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Abstract

The complex (Cp,Ti),AlH,Cl has been isolated from the catalytic system
(Cp,TiCl),-LiAlH,, which is a precursor of the catalyst for the hydrogenation and
isomerization of olefins. This complex has been studied by X-ray diffraction. The
complex forms rhomboidal crystals with unit cell dimensions a = 10.414, b =11.998,
c=16.008 A, space group P2,2,2,, Z=4, and density p., =140 g/cm’. The
Cp,Ti moieties are linked to the Al atom via double hydrogen bridges; the Cl atom
is bonded to the Al atom.

Analysis of the EPR spectral data and some chemical properties of
(Cp,Ti),AlH ,Cl solutions has led us to suggest a mechanism for the formation of
the catalytically active species upon interaction of this compound with olefins and
solvating solvents.

* For Part V see Ref. 24,

0022-328X /87 /$03.50 © 1987 Elsevier Sequoia S.A.
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Introduction

The compounds formed in the system (7°-CsHy ), TiCl-LiAIH, (C.H. = Cp) are
effective catalysts for the hydrogenation [1], isomerization {2 4], and hyvdrometalla-
tion {2] of olefins. Previously we established [1] that the complex [Cp,T1]. AIH ,Cl.
which was characterized by spectral and analytical methods [2]. 18 most active in
hydrogenation. This compound was also very effective tn the isomerization of
olefins [2], although its activity in this case was 6 times lower than that of
Cp.TiH.AIH,. Until recently the structure of this complex had not been estab-
lished, and. hence, the nature of its catalytic activity was not clear. Moreover.
conclusions [3], that only Cp,TiH, AIHX complexes with terminal Al-H bonds are
responsible for olefin isomerization, are contradicted by the catalvtic activity shown
in this reaction by [Cp,Ti}, AIH,CL which, from its IR spectrum. contains ne such
bonds [2].

This work reports the results of a study on the structure and physico-chemical
propertiecs of the complex [Cp,Til.AlIH,Cl  which wuas isolated from  the
(Cp.TiCl),-LiAIH, system.

Discussion

The mnteraction of Cp,TiC! and LiAlH, in 2:1 ratio, under air-free conditions,
gives a violet solution, from which the complex [Cp,Ti}, AlH,Cl was crystallized
after the LiCl precipitate had been removed (eq. 1).

2Cp,TiCl + LiAIH, -2, [Cp,Ti],AIH,Cl + LiCl (1)

From the X-ray data, it can be seen that the crystals of this complex are
composed of individual three-nuclear molecules of (7°-CsH ) Ti(u.-H), AI(CDH(u -
H),TiCp,. m which two titanocene moieties are linked to an aluminium atom via
double hydrogen bridges (Fig. 1). Bonds of a similar type, between transition metal
atoms, were observed previously in two other structurally characterized alumohydride
complexes with M : Al ratic of 2:1, viz. (CMe,) Ti]. AIH, {5] and [{Me Py H-
W],AIH; [6].

The structure of the titanocene moiceties in 1 is nearly identical with that of Cp,Ti
in the complexes (Cp,TiH,AlH.), - TMEDA [7], Cp.-TiH,AlICL, - OEt, (8],
[Cp,TiH, AI(H)OMe], [9]. and [Cp,TiH, AIH(C.H)TICp(H)Y]; {10} (rp ¢, =
2.33-236 A, «Cp~Ti-Cp = 137-140°). The Ti-C bonds in [ vary in length from
2.30 to 2.37 A (average values 2.33 and 2.34 A), and the Cp-T1-Cp angles are 138.6
and 137° for Ti(1) and Ti(2), respectively. The structural parameters of Cp,Ti in 1
are nearest to the those of the complex Cp,TiH, AlCT, - OFt,. which also contains
electronegative chlorine atoms in the coordination sphere of the aluminium atom.

As in the majority of other known alumohydride complexes of titanium, the
titanium and aluminium atoms in [ are linked by double hydrogen bridges. For both
titanium atoms the interatomic distances Ti--- Al in | are identical {within experi-
mental error), being 2.772 and 2.770¢3) A. These are consistent with literature data
for other compounds of this tvpe (2.75-2.79 A) [5.7-10].

The Ti—-H distances in I are also only slightly different from rq,_ ;, in other
hydride complexes of titanium and aluminium: however. the H-Ti-H bond angle is
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Fig. 1. Molecular structure of the complex (n°-CsH ), Ti( pp-H) , ANCD( i ,-H),Ti(n°-CsHs), (I).

smaller (63.5°), and this indicates a greater electron density at the titanium atom,
compared to that in the complexes Cp,TiH, AIXX’ - L. At the same time, the Al-H
distances differ noticeably from each other (Table 1). A similar effect is observed in
the other alumohydride complexes of titanocene, and this seems to be related to
some asymmetry of the coordination polyhedron of the aluminium atom. As in the
majority of other alumohydride complexes of transition metals, the coordination
polyhedron of the aluminium atom in I is a trigonal bipyramid, in which the

Table 1
Interatomic distances in [(7°-CsHs),Ti}, AIH,Cl

Atoms d @A) Atoms d (A)
Ti(1)~C(1) 2.36(1) Ti(2)-C(16) 2.32(1)
Ti(1)-C(2) 2.35(1) TI(2)-C(17) 2.33(1)
Ti()-C(3) 2.33(1) Ti(2)-C(18) 2.33(1)
Ti(1)~C(4) 2.34(1) Ti(2)-C(19) 2.34(1)
Ti(1)-C(5) 2.33(1) Ti(2)-C(20) 2.36(1)
Ti(1)-C(6) 2.30(1) Ti(2)-Cnean 2.34+0.01
Ti(1)-C(T) 2.32(1) Ti(2)-Al 2.770(3)
Ti(1)-C(8) 2.34(1) Al-Cl 2.176(3)
Ti(1)-C(9) 2.36(1) C(1)=C(5) ean 1.37(1)
Ti(1)-C(10) 2.31(1) Al-H(D) 1.67
Ti(1)=Cnean 2.3340.02 Al-H(2) 1.43
Ti(1)-Al 2.772(3) Al-H(3) 1.48
Ti(2)-C(11) 2.33(1) Al-H(4) 1.61
Ti(2)-C(12) 2.35(1) Ti()-H(1) 1.87
Ti(2)-C(13) 2.36(1) Ti(1)-H(2) 1.85
Ti(2)-C(14) 2.34(1) Ti(2)-H(3) 191

Ti(2)-C(15) 2.33(1) Ti(2)-H(4) 1.75
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equatorial ligands, H(2). H(3), Cl. and Al lic in a plane. It shouid be pointed out
that although the bond angles in the bipyramid are markedly distorted (mainly due
to small H~Al-H bond angles in metallocycles TiH, Aly the value of the Ti-AlL-Ti
angle (139°) is practically the same as that calculated for this polvhedron (1387},
The axial ligands in the bipyramud are H(1y and H(4). which form an angle of
166.3°. The AI-H(1) and Al-H(4) bond are naturally fonger than these found for
the equatoriali Al-H bonds. In the IR spectrum of 1 the bond vibrations of the
M-H-Al bridge bonds give rise to the absorption bands at 1160 und 1260 ¢m

The Al-Cl bond fength wa T (2.176(35 A} s greater than that in complex
Cp,TiH,AlICT, - OEt, (2.156 A) and is close to that found in AICH, - INHMe, (2,18
Ay [1 1]. An increase in the Ieng,th of this bond in T causes a bathochronmue shift of
the absorptlon band for #(AL-C to 420 cm ' in Cp, TiHL, AT - Frao o(A1-ChH
=437 cm ' [12]).

Thus, the most essential structural features of {Cp,Ti}, AIH ,Cl are 1a) coordma-
gion saturation of both metal atoms (taking into account the presence of a lone
electron at the Ti atom, which occupies the b, orbitalh, and (b the absence of
terminal M-H bonds. From the ideas adopted on metallocomples catalvsis a
compound having this structure should not show catalytuce acuvity in olefin hyvdro-
genation or isomerization, because the steps of coordmation and ntroducton of o
substrate would be hampered if no essential structural reorgunization of the com-
plex occurs. Nevertheless, benzene and ether /benzene soluuons of [Cp T, ATH X
(X = Cl, Br) are effective homogeneous catalysts for buotl the hvdrogenation and
isomerization processes. It should be noted thut {reshly prepared, bluc-vialet (A = 600
nm) solutions of the compleses catalyze the isomenzation reaction after an mduc-
tion period of 10-20 min. whereas the solutions, “aged™ for 20-4% nun and
brown-violet in colour {A == 457 nmy, catalyse the reaction immediately after intro-
duction of the substrate. ihu‘c data suggest that the complexes {Up-Ti]. AlH X,
although not the catalyst as such, they are the precursor [rom which the \‘,.mmm,dll;
active species derive on interaction with the solveni and /or sebstrace

The molecular weight of 1. determined by the sopiestic mwthod, shows that |
exists in benzene solutions as the monomer {measured mnlu‘t powelght 1430 = 10

dalton. the calculated value 1 422.6 daltony. The iPR spectrum of tus solution
contains a broad unresolved singlet with a g-factor of 1988 and A4 ~ 3530 G oas
well as a signal of fow intensity with g = 1977, The lack of hyperfine siructure,
which is expected as a result of spin-decoupling by hvdrogen (4 1,2y and
aluminium (7= 5,2 nucles. could be explamed by the spin-exchange process
Ti-H-Al-H-Ti. However, the magnetic susceptibility measurements for crvstals of
{Cp,Til, AIH,CI showed that g, for this compound is 1.56 BM. which remains
constant within a temperature range of 77289 K (the low vaiue of ny, s probably,
due to the presence of impurities in the sample). Hence, hroadening of the signals in
the EPR spectrum is not due to the spin-exchange interaction. but results from the
reorganization of the complex i solution. The following facts are consisient with
this suggestion. Firstly. the existence of an induction period hefore catalvsis occurs
for freshly prepared solutions of the complexes and the associated colour changes.
Secondly. the intensity of an additional signal with g = 1 977 {the value of which is
close to that for individual (Cp,TiCly, (1.978) increases somewhar during the
storage of a solution of [ p T ATHCL made by dissolution of a erysiailine sample
the solution turning from violet into brown-viciet. Thirdly. siraighiforaard FPR




327

studies of the reaction mixture, eq. 1, showed that the additional signal (generally of
essentially higher intensity) is observed immediately after reactants are mixed. A
similar effect was observed when (Cp,TiCl), solution was added to a solution of
Cp,TiH,AlH, (eq. 2),

(Cp,TiCl), + 2Cp,TiH, AlH, =22, 2[Cp,Ti],AlH,CI )

which has a peculiar EPR spectrum (octet, g =1.991, AH =360 G, a,,=ay=4.8
G). In this case the additional signal with g =1.997 appears against a background
of a gradually broadening octuplet signal which begins at a Cp,TiCl/Cp,TiH,AlH,
ratio of 1:10. When this ratio is 1:5 the EPR spectrum of the mixture is very
similar to that of the solution, (made by dissolving crystalline [Cp,Ti], AIH,Cl).
Further additions of (Cp,TiCl), merely increases the intensity of the additional
signal. It should also be noted that the catalytic properties of the solutions, obtained
by the reactions 1 and 2, are identical.

All these facts allow the following hypothesis concerning the formation of
catalytically active species in the system (Cp,TiCl),-LiAlH, ether/benzene with
Ti:Al=2:1 to be made. It is assumed that in the reaction mixtures (egs. 1 or 2)
there are a number of equilibrium reactions occurring between different forms of
complex I, including those with homonuclear (violet-coloured form, Ia) and hetero-
nuclear (brown-violet form, Ib) bridging bonds between Ti and Al, and perhaps,
some fully dissociated forms. The possibility of an intramolecular rearrangement
occurring with chlorine atom migration from Ti to Al, was observed previously in

2 k H H
~._Cl H
1 X 7N T'/ \Al/ \T|Cp

Cp TiH ALH, =e—== CpJTi < Al TiCp, = szl 2
CpTiCl  + Cp,TiH, 2 Pise 2 \ //~' ~ \H/ | \H/

H H H ci
{Ib) (1a)
Zz
e 3

o
eV H

= Cp.Ti Al TiCp

[CpZTlH] + CpTiHAH(CY) === P, I\H/l\H/ 2
ct
{Ic)

the study of reactions between Cp,TiCl and AIH;_,Cl,-L in ether [13]. The
crystallization shifts the equilibrium 3 such that formation of individual complex Ia
results. Judging from the increase in intensity of the additional signal with g = 1.977,
and from molecular weight measurements, this equilibration proceeds slowly, this is
to bI?I expected taking into account the high stability gfl the metallohydride moiety

Ti{ “Al, compared to the heteronuclear moiety TiZ AL

TII‘lle introduction into the system of bases (amines) or olefins that fix the
Cp,TiH, AlH, moiety to the complex Cp,TiH,AlH, - L, shifts equilibrium 1 to the
left. Under the action of these reagents a dark-green compound crystallizes from the
solution, which was identified as the a-modification of (Cp,TiCl),. Crystals of this
compound are monoclinic with the unit cell parrameters a = 13.57, b= 8.17, ¢ = 8.11
A, y=90.04°, identical with those described in ref. 14. This accounts for the
straightforward catalytic activity of I, observed in olefin isomerization , and for its



228

lower rate (with respect to a g-atom of Ti), as compared to mdividual Cp,TiH.AIH.
[3]. Catalysts for isomerization are those alumohydrides CpTiH,AH,. which
contain terminal Al-H bonds [3]. Exactly the same compound is formed when
equilibrium 1 (eq. 33 is shifted to the left under the aciion of olefins. Thus the
conclusions outlined in ref. 3] and the catalvtic acovity \,m;‘sia\‘ed h\ Fan the
isomerization reaction, are no longer contradictory,

The nature of the hydrogenating activity of I s fess clear. Since neither
Cp,TiH, AIH ., nor Cp,ThC1 catalyses the hydrogenation reaction [, there seems 1o

be another possible miechanism for the dissociation of complex Ih in the presence of
H

Al as in

olefin and hvdrogen. leading to the cleavage of the heterncvele
4

reaction 2 (eq. 3), to give complex Ic or even monomeric ttanocene hvdride, which

are the actual catalysts of the hvdrogenation process. The formauon of titanocene

hydrides of varying composition in the (Cp,TiCH, Laal ) svstem, and a high

catalytic activity of “Cp.Titd" and ns derivatives, have been reported (15 19] In

accord with the conclusions in ref. 3 and in agreement with the foregowg discussion.

the second component of this equilibrium, Cp. TiH L ATH{CH should not catalvee the

reaction of olefin hydrogenation. Nevertheless, this compound s o ruther effective
catalyst of this reaction. aithough the rate of hvdrogenution of hexene-l inoas

PoATH O Phe nature of

presence s several times lower than i the case of [Op)
this effect will be discussed i a later publication.

Thus, the nature of the cuatalvtic sites of the catalvsts of the womerization and
hydrogenation of olefins are thought 1o e different. However, > himetathe
character of these sites {0 somernization could be established sufficient
reliability, the bi- or monometallic nature of these sites for hudrogenasuon must he

established all the more.
Experimental

All experiments were carried out under full exclusion of wr (CpTiCH . was
prepared by reduction of CpTiCH, {20]. Sclvents were dried by heanng and
distillation over LiAIH,. Hexene-l was purified by fractonad distiflation over
CaH-. IR spectra were recorded on a UR-ZU
400- 2500 cm ', EPR specira were run on a Varian F-3 radio SpeCtrometer w ith «
modulation frequency of 100 kHz with respect o the standard, Mn™ in MgO: static
magnetic susupubllmu were measured by the Faradayv method between 77 3.‘\&’ K.

Catalytic activity of Ih( con nplu«u was studied i the reaction of hvdrogenation
of hexene-1. Hydrogenation was carried out in 2 two-chamber vessel. connected o a
gas burette to measure the volume of absorbed gas at a hvdrogen pressuve of 1 amm
at 20°C. Hydrogen was purified by sorption on LaNi. followed by it desorption
on heating.

spectrophotometer i the range

Svnthesis of {Cp Ti) , ALH il

To a suspension of 1.2 g of (Cp,TiChH, in SO ml of EG.O/C B, misture (100 1)
was added 30 ml of a solution of LiAIH, in E,O (3.53 gL TitAl= 2010 The
mixture was stirred for 30 nun, then the precipitate of LiCl wus filtered off. and the
violet filtrate was kept overnight. The precipiiated black crystals were separated
from the mother liquor, washed with cold ether. and dred in vacuo. Found: Th
2260 AL 6.0; CL8S. O H T, ATH L CHCaler T 22670 AL 638 CL 83079
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Table 2
Bond angles in [(1°-CsHs),Ti], AIH,Cl

Angles w (%) Angles w (%)
H()-Ti()-H(2) 63.5 CI-Al-Ti(1) 110.3(3)
H(3)-Ti(2)-H(4) 63.5 Cl1-AL-Ti(2) 110.7(3)
(C=C=C) ean 107.9(9) Cl-Al-H(1) 96.5
Ti(D-Al-Ti(2) 139.0(1) Cl-Al-H(2) 1230
H(2)-Al-H(D) 7.1 Cl-Al-H(3) 1215
H(3)-Al-H(2) 1152 Cl-Al-H(@4) 943
H(3)-Al-H(1) 89.9 Ti(1)-H(1)-Al 102.9
H(4)-Al-H(1) 166.3 Ti(1)-H(2)-Al 114.8
H(2)-Al-H(4) 103.3 Ti(2)-H(3)-Al 1082
H(3)-Al-H(4) 773 Ti(2)-H(4)-Al 111.0

Single crystals of I were examined on an automatic CAD-4 “Enraf-Nonius”
diffractometer (AMo-K,) graphite monochromator, 6/26 scanning (26 <50°),
glass capillary). The unit cell parameters of rhomboidal crystals are a = 10.414(1),
b =11.998(2), ¢ = 16.008(1) A, space group P2,2,2,, Z=4,V=2000 A Pearc = 1.40
g/cnr.

Table 3
Atomic coordinates (X104, x 103 for H) in [(7°-C5Hs),Ti], AIH,Cl

Atom b y z

Ti(1) 4581(2) 2514(2) 8666(1)
Ti(2) 786(2) 3148(1) 6620(1)
cm 439(1) 376(1) 9799(7)
C(2) 487(1) 4357(8) 9117(8)
C(3) 607(1) 392(1) 8925(8)
C(4) 632(1) 307(1) 949(1)
C(5) 528(2) 296(1) 1,0006(8)
C(6) 396(1) 97(1) 791(1)
C(T) 511(2) 132(1) 758(1)
C(8) 602(1) 116(1) 818(1)
C(9) 544(1) 717(9) 8369(9)
C(10) 417(2) 62(1) 870(1)
c(y 2696(9) 257(1) 6005(6)
C(12) 188(1) 164(1) 6006(7)
C(13) 84(1) 186(1) 5508(8)
C(14) 101(1) 290(1) S181(7)
C(15) 211(1) 332009) 5459(7)
C(16) 132(1) 283(1) 703(1)
Cc(17) 137(1) 330(2) 626(1)
C(18) 91(1) 437(1) 634(1)
C(19) 58(1) 452(1) 715(1)
C0) —85(1) 356(2) 7584(7)
C1 1626(3) 4732(2) 8809(2)
Al 2369(3) 3432(2) 7994(2)
H(1) 279 255 875
H(2) 3N 328 784
H(3) 151 257 763

H(4) 186 401 7135
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The structure was solved by the direct method using an AREN-85 programme
package [21]. 250 | E| were selected, 1250 relationships were composed. and 128
phase versions were calculated, The second phase set gave the least value of R
factor, according to the & estimate {22] The structural motif was clucdated by
automatic phasc refinement. by use of cvclic inverse Fourter svathesis [23] The
hydrogen atoms in the Cp-rings were found from geometric calculations, the
hydride hydrogens were located by difference synthesis. The structure was refined
by the least-squares method in an anisotropic approximation {or ail non-hvdrogen
atoms Lo give R = 0.025. The interatomic distances and bond angles are given in
Tabies T and 2. and the coordinates of the atoms are histed in Table 3
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