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0.167 e A3, disorder of the tert-butyl groups at C12 and C17 are
described with split positions and geometric constraints, hydrogen
atoms calculated and refined as riding atoms.[']

[9] a) D. Bourissou, Y. Canac, M. I. Collado, A. Baceiredo, G. Bertrand,
Chem. Commun. 1997, 2399-2400; b) E. Niecke, R. Streubel, M.
Nieger, D. Stalke, Angew. Chem. 1989, 101, 1708-1710; Angew.
Chem. Int. Ed. Engl. 1989, 28, 1673 -1674.

[10] M. Julino, M. Slany, U. BergstraBer, F. Mergier, F. Mathey, M. Regitz,
Chem. Ber. 1995, 128, 991 -997.

[11] a) J. Grobe, D. Le Van, B. Broschk, M. Hegemann, B. Liith, G. Becker,
M. Bohringer, E.-U. Wiirthwein, J. Organomet. Chem. 1997, 529, 177 —
187; b) P. Binger, S. Stutzmann, J. Bruckmann, C. Kriiger, J. Grobe, D.
Le Van, T. Pohlmeyer, Eur. J. Inorg. Chem. 1998, 2071 -2074.

[12] F. E. Hahn, L. Wittenbecher, D. Le Van, R. Frohlich, Angew.
Chem. 2000, 112, 551 -554; Angew. Chem. Int. Ed. 2000, 39, 541 —544.

[13] a) G. Becker, H. Schmidt, G. Uhl, W. Uhl, Inorg. Synth. 1990, 27,249 —
253;b) J. Grobe, D. Le Van, B. Liith, M. Hegemann, Chem. Ber. 1990,
123, 2317-2320.

[14] All data sets were collected on a Enraf Nonius CAD4 or a Nonius
Kappa-CCD diffractometer with a rotating anode FR591 (Nonius)
used as a radiation source. The following programs were used:
EXPRESS (Nonius B. V., 1994) and COLLECT (Nonius B. V., 1998)
for data collection; MolEN (K. Fair, Enraf-Nonius B. V., 1990) and
Denzo-SMN (Z. Otwinowski, W. Minor, Methods Enzymol. 1997, 276,
307-326) for data reduction; SORTAYV for absorption correction of
CCD-Data (R. H. Blessing, Acta Crystallogr. Sect. A 1995, 51,33-37;
R. H. Blessing, J. Appl. Crystallogr. 1997, 30, 421 -426); SHELXS-97
(G. M. Sheldrick, Acta Crystallogr. Sect. A 1990, 46, 467-473) for
structure solution; SHELXL-97 (G. M. Sheldrick, Universitidt Got-
tingen, 1997) for structure refinement. Crystallographic data (exclud-
ing structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-139113 (5) and CCDC-139114
(6). Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-
336-033; e-mail: deposit@ccdc.cam.ac.uk).

2310

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Designing a Heterogeneous Catalyst for the
Production of Adipic Acid by Aerial Oxidation
of Cyclohexane**

Markus Dugal, Gopinathan Sankar, Robert Raja, and
John Meurig Thomas*

Dedicated to Professor Helmut Knozinger
on the occasion of his 65th birthday

Adipic acid (AA) is an important building block for a
variety of commercially useful products such as polyamides
(nylon 6.6) and urethanes.'! Currently, it is manufactured
mainly by a two-step process involving nitric acid oxidation of
cylohexanone and cyclohexanol. The latter compound is
generated from cyclohexane using homogeneous (cobalt-
based) catalysts, often in combination with promoters and
peroxides.”¥ Alternative synthetic routes have been devel-
oped, such as the one-step oxidation of cyclohexane with
either alkyl hydroperoxide as oxidant and a catalyst consisting
of cobalt saltsP> ! or dioxygen as oxidant and a cobalt acetate
catalyst in acetic acid.”! More recent industrial syntheses
include the homogeneously catalysed hydrocarboxylation!® *!
or carboalkoxylation!'”! of butadiene. For the research chem-
ist, the intellectual challenge is to devise a strategy for a one-
step production of AA from hydrocarbons using an appro-
priately designed, heterogeneous catalyst that functions with
air or dioxygen as the oxidant. Such a catalyst would allow
facile separation and recycling while simultaneously avoiding
the use of hazardous or corrosive reagents. Herein, we report
progress towards this goal. The iron-based, framework-sub-
stituted, molecular-sieve catalyst that we describe exhibits
good performance in the direct low-temperature conversion
of cyclohexane to AA in air.

Based on our recent work on the selective aerial oxidation
of alkanes at the terminal position!'!l and, in particular, the
selective aerial conversion of cyclohexane to cyclohexanol
and cyclohexanone using transition metal ion substituted,
microporous aluminium phosphates (MAPOs),[> 8] we ar-
gued that it was necessary to assemble an Fe-substituted
MAPO structure in which the pore aperture is significantly
smaller than that of FeAIPO-5 (73 A diameter). This
structure creates a constrained environment for the cyclo-
hexane oxidation (see Figure 1) and thus modifies the
selectivity of the reaction. What we capitalize upon is shape-
selective catalysis!'* 1l using a carefully designed microporous
solid. In our previous work, we showed!'? for hydrocarbons
small enough to enter into a microporous catalyst, the free
radical oxidation of these materials proceeds in a highly
localized manner in the restricted environment of the catalyti-
cally active sites at which the M™ ions are exposed on the
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Figure 1. Above: A side view of the microporous AIPO-31 and AIPO-5 structures, which show the one-
dimensional channels. Below: Representation of the cyclohexane molecule in the differently sized pore

openings of FeAIPO-31 (5.4 A) and FeAIPO-5 (7.3 A).

inner walls of the micropores (M =Co, Mn, Fe). In effect,
we have here “product shape selectivity”—only those prod-
ucts with appropriate molecular dimensions may diffuse easily
out of the pores, whereas larger ones formed in the course
of the reaction are trapped inside (on account of their
significantly retarded diffusion). Qualitatively, we may envis-
age the free radical and molecular intermediates (cyclo-
hexanol, cyclohexanone formed from cyclohexyl hydroper-
oxidel! or 2-hydroxycylohexanone and 1,2-cyclohexane-
dione) to be held in the vicinity of the active site until
oxidation proceeds further to yield the more mobile (and
desired) linear products.

For the present purposes, the framework structure of the
microporous catalyst that we have targeted is the one-
dimensional channel system, AIPO-3117 (Figure 1). Because
of the more puckered inner walls, compared with AIPO-
51317 there is a smaller pore of diameter 5.4 A, which
introduces the very kind of constrained environment that is
required here.

As with the oxidation of n-alkanes at the terminal position
over Co"- or Mn'-substituted AIPO-18 catalysts!'!l and the
conversion of cyclohexane to cyclohexanol over an Fe™AIPO-
5 catalyst,["¥l framework-isolated, transition metal ions in their
MM oxidation states are vital for the catalysis. We therefore
devised a facile means of preparing Fe'!AIPO-31 microporous
samples, in which up to about four atom per cent of the Al
framework ions are replaced by Fe'!l, and where all these
active sites are accessible to cyclohexane at the inner surfaces
of the micropores.

Building on our prior experience with quaternized template
cations (such as for the synthesis of DAF-1['%1) and the work of
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Wright et al.,['”) who used several
types of polymeric-template ammo-
nium salts to produce various solid
acid Mg-substituted aluminophos-
phates (which include AIPO-5, Al-
PO-31, and STA-1), we selected the
polymeric-template ammonium salt
1, which strongly favors the produc-
tion of MAPO-31.2% This template

\%/\/NF\\N,\/}

+\J+ -

20H |,
1

salt was prepared through a Men-
shutkin-type reaction from 1,4-dia-
zabicyclo[2.2.2]octane  (DABCO)
and 1,6-dibromohexane, then fol-
lowed by ion exchange of the bro-
mide counterion against hydroxide.
Employing an optimized modifica-
tion of the reported literature pro-
cedures!'® 2 (see the Experimental
Section), the required template was
obtained in high yield and purity.

FeAIPO-31 was obtained from a
hydrothermal synthesis (see the Ex-
perimental Section) in a phase-pure form (Figure 2). The
diffraction pattern of the calcined sample, recorded in situ,?’!
is essentially identical to that of the as-prepared material,
which demonstrates structural stability upon removal of the
template. A helpful feature of the in situ combined XRD/
XAS study®! is that, although the diffraction pattern
(hence the framework structure) remains the same,
there is a significant increase of the pre-edge feature and a
decrease in Fe—O distance from 1.94 to 1.85 A upon calcina-
tion. The similarity of the intense pre-edge feature and the
Fe—O distance with the corresponding values in either
FePO, or Fe-substituted ZSM-5 shows that the substituted
iron ions are present in the Fe''' state and with a tetrahedral
geometry.

Comparisons of the catalytic performance of FeAIPO-31
and of FeAIPO-5 are summarized in Figure 3 and in Table 1.
In addition to a higher turnover number (TON) for FeAIPO-
31 compared to Fe AIPO-5, there are significant differences in
the product selectivities: With FeAIPO-5 as the catalyst,
cyclohexanol and cyclohexanone were the major products,'?!
whereas Fe AIPO-31 predominantly produces adipic acid and
comparatively small amounts of other oxidation and frag-
mentation products. At higher temperatures with FeAIPO-31
there is no significant change in the overall conversion but the
formation of tar and other fragmentation products (succinic
and glutaric acids) increases. The structure of the catalysts, as
we conclude from identical XRD patterns recorded before
and after the catalytic reaction, remains unchanged under the
chosen reaction conditions. (Further ICP analysis of the
reaction mixture gave no indication of any leaching of iron out
of the framework.)

1433-7851/00/3913-2311 $ 17.50+.50/0 2311



COMMUNICATIONS

a) =)

calcined

25 30 35 40

b) N
/N// 2 4 6 8 10 12 14
1 7/ —

d)
ut - 30 A
FeZSM-5 /|| f
| 25 /"
{
FeAIPO-31 201 i
calcined IFTI 15 ‘1 '{
i1
!
FeAIPO-5 10 [
calcined 5 N
— VAl YA
7080 7100 7120 7140 7160 7180 7200 0 1 2 3 a4 5 6
EleV RIA ——

Figure 2. a) XRD patterns of FeAIPO-31 before and after calcination in
O, at 550°C recorded by employing the in situ, combined XRD/XAS
technique. b) XANES spectra of as-synthesized FeZSM-5I! and of
calcined FeAIPO-31 and FeAIPO-5.I"! Note the similarities in the pre-
edge intensities. ¢) EXAFS and d) the associated Fourier transform of
calcined FeAlPO-31. The solid and the dashed curves represent the
experimental and calculated data, respectively. The EXAFS derived Fe—O
coordination number, bond distance, and Debye — Waller factor are 3.85 +
0.4,1.85+0.02 A, and 0.0045 A2, respectively. In (a), only a small range of
20 =22-40° is displayed for clarity. Note that it is not possible to record
XRD data below about 11°, since there is a dead space associated with the
INEL detector and hence this detector should be positioned in such a way
that transmitted intensity (/) for EXAFS measurement is not affected.

The remarkable fact that the selectivity pattern of Fe AIPO-
31 is so completely different from that of FeAIPO-5, even
though the structure of their active sites is identical, is

60 mFeAIPO-5
FeAIPO-31

selectivity
[mol-%] oq

10

0 N N
cyclohexanol cyclohexanone adipic acid

Figure 3. Bar chart comparing the product selectivities (given in mol-% )
after 24 h in the aerial oxidation of cyclohexane (7'=373 K) with FeAIPO-
31 and FeAIPO-5 as catalysts. Only major products are shown.

explicable only in terms of the difference in pore dimensions
of the two AIPO hosts for the isolated sites. The cyclohexane
molecule is much more confined in case of the FeAIPO-31
than in FeAIPO-5. Owing to this constraint, the diffusion of
cyclohexane and the cyclic intermediates in the oxidation
reaction within the FeAlPO-31 channel system is severely
limited and therefore further oxidation of the cyclic inter-
mediates to linear products as adipic acid is facilitated.

Although many features of this new catalyst (FeAIPO-31)
rival those of commercial catalysts used in the production of
AA, our principal aim in this work was not to develop a new
industrial procedure but rather to adopt a design approach for
the development of many other new catalysts for converting
organic molecules to useful products under mild and environ-
mentally benign conditions. We believe that there is scope to
extend the free radical, shape selective catalysis described
herein to other systems.

Experimental Section

Synthesis of 1: DABCO (98 %, Aldrich, 22.9 g, 0.2 mol) was dissolved in
toluene (500 mL) and 1,6-dibromohexane (96 %, Aldrich, 50.7 g, 0.2 mol)
was added slowly under vigorous stirring. The mixture was heated to 105°C
(oil bath temperature) for 3 h upon which a voluminous white precipitate
formed. After cooling, the bromide salt of the template!'* 2 was collected
by filtration, washed with toluene (3 x 150 mL) and pentane (3 x 150 mL)
and dried in vacuo (60.3 g white, hygroscopic powder, 82% yield). Ion
exchange was accomplished by stirring a solution of the bromide salt in
deionized water (0.45 gmL~!) with an excess amount of a strongly basic
ion-exchange resin (Dowex SBR, Aldrich, 150 g resin per 100 g solution)

Table 1. Comparison of the catalytic behavior of FeAIPO-31 and FeAIPO-5 in the aerial oxidation of cyclohexane.l?

Catalyst t T Conversion TONMI Product selectivities [mol-% ]t 4
[h] (K] [mol-%]¢ A B C D E F G H

FeAIPO-31 8 373 25 78 6.3 31.0 553 1.9 32 - - 2.5
FeAIPO-31 24 373 6.6 211 - 153 65.0 59 7.7 - - 6.0(1)
FeAIPO-31 8 403 3.9 121 - 12.5 53.7 14.2 10.0 - - 9.8(1)
FeAIPO-31 24 403 7.7 239 - 6.8 31.3 24.7 11.3 - - 26.0(1)
FeAIPO-5 8 373 1.7 20 83.0 6.5 9.2 - - - - 1.5
FeAIPO-5 24 373 53 62 50.5 27.0 14.1 - - 6.3 - 1.8
FeAIPO-5 8 403 2.5 45 41.1 17.9 26.2 - - 13. - 1.9
FeAIPO-5 24 403 6.6 113 36.2 155 31.0 - - 9.2 5.4 2.7

[a] Conditions: cyclohexane =50 g, catalyst 0.75 g, pressure (air) 1.5 MPa. [b] TON = moles of substrate converted per mol of metal (Fe) in the used amount
of catalyst, as determined by elemental analysis (FeAIPO-31: Fe =1.43 wt-% Fe; FeAIPO-5: 3.77 wt-% Fe). [c] Determined by GC against mesitylene
(=22.5 g) as internal standard. [d] Overall yield; product abbreviations: A: cyclohexanol; B: cyclohexanone; C: adipic acid; D: succinic acid; E: glutaric acid;
F: valeraldehyde; G: valeric acid; H: probably CO,, CO, water, and traces of lower olefins in the gas phase; I: tar.
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for 3 h. The solution of the hydroxide form of the template 1 obtained after
filtration was used directly in the aluminophosphate synthesis.

Synthesis of FeAIPO-31: To a solution of phosphoric acid (85 %, Aldrich)
in water, aluminium hydroxide hydrate (Aldrich) and an aqueous solution
of iron(II) acetate (Aldrich) was added, and the mixture was stirred until
homogeneous. To this, an aqueous solution of 1 was added slowly with
vigorous stirring to obtain a gel with the empirical composition
0.04FeO :0.48 Al,05:0.5P,05:0.8/n[C},HxN,0,], 40H,O0 (pH7-8).
The gel was sealed in a Teflon-lined stainless steel autoclave and heated
at 195°C under autogeneous pressure for 48 h. The solid product was
isolated by filtration, washed with deionized water, and dried in air (90°C).
The as-prepared product was calcined first in nitrogen and then in dry
oxygen at 550°C for 1 h and 10 h, respectively.

In situ XRD/XAS measurements:*’) The combined XRD/XAS measure-
ments were performed at station 9.3 of the Daresbury synchrotron
radiation source, which operates at 2 GeV with a typical current 130—
250 mA. The station is equipped with a Si(220) double-crystal monochro-
mator and ion chambers for measuring incident (/) and transmitted (1)
beam intensities. For the in situ experiment, 25 mg of FeAIPO-31 was
calcined in an situ cell at 550°C in an O, flow. The XRD/XAS measure-
ments were performed during the course of increasing the temperature
(5 Kmin™!) and at the final temperature. The XRD patterns were collected
at the wavelength of 1.8088 A, below the Fe—K edge. Each XRD pattern
was measured for 180 s and each XAS spectrum for 380 s associated with a
dead time of 40s, to give a total cycle time of 10 min. The data were
analysed using the suite of programs EXCALIB, EXBROOK, and
EXCURVYS, available at Daresbury laboratory.
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Linear alkanes are so notoriously difficult to oxidize that
their very name—paraffins, from the Latin parum affinis
(slight affinity)—emphasizes their inertness. n-Hexane, for
example, is not attacked by boiling nitric acid, concentrated
sulphuric acid, potassium permanganate, or chromic acid. It is
widely acknowledged that the controlled oxyfunctionalization
of alkanes is one of the major challenges of modern
catalysis;'™# particularly desirable products are those that
are oxidized at the terminal position (hexanoic acid, for
example), since these serve as feedstocks for the chemical and
pharmaceutical industries.

A decade ago, following the discovery™® of molecular
sieve titanosilicates such as TS-1, it was reported’ 8! that n-
hexane yielded a mixture of four products when hydrogen
peroxide was used as the oxidant for the selective oxidation
catalyzed by TS-1: 2-hexanol (17%), 3-hexanol (39%),
2-hexanone (34%), and 3-hexanone (10%). In a series of
recent papers® '3l we have reported how aluminophosphate
(AIPO) molecular sieves, which contain an appropriate,
framework-substituted transition-metal ion, M, in a high
oxidation state, serve as effective catalysts for the selective
oxidation of alkanes (especially at the terminal position).
Molecular sieve catalysts are potentially more powerful for
regioselective oxidation and are demonstrably capable of
going beyond what may be achieved by Gif reagents
developed by Barton et al.'! for the rather high oxidative
selectivity for secondary over tertiary positions in saturated
hydrocarbons.'>'1 Here, we report how adipic acid, an
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