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Adipic acid is a key compound in the chemical industry, where it is mainly used in the production of polymers. The
conventional process of its generation requires vast amounts of energy and, moreover, produces environmentally
deleterious substances. Thus, there is interest in alternative ways to gain adequate amounts of adipic acid. Ex-
perimental reports on a one-pot iron-catalyzed conversion of cyclohexane to adipic acid motivated a theoretical
investigation based on density functional theory calculations. The process investigated is interesting because it
requires less energy than contemporary methods and does not produce environmentally harmful side products. The
aim of the present contribution is to gain insight into the mechanism of the iron-catalyzed cyclohexane conversion to
provide a basis for the further development of this process. The rate-limiting step of the process is discussed, but
considering the accuracy of the calculations, it is difficult to ensure whether the rate-limiting step is in the substrate
oxidation or in the generation of the catalytically active species. It is shown that the slowest step in the substrate
oxidation is the conversion of cyclohexanol to cyclohexane-1,2-diol. Hydrogen-atom transfer from one of the OH

groups of cyclohexane-1,2-diol makes the intradiol cleavage occur spontaneously.

1. Introduction

Adipic acid (IUPAC name hexanedioic acid) is the most
important dicarboxylic acid for the chemical industry. Its
main application is to serve as the starting material for the
production of nylon and other polymers (PVC, polyure-
thane), and in small quantities, it is used as a flavorant or
acidulant.’

Contemporary methods for the production of adipic acid
are based on the oxidation of cyclohexane. Initially, cyclo-
hexane is oxidized in air using cobalt or manganese catalysts.
The result is a mixture of cyclohexanol and cyclohexanone,
referred to as “KA oil” (abbreviation of ketone—alcohol oil).
The components of KA oil are further oxidized using nitric
acid. Nitric acid is a cheap oxidant, but its use is environmen-
tally disadvantageous because nitrogen oxides (NO,) are
generated in the process. Hence, there is considerable inter-
est in the use of molecular oxygen or hydrogen peroxide,
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which would provide a far more environmentally friendly
oxidation.* >

Recently, Zhong and co-workers reported on a homoge-
neous iron porphyrin catalyzed one-pot conversion of cyclo-
hexane to adipic acid.® The main advantage of this approach
is the use of molecular oxygen as the oxidant; furthermore, it
requires a lower temperature than contemporary methods
and can thus be regarded as a comparatively green process.
Unfortunately, the reported yield of adipic acid amounts to
21% only, which is partly due to overoxidation, resulting in
the formation of succinic and glutaric acid.” It is thus impor-
tant to investigate the iron porphyrin catalyzed mechanism of
cyclohexane oxidation to gain a better understanding of how
adipic acid is formed in the process.

The results reported by Zhong and co-workers are also
interesting from bioinorganic and biomimetic perspectives.
Iron porphyrin complexes (hemes) are well-known prosthetic
groups in a number of metalloproteins—hemoglobin, cyto-
chrome C, P450, peroxidases—whose biological functions
range from dioxygen transportation and electron transfer to
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redox chemistry. Mononuclear heme and nonheme iron en-
zymes typically require a cofactor or an external source to
provide the electrons necessary to activate the dioxygen
molecule for substrate oxidation.*® Similarly, mononuclear
iron(IT) porphyrin complexes can activate molecular oxygen
via the formation of a diiron peroxide, in which the O—O bond
can be cleaved thermally.'®~"* The O—0 bond cleavage results
in the formation of a highly reactive ferryl (Fe'Y=0) species,
which is the active oxidant in subsequent substrate oxidation.

The fact that (Porph)Fe'' complexes can bind and cleave
O, via the formation of a diiron peroxide was already
reported by Balch et al. in the late 1970s."°""* Since then,
the reaction has also been studied by Karlin et al.'* A diiron
peroxide, (Porph)Fe"OOFe(Porph), that is stable in non-
coordinating solvents at —70 °C but cleaves the O—O bond
upon heating to —30 °C is formed. There is therefore no
doubt that (Porph)Fe'Y=0 is formed at the temperature
employed in the reaction studied here (140 °C).

In the present contribution, the catalytic oxidation of
cyclohexane to adipic acid was investigated using hybrid
density functional theory (DFT). The suggested mechanism
is based on the nowada?/s well-established reactivity para-
digm of the ferryl (Fe'Y=0) unit.'*">> The mechanism
consists of three major oxidative steps, each initiated
by hydrogen-atom transfer (HAT). First, cyclohexane is
oxidized to cyclohexane-1,2-diol via two consecutive hydro-
xylation steps. Second, cyclohexane-1,2-diol is converted
into hexane-1,6-dial (adipaldehyde) by intradiol C—C
bond cleavage. Finally, adipaldehyde is oxidized to
adipic acid by hydroxylation of the carbonyl groups
(Figure 1).

2. Computational Details

All calculations are based on DFT, using the B3LYP hybrid
functional.>*3° Geometry optimizations, calculations of the
final energies, and evaluation of the solvent effects were done
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using Jaguar 5.5/7.0,>! whereas Gaussian 03°* was used for
optimization of the transition states (TSs) and evaluation of
vibrational zero-point effects. All geometry optimizations
were done using the double-¢ basis set lacvp, which is com-
posed of the 6-31G description for all light atoms and an
effective core potential on iron.** Geometries obtained from
these calculations are adequate for evaluation of the final
energies,**> which were evaluated using the correlation-
consistent polarized triple-& basis set cc-pVTZ(-f) (without f
functions) on all atoms except iron, for which the triple-G
lacv3p basis set was used.

Polarization effects of the solvent cyclohexane have been
accounted for by employing the self-consistent-reaction-field
method at the B3LYP/lacvp level of theory (¢ = 2.0). The
effect of polarization on the reaction energetics is usually
small, as long as no substantial charge separation is
involved.>®3” This is well manifested in the present work,
where the computed solvent effects are in all cases smaller
than 2 kcal/mol.

Spin populations are used to monitor changes in the spin
and oxidation states of the metal ion and were derived from a
Mulliken population analysis. Usually, the reported spin
density on iron is lower than what would be predicted from
formal electron counting and ligand field theory. The reason
for this discrepancy is that the unpaired spin density tends to
delocalize to the ligand-donor nitrogen atoms.

To reduce the computational cost, the experimentally used
ligand meso-tetrakis(o-chlorophenyl)porphyrin was modeled
by an unsubstituted porphyrin ligand. Experimentally, these
chlorophenyl substituents are important for solubility of the
complex, but it has been shown (for a system with similar
ligands on porphyrin) that their effects on the calculated
energies of O—O bond cleavage of a diiron peroxide are in-
significant.!® Furthermore, the isomer in which the oxo group
is trans with respect to the chlorine atoms is 12.0 kcal/mol
more stable than the cis isomer in the preceding peroxo dimer
Fe™MOOFe and 2.1 kcal/mol lower than the cis isomer in the
Fe'Y=0 monomer. Thus, the chlorine substituents are not
expected to have any significant influence on the reactions
modeled here.

2.1. Reducing the Amount of Hartree—Fock Exchange. It has
been shown that reducing the amount of Hartree—Fock exchange
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Figure 1. Major oxidative steps in the suggested mechanism for the catalytic conversion of cyclohexane to adipic acid.

from 20% to 15%, as is done in B3LYP*, can give more reliable
energies for systems involving transition metals.*® To see the
effect of lowering the exchange on the present model system, a
few calculations with B3LYP* were done for comparison to
B3LYP. In general, high-spin states are destabilized with respect
to low-spin states, and this destabilization is proportional to the
number of unpaired electrons. During abstraction of a hydrogen
atom, the iron atom is reduced from Fe' to Fe™!, and therefore
destabilization is larger for the Fe'"" intermediates than for the
reactants. Consequently, destabilization of the TS for HAT is
somewhere in between destabilization in the reactant and inter-
mediate. The HAT that initiates the second hydroxylation step
is the rate-limiting step involved in the formation of adipic acid
from cyclohexanol. The activation energy for this step increases
from 17.8 to 22.2 kcal/mol, when the amount of exact exchange
is reduced from 20% (B3LYP) to 15% (B3LYP*).

2.2. Effects of Changes in Dispersion and Entropy. A few
calculations have been done to test the effect of van der Waals
interactions on the reaction energies, using the dispersion-
corrected DFT B3LYP-D and the Orca package.*”** The
effects on the substrate binding/product release were found to
be 3—4 kcal/mol, while the effects on the reaction barriers were
much smaller (0.5—1.0 kcal/mol).

Entropy effects will also alter the free-energy profile of
complex formation and product release, but because the entropy
changes associated with solvation are not properly described by
the ideal gas partition functions or by the solvation models
applied, these values will not be discussed. It should be noted
though that, because the effects of dispersion and entropy act in
opposite directions on dissociative/associative processes and are
of similar size, it is not unreasonable to assume that neglecting
both of these effects only gives small errors in the free energy. In
other words, for the substrate binding/release, the nondispersion-
corrected enthalpy should be rather close to the actual Gibbs
free energy. As for the effects of dispersion, entropy effects
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Table 1. Calculated Spin Splittings in the Reactant (Porph)Fe'V=0 and the
Reaction Intermediate Consisting of the (Porph)Fe'OH Complex and the
Cyclohexane Radical Resulting from HAT*

Mulliken spin
M Ske So Sk AE
Fe'V=0
Oa 1 0.09 —0.10 10.9
20 3 1.18 0.85 0.0
4o 5 3.33 0.49 7.8
Fe"OH/R"

la/la 35 0.90 0.18 1.02 16.3
lo/15 Lis 0.97 0.04 —1.02 16.6
30/la Sis 2.58 0.43 1.03 11.9
30/18 3is 2.56 0.39 —0.99 12.6
Sa/la Ths
So/1p8 Shs 4.00 0.40 —0.96 6.7

“The notation 5, refers to a state of multiplicity 5 (quintet), resulting
from antiferromagnetic coupling of the high spin on the iron center and
the radical on the substrate. Energies are given in kcal/mol.

on the barrier itself, i.e., with respect to the hydrogen-bonded
complex of the catalyst and substrate, should be of minor
importance. A similar approach was recently used by Shaik and
co-workers.

3. Results

The discussion of the suggested mechanism for the oxida-
tion of cyclohexane to adipic acid will be divided into two
sections. The first part covers the transformation of cyclo-
hexane to cyclohexane-1,2-diol, and the second part is dedi-
cated to the intradiol C—C bond cleavage in cyclohexane-1,
2-diol and the final hydroxylation of hexane-1,6-dial
to adipic acid. The catalytically active ferryl species (Porph)
Fe'V=0 is generated by a reaction between (Porph)Fe'' and
the oxidizing agent O,, which was studied earlier."’" 1> As a
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Figure 2. (A)[(Porph)Fe'Y(0)/(C¢H,,)] reactant complex in its triplet ground state. (B) TS for HAT in the quintet 5y, state. The most important distances

and spin populations are given.

consequence of the strong ligand field of the tetradentate
porphyrine ligand, the ground state of the (Porph)Fe'Y=0
reactant complex is a triplet (intermediate-spin configuration
on iron; Table 1).

3.1. Conversion of Cyclohexane to Cyclohexane-1,2-
diol. 3.1.1. First Hydroxylation Step. The ground state
of the (Porph)Fe"Y=0 reactant complex remains unaf-
fected by complexation with cyclohexane, i.e., a triplet
state in which one of the unpaired electrons is partially
delocalized to the oxo group (Figure 2A). The reaction is
initiateted by HAT from cyclohexane to the FeO group
of the reactant complex. During this step, the iron atom is
reduced and a radical is created on the cyclohexane mole-
cule, giving an intermediate radical complex [(Porph)
Fe"(OH)(C4H,;")]. In principle, several different spin
states are possible for this intermediate complex, depend-
ing on both the spin state of the iron(III) center [high
spin (sextet), intermediate spin (quartet), or low spin
(doublet)] and the coupling between the unpaired elec-
trons on iron and the substrate radical (antiferromagnetic
or ferromagnetic). The energies of the possible states were
calculated, and the results are summarized in Table 1. As
can be seen in this table, the most important factor
determining the energy of this radical intermediate com-
plex is the spin state of iron, with the high-spin state
lowest in energy and the low-spin state highest. The cou-
pling between the iron spin and the substrate spin is very
weak, yielding essentially the same energy for ferro- and
antiferromagnetic coupling. Exploratory calculations
showed that only the lowest triplet (3;5) and quintet (5p)
states can play any role in the present reactions, and these
states are therefore the only ones discussed in the following.

The HAT leading from the triplet ground state to the
triplet radical intermediate, 3;, has a barrier of 17.2 kcal/mol.
However, the lowest barrier of 13.6 kcal/mol is found
for high-spin iron on the quintet, 5y, surface (Figure 2B).

Because the quintet state is 7.8 kcal/mol higher than the
triplet ground state in the reactant, the system has to

(41) Schroder, D.; Shaik, S.; Schwarz, H. Acc. Chem. Res. 2000, 33, 139—
145.

undergo a spin crossing before reaching the TS (Figure 3).
This behavior is typical for reduction of the Fe'Y=0
group in strong ligand fields.'”*!

The formation of the intermediate radical complex
(Porph)Fe"(OH)/(C¢H,") in the reactive quintet state,
Shs» 18 endothermic with 6.7 kcal/mol with respect to the
reactant ground state. The corresponding ferromagneti-
cally coupled quintet state involving intermediate spin
on iron, 5;, lies 5.2 kcal/mol higher (Table 1). The reac-
tion proceeds via radical recombination between the
radical substrate and the OH group on iron, and as a
consequence of the exothermicity for this reaction
(AH = —37.0 kcal/mol), the barrier for this step is very
low (0.7 kcal/mol). A second spin crossing from the
reactive quintet state to the triplet ground state of the
iron(II) product occurs that increases the exothermicity
by another 5 kcal/mol. The final dissociation of cyclohex-
anol is easily feasible because it is only weakly coordi-
nated to the (Porph)Fe' complex (AH = 1.3 kcal/mol).

3.1.1. Second Hydroxylation Step. Further hydroxyla-
tion of cyclohexanol requires a new reactive (Porph)
Fe"V'=0 complex. The spin splitting between the triplet
ground state and the quintet (7.7 kcal/mol) and singlet
(9.5 kcal/mol) excited states remains almost unaffected by
the hydrogen bond between cyclohexanol and the FeO
group (Table 2).

As for hydroxylation of cyclohexane to cyclohexanol,
the system undergoes a spin crossing to the quintet state
before reaching the TS for HAT. Starting from the
hydrogen-bonded ground-state complex (Figure 4A),
the HAT in the ortho-equatorial position has a barrier
of 17.8 kcal/mol in the reactive quintet state (Figure 5). This
barrier is thus 4.2 kcal/mol higher than that of the HAT in
hydroxylation of cyclohexane to cyclohexanol. However, if
compared to the separated reactants, the HAT initiating
the hydroxylation of cyclohexanol would have a barrier of
only 9.5 kcal/mol, which is 4.1 kcal/mol lower than the
HAT in the hydroxylation of cyclohexane. The reason for
the higher HAT barrier in the hydroxylation of cyclohex-
anol is due to the hydrogen bond that has a larger stabiliz-
ing effect on the reactant complex than on the TS.
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Figure 3. Energy profile for the iron-catalyzed oxidation of cyclohexane to cyclohexanol.

Table 2. Summary of the Energetic Spin Splittings for Reactants (Reac), Reactant—Substrate (RS) Complex, HAT Barriers, Radical Intermediates (Int), and Hydroxylation
(OHT) Barriers of the First Two Hydroxylation Steps in the Oxidation of Cyclohexane to Cyclohexane-1,2-diol”

energetic spin splittings

M Reac RS HAT Int OHT
first hydroxylation step 1 10.9 (10.7)

3is 0.0 (0.0) 17.2 (19.0) 12.6 (16.8) 13.1 (16.7)

Shs 7.8 (10.6) 13.6 (17.6) 6.7 (13.5) 7.5(13.8)
second hydroxylation step 1 9.5(9.2)

3is 0.0 (0.0) —8.3(—8.6) 12.5(14.0) 3.5(7.7) 8.3 (11.3)

Shs 7.7 (10.6) —0.6 (3.0) 9.5(13.6) 0.3(7.2) 3.4 (8.6)

“The notation 5y, refers to a state of multiplicity 5 (quintet), resulting from antiferromagnetic coupling of the high spin on the iron center and the
radical on the substrate. Energies are given in kcal/mol. B3LYP* energies are given in parentheses.

Figure 4. (A) [(Porph)Fe'Y(0)/(C¢H,;OH)] reactant complex in its triplet ground state. (B) TS for HAT in the reactive quintet state. The most important

distances and spin populations are given.

A radical intermediate is formed with an endergonicity
of 8.6 kcal/mol with respect to the hydrogen-bonded
triplet ground state of the reactant complex (Figure 5).
The barrier for the subsequent radical recombination is

only 3.1 kcal/mol and leads to the formation of cyclohex-
ane-1,2-diol with an exothermicity of —35.1 kcal/mol.
As before, the system crosses back to the triplet state
during the hydroxylation step. Cyclohexane-1,2-diol is
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Figure 5. Energy profile for hydroxylation of cyclohexanol to cyclohexane-1,2-diol.

only weakly coordinated to the (Porph)Fe'' complex
(0.9 kcal/mol).

The resulting cyclohexane-1,2-diol has both neighbor-
ing OH groups in equatorial positions. Two other con-
formations are possible for ortho substitution: one of the
OH groups in an equatorial position and the other one in
an axial position or both OH groups in axial positions. It
was found that the barrier for HAT is lowest for genera-
tion of the diequatorial conformation. Furthermore, the
diequatorial conformation was 1.2 kcal/mol more stable
than the equatorial—axial conformation and 3.5 kcal/mol
more stable than the diaxial conformation.

A final note can be made on the effects of reducing the
amount of Hartree—Fock exchange, from 20% used in
B3LYP to 15% used in B3ALYP* (Table 2). As explained in
the Computational Details section, there are two distinct
effects. One effect is destabilization of high-spin states with
respect to low-spin states. In Table 2, this can be seen, for
example, in the reactant of the first hydroxylation, for
which the triplet is the ground state and the triplet—quintet
splitting increases from 7.8 to 10.6 kcal/mol. In the reaction
intermediate, the quintet is the ground state and the
quintet—triplet splitting instead decreases from 5.9 to 3.3
kcal/mol when the amount of Hartree—Fock exchange is
reduced (Table 2). The second effect of reducing the
amount of Hartree—Fock exchange is associated with the
reduction/oxidation of the metal center. For the first
hydroxylation step, B3LYP predicts the HAT to be endo-
thermic with 12.6 kcal/mol in the triplet state (Table 2). The
endothermicity in the triplet state increases to 16.8
kcal/mol when B3LYP* is used; i.e., the HAT in the triplet
state becomes 4.2 kcal/mol more endothermic when the
amount of Hartree—Fock exchange is reduced. The corre-
sponding effect in the quintet state is slightly smaller, 4.0
kcal/mol. Interestingly, these effects are identical for the
HAT of the second hydroxylation step (Table 2). In the TS
of HAT, both effects discussed above come into play
because (1) a spin crossing occurs before the HAT TS

and (2) iron is being reduced. When the amount of Hartree-
Fock exchange is reduced, the barrier for the first HAT
increases by 4.0 kcal/mol (with respect to the separated
species). The corresponding effect on the HAT of the second
hydroxylation step is 4.4 kcal/mol, with respect to the
hydrogen-bonded complex (Table 2). In summary, reducing
the amount of Hartree—Fock exchange has effects on the
calculated reaction energies and barriers, but it does not
change the general picture.

3.2. C—C Bond Cleavage and Adipic Acid Formation.
Both the equatorial OH groups of cyclohexane-1,2-diol
can form hydrogen bonds with the oxo group of the
(Porph)Fe'Y=0 complex (Figure 6A). Such a hydrogen-
bonded complex is only —4.0 kcal/mol more stable than
the separated reactants and is thus only half as stable as
the corresponding hydrogen-bonded reactant complex
with cyclohexanol (Figure 4A). This is explained by the
fact that free cyclohexane-1,2-diol has an internal hydro-
gen bond that is broken upon hydrogen bonding to
(Porph)Fe'Y=0, which partly cancels the energy gain of
complexation.

The intradiol C—C bond cleavage is initiated by HAT
from one of the substrate OH groups to the ferryl group
(Figure 6B). The barrier for this OH HAT is 10.2 kcal/mol
in the reactive quintet state; it is thus significantly lower
than the barrier for the above-described CH HAT.
The radical intermediate formed after this initial HAT
(Figure 6C) is very unstable with respect to C—C bond
dissociation, which is concerted with a second HAT from
the remaining hydroxide of the radical substrate to the
(Porph)FeOH complex (Figure 6D). In the gas phase,
the calculated barrier for this step is only 1.8 kcal/mol.
However, when dielectric solvent effects and vibrational
zero-point corrections are added, the energy of the opti-
mized TS is lowered to 5.4 kcal/mol below the radical
intermediate. Therefore, it can be concluded that after
the initial OH HAT the system proceeds toward the
formation of hexane-1,6-dial without further barriers
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Figure 6. (A) Reactant complex (Porph)Fe'Y=0/C¢H,o(OH), in its triplet ground state. (B) TS for HAT in the quintet state. (C) Reaction intermediate
complex (Porph)Fe(OH)/C¢H,o(OH)O" in the quintet state. (D) Concerted TS for C—C bond cleavage and the second HAT in the quintet state.

(Figure 7). A hypothetical, more symmetric, and con-
certed TS, in which both of the hydrogen atoms are
transferred simultaneously to the FeO group along with
intradiol C—C bond cleavage, was carefully searched for
but could not be located.

The conversion of cyclohexane-1,2-diol to adipaldehyde
is very exothermic (AH = —36.1 kcal/mol) and the product
is only weakly hydrogen-bonded (AH = 3.5 kcal/mol) to
the resulting (Porph)Fe"(H,0) complex. The water mole-
cule of the product complex has a binding enthalpy of
9 kcal/mol and could thus be a potential inhibitor on the
catalytic activity of (Porph)Fe"'. However, it is likely that
the equilibrium of water dissociation is shifted toward the
free species when entropy effects are considered.

The final steps toward the formation of adipic acid
consist of two similar, consecutive hydroxylations of the
adipaldehyde carbonyl groups. The chemistry involved
follows the Fe'Y=0 reactivity pattern described for the
preceding hydroxylation steps, i.e., C—H hydrogen ab-
straction and subsequent hydroxylation via radical re-
combination. However, in this case the hydrogen atom
comes from a carbonyl group, for which the radical state
is more stable than an aliphatic carbon radical. For this
reason, the HAT barriers are much lower than the
barriers for aliphatic C—H abstraction.

The first HAT from adipaldehyde has a barrier of only
7.7 kcal/mol in the reactive quintet state. Similarly, the
HAT from 6-oxohexanoic acid has a barrier of 8.2 kcal/mol.
In both cases, the subsequent hydroxylation has a much
lower barrier with 3.2 and 1.8 kcal/mol, respectively.
These two final oxidations are the most exothermic of
all of the steps discussed so far: —58.8 kcal/mol for the
formation of 6-oxohexanoic acid and —57.4 kcal/mol for
adipic acid. An overview of the investigated pathway is
presented in Figure 8.

3.3. Comparison with Experiment. At the present state,
the iron-catalyzed oxidation of cyclohexane to adipic acid
is not very selective (21%). The main byproducts formed
during the reaction are cyclohexanol, cyclohexanone,
succinic acid, glutaric acid, cyclohexylhydroperoxide,
and cyclohexyl adipate.” Cyclohexanol is formed in the
pathway explored here, while cyclohexanone is likely to
form by transfer dehydrogenation from cyclohexanol to
the ferryl group. The shorter dicarboxylic acids (succinic
and glutaric acid) are formed by overoxidation of adipic
acid, which is difficult to avoid because of the strong
thermodynamic driving force for aliphatic oxidation by
the (Porph)Fe'Y=0 group.

The slowest step along the reaction pathway ex-
plored here is the HAT initiating the hydroxylation of
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cyclohexanol to cyclohexane-1,2-diol. The calculated en-
ergy barrier for this step is predicted to be between 17.8
(B3LYP) and 22.2 (B3LYP¥*) kcal/mol, depending on the
amount of exact exchange used in the hybrid density
functional. This barrier can be compared to the kinetics
of (Porph)Fe'Y=0 generation from (Porph)Fe" and

O,, which has been determined experimentally. The
measured activation parameters (AH = 14.5 kcal/mol;
AS* = —15 cal/mol) %ive a free energy barrier of 17.4
kcal/mol at —80 °C,'"" which, in turn, corresponds to a
barrier of 20.7 kcal/mol at 140 °C. These results indicate
that the rate-limiting step in the oxidation of cyclohexane
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to adipic acid might not be the substrate oxidation itself
but possibly generation of the (Porph)Fe'Y=0 oxidant.
This aspect is interesting because it is known that genera-
tion of the (Porph)Fe'Y=0 from (Porph)Fe" and O, is
significantly faster when an iron-coordinating Lewis base
is added to the reaction solution.'* Thus, if generation of
the ferryl oxidant is the rate-limiting step, it could be
possible to run the reaction at a lower temperature in the
presence of a Lewis base, which could have positive
effects on the selectivity. However, regarding the uncer-
tainties in the computed activation energy for the sub-
strate oxidation, the question of the rate-determining step
must be left as an open question for further experimental
and computational studies to answer.

4. Conclusions

As reported by Zhong and co-workers, adipic acid is
formed in a solution of (Porph)Fe' in cyclohexane, under
oxygen pressure and rather mild conditions. Although the
yield of adipic acid is low (21%), the process is interesting
because it is comparatively environmentally friendly.

On the basis of the reactivity paradigm of the ferryl group
(Fe'Y=0), a mechanism is proposed and investigated using
DFT calculations. The first transformation in this mecha-
nism is the conversion of cyclohexane to cyclohexane-1,2-
diol, which occurs via two consecutive hydroxylation steps.
These hydroxylations are initiated by HAT from the sub-
strate to the (Porph)Fe'Y=0 oxidant, followed by rebinding
of the iron OH group and the carbon radical. The slowest step

Noack et al.

along this path is found to be the C—H hydrogen abstraction
that initiates the hydroxylation of cyclohexanol to cyclohex-
ane-1,2-diol. The reason that this particular HAT has a
higher barrier than the other HAT steps can be found in
the formation of a rather stable hydrogen-bonded complex.
The absolute value of the activation energy is somewhat
uncertain from the calculations because it increases from 17.8
to 22.2 kcal/mol when the amount of exact exchange is
reduced from 20% (B3LYP) to 15% (B3LYP*).

In the following part of the mechanism, cyclohexane-1,2-
diol is converted to adipaldehyde. This is initiated by a
hydrogen-atom abstraction from one of the substrate OH
groups, after which intradiol C—C bond cleavage occurs
spontaneously along with transfer of a second hydrogen
atom from the remaining OH group of the substrate. The
reaction is completed by oxidation of adipaldehyde to adipic
acid via two consecutive hydroxylations with low energy
barriers.

Finally, it is interesting to note that earlier experimental
and computational studies'"'> have indicated that the
barrier for O—O cleavage in a diiron peroxide is higher than
20 kcal/mol. It is thus possible that the rate-limiting step
in the oxidation of cyclohexane to adipic acid is not the
substrate oxidation itself but generation of the active oxidant
(Porph)Fe'V=0.

Supporting Information Available: Optimized structures for
reactants, TSs, and intermediates. This material is available free
of charge via the Internet at http://pubs.acs.org.



