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Abstract

The catalytic activity of{[Fe(mebpa)CHO}(ClO,), (1) (mebpa =N-(2-methoxyethyl)N,N-bis(pyridin-2-yl-methyl)amine) with HO,
for the functionalization of alkanes and alkenes has been investigated. The experimental results show that cbinstainié during the
catalytic cycle and it is an efficient catalyst for cyclohexane oxidation leading to an alcohol:ketone ratio of 3.5. Cofnisalad found to
be an active and selective catalyst for the epoxidation of alkenes. In all cases, the catalytic efficiency is strongly dependent on the presence of
additives and the reaction conditions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction among the most important oxidants for large-scale industrial
applications. As a result, the selective oxidation of hydrocar-
Hydrocarbons, especially saturated hydrocarbons, are thebons catalyzed by transition-metal complexes has attracted a
main constituents of oil and natural gases, the feedstock forgreat deal of intere$8—6].
the chemical industry. From an economic point of view, it is The p-oxo dinuclear iron(lll) complexes in combination
obvious that selective transformations of saturated hydrocar-with different additives have emerged to be useful catalysts
bons constitute an extremely important field of the contem- for alkane hydroxylation by increasing the selectivity and
porary chemistry, since their oxidation products are versatile the rate of these transformatidis-5,7,8] Efficient catalysts
intermediates for the further synthesis of a wide variety of for alkane hydroxylation arg-oxo dinuclear iron(l1l) com-
chemicalg[1,2]. The development of this area stands as an plexes with didentate (bipyridine, bpd—-10], or tetradentate
important objective in the synthetic chemistry because the (tris[(2-pyridylmethyl)amine, tpa; tris(1-methylimidazole-2-
discovery of fundamental new selective routes from hydro- yl)methyllamine, tmima)[5,11-13] pyridine-type ligands
carbons to more valuable products (such as alcohols, ketonesand exchangeabje-acetato or terminal aqualigands. Inthese
acids and peroxides) are necessary. Furthermore, because afases, bothert-butylhydroperoxide and D, have proven
the considerable pressure to replace old technologies withto be the most useful oxidants in combination with these cata-
more efficient and sustainable alternativesOhland G are lysts. More recently, p-oxo dinuclear iron(l1) complex con-
taining a polyimidazole ligand has shown to be a very efficient
* Corresponding author. Tel.: +31 71 527 4450; fax: +31 71 527 4671,  catalystforboth alkane and alkene oxidafib4]. In addition,
E-mail addressreedijk@chem.leidenuniv.nl (J. Reedijk). the p-oxo-iron(lll) dimer {[Fe(phen}(H20)]20}(ClO4)a
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(phen = 1,10-phenantroline) is also found an efficient epox- Compound 2) was in situ obtained by addition of
idation catalyst for a wide range of alkenes, using peracetic AQCRSQ;s to the acetonitrile solution df, followed by stir-
acid as oxidanf15]. ring and filtration through Celite to remove the silver salt.
Our current interest in the homogeneous oxidation reac- UV—vis/NIR, Amad/nm (€, mM~1cm™1) in acetonitrile: 290
tions led us to explore suitable iron compounds as catalysts for(12.6), 367 (8.9), 487 (1.1).
the oxidation of the hydrocarbons. It has been reported that  {[Fe(mebpa)JO(pca)](ClO4)3 (3) was obtained as dark
the p.-oxo diiron(lll) complex{[Fe(mebpa)CHO}(ClO4)2 red powder by slow evaporation of a methanol solution con-
(1) (mebpa stands fdx-(2-methoxyethyl)N,N-bis(pyridin- taining 0.14 mmol Fe(Clg)3-xH20, 0.14 mmol mebp&iCl,
2-ylmethyl)amine) exhibits high activity for the oxygena- 0.28 mmol Hpca and 0.42 mmol BNOH. The resulting
tion of cyclohexane in the presence of hydrogen peroxide compound was collected by filtration, washed with diethyl
as compared with the tpa (tris(2-pyridylmethyl)amine) ana- ether and dried in vacuum. Yield: 45%4B41Fe&NgO17Cl3
logue[16]. However, the conditions used for this reaction em- (1063.80): calcd. C 39.52, H 3.88, N 10.53; found C 38.96,
ploy dihydrogen peroxide in high concentration; under these H 3.67, N 10.79. IR¥%/cm~1): 2928m, 2820w, 1622s, 1590s,
conditions dihydrogen peroxide is also catalytically decom- 1539m, 1431m, 1391s, 1165m, 1060m, 864m, 848s, 787m,
posed, and moreover no selectivity in the oxidation products 735m, 622s, 566w, 483m. UV—-vis/NIR faxnm): 265, 378,
(A/K =1)was observed. The goal of our study was to evaluate 524.
the effect of the HHO, concentration and the additives added
on the selectivity of oxidation products in the cyclohexane 2.3. Physical methods
oxidation catalyzed b{. We now report that catalyzes ef-
ficiently the oxidation of cyclohexane with a alcohol:ketone Elemental analyses for C, H, and N were performed on
ratio of 3.5 and the catalytic efficiency is dependent not only a Perkin-Elmer 2400 Series |l analyzer. The infrared spectra
on the catalyst and additive, but also on the reaction condi- (4000—300 cmit) were recorded on a Perkin-Elmer Paragon
tions. Furthermore, compouridis also found to be an ac- 1000 FTIR spectrometer equipped with a Golden Gate ATR
tive catalyst for the oxidation of other substrates, such as device, using the reflectance technique. UV-vis spectra were
alkenes. obtained on a Perkin-Elmer Lambda 900 spectrophotometer
using the diffuse reflectance technique, with MgO or appro-
priate solvent used as a reference. A Hewlett Packard 5890

2. Experimetal section Series Il gas chromatograph, equipped with WCOT fused
silica column (stationary phase: CP-Was 58 (FFAP) CB) and
2.1. Materials coupled to a Hewlett Packard 5971 series mass spectrome-

ter with a mass-selective detector or a Varian Star 3400CX

All chemicals were of reagent grade, and were used as9as chromatograph with a J&W Scientific/Fisons DB-1701

received. The ligantl-(2-methoxyethyl)N,N-bis(pyridin-2- (14% cyanopropylphenylmethylpolysiloxane) column were
ylmethyl)amine (mebpa) was prepared according to the pub_used for analysis of the oxidation experiments.

lished procedurgl7].
2.4, Oxidation procedures

2.2. Synthesis (a) Alkane oxidation In a typical run, 5Qumol of H,O,
(30%) were added to an acetonitrile solution (5 ml) con-
{[Fe(mebpa)CHO}(ClO4), (1) was obtained as dark taining 5pmol catalyst and 5 mmol alkane (cyclohexane,
orange crystals by slow evaporation of a methanol solu- cyclooctane or adamantane) at room temperature with
tion containing 0.1 mmol Fe(Clgs-xH2,O and 0.1 mmol a final catalyst:substrates@, ratio = 1:1000:10. After
mebpaHCI. The resulting crystals were collected by filtra- 30, 60 and 180 min of reaction at 26, aliquots were
tion, washed with diethyl ether and dried in vacuum. Yield: taken from the reaction mixtures and analyzed twice by
76%. GoH3gFeoNgO11Cls (912.17): calcd. C 39.5, H 4.2, GC-MS: with and without the addition of an excess of
N 9.21; found C 39.1, H 4.40, N 9.33. IR/Em~1): 3099w, triphenylphosphane for the quantitation of the amount of

2925m, 2823w, 1608s, 1572m, 1478m, 1441s,1290s,1160m,  hydroperoxide.

1067s, 1046s, 863m, 834s, 762s, 724m, 650m, 619s, 579w(b) Alkene epoxidatianIn a typical oxidation experi-
480m. UV-Vis/NIR, Amax/nm (¢, mM~1cm™1): 294, 345, ment, 0.7 mmol of HO, (30%) were added to an
450 and 290 (12.7), 338 (9.2), 458 (1.2) in acetonitrile solu- acetonitrile solution (5ml) containing gmol catalyst
tion. Crystallographic data (excluding structure factors) have and 0.175mmol alkene (cyclohexene, cyclooctene or
been deposited with the Cambridge Crystallographic Data styrene) at OC with a final catalyst:substrate;B, ra-
Centre as supplementary publication no. CCDC 226828. For  tio = 1:35:140. At 180 min reaction times aliquots were
the earlier structurg46,18]no 3D coordinates are available. taken and analyzed with GC. In both cases, retention
The structural parameters of both refinements appear to be  times for product peaks were compared with retention
the same. times of commercially available products. Chloroben-
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zene, decane or 1,2-dibromobenzene were used as inter- Under our standard conditions, 1 mM catalylstwas

nal standards. allowed to react with 10 equiv. of #D, and 1000
equiv. cyclohexane to give 2.8 equiv. cyclohexanol and
0.8 equiv. cyclohexanone in the course of 1h, with a fi-

3. Results and discussions nal conversion of 53% based on,®, (after 3h). Sim-
ilar results are obtained when the catalytic reaction is
3.1. Synthesis performed under argon. This reactivity is lower than

those observed fof[Fe(bpy)(H0O)]20}(ClO4)4 [21] and

The reaction of mebpHCI with Fe(CIQy)3 in methanol  {[Fe(pb)(H:0)]20}(ClO4)4 [22], but comparable to that
afforded the compleg in good yield and its crystal structure  found for {[Fe(L)(NOs)]20)}(NOs)2 [14] (L = 2,6-is(N-
was redetermined during this stufiys,18] Compoundl is methylbenzimidazol-2-yl)pyridine) (sé@ble J. The major
a dinuclean.-oxo-bridged diiron(lIl) complex that contains ~ product was cyclohexanol, with an alcohol to ketone ratio
the ligand mebpa acting as a tetradentate tripodal ligand; the(A/K) of 3.5, which is significantly higher that reported for
sixth coordination site around the iron(lll) center is occupied radical-chain autooxidation reactiof23]. From the time de-
by a chloride anionKig. 1) [16,18] The electronic spectrum  pendence of the reactiofigble 2 it can be observed that cy-
in acetonitrile ofl shows bands at 337 and 458 nm that can be clohexanone and cyclohexanol are always formed in constant
assigned to the oxo-to-iron LMCT transitiofi®]. The less ratios, showing that the cyclohexanol is not the precursor of
intense band at 458 nm is assigned to%Ae — (*A1, “E) cyclohexanone. It should be pointed out that the reactivity of
transition and is the signature of the Fe-Q)-Fe motif, sug-  linacetonitrile is comparable with that of [Fe(tpa) (AGN)'
gesting that the dinuclear structure is maintained in solution concerning the oxidant-to-product conversion and the alco-
[20]. hol/ketone ratig24]. However, in the present case the oxida-

Since it has been reported that the iron@thloride bond tion rate is four orders of magnitude slower than that obtained
is too strong to allow exchange with solvent molecules, or re- With the Fe-tpa system. The fact that the alcohol is the major
actantg8], the corresponding in situ prepared4S©; com- oxidation product suggests that the action of a metal-based
plex (2) has also been tested for the oxidation of alkanes. The oxidant could be involved in the cyclohexane oxidatia4].
UV-vis spectra ol and2 are almostidentical, indicatingthat ~ The catalytic activity with Fe(lll) ion alone has also been
thew-oxo dinuclear unit is also maintained in solution during tested in both alkane and alkene oxidation and no catalytic
reaction with Ag(CESQs). In order to draw conclusions on  activities were observed under our experimental conditions.
the mechanism involved in the catalytic oxidations catalyzed  In acetone and in C¥CN-CH,Cl, (mixture 90/10, v/v)
by 1 and to ascertain the properties of the oxidant, use of a & lower reactivity was observed as compared to that in ace-
combination of different substrates has been chosen. tonitrile, but surprising only minor changes were observed in
the A/K ratio. No formation of bicyclohexyl and cyclohexyl
chloride was observed. Any free cyclohexyl radical present
would undergo dimerisation to give bicyclohexyl, and would
also abstract the chloride from G8Il, to give cyclohexyl

The_ ca‘FaIytlc activity of compound was tested during chloride. Since both acetone and &y, which are good
the oxidation of cyclohexane, cyclooctane and adamantane

in acetonitrile and acetone under ambient conditions over atraps for the HO radicals, lead to only partial guenching

180 min period. The product distributions for cyclohexane giic(:jygi:sgesxlfgceiec;xgieglhcinbethii\/%c;j;labél|;)g]|s|:r3:tsr$eolrrt:;tetwo
and adamantane oxidation are giveTables 1 and 3 o '

when 2,6-ditert-butyl-4-methylphenol was added to the ox-

3.2. Alkane oxidation

Table 1
Catalytic oxidation of cylohexane to cyclohexanol (CyOH) and cyclohex-
anone (CyO) by complexdsand2?

Catalyst/additive Solvent  TON AK  Eff." (%)
CyOH CyO
1/No additive CHCN 4.1 1.2 35 53
Acetone 2.7 0.8 33 35
1/10 Equiv. CHCOOH CHCN 5.8 3.6 1.6 94
Acetone 1.4 0.9 15 23
2/No additive CHCN 4.1 1.3 3.2 54
2/10 Equiv. CHCOOH CHCN 2 1.2 1.6 32
@ Results are given as mmol product/mmol of catalyst after 3 h of reaction
Fig. 1. Crystal structure of[Fe(mebpa)CHO}2* cation of the catalyst, and are the average of 2 or 3 runs. The experimental errors are in the range

based on the coordinates from our analysis. Distances agree with literature0.2 TON.
[16,18] b Efficiency based on $D..
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Table 2
Catalytic oxidation of cylohexane to cyclohexanol (CyOH) and cyclohexanone (CyQ)-byd)diiron complexes and #D,2
Catalyst Equiv. HO, Reaction time CyOH CyO AIK Eff. (%) Ref.
{[Fe(tpa)(H0)]20}(ClO4)4 150 15min 1 2 0.5 n.d. [11]
{[Fe(bpy)(H:0)]20}(ClO4)4 580 10 min 18 14 1.3 9 [21]
{[Fe(pb)(H:0)120}(ClO4)4 25 10min 5 25 2 30 [22]
{[Fe(mebpa)CHO)}(ClO4)2, 1 180 30min 3.2 3.2 1 n.d. [16]
2h 5 4 1.2 2
{[Fe(mebpa)CHO)}(ClO4)2, 1 10 30min <0.5 <0.5 n.d. n.d. This paper
60 min 2.8 0.8 35 36
3h 4.1 1.2 35 53
2 10 30min 2.6 0.8 3.2 34 This paper
60 min 35 1.1 3.2 46
3h 4.1 1.3 3.2 54
{[Fe(mebpa)CHO)}(ClO4)2 100 3h 6.4 3.1 2.1 9.5 This paper
{[Fe(L)(NO3)]20)}(NO3)2 2500 3h 28 23 1.2 51 [14]

Abbreviation tpa = tris[(2-pyridylmethyl)amine, bpy = 2:bipyridine, pb = (-)4,5 pinene bipyridine, mebpaN-(2-methoxyethyl)N,N-bis(pyridin-2-
ylmethyl)amine L = 2,6-bis(N-methylbenzimidazol-2-yl)pyridine.

2 Reactions performed at room temperature and acetonitrile as solvent.

b Based on HO,

idation of cyclohexane prior to ¥#0, addition, no signif- acetic acid tal results in a slight increase of the oxidation
icant lowering of the yields of the oxidation product was rate in both cyclohexane and adamantane oxidation, but a
observed. lower selectivity was observed in the cyclohexane oxidation

The oxidation of cyclooctane catalyzed byhas proven (A/K = 1.6) (Table 1. In both cases, a higher conversion
to be less efficient as compared with cylohexane oxidation based on HO, was reached as compared with the reactiv-
with a final conversion of only 9% based on,® (af- ity in the absence of acetic acid, but not in the presence of
ter 3h of reaction). In this case the ketone was the main acetone. Addition of 2 equiv. of 2-pyrazinecarboxylic acid
product with an A/K of 0.2-0.3 as also observed with (Hpca) to the catalytic mixture results in the complete inhi-
{[Fe(bpy)(H0)]20}(ClO4)4 [21]. The behavior ofl/H,0, bition of the oxidation of alkanes. Shul’'p[B] reported that
towards adamantane oxidation has also been investigated andsing Hpca as co-catalyst in the alkane functionalizing re-
the formation of both secondary and tertiary products has actions, the yield of oxygenated products can be improved.
been observed with a tertiary/secondary ratiéZ3 of 6—7.1 However, those conditions are quite different; Shul’pin used
(Table 3. For comparison, tertiary/secondary ratios of about an iron compound prepared in situ to which a large excess
2 have been found for oxidation of alkanes by H%) and of Hpca was added, while we can use a simple compound as
values of 3.1-3.3 for [(N4Py)Fe(GEN)](ClOy)2 [27]. A isolated and which is stable under reaction conditioie(
tertiary/secondary ratio of 9.5-10 has been observed for oxi- infra). In our case, even high concentrations of Hpca does not
dations by tBuOOH using thgFe(bpy}(H20)]20}(ClO4)4 lead to improved catalytic efficiency.
catalyst9]. Regarding the data shown iable 2 it can be observed

Next, the catalytic activity ofl in the presence of sev- thatwhen chloride is replaced by more exchangeable ligands
eral additives has been evaluated. Addition of 10 equiv. of (such as the solvent molecule in the present case), the com-

plex 2 becomes more reactive in the initial phase in cyclo-

Table 3 hexane hydroxylation, in the absence of additives. Similar
Catalytic oxidation of adamantane to 1-adamantol (1-ol), 2-adamantol (2-ol) behavior was also observed for the adamantane oxidation.
and 2-adamantanone (2-one) by complekasd2® Complex2 catalyzes the oxidation of cyclohexane to the cor-

Catalyst/additive  Time (min) TON 320 Eff.C (%) responding alcohol and ketone with 54% conversion based

on H,O, and an A/K ratio equal to 3.2 after 3 h of reaction.
However, as compared with a 34% conversion is reached

1-ol 2-ol 2-one
1/No additive CHCN 34 0.7 nd n.d. n.d.

Acetone 25 07 04 68 36 in the first 30 min. Once more, addition of Hpca results in
1/CH3COOH CHCN 28 08 04 71 46 complete inhibition of cyclohexane oxidation.

Acetone 06 nd 02 nd. n.d. Using a high catalyst concentration and a large excess of
2/No addiive ~ CHCN 34 11 05 62 51 hydrogen peroxide, catalase activity is observed and lower se-

2/CHCOOH CHCN 34 07 02 117 43 lectivity is obtained in the cyclohexane oxidation catalyzed
@ Results are given as mmol product/mmol of catalyst after 3 h of reaction by 1, results which are in agreement with the ear|y work

ir:)dza_rreot’?\\le average of 2 or 3 runs. The experimental errors are in the rangeyn 4 similar compoundTable 3 [16]. So, the reaction of

b 3°/2° = 1-0l/(2-0l + 2-one) multiplied by three to correct the three-fold SmM CataIyStl with 250 eqUi_V' of HO2 and 1000 eqUiV' .
higher number of secondary-&1 bonds. cyclohexane leads to 6.4 equiv. cyclohexanol and 3.1 equiv.
¢ Efficiency based on kD,. cyclohexanone in the course of 3h with a A/K ratio equal
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to 2 (results not shown in the table). In the present case, ad-whereas only benzaldehyde has been obtained in acetone (4.8
dition of 2 equiv. of Hpca results in the formation of 4.6 turnovers).

equiv. cyclohexanol and 1.7 equiv. cyclohexanone. All dif- The observation that allylic products are mainly formed
ferences emphasize the sensitivity of the catalytic reactions,in the oxidation of cyclohexane and styrene, combined with
not only to the catalyst structure, but also to the reaction the fact that cyclooctene epoxide formation is also observed

condition. in radical based reactions, indicate that the main reaction
pathway might involve a radical based oxid4@8]. On
3.3. Alkene oxidation the other hand, thé&/H,O»-catalyzed oxidation of cyclo-

hexene and cyclooctene gives mainly epoxide in both ace-

The behavior ol/H,0, towards olefins (cyclohexene, cy- tonitrile and acetone, which indicate that a second reac-
clooctene and styrene) supports the mechanistic conclusiongion pathway involves a metal-based oxidant. This result is
derived from the alkane oxidation experiments, i.e. the in- in agreement with those fdfFe(L)(NOz)]20)}(NOs)[14],
volvement of two types of oxidizing species. In all cases, [Fe(tpa)(ACN}](ClO4)2[24] and [Fe(mep)(ACN)(CIO4)2
both epoxidation and allylic oxidation are observed: *HO [30] (mep =N,N'-dimethyl-bis(2-pyridylmethyl)-ethane-1,2-
radicals cannot enforce stereospecific oxidation of olefins to diamine), non-heme iron complexes that are able to catalyze
epoxide (performed by metal-based oxidants), but insteadthe stereospecific oxidation of olefins to epoxide in the pres-
abstract allylic hydrogen and initiate radical-chain reactions ence of 0O, as oxidant.
in the presence of dioxygen, being efficient hydroxylation ~ The effect of several additives has been also evaluated in
agentg[5]. Besides this, a free radical mechanism initiated the oxidation of alkenes bilyH,O,. The presence of 10 equiv.
by the homolysis of a tentative eOOH intermediate might ~ of acetic acid or 5 equi-methylimidazole does not change
also be preserj28,29] significantly the products yield. However, the effect of the sol-

In acetonitrile and using cyclohexene as substrate, cyclo-Vventused is similar to that observed for the catalytic reactions
hexene oxide and cyclohexanone were found as the mainin the absence of additivesgble 4. Both epoxide and allylic
products along, with small amounts of cyclohexenol (TON oxidation products have been found in acetonitrile, but mainly
< 1) (Table 4. Since this substrate is very susceptible to al- epoxide in acetone (cyclohexene and cyclooctene oxidation)
lylic oxidation, the effect of acetone as solvent used has beenand benzaldehyde (styrene oxidation). In contrast to White et
tested. In this solvent, the cyclohexene oxide (12.6 turnovers)al. [30] who have reported an efficient epoxidation reaction
is the main product. Cyclooctene as a substrate afforded thein acetic acid/acetonitrile conditions, we found no changes in
epoxide (5.8 turnovers) as main product and many differ- the selectivity for epoxide formation during 180 min. Once
ent oxidation products (each accounting for <1 turnover) again, the addition of 2 equiv. of 2-pyrazinecarboxylic acid
in acetonitrile, but only the epoxide (4.8 turnovers) in ace- (Hpca) to the catalytic mixture results in a dramatically de-
tone (Table 4. Styrene is converted to styrene oxide (2.5 creased catalytic activity in all alkene oxidation reactions cat-
turnovers) and benzaldehyde (11.2 turnovers) in acetonitrile, alyzed byl/H20Ox.

Table 4
Catalytic oxidation of alkenes by complé&
Substrate Additive Products TON in ACN TON in acetone
Cyclohexene Cyclohexenone .28 -
Cyclohexene oxide 1% 126
10 Equiv. CHHCOOH Cyclohexene 16 -
Cyclohexene oxide 11 9.4
5 Equiv. Nmi? Cyclohexene 19 -
Cyclohexene oxide 8 9.7
Cyclooctene Cyclooctene oxide NS) 48
Other products <1 <1
10 Equiv. CHHCOOH Cyclooctene oxide .8 7.6
Other products <1 <1
5 Equiv. Nmiz Cyclooctene oxide 5 84
Other products % <1
Styrene Benzaldehyde »n 48
Styrene oxide 5 <1
10 Equiv. CHCOOH Benzaldehyde 12 29
Styrene oxide b <1
5 Equiv. Nmi? Benzaldehyde 38 32
Styrene oxide <1 <1

a Results are given as mmol product/mmol of catalyst after 3 h of reaction and are the average of 2 runs. The experimental errors aredtXi3ct@hge
b Nmiz = N-methylimidazole.
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