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Abstract 

The complexes (n5-C5Bz5)Ti(AICI,)z (Bz = be&) (I) and (n5-C,H,)Ti(AlCl,), (II) were obtained by the redox reaction of 
($-C,H_,)Ti(AlCl,), (III) with the correspond@g cyclopentadienes. Single crystal X-ray analysis revealed that I is triclinic (space 
group Pl, a 10.449(2& b 13.530(21, c 17.074(3) A, cy 95.62(2), p 103.89(2), y 112.70(2)“) and II is monoclinic (P2,/n, a 13.710(4), b 
13.139(5), c 9.666(2) A, /3 106.90(2)“). Th e molecular structures of I and II differ in common features only negligibly from that of 
III. The CsBz, ligand in I exhibits a crown structure with Bz groups orientated uniformly away from the titanium atom. Compound 
II has a remarkably short Ti-(r$C,H,) ring distance (1.98 A). Introduction of ethyl (Et) groups into outer positions of aluminate 
ligands in I induced changes in ESR and UV-Vis spectra similar to those known for derivatives of II and analogous n5-C,Me, 
complexes. 

1. Introduction 

The (n5-C,H,)Ti(AlCl,), complex (II) was first re- 
ported to arise from the reduction of (n5-C5H,)TiCI, 
with aluminium in the presence of AlCl, (eqn. (1)) or 
from the protolysis of (n5-C5H5),Ti(AlCl,) in the pres- 
ence of AlCl, (eqn. (2)) [ll. Its trinuclear Al-Ti-Al 
structure was deduced from its ESR eleven-line spec- 
trum which indicated the interaction of Tim d’ elec- 
tron with two equivalent Al nuclei (1, = 5/2). Subse- 
quently, compound IL was also prepared by the redox 
reaction of one equivalent of cyclopentadiene (C,H,) 
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with (n6-C6H6)Ti”(AlC14)2 (III) according to eqn. (3) 
12331 

3( ~5-C,H5)TiC13 + Al + nAlC1, + 

311+ (n - 5)AlCl, (1) 

(q5-C,H,),Ti(AlCl,) + AlCl, + HCl -+ 

II + C,H, (2) 

III+C5H6+II+C6H6+H. (3) 

Reactions analogous to eqn. (3) proceeded also with 
methyl-substituted cyclopentadienes, including the 
weakest acid pentamethylcyclopentadiene (C,Me,H) 
141. 

Although the trinuclear structure of II and other 
(~5-C5HS_ZMe,)Ti*“(AICl,), (z = O-5) compounds 
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were established without doubt [l-d], no .X-ray crystal- 
lographic data arc available for any compound of the 
scrics. On the other hand, crystal and molecular struc- 
tures of (arene)titanium(ll) complexes (III and its 
derivatives) are well known and their trinuclcar Al- 
T-Al inorganic skeleton was l’ound to bc practically 
unaffected by the nature of arene ligand [i--71 and b) 
the presence of Et substituents in aluminate ligands [Xl. 
Hence, wc proposed to carry out X-ray crystallographic 
investigation of single crystals of II. parent compound 
of the series, and ( rii-C,MeiYl’i(Al<‘l,), (IV): amongst 
them the largest difference in cr.xidation potentials is !o 
be expected [9]. Both complexes were readily prepared 
in solution according to cqn. (3) [3], however. the latter 
compound appeared to be labile in the solid state. 
Since WC: had also become intcrcstcd in the effects of 
bulky ligands, c’.~., pentaphcnylcyclopcntadicnidc [IO] 
and pentabenzylcyclopentadicnide ((‘iBri i anions. on 

the stability and reactivity of organotitanium com- 
plexes, we attempted the preparalion of ( q’-CiBzj)Ti- 
(A1C1,J2 (I) where the lower electron don;ltic)n ability 
of Bz groups compared to Mc groups in IV can result 
in higher stability of I. 

Pcntabcnzylcyclopentadiene (CSBz,H) as a starting 
material was first prepared only in 1078 [I 11 and the 
first transition metal C,Bzi complexes. ( q5-C,Bz,)- 
Co(CO), and (q’-<‘,Bz,)Rh(CO),. wcrc dcscrihcd in 
1986 [12]. More recently, complexes of Mn. I;c. Re, 
and Lu have been prepared and characterized by X-ray 
structural analysis [ 13.131. 

Here WC report the preparation of I from CiBz,H 
and III, the crystal structures of I and II and the E!SR 
and UV-Vis spectra of (~i-CiB~i)TiA1~Cls , Et i (.Y =L 
O-4) complexes formed in mixtures of I with triethyl- 
aluminium. 

2. Experimental details 

A high vacuum technique was used for preparation 
of complexes I and II from III and for the mcasure- 
ment of UV-Vis and ESR spectra, as described earlier 
[Z-4]. Complex 111 was obtained and purified as dc- 
scribed elsewhcrc [IS]. Solvents were purified in the 
final step by green “dimeric titanocene“ [16]. 

2.1. Preparution of I,?, .~,4,5-pet~taher~z~~lc~i~lopentadiet~e 
The following procedure is a modification of the 

method by Hirsch and Bailey [I I] and Chambers PI al. 
[12] which afford5 a considerably improved yield. A 
three-necked one litre flask equipped ivith a rcflux 
condenser and water trap. thcrmomctcr and gas inlet 
was flushed with argon and charged with bcnzyl alco- 
hol (328 g, 3 mol; Fluka 98%. not dried). Small picccs 
of sodium (15 g. 1 .W mol) were added over a period of 

3.5 min. Caution: the tcmperaturc should not hc raised 
above l?O”C. to avoid too \,igorous l’ormation of hydro- 
gcn. ‘Tcti-alin (200 ml) and the solution of cyclopentadi- 
enc dimer (7 g, (‘(I. 0.046 marl: Fitlka sS-c)i)~~~ ) in 50 ml 
of tctralin \verc added anil the mixture was stirred 
under I-c:flu for 71 h. Its boiling tcmperaturc increased 
from IX? to 204°C ;ind ca. S ml of water was collcctcd 
in the t:-ap (the trap had been t’illcd \vith tetralin 
bcforc the cspcrimcnl to prcvcnt ;I 105s of’ cyclopcnta- 
dienc 1. The highI! 1 iscous reaction mixture was then 
cooled tc~ room tcmperaturc and was trcatcd \\ith 000 
ml oi’ u;It~r ‘I‘hc x~uc~~:lh phaac \\a c\tr;iclctl tlircc 
times with benrcnc, The comhincd clrganic phases WCI-c 
dried OVCI- Vii ,SO,. ‘l‘hc sol\erit\ \\ci-c rcmo\,cd 1,). 
distillation at atmo<phc‘ric pressure. and iuhsequcntl~. 

at 22 Torr up IO IiKl’(‘. ‘1‘11~ remaining yello\v orange 
oil !crr. 00 ml) was dis~,ohcd in ,’ I of hot methanol and 
the solution wa\ ioolcd to 3O’C‘ and kept at this 
temperature o\)crnight. The cry\t;tllir;ttion of C5B~,I-I 
cc,mmcnced cithcr spontancou~l~ or u;i> initiated by 
adding scud cr>st;tl\. ‘1~11~ crudic product. was rccryxtal- 
lizeci hy the ant pwaxlure. l‘hc yield of (‘iHzi (m.p. 
7.3.5 - ‘5 ‘(‘1 was rcpr!Jduclbl! 17 g (5h( i of tlieorctical). 

Colourlcxs pentab~nt)Ic)~clopcntailicnc ((‘,Bz5H) 
0.258 g (0.5 mmol) and W. I mg of triphcnylphosphine 
(PPh ;) \\crt‘ rlissoh cd in Ii) ml of benzene and the 
solution was added lo 75 ml of the 0.013 M bcn~.ene 

solution of III with stirring. ‘I’hc hluc-t-cd colour c>t’ 111 
immediately turned yellow-green. ‘1%~ solution was 
concentrated tcl in. 5 ml and hcxanc (30 ml) was 
added. Green cryktals of i were grown by slow cvnpora- 
tion c)f the solven1 mixture in :i vacuum xqstcm. The 
crystals wcrc \\ashcd with the soivcnt. drird in ~‘NW 
and scalecl into ampoulcs equipped with hrcakatslc 
seals. The ccmpositiini ot cry5f;tls M;is clctcrmin& b) 
,X-ray cr~~stnllopraphic analysis ( !,idc irrfk ). The yield ot 
I was 0.15 g C.3-2’~ at< thcor&ic;il). 

Monomeric cyclopentadiene (0.7 mmol) was added 
slowly from the gas phase to :I stirred solution of III in 
benzene i.3.10 ’ M. 70 ml) according to the standard 
procedure [2.3/. The change 111 from blue-red 10 the 
tight green cohJtin_ of II indicated the completion of 
reaction i 3). Warning: addition of csicss (‘,Ii,l gencr- 
atcs ( ‘1~-(_‘iIIii,7’i(AICI ,) in ;i I-caction in I-ckcrsc to 
eqn. (7). ‘The reaction solution was evaporated i/l rt~ulo 
to saturation and iIcx;tnc ( I5 ml) \\ as added. Light 
green crystals of II \\ci‘l’cx scparalcd from the mother 
liquor and were r~cr>atallizcd from the UI~L‘ solvcrlt 
mixture. The yi<:lil ai‘tci rcc‘r-~stallir~ltion M'ilS SO mg 

(72'; of' thcclry”. The soitlticms of II in bcnzcne/ hexanc 
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mixture exhibited the ESR and UV-Vis characteristics 
listed in ref. [3]. 

2.4. X-ray structure determination of I and II 
Crystal fragments of I and II were mounted in glass 

capillaries under paraffin oil. The X-ray measurements 
were carried out on a Phillips PW 1100 single crystal 
diffractometer using grtphite monochromated MO 
K,radiation (h 0.71069 A) at room temperature. In- 
tensities of three check reflections for I decreased to 
48% during the data collection; a time dependent 
intensity correction was therefore applied. The crystal 
of II did not show any decomposition. The structures 
were solved by direct methods for I, by the Patterson 
method for II, and by subsequent difference Fourier 
calculations. In I some carbon atoms of the C(51)-C(56) 
phenyl ring could not be satisfactorily localized. The 
high temperature factors of C(52) to C(56) and the 
evidently unreasonable location of C(54) are probably 
due to decomposition of the crystal rather than to 
thermal motion. The benzyl carbon atoms and C(3) 
were refined with isotropic and the remaining atoms 
with anisotropic temperature factors. Positional and 
anisotropic thermal parameters for II were refined by 
the least-squares method. Hydrogen atoms were in- 
cluded at their calculated positions but not refined for 
II and were completely ignored for I. The SHELX 76 [17] 

and MULTAN 90 [18] packages were used for the calcula- 
tions. Crystallographic data for I and II and data 
processing details are listed in Table 1. Atom coordi- 
nates for I and II are given in Tables 2 and 3, respec- 
tively; bond lengths and angles are collected in Table 4. 
Atomic parameters and values of F, and F, have been 
deposited at the Cambridge Crystallographic Data 
Centre. Figure 1 shows a PLUTO drawing 1191 of I. 

2.5. Characterization of (q5-C,Bz,) TiAl,Cl, _ x Et,(x = 
O-4) complexes by ESR and UV-KS spectroscopy 

Benzene solutions of III (0.04 mmol, 2 ml) were 
added to a freshly prepared mixture of C,Bz,H with 
Et,Al in benzene (0.1 M) at molar ratios C,Bz,H:III 
= 1: 1 and III: Et,Al = 0.5, 1.5 and 4.0. The resulting 
green solutions were transferred into all-sealed quartz 
cells (Hellma, d = 0.1 and 1.0 cm> joined to an ESR 
sample tube. ESR spectra were recorded on an ERS- 
220 spectrometer (ZWG Berlin, GDR) in X-band at 
room temperature. The integrated ESR spectra were 
compared to a standard sample containing (q5- 
CSH,),Ti(AICl,Et) (5.275 X lo-” M) in benzene. UV- 
Vis absorption spectra were measured on a Varian 
Cary 17D spectrometer in the range 300-2000 nm. 
Both the measurements were analogous to those de- 
scribed for investigation of (~5-C,Me,)TiAl,C1,_~Et, 
(x = O-4) complexes [4]. 

3. Results and discussion 

Both compounds I and II were obtained by redox 
reactions of cyclopentadienes C,Bz,H and C,H,, re- 
spectively, with III according to eqn. (3). The isolated 
yields of both compounds (34 and 22%, respectively) 
were low because of the presence of abundant byprod- 
ucts. 

For obtaining I, the acidity of III was suppressed by 
addition of a small amount of triphenylphosphine which 
binds traces of free AlCl, into an inactive complex 
[20]; nevertheless, the yield of I as determined by the 
ESR method (ride infra) did not exceed 70%. Green 
crystals of I which were separated in the first crop from 
a concentrated solution of the reaction products were 
used for X-ray analysis. The solution made of these 
crystals gave the same ESR spectrum as that of the 
mother liquor, the UV-Vis spectrum was very similar 
to that of IV [4] (tide infra). Upon evaporation of the 
mother liquor, a yellow, diamagnetic byproduct formed 
an amorphous solid which always contained some 
amount of crystalline I. The structure of the byproduct 
remains unknown. 

In the preparation of II, the monomeric cyclopenta- 
diene is competitively consumed in a rapid polymeriza- 
tion reaction induced by the cationic activity of III and 
an excess C,H, gives rise to ($-C,H,)2Ti(AlC1,) [2,3]. 
These side reactions were partly suppressed by con- 

TABLE 1. Details of the structure determination of I and II 

I II 

CIysfal data 
Chemical formula (C,,H35)TiAl,CI, (C,H,)TiAl,CI, 
Crystal System triclinic monoclinic 

Space group Pi P2, /n 
a, A 10.449(2) 13.710(4) 

b, .& 13.530(2) 13.139(5) 
0 

c, A 17.074(3) 9.666(2) 
Angles, deg cy 95.62(2) p 106.90(2) 

p 103.89(2) 
y 112.70(2) 

v, ‘G 2112 1666 
Z 2 4 

Dcalci g cme3 1.417 1.80 
CL, cm-’ 7.1 17.6 
Approx. tryst. dimens., mm 0.1, 0.2, 0.6 0.2, 0.3, 0.3 
Data collection 

and refinement 
0 max, deg 18.0 21.5 
Total data 3040 3285 
Unique observed data 
F” t 2u (F,) 2182 2291 
No. of refined parameters 280 145 
R 0.141 0.050 

RW 0.141 0.058 



1X8 c;. .C(~lfr?lirl el iii. ,’ litcirfifrruillli lli,(tc,t,-ilchl11roillorifcrfirl~~J c cv?iplctt~\ 

ducting reaction 3 at low concentration of C‘,H,, until q’-CiH, ligand at its apex (see Fig. 1). The structures 
all III had been consumed. of I and II do not Gpnificantly differ in bond lengths 

anti valcncc angle\ (Table 4). ‘I’hc T-(<‘El (CF.: ccn- 
.?. I. Ctystd .strr*ctww of’ I ~rrd II troid of (‘,-ring) discanccs belong antong the shortcst 

Both complexes I and I1 exert :I square pyramidal (‘7~-cvclopt:ntatlicrl~l)-~‘I‘i ciistnncc’x s<t far known [2 I]_ 
coordination around Ti “I with four bridging chlorine especially fol 11. The fit c-mcmhcred Irings are almost 
atoms forming the pyramid base and one vi-C,Bz, or pcrfcctly planal, fiicviations of iif<m\ from 1 heir least 
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TABLE 3. Atom coordinates and equivalent isotropic temperature factors for (n’-CsHS) (AlCI,)z (II) 

Atom n Y z u 

Ti 0.3028(l) 0.1761(l) 0.0459(l) 0.x4398(4) 
Al(l) 0.1137(l) 0.18.58(l) 0.2047(2) 0.060X8) 
AK2) 0.2783(l) 0.0862(l) - 0.2943(2) 0.0538(S) 
Cl(l1) 0.2186(l) 0.06350) 0.1899(2) 0.0599(8) 
Cl(12) 0.1479(l) 0.2800(l) 0.0382(21 0.0585(6) 
Cl(13) 0.1655(2) 0.2669(2) 0.3975(2) 0.0860(10) 
CK14) -0.0345(l) 0.1310(2) 0.1471(3) 0.0927(11) 
CK21) 0.3136(l) 0.0116(l) - 0.0822(2) 0.0591(6) 
Cl(22) 0.2566(l) 0.2362(l) -0.2143(l) 0.0555(5) 
CK23) 0.4030(2) 0.0798(2) - 0.3753(2) 0.063600) 
Cl(24) 0.1440(2) 0.0257(2) - 0.4278(3) 0.0678(10) 
C(l) 0.4454(4) 0.2796(5) 0.0718(7) 0.072(3) 
C(2) 0.3983(4) 0.3104(5) 0.1685(8) 0.071(3) 
C(3) 0.4018(5) 0.2331(7) 0.2653(7) 0.079(4) 
C(4) 0.4507(5) 0.1521(6) 0.2218(10) 0.082(41 
C(5) 0.4780(4) 0.1809(6) 0.1024( 10) 0.081(4) 

squares plane < 0.009 A>. In I, the methylene carbon 
atoms only slightly deviate from the C,-ring plan:; the 
maximum deviation, exhibited by C(201, is 0.09 A (to- 

TABLE 4. Bond distances (A) and angles (“1 in structures I and II 

Ti-Cl(12) 2.520(8) 
Ti-Cl(21) 2.523@) 
Ti-Cl(22) 2.544(8) 
Ti-C(l) 2.39(3) 
Ti-C(2) 2.36(2) 
Ti-C(3) 2.31(2) 
Ti-C(4) 2.25(2) 
Ti-C(5) 2.30(31 
Ti-(CE) 1.99 
Al(l)-CI(11) 2.18(l) 
Al(l)-Cl(12) 2.20(l) 
Al(l)-Cl(13) 2.06(l) 
Al(l)-CK14) 2.06(l) 
Al(2)-Cl(21) 2.19(l) 
Al(2)-Cl(22) 2.20(l) 
AU-Cl(23) 2.05(l) 
AU-Cl(24) 2.05(2) 
C-C ((Z-ring) 1.41 * 0.02 
C-C CC,-CH,-) 1.52 * 0.03 
C-C (-CH,-Ph) 1.54+0.02 

I II 

Ti-CI(11) 2.555(7) 2.528(2) 
2.506(2) 
2.517(2) 
2.535(2) 
2.334(7) 
2.308(7) 
2.286(g) 
2.258(S) 
2.305(8) 
1.98 
2.188(2) 
2.187(2) 
2.084t3) 
2.073(3) 
2.196(2) 
2.169(2) 
2.079(3) 
2.075(3) 
1.37+0.02 

Cl(ll)-Ti-Cl(12) 
CI(ll)-Ti-Cl(21) 
Cl(ll)-Ti-Cl(22) 
Cl(12)-Ti-Cl(21) 
Cl(12)-Ti-Cl(22) 
C1(21)-Ti-Cl(22) 
Cl(ll)-AI(l)-Cl(121 
ClW-Al(l)-CK14) 
Cl(21)-AU-Cl(22) 
Cl(23)-AU-Cl(24) 
C-C-C(Cp-CH z -Ph) 

77.9(2) 
79.0(2) 

132.1(3) 
123.2(3) 
80.7(3) 
77.8(2) 
93.4(4) 

116.8(5) 
93.0(4) 

117.4(6) 
113(2) 

_ 
_ 

79.4(l) 
82.5(l) 

134.9(l) 
128.6(l) 
80.5(l) 
79.2(l) 
94.7(l) 

118.1(l) 
95.1(l) 

115.4(l) 

wards Ti atom). All five phenyl groups in the C,Bz, 
ligand are directed away from the Ti atom, forming the 
crown conformation (see Fig. 1). This type of confor- 
mation has been found only for decabenzylferrocene 
[13,14]. In all other structurally characterized metal 
complexes with C,Bz, ligands at least one phenyl 
group is directed towards the metal atom whereas the 
remaining phenyl groups are bent away [13,14,22-261. 
The phenyl ring distribution can be interpreted in 
terms of steric and electronic factors. For compounds 
containing Tl, Ge, Sn, and Pb an interaction of one of 
the phenyl groups with the metal by a free, directed 
metal electron pair has been considered [24,25]. For I 
and decabenzylferrocene this type of interaction is 
apparently impossible because of steric hindrance. 

Fig. 1. Molecular structure of (n”-C,Bz,)Ti(AICl,), (I) drawn with 
the PLUTO pragram [19]. Atoms of the dashed part of the C(51) 
phenyl group could not be localized with certainty. 



Parameter ” I 11 
‘1-i-C‘ (rmg) 1-7 7.x3 _..T_ 
T- ccntroid crf ring I .‘N I cls 
1-i-(‘I 336 1.53 I 
A- Cl (bridge) 1.1’13 I IX5 

AI-Cl (ollt~l) 2.1)% J.iI”J 
(‘I -Ti-Cl (hridgc) 7s.s “J,,? 

Cl-A-<‘1 ibridge) 0.3.2 ‘) 1.‘: 

(‘l-/\lLc‘l ~outcr) I ii.1 I 1h.h 

” Awrasc vr~luch of bond distanccy t?i, and ~alcnce .~npk,\ (-). 

Structures very similar to those found for I and 11 
are also typical for ii variety of (~“-arcne)~‘i”(AlX ,j3 
(X = C1,Br.I) complexes [5--7,77.2X]. In all these struc- 
tures the plane of’ arene or C.5H i or C’,BzS lipands and 
the approximate plant of the bridging halogen atoms 
are nearly parallel. The change from 3” cl:‘ co~~~plcx 

111 to Ti”’ d’ complexes I or II brought about some 
shortcning of Ti-Cl bonds whereas rhc A-Cl bridging 
bonds wcrc slightly elongated (we ‘1.ahlc 5). 

Nearly identical structures of the Ti(Al<‘l i)l skclc- 
ton in the T”’ and l’i!’ complexes apparently account 
for practically identical equilibria (3). affording fol 
given values of II and Y equal values of Y for I. = C,,H (,. 
C,,Me,,. C“.<H.. and CiMc<. 

(L)Ti(AlCI,), + r~Et, AICI, ,( J‘ = I 3) :-) 

(L)TiAl,(‘l,~,t-.t,-+Et;AI(‘l; 1(i’>?:) (3) 

Thcsc equilibria were cstablishcd earlier on the base ot 
ESR and UV-Vis inccstigations [3.4.20.39]” Their valid- 
ity is limited only by diffcrcnt stability of products 
depending on the value of .I- (for C‘,,H,, 1 -- O- 2, ftrr 
others I = O-3). The direct proof’ of the Lalidity of 
these equilibria \vas obtained rcccntly hg d~tcrmining 
X-ray structure of the ( ~h-(:~,Me,,)~I‘iAl,C‘l,,I~~, corn- 
plex. the expected product from th< ( 17”~C,Me,,)- 
TiAI,CI, t 1.5 Et ;Al system [Xl. Analogously. a virtual 
identity of the skeleton in I and II implies [hat cquilib- 
ria (3) should also be balid for I. 
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weak and broad d-d transition (C) did not show ob- 
servable shifts to longer wavelengths as found in the 
above systems [4]. This, in some respects different 
behaviour of the C,Bz, complexes, shows that the 
effect of benzyl substituents at the cyclopentadienyl 
ligand cannot be accounted for only in terms of the 
electron donation effect which was well documented by 
the dependences of spectroscopic parameters in the 
series of C,H,_,Me, (z = O-5) complexes [4]. 

Yields of (~5-CsBz,)TiAl,Cl,_,Et, complexes were 
nearly quantitative for II = 0.5 (x = 1) and II = 1.5 (X = 
2) but lower for II = 0 (see preparation of I> and for 
n = 4. In the latter case the expected (q’- 
C,Bz,)TiAl,Cl,Et, complex is partially decomposed 
to a diamagnetic byproduct which behaviour was also 
found for the analogous C,H,~,Me, complexes [4]. 

The (~s-C,Bzs)TiAl,Cl,_,Et, complexes thus gen- 
erally behave analogously to the (~s-CgHs~ZMe,) 
TiAl,Cl,_,Et, (z = O-5; x= O-4) complexes and as 
follows from the structure of I no steric hindrance is 
imposed by the bulky C,Bz, ligand. On the other 
hand, the benzyl groups influence the electronic Ti- 
ligand interactions in such a way that electron donation 
effect of Bz groups cannot be estimated from compari- 
son of spectroscopic (ESR and UV-Vis) parameters of 
the C,Bz, complexes with those of the C,H,_,Me, 
complexes. The stability of I and the order of Ham- 
mett’s constants for Bz and Me groups [30] allow us to 
estimate the electronic property of C,Bz, ligand to be 
similar to C,HMe, or C,H,Me, ligands. 
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