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ABSTRACT

Chemically activated 1-hydroxycyclohexyl hydroperoxide decomposition in the
presence of ammonium salts is proposed to proceed through the complexation stage.
Complex structure and reactivity have been investigated by molecular modelling methods.
Kinetics of the chemically activated hydroperoxide decomposition in the presence of
quaternary ammonium salts (Et;NBr, Pr,NBr, BuNBr, and Hex,NBr) has been studied.
The correlation between reactivity and structural characteristics of ammonium cations was
found.

Keywords: molecular modelling, cyclohehanone hydroperoxides, quaternary ammonium
salts, chemical activation, complexation.

% Universitetskaya str. 24, 83055, Ukraine E-mail: turovi@dongu.donetsk.ua:
4 Kosygina, 117334 Moscow, Russian Federation, E-mail: chembio@sky.chph.ras.ru.



226 N.A. Turovskij, E.V. Raksha, E.N. Pasternak et al.

INTRODUCTION

Peroxides and hydroperoxides are widely used as initiators as well as components of
binary initiating systems in the processes of vinyl monomers polymerization, polymers
modification [1-3], and oxidation of organic substances by molecular oxygen [4, 5]. Initiating
systems on the base of quaternary ammonium bromides were found to be the most effective in
the case of the liquid phase oxidation of isopropyl benzene by O; [5]. 1-hydroxycyclohexyl
hydroperoxide - EtyNBr system initiates the reaction of liquid phase isopropyl benzene
oxidation at 308-340 K [6] while the hydrocarbon oxidation in the presence of only one
component of the binary system did not occur. The present work presents the study of 1-
hydroxycyclohexyl hydroperoxide decomposition activated by the tetraalkylammonium
bromides to investigate the role of ammonium salt cation in the process of chemical activation
of peroxide bond.

EXPERIMENTAL

1-hydroxycyclohexyl hydroperoxide has been prepared from cyclohexanone and H,0; in
anhydrous ether according with [7]. Tetraalkylammonium bromides (Et;NBr, Pry;NBr, and
BuyNBr) were recrystallized from the saturated acetonitrile solution by addition of diethyl
ether excess. The solvent (acetonitrile) purity was controlled by electrical conductivity value,
which was within (8.5 + 0.2):10° Om™ sm™ at 303 K. Reactions were carried out in the glass-
soldered ampoules in argon atmosphere. Hydroperoxide kinetic concentration was controlled
by the iodometric titration with potentiometric fixation of the equivalent point.

CALCULATION METHODS

Quantum chemical calculations of hydroperoxides molecules and corresponding radicals
were carried out by AMI1 semiempirical method implemented in MOPAC package [8]. The
RHF method was applied to the calculation of the wave function. Optimization of structure
parameters of hydroperoxide and hydroperoxide complexes was carried out by Eigenvector
Following procedure. The molecular geometry parameters were calculated with boundary
gradient norm 0.01. Solvent effect was considered in COSMO approximation [9].

RESULTS AND DISCUSSION

It was shown recently that cyclohexanone peroxides decomposition in the presence of
Et,NBr proceeds with lower activation barrier as compared with thermolysis. This fact can be
explained by the complexation in the studied system [6]. We assume that the activation extent
of the peroxide bond in the complex correlates with hydroperoxide reactivity in the reaction of
radical decomposition. Thus we investigated the molecular design and reactivity of the
complexes in the system 1-hydroxycyclohexyl hydroperoxide — AlkyNBr.
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Molecular Design of the 1-Hydroxycyclohexyl Hydroperoxide - AlkyNBr
Complex

To obtain the structure information the molecular modelling of the ROOH-AlksNBr ion-
molecular complexes has been carried out for the case of EtyNBr. In contrast to the aralkyl
hydroperoxides (like isopropylbenzene hydroperoxide) the molecule of 1-hydroxycyclohexyl
hydroperoxide does not contain the aromatic ring but there is the hydroxide group OH in their
structure that also can participate in the intermolecular hydrogen bonds formation. We assume
the model of complex formation with combined action of cation and anion (Figure 1) such as
previously proposed model of substrate separated ion pair (SubSIP) [10, 11].

Formation of such type associate is accompanied by considerable conformation changes of
the hydroperoxide fragment. Association between hydroperoxide molecule and the salt ions
occurs by the intermolecular hydrogen bonds formation. It is confirmed by charge increasing
on the hydrogen atoms of the corresponding bonds C-H;, O-H,. and O-H, and elongation of
these bonds from 1.11 A to 1.17 A and from 0.96 A to 1.08 A correspondingly. Calculations in
COSMO approximation show that the electron density transfer from bromide-anion to the
hydroperoxide fragment is lower in the case of solvent effect taken into account (Table 1).

Stage determining the rate of the hydroperoxide decomposition is that of O-O bond
cleavage. Thus the reaction activation energy will be determined by the energy of peroxide
bond homolytic decomposition. Some possible elementary stages of the complex
decomposition with the free radical formation are listed in Table 2.

BN |
%, =413 K mel? |

e
E4N’ ROOH. Br |
| AE,,=-105 4k mol” |

Figure 1. Complexes of 1-hydroxycyclohexyl hydroperoxide with tetraethylammonium bromide.
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Table 1. Electron and stereochemical characteristics of COOH-fragment in ROOH —

Et;NBr complexes

parameters ROOH Et;N'...ROOH...Br | ROOH...Br ROOH...
Jou € -0.18 -0.24 -0.18 -0.20
qop- € -0.20 -0.26 -0.29 -0.23
Qui, © 0.20 0.25 025 0.22

Qi © 022 0.27 027 0.04

Qus. € 0.10 0.17 0.11 0.10
ZCO,0H 90.8 334 683 775

O : -0.81 20.85 -

Table 2. Heats of some elementary stages of ROOH — Et,NBr complex decomposition

: AH’, k] mol”
Reaction e
gas phase acetonitrile
ROOH — RO + OH 148 151
Et,N'...ROOH... Bf” — RO + OH + Et,;N" + Br 481 239
Et4N+‘..ROOH...BI‘_—*RO.+ bOH — E[J\]Br 65 108
Et,N'.. ROOH...Br — RO + OH+EtN"+Br | 81 354
EtN'. .ROOH..Br — RO + OH +EtN'+Br |+ 249
ROOH...Et;N' — RO + OH + Et;N™ 192 179
ROOH...Br — RO + OH + Br 242 208
ROOH...Br — RO +'OH + Br 188 219
) B 2
ROOH...Br — RO +OH +Br 376 323

It can be seen from the Table 2 that the electrone transfer from the bromide ion to the

peroxide bond is improbable in this system because it is needed more energy inputs as
compared with homolysis. We assume that SubSIP decomposes with free radicals formation

due to homolytical rupture of the peroxide bond.

On the Figure 1 the enthalpies of complexation are shown. In the case of SubSIP we
assume that the complex is formed according to the exchange mechanism (1) while possibility

of the threemolecular reaction (2) is low.

Solubility of the E4NBr in acetonitrile is sufficiently high, and reactivity of the ions and
ion pairs in peroxide bond activation is similar. The threemolecular reaction (2) determines the
second reaction order on salt while this value changes from | (at small salt concentrations) to 0
(at salt abundance) in experimental conditions. Thus the reaction (1) is rather preferable.

EtyN"...Solv...Br + ROOH — Ey4N"...ROOH...Br™ + Solv

(AH,)=- 53.7 kJ'mol™)

M
2)
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Et;N" + ROOH + Br — Et;N'...ROOH...Br
(AH,;3,= - 88.1kJmol™)

Corresponding models like Et;N"...ROOH...Br~ were obtained for tetraalkylammonium
salts (PryNBr, BuyNBr, u Hex;NBr). Changes in peroxide bond energy (i.e. total of electronic
and nuclear energies of two-center term O-O atom pair) can be suggested as extent of the
peroxide bond activation. Stable peroxide structure has the lowest O-O bond energy (-12.08
eV for free hydroperoxide) and less stable (or activated) peroxide conformation has the highest
one (-11.78 eV for complex Et;N ...ROOH...Br"). Difference between energy of stable and
activated peroxide structure increases in the catalyst row: HexsNBr, BusNBr, PryNBr, and
Et;NBr indicating weakening of the O-O bond in the ROOH-AlksNBr complex. From this
point of view the O-O bond activation in the case of Et;N"...ROOH...Br is the highest and in
complex with Hex4NBr is the lowest. This suggestion is in correspondence with experimental
- data.

Kinetic Features of the Activated Hydroperoxide Decomposition

Reaction of 1-hydroxycyclohexyl hydroperoxide (ROOH) decomposition activated by the
tetraalkylammonium bromides (AlksNBr) has been investigated at 323 —353 K under
conditions of ammonium salts abundance ([ROOH], = 5107 mol-dm”, [AlkgyNBr]p =2.5-10°
2_1-10" mol-dm™). Kinetics of ROOH activated decomposition on these conditions could be
described by the first order reaction proceedings low. The reaction was carried out up to 50 %
hydroperoxide conversion and the products did not effect on the reaction proceeding as kinetic
curves anamorphouses are linear in the corresponding first order coordinates. The effective
rate constant (ks sec’) was found to be independent from the hydroperoxide initial
concentration within [ROOH], = 2.5:107 = 1-10” mol-dm™ and constant amount of Alk,;NBr
(5:10” mol-dm™). Nonlinear character of the dependence of reaction rate effective constants
from the ammonium salt initial concentration (Figure 2) in the present conditions points out
onto the occurrence of complexation stage between the ROOH and AlksNBr. These facts are in
an agreement with reaction scheme for the isopropyl benzene hydroperoxide activated
decomposition recently proposed [12]. Thermolysis contribution into the total reaction rate the
ROOH activated decomposition was found to be negligibly small because the thermal
decomposition rate constant [6] was two orders lower then corresponding ks values.

Some experiments were carried out under conditions of ROOH excess as compared with
salts concentration ([AlkyNBr]y = 5:10° mol-dm?, [ROOH], = 5:107 mol-dm™) at 323 K. Even
at present concentration ratio of ROOH and AlksNBr the rate of hydroperoxide activated
decomposition is several orders higher then ROOH thermolysis rate. The Br’ concentration
during reaction proceeding is unaltered. These facts point out onto catalytic character of
AlkyNBr action in the process. Catalytic scheme of the hydroperoxide decomposition is
supported also in works [13, 14] in which it was noted that O-O bond cleavage in the
hydroperoxide — catalyst complex proceeds homolytically, catalyst is not consumed and
deactivated in the system.
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Figure 2. Dependence of K from the catalyst initial concentration in the direct (a) and inverse (b)
coordinates. [ROOH]0 = 5.0:10-3 mol-dm-3, 333 K, 1 - Hex4N+, 2 — BudN+, 3 — PraN+. 4 — Et4N+.

The kinetic scheme is proposed for the chemically activated ROOH decomposition. It
includes the complexation stage between ROOH and salts ions as well as stage of the complex-
bonded hydroperoxide decomposition with catalyst regeneration:

k. dependence on the salt concentration can be expressed by the relationship (3):

" K¢
Alk,N"...CH;CN...Br + ROOH T——> AIKN"...ROOH...Br
hydroperoxide complex

+ d .
AlksN'...ROOH...Br — radical productrs + AlkyNBr

1 1 1
T Rl (3)
k, kK [Alk,NBr] k,

The dependence of k. on Alk4NBr concentration is linear in double inverse coordinates
(Figure 2). It is in the agreement with the proposed kinetic scheme. The values of rate
constants of complex-bonded peroxide decomposition (k) obtained for the investigated salts
decrease in the following order: E4N' > PryN" > BuyN" > Hex,N". The values of equilibrium
constants of complexation between ROOH and AlkyNBr jons change similarly (Table 3).

Isokinetic relationship between complexation parameters in the system leads to the
insignificant changes in free energy of complexation for different alkyl substituent in
ammonium cation. Considering the intermolecular bonds energy the strongest complex is
formed between hydroperoxide and Et;NBr, the weakest - in the case of Hex,;NBr (see the
corresponding AH.,, values in Table 3). The reactivity of complex-bonded ROOH also
decreases with increasing of alkyl substituent size. Isokinetic relationship for the obtained
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activation parameters points out upon the unified mechanism of ROOH - AlksNBr complex
decomposition.

Table 3. Kinetic parameters of 1-hydroxycyclohexyl hydroperoxide decomposition in the
presence of tetraalkylammonium bromides

parameters T,K | ROOH + EtNBr | ROOH + PryNBr Egﬁgr l;ggg;
333 | 1.14+0.04 0.8+0.1 0.59 + 0.06 | 0.34 +0.01
kr10% sec 343 | 25=0.1 1.80 = 0.09 1.51+0.04 | 0.97 +0.02
353 | 51202 4.20 = 0.09 3.48+0.08 | 2.40+0.06
333 [ 36+2 28 + 3 23+2 18 +3
Ke, dm’mol? | 343 | 2942 24 + 1 20+ 1 162
3533 | 28] 20+ 1 18+ 2 15+2
E,, kimol” 3£l 81+2 87+3 96 +2
lgd, (4,¢") 7.5+0.6 8.6+0.3 94+02 |105+03
AH,,y, kImol™ | 333- | .20 +1 -16 £2 1242 -9 +1
! 353
AS comy JMOI -30 +4 21+5 -10 +4 -3+3
IK-I

Changes of the peroxide bond activation in the complex in the case of different
ammonium cations point out the role of steric factor at the stage of complex formation as well
as at the formation of their decomposition transition state. In the simplest case the own volume
of the investigated cations could describe the steric effect. A good correlation between
activation parameters of the complex decomposition and calculated values of Van-der-Waals
volumes of cations has been obtained (Figure 3). Vypy values for the tetraalkylammonium
cations were calculated in HyperChem package. Calculated values are in agreement with
corresponding own volumes of cations listed in [15]. Linear relationship has been observed
between the complex heat of formation - AH’; and experimental activation parameters - AH”
(Figure 4).

Obtained experimental facts have shown that the salt cation participates both in
complexation stage and in stage of complex ROOH - AlkyNBr decomposition. Ammonium
cation has the regulating action upon the catalytic reactivity of the halide-anion in the reaction
of catalytic decomposition of the I-hydroxycyclohexyl hydroperoxide in the presence of
AlkyNBr. Thus the cation structure influences on the reactivity of the hydroperoxide complex
and on the extent of peroxide bond activation. The molecular modeling of the hydroperoxide-
catalyst reactive complex can be used to preliminarily predict the reactivity of the system.



232 N.A. Turovskij, E.V. Raksha, E.N. Pasternak et al.

100 1 S
HexuN

05 -
Z 00 -
& o
=2 BuyN’
2

140 240 340\ 440

3 -1
Vipm, ¢ -mol

Figure 3. Relationship between activation parameters of the complex decomposition and Van-der-Waals
volume of the tetraalkylammonium cations.

1-Et;N ... ROOH. Br

166 2-PryN .. ROOH. Br
_ - 3-BwN ._ROOH.. Br
T, 901 4™ -
- \\ 4 - HexyN .. ROOH..  Br
b 3 )
=< 80 7
e 1
< 70 -

G0 T T

=700 =500 =300

AH';(Alk,N"...ROOH.. .Br ), kJ mol”

Figure 4. Relationship between the complex heat of formation (AHOf) and experimental activation
parameters (AH#Z).
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CONCLUSIONS

Summarizing, obtained experimental facts have shown that the chemical activation of the
peroxide bond is observed in the presence of AIksNBr. The kinetic parameters of the
hydroperoxide catalytic decomposition have been obtained for the EtNBr, PryNBr, BuyNBr,
and HexyNBr. Catalysis of the 1-hydroxycyclohexyl hydroperoxide decomposition has been
shown to occur through accompanied action of the ammonium salt cation and anion.
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ABSTRACT

Chemically activated 1-hydroxycyclohexyl hydroperoxide decomposition in the
presence of ammonium salts is proposed to proceed through the complexation stage.
Complex structure and reactivity have been investigated by molecular modelling methods.
Kinetics of the chemically activated hydroperoxide decomposition in the presence of
quaternary ammonium salts (Et;NBr, Pry;NBr, Bu,NBr, and Hex,;NBr) has been studied.

The correlation between reactivity and structural characteristics of ammonium cations was
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INTRODUCTION

Peroxides and hydroperoxides are widely used as initiators as well as components of
binary initiating systems in the processes of vinyl monomers polymerization, polymers
modification [1-3], and oxidation of organic substances by molecular oxygen [4, 5]. Initiating
systems on the base of quaternary ammonium bromides were found to be the most effective in
the case of the liquid phase oxidation of isopropyl benzene by O, [5]. 1-hydroxycyclohexyl
hydroperoxide - Et;NBr system initiates the reaction of liquid phase isopropyl benzene
oxidation at 308-340 K [6] while the hydrocarbon oxidation in the presence of only one
component of the binary system did not occur. The present work presents the study of 1-
hydroxycyclohexyl hydroperoxide decomposition activated by the tetraalkylammonium
bromides to investigate the role of ammonium salt cation in the process of chemical activation
of peroxide bond.

EXPERIMENTAL

1-hydroxycyclohexyl hydroperoxide has been prepared from cyclohexanone and H,O; in
anhydrous ether according with [7]. Tetraalkylammonium bromides (EtyNBr, Pry;NBr, and
BusNBr) were recrystallized from the saturated acetonitrile solution by addition of diethyl
ether excess. The solvent (acetonitrile) purity was controlled by electrical conductivity value,
which was within (8.5 + 0.2)-10® Om"' sm™ at 303 K. Reactions were carried out in the glass-
soldered ampoules in argon atmosphere. Hydroperoxide kinetic concentration was controlled
by the iodometric titration with potentiometric fixation of the equivalent point.

CALCULATION METHODS

Quantum chemical calculations of hydroperoxides molecules and corresponding radicals
were carried out by AM1 semiempirical method implemented in MOPAC package [8]. The
RHF method was applied to the calculation of the wave function. Optimization of structure
parameters of hydroperoxide and hydroperoxide complexes was carried out by Eigenvector
Following procedure. The molecular geometry parameters were calculated with boundary
gradient norm 0.01. Solvent effect was considered in COSMO approximation [9].

RESULTS AND DISCUSSION

It was shown recently that cyclohexanone peroxides decomposition in the presence of
Et;NBr proceeds with lower activation barrier as compared with thermolysis. This fact can be
explained by the complexation in the studied system [6]. We assume that the activation extent
of the peroxide bond in the complex correlates with hydroperoxide reactivity in the reaction of
radical decomposition. Thus we investigated the molecular design and reactivity of the
complexes in the system 1-hydroxycyclohexyl hydroperoxide — Alk;NBr.

9
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Molecular Design of the 1-Hydroxycyclohexyl Hydroperoxide - AlkyNBr
Complex

To obtain the structure information the molecular modelling of the ROOH-AlkNBr ion-
molecular complexes has been carried out for the case of E4NBr. In contrast to the aralkyl
hydroperoxides (like isopropylbenzene hydroperoxide) the molecule of 1-hydroxycyclohexyl
hydroperoxide does not contain the aromatic ring but there is the hydroxide group OH in their
structure that also can participate in the intermolecular hydrogen bonds formation. We assume
the model of complex formation with combined action of cation and anion (Figure 1) such as
previously proposed model of substrate separated ion pair (SubSIP) [10, 11].

Formation of such type associate is accompanied by considerable conformation changes of
the hydroperoxide fragment. Association between hydroperoxide molecule and the salt ions
occurs by the intermolecular hydrogen bonds formation. It is confirmed by charge increasing
on the hydrogen atoms of the corresponding bonds C-Hs, O-H,, and O-H, and elongation of
these bonds from 1.11 A to 1.17 A and from 0.96 A to 1.08 A correspondingly. Calculations in
COSMO approximation show that the electron density transfer from bromide-anion to the
hydroperoxide fragment is lower in the case of solvent effect taken into account (Table 1).

Stage determining the rate of the hydroperoxide decomposition is that of O-O bond
cleavage. Thus the reaction activation energy will be determined by the energy of peroxide
bond homolytic decomposition. Some possible elementary stages of the complex
decomposition with the free radical formation are listed in Table 2.

{  ROOH BN |
L AR, =-4i3ETmel! |

S fwen | Ewe. ROOH Br |
| AH,_=1054Klmel® |

1

Figure 1. Complexes of 1-hydroxycyclohexyl hydroperoxide with tetraethylammonium bromide.

3
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Table 1. Electron and stereochemical characteristics of COOH-fragment in ROOH -

Et;NBr complexes
parameters ROOH Et;N"...ROOH...Br | ROOH...Br ROOH...
Qo € -0.18 -0.24 -0.18 -0.20
Qop» € -0.20 -0.26 -0.29 <023
Qu1, € 0.20 0.25 0.25 0.22
Qu, € 0.22 0.27 0.27 0.04
qus, € 0.10 0.17 0.11 0.10
£C0,0gH 90.8 33.4 68.3 71.5
Qsr . -0.81 -0.85 :

Table 2. Heats of some elementary stages of ROOH — Et,;NBr complex decomposition

: AH’ k] mol™
Reaction ==
gas phase acetonitrile
ROOH — RO+ OH 148 151
- | 481 239

Et;N"...ROOH...Br — RO + 'OH + Et;N™ + Br
Et;N"...ROOH...Br — RO + OH + Et;NBr 65 108

EtN"...ROOH...Br- — RO +OH+EtN +Br |°"° 354
Et4N_.-.ROOH...BI'_ — RO + OH- + Et4N s Br— 435 249
ROOH...Et;N' — RO + OH + Et;N” 192 75
ROOH...Br — RO +OH + Br 242 208
ROOH...Br — RO +'OH + Br 188 219

376 323

ROOH...Br — RO +OH +Br

It can be seen from the Table 2 that the electrone transfer from the bromide ion to the
peroxide bond is improbable in this system because it is needed more energy inputs as
compared with homolysis. We assume that SubSIP decomposes with free radicals formation
due to homolytical rupture of the peroxide bond.

On the Figure 1 the enthalpies of complexation are shown. In the case of SubSIP we
assume that the complex is formed according to the exchange mechanism (1) while possibility
of the threemolecular reaction (2) is low.

Solubility of the Et;NBr in acetonitrile is sufficiently high, and reactivity of the ions and
ion pairs in peroxide bond activation is similar. The threemolecular reaction (2) determines the
second reaction order on salt while this value changes from 1 (at small salt concentrations) to 0
(at salt abundance) in experimental conditions. Thus the reaction (1) is rather preferable.

Et,N"...Solv...Br + ROOH — Et;N ...ROOH...Br + Solv (1)

(AH,)=- 53.7 kJ-mol™) (2)
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Et;N' + ROOH + Br — Et;N"...ROOH...Br
(AH, 3= - 88.1 kJ'mol™)

Corresponding models like Et;N"...ROOH...Br~ were obtained for tetraalkylammonium
salts (PryNBr, BuyNBr, n Hex;NBr). Changes in peroxide bond energy (i.e. total of electronic
and nuclear energies of two-center term O-O atom pair) can be suggested as extent of the
peroxide bond activation. Stable peroxide structure has the lowest O-O bond energy (-12.08
eV for free hydroperoxide) and less stable (or activated) peroxide conformation has the highest
one (-11.78 eV for complex Et;N"...ROOH...Br). Difference between energy of stable and
activated peroxide structure increases in the catalyst row: HexsNBr, BuyNBr, PryNBr, and
EtyNBr indicating weakening of the O-O bond in the ROOH-AlkyNBr complex. From this
point of view the O-O bond activation in the case of Et4N"...ROOH...Br™ is the highest and in
complex with Hex,NBr is the lowest. This suggestion is in correspondence with experimental
data.

Kinetic Features of the Activated Hydroperoxide Decomposition

Reaction of 1-hydroxycyclohexyl hydroperoxide (ROOH) decomposition activated by the
tetraalkylammonium bromides (AlksNBr) has been investigated at 323 —353 K under
conditions of ammonium salts abundance ([ROOH], =510 mol-dm~, [AlkyNBr]p = 2.5-10°
2 _ 1-10" mol-dm™). Kinetics of ROOH activated decomposition on these conditions could be
described by the first order reaction proceedings low. The reaction was carried out up to 50 %
hydroperoxide conversion and the products did not effect on the reaction proceeding as kinetic
curves anamorphouses are linear in the corresponding first order coordinates. The effective
rate constant (k. sec’) was found to be independent from the hydroperoxide initial
concentration within [ROOH], =2.5:10" — 1-10% mol-dm™ and constant amount of AlkyNBr
(5-107 mol-dm™). Nonlinear character of the dependence of reaction rate effective constants
from the ammonium salt initial concentration (Figure 2) in the present conditions points out
onto the occurrence of complexation stage between the ROOH and AlkyNBr. These facts are in
an agreement with reaction scheme for the isopropyl benzene hydroperoxide activated
decomposition recently proposed [12]. Thermolysis contribution into the total reaction rate the
ROOH activated decomposition was found to be negligibly small because the thermal
decomposition rate constant [6] was two orders lower then corresponding k. values.

Some experiments were carried out under conditions of ROOH excess as compared with
salts concentration ([AlksNBr]y = 5-10” mol-dm™, [ROOH], = 5-107 mol-dm™) at 323 K. Even
at present concentration ratio of ROOH and AlksNBr the rate of hydroperoxide activated
decomposition is several orders higher then ROOH thermolysis rate. The Br' concentration
during reaction proceeding is unaltered. These facts point out onto catalytic character of
Alk4NBr action in the process. Catalytic scheme of the hydroperoxide decomposition is
supported also in works [13, 14] in which it was noted that O-O bond cleavage in the
hydroperoxide — catalyst complex proceeds homolytically, catalyst is not consumed and
deactivated in the system.

9
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activation parameters points out upon the unified mechanism of ROOH - AlkyNBr complex
decomposition.

Table 3. Kinetic parameters of 1-hydroxycyclohexyl hydroperoxide decomposition in the
presence of tetraalkylammonium bromides

parameters T,K | ROOH + Et;NBr | ROOH + Pr;NBr gigg: I]:-{IeO)SIZ{Bt
333 | 1.14+0.04 0.8+0.1 0.59+0.06 | 0.34+0.01

ks 10°, sec’ 343 | 2.5+0.1 1.80 +0.09 1.51=0.04 | 0.97+0.02
353 | 5.1+02 4.20+0.09 3.48+0.08 | 2.40+0.06
333 | 36+2 28 +3 23 +2 18+3

K¢, dm’mol® | 343 | 29+2 24 + 1 20+ 1 16+2
353 | 23+1 20+ 1 18+2 152

E,, kJmol 73+1 812 87+3 96 +2

lgd, (4, ¢) 75+0.6 8.6+0.3 94+0.2 10.5+0.3

AH,,, kImol | 333- | .20+1 -16+2 -12+2 -9 +]

1 353

,IASL.},,,,,, Jmol -30+4 =21 +5 -10+4 343

K-

Changes of the peroxide bond activation in the complex in the case of different
ammonium cations point out the role of steric factor at the stage of complex formation as well
as at the formation of their decomposition transition state. In the simplest case the own volume
of the investigated cations could describe the steric effect. A good correlation between
activation parameters of the complex decomposition and calculated values of Van-der-Waals
volumes of cations has been obtained (Figure 3). Vypy values for the tetraalkylammonium
cations were calculated in HyperChem package. Calculated values are in agreement with
corresponding own volumes of cations listed in [15]. Linear relationship has been observed
between the complex heat of formation - AH[’}- and experimental activation parameters - AH”
(Figure 4).

Obtained experimental facts have shown that the salt cation participates both in
complexation stage and in stage of complex ROOH - Alk;NBr decomposition. Ammonium
cation has the regulating action upon the catalytic reactivity of the halide-anion in the reaction
of catalytic decomposition of the I-hydroxycyclohexyl hydroperoxide in the presence of
AlkyNBr. Thus the cation structure influences on the reactivity of the hydroperoxide complex
and on the extent of peroxide bond activation. The molecular modeling of the hydroperoxide-
catalyst reactive complex can be used to preliminarily predict the reactivity of the system.
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Figure 3. Relationship between activation parameters of the complex decomposition and Van-der-Waals
volume of the tetraalkylammonium cations.
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Figure 4. Relationship between the complex heat of formation (AHOf) and experimental activation
parameters (AH#).
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CONCLUSIONS

Summarizing, obtained experimental facts have shown that the chemical activation of the
peroxide bond is observed in the presence of AlkyNBr. The kinetic parameters of the
hydroperoxide catalytic decomposition have been obtained for the EtyNBr, PryNBr, BuyNBr,
and Hex;NBr. Catalysis of the 1-hydroxycyclohexyl hydroperoxide decomposition has been
shown to occur through accompanied action of the ammonium salt cation and anion.
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Chapter 21

MOLECULAR DESIGN AND REACTIVITY OF THE 1-
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ABSTRACT

Chemically activated 1-hydroxycyclohexyl hydroperoxide decomposition in the
presence of ammonium salts is proposed to proceed through the complexation stage.
Complex structure and reactivity have been investigated by molecular modelling methods.
Kinetics of the chemically activated hydroperoxide decomposition in the presence of
quaternary ammonium salts (Et;NBr, Pr;NBr, Bu;NBr, and Hex;NBr) has been studied.
The correlation between reactivity and structural characteristics of ammonium cations was
found.

Keywords: molecular modelling, cyclohehanone hydroperoxides, quaternary ammonium
salts, chemical activation, complexation.
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INTRODUCTION

Peroxides and hydroperoxides are widely used as initiators as well as components of
binary initiating systems in the processes of vinyl monomers polymerization, polymers
modification [1-3], and oxidation of organic substances by molecular oxygen [4, 5]. Initiating
systems on the base of quaternary ammonium bromides were found to be the most effective in
the case of the liquid phase oxidation of isopropyl benzene by O, [5]. 1-hydroxycyclohexyl
hydroperoxide - E{NBr system initiates the reaction of liquid phase isopropyl benzene
oxidation at 308-340 K [6] while the hydrocarbon oxidation in the presence of only one
component of the binary system did not occur. The present work presents the study of 1-
hydroxycyclohexyl hydroperoxide decomposition activated by the tetraalkylammonium
bromides to investigate the role of ammonium salt cation in the process of chemical activation
of peroxide bond.

EXPERIMENTAL

1-hydroxycyclohexyl hydroperoxide has been prepared from cyclohexanone and HO; in
anhydrous ether according with [7]. Tetraalkylammonium bromides (Et;NBr, PryNBr, and
Buy,NBr) were recrystallized from the saturated acetonitrile solution by addition of diethyl
ether excess. The solvent (acetonitrile) purity was controlled by electrical conductivity value,
which was within (8.5 + 0.2):10° Om™ sm™ at 303 K. Reactions were carried out in the glass-
soldered ampoules in argon atmosphere. Hydroperoxide kinetic concentration was controlled
by the iodometric titration with potentiometric fixation of the equivalent point.

CALCULATION METHODS

Quantum chemical calculations of hydroperoxides molecules and corresponding radicals
were carried out by AM1 semiempirical method implemented in MOPAC package [8]. The
RHF method was applied to the calculation of the wave function. Optimization of structure
parameters of hydroperoxide and hydroperoxide complexes was carried out by Eigenvector
Following procedure. The molecular geometry parameters were calculated with boundary
gradient norm 0.01. Solvent effect was considered in COSMO approximation [9].

RESULTS AND DISCUSSION

It was shown recently that cyclohexanone peroxides decomposition in the presence of
Et,NBr proceeds with lower activation barrier as compared with thermolysis. This fact can be
explained by the complexation in the studied system [6]. We assume that the activation extent
of the peroxide bond in the complex correlates with hydroperoxide reactivity in the reaction of
radical decomposition. Thus we investigated the molecular design and reactivity of the
complexes in the system 1-hydroxycyclohexyl hydroperoxide — AlksNBr.
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Molecular Design of the 1-Hydroxycyclohexyl Hydroperoxide - AlkyNBr
Complex

To obtain the structure information the molecular modelling of the ROOH-AlkyNBr ion-
molecular complexes has been carried out for the case of Et4NBr. In contrast to the aralkyl
hydroperoxides (like isopropylbenzene hydroperoxide) the molecule of 1-hydroxycyclohexyl
hydroperoxide does not contain the aromatic ring but there is the hydroxide group OH in their
structure that also can participate in the intermolecular hydrogen bonds formation. We assume
the model of complex formation with combined action of cation and anion (Figure 1) such as
previously proposed model of substrate separated ion pair (SubSIP) [10, 11].

Formation of such type associate is accompanied by considerable conformation changes of
the hydroperoxide fragment. Association between hydroperoxide molecule and the salt ions
occurs by the intermolecular hydrogen bonds formation. It is confirmed by charge increasing
on the hydrogen atoms of the corresponding bonds C-H;, O-H,, and O-H; and elongation of
these bonds from 1.11 A to 1.17 A and from 0.96 A to 1.08 A correspondingly. Calculations in
COSMO approximation show that the electron density transfer from bromide-anion to the
hydroperoxide fragment is lower in the case of solvent effect taken into account (Table 1).

Stage determining the rate of the hydroperoxide decomposition is that of O-O bond
cleavage. Thus the reaction activation energy will be determined by the energy of peroxide
bond homolytic decomposition. Some possible elementary stages of the complex
decomposition with the free radical formation are listed in Table 2.

ROOH . BN’
AH, . =-41.3 kel

Er¥  ROOH . Br

£
3
:
3

q" AH = 1084 K mel’ |
| — I i
N

Figure 1. Complexes of 1-hydroxycyclohexy! hydroperoxide with tetraethylammonium bromide.
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Table 1. Electron and stereochemical characteristics of COOH-fragment in ROOH -

EtyNBr complexes

parameters ROOH Et,N'...ROOH...Br | ROOH...Br ROOH...
Qo € -0.18 -0.24 -0.18 -0.20
Qop: € -0.20 -0.26 -0.29 -0.23
Qs € 0.20 0.25 0.25 0.22

Qizs € 0.22 0.27 0.27 0.04

Qs € 0.10 0.17 0.11 0.10
£C0O,0gH 90.8 33.4 68.3 77.5

Qs = -0.81 -0.85 -

Table 2. Heats of some elementary stages of ROOH — Et;yNBr complex decomposition

i AH", k] mol”
Reaction -
gas phase acetonitrile
ROOH — RO + OH 148 151
Et.;N-'—.A.ROOH...BI'_ — RO' + 'OI—-{ <+ thNl 3 Br- 481 239
EtN'...ROOH...Br — RO + 'OH + Et;NBr 65 108
Et;N"...ROOH...Br — RO +'OH + Et,N" + Br 615 354
EL;NROO”BI’H-ﬂ RO + OH- + F_‘uN + Br 435 249
ROOI.._.ELN’ — RO + OH + EGN s —
ROOH...Br — RO +'OH + Br 242 208
ROOH...Br — RO + OH +Br 188 219
ROOH...Br — RO + OH +Br 376 323

It can be seen from the Table 2 that the electrone transfer from the bromide ion to the

peroxide bond is improbable in this system because it is needed more energy inputs as
compared with homolysis. We assume that SubSIP decomposes with free radicals formation
due to homolytical rupture of the peroxide bond.

On the Figure | the enthalpies of complexation are shown. In the case of SubSIP we
assume that the complex is formed according to the exchange mechanism (1) while possibility
of the threemolecular reaction (2) is low.

Solubility of the Et4NBr in acetonitrile is sufficiently high, and reactivity of the ions and
jon pairs in peroxide bond activation is similar. The threemolecular reaction (2) determines the
second reaction order on salt while this value changes from 1 (at small salt concentrations) to 0
(at salt abundance) in experimental conditions. Thus the reaction (1) is rather preferable.

E4N ...Solv...Br + ROOH — Et;N"...ROOH...Br™ -+ Solv

(AHy2=- 53.7kI'mol™)

(1)

(2)
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Et,N"+ ROOH + Br — Et4tN"...ROOH...Br
(AH,s,= - 88.1 kJ'mol™)

Corresponding models like Et;N"...ROOH...Br~ were obtained for tetraalkylammonium
salts (PryNBr, BuyNBr, u Hex;NBr). Changes in peroxide bond energy (i.e. total of electronic
and nuclear energies of two-center term O-O atom pair) can be suggested as extent of the
peroxide bond activation. Stable peroxide structure has the lowest O-O bond energy (-12.08
eV for free hydroperoxide) and less stable (or activated) peroxide conformation has the highest
one (-11.78 eV for complex Et4N'...ROOH...Br"). Difference between energy of stable and
activated peroxide structure increases in the catalyst row: HexsNBr, BuyNBr, PrsNBr, and
E4NBr indicating weakening of the O-O bond in the ROOH-Alk4yNBr complex. From this
point of view the O-O bond activation in the case of Et;N"...ROOH...Br " is the highest and in
complex with Hex;NBr is the lowest. This suggestion is in correspondence with experimental
data.

Kinetic Features of the Activated Hydroperoxide Decomposition

Reaction of 1-hydroxycyclohexyl hydroperoxide (ROOH) decomposition activated by the
tetraalkylammonium bromides (AlksNBr) has been investigated at 323 —353 K under
conditions of ammonium salts abundance ([ROOH], = 510”7 mol-dm™, [Alk¢NBr]=2.5-10"
2_1-10" mol-dm™). Kinetics of ROOH activated decomposition on these conditions could be
described by the first order reaction proceedings low. The reaction was carried out up to 50 %
hydroperoxide conversion and the products did not effect on the reaction proceeding as Kinetic
curves anamorphouses are linear in the corresponding first order coordinates. The effective
rate constant (kg sec’) was found to be independent from the hydroperoxide initial
concentration within [ROOH], = 2.5:10° — 1-10% mol-dm™ and constant amount of Alk;NBr
(510" mol-dm™). Nonlinear character of the dependence of reaction rate effective constants
from the ammonium salt initial concentration (Figure 2) in the present conditions points out
onto the occurrence of complexation stage between the ROOH and AlkyNBr. These facts are in
an agreement with reaction scheme for the isopropyl benzene hydroperoxide activated
decomposition recently proposed [12]. Thermolysis contribution into the total reaction rate the
ROOH activated decomposition was found to be negligibly small because the thermal
decomposition rate constant [6] was two orders lower then corresponding ks values.

Some experiments were carried out under conditions of ROOH excess as compared with
salts concentration ([AlkyNBr]; = 5:10° mol-dm?, [ROOH], = 5:107 mol-dm™) at 323 K. Even
at present concentration ratio of ROOH and Alk;NBr the rate of hydroperoxide activated
decomposition is several orders higher then ROOH thermolysis rate. The Br' concentration
during reaction proceeding is unaltered. These facts point out onto catalytic character of
AlkyNBr action in the process. Catalytic scheme of the hydroperoxide decomposition is
supported also in works [13, 14] in which it was noted that O-O bond cleavage in the
hydroperoxide — catalyst complex proceeds homolytically, catalyst is not consumed and
deactivated in the system.
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Figure 2. Dependence of K from the catalyst initial concentration in the direct (a) and inverse (b)
coordinates. [ROOH]0 = 5.0:10-3 mol-dm-3, 333 K, 1 — Hex4N+, 2 — BudN+, 3 — PrdN+, 4 — Et4N+,

The kinetic scheme is proposed for the chemically activated ROOH decomposition. It
includes the complexation stage between ROOH and salts ions as well as stage of the complex-
bonded hydroperoxide decomposition with catalyst regeneration:

k.r dependence on the salt concentration can be expressed by the relationship (3):

& K 4+
AllyN"...CH;CN...Br + ROOH WQW AlkyN ...ROOH...Br
hydroperoxide complex

Alk:N'.. ROOH.. B — > radical productrs + AlkyNBr

1 1 1
e e g L P 3)
k, k.K.[Alk,NBr] k,

The dependence of k,; on AlkyNBr concentration is linear in double inverse coordinates
(Figure 2). It is in the agreement with the proposed kinetic scheme. The values of rate
constants of complex-bonded peroxide decomposition (k) obtained for the investigated salts
decrease in the following order: Et;N™ > Pry,N' > Bu,N" > HexsN'. The values of equilibrium
constants of complexation between ROOH and AlksNBr ions change similarly (Table 3).

Isokinetic relationship between complexation parameters in the system leads to the
insignificant changes in free energy of complexation for different alkyl substituent in
ammonium cation. Considering the intermolecular bonds energy the strongest complex is
formed between hydroperoxide and Et;NBr, the weakest - in the case of Hex,NBr (see the
corresponding AH,,, values in Table 3). The reactivity of complex-bonded ROOH also
decreases with increasing of alkyl substituent size. Isokinetic relationship for the obtained
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activation parameters points out upon the unified mechanism of ROOH - AlksNBr complex
decomposition.

Table 3. Kinetic parameters of 1-hydroxycyclohexyl hydroperoxide decomposition in the
presence of tetraalkylammonium bromides

parameters T,K | ROOH + Et;NBr | ROOH + PryNBr gzggr' ﬁg{?ﬁ;
333 1.14+0.04 0.8+0.1 059+ 006 | 0.34+0.01

ks10%, sec” 343 2.5+0.1 1.80+0.09 1.51+0.04 | 0.97+0.02
353 51+0.2 420+ 0.09 3.48+0.08 | 240+ 0.06
333 36+2 28+3 23+2 18+3

K., dm’mol 343 292 24 + 1 20+ 1 162
353 2341 20+ 1 18 +2 152

Eu kJmol” 73+1 81+2 87+3 96 +2

lg4, (4, ¢ ™) 75406 8.6+0.3 94 +0.2 10.5+0.3

AH,.., kKImol” | 333- | 220+ 1 -16+2 -12+2 -9+

! 353

;ASCI{,,,,, Jmol -30+4 21 +5 -10+4 3+3

K

Changes of the peroxide bond activation in the complex in the case of different
ammonium cations point out the role of steric factor at the stage of complex formation as well
as at the formation of their decomposition transition state. In the simplest case the own volume
of the investigated cations could describe the steric effect. A good correlation between
activation parameters of the complex decomposition and calculated values of Van-der-Waals
volumes of cations has been obtained (Figure 3). Vypy values for the tetraalkylammonium
cations were calculated in HyperChem package. Calculated values are in agreement with
corresponding own volumes of cations listed in [15]. Linear relationship has been observed
between the complex heat of formation - AH"; and experimental activation parameters - AH*
(Figure 4).

Obtained experimental facts have shown that the salt cation participates both in
complexation stage and in stage of complex ROOH - Alk;NBr decomposition. Ammonium
cation has the regulating action upon the catalytic reactivity of the halide-anion in the reaction
of catalytic decomposition of the 1-hydroxycyclohexyl hydroperoxide in the presence of
AlksNBr. Thus the cation structure influences on the reactivity of the hydroperoxide complex
and on the extent of peroxide bond activation. The molecular modeling of the hydroperoxide-
catalyst reactive complex can be used to preliminarily predict the reactivity of the system.
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Figure 3. Relationship between activation parameters of the complex decomposition and Van-der-Waals
volume of the tetraalkylammonium cations.

1-EtN"._.ROOH.. Br

10g i 2-PryN°._ ROOH. Br

- ‘;\ 3-BwN ..ROOH...Br
‘fg} N 4 - HexyN .. ROOH. Br
oy 3'\‘ 2
.,::% 80 7 \.\\
o 1
< 70 1 i

60 T .

=700 =500 -300

AH’;(Alk,N".. ROOH...Br), kJ mol*

Figure 4. Relationship between the complex heat of formation (AHOf) and experimental activation
parameters (AH#).
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CONCLUSIONS

Summarizing, obtained experimental facts have shown that the chemical activation of the
peroxide bond is observed in the presence of AlkyNBr. The kinetic parameters of the
hydroperoxide catalytic decomposition have been obtained for the EtyNBr, PryNBr, BuyNBr,
and Hex,NBr. Catalysis of the 1-hydroxycyclohexyl hydroperoxide decomposition has been
shown to occur through accompanied action of the ammonium salt cation and anion.
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