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Summary 

The crystal structure of the chloro derivative of titanocene has been deter- 
mined by single-crystal X-ray analysis and shown to be [ (C,oH~)(CSH,)2Ti2C12]. 
Each of the rings of a fulvalene ligand, C5Ha-CsHJ, is rr-coordinated to one Ti. 
Furthermore, each Ti is coordinated by one n-CSH5 ligand and by two Cl atoms 
which bridge the two metal atoms. There is no Ti-Ti bond. The observed dia- 
magnetism of the compound is tentatively ascribed to the coupling of the two 
metal atoms by the fulvalene ligand. 

___________ _ -_____--- -.^_---I_- ___- 

Introduction 

The reaction of titanocene. (C,&I,0Ti)2, with hydrogen chloride in the ab- 
sence of air yields a purple product [l]. This product was isolated and charac- 
terized by Salzmann and Mosimann [2] who regarded it as an oligomer [(C,H,),- 
TiCl], (n = 10). Brintzinger and Bercaw [ 31, however, showed the composition 
to be [(CSHs)(CsH4)TiC112, by analogy with that of titanocene [(C,H,)(C,H,)- 
TiH],. For the latter compound a number of structures have been proposed, in- 
cluding a structure with two hydride bridges and one fulvalene, Cl&Is, ligand 
linking two Ti(CsHs) units [ 31. The presence of a fulvalene ligand in titanocene 
is supported by “C NMR spectroscopy [ 41. 

Titanocene is diamagnetic; the diamagnetism has been ascribed to a Ti-Ti 
bond [ 21 or possibly to strong super-exchange through the hydride bridging 
ligands [ 51. Saltmann and Mosimann [ 2) suggested that the chloride [ (CsHs)- 
(C5H4)TiCl], is paramagnetic in solution, but our careful investigation, which 
shows that the solid compound is strictly diamagnetic, casts doubt on their pro- 
posal. In order to establish the structure of the compound, in particular the 

l P-at address Qy~tallography Labontory of The University. Nieuwe AehteRI.acht 166. AmteP 

dam. The Ncthedands. 



presence and nature of a fulvalene ligand and the possibility of a Ti-Ti bond, a 
.study of its crystal structure by X-ray diffraction was undertaken_ 

Results and discussion 

Our X-ray study shows that the compound consists of molecules of [ (CJ-W 
(C,H,),Ti,Cl,] (Fig. 1). The molecule contains a fulvalene ligand; each of the 
rings, I and I’, of this ligand is s-coordinated to one Ti atom. Furthermore, each 
Ti atom is coordinated by one s-cyclopentadienyi ligand (rings II and II’, respec- 
tively) and by two chlorine atoms bridging the two metals. The molecular sym- 
metry is strictly G-2, but the deviations from C&,-mm2 symmetry are rather 
small. Interatomic distances and angles are listed in Table 1. 

The five-membered rings are all planar (Table 2), but the central carbon--car- 
bon bond of the fulvalene ligand, C(l)-C(l)‘, makes an angle of 2.5” with the 
planes of each of the rings of this ligand. This angle, together with a minor twist 
around C(l)-C(l)‘, results in a dihedral angle of 5.32” between the two ring 
planes- The distances of the Ti atoms from the fulvalene rings (2.059 A) and 
from the cyclopentadienyl rings (2.054 A) have normal values, as have the Ti-C 
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TABLE 1 

BOND DISTANCES IN A AND ANGLES f”l= 

-__-- 

Atoms Bond length Atoms Bond length 

Ti-Cl 2.514(l) 

Ti-Cf 2.524(l) 

Ti-CW 2_371(3) 

T&C(P) 2.388f3) 

Ti-CfB) 2.405(3> 

Ti-Cf-I) 2.395f3) 

Ti-Cf 5) 2.3?6(3) 

Ti-CfG) 2.369(3) 

Ti-Cf?) 2_350(3) 

Ti-aS) 2.369(3) 

Ti-CfB) 2.385(4) 

Ti-CflO) 2.407(4) 

Ti--R(I) zow * 

Ti-Cl-Ti’ 92.4X3) 
Cl-Ti-Cl’ 81.29(4) 

c(6)-c(7)-cf8) 108.20<30) 

Cfi)-C~S)-Cf9~ 107.33(31) 

CfS)-CW-tXlO) 108.31<33) 

C(9>-CflO~--c~6) 107.83(31) 

CflO)-C~6)-Cfi) 108.32(31) 

CCu-cCl> l-455(6) 

c<1I-c(2) l-429(4) 

C<2)--cf3) l-405(4) 

C<3I-c(4) 1.421<4) 

Cf4)--cf5) 1_405(4) 

Cf5)--cfl) 1.433f4) 

Cf6)--c<7) l-398(5) 

Cf7)--c(8) I.401f5) 

CfS+C(9) 1.420(6) 

C<9I-cflO) 1.391<6) 

C<1O)--c<6) 1.407(5) 

Ti--R(M) 2.054 

C(If-aI)-c(2) 126.21(26) 

ccl)--cflI-cf5) 126_78(26) 

C<l)Xf2+C(3) 108.19(23> 

Cf2+Cf3)--cf4) 108.50(24) 

C~3)-c(4)-cf5) 107.94(24) 

cf4>-c~5~--ca) 108.42(24> 

C<5~-cfl)--c(2) 106.95(23) 

R<I)_Ti--R(U) 134.42 
____--- _-. ..- 

a in this and other tables atoms are numbered according to Fig_ 1: hydrogen atoms ate numbered as the 

carbon atoms to which they are linked. Standard deviations (in units of the last decimal PkuX’) am given 
in parentheses_ * R(I) denotes the centmid of ring I (C(l)-C(5)). R(U) that of ring If (Cf6)--C(lO))- 

TABLE 2 

BEST LEAST-SQUARES PLANES 
~. _____ ----- --- -- -- ._ ____ ____ ___ .___ 

Ia, Atoms I’lanr = F 0 R 

Cfl)--cf5) I -0.0427 -43.0181 0.9989 

C(6Wfl0, 11 0.6722 -0.0658 0.7375 

fb) Dislanccs <A) ofrome atoms [mm plane I 

Cfl) 0.001 C(l)’ 0.062 

C(2) 0.001 H(2) -Q_OS 

C(3) -0.002 H(3) 0.04 

C(4) 0.003 H(4) --0.10 

C(5) -0.003 H(5) 0.00 

Ti 2059 

icrl Dirtancl’s (I%) ofsomc otnma from plane II 

s ta 

-2.1339 

3.2819 

W5) 4.004 H(6) 

c(7) -O_OOl H(7) 

C(8) 0.005 H(8) 

c(9) -o_oo? H(9) 

CflO> 0.007 HflO) 

Ti -2054 

id) Dihcdml an&s: KAII 44.Sk; 1-r 5.3,*. 

-0.03 

0.12 

--o_Ol 

0.15 

-0.09 
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distances which average 2.387 A for the fulvalene ligand and 2.376 A for the 
cyclopentadienyls. 

AU bond angles in the five-membered rings are close to 108” (Table 1). The 
C-C distances in the cyclopentadienyl rings II show some spread about their 
average length of l-403 A_ Despite their smaller standard deviations (due to 
smaller thermal motion), the spread in the C-C distances in the fulvalene rings 
I about their average (1.419 A) is larger and, moreover, the variations are sys- 
tematic (Fig. 2). This systematic variation in bond length (which in our opinion 
is significant) indicates some contribution of resonance structure Ib to the ful- 
valene ligand. This view is supported by the length of the central C-C bond 
(1.455 A) which is much shorter than the central C-C bond in diphenyl(1.50 
f 1 A, 161) and derivatives (1.52 f 1 A, [7]). Central C-C bonds of about 1.45 
A were also found in the fulvalene ligands in other titanium complexes (Table 3), 
but in (CIOH&FeZ [9] the central C-C bonds are slightly longer (l-476(9) A)_ 

The R(I)-Ti-R(I1) angle is 134-42” (R(1) and R(I1) are the centres of rings I 
and II, respectively), while the dihedral angle between rings I and II coordinated 
at the same Ti atom is 44.6”. Similar values were found for the angle between 
the fulvalene and cyclopentadienyl rings in other titanium complexes [ 5,8]; they 
lie in the range of corresponding angles in numerous compounds containing 
(CH&Ti groups. However, the dihedral angle between the two rings of the ful- 
valene ligand is considerably smaller than that in other fulvalene titanium com- 
plexes (Table 3). This is obviously due to the longer Ti-Ti distance in the com- 
pound studied by us; the Ti-Ti distance, in turn, is dependent on the nature of 
the other ligands bridging the two Ti atoms. 

If the five-membered rings are regarded as five-electron donors, the normal 
electron-counting schemes lead to a 17-electron configuration for the metal 
centres in (C,oH,)(C,H,),Ti2Cl,. However, as stated, the compound is diamag- 
netic, as is titanocene [ 21 and other fulvalene titanium complexes [ 51; (the 
hydroxo complex [(C,$I,)(C,H,),Ti,(OH), - THF] has been reported as weakly 
paramagnetic [ 81). Diamagnetism has been ascribed either to a Ti-Ti bond [ 2,5] 
or to strong super-exchange through the bridging hydride ligands [ 51. For 
(CIJI,)(C2HS)~TiC& the existence of a Ti-Ti bond may be excluded due to the 
long Ti-Ti distance (3.638 A). In our opinion, strong super-exchange via the 
bridging chloride ligands is also unlikely, since the geometry of the Ti2C12 group 
is not very different from that in other organotitatium complexes with a 17- 

TABLE 3 

CENTRAL C-C BONDS AND DIHEDRAL ANGLES IN THE FULVALENE LIGANDS AND Ti-Ti 
DISTANCES IN SOME COMPOUNDS 

(CI~H~)(CSHJX)~T~~RR’ 
---- --I_- ---.. . .--_.--- -.-.__ .-.. ---- 
x R R’ Central Dihedral Ti-Ti RM_ 

C-C bond mglc (A) 
<A> (“1 

.-__ - 

H Cl CI l-455 5.3 3.638 
H H HzAIEQ 1.45 12.5 3.374 5 
H OH OH - THF I-43 15.1 3.195 8 
AlEQH - - 1.46 25.8 2.s3m 3 
---_~-_-- 
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TABLE 4 

GEOMETRY OF TiZClZ GROUPS IN SOME ORCANOMETALLIC COh¶POUNDS 
~- -.. I_--___.___ .___. 
Compound Ti-CI a... 

(A) 

I(CtoHx)(CsH5)2Ti2Cl~I 2.519 

1UWWrTiCll~ 2.536 
I(CH3C5H~)ZTiCII~ 2.537 
I(CsHx)TiCI - THF]? 

molec. I 2.531 
molrr. II 2.549 

[(CxHnlTiCtIa 
face I = - 2.609 
faces II. III = 2.583 

‘I Faces of TkCIJ herahedron. 

_.-_.. - 
Ti-Ti 
(X) 

_.__ -_ 
3.638 

3.808 82.4 
3.859 81.6 

4.059 
3.743 

._ .~_._ 

.- ~- 
I.CI--Ti--Cl 
(“1 
__. 

81.29 
78.42,,_ 
i9.26a,_ 

77.79 

81.52 

__~. . --.--- _.-- 
LTi-Cl-Ti Ref. 
(“) 

92.47 
10 
10 
11 

Si.6 
98.4 

11 
102.12 
97.16 

-__ --_ ..-_.__ 

electron configuration of the metal (Table a), which are all paramagnetic. While 
[ (C,H,)TiCl - THFlz and [ (C,H,)TiC1J4 obey the Curie-Weiss law (with one un- 
paired electron per Ti) [ 111, a weak antiferromagnetic interaction (-J = 159-186 
cm-‘) between the two Ti atoms has been found for [(C5HS)zTiC1]2 [ 121. While 
the TirClr groups in [ (C,H,)TiCl - THFlz and [ (CBHS)TiC1]4 are (virtually) planar 
rhombs, they are somewhat bent in [(C,oHs)(CsH5)1Ti7C1z] due to the constraint 
on the distance between the Ti atoms caused by their coordination at one ful- 
valene ligand. 

In view of the above it seems to us that the diamagnetism of [(CSuH,)- 
(CSHS),TizC12] and other fulvalene titanium compleses is predominantly due to 
the fact that the fulvalene ligand couples the two metal atoms, rather than to 
super-exchange via other bridging ligands. 

TABLE 5 

CRYSTALLOGRAPHIC DATA AND EXPERIMENTAL DETAIL6 FOR THE STRUCTURE DETER- 
h¶INATlON OF I(C~SHB)(C~HS)TT~~CII) 
~_.__..__ ~__.~___ -.- .~ -. ._ .~~. . . .-- -.----.- 

Orthorhombic space group Fdd2 Weissenberg photographs of zero and higher layer lines 

u = 20.423(4) A 
6 = 31.928(5) X 
c = 7.691(2) A 
a=p=~=90* 
T = -160°C [131 

Dhs = 1.59 flem3 (2O”CJ 
% = ~I(CIOH~)(CSHS)~T~CI~~ 
Dx =1.64 plan3 (-160°C) 

2015 independent intensities 

Least-squares refinement on observed optimalised diffractometer 
(Nonius. CAD-W angles of 15 reflections. with h(Mo-S,, 1 
= 0.70926 and h(Mo-K+ = 0.71354 A 

SpecitIc gravity by flotation method 

Automatic Nonius CAD-4 diffractometer. Zr filtered Mo-radiation. 
u+can, O,, 35”_ Retkctiono with Inet < 0 werr hereafter dis- 
cardr?d 

1955 Flkkll values with Corrections for LP and abscuption ((141: crvstaI bounded bY 14 
IF1 > 3 o,llFi> uIuI~O& = 1266 cm- ’ : correction factoR between Jix 
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Experimental 

[(C,,Hs)(C,H,),Ti,C1,1 was prepared by the method of Salzmann and Mosi- 
mann [2] and purified by sublimation at 270°C (0.1 mmHg). Magnetic measure- 
ments in the range 4-300 K (carried out by Mr. H. Druiven) showed the com- 
pound to be strictly diamagnetic. 

Crystals suitable for X-ray diffraction were obtained by sublimation at 200- 
250°C (0.1 mmHg). The crystallographic data arelisted in Table 5. Approximate 
coordinates of the Ti and Cl atoms were found from a Patterson synthesis. After 
isotropic refinement of the Ti and Cl parameters by least-squares techniques a 
difference map showed the positions of some of the carbon atoms. The remaining 
carbon atoms were found from a difference Fourier map calculated after iso- 
tropic refinement of Ti, Cl and C obtained from the previous map. 

After anisotropic refinement of the “heavy” atoms hydrogen atoms were added 
to the model at 1.08 A from the corresponding carbon atoms and isotropically 
refined. In the latter refinement cycles the lengths of the C-H bonds were con- 
strained at 1.08 A and their directions kept fixed so that only the B values of 
the hydrogen atoms were varied (in addition to the anisotropic parameters of 
the heavy atoms)_ From the two possible absolute configurations of the (non- 
centrosymmetric) crystal that giving best agreement of calculated and observed 
structure factors was selected. The final weighing scheme used is w = (w,-’ + EP 
+ J sin 0)-i with E = 3.10” and J = 0.1; w, = l/o,*(IFl) with o,*(iFI) being the 
variance based on counting statistics. The choice of E and J hardly affected the 
variation in (wlAF1’) as a function of IFI; their values were chosen such that the 
standard deviations in the parameters are minimal. The final residuals R = (2 IAFI’l 
ZlF 12)1f2 = 4.3% and R, = (ZwlAFl’/CwiF,l’)‘” = 4.3%. The final coordinates 
and~emperature factors and their standard deviations are listed in Table 6. A list 
of the observed and calculated structure factors is available on request. 
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