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Abstract : The substitution of saturated hydrocarbons by the anions nitrite, thiocyanate, azide and chloride,
using H207 and TBHP as oxidanis has been shown to depend upon the Fell_.FelV manifold and 10 involve
radical chemistry. As soon as the Fell has been oxidised to Felll, the reactions proceed in the Felll_.FeV
manifold where oxidation, but no anion substitution, is seen.

Gif type systems operating in the Felll-FeV manifold in the presence of chioride ion never produce
alkyl chlorides!-2. We were surprised, therefore, when the addition of triphenylphosphine to a normal Felll-
H,0; reaction replaced the usual ketonisation process by chlorination3. When TBHP (t-butylhydroperoxide)
was used as an oxidant at 600C chloride formation was again observed and other anions such azide,
thiocyanate and nitrite reacted to give the appropriate alkyl derivatives+.5. The informative experiments of
Minisci® showed that chloride formation was indicative of carbon radicals reacting with Felll-Cl to give
Fell+R-Cl. We have established that chloride formation is associated with Fell reacting with hydrogen
peroxide in what we call the FelLFelV manifold?. As usual in pyridine hydroxyl radicals are not involved8. If
the initial reagent is Felll, chloride formation, when seen, is associated with reduction in some way of Felll to
Fell followed by reaction with the oxidant. '

Using Fell and HyO, we were able to demonstrate that chloride formation was a very fast reaction’
which stopped when all the Fell had been oxidised to Felll. At this point the normal ketonisation reaction
associated with Felll+H,0, took over. Since alkyl chloride was not formed during this relatively slow
oxidation, although there was an excess of Felll-Cl present, this was powerful evidence that radicals are not
involved” in the ketonisation reaction.In the HyO»-chloride experiments it was useful to add the oxidant in
portions and to confirm the conversion of all Fell into Felll by titration.

The same experiment was repeated with TBHP as follows: to a solution of pyridine (30 ml) and acetic
acid (3 ml) at room temperature under air was added Fe!{ClO4)2.6H,0 (3 mmol), cycloctane (20 mmol), LiCl
(15.0 mmol), PA (picolinic acid) (9.0 mmol) and then at every 15 minutes from time zero TBHP (3 mmol) up
to 30 mmol total. After 2 additions all the Fell had been converted to Felll (titration) and 3.4 mmol of
cyclooctyl chloride had been formed. No additional chloride was formed, but ketone (6 mmol) was produced
slowly over 3 days. The behaviour of the TBHP-Fell system is very similar to that of the Hz0,-Fell system:
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chloride formation proceeds as long as Fell is present by a radical reaction: this is followed by ketonisation in
the second stage.

We have now carried out similar experiments using H20, and TBHP with Fell(C104)2.6H70 as
catalyst in the presence of NaSCN, NaNOp, NaN3 and LiCl. In all experiments the Fell is oxidised, after the
first additions of the oxidant, to Felll. At this point the formation of the derivatives ceases and the systems
ketonize the hydrocarbons instead. The pyridine coupling products of the hydrocarbons whilst Fell is present,
are characteristic of radical chemistry.

Ascorbic acid reduces Felll to Fell (titration9). The addition of ascorbic acid either at the beginning of
the reaction, or during the reaction, increases the vield of the substituted hydrocarbons with some increase in
the amount of pyridine coupling products as expected for increased Fell formation.

Figs.1 and 2 show typical evolution of the reactions with time using H2O and TBHP respectively. In
Fig.1 the nitro-derivative is formed rapidly and the ketone and alcohol start to appear after the
nitrocyclohexane formation is complete. This corresponds to Fell conversion to Felll. Similarly in Fig.2 the
evolution of cyclohexyl azide with time is followed with similar results.
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Fell- H;0; system. Fell- TBHP system.
Fig.1 : Conditions : NaNO; 15 mmol Fig.2 : Conditions : NaN3 15 mmol;
Fe(Cl104)2, 6 H20 1 mmol; Fe(ClQy)2, 6 H20 1 mmol;
PA 3 mmol;CeHj2 20 mmol; PA 3 mmol; C¢H 2 20 mmol;
ascorbic acid 1 mmol; ascorbic acid 1 mmol;
pyndine 30 ml; H0; 5x2 mmol. pyridine 25 mi; TBHP 5x2 mmol.

In table 1 the results using HO2 as oxidant are summarised. Without the addition of acetic acid or
better picolinic acid there is little substitution or oxidation. Picolinic acid has better effect than acetic acid. The
addition of ascorbic acid has a beneficial effect on the yield of the substitution products by keeping the iron as
Fe!l for a longer time (Entries 4, 8 and 12)19,
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Table 1 :Fell . H;0;system.
try | Salts Conditions F.i-(lCl04)2' RX {1 2 3 4
6

T |NaNO; |A mmol nd ]0.02 [nd |nd |nd

2 NaNO, A+AcOH(3 ml) 2 mmol 0.20 [0.25 |nd 0.05 10.03
3 NaNO, [ A+PA(6 mmol 2 mmol 0.24 ]1.02 ]0.15 ]0.10 |0.05
4 NaN A+PA(6 mmol)+AscA(1 mmol) |2 mmol 1.15 1039 [0.13 [0.29 |0.15
5 Ne A 2 mmol 0.20 70.20 10.03 fnd [nd

6 NaSCN | A+AcOH(3 ml) 2 mmol 0.10 ]0.11 |nd nd nd

7 NaSCN | A+PA(6 mmol) 2 mmol 025 10.19 nd [nd |nd

8 NaSCN | A+PA(9mmol)+AscA(1.5mmol) | 3 mmol 0.95 10.20 [0.05 J0.03 {0.02
O |NaN; [A % mmol 0.07 ]0.18 |nd_|nd |nd

10 NaN3 A+AcOH(3 ml) 2 mmol 0.76 10.80 ]0.10 |nd nd

11 NaN3 A+PA(6 mmol 2 mmol 2.24 10.86 ]0.15 ]0.05 [0.02
(12~ |NaN3 | A+PA(6 mmol)+AscA(1 mmol) |2 mmol 422 |0.56 [nd__|0.10 |0.05
(13 _TLd +AcOH3 ml) 3 mmol 1.69 [2.68 Jtrace [nd [nd

14 LiCl C+AcOH(3 ml) 3 mmol 4.22 ]3.35 jtrace |nd nd

1 cyclohexanone; 2 cyclohexanol; 3 ortho-pyridine coupling product; 4 para-pyridine coupling product.
All results are in mmol. PA: picolinic acid, AscA: ascorbic acid, nd not detected.
{A) cyclohexane 20 mmol; Pyridine 30 ml; NaX 15 mmol; H,0; 5x2 mmol each 15 min. (B) cyclohexane 40
mmol; Pyridine 30 ml, LiCl 15 mmol; H202 10x3 mmol each 15 min. (C) cyclohexane 40 mmol; Pyridine 30
ml, LiCl 15 mmol; H202 10x3 mmol each 15 min. FeClz 2x3 mmol added after 15 min and 30 min. Entry
(4): AscA 2 mmol from the beginning; entry (8) : AscA 1.5 mmol added portionwise in mixture with H2Op
each 15 min; entry (12) : AscA 2 mmol added portionwise: 4 x 0.5mmol every 30 min.!!

In table 2 the results using TBHP as oxidant are presented. Contrary to the results in Tablel the Fell-
TBHP system does not need a carboxylic acid to functionalise hydrocarbons. In fact the addition of acetic acid
has a Geleterious effect. As in Table 1 the addition of ascorbic acid also leads to an increase in the anionic
trapping products.

Table 2 ; Fell

- TBHP system.

Entry [ Salts Conditions Fe(ClO4)2, RX |1 2 3 4

1 NaNO, |D 1 mmol 025 |1.4 nd 0.16 |0.07
2 NaNO, [ D+ ACO-H(Z.S mi) 1 mmo 0.09 [0.25 ]0.07 [0.04 [0.02
3 NaNO> | D+AscA(1 mmol) 1 mmo| 044 1.2 |nd 0.45 [0.31
4 NaN ,E+ASCA(1 mmol)+PA(3 mmol) | 1 mmol 1.2 1.15 |nd 1.15 }10.57
5 NaSCN | D _ 3 mmol 40 0.9 |nd nd nd

6 NaSCN | D+AcOH(2.5 ml) 3 mmol 0.5 ]0.08 |nd nd nd

7 NaSCN [ D+PA(Q mmol) 3 mmol 0.34 [0.17 10.06 [0.02 |trace
8 NaSCN | D+AscA{1 mmol) 3 mmol 3.9 |04 |nd race | trace
9 NaSCN [D+PA(3 mmol)+AscA(I mmol) | 1 mmol 0.24 [0.16 |nd 0.08 |trace
10 |NaN3 |D T mmol 0.6 10.67 10.11 ] trace | trace
T1__|NaN3 | D+PA(3 mmol)+AscA(L mmol) | I mmol 1.6 |L45 |0.08 |0.85 |0.43
12 |LaCl ACON(3 ml) 3 mmol 2.25 |3.61 ]0.13 |nd_|nd

1 cyclohexanone; 2 cyclohexanol; 3 ortho-pyridine coupling product; 4 para-pyridine coupling product. All
results are in mmol. PA: picolinic acid, AscA: ascorbic acid, nd not detected.
(D) Cyclohexane 20 mmol ; Pyridine 25 ml; NaX 15 mmol; TBHP 5x2 mmol added each 15 min.
(E) Cyclooctane 20 mmol; Pyridine 30m!; LiCl 15 mmol; TBHP 10x3 mmol. Entry (4)+(8)+(9): AscA added
portionwise : 0.5 mmol each 15 min; entry (3)+(11) : AscA added from the beginning.



7010

Finally, we are able to distinguish between the well publicized Fell - superoxide chemistry (Giflll,
GiflV)1:12 and the Fell - FelV manifold with two simple experiments: Addition of 5 mmol LiCl toa typical
GifllV system with 20 mmol cyclooctane does not give any cyclooctylchloride at all, but affords as usual
ketone (FcII - superoxide ~ Felll - 022‘, Felll - FeV manifold). However, addition of H207 to the very same
system yields cyclooctylchloride (1.97 mmol) as the major product besides cyclooctanone (1.03 mmol). This
is a clear proof, that in the Giflll and GiflV system no FelV is generated, but an FeV species.
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