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Olefins, generally, provide some of the more versatile feedstocks 
for heterogeneous oxidation reactions, but alkanes are more 
plentiful and usually less expensive. However, due to the relatively 
low reactivity of alkanes, practically the only process with high 
yields in selective oxidation products is the conversion of n-butane 
to maleic anhydride, carried out on vanadium-phosphorus oxide 
catalysts.2 This reaction is thus a useful model for studying the 
nature of the active sites in alkane-selective activation. In fact, 
in contrast to the well-studied allylic mechanism of oxidation, no 
comparable data have been published on the nature of active sites 
for alkane activation.3"5 

Recently we reported results showing that the rate-limiting step 
for n-butane oxidation to maleic anhydride is the formation of 
the corresponding olefins.4 Furthermore we have indicated6"10 

that it is possible to prepare the (VO)2P207 pure active phase in 
two ways differing as regards the solvent used in the preparation 
of these compounds: (1) an aqueous medium or (2) an organic 
medium. The second method results in a (VO)2P2O7 with (i) a 
preferential exposition on the surface of the (020) plane, (ii) a 
much higher activity in n-butane oxidation, and (iii) a similar 
activity in but-1-ene oxidation.9"10 The (VO)2P2O7 phases pre
pared by the two different methods, therefore, differ as regards 
the presence of the specific sites of rt-butane activation. 

Reported in this paper are results of a study on the nature of 
these sites, involving the relationships between surface acidity, 
surface structure of the (VO)2P2O7 phases, and their reactivities 
in alkane-selective oxidation. 

Catalyst (a) was prepared with water as the solvent, by re
duction of V2O5 with 37% HCl, addition of 0-H3PO4, concentration 
of the solution, and subsequent addition of water to obtain a blue 
precipitate which was removed from the solution by filtration. The 
precipitate was dried in an oven at 150 0C for 24 h. Catalyst (b) 
was prepared with an organic medium as the solvent, by reduction 
of V2O5 with isobutyl alcohol, addition of 0-H3PO4, and subsequent 
filtration of the slurry. The power was dried in an oven at 150 
0C for 24 h. Both catalysts were then activated in a flow of 1% 
n-butane in air at 400 0C for 6 h. X-ray diffraction analysis after 
the catalytic tests showed the presence of only (VO)2P2O7 in both 
catalysts. Spectroscopic measurements were made on the catalysts 
after the catalytic tests since the catalysts were activated in a flow 
of w-butane/air; no changes either in the activity in «-butane 
oxidation or in the surface properties were noted during the 
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Figure 1. Fourier-transform infrared spectra (FT-IR) of acetonitrile 
adsorbed at room temperature [(a, 1), catalyst (a); (b, 1), catalyst (b)] 
and after different evacuation treatments: evacuation at room temper
ature for '/2

 n I(a> 2), catalyst (a); (b, 2), catalyst (b)], evacuation at 
390 K for 10 min [(b, 3), catalyst (b)], evacuation at 430 K for 10 min 
[(b, 4), catalyst (b)]. 

working time (about 100 h) of the catalysts. 
In order to study the surface acidity of these oxides, the ad

sorption of a number of basic molecules (including ammonia, 
pyridine, CO, and acetonitrile) on our catalysts was followed by 
FT-IR spectroscopy. The best discrimination between sites having 
different strengths was obtained by using the very weak base 
acetonitrile (Figure 1). Several peaks can be distinguished in 
the vCN region, beyond the peak at 2345 cm"1 which is related 
to a perturbation of the band of trapped CO2 formed during the 
catalytic runs. Evacuation at room temperature caused the 
disappearance of the maximum at 2252 cm"1 which may be as
signed to hydrogen-bonded acetonitrile. A similar frequency is 
observed on H-bonded acetonitrile on Al2O3.

11 A simultaneous 
restoration of the i/OH band due to free OH, perturbed by ace
tonitrile adsorption, was observed. 

The assignment of the remaining bands is more difficult. 
Acetonitrile is expected to give coordination adducts with exposed 
coordinatively unsaturated cations and this interaction, according 
to data from the literature,11 gives rise in the 2200-2400-cm"1 

region to two bands due to Fermi resonance between (i) the G = N 
stretching (yes) a n d (ii) the combination of symmetric CH3 de
formation and C—C stretching (<5CH3 + vcc). On liquid aceto
nitrile these two bands are found at 2254 and 2293 cm"1, re
spectively, with an intensity ratio of 4.0. On medium-strong Lewis 
sites, such as ZnO12 and a-Fe203,13 these two bands are shifted 
to 2282 and 2300 cm"1 with an intensity ratio of 3.0, whereas on 
very strong Lewis sites, such as on Al2O3,

11 the two bands are 
shifted to higher frequencies, namely, 2328 and 2300 cm"', with 
an intensity ratio of 1.0. 

On catalyst: (b) the two bands of equal intensity at 2328 and 
2300 cm"1 that persist even after evacuation at 390 K may be thus 
assigned to coordinatively bonded acetonitrile on very strong Lewis 
sites [vCN and (̂ CH3

 + vcc)» respectively]. The weak band at 2275 
cm"1, probably related to a weaker adsorption near 2295 cm"1, 
can be assigned to the yCN band of acetonitrile adsorbed on me
dium-strong Lewis sites. On catalyst (a) beyond the band at 2252 
cm"1, attributed to H-bonded acetonitrile, the two peaks at 2280 
and 2300 cm"1 may be attributed to coordinatively bonded ace
tonitrile on medium-strong Lewis sites; the very weak peak at 2328 
cm"1, probably related to a weak adsorption at 2300 cm"1, may 
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Table I. Specific Rate per Meter Squared of Surface Area of Maleic 
Anhydride Formation from n-Butane, Specific Rate of n-Butane 
Depletion, and Specific Rate of But-1-ene Depletion on the Catalysts 
(a) and (b)" 

t e m p , ''maleic anhydride* ''n-butane '"but-l-enc 

catalyst K mol s"1 m"2 mol s"1 m~2 mol s"1 m"2 

(a) 560 0.88 x ICr9 

(a) 620 0.81 X 10"8 

(a) 660 0.29 X 10"' 0.58 X 10"9 

(a) 690 1.02 X 10"9 2.68 X 10"9 

(b) 560 1.03 x 10"9 

(b) 620 0.92 x 10"8 

(b) 570 1.58 X 10"9 1.95 X 10"9 

(b) 600 2.58 x 10"9 3.79 X 10"9 

"Experimental conditions: reagent composition, 0.5% hydrocarbon, 
12.6% oxygen, 86.9% nitrogen, conversion lower than 10%; 1 g of cat
alyst. 

be attributed to pCN of coordinatively bonded acetonitrie on very 
strong Lewis sites. 

In conclusion, the acetonitrile adsorption on the two catalysts 
suggests the following surface properties: (i) both medium-strong 
and very strong Lewis sites are present on the (VO)2PaO7 surface 
and (ii) a much higher concentration of very strong Lewis sites 
is present in the catalyst prepared in an organic medium [(b)] 
as compared to the catalyst prepared in an aqueous medium [(a)]. 

The catalytic properties of these two catalysts in n-butane and 
but-1-ene selective oxidation to maleic anhydride are reported in 
Table I. Catalyst (b) is much more active in n-butane-selective 
oxidation than catalyst (a), whereas no significant differences are 
found in but-1-ene oxidation. 

It has been shown that the first step in the conversion of n-
butane on solid super acid14 is the extraction of an H" from the 
butane by very strong Lewis sites. Similarly it is possible to 
hypothesize that the very strong Lewis sites evidenced on catalyst 
(b) and to a lesser extent on catalyst (a) are the sites responsible 
for the first step in alkane activation. The presence on the va
nadium-phosphorus oxides of an oxidizing function (V=O double 
bond) together with the strong Lewis sites modifies the successive 
steps of the reaction and leads to selective products (maleic an
hydride) instead of the isomerization or cracking products which 
occur on solid super acid.14 

The presence of medium-strong Lewis sites is related to the 
structure itself of the (VO)2P2O7

9 and it is not usual on vanadium 
oxides. Our FT-IR studies of the adsorption of bases indicate that 
such sites are not present on V2O5 even after reducing treatments. 
On the predominantly exposed (020) plane of (VOj)2P2O7,

9'10'15-17 

coupled vanadyl ions in trans positions leave coordinatively un
saturated V(IV) ions that, due to the higher electronegativity of 
the neighboring phosphorus atoms, give rise to a medium-strong 
Lewis site. Accordingly, the quantitative determination by tem
perature-programmed desorption18 of the presence of medium-
strong Lewis sites indicates that their concentration is fairly in
dependent of the preparation method and depends only on the 
surface area, just as in the case for the oxidation of but-1-ene. 
The presence of very strong Lewis sites, on the contrary, would 
be due to defective crystal states, their concentration depending 
on the preparation method, as shown in Figure 1. 

During the VOHPO4-
1Z2H2O precursor preparation in an or

ganic medium, alcohol remains trapped between the layers.9 

During successive calcination to form (VO)2P2O7 the presence 
of the alcohol provokes local deformation9 of the crystalline 
structure as shown by X-ray diffraction analysis, thus inducing 
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local straining of the V-(O-P) bonds. As a result, the coordination 
requirements of the vanadium are not completely satisfied, with 
the consequent enhancement of the Lewis acid strength and 
creation of new very active sites able to activate the paraffins. 
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We wish to report a new type of transformation of a penta-
methylcyclopentadienyl group (Cp*) by stepwise hydrogen ab
straction into an ?;3:?j4-l,2,3-trimethyl-4,5-dimethylenecyclo-
pentenyl ligand. 

The reaction was observed during a study of the thermolysis 
of paramagnetic titanium(III) compounds Cp*2TiR (I).1 A 
stepwise reaction was observed, with the stoichiometry2 given in 
eq 1. 

-RH -V 2 H 2 

Cp*2TiR • Cp*(C5Me4CH2)Ti • 
I II 

Cp*(C5Me3(CH2)2)Ti (1) 
III 

R = Me, Et, Pr 

Hydrogen abstraction from a transition-metal-bonded Cp* 
ligand with formation of a 1,2,3,4-tetramethylfulvene metal 
complex has been observed before3,4 and in fact II was reported 
as a product of the thermal decomposition of Cp*2Ti.5 Similar 
reactivity of the Cp* functionality is suggested for group 3 and 
4f element compounds Cp*2MR (M = Sc,6 Lu7), where inter
mediates like II are of crucial importance to explain the rapid C-H 
activation of these systems. 

When we studied the thermal decomposition of I, quantitative 
formation of RH and II8 was observed. Prolonged heating of 
paramagnetic II at 150 0C resulted in the formation of H2 and 
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