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H omo- and heterometallic oxido alkoxides, diketonates,
and carboxylates have attracted considerable attention as
precursors for oxide-based materials.l'! Structurally well
defined and properly functionalized metal oxido clusters
are also used as nanoscale building blocks in the assembly of
organic-inorganic hybrid networks.”) A number of oxido-
bridged units obtained from the hydrolysis of medicinally
important bismuth compounds (nitrate, salicylate, citrate)®!
indicate that polyoxidobismuth species play an impor-
tant role in pharmaceuticals as well. Major pathways
for introduction of the oxido groups during cluster formation
include microhydrolysis, ether elimination, and oxidation.!'*
Several bismuth oxido clusters [Bi,,0,]®" 2" with sur-
face capping ligands such as hydroxide,” alkoxides,
aryl oxides,”) siloxides,® carboxylates,””) and phos-
phonates!"”! were isolated recently by using solvolytic
methods. In addition, a few heterometallic bismuth com-
pounds in which metal atoms are connected through oxido
bridges®™ ! have also been synthesized by similar ap-
proaches.

The common problem associated with hydrolytic path-
ways is the inherent difficulty of composition control,*!?
which often results in the formation of mixtures of different
species. Herein we report on a new synthetic approach to
overcome this problem. We attempted to obtain bismuth
oxido clusters using diketonate co-ligands that are known to
serve as modifiers to prevent hydrolysis of oxido species!"
and as surface capping groups to stabilize nanoscale building
blocks.""! For this purpose we proposed controlled introduc-
tion of oxido centers by using a “non-innocent” fluorinated
tetraol, a deprotonated form of which has been hypothe-
sized!"™ to generate both oxido and diketonate (B-dik) ligands
on decomposition. Thus, the first bismuth oxido diketonate
complex [BiyO,(pB-dik),5] (1) was isolated and fully charac-
terized. Moreover, its subsequent aggregation in solution led
to a remarkable nanosized molecule, [BigO4s(B-dik),] (2),
which contains the largest homometallic bismuth oxido
cluster reported to date.

The fluorinated bis(gem-diol) 1,1,1,5,5,5-hexafluoropen-
tane-2,2,4,4-tetraol (H,hfpt) can be instantly obtained" by
hydration of hexafluoroacetylacetone (Hhfac). We have
shown that in the presence of a proton acceptor H,hfpt acts
as a controlled source of both diketonate and oxido groups by
undergoing facile cleavage of two C—O bonds (Scheme 1).
The first bismuth oxido diketonate was obtained in quanti-
tative yield by reaction of triphenylbismuth with H,hfpt and
Hhfac [Eq. (1)].
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18 [Bi(C4Hs);] + 7 Hyhfpt 4+ 19 Hhfac — 1
2 [Bi, O, (hfac) ;) (1) + 54 CsH @

The composition of 1 was established by elemental
analysis and single-crystal X-ray structure determination. X-
ray powder diffraction analysis confirmed the purity of the
bulk polycrystalline reaction product and its structural
identity with the single crystals.

The crystal structure of 1% features bismuth atoms in two
distinctly different chemical and coordination environments
(Figure 1). Six bismuth atoms form a slightly distorted
octahedron, seven faces of which are centered by oxido
groups. The eighth face is unsymmetrically capped with an
oxygen atom from one of the diketonate ligands. Three of the

Figure 1. Molecular structure of [Bi,O;(hfac)y;] (1). Only the core
bismuth (orange) and oxygen atoms (red) are shown as balls. Fluorine
and hydrogen atoms of the f-diketonate ligands are omitted for clarity.
Bond lengths [A]: Bi—O(oxido) 2.091(4)-2.485(4), Bi—O(hfac)
2.193(4)—2.831(5) (see Supporting Information for further details).

seven oxido groups centering the octahedron act as p,-bridges
to which Bi(hfac), (x=3 or 4) arms are attached. This
structure directly resembles the oxido alkoxide and oxido
silanolate clusters [Big(1s-O)4{ps-OBi(OR),}5(13-OR)] (R=
CFs, SiMe;™)) described recently. However, the latter are
slightly different in that the eighth face of the Big core is
centered by a p;-OR group, and all three arms have four OR
ligands coordinated to the bismuth atom.

The structure of 1 helps to explain the behavior of this
nonanuclear compound in solution. The molecule remains
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intact in noncoordinating solvents such as dichloromethane
(low solubility) according to NMR spectroscopy (Fig-
ure 2a,b) and mass spectrometry. Single peaks observed for
both 'H and "F in the NMR spectra of 1 indicate that the
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Figure 2. 'H and "F NMR spectra of 1 in CD,Cl, (a,b), 1 in (CD;,),CO
(c,d; peaks marked with an asterisk correspond to [Bi(hfac);], and 2 in
(CD4),CO (e, f) at room temperature.

diketonate ligands exhibit fluxional behavior in solution at
room temperature. The solubility of 1in CH,Cl, is essentially
increased by addition of a small amount of Hhfac to the
solution, and single crystals of 1 can be grown therefrom by
layering with hexanes. On the other hand, in coordinating
solvents (acetone, THF, acetonitrile) dissociation of the
nonanuclear core molecule occurs, as evidenced by the
appearance of two peaks in both 'H and F NMR spectra
(Figure 2¢,d). One peak in each spectrum was identified as
corresponding to the solvated form of [Bi(hfac);]. Mass
spectrometric investigation of the acetone solution containing
1 revealed a series of new peaks centered around 5030, 5467,
5903, 6374, 6749, 7250, 7658, and 8062 Da (Figure 3a). These
peaks indicate aggregation processes of the Bi—oxido core in
acetone, since the molecular mass of the initial [Bi,O,(hfac),s]
cluster is 4684. After one week, the single group of peaks
observed around 12230 Da in the mass spectrum of the above
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Figure 3. Negative-ion MALDI-TOF mass spectra of 1 in acetone
a) immediately on dissolution and b) after one week.
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solution (Figure 3b) confirmed that a high-nuclearity species
was formed.

The crystal structure of the new oxido diketonate product
20 obtained from solution revealed a giant [BisgO,s]*** core
cluster with 24 diketonate groups located on its surface
(Figure 4a). The nearly spherical molecule of 2 has a size of

Figure 4. a) Molecular structure of [Bi;3O,s(hfac),,] (2). Only the core
bismuth (orange) and oxygen atoms (red) are shown as balls. b) BisO,
core unit. Bond lengths [A]: Bi—O(ug) 2.52-2.62, Bi—O(u,) 2.27-2.47
(see Supporting Information for further details).

about 21 A and contains the largest known homometallic
bismuth oxido cluster. A unit with more bismuth atoms was
recently found®™ in the heterometallic  cluster
[Bis,Na,O4(OH),]**". Within the bismuth oxido core a
central Bis unit can be identified whose metal atoms are
connected only to oxido centers. All other 32 bismuth atoms
are coordinated to both oxido and diketonate ligands, though
eight of those that are directly attached to the p,-O atoms of
the central core make relatively long (2.69-3.08 A) contacts
with capping groups. The central unit consists of an octahe-
dron of bismuth atoms, each face of which is centered by an
oxido ligand (Figure 4b). In addition, a ps-O atom, which is
unique for homometallic bismuth oxido clusters, resides at the
center of the octahedron, on an inversion center. The
molecule of 2 has no other symmetry elements. The surface
diketonate ligands exhibit some degree of disorder; never-
theless, they could be successfully refined, and the whole
structure is thus well ordered.

Alternatively, the structure of the bismuth oxido cluster in
2 can be described as assembled from 13 octahedral edge-
sharing Bi4 units. The arrangement of bismuth atoms is close
to an fcc structure in which all of the tetrahedral and some of
the octahedral voids are occupied by oxygen atoms. While the
basic structural motif in 2 resembles that in $-Bi,O;, the
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individual Bi—O bond lengths and Bi-O-Bi bond angles show
some significant deviations.

Aggregation of the bismuth oxido cluster occurs on
dissociation of [Bi(hfac);] from 1 according to Equation (2).

45 [BiyO, (hfac),s] — 7 [BisOus (hfac)] (2) + 139 [Bi(hfac)s] 2)

Integration of the NMR spectrum in THF gave a proton
ratio for 2:[Bi(hfac);] of 29.8:70.2 (the theoretical value is
28.7:71.3). Such ligand redistribution in polar solvents is a
well-known phenomenon!'”! for heteroleptic metal p-diketo-
nates. While 2 is insoluble in noncoordinating and aromatic
solvents, the striking feature of this giant molecule is its
solubility without decomposition in coordinating solvents
such as acetone, THF, acetonitrile, DMSQO, alcohols, and
diethyl ether. Oxido diketonate 2 can be recrystallized from
these solutions, for which both 'H and ’F NMR spectra show
single peaks (Figure 2e,f), and the mass spectrum is similar to
that shown in Figure 3b.

In conclusion, we have demonstrated that a fluorinated
tetraol indeed functions as a source of both diketonate and
oxido groups in the presence of a base acting as an irreversible
proton sink. This synthetic pathway has been confirmed by
the isolation of the first bismuth oxido diketonate [Bi,O,-
(hfac),5] in quantitative yield. Our preliminary results indicate
that oxido diketonates of other metals can be obtained by this
approach. Importantly, the technique can also be applied to
the synthesis of heterometallic oxido diketonates that are
immediate precursors for functional oxide materials. We
found that in coordinating solvents the nonanuclear oxido
diketonate undergoes dissociation of [Bi(hfac);] followed by
aggregation into the giant oxido cluster [BiyOys(hfac),,]. The
latter could serve as a model for studying the chemistry of
bismuth oxide nanoparticles. Moreover, the assembly of this
molecule shows the way for construction of other nanosized
oxido clusters of metals that exhibit a similar coordination
environment in their oxido compounds, such as lead and the
lanthanides.

Received: April 28, 2006
Revised: May 25, 2006
Published online: July 26, 2006

Keywords: bismuth - cluster compounds - O ligands -
oxido ligands

[1] a) L. G. Hubert-Pfalzgraf, J. Mater. Chem. 2004, 14, 3113;
b) L. G. Hubert-Pfalzgraf, Inorg. Chem. Commun. 2003, 6, 102;
¢) V. G. Kessler, Chem. Commun. 2003, 1213; d) N. Ya. Turova,
E. P. Turevskaya, V. G. Kessler, M. 1. Yanovskaya, J. Sol-Gel Sci.
Technol. 1994, 2, 17.

[2] a) G. Fornasieri, L. Rozes, S. Le Calve, B. Alonso, D. Massiot,
M. N. Rager, M. Evain, K. Boubekeur, C. Sanchez, J. Am. Chem.
Soc. 2005, 127, 4869; b) U. Schubert, J. Sol-Gel Sci. Technol.
2004, 31, 19; c) F. R. Kogler, M. Jupa, M. Puchberger, U.
Schubert, J. Mater. Chem. 2004, 14, 3133.

[3] a) K. H. Thompson, C. Orvig, Science 2003, 300, 936; b) G. G.
Briand, N. Burford, Chem. Rev. 1999, 99, 2601; c) Z. Guo, P. J.
Sadler, Angew. Chem. 1999, 111, 1610; Angew. Chem. Int. Ed.

Angew. Chem. 2006, 118, 5574-5577

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

1999, 38, 1512; d) P. J. Sadler, H. Li, H. Sun, Coord. Chem. Rev.
1999, 185-186, 689.

[4] N. Ya. Turova, Russ. Chem. Rev. 2004, 73, 1041.

[5] J. H. Thurston, D. C. Swenson, L. Messerle, Chem. Commun.
2005, 4228.

[6] K. H. Whitmire, S. Hoppe, O. Sydora, J. L. Jolas, C. M. Jones,
Inorg. Chem. 2000, 39, 85.

[7] L. Liu, L. N. Zakharov, A. L. Rheingold, T. A. Hanna, Chem.
Commun. 2004, 1472.

[8] a) D. Mansfeld, M. Mehring, M. Schiirmann, Angew. Chem.
2005, 7117, 250; Angew. Chem. Int. Ed. 2005, 44, 245; b) M.
Mehring, D. Mansfeld, S. Paalasmaa, M. Schiirmann, Chem. Eur.
J. 2006, 12, 1767.

[9] V. V. Sharutin, I. V. Egorova, O. K. Sharutina, T. K. Ivanenko,
N. Yu. Adonin, V. F. Starichenko, M. A. Pushilin, A. V. Gerasi-
menko, Russ. J. Coord. Chem. 2005, 31, 2.

[10] M. Mehring, M. Schiirmann, Chem. Commun. 2001, 2354.

[11] a) J. W. Pell, W. C. Davis, H. C. zur Loye, Inorg. Chem. 1996, 35,
5754; b) S. Parola, R. Papiernik, L. G. Hubert-Pfalzgraf, S.
Jagner, M. Hakansson, J. Chem. Soc. Dalton Trans. 1997, 4631,
¢) S. Parola, R. Papiernik, L. G. Hubert-Pfalzgraf, C. Bois, J.
Chem. Soc. Dalton Trans. 1998, 737; d) J. H. Thurston, K. H.
Whitmire, Inorg. Chem. 2003, 42, 2014; e) M. Mehring, S.
Paalasmaa, M. Schiirmann, Eur. J. Inorg. Chem. 2005, 4891.

[12] C.D. Chandler, C. Roger, M. J. Hampden-Smith, Chem. Rev.
1993, 93, 1205.

[13] a) U. Schubert, J. Mater. Chem. 2005, 15, 3701; b) L. G. Hubert-
Pfalzgraf, H. Guillon, Appl. Organomet. Chem. 1998, 12, 221,
c) T. Kemmitt, M. Daghish, Inorg. Chem. 1998, 37, 2063; d) F.
Ribot, P. Toledano, C. Sanchez, Chem. Mater. 1991, 3, 759.

[14] U. Schubert, Chem. Mater. 2001, 13, 3487.

[15] E. Bouwman, K. G. Caulton, G. Christou, K. Folting, C. Gasser,
D. N. Hendrickson, J. C. Huffman, E. B. Lobkovsky, J. D. Martin,
P. Michel, H.-L. Tsai, Z. Xue, Inorg. Chem. 1993, 32, 3463.

[16] X-ray crystal data for 1: BiyC¢sH;3F;5043, M, =4684.57, mono-
clinic, P2,/c, a=16.7517(8), b =25. 4542(11) c=26.0444(12) A,

B =96.8500(10)°, V 11026.1(9) A>, Z=4. For 2:
BisgCio0H 4 F 144093, M, =13630.63, monoclinic, P2,/n, a=
20.4459(12), b =28.3746(16), c=21.3740(12) A, B=

93.3470(10)°, V=12378.9(12) A%, Z=2. See Supporting Infor-
mation for more details. CCDC 604688 and 604689 (1 and 2)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

[17] a) J. H. Wengrovius, M. F. Garbauskas, E. A. Williams, R. C.
Going, P. E. Donahue, J. F. Smith, J. Am. Chem. Soc. 1986, 108,
982;b) V. G. Kessler, S. Gohil, S. Parola, Dalton Trans. 2003, 544.

www.angewandte.de

Chemie

5577



