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Introduction

Alkoxide ligands are extensively used as ancillary groups in
the synthesis of early transition metal complexes, since ade-
quate substitution patterns allow for an important modifica-
tion of the steric and electronic requirements of the metal
centre.[1]

Moreover, early transition metal alkoxide complexes are
the subject of considerable attention on account of their
fundamental role as precursors for homogeneous cata-
lysts[2,3] and their applications in the synthesis of glasses, ce-
ramics and organic–inorganic materials.[4] Besides, soluble
metallic alkoxides can also serve as models for heterogene-
ous systems. Particularly, early transition metal alkoxides
can be envisaged as models of heterogeneous catalyst sup-
ports[5] and early–late heterometallic complexes can be used
as models to provide insight into the chemistry at the inter-
face between a metal and its oxide support.[6]

On the other hand, chelating ligands are in the focus of
much attention as framework ligands for Groups 4 and 5
metal centres, because they usually yield kinetically stable
complexes.[7,8]

In this field we have recently described the synthesis of
the titanium alkoxide complex [TiCp* ACHTUNGTRENNUNG(O2Bz) ACHTUNGTRENNUNG(OBzOH)]
(1)[9] and herein we report that it shows noteworthy features
when compared to monoalkoxide or symmetric dialkoxide
complexes: 1) it can behave as a Brønsted acid and there-
fore it can react with metal–alkyl complexes yielding the
corresponding heterometallic complexes, and 2) the asym-
metric dialkoxide moiety can behave as a Brønsted base and
can be selectively protonated, while still remaining coordi-
nated to the metal centre yielding a cationic versatile build-
ing block in molecular architectures construction.
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Abstract: The heterometallic complex [TiCp* ACHTUNGTRENNUNG(O2Bz)2AlMe2] (2) has been synthes-
ised by reaction of [TiCp* ACHTUNGTRENNUNG(O2Bz) ACHTUNGTRENNUNG(OBzOH)] (1) with AlMe3 (Cp*=h5-C5Me5;
Bz=benzyl). Complex 1 reacts with HOTf to yield the cationic derivative [TiCp*-
ACHTUNGTRENNUNG(OBzOH)2]OTf (3) (HOTf=HSO3CF3). Compound 3 reacts with [{M ACHTUNGTRENNUNG(m-OH)-
ACHTUNGTRENNUNG(cod)}2] (M=Rh, Ir; cod=cyclooctadiene) to render the early–late heterometallic
complexes [TiCp* ACHTUNGTRENNUNG(O2Bz)2{M ACHTUNGTRENNUNG(cod)}2]OTf (M=Rh (4); Ir (5)). The molecular struc-
ture of complex 4 has been established by single-crystal X-ray diffraction studies.
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Results and Discussion

Complex 1 reacts with AlMe3 to yield the heterometallic
complex [TiCp* ACHTUNGTRENNUNG(O2Bz)2AlMe2] (2) (Scheme 1), which was
isolated as a red crystalline solid. According to the spectro-

scopic and analytical data we propose complex 2 to be a het-
erometallic compound with the aluminium atom bonded to
two methyl groups and to the methoxide moiety of both dia-
lkoxide ligands. The 1H and 13C NMR spectra of 2 fully
agree with the proposed structure. The 1H NMR spectrum
shows two singlet signals at d=�1.19 and �0.42 ppm with
an integral of 3H each; they are assigned to the methyl
groups bonded to the aluminium atom. On the other hand,
the spectrum shows a singlet at d=1.95 ppm with a relative
integral of 15H due to the protons of the Cp* ligand on the
titanium centre. The methylene protons of the alkoxide
group give rise to two doublet
signals at d=4.20 and 4.60 ppm
and the aromatic protons appear
as multiplet absorptions at d=

6.54, 6.72 and 6.96 ppm.
Complex 1 can be protonated

in a selective way with HOTf to
yield the cationic derivative
[TiCp* ACHTUNGTRENNUNG(OBzOH)2]OTf (3)
(Scheme 1), which was isolated
as an orange solid. The 1H NMR
spectrum of 3 in CD2Cl2 at room
temperature indicates that both
alkoxide ligands are in an equiv-
alent chemical environment. On
the other hand, the broadness of
the methylene signal points to a
slow rotation around the Ti�O

bond, probably because it is hindered by the additional co-
ordination of the oxygen atom from the OH group to the
metal centre. A 1H variable temperature (VT) NMR mea-
surement was carried out in CD2Cl2 in order to clarify this
point. It shows that at 233 K the interchange between forms
A and B (Scheme 2) is slow in the NMR timescale and,

therefore, the 1H NMR spectrum is fully resolved. It shows
that both methylene groups are in the same chemical envi-
ronment, exhibit an AB pattern and appear as two double
doublet signals. The OH protons give rise to a double of
doublets. Above 263 K, the signals, in the 1H NMR spec-
trum, became broad and at 291 K ( 200 MHz) the methylene
signals reach the coalescence.
Although the rapid exchange limit spectrum was not

reached in the temperature range allowed by the solvent,
these data point to the rapid interchange proposed in
Scheme 2 that requires the opening of the Ti�OH bond.
Complex 3 reacts with [{M ACHTUNGTRENNUNG(m-OH)ACHTUNGTRENNUNG(cod)}2] (M=Rh, Ir)

through a condensation reaction to yield the heterometallic
cationic complexes [TiCp* ACHTUNGTRENNUNG(O2Bz)2{M ACHTUNGTRENNUNG(cod)}2]OTf (M=Rh
(4); Ir (5)). Compounds 4 and 5 can be also prepared from
the reaction of the previously reported[9] complexes 6 or 7
and [M ACHTUNGTRENNUNG(OTf)ACHTUNGTRENNUNG(cod)] (Scheme 3).
1H and 13C NMR spectroscopic data point to a quite

asymmetric structure in both complexes, 4 and 5 ; both meth-
ylene groups in the alkoxide ligands are different. An out-
standing feature in both 13C and 1H NMR spectra is the
chemical shift of the signals corresponding to the aromatic
carbon and proton atoms, pointing to a quite different

Scheme 1.

Scheme 2.

Scheme 3.
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chemical environment for the aromatic rings. To establish
the molecular structure of these complexes a single-crystal
X-ray diffraction study of 4 was carried out. The results con-
firmed the structural predictions based on analytical and
spectroscopic data. Figure 1 shows an ORTEP diagram of 4.

The structure is built up of discrete trimetallic (TiRh2)
molecules in which one of the rhodium centres is bonded to
two oxygen atoms of the dialkoxide moiety and to the cod
ligand, while the second one is p-bonded to one of the aryl
groups and to cod. The remarkable features are discussed
below. Ti1�O4 and Ti1�O1 distances are somewhat longer
than those found in other titanium complexes with aryloxide
ligands.[10] On the other hand, Ti1�O3 and Ti1�O2 distances
are longer, as expected for bridging alkoxide ligands.[11] The
intermetallic Rh2�Ti1 distance compares well with that
found in compound 6.[9]

To analyze the preferences of the RhACHTUNGTRENNUNG(cod) moiety toward
the three alternative coordination sites of the Ti starting
complex, we have carried out a density functional study on
the deprotonated mononuclear complex [TiCp* ACHTUNGTRENNUNG(O2Bz)2]

�

(1’) and on dinuclear adducts [TiCp* ACHTUNGTRENNUNG(O2Bz)2RhACHTUNGTRENNUNG(cod)] (6)
with the three coordination modes shown below (6a–c).
The three isomers appear to correspond to minima in the

potential energy surface, with relative energies shown in
Table 1. In all cases the orbital occupations are consistent
with the formal oxidation states of TiIV and RhI. The most

stable coordination mode for Rh seems to be through the
alkoxo groups, followed by p coordination from a benzo
ring, while in the least stable isomer the Rh atom is coordi-
nated by the phenoxo oxygen atoms.
The fact that the reaction of 1 with one mol of Rh ACHTUNGTRENNUNG(cod)

leads to the alkoxo-bridged dinuclear complex (6)[9] is in ex-
cellent agreement with the larger stability of coordination
mode 6a. Also the coordination of a second RhI center
through the p system of a benzo ring is consistent with the
stability order reflected in Table 1, in the gas phase, in THF
and in dichloromethane. The lesser stability of the phenoxo-
bonded isomer 6c, relative to that of the alkoxo-bonded
isomer 6a, seems somewhat surprising at first sight. A closer
analysis of their optimized structures (Figure 2) indicates
that the coordination through the phenoxo groups has much
higher steric hindrance associated to the different orienta-
tion of the oxygen lone pair that places the Rh ACHTUNGTRENNUNG(cod) moiety
rather close to the Cp* ring. Such destabilizing steric repul-
sion is reflected in a variety of structural parameters of 6c :
1) one Me group of Cp* (singled out in Figure 2) deviates
significantly from the mean plane of the ring, 2) the Ti�O
distance of the phenoxo groups in 6c suffers a stronger elon-
gation upon coordination to Rh (0.29 V) than the corre-
sponding distance of the alkoxo groups in 6a (0.21 V) and
3) the Rh�O distance is 0.06 V longer when the coordina-
tion is through the phenoxo groups.
Even if the Rh�C bond lengths to the p-coordinated

benzo ring are somewhat longer in the optimized structure
6b than in the experimental trinuclear complex 4 (0.15 V in
average), similar structural features are found in both the
optimized and the experimental structures. Thus, the benzo
ring is seen to coordinate in an asymmetric way, suggesting
an h5 coordination compatible with the resonance form
shown in Scheme 4, with some C=O double bond character,
and consistent with the distribution of C�C, C=O and Rh�C

Figure 1. Structure of [TiCp*(O2Bz)2{Rh(cod)}2]OTf (4). Selected bond
lengths [V] and angles [8]: Ti1�O4 1.913(2), Ti1�O1 1.962(2), Ti1�O3
1.974(2), Ti1�O2 2.020(2), Rh2�O2 2.092(1), Rh2�O3 2.062(2), Rh2�Ti1
3.2436(4), C2�C3 1.409(4), C2�C7 1.427(4), C3�C4 1.415(4), C4�C5
1.400(5), C5�C6 1.409(4), C6�C7 1.427(4), C7�O1 1.310(3), C17�C18
1.395(3), C18�C19 1.392(4), C19-C20 1.379(4), C20�C21 1.395(4), C21�
C22 1.394(4), C22�O4 1.351(3); O3-Rh2-O2 72.38(6), O3-Ti1-O2
75.78(6), O4-Ti1-O1 86.75(7), C7-O1-Ti1 135.65(16), C22-O4-Ti1
124.28(14).

Table 1. Relative energies [kcalmol�1] of the three isomers 6a–c calculat-
ed in vacuo, in THF and in dichloromethane.

6a 6b 6c

gas phase 0.0 21.8 25.3
THF 0.0 25.1 30.5
dichloromethane 0.0 25.6 29.3
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bond lengths (Table 2). In contrast, the uncoordinated
benzo ring presents quite similar C�C bond lengths as ex-
pected for a fully delocalized ring. Such a description, which

suggests enhanced nucleophilicity of the coordinated benzo
ring, is further supported by the different Ti�O distances
presented by the Rh-coordinated and noncoordinated phe-
noxo groups: the coordinated group has Ti�O=1.962 V,
whereas the noncoordinated one presents Ti�O=1.913 V,
to be compared to the values shown by C=O�Ti and C�O�
Ti groups found in the Cambridge Structural Database, of
2.08(7) and 1.86(9) V.
Further computational evidence for the importance of the

h5 resonant form of the benzo group comes from the calcu-
lated atomic charges (Table 3), by comparing those of the p-

coordinated ring in 6b with the charges of the analogous un-
coordinated ring in the same compound, in the other two
isomers 6a and 6c, and with those in the mononuclear Ti
complex 1’. The phenoxo oxygen atom, for instance, is seen
to lose more electron density upon p coordination through
the carbon atoms in 6b than when directly coordinated to
Rh in 6c. The C7 atom, on the other hand, has practically
the same charge in all noncoordinated benzo rings, but be-
comes significantly more positively charged upon p coordi-
nation, whereas the negative charge on atoms C3 to C6 in-
creases as expected for the h5 resonant form.
In agreement with the reactivity expected for rhodium or

iridium arene complexes,[12] the p-coordinated benzo ring in
complexes 4 and 5 can be easily displaced by acetonitrile to
yield complexes 6 and 7 and the corresponding rhodium or
iridium cationic derivatives (Scheme 5).

Figure 2. Optimized structures of isomers 6a (top) and 6c (bottom)of the
dinuclear complex [TiCp*(O2Bz)2Rh(cod)], showing the different orien-
tation and steric requirements of the Rh(cod) fragment in the latter case,
as well as the significant deviation of one methyl group from the mean
Cp plane.

Scheme 4.

Table 2. Some bond lengths of the p-coordinated and non-coordinated
benzo rings.

coordinated non-coordinated
exptl 4 calcd 6b exptl 4 calcd 6b calcd 1’

Rh�C7 2.386 2.642
Rh�C2 2.373 2.499
Rh�C3 2.291 2.388
Rh�C4 2.265 2.292
Rh�C5 2.297 2.444
Rh�C6 2.293 2.567
C7=Op 1.310 1.272 1.351 1.340 1.326
C1�C2 1.508 1.513 1.497 1.514 1.511
C2�C3 1.409 1.398 1.395 1.397 1.393
C3�C4 1.415 1.423 1.392 1.396 1.400
C4�C5 1.400 1.426 1.379 1.397 1.398
C5�C6 1.409 1.391 1.395 1.394 1.394
C6�C7 1.429 1.449 1.393 1.410 1.411
C7�C2 1.426 1.457 1.413 1.413 1.418

Table 3. Calculated atomic charges of the optimized benzo groups and
phenoxo oxygen atom, obtained from a natural population analysis.

p-coordinated non p-coordinated
Atom 6b 6b 6a 6c 1’

Op �0.64 �0.69 �0.67 �0.72 �0.70
C7 +0.42 +0.34 +0.35 +0.36 +0.37
C2 �0.14 �0.13 �0.13 �0.12 �0.13
C3–C6 �1.11 �1.01 �1.00 �1.00 �1.05
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In summary, we have shown that the dialkoxide deriva-
tives [TiCp* ACHTUNGTRENNUNG(O2Bz) ACHTUNGTRENNUNG(OBzOH)] (1) and [TiCp*-
ACHTUNGTRENNUNG(OBzOH)2]OTf (2) are a versatile complexes for the con-
struction of heterometallic derivatives, which have several
available coordination positions. The preferences of the Rh-
ACHTUNGTRENNUNG(cod) moiety toward those coordination sites have been
evaluated by means of a density functional study of the de-
protonated mononuclear complex [TiCp* ACHTUNGTRENNUNG(O2Bz)2]

� (1’) and
the dinuclear adducts [TiCp* ACHTUNGTRENNUNG(O2Bz)2RhACHTUNGTRENNUNG(cod)] (6) .

Experimental Section

General procedures : The preparation and handling of described com-
pounds was performed with rigorous exclusion of air and moisture under
nitrogen atmosphere using standard vacuum line and Schlenk techniques.
All solvents were dried and distilled under a nitrogen atmosphere.

The following reagents were prepared by literature procedures: [TiCp*-
ACHTUNGTRENNUNG(O2Bz)ACHTUNGTRENNUNG(O2BzH)],

[9] [TiCp* ACHTUNGTRENNUNG(O2Bz)2M ACHTUNGTRENNUNG(cod],[9] [{Rh ACHTUNGTRENNUNG(m-OH) ACHTUNGTRENNUNG(cod)}2],
[13] [{Ir-

ACHTUNGTRENNUNG(m-OH) ACHTUNGTRENNUNG(cod)}2].
[14] The commercially available compounds like HOTf

were used as received from Aldrich.
1H and 13C NMR spectra were recorded on 200 Mercury Varian Fourier
Transform spectrometer. Trace amounts of protonated solvents were
used as references, and chemical shifts are reported in units of parts per
million relative to SiMe4.

Synthesis of [TiCp* ACHTUNGTRENNUNG(O2Bz)2AlMe2] (2): A solution of AlMe3 in heptanes
(0.59 mL, 1.18 mmol) was added to a solution of 1 (0.505 g, 1.18 mmol) in
toluene (5 mL). The resulting solution was stirred at room temperature
for 3 h and afterwards the solvent was removed under vacuum. The resi-
due was extracted with pentane an the solution was cooled down to
�25 8C for 48 h to yield red crystals of complex 2. Yield: 0.238 g, 42%;
1H NMR (200 MHz, C6D6): d=�1.19 (s, 3H; AlMe), �0.42 (s, 3H;
AlMe), 1.95 (s, 15H; Cp*), 4.20 (d, 2J ACHTUNGTRENNUNG(H,H)=12.83 Hz, 2H; CH2), 4.60
(d, 2J ACHTUNGTRENNUNG(H,H)=12.83 Hz, 2H; CH2), 6.54 (m, 2H; Ar), 6.72 (m, 4H; Ar),
6.96 ppm (m, 2H; Ar); 13C {1H} NMR: d=�11.0 (br, AlMe), �9.4 (br,
AlMe), 12.0 (s, Cp*), 65.9 (s, O-CH2), 117.0 (s, Ar), 119.3 (s, Ar), 125.3
(Cp*), 126.1 (s, Ar), 129.5 (s, Ar), 162.9 ppm (s, ipso); elemental analysis
calcd (%) for C26H33AlO4Ti: C 64.46, H 6.87; found: C 64.34, H 6.80.

Synthesis of [TiCp* ACHTUNGTRENNUNG(OBzOH)2]OTf (3): HOTF (0.068 mL, 0.77 mmol)
was added to a solution of 1 (0.329 g, 0.77 mmol) in toluene (5 mL). The
resulting solution was left to stand at room temperature for 14 h to allow
the formation of a red solid that was separated by filtration and charac-
terized as complex 3. Yield: 0.283 g (64%); 1H NMR (200 MHz, CD2Cl2,
RT): d=2.13 (s, 15H; Cp*), 4.72 (br, 4H; OCH2), 6.77 (m, 2H; Ar), 6.86
(m, 2H; Ar), 7.13 (m, 2H; Ar), 7.28 (m, 2H; Ar), 8.38 ppm (s, 2H; OH);
19F NMR: d=�78.4 ppm (s, OTf); 13C {1H} NMR : 12.8 (s, Cp*), 66.9 (s,
O-CH2), 117.5 (s, Ar), 121.6 (s, Ar), 123.8 (Cp*), 127.6 (s, Ar), 130.9 (s,
Ar), 133.9 (s, ipso Ar), 163.5 ppm (s, ipso); 1H NMR (200 MHz, CD2Cl2,
233 K): d=2.08 (s, 15H; Cp*), 4.53 (dd, 2J ACHTUNGTRENNUNG(H,H)=11.9 Hz, 3J ACHTUNGTRENNUNG(H,H)=
1.9 Hz, 2H; CH2) 4.83 (dd,

2J ACHTUNGTRENNUNG(H,H)=11.9 Hz; 3J ACHTUNGTRENNUNG(H,H)=3.4 Hz, 2H;
CH2), 6.77 (m, 2H; Ar), 6.86 (m, 2H; Ar), 7.13 (m, 2H; Ar), 7.28 (m,
2H; Ar), 8.35 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.4 Hz, 3J ACHTUNGTRENNUNG(H,H)=1.9 Hz, 2H; CH2, OH); el-

emental analysis calcd (%) for
C25H29F3O7STi: C 51.91, H 5.05;
found: C 52.39, H 5.23.

Synthesis of [TiCp* ACHTUNGTRENNUNG(O2Bz)2{Rh-
ACHTUNGTRENNUNG(cod)}2]OTf (4): Dichloromethane
(60 mL) was added to a mixture of
complex 3 (0.143 g, 0.25 mmol) and
[{Rh ACHTUNGTRENNUNG(m-OH) ACHTUNGTRENNUNG(cod)}2] (0.113 g,
0.25 mmol). The solution was stirred
at room temperature for 1 h and then
the solvent was removed under
vacuum. The residue was washed

twice with Et2O and identified as complex 4 (0.184 g, 74%).
1H NMR

(200 MHz, CDCl3): d=1.87 (br, 8H; cod), 2.15 (m, 2H; cod), 2.21 (s,
15H; Cp*), 2.32 (m, 4H; cod), 2.60 (m, 2H; cod), 3.80 (m, 4H; cod,
OCH2), 4.00 (m, 1H; cod), 4.13 (m, 3H; cod), 4.34 (m, 2H; cod), 4.87
(m, 2H; OCH2), 5.41 (m, 1H; Ar), 6.07 (m, 1H; Ar), 6.34 (m, 2H; Ar),
6.66 (m, 1H; Ar), 6.78 (m, 1H; Ar), 6.87 (m, 1H; Ar), 7.06 ppm (m, 1H;
Ar); 19F NMR: d=�79.2 ppm (s, OTf); 13C{1H} NMR: d=13.1 (s, Cp*),
30.2 (s, cod), 30.5 (s, cod), 31.2 (s, cod), 31.8 (s, cod), 32.0 (s, cod), 32.7 (s,
cod), 67.4 (s, O-CH2), 69.9 (s, O-CH2), 75.0 (d,

1J ACHTUNGTRENNUNG(C,Rh)=14.93 Hz, cod),
76.5 (d, 1J ACHTUNGTRENNUNG(C,Rh)=15.47 Hz, cod), 76.8 (d, 1J ACHTUNGTRENNUNG(C,Rh)=13.33 Hz, cod), 77.1
(d, 1J ACHTUNGTRENNUNG(C,Rh)=15.47 Hz, cod), 77.3 (d, 1J ACHTUNGTRENNUNG(C,Rh)=14.40 Hz, cod), 78.9 (d,
1J ACHTUNGTRENNUNG(C,Rh)=12.80 Hz, cod), 92.2 (s, Ar), 93.4 (d, 1J ACHTUNGTRENNUNG(C,Rh)=3.05 Hz, Ar),
100.6 (s, Ar), 105.9 (d, 1J ACHTUNGTRENNUNG(C,Rh)=3.06 Hz, Ar), 111.5 (s, Ar), 115.8 (s,
Ar), 119.1 (s, Ar), 124.3 (s, Ar), 126.0 (s, Ar), 129.2 (s, Ar), 130.8 (Cp*),
151.2 (s, Ar), 164.1 ppm (s, Ar); elemental analysis calcd (%) for
C41H51F3SO7Rh2Ti: C 49.31, H 5.15; found: C 49.28, H 5.37.

Synthesis of [TiCp* ACHTUNGTRENNUNG(O2Bz)2{Ir ACHTUNGTRENNUNG(cod)}2]OTf (5): Dichloromethane (60 mL)
was added to a mixture of complex 3 (0.118 g, 0.20 mmol) and [{IrACHTUNGTRENNUNG(m-
OH) ACHTUNGTRENNUNG(cod)}2] (0.127 g, 0.20 mmol) . The solution was stirred at room tem-
perature for 1 h and then the solvent was removed under vacuum. The
residue was washed twice with Et2O and identified as complex 5 (0.196 g,
81%). 1H NMR (200 MHz, CD2Cl2): d=1.20–2.20 (m, 12H; cod), 2.31 (s,
15H; Cp*), 2.42 (m, 4H; cod), 3.43 (m, 1H; cod), 3.78 (m, 1H; cod),
4.00 (d, 2J ACHTUNGTRENNUNG(H,H)=14.30 Hz, 1H; CH2), 4.10 (m, 6H; cod), 4.37 (d,

2J-
ACHTUNGTRENNUNG(H,H)=13.20 Hz, 1H; CH2), 4.84 (d,

2J ACHTUNGTRENNUNG(H,H)=14.30 Hz, 1H; CH2), 5.11
(d, 2J ACHTUNGTRENNUNG(H,H)=13.20 Hz, 1H; CH2), 5.40 (m, 1H; Ar), 5.77 (m, 1H; Ar),
6.29 (m, 1H; Ar), 6.44 (m, 1H; Ar), 6.73 (m, 2H; Ar), 7.00 (m, 1H; Ar),
7.12 ppm (m, 1H; Ar); 13C {1H} NMR: d=13.0 (s, Cp*), 30.8 (s, cod),
31.3 (s, cod), 31.8 (s, cod), 32.4 (s, cod), 32.9 (s, cod), 34.7 (s, cod), 57.3.2
(s, cod), 57.4 (s, cod), 58.8 (s, Hz, cod), 59.0 (s, cod), 61.9 (s, cod), 64.2 (s,
cod), 67.6 (s, O-CH2), 70.8 (s, O-CH2), 82.4 (s, Ar), 91.3 (s, Ar), 94.2 (s,
Ar), 98.6 (s, Ar), 101.9 (s, Ar), 116.3 (s, Ar), 120.2 (s, Ar), 124.6 (s, Ar),
126.7 (s, Ar), 129.9 (s, Ar), 132.4 (Cp*), 151.1 (s, Ar), 164.2 ppm (s, Ar);
elemental analysis calcd (%) for C41H51F3SO7Ir2Ti: C 41.83, H 4.37;
found: C 41.48, H 4.42.

Computational methods : Density functional calculations were carried out
by using the GAUSSIAN98 package.[15a] The hybrid density functional
B3LYP method was applied.[15b,c] Effective core potentials (ECP) and
their associated double-z basis set, LANL2DZ, were used for transition
metals (Ti and Rh).[15d] A split-valence basis set with polarization func-
tions, 6–31G*, was used for the main group light elements (C, H and
O).[15e,f] Geometry optimizations were carried out on the full potential-
energy surface, without symmetry restrictions. Solvent effects were taken
into account through the PCM algorithm,[15g,h] using standard options of
PCM and cavity keywords,[15a] by calculating the energies with tetrahy-
drofuran and dichloromethane (e=7.58 and 8.93, respectively) as a sol-
vent at the geometries optimized for the gas phase (single-point calcula-
tions).

X-ray crystallography : A suitable red crystal of compound 4 of approxi-
mate dimensions 0.25Z0.10Z0.08 mm with prismatic shape was mounted
on a glass fiber and transferred to a Bruker SMART 6 K CCD area-de-
tector three-circle diffractometer with a rotating anode (CuKa radiation,
l=1.54178 V) generator equipped with Goebel mirrors at settings of
50 kV and 100 mA. X-ray data were collected at 100 K, with a combina-
tion of six runs at different f and 2q angles, 3600 frames. The data were
collected using 0.38 wide w scans (2 s per frame at 2q=408 and 10 s per

Scheme 5.
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frame at 2q=1008), crystal-to-detector distance of 4.0 cm. Crystallo-
graphic data: formula: C41H51F3O7Rh2STi; Mr=998.60; T=100(2) K;
crystal system: monoclinic; space group: P21/n ; a=9.4934(2), b=
33.1274(9), c=12.4706(4) V, a=908, b=93.1840(10)8, g=908, V [V3]=
3915.84(18), Z=4, 1calcd=1.694 Mgm

�3, m=9.481 mm�1; F ACHTUNGTRENNUNG(000)=2032; q
range for data collection: 2.67–68.678 ; index ranges: �11�h�11, �40�
k�40, �13� l�15; reflections collected: 29727; independent reflections:
6976 [R ACHTUNGTRENNUNG(int)=0.0306]; completeness to theta=68.678 : 96.4%; absorption
correction: semi-empirical from equivalents; data/restraints/parameters:
6976/0/501; goodness-of-fit on F2=1.034; final R indices [I>2s(I)]: R1=
0.0257, wR2=0.0679; R indices (all data): R1=0.0279, wR2=0.0694;
largest difference peak and hole: 0.786 and �0.366 eV�3.

The substantial redundancy in data allows empirical absorption correc-
tions (SADABS)[16] to be applied using multiple measurements of sym-
metry-equivalent reflections. The software package SHELXTL[17–19] ver-
sion 6.10 was used for space group determination, structure solution and
refinement. The structure was solved by direct methods (SHELXS-97)
,[18] completed with difference Fourier syntheses, and refined with full-
matrix least-squares using SHELXL-97[19] minimizing w(F2o�F2c)

2. All
non-hydrogen atoms were refined with anisotropic displacement parame-
ters. The hydrogen atom positions were calculated geometrically and
were allowed to ride on their parent carbon atoms with fixed isotropic U.

CCDC-604194 (4) 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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