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Summary

The structure of a titanium aluminium hydride complex of composition
[(CsH;5),TiAlH,),(CH,),NC,H ,N(CH,),C,H, has been determined by X-ray dif-
fraction. The complex forms triclinic crystals with unit cell dimensions a = 8.406(2),
b=10.117(2), ¢ = 11.269(3) A; a =112.01(2)°, 8= 109.25(2)°, y = 87.04(2)°, space
group P1, Z=2 and density d =121 g/cm’. The structure was refined to give a
discrepancy index R = 0.056. The crystals are composed of centrosymmetric mole-
cules of (Cp,TiAlH,),TMEDA (Cp = n*-cyclopentadienyl) and molecules of crystal
benzene. Two moieties of Cp,TiH, AlH, are linked by a tetramethylethylenediamine
molecule (r,,_y 2.11 A). The aluminium atom is bonded to a titanium atom by a
double hydride bridge (r,,_ub=18, 1.6 A, r;,_yb=1.6 A), and has trigonal
bipyramidal stereochemistry, [H,N] (75,_ 4t = 1.6 A).

Introduction

Up to now, the structures of bimetallic hydride complexes of transition metals
and aluminium of type L, M(AIH,) have been investigated mainly by indirect
methods (IR and ESR spectroscopy) [2-4], in contrast to the thoroughly-studied
boron hydride analogues [1]. The only exceptions have been the hydride complexes
of yttrium and aluminium that are stabilized by cyclopentadienyl ligands [5]. Even
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these few examples have shown that the structural chemistry of the aluminium and
transition metal hydride compounds is much richer, owing to the larger number of
coordination possibilities of aluminium than that of the corresponding boron
hydrides, which have only the tetrahedral stereochemistry of boron [1]. Of special
interest are the structures of the hydride complexes of aluminium and dicyclopenta-
dienyltitanium(III) produced in the systems (%°-CsHj),TiCl,-LiAIH, and (%’-
CsH;),TiX,-LiAIH, which display high catalytic activity in hydrogenation and
isomerization of olefins [6,7). One of these complexes, (7°-CsH)TiAlH,, is rela-
tively unstable [8]. However, the addition of tetramethylethylenediamine (TMEDA)
to an ether /benzene solution of this compiex stabilizes the complex and precipitates
a compound of formula [(n°-CsH;),TiAlH,],TMEDA - C,H,. The results of the
structural studies are presented below.

Results and discussion

Crystals of (Cp,TiAlH,),(CH,),NCH,CH,N(CH,), - C;H, are composed of
centrosymmetric, dumbbell-shaped molecules of Cp,TiH,AlH,(CH;),NCH,-
CH,N(CH;),H, AlH,TiCp, (I), with molecules of benzene filling in the gaps
between (Fig. 1). The introduction of benzene apparently facilitates the packing of 1
in the crystal and produces a monocrystalline preparation distinct from the finely-
dispersed compound of composition (Cp,TiAlH,), - TMEDA which separates from
pure ethereal solutions. Toluene also acts as a stabilizer. Heating eliminates crystal
benzene and toluene from the molecule without causing decomposition of the
hydride framework and splitting of diamine.
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Fig. 1. Projection of {(7°-CsH ), Ti(g-H), AlH,],(CH;),NCH,CH,N(CH;),C,H, on plane [110}.
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Molecules of I occupy centres of inversion (0,0,0) in the crystal, while the benzene
rings lie in the centres (0,0,1/2). The intermolecular distances do not exceed the
corresponding Van der Waals contacts.

Two Cp,TiH, AIH, moieties of 1 are bonded via a bidentate ligand (TMEDA) by
donor-acceptor Al « N bonds (Fig. 2). Titanium coordinates to two planar cyclo-
pentadienyl rings (C;H,) (deviation from planarity does not exceed 0.01 A), forming
an inclined sandwich with an angle, ¢, of 40.6°. The average Ti-C distance equals
2.36 A (range of variation: 2.32-2.39 A) (Table 2). Two bridging hydrogens which
bond titanium to aluminium lie in the bisecting plane of the inclined sandwich. The
interatomic Ti-Al distance equals 2.788 A and thus approaches the sum of the
covalent radii of the metals (2.62 A). It is interesting that the same Ti—Al distance is
observed in the molecules of [(C;H,)TiHAIE,],(C,oHy) (2.82 A) [9] and
[(CsH (C,H,)TiIHAIEt,], (2.79 A) [10], in which carbon of the C;H, group

X
occupies one of the bridging positions in the cycle Ti{ S Al and hydrogen the

x
other. The fact that the Ti—Al distance is close to the sum of the covalent radii may
be explained by weak, direct metal-metal interaction. This, in general, agrees well
with the noticeable increase (ESR data) in the spin density of an unpaired eléctron

Cl

at aluminium in passing from the chlorine-bridged complex Ti{ > Al (in which
Cl
the interatomic distance obviously exceeds the sum of covalent radii) to the hydride
H
analogues with Ti< >A1 [2]. Nevertheless, up to now we have no direct proof of

the formation of a nI;Ietal titanium-aluminium bond. Without taking the latter into
account, the coordination polyhedron of aluminium is a distorted trigonal bipyra-
mid. Nitrogen and bridging hydrogen (1) occupy axial positions, while the second
bridging hydrogen (2) and the terminal hydride atoms H(3) and H(4) lie in
equatorial positions. The distance Al-axial H, as suggested previously, somewhat
exceeds the distance Al-H to the other hydrogen occupying an equatorial position in

the bridge Ti<{ AL The observed asymmetry of the bridge agrees with the

H
increase in the number of absorption bands »(Ti-HM-Al) observed in the IR
spectrum of I, compared with non-solvated CH,(C,H,),TiH,AlH, [11] in which

Fig. 2. Molecule I: General view. Thermal ellipsoids are given for P = 0.3.
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H
the fragment Ti< >A1 is apparently symmetrical. The coordination polyhedron of

aluminium is not E)ique in the structural chemistry of aluminium. As to the hydride
hydrogens, only one more compound of aluminium, (Cp,YH),(AIH,NEt,), [5],
reveals them to be in a trigonal bipyramid, [H,L]. In this compound, two hydrogens
are bridging and two are terminal; the distance AlI-N (2.13 A) is close to that in
(Table 2).

The hydride hydrogens, especially the bridging hydrogens (Table 1), have anoma-
lously small coefficients of thermal vibration. This, in the given case, points not to
limited thermal motion of the atoms but rather to excessive electron density on the
atoms. And, indeed, the maximum electron densities corresponding to the hydride
atoms exceed the peaks of the other hydrogens in molecule 1 by 1.5-2 times. The
shift in electron density should apparently be attributed to charge transfer from
nitrogen to the electron-deficient system TiH,Al. This is also expressed in the
shortening of the A1-N bond to 2.11 A, compared with 2.195 A in AIH, - TMEDA
possessing trigonal-bipyramidal stereochemistry of aluminium, [H;N,] [12]. A pro-
nounced increase in ¢ in the inclined sandwich, compared with CpTiBH, (136°)
[13], indicating an increase in the electron density on titanium, also agrees with the
above. Greater nucleophilicity of the hydride atoms in I presupposes an increase in
the ionic contribution in the bonding of two atomic groups, as compared with the
covalent boron hydride of dicyclopentadienyltitanium(III). This, however, does not
give us the grounds to regard the hydride compounds of titanium and aluminium as
ionic aluminium hydrides. The latter are constructed of discrete cations and tetra-
hedral anions ([AlH,]™) and are not characterized by the ligand coordination at
aluminium [14]). It seems to be more expedient to class Cp,Ti(p-H,)-
AlH, - TMEDA - C;H with a new type of hydride aluminium compounds, which
may be considered derivatives of the donor-acceptor complexes of aluminium
hydride of type AIH 3}Ii (the so}-;:alled alanes) and covalent aluminium hydrides with

the metallocycle M > AIC o

TABLE 2
MAIN BOND LENGTHS (4, in A)

Bond d Bond d Bond d
Ti—-C(4) 2.36(1) Ti-C(9) 2.39(1) Ti-H(1) 1.63(8)
Ti—-C(5) 2.34(2) Ti—-C(10) 2.39(1) Ti-H(2) 1.60(11)
Ti—C(6) 2.36(1) Ti-C(11) 2.37(1) Ti--- Al 2.788
Ti-C(7) 2.37(2) Ti-C(12) 2.32(D) Ti-.-Cpl“ 2.04
Ti-C(8) 2.36(1) Ti—-C(13) 2.34(1) Ti--- Cpll© 2.04
Al-N 2.11(1) C(4)-C(5) 1.38(2) C(9)-C(10) 1.39(2)
Al-HQ) 1.80(11) C(5)-C(6) 1.36(2) C(10)-C(11) 1.41(2)
Al-H(2) 1.68(8) C(6)-C(7) 1.40(3) C(11)-C(12) 1.39(2)
Al-H(3) 1.45(9) C(7)-C(8) 1.40(2) C(12)-C(13) 1.41(2)
Al-H(4) 1.65(9) C(8)-C(4) 1.38(3) C(13)-C(%) 1.41(1)
N-C(1) 1.52(1) N-C(2) 1.50(1) N-C(3) 1.50(1)
(Ti-C)aver. 2.36 (C-C)aver. 1.39 C(3)-C@3Y 1.32
C(14)-C(15) 1.37(3) C(15)-C(16) 1.31(3) C(16)-C(14)’ 1.36

¢ Cpl and CplI are the r.m.s. planes for C(4)-C(8) and C(9)-C(13), respectively.
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TABLE 3
VALENCE ANGLES (w, in °)

Angle w Angle w
Cpl/Cpll© 139.4 H(1)-Al-H(2) 66(5)
H(1)-Ti-H(2) 71(5) H(1)-Al-H(3) 99(5)
N-Al-H(1) 155(3) H(1)-Al-H(4) 102(5)
N-Al-H(2) 89(4) H(2)-Al-H(3) 124(5)
N-Al-H(3) 93(5) H(2)-Al-H(4) 118(4)
N-Al-H(4) 92(4) H(3)-Al-H(4) 118(4)
Al-N-C(1) 110.1(6) C(1)-N-C(2) 107.8(7)
Al-N-C(2) 111.3(6) C(1)-N-C(3) 112.8(5)
Al-N-C(3) 99.5(4) C(2)-N-C(3) 115.1(5)
C(4)-C(5)-C(6) 107(2) C(9)-C(10)-C(11) 109(1)
C(5)-C(6)-C(7) 110(1) C(10)-C(11)-C(12) 107(1)
C(6)-C(7)-C(8) 105(2) C(11)-C(12)-C(13) 109(1)
C(7)-C(8)-C(4) 108(2) C(12)-C(13)-C(9) 107(1)
C(8)~C(4)-C(5) 109(1) C(13)-C(9)-C(10) 108(1)
Ti-H(1)-Al 109(5) Ti~-H(2)-Al 115(5)
C(14)-C(15)-C(16) 120(1) C(15)-C(16)-C(14y 120(1)
C(15)-C(14)-C(16) 119(1)

“ Cpl and CplI are the r.m.s. planes for C(4)-C(8) and C(9)-C(13), respectively.

The results of X-ray analysis of I confirm the assumptions made on the basis of
indirect physico-chemical studies: Al and Ti bond via a double hydrogen bridge
[2,15], and the molecule Cp,TiH, AlH, solvates at aluminium in donor-type solvents
[15,16]. The data are extremely important from a synthetic point of view, since they
pave the way for the stabilization of unstable bimetallic complexes of transition and
non-transition metals.

Experimental

Preparation

The complex compound (Cp,TiAlH, ),  TMEDA - C;H, was obtained [16] by
mixing stoichiometric quantities of (Cp,TiCl), and LiAlH, in ether/benzene, fol-
lowed by the subsequent separation of LiCl and the addition of a calculated amount
of TMEDA. Crystals of composition (Cp,TiAlH,),  TMEDA -C,H, precipi-
tated from the solution. Found: Ti, 14.9; Al, 8.4; H,,, 1.4%. Calculated for
[(CsHs),TiAIH 1, [(CH,),N(C,H,)N(CH,),JC,H,: Ti, 15.65; AL 8.82: H,,, 1.31%.
Determination of crystal structure

The crystals of the compound are triclinic, with unit cell dimensions a = 8.406(2),
b=10.117(2), ¢ =11.269(3) A, a=112.01(2)°, B =109.25(2)°. v = 87.04(2)°, V =
836.0(4) A’, space group P1, Z = 2 (CpTiAlH, - 1/2TMEDA - 1,/2C,H,), d,, = 1.21
g/cm’. Crystal data were determined on a Syntex P3 diffractometer (Mo-K,,
graphite monochromator, 8/260-scan, 26 < 38°, 1224 reflections from monocrystal
(0.2 X 0.3 X 0.5 mm’) placed in a glass capillary).

The structure was resolved by direct methods. The hydride hydrogens were
localized by difference Fourier synthesis, and the hydrogens of the organic frag-
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ments were partly found from the difference series and partly from geometric
calculations. The structure was refined by the full-matrix least-squares method. The
non-hydrogen atoms were refined to an anisotropic approximation. Two cycles of
coordinate refinement were conducted, and B, , was determined for the hydrogen
atoms. The final R-factor (0.056) was found from 834 reflections. Table 1 gives the
coordinates of symmetrically-independent atoms, and Tables 2 and 3 the main bond
lengths and valence angles.
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