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Abstract: The Fe(pa)3 and [Fe(tpa)C12]CIO4 catalyzed (pa = picolinic acid, tpa = 
tris(2-pyridylmethyl)arrfine) functionalization of saturated hydrocarbons by H202 in 
pyridine / acetic acid follows a common reaction pathway. Regioselectivity studies 
indicate, that a high valent iron species is responsible for the activation of the alkane. 
Alkyl hydroperoxides are the precursors for ketone and alcohol formation. Dioxygen 
provides the oxygen atoms in the alkyl hydroperoxide. 

Introduct ion.  

The C-H bonds in saturated hydrocarbons are chemically transformed with difficulty due to their large 

dissociation bond energies 1 around 95 kcal mo1-1. Therefore the functionalization of alkanes requires either 

severe conditions as realized for industrial autoxidation processes 2 or extremely reactive reagents. 3 However, 

formation of reactive species in a catalytic cycle circumvents any inconvenience and remains a challenging 

subject attracting continued current interest. 4 

Major current objectives are the elucidation of the mechanisms for the catalytic oxygen activation by 

different oxygenase enzymes and structure related model systems as well as designing new highly efficient 

and selective oxidation catalysts. Catalysts utilizing oxygen under mild conditions are naturally of economical 

importance because radical autoxidation reactions are unselective and give low conversions. 2 

Extensively studied biological catalysts for the insertion of oxygen atoms into C-H bonds of aliphatic 

hydrocarbons are the enzymes cytochrome P-4505 and methane monooxygenase (MMO ). The P-450 enzymes 

are based on heme complexed with one iron. 5 Methane monooxygenase on the other hand is devoid of heme 

and has two iron atoms bridged together at the active site 6. The presence of an Fe(V) oxenoid in the P-450 

mechanism is well established. 7 By electron transfer from the heme this becomes an Fe(IV) oxenoid 

+ Part 30 : Barton, D. H. R.; Bardin, C. O.; Doller, D. Bioorg. and Med. Chem., 1994, 2, 259-266. 
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which can also be written as llIFe-O.. The latter explains that it behaves like an alkoxy radical. For methane 

monooxygenase (MMO) one of the possibilities is an Fe(IV)-Fe(IV) dimer. 8 Indeed spectroscopic evidence 

has been found for Fe(IV) and Fe(V) valence states 9 and some Fe(IV) complexes have been thoroughly 

characterised 10. 

We have developed a number of systems for the selective activation of hydrocarbons known as the G/f- 

family. It Homogeneous modifications are systems that employ a catalytic amount of ferric chloride or ferric 

picolinate and hydrogen peroxide as oxidant in pyridine / acetic acid solution. These iron based models 

activate saturated hydrocarbons in high yields, on a limited conversion, to give ketones as major products. 12 

However, when MMO and P-450 enzymes utilize hydrogen peroxide as oxidant exclusively alcohols are 

produced. 13 In G/f-systems an iron(V) oxenoid species is postulated to be the first reaction intermediate. 11 

Addition of the picolinic acid ligand (pa) to the FeCI 3 / H 2 0 2  system affects the efficiency 

insignificantly but increases markedly the rate of the oxidation reaction by a factor of thirty. 14 Other acids 

with pyridine or pyrazine moieties also accelerate the oxidation process, while pyridine-2-phosphonic acid 

and excess oxalic acid inhibits it completely. This shows clearly the importance of the Fe-ligand bond strength 

for the hydrogen peroxide activation. 

Recently an important series of iron(III) complexes containing a tetradentate tripodal ligand, tris(2- 

pyridylmethyl)amine (tpa), have been described by Que and coworkers. 15 These complexes catalyzed the 

oxidation of cyclohexane by tert-butyl hydroperoxide (TBHP) using acetonitrile as solvent. 16 

Their particular structural feature is a defined coordination sphere of pyridyl ligands. We have been 

always aware of the fact that pyridine as solvent, is most likely coordinated to the iron catalysts in Gif- 

systems. This apparent structural relationship prompted us, with the approval of Prof. Que, to make a 

comparative study of the Fe(pa)3 1 and [Fe(tpa)C12]CIO4 2 catalyzed activation of alkanes by hydrogen 

peroxide. 

~COOH --~N fN~--) 
(pa) (tpa) 

Results and Discussion. 

Cyclooctane 3 was employed for the quantitative studies as this proved to be the most reactive 

hydrocarbon in the FeOII) / H202 systems and therefore may reveal any differences in reactivity best. Several 

experiments with and without trapping reagents were carried out and the results are summarized in Table 1. In 

the oxidation of cyclooctane double the amount of ketone and alcohol are formed in the presence of the 

Fe(pa)3 catalyst I compared to the [Fe(tpa)Cl2]CIO4 catalyzed reaction. The half-lifes for these oxidations at 

0*C are 35 min (for 1) and 60 rain (for 2) respectively. Thus, the picolinic acid complex I catalyzes the 

oxidation of saturated hydrocarbons more efficiently at a higher rate. 
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Table 1. Fel )a)3 and [Fe(tpa)C ~]CIO 4 catalyzed functionalization of c),clooctane 3 by hydro! ~'n peroxide, a 

Catalyst Halogenating Products (rnmol) Total Reaction 

Reagent Products Efficiency 

(rrunol) (%) 17 

R2C=O R2CH-OH R2CH-Br R2CH-CI 

4 5 6 7 

1.66 0.33 1.99 39.8 

Fe(pa)3 CC14 1.44 0.22 0.31 1.97 39.4 

1 CC14 b 0.67 0.14 0.56 1.37 27.4 

BrCCI3 0.13 nd c) 1.89 2.02 40.4 

[Fe(tpa)Cl2] 0.80 0.11 0.91 18.2 

C104 CC14 0.81 0.11 nd c) 0.90 18.0 

2 CC14 b 0.31 0.04 0.02 0.36 7.2 

BrCCI 3 0.35 trace 1.35 trace 1.70 34.0 
a Reaction conditions: Cyclooctane (20 mmol), catalyst (0.2 retool), H202 (30%, 10 mmol), trapping reagent (20 retool), pyridine 
(30 mL) and acetic acid (3 mL), 0"C, 18 h. b Reaction carried out under vacuum (7 mmHg), - 40"C, after 12 h quenched by addition 
of oxalic acid (2 mmol), c Not detected. 

3 R l = R 2 = H  

~ R 2 4 R 1 = R 2 = O 

R 1 5 R 1 = H,R 2 = O H  

6 R l = H ,R  2 = Br 

7 R l = H,R 2 = C1 

14 R 1 = H,R 2 = o-Pyr 

15 R 1 = H,R 2 =p-Pyr 

The efficiency 17 is mainly determined by the relative rams of hydrogen peroxide disproportionation, 

producing dioxygen and water, and hydrocarbon activation. The Fe(III) catalyzed decomposition of the 

thermodynamically unstable H202 is a well documented 18 reaction and, of course, occurs also in the presence 

of hydrocarbon. The Kremer-Stein-mechanism 19 suggests a Fe(III)-Fe(V) redox couple performing the 

catalytic cycle. First a Fe(V)=O intermediate is formed that turns back into Fe(III) by oxidizing hydrogen 

peroxide to oxygen (Equation 1). Our proposed mechanism for the activation of hydrocarbons by H202 

(Scheme 1) is based on the same redox chemistry, but here the hydrocarbon intercepts the Fe(V) stage. 11,20 

According to this model there must be a competition between the hydrogen peroxide and the hydrocarbon for 

the Fe(V) species. In case of the [Fe(tpa)C12]CIO4 catalyst (2) the rate of decomposition is apparently high, 

thus less hydrocarbon activation takes place. 

Fe(III) + "O-OH = Fe(III)-O-OH + H+~ Fe(V)--O + H20 
+ H +_ ( I )  

Fe(V)=O +'O-OH - Fe(III) + Oz + HzO 
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Scheme 1. Proposed catalytic cycle for Fe(III)-H202-systems. 
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The reactions conducted in the presence of carbon tetrachloride also reflect a high catalytic reactivity 

of 2 for hydrogen peroxide decomposition. These trapping reactions are rationalized in terms of a competition 

between 02 and CC14 for a reactive Fe(III) intermediate. Based on all our experimental evidence, we have 

postulated that this intermediate has an Fe(V) or Fe(III)-carbon bond. 20 For 2 no cyclooetyl chloride 7 could 

be detected under an air atmosphere most likely due to high oxygen concentrations in the reaction mixture (see 

Table 1). Running the same reaction under vacuum in order to remove formed oxygen and at low temperatures 

(-40"C) to avoid the loss of the volatile carbon tetrachloride produced only traces of the alkyl chloride. On the 

other hand, removal of oxygen is more effective in the Fe(,pa)3 / H202 system and increases the ratio of 

halogenated to oxygenated products by a factor of 4 to a value of 1:1.4 (1:18 for 2). 

The addition of bromotrichloromethane to the Fe(III) / H202 system diverts the formation of 

oxygenated products in favor of cyclooctyl bromide 6 (Table 1). Again, the ratio of halogenated to oxygenated 

products is smaller for the [Fe(tpa)C12]CIO4 catalyst (2), 4:1 for 2 versus 15:1 for 1, indicating a greater 

reactivity of dissolved oxygen. But the presence of BrCC13 decreases the rate of oxidation for both catalytic 

systems. The half-lifes at 0*C are 150 rain for I and 90 min for 2 respectively. Therefore we suspect a reaction 

of BrCC13 with the lllFe-carbon bond after the hydrocarbon activation being responsible for a change of the 
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reaction pathway. In the absence of hydrocarbon this new intermediate produces a considerable amount of 2- 

bromopyridine (0.7 mmol, standard conditions). However, in the presence of hydrocarbon this is a side 

reaction and less halogenated pyridine (0.2 mmol) was found for the Fe(pa)3-catalyzed as well as for the 

[Fe(tpa)C12]C104 catalyzed bromination. 

We have gained valuable mechanistic information about the process of C-H bond activation by the use 

of adamantane. 21 This highly symmetrical caged hydrocarbon has 12 equivalent secondary C-H bonds and 4 

equivalent tertiary C-H bonds. If all adamantane hydrogens would have the same reactivity a normalized 

C2/C 3 ratio of 3 would be obtained in a purely statistical activation step. 

Table 2. Fe a)~ and [Fe(tpa)CI2]CIO4 catalyzed functionalization of adamantane 8 by hydro gen peroxide. 

Catalyst Products (%) b Total C2/C 3 c 

2=0 2-OH 1-OH 1-o-Pyr 1-p-Pyr Products 

9 10 11 12 13 (%) 

Fe(pa)3 7.0 3.4 3.2 5.0 3.0 21.6 0.93 

[Fe(tpa)Cl2] 4.8 1.4 3.8 1.4 1.4 12.8 0.94 

C104 

no catalyst d 12.8 nde 7.0 23.8 14.0 57.6 0.29 
Reaction conditions: Adamantane (5 retool), catalyst (0.2 mmol), H202 (30%, 10 retool), pyridine (30 mL) and acetic acid (3 mL), 

25"C, 18 h. b Yield based on adamantane as limiting reagent, c The C2/C 3 ratio is defined as C 2 being the total of products oxidized 
at the secondary position and C 3 similarily for the tertiary position, d tert-Butoxy radicals generated by decomposition of di-tert- 
butyl peroxalate. Reaction conditions: Adamantane (5 retool), tert-butyl hydroperoxide (10 retool), dry pyridine (30 mL), addition 
of oxalyl chloride (5 retool) at 0"C, temperature raised to 40"C, 1 h under oxygen. We thank Dr C. O. Bardin for performing this 
experiment, e Not detected. 

A C2/C 3 value of 0.15 has been recently reported for an alkoxy radical attack on adamantane 22. 

Futherrnore the C2/C 3 ratios obtained for hydrogen abstraction by a oxoferryl porphyrin species 23 and by the 

cobalt catalyzed autoxidation 2A are 0.21 and 0.53 respectively, indicating a preference for tertiary C-H bonds. 

It is also noteworthy that P-450 enzymes hydroxylate adamantane almost exclusively at the tertiary position 

with a C2/C 3 ratio of approximately 0.10. 25 

In addition we studied the selectivity of tert-butoxy radicals in pyridine. The radicals are readily 

formed by thermal decomposition of di-tert-butyl peroxalate, which in turn was prepared in situ from oxalyl 

chloride and TBHP as reported. 26 The obtained C2/C 3 ratio is 0.29 (Table 2). In contrast to this, a common 

and unusually high C2/C 3 value around 1 has been established for Gif-systems (Fe(II) / 02 / Zn 27, Fe(II) / 

KO2, FeC13 / H20228 and Fe(pa)3 / H20229 ). Remarkably MMO shows a similar regioselectivity of 1.0. 30 

The absence of hydroxyl radicals was previously highlighted since the formation of 3-hydroxypyridine in 

these systems reflects the weak electrophilic character of the oxidizing species and not the formation of 

hydroxyl radicals. 11 

Also the[Fe(tpa)C12]CIO4 / H202 system gives a G/f-type C2/C 3 selectivity of 0.94 which is identical 

to the Fe(pa)3 catalysis within experimental error (Table 2). Furthermore, the same reaction products are 

formed, although in lower yield, without any pyridine coupling to the secondary position of adamantane. 

Since adamantane has a rigid molecular framework hydrogen abstraction from a tertiary position 

generates necessarily a pyramidalized and destabilized bridgehead radical. 31 Photoelectron spectroscopy data 

and the ability of 1-adamantyl radicals to abstract readily hydrogen from saturated hydrocarbons like 
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cyclohexane constitute strong evidence that the tertiary C-H bonds of adamantane are stronger than the 

secondary C-H bonds. 32 Consequendy, the observed C2/C 3 selectivities for adamantan¢ arc contrary to the 

order of decreasing bond energies and the regioselectivity of highly reactive alkoxy radicals is probably 

controlled by steric factors. Only the tertiary hydrogens are easily accessible in a co-linear fashion. The high 

C2/C 3 value observed for the Fe(III) catalysis is clearly distinct from alkoxy radical-like chemistry and can 

consequently be attributed to the presence of a less reactive, more selective Fe(V)-O oxenoid species. The 

bulkiness of such a species should create a reasonable steric hindrance preventing even a higher selectivity 

pattern. 

Since trapping reagents like CCI4, BrCCI3 as well as dioxygen scavenge radicals, it seems a likely 

supposition that carbon centred radicals might be formed by a hydrogen abstraction step and be responsible for 

the observed chemistry. But also hydrogen sulfide or phenylselenol would readily trap genuine carbon radicals 

and reduce them back to the starting hydrocarbon. However, the presence of these compounds does not 

suppress the oxidation reaction and gives rise to dialkyl disulfides 33 and alkylphenyl selenides 34 respectively. 

Furthermore, free carbon radicals are also trapped by protonated pyridine, affording ortho and para- 

coupled alkyl pyridines. 35 Indeed, in the Fenton system, Fe(II) / H202 (1:1), alkyl pyridines are the major 

reaction products, while ketone and dialkyl are formed to less extent. 36a When adamantyl and cyclohexyl 

radicals were generated by photolysis of acyl derivatives of N-hydroxy-2-thiopyridone, alkyl pyridines could 

also be detected in the presence of oxygen. 28 The experiments showed, that the large excess of the solvent 

pyridine competes successfully with dioxygen for alkyl radicals. Additionally, we have recently shown that 

the Fenton system, Fe(II) / H202 (l: l)  produces chloride via a radical pathway even though the activation of 

the hydrocarbon occurs via a Fe(IV) oxenoid species. 36b 

Again we studied the fate of cyclooctyl radicals in pyridine, generated by the decomposition of di-tert- 

butyl peroxalate, under an atmosphere of argon and dioxygen. The results are presented in Table 3. Oxygen 

captures free radicals efficiendy, but even with a maximum concentration of oxygen, realized by bubbling the 

oxidant through the reaction mixture, some pyridine coupling was found (Entry 2). Therefore, if free alkyl 

radicals were involved in the Fe(III) catalyzed activation of saturated hydrocarbons by H202, coupling to 

pyridine would inevitably occur and be detected. 

However, none of the experiments conducted with the Fe(Pa)3 or [Fe(tpa)C12]CIO4 catalyst showed 

any trace of pyridine coupled products at secondary positions. It has been reported earlier, that also under 

reduced pressure no alkyl pyridines have been observed. 12 These and other 37 experimental data strengthen the 

hypothesis, that the intermediate derived from the reaction of a Fe(V)=O species with the hydrocarbon has 

non-radical behavior. We therefore suggest a high valent iron-carbon sigma bonded intermediate (Scheme 1). 

An intermediate being definitely identified by chemical and spectroscopical means is the alkyl 

hydroperoxide of the corresponding hydrocarbon. The accumulation and decay of the alkyl hydroperoxide 

could be demonstrated for different Fe(III) catalyzed oxidation reactions by employing a 13C labeled 

hydrocarbon and by monitoring the time courses of the reactions with the 13C NMR. technique. 38 Addition of 

the reducing reagent triphenylphosphine to the Fe(II) / 02 / Zn system altered the ketone to alcohol ratio but 

did not affect the total amount of hydrocarbon activation. A pure sample of cyclohexyl hydroperoxide yielded, 

when subjected to the pyridine / acetic acid solvent mixture containing the Fe(III) catalyst, ketone and alcohol 
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in the same ratio as was observed for the original oxidation reaction (10:1). Hence the alkyl hydroperoxide is 

the common precursor for ketone and alcohol. 

Table 3. Competition between dioxy[en and pyridinc for free cyclooctyl radicals .a 

Entry Reaction Products (mmol) 

Conditions 

R2C=O R2CH-OH R2CH-o-Pyr R2CH-p-Pyr 

4 5 14 15 

1 under Ar 0.41 nd b 2.47 0.97 

2 under O2 c 0.84 0.13 1.22 0.68 
a Reaction conditions: Cyclooctane (50 mmol), tert-but~l hydroperoxide (10 mmol), dry pyridine (30 mL) addition of oxalyl 
chloride (5 retool) at 0*C, temperature raised to 40"C, 1 h. t' Not detected, c steady stream of oxygen through reaction mixtm'e. 

We also used 13C-NMR spectroscopy to follow the oxidation of cyclohexane by the [Fe(tpa)C12]C104 / 

H202 system at - 20"C and detected cyclohexyl hydroperoxide as a reaction intermediate. This important piece 

of evidence confirms a general reaction pathway for the Fe(III) catalyzed activation of saturated hydrocarbons, 

regardless of the ligand coordinated to the iron. 

From experiments conducted under an atmosphere of 1802 or in the presence of H2180 we learned that 

the oxygen atoms incorporated into the ketone or alcohol originate from dioxygen and not from hydrogen 

peroxide or H20. This rules out any ligand coupling mechanism. Hence we proposed the insertion of oxygen 

into an iron-carbon bond (Scheme 1). 

The mechanistic studies on the activation of saturated hydrocarbons by the Fe(pa)3 / H202 and 

[Fe(tpa)C12]CIO4 / H202 systems show clearly, that a general reaction mechanism operates. The reaction 

proceeds via a pathway alkane to alkyl hydroperoxide to ketone and alcohol. All experimental findings 

support the hypothesis, that a high valent iron species achieves the activation of unactivated C-H bonds. 

Subsequently a first intermediate is formed. This intermediate A is proposed to have a Fe(V)-carbon bond and 

to be trapped (probably after reduction to the Fe(III) species) by reagents like carbon tetrachloride (Fe(III) / 

H202 system) affording monosubstituted alkyl derivatives. In the absence of a trapping reagent, intermediate 

A is transformed to a second intermediate by reduction and oxygen insertion. Intermediate B is the fully 

characterized alkyl hydroperoxide and the sole precursor for ketone and alcohol. 

C o n c l u s i o n s .  

The Fe(pa)3 and [Fe(tpa)Cl2]C104 catalyzed (pa = picolinic acid, tpa = tris(2-pyfidylmethyl)anfine) 

functionalization of saturated hydrocarbons by H202 in pyridine / acetic acid follows a common reaction 

pathway. Regioselectivity studies provide evidence that a high valent iron species is responsible for the 

activation of the alkane. Alkyl hydroperoxides are the precursors for ketone and alcohol formation while 

dioxygen provides the oxygen atoms in the alkyl hydroperoxide. It should, however, be noted that the results 

reported here cannot be compared directly with the prior work 15 of Que et al. All the earlier work was carried 

out in acetonitrile, a solvent which is more likely than pyridine to encourage radical chemistry. Indeed the 

selectivity for the various reactions of adamantane that were investigated 15 correspond well to radical reaction 

selectivity and not to the normal Gif selectivity seen in pyridine. 
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Experimental Section. 
General Methods. Mass spectrometric analyses were performed on a Hewlett-Packard 5790A Series 

II gas chromatograph equipped with a flame ionisation detector. The columns used for chromatography were 

DB-WAX (30 m) or DB-5 (15 or 30 m) capillary columns from J&W Scientific. Gas chromatography-mass 

spectrometry (GC-MS) was conducted on a Hewlettt-Packard 5970A gas chromatograph coupled to a mass 

selective detector (40 eV). IH and 13C N.M.R experiments were carried out at room temperature on a Varian 

Gemini 200, Varian XL 200E instrument or a Unity 500. Silica gel (Kieselgel 60; EM Science, 70-230 mesh 

or Merck, 230-400 mesh) was used for column chromatography. 

Materials .  Unless otherwise stated, chemicals were purchased from commercial sources and used 

without further purification. Tris(2-pyridylmethyl)amine (tpa) was synthesized following the protocol of 

Anderegg and Wenk. 39 The work-up procedure was modified by extracting the dark reaction mixture twice 

with toluene. After drying (Na2SO4) and evaporation of the solvent, a dark brown oil was obtained. Separation 

of the colorless amine was accomplished by several extraction steps with boiling hexanes. Yield 29%. The 

corresponding perchlorate salt (H3tpa)(C104)3 was obtained by dissolving tpa in ethanol and addition of the 

stoichiometric amount of 70% perchloric acid. A colorless precipitate was formed instantaneously and 

recrystallized by the addition of a some water. Colorless needles were isolated in quantitative yield. 

[Fe(tpa)C12]CIO4 was synthesized as reported previously by Que and co-workers. 15 

Authentic samples of ortho- and para-cycloalkyl pyridines were prepared by photolysis of the N- 

hydroxy-pyridine-2-thione derivatives of the corresponding carboxylic acids in pyridine-trifluoroacetic acid as 

reported elsewhere. Tert-adamantyl pyfidines were obtained by oxidizing 1-adamantanecarboxylic acid with 

lead tetraacetate in pyridine. 40 

General  procedure for oxidation reactions. The iron catalyst (0.2 or 1.0 mmol) was dissolved at 

room temperature in a solution of 30 ml pyridine, 3 ml acetic acid and the appropriate saturated hydrocarbon 

(5 or 20 mmol). This solution was cooled to 0oc by a ice-water bath, the reaction started by addition of 1 ml 

H202 (30% in water, 10 retool) and kept over night at 0"C. Reactions were carried out in a 125 ml Erlenmeyer 

flask, loosely closed by a robber stopper. 

General work-up procedure. An 10 ml aliquot was taken from the reaction mixture and added to 20 

ml ether containing 0.16 mmol naphthalene (internal standard). This ethereal solution was washed with 30 ml 

5n KOH and 30 ml saturated NaHCO3 solution, dried over Na2SO4 and analyzed by gas chromatography. For 

quantification of carboxylic acids the chilled ethereal solution was washed with 30 mi ice-cold 25% H2SO4, 

dried and analyzed. 

Modified work-up procedure in order  to determine oxidation rates. At appropriate times a 2 mL 

aliquot was taken from the reaction mixture, poured into a chilled mixture of 10 mL ether, 0.08 mmol 

naphthalene (internal standard), 5 mL 25% H2SO4 and 1 nunol oxalic acid and shaken vigorously. The ether 

fraction was analyzed by means of gas chromatography. 

13C NMR Studies. The 13C spectra of the reactions (prepared according to the general procedure 

described above) were measured on a Unity 500 approximately every 4-8 hours over the time course of 

several days. Parameters used: Referenced to cyclohexane, 8 = 27.03 ppm; Lock (pyridine-d5); sfrq = 125.697 

Hz, at = 1.277s, sw = 50125 Hz, tpwr = 54 dB, pw = 6.0 dB, dmf = 20448 Hz, dpwr -- 42 dB, dl=0.0 s, nt = 
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20-60,000, lb = 2.0 Hz. The 13C resonances of the cyclohexyl hydroperoxide were 82.63, 30.97, 24.08, 26.22 

ppm and were identical to those previously reported. 38 
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