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Abstract

In this article, we present a thorough study on the autoxidation of cyclohexane, a model substrate for other (saturated) hydrocarbons. Despite
the industrial impact of autoxidation reactions, a detailed mechanism is still missing. We present a combined experimental and computational
study on the formation of both the major products (cyclohexylhydroperoxide, cyclohexanol and cyclohexanone), and the formation of ring-opened
side-products. Up to now, these by-products, mainly adipic acid, were thought to originate from cyclohexanone. However, we found strong evidence
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hat the subsequent propagation of ketone is much slower than assumed, and can only account for some 25% of ring-opened products. On the other
and, the hitherto completely overlooked propagation of the hydroperoxide, via fast �H-abstraction by chain-carrying peroxyl radicals, is identified
s the major source of not only alcohol and ketone, but also by-products. In the case of N-hydroxyphthalimide (NHPI) catalysed oxidations, where
ostly phthalimide N-oxyl (PINO•) radicals are propagating the chain, the situation is slightly different, as PINO• reacts more selectively with

he alkane substrate than peroxyl radicals. This results in an increase in hydroperoxide selectivity. Lowering of the ROOH concentration by its,
.g. cobalt-catalyzed decomposition, leads to an enhanced catalytic efficiency, as a result of the shift in the ROO• + NHPI�ROOH + PINO•

quilibrium to the more efficient PINO• chain carrier.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Autoxidation of hydrocarbons such as cyclohexane, p-xylene
nd cumene, is one of the most important large-scale oxy-
unctionalization processes in the chemical industry [1–4]. It
onverts raw hydrocarbon material to value-added intermediates
uch as terephthalic acid and cyclohexanone via a complex set
f radical reactions, using molecular oxygen as oxidants. A seri-
us drawback of these reactions is however their radical-chain
echanism, which generally limits the useful reaction yield,

s the (primary) products are more reactive than the substrate
owards the chain-propagating radical [1–4]. For instance, the
utoxidation of cyclohexane is limited to ≤5% conversion where
yclohexylhydroperoxide (CyOOH), cyclohexanone (Q O, Q
tands for Cy−�H) and cyclohexanol (CyOH) are the major
roducts [5–7]. A higher conversion results in the appearance

∗ Corresponding author. Tel.: +32 16 321648; fax: +32 16 321998.
E-mail address: ive.hermans@chem.kuleuven.be (I. Hermans).

of large amounts of ring-opened by-products, mainly adipic
acid.

Given the complexity of these reactions, the systematic devel-
opment of selective catalysts should start with a detailed mecha-
nistic investigation. Although focussing on cyclohexane (CyH)
as a model substrate in this paper, conclusions can be extrapo-
lated to other, less demanding substrates.

As is known since long in CyH autoxidation, the homolytic
dissociation of CyOOH into CyO• and •OH radicals (reaction
(1)) is considered to be the major chain-initiation reaction, while
the mutual reaction of two peroxyl radicals (reaction (2)) con-
stitutes the major chain-termination step [1–7].

CyOOH → CyO• + •OH (1)

CyOO• + CyOO• → CyOH + Q O + O2 (2)

The cyclohexylhydroperoxide (CyOOH) is produced in the fast
sequence of propagation reactions (3) and (4). At sufficient O2
pressure, reaction (4) is diffusion controlled and reaction (3)
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Fig. 1. Product distribution ((�) CyOOH, (×) CyOH, (�) Q O, (+) by-
products, mainly adipic acid) as a function of the CyH conversion at 145 ◦C.

is the rate determining step in the overall chain-propagation
sequence [1–4].

CyOO• + CyH → CyOOH + Cy• (3)

Cy• + O2 → CyOO• (4)

It has often been assumed up to now that the ketone is pro-
duced exclusively by the termination, (2), while additional alco-
hol could also originate from the cyclohexoxy radicals (CyO•)
by H-abstraction from CyH [1–4]. However, this view is entirely
at odds with the large chain-length (=rate of propagation/rate of
termination) of ≈100 for the pure autoxidation [1], which dic-
tates unequivocally that the major products must result from
propagation steps. Moreover, the evolution of the experimental
CyOOH, CyOH and Q O product concentrations in function of
the CyH conversion (see Fig. 1; 145 ◦C) indicates that the dom-
inating propagation mechanism yields first CyOOH, whereas
CyOH and Q O are formed mainly in subsequent steps.

In a recent publication [8] we identified the fast radical prop-
agation reactions producing CyOH and Q O. In the present
article, we aim (i) to further quantify the propagation steps
responsible for the three major products CyOOH, CyOH and
Q O; (ii) to identify the sources of the undesired (carboxyl) by-
products; and (iii) to demonstrate the usefulness of this new reac-
tion mechanism in understanding the N-hydroxyphthalimide
(NHPI)-catalysed oxidation process.
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types of reactions, DFT energy-barriers are suspected to be
less accurate. Therefore, DFT results are to be compared with
higher-level methods, such as G2M [11], G3 [12] or CBS-QB3
[13] results. All calculations were done with the Gaussian 98
software [14]. Cyclohexane (Acros, HPLC) autoxidation was
studied experimentally in a stirred (500 rpm) 100 mL stainless
steel Parr high-pressure reactor, using 50 mL of cyclohexane
and an initial room temperature pressure of 400 psi (=2.76 MPa)
pure oxygen. Prior to each experiment, the reactor wall was pas-
sivated using a saturated sodium pyrophosphate (Acros, p.a.)
solution [15]. The products are analyzed with GC-FID (50 m
Cpsil-5, Chrompack column) after silylation with N-methyl-N-
(trimethylsilyl)-trifluoroacetamide (Avocado).

2. Results and discussion

2.1. The pure autoxidation of cyclohexane: radicals caught
in the action

2.1.1. Rate of H abstractions
In a previous extensive paper [8], we identified the �-

hydrogen (see Scheme 1) abstractions by the chain-carrying
peroxyl radicals as crucial subsequent propagation steps in the
autoxidation of cyclohexane.

In much of the literature dealing with CyH autoxidation,
it is assumed that Q O is the most important precursor of
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.1. Theoretical and experimental methods

Potential Energy Surfaces (PES) of the relevant (radical) reac-
ions were characterized using quantum chemical methods that
re suitable for the large structures involved, and that were amply
alidated for the particular types of reaction. At the DFT level
e use the Becke three-parameter hybrid exchange functional,

ombined with the Lee–Yang–Parr non-local correlation func-
ional: B3LYP-DFT [9,10]. Frequency analyses and Intrinsic
eaction Coordinate (IRC) calculations identified the station-
ry points on the PES as true minima or as Transition States
TSs) connecting reactants and products. However, for some
ing-opened by-products [1–4]. This assumption was inspired
y the thermodynamic features of the radical formed after
ne of the four �H atoms is abstracted: vinoxy resonance
s stabilizing this ketonyl radical for about 7 kcal/mol. How-
ver, a detailed theoretical analysis of ours [8] reveals that
he �H-abstraction by CyOO• radicals is only ≈2–10 times
aster than the H-abstraction reaction from the CyH substrate
tself. Indeed, at the transition state, the vinoxy stabilisa-
ion is only marginally operative and the activation energy is
nly reduced by 2 kcal/mol with respect to CyH. By moni-
oring the conversion of initially added (1 mol%) 3-pentanone
nd cyclopentanone as a function of the CyH conversion, we
ould measure the reactivity of these two model ketones, rel-
tive to CyH, since {�[ketone]/[ketone]}/{�[CyH]/[CyH]}=
(ketone)/k(CyH) (for �[CyH] → 0) (Fig. 2). The differ-
nt reactivity – k(cyclopentanone)/k(CyH) = 14 and k(3-
entanone)/k(CyH) = 5 – reflects the difference in the ring strain
hanges on going from the carbonyl reactants to the TSs.
s the calculated barriers (B3LYP/6-311+G(df,pd)/B3LYP/6-
1G(d,p)) for the reactions CH3OO• + �H of 3-pentanone,
yclopentanone and cyclohexanone equal 13.8, 13.5 and
3.95 kcal/mol respectively, this experiment sustains our the-
retical prediction of k(Q O)/k(CyH) ≈ 2–10.

cheme 1. �-Hydrogen atoms in the reaction products of the CyH autoxidation.
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Fig. 2. Comparison between the reactivity of cyclopentanone and 3-pentanone
relative to cyclohexane (initially, 1 mol% of ketone was added).

Analogously we determined k(cyclopentanol)/k(CyH) = k(3-
pentanol)/k(CyH) = 9 (Fig. 3). As neither of these two substrates
contain significant ring strain, both alcohols react equally fast
with CyOO• radicals at the �-position. It can thus be assumed
that also k(CyOH)/k(CyH) ≈ 10, again in agreement with our
TST predicted value ≈5–20. Exactly the same computational
procedure predicts k(CyOOH)/k(CyH) ≈ 20–80 and thus puts
forward CyOOH as a promising candidate precursor for the
important reaction products.

Below we discuss the reaction of CyOO• radicals with CyH,
CyOOH, CyOH and Q O separately.

2.1.2. CyOO• + CyH
After the CyOO• radical has abstracted an H-atom from

cyclohexane in the liquid phase, the initial products, CyOOH
and Cy•, must diffuse out of the solvent-cage before Cy• can
react with O2 (reaction (4)). This diffusion process (fraction p),

F
c

Fig. 4. Competition between diffusive separation of the {CyOOH + Cy•} pair
and geminate cage-reaction.

operating at a rate of ≈8 × 109 s−1 at 145 ◦C, stands in com-
petition with a geminate cage-reaction between the nascent
{CyOOH + Cy•} reactant pair, producing CyO• + CyOH (frac-
tion q), as shown in Fig. 4. This cage-reaction, although pro-
ceeding at a rate of only ≈2.5 × 108 s−1 at 145 ◦C, is thus a
competing reaction, producing alcohol directly from the alkane
substrate itself. An old experiment, performed by Berezin et al.
[5], where 14C-labeled CyOH appeared immediately after 14C-
labeled CyH was added to an autoxidation mixture, points to
such a direct alcohol channel. It is to be noticed however that
the solvent-cage is crucial, as a thermal reaction between free
CyOOH and Cy• radical, as proposed previously [16], can never
be competitive with the diffusion-controlled oxygen addition
reaction (4). Given that a majority of the CyO• radicals (≈65%)
will react with CyH to produce additional CyOH [17], this reac-
tion explains the experimentally observed [CyOOH]/[CyOH]
ratio of 12 at �CyH approaching zero.

In the isotope-labeled experiment discussed above, 14C Q O
is only formed after an induction period [5], showing that it is
a secondary product formed from primary products (see also
Fig. 1).

2.1.3. CyOO• + CyOOH
Next we discuss the fast propagation reaction of the hydroper-

oxide. Radicals of the type R−�H
•OOH, as the primary product
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ig. 3. Comparison between the reactivity of cyclopentanol and 3-pentanol to
yclohexane (initially, 1 mol% of alcohol was added).
f CyOO• + CyOOH, were shown by us to decompose immedi-
tely to the corresponding carbonyl compound and •OH, releas-
ng 40 kcal/mol [18]. This is even true for resonance-stabilize
xamples like C6H5-C•−�HHOOH [18]. The •OH radical will
apidly abstract a hydrogen atom from CyH molecules surround-
ng the {CyOOH + Q O + •OH} cage, producing even more
eat (�rH = −22 kcal/mol) and a Cy• radical. As such, the
yOO• + CyOOH + CyH → {CyO• + Q O + H2O + Cy•} reac-

ion produces a nanosized hot-spot of 800–1000 K which can
ast for about 10–100 ps [8]. Clearly this will affect the fate of
he {CyOOH + Q O + H2O + Cy•} products, which can either
iffuse out of the solvent-cage (fraction r), or can react in a
nalogous geminate cage-reaction as described above (fraction
), producing CyO• + Q O + H2O + CyOH. As the latter OH-
bstraction reaction faces a higher barrier (≈7 kcal/mol) than
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Fig. 5. Reaction paths of the CyO• radicals producing alcohol and �-formyl
radicals.

the diffusion process, the high temperature of the hot-spot will
enhance the fraction (s) of caged products that will undergo the
geminate cage-reaction. It is thus predicted that CyOOH is the
crucial precursor of both Q O and the bulk of CyOH. As the
CyO• radicals produced in the activated cage-reaction can not
only react with CyH – producing additional CyOH – but also
undergo a � C–C cleavage, yielding the ring-opened �-formyl
radical (CHO–(CH2)4–CH2

•) [17] as shown in Fig. 5, CyOOH
may also be the most important precursor of side products.

2.1.4. CyOO• + CyOH
This �H-abstraction reaction, proceeding at a rate ≈10 times

faster than the main propagation reaction CyOO• + CyH, [8] will
be followed by a fast O2 addition, producing the �-hydroxy-
alkylperoxyl radical Q(OH)OO• (where Q stands for Cy−�H).
In most of the literature, two important sinks are reported for
this radical [2]:

Q(OH)OO• + CyH → Q(OH)OOH + Cy• (5)

Q(OH)OO• + CyOO• → Q(OH)O• + CyO• + O2 (6)

As was hypothesized [19], there exists another decomposition
channel (7):

Q(OH)OO � Q O + HO2
• (7)
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more important, relative to HO2
• formation, in agreement with

the experimental data [19].
The importance of mechanism (7) is clear: HO2

• radicals
terminate diffusion controlled with other ROO• peroxyl radicals
[21] and, as a result, the alcohol co-autoxidation is slowing down
the overall RH autoxidation.

2.1.5. CyOO• + Q O
As we have both experimental and theoretical evidence that

the attack of Q O at one of the four �H atoms is only ≈5
times faster than CyH, the literature view that Q O is the most
important precursor of ring-opened by-products can be seriously
questioned. Below, this problem is addressed in more detail.

2.1.6. Detailed stoechiometric and kinetic analysis
Based on the mechanism outlined above, we derived Eq. (8)

from a detailed CyOOH balance at low conversions (up to ≈2%):

[CyOH]

[CyOOH]
≈ q(1 + t)

p
+ s(1 + t′)

p
× [Q O]

[CyOOH]
(8)

In this equation, p represents the fraction of {CyOOH + Cy•}
which will diffuse out of the solvent cage and form
CyOOH + CyOO• and q the fraction which will yield
CyO• + CyOH (see Fig. 4); s (=1 − r) is the fraction of {CyOOH
+ Q O + H2O + Cy•} that will form CyO• + Q O + H2O +
CyOH; t and t′ are the fractions of CyO• reacting with CyH/O
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n extensive theoretical study of ours [20] revealed that
his reaction is much faster (k(400 K) = 1.7 × 106 s−1) than
ny other competing process (e.g. H-abstraction from CyH:
first-order(400 K) < 103 s−1). However, also the reverse rate is
arge (k(400 K) = 1.4 × 10−13 cm3 s−1), due to the formation
f an H-bonded complex (see Scheme 2) [20]. As such,
n equilibrium between the hydroxyperoxyl radicals and the
etone + HO2

• products will be established. This explains why
n the pure CyOH autoxidation (small) amounts of Q(OH)OOH
re found [19]. As more Q O is gradually produced, equilibrium
7) shifts to the Q(OH)OO• radicals, and H-abstraction becomes

cheme 2. Unimolecular decomposition of the Q(OH)OO• radicals to
O + HO2

•.
2
o form CyOH + CyOO• subsequent to the cage- and activated
age-reactions, respectively, whereas u and u′ are the frac-
ions of CyO• decomposing to �-formyl radicals (see Fig. 5).
n Fig. 6 the [CyOH]/[CyOOH] ratio is plotted against the
Q O]/[CyOOH] ratio; it is seen that Eq. (8) is obeyed for con-
ersions up till 3%, confirming the underlying mechanism. The
ata thus obtained yield p ≈ 0.95 and q ≈ 0.05, in agreement with
ur model. s is estimated at ≈0.7 ± 0.2 and r at ≈0.3 ± 0.2.

The ratio of slope and intercept, s(1 + t′)/q(1 + t) = 14 ± 2,
epresents the ratio of CyOH formation from CyOOH over
he formation from CyH. The value reflects the difference
n temperature of the two cage-reactions producing alco-
ol (800–1000 K versus 418 K), and the higher barrier for

ig. 6. Plot of the [CyOH]/[CyOOH] ratio vs. [Q O]/[CyOOH]; validation of
q. (8), derived from our new reaction mechanism.
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Fig. 7. Plot of the left-hand side (LHS) of Eq. (9) (left) and corrected LHS (right) vs. the [CyOOH]/[CyH] ratio.

the geminate reaction {CyOOH + Cy•}→ {CyO• + CyOH}
(≈6.8 kcal/mol) compared to the barrier for diffusive separa-
tion (≈1.5 kcal/mol). The expected ratio of branching ratios
(s/r)/(q/p) = exp[�E/R × �(1/T)] = 30 is in keeping with the best
experimental estimates s = 0.7 and q = 0.05, yielding a ratio ≈40.

A detailed analysis of the CyOH and Q O formation rates
leads to Eq. (9)

[CyOOH]

[CyH]
× d[CyOH]

d[Q O]

= q(1 + t)
kCyH

kCyOOH
+ s(1 + t′)

[CyOOH]

[CyH]
(9)

for conversions small enough to ignore the subsequent conver-
sion of CyOH and Q O (X ≤ 1%). In Fig. 7a, the left-hand side
(LHS) of Eq. (9) is plotted against the [CyOOH]/[CyH] ratio.
The combination of slope and intercept and the s(1 + t′)/q(1 + t)
ratio determined above, leads to a kCyOOH/kCyH of 54 ± 7, in
agreement with our theoretical prediction ≈20–80. As we now
know the propagation rates of all important products, relative
to CyH, we can correct d[CyOH]/d[Q O] for the losses due to
their subsequent propagation steps, and for formation of Q O
via CyOH co-oxidation. A plot of the so corrected LHS of Eq.
(9) is given in Fig. 7b. Slope and intercept do not differ sig-
nificantly from the uncorrected analysis based on the first three
points (Fig. 7a).
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that leads to �-formyl radicals (=s × u′), which than puts the
effective side-products formation rate constant at ≈20 ± 10 rel-
ative to the CyH rate constant. For a value of 12, the experimental
amount of side products is in perfect agreement with the mod-
elled amount, taking the sum of both the Q O and CyOOH
source (Fig. 8).

An overview of all the important reactions put forward in our
new reaction mechanism, is given in Scheme 3.

2.2. Catalysing the propagation: the action of NHPI

The catalytic effect of N-hydroxyphthalimide on the oxi-
dation of several hydrocarbons has been the subject of many
publications [22–33]. It is generally accepted that phthalimide
N-oxyl radicals can abstract a hydrogen atom from a hydrocar-
bon substrate (RH) (see Scheme 4), due to the relatively strong

NO H bond in NHPI. Subsequently, peroxyl radicals (ROO•)
have to abstract an H-atom from NHPI ( NO H) to regenerate
the PINO• radical. The latter step was first termed as the rate
determining step [27], but more recent measurements showed

F
p
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a

This analysis shows unequivocally that both CyOH and
O are produced in the fast subsequent propagation steps of

yOOH. This explains the parallel increase of both products as
bserved in Fig. 1. Below we will investigate the formation of
ide-products in more detail.

.1.7. Formation of by-products
One of the most crucial questions to answer is which specie
either Q O as thought in literature [1–7], or CyOOH as

videnced by our mechanism – is causing the majority of ring-
pened by-products. Given the propagation rate of Q O, relative
o CyH, of ≈5, we can easily calculate the relative amount of by-
roducts which can be formed from ketone. As can be seen from
ig. 8, this route can only explain some 20–30% of the observed
ide-products. To evaluate by-product formation from CyOOH,
e have to take into account the fraction of CyOOH consumed
ig. 8. Comparison between modeled and experimentally determined (�) acid
roduction: (�) represents the contribution of Q O; (�) the contribution of
yOOH (adopting an effective side-product formation rate constant of 12, rel-

tive to the CyH rate constant); (�) is the sum of both contributions.
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Scheme 3. Important reactions (full arrows) and secondary reactions (broken
arrows) during the autoxidation of cyclohexane. Also the estimated branching
fractions are given.

that this reaction is very fast [29]. Moreover, our theoretical anal-
ysis of this reaction revealed that the ROO• + NHPI reactants
should be in equilibrium with the ROOH + PINO• products dur-
ing autoxidation conditions, as also the reverse reaction is very
fast [32]. The catalytic efficiency (C.E.), defined as the ratio of
RH oxidation rate in the presence of NHPI over the rate without
catalyst, was shown to be given by Eq. (10) [32]:

C.E. = 1 + kPINO•

kROO•
× KNHPI × [NHPI]

[ROOH]
(10)

This equation readily explains the observed synergetic effect
of Co(acac)2 and Mn(acac)2 [33] on the NHPI catalysed autox-
idation: the lowering of [ROOH] by its catalyzed decompos-
tion will shift the equilibrium ROO• + NHPI�ROOH + PINO•
towards the more efficient chain-carrying PINO• radicals. This
efficiency of PINO• radicals is not exclusively related to the
somewhat large value of kPINO compared to kROO, but most

S

Table 1
Barriers (ZPE-corrected) of (�)H-abstraction reactions by NO• radicals from
various substrate molecules at different high levels of theory and at the “DFT”
level (values in kcal/mol)

Reaction G2M//DFTa CBS-QB3 G3 “DFT”b

H2NO• + CH3CH2CH3 25.2 25.5 26.9 25.6
HN(O•)CHO + CH3CH2CH3 17.5 17.3 19.0 18.8
HN(O•)CHO + CH3OOH 13.4 12.8 14.9 12.7
HN(O•)CHO + CH3OH 14.2 13.2 15.2 12.8

a G2M//DFT represents: E[UCCSD(T)/cc-pVDZ//B3LYP/6-
311++G(2df,2pd)] + {E[UMP2/aug-cc-pVTZ//B3LYP/6-
311++G(2df,2pd)] − E[UMP2/cc-pVDZ//B3LYP/6-
311++G(2df,2pd)]}+ ZPE{B3LYP/6-311++G(2df,2pd)}.

b “DFT” stands for the B3LYP/6-311++G(df,pd)//B3LYP/6-31G(d,p) level.

importantly to the non-terminating nature of the PINO• radi-
cals [32].

Another conclusion of Eq. (10) is one concerning the design
of other, NHPI-like catalysts: one needs a NO H compound
with a fairly strong O H bond – as the NO• radical should
be able to readily abstract an H-atom from RH – but not too
strong, as this would decrease the equilibrium concentration of
the NO• radicals. For example, at 383 K, it takes 6.6 h to reach
3% CyH conversion (50 mL CyH + 10 mL CH3CN) when using
1% NHPI, while 1% NHSI (N-hydroxysuccinimide) requires
14.2 h. So although the H-abstraction barrier from propane by
the NO• radical from NHSI is ≈2.6 kcal/mol lower (due to a
4.8 kcal/mol stronger NO H bond), the C.E. of NHSI is still
≈18 times lower than for NHPI, consistent with the experiment.

An unresolved aspect of NHPI catalyzed reactions is the
high concentration of CyOOH (Fig. 9). In order to ratio-
nalize this observation, we calculated the rate constant of
PINO• + CyOOH, CyOH and Q O, relative to PINO• + CyH.
The B3LYP/6-311++G(df,pd)//B3LYP/6-31G(d,p) level (fur-
ther referred to as “DFT”) was already found to give accurate
results for H-abstraction reactions by peroxyl radicals. In Table 1
the same level is now also validated for H-abstractions by NO•
type radicals against the high-level benchmark computational
methods G2M [11], G3 [12] and CBS-QB3 [13].

Table 2 summarizes our computational results on the
PINO• + CyH/CyOH/CyOOH and Q O reactions. The effect

T
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[

t
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t
cheme 4. Reaction of PINO• + RH, and its regeneration via NHPI + ROO•.
able 2
hermally averaged energy barriers (ZPE-corrected) for (�-)H-abstraction by
INO• radicals, in kcal mol−1 (“DFT” level); and estimated relative rate con-
tants at 400 K

eaction Thermally
averaged barriers
in gas phasea

Thermally
averaged barriers
in CH3CNb

Estimated
relative
k(400 K)c

INO• + CyH 16.0 19.5 1
INO• + Q O 13.5 19.4 0.2–1
INO• + CyOH 9.0 14.9 2–10
INO• + CyOOH 8.2 15.9 1–5

a At the “DFT” level (B3LYP/6-311++G(df,pd)//B3LYP/6-31G(d,p)).
b The solvent effect was evaluated by the Polarized Continuum Model (PCM)

34] at the B3LYP/6-311++G(d,p) level.
c Calculated under the assumption that the pre-exponential factor is propor-

ional to the number of H-atoms to be abstracted, and taken into account an
ntropic factor of 1/5 and 1/3 for the CyOH and CyOOH substrates, respec-
ively, due to the more rigid character of their transition states.
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Fig. 9. Product distribution at 130 ◦C from the autoxidation of 50 mL CyH: left side: pure CyH; right side: +10 mL acetonitrile + 0.1 mol% NHPI. ((�) CyOOH, (×)
CyOH, (�) Q O, (+) by-products, mainly adipic acid).

of the acetonitrile on the reaction barriers was evaluated by
the Polarized Continuum Model (PCM) [34] at the B3LYP/6-
311++G(d,p) level, and predicts an increase in activation barrier.
This rather large solvent effect is caused by the large decrease in
dipole moment when going from the reactants (PINO•: 6.98
Debye) to the TSs (e.g. TS for PINO• + CyH reaction: 3.7
Debye). The relative propagation rates (Table 2) were estimated
by assuming that the frequency factor is proportional to the
number of abstractable H-atoms. For CyOH and CyOOH, the
frequency factor was further reduced by a factor of five and three,
respectively, to account for the more rigid character of their TSs
(H-bond between reactant and PINO• radical).

These computational results reveal clearly that PINO• radi-
cals react by far more selectively with the CyH substrate than
with the (primary) reaction products CyOOH, CyOH and Q O
compared to peroxyl radicals. The difference in the relative rates
between PINO• and CyOO• is particularly large for CyOOH. As
a result, one can indeed expect a much higher CyOOH selectivity
and a lower Q O and CyOH selectivity. Somewhat surprising
is the fairly high concentration of by-products (more or less the
same as in the non-catalyzed reaction, see Fig. 9). The reason
is that the low reactivity of PINO• towards the �H of CyOOH
(relative to CyH), is counteracted by the solvent-enhanced ring-
opening of CyO• radicals. Indeed, previous TST calculations
showed that this rate can be expressed by the Arrhenius equa-
tion 9.8 × 1013 exp(−12.2 kcalmol−1/RT) s−1. However, PCM
c
r
e
t
a
T
c

3

m
o
s

role of CyOOH is ascribed to its very fast reaction with chain-
carrying peroxyl radicals at its �H-atom. The resulting radical
decomposes immediately to Q O and •OH, which will rapidly
abstract a H-atom from the CyH substrate. The overall pro-
cess CyOO• + CyOOH + CyH → CyOOH + Q O + H2O + Cy•
releases more than 60 kcal/mol, causing a local hotspot of
800–1000 K. This high temperature favors the geminate cage-
reaction, producing CyO• + Q O + H2O + CyOH over the dif-
fusive separation of {CyOOH + Q O + H2O + Cy•}. The CyO•
radicals thus produced will, partially, decompose to �-formyl
radicals via �-scission and form the most important precursor
of by-products.

As this study unequivocally proves that CyOH and Q O
result from fast, subsequent chain-propagation reactions, rather
than (slow) termination reactions, the selectivity of autoxi-
dation reactions can be altered by catalyzing the propaga-
tion reactions. Indeed, e.g. the PINO• radicals, generated in
situ from NHPI, react relatively much more selectively with
the CyH substrate than CyOO• peroxyl radicals. As a result,
the primary product, CyOOH, is converted more slowly, and
its selectivity increases. Due to the established equilibrium,
ROO• + NHPI�ROOH + PINO•, an increased concentration
of NHPI must lead to an increased selectivity towards ROOH.
The cobalt-catalyzed decomposition of ROOH leads to a syner-
getic increase in the catalytic efficiency, as it favors the formation
of non-terminating PINO• chain-propagators.

d

A

o
t
fi
t

R

alculations reveal a serious decrease in the decomposition bar-
ier, putting the thermal rate constant at: k(T) = 8.95 × 1013

xp(−8.6 kcalmol−1/RT) s−1 in CH3CN. This enhancement of
he rate of �-scission of CyO• radicals in polar solvents was
lso observed experimentally by Ingold and co-workers [35].
his will thus shift the t/u ratio and explains the rather high
oncentration of by-products in the NHPI catalyzed reaction.

. Conclusions

We identified the primary chain-product, CyOOH, as a much
ore reactive compound than generally assumed so far. It is not

nly responsible for the chain initiation, but is also the precur-
or of all other oxygenated compounds. This hitherto unknown
It is our further aim to use the qualitative and quantitative
ata obtained in this study for future design of catalysts.
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