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Abstract

Cyclohexene oxidation usintgrt-butylhydroperoxide (TBHP) or chloroperoxybenzoic acid (CPBA) in the presence of iron(ll) poly-
chlorophthalocyanine (gdPcFe), iron(ll) phthalocyanine (PcFe) and cobalt(ll) phthalocyanine (PcCo), results in the formation of the follow-
ing products: cyclohexene oxide, 2-cyclohexene-1-ol and 2-cyclohexene-1-one. Adipic acid was also formed after long reaction times. The
selectivity for 2-cyclohexene-1-one is favoured wheggRtFe or PcCo catalysts are employed, while PcFe is selective towards the formation
of 2-cyclohexene-1-ol. The gPcFe catalyst is transformed intquaoxo dimer (ClgPcFé'—-O-"' FePcClg) during the oxidation process.

The catalytic process using the unsubstituted Pctal PcFé catalysts involved PcM species as an intermediate. The active form of the
Cl,sPcFe catalyst was stable to degradation in that it was still active even after 4 weeks of continued catalysis.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction found to enhance their catalytic activiff4]. The use of
halogenated metallophthalocyanines as heterogeneous cata-
Metalloporphyrin complexes can catalyse the oxidation lysts for the oxidation of cyclohexane has been reported in a
of the relatively inert carbon—hydrogen bond under mild patent applicatiof15]. Perfluorinated iron phthalocyanine
conditions, thus mimicking the action of cytochrome P-450 was found to have less catalytic activity than PcFe towards
dependent monooxygenases. Transformation of alkenes tahe formation of cyclohexanol from cyclohexane, this was
high value chemicals such as alcohols and ketones is ofattributed to the low solubility of the perfluorinated catalyst
importance to industry. in dichloromethand1]. Supported PcM complexes show
Synthetic iron porphyrin complexes have been exten- better catalytic activity than the corresponding unsupported
sively investigated as models for the catalytic action of cy- derivatives towards oxidation of cyclohexafi®].
tochrome P-45(1-4]. However, porphyrins often degrade Even though there has been several reports on the use of
during the catalytic process. One way of circumventing this PcM complexes as biomimetic catalysts for the oxidation
problem has been to create a more resistant porphyrin ringof alkanes[1,13,15-17] there has been less attention on
through ring substitution using electron withdrawing axial the use of these molecules for the epoxidation of alkenes
ligands [5-11] Metallophthalocyanine (PcM) complexes [14,18] The oxidation of cyclohexene in the presence of
have a similar structure to the porphyrins, but are more Mn(lll), Co(ll) and Fe(ll) tetratert-butylphthalocyanines
stable to degradation. Both PcM and porphyrin complexes resulted in the formation of cyclohexene oxide and
have been shown to exhibit good biomimetic catalytic activ- 2-cyclohexene-1-onf8]. The catalytic oxidation was per-
ity [12,13] As with porphyrin complexes, ring substitution formed in the presence of a reducing agent, isobutylalde-
in phthalocyanines with electronegative substituents was hyde. The main products of the epoxidation of styrene using
CuPc were styrene epoxide and benzaldeHydé. It has
been reported that PcMn and PcFe are among the effective
* Corresponding author. Tek:27-46-6038260; fax:-27-46-622-5109.  Phthalocyanine complexes for epoxidation of alkenes when
E-mail address: t.nyokong@ru.ac.za (T. Nyokong). iodosylbenzene was employed as an oxida8i.
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Fig. 1. Molecular structure of Fe(ll) perchlorinated phthalocyanine {§€HFe) and unsubstituted Fe(ll) and Co(ll) phthalocyanines.

When porphyrins were employed as catalysts for catalytic in water), chloroperoxybenzoic acid (CPBA), diazabi-
oxidation of cyclohexene, cyclohexene epoxide has beencyclooctane (DABCO), cyclohexene, cyclohexene oxide,
reported to be the main product, with cyclohex-2-en-1-ol 2-cyclohexene-1-ol and 2-cyclohexene-1-one were pur-
and cyclohex-2-en-1-one as the minor prodiy6t20]. To- chased from Aldrich and used as received. Dimethylfor-
tal yields greater than 100% have been reported for por- mamide (DMF), dichloromethane and methanol were of gas
phyrin catalysed oxidation of cyclohexene and have beenchromatography (GC) or high pressure liquid chromatogra-
attributed to autooxidation involving dioxygen trapping of phy (HPLC) grade.
cyclohexenyl radical$20]. Deactivation of the active form
of the catalyst by the oxidant has also been reported in Fe2.2. Oxidation reactions
porphyrins[10]. Relative yields of the oxidation products
as well as the stability of the catalyst, depend on the na- The solvent mixture containing DMF and dichloromethane
ture of the substituents attached to the porphyrin and ph-(3:7) was employed for the catalysis, since all the reagents
thalocyanine ring. In this work, we report on the use of dissolved and this ratio gave the highest yields of the prod-
iron polychlorophthalocyanine (g@gPcFe),Fig. 1, as a cat-  ycts. The reaction mixture was as follows: known amounts
alyst for the oxidation of cyclohexene, with the aim of of the ChgPcFe, PcCo or PcFe catalyst and cyclohexene
improving product selectivity and increasing the range of were dissolved in the solvent mixture, the GC trace was
products. Since degradation is still a problem for porphyrin recorded, then the oxidant (TBHP or CPBA) was added and
catalysts, the search for more stable catalysts is of inter-the reaction monitored with time using GC. The UV-Vis
est. Pcs are generally more stable to degradation than porabsorption spectra of the catalyst was monitored with time
phyrins, hence the interest in their study as catalysts for during the catalysis. Reported yields are based on the sub-
the transformation of alkenes. The catalytic activity of this strate. Reactions were run at least in triplicates and not
species is compared to that of unsubstituted PcFe and PcCoalways using the same batches of the catalysts, oxidant or
The study of the fate of the Pc catalyst during catalysis is substrate. The molar extinction coefficient of §lcFe cata-
of importance for the development of new catalysts. The |yst has been reportdd7] to be 74 x 10* dm® mol~t cm1
fate of the Pc catalyst has not been fully investigated fol- in the DMF/dichloromethane solvent mixture. This value
lowing catalysis of cyclohexene transformation using these was employed for the determination of concentration of this
compounds in previous studies. The changes in the na-species in solution.
ture of the ClgPcFe catalyst was monitored using UV-Vis  The oxidation products were identified by spiking using
spectroscopy. standards and by measurements of retention times in gas

chromatography. The nature of the products were also de-
termined by a gas chromatograph connected to a mass spec-

2. Experimental trometer (GCMS).
2.1. Materials 2.3. Physical measurements
Iron(ll) hexadecachlorophthalocyanine {gfcFe) was The GC traces were recorded with an Hewlett-Packard

synthesized, purified and characterized according to liter- HP 5890 Gas Chromatograph fitted with an FID detec-
ature methodg$21]. Tert-butylhydroperoxide (TBHP, 70%  tor, using a cross-linked methyl siloxane capillary column



N. Sehlotho, T. Nyokong/ Journal of Molecular Catalysis A: Chemical 209 (2004) 51-57 53

(30m length, 0.32 mm internal diameter and Qu28 film were employed using the same oxidants, the yields of cyclo-
thickness). The parameters for analysis were: carrier gashexene oxide were less than 222]. Higher yields of cyclo-
N, at 30.7cms?, injector temperature= 200°C, detec- hexene oxide relative to the other products were observed for

tor temperature= 250°C. Mass spectra was recorded with most porphyrins using oxidants such as chloroperoxyben-
Finnnigan LCQ-MS coupled with J&W Scientific column  zoic acid or iodosylbenzerjé,20]. However, photooxygena-

of 30 m length, 0.32 mm internal diameter and Qu25 film tion of cyclohexene using titanium porphyrins resulted in the
thickness. UV-Vis spectra was recorded with the Cary 500 formation of cyclohexene hydroperoxide as a major product,
UV-Vis/NIR Spectrophotometer. with cyclohexene oxide being one of the side prod{28.

Table 1shows that the catalyst, {gPcFe favoured the for-
mation of 2-cyclohexene-1-one to the rest of the products.

3. Results and discussion The yields for the formation of cyclohexene oxide shown in
Table 1are comparable in some cases to those reported for
3.1. Catalytic oxidation products oxidation of cyclohexene using porphyrins and iodozoben-

zene as an oxidaif6,20], and are higher than the yield of

The use of TBHP as an oxidant was based on the ear-cyclohexene oxide using iron porphyrin derivatives axially
lier studies on the oxidation of cyclohexarj&7], this ligated with chloro or hydrox@22] and using hydrogen per-
oxidant was found to cause minimal destruction of the oxide as oxidant. The yields of products using thesRtFe
phthalocyanine catalyst, and to give better selectivity of catalyst reported iTable lare after 8 h and again after 4
the products. For comparative purposes, CPBA was alsoweeks of catalysis. Thus, the yields increased steadily with
employed as an oxidant. Three products were clearly time and improved to total values greater than 100% after
identified using gas chromatography by both spiking and 4 weeks. Yields consistently higher than 100% have been
comparison with standards. These products are cyclohex-reported for porphyrins catalysts and attributed to autoxida-
ene oxide, 2-cyclohexene-1-ol and 2-cyclohexene-1-one,tion as has been proposed bef{f@]. Thus, after prolonged
Table 1 Product identification was confirmed by mass catalysis, the yields obtained for Pc catalysts are comparable

spectra, which showed M-1 peak at 8¥z for cyclohex- to porphyrins with added stability for the former.

ene oxide and cyclohexene-ol, and"Npeak at 96m/z for The yields observed for the formation of cyclohexene
cyclohexene-1-one. Reportgti8] products for the oxida-  oxide from the oxidation of cyclohexene in the presence
tion of cyclohexene in the presence of metallo teera- of Mn(l11), Co(ll) and Fe(ll) tetratert-butylphthalocyanines

butylphthalocyanine complexes are cyclohexene oxide and(MTTBPc) and in the presence of a reducing agent, isobuty-
2-cyclohexene-1-one, with the former being the major prod- laldehyde[18] are higher than those reported in this work.
uct. This work shows the formation of 2-cyclohexene-1-ol However, the yields obtained using the MTTBPc as cata-
in addition to cyclohexene oxide and 2-cyclohexene-1-one lysts stabilized after about 10 h, while as will be discussed
when phthalocyanine complexes are employed as catalystsbelow, the yields for the cyclohexene-one, cyclohexene ox-
After prolonged reaction time, a new peak was formed ide and cyclohexene-ol increased even after 4 weeks of the
which was identified by GC and GC-MS as being due to reactions. The fact that the {gPcFe catalyst is selective to
adipic acid. It was also confirmed (using GC) that TBHP is the formation of 2-cyclohexene-1-one over that of cyclohex-
converted to tert butanol during the catalytic process. ene oxide and maintained stability (of the active form of the
The nature and the relative yields of the products formed catalyst) even after prolonged use, are useful observations.
by catalytic oxidation of cyclohexene using porphyrins vary Relatively high turn-over values were obtained for the cat-
considerably depending on the catalyst and oxidant. Whenalytic process employing (GijPcFe,Table 1
iron porphyrin containing nitrate or perchlorate as axial lig-  Unsubstituted PcFe showed selectivity towards cyclo-
ands was employed for the oxidation of cyclohexene using hexene-ol not cyclohexene-one observed for perchlorinated
chloroperoxybenzoic acid, large yields of cyclohexene oxide CligPcFe,Table 2 Unsubstituted PcCo, however showed
were obtained (68—78%), but when chloride axial ligands selectivity towards the cyclohexene-off@ble 2 Catalytic
reactions of PcM complexes may be assumed to be accom-
panied by coordination of the oxidant to the central metal

Table 1
Product yields (based on the substrate), selectivities and turnover
numbers for the oxidation of 1.6 moldr cyclohexene using TBHP
(0.5 moldnT3) as an oxidant and @FePc (1.7 mg/ml as the catalyst) Table 2 o . .
Product selectivities when using different catalysts, namehsFelPc,
Product Yield Yield Selectivity  Turnover FePc and CoPc (1.7 mg/ml) and TBHP (0.5 moldhinas an oxidant
(%)? (%)° (5) number
- Product FeGlkPc FePc CoPc
Cyclohexene oxide 3.5 8.5 7.8 39.8
2-Cyclohexen-1-ol 9.1 78.6 20.0 209 Cyclohexene oxide 7.8 3.8 5.5
2-Cyclohexen-1-one 32.7 98.9 72.2 494 2-Cyclohexen-1-ol 20.0 71.2 33.7
2-Cyclohexen-1-one 72.2 25.0 60.8

a After 8h.
b After 4 weeks. Cyclohexene= 1.6 mol dnt3,
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Fig. 2. Variation of product yield with time. (i) 2-cyclohexene -1-one, (ii) 2-cyclohene-1-ol and (iii) cyclohexene oxide. Starting concentiyatiohexene
= 1.6 moldnt3and TBHP= 0.5 mol dnT3; Catalyst= (Cl);gPcFe (1.7 mg/ml). Dimethylformamide/dichloromethane (3:7) solvent mixture.

of the catalyst, in a similar manner to porphyr[@d]. PcM ucts increased with time, and showed slowing down after 8 h.

complexes containing different central metal ions will have However, the yields of the products: cyclohexene-one, cyclo-

varying coordination abilities and this may result in vary- hexene oxide and cyclohexene-ol showed slow increase even

ing modes and rates of cleavage of the PcM-oxidant bondsafter 4 weeks of the reaction. With the substrate larger than

hence resulting in different product selectivities. the oxidant (and fixed amount of catalyst ), the product yield
It has been showi25] that CPBA oxidant coordinates showed no significant dependence on the substrate:oxidant

to the Fe porphyrin complex during catalysis, followed by ratio,Fig. 3. The yield generally increased with catalyst con-

heterolytic O—O band cleavage to afford the active O—Fe centration as shown iRig. 4.

species. The rate of O—O bond cleavage was found to be When unsubstituted PcFe or PcCo were employed as cat-

lower for Fe porphyrin complexes containing electron with- alysts, the products were formed within a very short time,

drawing ring substituents. Since it has been propgd2éil and the product yield did not increase significantly with time

that the mechanism of alkene epoxidation using phthalocya- after about 4 hfig. 5.

nine catalysts may be similar to that of porphyrins, the pres-

ence of electron withdrawing groups could affect the rate 3.2. The fate of the catalysts

of formation of active intermediates in PcFe derivatives, re-

sulting in different selectivities of products for the PcFe and  The spectra of iron phthalocyanines has been a subject

(Cl)16PcFe complexes. of several report§27,28] and much controversy. In the ab-
Experiments were carried out with varying amounts of sence of oxygen, the spectra ofigffcFe in DMF consists

the ChePcFe catalyst, oxidant or substrate and using fixed of a sharp Q band due to the monomeric spef253. In

amounts of the other two reagerfsy. 2shows that for fixed  the presence of oxygen, the spectra broadens and shifts to

oxidant and substrate molar ratio, the yield for all the prod- the blue due to the formation @f-oxo dimeric species of

12
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Fig. 3. Variation of product yield with substrate to oxidant molar ratios (substrate in excess). (i) 2-cyclohexene-1-one, (ii) 2-cyclohemk{iifpl an
cyclohexene oxide. Catalyst (Cl);gPcFe (1.7 mg/ml of solvent mixture). Dimethylformamide/dichloromethane (3:7) solvent mixture. Reaction time 8 h.
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Fig. 4. Variation of product yield with the amount of catalyst. (i) 2-cyclohexene-1-one, (ii) 2-cyclohene-1-ol and (iii) cyclohexene oxideg Starti
concentrations: cyclohexene 1.6 moldnt3, TBHP = 0.5 moldnT3. Dimethylformamide/dichloromethane (3:7) solvent mixture. Reaction time 8h.

Catalyst= (Cl)16PcFe.
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Fig. 5. Effect of the nature of catalyst on the cyclohexene —1-one product yield. G3RPCHhe, (ii) FePc, (iii) CoPc and (iv) no catalyst. Catalyst concentration
= 1.7mg/ml in all cases. Starting concentrations: cyclohexerie6 moldnt3 and TBHP = 0.5 mol dnT3. Dimethylformamide/dichloromethane (3:7)

solvent mixture.

the form ChgPcFé'—0J FePcClg [27]. Fig. 6a shows start of the catalytic process \ita Q band at 681 nm. Im-

spectral changes observed for the catalyss®iFe during ~ mediately after addition of oxidant, the Q band reduces in
the catalytic oxidation of cyclohexene in the presence of intensity and it becomes splifig. 6a(i)). The split com-
TBHP as oxidant. The spectrum Fig. 64i) is typical of ponents are observed at 648 and 678 nm. The split in the

the monomeric form of the G4PcF¢ complex before the ~ Q band is typical of the oxidation of Fe(ll)Pc to Fe(lll)Pc

1.6
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Fig. 6. Electronic absorption spectral changes observed on addition of TBHP oxidant (0.5T0) tra reaction mixture containing (GHPcFe catalyst
cyclohexene. Initial concentrations: (gdPcFe= 1.7 mg/ml, cyclohexene- 1.6 mol dnt3. For spectral measurements, the solution made of these reagents
was diluted hundred fold. (a) (i) before addition and (ii) immediately after addition of TBHP to catalyst/substrate mixture. (b) (i) same as @pectrum

in Fig. 6(a)and (ii) spectrum 8 h after addition of TBHP to catalyst/substrate mixture.
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specieg29]. Thus, spectral changes shownFhig. 6aare
consistent with the oxidation of the GPcF¢ and the
formation ChgPcFé' species. Following the split in the Q l ROOH

(ClPcFe' + ROOH) ~— -ROOLRO CliePcFe

band, the 678 nm band decreased in intensity and finally

disappears as the catalytic process proceeds. The 648 nm

band on the other hand gradually shifts to lower wavelength ClygPeFe"-0-""FePcCl 6

and after about 8 h, this band is observed at 636Fim,6b

(if). Oxidants such as iodosobenzene are known to ConvertSch_eme_l. The mechanism for;gRcFé transformation during the cat-

PcFé& species to the.-oxo species, Pctie_o!!! FePd29], alytic oxidation of cyclohexene. ROOH—represents the oxidants, TBHP

which is characterized by a low intensity broad Q band at or CPBA.

~630nm. Thus, the final spectrum Fig. 6bis typical of

-0X0 species, confirming that the final form of the cata- spectral features from those reported here in thajptoxo

lyst following the oxidation of cyclohexene using TBHP dimer was not formed only the lléPc species was observed.

oxidant, is the GlgPcFéd! -0 FePcClg species. The oxi-  Thus, the formation of the.-oxo species following oxida-

dation is probably accompanied by some degradation of thetion of Fé' Pc species may be determined by both the nature

catalyst as judged by the decrease in the Q band intensity,of the substrate and the oxidant.

though the PcRE—O-" FePc species typically show aweak ~ The PcCo and PcFe catalysts were readily deactivated,

Q band. The catalyst was still present even after 4 weekswith the solutions changing from blue to brown in a very

of catalysis, with the yields of the products still increasing. short time (within 2 h). For PcFe catalysis of cyclohexene

The solution turned from blue to brown, even though the oxidation, the Q band of PcFe at 660 nm split into bands

636 nm band was still present after 4 weeks of catalysis. at 674 and 637 nm on addition of TBHP oxidant, consis-

When CPBA was employed as an oxidant for cyclohexene tent with the formation of the Pclespecies. However, the

oxidation using GlsPcFé catalyst, fast degradation of the latter degraded very fast. For the PcCo catalyst, an initial

catalyst was observed, with the final formation of a weak shift of the Q band from 662 nm to 666 nm, typi¢aP] of

high energy band at 636 nrirjg. 7, hence confirming the  oxidation of PcC8 to PcCd', was observed followed by

formation theu-oxo species as was the case for TBHP. total disappearance of the Q band. Thus, for both PcCo and

However, complete disappearance of 636nm band wasPcFe, the PcM species are implicated in the catalytic pro-

observed within 2h when CPBA was employed as an oxi- cess. However, both of these catalysts are readily degraded

dant, showing that this oxidant degrades the phthalocyanineand hence the unsubstituted PcCo and PcFe catalysts are not

molecule more readily than TBHP. efficient for the catalytic oxidation of cyclohexene.
Oxidation of cyclohexan§l?7] using the ClgPcFe cata- Spectral changes shown ffig. 6 suggest the following

lyst and chloroperoxybenzoic acid oxidant, showed different mechanism for the G§PcFé catalyst,Scheme 1

Absorbance

(i .
o T T T T
300 400 500 600 700 800

Wavelength[nm]

Fig. 7. Electronic absorption spectral changes observed on addition of CPBA oxidant (0.5M0l thra reaction mixture containing (GPcFe catalyst
and cyclohexene. Initial concentrations: [(GcFe]= 1.7 mg/ml, [cyclohexenek 1.6 mol dnT3. For spectral measurements, the solution made of these
reagents was diluted hundred fold. (i) before addition and (ii) immediately after addition of CPBA to catalyst/substrate mixture.
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+ROOH ——» o Cyclohexene oxide

.

sl

Cyclohexene-one  Cyclohexene-ol

g

Scheme 2. Products formed through oxidation of cyclohexene by TBHP
or CPBA in the presence of (GHPcFe, CoPc or FePc catalysts.

It is expected that ROTand RO radicals will be formed,

since these have been suggested as the species involved i
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