11926 J. Am. Chem. S0d.999,

Powerful Redox Molecular Sieve Catalysts for the
Selective Oxidation of Cyclohexane in Air
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Apart from its intrinsic importance in the chemistry of-El
activationt™ the selective oxidation of cyclohexane to yield
cyclohexanol and cyclohexanone is the center-piece of the
commercial production of Nyloh.We have recently explored
framework-substituted aluminum phosphate (AIPO) molecular
sieves as catalysts for the aerobic selective oxidation of linear
and cyclic alkanes, alkenes, and ketofie& and have found that
AIPO-36 (pore aperture 6.5 7.5 A) in which a few percent of
the A" ions have been replaced by 'Cgor Mn") is a good
catalyst for cyclohexane oxidation, and that"Cgor Mn"")
substituted AIPO-18 (pore aperture 3.8 A) for the regioselective,
terminal oxidation of linear alkanes predominantly to yield the
corresponding-alkanoic acids.

A key factor in achieving the highest catalytic performance
of a MAIPO sieve is for the transition metal ions (M) to be in a
high oxidation state while still remaining an integral part of the
AIPO framework. It so happens that the extent to which M ions
originally present in the Il oxidation state can be raised to their
Il state is dependent, for a given ion, on the structure of the
AIPO in which it is incorporated substitutionally. This fraction
of M'""ions is evaluated! from X-ray absorption spectroscopy.

In the MAIPO-18 structure all the Ctdons, but less than 20%
of the Cd ions in MAIPO-5 (up to ca. 4 atom % of the 'Al
which they replace), may be raised to the Ill state upon calcination
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Figure 1. (a) Fe K-edge XANES of calcined FeAIPO-5 (tetraethylam-
monium hydroxide was used as the templating agent). Note that the edge
position and in particular the pre-edge feature is similar to that of
framework-substituted FeZSM-5 catalyst part i3 . Fourier transforms

{in part ¢ of the Fe K-edge EXAFS of calcined FeAIPO-5. The solid
line is the experimental and dashed curve the computed data generated
using EXCURV98. Structural data for the oxygen shell yields an average
Fe—O distance of 1.86: 0.02 A, which is similar to that of FeR@5

and F¢' containing ZSM-%5 wherein the F# is present in tetrahedral
coordination.
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18). There was, unsurprisingly, absolutely no conversion of the cyclohexane

molecule, as it is too large to access the active, framework tetrahedral sites inFigure 2. Comparison of the fraction of M(lll) ions present (estimated

the AIPO-18 structure. The conversionrehexane, however, was as expected  from EXAFS) in the calcined FeAIPO-5, MnAIPO-5, and CoAIPO-5 and
quite substantial, there being good selectivity (66%) for terminally function-

alized products. However, when the same reactant mixture was dissolved in their catalytic activity (TON) for the oxidation of cyclohexane after 24

acetic acid, the MnAIPO-18 catalyst now gives rise to considerable oxidation h at 403 K. Individual product distributions are also shown.
of both cyclohexane (conversien8.7%) andh-hexane (conversior 5.2%),

C, and G alcohols and ketones being main products (selectiwit@1%). . . .
Clearly acetic acid as a solvent results in homogeneous as well as heterogeln Oz Or air at ca. 550C. However, the pore dimension of the

neous catalysis. MAIPO-18 is too small to permit ingress of cyclohexane to the
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Table 1. Oxidation of Cyclohexarfein Dry Air (1.5 MPa) T " T " T " T " T T T
time, ﬁgglv’ product distribution, mol % 1% | ot *
catalyst h TON % cHHP -ol -one aa vald vacid others 1004 ’/ |
FeAPO-5 8 45 25 411179262135 - 1.9 = .//
24 113 6.6 36.215531.0 9.2 54 27 L 804 / D CoAIPO-5 (A) 4
FeAIPO-5 8 205 117 305289280 63 17 48 £ o A MnAIPO-S5 (B)
24 346 198 217325323 50 34 54 E / TV FeAIPOS (C) |
FeAIPO-3 8 7 04 231 770 c ¢ ¢ FeAIPO-5 + TBHP (D)
24 16 0.9 100 8 / —+— FeAlPO-5 + HQ (E)
MnAIPO-5 8 47 2.7 36.9 56.0 5.9 E2 g 07 —g——X ]
24 107 6.2 18.5 42.8 31.5 7.9 § /’ //,,;Jf?x/ 1
MnAIPO-5* 8 170 9.6 26.7 59.8 9.0 £6 S 20 . = o 8
24 292 165 19.5 43.1 29.3 8.4 : / /,g‘:g.,,.r—. oo .
MnAIPO-5 24 no reaction o4 A —+ + T *
CoAIPO-5 8 29 1.6 441 350217 , ‘ ‘
24 36 20 135 15.067.8 3.4 o s 10 p 0 2
CoAIPO-® 8 106 5.8 142 365412 4.4 35 time (h)
24 221 122 - 319557 85 4.3
CoAIPO-3' 24 no reaction Figure 3. Comparative kinetic plots for the oxidation of cyclohexane

using CoAIPO-5 (A), MnAIPO-5 (B), FeAIPO-5 (C), FeAIPO-5 in the

_ ; : ; presence of a free radical initiatgtert-butyl hydroperoxidg (D), and
Eiﬁgﬁt: ?:y?:lghgxls iﬁé;ﬁﬁd@;wgg é?ggﬁéig‘r:gcl; 4?)?1;2 FeAIPO-5 in the presence of a free radical scavedggdroquinong
cyclohexanone; a= adipic acid; vale= valeraldehyde; vacie- valeric (B).
acid; others= probably CQ, CO, water, and traces of lower olefins in
the gas phasé.Mainly glutaric + traces of succinic acid'Reactions the fact that the addition of a free-radical initiator (TBHP) greatly
carried out in the presence of air and small amounts (3 wt % of jncreases both the rate and degree of conversion of cyclohexane
g‘r:r'ioe%e’é%?egsﬁf h%?rgr?é“gofrsge(I;%?égﬂﬁizgt%‘ia‘g%‘g?)?%f’;/5 of while still retaining a high preference for the three desired products
cyclohexane)f‘l’gN = moles of substrate converted per mole of mc:etal (Cycloh_e?(anol, cyclohexgnone, and adipic aC|d)_, (if) the fact that
(Co, Mn, or Fe) in the catalyst. the addition of a free-radical scavenger (hydroquinone) essentially

stops the reaction and profoundly affects the product distribution
(see Figure 3), and (iii) the presence of cyclohexyl hydroperoxide
(cHHP)? during the initial stages of the reaction, which subse-
quently decomposes to cyclohexanol and cyclohexanone.
We have found that the widely héfdiiew that MAIPO sieves

M = Mg, Zn, Co, Mn, etc.) are unpromising as catalysts because
of the propensity for the M ions to leach out of the structure during

aCyclohexane= 50 g, mesitylene (internal standared 2.5 g;

active sites of this catalyétin the calcined MAIPO-5 catalysts,

where the diameter (7.3 A) of the pores is much larger than in
MAIPO-18, all the iron ions are present in the Il state (Figure
1), and for manganese- and cobalt-containing catalysts ca. 60 anc{
20% respectively may be raised to their corresponding Il states.

MAIPO-5 catalysts are readily crystallized from their precursor ; . ; ;
use is exaggerated. If aggressive solvents such as acetic acid are

gels and are also thermally robust. . ; o ; .
) : : avoided, MAIPO sieves exhibit good, sustained catalytic perfor-
We find that FeAIPO-5 is an exceptionally good catalyst (Table o1 cels g ytiep

1 and Figure 2) for the selective oxidation of cyclohexane in air.
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