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Abstract: Despite their industrial im-
portance, the detailed reaction mecha-
nism of autoxidation reactions is still
insufficiently known. In this work,
complementary experimental and theo-
retical techniques are employed to ad-
dress the radical-chain initiation in the
autoxidation of cyclohexane with a par-
ticular focus on the “lighting-off” of
the oxidation by (added) cyclohexa-
none. We used a newly developed
method to quantify the intrinsic rate of
chain initiation as well as the rate en-
hancement by cyclohexanone and sev-

served initiation enhancement by the
ketone. Instead, it is shown that the
pronounced chain-initiation enhance-
ment by the ketone is attributable to a
newly proposed concerted reaction be-
tween cyclohexyl hydroperoxide and
cyclohexanone, in which the ‘OH radi-
cal breaking away from the hydroper-
oxide abstracts an oH atom from the
ketone, thereby energetically assisting
in the cleavage of the RO—OH bond.
This reaction is highly efficient in gen-
erating radicals as it quasi-excludes
geminate in-cage recombination. As a

VIP To the Core of Autocatalysis in Cyclohexane Autoxidation

result, the ketone oxidation product at
a level of 1 mol% increases the initia-
tion rate by one order of magnitude,
and so acts as a highly efficient “auto-
catalyst” in autoxidation reactions. An
analogous reaction with cyclohexanol,
although estimated to be even faster,
has only a marginal effect on the over-
all kinetics, owing to the fast subse-
quent formation of HO, radicals that
very rapidly terminate with other
ROO’ radicals. Finally, solid evidence
is presented that, also in absence of
oxygenates, ROOH initiation is actual-

eral other (oxygenated) molecules. On
the basis of first principles, the hitherto
assumed perhemiketale mechanism
was found to be many orders of magni-
tude too slow to account for the ob-

kinetics
theory

Introduction

The liquid-phase autoxidation of hydrocarbons, such as cy-
clohexane, p-xylene and cumene, is an important process in
the petrochemical value chain.'* The industrial oxidation
of cyclohexane, with a capacity of 6x10°tons per year,
yields cyclohexanone and cyclohexanol, the feedstock chem-
icals for nylon. The oxidation of p-xylene yields terephthalic
acid (capacity of 30 x 10° tons per year), a building block for
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ly a bimolecular reaction, involving
concerted H abstraction from the

thermal rate alkane substrate by the nascent ‘OH.

poly(ethylene terephthalate). Likewise, cumene hydroperox-
ide (capacity 5x10° tons per year), derived from the oxida-
tion of cumene, serves as feedstock for both phenol and ace-
tone. Other industrially important autoxidation processes
are, for example, the conversion of ethylbenzene to ethyl-
benzene hydroperoxide (capacity 5x10° tons per year), and
the oxidation of isobutene to tert-butylhydroperoxide (ca-
pacity 4x10° tons per year). A serious drawback of autoxi-
dation chemistry is the free-radical mechanism, often limit-
ing the product yield because the oxygenated products are
oxidised faster than the alkane substrate. For example, the
autoxidation of cyclohexane (CyH) is limited to 5% conver-
sion with cyclohexyl hydroperoxide (CyOOH), cyclohexa-
none (Q=0, Q represents the 1,1-cyclohexylene biradical)
and cyclohexanol (CyOH) still constituting the majority of
the products."” At higher conversions, significant amounts
of ring-opened byproducts, such as 6-hydroxyhexanoic acid
and adipic acid, appear. Although it would be of interest to
synthesise adipic acid directly from cyclohexane, carboxylic
acids tend to decarboxylate under autoxidation conditions.
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This results in the appearance of a whole range of C,—C;
(di)acids and CO,, significantly decreasing the selectivity.

The same radical autoxidation chemistry is also known to
occur with fats/oils, causing food deterioration. For this
reason, antioxidants, such as substituted phenols, are added
to (poly)unsaturated fats to prevent their oxidation in air.®")
Clearly, a detailed understanding of the autoxidation mecha-
nism would not only be beneficial for industrial process op-
timisation, or the design of catalysts, but it could also be
helpful in preventing harmful radical-chain reactions from
starting.

The present contribution focuses on the autoxidation of
cyclohexane, a model substrate for other hydrocarbons and
a major challenge in its own right.”! In the autoxidation of
CyH, the homolytic dissociation of CyOOH into CyO" and
"OH radicals [Eq. (1)] is considered to be the major chain-
initiation reaction, while the mutual reaction of two peroxyl

radicals [Eq. (2)] constitutes the chain-termination step.'™”!
CyOOH — CyO + OH 1)
CyOO + CyOO — CyOH + Q=0+ 0, (2)

CyOOH is produced by fast propagation [Egs. (3) and
(4)]. At a sufficient O, pressure, the diffusion-controlled re-
action [Eq. (4)] occurs so fast that the reaction given in
Equation (3) becomes rate-determining in the overall chain-
propagation sequence.l'”]

a) CyOO®+ CyH, k"
fraction p

CyOOH + Cy*®

fraction g {CyOOH + Cy®}039¢

b) CyOO®+ CyOOH, k¥O0H

fraction r
Q=0 +°0H + CyOOH
CyH H,0 + Cy*®
fraction s o
Q=0 + "OH + CyOCH
CyH > H,0+cy®

_ %
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3)
)

CyOO' + CyH — CyOOH + Cy’

Cy + 0, — CyOO

CyOOH can initiate new radical chains, thus causing a
steady increase in the oxidation rate. Until recently, the lit-
erature failed to explain how the radical-chain reactions are
able to produce the major products cyclohexanol and cyclo-
hexanone. It was assumed that the chain termination
[Eq. (2)] was the exclusive source of ketone, while addition-
al alcohol could originate by H abstraction from CyH by cy-
clohexoxy radicals (CyO") formed in the initiation [Eq. (1)].
However, given the long radical chain length of ~10-100,”
it is clear that initiation and termination can indeed account
for a minor fraction of the products. This is not compatible
with the experimental product distribution: for example, the
CyOOH/CyOH/Q=0 molar ratio equals 35/35/30 at 4%
CyH conversion and 145 °C. Therefore, the bulk of the prod-
ucts should be formed in much faster propagation reactions.

In recent studies of the autoxidation of cyclohexane '
we identified CyOOH as the key primary product, from
which Q=0 and CyOH originate by fast subsequent propa-
gation reactions. Indeed, CyOH and Q=0 were manifestly
shown to be secondary products. We demonstrated, both by
state-of-the-art theoretical methodologies™ and experi-
ments,'! that cyclohexyl peroxylradicals (CyOO") not only
abstract hydrogen atoms from the substrate molecule (CyH,
Scheme 1a), but also, and much more rapidly, the weakly
bound aH atom of CyOOH (Scheme 1b). The ratio of the

CyOOH + Cy00 ®

——————>  CyO®+CyOH

|_fractionu () formyl® — by-products

fraction ¢
L————» CyOH + CyOO®
cyH, 0, . T

o
z H,0 + CyoO"®

cage

— CyO * CyOH + H,0 + Q=0

¢) CyOO®+ CyOH + Oy, kKYOH

—_ =

CyOOH + Q(OH)00*

d) Cyo0®+ Q=0, k2°

—_—

Scheme 1. a)-d) Propagation reactions in the autoxidation of cyclohexane.

Chem. Eur. J. 2006, 12, 4229 —4240

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

fraction u” _ ,formyl® — by-products
fraction ¢ CyOH + CyOO.

CyH, 0,

—— CyOOH + Q=0 + HO;

CyOOH + ketonyl radical® — = by-products

— 4231

www.chemeurj.org


www.chemeurj.org

CHEMISTRY=

J. Peeters et al.

A EUROPEAN JOURNAL

propagation rate constants kK" was determined to

be as high as 55. As is well-established, a-hydroperoxyalkyl
radicals, formed here by aH abstraction from CyOOH, are
unstable™? and spontaneously dissociate into ‘OH and Q=0
[Eq. (5)] in the absence of any energy barrier.

CyOOH + CyOO — Q=0 + OH + CyOOH (5)

A subsequent Franck—Rabinowich cage reaction of the
products of the CyOOH oH-abstraction was identified as
the major source of alcohol CyOH and CyO" radicals
[Egs. (6) and (7)] (fraction s in Scheme 1b).1%1

{Q=0+0H + CyOOH + CyH}** —

6
{Q=0 + H,0 + CyOOH + Cy }= ©)

{Q=0+H,0 + CyOOH + Cy }**** —

{Q=0 +H,0 + CyO + CyOH}** @
The competing out-of-cage-diffusion [Eq. (8)] was shown
to contribute only 30% to the CyOOH-propagation flux
(fraction r in Scheme 1). The high CyOH-formation efficien-
cy of this cage reaction is caused by a nano-sized hotspot,”!
generated by the large amount of released heat
(=60 kcalmol™) of 1)aH abstraction from CyOOH
(Scheme 1b),” and 2) the subsequent H abstraction from
CyH by "OH [Eq. (6)].

{Q=0+H,0 + CyOOH + Cy }**** —

Q=0+ H,0 + CyOOH + Cy ®)
Because 35% of the CyO® coproduct radicals undergo
ring-opening by B-C—C cleavage (fraction u’' in Scheme 1),
the cage reaction also accounts for the majority of the (acid)
byproducts." An analogous cage reaction can occur after
primary H abstraction from CyH (fraction g in Scheme 1a).
As this cage reaction is not activated, its efficiency is much
smaller, so that it contributes only 5% to the CyH-propaga-
tion flux. Nevertheless, this minor reaction channel explains
the previously observed direct formation of some CyOH
from CyH,"! which was hitherto not understood. Although
the aH abstraction from CyOH by CyOO" was found to be
somewhat slower than reaction shown in Equation (5), it is
still important (kK<°%/k“"210, Scheme 1). The resulting a-
hydroxyalkylperoxyl radical (Q(OH)OO") was shown to rap-
idly equilibrate into Q=0 and HO,". Because the equilibri-
um is strongly shifted towards the products, it constitutes an-
other, although minor, ketone source.”l Q=0 is even less
reactive than CyOH towards CyOO" (k°=°/k®" ~5). There-
fore, Q=0 can only account for a minor fraction of the by-
products," in contrast to previously published ideas.!"
This contribution focuses on the mechanisms of radical-
chain initiation in the autoxidation of cyclohexane. In the
literature, it has been recognized that “ketones light-off the
reaction”™ and somehow contribute to its autocatalytic
nature. This major issue in alkane autoxidation—which has
remained rather enigmatic thus far—is the principal subject

4232 —— www.chemeurj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of the present work, which aims to unravel the detailed
mechanisms of radical-chain initiation by combining com-
plementary experimental and theoretical methods.

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."” 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 temperature
was set to 150°C. Peak areas were corrected for sensitivity differences by
calibration.

Computational methods: Quantum-chemical calculations to construct po-
tential energy surfaces (PES), were carried out with the GAUSSIAN 03
program.'®! At the DFT level, we used the Becke three-parameter hybrid
exchange functional, combined with the Lee—Yang—Parr nonlocal correla-
tion functional B3LYP-DFT.'”! High-level, single-point G2M calcula-
tions!"®! were performed on the B3LYP-DFT geometries to improve the
relative energies. Thermal rate constants were calculated with multicon-
former transition state theory (MC-TST),"! or its variational counter-
part,® incorporating tunnelling corrections adopting the asymmetric
Eckart potential approach,” and describing partition functions of one-
and two-dimensional hindered internal rotation modes by appropriate
approximations.!

Results and Discussion

Autocatalysis caught in the act: Figure 1 depicts the product
concentrations as a function of time for cyclohexane autoxi-
dation at 145°C.

Based on the recently derived mechanism
(Scheme 1), the rate of CyH oxidation, or of formation
of oxygenated products, P, for conversions <3 %, can be cal-
culated with Equation (9).

0.25+
0.204

0.159

products / M

0.10

0.05 1

0.00

time /h

Figure 1. Concentrations as function of time of the oxidation products
CyOOH (a), CyOH (x), Q=O (o) and ring-opened byproducts (+)
during CyH autoxidation at 145°C.

Chem. Eur. J. 2006, 12, 4229 —4240


www.chemeurj.org

Cyclohexane Autoxidation

: Zdtm =[CyOOT{(1 +gnk“"[CyH]+

(1 + st )k°OH[CyOOH]}

©)

The values of the coefficients (1+gt) and (1+st') and the
ratio k9OHkYH at 145°C, derived from experimental
data!” are equal to 1.03, 1.36 and 55, respectively. With the
radical quasi-steady-state expression [Eq.(10)],%Y Equa-
tion (9) rearranges into Equation (11), in which k;,; repre-
sents the apparent (pseudo-)first-order rate constant for
CyOOH dissociation.

kit [CyOOH]

10
kterm ( )

[Cyoo']QSS —

K _ 1 d ) [P]/dr
Kerm </ [CyOOH] 1.03[CyH] + 73.5[CyOOH]

kCyH

(11)

The rate coefficient k%™ at 145°C was taken to be equal
to 7.8mM 's™!, that is, equal to the average of the literature
value (11.4M7's™)F! and our theoretical prediction
(4.3m7's7");" its precise value is of little importance for
what follows. In Figure 2a, the ki, /k, ratio obtained from
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Figure 2. Plot of kiy/ki.m against the sum of oxygenated products, X[P],

a) during CyH autoxidation at 145°C, and b) when initially 1 mol%
ketone was added.

Equation (11) is plotted against X[P] for the 145°C CyH au-
toxidation. It is striking that the ki, /k.., increases by an
order of magnitude as the reaction progresses and products
gradually build up, indicating that one of the oxygenated
products strongly enhances the initiation. The shape of the
curve points to the secondary nature of this product,
namely, Q=0 or CyOH. To identify the product causing au-
tocatalysis, 1 mol% of cyclohexanone or cyclohexanol was
initially added to the CyH autoxidation at 145°C. Whereas
alcohol addition had only a marginal effect (Figure 3a), cy-
clohexanone (Figure 3b) was indeed found to light-off the

Chem. Eur. J. 2006, 12, 4229 —4240
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Figure 3. Concentrations of the CyH autoxidation products as a function
of time at 145°C after initial addition of 1 mol% CyOH (a) or Q=0 (b);
CyOOH (a), CyOH (x), Q=0 (0) and ring-opened byproducts (4).

reaction, and to increase the ki /kim, ratio by more than a
factor of ten compared to the initial value (Figure 2b).
However, at higher conversions (>2 %), the enhancement
of the initiation in the autoxidation appears to be counter-
acted by another phenomenon because ky;/ki.q, is found to
approach an asymptotic value of ~3x10m (Figure 2).
This levelling-off is most probably caused by HO, radicals
formed in the CyOH co-oxidation (Scheme 1c). Indeed, the
termination rate constant for HO, +CyOO" (~2.0x
10°m71s7"),»1 is several orders of magnitude larger than the
mutual CyOO® termination rate constant (ky.,,=4.2x
10°m7's™").Pl Note that the higher ketone production in the
presence of 1 mol% initial CyOH (Figure 3a), as compared
to the case with pure CyH (Figure 1), is readily rationalised
by the fast co-oxidation of CyOH to Q=0 (Scheme 1c). The
lower net production of ketone and the higher yield of by-
products when 1 mol% Q=0 is added (Figure 3b) is attrib-
uted to the co-oxidation of the initial ketone (Scheme 1d),
whereas the lower CyOOH yield must be ascribed to an in-
crease of the kK“YOOH/KH ratio as a result of Q=0 addition.

Quantification of the initiation enhancement: To decouple
the initiation enhancement—most likely by cyclohexa-
none—and the enhanced termination by HO,' radicals from

4233
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CyOH co-oxidation, we developed a procedure to exclusive-
ly quantify the enhanced initiation. At very low conversions,
namely A[CyH]/[CyH]<0.2%, for which [CyOOH] and
[CyOH] are both below 0.1 mol%, HO, formation by
CyOH co-oxidation (Scheme 1c), and CyOOH removal
(Scheme 1b) can be neglected. The CyOOH formation rate
can thus be expressed, within +10%, by Equation (12) in
which p represents the CyOOH yield of the primary propa-
gation step (Scheme 1a; p=0.95 at 145°C).0%

d[CyOOH .
% ~ p k9" [CyOO [CyH] (12)

In Equation (12), the time-dependent CyOO" concentra-
tion can be substituted by its quasi-steady-state expression,
[Eq. (10)],%¥ resulting in the differential Equation (13),
which upon integration yields Equation (14)

d[CyOOH]/dt = p k™ (ki /kiem)*” [CyH] [CYOOH]  (13)

[CyOOH](f)—[CyOOH]" = (%)28 +C/[CyOOH] ¢t (14)

In Equation (14), C=pk®"[CyH](kui/kiem)"® and
[CyOOH]" is the initial concentration at t=0; Equation (14)
is only valid when [CyOOH]’ is sufficient to establish the
CyOO" quasi-steady state® according to Equation (10)
from the very beginning (+=0) of the autoxidation.

On the other hand, the O, consumption rate at very low
conversions can be written as Equation (15), in which n, is
the total number of moles of oxygen in the reactor and Vy,
is the liquid volume (in which the reaction occurs).”!

1 dnoz
Vi dt

~ kO [CyOOT] [CyH] (15)

Thus, the oxygen consumption and the CyOOH produc-
tion follow an identical time dependence [Eq. (16)].

0 2
no noq(t) 1 <C) ) 1
2 ——2-=—| = | +-C+/[CyOOH] ¢ 16
Vliq Vliq p\2 p [ y } (16)

Fitting of the initial oxygen consumption at a conversion
below 0.2% to a quadratic equation in ¢, allows the evalua-
tion of parameter C. With k" =9.5x
10°m~'s'exp(—17.3 kcalmol /RT),>'" the kyy/kirm can be
derived. This was carried out with cyclohexane that initially
contained 0.46 mm CyOOH to assure the quasi-steady
state®® from the very beginning of the O, consumption. This
CyOOH solution was prepared by the dilution of a CyH au-
toxidation mixture of low conversion (<0.5%) in which
CyOOH is by far the predominant product (see Figure 1).
The kiy/kirm ratios found for various initially added cyclo-
hexanone concentrations are displayed in Figure 4, showing
that ki, is actually made up of a sum, kg,+k2:°[Q=0],
with kg, the intrinsic dissociation rate constant of CyOOH
[Eq. (1)], and k2;° the bimolecular rate constant for a cy-

enh
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Figure 4. Change of the ki, /k., ratio against initially added cyclohexa-
none at 145°C.

clohexanone-enhanced CyOOH dissociation process. The
Kini/kierm Tatios are in rather good agreement with those de-
termined from Equation (11) (Figure 2). For ki m=4.2x
10°m!s7LB a value of ky, =1.8x107°s™! is found from the
intercept and k2,°=1.9x10"*m's™" from the slope of the
straight line in Figure 4. The ratio {k2;°x[Q=0]}/kg} at
145°C is 1.0x10*°m~ ' x[Q=0], revealing that the cyclohexa-
none-enhanced initiation already rivals the “pure” initiation
when [Q=0]>10 mwm. This value is reached in a normal au-
toxidation at CyH conversions as low as 1%.

This method was also used to determine the initiation en-
hancement by several other (oxygenated) molecules
(Table 1). Apparently, not only cyclohexanone but also
other oxygenated compounds significantly enhance the ini-
tiation rate. Therefore, the accuracy of the data for k., and
kg reported above might be questioned because, in this
first approximation [Eq. (16)], the possibility of initiation
enhancement by CyOOH itself was not considered. More-
over, the O, consumption in the fast CyOOH propagation
(Scheme 1b) was neglected, which will affect dng/dt the
most at larger f, at which CyOOH consumption can no
longer be neglected. Therefore, in a second approximation,
we measured k2.0, kP as well as kg, taking into ac-
count the oxygen consumption in the CyOOH propagation.
To do this, the change in time of the CyOOH concentration
is derived from the dn, /df data,” by means of the integrat-
ed form of Equation (17).”

Table 1. Rate constants, kX for the enhancement of the dissociation of

> Menh

CyOOH by several oxygenated compounds, X, measured at 145°C.

Compound kX, x10  Compound kX,x107°

[M—] s—l] [M—I S—l]
cyclohexanone 19.0 cyclopentanone 7.8
caprolactone 3.1 ethylene carbonate 22
1-methylcyclohexanol 1.0 benzoic acid 3.7
butyric acid 38.0

Chem. Eur. J. 2006, 12, 4229 —4240
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dCYOOH] _ [, (p+s)k"*[CyOOH]() | 1 dno,
a7 p k9 [CyH] Vi dt
(17)

An initial estimation for [CyOOH](¢) is given by Equa-
tion (18):

[CyOOH]" + V'% {no,"—no," (1)} (18)

Based on our reaction mechanism, the CyOOH concen-
tration change is described by Equation (19),® taking into
account the possible enhancement of the initiation by both
CyOOH and Q=O.

k-
[CyOOH] + \/ (CYOOH] + 2t = { [CyOOH]+

enh

Kinit CyH kcy}? O 1
[CyOOH]O + kCyOOH} €xp <k ’ [CyH] ( ;(r:crm ) j)

enh

WIth kinit = kdiss + kQ:O [Q:O}

enh

(19)

The CyOOH profiles obtained this way [Eq. (19)] are
plotted in Figure 5, together with the experimental CyOOH
data, derived from the O, consumption [Eq. (17)]. The sum
of squares of the differences between the experimental data
and the theoretical prediction was minimized by combining
the data of two independent experiments (Figure 5).

30.0 q

25.0

20.0

15.0 4

CyOOH / mm

1004 £

5.0

OO ‘ T T T T 1
0 30 60 90 120 150

time / minutes

Figure 5. Comparison of the experimental (open symbols) and theoretical
(solid lines) [CyOOH](r) profiles at 145°C for two initial conditions.
a) [CyOOH]’=0.08 mol %, [Q=0]=0.04mol%. b)[CyOOH]" and
[Q=0]<0.01 mol %.

This rigorous evaluation reveals that CyOOH does not
significantly enhance its own homolytic dissociation
(k9" =6.0x10"°m's7!). Nevertheless, the values k9;°=
1.0x10™*m's™! and kg, =1.0x107°s7!, derived according to
the second approximation, are each ~40% smaller than the

Chem. Eur. J. 2006, 12, 4229 —4240
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first-approximation estimates of 1.9x10™*m 's™ and 1.8x
107657, respectively. Indeed, it is expected that the first ap-
proximation overestimates both the intrinsic dissociation
rate and the Q=O contribution as the neglected CyOOH
propagation will increase the curvature of the ng,(f) profile.
It follows that the k., data (Table 1), although slightly over-
estimated, still represent fair first approximations. In any
case, the relative values should be reliable.

It is interesting to note that, although the experimentally
determined “intrinsic” CyOOH dissociation rate constant
(kis=1.0x10"%s7") is one order of magnitude smaller than
the reported CyOOH initiation rate in CyH (&2.2x
107%s™"), it approaches the value for tert-butylhydroperoxide
initiation in n-octane (5.1 x107°s™").”! Clearly, the “homolyt-
ic dissociation” rates measured under autoxidation condi-
tions, even though “extrapolated to infinite dilution”, con-
tain contributions of enhanced initiation by numerous oxy-
genated compounds, particularly ketones. Such ketones are
readily generated from secondary hydroperoxides, such as
CyOOH, by fast aH abstraction, even if only added in a few
percent (cf. k°°"/k“" ~55). However, in the case of fert-
butylhydroperoxide (in n-octane), there is no aH atom left,
so that ketones will appear more slowly via oxidation of the
n-octane solvent. Therefore, a more accurate measurement
of the intrinsic dissociation rate constant is expected in the
latter case.

True catalysis against chemical reaction: Recently, we pro-
posed® novel initiation catalysts, X, such as perfluorodeca-
line, which are able to form hydrogen bonds with the "OH
that is breaking away from CyO—OH [Reaction (20)]:

CyOOH + X — CyO + X ---HO — CyO + X + HO'
(20)

This stabilization substantially decreases the rate-deter-
mining initiation barrier. The hydrogen-bonded complex,
X-+HOr, rapidly decomposes to yield X and HO". Given the
computed hydrogen-bond strengths between HO" and sever-
al oxygenated compounds (see Table 2), the same catalytic
mechanism should, in principle, be possible with, for exam-
ple, ketones, alcohols and other oxygenated compounds.

To examine the feasibility of such a dissociation of
CyOOH assisted by hydrogen bonding to Q=0, we estimat-
ed the thermal rate constant for this process on the basis of
variational TST theory.”” The upper-limit value (1.8x
10 M~ 's™") turns out to be an order of magnitude too small,
making this mechanism unlikely. Moreover, such a mecha-
nism does not explain why caprolactone, among others, is
much less efficient than cyclohexanone, despite its stronger
hydrogen bond with "OH. However, the predicted rate con-
stant for hydrogen-bond-assisted initiation (1.8x10° M 's™")
is consistent with the experimental kX, of, for example, 1-
methylcyclohexanol (1.0x10°m's™) and benzoic acid
(3.7x107°m 1s7h).

In the literature, the remarkable autocatalytic effect of cy-
clohexanone was hitherto attributed to the formation of a
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Table 2. Hydrogen-bond strengths [zero-point energy-corrected, in kcal
mol '] between HO" and several oxygenated compounds, calculated at
the B3LYP-DFT!"" and G2M!"™ level.

Compound B3LYP/6-311++G(d,p) GaMmit
formaldehyde 3.4 3.6
acetaldehyde 425 4.6
acetone 4.95 52
cyclopentanone 52 -
cyclohexanone 5.5 -
3-pentanone 5.0 -
methanol 5.4 4.75
isopropylalcohol 5.4 53
tert-butanol 5.5 -
cyclohexanol 55 -
ethylene carbonate 4.6 -
caprolactone 6.1 -
ethyl hydroperoxide 4.1 4.7

[a] G2M  refers to E[CCSD(T)/6-311+ G(d,p)//B3LYP/6-311 ++ G-
(d,p)] +|E[MP2/6-311 ++ G(3df 3pd)//B3LYP/6-311 ++ G(d,p)|— E[MP2/
6-311+ G(d,p)//B3LYP/6-311 ++G(d,p)]} + ZPE[B3LYP/6-311 ++ G-
(d.p)]-

perhemiketale structure out of CyOOH and Q=0
(Scheme 2).*1 Such a perhemiketale would undergo O—O
cleavage more easily than CyOOH, and thus enhance the in-

SHoIona®

Scheme 2.

itiation rate. However, such a bimolecular reaction between
closed-shell molecules, proceeding through a rigid transition
state, is expected to be very slow in the nonpolar solvent
CyH. The B3LYP-DFT/6-311++G(d,p) barrier was found
to be more than 30 kcalmol™' for (CH;),C=0+ CH;OO0H,
while the TST frequency-factor was estimated to be as low
as 2x10°m~'s7!, resulting in a rate constant at 145°C of, at
most, 10~M~'s™!, which is five orders of magnitude too low
compared to the experimental value of 1.0x107*m !s™!
given above.

Moreover, such perhemiketale formation is excluded for
molecules such as ethylene carbonate (A,H=+13.0kcal
mol '), caprolactone (A,H=+6.6 kcalmol™') or butyric acid
(A,H=6.3 kcalmol '), some of which enhance the initiation
rate even more than Q=0 (Table 1). Therefore, we have to
conclude that the perhemiketale hypothesis is unable to ex-
plain the experimental observations.

Initiation enhanced by concerted hydrogen abstraction
A new autocatalytic mechanism: After exploring several

mechanisms involving pre-reaction complexes to explain the
experimental k27° data, and rejecting them for being too

enh
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slow, we finally identified and theoretically characterised a
concerted reaction of CyOOH with Q=0 that does match
the measured rate. In this process, the ‘OH that breaks away
from CyOOH abstracts a weakly bound oH atom from
Q=0 (BDE only 87 kcalmol )P to form the much more
strongly bound H-OH molecule (BDE =118 kcalmol™).
The released 31 kcalmol ™ assists in the further breaking of
the O—O hydroperoxide bond (40 kcalmol ). Indeed, we
were able to locate a TS for this reaction that lies only
27.7 kcalmol ™! above the reactants (UB3LYP/6-311++G-
(df,pd)//UB3LYP/6-31G(d,p) level). In this TS, the OOH
group of CyOOH is equatorial and an axial aH atom is ab-
stracted from Q=0 (Figure 6). The 27.7 kcalmol™" energy
barrier is far below the 40 kcalmol ' barrier for the intrinsic

Figure 6. Lowest TS conformer in the hydrogen-abstraction-enhanced ini-
tiation of CyOOH by Q=O, optimised at the UB3LYP/6-31G(d,p)-level.
Critical coordinates are given in A. The important internal rotations i, ii
and iii are indicated (see text).

CyOOH homolysis [Eq. (1)]; moreover, and equally impor-
tant, this TS is a very loose structure, entailing a high fre-
quency factor. The O—O bond is already enlarged from 1.46
to 2.04 A in the TS, indicating that the "OH radical is almost
free from the CyO’ moiety. This is also reflected by the high
(imaginary) reaction-coordinate frequency of 1377 cm™,
close to that for H abstraction by a free "OH radical.l’”!

The MC-TST rate constant® of this reaction can be cal-
culated by Equation (21), in which k, and /4 refer to Boltz-
mann’s constant and Planck’s constant, respectively; O™ is
the partition function of the TS conformer i, lying above the
lowest reactant conformer set by the value of E; Qf¥°°" is
the partition function of CyOOH conformer j, lying above
the lowest reactant conformer by an energy of ¢;.

T > O exp(—E"/k,T)
ken(TST) = =1~ ’ (21)

enh { Z Q]CyOOH EXp(*é‘//kb T)} QQ:O

Indeed, a thermal population weighted sum must be
taken over all states.”'l Likewise, Q%= is the partition func-
tion of Q=O0. In this calculation, three internal TS modes, (i,
ii and iii in Figure 6), should be treated as quasi-free one-di-
mensional internal rotations™™ owing to the loose structure
of the TS. Internal rotation i is the movement of the H atom
of CyOOH around the almost co-linear C-H-O-O axis, with
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a relative moment of inertia 7,,;=0.96 amuAZ The partition
function for this free internal rotation (Qy,) is 7.2, whereas
the harmonic oscillator approximation (HOA) for the “vi-
bration” frequency v =189 cm ' gives Q,.,=2.1. Still, the
two values could be consistent, provided the H atom can
occupy three nearly equivalent equilibrium positions around
the O—O axis, which then must be counted as three distinct
rotamers in a HOA-MC-TST calculation. Internal rotation ii
is the counter-rotation of moieties A and B (Figure 6)
around the C-H-O-O axis. The relative moment of inertia
for this motion is I,;~220 amuA?, which gives Oy =110,
whereas Q,.,,=27.3 for ¥=10.8 cm~.P% Again, these results
could still be compatible, as also in this case three equiva-
lent rotational conformers might have to be considered in
the HOA. Internal rotationiii is the rotation of moiety B
around its O—Cy axis, with counter-rotation of the rest of
the TS (Figure 6). Its [;; is estimated to be ~95 amu A2,
such that Q; =72, whereas the HOA value Q,,,=6.1 for v=
52 cm™'.P% Thus, Q,, for internal rotation iii remains about
four times larger than the harmonic vibration approxima-
tion, even accounting for three quasi-equivalent rotamers in
the HOA. Thus, the internal partition function of the TS
with appropriate treatment of the internal rotors is at least
six times that for the crude HOA approximation. For the
CyOOH reactant (with OOH equatorial), the partition func-
tion was summed over all twelve rotamers, each weighted
by their relative-energy function exp(—e/k,T). Accounting
for the reaction-path degeneracy of 2 (two equivalent axial
oH atoms), and a small-curvature tunnelling correction® of
3.0 at 145°C for an asymmetric-Eckart potential, one ob-
tains a TST frequency factor of ~1.6x10"m's™!. Given the
barrier of E°=27.7 kcalmol ™!, the TST rate coefficient is fi-
nally evaluated to be k2;°(TST)~6.0x 10~ m~'s™", which in-
cludes minor routes through a TS at 29.6 kcalmol™! in which
the equatorial o hydrogens are abstracted from Q=O. This
result, derived entirely from first principles, is close to the
experimental value of 1.0x10~*m~'s™'. It should be noted,
however, that the UB3LYP/6-311++ G(df,pd)//UB3LYP/6-
31G(d,p) method used to evaluate the energy barriers—al-
though agreeing within +0.2 kcalmol™' with the higher
UB3LYP/6-311 4+ G(df,pd) level for smaller analogous re-
action systems—might generate errors of 1kcalmol™!, en-
tailing an error factor of four on the calculated rate coeffi-
cient. Interestingly, the energy barrier for the analogous
CyOOH +cyclopentanone reaction was found to be
0.6 kcalmol ™ higher than for cyclohexanone, such that
kenn(145°C) for cyclopentanone is expected to be half as
large, in excellent agreement with the experimental data in
Table 1.

Thus, we now have solid complementary experimental
and theoretical evidence that CyOOH dissociation enhanced
by concerted H abstraction from ketones is a predominant,
although hitherto overlooked, initiation process in CyH au-
toxidation.

Reaction dynamics: An important feature of the newly pro-
posed Q=O-assisted initiation is the shape of the PES
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(Figure 7). In contrast to the classical, unimolecular homo-
Iytic dissociation of CyOOH, the potential energy in the hy-
drogen-abstraction-enhanced initiation decreases sharply

pot CyO* + *OH pot
. T TS
40 keal mol™’ /\\ CyO* + H,0
/ | +ketonyl®
// 4/ \\»///
o ' CyOOH  CyO*-H,0
CyOCH +yQ=O + ketonyl*

>

reaction coordinate reaction coordinate

Figure 7. Shape of the PES for the unimolecular homolytic dissociation
of CyOOH (left), and the newly proposed Q=0 enhanced initiation reac-
tion (right).

once the TS evolves into reaction products. In the TS, the
‘OH originating from CyO—OH already forms a hydrogen
bond with the CyO' moiety (‘OH--O distance=2.1 A).
Therefore, the TS connects the reactants, CyOOH + Q=0,
with the hydrogen-bonded CyO™-HOH complex and the
‘Q_,4=O ketonyl radical (i.e., Q=O minus an oH) as pri-
mary products, entailing a potential energy drop from 27.7
to 3.4 kcalmol™', both relative to the reactants. The large
energy release of ~24 kcalmol™' will be imparted to transla-
tional separation of the CyO™-HOH and ketonyl radical
products. This dynamically forced repulsion will reduce the
fraction of radicals that can undergo geminate combination
in the Franck-Rabinowich solvent cage®®! and instead great-
ly assist their diffusion out of the cage, allowing them effec-
tively to initiate new radical chains.

Indeed, for the classical initiation mechanism, one needs
to consider three elementary reaction steps [Egs. (22)-(24)].

{CyOOH}" — {CyO' + OH}™ (22)
{CyO + OH}™" — {CyOOH}! (23)
{CyO + OHI™M . CyO' + OH (24)

The “geminate” in-cage recombination [Eq. (23)] of the
nascent radicals, {CyO’+"OH}“", should easily outrun their
diffusion out of the cage [Eq. (24)], thus seriously reducing
the initiation efficiency as compared to the gas phase. In the
concerted aH-abstraction-enhanced mechanism, the initia-
tion efficiency is boosted as its dynamics forces the nascent
radicals apart. Moreover, the "‘Q_,;=0 ketonyl radical is sta-
bilized by vinoxy-type resonance (e.g., O=CH—CH,<'O—
CH=CH,), which is well-known to reduce radical reactivity;
for instance, acetonyl (2-methylvinoxy, CH;C(O)CH,’) com-
bines nearly ten times slower with O, than the correspond-
ing CH;CH,CH," alkyl radical.®¥ Last, but not least, the
4.0 Debye large dipole moment of the ketonyl radical
(UB3LYP/6-311 4 + G(df,pd)//UB3LYP/6-31G(d,p)-level) will
cause extensive solvation by CyH molecules, thus effectively
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shielding its O=C-CH’" radical centre from the geminate
CyO' radical.

Chain-initiation enhancement by other molecules produced
in the autoxidation of CyH: Clearly, other molecules that
have (weak) C—H bonds might also similarly enhance chain
initiation. Table 3 summarizes the results of B3LYP-DFT
calculations on molecules present in the CyH autoxidation
mixture.

Table 3. Reaction barriers, zero-point energy-corrected and imaginary re-
action coordinate frequencies, vy, for the (a)H-abstraction-enhanced ini-
tiation of CyOOH by several molecules present in the CyH autoxidation,
calculated at the UB3LYP/6-311++ G(df,pd)//UB3LYP/6-31G(d,p)-level.

Compound Barrier [kcal mol™']®*! Ve [ixem ™1
Q=0 27.7/29.6 1377/1356
CyOH 24.5/24.2 1018/1037
CyOOH 24.8/25.3 966/967
CyH 28.8/28.1 1168/1181

[a] Axial H atom/equatorial H atom.

The data in Table 3 indicate that CyOOH-initiation en-
hancement by concerted aH abstraction from CyOH faces a
barrier that is 3.2 kcalmol™' lower than that of the analo-
gous Q=0 reaction; accordingly, the TST-evaluated k&*°" of
~6x107*M's™, is an order of magnitude higher than k3,°.
However, this sharp enhancement of CyOOH initiation by
CyOH is effectively countered by strong negative feedback
effects. Firstly, the Q'OH radicals resulting from both the
CyOOH+CyOH reaction and the fast CyOH+ CyOO®
propagation reaction (Scheme 1c¢) will rapidly add O, to
form Q(OH)OO", which immediately decomposes to Q=0 +
HO,"™! The HO, radicals are known to undergo very fast
termination with CyOO" radicals, the diffusion-controlled
rate constant being ~2.0x10°m's™,® which is 500 times
faster than that of the mutual CyOO" termination, as de-
scribed above. In addition, the fast equilibrium HO, +
ROOH#=H,0,+RO0O" (barrier=4.3 kcalmol™ for R=
CH;) should convert a sizeable fraction of ROOH into the
much less efficient chain initiator H,O, (BDE of HO—OH
and RO—OH is 50 and 40 kcalmol™', respectively), in agree-
ment with our observations in CyOH-addition experiments,
for CyH conversions below 1%. A detailed quasi-steady
state (QSS) analysis®™” confirms that the expected almost 50-
fold increase of the initial initiation rate by addition of
1mol% CyOH is almost entirely off-set by the negative
feedback through HO,". Indeed, the QSS-calculated concen-
tration of the CyOO’ chain propagator, which governs CyH
consumption, was found to increase by only 20%. This
result is fully consistent with our experimental findings at
145°C because 1) at a conversion of 0.5% the CyOOH con-
centration equals 35mwm in the pure CyH autoxidation,
versus 25 mMm when 1 mol% CyOH is initially added and
2)the CyH oxidation rates—governed by [CyOO’]—are
nearly equal for these two cases.
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The experimental ratio k2.%/k0°°"=17, determined

above, seems to be in contradiction with the computed bar-
riers (Table 3). However, we need to take into account the
more rigid character of the TS for the CyOOH+ CyOOH
initiation reaction, which owes its 3 kcalmol™' lower barrier
to internal hydrogen bonds that preclude the internal rota-
tionsi and ii in the TS of CyOOH+ Q=0. The HOA-TST
calculated ratio kQ;°/kS3P°" of 2, including tunnelling cor-
rections, is an underestimate, as the TS of CyOOH+ Q=0
features more internal rotation modes (vide supra). More-
over, the unstable ‘Cy_,;OOH product of the CyOOH +
CyOOH —'Cy_,zOOH 4+ CyO'+ H,O reaction, immediately
expels its "'OH," in the general direction of the CyO" prod-
uct, which should favour geminate CyO’+"OH combination,
and hence result in the molecular products, CyOOH+
H,0+Q=0.

Examining the abstraction of the terminal H from
CyOO—H by the 'OH breaking away from another CyO—
OH molecule, we located a TS for this process at 21.2 kcal
mol™'. However, its vy frequency of 1640 cm™ is signifi-
cantly higher than for analogous reactions in Table 3, and is
a fingerprint of a pure H or proton transfer without any con-
tribution of relative O—O motion. Although the O—O dis-
tance (1.89 A) is enlarged in the TS, but less so than in the
TS of CyOOH + Q=0 (2.04 A), this suggests re-constitution
of the O—O bond after the TS. Indeed, we suspect this TS to
connect to the zwitterion pair [ROO™|[*H,O0R] as reaction
products, driven by the high electron affinity of ROO" and
the high proton affinity of ROOH, which together with the
large Coulombic attraction make this zwitterion-pair forma-
tion exothermic by ~10 kcalmol'. Hence, this is a much
more favourable pathway than the endothermic hydrogen-
abstraction-enhanced radical formation. Unfortunately, we
were unable to perform a rigorous intrinsic reaction coordi-
nate (IRC) analysis of this reaction as DFT fails to describe
the long-range interactions involved in such an IRC analysis,
and other high-level ab initio methods are beyond our com-
putational resources for such large reaction systems."”

The newly proposed hydrogen-abstraction-assisted mecha-
nism also readily explains the higher k., for butyric acid
(soluble mimic of adipic acid) than for benzoic acid. The
C—H bonds of the secondary a-hydrogens of butyric acid
are weakened by a similar resonance-stabilization effect as
for Q=0. Molecules, such as benzoic acid and 1-methyl-cy-
clohexanol, without weakened C—H bonds, are only effi-
ciently active in the CyOOH-homolysis enhancement
through the slower hydrogen-bond mechanism explained
above.

CyOOH initiation revisited: Based on these new insights,
one can question whether the “pure” CyOOH initiation in
the liquid phase is indeed a unimolecular homolytic dissoci-
ation. As shown above, the efficiency of such a homolytic
bond cleavage in the liquid phase is probably very small, if
not negligible. We propose that even the so-called pure ini-
tiation reaction is actually enhanced by a concerted hydro-
gen abstraction from CyH. The barrier for reaction given in
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Equation (25) is found to be only slightly higher than that of
the Q=0-enhanced initiation reaction.

CyOOH + CyH — CyO - - - HOH + Cy (25)

The TS is slightly “later”, that is, more product-like
(O--O distance of 2.11 A), and the significantly lower vgc
frequency of 1170 cm™' shows a larger contribution of rela-
tive O—O motion. Moreover, given the C-H BDE in CyH
of ~96 kcalmol™' (i.e., 9 kcalmol™' more than the aC—H
bond in Q=0), the reaction in Equation (25) is endothermic
by 12.5 kcalmol !, so that the potential energy drop after
the TS is much smaller than in the Q=0 enhanced reaction
above (Figure 7). In addition, because the Cy’ product radi-
cal is more reactive than the resonance-stabilized ketonyl
radical and lacks the solvation screening that protects
'Q_,z=0, in-cage recombination of Cy'+'OCy is expected to
be much more important. Based on the measured kg, (1.0 x
10%s™Y), and given [CyH]=9.3m, we calculate that the ef-
fective kS should be only ~1x107"m's™!, which indicates
that the majority of the nascent radicals indeed suffers
“geminate” recombination. Thus, it appears that important
in-cage radical recombination subsequent to the initiation
step needs to be invoked to explain the rather low observed

CyH/7,0=0 ¢
ko ko ratio.

Arrhenius activation energies of the major initiation steps:
The first-approximation method presented in above was
used to measured the “pure” CyOOH initiation rate kg as
well as k2,© at a temperature of 130°C. This gave values of
50x107s™" and 7.3x10°m 's7!, respectively. Combination
with the corresponding measurements at 145°C yields Ar-
rhenius activation energies of 2545 kcalmol™' for both.
These results demonstrate clearly that even “pure” initiation
in CyH autoxidation is not caused by unimolecular homolyt-
ic dissociation of CyO—OH, because this would require an
activation energy close to 40 kcalmol™. On the other hand,
the experimental activation energies are fully consistent
with the energy barriers computed for the bimolecular, hy-
drogen-abstraction-enhanced initiation processes identified
in this work, thus corroborating the basic tenets of this
work.

Conclusion

We have shown that radical-chain initiation in the main
stage of cyclohexane autoxidation is largely caused by a con-
certed bimolecular reaction of the primary cyclohexyl hy-
droperoxide intermediate with cyclohexanone, a major oxy-
genated product. During this reaction, the breaking of the
hydroperoxide O—O bond is assisted by simultaneous ab-
straction of a weakly bound oH atom from Q=0 by the nas-
cent ‘OH radical as it breaks away from the hydroperoxide.
This process is argued to be highly efficient, as “geminate”
in-cage recombination of the radical products CyO™--HOH
and "Q_,4=0 is quasi-precluded by the combined effect of
1) dynamics-imposed translational separation of the two
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fragments, 2) screening of the CyO" radical site by the hy-
drogen-bonded H,O molecule, 3) resonance-stabilization of
the ‘Q_,4=0 radical and 4) solvation shielding of the strong-
ly polar ‘Q_,=0. In this way, Q=0 greatly speeds up initia-
tion and contributes significantly to the autocatalytic nature
of the CyH autoxidation.

We also presented complementary theoretical and experi-
mental evidence that so-called “pure” CyOOH initiation
proceeds through a similar bimolecular process, involving
concerted hydrogen abstraction from a CyH substrate mole-
cule by the nascent ‘'OH. Although geminate Cy" and CyO’
recombination is expected to be predominant for this case,
it appears that the favourable energetics and the high con-
centration of the CyH reaction partner render this process
much more efficient than the true unimolecular CyO—OH
homolysis.
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