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Abstract

The hydride complexes [(CsMe;),Ti( u-H),},Mg (1) and [(CsHMe,),Ti( u-H),]1,Mg (2) smoothly react with four equivalents of
methanol to give the methoxy complexes [(CsMes),Ti( u-OMe),l,Mg (3) and {(CsHMe,),Ti( u-OMe),],Mg (4). The X-ray crystal
analysis of 4 revealed a nearly linear arrangement of the metal atoms in an unsymmetrical molecule. The EPR spectra of the frozen
toluene glass of 3 and 4 showed the triplet state spectra with very similar zero field splitting of rhombic symmetry. The distance between
the unpaired electrons in 4 was estimated from the value of D = 0.00958 cm ™' to be 6.43 A, in good agreement with the crystallographic
Ti'"—Ti"" distance of 6.329(1) A. Complex 4 reacts with excess dibutyl magnesium to give a mixture of 2 and [(C,HMe,),Ti( u-
H)),Mg( n-OMe)l, (6). A mixture of 4 and methylalumoxane (1:100) did not induce the polymerization of ethylene.
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1. Introduction

Titanium(IV)-magnesium complexes linked via u-
alkoxy and/or u-chloro bridging bonds have attracted
considerable attention as transition-metal components of
catalysts for the olefin polymerization. In combination
with ethylaluminium compounds or methylaluminoxane
(MAO) they form a variety of model systems whose
catalytic properties widely change from those of the
homogeneous systems based, for example, on alkoxy
derivatives of Ti and Zr, up to those of the heteroge-
neous systems based, for example, on MgCl, /organic
ester~supported Ziegler—Natta systems [1]. Thus a dimer
of the Ti, Mg entities [Ti,(OEt),( u-OEt) ( u-C)Mg( u-
CD], [2] combined with MAO afforded effective cata-
lysts for the polymerization of 1-olefins and diolefins.
These catalysts mimicked the behaviour of homoge-
neous or heterogeneous systems depending on the na-
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ture of the monomer [3,4]. The following Ti-Mg com-
plexes have been synthesized and structurally character-
ized with a similar prospect: [Mg,( u-Cl),(THF),]
[TiC1,(THF)] [5,6], [(MeCO, Et),Mg( u-C1),TiCl,] [7-
9], [MeCO, Et),Mg( n-C1),TiCl,0H] [10], and [(C H,-
OCH,CO,Et),Mg( u-C),TiCl1,] [11].

The titanocene (Ti')-magnesium coordination
chemistry was first addressed by Stephan who prepared
and determined structures of the chloro-bridged dimeric
binuclear (Ti~Mg), and trinuclear Ti,Mg complexes
[(Cp,Ti( u-C1), Mg(THF),( u-C1)], and [(Cp,Ti( -
C1),),Mg(THF),] [12]. The similar hydride complexes
[(CsHMe,),Ti( u-H), Mg(OEt, X u-X)], (X = CI1,Br)
[13] and [(C,H,_,Me,)),Ti( u-H),l,Mg (n = 5-3)
[14,15] have been recently obtained from reactions of
organomagnesium compounds with highly methylated
titanocene dichlorides.

Here we report the formation and structures of
methoxy-bridged Ti,Mg complexes derived from the
[(CsH,_,Me,),Ti( n-H),[,Mg (n=4 and 5) com-
plexes and some of their properties.
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2. Experimental details

All manipulations with reagents, the synthesis, and
most of spectroscopic measurements were carried out
under vacuum using all-sealed glass devices equipped
with breakable seals. The adjustment of single crystals
into Lindemann glass capillaries for X-ray analysis,
preparation of KBr pellets, filling of infrared cuvettes,
and ethylene polymerization tests were performed in an
atmosphere of purified nitrogen or argon.

2.1. Chemicals

The solvents toluene, hexane and 2-methyltetrahy-
drofuran (MTHF) were purified by conventional meth-
ods, dried by refluxing over LiAlH, and stored as
solutions of dimeric titanocene (C,oHg(CsH)Ti( p-
H)], [16]. Methanol (8 ml) was dehydrated by adding a
piece of sodium. After the sodium was consumed the
reaction mixture was degassed and methanol (MeOH)
was distilled off in vacuo. A portion of 1 ml of the
middle fraction was collected and diluted with toluene
to give a 0.2 M solution. The hydride complexes
[(CsMe;),Ti( u-H),,Mg (1) and [(CsHMe,),Ti( u-
H),],Mg (2) were prepared from the corresponding
titanocene dichlorides and a three-fold molar excess of
dibutylmagnesium (Aldrich) in hydrocarbon solvents as
recently described [15]. Polymerization-grade ethylene
(Polymer Institute Brno) was purified by passing through
columns filled with the Cu-catalyst (BASF, FRG) and
molecular sieve 13X.

2.2. Methods

EPR spectra were recorded on an ERS-220 spectrom-
eter (Centre for Production of Scientific Instruments,
Academy of Sciences, Berlin, Germany) in the X-band.
g-Values were determined using an Mn** (M, = —1/2
line) standard at g = 1.9860 and a proton magnetometer
MIJ-110 R (Radiopan, Poznan, Poland). A variable tem-
perature unit STT-3 was used for the measurement in
the range from —140 to +20°C. Samples were mea-
sured as solutions in toluene or MTHF. The EPR spec-
tra of triplet states were obtained in frozen glasses made
of these solutions. Electronic absorption spectra were
recorded on a Varian Cary 17D spectrometer in the
range 280-2000 nm using all-sealed quartz cuvettes
(Hellma). Electron impact mass spectra were measured
on a JEOL D-100 spectrometer at 70 eV (only impor-
tant mass peaks and peaks of intensity greater than 5%
are reported). Samples in capillaries were opened and
inserted into the direct inlet under argon. Hydrogen in
the gaseous samples was identified on an MCH-1302
(USSR) mass spectrometer. The infrared spectrum of 3
(KBr pellet) was recorded on a Mattson Galaxy 2020

spectrometer. The pellet was measured in a gas-proof
cuvette under nitrogen atmosphere.

2.3. Preparation of [(CsMes ), Ti( u-OMe), I, Mg (3)

The crystalline complex [(CsMe;),Ti( u-H), ], Mg (1)
(0.6 g, 1 mmol) was mixed with 10 ml of toluene and
15 ml of a 0.2 M solution of MeOH in toluene were
added. The pale purple colour of the hydride solution
turned to a pale turquoise colour and the solid hydride
complex dissolved. Another 5 m] of the MeOH solution
was added subsequently in 3 ml and 2 ml portions. EPR
spectra were measured at room temperature and at
—130°C before and after additions of these portions.
The colour of the solution finally turned to light green.
A sample of the gas liberated in the reaction was sealed
in an attached ampoule after cooling the reaction mix-
ture by liquid nitrogen. The solution was evaporated in
vacuo and the green crystalline residue was washed
with 10 ml of hexane. The slightly yellow washing was
discarded. The residue was dissolved in hot toluene to
give a bright green solution. Thin pale green platelets
crystallized out upon cooling to 0°C. Yield 0.64 g
(82%).

MS (180°C): rapid decomposition of the sample;
after cooling to 160°C the spectrum of (C;Me,),Ti-
(OMe) (m/e): 349 (M*°), 317 (M—MeOH), 213, 199,
197, 181, etc. was observed. UV—vis (toluene, green)
(nm): 310 vs, sh, 840 (AHI/2 =370 nm) nm. EPR
(toluene, 20°C): g=1.9779, AH=6.0 G; (toluene,
—130°C): g, =1.9786, g, =1.9798, g =1.9780, g,
= 19788, D = 0.00949 cm~', E = 0.00059 cm~'. The
gas evolved during the reaction was according to MS
solely dihydrogen.

2.4. Preparation of [(C;HMe, ),Ti( u-OMe), 1, Mg (4)

Compound 4 was obtained from 1 mmol of
[(CsHMe,),Ti( u-H),), Mg (2) by the same procedure
as for obtaining 3. Light-green thin platelets of 4 were
obtained from toluene. Yield 0.62 g (85%).

MS (200°C; m/e, (%)): 728((M™*"; 0.5), 607 (M-
CsHMe,]*, 0.5), 407 (IM—(C,HMe,),Ti(OMe)]*, 4.0),
322(11.6), 321([(C;HMe ), Ti(OMe)]*, 42.8), 320(5.1),
291(15.5), 290(46.0), 289([(C;HMe,),Ti-H]*, 100),
288(30.2), 287(62.6), 286(11.7), 285(19.6), 284(5.2),
283(7.3), 200(16.3), 199(18.6), 198(5.4), 197(9.2),
195(7.2), 186(7.0), 185(22.2), 184(5.7), 183(11.6),
181(13.2), 168(8.5), 167(21.3), 166(11.6), 165(8.2),
164(8.9), 163(8.1), 144.5((C HMe,),Ti-H}**, 6.5),
120(5.8), 105(16.4), 79(7.2), 77(5.4), 64(10.9), 32(8.0),
31(11.3), 18(14.6). IR(KBr pellet, light-green) (cm™'):
2909 (vs); 2803 (s); 1441 (m); 1379 (w); 1368 (w);
1327 (w); 1082 (vs); 1020 (m); 841 (m); 824 (m); 718
(W), 565 (s); 490 (w); 451 (w); 405 (vs). UV-vis
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(MTHF, green) (nm): A 770 (AH, ,, = 320 nm). EPR
(toluene, 20°C): g=1.9798, AH=6.0 G; (toluene,
—130°C): g, = 1.9807, g, = 19822, g, = 1.9790, g,,
= 1.9806, D = 0.00958 Cm'l, E = 0.00061 cm™ !
(MTHF, 20°C): 1.9797, AH =60 G; (MTHF,
—140°C): g, = 1.9787, g, = 19828, g,, = 1.9801,
D = 0.00876 Cm_l E=0.

2.5. X-ray crystal structure analysis of 4
A large light-green platelet was cut under purified

nitrogen in a glovebox (Braun) and a fragment 0.6 X 0.5
X 0.4 mm® was mounted in a glass capillary and sealed

by wax. The X-ray measurement was carried out on a
Phillips PW 1100 four circle diffractometer equipped
with a STOE electronic control system using graphite-
monochromated Mo K a-radiation (A 0.71069 A) at
room temperature.

Crystallographic data for 4: C,,H,,0,MgTi, M=
729.05, orthorhombic, P2,2,2,, No. 19, a = 9.2086(5),
b 15.8296(8), ¢ = 26.6504(8) A, V = 3884. 8(2) A,

D,=1247gcem™3, Z=4, u=4.17 cm™". Crystal data
were collected by using the -2 method; 26,,, = 50°.
A total of 3690 unique reflections out of 3866 observed
reflections were used in the calculations. The structure
was determined by the Patterson method which revealed

Table 1

Atomic coordinates and U, values of the non-hydrogen atoms of 4

Atom x y z ch(.zf)
Ti(1) 0.1008(1) 0.015%(1) —0.083%(1) 0.031(1)
Ti(2) —~0.0678(1) -0.0101(1) 0.1458(1) 0.02%(1)
Mg(1) 0.0148(1) 0.0058(1) 0.0311(1) 0.031(1)
o) ~0.0780(3) 0.0054(2) —0.0345(1) 0.034(1)
() ~0.2220(5) 0.0013(4) ~0.0521(2) 0.053(3)
o) 0.1825(3) 0.0234(2) —0.0107(1) 0.035(1)
() 0.3274(5) 0.0416(4) 0.0034(2) 0.054(3)
o3) ~0.0044(3) 0.0766(2) 0.0902(1) 0.033(1)
C(3) 0.0016(6) 0.1655(3) 0.0957(2) 0.049(3)
o9 ~0.0188(3) —0.0812(2) 0.0813(1) 0.033(1)
C(4) ~0.0210(6) —0.1696(3) 0.0816(2) 0.048(3)
a(s) 0.0447(6) —0.1015(3) —0.1396(2) 0.047(3)
C(51) ~0.0784(7) ~0.1045(4) —0.1767(2) 0.06%(4)
C(6) 0.0415(6) —0.1393(3) —0.090%(2) 0.044(3)
C(s1) ~0.0823(6) —0.1842(3) —0.0672(2) 0.05%(3)
a(7) 0.1844(6) —0.1329(3) —0.0706(2) 0.043(2)
C(71) 0.2294(7) —0.1680(3) -0.0212(2) 0.058(3)
C(8) 0.2755(5) —0.0925(3) —0.1064(2) 0.044(3)
C31D 0.4398(6) —0.086((4) —-0.1022(2) 0.065(3)
C(9) 0.1883(6) —0.0738(3) —-0.1482(2) 0.051(3)
C(10) 0.2313(5) 0.1289(3) —0.1267(2) 0.042(2)
101y 0.3839%(6) 0.1243(4) —0.1424(2) 0.062(3)
Ct11) 0.1085(6) 0.1119%(3) -0.1570(2) 0.044(3)
i 0.115%7) 0.0948(4) -0.2132(2) 0.061(3)
C(12) —0.0155(6) 0.1320(3) —0.130%2) 0.049(3)
c(121) —-0.1661(7) 0.136%(4) —0.1524(2) 0.072(4)
C(13) 0.026%(6) 0.1652(3) —0.0833(2) 0.049(3)
C(131) —0.0724(8) 0.2020(3) —0.0427(2) 0.075(4)
C(14) 0.1784(6) 0.1614(3) —0.080%(2) 0.046(3)
C(15) 0.0704(7) 0.0417(4) 0.2167(2) 0.061(3)
C(151) 0.037(1) 0.123%4) 0.2438(3) 0.106(6)
C(16) 0.176%6) 0.0310(3) 0.1802(2) 0.050(3)
ct161) 0.2798(8) 0.0966(4) 0.1597(3) 0.095(5)
Cc17) 0.1851(5) —0.0540(3) 0.1683(2) 0.043(3)
ct71) 0.2955(6) —0.0917(5) 0.1331(2) 0.075(4)
Ci18) 0.0861(6) —0.0989%(3) 0.1969(2) 0.050(3)
C1181) 0.0780(8) —0.1927(4) 0.2047(3) 0.087(5)
C(19) 0.015%6) —0.0385(4) 0.2285(2) 0.061(3)
C(20) —0.2893(5) 0.0665(3) 0.1654(2) 0.040(2)
C(201) —-0.3011(6) 0.1578(3) 0.1816(2) 0.053(3)
Ci21) —0.3111(5) 0.0366(3) 0.1157(2) 0.036(2)
Ci211) —-0.3370(6) 0.0912(3) 0.0701(2) 0.053(3)
c(22) —~0.3155(5) —0.0516(3) 0.1173(2) 0.03%(2)
Cc(221) —0.3514(6) ~0.1078(3) 0.0728(2) 0.052(3)
C(23) ~0.2976(5) —0.0792(3) 0.1670(2) 0.043(3)
c(231) —0.3113(7) —0.1677(3) 0.1869(2) 0.062(3)
c(24) —0.2813(5) —0.0046(3) 0.1965(2) 0.043(2)
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the approximate positions of the Ti atoms. Atomic
coordinates and anisotropic thermal parameters of all
non-hydrogen atoms were refined by the least squares
method. All hydrogen atoms were constrained to ideal-
ized geometries with a C—H distance of 1.08 A. The PC
ULM-package [17] was used for the calculations. The
final R indices were R = .044, R = 0.047 for the 3581
reflections with F, > 1o(F,). The atomic coordinates
and thermal parameters given in Table 1 refer to the
absolute structure giving the lower R value. The R
indices for the other enantiomorph were R = 0.048 and
R, =0.051.

2.6. The reaction of 4 with dibutylmagnesium

The solution of 4 in toluene (0.04 M, 10 ml) was
added to dibutylmagnesium in heptane (Aldrich, 1:1
n-butyl: sec-butyl) (1.0 M, 0.5 ml). The light-green
color of 4 changed to reddish-blue within 30 min at
room temperature. The reaction mixture was kept at
60°C for 2 h and then all volatiles (butenes and sol-
vents) were evaporated in vacuum. The residue was
extracted with 5 ml of toluene to give a clear solution
which was separated from a small amount of a white
sediment. The nature of products was established from
EPR and UV-vis spectra of this solution. Attempts to
isolate titanium products by crystallization in a larger-
scale experiment failed because of the simultaneous
precipitation of a white slurry.

il
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R
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1 n=S$§

2 n=4
Compounds 3 and 4 were obtained in high yields as
light-green crystalline solids poorly soluble in hexane
and moderately soluble in toluene. The structures of the
compounds became apparent from their EPR spectra in
frozen toluene glass, showing typical features of an
electronic triplet state with a smaller zero field splitting
parameter D than that found in the parent hydride
complexes (vide infra). In agreement with Eq. (1),
dihydrogen was identified by MS as the sole gaseous
product. The composition of 4 was established by the
EI-MS spectrum measured at 200°C. It showed the
molecular mass peak (m/z 728) and the fragmentation
pattern consistent with the structure suggested in Eq.
(1). At variance with 4 compound 3 was thermolyzed in
the direct inlet at only 180°C and yielded the MS
spectrum attributable to (C;Me;),Ti(OMe). The com-

EPR (toluene, —50°C): g =1.9919, a,;, =5.2 G, a,
=0.93 G, ar;,,=35.9 G attributed to [(C;HMe,),Ti
( u-H),Mg( u-OMe)], (6) and a broad signal of 2 dis-
cernible at high signal amplification (see Fig. 1);
(—130°C): 2, g =1.9905, D =0.01323 cm™' (lit. g =
1.9907, D =0.01327 cm™' [15}; 6, g, = 2.0018, g, =
1.9922, g,=1.9824, A, =9.2 G (triplet 1:2:1), g,
= 1.9921.

2.7. Ethylene polymerization tests

The polymerization tests were performed in a glass
reactor equipped with a thermostated water jacket and a
Teflon magnetic stirring bar. The reactor was connected
through valves to a high vacuum line, to purified nitro-
gen and to feed of ethylene. Toluene (32 ml), 4 (0.04
mmol in 4 ml of toluene) and methylaluminoxane (4
mmol in 4 ml of toluene) were charged in the reactor
under a stream of ethylene. The ethylene pressure was
kept constant at 200 Torr during the test. The polymer-
ization tests were carried out at 50 and 80°C for 3 h,
always with negative results.

3. Results and discussion

The methylated titanocene—magnesium hydrides 1
and 2 smoothly react with four equivalents of methanol
to give the methoxy complexes 3 and 4 and dihydrogen

(Eq. (1)).

+ 4MeOH ——» T M

3 n=5

4 n=4
mon structure of 3 and 4 also follows from the same
appearance of their UV-vis spectra showing a sole
absorption band in the visible and near-infrared region.
Its A,,, was found at 770 nm for 4 and at 840 nm for 3.
Although the intensity of this band is low (e~ 10’
cm? mmol™') and hence compatible with the assign-
ment to a d—d transition, a large dependence of A, on
the number of Me groups at the cyclopentadieny] lig-
ands is consistent with the assignment to a 7—d or
d-7" transition. The solid state structure of 4 was
further determined by an X-ray single crystal analysis.

3.1. Crystal structure of 4

The pLUTON drawing [18] of 4 with the atom number-
ing scheme is shown in Fig. 2. Selected bond distances
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Fig. 1. EPR spectra of the reaction mixture of 4 with 3 equivalents of
dibutylmagnesium in toluene: (A) solution at —50°C; (B) glass at
- 130°C.

and bond angles are collected in Table 2. The molecule
contains two non-equivalent octamethyltitanocene moi-
eties each bonded through two bridging methoxy groups

Table 2
Selected interatomic distances (A) and angles (deg) for 4 2

Fig. 2. A PLUTON drawing [18] of the molecular structure of 4 and the
atom numbering scheme.

to the central magnesium atom. The magnesium atom is
pseudotetrahedrally coordinated; however, the planes
containing Mg(1), O(1) and O(2) atoms (denoted PL-1)
and Mg(1), O(3) and O(4) atoms (PL-2) are not mutu-
ally perpendicular. The dihedral angle between them
amounts to 79.1°. Nearly the same angle (80.4°) was
observed between the planes of titanocene fragments
defined by CE(1), Ti(1), CE(2), and CE(3), Ti(2), CE(4).
The geometry of the bridging bonds is best understood
by introducing the least squares planes through all
elements in the bridges, i.e. Ti(1), O(1), O(2), Mg(1),
and Ti(2), O(3), O(4), Mg(1). All the oxygen atoms are
above and the Ti and Mg atoms are below the planes
and their deviations from these planes are nearly twice
as high for atoms generating the latter plane ( +0.054 +
0.062 A). Accordingly, the dihedral angle between PL-1
and the plane through Ti(1), O(1) and O(2) is 175.3°
and the dihedral angle between PL-2 and the plane

Bond distances

Ti(1)-0O(1) 2.115(3)
Ti(1)-CE(1) 2.134(1)
Ti(2)-0(3) 2.101(3)
Ti(2)-CE(3) 2.13%(5)
Mg(1)-0(1) 1.947(3)
Mg(1)-0(3) 1.941(3)
o(n-c(1) 1.408(6)
0(3)-C(3) 1.417(6)
Non-bonding distances

Ti(1)-Mg(1) 3.170(1)
Ti(1)-Ti(2) 6.32%(1)
Bond angles

CE(1)-Ti(1)-CE(2) 134.7(1)
O(D)-Ti(D-0(2) 72.8(1)
O(1)-Mg(1)-0(2) 80.3(1)
Ti(1)-0(1)-Mg(1) 102.5(1)
Ti(D-O(D-C(1) 122.0(3)
Ti(1)-0(2)-C(2) 126.7(3)
Ti(2)-0(3)-Mg(1) 102.7(1)
Ti(2)-0(3)-C(3) 126.0(3)
Ti(2)-O(4)-C(4) 121.8(3)

Ti(1)-O(2) 2.094(3)
Ti(1)-CE(2) 2.13%(1)
Ti(2)-0(4) 2.105(3)
Ti(2)-CE(4) 2.137(5)
Mg(1)-0(2) 1.925(3)
Mg(1)-O(4) 1.943(3)
o(2)-C(2) 1.416(6)
O(4)-C(4) 1.39%(6)
Ti(2)-Mg(1) 3.159(1)
CE(3)-Ti(2)~CE(4) 134.3(1)
O(3)-Ti()-0(4) 73.4(1)
O(3)-Mg(1)-0(4) 80.6(1)
Ti(1)-0(2)-Mg(1) 104.1(1)
Mg(1)-O(1)~C(1) 135.5(3)
Mg(1)-0(2)-C(2) 129.2(3)
Ti(2)-O(4)-Mg(1) 102.5(1)
Mg(1)-0(3)-C(3) 130.8(3)
Mg(1)-O(4)-C(4) 135.7(3)

* CE(1), CE(2), CE(3), and CE(4) refer to the centroids of the cyclopentadienyl rings.
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through Ti(2), O(3) and O(4) is 171.6°. This means that
the bridging oxygen bonds to Ti(2) are bent nearly
twice as much around the O-O interconnection than
those to Ti(1). Nevertheless, atoms Ti(1), Mg(1) and
Ti(2) form nearly a line as the Ti(1)-Mg(1)-Ti(2) angle
is 178.3°.

The two titanocene fragments differ by orientation of
their C;HMe, ligands, particularly in the mutual posi-
tion of the proton-bearing ring carbon atoms. The Ti(1)
fragment contains these carbon atoms on one side of the
CE(1), Ti(1), CE(2) plane and the rings are mutually
rotated by 45°. The angles between the above plane and
the CE(1)-C(9) and the CE(2)-C(14) connections (see
Fig. 2) are 6.6° and 51.6° respectively. The Ti(2) frag-
ment is in a staggered configuration with C(19) and
C(24) atoms placed symmetrically on both sides of the
CE(3), Ti(2), CE(4) plane. However, the staggering
angle of 18° is half the value for regularly staggered
cyclopentadienyl ligands (36°). In spite of these differ-
ences, the CE(1)-Ti(1)-CE(2) angle (134.7°) is virtu-
ally the same as the CE(3)-Ti(2)-CE(4) angle (134.3°).
The steric hindrance between the C(111) and C(51) Me
groups is, however, responsible for a smaller angle
between the CHMe, ring planes at Ti(1) (48.7°) against
the analogous angle at Ti(2) (53.1°).

The methoxy groups have their carbon atoms situated
above the bridging least squares planes as follows: C(1)
0.120 A, C(2) 0.162 A, C(3) 0.042 A, and C(4) 0.144
A. All the O—C bonds are inclined towards the titanium
atoms but the difference between the Mg—O-C and
Ti-O~C angles is larger for O(1) and O(4) (13-14°)
than for O(2) and O(3) (3—4°) (see Table 2). The bond
lengths and bond angles in the bridging skeleton do not
differ considerably from those known for [(CsH),Ti-
(y,-OI\/‘!e)]2 (5) [19]. The Ti~O bond lengths 2.094—
2.115 A are only slightly longer than the same bond in
5 (2.065(2) A) and the O-C bond lengths 1.399(6)—
1.417(6) A do not differ practically from 1.401(7) A in
5. The symmetrical planar bridge in § contains angles
O-Ti—0O 71.24(3)° and C-O-Ti 125.62(7)° which dif-
fer from those of 4 only slightly (Table 2). From the

other side, the planar magnesium—ters-butoxy bridge in
[MgBr( u-O-"-Bu) (OEt,)], gives the Mg-O bond
length of 1.91 A, and the O-Mg-0 angle of 83.3° [20].
In the trinuclear complex [Me,Al( u-OMe),],Mg( p-
dioxane) the Mg—O bond length was 2.05 A and the
O-C bond length 1.42 A [21], both values being slightly
longer than the average values 1.93 Aand 1.41 A in 4.
The O-Mg-0 angle (76°) was slightly smaller and the
Mg-O-C (140°) slightly larger than the average values
of analogous angles in 4. These comparisons with model
compounds are, however, of limited value because com-
pound 4 contains bent bridging bonds whereas all the
compared compounds have planar bridges. The reason
for the deformation of 4 in the solid state is not clear,
although packing effects apparently play an important
role. This follows from an intermolecular distance of
3.38 A between C(181) and C(151), which is the short-
est contact distance in the structure and there are a great
number of others in the range below 4.0 A. Unfortu-
nately, no apparent relation was disclosed between the
orientation of the O—C bonds, the position of the pro-
ton-bearing ring carbon atoms in titanocene fragments
and the bending of bridging bonds.

3.2. EPR investigation and the structures in solution

The parameters of EPR spectra of 3 and 4 and of
their precursors 1 and 2 in the toluene solution and glass
are listed in Table 3. In solution, only broad single line
spectra were observed for all the comgplexes, not show-
ing the coupling to the “Ti and ®Ti isotopes with
nuclear spins 5/2 and 7/2. These signals broadened
with lowering of the measurement temperature, and in
frozen glass they turned to typical spectra of the elec-
tronic triplet state of the cylindrical symmetry for the
hydride precursors 1 and 2 and of the rhombic symme-
try for 3 and 4. This is demonstrated in Fig. 3, which
shows EPR spectra in frozen toluene glass during the
conversion of 1 into 3. The records (B) and (C) also
prove that an intermediate complex (3') was formed
during the reaction. This is in contrast to the 2—-MeOH

Table 3
EPR spectra observed in the [(C;H;_ ,Me,),Ti( u-H),],Mg-MeOH (n = 4 and 5) systems in toluene solution (20°C) and glass (- 130°C)
Compound  Solution Glass
Biso AH(mT) g, 8y g Bav D(em™) E(m™") RA)  Ti-Ti) (A)
1 1.9896 2.1 1.9901 0.01217 0 5.96 5.72
2 1.9908 1.2 1.9907 0.01327 0 5.79 5.57
3 1.9797 0.6 1.9780 1.9790 1.9786 1.9785  0.00946 0.00060 6.44 —
3@ 1.982 1.9845 0.00897 0 6.58 —
4 1.9913 1.2 1.9790 1.9822 1.9810 1.9807  0.00958 0.00060 6.43 6.33
4b 1.9797 0.6 g, 1.9787 g, 1.9828 1.9814  0.00877 0 6.62 —_

® An intermediate complex formed in the [(CsMe;),Ti( u-H), J,Mg~MeOH system.

® The solution of 4 in MTHF at — 140°C.
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g=1.9860

100 6 H
_ >

Fig. 3. EPR spectra of the reaction mixtures in frozen toluene glass
after addition of MeOH to 1. (A) compound 1; (B) 1+ 3.0 equiva-
lents of MeOH; (C) 1+3.3 equivalents of MeOH; (D) 1+4.0
equivalents of MeOH, after 3 days (compound 3). Records of AM,
= 2 transitions observed at about 1600 G are drawn at arbitrary
place.

system where the analogous EPR investigation did not
detect the presence of any intermediate complex.

The zero field splitting parameter D allows us to
estimate the distance between the unpaired electrons in
the triplet state. In particular, the dipolar component of
D (denoted Dy ) is related to the distance between the
electrons (R, A) for the system of the cylindrical sym-
metry by Eq. (2) [22] and for the system of rhombic
symmetry by Eq. (3) [19].

R=(0.65g,/D,)"" (2)

D,= —B*/3R[2g2+ (g2 +42) /2] (3)

The contribution of a pseudodipolar component D, to
D(D = D, + D,) has been found to be low in most of
dimeric titanium(III) complexes. A good agreement be-
tween the EPR values R and crystallographic distances
d(Ti-Ti) _was obtained for [(C H,),Ti( u-ChH,],Zn (R
=6.80 A; d(Ti-Ti) = 6.84 A) [23] [(CsH),Ti( -
OMe)l, (R =338 A; d(Ti- Ti) = 335 A) and
[(CsHY),Ti( p- OEt)]2 (R=3.33 A; d(Ti-Ti) = 3.35 A)
[19] The comparison of values R and d(Ti-Ti) for
complexes 1, 2, and 4 (Table 3) gives even smaller

differences and confirms that neglecting the pseu-
dodipolar component D, is a reasonable approximation.
The zero field splitting parameter D proved to be
sensitive enough to follow the difference in d(Ti-Ti)
distances for 1 and 2, in agreement with the crystallo-
graphic data. The values of D for 3 and 4 thus predict
that d(Ti-Ti) should be close to 6.4 A for 3. A rhombic
symmetry of the zero field splitting in toluene glass
indicates that the PL-1 and PL-2 bridging systems con-
taining the magnesium atom are not mutually perpen-
dicular and /or the molecule is bent, similar to the solid
state. This has been changed in the MTHF solution
where some coordination of the solvent, or at least the
solvation of the magnesium atom, led to a more sym-
metric structure of 4 (denoted 4’). The evidence was
obtained from the EPR spectrum which was typical of
the cylindrical symmetry; however, a large linewidth
indicated only the approximate symmetry of 4’ (Fig. 4).
A smaller value of D implies that the MTHF coordina-
tion was accompanied by loosening of the bridging
bonds, resulting in a longer Ti-Ti distance (an estimate
of 6.6 A) (Table 3).

Somewhat puzzling is the structure of an intermedi-
ate complex 3’ observed by EPR spectroscopy in the
1-MeOH system. Although the D+ 3E and D — 3E
components of the zero field splitting tensor were not
determined because of the overlap with the spectrum of
3 the 2D component and g. component of g-tensor for
3’ were clearly established (Table 3). The parameter
D = 0.00897 cm™' . derived from them, unequivocally
indicates that R about 6.6 A is significantly longer than

JF,.Z

Ay

g=1.9860
100 G B
—_—,

Fig. 4. EPR spectra of (A) 4 in the toluene glass (— 130°C); (B) in
MTHF glass (4’) (—140°C).
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in both 1 and 3 (see Table 3). The maximum concentra-
tion of 3’ occurred at the molar MeOH-Ti ratio close to
3. This fact and a high g, value (1.9845) are compati-
ble with the view that it is a mixed u-methoxy—pu-hy-
drido complex in spite of the expectation that such a
complex should have d(Ti-Ti) longer than 1 and shorter
than 3. Since the reaction between the hydrides and
MeOH is very slow for the ratios MeOH: Ti > 3 a large
value of R in 3’ can be brought about by a transient
coordination of MeOH to the magnesium atom in a
mixed p-methoxy—u-hydrido complex with the elonga-
tion effect on d(Ti—Ti) similar to that of MTHF demon-
strated on 4'. The absence of such a complex formation
in the 2-MeOH system, however, shows that similar
intermediates strongly tend to disproportionate into the
initial hydrido and final methoxy complexes.

3.3. Some properties of 4

When mixed with a five-fold molar excess of Bu, Mg,
compound 4 disappeared within 30 min at room temper-
ature. The electronic absorption spectrum of 4 (vide
supra) was replaced by a broad absorption showing
Apax at 490 nm with a shoulder at 570 nm, and extend-
ing with decreasing intensity to 900 nm. The EPR
spectrum of this solution revealed the presence of two
compounds. The first one, denoted 6, showed a well-re-
solved spectrum at g = 1.9919 exhibiting a large triplet
(1:2:1) splitting (a=5.2 G) and a superhyperfine
splitting (a = 0.93 G). This spectrum overlapped a broad
single line signal of the other compound. With decreas-
ing measurement temperature the resolution of the spec-
trum of 6 improved to an optimum at — 50°C, whereas
the single line was broadened. The same sample mea-
sured in toluene glass revealed that the single line
developed into a triplet state spectrum of 2 which was
virtually identical with that of the authentic compound
used for the synthesis of 4 [15]. An anisotropic spec-
trum of compound 6, affording the triplet hyperfine
splitting in solution, was observed in the middle part of
the spectrum of 2 (see Fig. 1). A low anisotropy of its
g-tensor is compatible with a high g, value, indicating
a low occupancy of a d-orbital by the unpaired electron.
The coupling to two equivalent hydride protons (ca. 9

G) was observed only for the A, component of the
A-tensor. This value implies much lower magnitudes of
A, and A, components in order to meet a;;, = 5.2 G.

Compound 6 is assigned to be a dimer [(C;HMe,),-
Ti( u-H),Mg( u-OMe)l, on the basis of its genesis and
the comparison of its spectral parameters with those of
known spectra of dimeric hydride complexes
[(CsHMe,),Ti( u-H),Mg(OEt, ) u-X)], (X = C1,Br)
[13] and [(C5HMe,),Ti( u-H),Mg(THF) u-CD], [24]
(see Table 4). The structure of 6 as the methoxy-bridged
hydride complex accounts for only minor differences in
its EPR parameters compared with those of the halo-
bridged compounds. Slightly smaller values of a,, and
ay(Cp) and a larger value of ar; can be connected with
a changed electron density at the appropriate ligands or
atoms due to different bridging bonds between Mg
atoms. As no ether compounds were present in the
reaction system the magnesium atoms have to be pseu-
dotetrahedrally coordinated by two pairs of equivalent
oxygen and hydrogen atoms. The origin of the superhy-
perfine multiplet splitting (@ =0.93 G for 6), at least
seven lines, is not specified for all the C;HMe, com-
pounds of this type [13] as the number of multiplet lines
exceeds the number of lines which would arise from the
coupling to a total of two protons at the two C;HMe,
rings. However, a very similar appearance of the multi-
plets, including the preserved odd multiplicity in the
complexes containing different bridging elements be-
tween magnesium atoms and different additional ether
molecules, indicates that the multiplet splitting must
arise from the coupling to the methyl protons of the
Cs;HMe, ligands.

The electronic absorption spectrum of the reaction
products confirms the above assignment since the ab-
sorption band at A, =490 nm corresponds to the
absorption band of 2 [15], and the shoulder at 570 nm is
close to the absorption band at 590 nm of the
[(CsHMe,),Ti( u-H), Mg(THF)X u-CD], complex [24]).
Both the bands of the individual compounds show
wings of decreasing intensity to ca. 900 nm in accord
with the spectrum of a mixture.

The formation of 2 and 6 in this system can be
described by Egs. (4) and (5), and the mechanism is
analogous to the formation of 1 and 2 from the corre-

Table 4

EPR spectra of 6 and similar complexes of general formula [(C;HMe,),Ti( u-H), Mg(LX «-X)}, in solution

Compound

L X g ay(G) a4 (CsHMe,) (G) ? ar(G) Reference
— OMe 1.9919 5.2 0.93 5.9 This work
OEt, ® cl 1.9912 6.6 1.0 5.4 [13]

OEt, ° Br 1.9910 6.8 1.0 5.4 [13]
THF Cl 1.9914 7.0 1.0 — ¢ [24]

? Multiplets of odd number of lines (at least seven). ® Measured in diethyl ether. © Measured in toluene; the solubility in toluene was not

sufficient to observe ar; coupling.
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sponding titanocene dichlorides with an optimum at a
three-fold excess of Bu, Mg [15].

[(CsHMe,),Ti( u-OMe),],Mg + 2Bu, Mg
- [(CsHMe,),Ti( p-H),Mg( n-OMe)], (6)
+ Mg(OMe), + 4C,H, (4)
[(CsHMe,),Ti( u-OMe),|,Mg + 2Bu, Mg
- [(CsHMe,),Ti( pn-H),],Mg (2) + 2Mg(OMe),
+4C,H, (5)

Mutual abundance of compounds 2 and 6 is probably
controlled by equilibrium (6)

[(C;HMe,),Ti( u-H),|,Mg + Mg(OMe),
- [(CSHMC4)2Ti( p-H),Mg( l"‘OMe)]z (6)

Addition of MAO in excess to 4 also resulted in the
disappearance of the green colour of 4; however, the
products were not studied in detail because the identifi-
cation of the products would probably be impossible.
Furthermore, the system 4-MAO at the molar ratio
1:100 did not show any catalytic activity in the poly-
merization of ethylene. This would not be surprising,
provided the interaction with MAO leads to the forma-
tion of complex hydrides, as the hydrides 1 and 2 also
appeared to be unreactive towards ethylene [15].

4. Supplementary material available

Listings of atomic coordinates and isotropic thermal
parameters, and all bond distances and angles are avail-
able from the Fachinformationszentrum Karlsruhe,
Gesellschaft fiir wissenschaftlich-technische Informa-
tion mbH, D-76012 Karlsruhe by quoting the deposition
number CSD-58526. Additional information such as
anisotropic thermal parameters, least squares planes,
dihedral angles, observed and calculated structure fac-
tors and views of unit cell may be obtained from the
authors.
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