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Abstract—The kinetics of cyclopentanone oxidation by sec-decanesulfonic peracid is studied. The reaction
ratein an acetonitrile (MeCN) solution was lower than in CCl,. Acid additives are shown to accel erate the reac-
tionin aMeCN medium as distinct from the reaction in a CCl 4 solution. In the framework of the known mech-
anism of the Bayer—Williger reaction, an equation describing the observed relationshipsis proposed and param-
etersthat characterize the process kinetics are determined.

INTRODUCTION

Alkanesulfonic peracids (RSO,00H) are primary
molecular products of alkane sulfoxidation [1]. Aswas
shown previously, RSO,O0H oxidizes cyclic and ali-
phatic ketones to give corresponding lactones and
esterswith high yields[2]. In thiswork, the kinetics of
cyclopentanone oxidation by sec-decanesulfonic per-
acid (R = C,,H,,) in an acetonitrile (MeCN) solution
was studied.

EXPERIMENTAL

sec-Decanesulfonic peracid was synthesized by
photochemical sulfoxidation of decane[3]. The peracid
obtained was extracted from a reaction mixture with
acetonitrile and carried to a CCl, solution, washed from
admixtures (decanesulfonic acid and H,SO,) by water,
dried over P,0s, and dissolved in MeCN. The content
of sulfonic and sulfuric acids in obtained acetonitrile
solutions did not exceed 1-2% with respect to the
amount of RSO,00H. Cyclohexanesulfonic acid
(C¢H,,SO,0H) was prepared by sulfoxidation of cyclo-
hexane and isolated as a crystalline hydrate insolublein
hydrocarbons. Trifluoroacetic acid (chemical grade)
was used without additional purification. Cyclopen-
tanone (CsHgO) was purified by vacuum distillation.
Acetonitrile was previously ozonized for 0.5-1 h,
boiled over P,Os, and distilled in an argon atmosphere.
The RSO,00H concentration was determined by iodo-
metric titration; C,H,,SO,0H and H,SO, were ana
lyzed by potentiometric titration using tetrabutylam-
monium hydroxide as a titrant. The kinetics of oxida-
tion was monitored by sampling and determining the
concentration of peroxides. The 'H NMR spectrawere
registered on a BS-497 Teda spectrometer with an
operating frequency of 100 MHz; tetramethylsilan
(TMS) was used as an internal standard. The UV spec-
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tra were recorded using an SF-26 spectrophotometer
and a Specord UV VIS spectrometer.

RESULTS AND DISCUSSION

The main products of the reaction between
RSO,00H and CsH;O are vaerolactone and
RSO,0H. Their yields are 95 and ~100%, respectively.
If the reaction was carried out in a MeCN solution at
[RSO,0H], < [RSO,00H],, the process was autocat-
alytic owing to RSO,0OH accumulation. This is con-
firmed by the accel eration of the reaction upon the addi-
tion of acids (HX) to the initial system (C,H,,SO,0H
or CF,COOH were used as HX). Under condition of
excess HX in initial reaction mixture, i.e, a [HX], >
[RSO,00H], > [RSO,0H],, the reaction is pseudouni-
molecular. The kinetic curves of theRSO,O0H consump-
tion arelinearized well in the semilogarithmic coordinates.
In([RSO,00H]/[RSO,00H]) versus Kt (henceforth, K
is the experimental rate constant of the reaction of
RSO,0H with CsHzO). If the experiments were carried
out in the absence of acid additives, the k' values were
determined from the initial portions of the kinetic
curvesat aRSO,00H conversion of 1-2 mol %. Under
these conditions, the [RSO,0H] value does not exceed
3-4% of [RSO,00H], and autocatalysis is virtually
unnoticeable.

Both in the presence and in the absence of acid addi-
tives, thek valueslinearly depend on [CsHO], (Fig. 1).
The intercepts on the ordinate axis account for the con-
tribution of the RSO,00H decomposition to the overall
process of the peracid consumption [4]:

RSO,00H — RSO,0H + 1/20,,
RSO,00H + HX —» RSO,0H + 1/20, + HX.

The following intercepts on the ordinate axis are
obtained from data presented in Fig. 1 (s%): (5 £ 12) x
1075, (2 £2.5) x 10, and (3 + 1.8) x 10 at 40, 50, and
60°C, respectively ([CsH,;;SO,0H] = 0.1 mol/l) and
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(3.8 £0.8) x 105 a 50°C ([CF;COOOH] = 0.2 mol/l).
The rate constants of sulfonic peracid decomposition
(s1) in a MeCN solution at [RSO,00H], = (1-2) x
1072 mol/I in the absence of CsHzO and HX are equal to
1.1 x1073,3 x 1075, and 7.8 x 1073 at 40, 50, and 60°C,
respectively. Comparison of the obtained data shows
that the values determined in the latter case are only a
small fraction of the k' values obtained in the presence
of CsHgO and HX (Fig. 1). Therefore, the RSO,00H
decomposition can further be neglected.

The dependences of &' on [HX], present the curves
with aplateau (Fig. 2). A distinct feature of the system
under study isthat acid additives influence the reaction
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In the absence of acids, ketone is oxidized in two
steps: the nucleophilic attack of RSO,OO0H at the car-
bon atom of a carbonyl group (forward reaction (1)),
producing intermediate peroxide P and the rearrange-
ment of Pin reaction (I1) toyield the products. Inthe *H
NMR spectra of decanesulfonic peracid, a singlet is
observed at 6 = 11.24 ppm, which may be assigned to
the proton of the HOOSO, group. When small amounts
of MeCN are introduced into the RSO,00H-CCl, sys-
tem, the signal of this proton is shifted toward the high-
field region (Table 1) owing to the formation of solvate
RSO,00H - MeCN. By anaogy with data reported in
[9], we may assume that the formation of the above sol-
vate |eads to the generation of the negative spin density
at the acidic proton resulting in a decrease in the
nucleophilic properties of the oxygen of the hydroxy
group. Therefore, equilibrium (1) is shifted toward the
initial products, and the rate of uncatalyzed oxidation
drops, when MeCN is introduced into CCl, solutions.
Upon the addition of acidsto aninitial reaction mixture
or at high conversions of CsHgO in the absence of HX,
equilibrium processes involving acids (reaction (111))
should be taken into account [ 7]. Reaction (I11) appears
to occur in two stages. the formation of the C;HO -
HX complex [5]

CsHO + HX <= C;H,O - HX (Illa)

and the following replacement of HX by RSO,00H

CsH{O - HX + RSO,00H = P + HX.  (IIIb)
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rate in some solvents but have no effect in others. Thus,
in the CsH;O-CF;COOOH-CH,Cl, system, the rate of
ketone oxidation increases upon the addition of
CF,COOH [5]. However, catalysis by acids was not
observed for the reaction of RSO,00H with CsHO in
a CCl, solution [6]. Note that a substantial decrease in
the rate of the reaction was found upon the addition of
small amounts of MeCN to the RSO,00H-C;HO—
CCl, system, and in aMeCN solution, the k' vaueis about
three order of magnitude lower than that in CCl, (Table 1).

Consider the results obtained in terms of the known
scheme of the Bayer—Williger reaction [5, 7, 8]:

OH O P

uy

OH(“3

_S—-R+HX. ()

The existence of the C;HO - HX complex isconfirmed
by the spectrophotometric method. The position of a
maximum in the UV spectrum of a cyclopentanone
solution in CCl, is shifted toward the short-wave region
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Fig. 1. Dependences of the experimental rate constant of the
reaction between RSO,00H and CsHgO on the cyclopen-
tanone concentrationin aMeCN solution: (/) in the absence
of acids ([RSO,00H], =5 x 10~ mol/l, 50°C); (2—4) inthe
presence of 0.1 mol/l C¢gH;1SO3H ([RSO,00H], = 5 x
1073 mol/l, at (2) 40, (3) 50, and (4) 60°C); and (5) inthe pres-
ence of 0.2 mol/l CF3COOH ([RSO,00H], = 2 x 10~ molll,
50°C).
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Fig. 2. (a) Dependences of the experimental rate constant of
the reaction between RSO,00H and CsHgO in a MeCN
solution on the content of (1-3) CgH;;SO3H at: (1) 40°C,

[CsHgO]g = 4.1 x 1072, [RSO,00H], = 5 x 107 mal/l;
(2) 50°C, [CsHgOlp = 4.5 x 1072, [RSO,00H], = 5 x
1073 moal/l; (3) 60°C, [CsHgO]g = 4.0 x 1072, [RSO,00H], =
5x 107 mol/l; (4) of CFgCOOH at 50°C, [CsHgOlo =
2.0 x 1072, [RSO,00H] = 3 x 1073 mol/l; (b) the depen-

dencesin the coordinates of Eq. (3) (reaction conditionsand
designations see Fig. 2a).

upon the addition of CF;COOH to this system CCl ,—
CsHgO (Table 1). The addition of MeCN to a solution
containing CsHgO and CF;COOH leads to the reverse
effect (Table 1). A probable reason is the destruction of
the CsHgO - HX complex dueto the replacement of HX
by the solvent. Thus, the steady-state concentration of
the C;HgO - HX complex decreases in a MeCN
medium, resulting in a decrease in the reaction rate. If
the [HX], values are low enough in MeCN solutions,

forward reaction (I11a) is the rate-limiting step in the
sequence of reactions (I11a)—(111b). The tendency for
the attainment of a limiting value observed for the
[HX]o-dependence of K' isexplained by achange of the
rate-limiting step with an increase in the [HX], value.

Under experimental conditions, iodometric analysis
does not allow us to distinguish between RSO,00H
and the intermediate peroxide P. Therefore, we measure
the overall consumption of the —OO-groups in the
course of the reaction.

Analysis of the above scheme in a steady-state
approximation with respect to the intermediates, pro-
vided that RSO,O0H is in the solvated state and a
change in the ketone and acid concentrations is negligi-
ble ([HX], > [RSO,00H], [CsHgO]p = [RSO,00H],),
results in the following expression for the rate of the
peroxide group consumption

_d[-00-] _ ky + ks[HX] o O
a §<2k_1+ ko + ka[HX], oo eOl
x [RSO,00H] .

The experimentaly determined rate constant &' is
described by the equation

Ky + Ks[HX]
+ Kk, + k3[HX],

K = kzk_l [CsHgO]. (D

At the initia stage of the reaction ([RSO,0H] <
[RSO,00H],) inthe absence of acid additives ([HX],=0),
acid-catalyzed pathway (111) can be neglected. Then,
Eq. (1) transforms to the formula

Kika

K = k,+k,

[CsHgQ].

Thevaue of parameter k,k,/(k_, + k,) equa to (3.5 £2.8) x
10~ I mol~! s at 50°C was calculated from the depen-
denceof k' on [CsHO], obtained in the absence of acids
(Fig. 1, line 1). Comparison of the k' values measured
in the presence and absence of HX (straight lines 3 and
1 inFig. 1) showsthat the contribution of reaction (1) to
the overal acid-catalyzed process is unimportant.
Therefore, in the case under consideration (at [HX] >
[RSO,00H]), this reaction can be neglected. Then,
Eqg. (1) takesthe form

. ks[HX]o
k - k2k_3[HX]0 + kz[CSHBO] . (2)
Equation (2) shows that the k' values should be lin-
early proportional to [CsHzO], in accordance with
experimental data (Fig. 1). Table 2 presents the values
of parameter k,k;[HX]/(k_;[HX] + k,) determined from
the above relationships.
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Table 1. Dependences of the experimental rate constant (k'), the chemical shift of the NMR signal of the proton of the
—S0,00H group (), and the position of a maximum of the C5HgO absorption band (A,.,) on [MeCN]; dependence of A,
on [CF;COOH] in CCl, solutions

16°C, [RSO,00H], = 1.4 x 1073, [CsHgO]o = 1 X 1072, [HX], = 0

[MeCN], mol/l 0 0.048 0.48 2.39 in MeCN solution
K x10%s? 9.01 1.48 0.36 0.20 0.01
20°C, [RSO,00H] = 0.15, [HX] =0
[MeCN], mal/l 0 0.0057 0.17 0.27 0.38 0.6 1.1 6.0
3, ppm 11.24 11.18 11.15 11.05 10.95 10.82 10.43 8.26
20°C, [C5HgQO] = 2.25 x 10~ 2 [CF;COCH] = 4.2 x 102
[MeCN], mal/l 0 0.0057 0.0096 0.13 0.25 in MeCN solution
Ammaxs M 281 2825 284 285.7 289 297
20°C, [CsHgO] = 2.25 x 102
[CF;COOH], mal/l 0 0.0038 0.0076 0.0115 0.0153 0.0191 0.0306 0.042
Amax DM 290 289 288 287 286 284 282 281

All concentrations are in mol/I.

However, Eq. (2) does not explain a nonlinear rela
tionship between &' and [HX], (Fig. 2a). Therearrange-
ment of Eq. (2) gives the following equation

[CcHgO _ ks, 1
K koka  Ka[HXo

According to Eq. (3), parameter [CsH O] (k)" lin-

early depends on [HX]gl. Such relationships were

experimentally obtained (see the corresponding linear-
ization in Fig. 2b). Table 2 shows the k_i/k,k; and k;
parameters determined from the intercepts on the ordi-
nate axis and from the tangent of the slope of the
straight lines, respectively. The following eguations

3)

Table 2. Dependence of the kinetic parameters of Eq. (2) on
the experimental conditions of cyclopentanone oxidation by
RSO,00H

K,ks[HX k

. 2 3[ ]0 x 103, ;3, k31

t,°C |k 3[HX]o+k; Koks 12 mol2 s
| mol-ts? mol It s
40* 3.7+04 75.3 + 24.4(0.083 + 0.008
50* 56+09 375+85 | 0.13+0.01
50** 1.96 + 0.03 372.0+4.0 | 0.17+0.01
60* 9.7+07 222+1.0 | 0.22+0.01
* [CgH11S05H] = 0.1 mol |72,
** [CF3COOH] = 0.2 mol I,
KINETICSAND CATALYSIS Vol.45 No.1 2004

describe the temperature dependences of these
parameters: logk; = (6.1 £ 0.3) — (42.8 £ 1.6)/6 and
log( k_s/koky) = (7.0 £ 0.5) — (53.0 + 3.4)/0 (where 8 =
2.3RT kJmal).

Thus, we conclude that cyclopentanone oxidation
by decanesulfonic peracid is a particular case of the

Bayer—Williger reaction, and the experimental results
are adequately described by the proposed mechanism.
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