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Abstract: The species responsible for hyw activation and formation of al&l. chlorides in the Felt and 
Fern-H202 and kv+butyl hydroperoxide systems are identified. The importance of the Fen-Few manifold in 
providing a mechanism which permits the selective functionalixation of saturated hydrocarbons by ionic 
trapping with chloride. axide. and other anions is made manifest.Comparison is made with the Fern-Fev 
manifold where ionic trapping is never seen. 

Gif chemisnyt permits the selective functionalixation of saturated hy dmcarbons at secondq positions 

to give ketones. The proposed mechanism for this reaction is shown (Scheme 1) and involves the fotmation of 

an iron-carbon o-bond (A) and an alkyl hydroperoxide (B). As in all Gif type systems so far studied the 

activation of the @t is peroxide dependent but the hydroperoxide comes from molecular oxygen. 
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In the Fern-Hz%% system chlorides and bromides can be formed by CC4 and BrCCl3 respectively but 

am never seen by a reaction with chloride or bromide anions. * Fonnation of chloride is possible however if 

PPh3 is added to the Fern-Hz02 system containing chloride ion.3 In contrast, chlorides are readily and 

efficiently forme& by Fe&err-butyl hydmperoxide (TBHP) oxidation of saturated hydrocarbons at 6CPC 

(half-live m 110 minutes) when chloride ion is present Likewise axide& thiocyanates. cyanides aad even ttitro- 

compounda(fromnitriteanion)areeasilypqared.6 

Recently Minisci and Fontana7 have suggested that the fotmation of chlorides in the Fe~lljJkIP system 

involves the reaction of carbon radicals with chloride ion bonded to FenI. In agreement we have already 

mported that carbon radicals are present at 6OV.5 However, on addition of chloride ion, radical formation, as 

judged by capture by pyridine ceases. As a consequence we did not take into consideration sufficiently the 

ianpormcc of this radical formation.8 H owever, further work by Miniaci. Fontana. Aranec and Recupero~ has 

provided evidence for radical formation and for hydrogen absrrauicn from the saturated hydrocarbon by tert- 

butoxy radical as the activation process. 

We now report that F$ is at the origin of chloride formation in all the aforen=nioned systems, but that 

hydroxyl radicals are not involved (using H$&) while @rt-butoxy radicals are responsible for hydrocarbon 

activation with TBHF’ in the ptesence of Fen. 
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Table 1. Adamantane reactivity / selectivity based on the F&H& and Fen-TBHP systems.a 

Enay Systemb Pmdllcts (mmol) 

1 (A) 
2 (A) + LiCl(9mmol) 

3* (A) + PA (6mmol) 

4 (A) + LiCl(9mmol) + PA(6mmol) 

5 (s) 
6 @) + LiCl(9mmol) 

7* 

8 

9 
LAup 

(B) + PA (6mmol) 

(E) + LiC!l(9mmol) + PA 

(6mmol) 
(C) 

1 (0.06), 2 (0.05), 4 (0.02) 

1 (0.10). 2 (0.04). 3 (0.05). 6 (0.20) 

1 (0.06). 2 (O.&t), 4 (0.03) 

1 (0.08). 2 (0.03). 3 (0.01). 6 (0.17) 

1 (0.57). 2 (O-18), 4 (0.15). 5 (0.04) 

1 (OS=), 2 (0.13), 3 (0.22), 

4 (O.Ol), 5 (O-01), 6 (0.36) 

1 (0.43). 2 (O-11), 4 (0.11). 5 (0.02) 

1 (0.43), 2 (0.1% 3 (0.05). 

4 (0.02). 5 (O.Ol), 6 (0.32) 

1 (1.14),2 (0.62), 4 (0.38),S (0.11) 
@I authentic samples), GCMS and Nhm. b cc 

Total Yi drlC3 

A?!l!EL raW 

0.13 0.18 

0.39 1.05 

0.13 0.30 

0.29 1.42 

0.94 0.25 

1.15 0.49 

0.67 0.24 

0.98 0.55 

2.25 
ns; 

0.28 
ZlO4h.6)4r 
hrs. (B) ks 

)9 
in 3 mmol); Adamamane. 10 mmol; II202 (30%). 3 mmol; pyridine / AcOEL (lo: 1). 33 ml,; 25’C II&.X argon for 

(A) eXCWt TBm (3 mmol) was employed instead of HZ@. (C) Adamantane. 10 mmol; di+butyl peroxalate. 10 nunok pyridine, 
33 mL: WC under argon for 3 hrs: See Text. E The C? / C3 ratio is defti as the total secondary produas divided by total krtiary 
products. d PA refers to picolinic acid. 

1: R = 2-pyridyl 
2 . R - 4-pyndyyl 3--a . @R pR ;;i;p 

Table 1 shows the reactivity of adamantane towards the FelI-Hz@ and Fen-TBHP systems. Addition 

of chloride ions (Entries 2 and 4 ) to the Fen-H202 system not only increases significantly the amount of 

reaction but also results in a dramatic increase in the c / C3 ratio. The activation of adamantane is therefore 

catalyst dependant and suggests as such that the activation of the hydrocarbon cannot be due to formation of 

hydroxyl radicals (Fenton chemistry) as the cr;! / C3 ratio should remain constant. Support for carbon radicals 

in the Fen system came fromexperiments similar to those in Table 1. When Fen(ClO4)2 and cyclohexane (40 

mmol) were used, 1.07 mm01 of chloride was formed. When Tempo (5 mmol) was added chloride formation 

was suppressed completely iu favor of formation of 1.06 mm01 of cyclohexyl Tempo adduct. This suggests 

that the alkyd chloride is not formed via ligand coupling. Furthermore, the product distribution in Table 1 is 

indicative of carbon radical chemistry. The 3o-adamantyl radical being highly reactive. (pyramidal and 

“primary-like”)10 xmcts preferentially with the solvent (promated pyridine) while the 2Qdamanty~ radical is 

of greater stability, @lanar)t~ and reacts with the FeiILCl species to produce Fen and alkyl chloride. Such 

coupling is of course known.11 For Entries 2 and 4 the initial process must be FeIv oxenoid insertion 

followed by iron-carbon bond radical fragmentation. 

Additional evidence against the activation process being due to formation of hydroxyl radicals came 

when excess benzene was added to the reaction mixture. No phenol was produced. Likewise functionalization 

of toluene gave benzyl chloride and benzyl alcohol / acetate and no cresols. Alslo the formation of highly 
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reactive hydroxyl radicals in traditional Fenton chemistry is reflected in k~& = l-0.1* The Fen-Hfi system 

described hem is very fast (Tin <<c 30 sec. at -20X!) and has kH/kD = 2.1 l3 The latter is in agreement with 

an FeIv oxenoid process, (as in related Gif system& as a preliminary to radical formation Recent literanne 

supports this conclusion.13J4 

The F&lBHP system has completely different characteristics. (a) The reaction is slower (Tin = 3 

min. at -2O’C); (b) k&kD = 8.013; (c) the efficiency is higher (Entries 5-8, Table 1) while the C!* / C3 ratio is 

lower (0.24-0.55). Although the formation of alkyl radicals could not be confirmed by trapping with Tempo, 

(Fell converts tempo to tho parent hydroxylaminc on the Fen-TBHP time scale.), the product distributions 

shown in Table 1 am again indicative of the intetmediacy of 20 and 3o-adamantyl radicals. lo When reti-butoxy 

radicals were generated at 4OC in pyrkline by decomposition of pm-formed di-f-butylperoxalatel~ under argon 

in the presence of adamantane, all the adamautyl radicals were captured by pyridiue with a C?/C3 selectivity of 

0.28 (Entry 9). The same ratio was seen in the presence of oxygen. 

Fen-H& system: 

-OOH- 

Fe”-TBHP system: 

yen” f-BuOOH----, u~-OOBu’ _ ?ie=. + r-B& R-H_ r-BuOH + R’ 
Cl Cl Cl 

4 + InFe- Cl 

I 
Scheme 2 

Fe’ + R-Cl 

The species responsible for alkane activation in the Fe”-TBHP chlorination system was further 

identified by evaluating the relative reactivity of primary, secondary and tertiaq C-H bonds ln this system by 

employing equal amounts of cyclohexane and 2,3-dimethylbutane at WC. After statistical cortection the relative 

reactivities were found to be: lo (0.03): 20 (1.0) : 3O (2.9) in close agreement with those determined for 

genuine tert-butoxy radicals, i.e., lo (0.1): 20 (1.0) : 30 (4.4) at 44X.16 Our results along with those outlined 

by Minisci7-g clearly suggest that the activation of hydrocarbons by the Fen-TBHP system is a result of 

efficient formation of rerr-butoxy radicals. The mechanism of hydrocarbon activation and alkyl chloride 

formation in the Fen-H202 and Fen-TBHP systems is shown in Scheme 2. 

The formation of chloride in the Fern-TBHP system can also be rationalixed as resulting from the Fen- 

TBHP manifold. Scheme 2. It was previously determined that the C2 / C3 adamantane ratio in the Fe*II 

experiments was 0.555 along with kH/kD = 8.0.17 Again these criteria are identical with the Fell-TBHP 

experiments described herein. It is Possible that the Fen-TBHP cycle is initiated by the reduction of Fern to Fen 

at 6OC. This is, however, a minor reaction because of the slow rate of chloride formation. 

The difference in chemical behaviour between the Fell and Fenl-H& systems is highlighted by the 

following experiment. When cyclohexane and Fell(C104)2 were treated with a IO-fold excess (with respect to 



Fc”)ofH~(3mmolcvcry 15minutesatO’C)inthc~~ofmocsschlorideioninasLnilarwayto~ 

experiments clescrihal iu Table 1, facile chlorldc fbmxuion was obdlerved only while thu system co- Fcg 

(titration).l* However as so011 as all the FcIl had been oxidisal to Fern (2 additions of Hz%), addition of 

further aliquots of Hz% resulted in the relatively slow formation of ketone with vety little additional chloride. 

The mechanism tbercforu changed from being radical (Fen) to one involving the F&r-Fe” non-radical 

IlWlifOid. 

Fiially, the addition of thiocyanate or azidc ions to the FetUI2~~attd TBHP systems also prod& 

substantial quantities of monosubstituted derivatives. Comprektsive me&a&tic details for all the systems 

described herein will be published shortly. We consider that the results now reported am a proof that Glf F@- 

H& chemistty is not nullcal chemistry. 
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