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Abstract

In this study, in situ FT-IR spectroscopy and ex situ GC and GC-MS were employed to investigate the photooxidation of
cyclohexane and cyclohexene in BaY. Cyclohexane and cyclohexene were oxidized using molecular oxygen and photochem-
ically producedtert-butyl hydroperoxide (TBHP) in BaY. The main products formed after photooxidation of cyclohexane
with molecular oxygen were cyclohexanone and cyclohexanol. Cyclohexane did not react with TBHP in BaY. The main
product formed after photooxidation of cyclohexene and molecular oxygen in BaY was 2-cyclohexen-1-one and the main
product formed after reaction of cyclohexene with TBHP in BaY was 1,2-epoxy cyclohexane. In general, it was found that
the photooxidation of cyclohexene using @ TBHP gave consistently higher activity but lower selectivity than that found
for cyclohexane photooxidation, due to the presence of two active reaction centets(d G-C bond) in cyclohexene. It
was also shown that for cyclohexene oxidation in Bay, the choice of oxidant significantly alters the product distribution.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Catalyzed partial oxidation of small hydrocarbons
using molecular oxygen has been a very important
process used to obtain industrially important chemi-
cals. The products serve as building blocks for plastics
and synthetic fibers, or as industrial intermediates in
the manufacture of fine chemicals—4]. Typically,
direct oxidation of small hydrocarbons by, @ives
very poor selectivity due to the free radical nature
of the process, the high exothermicity of the reac-
tions and/or overoxidatiofb]. The accumulation of
by-products also limits conversion to a few percent
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in most practical processes. The inefficiency associ-
ated with low conversion has motivated the search
for solid catalysts that are active for the oxidation of
hydrocarbons[6-12]. Ramamurthy and co-workers
have studied singlet oxygen mediated selective ox-
idation reactions in dye-exchanged Y zeoli{ds].
Transition-metal substituted molecular sieves have
also been shown to be active for selective oxidation
reactions in aif6-8,10,14]

Recently, Frei and co-workerfl,12,15-24]and
Larsen, Grassian and co-workd#s25—-30]have ex-
plored the use of cation-exchanged zeolites in the
room temperature selective photo- and thermal ox-
idation of olefins, alkyl-substituted benzenes, and
alkanes. The oxidation is initiated by excitation of a
hydrocarbon oxygen complex occluded in the zeo-
lite to form a low-energy charge transfer state that
is stabilized by the electric field at the cation site
in the zeolite[15,23] The high selectivity of these
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Scheme 1. Proposed mechanism for the photooxidation of cyclohexane wvith BaY.

reactions can be attributed to several factors. First, ity in these reactions. These factors include the exci-
using low reaction temperatures inhibits some free tation wavelength, the reactant and the oxidant.
radical chemistry. Second, the use of visible light
rather than UV light provides a low-energy pathway
and third, the zeolite cavity results in a caging effect. 2. Experimental

In a previous study, we investigated the kinetics
of the photo- and thermal reactions of cyclohexane 2.1. Zeolite sample preparation
in BaY [30]. The proposed reaction mechanism for
this reaction is shown ischeme 1 [12]Using visi- BaY was prepared from NaY (Aldrich) by stan-
ble light or mild thermal conditions, oxidation of cy- dard ion-exchange procedures. NaY was added to an
clohexane in BaY with molecular oxygen produces aqueous 0.5M Baglsolution and heated to 9€ for
cyclohexanone and cyclohexanol. The activation en- 24 h. The resulting solution was filtered and the ze-
ergy was measured for the thermal process and it wasolite was washed with deionized water until the so-
consistent with a mechanism that proceeded through lution was free of Ci ions as determined by adding
a charge-transfer complex. Based on kinetic isotope AgNOz(aq) to the filtrate solution until no precipi-
effect studies, the rate-determining step was assignedtate was observed. The elemental composition of Al
to the proton abstraction step Bcheme A. Since Si and Ba was determined by inductively coupled
the kinetic isotope effects were the same for the ther- plasma/atomic emission spectroscopy (ICP/AES) us-
mal and photochemical processes, the mechanism wasng a Perkin-EImer Plasma 400. The Si/Al and Ba/Al
proposed to be the same for both reactions. ratios for BaY were 2.4 and 0.33, respectively. BaY

In this study, the photooxidation of cyclohexane and was activated by heating overnight to 3@ under
cyclohexene in BaY zeolite using in situ FT-IR, and vacuum.
ex situ GC and GC-MS was examined. A direct com-
parison of the photooxidation of cyclohexane versus 2.2. FT-IR spectroscopy
cyclohexene in BaY using molecular oxygen and ter-
tiary butyl hydroperoxide (TBHP) was made in order  The infrared sample cell used in this study is shown
to elucidate the factors that influence product selectiv- in Fig. 1. Approximate 50 mg BaY zeolite was coated
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Fig. 1. Schematic of the infrared sample cell used to study photooxidation reactions in zeolites. (a) A stainless steel coolant system (left)

with copper power leads welded to the end of a stainless steel pipe is put inside of a stainless steel reducing cross (right). (b) The copper
power leads shown in (a) are attached to copper power leads that are connected to nickel jaws so that the tungsten grid held in place by
the nickel jaws (left) could be resistively heated. Thermocouple wires shown in (a) are spot-welded to the tungsten grid to measure the

temperature. After attaching the nickel jaw assembly (left) to (a) the entire reducing cross is then placed in a stainless steel cube. The

cube has two BafFwindows to transmit infrared radiation and can be attached to a vacuum/gas handling system.



172

onto a 3cmx 2cm photoetched tungsten grid held
in place by nickel jaws. The nickel jaws are attached
to copper leads so that the sample can be resistively
heated. A thermocouple wire is used to measure the
temperature of the sample. The tungsten grid with
zeolite sample is placed in a stainless steel cube. The
cube is outfitted with two BafFwindows for infrared
measurements (vide infra) and is also attached to a
vacuum/gas handling systef@l]. The BaY sample
was heated under vacuum to 3@ overnight to re-
move adsorbed water. For in situ experiments using
FT-IR spectroscopy, FT-IR spectra were recorded
with a Mattson Galaxy 6000 infrared spectrometer
equipped with a narrowband MCT detector. Each
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spectrum was obtained by averaging 500 scans at anFig. 2. Optical path for FT-IR measurements and broadband irradi-

instrument resolution of 4 crit.

In oxidation experiments using molecular oxy-
gen, cyclohexane or cyclohexene was loaded into the
zeolite by adsorption at different hydrocarbon gas
pressures that corresponded to different hydrocarbon
loadings as described in detail 8ection 3 The ex-
cess hydrocarbon was then pumped out, and oxygen
was added to the IR cell at a pressure of 750 Torr. A
500-W mercury arc lamp (Oriel Corp) with a water
filter was used as the light source. Broadband long
pass filters were placed in front of the lamp. The
broadband light was turned by a quartz prism onto the
zeolite sample. The quartz prism is mounted inside
the FT-IR sample compartment so that the dry air
purge was not broken during irradiation. A schematic
of the optical set-up is shown irig. 2

In oxidation experiments using TBHP, TBHP was
obtained by photooxidation of isobutane using molec-
ular oxygen at a temperature of 273K1]. The ex-

ation of BaY zeolite; 1. mercury lamp, 2. water filter, 3. broadband
filter, 4. quartz prism, 5. FT-IR cell, 6. tungsten grid w/zeolite
powder, 7. linear translator, 8. focusing mirror, 9. MCT detector,
10. FT-IR spectrometer (dry air purge).

a HP-5MS column (cross linked 5% PH ME silox-
ane). When available, standards of the products were
injected separately to determine retention times and
GC response factors.

3. Results

3.1. Photooxidation of cyclohexane using
molecular oxygen

Initially, an adsorption isotherm was obtained for
cyclohexane adsorption in Ba¥ig. 3 shows the
FT-IR spectra of cyclohexane adsorbed in BaY as

cess isobutane and oxygen were then pumped out, anca function of cyclohexane pressure. The band at

cyclohexane or cyclohexene was added to the IR cell
at room temperature for oxidation in the dark.

2.3. GC analysis

Products were extracted from the zeolite in acetoni-
trile for 90 min before GC or GC-MS analysis. The
sample was centrifuged for 2min at 10,00Q and
the supernatant was then analyzed by GC or GC-MS.
The GC (Varian 3600) was equipped with an FID de-
tector and a 5% phenyl/95% methylpolysiloxane cap-
illary column. In some experiments GC-MS analysis
was conducted, using a GC-MS (HP G1800 C) with

1451cml is assigned to —C§+ and increases in
intensity as the pressure of cyclohexane increases.
The integrated area of this band was used to quantify
the uptake of cyclohexane in the zeolite as shown in
the inset ofFig. 3 The amount of cyclohexane was
calibrated using volumetric methods. The difference
in expansion pressure of cyclohexane with and with-
out BaY present in the IR cell was determined at
the highest pressures measured. From the calibrated
volumes of the infrared cell and gas handling sys-
tem, Ap, the pressure difference, was converted to
the number of cyclohexane molecules absorbed in a
sample of BaY. From the weight of the BaY sample,
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Fig. 3. FT-IR spectra of cyclohexane adsorbed in BaY as a function of cyclohexane presdure 808 K. The absorption band at
1451 cnt! was used to calibrate the uptake of cyclohexane as a function of pressure into the cell. The calibration was done using volumetric
methods, see text for further details.

the number of supercages for that sample was deter-
mined as well. The integrated absorbance of the band
at 1451 cnt at high pressure was then equated to the 1672
number of cyclohexane molecules per supercage de- 05
termined above. Assuming that the band at 1451tm

is linearly proportional to the number of cyclohexane
molecules adsorbed in the zeolite, the number of cy-
clohexane molecules adsorbed per supercage could be
determined at lower pressures as well. It can be seen
in Fig. 3 that a coverage of 1 molecule cyclohexane a
per supercage is obtained at an equilibrium pressure n
of 200 mTorr. At a pressure above 1500 mTorr, the ¢
coverage reached a maximum of approximately 3.5 ¢
molecules cyclohexane per supercage.

The photooxidation of cyclohexane in BaY with —
O, was investigated using FT-IR spectroscoply. 4 2200 2000 1800 1600 1400 1200
shows the difference FT-IR spectra obtained after Wavenumber (cm™)
iradiation of cyclohexane (100 mTorr, 0.5 molecules Fig. 4. Difference FT-IR spectra after irradiation of cyclohexane
cyclohexane per supercage) ang i@ BaY at Wavef and oxygen in BaY withh > 455 nm near room temperature for
lengths greater than 455nm. After broadband irra- 2omin, 1, 2, 6 and 22h (bottom to top). Cyclohexane coverage
diation with A > 455nm, absorption bands at 1672 in BaY was approximately 0.5 molecules per supercage.
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and 1367 cm! are apparent in the spectrum. These the coverage leveled off at approximately 1 molecule
indicate that cyclohexanone and cyclohexyl hydroper- cyclohexene per supercage at expansion pressures
oxide, respectively, were producgd]. The percent  greater tham~1500 mTorr. For cyclohexene, the max-
conversion of cyclohexane was calculated by mea- imum coverage is determined to be 3 molecules per
suring the decrease in the integrated area of the cy- supercage.
clohexane absorption at 1451 ctf(not observed in The photooxidation of cyclohexene withoGn
difference spectra) as the reaction occurs. The percentBaY was monitored by FT-IR spectroscopy. The
conversion after irradiation @ > 455nm is deter-  FT-IR difference spectra obtained after irradiation
mined to be 7%. Irradiation using a shorter wavelength of cyclohexene (350 mTorr, 1 molecule cyclohexene
filter, 2 > 325nm, gave a larger percent conversion per supercage) and,0On BaY atiA > 455nm are
of 48%. shown inFig. 6. Several product bands attributed to
The product distribution was also analyzed after C=0 and G=C containing products are apparent in
completion of the FT-IR experiments by extracting the 1600—1700 cmt region. The negative feature at
the products from the zeolite sample in acetonitrile. 1440cnT!is due to loss of the reactant, cyclohexene.
GC analysis of the extracted products was then con- Similar difference spectra are observed when the sam-
ducted to determine the product distributions that are ple is irradiated with photons of shorter wavelength,
presented imable 1 The results indicate that80% A > 325nm.
of the products formed are cyclohexanone indepen- After the FT-IR experiment was completed, reac-
dent of the excitation wavelength. The other products tants and products were extracted from the zeolite in
formed are cyclohexanol (nhot observed in the FT-IR acetonitrile. Detailed product analysis of the resulting
spectrd11,22]) and cyclohexyl hydroperoxide. Cyclo-  solutions was completed using GC and GC-MS meth-
hexyl hydroperoxide decomposes thermally to form ods. The product distributions obtained from the GC
cyclohexanone and water and may be the reason whyanalysis are listed iflables 2 and. ForA > 325 nm,
it is not observed in GC analysis but is in FT-IR spec- the major product formed was 2-cyclohexen-1-one

troscopy for experiments done iat- 455 nm. (35%). Smaller amounts of 2-cyclohexen-1-ol (7%)
and hexanedial (23%) were also formed. The pro-

3.2. Photooxidation of cyclohexene using posed pathways for the formation of the major prod-

molecular oxygen ucts are shown ischeme 2Various “other” products

_ were also formed and are listedTable 3 The prod-
The FT-IR spectra of cyclohexene in BaY as func- uct distribution is not altered to any great extent with
tion of cyclohexene pressure are showrrig. 5. The excitation wavelength.

absorption band at 1636 cthis assigned to the €C

stretching mode. This bond was used to calibrate the 3.3. Oxidation of cyclohexane and cyclohexene
uptake of cyclohexene in BaY as a function of expan- using TBHP

sion pressure (see inset Bfg. 5). A coverage of 1

molecule cyclohexene per supercage is seen to occur TBHP is a major industrial oxidant for the trans-
around 350mTorr. Similar to that of cyclohexane, formation of small olefins to epoxides. Recently,

Table 1
Product distribution (%) and conversion (%) for the photooxidation of cyclohexane in BaY
@] OH OOH
BaY )
—_— Conversion (%)
02, 325nm, 100mToR, 18h 81 11 8 48
O, 455nm, 100 mToR, 18h 86 14 0 7

aConversion (%) was calculated by integrating the reactant peak in the FT-IR spectrum. Estimatee 8%
®The 100 mTorr corresponds to a BaY loading of approximately 0.5 molecules cyclohexane per supercage.
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Table 2
Product distribution (%) and conversion (%) for the photooxidation of cyclohexene in BaY
H
BaY CHO o )
> CHO Other products Conversion (%)
05, 325nm, 350 mTof;, 23.5h 35 7 23 0 35 64
O, 455nm, 350 mTorr, 23.5h 33 10 19 0 38 57
TBHP, thermal, 16 h 8 10 11 46 25 -

aConversion (%) was calculated by integrating the reactant peak in the FT-IR spectrum. Estimatee £8%r.
b The 350 mTorr corresponds to a BaY loading of approximately 1 molecule cyclohexene per supercage.

Table 3

Product distributions (percent of total products) for the other products fraple 2

@ BaY
—_—

Condensation product

o OH
C @
Oy, 325nm, 350 mTorr, 23.5h 13 4

O, 455nm, 350 mTorr, 23.5h 11 4
TBHP, thermal, 16 h 4 2

OH CHO
5 11

2
11 6 5
1 9 9

there have been several studies reporting the liquid After the FT-IR experiments were completed, the
phase epoxidation of cyclohexene in molecular sieves products and reactants were extracted from BaY in

using TBHP [32-35] In the experiments reported
here, TBHP was generated in situ by irradiation
(A > 400 nm) of isobutane and molecular oxygen in
BaY at 273 K[21]. The proposed mechanism for this
reaction is shown irscheme A and B. TBHP was
then used to thermally oxidize cyclohexene (in the
dark) Scheme &). A competing, thermal reaction
results in the formation of acetone and methanol from
TBHP as shown irScheme B [21]. The difference

IR spectra of isobutane and oxygen in BaY before and
after irradiation are shown ifkig. 7. The formation

of TBHP (1377 cm?) and its thermal reaction prod-
uct, acetone (1693 cnt), were observed. Frei and
co-workers observed similar FT-IR spectra of isobu-
tane and TBHP in BaY21]. The FT-IR difference
spectra obtained following the thermal oxidation of
cyclohexene with TBHP in BaY as a function of time
are shown irFig. 8. The band at 1676 cnit indicates
the formation of a €0 containing product. No re-

acetonitrile and the solutions were analyzed by GC and
GC-MS. The product distributions determined by GC
analysis are listed iflables 2 and 3The main product
formed from the oxidation of cyclohexene with TBHP
is 1,2-epoxy cyclohexane (46%) which is not seen in
the FT-IR spectra because it has weak absorptions
in the region where losses are seen for the reactant
molecules. Smaller amounts of 2-cyclohexen-1-one
(8%), 2-cyclohexen-1-ol (10%) and hexanedial (11%)
are also formed as well as the other by-products listed
in Table 3

4, Discussion

4.1. Influence of wavelength on product
distribution

For cyclohexane, GC product analysis indicates that

action was observed when cyclohexane was added tophotooxidation with @ at different wavelengths re-

BaY in the presence of TBHP.

sults in similar product distributions. The cyclohexane
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Scheme 2. Proposed mechanism for the photooxidation of cyclohexene wiith BaY.

conversion measured by FT-IR spectroscopy increaseslengths with no loss in selectivity. The wavelength
from 7% ath > 455nmto 48% at > 325nm. Based  dependence of the photooxidation of cyclohexene
on these results, the conclusion is that better conver-with Oz is less dramatic. A slight increase in con-
sion of cyclohexane can be achieved at shorter wave- version is observed with wavelength; 64% at 325 nm

hv, BaY
(CH;);CH +0, —®  (CH;);COOH [A]
O
(CH3);COOH ———3 CH;CCH; + CH;0H [B]

o)
+ (CH;);COOH —————3» @ +(CH,);coH  [C]

Scheme 3. Proposed mechanism for the oxidation of cyclohexene with TBHP in Bay.



178

1377

B

(b) After irradiation with O,

1475

o0 3 ® o0 un o >

(a) Isobutane in BaY

1800 1600 1400 1200
Wavenumber (cm!)

2200 2000

Fig. 7. (a) FT-IR spectrum of isobutane and oxygen adsorbed in
BaY. (b) Difference FT-IR spectrum of isobutane and oxygen in
BaY after irradiation withA > 455nm for 4 h.

relative to 57% at 455nm. The product distribution
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4.2. Cyclohexane versus cyclohexene
photooxidation in BaY

The photooxidation of cyclohexane in BaY with
molecular oxygen yields cyclohexanone in approxi-
mately 80% product selectivity with smaller amounts
of cyclohexanol £10%) and cyclohexyl hydroper-
oxide (~0-10%). The proposed reaction routes
for the formation of these products are given in
Scheme 1Cyclohexene photooxidation in BaY with
molecular oxygen yields only~35% of the analo-
gous major product, 2-cyclohexen-1-one and 10%
2-cyclohexen-1-ol. Numerous other oxidation prod-
ucts, such as hexanedial-20%) are also formed.
Possible reaction paths for the formation of these
three products in the photooxidation of cyclohexene
are shown irScheme 2The first two reactions (A and
B) are analogous to the cyclohexane chemistry shown
in Scheme 1The third reaction irScheme Zccounts
for the formation of hexanedial through a dioxetane
intermediate. Similar chemistry has been observed in
related alkene photooxidation reactions in Y zeolites

does not change substantially. More hexanedial (23%) [4,20,26] The other products listed iflable 3 are

is formed at 325nm relative to 455 nm (19%). This
is consistent with previous work which showed that

formed from secondary reactions of the products in
Table 2 For example, 2,3-epoxycyclohexanone and

dioxetane chemistry was more prevalent at shorter ir- 2,3-epoxycyclohexanol are formed from the epoxi-

radiation wavelengthg26].

1676
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b Time

s p

o]
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b
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Fig. 8. Difference FT-IR spectra following the thermal oxidation
of cyclohexene with TBHP generated in BaY for 20 min, 1-4 and
44 h (bottom to top).

dation of 2-cyclohexen-1-one and 2-cyclohexen-1-ol,
respectively.

These results indicate that cyclohexane photoox-
idation in BaY is more selective than cyclohexene
photooxidation in BaY. The difference in observed
selectivity can be attributed to the presence of two
reactive centerso-H and G=C bond) in cyclohex-
ene leading to multiple reaction paths as shown in
Scheme 2 The percent conversion of cyclohexene
(57%) after irradiation withx > 455nm is much
greater that the percent conversion of cyclohexane
(7%) under similar reaction conditions. The relative
activity of H-abstraction by peroxide radicals from cy-
clohexene relative to cyclohexane is from 18 to 0.014
suggesting that cyclohexene should be much more
reactive than cyclohexarj86] in these reactions.

4.3. Photooxidation of cyclohexene in BaY with
different oxidants (@ versus TBHP)

TBHP was formed in situ in BaY from the photo-
oxidation of isobutane with molecular oxygen as
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shown inScheme A. After removing excess isobu-
tane and oxygen, cyclohexene was allowed to react
thermally with TBHP in BaY. The main product
formed from this reaction was 1,2-epoxy cyclohexane
which accounted for 46% of the extracted products.
Notably, no 1,2-epoxy cyclohexane was formed in
the cyclohexene photooxidation reaction with molec-
ular oxygen as the oxidant. The reaction pathway
for the formation of 1,2-epoxy cyclohexane is shown
in Scheme 8. tert-Butanol is also formed stoichio-
metrically but was not detected by GC. Smaller
amounts of 2-cyclohexen-1-one, 2-cyclohexen-1-ol
and hexanedial were also formed after oxidation of
cyclohexene with TBHP, as well as several other ox-
idation products listed ifables 2 and 3No reaction

of cyclohexane and TBHP occurred under compara-
ble reaction conditions. Presumably this is due to the
fact that cyclohexane does not have a reactive double
bond.

5. Conclusion

In the photooxidation of cyclohexane and cyclohex-
ene in BaY using molecular oxygen, the main products
formed were cyclohexanone and 2-cyclohexen-1-one,
respectively. Cyclohexane photooxidation was found
to be more selective than cyclohexene phootooxi-
dation in BaY with G under comparable reaction
conditions. The decrease in selectivity of cyclohexene
relative to cyclohexane was attributed to the presence
of two active reaction centera{H and G=C bond) in
cyclohexene. The €C functionality provided a route
for dioxetane chemistry in cyclohexene that was not
possible with cyclohexane as a reactant. Thermal ox-
idation of cyclohexene in BaY with TBHP changed
the product distribution dramatically and resulted in
the formation of 1,2-epoxy cyclohexane as the major
product. No products were formed when cyclohexane
was allowed to react with TBHP in Bay.

Future work includes further reaction studies in
order to improve selectivity under mild reaction con-
ditions and studies of the performance of different
zeolites aimed at designing better oxidation systems.
Additional exploration of product desorption from
zeolites using a carrier gas and modestly elevated
temperatures is important and nanocrystalline zeolites
may be beneficial in this regard.
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