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The Formation of Byproducts in the Autoxidation of Cyclohexane
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Introduction

The liquid-phase autoxidation of cyclohexane (415–435 K) is
an important process in the chemical industry, producing cy-
clohexanone and cyclohexanol (KA-oil, �6"106 Tons/y).[1,5]
Both products are precursors for caprolactam and adipic
acid, building blocks for the important polyamides nylon-6
and nylon-6,6, respectively.[5] The reaction is known to pro-
ceed through a complex radical-chain mechanism in which
cyclohexylperoxyl radicals (CyOOC) are the main chain
propagators.[1–3] The conversion is usually kept below 5% in
order to avoid large amounts of ring-opened byproducts
(e.g. 6-hydroxyhexanoic acid and adipic acid).
Whereas cyclohexyl hydroperoxide (CyOOH) was known

to be produced in fast propagation reactions [Eqs. (1) and
(2)], the literature attributed the formation of both cyclo-

hexanol (CyOH) and cyclohexanone (Q=O) to the slow
mutual termination of two peroxyl radicals [Eq. (3)].[1–3]

CyOOC þ CyH! CyOOHþ CyC ð1Þ

CyC þO2 ! CyOOC ð2Þ

CyOOC þ CyOOC ! CyOHþQ¼OþO2 ð3Þ

However, kinetic experiments and a detailed theoretical
analysis provided solid evidence that the hitherto over-
looked, though very fast subsequent propagation reaction of
CyOOH (the propagation rate constant ratio kCyOOH/kCyH

being �55) is responsible for both the CyOH and Q=O for-
mation.[6,7] In this reaction (Scheme 1), the weakly bonded
aH-atom of CyOOH is abstracted by a CyOOC radical, pro-
ducing the unstable Cy-aHCOOH radical,

[8] which decomposes
promptly to Q=O+ COH. The “hot” COH co-product radical
of this exothermic reaction[8] rapidly abstracts a hydrogen
atom from one of the CyH molecules that form the wall of
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the solvent cage, surrounding the {CyOOH+Q=O+ COH}cage

products. The resulting reaction products {CyOOH+CyC+
Q=O+H2O}

cage can either diffuse out of the solvent cage
(path a, Scheme 1), or react within their Franck–Rabino-
witch solvent cage to give {CyOC+CyOH+Q=O+H2O}

cage

(path b, Scheme 1).[6,7] This cage reaction contributes about
70% of the CyOOH propagation flux,[6,7] owing its high effi-
ciency to the nanosized hot-spot generated by the large heat
release (>250 kJmol�1) in the aH-abstraction from CyOOH
and the subsequent hydrogen abstraction from CyH by
COH.[6]

Prior to our work, above, the only role for CyOOH was
thought to be the initiation of new radical chains, through
its homolytic dissociation.[1–3] Recently, we demonstrated
that such a unimolecular O�O scission is much slower and
less efficient in generating radicals than a newly identified,
concerted bimolecular reaction between CyOOH and Q=
O,[9] in which the OH radical breaking away from the CyO�
OH abstracts an aH-atom from the ketone, leaving a reso-
nance stabilized ketonyl radical and a cyclohexoxy radical
(CyOC), hydrogen-bonded to water. This reaction was shown
to account for the autocatalytic nature of the process.[9]

The CyOOH propagation reaction in Scheme 1 also pro-
duces a large amount of CyOC radicals, known to abstract
hydrogen atoms from the CyH substrate and to undergo
ring-opening through b-C�C cleavage[10] in a �1:1 ratio.[6]
Therefore, we already suggested that CyOOH propagation
could also produce (ring-opened) byproducts.[7] In the pres-
ent work, we aim to elucidate the formation mechanism of
these undesired products. The exact knowledge of the
chemistry at issue is a prerequisite to a focused optimaliza-
tion of the process and the design of appropriate catalysts.[11]

Results and Discussion

Cyclohexyl hydroperoxide—the true precursor of byprod-
ucts : Up to now, it was mostly assumed that overoxidation
of Q=O is the predominant source of byproducts.[1–3] In au-
toxidation experiments in which 1 mol% of Q=O was ini-
tially added to the CyH, more ring-opened byproducts were
observed indeed, though their fractional increase becomes
almost negligible at higher CyH conversions, as illustrated
in Figure 1. This observation provides experimental evi-
dence against the hypothesis of Q=O being responsible for
the majority of the byproducts. Moreover, this view is en-
tirely at odds with our measured and calculated reactivity of
ketones towards CyOOC radicals: Q=O reacts only �5 times
as fast as CyH, making it an unlikely source for the bulk of
the observed byproducts (see Figure 2).[6,7]

As the relative propagation rate of Q=O to CyH is
known, namely, kQ=O/kCyH �5,[6,7] the upper limit of the
amount of byproducts which can possibly originate from Q=
O can be evaluated by Equation (4).[12]

½byproduct	Q¼O ðtÞ ¼
Z

ð5 
 kCyHÞ ½Q¼O	 ½CyOOC	 dt ð4Þ

Thus, it is found that the ketone route can only explain a
minor fraction of the observed byproducts (Table 1). Study-

ing the N-hydroxyimide/Co-catalyzed oxidation of cyclodo-
decane, Sheldon and co-workers reached the same conclu-
sion: the overoxidation of cyclododecanone can only ac-
count for a very small amount of ring-opened acids.[13]

To evaluate byproduct formation from CyOOH, the frac-
tion of consumed CyOOH molecules that actually leads to
ring-opened w-formyl radicals (paths b and d, Scheme 1),[6,7]

needs to be taken into account, putting the effective byprod-
ucts formation rate constant at {kCyOOH/kCyH}"b"d=20�10,
relative to the CyH rate constant. For a value of 12, the ex-
perimental amount of byproducts is in very good agreement

Figure 1. Byproducts produced during the pure 418 K autoxidation of cy-
clohexane (+), compared with the amount of byproducts produced upon
initial addition of 1 mol% of Q=O (*); " represents the ratio of byprod-
ucts after initial addition of Q=O, over byproducts in the pure autoxida-
tion.

Figure 2. Concentrations as function of time of the oxidation products
CyOOH (~), CyOH ("), Q=O (o) and byproducts (+) during CyH au-
toxidation at 418 K.

Table 1. The experimentally observed and modeled byproduct forma-
tion: estimated contributions of Q=O and CyOOH.

CyH conversion
4% 6%

observed byproducts 30 mm 107 mm

modeled byproducts
ketone source 4 mm 17 mm

CyOOH source 30 mm 78 mm

sum of both sources 34 mm 95 mm
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with this rough model calculation, taking the sum of both
the Q=O and CyOOH sources (Table 1).
Both analyses thus show unequivocally that byproducts

are formed predominantly from CyOOH and not from Q=
O as assumed in the literature.

From radicals to byproducts

Experimental observations : Figure 3 displays the concentra-
tions of the observed and quantified byproducts against
their sum. The order by which the relative contributions of

byproducts gain in relative importance reflects the sequence
of their respective formation. Thus, Figure 3 identifies 6-hy-
droxyhexanoic acid (HO ACHTUNGTRENNUNG(CH2)5C(=O)OH) unequivocally as
the predominant, if not exclusive, primary byproduct,
whereas all other byproducts clearly exhibit a secondary
character with respect to this compound. Up to 7% CyH
conversion, adipic acid (O=C(OH) ACHTUNGTRENNUNG(CH2)4C(=O)OH) forma-
tion shows an induction period, whereas the appearance of
glutaric acid (O=C(OH) ACHTUNGTRENNUNG(CH2)3C(=O)OH) and e-caprolac-
tone takes off even more slowly. It can be concluded that 6-
hydroxyhexanoic acid cannot originate from hydration of e-
caprolactone, as the latter is a tertiary or even quaternary
byproduct. At even higher conversions, one observes the
formation of other (shorter) acids, not included in Figures 2
and 3. Up to now, the formation of the byproducts, especial-
ly the decarboxylated ones, remained rather enigmatic.
Thermal decarboxylation can indeed be ruled out, due to
the huge barrier: for example, the rate constant for the de-
composition of propionic acid to ethane+CO2 is 6.03"
109 s�1 exp(�49.28 kcalmol�1/RT).[14] Also the abstraction of
an acidic hydrogen atom by peroxyl radicals is negligibly
slow, due to the strong O�H bond.

From w-formyl radicals to 6-hydroxyhexanoic acid : Firstly,
we aimed to identify the fate of the w-formyl radicals (CCH2-
ACHTUNGTRENNUNG(CH2)4CHO), produced in the ring-opening of CyOC radi-
cals[10] (path d, Scheme 1). w-Formyl can either isomerize

[Eq. (5)] in a unimolecular 1,6-H-shift, or it can add O2
[Eq. (6)].

CCH2-ðCH2Þ4-CHO! CH3-ðCH2Þ4-CC¼O ð5Þ

CCH2-ðCH2Þ4-CHOþO2 ! COOCH2-ðCH2Þ4-CHO ð6Þ

The intramolecular hydrogen shift faces a computed
energy barrier of 11.1 kcalmol�1, making this reaction much
slower than the diffusion controlled oxygen addition in our
experimental conditions.[15] However, under conditions of
oxygen starvation, often encountered under industrial condi-
tions, isomerization [Eq. (5)][10b] may compete with the reac-
tion given in Equation (6), causing monofunctionalized
acids, namely, caproic and valeric acid, observed industrial-
ly.[16] When sufficient oxygen is present, a new peroxyl radi-
cal, COOCH2-(CH2)4-CHO, is formed, able to abstract a hy-
drogen atom, either from the CyH substrate [Eq. (7)] or
from its own aldehyde functionality, in a 1,8-H-shift
[Eq. (8)].

COOCH2-ðCH2Þ4-CHOþ CyH! HOOCH2-ðCH2Þ4-CHOþ CyC

ð7Þ

COOCH2-ðCH2Þ4-CHO! HOOCH2-ðCH2Þ4-CC¼O ð8Þ

The unimolecular formation of HOOCH2-(CH2)4-CC=O
[Eq. (8)] proceeds through a cyclic transition state (TS)
computed to lie 14.4 kcalmol�1 above the reactant level,
whereas the bimolecular H-abstraction [Eq. (7)] faces a bar-
rier of 16.8 kcalmol�1. Evidently, the formation of
HOOCH2-(CH2)4-CC=O will be favored.[17]

Next, the chemistry of the HOOCH2-(CH2)4-CC=O radical
is addressed. There will be a competition between the addi-
tion of O2 [Eq. (9)]

[15] and the highly exothermic 1,7-OH-
shift [Eq. (10); DrH ACHTUNGTRENNUNG(0 K)=�68 kcalmol�1], proposed here
for the first time. The elimination of CO [Eq. (11)] is very
slow, due to the high activation barrier, calculated to be
14.0 kcalmol�1.[19] Nevertheless, CO is observed during the
industrial process;[16] most probably it originates from CH3-
(CH2)4-CC=O decomposition at very small oxygen concentra-
tions as explained above.

HOOCH2-ðCH2Þ4-CC¼OþO2 ! HOOCH2-ðCH2Þ4-Cð¼OÞOOC

ð9Þ

HOOCH2-ðCH2Þ4-CC¼O! COCH2-ðCH2Þ4-Cð¼OÞOH ð10Þ

HOOCH2-ðCH2Þ4-CC¼O! HOOCH2-ðCH2Þ3-CH2 C þ CO
ð11Þ

Several loose TS conformers were identified for the reac-
tion given in Equation (10), lying 7.9–10.5 kcalmol�1 above
the reactant at the UB3LYP/6–31G ACHTUNGTRENNUNG(d,p)-level of theory.
However, B3LYP-DFT calculations are expected to give a
rather incorrect prediction of the energy barrier for this

Figure 3. Evolution of the most important byproducts a) 6-hydroxyhexa-
noic acid, b) adipic acid, c) glutaric acid, and d) e-caprolactone as a func-
tion of the total amount of byproducts. Data collected at 418 K, up to
7% cyclohexane conversion.
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type of highly exothermic reaction, involving a very “early”,
reactant-like TS and drastic electronic rearrangements. In
particular, the newly forming C···OH bond length in the TS
is still large (2.14 R, compared to a normal C�OH bond
length of 1.43 R), as shown in Figure 4. As the B3LYP-func-

tional is optimized for “normal” covalent interactions,[20]

B3LYP-DFT calculations will likely underestimate the new,
long-range C···OH interaction, thus leading to an overesti-
mation of the energy barrier. Unfortunately, the system at
issue is too large for the use of high ab initio benchmark
levels of theory. For the smaller analogous, though bimolec-
ular, reaction CH3OOH+CH3CC(=O)!CH3OC+CH3C-
(=O)OH, the state-of-the-art CCSD(T)/6–31G ACHTUNGTRENNUNG(d,p)//
QCISD(T)/cc-pVDZ and CCSD(T)/6-31+G ACHTUNGTRENNUNG(d,p)//
QCISD(T)/cc-pVDZ ab initio methods predict barriers of
only 5.3 and 4.9 kcalmol�1, respectively.[21] The O�O···C
atoms in the loose TS of the reaction given in Equation (10)
are nearly collinear (aCOO=1588, see Figure 4), similar to
the smaller bimolecular system (1698), while all other bond
angles and bond lengths have near-normal values. This re-
flects a negligible-to-low ring strain in the TS at hand, sup-
ported furthermore by the low ring-strain energy of 0.7�
1.2 kcalmol�1 in cyclooctanone,[22] a molecule that closely re-
sembles the floppy TS structure. Therefore, the barrier of
the reaction given in Equation (10) is expected to be close
to the high-level result of �5 kcalmol�1 for the smaller bi-
molecular system. Such a barrier, in combination with an es-
timated pre-exponential rate factor of �3"1011 s�1,[18] entails
that Equation (10), proceeding through several loose TS
conformers, should readily outrun the addition of oxygen
[Eq. (9)].[15]

Once COCH2-(CH2)4-C(=O)OH is formed, fast hydrogen
abstraction from the ubiquitous surrounding CyH molecules
immediately yields 6-hydroxyhexanoic acid, the first major
byproduct [Eq. (12)]. The competing b-cleavage of COCH2-
(CH2)4-C(=O)OH [Eq. (13)] can be neglected, due to the
higher energy barrier.[23]

COCH2-ðCH2Þ4-Cð¼OÞOHþ CyH!
HOCH2-ðCH2Þ4-Cð¼OÞOHþ CyC

ð12Þ

COCH2-ðCH2Þ4-Cð¼OÞOH!
H2C¼Oþ CCH2-ðCH2Þ3-Cð¼OÞOH

ð13Þ

Thus, a fast, plausible and straightforward formation
route of the major initial byproduct 6-hydroxyhexanoic acid,
fully sustained by theoretical calculations and experimental
observations, has been identified and characterized
(Scheme 2).

Oxidation of 6-hydroxyhexanoic acid : The oxidation of 6-hy-
droxyhexanoic acid proceeds preferentially by the abstrac-
tion of a weaker-bonded aH atom from the alcohol func-
tionality by CyOOC radicals [Eq. (14)].[6,7] The barrier for
the analogous reaction between CyOOC and
CH3CH2CH2OH was calculated to be 12.8 kcalmol�1. As a
consequence, this abstraction reaction takes place on a time-
scale of hours in the experimental conditions,[25] explaining
the convex shape of the 6-hydroxyhexanoic acid contribu-
tion in Figure 3. The a-hydroxy-alkyl-peroxyl radical, COOC-
ACHTUNGTRENNUNG(OH)H-(CH2)4-C(=O)OH, resulting after O2 addition, rap-
idly expels HO2C, yielding OCH-(CH2)4-C(=O)OH, as shown
by us to be the general fate of a-hydroxy-alkyl-peroxyl radi-
cals.[26] Due to the energy barrier of only 9.0 kcalmol�1, the
abstraction of the aldehyde hydrogen atom from this prod-
uct by peroxyl radicals [Eq. (15)] is fast (lifetime �1
minute),[27] explaining why this compound cannot be ob-
served in significant concentrations. For the subsequent fate
of the {O=CC-(CH2)4-C(=O)OH+CyOOH}cage products, one
needs, again, to consider the competition between the in-
cage OH abstraction from CyOOH [Eq. (16)] and the out-
diffusion [Eq. (17)]. The elimination of CO can be neglect-
ed, just as for the HOO-CH2-(CH2)4-CC=O radical above.

HOCH2-ðCH2Þ4-Cð¼OÞOHþ CyOOC þO2 !
OCH-ðCH2Þ4-Cð¼OÞOHþHO2 C þ CyOOH

ð14Þ

OCH-ðCH2Þ4-Cð¼OÞOHþ CyOOC !
fO¼CC-ðCH2Þ4-Cð¼OÞOHþ CyOOHg

ð15Þ

fO¼CC-ðCH2Þ4-Cð¼OÞOHþ CyO-OHg !
fO¼CðOHÞ-ðCH2Þ4-Cð¼OÞOHþ CyOCg

ð16Þ

Figure 4. The lowest TS-conformer for the reaction given in Equa-
tion (10), optimized at the B3LYP/6–31G ACHTUNGTRENNUNG(d,p)-level of theory. Scheme 2. Schematic representation of the formation of 6-hydroxyhexa-

noic acid.
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fO¼CC-ðCH2Þ4-Cð¼OÞOHþ CyOOHg !
O¼CC-ðCH2Þ4-Cð¼OÞOHþ CyOOH

ð17Þ

The out-diffusion [Eq. (17)] is slowed down by the com-
puted, 2.2 kcalmol�1 strong hydrogen bond between the two
nascent species, putting the rate of this diffusion process at
�3.5"109 s�1 at 418 K.[28] Given the UCCSD(T)/6–31G-
ACHTUNGTRENNUNG(d,p)//UQCISD/cc-pVDZ and UCCSD(T)/6-31+G ACHTUNGTRENNUNG(d,p)//
UQCISD/cc-pVDZ barriers for the analogous CH3OOH+

CH3CC=O!CH3OC+CH3C(=O)OH reaction of 5.3 and
4.9 kcalmol�1, respectively, a value of �4.5 kcalmol�1 ap-
pears reasonable for the energy barrier for the reaction
given in Equation (16).[21] The rate constant can thus be esti-
mated at �5.5"109 s�1.[30]

Thus, it is to be expected that about half of the OCH-
(CH2)4-C(=O)OH will be converted to adipic acid O=C-
ACHTUNGTRENNUNG(OH)-(CH2)4-C(=O)OH, whereas a somewhat smaller
fraction yields the acylperoxyl radical COOC(=O)-(CH2)4-
C(=O)OH by the addition of O2 to the O=CC-(CH2)4-C-
(=O)OH acyl radical (Scheme 3).[31]

Formation of decarboxylated acids : The most likely path for
the COOC(=O)-(CH2)4-C(=O)OH acylperoxyl radical is the
abstraction of an H-atom from the surrounding cyclohexane
substrate [Eq. (18)], facing a barrier of only 8.8 kcalmol�1,
that is, the calculated value for the analogous CH3CH2C-
(=O)OOC+CyH reaction. Again there will be a competition
between the in-cage OH-abstraction from the peracid func-
tionality [Eq. (19)] and the out-diffusion [Eq. (20)] freeing a
peracid.

COOCð¼OÞ-ðCH2Þ4-Cð¼OÞOHþ CyH!
fHOOCð¼OÞ-ðCH2Þ4-Cð¼OÞOHþ CyCg

ð18Þ

fHO-OCð¼OÞ-ðCH2Þ4-Cð¼OÞOHþ CyCg !
fCOCð¼OÞ-ðCH2Þ4-Cð¼OÞOHþ CyOHg

ð19Þ

fHOOCð¼OÞ-ðCH2Þ4-Cð¼OÞOHþ CyCg !
HOOCð¼OÞ-ðCH2Þ4-Cð¼OÞOHþ CyC

ð20Þ

As the computed barrier for the reaction given in Equa-
tion (19) is as low as 0.3 kcalmol�1, owing to a strong hydro-
gen bond, nearly all COOC(=O)-(CH2)4-C(=O)OH radicals
will be converted to the resonance stabilized COC(=O)-

(CH2)4-C(=O)OH acyloxy radicals. The predominant fate of
these radicals is the unimolecular elimination of CO2
[Eq. (21)]. Indeed, the B3LYP/6–311++GACHTUNGTRENNUNG(d,p) barrier for
this process is only 4.1 kcalmol�1, reducing the lifetime of
this radical to �10 ps at 418 K, precluding any other com-
peting processes. CCH2-(CH2)3-C(=O)OH will react further
according to the reactions given in Equations (22)–(24), the
last reaction—similar to the CyOOH propagation in
Scheme 1—yielding OCH-(CH2)3-C(=O)OH. This com-
pound will react as OCH-(CH2)4-C(=O)OH above
[Eq. (25)–(28)]. The reaction given in Equation (26) produ-
ces glutaric acid; the observed induction period (Figure 3) is
due to, and consistent with the reaction given in Equa-
tion (24). Similar to the C6 analogue (vide supra), the O=
C(OH)-(CH2)3-C(=O)OH yield is expected to be somewhat
larger than that of COOC(=O)-(CH2)3-C(=O)OH. Therefore,
this reaction scheme provides an elegant and straightfor-
ward explanation for the observed C5 decarboxylated acids.
Further shortened acids are generated via similar subse-
quent reactions.

COCð¼OÞ-ðCH2Þ4-Cð¼OÞOH!
CCH2-ðCH2Þ3-Cð¼OÞOHþ CO2

ð21Þ

CCH2-ðCH2Þ3-Cð¼OÞOHþO2 !
COOCH2-ðCH2Þ3-Cð¼OÞOH

ð22Þ

COOCH2-ðCH2Þ3-Cð¼OÞOHþ CyH!
HOOCH2-ðCH2Þ3-Cð¼OÞOHþ CyC

ð23Þ

HOOCH2-ðCH2Þ3-Cð¼OÞOHþ CyOOC !
OCH-ðCH2Þ3-Cð¼OÞOHþ COHþ CyOOH

ð24Þ

OCH-ðCH2Þ3-Cð¼OÞOHþ CyOOC !
fO¼CC-ðCH2Þ3-Cð¼OÞOHþ CyOOHg

ð25Þ

fO¼CC-ðCH2Þ3-Cð¼OÞOHþ CyO-OHg !
fO¼CðOHÞ-ðCH2Þ3-Cð¼OÞOHþ CyOCg

ð26Þ

fO¼CC-ðCH2Þ3-Cð¼OÞOHþ CyOOHg !
O¼CC-ðCH2Þ3-Cð¼OÞOHþ CyOOH

ð27Þ

O¼CC-ðCH2Þ3-Cð¼OÞOHþO2 !
COOCð¼OÞ-ðCH2Þ3-Cð¼OÞOH

ð28Þ

Additionally, this mechanism explains the relative
amounts of adipic acid and glutaric acid (ratio �4:1).
Indeed, according to the proposed mechanism, roughly 60%
of the 6-hydroxyhexanoic acid is converted to adipic acid,
whereas 40% is converted to COOC(=O)-(CH2)4-C(=O)OH
radicals which mainly form CCH2-(CH2)3-C(=O)OH, by
means of a cage reaction and subsequent decarboxylation.
A large fraction of these radicals will react further to form
glutaric acid, explaining the experimental adipic/glutaric
acid ratio.

Scheme 3. Pathway from 6-hydroxyhexanoic acid to adipic acid and the
COOC(=O)-(CH2)4-C(=O)OH acylperoxyl radical.
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Hypothetical routes to caprolactone : One minor byproduct
which needs yet to be discussed is e-caprolactone. Although
it is only formed in a very low yield, polymerization of this
compound can cause clogging of the reactor. Its formation
has been attributed in literature to a Baeyer–Villiger-like
oxidation of cyclohexanone by CyOOC radicals.[2] This reac-
tion was assumed to start with the addition of the peroxyl
radicals to the C=O double bond, followed by a ring-expan-
sion and elimination of CyOC. Though an increase of e-cap-
rolactone production was observed by us when 1 mol% Q=
O was initially added (e.g. at 5% conversion �20 mm versus
�5 mm without initial Q=O), the addition reaction of
CyOOC to Q=O was computed to be endothermic for
11.1 kcalmol�1 (B3LYP/6–31G ACHTUNGTRENNUNG(d,p) level), making such a
reaction unrealistic under autoxidation conditions.
On the other hand, we found the analogous addition of

acylperoxyl radicals (R-C(=O)OOC) to Q=O to be nearly
thermoneutral (DrH ACHTUNGTRENNUNG(0 K)=++0.6 kcalmol�1; B3LYP/6–31G-
ACHTUNGTRENNUNG(d,p)-level for R=CH3). Yet this addition would face a
B3LYP/6–31G ACHTUNGTRENNUNG(d,p) barrier of 13.1 kcalmol�1, making this
process [Eq. (29)] significantly slower than reaction 17. The
resulting oxy radical decomposes through a fast b C-C cleav-
age [Eq. (30); B3LYP/6–31GACHTUNGTRENNUNG(d,p) barrier of 5.85 kcalmol�1]
to a labile perester structure. For this radical, there will be a
competition between the addition of O2 and the unimolecu-
lar formation of e-caprolactone [Eq. (31)], driven by the ex-
pulsion of the resonance stabilized acyloxy radical ACHTUNGTRENNUNGC(=
O)OH-(CH2)4C(=O)OC (Figure 5). Likely, the B3LYP/6–

31GACHTUNGTRENNUNG(d,p) barrier of 13.8 kcalmol�1 is an overestimation of
the true barrier for this highly exothermic reaction, due to
resonance stabilization. To make this reaction competitive
with the addition of O2, the barrier should indeed be less
than 7 kcalmol�1. So, although the reaction given in Equa-
tion (18) will be favored by far, a small fraction of the acyl-
peroxyl radicals might add to Q=O and form small quanti-
ties of e-caprolactone. The overall effect is a Baeyer–Villig-
er-like oxidation of cyclohexanone, not by peroxyl radicals,
but by acylperoxyl radicals. It is of interest to note that e-
caprolactone indeed starts to appear simultaneously with
glutaric acid (Figure 3), a product which is proposed here to

originate from the same COOC(=O)-(CH2)4-C(=O)OH radi-
cal.

However, the (acid-catalyzed) ring-closure of 6-hydroxy-
hexanoic acid must be considered as another likely source
of e-caprolactone.

Conclusion

In this paper, compelling evidence is presented that cyclo-
hexyl hydroperoxide is by far the most dominant source of
byproducts in the autoxidation of cyclohexane. Cyclohexa-
none, to which this role was attributed up to now, can only
account for a small fraction of the byproducts. It is demon-
strated how the overlooked propagation of the hydroperox-
ide gives rise to cyclohexoxy radicals, able to form ring-
opened w-formyl radicals. New and straightforward chemis-
try is presented for their conversion into the first major by-
product, 6-hydroxyhexanoic acid. Radical conversion of this
primary byproduct is rather slow and explains the initial
build up of this compound. a-Hydrogen abstraction from
the alcohol functionality produces OCH-(CH2)4-C(=O)OH,
the concentration of which remains very low as it reacts rap-
idly with CyOOC radicals. A cage reaction subsequent to this
hydrogen abstraction produces predominantly adipic acid. A
small fraction will, however, also give rise to acylperoxyl
radicals COOC(=O)-(CH2)4-C(=O)OH, yielding the decar-
boxylated CCH2-(CH2)3-C(=O)OH radical, through the inter-
mediate stage of the COC(=O)-(CH2)4-C(=O)OH acyloxy
radical. This decarboxylation is the first step on the way to
glutaric acid, and other shorter byproducts. Under condi-
tions of oxygen starvation, even more byproducts can origi-
nate by means of an 1,6-isomerization of the w-formyl radi-
cals, leading to several monofunctionalized acids by analo-
gous mechanisms as for the bifunctional acids. This contribu-
tion presents a leap forward in understanding the chemistry
of autoxidations indeed. In the future, to improve the yield
of useful products in cyclohexane autoxidation, one should
aim for a nonradical, that is, catalytic, conversion of the hy-

Figure 5. The reaction of CH3C(=O)OOC acyl peroxyl radicals with Q=O;
PES at the B3LYP/6–31G ACHTUNGTRENNUNG(d,p)-level of theory.
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droperoxide, preventing the formation of cyclohexoxy radi-
cals. For the time being, working at sufficient oxygen pres-
sures, and/or preventing oxygen mass transfer limitations,
can already prevent the formation of monofunctional acids.

Experimental Section

The autoxidation of cyclohexane (50 mL, HPLC-grade) was studied ex-
perimentally in a stirred (500 rpm) stainless steel high-pressure Parr reac-
tor (100 mL) at an initial room-temperature pressure of 2.76 MPa of pure
oxygen. Prior to each experiment, the reactor wall was passivated by
means of a saturated sodium pyrophosphate (p.a.) solution.[6, 32] Acetone
(p.a.) was added to the reaction mixture to dissolve all products. The re-
action products were quantified by GC-FID, after the addition of an ex-
ternal standard (1-heptanol, 99.9%) and the silylating agent N-methyl-N-
(trimethylsilyl)-trifluoroacetamide (MSTFA); the injection port tempera-
ture was set to 150 8C. Peak areas were corrected for sensitivity differen-
ces by calibration.

Computational methods : Quantum-chemical calculations were carried
out with the GAUSSIAN03 program.[33] At the DFT level, the Becke
three-parameter hybrid exchange functional was used, combined with the
Lee–Yang–Parr nonlocal correlation functional B3LYP-DFT.[34] Unless
stated otherwise in the text, the B3LYP/6–311++G ACHTUNGTRENNUNG(d,p)//B3LYP/6–
31G ACHTUNGTRENNUNG(d,p) level of theory was used, which we earlier showed to agree
within 0.5 kcalmol�1 with state-of-the-art computational levels for H-ab-
stractions by peroxyl radicals.[6] For other reactions, the accuracy of the
calculated barriers is estimated at 2 kcalmol�1.[20]
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