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Ansa-Bridged Bis(benzene) Titanium Complexes

Holger Braunschweig,* Charlotte Brìckner, Mehmet Ali Celik, Klaus Dìck, Florian Hupp,
Thomas Kramer, Johannes Krebs, and Ivo Krummenacher[a]

Abstract: Taking advantage of an improved synthesis of
[Ti(h6-C6H6)2] , we report here the first examples of ansa-

bridged bis(benzene) titanium complexes. Deprotonation of
[Ti(h6-C6H6)2] with nBuLi in the presence of N,N,N’,N’’,N’’-pen-

tamethyldiethylenetriamine (pmdta) leads to the corre-
sponding 1,1’-dilithio salt [Ti(h6-C6H5Li)2]·pmdta that enables

the preparation of the first one- and two-atom-bridged com-

plexes by simple salt metathesis. The ansa complexes were
fully characterized (NMR spectroscopy, UV/Vis spectroscopy,

elemental analysis, and X-ray crystallography) and further
studied electrochemically and computationally. Moreover,

[Ti(h6-C6H6)2] is found to react with the Lewis base 1,3-dime-
thylimidazole-2-ylidene (IMe) to give the bent sandwich

complex [Ti(h6-C6H6)2(IMe)] .

Introduction

Just four years after Kealy, Pauson, Miller, Tebboth, and Trem-
aine published their landmark discoveries on ferrocene,[1] the

first bis(benzene) metal compound was isolated.[2] Although
ferrocene became an important organometallic reagent with

many applications in organic synthesis and material sciences
due to its high stability, ease of functionalization, and cheap

availability,[3] the chemistry of bis(arene) sandwich compounds

did not advance so rapidly. Among this class of compounds,
the non-iron-containing bis(benzene) derivatives [M(h6-C6H6)2]

(M = V, Cr, Mo) are one of the most widely used and studied
ones (Figure 1).[4] Common to these complexes is the possibili-

ty for functionalization by dilithiation, thereby providing access
to ansa sandwich compounds in which the two benzene li-
gands are connected by a short bridge.[5] The first examples for

such bridged bis(benzene) metal complexes were published by
Elschenbroich et al. who managed to isolate vanado- and chro-
moarenophanes with a silicon atom in the bridging position.[6]

After this seminal report, many investigations have focused on
the effect of the ansa bridge on the properties of these com-
plexes, which led to the preparation of Group 13 element- (B,

Al, Ga), Group 14 element- (Si, Ge, Sn), and transition-metal-
bridged (Zr) derivatives of [V(h6-C6H6)2] and [Cr(h6-C6H6)2] .[5a, 6, 7]

In contrast, the formation of ansa complexes derived from

[Mo(h6-C6H6)2] is a more challenging task. For instance, the re-
action of the dilithiated species [Mo(h6-C6H5Li)2]·tmeda

(tmeda = N,N,N’,N’-tetramethylethylenediamine) with the disi-

lane Cl2Si2Me4 leads to a mixture of the target product [Mo(h6-

C6H5SiMe2)2] , the unbridged sandwich complex, and the para-
cyclophane [Mo(h6-C6H5Si2Me4)2] . The generation of the cyclo-

phane side product in this process was attributed to the de-
protonation of [Mo(h6-C6H5SiMe2)2] by [Mo(h6-C6H5Li)2]·tmeda.[5d]

Nevertheless, the selective introduction of a single ansa bridge
has been achieved by the group of Mìller, who reported the

first main group element-bridged (Al, Ga, Si) [1]molybdoareno-

phanes.[8]

Like their better known bis(cyclopentadienyl) counterparts,

strained ansa bis(benzene) metal complexes possess many in-
teresting properties and reactivities.[3a, 5a, 6, 7b,e] Among the chem-

ical transformations, which include diboration and disilylation
reactions,[7f, 9] the ring-opening polymerization (ROP) is one of

the most widely studied reactions as it can provide access to

functional metallopolymers.[4d, 7b,d,g] Given that the macromolec-
ular properties of these polymers depend on both the nature
of the metal center and the bridging unit, the synthesis of
ansa-bridged precursors continues to be an important and

topical subject.[4e, 7b]

In view of this, the 16-electron complex [Ti(h6-C6H6)2] (1),

which is isoelectronic to troticene [Ti(h5-C5H5)(h7-C7H7)] , has
sparked our interest. In spite of displaying interesting proper-
ties, such as catalytic or redox activity,[10] no ansa derivatives

have been reported to date. This is in part due to its difficult
synthesis, traditionally involving metal vapor co-condensation

techniques that are very demanding in their experimental
setup (see Scheme 1).[11] However, the group of Bçnnemann

achieved a more straightforward, condensed-state synthesis of

compound 1 with ordinary laboratory equipment through the
reduction of TiCl4 with K[BEt3H] in benzene solution by using

ultrasound (Scheme 2).[12]

Herein, we report an improvement to the synthesis of Bçn-

nemann et al. of bis(benzene) titanium (1) and describe its first
ansa-bridged derivatives.
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Results and Discussion

Improved synthesis of [Ti(h6-C6H6)2] (1)

For the preparation of bis(benzene) titanium (1) we followed

the arguably most straightforward route by Bçnnemann
et al.[12] By using benzene as solvent, instead of a solvent mix-

ture, vigorously stirring the reaction mixture, and maintaining
a low temperature during the work-up procedure, we were

able to reproducibly improve the yield from the reported 11 %

to 21 %. The use of different reducing agents, such as K, KC8,
or Na, or a change of the reaction conditions (see Table S1 in

the Supporting Information for details), however, did not lead
to any further improvement in yield.

The composition of compound 1 is supported by NMR spec-
troscopy (1H NMR: d = 4.92 ppm, 13C{1H} NMR: d = 79.41 ppm)
and X-ray structure determination. Although the crystal struc-

ture of compound 1 has been previously reported in the litera-
ture, no structural data is available in the Cambridge Structural
Database.[13] This information is thus provided here. Crystals
suitable for X-ray structure analysis were grown from a saturat-

ed benzene solution at room temperature (Figure S1 in the
Supporting Information). The Ti¢C bond lengths in the linear

sandwich complex range from 224.1(2) to 224.7(2) pm with
a Ti¢XBz distance (Bz = benzene, XBz = centroid of the C6H6 or
C6H5 ring) of 174.8 pm, which is consistent with a parallel ar-

rangement of the benzene ligands (tilt angle a= 08, XBz-Ti-XBz

(d) = 1808, for definition of the angles see Figure 6 in the Ex-

perimental Section). Related bis(arene) titanium compounds
such as bis(toluene) titanium (a= 28, Ti¢XBz 174 pm) or bis(bi-

phenyl) titanium (a = 08, Ti¢XBz 178 pm) show similar structural

features.[14]

Reaction of [Ti(h6-C6H6)2] (1) with Lewis bases

The 16-electron configuration of compound 1 suggests that it
is able to coordinate ligands to give bent sandwich complexes.

Moreover, it is known from isoelectronic complexes, that is,
[Ti(h5-C5H5)(h7-C7H7)SiMe2] , that it is possible to form CO, isocy-

anide, and NHC (N-heterocyclic carbene) adducts.[15] We have
thus set out to study the reactivity of compound 1 towards

neutral Lewis bases. Addition of the N-heterocyclic carbene
1,3-dimethylimidazole-2-ylidene (IMe) to a solution of com-

pound 1 in C6D6 led to an instant color change of the solution
from deep red to brown (Scheme 3). After recrystallization,
adduct 2 was isolated in nearly quantitative yield.

The coordination of the carbene is supported by elemental

analysis, NMR spectroscopy, and X-ray crystallography. As
a result of the adduct formation, the 1H NMR resonances for

the benzene ligands show a distinct shift to lower frequen-

cies.[16] It is noteworthy that the 13C NMR resonance for the car-
bene carbon atom cannot be detected even by using high

concentrations or through 2D 13C–1H HSQC and HMBC experi-
ments. Single crystals of compound 2 were grown from a satu-

rated benzene solution at room temperature. Compound 2
crystallizes in the monoclinic space group P21/c (Figure 1). In-

creasing the coordination number on the titanium atom by
the two-electron-donating carbene leads to an elongation of
the Ti¢CBz distances (227.9(3)–240.2(3) pm, Ti¢XBz 186 pm)

compared to the parent compound 1. The Ti¢C(IMe) distance
(232.3(3) pm) in compound 2 can be compared with those in

a TiCl4–NHC adduct (219.4(7) pm) or adducts derived from the

isoelectronic ansa complex sila[1]troticenophane.[15e, 17] The dif-
ference in the bond length between the metal and the car-

bene is likely related to the different oxidation state of the
metal and the coordination environment. The molecule shows

a highly bent structure (a= 37.5(1), d = 146.78), in which the
ring plane of the NHC ligand is perpendicular to the XBz-Ti-XBz

Scheme 1. Preparation methods for bis(benzene) titanium through metal-
vapor co-condensation.

Scheme 2. Preparation of bis(benzene) titanium (1) through reduction of
TiCl4.

Scheme 3. Reaction of [Ti(h6-C6H6)2] (1) with the Lewis base IMe.

Figure 1. Molecular structure of [Ti(h6-C6H6)2(IMe)] (2). Hydrogen atoms are
omitted for clarity and only selected displacement ellipsoids, drawn at the
50 % probability level, are shown. Selected bond lengths [pm] and angles
[8]: Ti¢CBz 227.9(3)–240.2(3), Ti¢XBz 185.4 and 186.5, Ti¢C1 232.3(3),
a= 37.5(1), d= 146.7 (XBz = benzene ring centroid).
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axis. Similar structural distortions have been observed for the
adducts of trozircene (d= 147.58) or trohafcene (d =

147.58).[15c,e,f]

Further attempts to induce adduct formation with sterically

more demanding NHC ligands (i.e. , 1,3-dimesitylimidazol-2-yli-
dene (IMes), ItBu), other neutral Lewis bases (PR3, R = methyl,
ethyl, or cyclohexyl), or CO were unsuccessful.

Dilithiation of [Ti(h6-C6H6)2] (1)

With compound 1 in hand, we were able to carry out the se-
lective 1,1’-dimetalation of the benzene ligands with 2.5 equiv-

alents of nBuLi and N,N,N’,N’’,N’’-pentamethyldiethylenetria-

mine (pmdta, Scheme 4). [Ti(h6-C6H5Li)2]·pmdta (3·pmdta) was

obtained in 92 % yield as brownish-red solid. The 1H NMR spec-

trum recorded in D8[THF], which causes the displacement of
the pmdta molecules by the D8[THF] molecules, shows two

multiplets at d = 4.70 and 4.92 ppm in a 3:2 ratio for the pro-
tons of the benzene rings and signals for the free pmdta mole-

cules in the region d= 2.15–2.41 ppm, analogous to other dili-

thiated bis(benzene) metal complexes.[5d] The 13C{1H} and
7Li{1H} NMR spectra are also in agreement with the proposed

structure. Consistent with the 1H NMR spectrum, elemental
analysis indicates that there is one pmdta molecule associated

with one sandwich unit.

Synthesis of single- and double-atom-bridged titanoareno-
phanes

By using compound 3·pmdta as reagent in salt metathesis re-
actions with Group 14 element dihalides, a number of different

ansa bridges could be introduced. Treatment of the dilithiated
complex with 1,1,2,2-tetramethyldichlorodisilane or 1,1,2,2-tet-
ra(tert-butyl)dichlorodistannane at ¢78 8C and subsequent

warming to room temperature led to the isolation of the two-
atom-bridged complexes 4 and 5, respectively (Scheme 5).

After recrystallization, the titanoarenophanes were isolated as
deep red solids in moderate yields (36–46 %). The identity of
these compounds was unambiguously confirmed by elemental
analysis and NMR spectroscopy. The 1H NMR spectra of the sili-

con- and tin-bridged titanoarenophanes 4 and 5 display one

signal for the equivalent methyl and tert-butyl substituents (4 :
d= 0.29 ppm; 5 : d = 1.49 ppm, J(119Sn,1HtBu) = 66 Hz,

J(117Sn,1HtBu) = 63 Hz) and three multiplets with an intensity
ratio of 2:2:1 for the three inequivalent protons of the aromat-

ic benzene rings (4 : d= 5.14, 5.21, and 5.40 ppm; 5 : d = 5.06,
5.18, and 5.53 ppm).

In the same manner, we prepared the single-atom-bridged

titanoarenophanes (Scheme 5). The salt metathesis of com-
pound 3·pmdta with Cl2SiMe2, Cl2GeMe2, or Cl2SntBu2 resulted

in the isolation of the strained ansa complexes 6–8. After
work-up, the complexes were obtained in satisfactory yields

(i.e. , 6 : 32 %, 7: 43 %, 8 : 29 %) as light red to orange solids. The

composition of the compounds was confirmed by elemental
analysis and NMR spectroscopy. Whereas complexes 6 and 7
show a singlet for the methyl protons in the 1H NMR spectrum
(6 : d= 0.05 ppm; 7: d= 0.15 ppm), the resonance for the

methyl protons in complex 8 display additional tin satellites (8 :
d= 1.33 ppm, J(119Sn,1HtBu) = 71 Hz, J(117Sn,1HtBu) = 68 Hz). In con-

trast to the less distorted derivatives 4 and 5, one multiplet of

the ring protons in the single-atom-bridged compounds 6–8 is
shifted to lower frequencies (6 : d = 4.07 ppm; 7: d = 3.99 ppm;

8 : d= 4.44 ppm) compared to compounds 4 and 5. Similarly,
a characteristic shift of the resonances for the ring ipso-carbon

atoms to lower frequencies can be observed in the
13C{1H} NMR spectrum (4 : d= 87.11 ppm; 5 : d= 93.74 ppm vs.
6 : d = 40.41 ppm; 7: d= 35.47 ppm; 8 : d= 46.07 ppm).

The changes in the NMR chemical shifts are consistent with
the presence of a considerable amount of distortion in the
[1]titanoarenophanes 6–8, as similar observations were previ-
ously noted for ansa-ferrocenes and other metalloareno-

phanes.[6, 7, 18]

Additionally, the 13C{1H} NMR and the heteronuclear NMR

spectra (i.e. , 29Si{1H} or 119Sn{1H} NMR) of all compounds are in
agreement with the proposed structures. In the heteronuclear
NMR spectra of the single-atom-bridged compounds 6
(29Si{1H} NMR: d= 7.38 ppm) and 8 (119Sn{1H} NMR: d=

2.06 ppm) the expected downfield shift of the resonances can

be observed compared to the two-atom-bridged analogues 4
(29Si{1H} NMR: d=¢21.72 ppm) and 5 (119Sn{1H} NMR: d=

¢31.20 ppm), as previously reported for comparable ansa-met-

alloarenes.[6, 7f, 19]

It is also worth noting that for all complexes weak 1H NMR

signals for the formation of the free flytrap ligand were ob-
served within several hours, indicating some degree of thermal

instability in solution. Although no visible color change of the
solution can be observed, an insoluble black solid begins to

Scheme 4. Selective dilithiation of [Ti(h6-C6H6)2] (1).

Scheme 5. Conversion of [Ti(h6-C6H5Li)2]·pmdta (3·pmdta) to ansa sandwich
complexes.
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precipitate after a few hours. In the solid state, however, the
ansa complexes seem to be stable, as no color change can be

observed over time and the 1H NMR spectrum does not show
any signs of decomposition if acquired shortly after dissolu-

tion.

Molecular structures of the [1]- and [2]titanoarenophanes

X-ray crystal structure analyses could be performed on all ansa
complexes except compound 6. The crystallographic data for

the disila[2]titanoarenophane 4 (Figure 2) indicate that the dis-

tances between the metal and the carbon atoms of the ben-

zene ligands are within a narrow range of 223.7(1) to

226.6(1) pm with a Ti¢XBz distance of 174.0 pm (Si1¢Si2
234.1(1) pm). The two benzene rings are essentially eclipsed
but deviate from a parallel arrangement, as seen by the tilt
angle of a= 7.38 and the XBz-Ti-XBz angle of d= 174.78. The
Cipso¢Si bond is slightly bent out of the ring plane by b= 10.78.
Analogous systems with the transition metals vanadium and

chromium have comparable structures ([V(h6-C6H5SiMe2)2]: V¢
CBz 219.0(2)–220.9(3) pm, V¢XBz 168.1 and 167.6 pm, Si1¢Si2
234.22(8) pm, a= 4.4(2)8, d= 176.88 ; [Cr(h6-C6H5SiMe2)2]: Cr¢CBz

214.3(2)–216.0(3) pm, Cr¢XBz 161.6 and 162.2 pm, Si1¢Si2
233.94(8) pm, a= 2.8(2)8, d= 177.88).[5a, 6, 7]

As the crystallographic analysis of the sandwich compound
5 with a [Sn2tBu4] bridge (Figure 2) revealed two independent

molecules in the asymmetric unit with almost identical struc-

tural parameters, only one of the molecular structures will be
discussed. The incorporation of a distannane bridge leads to

only little distortion of the [Ti(h6-C6H5)2] unit, as illustrated by
the angles a= 2.6(3), d= 178.7, and bBz = 9.6/11.38. The metal–

carbon distances also only vary slightly (223.4(4)–227.0(4) pm)
and the Ti¢XBz distance (�174.6 pm) is almost unchanged

compared to that of the parent compound 4 (174.7 pm).[13]

However, the ansa bridge introduces a significant twist in the

eclipsed conformation of the benzene rings (Cipso-XBz-XBz-Cipso

(g) = 22.88). The structural parameters can be compared to that

of the isoelectronic complex [Ti(h5-C5H4SntBu2)(h7-C7H6SntBu2)] ,
which possesses similar tilt and torsion angles (Sn1-Sn2

283.22(5) pm, a= 2.0, bCp = 6.3, bCht = 18.7, g= 30.6(2) and d=

178.58 ; Cp = C5H4 ring, Cht = C7H6 ring).[19]

Although we could confirm the connectivity of the single-

atom-bridged complex 6 by single-crystal X-ray diffraction, the
quality of the data did not allow a detailed discussion of its
metric parameters. However, we were able to obtain high-qual-
ity diffraction data for the related [1]titanoarenophanes 7 and
8.

The X-ray structural analysis of compound 7 (Figure 3)

shows three independent molecules in the unit cell with simi-

lar geometrical parameters. Furthermore, the rings are consid-

erably tilted (a = 25.2(2), d= 159.18) and the bridging atom is
well removed from the plane formed by the benzene ligands

(bBz�33.18). The two Ge¢Cipso bonds form an angle of q =

91.4(2)8, a clear deviation from the ideal bond angle of a sp3-
hybridized germanium atom. The Ti¢C bond lengths, which
extend over the wide range 221.8(3) to 229.4(3) pm (Ti¢XBz =

174.3 pm) further illustrate the distorted geometry and signifi-
cant strain in the molecule. The geometrical parameters of
compound 7 are very similar to those of the isoelectronic com-

plex [Ti(h5-C5H4)(h7-C7H6)GeMe2] (a= 22.9, bCp = 28.5, bCht = 28.5,
d= 161.0, q= 92.88).[15d] On the other hand, the ring strain is

much more pronounced in compound 7 than the analogous
chromium complex [Cr(h6-C6H5)2GeMe2] (a = 14.4(2)8).[7e]

X-ray analysis of the crystal structure of compound 8 verifies

the successful incorporation of a single tin atom between the
two benzene rings (Figure 3). Both rings are significantly dis-

placed from a parallel arrangement (a= 19.9(1), d = 164.18)
and the Cipso¢Sn bond is bent out of the ring plane by bBz =

33.08. Furthermore, the bond angle at the Sn atom deviates
substantially from sp3 hybridization (e.g. , C1-Sn-C1_a (q) =

Figure 2. Molecular structure of [Ti(h6-C6H5SiMe2)2] (4, left) and [Ti(h6-
C6H5SntBu2)2] (5, right). Only one of the two independent molecules in the
unit cell of compound 5 is shown and discussed. Symmetry elements in the
structure of compound 4 : x, ¢y++1/2, z. Hydrogen atoms and thermal ellip-
soids of the substituents at the bridging atoms are omitted for clarity. Ther-
mal ellipsoids are displayed at the 60 (4) and 50 % (5) probability levels. Se-
lected bond lengths [pm] and angles [8]: 4 : Ti¢CBz 223.7(1)–226.6(1), Ti¢XBz

174.0, Si1¢Si2 234.1(1), a= 7.3(1), b= 10.7, g= 0, d= 174.7, C1-Si1-Si2
104.5(1), C2-Si2-Si1 104.2(5) ; 5 : Ti¢CBz 223.4(4)–227.0(4), Ti¢XBz 174.1 and
175.0, Sn1¢Sn2 282.9(1), a= 2.6(3), b = 9.6 and 11.3, g= 22.8, d= 178.7, C1-
Sn1-Sn2 95.6(2), C2-Sn2-Sn1 96.8(1).

Figure 3. Molecular structure of [Ti(h6-C6H5)2GeMe2] (7, left) and [Ti(h6-
C6H5)2SntBu2] (8, right). Only one of the three independent molecules in the
unit cell of compound 7 is shown and discussed. Symmetry-related positions
in the structure of compound 8 (¢x++2, y, ¢z++3/2) are labeled with “_a”. Hy-
drogen atoms and thermal ellipsoids of the substituents at the bridging
atoms are omitted for clarity. Thermal ellipsoids are displayed at the 50 %
probability level. Selected bond lengths [pm] and angles [8]: 7: Ti¢CBz

221.8(3)–229.4(3), Ti¢XBz 174.1 and 174.4, a = 25.2(2), b= 33.0, and 33.2,
d= 159.1, q = 91.4(2) ; 8 : Ti¢CBz 219.6(3)–226.8(4), Ti¢XBz 173.3, a= 19.9(1),
b= 33.0, d= 164.1, q= 86.3(2).
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86.3(1)8). In agreement with these geometrical changes are the
variations in the Ti¢C distances, which range from 219.6(3) to

226.8(4) pm. Compared to compound 7, the molecular distor-
tion is less pronounced due to the larger atom in the bridging

position.[20] Its molecular strain can be compared to the isoe-
lectronic complex [Ti(h5-C5H4)(h7-C7H6)SnMes2] , which shows an
interplanar ring angle of a= 17.28 and a XBz-Ti-XBz (d) angle of
165.78.[19] The related complex [V(h6-C6H5)2SntBu2] shows small-
er geometrical changes (a= 15.6, d= 168.08), as a result of the

smaller atomic radius of the central metal.[21]

By comparison of all molecular structures, it can be conclud-
ed that compound 7 possesses the greatest degree of distor-
tion (Table 1).

UV/Vis spectroscopy

To investigate the electronic structure of the presented ansa

complexes derived from [Ti(h6-C6H6)2] (1) we performed solu-
tion UV/Vis spectroscopic studies in benzene (for compound 2)

or n-hexane in a wavelength region of l= 220 to 900 nm (Fig-
ures S2–S6 in the Supporting Information). The UV/Vis spec-

trum of the parent compound [Ti(h6-C6H6)2] (1) shows a weak
absorption at l= 233 nm with a shoulder at l= 285 nm. In ad-
dition, it shows a global maximum at l= 345 nm and a lowest-

energy absorption band at l= 500 nm (Figure S2 in the Sup-
porting Information). The coordination of the carbene IMe in
the bent sandwich complex 2 (lmax = 356 nm, l= 497 nm, Fig-
ure S3 in the Supporting Information) does not notably affect

the energies or shape of the UV/Vis absorption bands com-
pared to compound 1.

Linkage of the two benzene rings with a two-atom ansa
bridge leads to a slight distortion of the structure and thus
a bathochromic shift of the lowest-energy band (4 : l=

529 nm; 5 : l= 522 nm, Figure S4 in the Supporting Informa-
tion). However, this trend is reversed for the more bent mole-

cules 6–8 which show blue-shifted transitions (6 : lmax =

460 nm; 7: lmax = 463 nm; 8 : lmax = 458 nm, Figures S4–S6 in

the Supporting Information, Table 2) compared to compound

1. Thus, no general correlation between the tilt angle a and
the lowest-energy band absorptions can be established for this

series of [1]- and [2]titanoarenophanes. Likewise, the ansa
complexes derived from [V(h6-C6H6)2] and [Cr(h5-C5H5)(h6-C6H6)]

show no correlation between a and lmax.
[4e, 21, 22]

DFT calculations

DFT calculations were carried out to analyze the character and

the energies of the frontier molecular orbitals of the unbridged

(i.e. , compound 1), the one- (i.e. , compound 4), and the two-
atom-bridged (i.e. , compound 6) complexes. The optimized ge-

ometries of compounds 1 and 4 at the B3LYP/def2-SVP level
are in good agreement with the experimental ones (see Figur-

es S7 and S8 in the Supporting Information). For the unbridged
system [Ti(h6-C6H6)2] (1) two approximately isoenergetic highest

occupied molecular orbitals (HOMOs) can be found (HOMO

and HOMO¢1), which are split by introduction of an ansa
bridge (Figure 4). The HOMO is a bonding combination of tita-

nium d orbitals (dxy and dx2¢y2) with ligand p orbitals, whereas
the lowest unoccupied molecular orbital (LUMO) is essentially

dz2 in character. The DFT results further suggest that the
HOMO–LUMO gap slightly increases for compound 4 (DE =

2.748 eV) with a two-atom bridge, and significantly for the

more bent compound 6 (DE = 2.813 eV) in comparison to the
unbridged complex 1 (DE = 2.728 eV). This is, at least in part,

consistent with the observed blue shift of the maximum UV/
Vis absorption of compound 6 (lmax = 460 nm) compared to

complex 1 (lmax = 500 nm). It is interesting to note that the
predicted change in the band gap of compound 4 is almost
negligible despite the moderate torsion of the rings from the

coplanar arrangement (see above). In fact, the UV/Vis absorp-
tion band for compound 4 (lmax = 529 nm) suggests a smaller

band gap than complex 1 (lmax = 500 nm).[5a, 15a,e]

Cyclic voltammetry

Given the electron-rich nature and the reported reduction

chemistry of bis(arene) titanium(0) complexes,[10a] we investi-
gated the redox behavior of all compounds by cyclic voltam-

metry (Figure 5 and Figures S10–S15 in the Supporting Infor-
mation). The ansa complexes display a chemically irreversible

(compounds 4–6, and 8) or a partially chemically reversible
(compound 7) reduction event at around Epc =¢2.90 V, which

is slightly shifted to more positive values compared to the un-

bridged species 1 [E1/2 =¢2.95 V vs. ferrocene/ferrocenium (Fc/
Fc+)] . The reduction process likely corresponds to the forma-

tion of the respective monoanionic complexes, for which, in
the case of unbridged bis(arene) titanium complexes, examples

have been described.[15f] In addition, the ansa-bridged com-
pounds exhibit a chemically irreversible oxidation wave in the

Table 1. Structural parameters of the presented bis(benzene) titanoare-
nophanes. For an explanation of the parameters that define the geome-
try of the complexes, see Figure 6.

4 5 7 8

a [8] 7.3(1) 2.6(3) 25.2(2) 19.9(1)
b [8] 10.7 9.6, 11.3 33.1 Bz: 33.0
d [8] 174.7 178.7 159.1 164.1
q [8] 104.5(1), 104.2(5) 95.6(2), 96.8(1) 91.4(2) 86.3(1)
g [8] 0.0 22.8 –[a] –[a]

[a] No data available.

Table 2. Correlation between lmax and the tilt angle a.

lmax [nm] a [8]

1 500 0.0(1)
2 497 ¢37.5(1)
4 529 7.3(1)
5 522 2.6(3)
6 460 –[a]

7 463 25.2(2)
8 458 19.9(1)

[a] Not available.
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range of Epa =¢0.95 to ¢1.25 V, comparable to compound

1 (Epa =¢1.10 V). The irreversible oxidation process presumably
involves the loss of a benzene ligand, as can be expected from
removal of electrons from the HOMO, which contains metal–

ligand bonding interactions.

Conclusion

In summary, we have developed a route to unprecedented

ansa-bridged bis(benzene) titanium complexes through dili-
thiation of the bis(arene) precursor and subsequent salt meta-

thesis with Group 14 element halides. As shown by X-ray dif-
fraction analysis, incorporation of the two-atom bridges

[Si2Me4] and [Sn2tBu4] introduces only a small amount of mo-
lecular distortion, whereas the single-atom bridges [SiMe2] ,

[GeMe2] , and [SntBu2] lead to
major structural distortions. De-

spite the electron-rich nature of
these complexes, electrochemi-

cal characterization indicates
that they are susceptible to re-

duction reactions. Furthermore,
bis(benzene) titanium was found

to react with an N-heterocyclic

carbene to give the correspond-
ing bent sandwich complex

[Ti(h6-C6H6)2(L)] (L = IMe). It is
hoped that the more ready avail-

ability of bis(benzene) titanium
will provide an impetus for fur-

ther exploration.

Experimental Section

General considerations : All ma-
nipulations were performed either
under an atmosphere of dry argon

or in vacuum by using standard Schlenk line or glovebox tech-
niques. Solvents were dried according to standard procedures,
freshly distilled before use, degassed, and stored under argon over
molecular sieves (4 æ). 1,3-Dimethylimidazole-2-ylidene (IMe),[16, 23]

Cl2Sn2tBu4,[24] and Cl2SntBu2
[24] were prepared according to litera-

ture procedures. TiCl4 (Merck Chemicals) was distilled under an at-
mosphere of dry argon and stored under argon. K[BEt3H] was
freshly prepared according to a known literature protocol in ben-
zene and directly used for the reduction.[25] nBuLi was purchased
from Aldrich as 1.6 mol L¢1 solution in hexane. N,N,N’,N’’,N’’-pen-
tamethyldiethylenetriamine (pmdta) was obtained from ABCR,
dried over potassium, and distilled under argon before use.
Cl2Si2Me4, Cl2SiMe2, and Cl2GeMe2 were obtained from ABCR and
used without further purification.

A Bandelin Sonorex RK 100 ultrasonic bath (system voltage: U =
230 V�50–60 Hz, power input: I = 0.4 A, rated HF-power: P = 80/
320 W, HF frequency: f = 35 kHz) was used for ultrasound irradia-
tion. NMR spectra in solution were acquired on a Bruker Avance
500 spectrometer (1H: 500.1 MHz, 7Li{1H}: 194.4 MHz, 13C{1H}:
125.8 MHz, 29Si{1H}: 99.4 MHz, 119Sn{1H}: 186.5 MHz). 1H, 13C{1H}, and
29Si{1H} NMR spectra were referenced to external TMS through the
residual protons of the solvent (1H) or the solvent itself (13C).
7Li{1H} NMR spectra were referenced to external LiCl. 119Sn{1H} NMR
spectra were referenced to Me4Sn. All chemical shifts are presented
in ppm. Elemental analysis was performed on a Leco CHNS-932 El-
emental Analyzer. UV/Vis spectra were recorded on a JASCO V-660
UV/Vis spectrometer. Cyclic voltammetry experiments were per-
formed by using a Gamry Instruments Reference 600 potentiostat.
A standard three-electrode cell configuration was employed by
using a gold disk working electrode, a platinum wire counter elec-
trode, and a silver wire, separated by a Vycor tip, serving as the ref-
erence electrode. Formal redox potentials are referenced to the fer-
rocene/ferrocenium redox couple ([Cp2Fe]+ /0). Tetra-n-butylammo-
nium hexafluorophosphate ([nBu4N][PF6]) was employed as the
supporting electrolyte. Compensation for resistive losses (iR drop)
was employed for all measurements.

Improved synthesis of [Ti(h6-C6H6)2] (1): To a well-stirred yellow
solution of TiCl4 (2.34 mL, 4.04 g, 21.3 mmol) in benzene (50 mL)
was added a freshly prepared solution of K[BEt3H] (11.77 g,

Figure 4. Representation of the frontier orbitals of complexes 1, 4, and 6 with their corresponding energy gaps.

Figure 5. Cyclic voltammograms of compounds a) 1, b) 4, and c) 6 in THF/
0.1 m [nBu4N][PF6] (scan rate = 250 mV s¢1).
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85.2 mmol) in benzene (200 mL) over a period of 1 h during ultra-
sound treatment. The deep red to black reaction mixture was
stirred for another hour and the ultrasonic bath was removed. The
dark red solution was carefully separated from all precipitates
through filtration through a broad Celite pad and subsequently all
volatiles were removed in vacuum. The reddish brown residue was
washed with a small amount of hexane (5 mL) at ¢78 8C, dissolved
in benzene, and the insoluble precipitate was filtered off. After re-
moval of the solvent under vacuum, compound 1 was isolated as
a deep red solid. Additionally, compound 1 can be obtained as
deep red to black crystals from a concentrated hexane solution
after storing at ¢70 8C for one day. The combined solids gave
[Ti(h6-C6H6)2] (1) as reddish-brown solid (912 mg, 4.47 mmol, 21 %).
1H NMR (C6D6, 500.1 MHz): d= 4.92 ppm (s, 12 H; CH); 13C{1H} NMR
(C6D6, 125.8 MHz): d= 79.41 ppm (CH); UV/Vis (5) (hexane): lmax

(e) = 233 (3724), 285 (sh), 345 (20 561), 500 nm (248 L mol¢1 cm¢1).

[Ti(h6-C6H6)2(IMe)] (2): To a solution of [Ti(h6-C6H6)2] (1) (20 mg,
98 mmol) in C6D6 (0.3 mL) a solution of IMe (10 mg, 98 mmol) in
C6D6 (2 mL) was added. An immediate color change from deep red
to brown was observed. After filtration and recrystallization from
a saturated benzene solution, [Ti(h6-C6H6)2(IMe)] (2) was obtained
as black crystals (29 mg, 97 mmol, 98 %). 1H NMR (500.1 MHz, C6D6):
d= 3.42 (s, 6 H; NCH3), 4.75 (s, 12 H; CHbenzene), 6.18 ppm (s, 2 H;
CHNHC) ; 13C{1H} NMR (125.8 MHz, C6D6): d= 37.89 (NCH3), 79.33
(CbenzeneH), 119.50 ppm (CNHCH); UV/Vis (benzene): lmax (e) = 356
(37 517), 497 nm (415 L mol¢1 cm¢1) ; elemental analysis calcd (%)
for C17H20N2Ti (304.00): C 67.97, H 6.72, N 9.33; found: C 66.39, H
6.53, N 9.47.

Synthesis of [Ti(h6-C6H5Li)2]·pmdta (3·pmdta): A suspension of
[Ti(h6-C6H6)2] (1) (340 mg, 1.67 mmol) in pentane (15 mL) was treat-
ed with BuLi (2.60 mL, 4.16 mmol) and pmdta (721 mg, 4.16 mmol)
at room temperature and heated to 40 8C over a period of 12 h.
The resulting brown precipitate was collected by filtration, washed
with pentane (3 Õ 10 mL), and subsequently dried in vacuum to
afford [Ti(h6-C6H5Li)2]·pmdta (3·pmdta) as a brown powder (600 mg,
1.54 mmol, 92 %). 1H NMR (D8[THF], 500.1 MHz): d= 2.14 (s, 24 H;
N(CH3

pmdta)), 2.20 (s, 6 H; N(CH3
pmdta)), 2.31 (t, 8 H; CH2

pmdta), 2.41 (t,
8 H; CH2

pmdta), 4.67–4.73 (m, 6 H; CHbenzene), 4.89–4.93 ppm (m, 4 H;
CHbenzene) ; 13C{1H} NMR (D8[THF], 125.8 MHz): d= 43.71 (N(CpmdtaH3)),
46.18 (N(CpmdtaH3)2), 56.67 (CpmdtaH2), 58.68 (CpmdtaH2), 76.67
(CbenzeneH), 77.59 (CbenzeneH), 87.91 (CbenzeneH), 123.30 ppm (Cbenzene) ;
7Li NMR (D8[THF], 194.4 MHz): d= 2.26 ppm; elemental analysis
calcd (%) for C21H33Li2N3Ti (389.25): C 64.74, H 8.54, N 10.79; found:
C 64.72, H 8.94, N 10.42.

Synthesis of [Ti(h6-C6H5SiMe2)2] (4): A slurry of compound
3·pmdta (250 mg, 0.64 mmol) in pentane (10 mL) was cooled to
¢78 8C and treated dropwise over a period of 1 h with a solution
of Cl2Si2Me4 (126 mg, 0.67 mmol) in pentane (5 mL). After complete
addition the reaction mixture was stirred for another 2 h at ¢78 8C
and subsequently allowed to warm to room temperature. During
this time the color of the suspension changed from pale brown to
deep red and a black precipitate formed. After 12 h all volatiles
were removed and the solid was washed with pentane (3 Õ 10 mL)
and filtered off. The deep red solution was concentrated to about
5 mL and cooled to ¢70 8C overnight. The red precipitate was
washed with cold pentane (3 Õ 5 mL, ¢78 8C) and dissolved in pen-
tane (20 mL) at room temperature. After filtration and removal of
the solvent, compound 4 was obtained as a red solid (103 mg,
0.30 mmol, 46 %). Crystals were grown from a saturated pentane
solution at ¢30 8C. 1H NMR (C6D6, 500.1 MHz): d= 0.29 (s, 12 H;
Si(CH3)2), 5.12–5.15 (m, 4 H; CHbenzene), 5.19–5.24 (m, 2 H; CHbenzene),
5.39–5.41 ppm (m, 4 H; CHbenzene) ; 13C{1H} NMR (C6D6, 125.8 MHz):
d=¢2.71 (Si(CH3)2), 83.66 (CbenzeneH), 84.40 (CbenzeneH), 85.60

(CbenzeneH), 87.11 ppm (Cbenzene) ; 29Si{1H} NMR (C6D6, 99.4 MHz): d=
¢21.72; UV/Vis (hexane): lmax (e) = 239 (11 256), 330 (sh), 375
(18 653), 529 nm (412 L mol¢1 cm¢1) ; elemental analysis. calcd (%)
for C16H22Si2Ti (318.52): C 60.27, H 7.00; found: C 59.39, H 6.75.

[Ti(h6-C6H5SntBu2)2] (5): A slurry of [Ti(h6-C6H5Li)2]·pmdta (3·pmdta)
(250 mg, 0.64 mmol) in pentane (10 mL) was cooled to ¢78 8C and
treated dropwise over a period of 1 h with a solution of Cl2Sn2tBu4

(362 mg, 0.67 mmol) in pentane (5 mL). After complete addition
the reaction mixture was stirred for another 2 h at ¢78 8C and sub-
sequently allowed to warm to room temperature. During this time
the color of the suspension changed from pale brown to deep red
and a black precipitate formed. After 12 h all volatiles were re-
moved and the solid was washed with pentane (3 Õ 10 mL) and fil-
tered off. The deep red solution was concentrated to about 5 mL
and cooled to ¢70 8C overnight. The red precipitate was washed
with cold pentane (3 Õ 5 mL, ¢78 8C) and then dissolved in pentane
(20 mL) at room temperature. After filtration and removal of the
solvent, compound 5 was obtained as a dark red solid (156 mg,
0.23 mmol, 36 %). Crystals were grown from a saturated pentane
solution at ¢30 8C. 1H NMR (500.1 MHz, C6D6): d= 1.49 (s,
J(119Sn,1HtBu) = 66, J(117Sn,1HtBu) = 63 Hz, 18 H; tBu), 5.04–5.08 (m, 2 H;
CHbenzene), 5.16–5.20 (m, 4 H; CHbenzene), 5.52–5.54 ppm (m, 4 H;
CHbenzene) ; 13C{1H} NMR (125.8 MHz, C6D6): d= 32.51 (J(119Sn,13C) = 53,
J(117Sn,13C) = 50 Hz, SnC(CH3)3), 33.38 (J(117/119Sn,13C) = 40 Hz,
SnC(CH3)3), 81.45 (CbenzeneH), 83.77 (J(117/119Sn,13C) = 26 Hz, CbenzeneH),
90.44 (J(117/119Sn,13C) = 30 Hz, CbenzeneH), 93.74 ppm (Cbenzene) ;
119Sn{1H} NMR (186.5 MHz, C6D6): ¢31.20 ppm (J(Sn,117/119Sn) =
1437 Hz, J(Sn,13C) = 264 Hz); UV/Vis (hexane): lmax (e) = 255 (sh), 325
(sh), 367 (15 011), 522 nm (408 L mol¢1 cm¢1) ; elemental analysis
calcd (%) for C28H46Sn2Ti (667.95): C 50.35, H 6.94; found: C 49.89,
H 6.83.

Synthesis of [Ti(h6-C6H5)2SiMe2] (6): A solution of Cl2SiMe2

(236 mg, 1.84 mmol) in pentane (10 mL) was added dropwise to
a slurry of [Ti(h6-C6H5Li)2]·pmdta (3·pmdta) (598 mg, 1.54 mmol) in
pentane (25 mL) at ¢78 8C over 30 min. After complete addition,
the reaction mixture was allowed to warm to room temperature
and stirred for 12 h during which the color changed to deep red.
All volatiles were removed and the black precipitate was washed
with pentane (3 Õ 10 mL) and filtered off. The dark red filtrate was
reduced to 5 mL, cooled to ¢70 8C for 24 h, and the orange precip-
itate washed with cold pentane (3 Õ 5 mL) at ¢78 8C. Compound 6
was obtained as an orange solid after dissolving in pentane, filtra-
tion, and removal of all volatiles in vacuum (128 mg, 0.48 mmol,
32 %). 1H NMR (C6D6, 500.1 MHz): d= 0.05 (s, 6 H; Si(CH3)2), 4.06–
4.08 (m, 4 H; CHbenzene), 5.51—5.53 (m, 4 H; CHbenzene), 5.59—
5.60 ppm (m, 2 H; CHbenzene) ; 13C{1H} NMR (C6D6, 125.8 MHz): d=
¢8.70 (Si(CH3)2), 40.41 (Cbenzene), 73.84 (CbenzeneH), 90.91 (CbenzeneH),
93.81 ppm (CbenzeneH); 29Si{1H} NMR (C6D6, 99.4 MHz): d= 7.38; UV/
Vis (hexane): lmax (e) = 245 (sh), 287 (3650), 345
(12 129 L mol¢1 cm¢1), 460 nm (sh); elemental analysis calcd (%) for
C14H16SiTi (260.05): C 64.60, H 6.20; found: C 64.13, H 6.20.

Synthesis of [Ti(h6-C6H5)2GeMe2] (7): Over a period of 30 min a so-
lution of Cl2GeMe2 (170 mg, 0.99 mmol) in pentane (10 mL) was
added to a slurry of [Ti(h6-C6H5Li)2]·pmdta (3·pmdta) (320 mg,
0.82 mmol) in pentane (20 mL) at ¢78 8C. The reaction mixture was
allowed to warm to room temperature and was stirred at room
temperature over a period of 12 h. All volatiles were removed in
vacuum and the black precipitate was washed with pentane (3 Õ
10 mL) and filtered off. Concentrating the red solution to approxi-
mately 5 mL and storing the mixture at ¢70 8C overnight gave an
orange precipitate, which was washed with cold pentane (3 Õ
5 mL), dissolved in warm pentane, and separated from all insoluble
material by filtration. The solvent was removed to yield [Ti(h6-
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C6H5)2GeMe2] (7) as an orange solid (106 mg, 0.35 mmol, 43 %).
Crystals were grown from a saturated pentane solution at room
temperature. 1H NMR (500.1 MHz, C6D6): d= 0.15 (s, 6 H; Ge(CH3)2),
3.98–4.00 (m, 4 H; CHbenzene), 5.58–5.59 (m, 2 H; CHbenzene), 5.61–
5.65 ppm (m, 4 H; CHbenzene) ; 13C{1H} NMR (125.8 MHz, C6D6): d=

¢8.85 (Ge(CH3)2), 35.47 (Cbenzene), 75.10 (CbenzeneH), 91.61 (CbenzeneH),
93.70 ppm (CbenzeneH); UV/Vis (hexane): lmax (e) = 245 (3575), 285
(sh), 348 (12 029), 463 nm (326 L mol¢1 cm¢1) ; elemental analysis
calcd. (%) for C14H16GeTi (304.00): C 55.26, H 5.30; found: C 55.45,
H 5.36.

Synthesis of [Ti(h6-C6H5)2SntBu2] (8): A solution of Cl2SntBu2

(553 mg, 1.82 mmol) in pentane (10 mL) was added dropwise to
a slurry of [Ti(h6-C6H5Li)2]·pmdta (3·pmdta) (530 mg, 1.51 mmol) in
pentane (25 mL) at ¢78 8C over 30 min. After complete addition,
the reaction mixture was allowed to warm to ambient temperature
over a period of 12 h, during which time the solution color
changed to deep red. All volatiles were removed and the black
precipitate was washed with pentane (3 Õ 10 mL) and filtered off.
The dark red filtrate was reduced to 5 mL, cooled to ¢70 8C for
24 h, and the orange precipitate that formed was washed with
cold pentane (3 Õ 5 mL) at ¢78 8C. Compound 8 was obtained as
a light red solid after dissolving in pentane again, filtration, and re-
moval of all volatiles in vacuum (190 mg, 0.43 mmol, 29 %). From
a saturated pentane solution at ¢30 8C red crystals suitable for X-
ray structure analysis were obtained. 1H NMR (500.1 MHz, C6D6):
d= 1.33 (s, J(119Sn,1HtBu) = 71 Hz, J(117Sn,1HtBu) = 68 Hz, 18 H;
Sn(C(CH3)3)), 4.42–4.45 (m, J(119Sn,1HtBu) = 25 Hz, J(117Sn,1HtBu) =

21 Hz, 4 H; CHbenzene), 5.52–5.57 (m, 2 H; CHbenzene), 5.61–5.64 ppm
(m, 4 H; CHbenzene) ; 13C{1H} NMR (125.8 MHz, C6D6): d= 32.84
(J(119Sn,13C) = 136 Hz, J(117Sn,13C) = 99 Hz, SnC(CH3)3), 34.19
(SnC(CH3)3), 46.07 (Cbenzene), 80.47 (J(117/119Sn,13C) = 18 Hz, CbenzeneH),
89.96 (J(117/119Sn,13C) = 9 Hz, CbenzeneH), 91.40 ppm (J(117/119Sn,13C) =
30 Hz, CbenzeneH); 119Sn{1H} NMR (186.5 MHz, C6D6): d= 2.06; UV/Vis
(hexane): lmax (e) = 251 (16 258), 290 nm (sh), 350 (14 877), 464 nm
(458 L mol¢1 cm¢1) ; elemental analysis calcd (%) for C20H28SnTi
(434.79): C 55.04, H 6.47; found: C 54.47, H 6.35.

X-ray crystallography : The crystal data of compounds 1, 2, 4, 5,
and 8 were collected on a Bruker X8-APEX ii diffractometer with
a CCD area detector and multi-layer mirror monochromated MoKa

radiation. The crystal data of compound 7 were collected on
a Bruker D8-QUEST diffractometer with a CCD area detector and
multi-layer mirror monochromated MoKa radiation. The structures
were solved by using direct methods, refined with the Shelx soft-
ware package and expanded by using Fourier techniques.[26] All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were included in structure factor calculations. All hydrogen atoms
were assigned to idealized geometric positions. The crystal of com-
pound 2 was a pseudo-merohedral twin with domains rotated by
179.98 around the real axis [0.199 ¢0.002 1.000]. The BASF parame-
ter was refined to 29 %. The crystal of compound 1 was a pseudo-
merohedral twin with domains rotated by 180.08 around the real
axis [¢0.175 1.000 ¢0.010]. The BASF parameter was refined to
40 %. (Figure 6)

Crystal data for compound 1: C12H12Ti; Mr = 204.12; red blocks;
0.22 Õ 0.20 Õ 0.04 mm3 ; triclinic space group P1̄; a = 6.1005(5), b =
7.8030(6), c = 9.7289(7) æ; a= 88.650(3), b= 84.731(3), g=
82.038(3)8 ; V = 456.69(6) æ3 ; Z = 2; 1calcd = 1.484 g cm¢3 ; m=

0.878 mm¢1; F(000) = 212; T = 100(2) K; R1 = 0.0242; wR2 = 0.0560;
1975 independent reflections [2q�53.848] and 122 parameters.

Crystal data for compound 2 : C17H20N2Ti; Mr = 300.25; black blocks;
0.49 Õ 0.19 Õ 0.10 mm3 ; monoclinic space group P21/c ; a =
7.8409(10), b = 22.889(3), c = 7.8881(9) æ; b= 101.484(4)8 ; V =
1387.3(3) æ3 ; Z = 4; 1calcd = 1.438 g cm¢3 ; m= 0.608 mm¢1; F(000) =

632; T = 100(2) K; R1 = 0.0392; wR2 = 0.0814; 2740 independent re-
flections [2q�52.048] and 184 parameters.

Crystal data for compound 4 : C16H22Si2Ti; Mr = 318.42; red block;
0.26 Õ 0.11 Õ 0.04 mm3 ; orthorhombic space group Pnma ; a =
13.2694(6), b = 11.8143(5), c = 9.8493(4) æ; V = 1544.06(11) æ3 ; Z = 4;
1calcd = 1.370 g cm¢3 ; m= 0.694 mm¢1; F(000) = 672; T = 296(2) K;
R1 = 0.0240, wR2 = 0.0631; 1730 independent reflections [2q�
53.528] and 99 parameters.

Crystal data for compound 5 : C28H46Sn2Ti; Mr = 667.93; red plates;
0.220 Õ 0.160 Õ 0.065 mm3 ; monoclinic space group P21/c ; a =
30.2820(14), b = 11.1978(5), c = 16.8386(8) æ; b= 90.586(2)8 ; V =
5709.5(5) æ3 ; Z = 8; 1calcd = 1.554 g cm¢3 ; m= 2.022 mm¢1; F(000) =
2688,; T = 100(2) K; R1 = 0.0474; wR2 = 0.0695; 11 660 independent
reflections [2q�52.748] and 583 parameters.

Crystal data for compound 7: C14H16GeTi; Mr = 304.76; red plates;
0.21 Õ 0.115 Õ 0.05 mm3 ; monoclinic space group P21/c ; a =
16.959(6), b = 21.554(8), c = 10.571(4) æ; b= 102.766(14)8 ; V =
3769(2) æ3 ; Z = 12; 1calcd = 1.611 g cm¢3 ; m= 2.997 mm¢1; F(000) =
1848; T = 100(2) K; R1 = 0.0422; wR2 = 0.0757; 7693 independent re-
flections [2q�52.7468] and 439 parameters.

Crystal data for compound 8 : C20H28SnTi; Mr = 435.01; red blocks;
0.23 Õ 0.16 Õ 0.15 mm3 ; monoclinic space group Cc ; a = 12.507(16),
b = 9.658(13), c = 15.076(19) æ; b= 107.49(3)8 ; V = 1737(4) æ3 ; Z = 4;
1calcd = 1.663 g cm¢3 ; m= 1.892 mm¢1; F(000) = 880; T = 100(2) K;
R1 = 0.0220; wR2 = 0.0450; 1772 independent reflections [2q�
52.7448] and 104 parameters.

Crystallographic data have been deposited with the Cambridge
Crystallographic Data Center as supplementary publication no.
CCDC 1030722 (1), 1047224 (2), 1030723 (4), 1047225 (5), 1030724
(7), and 1047226 (8). These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Computational methods : The geometry optimization of com-
pounds 1, 4, and 6 without symmetry constraints was carried out
at B3LYP[27] by using the basis set of def2-SVP.[28] The structures
were characterized as minima by frequency calculations. All calcu-
lations were done by using Gaussian 09.[29]
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