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AbSbBCt 

Each of the compounds ChMoR, (Cp = $-cyclopendadienyl, R = neopentyl or bet@) in aromatic 
hydrocarbon solvent containing dissolved oxygen forms a weak complex at temperatures close to ambient 

(AH* for C&Mo(neopentyl),.4= -9.1 kJ mol-I). At higher temperatures (60°C) free radical 

autoxidation occurs (t,,, - - 1.25 h) to give a complex mixture of products. 

Introduction 

The importance of peroxidic early transition metal alkyl complexes was pointed 
out in Part I [l]. The peroxomolybdenum-catalysed epoxidation of propylene is an 
example of great commercial importance. Mimoun [2] has reviewed selective oxida- 
tions of organic compounds involving transition metal peroxy complexes. One route 
to transition metal alkylperoxides involves insertion of dioxygen into the metal-al- 
kyl bond by means of free-radical, chain reactions. Brindley et al. [3] showed that 
homoleptic alkyls of tungsten and molybdenum reacted very rapidly with dioxygen; 
for example, the rate of the reaction of tetrabenzyltungsten(IV) was close to that 
corresponding to diffusion control at - 74” C, and hexaneopentyldimolybdenum(III) 
was slightly less reactive. It was later shown that upon introduction of two 
$-cyclopentadienyl groups onto zirconium(W) alkyls to form a 16-electron metal 
centre, the autoxidations of the organozirconium compounds became manageable at 
room temperature [4]. The initiation step of the free radical chain reaction involved 
coordination of the molecular oxygen at the vacant orbital of the zirconium to give a 
weak superoxy complex. 

Cp,ZrR, + Oz --, [Cp,Zr(O,)R,] + Cp,Zr(O,)R - + R. (I) 

The final product was the dialkoxide, Cp,Zr(OR), obtained in high yield. 

* For Part I see ref. 1. 
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Fig. 1. Bonding orbitals in CbMoR2. 

Green et al. [5] reported that bis($-cyclopentadienyl)molybdenum dibenzyl is 
oxidized rapidly in air. Cp,Mo(CH,Ph), is an U-electron system with the lone pair 
of electrons in the 34 orbital which is aligned along the y-axis, with CH, groups in 
the yz-plane and the Cp groups in the xz-plane (Fig. 1) [6]. Initiation might not be 
expected to proceed as in eq. 1, and the present study was undertaken in order to 
establish the stoichiometry, kinetics, and mechanism of dialkylmolybdenocene au- 
toxidations. 

Results and discussion 

Bis( $-cyclopentadienyl)molybdenum(IV) dibenzyl was prepared from the di- 
chloride and the benzyl Grignard reagent. This gave a purer sample than that 
formed from the tetrameric lithio species [LiMo(H)($-Cp)], [5]. The dineopentyl 

analogue, CP~WCH~WH~M~, was prepared from neopentyllithium. The autox- 
idations were studied at 60°C by ‘H NMR spectroscopy and by measurement of 
the rate of oxygen absorption at constant volume by means of a pressure transducer 
[1,3]. That the reaction was a free radical chain reaction was confirmed by inhibition 
with phenothiazine, which is an effective peroxy radical trapping agent. 

At temperatures close to ambient, solutions of either of the two molybdenocenes, 
in benzene or toluene saturated with molecular oxygen, showed a reversible line 
broadening of the ‘H NMR spectrum. This did not occur in deuterocyclohexane 
even though the solubility of oxygen is similar in all three solvents. 

‘H NMR line broadening 
As can be seen from Fig. 2 the effect of dissolved molecular oxygen on 

Cp,Mo[CH,C(CH,),], was to broaden the signals from the cyclopentadienyl and 
methylene protons. The same effect was observed with Cp,Mo(CH,Ph),. Aspiration 
of the solution with nitrogen gas caused the spectrum to return to that in degassed 
solvent. The presence at low levels of a paramagnetic compound such as oxygen is 
known to reduce the spin-lattice relaxation time and can cause the line widths to 
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cm3) was added dropwise with stirring. Stirring was continued for 4 h at 0 o C and 
then methanol (0.5 cm3) was added and the brown mixture allowed to warm to 
room temperature. The volume was reduced to 20 cm3 and transferred to a Florisil 
column (50 x 2 cm) in 40-60 petroleum ether; elution with petroleum ether and 
then with THF gave a brown band; this was eluted and the eluate cooled to 
- 78 o C. Golden crystals separated and these were filtered off, washed with petro- 
leum ether, and dried (0.84 g 31%). ‘H NMR (benzene-d,) 87.2-6.8 (m, Ph), 4.04 
(sharp s, Cp), 1.97 (s, CH,). Anal. Found: C, 70.59; H, 6.05. C,,H,,Mo talc.: C, 
70.51; H, 5.92%. MS: m/e 410 for C,,H,,98Mo. Visible spectrum in degassed 
toluene A,, 403 nm, c ,,,420 and in aerated toluene, h,, 411 nm, emax 380 mol-’ 
dm3 cm-‘. In undegassed benzene-d, solvent the ‘H NMR spectrum showed a 
broad singlet at 64.04 but the signals from benzylic CH, protons were no longer 
discernible. When the solution was flushed with nitrogen the spectrum reverted to 
that of the pure compound. The Cp,Mo(CH,Ph), reported by Green et al. [5] as 
being formed from the tetrameric lithio complex had different properties from those 
above. When we used the tetrameric lithio procedure, the orange crystalline 
organometallic underwent autoxidation rapidly (t1,2(25 o C) = 5 min) and ‘H NMR 
examination revealed the resence of two compounds. When molybdenocene diiodide 
was treated with the benzyl Grignard reagent in ether the same two compounds 
were formed, dibenzyl molybdenocene (60%) ( t1,2(60 o C) = 3 h) and a compound 
(40%) whose ‘H NMR data corresponded to those quoted by Green et al. 

CP,~O(CH,WH,),),. Neopentyllithium (4.72 g, 60 mmol) which had been 
isolated from n-pentane solution as a white solid, was redissolved and the solution 
was added to a slurry of Cp,MoCl, (9.0 g, 30 mmol) in n-pentane at -78°C. The 
mixture was allowed to warm to room temperature with stirring and then worked up 
as described for the dibenzyl analogue. The brown solution gave an orange band on 
elution with n-pentane and from the eluate orange-brown crystals were obtained 
(11%). ‘H NMR (benzene-d,) 4.33 (s, Cp), 1.02 (s, CH,), 0.59 (s, CH,). Anal: 
Found: C, 66.3, H, 8.7. C,,H,,Mo talc.: C, 65.2; H, 8.8%. MS: m/e= 370 
C,,H3,98Mo. In undegassed benzene-d, the 4.33 signal (Cp) became broad and the 
methylene protons were no longer detectable. The same effect was obtained when 
oxygen was bubbled through the degassed solution, and could be reversed by 
blowing nitrogen through the oxygenated solution. The 13C NMR at spectrum at 
35°C (toluene-da at 67.78 MHz did not show a variation in chemical shifts when 
the solution was oxygenated, but the line intensities changed except in the case of 
the methyl peak. Visible spectrum in degassed toluene: X_ 398 nm, crnax 220 
mol-’ dm3 cm-‘. The ‘H NMR shifts of the signals from the cyclopentadienyl 
protons were investigated over the range - 90 O C to + 60°C in toluene-d, in the 
presence of dissolved oxygen. Abraham’s method [12] was modified in order to 
provide an estimate of AH* in the temperature range + 30°C to -50°C. The 
assumptions were made at AH* does not vary over the temperature range [14] and 
that in the absence of vortex stirring the oxygen concentration does not vary 
significantly. The difference, A, between the chemical shift for the cyclopentadienyl 
ring protons and that for pure Cp,Mo(CH,C(CH,),), is given by In A = 
-AH “/RT + constant. It can be seen from Fig. 3 that a linear plot was obtained 
(below - 50°C the linearity was lost);, from the gradient AH* = - 9.1 kJ mol-‘. 
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Infra-red absorption frequencies 

(v-C#JzMo(CHJPh), (KBr disc): 3120 (w), 3110 (w), 3090 (m), 3010 (m), 2960 

(m), 2930 (m), 1510 (s), 1580 (m), 1485 (s), 1440 (m), 1430 (w), 1420 (m), 1365 (w), 

1200 (m), 1180 (m), 1150 (m), 1125 (w), 1110 (m), 1075 (ms), 995 (ms), 905 (m), 865 
(m), 840 (m), 830 (s), 815 (m), 760 (s), 750 (s), 710 (m ), 690 (vs), 620 (w), 560 (m), 
550 (s) cm-‘. 

(&H,),Mo(CH,C(CH,),), (KBr disc): 3125 (w), 2980 (m), 2950 (s), 2900 (s), 
2860 (s), 1475 (m), 1470 (m), 1455 (m), 1430 (m), 1380 (m), 1355 (s), 1230 (m), 1135 
(w), 1120 (r-n), 1105 (w), 1065 (w), 1015 (m), 915 (w), 865 (s), 810 (w) cm-‘. 
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