,050]”" in water leads to the substitution of terminal
halides with the formation of a new phosphotungstate
complex, [Rex(PW,039),]®", which crystallizes as
H,(BuyN)g[Reo(PW1039),]* 1.5MeCN (1) after precipitation
with Buy,N™ and recrystallyzation from acetonitrile.” Crystals
of similar composition, Hy(BuyN)s[Re,(PW1,039),]+ 1.6H,O
(2), were obtained directly from water in low yield. A
competing Re dimer oxidation with complete breaking of
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the Re—Re bond is observed, which leads to a mixture of
simple Keggin-type complexes [BusN],[RePW,,04] (n =
3, 4).? Our attempts to increase the yield of 1 by performing
the synthesis under an inert atmosphere were not successful.
Probably, the POM itself acts as an oxidant in an independent
reaction. Compound 1 forms brown crystals, soluble in polar
organic solvents such as CH;CN or (CH3),CO. The most
important feature of the structures of 1 and 2'" is the presence
of a short [2.2731(9) A in 1 and 2.269(1) A in 2] Re—Re
bond between the two Keggin-type {RePW,} subunits. The
fact that these bond distances fall within the range 2.19—2.30
A, typically observed in complexes with a Re—Re quadruple
bond, together with the eclipsed conformation of two ReOy
units around the Re—Re axis, which is required for a 0%7*0?
configuration to ensure quadruple bonding,'® leaves no doubt
that in 1 and 2 we have the Re,®" dimeric core coordinated
to two lacunary Keggin phosphotungstate anions, and this
leads to the overall charge of the complex at 8—.'* In the
structure of Cs;o[Rhy(PW{;039),]°29H,0, the O4RhRhO,
moiety (a 0>1*0*0*27*2 configuration for a single Rh—Rh
bond) has an eclipsed conformation.® The two extra protons
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IR (KBr disk, v/cm™'): 3433 sh, 2960 s, 2934 s, 2872 s, 1949 w,
1660 w, 1627 w, 1483 s, 1381 m, 1283 w, 1152 m, 1109 s, 1075 s
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Figure 1. Polyhedral view of the [Re;(PW,030),]®” anion: ball representa-
tion, Re atoms; blue, WOg octahedra; pink, PO, tetrahedra.

were not directly located and are probably attached to the
bridging O atoms of the POM ligands, as is often the case.'”
Each POM ligand coordinates the Re atom in a pentadentate
fashion (Figure 1), so that four short and one very long
Re—Obondsresult. The short Re—Obonds [1.903(8)—1.931(8)
A'in 1 and 1.891(10)—1.934(10) A in 2] are those with the
four O atoms from the vacant site of [PW,0s9]”", which
are almost coplanar and well-suited for specific coordination
requirements of the Re,®" unit. The weakly bound O atom
comes from the PO, group [2.435(8) A in 1 and 2.452(10)
A in 2] and is in the position trans to the quadruple bond.
The POM ligands keep their usual geometry.'>'® The two
POM ligands are related by the inversion center in the
midpoint of the Re—Re bond, so that the u#;-OReRe-u3-O
moiety has a transoid conformation (the O—Re—Re angle
is 169.2°). Another theoretically possible isomer that would
result from the rotation of one {PW11} moiety by 180° is
not observed. In the crystal, the [Res(PW;030),]*~ dumbbells
follow distorted motifs of primitive hexagonal (in 1) and
distorted face-centered-cubic (in 2) packing, where the anions
are completely isolated from one another by cations.

Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre and allocated
the deposition numbers CCDC 707635 and 707636 for
compounds 1 and 2. Copies of this information may be
obtained free of charge from The Director, CCDC, 12 Union
Road, Cambridge CB2 1EZ, U.K. (fax +44 1223 336033;
e-mail deposit@ccdc.cam.ac.uk, or www:http://www.ccdc-
.cam.ac.uk).

(15) Bond distances (A) and angles (deg) in 1: W—p4-0 2.425(8)—2.464(8),
W—u,-Oy 1.868(9)—1.952(9), W—u-Oge 1.865(8)—1.918(8),
W—0em 1.688(8)—1.710(9), P—Ow 1.525(8)—1.537(8); W—u4-O—W
89.1(3)—90.4(3), W—us-O—P 123.9(4)—127.6(5), Re—us-O—W
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O—W 88.3(3)—90.0(3), W—u4-O—P 125.5(6)—128.4(6), Re—us~-O—W
87.4(3), 88.2(3), Re—us-O—P 122.1(5), W—u,-O—W 125.1(6)—129.1(6)
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Figure 2. Negative ESI-MS spectrum of acetonitrile solutions of 1 in the range from m/z 2020 to 2270. T denotes tetrabutyalmmonium cations

Electrospray ionization mass spectrometry (ESI-MS) stud-
ies'® of 1 dissolved in acetonitrile show that the dimeric
moiety retained its integrity in solution. Multiply charged
peaks observed in the negative ESI-MS spectrum are
assigned to the series of {(BuyN)s—,[Re;(PW;1039),(H,)]}3~
(n = 1-3) polyanions on the basis of m/z values as well as
their characteristic isotopic distribution. Prominent envelopes
centered at m/z 2071.3 (n = 3), 2151.8 (n = 2), and 2232.2
(n = 1) are clearly observed in the m/z 2020—2270 range.
The negative ESI-MS spectrum of 0.05 mM acetonitrilic
solutions of 1 is shown in Figure 2.

At lower m/z values appear minor species corresponding
to the series of {(BusN)s_,[Re,(PW;,03),H,1}* (n =1, 2)
and {(BuyN);—,[Re,(PW1,039),H,]}°~ (n = 1, 2). The peaks
from [Re(CH;CN)PW,,039]*" are also observed, resulting

(18) A Q-TOF premier mass spectrometer with an orthogonal Z-spray
electrospray source (Waters, Manchester, U.K.) was used. The
temperature of the source block was set to 80 °C and the desolvation
temperature to 100 °C. A capillary voltage of 3.0 kV was used in the
negative scan mode, and the cone voltage was set to 10 V to control
the extent of fragmentation. Time-of-flight mass spectra were acquired
in the V-mode operating at a resolution of ca. 10 000 (full width at
half-maximum) at m/z 2000. Mass calibration was performed using a
solution of sodium iodide in isopropyl alcohol/water (50:50) from m/z
100 to 2800. Acetonitrile/acetone (5:1) sample solutions were infused
via a syringe pump directly connected to the ESI-MS source at a flow
rate of 10 uL/min. The observed isotopic pattern of each compound
perfectly matched the theoretical isotopic pattern calculated from their
elemental composition using the MassLynx 4.1 program.

from the fragmentation of [Rey(PW,030),]® by breaking
of the Re—Re bond. These observations provide unambigu-
ous proof that the intact cluster anion is present in solution
and also  confirm  that the  monoprotonated
[Rex(PW,030),(H)]~ and doubly protonated
[Re,(PW,030H),1°~ polyoxoanions represent the most favor-
able overall protonation of the complex. This experimental
evidence corroborates the X-ray data. These observations
demonstrate the potential of high-resolution ESI-MS to
accurately reveal the nature of the POM cluster species in
solution."”

In conclusion, we have succeeded in the preparation of a
new dumbbell-shaped heteropolyoxometalate anion,
[Re2(PW,03),187, with a central Re, core with a quadruple
bond between Re atoms (Re—Re 2.25 A). This complex
represents the first example of the direct linking of two POM
units via the M—M multiple bond. Reactivity studies, and
also experiments with other multiple-bonded systems, are
underway.
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