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Cp*2Ti(OTf) (2) was prepared by oxidation of the known
(alkyne)titanocene complex Cp*2Ti(η2-Me3SiC2SiMe3) with
Fe(OTf)3. This reaction is highly selective; formation of
Cp*2Ti(OTf)2 by using an excess of the oxidizing agent was
not observed. Complex 2 was treated with water to give

Introduction

Titanocene complexes in the oxidation state +3 have
shown to be relevant for a wide range of organometallic
stoichiometric and catalytic applications, e.g. epoxide ring
opening[1] and polymerization reactions.[2] Several ap-
proaches for the preparation of TiIII complexes are de-
scribed in the literature; however, some of these have signifi-
cant disadvantages. The reduction of TiIV compounds is ac-
companied by the formation of side products, which are
formed by the incorporation of the reducing agent into the
Ti species.[3] Moreover, direct transmetalation of TiIII

compounds with appropriate ligand(s) is possible, e.g.
[Cp2TiCl]2 can be obtained from TiCl3 and CpTl.[4] Further
functionalizations of TiIII complexes are possible by using
halide exchange reactions. Teuben et al. have shown that
Cp*2TiCl (Cp* = η5-pentamethylcyclopentadienyl) is an ex-
cellent starting material for the synthesis of other com-
pounds of the type Cp*2TiX (X = Br, I, BH4, NMe2, OtBu,
O2CH) using the appropriate salt MX (M = Li, Na, K).[5]

Recently, Thewalt and Berhalter described the reduction of
Cp2Ti(OTf)2 with aluminum foil to give the TiIII species
Cp2Ti(OTf)·THF.[6] It is noteworthy that – similarly as ob-
served for (alkyne)metallocene complexes[7] – the presence
of an additional donor ligand is needed in this case. The
corresponding permethylated complex is hitherto unknown.
One obvious feature of titanocene(III) complexes is their
general ability to undergo both, reduction reactions to give
TiII species as well as oxidation reactions to yield TiIV com-
pounds. This is interesting for investigations of redox pro-
cesses, e.g. water reduction.
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Cp*2Ti(OH)(OTf) (5) and hydrogen gas. This reaction was
monitored by GC and volumetric analysis. Complexes 2 and
5 were characterized by X-ray crystallography and investi-
gated by DFT analysis.

Results and Discussion

The (alkyne)titanocene complex 1 reacts with Fe(OTf)3

in toluene to give the decamethyltitanocene(III) triflate 2.
The complex can be isolated as a dark-green crystalline
solid in excellent yields (97%; Scheme 1). This complex can
also be obtained from the reaction of 1 with Yb(OTf)3;
however, purification of the product is more difficult due to
similar solubilities of the latter and the by-product Yb-
(OTf)2.

Scheme 1. Formation of complex 2.

Complex 2 was characterized by EPR spectroscopy. In
the solid state an anisotropic signal with axial distortion[8]

was found. The spectrum was simulated by using an axial
g tensor with g� = 1.9881 and g� = 1.8552 and a line width
of ΔB� = 28.6 G and ΔB� = 33.1 G (Figure 1).[9] In com-
parison to other Cp*2TiOR complexes,[10] this distortion is
rather high, as reflected by the splitting of the g tensor com-
ponents.

This can be due to the strongly electron-withdrawing
triflate ligand in 2, which might polarize the spin density
more towards this ligand. To support this fact, DFT calcu-
lations were conducted for 2 and other Cp*2TiOR com-
pounds with R = tBu, Me and CF3 in which the electronic
impact relative to each other can be evaluated. The analysis
of the Mulliken atomic spin densities located on the Ti cen-
ters shows a value of 1.092 in compound 2, 1.116 for R =
tBu, 1.113 for R = Me and 1.105 for R = CF3 (tBu � Me
� CF3 � OTf), which is in accordance to the +I effect of
the alkyl groups and the –I effect for CF3 and OTf (see
Supporting Information for details). Additionally, in mass
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Figure 1. CW EPR spectrum of complex 2 (solid line: experimental;
dotted line: simulated).

spectrometry a molecular ion peak was found at m/z = 467,
revealing the presence of complex 2.

The molecular structure of complex 2 is shown in Fig-
ure 2. The titanium center is coordinated by two Cp* li-
gands and a triflate group in a distorted trigonal-planar
coordination geometry. Additional stabilizing ligands as
seen before in the related complex Cp2Ti(OTf)·THF[6] are
not needed due to the steric demand of the permethylated
Cp ligands. The Ti1–O1 distance [2.078(1) Å] is longer than
in other trivalent titanocene complexes, e.g. Cp*2Ti-
(OSiPh3) (1.919 Å)[10a] and Cp*2Ti(OH) (1.889 Å).[10b]

Figure 2. Molecular structure of complex 2. Hydrogen atoms are
omitted for clarity. The thermal ellipsoids correspond to 30% prob-
ability. Selected bond lengths [Å] and angles [°]: Ti1–O1 2.078(1),
O1–S1 1.472(1), S1–O2 1.419(2), S1–O3 1.415(2), S1–C21 1.816(2);
Ti1–O1–S1 169.0(1), O1–S1–O2 113.1(1), O1–S1–O3 114.1(1), O1–
S1–C21 101.5(1), O2–S1–O3 117.6(1), O2–S1–C21 104.9(1).

Most remarkably, the formation of complex 2 from 1 is
highly selective to yield exclusively complex 2. A twofold
oxidation to yield Cp*2Ti(OTf)2 (3) was not observed.
Nonetheless, DFT calculations revealed the presence of a
minimum structure for complex 3. Thus, it should in prin-
ciple be possible to prepare this compound by using an-
other method. The synthesis of Cp2Ti(OTf)2 was described
by Luinstra, who used Cp2TiMe2 and HOTf.[11] A similar
approach was used for the corresponding permethylated
complex. However, from the reaction of Cp*2TiMe2 with
HOTf the dinuclear bridged species [(Cp*)Ti(μ-OH)-
(OTf)(μ-OTf)]2 (4) was isolated and investigated by X-ray
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analysis (see Supporting Information for details). This com-
plex and its molecular structure were described before by
Welch et al.[12] NMR spectroscopic data of this complex
resemble those found in the literature. Investigations on the
synthesis of 3 are ongoing and will be part of future publi-
cations.

Complex 2 can be treated with water to give the TiIV

complex 5, which can be obtained from toluene as a brown
crystalline solid in moderate yields (66%; Scheme 2). In ad-
dition, a light-blue by-product is formed; unfortunately the
exact constitution of this species could not be identified.
However, EPR and NMR spectroscopic measurements sug-
gest the existence of a paramagnetic TiIII complex; results
from elemental analysis imply the presence of the complex
[Cp*2Ti(H2O)2](OTf) (6). Interestingly, if the hydrolysis of
complex 2 is performed at lower temperatures (T = 5 °C)
or with an excess of water this blue, toluene-insoluble com-
pound is formed exclusively, whereas a reaction temperature
of T = 80 °C results in the exclusive formation of complex
5. Heating of a suspension of the paramagnetic species 6 in
toluene to 80 °C yields the complex 5 and hydrogen (de-
tected by GC). Thus, [Cp*2Ti(H2O)2](OTf) (6) could be re-
ferred to as an intermediate for the formation of 5 from 2.

Scheme 2. Hydrolysis of complex 2.

1H NMR investigations of complex 5 have shown a sing-
let for the Cp* protons (δ = 1.74 ppm) as well as a singlet
in the downfield region for the OH proton at δ =
10.41 ppm. The molecular ion could not be found in mass
spectrometry; however, fragments due to the loss of the OH
group and the OTf group were identified at m/z = 467 and
335, respectively.

The molecular structure of complex 5 is depicted in Fig-
ure 3 and shows the metal center in a distorted tetrahedral
coordination environment. The Ti1–O4 bond length is as
expected [1.884(2) Å] and the same as found before in the
dihydroxido complex Cp*2Ti(OH)2 [1.892(3) and
1.891(3) Å].[13] The Ti1–O1 distance is longer [2.107(2) Å],
which can be attributed to the electron-withdrawing nature
of the Tf fragment. Moreover, this bond appears to be
slightly weaker than in complex 2.

Besides the calculation of spin densities to understand
the EPR spectra, a DFT study concerning the geometry in
complexes 2 and 5 was performed. Moreover, as mentioned
before, a search for a minimum structure for the hypotheti-
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Figure 3. Molecular structure of complex 5. Hydrogen atoms (ex-
cept H4) are omitted for clarity. The thermal ellipsoids correspond
to 30% probability. Selected bond lengths [Å] and angles [°]: Ti1–
O1 2.107(2), Ti1–O4 1.884(2), O1–S1 1.477(2), O2–S1 1.419(2),
O3–S1 1.421(2), C21–S1 1.823(3); O1–Ti1–O4 91.64(7), Ti1–O1–
S1 136.1(1), O1–S1–O2 114.3(1), O1–S1–O3 114.3(1), O1–S1–C21
99.5(1), O2–S1–O3 117.1(1), O2–S1–C21 104.8(1).

cal complex Cp*2Ti(OTf)2 was carried out. For all three
compounds the hybrid functional B3LYP[14] as im-
plemented in the Gaussian 09 suite[15] was used. For all
non-metal atoms the 6-31G(d) basis set and for Ti the
LANL2DZ[16] basis set with a pseudo-potential were used.
Analytical gradient calculations were performed on the
found stationary-point structures proving a minimum.
Furthermore, for compounds 2 and 5 minimum structures
were calculated by a more sophisticated method using the
M06 hybrid functional from Truhlar and Zhao.[17] This
functional has shown to give accurate results with mole-
cules in which dispersion effects occur as is the case in π-
bonded aromatic systems to metal atoms. The triple-ζ basis
set TZVP from Ahlrichs and co-workers[18] was used and
all electrons were taken into account even for the Ti centers.
The calculated bond parameters are in reasonable agree-
ment with the data obtained by X-ray crystallography; ex-
cept for the O–H bond length in complex 5, which is drasti-
cally overestimated (see Supporting Information for de-
tails).

The gaseous reaction product was analyzed by gas
chromatography and found to be exclusively hydrogen. This
result is of interest since the transition-metal-catalyzed gen-
eration of hydrogen from water is a hot topic in organome-
tallic chemistry.[19] However, in most cases the overall cata-
lytic cycles and the elemental steps are not understood very
well.[20] Stoichiometric reactions of water with transition
metal fragments such as shown in this contribution could
help to model the catalytic cycle and to understand the
mechanism of the overall reaction.

Conclusions

We have shown that oxidation of the (alkyne)titanocene
complex 1 with Fe(OTf)3 is a highly selective method for the
formation of the decamethyltitanocene(III) triflate 2. The
reaction of this complex with water to give complex 5 and
hydrogen gas can serve as a model reaction for water split-
ting. The general applicability and the scope of the prepara-
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tion method for the oxidation of metallocenes (e.g. use of
FeF3 to give metallocene fluorides) is currently studied in
our group; the results will be published in due course.

Experimental Section
General: All operations were carried out under argon with standard
Schlenk techniques or in a glovebox. Prior to use, non-halogenated
solvents (including [D6]benzene) were freshly distilled from sodium
tetraethylaluminate and stored under argon. Fe(OTf)3 and
Yb(OTf)3 were purchased from Sigma Aldrich and used as re-
ceived; Cp*2TiCl2 was purchased from MCAT (Metallocene Cata-
lysts & Life Science Technologies, Konstanz, Germany) and used
without further purification. Complex 1 was synthesized according
to published procedures.[21] The following spectrometers were used:
Mass spectra: MAT 95-XP. NMR spectra: Bruker AV 300; chemi-
cal shifts (1H, 13C) are given in ppm relative to SiMe4 and are
referenced to signals of the solvent used ([D6]benzene: δH = 7.16,
δC = 128.0). X-band EPR spectra were conducted with a CW-
Bruker EMX micro spectrometer by using an ER 4119HS-WI high-
sensitivity optical resonator with the following settings: microwave
power = 7.197 mW, frequency = 9.446 GHz, modulation frequency
= 100 kHz, and amplitude = 0.2 G. Gas chromatography: Agilent
Technologies 7890A, column: 60/80 Carboxen 1000 (Supelco), de-
tection: TCD. Melting points: sealed capillaries, Büchi 535 appara-
tus. Elemental analyses: Leco CHNS-932 elemental analyzer.

Preparation of Complex 2 from Fe(OTf)3: A mixture of complex 1
(2.191 g, 4.48 mmol) and Fe(OTf)3 (2.270 g, 4.51 mmol) was sus-
pended in toluene (40 mL) and stirred at 50 °C for 1 h. The color
of the reaction mixture changed from brown to dark-green. The
mixture was cooled to room temperature and filtered to give a
dark-green solution from which all volatiles were removed in vacuo.
The dark-green residue was washed with cold n-hexane and dried
in vacuo. Yield: 2.037 g (97%). M.p. 179–182 °C (dec., under Ar).
C21H30F3O3STi (467.39): calcd. C 53.96, H 6.47, S 6.86; found C
54.10, H 6.53, S 7.08. EPR: g� = 1.9881, g� = 1.8552; ΔB� =
28.6 G, ΔB� = 33.1 G. MS (CI, isobutane): m/z = 467 [M]+. Crystals
suitable for X-ray analysis were obtained from a toluene solution
at –78 °C.

Preparation of Complex 2 from Yb(OTf)3: A mixture of complex 1
(0.245 g, 0.50 mmol) and Yb(OTf)3 (0.620 g, 1.00 mmol) was sus-
pended in toluene (20 mL) and stirred at 60 °C for 3 d. The colour
of the reaction mixture slowly changed from brown to dark-green.
The mixture was cooled to room temperature and filtered to give
a dark-green solution from which all volatiles were removed in
vacuo. The dark-green residue was washed with cold n-pentane and
dried in vacuo. Yield: 0.227 g (98%). M.p. 192–205 °C (dec., under
Ar). C21H30F3O3STi (467.39): calcd. C 53.96, H 6.47, S 6.86; found
C 49.12, H 6.11, S 7.49. The product contains considerable
amounts of Yb salts, which could not be separated. MS (EI, 70 eV):
m/z = 467 [M]+, 335 [Cp*2TiO + H]+, 318 [Cp*2Ti]+.

Preparation of Complex 5: To a stirred solution of complex 2
(0.528 g, 1.13 mmol) in toluene (40 mL) was added degassed water
(41 μL). The reaction mixture was stirred at room temperature
overnight; during this time, the color changed from dark green to
reddish-brown, and a blue precipitate formed. The mixture was fil-
tered, and the filtrate was concentrated to dryness in vacuo to give
a brown crystalline solid, which was washed with cold n-hexane.
Yield: 0.360 g (66%). M.p. � 300 °C (under Ar). NMR ([D6]-
benzene, 300 MHz, 296 K): 1H: δ = 1.74 (s, 30 H, Cp*), 10.41 (s, 1
H, OH). 13C: δ = 11.7 (C5Me5), 127.0 (C5Me5). C21H31F3O4STi
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(484.40): calcd. C 52.07, H 6.45, S 6.62; found C 48.55, H 6.29, S
7.05. Despite repeated recrystallization no better results could be
obtained. MS (CI, isobutane): m/z = 467 [Cp*2Ti(OTf)]+, 335
[Cp*2Ti(OH)]+. Crystals suitable for X-ray analysis were obtained
from a saturated toluene solution at room temperature.

Preparation of Compound 6: To a solution of complex 2 (0.203 g,
0.43 mmol) in toluene (20 mL) was added an excess of degassed
water (1 mL, 55 mmol). While the emulsion brightened up to light-
green, it was stirred at ambient temperature for 10 min and sub-
sequently concentrated to dryness in vacuo. The light-blue residue
was washed with toluene (20 mL) and dried in vacuo. Yield: 0.211 g
(98%). M.p. 136 °C (dec., under Ar). C21H34F3O5STi (503.42):
calcd. C 50.10, H 6.81, S 6.37; found C 49.80, H 6.48, S 6.37.

Formation of Complex 5 and H2 from Complex 6: A suspension of
compound 6 (0.129 g, 0.25 mmol) in toluene (20 mL) was heated
to 80 °C, resulting in the initial formation of a green solution. The
mixture was stirred overnight, giving a dark-brown solution. A gas
sample was taken and analyzed by gas chromatography indicating
the presence of hydrogen as the only gaseous reaction product. The
solution was filtered and concentrated to dryness. NMR analysis
in [D6]benzene revealed the presence of complex 5 (see above).

Crystallographic Details: Diffraction data were collected with a
STOE-IPDS II diffractometer by using graphite-monochromated
Mo-Kα radiation. The structures were solved by direct methods
(SHELXS-97[22]) and refined by full-matrix least-squares tech-
niques on F2 (SHELXL-97[22]). DIAMOND was used for graphical
representations.[23]

Complex 2: C21H30F3O3STi, Mr = 467.41, dark-green crystal,
0.50 �0.50 �0.26 mm, monoclinic, space group P21/c, a =
14.7812(3) Å, b = 10.5697(3) Å, c = 14.6305(3) Å, β = 107.619(2)°,
V = 2178.54(9) Å3, Z = 4, ρcalcd. = 1.425 g cm–3, T = 200(2) K, μ =
0.533 mm–1, numerical absorption correction (max., min. trans-
mission: 0.9049, 0.7627), 41478 reflections collected, 5872 indepen-
dent reflections (Rint = 0.0319), 4763 reflections observed
[I �2σ(I)], 272 refined parameters, final R indices [I�2σ(I)]: R1 =
0.0378, wR2 = 0.1077, R indices (all data): R1 = 0.0469, wR2 =
0.1114.

Complex 4: C30H38F12O14S4Ti2, Mr = 1074.64, dark brown crystal,
0.55 �0.55 �0.30 mm, monoclinic, space group C2/c, a =
18.2889(8) Å, b = 10.5774(3) Å, c = 21.673(1) Å, β = 91.420(4)°, V

= 4191.3(3) Å3, Z = 4, ρcalcd. = 1.703 gcm–3, T = 150(2) K, μ =
0.696 mm–1, numerical absorption correction (max., min. trans-
mission: 0.7962, 0.6935), 30435 reflections collected, 4821 indepen-
dent reflections (Rint = 0.0599), 4010 reflections observed
[I �2σ(I)], 286 refined parameters, final R indices [I �2σ(I)]: R1 =
0.0467, wR2 = 0.1273, R indices (all data): R1 = 0.0549, wR2 =
0.1303.

Complex 5: C21H31F3O4STi, Mr = 484.42, red crystal,
0.50 �0.32 �0.13 mm, monoclinic, space group P21/n, a =
10.4879(3) Å, b = 19.9095(7) Å, c = 11.1274(4) Å, β = 106.578(3)°,
V = 2226.92(13) Å3, Z = 4, ρcalcd. = 1.445 gcm–3, T = 200(2) K, μ
= 0.528 mm–1, numerical absorption correction (max., min. trans-
mission: 0.9226, 0.7903), 35647 reflections collected, 5117 indepen-
dent reflections (Rint = 0.0435), 3427 reflections observed
[I �2σ(I)], 285 refined parameters, final R indices [I�2σ(I)]: R1 =
0.0387, wR2 = 0.0892, R indices (all data): R1 = 0.0642, wR2 =
0.0947.

CCDC-799902 (for 2), -799903 (for 5) and -799904 (4) 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.
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Supporting Information (see footnote on the first page of this arti-
cle): Details of the DFT calculations, including plots showing the
spin densities of complex 2 and Cp*2Ti(OMe), Cp*2Ti(OtBu) and
Cp*2Ti(OCF3).

Acknowledgments

The authors would like to thank the technical and analytical staff
of LIKAT for assistance. Financial support by the Federal Ministry
for Education and Research (BMBF) is gratefully acknowledged.

[1] a) A. Gansäuer, T. Lauterbach, H. Bluhm, M. Noltemeyer, An-
gew. Chem. 1999, 111, 3112–3114; Angew. Chem. Int. Ed. 1999,
38, 2909–2910; b) A. Gansäuer, C.-A. Fan, F. Keller, J. Keil, J.
Am. Chem. Soc. 2007, 129, 3484–3485; c) A. Gansäuer, C.-A.
Fan, F. Keller, P. Karbaum, Chem. Eur. J. 2007, 13, 8084–8090.

[2] a) G. Xu, S. Lin, Macromolecules 1997, 30, 685–693; b) G.
Piao, H. Goto, K. Akagi, H. Shirakawa, Polymer 1998, 39,
3559–3564.

[3] V. Varga, K. Mach, G. Schmid, U. Thewalt, J. Organomet.
Chem. 1994, 475, 127–137.

[4] L. E. Manzer, J. Organomet. Chem. 1976, 110, 291–294.
[5] J. W. Pattiasina, H. J. Heeres, F. van Bolhuis, A. Meetsma, J. H.

Teuben, Organometallics 1987, 6, 1004–1010.
[6] K. Berhalter, U. Thewalt, J. Organomet. Chem. 1991, 420, 53–

56.
[7] a) U. Rosenthal, A. Ohff, M. Michalik, H. Görls, V. V. Bur-

lakov, V. B. Shur, Angew. Chem. 1993, 105, 1228–1230; Angew.
Chem. Int. Ed. Engl. 1993, 32, 1193–1195; b) T. Beweries, V. V.
Burlakov, M. A. Bach, P. Arndt, W. Baumann, A. Spannen-
berg, U. Rosenthal, Organometallics 2007, 26, 247–249.

[8] J. A. Weil, J. R. Bolton, J. E. Wertz, Electron Paramagnetic Res-
onance: Elementary Theory and Applications, Wiley Intersci-
ence, New York, 1994, p. 97.

[9] The spectrum was simulated by using the Sim14S program:
G. P. Lozos, B. M. Hoffmann, C. G. Franz, Quantum Chemis-
try Programs Exchange, 1973, no. 265.

[10] a) V. Varga, I. Cisarova, R. Gyepes, M. Horacek, J. Kubista,
K. Mach, Organometallics 2009, 28, 1748–1757; b) M. Hor-
acek, R. Gyepes, J. Kubista, K. Mach, Inorg. Chem. Commun.
2004, 7, 155–159.

[11] G. A. Luinstra, J. Organomet. Chem. 1996, 517, 209–215.
[12] S. C. Ngo, P. J. Toscana, J. T. Welch, Helv. Chim. Acta 2002,

85, 3366–3382: Compound 4 crystallized in the triclinic space
group P1̄.

[13] P.-M. Pellny, V. V. Burlakov, W. Baumann, A. Spannenberg, U.
Rosenthal, Z. Anorg. Allg. Chem. 1999, 625, 910–918.

[14] a) A. D. Becke, Phys. Rev. A 1988, 38, 3098–3100; b) C. Lee,
W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785–789; c) B.
Miehlich, A. Savin, H. Stoll, H. Preuss, Chem. Phys. Lett. 1989,
157, 200–206.

[15] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B.
Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li,
H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Son-
nenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hase-
gawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai,
T. Vreven, J. A. Montgomery Jr., J. E. Peralta, F. Ogliaro, M.
Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Starov-
erov, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell,
J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M.
Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Ad-
amo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Mar-
tin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador,
J. J. Dannenberg, S. Dapprich, A. D. Daniels, Ö. Farkas, J. B.
Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox, Gaussian 09, Re-
vision A.02, Gaussian, Inc., Wallingford, CT, 2009.



Synthesis of Cp*2Ti(OTf) and Its Reaction with Water

[16] a) P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 270–283; b)
W. R. Wadt, P. J. Hay, J. Chem. Phys. 1985, 82, 284–298; c) P. J.
Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 299–310.

[17] Y. Zhao, D. G. Truhlar, Theor. Chem. Acc. 2008, 120, 215–241.
[18] A. Schaefer, C. Huber, R. Ahlrichs, J. Chem. Phys. 1994, 100,

5829–5835.
[19] Recent reviews: a) A. J. Esswein, D. Nocera, Chem. Rev. 2007,

107, 4022–4047; b) L. L. Tinker, N. D. McDaniel, S. Bernhard,
J. Mater. Chem. 2009, 19, 3328–3337.

[20] Recent examples: a) S. W. Kohl, L. Weiner, L. Schwartsburd,
L. Konstaninovski, L. J. W. Shimon, Y. Ben-David, M. A. Iron,

Eur. J. Inorg. Chem. 2011, 627–631 © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 631

D. Milstein, Science 2009, 324, 74–77; b) O. V. Ozerov, Chem.
Soc. Rev. 2009, 38, 83–87.

[21] V. V. Burlakov, A. V. Polyakov, A. L. Yanovsky, Yu. T. Struch-
kov, V. B. Shur, M. E. Vol�pin, U. Rosenthal, H. Görls, J. Or-
ganomet. Chem. 1994, 476, 197–206.

[22] G. M. Sheldrick, Acta Crystallogr., Sect. A 2008, 64, 112–122.
[23] K. Brandenburg, DIAMOND, version 3.1e, Crystal Impact

GbR, Bonn, Germany, 2007.
Received: November 22, 2010

Published Online: January 18, 2011


