Molecular mechanism of alkane oxidation involving binuclear iron complexes
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The use of substrate probes for establishing the nature of intermediates and the mechanism of alkane oxidation by peroxides upon
catalysis by binuclear iron complexes {[Fe,OL, (H,0),](ClO4)4, where L=bpy, 4,4'-Me,bpy or 5-NO,phen (bpy = bipyridine,

phen = phenanthroline)}, the analysis of the dependence of test parameters on the nature of a substituent in a ligand and the effect
of dioxygen all make it possible to diagnose a two-electron mechanism for the transfer of the oxygen atom from peroxide to the

C-H bond of an alkane via metal complexes.

Binuclear oxo-bridge iron(IIT) complexes catalyse the selective
oxidation of alkanes by peroxides at 20 °C, presumably via a
2e” mechanism involving the transfer of the O atom from the
oxidant to the C—H bond'™ [reactions (1) and (2), M is a metal
complext]

R!OOH + M — M-O, R' =Bu', H Q)
R?H + M-O — R?0OH + M )

unlike the usual radical mechanism involving H atom
abstraction from the alkane* [reactions (3)—(5)]

R!OOH + M —R!0O- 3)
R!O-+R’H —R* +R'OH “)
R% + 0, —R?0, , etc. 6

Since methane monooxygenase (MMO) has a binuclear
iron centre and selectively transforms methane to methanol,>*
biomimetic alkane oxidation mediated by iron complexes is of
considerable interest and its mechanism is worthy of
investigation.®

The existence of a molecular mechanism has been proved
for the oxidation of alkanes mediated by iron porphyrin
complexes.” For non-heme oxidation with mononuclear iron
complexes in so-called Gif systems, the molecular mechanism
involving the ferryl intermediate Fel¥=0 is assumed;
however, there are arguments in favour of a radical
mechanism in these systems.® A radical mechanism has also
been suggested to explain alkane oxidation involving binuclear
iron complexes.!%!!

We have shown'? that in the oxidation of alkanes by
peroxides catalysed by the binuclear iron complexes
[Fe;OL,(H,0),](Cl0y)4, where L=bpy or phen with a
substituent X =H, Me, CH,Cl, NO,, the nature of X affects
both the rate of catalysed decomposition of peroxide and the
catalytic activity in oxidation, and we have assumed the
possibility of simultaneous radical and molecular mechanisms.
The results obtained in the present work give evidence for the
contribution of a molecular mechanism. The oxidation by
H,0, in MeCN of the hydrocarbons [methane, cyclopentane,
cyclohexane, [2H12]cyclohexane, cyclohexene, limonene,
adamantane, and trans-1,4-dimethylcyclohexane (DMCH)]
chosen as mechanistic probes has been carried out in air at
20°C. Table 1 presents the catalytic activity (4) of the
complexes studied in the oxidation of methane and cyclo-
hexane expressed as the number of catalyst turnovers during
the complete decomposition of peroxide, the relative reactivity
of cyclopentane and cyclohexane [#(5/6)], the kinetic isotope

! The designation M-O reflects the fact that an active intermediate
contains the O atom transferred to the C—H bond, but does not

Rl teRIE Ry R AdUsiuthe competitive method with respect to

Table 1 The use of substrate probes for determining the nature of
intermediates and the mechanism of alkane oxidation by binuclear
iron complexes with substituents X in the ligands.

Test X = Me X =H X = NO,

parameters”?
Methane oxidation

A(CH,) 0.64+0.1 1.44+0.2 2.1+0.2
Cyclopentane and cyclohexane oxidation

A(CgH,5) 14.2+1.0 11.0+1.0 4.54+0.5

KIE(CsHio) 3.1+0.2 2.44+0.3 2.0+0.1

r(5/6) 0.30+0.02 0.32+0.04 0.35+0.02
Adamantane oxidation

2°/3° 0.160+0.002 0.220+0.005 0.290+0.005
Limonene oxidation

I°/11° 2.04+0.1 2.34+0.1 3.0+0.1
trans-1,2-DMCH oxidation

RC(%) 48+5 7245

“ The parameter 4 was measured at [HyO,] = 100 mM, the rest of the
parameters at [HyOp] = 20mM. Later we found that these values
depend on peroxide concentration, probably due to the increasing O,
concentration in solution and the greater contribution of chain-
radical oxidation with increasing peroxide concentration. This
conclusion is confirmed by the independence of the test parameters
on peroxide concentration in experiments with dioxygen elimination.

cyclopentane ky/kp =r(5/6)p/r(5/6)1, the selectivity of the
attack at the secondary and tertiary bonds of adamantane per
bond (2°/3°), the relative selectivity of the attack to 1, 2- and 8,
9- bonds in limonene (I°/II°) and the retention of
configuration (RC) in the oxidation of the ferr-C-H bond in
trans-DMCH, found as the ratio of alcohols (frans—cis)/
(trans + cis), upon catalysis by [Fe;OL,(H,0),](ClOy4)4, where
L is bpy (X=H), 4,4-Me,bpy (X=Me), and 5-NO,phen
(X=NOy).

In the case of a radical mechanism the active oxidant is
RO-(or HO') and the parameters in Table 1 should not
depend on the nature of the metal complex and racemization
should be observed in the oxidation of #rans-DMCH. For
Bu'O- kyufkp=3.5, #(5/6)=10.73, 2°/3°=0.11-0.07 and similar
values are expected for other RO- radicals,®'? but for HO-,
ku/kp=1.0-1.7, 2°/3°=0.4 and r(5/6)=1."* Since RO, is
involved in the radical mechanism, the double bond can be
epoxidized; however, in this case the parameter 1°/I1° should
be independent of the nature of metal complexes. Conversely,
many parameters should be expected to depend on the nature
of a metal complex in the molecular mechanism.

The sensitivity of the parameters presented in Table 1 to a
change in the catalyst nature and their values unambiguously
indicate that the M-O intermediate takes a part in alkane
oxidation catalysed by these binuclear complexes. The increase
in catalytic activity in CHy4 oxidation with increasing M-O
electronegativity (X=Me<H<NQO,) is in accord with the
electrophilic attack on the C—H bond and is similar to that
observed for metal porphyrin’® complexes. The reverse
dependence for cyclohexane has been interpreted earlier'? by
a decrease in the contribution of chain-radical oxidation in
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Table 2 The influence of O, on the parameter 2°/3° in adamantane
oxidation by binuclear iron complexes with substituents X in ligands.

Conditions X =Me X=H X =NO,
Air 0.16 0.22 0.29
Oxygen 0.13 - 0.25
in vacuo 0.20 0.30 0.62

Table 3 The influence of O, on product yield and the parameter
I°/I1° in limonene epoxidation.

Conditions X = Me X=H X = NO,
Air
I°/11° 2.04+0.1 2.340.1 3.0+0.1
Yield mM) 1.3 1.1 0.8
in vacuo
I°/11° 1.7+0.1 1.940.1 2.74+0.1
Yield mM) 0.7 0.6 0.6

this series. A decrease in the isotope effect is also in
accordance with an increase in the activity of an intermediate
in this series. The parameter »(5/6) is substantially lower than
values characteristic of a radical mechanism, which indicates
the contribution of a metal complex intermediate.'® As
expected,'®!” an increase in the electrophilicity of M-O results
in an increase in the parameter 2°/3° for adamantane and the
I°/IT° ratio for limonene. A partial retention of the
configuration is observed for hydroxylation of the tert-C-H
bond in trans-1,4-DMCH. The changes in A, KIE and 2°/3°
might be explained by the change in the nature of attacking
radicals (RO-, HO-), but this is more difficult in the case of
I°/I1°, because there are no other radicals, except RO;:, which
could epoxidize the double bond, and the low values of #(5/6)
and the partial retention of configuration can be reconciled
only by the implication of M-O in the oxidation.

The contribution of radical reactions can be checked by
comparin% experiments under O, and in vacuo (or under inert
gas purge’) in the cases when a substrate and products are
nonvolatile. When adamantane is oxidized under an O,
atmosphere, a decrease in the 2°/3° parameter is observed,
but it increases under vacuum compared to that for
experiments conducted in air (Table 2). It is easy to notice
that the 2°/3° value of 0.13 for X =Me in O, is close to that for
RO- radicals, and that the 2°/3° value of 0.62 for X =NO, is
considerably greater than this value. We assume that the 2°/3°
values obtained in vacuum are caracteristic of M-O particles.
The correlation between (2°/3°),,c and the Hammett
parameters o, of substituent X in ligands favours this
assumption (Figure 1).

We have also observed the effect of dioxygen on the yield of
products and the I°/II° parameter on the epoxidation of
limonene (Table 3), which indicates that epoxides can be
formed by the attack of both the RO, radical and the M-O
intermediate. In fact, as follows from Figure 1, values of
(I°/I1°)yq. for wvarious complexes are also correlated by
Hammett parameters (o) of the substituents X in the ligands.

An active intermediate M-O can have one of the following
structures: ferryl (1), peroxocomplex (2) or bis-p-oxocomplex
(3), and structures (1) and (2) also assume the possibility of a
mononuclear complex. The mononuclear intermediate has
recently been identified!® in the system for alkane oxidation by
alkylhydroperoxides catalysed by binuclear iron complexes,
although there is no proof of its involvement in alkane
oxidation. The small values of KIE, found by us 2°/3° and
I°/I1°, and the fact of retention of configuration in oxidation
of the trert-C-H bond in trans-DMCH agree better with
structures (2) and (3) for the active intermediate than with
structure (1). However, the available date are not enough for
definite conclusions.

¥ We observed the same effect at inert gas purge, but in the case of
the experiments in vacuo we obtained more reproducible values.
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Figure 1 Correlation of the parameters 2°/3° for adamantane and I°/11°
for limonene with Hammett constants (¢},) for substituents in the
ligands of the iron complexes.

This work was financially supported by the Russian
Foundation for Basic Research (grant nos. 94-03-08529 and
09811), the International Science Foundation (REU30O0),
INTAS (93-315) and Amoco Co.

References

1 A.A.Shteinman, Dokl. Akad. Nauk SSSR, 1991, 321, 775 (in
Russian).

2 R.A.Leising, J.Kim, M.A.Perez and L.Que, J. Am. Chem.
Soc., 1993, 115, 9524.

3 S.Menage, J. M. Vincent, C.Lambeaux, G.Chottard, A.Grand
and M. Fontecave, Inorg. Chem., 1993, 32, 4766.

4 E.I Karasevich, N.Z. Muradov and A.A.Shteinman, Izv. dkad.
Nauk SSSR, Ser. Khim., 1974, 1805 (Bull. Acad. Sci. USSR,
Div. Chem. Sci., 1974, 23, 1724).

5 A.C.Rosenzweig and S.J. Lippard, Acc. Chem. Res., 1994, 27,
229.

6 A.A. Shteinman, Izv. Akad. Nauk, Ser. Khim., 1995, 1011
(Russ. Chem. Bull., 1995, 44, 975).

7 A. A. Shteinman, Izv. Akad. Nauk, Ser. Khim., 1993, 272 (Russ.
Chem. Bull., 1993, 42, 227).

8 D. Barton and D. Tailor, Izv. Akad. Nauk, Ser. Khim., 1995,
595 (Russ. Chem. Bull., 1995, 44, 575).

9 F. Minisci and F. Fontana, Tetrahedron Lett., 1994, 35, 1427.

10 R. M. Buchanan, S. Chen, J. F. Richardson, M. Bressan,
L. Forti, A. Morvillo and R. H. Fish, Inorg. Chem., 1994, 33,
3208.

11 I. W. C. E. Arends, K. U. Ingold and D. D. M. Wayner, J. Am.
Chem. Soc., 1995, 117, 4710.

12 O. N. Gritsenko, G. N. Nesterenko and A. A. Shteinman, Izv.
Akad. Nauk, Ser. Khim., 1995, 2518 (in Russian).

13 R. L. Taft, R.J. Kulawiec, J. E. Sarneski and R. H. Crabtree,
Tetrahedron Lett., 1988, 30, 5689.

14 E. S. Rudakov, Reaktsii alkanov K okislitelyami,
metallokompleksami i radikalami v rastvorakh (Alkane reactions
with oxidants, metal complexes and radicals in solution),
Nauvkova Dumka, Kiev, 1985 (in Russian).

15 T. G. Traylor and S. Tsuchiya, J. Am. Chem. Soc., 1993, 115,
2775.

16 A. M. Khenkin, O. I Koifman, A.S. Semeikin, A. E. Shilov
and A. A. Shteinman, Tetrahedron Lett., 1985, 26, 4247.

17 J. S. Valentine, W. Nam and R. J. N. Ho, in The Activation of
Dioxygen and Homogeneous Catalytic — Oxidation, eds.
D. Barton, A. Martell and D. Sawyer, Plenum Press, New
York and London, 1993, p. 183.

18 S. Menage, E. C. Wilkinson, L. Que, Jr. and M. Fontecave,
Angew. Chem., Int. Fd. Engl., 1995, 34, 203.

Received: Moscow, 24th August 1995
Cambridge, 28th November 1995; Com. 5/05656J



