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CHAPTER 5A 

SYNTHESIS AND CHARACTERIZATION OF (775-C5Me5),Ti(R)C1 (R = M e ,  Et, n-Pr, 
CH=CH,, Ph, 0-n-Pr) AND THEIR SALT METATHESIS REACTIONS. THERMAL 
DECOMPOSITION PATHWAYS OF (~5-C5Me5),Ti(Me)~' (R' = Et, CH=CH,, Ph, 

C H , P ~ )  

Summary  
The complexes Cp*,Ti(R)Cl (Cp*: q5-C,Me5; R = Me (I), Et (2), n-Pr (3),  CH=CH, 
(4), Ph (5), 0 -n -Pr  (6)) have been synthesized by oxidation of Cp*,TiR with 
leaddichloride. Salt metathesis of 2 with MeLi, KCH,Ph or LiCH=CH2 yields 
Cp*,Ti(q2-C2H4) formed by ,B-hydrogen elimination from intermediate 
Cp*,Ti(Et)R. Reaction of 4 and KCH2Ph or LiCH,PMe, results in the formation of 

Cp*FvTiCH=CH, (Fv: - C 5 M e 2 ) ,  and with LiCH=CH2 C~*,==CH, is 
formed. The complex Cp*,Ti(Me)CH=CH, (from 4 and MeLi) undergoes unimolecular 
thermolysis (AH1 = 87.9 (5) kJ.mo1-', ASS = - 21 (4)  J.mol-'.K-') to yield 

Cp*FvTiCH=CH,. Thermal decomposition proceeds via a vinylidene intermediate 
Cp*,Ti=C=CH2, formed after a rate limiting vinylic a-hydrogen abstraction 
(kH/kD = 5.1 for the thermolyis of Cp*,Ti(CD=CD,)Me). Reaction of 5 with RM (R 
= CH=CH,, n-Bu, M = Li; R = CH2Ph, M = K) gives Cp*,TiPh and R2, RH and R(-H) 
via radical decomposition of intermediate Cp*,Ti(Ph)R. Cp*,Ti(Me)Ph (from 5 
and MeLi) decomposes thermally to  Cp*FvTiPh and methane (AH1 = 96.4 (7) 
kJ.mol-l, ASf = - 41 (9) J.mol-'.K-'. Labeling and kinetic studies show that 
thermolysis occurs via a rate determining phenyl ortho hydrogen abstraction 
(kH/kD = 5.7 for the thermolysis of Cp*,Ti(Me)Ph-d,)) giving an orthophenylene 
intermediate. The intermediate can be trapped by C02 to yield 

cp*,'h i (0-C6H, )C(O ) b The complex Cp*,Ti(Me)CH,Ph decomposes by homolysis of 
the Ti-benzyl bond, and Cp*,Ti(O-n-Pr)Me via homolysis of the Ti-Me bond. 

Introduction. The thermal decomposition of early transition metal, lanthanide 
and actinide alkyl or aryl complexes is an intriguing area and has been the 
subject of many studies.' They have rendered insights in fundamental reaction 
mechanisms in early transition metal chemistry. In particular C-H activations 
are well documented with respect to kinetics, mechanisms and thermodynamics. 



The thermal decomposition of early transition metal hydrocarbyls often 

proceeds by an intramolecular attack on a C-H bond of an ancillary ligand. 
Several modes .of C-H activations have been recognized, involving or2, P3, y4 
and &la- hydrogen transfers. Some of these reactions have been studied 
extensively, e.g. by product analysis, isotope labeling, kinetics and in some 
cases thermochemically as well.5 There is a mechanistic similarity between 
intramolecular C-H activations in early transition metal chemistry. They 
proceed through a highly ordered, four-centered [2, + 2,] rate-determining 
transition states, a process usually refered to as a-bond metathesis.' This 
mechanism has been put forward to account for the typically low enthalpies of 
activation with respect to M-C dissociation enthalpiess, and negative or small 
positive entropies of activation.la The high oxidation potentials of the metal 
centers exclude oxidative additions. 
Bent-sandwich compounds with cyclopentadienyl (Cp) or 
permethylcyclopentadienyl (Cp*) ligands have been proven to be a very 
versatile system for group 4 and actinide metals to  study C-H activations. The 
thermal decompositions of Cp*2TiMe22c, C P * ~ T ~ R ~  (R = CH2CMe3, C H ~ S ~ M ~ , ) ~ ~ ,  
Cp*,ZrPhZ3' and Cp*2Hf(CH2Ph)22d are mechanistically and kinetically well 
documented, having a, ,B (orthometalation) and y C-H activation as the first, 

key step. 
A detailed knowledge of the kinetics and mechanisms of the decomposition of 
titanium alkyls is relevant for basic steps in catalytic processes 
like Ziegler-Natta polymerization of olefins. We have studied the thermal 
degradation of paramagnetic compounds CP*~T~R. Thermolysis proceeds by 
selective functionalization of a Cp* ligand to give ring-metalated Cp*FvTi 
(Fv: v6-C,Me,CH2) and RH.lC7' The decomposition is a complicated process, 
catalyzed by CP*~T~H, and does not follow a simple unimolecular pathway. In 
order to find out whether this complicated behavior is specific to Ti(II1) or 
is a more general feature of titanium alkyls, we decided to synthesize a 
number of tetravalent compounds Cp*,Ti(R)R' (R # R' = alkyl or aryl), and 
study their thermal decomposition. Apart from the Cp* ligand, these complexes 
contain groups R (R'), which can act as additional source for hydrogen atoms. 
The combination of R and R' makes it possible to compare directly the various 
modes of C-H activation. In addition, tetravalent titanium alkyls may undergo 
competitive reduction by Ti-C bond homolysis. 
Excellent starting materials to prepare mixed CP*~T~(R)R' complexes are the 
monoalkyl(ary1) monochloride compounds Cp*,Ti(R)Cl, which can conveniently be 
prepared from the corresponding tervalent Cp*,TiR derivatives. Salt metathesis 
with lithium, sodium or potassium reagents give the desired derivatives. In 
most cases, these compounds were thermally not stable so that only products 



resulting from thermal degradation were isolated. This hampered our study 
considerably. However, methyl derivatives Cp*?Ti(Me)R (R = alkyl, aryl) 
appeared to be more stable, and a detailed mechanistic and kinetic study of 
their thermolysis could be carried out. 

Experimental  
General Considerations. All operations were performed with rigorous exclusion 
of oxygen and moisture using Schlenk, vacuum-line or glovebox techniques. 
Solvents were distilled from Na/K alloy prior to use. Cp*,TiRIO, MeLi, 
(Me-d3)Li, EtLill, LiC2H312, LiC3H313, KCH2Ph14, LiCH2P(CH3)215 and PhNa.NaC1 were 
prepared by published procedures. Dry C02 was prepared by oxidation of CO over 
CuO. PbCl, (Merck-Schuchardt) was stored in an oven a t  150 OC. IR spectra were 
recorded on a Pye-Unicarn Sp3-300 or Mattson Galaxy spectrometer as Nujol mulls 
between KBr disks. NMR spectra were recorded on a Bruker WH-90 or Varian 
VXR-300 spectrometer. Chemical shifts are reported in ppm and referenced to 
residual protons in deuterated solvents (benzene-d,: 6 = 7.15 ppm; toluene-d,: 
6 = 7.02 ppm for 'H NMR and benzene-d,: 6 = 127. 96 ppm for 13C NMR). Gas 
chromatography was performed on a HP 7620A GC aparatus using a Porasil B 
packed column. Quantitative gas measurements were performed on a Toepler pump. 
Mass spectroscopy was performed on a AEI VC 9. Elemental analyses were carried 
out a t  the Microanalytical Department of this University under supervision of 
A.F. Hamminga. All found percentages are the average of a t  least two 
independent determinations. 

Compounds 1 to 6 were conveniently synthesized on 2 gram scale by treating 
ether or THF solutions of the appropriate CP*~T~R complexes with 0.52 mole of 
PbC12 at  room temperature. After extraction with pentane and crystallization 
a t  -80 OC red or orange crystals were isolated in high yields. As example the 
preparation of 1 is given. A mixture of 2.202 g (6.604 mmol) of Cp*,TiMe and 
0.95 g (3.41 mmol) of PbC12 in 20 mL of THF was stirred a t  room temperature 
for 2 h. The volatiles were removed in vacuum, and the residue extracted with 
pentane. Recrystallization from THF afforded 1.55 g (4.20 mmol, 64%) of 1 as 
red crystals. 

Cp*,Ti(Me)Cl (1). Yield 64%. IR (cm-I): 2720 (w), 1160 (w), 1060 (w), 1020 

(s), 950 (w), 800 (w), 460 (m), 440 (m). Anal. Calcd for C2,H3,TiCl: C, 68.38; 
H, 9.02; Cl, 9.61. Found: C, 68.81; H, 8.96; Cl, 9.05. 

Cp*,Ti(Et)Cl (2). Yield 86%. IR (cm-I): 2720 (w), 1125 (s), 1060 (w), 1020 
(s), 950 (w), 810 (w),  600 (w). Anal. Calcd for C2,H3,TiCl: C, 69.02; H, 9.21; 



Ti, 12.51; Cl, 9.26. Found: C, 68.62; H, 9.06; Ti, 12.53; Cl, 9.49. 

Cp*,Ti(n-Pr)Cl (3). Yield 86%. IR (cm-I): 2720 (w),  1110 (s), 1060 (w), 1020 
(s), 950 (w), 800 (w), 410 (w). Anal. Calcd for C,,H,,TiCl: C, 69.60; H, 9.40; 
Ti 12.07; Cl, 8.93. Found: C, 69.38; H, 9.39; Ti 11.96; Cl, 8.65. 

Cp*,Ti(CH=CH,)Cl (4). Yield 78%. IR (cm-I): 3090 (w),  3040 (w),  2720 (w), 1775 
(w), 1535 (w), 1210 (m), 1060 (w), 1020 (s), 950 (w), 890 (s),  810 (w), 520 
(w), 440 (w), 365 (w). Anal. Calcd for C,,H,,TiCl: C, 69.38; H, 8.73; Ti, 
12.58; Cl, 9.31. Found: C, 69.34; H, 8.60; Ti, 12.67; C1, 9.43. 

Cp*,Ti(Ph)Cl (5). Yield 81%. IR (cm-I): 3100 (w), 2720 (w), 1550 (m),  1255 

(w),  1020 (m),  1010 (w), 800 (m),  785 (s), 480 (w), 400 (w). Anal. Calcd for 
C,,H,,TiCl: C, 72.47; H, 8.19; Ti, 11.12; Cl, 8.23. Found: C, 72.22; H, 8.19; 
Ti, 11.16; Cl, 8.49. 

Cp*,Ti(O - n - Pr)C1 (6). Cp*,TiCl (1.876 g, 0.530 mmol) and LiO-n - Pr were stirred 
in 20 mL of THF overnight. The purple reaction mixture was evaporated to 
dryness and extracted with 100 mL of pentane. The pentane was changed for 20 
mL of ether and PbC12 (0.74 g, 0.27 mmol) was added. The solution slowly 
turned red and after stirring for 0.5 h the solution ww filtered. After 
concentration and crystallization 1.75 g 6 (0.42 mmol, 80%) was isolated in 
two crops. IR (cm-I): 2720 (w), 1070 (vs), 1020 (s), 880 (w), 790 (m),  760 
(m),  625 (s), 595 (s), 540 (w), 410 (w), 360 (w). Anal. Calcd for C2,H3,TiC10: 
C, 66.91; H, 9.03; Ti 11.60; Cl, 8.59. Found: C, 66.69; H, 8.95; Ti, 11.66; 

C1, 8.74. 

Cp*,Ti(C=CMe)CH=CH, (9). Cp*,Ti(C,H,)Cl (0.354 g, 0.93 mmol) and LiC=CMe 
(0.043 g, 0.94 mmol) were stirred in 10 mL of THF for lh. The mixture was 
evaporated to dryness and extracted with pentane. After filtration and 
crystallization, 9 (0.215 g, 60%) was isolated as red crystals. IR (cm-I): 
3060 (w),  2720 (w), 2090 (s) ,  1775 (w), 1540 (w), 1220 (m), 1165 (w), 1065 
(w), 1025 (vs), 980 (vs), 890 (vs), 810 (w), 600 (w), 505 (m),  460 (w), 455 
(w),  410 (w), 390 (w). Anal. Calcd for C2&,,Ti: C, 78.10; H, 9.44; Ti, 12.46. 
Found: C, 78.06; H, 9.30; Ti, 12.56. 

Cp*,Ti(Me)CH=CH, (13). Cp*,Ti(C,H,)Cl (0.567 g, 1.49 mmol) was dissolved in 15 
rnL of ether. To this solution 3.55 mL of a 0.42 M MeLi solution (1.49 mmol) 
was added at -10 OC. After stirring for 0.5 h, the volatiles were removed in 
vacuum, and the residue extracted with 20 mL of pentane a t  0 OC. After 



crystallization a t  -80 OC yellow crystals resulted: 0.319 g (0.88 mmol, 59%). 
The compound was stored a t  -35 OC. IR (cm-I): 3100 (w), 2720 (w), 1790 (w), 
1540 (m),  1220 (m), 1160 (w), 1060 (w), 1020 (s) ,  950 (w),  900 (m), 810 (w),  
480 (m),  460 (w). Anal. Calcd for C23H36Ti: C, 76.64; H, 10.07; Ti, 13.29. 
Found: C, 75.60; H, 9.66; Ti, 13.46. Cp*,Ti(Me)CD=CD, (13b) was prepared from 
Cp*,TiCD=CD, and CdMe2. CP*~T~CD=CD, (0.364 g, 1.05 mmol) was dissolved in 10 
mL of pentane. At -30 OC CdMe, (38 pL, 1.04 mmol) was added and the mixture 
was stirred for 3 h a t  this temperature. The volatiles were removed in vacuum 
and the residue extracted with pentane at 0 OC. Crystallization at -80 OC 
yielded 0.184 g (0.044 mmol, 42%). IR (cm-I): 2720 (w), 2270 (w), 2185 (m),  
2170 (m), 2124 (m) ,  1165 (w), 1105 (w), 1060 (w),  1020 (s), 975 (m), 950 (w), 
810 (w),  710 (s), 470 (m), 450 (m). Cp*,Ti(CD3)CD=CD2 (13c) was prepared from 
Cp*,Ti(CD=CD,)Cl and CD3Li (scale 0.45 mmol, yield 72%), analogous to 13. 

Cp*,Ti(Me)Ph (14). Cp*,Ti(Ph)Cl (0.357 g, 0.83 mmol) was dissolved in 10 mL of 
ether. At 0 OC, 1.97 rnL of a 0.42 M MeLi (0.83 mmol) solution in ether was 
added. After stirring for 2 h, during which the reaction mixture turned 
orange, the volatiles were removed in vacuum, and the residue extracted with 
pentane. The extract was concentrated and cooled to -80 OC to yield orange 
crystals of 14. Yield 0.281 g (0.685 mmol, 82%). IR (cm-I): 3040 (m), 3020 
(w), 1560 (m),  1230 (w), 1165 (w), 1155 (w), 1025 (m),  730 (s), 710 (s) ,  480 
(w), 460 (w). The isotopically labeled Cp*,Ti(Me)Ph-d5 (14b) was prepared in a 
similar manner starting from Cp*,Ti(Ph-d5)C1 (0.251 g )  and MeLi: yield 0.110 g 
(46%). IR (cm-I): 2720 (w), 2260 (m),  2240 (a), 1520 (m),  1310 (w), 1230 (w), 
1020 (s), 980 (w),  940 (w), 830 (m), 535 (s), 460 (w),  440 (s). 
Cp*,Ti(Me-d3)Ph-d5 (14c) from Cp*,Ti(Ph-d,)Cl (0.424 g )  and (Me-d3)Li: yield 
0.274 g (67%). IR (cm-I): 2720 (w), 2270 (m), 2240 (m),  2220 (w), 2200 (w), 
2100 (w), 2050 (w), 1170 (w), 1060 (w), 1020 (m),  830 (m), 540 (s), 515 (s), 
420 (w). 

Cp*,Ti(Me)CH,Ph (17). Cp*,Ti(Me)Cl (0.515 g, 1.40 mmol) and KCH,Ph (0.192 g, 
1.47 mmol) were stirred for 0.5 h in 10 mL of ether. The resulting dark-brown 
solution was evaporated to dryness, and extracted with 20 mL of pentane. 
Crystallization a t  -80 OC yielded 0.42 g (0.94 mmol, 67%) of brown crystals. 
IR (cm-I): 3050 (w), 1590 (s), 1215 (s), 1180 (w), 1060 (w), 1030 (w), 1020 
(m),  980 (m),  815 (w), 750 (s), 705 (s), 460 (w). Anal. Calcd for C30H,oTiCl: 
C, 79.21; H, 9.50; Ti, 11.28. Found: C, 78.01; H, 9.40; Ti, 11.24. The 
deuterated Cp*,Ti(Me-d3)CH2Ph (1%) was prepared by the same method, starting 
from Cp*,Ti(Me-d3). IR (cm-I): 3050 (w), 2720 (w), 2220 (m), 2200 (m),  2100 
(w),  1590 (s), 1215 (s), 1180 (w), 1040 (w), 1020 (s), 980 (m),  810 (m),  745 



(s), 700 (s), 505 (m). 

Cp*,Ti(O -n  - Pr)Me (18). Cp*,Ti(O-n-Pr)Cl (0.295 g, 0.714 mmol) was dissolved in 
10 mL of ether. At room temperature 2.5 mL of a 0.42 M MeLi (1.05 mmol) 
solution in ether was added, and the mixture stirred overnight. The solution 
turned yellow. The solvent was removed in vacuum, and the residue was 
extracted with pentane. After crystallization 1.75 g of 18 (0.446 mmol, 84 %) 
resulted as orange crystals. IR (cm-I): 2720 (w),  1110 (s) ,  1095 (s), 1020 
(m), 960 (w),  895 (w), 800 (w), 635 (m), 600 (m,d), 480 (w), 410 (w). 
Analogous procedures were followed for reaction of 6 with KCH,Ph. 

2 + MeLi. Cp*,Ti(Et)Cl (0.234 g, 0.611 mmol) was dissolved in 20 mL of ether. 
At -30 OC 0.45 mL of an 1.37 M solution of MeLi (0.61 mmol) in ether was 
added, and the mixture was allowed to  warm to 0 OC. The color changed from red 
to yellow. After 2 h the volatiles were removed in vacuo, and the residue was 
extracted with pentane a t  0 OC. After concentration 0.167 g Cp*,Ti(q2-C,H,) 
(0.48 mmol, 79%) was isolated as green crystals. An analogous procedure was 
followed for the reaction of 2 with LiC2H3 to  give Cp*,Ti(q2-C2H,). 

2 + KCH,Ph. Cp*,Ti(Et)Cl (0.339 g, 0.885 mmol) and KCHzPh (0.134 g, 1.03 mmol) 
were stirred in pentane at -5 OC for 2 h. The solution was filtered a t  low 
temperature (-5 OC). After crystallization 0.231 g Cp*,Ti(v2-C2H,) (0.66 mmol, 
75%) was isolated. 

3 + MeLi. Cp*,Ti(n-Pr)Cl (41 mg, 0.10 mmol) was dissolved in 2 rnL of ether and 
the solution frozen in liquid nitrogen. MeLi (0.25 mL 0.41 M solution in ether 
(0.10 mmol)) was added and the vessel evacuated. The reaction mixture was 
warmed to 0 OC. After stirring for 3 h, the volatiles were collected with a 
Toepler pump: 1.2 mol/Ti. GC: methane 5496, ethane, 5%, propane 1796, propene 
23%. The residu was evaporated to dryness, and analysed by 'H NMR (Cp*,TiMe2 
and Cp*,Ti identified). 

4 + KCH,Ph. Cp*,Ti(C2H3)Cl (0.265 g, 0.695 mmol) and KCH2Ph (0.091 g, 0.699 
mmol) were stirred a t  0 OC for 0.5 h dl-ring which the solution turned green. 
The mixture was evaporated to  dryness and extracted with 20 mL of pentane. The 
pentane was evaporated and the resulting green oil was analyzed by 'H NMR: 
Cp*FvTi(C2H3) was identified, signals due to paramagnetic compounds were not 
observed. A similar procedure was followed for the reaction between 4 and 
LiCH2PMe2. 



4 + LiC2H3. Cp*,Ti(C2H3)Cl (0.583 g, 1.53 mmol) was dissolved in 10 mL of 
ether and cooled to 0 OC. To this solution 8 mL of an 0.19 M LiC2H3 solution 
in ether was added, and the mixture stirred for 1 h. The color changed to red. 
The volatiles were removed in vacuum, and the residue was extracted with 20 mL 
of pentane. After crystallization 0.403 g of 13 (1.08 mmol, 71%) resulted as 
red crystals. 

5 + LiC2H3. Cp*,Ti(Ph)Cl (0.081 g, 0.204 mmol) and 1.07 mL of a 0.19 M LiC2H3 
(0.204 mmol) solution in ether were mixed at -80 OC and carefully degassed. 
The mixture was allowed to warm slowly to 0 OC. The color changed to green. 
After 2 h reaction time the gasses were collected with a Toepler pump: 0.55 
mol gas/Ti, (GC: ethene, 76% and 1,3-butadiene, 25%). The reaction was 
repeated on 0.81 mmol scale and the titanium product isolated and identified 
as Cp*,TiPh with 'H NMR and IR spectroscopy by comparison with an orginal 
sample. 

5 + BuLi. Cp*,Ti(Ph)CI (0.061 g, 0.141 mmol) was dissolved in 2 rnL benzene-d, 
and frozen in liquid nitrogen. BuLi (0.056 mL of a 2.5 M solution (0.141 
mmol)) was added and the vessel evacuated. The reaction mixture was slowly 
warmed to room temperature, during which the color changed to green. The 
volatiles were collected with a Toepler pump and analysed by MS 
(butane-d,,d,/butene). The residue was analysed by 'H NMR and identified as 
Cp*,TiPh. 

5 + KCH,Ph. Cp*,Ti(Ph)Cl (0.358 g, 0.851 mmol) and KCH2Ph (0.151 g, 1.16 mmol) 
were stirred at  -20 OC for 1 h in pentane, during which the color gradually 
changed to greenish-brown. The solution was filtered and evaporated to 
dryness. The residue contained Cp*,TiPh and (PhCH,), ('H NMR, IR, MS). 

5 + EtLi. A solution of c~*~Ti (Ph)Cl  (0.271 g, 0.629 mmol) in 10 mL of pentane 
was treated with 1.6 mL of a 0.40 M EtLi solution (0.64 mmol) in benzene at 0 
OC. The mixture was stirred for 2h during which the color changed to green. 
The volatiles were removed in vacuum, and the residue extracted with 10 mL of 
pentane. Crystallization at  -80 OC yielded 97 mg green crystals: identified by 
NMR and IR spectroscopy as Cp*,Ti(q2-C2H4) (0.28 mmol, 45%). 

Thermolysis of 14 in  t h e  Presence of C02. An NMR tube was charged Cp*,Ti(Me)Ph 
(24 mg, 0.058 mmol) and 4.0 mL of benzene-d,. C02 (0.11 mmol) was condensed 

in, and the tube sealed. Thermolysis at  70 OC gave clean conversion of 14 to 
16. 



Kinetic Measurements of Thermal  Decomposition. The rate of decomposition of 
the methyl derivatives was followed by monitoring the decay of the integrated 
intensity of the methyl resonances in the 'H NMR. Under experimental 
conditions, + 0.02 M benzene-d6 solutions of the titanium compounds in sealed 
NMR tubes were heated in a Bruker WH-90 NMR spectrometer. Spectra were 
recorded a t  preset intervals, using a homemade microprogram. Reaction 
temperatures were constant within 0.2 OC. Rate constants were reproducible to 
within 5% error. 

Cross-over Experiments. A typical experiment is described. 
Cp*,Ti(Me-d3)(Ph-d,) (51 mg, 0.12 mmol) and Cp*,Ti(Me)Ph (30 mg, 0.078 mmol) 
were dissolved in 2 mL of toluene under vacuum conditions The mixture was 
heated for 24h a t  80 OC. The gases formed were collected with a Toepler pump: 
0.174 mmol (88%). CH4 and CD4 (MS), traces of CD3H and CH3D (< 5%). 

Synthesis of  (Cp*-d,5)2Ti(CD2CH3)C1 (2b) a n d  Reaction with MeLi. 
(Cp*-d,,),TiCl, (0.489 g, 1.16 mol) was dissolved in 40 mL of THF and cooled 
to 0 OC. CH3CD2MgBr (1.72 mL of a 0.67 M solution in ether (1.16 mmol)) was 
added and the mixture stirred for 3 h at 40 OC. The volatiles were removed in 
vacuum, and the red residue extracted with pentane. Crystallization a t  -80 OC 
yielded 93.4 mg (0.023 mmol, 19%) .2b as brown needles. Compound 2b (67 mg, 
0.016 mmol) was dissolved in 2 mL of ether. The solution was frozen in liquid 
nitrogen and MeLi (0.36 mL of 0.45 M solution in ether (0.16 mmol)) was added 
and the vessel evacuated. The mixture was slowly warmed to room temperature, 
and after 2 h the gases formed collected with a Toepler pump (0.149 mmol, 
92%): CHI (10096, MS). 



Table 1. Proton NMR Data for Cp*,Ti(R)R' 

compound assignment 6 (ppm) mult I (H)  J(H-H) (Hz) 

Cp*,Ti(O - n -Pr)CI 6 Cp* 

Cp*,Ti(C=CMe)CH=CH, 0 Cp* 

a=CH2 
=a2 c 

t 

C ~ * ~ ~ = C H ,  11 Cp* 

=a 1 
CH_ 

Cp*,Ti(Me)C,H, 13 Cp* 
Me 

(toluene-d,) CH_=CH2 
=cH2 c 



t 
Cp*,Ti(Me)Ph 14 Cp* 

% 
Ph 

16 cp* 
Ph 

Cp*,Ti(Me)CH,Ph 17 Cp* 

CH_,Ph 
Ph 0 

P 
rn 

Cp*,Ti(O - n - Pr)Me 18 Cp* 
Ti-% 
0-CH, 

CH,-'33 
CH2-CH, 

Table 2. 13C NMR Data for Cp*,Ti(R)R' 

compd assignment 6 (ppm) mult J(C-H) (Hz) 



a 

c P * , ~ & ,  16 CMe, 

&Me5 
Ti-0-CQ 
Ti-C 
C-CQ, 
& 

Ph 

123.39 s 
212.85 d 
118.46 dd 
12.53 q 
125.00 s 
204.43 s 
122.86 d 
125.38 d 
134.13 d 
139.65 d 
(not observed) 
12.43 q 

124.54 s 

82.60 t 
28.70 t 
10.75 q 
12.74 q 
121.5 s 
213.84 d 
117.01 ddd 
5.95 9 
112.51 q 

150.41 s 
12.34 q 
121.44 s 
58.61 q 
122.96 dm 
124.91 dm 
133.32 dm 
135.09 dm 
not observed 
201.81 s 

11.59 q 
125.1 s 

166.71 s 
210.2 s 
148.9 s 
124.72 dd 

129.1 d(b) 
129.4 dd 



133.9 d(b) 
12.28 q 
121.15 s 

57.3 q 
70.78 t 
154.1 s 

121.28 ddd 
not observed 
11.9 Q 
119.3 s 

42.64 q 
76.84 t 
28.17 t 
10.60 q 



Results and  Discussion. 
Synthesis a n d  Characterization of Cp*,Ti(R)Cl. 
Bispermethylcyclopentadienyltitanium alkyls Cp*,TiR (R = Me, Et, n-Pr, CH=CH,, 
Ph, 0-n-Pr) react rapidly with PbCl, (eq 1) to give tetravalent 
monohalogen-titanium derivatives Cp*,Ti(R)Cl (1-6).16 The oxidation proceeds 
smoothly at  room temperature, but also takes place at an observable rate at 
temperatures as low as -30 OC." Oxidation proceeds in polar as well as 
non-polar solvents, even in pentane. Best results, however, are obtained in 
THF or ether where the good solubility of Cp*,Ti(R)Cl prevents it from 
precipitating on PbCl,. Corresponding bromine compounds Cp*,Ti(R)Br can be 
obtained starting from PbBr,. 

Extraction with pentane gives 1-6 in almost quantitative yields as red or 
orange crystalline compounds, which are thermally stable at room temperature. 
They show no tendency to disproportionate, e.g. to Cp*,TiC12 and Cp*,TiR2, nor 
do they reduce to Cp*,TiCl or other Ti(II1) derivatives. Compounds 1-4 may 
also be prepared by reaction of Cp*,TiCl, and one equivalent of Grignard or 
lithium reagent, but then competing reduction of the metal takes place and 
mixtures of several Ti(IV) and Ti(II1) compounds ('H NMR) are formed, which 
are not easy to separate. This is in contrast to the analogous Cp,Ti(R)Cl 
complexes, which can be prepared by salt metathesis from Cp2TiC12 and Grignard 
reagents.18 
Oxidation of tervalent titanium complexes with metal salts (AgCl, CuCl) has 
previously been reported.19 The use of P a 2  as an oxidizing agent, however, 
has clear advantages over other reagents. It is easy to handle, air stable, 
non-photosensitive and it does not induce metal carbon bond breakage.lgb The 
scope of this facile oxidation is broad and thus it appears to be a very 
useful synthetic tool, e.g. to convert paramagnetic tervalent compounds 
Cp*,TiR, which are difficult to characterize by NMR, into diamagnetic 
analogues. The advantages of this method have already been put forward.16 
Although oxidation of Cp*,TiR with PbCl, appears to proceed for all R, not all 
compounds Cp*,Ti(R)Cl could be isolated. Some are apparently too unstable. 
Oxidation of Cp*,TiCH,CMe, resulted in the isolation of Cp*,TiCl, whereas for 
Cp*,TiCH,Ph instead of the expected Cp*,Ti(CH,Ph)Cl, only 1,2-diphenylethane 
and Cp*,TiC1 were obtained. The formation of 1,2-diphenylethane indicates 
homolytic splitting of the Ti-C bond in transient Cp*,Ti(CH,Ph)Cl, a 



thermolysis pathway also observed for the simple alkyls 1-3 at elevated 
temperatures. Heating benzene-d6 solutions of Cp*,Ti(R)CI will slowly yield 
Cp*,TiCI, together with radical recombination R2 and disproportionation 
products RH, R(-H).,O 
The monochloride Cp*,Ti(R)Cl derivatives (1-6) have been fully characterized 
by NMR (Table 1, 2) and IR spectroscopy and elemental analysis. The resonances 
for the Cp* ligands in the 'H and 13C NMR are in the usual range (1.69 - 1.90 
ppm for 'H; 10-12 ppm (q)  and 120 ppm for 13C) also found for CP*~MR, (M = Ti, 
Zr, Hf) corn pound^.^' The splitting patterns and coupling constants of the alkyl 
1-3 and of the vinyl 4 groups show no deviations from the expected values. For 
4 only one set of resonances is observed in the 'H NMR, demonstrating that 
either one of two possible regio isomers is formed (vide infra), or rotation 
around the Ti-C bond is unhindered.,' The resonances in the 'H NMR of the 
hydrogen atoms at  the a-carbon atom in 1-3 are (strongly) shifted upfield like 
usually observed. The rotation of the phenyl group in Cp*,Ti(Ph)Cl (5) is 
hindered, so that in the 13C NMR spectrum five resonances are observed. This 
hindrance is quite severe: heating the compound in benzene-d, solutions to 90 
OC does not lead to resonance shifts (as in coalescence phenomena) in the 'H 
NMR spectrum. This demonstrates that these Ti(1V) metal centers are in fact 
sterically very saturated. 

At tempted Chlorine Substitution in C ~ * ~ T i ( E t ) c l  (2). Attempts to prepare 
Cp*,Ti(Et)R derivatives by substitution of chlorine for alkyl or aryl ligands 
in Cp*,Ti(Et)Cl (2) with alkali metal reagents were not successful. In general 
reaction does not start below -10 OC, and above this temperature products are 
thermally too unstable to allow isolation. Salt metathesis of 2 with MeLi, 
KCH,Ph or LiCH=CH2 result in the formation of the permethyltitanocene ethene 
adduct Cp*2Ti(~2-C2Ha)23 (7 )  and RH in essentially quantitative yields (eq 2). 
Compound 7 is also the main product in the reaction between Cp*,Ti(Ph)Cl (5) 

and EtLi (eq 3). In that case some c ~ * ~ T i P h  is also present in the reaction 
mixture (f 5%). Homolytic cleavage of the Ti-R bond is the predominant 
decomposition pathway for derivatives Cp*,Ti(Ph)R (vide infra). 

c~*~Ti (Et )Cl  + RM - Cp*2Ti(~2-C2H,) + RH + MCI (2) 
2 7 

RM = MeLi, KCH2Ph, LiCH=CH2 

Cp*,Ti(Ph)Cl + EtLi - Cp*2Ti(q2-C2H,) + PhH + LiCl (3) 
5 7 



Formation of 7 indicates transfer of a /?-hydrogen of the ethyl ligand to a 
leaving carbyl R (Scheme 1). An alternative mechanism for the formation of 7 
from Cp*,Ti(Et)R is given in eq 4. Transfer of an a-hydrogen from the ethyl 
group to R leads to an methyl-carbene species, which isomerizes to a fulvene 
ethyl intermediate.24 Subsequent P-hydrogen elimination would give 7. The 
consecutive isomerizations have all been observed before.25 

In order to test a possible involvement of or-hydrogen atoms, the selectively 
labeled compound (Cp*-d,,),Ti(CD,CH,) 2b was prepared. When 2b is treated 
with MeLi one equivalent of methane-do evolves and the label is not 
incorporated. Thus Cp*,Ti(Et)R compounds decompose via direct @-hydrogen 
transfer from the ethyl ligand to R and a-hydrogens or Cp* ring methyl groups 
are not involved. 
Apparently, ,&hydrogen transfer from an ethyl ligand to a leaving group R in 
Cp*,Ti(Et)R has a very low activation energy, preventing the isolation. 
However, it is a convenient way to reduce tetravalent titanium to divalent 
species.26 

Scheme 1 

Reactions of  Cp*,Ti(n-Pr)C1 (3). Treatment of Cp*,Ti(n-Pr)G (3) with MeLi in 
ether results in the formation of a complex mixture of tervalent and 
tetravalent titanium species. The only compounds identified were Cp*,TiMe2 and 
(CP*,T~),N,.~~ It illustrates that extensive exchange of alkyl ligands takes 
place, possibly with the intermediate formation of propyllithium. Also the 
gases evolved (1.2 eq/3, composition: methane (54%), ethane (5%), propane 
(17%) and propene (23%)) show that several reaction modes, concerted but 
possibly also radical pathways, are kinetically within reach for this system. 
Considering the complexity of this reaction no further attempts were 
undertaken to  elucidate the exact pathways. 

Salt Metathesis of Cp*,Ti(CH=CH,)Cl (4). In contrast to P hydrogen elimination 
from Cp*,Ti(Et)R, a-hydrogen elimination is the predominant decomposition 



pathway for compounds Cp*,Ti(CH=CH,)R. Reaction of 4 and LiCH=CH2 gives the 

metalacyclobutane c ~ * ~ B = C H ~  (8) (eq 5 )  Thermolysis of 
Cp*,Ti(CH=CH,)C=CMe (9) (prepared from 4 and LiC=CMe) at 170°C yields a 

mixture of Cp*FvTiCH=CH, (10) (Fv: t)6-C5Me,CH2) and C ~ * ~ D = C H ,  (11) (eq 
6)  (Table 1,2). Treatment of 4 with KCH2Ph in pentane at 0 OC gives 
Cp*FvTiCH=CH, (10) (eq 7). Compound 10 was identified by comparison with 
spectra of the compound prepared by a different route.29 The other possible 
fulvene species Cp*FvTiCH,Ph (12), which could be formed after a benzylic CY 

G H  activation, followed by consecutive isomerization, was not present.2d 
Paramagnetic products were not formed, which estabilishes that reduction to 
tervalent titanium had not taken place. 

Scheme 2 

The formation of 8, 10 and 11 is indicative for a transient titanium 
vinylidene species30 (cf. Scheme 2) formed after vinylic a hydrogen 
abstraction. When trapping agents, like ethene or propyne (generated in situ) 

are present, a metalacycle is formed. In the absence of a trapping agent, the 
vinylidene abstracts a hydrogen atom from a Cp* methyl group, to yield a 
fulvene compound. 

Several attempts were made to trap the vinylidene intermediate as a phosphine 



adduct. However, reaction of 4 and KCH2Ph in the presence of an excess of 
trimethylphosphine still resulted in the formation of Cp*FvTiCH=CHz. Equally 
negative results were obtained from the reaction of 4 and LiCH2P(CH3),. Thus, 
in contrast with the comparable Cp derivatives, Cp2Ti=CHZ3l, 
Cp2Ti=CH-C(Me)2(CH=CH,)32, Cp2Ti=CH-CH=CR2 (R = Me, Ph)33 and 
CpzTi=C=C=CPh234, phosphine adducts of the permethyl substituted Cp*,Ti species 
are not sufficiently stable to prevent attack of the Cp* ligand. This is on 
the one hand due to the higher electron density of the metal center, making 
phosphine adducts less stable35, and on the other to the presence of more 
easily activated C-H bonds of a Cp* ligand compared to those of a Cp ligand.36 

Synthesis and  Thermolysis of CP*~T~(M~)CH=CH~. Reaction of 4 with MeLi gives 
the thermally labile complex Cp*,Ti(Me)CH=CH, (13). Spectroscopic data for 13 

are consistent with the formulation as a mixed Cp*,Ti(R)R' complex. The Cp* 
resonance in the 'H NMR is shifted upfield relative to 4, consistent with 
increasing electron density a t  the metal center.37 
Thermolysis of 13 in benzene-d6 at room temperature yields Cp*FvTiCH=CH, (10) 
(eq 8). During this process one equivalent of methane is liberated. No 
reduction to tervalent titanium species was found. The thermal decomposition 
of 13 was studied mechanistically and kinetically. Thermolysis of the 
deuterium labeled compound Cp*,Ti(Me)CD=CD, (13b) gives methane-dl. The vinyl 
ligand in lob bears one proton a t  the or-position and two deuterons a t  the 
,@-positions (NMR).38 A cross-over experiment between Cp*,Ti(CD3)(CD=CD2) (13c) 
and 13 yields after thermolysis CH, and CD4.39 

Cp*,Ti(Me)CX=CX, A , Cp*FvTiCH=CX, + MeX (8) 
X = H (13), D (13b) 10, l o b  

These data are readily interpreted in terms of intramolecular formation of a 
transient vinylidene species Cp*,Ti=C=CH, (cf. Scheme 2) after vinylic 
or-hydrogen abstraction. Analogous to the intermediate titanium carbene 
Cp*,Ti=CH, formed in the thermolysis of Cp*,TiMe,, a proton transfer from the 
Cp* ligand gives the final fulvene product.2c The thermolysis of 13 in 
benzene-d6 has first order kinetics for a t  least three half-lives (Table 3). 

There is a distinct kinetic deuterium isotope effect on the thermolysis of 
13b: kH/kD = 5.7 at  42 OC, indicating breakage of a C-H bond of the vinyl 
group in the rate determining step. The enthalpy and entropy of activation 
(AH1 = 87.9 (5) kJ.mo1-I and = - 21 (4)  J.mol-'.K-') are characteristic 
for a a-bond metathesis: negative entropy of activation, indicative for an 
ordering in the transition state and relative low enthalpy of 



Reactivity of  Cp*,Ti(Ph)Cl (5). Reactions of Cp*,Ti(Ph)Cl (5) and alkylating 
agents RM are indicative for a radical decomposition of intermediate 
Cp*,Ti(Ph)R. Reaction of 5 with one equivalent of KCH2Ph, LiCH=CH2 or n-BuLi 
gives paramagnetic Cp*,TiPh as the only organometallic species. The 
concomitantly formed organic products, respectively l,2-diphenylethane, 
1,3-butadiene and 1-butene/n-butane mixtures are characteristic for free 
radical recombination. The involvement of free radicals is further supported 
by the formation of monodeuterated butane when the reaction of 5 and n-BuLi is 
carried out in benzene-d,. Diphenylmethane, the expected product of a 
reductive elimination from C~*~Ti(ph)CH~ph is not present in the reaction 
mixture (MS). Also in the reaction of 5 and LiCH=CH,, the metalacycle 8 is 
absent, demonstrating that no disproportionation occurs. Thus, the Ti-R bond 
in Cp*,Ti(Ph)R undergoes a direct homolysis, without the formation of 
intermediates or redistribution of ligands. Only P-hydrogen elimination from 
Cp*,Ti(Ph)Et seems to  compete effectively with homolytic bond breakage. 

Synthesis a n d  thermolysis of Cp*,Ti(Me)Ph. Reaction of 5 and MeLi gives 
Cp*,Ti(Me)Ph (14) in good yields. Compound 14 is stable a t  room temperature. 
It w ~ s  fully characterized by spectroscopy, supporting the above formulation 
(Table 1,2). Rotation of the phenyl group is restricted in 14. As in 5 the 13C 
NMR spectrum of 14 shows 5 signals for the phenyl group. The Cp* resonances in 
the 'H NMR again are shifted somewhat upfield compared with the chlorine 
complexes (Table 1). 
Compound 14 thermolyses a t  80 OC stoichiometrically to Cp*FvTiPh (15) and 
methane (eq 9). No other diamagnetic or paramagnetic products were detected. 
Under the same conditions Cp*,Ti(Me)Ph-d5 (14b) is transformed into 
Cp*FvTi(Ph-d,) (15b) and CH3D. The intramolecular nature of this thermal 
decomposition reaction was established by thermolysis of a mixture of 14 and 
Cp*,Ti(Me-d3)(Ph-d5) (14c). No cross-over takes place and methane-do and -d4 
were formed.39 

c~*~TiMePh A ,  Cp*FvTiPh + CH, (9) 

14 15 

The decrease in concentration of 14 follows a first order rate for at least 3 
half-lives, with no dependence of the reaction rate on the concentration 
(between 0.02 M and 0.2 M in benzene-d,, Table 3). An Eyring plot (Figure 1) 
from the temperature dependence of the rate constants yields the activation 



parameters AH$ = 96.4 (7)  kJ.mo1-' and = - 41 (9) J.mol-'.K-'. There is a 
kinetic deuterium isotope effect on the thermolysis of 14b (kH/kD = 5.1 at 
80°C) indicating that a phenylic C-H bond is broken in the rate determining 
step. The mechanism for the thermolysis of 14 is outlined in Scheme 3, and is 
quite similar to that of Cp*2ZrPh2.3f In the rate determining (first) step a 
orthophenylene titanium intermediate is formed. In a consecutive step a 
hydrogen atom of the Cp* ligand is transferred to the orthometalated phenyl 

ligand, generating the final fulvene complex 15. This often seems to be the 
fate of reactive cumulenes or orthophenylenes in Cp* containing 

molecules.4b~2c13f 

Scheme 3 

The kinetic data indicate intramolecular decomposition via an ordered 
transition state, usually interpreted as a a-bond metathesis. This is in sharp 
contrast with the radical decomposition of the above mentioned mixed 
alkyl/aryl compounds. The orthophenylene intermediate can be trapped by carbon 
dioxide. When 14 is thermolyzed in the presence of excess CO,, the 

metalacyclooxapentene ~ ~ * ~ + i  (0-CsH4 ) - c ( o ) ~  (16) is formed40 instead of 15. The 
formation of 15 in the thermolysis is not blocked by ethene. This possibly is 

due to  the instability of a transient metalacyclopentene41, regenerating the 
orthophenylene intermediate, eventually giving 15. 



Table 3. First order rate constants for the thermal decomposition of 
Cp*,Ti(Me)R (R = CH=CH, (13), CD=CD2 (13b) and R = Ph (14), 
(Ph-d5) (14b)). 

Compound T ( K )  k (s-l) 

13 295 1.2 lo-4 
302 2.6 
306 5.1 
315 12.4 
306 8.9 lo-' 
338 6.0 lo-' 
343 1.1 10-4 

351 3.1 
359 4.5 10-4 

366 9.7 10-4 

14b 353 6.2 lo-5 

Measurements in benzene-d, solution, concentration approx 0.02 M. 

Synthesis a n d  Thermolysis o f  Cp*,Ti(Me)CH$h. Cp*,Ti(Me)CH,Ph (17) is the only 
benzyl derivative of the Cp*,Ti(R)R' system that could be isolated. It 
conveniently can be prepared in a salt metathesis between 1 and KCH,Ph. The 
benzylgroup in 17 is $-bonded to titanium ('H NMR, no u(CH,) a t  890 ~ m - ' ) . ~ ,  
It revealed no unusual features and a further discussion seems inappropriate. 
Compound 17 is surprisingly stable a t  room temperature and thermal 
decomposition only sets in a t  an observable rate a t  temperatures over 50 OC. 
When 17 is thermolyzed in benzene-d, solutions a t  80 OC a mixture of two 
titanium compounds is formed (Chapter 6), paramagnetic Cp*,TiMe (85%) and 
Cp*FvTiMe (15%) (eq 10). Concomitant 1,2-diphenylethane and toluene are 
liberated. 

The decomposition of 17 is not a clean reaction, suggesting that both 
concerted and homolytic pathways are kinetically within reach. Detailed 
investigations, however, showed that in fact 17 decomposes by homolysis of the 
Ti-CH2Ph bond. This will be presented in Chapter 6.43 



Reactivity of  Cp*,Ti(O-n-Pr)Cl (6). The chlorine atom in Cp*,Ti(O-n-Pr)Cl (6 )  
is easily substituted by alkyl ligands. Reaction of 6 and MeLi leads to 
Cp*,Ti(Me)O-n-Pr (18) in almost quantitative yield. The stoichiometry of this 
reaction is important, since addition of an excess (1.5 eq) of MeLi to 6 in 
ether leads to  a mixture of Cp*,TiMe, and 18. 
In analogy to mixed alkyl derivatives, Cp*,Ti(R)R', we tried to generate 
reactive, coordinatively unsaturated species from 18 by a well-defined 
intramolecular C-H activation process. This strategy has successfully been 
applied by Buchwald and coworkers for Cp&(Me)R (R = SCH,, NHR1).44 An a C-H 
abstraction of the propoxide ligand by a departing methane molecule would lead 
to a titanium aldehyde adduct. However, compound 6 is thermally very stable 
and does not decompose in solutions at temperatures up to  120 OC, and at 170 
OC homolysis of the Ti-Me carbon bond takes place, resulting in the formation 
of Cp*,TiO-n-Pr. When 6 is treated with KCH2Ph in pentane solution a t  room 
temperature, reduction take5 also place to yield Cp*,TiO-n-Pr, concomitant 
with the formation of 1,2-diphenylethane. As is often observed in the 
chemistry of titanium bond homolysis has low activation energy. No further 
efforts were undertaken to functionalize alkoxy derivatives in this way. 

Cp*,Ti(Me)O-n-Pr A Cp*,TiO-n-Pr + MeH (11) 
18 

Concluding Remarks. 
Thermal  Decomposition Pathways of Cp*,Ti(R)R'. Several decomposition modes of 
compounds Cp*,Ti(R)R' are kinetically within reach. Dependent on the ligand 
combination (R)R', or-hydrogen elimination, P-hydrogen elimination 
(orthometalation) or homolysis of the Ti-C bond is observed. Although 
differences in activation energy between the various processes are small, in 
most cases there is a distinct preference for one particular decomposition 
mode. 
Apparently, steric bulk is of decisive importance for the decomposition 
pathway (concerted or radical) of Cp*,Ti(R)R'. A sterically encumbered 
titanium center seems to induce weak Ti-R bonds provinding tendency for 
compounds to decompose by homolysis. Reaction of 4 with either KCH2Ph, LiC,H,, 
LiCeCMe or MeLi results in products reminiscent of concerted or-hydrogen 
abstraction, whereas reaction of 5 with LiCH=CH, gives evidence for radical 
decomposition. As was already evident from the 'H NMR spectrum of 5, the 
phenyl group has large steric demands a t  the relatively small titanium center, 
inhibiting other ligands to bind in an optimum fashion and thereby inducing a 
weak Ti-C bond. Cp*,Ti(Ph)R derivatives all decompose in a radical fashion, 



except the methyl derivative Cp*,Ti(Me)Ph. Only the methyl group is small 
enough form a strong Ti-C bond. 
&Hydrogen transfer from an ethyl group in Cp*,Ti(Et)R is the fastest 
decomposition pathway. In the case R - Ph there seems to be a competition 
between /?-hydrogen elimination and homolytic cleavage. This leaves an 
ambiguous situation for the thermolysis pathway of Cp*,Ti(Et)Ph. The 
decomposition could proceed by a regular concerted mechanism. On the other 
hand, a scheme involving ethyl radicals could also account for the observed 
benzene elimination. After homolysis of the Ti-Et bond, Cp*,TiPh (byproduct) 
could abstract a /?-hydrogen atom from the generated ethyl radical, to give a 
transient phenyl-hydride complex, which could eliminate benzene and finally 
recomplex ethene. For compounds with low metal carbon bond dissociation 
energiessh, e.g. certain manganese and cobalt compounds there also seems to be 
a radical alternative for olefin extrusion and hydride formation.45 To stress 
the point a little further, no HID scrambling occurs in (Cp*-d15)2Ti(CD2CH,)C1 
(2b), illustrating that a hydrido-olefin configuration is kinetically not 
within reach for this compound. This needs of course not to be the case for 
Cp*,Ti(Et)Ph, but at least suggests a radical decomposition pathway in line 
with the general decomposition pathways of C P * , T ~ ( P ~ ) R . ~ ~  The theme of radical 
mechanisms has been de-emphasized in early transition metal chemistry, but in 
this case must be considered a serious alternative to the popular 
interpretation in terms of concerted mechanisms. 
Considerable evidence for concerted bond making and breaking for /?-hyirogen 
elimination has been put forward in early transition metal chemistry4', in line 
with high bond dissociation energies. For titanium only a very limited number 
of M-C bond dissociation determinations have been carried out, showing strong 
bonds (D(Ti-C) > 150 kJ.m01-').~ However, these measurements have necessarily 
been performed on thermal stable compounds. This could give a misleading 
picture of the Ti-C bond strength. Titanium has a stable tervalent oxidation 
state, and reductions of tetravalent titanium alkyls are not uncommon. 
Activation parameters. The number of Cp*,Ti(R)R' derivatives which actually 
can be isolated is quite small. This inhibits a detailed study of thermolysis 
mechanisms and determination of activation energies. As it turns out, 
particularly methyl complexes, Cp*,Ti(Me)R' are thermally sufficiently stable 
to allow isolation. The activation parameters for the known Cp*,Ti(Me)R 
compounds are listed in Table 4. 



Table 4. Activation parameters for thermolysis of CP*~T~(M~)R,  R = CH=CH2 
(13), Ph (14), Me and CHzPh (17). 

Compound 14 13 MeZC 17 

Figure 1. Eyring Plot for the thermolysis of Cp*,Ti(Me)R. (a), R = Me; (W) ,  R 

= Ph; (A),  R = CH=CH2; (O) R = CH2Ph). 

Thermal decomposition of CP*2TiMe22c, CP*~T~(M~)CH=CH~ (13) and Cp*,Ti(Me)Ph 
(14) proceed by a-bond metathesis. c~*~Ti(Me)CH~ph (17) decomposes by 
homolysis of the Ti-CH2Ph bond. The different decomposition mechanisms of 13, 

14 and Cp*,TiMe2 versus 17 become evident in the activation entropies, with 
negative, resp positive values. The activation enthalpies of these very 
different type of reactions fall within a narrow range (cf. Figure 1) of 85 - 
115 kJ/mol. Thus there always seems to  be a low energy pathway for 
decomposition of Cp*,Ti(Me)R. 
The differences in entropy of activation are more pronounced, although the 
Gibbs energy of activation involved with the process a t  ambient temperature is 
small (max + 11 kJ.mo1-I). The largest ordering to the transition state for 



hydrogen transfer is the orthometalation reaction in 15. This is not without 
precedent, since approximately the same ASS was found in thermolysis of 
Cp*.&Ph2.3f The kinetic isotope effect of 5.1 in the thermolysis of 15 

indicates a fairly linear symmetrical transition state, like also has been 
found for thermal decomposition of Cp*2~r(~h-d,)2.3f Interesting is the 
comparison of ASS and the deuterium isotope effect for the or-hydrogen 
abstraction reactions in thermolysis of 14 and Cp*,TiMe2. In the first case an 
sp2 C-H bond is broken (vinylidene intermediate), in the second case an sp3 

C-H bond (carbene intermediate). The loss of rotational freedom to reach the 
transition state is approximately equal for both processes. However, the 
isotope effect in the former case is twice as large, indicative for a more 
symmetric transition state.48 
This study has demonstrated that Cp*,Ti(Me)R compounds are easily prepared and 
that they are good model systems to study C-H activation reactions in a 
well-defined fashion. It provides information about low energy pathways in 
titanium chemistry, relevant for Ziegler-Natta polymerization systems and 
useful for synthetic strategies one can follow in order to generate reactive 
organometallic species. 
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