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NOTES 

Substituent Effects in the Catalytic Oxidation of Propylene 

The use of Hammett theory to correlate 
electronic effects in reaction mechanisms in 
heterogeous catalysis has been limited 
compared to its application in stoichiome- 
tric homogeneous systems (I). The equa- 
tion 

lodkxlk,) = p’+ (1) 
correlates the relative reaction rates 
&x/k,) for a series of compounds of vary- 
ing electron-donating (u < 0) and electron- 
withdrawing (c > 0) properties with the 
Hammett reaction constant p. 

This approach has now been applied to 
the selective oxidation of propylene over 
bismuth molybdate-based catalysts to 
probe the nature of the allylic intermediate 
formed in the rate-determining step (2). 
Rate enhancements observed for aliphatic 
substituents (a < 0) are consistent with, but 
cannot distinguish between, a radical or a 
cationic intermediate (3). The present work 
is concerned with the measurement of aro- 
matic substituent effects, since the aro- 
matic nucleus is compatible with both elec- 
tron-withdrawing and -donating groups. 

The relative rates of catalytic oxidation 
of four ahylbenzenes, pXCJ-I.,CH&H= 
CH, (X = H, CHB , OCH, , Cl) were mea- 
sured by analysis of the effluent mixture 
produced from reaction of a 1: 1 molar 
mixture of each of the three substituted: 
normal allylbenzene pairs at 320°C and 
0.5set contact time over B&Mo.$&, 
B&Moo,, and a multicomponent system 
(M,2+Ma3+BiJ40,0,). Under these condi- 
tions, the only products detected are the 
corresponding cinnamaldehyde (the ex- 
pected oxygen insertion product) and in- 
dene. 

Based on the reaction scheme for the 

catalytic oxidation of propylene (2, 8, 9), 
the formation of these two products via a 
common allylic species, formed in the rate- 
determining a-hydrogen abstraction step, is 
the most likely reaction mechanism. Thus, 
relative reactivities (Rx/R,) can be calcu- 
lated from the overall conversions of al- 
lylbenzene (AB) and substituted allylben- 
zene (AB-X) in any pairwise run using the 
equation 

x = kxKx R 
RH MG, 

log NJ3 /AW 
= log [(AB - X)/(AB - X),]’ (2) 

The use of the homologous series of al- 
lylbenzenes substituted in theparu position 
minimizes the contribution of the adsorp- 
tion coefficient terms (K) and thus, relative 
reactivities mainly reflect chemical rate 
constants (k). 

The relative rates for catalytic oxidation 

TABLE 1 

Comparison of Relative Rates at 320°C for Catalytic 
Oxidation of pXCsH CHP CH=CH2 over Bi, Mo,O, 

(Eq. (3)) and Benzyl Radical-Forming Azo 
Decomposition (Eq. (4)) 

X Catalytic Aw 
oxidation, Rx/RHa decomposition, kxkHb 

H 1.00 1.00 
CHs 1.55 1.18 
CI 1.98 2.43 
OCHI 3.03 1.34 

D Average for Bi,MoOB, Bi,Mo,O, , and 
M,*+&3+Bi,Mo,0Z (all values within *5% of aver- 
age); 0.5 set, total olefin conversion = l.O-2.5%. 

b Corrected to 320°C for the effect of one X group, 
assuming 2-bond C-N cleavage in rate-determining 
step in Eq. (4) (6). 
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of pXC,J&CH2CH=CH2 over Bi2M03012, benzene (Eq. (3)) with those for the benzyl 
B&Moo,, and M,2+Mb3+Bi,Mo,0, show radical-forming nitrogen extrusion from 2- 
the same rate enhancements (within +5%) phenylazoethanes (6) (Eq. (4)) illustrates 
for any given group X (Table 1). Both that small rate enhancements for both elec- 
electron-withdrawing and -donating groups tron-withdrawing and -donating groups are 
exhibit relatively small rate enhancements. a general feature of both reactions (Table 
These results are indicative of the forma- l). The rate of allylic hydrogen atom ab- 
tion of a radical-like rather than an ionic straction from pXC,H&H,CH=CH, by 
intermediate in the rate-determining step tert-butoxy radicals also follows the order 
(4, 5). A comparison of the substituent X=OCH, > CH, > I& (7). 
effects for the catalytic oxidation of allyl- 

P-XC&I~CH~CH=CH~ Big;$o) p-XC,H&H==CH==CH, (3) 

PXC,IUCH,)CH-N=N-CH(CH,)C$I,pX A’-N’, 2pXC&I&(CH,) (4) 

An overall mechanism consistent with 2. Indene is formed via heterolytic C-O 
current results and those of previous bond cleavage and subsequent ring closure 
studies (8, 9) is shown in Scheme 1. Forma- of the resulting aryl ally1 carbonium ion. 
tion of both cinnamaldehyde and indene This process is favored by electron-donat- 
proceeds via a m-allylic radical-like surface ing groups X(OCHI, CH,) which stabilize 
complex 1, formed in the rate-determining the carbonium ion and catalysts of low (Y- 
step via a-hydrogen abstraction, which un- hydrogen abstraction strength (i.e., low 
dergoes C-O bond formation to give the Bi). Bismuth has been shown to enhance 
common o-0 ally1 molybdate intermediate the rate of a-hydrogen abstraction in ~-0 

[O] , II XC6H4CH2CH=CH2 

i 

WCOUPLEX 

H 

. _ 

[O] . p XC6H4CH2CH=CH2 

SCHEME 1. Mechanism of Allylbenzene Oxidation. 
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ally1 molybdates (8). Cinnamaldehydes are 
formed via a second allylic H abstraction, a 
process favored by catalysts of high H- 
abstracting strength (i.e., high Bi) and elec- 
tron-withdrawing groups. This is consistent 
with the experimental results, for MOO,, 
Bi,MqOIZ, and B&MOOS in whichp-metho- 
xyallylbenzene over MOO, gives the high- 
est indene selectivity (71.5%), whilep-chlo- 
roallylbenzene over B&Moo, gives the 
highest selectivity to cinnamaldehyde 
(86.8%). Thus, the overall rate of the cata- 
lytic oxidation of pXC,I&CH,CH=CH, is 
controlled by radical substituent effects (X 
= OCH, > Cl > CH, > H), while the 
selectivity to indene is controlled by cat- 
ionic substituent effects (X = OCH, > CH, 
> H > Cl). 

In terms of the selective oxidation of 
propylene over bismuth molybdate cata- 
lysts, these results are consistent with the 
formation of a radical-like 7r-ally1 complex 
in the initial rate-determining H abstrac- 
tion, and reconfirm the mechanism formu- 
lated on the basis of previous studies (8, 9). 
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