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This paper presents two methods for the synthesis of the first reaction of [(Me3Si)2NB(C5H5)2], prepared in situ, with
Ti(NMe2)4 and converted into the chloro derivatives[1]boratitanocenophanes. The novel biscyclopentadienyl-

borane [(Me3Si)2NB(C5H5)2], the dilithio salt Li2[(Me3Si)2- [(Me2N)ClTi{(C5H4)2BN(SiMe3)2}] (4) and [Cl2Ti{(C5H4)2BN-
(SiMe3)2}] (2) by treatment with one or two equivalents of aNB(C5H4)2] (1) of which was characterized by multinuclear

NMR methods, was prepared in situ, and served as starting suitable diaminochloroborane. All [1]boratitanocenophanes
were characterized in solution by multinuclear NMRmaterial for several [1]boratitanocenophanes. [Cl2Ti{(C5H4)2-

BN(SiMe3)2}] (2) was obtained in high yield by a convenient spectroscopy, and in addition the structure of 2 in the
crystalline state was determined by a single-crystal X-rayone-pot synthesis starting from 1 and [TiCl3(thf)3], followed

by oxidation with PbCl2. The highly reactive study.
[(Me2N)2Ti{(C5H4)2BN(SiMe3)2}] (3) was obtained by the

Introduction

[1]Metallocenophanes have been known for almost 30
years, and since then these compounds have attracted con-
siderable interest due to their versatile chemistry. The first
example of a [1]ferrocenophane was obtained by the reac-
tion of dilithioferrocene.tmen (tmen 5 tetramethylethylen-
ediamine) with (C6H5)2SiCl2 (Equation 1a). [1] Due to the
high ring strain of such complexes, which depends on the
covalent radius of the bridging atom, [1]ferrocenophanes
undergo thermal or radiation-induced ring-opening poly-
merization[2a,b] yielding high molecular weight polyferro-
cenes.[3a2d] Corresponding [1]metallocenophanes of early
transition-metal complexes were obtained, for example, by
the reaction of Li2[H2C(C5H4)2] with TiCl4 (Equation
1b). [4] Such metallocenophanes especially of titanium and
zirconium have already proven to be highly active Ziegler2
Natta-type catalysts for the olefin polymerization. [5]

We have started to investigate the synthesis and proper- coordinated boron atom was reported in 1996,[8] the struc-
ture of this product in the crystal, however, is not known.ties of [1]borametallocenophanes, since we expect a particu-

larly interesting reactivity of such compounds. On one Dilithiometallocenes, which serve as starting materials
for the synthesis of [1]metallocenophanes according tohand, the incorporation of the small boron atom into the

bridge of a [1]ferrocenophane leads to highly strained, and Equation 1a, are only available in the case of iron and ru-
thenium. In order to achieve a method for the preparationthus very reactive molecules. That was already demon-

strated in the case of [Fe{(η5-C5H4)2BN(SiMe3)2}], which of various [1]borametallocenophanes we aimed at the syn-
thesis of bis(cyclopentadienyl)boranes as versatile ligands.exhibits the highest tilt angle of 32.4(2)° recorded for a

[1]ferrocenophane to date. [6] On the other hand catalytic In contrast to the well-developed chemistry of cyclopen-
tadienylboranes[9a2f] the knowledge of bis(cyclopentadie-processes with metallocenophanes of early transition metals

could be accelerated by a Lewis acidic atom such as boron nyl)boranes is restricted to a few examples of the type
(C5H4R)2BPh (R 5 SiMe3, SnMe3). [8] [10] Due to decompo-in the bridge. Very recently, the first [1]borazirconoceno-

phane was synthesized and structurally characterized. [7] sition during distillation these products could not be iso-
lated in pure form. Related compounds, however, with four-This compound, however, exhibits SMe2 as a boron-coordi-

nated base, thus cancelling the Lewis acidity of the bridging coordinate boron atoms include the lithium borate Li-
(OEt2)4[(C5H5)2B(C6F5)2] [11] and the borane2pyridine ad-boron atom. A [1]borazirconocenophane with a three-fold
duct (C5H5)2PhBNC5H5.[12]

In the present paper we report the high-yield synthesis
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action with [TiCl3(thf)3] giving the first [1]boratitanoceno-
phane. An alternative route for the synthesis of such com-
pounds starting from [(Me3Si)2NB(C5H5)2] is also de-
scribed.

Results and Discussion

The reaction of (Me3Si)2NBCl2 with a slight excess of
NaC5H5 in hexane followed by filtration and treatment of
the hexane filtrate with 2 equivalents of LiBu afforded Li2-
[(Me3Si)2NB(C5H4)2] (1) in almost quantitative yield as a
white pyrophoric solid (Equation 2).

11B-NMR signal at δ 5 46.6 matches that of the uncoordi-
nated ligand.

Suitable single crystals for an X-ray structure analysis
were obtained by recrystallization from benzene at 7°C
(Figure 1). In the solid state the molecule exhibits a slight
deviation from the ideal C2v symmetry, which is assumed
for its structure in solution. This is demonstrated, for ex-
ample, by the twisting of the Si12N2Si2 plane with respect
to the Cpc12Ti2Cpc2 (Cpc 5 ring centroid) plane; the cor-
responding dihedral angle was determined to be 11.5°. The
comparison of the present structure with that of [Cp2TiCl2]
shows some characteristic differences, due to the albeit
small strain of 2. [14] The tilt angle between the two cyclo-
pentadienyl rings as well as the Cl12Ti2Cl2 angle is larger
by about 3°, while the Cpc12Ti2Cpc2 angle decreases byThe structure of 1 in solution derives from the NMR
almost 13° with respect to the corresponding values foundspectra showing the expected signal patterns for the mono-
for [Cp2TiCl2]. While the cyclopentadienyl rings are stag-substituted cyclopentadienyl rings and an 11B-NMR signal
gered in the latter molecule, they adopt an eclipsed confor-at δ 5 46.6, characteristic for an aminodiarylborane. This
mation in the present case. The boron2nitrogen distancecompound proved to be highly reactive and shows consider-
was found to be 138(1) pm, thus being in the expected rangeable signs of decomposition in thf solution, and even in the
for a B2N double bond.solid state at ambient temperature. Hence, for subsequent

syntheses we found it convenient not to store the ligand,
but rather to prepare it in situ.

According to Equation 3, the [1]boratitanocenophane
[Cl2Ti{(C5H4)2BN(SiMe3)2}] (2) was obtained in a four-
step one-pot synthesis. The dilithio salt 1, which was ob-
tained as a hexane slurry by the method described above,
was treated with an equimolar amount of [TiCl3(thf)3] at
2100°C and the intermediate TiIII species was subsequently
oxidized with PbCl2 according to a known procedure. [13]

Complex 2 was obtained as dark red crystals from
CH2Cl2 in 80% yield. The compound was found to be very
soluble in halogenated solvents, such as CHCl3 or CH2Cl2,
and less soluble in aromatic solvents such as benzene or
mesitylene. Solutions of 2 are very sensitive to air and
moisture, and an instant colour change from dark red to
light green indicates decomposition.

The constitution of 2 in solution is deduced from NMR
Figure 1. Structure of 2 in the crystal (ellipsoids at 30% probabi-spectra. The 1H-NMR spectra show the expected two
lity); selected distances [pm] and angles [°]: Ti2Cl1 233.1(2),pseudo triplets at δ 5 5.53, and 7.05 for the cyclopen- Ti2Cl2 233.9(2), B2N 138(1); Cl12Ti2Cl2 97.45(9),
C312B2C41 98.3(6), C412B2N 132.8(6), C312B2N 128.6(6)tadienyl protons forming an AA9BB9 spin system, and the
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All attempts to obtain 2 directly from Li2[(Me3- groups in the 1H-NMR spectra at δ 5 5.08, 5.29, 6.62, and

6.83. Furthermore, the spectroscopic findings for 3 and 4,Si)2NB(C5H4)2] (1) and TiCl4 or [TiCl4(thf)2] resulted in
mixtures of several products, which could not be separated. such as the 11B-NMR signals at δ 5 46.9, and 46.4, are

comparable to those of 2, thus proving their structure inThe reaction of [(Me3Si)2NB(C5H5)2] prepared in situ
with Ti(NMe2)4, however, proved to be a suitable method solution.

The instability of 3 is obviously due to the cleavage offor the direct preparation of a corresponding TiIV species.
[(Me2N)2Ti{(C5H4)2BN(SiMe3)2}] (3) was obtained as a the NMe2 ligands, and hence we attempted to synthesize

this compound under an atmosphere of HNMe2. The reac-dark red solid in yields of about 30% with formation of two
equivalents of HNMe2 (Equation 4). Due to the labile tion of Ti(NMe2)4 with one equivalent of [(Me3-

Si)2NB(C5H5)2] under a constant flow of dimethylamine,NMe2 ligands 3 shows an even greater tendency to decom-
pose compared to [Cl2Ti{(C5H4)2BN(SiMe3)2}] (2), and however, resulted in the formation of the dinuclear half

sandwich complex 5 (Equation 5), which was isolated inhence, cannot be stored at ambient temperature even in the
solid state. yields of about 45% as a red brown solid. The structure of 5

in solution was deduced from the NMR spectra, resembling
those of the related chloro derivative [(Cl3Ti)2{(C5H4)2-
BPh}], which was also characterized in the crystalline
state. [10]

Conclusion

The synthesis and characterization of the first [1]borati-
tanocenophanes was achieved by two different methods
starting from the novel bis(cyclopentadienyl)borane [(Me3-
Si)2NB(C5H5)2].

The highly reactive bis(dimethylamido) complexBy treating this compound in situ with one or two equiv-
alents of a chloroborane of moderate reactivity such as [(Me2N)2Ti{(C5H4)2BN(SiMe3)2}] (3) was achieved directly

from the reaction of this ligand with Ti(NMe2)4, whereas(C4H8N)2BCl, however, it may be converted into the more
stable chloro derivatives [(Me2N)ClTi{(C5H4)2BN- the corresponding dichloro derivative [Cl2Ti{(C5H4)2BN-

(SiMe3)2}] (2) was obtained by a convenient one-pot syn-(SiMe3)2}] (4) and [Cl2Ti{(C5H4)2BN(SiMe3)2}] (2), respec-
tively (Equation 3), which were isolated in yields of about thesis in high yield starting from the dilithiated ligand Li2-

[(Me3Si)2NB(C5H4)2] (1), and [TiCl3(thf)3] followed by oxi-40% and 15%.
These reactions occurred with substitution of the ti- dation of the intermediate TiIII species with PbCl2. The lat-

ter complex was chosen as a representative example for X-tanium-bound NMe2 groups and formation of the corre-
sponding triaminoborane (C4H8N)2BNMe2, which was ray structure analysis. Compound 3 served as starting mate-

rial for the preparation of [(Me2N)ClTi{(C5H4)2BN-characterized by 11B-NMR spectroscopy from the reaction
mixture (δ 5 26.0). The use of diaminochloroboranes pro- (SiMe3)2}] (4) and [Cl2Ti{(C5H4)2BN(SiMe3)2}] (2) by sub-

stitution of the NMe2 group with a suitable diaminochloro-ved to be crucial for this synthesis, since the more reactive
aminodichloroboranes always led to decomposition of 3. borane.

[1]Metallocenophanes of group-4 elements containing aDue to its lower symmetry, [(Me2N)ClTi{(C5H4)2BN-
(SiMe3)2}] (4) shows four signals for the cyclopentadienyl Lewis acidic atom such as boron in the bridge should serve
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and the remaining solid was suspended in 10 mL of hexane. Afteras effective catalysts for Ziegler2Natta-type olefin polymer-
filtration and removal of all volatiles under high vacuum, com-izations. Our further work will focus on the utilization of
pound 3 was obtained as a dark red solid (1.05 g, 28%). 2 1Hthe convenient synthetic method being described in this
NMR: δ 5 0.09 (s, 18 H, Si(CH3)3), 3.14 (s, 12 H, N(CH3)2), 5.42paper and especially on the investigation of the catalytic
(m, 4 H, C5H4), 6.73 (m, 4 H, C5H4). 2 11B NMR: δ 5 46.9 (s).properties of such compounds. Preliminary experiments al-
2 13C NMR: δ 5 4.89 [Si(CH3)3], 51.11 [N(CH3)2], 112.73, 131.66

ready proved 2 and 4 to be suitable catalysts for the poly- (C5H4). 2 C20H38BN3Si2Ti (435.43): calcd. C 55.17, H 8.80, N
merization of ethene. 9.65; found C 55.62, H 8.22, N 9.59.

[(Me2N)ClTi{(C5H4)2BN(SiMe3)2}] (4): As describes for 1 1.09 g
(4.50 mmol) of (Me3Si)2NBCl2 was treated with 0.88 g (10.00Experimental Section mmol) of NaC5H5. The obtained filtrate was cooled to 230°C, and
a solution of 1.01 g (4.50 mmol) of Ti(NMe2)4 in 5 mL of hexaneAll manipulations were carried out under dry nitrogen with com-
was added dropwise. The mixture was allowed to warm up to ambi-mon Schlenk techniques. Solvents and reagents were dried by
ent temperature, and treated with 0.84 g (4.50 mmol) ofstandard procedures, distilled, and stored under nitrogen over mo-
(C4H8N)2BCl. After stirring for 1 h, all volatiles were removed inlecular sieves. (Me3Si)2NBCl2, [15] NaC5H5,[16] Ti(NMe2)4, [17]

high vacuum, and the remaining solid was suspended in 20 mL of[TiCl3(thf)3], [18] and (C4H8N)2BCl[19] were synthesized according
hexane, filtered and stored at 230°C to yield 0.79 g (41%) of com-to literature procedures. NMR: Varian Unity 500 at 499.843 MHz
pound 4 as a dark red crystalline solid. 2 1H NMR (CDCl3): δ 5(1H, internal standard TMS), 150.364 MHz (11B, BF3 ·OEt2 in
0.28 (s, 18 H, Si(CH3)3), 3.26 (s, 6 H, N(CH3)2), 5.08 (m, 2 H,C6D6 as external standard), 125.639 MHz (13C{1H}, APT, internal
C5H4), 5.29 (m, 2 H, C5H4), 6.62 (m, 2 H, C5H4), 6.83 (m, 2 H,standard TMS); all NMR spectra were recorded in CD2Cl2 as sol-
C5H4). 2 11B NMR: δ 5 46.4 (s). 2 13C NMR: δ 5 7.53vent unless otherwise stated. Mass spectra were recorded with a
[Si(CH3)3], 57.54 [N(CH3)2], 115.73, 117.57, 126.93, 128.54 (C5H4).Finnigan MAT 95 (70 eV) and elemental analyses (C, H, N) were
2 C18H32BClN2Si2Ti (426.80): calcd. C 50.66, H 7.56, N 6.56;obtained from a Carlo-Erba elemental analyzer, model 1106.
found C 50.23, H 7.59, N 6.39.Li2[(Me3Si)2NB(C5H4)2] (1): 8.23 g (93.54 mmol) NaC5H5 was sus-
[Cl2Ti{(C5H4)2BN(SiMe3)2}] (2) (Method B): As described for 4pended in 100 mL of hexane and a solution of 11.13 g (46.05 mmol)
1.45 g (6.00 mmol) of (Me3Si)2NBCl2 was treated with 1.08 g (12.30of (Me3Si)2NBCl2 in 20 mL of hexane was added dropwise at ambi-
mmol) of NaC5H5, and to the obtained filtrate was added a solu-ent temperature. After stirring for 2 h, the reaction mixture was
tion of 1.34 g (6.00 mmol) of Ti(NMe2)4 in 5 mL of hexane. Thecooled to 0°C and 57.6 mL (92.10 mmol) of a 1.6  BuLi solution
resulting mixture was subsequently treated with 2.24 g (12.00was added dropwise. A white precipitate formed immediately. The
mmol) of (C4H8N)2BCl to yield 0.38 g (15%) of 2 as a dark redreaction mixture was allowed to warm up to ambient temperature
crystalline solid.and after stirring for 1 h, all volatiles were removed in high vacuum,

and the solid residue was extracted with 150 mL of hexane over- [((Me2N)3Ti)2{(C5H4)2BN(SiMe3)2}] (5): As described for 1 1.31 g
night. The mixture was filtered and the solid dried in vacuo to give (5.40 mmol) of (Me3Si)2NBCl2 was treated with 0.97 g (11.00
1 as a white, pyrophoric solid in yields of 98% (14.13 g). 2 1H mmol) of NaC5H5. The obtained filtrate was cooled to 230°C, and
NMR ([D8]THF): δ 5 0.01 [s, 18 H, Si(CH3)3], 5.83 (m, 4 H, a solution of 1.21 g (5.40 mmol) of Ti(NMe2)4 in 5 mL of hexane
C5H4), 6.45 (m, 4 H, C5H4). 2 11B NMR: δ 5 46.6 (s). 2 13C was added dropwise under a constant stream of HNMe2. After
NMR: δ 5 4.31 [s, Si(CH3)3], 103.16, 106.63, 116.63 (C5H4). warming up to ambient temperature, the dark red solution was

stirred for 1 h and then stored under an atmosphere of HNMe2 at[Cl2Ti{(C5H4)2BN(SiMe3)2}] (2) (Method A): As described for 1
230° C. After 3 d, compound 5 was isolated as a red brown solid3.20 g (13.24 mmol) of (Me3Si)2NBCl2 was treated with 2.39 g
(1.60 g, 45%). 2 1H NMR (C6D6): δ 5 0.28 [s, 18 H, Si(CH3)3],(27.17 mmol) of NaC5H5 and to the obtained filtrate was added
3.18 [s, 36 H, N(CH3)2], 6.14 (m, 4 H, C5H4), 6.78 (m, 4 H, C5H4).16.6 mL (26.48 mmol) of 1.6  BuLi in hexane. The light yellow
2 11B NMR: δ 5 46.9 (s). 2 13C NMR: δ 5 5.79 [Si(CH3)3], 50.35suspension was stirred at ambient temperature for 2 h, cooled to
[N(CH3)2], 113.03, 121.65 (C5H4). 2 MS: m/z (%) 5 615 (5) [M12100°C, and 4.90 g (13.24 mmol) of [TiCl3(thf)3] and 20 mL of
2 N(CH3)2], 571 (50) [M1 2 2 N(CH3)2], 527 (50) [M1 2 3thf were added. The mixture was allowed to come to ambient tem-
N(CH3)2], 347 (100) {[(CH3)3Si]2NBCp2Ti}. 2 C28H62BN7Si2Ti2perature, and the colour changed from light brown to dark violet.
(659.64): calcd. C 50.98, H 9.47, N 14.86; found C 50.56, H 9.36,The suspension was stirred for 3 h and then treated with 1.84 g
N 14.77.(6.62 mmol) of PbCl2. After stirring for 16 h, all volatile materials

were removed in high vacuum. The remaining solid was extracted X-ray Structure Determination of 2: C16H26BCl2NSi2Ti, ENRAF-
with 50 mL of CH2Cl2 and filtered. 2 was recovered from the fil- Nonius CAD4; Mo-Kα radiation (λ 5 0.71073 Å, graphite mono-
trate at 230°C as a dark red solid (4.43 g, 80%). 2 1H NMR: δ 5 chromator); data collection with ω scan at 203 K. Dark red platelet,
0.08 [s, 18 H, Si(CH3)3], 5.53 (m, 4 H, C5H4), 7.05 (m, 4 H, C5H4). 0.06 3 0.24 3 0.65 mm, monoclinic space group C2/c (No. 15),
2 11B NMR: δ 5 46.6 (s). 2 13C NMR: δ 5 4.89 [Si(CH3)3], M 5 418.18 g mol21, unit cell dimensions a 5 28.493(8) Å, b 5
114.85, 133.44 (C5H4). 2 MS; m/z (%): 417 (35) [M1], 402 (15) 10.540(4) Å, c 5 15.103(5) Å, β 5 112.71(3)°, V 5 4184(5) Å3,
[M1 2 Me], 382 (25) [M1 2 Cl]. 2 C16H26BCl2NSi2Ti (418.18): Z 5 8, ρcalcd. 5 1.33 g cm23, µ(Mo-Kα) 5 7.73 cm21; 5040 reflec-
calcd. C 45.96, H 6.27, N 3.35; found C 46.56, H 7.05, N 2.87. tions were collected in the scan range 2° < Θ < 25°; after Lorentz

and polarization corrections, an empirical absorption correction[(Me2N)2Ti{(C5H4)2BN(SiMe3)2}] (3): As described for 1 2.08 g
(8.60 mmol) of (Me3Si)2NBCl2 was treated with 1.51 g (17.20 based on azimuthal scans[20] (min. transm. 0.766, max. transm.

1.000) was applied before averaging symmetry-related intensitymmol) of NaC5H5. The obtained filtrate was cooled to 230°C, and
a solution of 1.93 g (8.60 mmol) of Ti(NMe2)4 in 5 mL of hexane data. Since the crystal was not stable, intensity data were corrected

for the resulting decay on the basis of three regularly measuredwas added dropwise. The mixture was allowed to warm up to ambi-
ent temperature, and the colour changed from yellow to dark red. check reflections. 2510 independent observations with I > σ(I) in

structure solution by direct methods[21] and refinement with theAfter stirring for 1 h, all volatiles were removed in high vacuum,
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