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KINETICS OF THE N OXIDATION OF SOME COMPOUNDS
OF THE PYRIDINE SERIES WITH PERBENZOIC ACID IN CHLOROFORM
AND AQUEOUS DIOXANE

R. E. Lokhov UDC 547.824:541.127:542,943

A comparative study of the kinetics of the N oxidation of 19 derivatives of the
pyridine series with perbenzoic acid in chloroform and aqueous dioxane at 20,
25, 30, and 35°C was made. The rate constants, the parameters of the Arrhenius
equation, and the activation energies of the N oxidation of the indicated mono-
azines were determined. The scale of the reactivities of the derivatives of

the pyridine series was calculated within the framework of the Pearson hard-soft
acid—base concept.

It is known [1-3] that the methods for the preparation of N-oxides of aromatic nitro-
gen—-containing heterocycles by oxidation of the latter with peracids have important practical
value. Despite this, the mechanism of N oxidation has not been adequately studied. The
timeliness of research of this sort is due among other things to the possibility of investi-
gation of the interaction of the ring nitrogen atom of the monoazine with the electron-de-
ficient §t(OH) group of the peracid. The importance of data on such interactions becomes
evident if one takes into account the fact that most electrophilic and nucleophilic reac-
tions in series of nitrogen-containing heterocycles proceed with initial coordination at
the hetero nitrogen atom both as a kinetically independent electropositive particle and as
an electropositive part of an ion pair [4].

Extensive use has recently been made of hydroperoxide oxidation in the azine series
[5]; however, this method is less acceptable for the study of the indicated problems by
virtue of the fact that the ease of hydroperoxide oxidation is not determined by the affinity
of the nucleophile for the hydroperoxide but rather by the affinity for the metal (the
catalyst). It is not surprising that the reaction is also complicated by the possibility
of the formation of a complex between the catalyst and the functional group.

The formal kinetics of the N oxidation with perbenzoic acid was studied for the first
time [6, 7] only in the case of alkyl- and chloropyridines at a single temperature in '
aqueous dioxane.

Somewhat later [8] the activation energy (E) of the N oxidation of pyridine was deter-
mined {the rate constants were determined at 0, 13, and 25°C). On the basis of a limited
amount of kinetic data Dondoni and co-workers [7] concluded that there is a correlation be-
tween the rate of N oxidation and the basicity of the heterocycle. However, this assumption
seems insufficiently substantiated even from the point of view of the experimental data. pre-
sented. For example, although the basicity of 4-methylpyridine (pKa 6.02) is considerably
higher than that of 3-methylpyridine (pKy 5.68), the rate constants for their oxidation
virtually coincide (7.25.10° and 7.20.10° liters/mole-sec, respectively), whereas the rate
constant for 2-methylpyridine (pK, 5.94) is higher by a factor of 1.2 (8.40-10° liters/mole-
sec). The highly basic isomeric aminopyridines do not undergo N oxidation at all [1].

Other examples of the anomalous behavior of some monoazines in preparative N oxidation are

K. L. Khetagurov North Ossetian State University, Ordzhonikidze 362021. Translated
from Khimiya Geterotsiklicheskikh Socedinenii, No. 3, pp. 354-362, March, 1980. Original
article submitted September 18, 1979,
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TABLE 1.

atives of the Pyridine Series in 507 Aqueous Dioxane

Rate Constants, Parameters of the Arrhenius Equa-
tion, and Activation Entropies for the N Oxidation of Deriv-

Substituent F a h K- 10%, liters/mole -sec E, ~AS#,
No.| in the pyrid- | ;o0 HI€ keal/ igpz | cal/
ine ring (18] 2w | o5 ' 30 | as | mole deg

1 [4-NH, 9.17 Not oxidized

2 12-CH3—5-CoHs | 6.40 881 19,52 ]10,32 |11,20 3,085 0,242 31,95

3 12,5-CH; 6.45 7,97 19,00 9,51 10,42 2,75 -0,03 33,20

4 12-CH;, 5.94 8,15 8,78 — — 2,607% { —0,04 42,50

5 [4-CHjy 6.02 — | 7,80 —_ — — — —

6 |3-CHs 5.68 737 17,78 8,31 8,83 2,18 1,14 27,88

7 12-NH, 6.86 Not oxidized

8 {3-NH, 5.98 Not oxidiZed

9 {4-CoHs 5.55 4,16 1483 | 520 1605 4,491 0,98 28,60
10 |H 5.25 4,13 4,74 540 6,08 4,65 Il 28,07
11 |2-CH;—3-OH 6.71[19] ] 0,413 10,424 | 0,44 -— 11,04 4,73 2,28
12 |3-COOEt 3.13 4,20 14,38 — -— 1,684 —1,33 38,20
13 12-CeHs 448 0,943 1 1,02 1,09 — 3,834 —~0,18 33,88
14 13-OH 4.86 3,23 1327 | 332 3,39 0,572 —2,07 47,2
15 {6-CH;—3-OH 6,34 [19] | 0,456 | 0,476 | 0,495 — 4,05 —0,39 25,63
16 |2-OH 0.70 0,140 {0,186 | 0,237 | 0,262} 8,94 2,83 10,97
17 |3-CONH, 0,3301036 | 0,413 0,451} 2,38 — 1,70 31,69
18 {4-COOCH; 3.26 0,357 { 0,36 -} 0,390 — 2,264 —1,782 32,06
* f
TABLE 2. Rate Constants, Parameters of the Arrhenius Equa-

tion, and Activation Energies for the N Oxidation of Deriv-
atives of the Pyridine Series in Chloroform

| Substituent in  |pKa from K -10%, liters/ E _AS
s 1e he data mole -sec s '
No. | the pyridine |t keal/ tlepz  |cal/
ring in [18] 200 | 25° | 30° | 35° | mole deg
1 | 4-NH, 9,17 Not oxidized
2 { 2,6-CH 3—3 OH 7,67 — 13,40 14,75 15,93 10,52 5,25 9,05
31 25-C 6,45 3,24 | 3,57 |3,86 |4,29 3,26 —0,056 33,31
4 1 4 CGH 5,55 4,16514,90 15,22 16,7564 5,85 1.982 1 24,0
5| 2-CH 3—-o C;Hs 6,40 3,23 13,39 13,49 |3,60 1,234 | —-1,565 40,21
6 | 2-CH 5,94 2,51 13,13 3,85 [4,71 7,61 3,078 18,98
7 ‘4C(th)3 5.99 — |28
8 | 2-NH, 6.86 Not oxidized
9 4-CH3 6,02 — 12,162
10 | 3-CH;3 5,68 1,92 12,01 [2,18 3,18 —0,364 34,72
11 | 4-C.H; 6,02 — 12,09
12 | 3-NH, 5,98 Not oxidized -
13 | 2-CgHs 4,48 2,09112,20 2,34 12,44 2,611 | —-0,742 36,45
14| H 5,25 1,23 1,32 11,37 11,464 2.90 —0,752 36,50
151 3-OH 4,86 (18} 11,07111,14 |1,213]1,315 1,99 —1,487 46,52
575 [19]
16} 3-CN 1,45 5,16 | 5,40 {5,82 |6,144 2,14 -0.717 36,34
17 } 3-COOEt 3,13 1,925] 2,00 12,12812,291 2,471 —0,8863 1 37,11
18 | 2-OH 0,70 0,188} 0,26 (0,28 [0,363 8,237 2,458 12,667

also known [1, 8].

At the same time that the basicity of dimethylaniline (pKs 5.18) is
somewhat lower than that of pyridine (pKy 5.25), the rate of N oxidation of the former
under similar conditions is higher by a factor of 1000 than the rate for the latter [8].

For a better understanding of the peculiarities of N oxidation we proposed that this
reaction is carried out via the following probable scheme.
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It is assumed that the oxidation proceeds through a step involving a dynamic complex
formed by transfer of the unshared pair of electrons from the nitrogen atom of the hetero-
cycle to the vacant orbitals of the acceptor peracid (I) with subsequent heterolysis of
the 0—0 bond to the 6~ (OH) hydroxide anion or &+(OH) hydroxyl cation. Heterolysis of the
0—0 bond via IIb shifts the equilibrium to favor final product III, whereas heterolysis via
scheme Ila shifts the equilibrium to favor the starting compounds.

In the case of validity of the assumption of N oxidation via an ionic mechanism through
I one might have expected close activation energies of the indicated reaction and epoxida-
tion under similar conditions, for which the ionic character of the mechanism and its oc-
currence through a complex between the olefin and the peracid have been clearly proved [5].

In order to ascertain the legitimacy of the proposed mechanism and the mutual effect
of coordinately bonded molecules in a dynamic complex within the framework of the perturba-
tion theory presented and the Pearson hard-soft acid—base concept we studied the kinetics
of N oxidation of a large number of pyridine derivatives and the epoxidation of four alkenes
in 50% aqueous dioxane and in chloroform at four temperatures.

The oxidation rate constants (K) were described by a second-order equation for unequal
concentrations:

1 b(a—x) 1
K== "ao= @

The activation energy (E) was determined graphically from the slope of the line con-
structed in coordinates of log K and 1/T from the formula

E=2.303-R|tgalt, (2)
where o is the slope of the line relative to the abscissa; £, ratio of the scales with res-
pect to the abscissa and the ordinate; and R, gas constant (1.986 cal/deg-mole).

The log pZ value of the Arrhenius equation was calculated from formula (3) for T =
298°K:

E
The activation entropies were calculated from formula (4) for T = 298°K:
—AS*=2.303R lg%;—T-—z.sos Ig K—-,?— +R. %)

The scale of the reactivities of the compounds of the pyridine series for N oxidation
at 25°C was composed from the basic equation of general perturbation theory for the centers
with variable electrophilicity [9]:

rrs 2C1'j2 * Cs 12 r52 (5)
AEp=—argeg +hov * 22[—137;:75;&‘]’

where T'yg is the coulombic interaction between the r and s centers with formal charges qy

and qg within the central field approximation; E , dielectric constant of the solvent; Ep,
energy of the m-occupied MO of the nucleophile, which is under the influence of the electro-
phile; and Ep, orbital energy of the unoccupied n-th MO of the electrophile; the coefficients
of the A0 are normalized er’ = Cska =1 (whenr =3, and s = k), and B is the resonance
integral, which is equivalent to the energy of cleavage of the chemical bond. The Agolv

term expresses the energy of partial desolvation in the case of coulombic interaction of the
r and s centers.

The limiting situations of solution (5) were analyzed by Klopman {9, 10] and virtually
represent a theoretical substantiation of the hard-soft acid—base concept.

In connection with the fact that the determination of the energy parameter Ey in Eq.
(5) presents great difficulties [9], we usedthe two-parameter Edwards Equation (6) [11,12]:

Ig Kp/Ko=xEn+yH, (6)

where E; is the redox potential (or a certain similar property that characterizes the
nucleophile), H is a measure of the relative basicity of the nucleophile and is equal to
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TABLE 3.

Consolidated Table of the Rate Constants for

Epoxidation and Activation Energies of Olefins in Systems of
Various Solvents for R*-—CH=CH-R?*

Olefin : per- K '103. liters/ E
benzoic mole -sec keal/
No. R R? aci.d Solvent } ] g
ratio 20° 2 30 33
1 |CeHs CeHs | 02:0,1 |Chloroform 2,52 5,25 | 10,8 22,94 | 6527,9
CeHs CeHs | 023:013 |50% aqueous | 1,96 (3,59 | — | — | 9370,6*
d'oxane.
CeHs CeHs | 0,17:0,062 9%g,gorm1c — 10,364] 0,75 | 1,55 | 6527,9
1
2 |PCl—CeHy | CeHs | 0,3:0,047 | Chloroform 0,93 |1,00 | 1,00 | 1,054 1508,1
p.CI—CeH, | CeHs 0,25 : 0,047 5%.0 aqueous | 959 |27 |2,78 ] 2,91 | 1332,0
joxane
3 {p-Br—CgH, [ CeHs | 0,16:0,03 50% aqueous 4,81 4,88 {496 525 | 5170
dioxane
4 [CsHN+ Cotls | 0,186:0,06 |[50% aqueous | 493| — [538| — | 36425
ClO4— dioxane

#The activation energies were calculated theoretically.

pKy + 1.74, and the x and y constants characterize the electrophile. From the condition for
pyridine that log K /Ko- 0, x =1, and Ey = 1.20 [12], for aqueous dioxane (6a) and chloro-
form (6b) media, Eq. (6) w1ll have the form

g Kp/Ko=Em—0.172H (6a); g Kp/Ko= En —0.162H.

They satisfactorily describe the relative reactivities of the pyridine derivatives (see
Table 4 and Figs. 1 and 3). Substituting the Ep values calculated for each monocazine from
(6a) and (6b) into Eq. (5) we obtain the following computational Eqs. {(7) and (8) when

Em > En and Eqs. (8) and (9) when Ej < Ep:

(6b)

_ 4,803 (5)
ABr=—T37 / +02850+Z Fram En
~ 2p° N 28 €))
Agp_o,0745+m(7), AE;;~0,0745+-—————EM_EH )
when E =80,
_ 262 o 2[3
AEp_»—32793+2§::E;(8L AEp= 32793+—Em L (10)
when E=4,724

The overall energy of the donor-acceptor bond (AEp) from Egs. (7) and (8) is deter-
mined primarily by the forces of electrostatic interactlon, since a very small amount of
charge transfer will occur. This type of reaction is designated as a charge-controlled re-
action. For cases (9) and (10) AE, will be determined primarily by the covalent (last)
term, since the interacting orbitags are degenerate. In this case electron density is
transferred from the donor to the acceptor, and this type of interaction is called a bound-
ary orbital-controlled reaction.

The 8 values in Eqs. (7), (8), (9), and (10) are determined from [13, 14] for the fol-

N\ *
v N—OH =

potential (IP) of pyridine is 9.30 % 0.0l eV, the IP of the OH' group is 13.2 eV, the
electron affinity (EA) of pyridine is 0.675 eV, the FA of the 0H§ group is 2.8 or 2.11 eV
{10, 13, 14], the energy of cleavage of the N-oxide bond is 3 eV, and the resonance integral

lowing parameters [15]: the length of the 1.37 R, qdr = qs = 1, the ionization

Ny
\\IV—4DH

(B) of the//

bond in pyridine N-oxide for these parameters is
28=3.369 eV (11)

It is apparent that the B value varies as a function of the character of the substit-
uent in the ring of the heterocycle, Since the activation energies for N oxidation lie in
the ranges characteristic for hydrogen bonds (see Tables 1 and 2), to take this change into
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account one can use Eq. (12) [16]
ApKe= —2.86AH +27.6, 12)
where ApK; = pK; (acid) — pK, (base).

If one takes into account the fact that equality of the dissociation energies and the
heats of reaction (AH) is observed for some equilibrium reactions [17], one can on the basis
of the 2BNp = 3.369 value [Eq. (11)] make an additional estimate for pyridine derivatives
as a function of their nucleophilicities.

Consequently, by substituting the B and Ep values obtained into Eqs. (7), (8), (9),
and (10) and by assigning arbitrary but regular changes in E, one can calculate a number
of series of perturbation energies for the N oxidation of pyridine derivatives.

Consolidated data on the rate constants, parameters of the Arrhenius equation, and
activation entropies of the N oxidation of pyridine derivatives in 50% aqueous dioxane and
chloroform are presented in Tables 1 and 2, and data on the epoxidation of a number of
alkenes are presented in Table 3. The Ej values calculated from (6a) and (6b) and the or-
der of the nucleophilicities according to (5) are presented in Table 4. The log K /Ko =
Ep — yH dependences from (6a) and (6b) and the dependence of log K on 1/T are shown in
Figs. 1-4,

The following conclusions can be drawn from the data presented in Tables 1-4.

1. The reliability of the kinetic data obtained is confirmed by the satisfactory agree-
ment between the K values presented in Table 1 and the data in [7], which pertain to analo-
gous conditions for pyridine (4.80.10° liter/mole-sec), 2-methylpyridine (8.40:10° liter/
mole~sec), 3-methylpyridine (7.20:10° liter/mole-sec), and &4-methylpyridine (7.25-10% 1i-
ter/mole-sec).

A direct relationship between the consumption of perbenzoic acid and the formation of
the corresponding oxides is observed in general in [5-8] both with respect to the N oxidation
of some tertiary amines and with respect to the epoxidation of olefins.

2., The N oxidation of pyridine derivatives, as in [7, 8], follows second-order kinetics,
first-order in each of the components, viz., the heterocycle and perbenzoic acid. The ac-
tivation energies (E) range from 1 to 10 kcal/mole, and the activation entropies AS™ belong
to the first series and range from 9 to 47 cal/deg. The AST values overlap the opposing E
effect, and this indicates that the reaction has a bimolecular character.

3. The molar ratio of the reacting heterocycle and perbenzoic acid of 1:0.5 was selected
for a twofold purpose. First, this ratio was selected to exclude or reduce to a minimum
the occurrence of side processes. Second, in the case of the existence of an OH' particle
of the peracid in a kinetically independent form [1] the rate of N oxidation should have
been determined by the rate of dissociation of the peracid and should have been 1ndependent
of the concentration of the heterocycle or olefin.

However, this assumption contradicts our data and the literature data [20]. The rates
of N oxidation of monoazines and epoxidation of olefins are described satisfactorily by a
second-order equation for unequal concentrations and lie within the range of one order of
magnitude (Tables 1-3). All of this constitutes evidence in favor of the assumption, in
contrast to the well-known concepts [l, 7], of the possibility of N oxidation through a step
involving a dynamic molecular complex (1) of the donor—-acceptor type between the heteroring
and the peracid.

It is apparent that cleavage of the 0—-0 bond in the molecule (1) theoretically may lead
to the formation of three particles, viz., OHt, OH-, and ‘OH. The generation of a hydroxyl
radical under the conditions of N oxidation of monoazines is unlikely [21]. The effect of
the heteroring on the heterolysis of the 0-0O bond may be manifested in polarization of the
peracid in the complex with the development of &§+(OH) or 6-(OH), depending on the energy
possibility of one or the other direction of polarization.

4. The data obtained on the reactivity of pyridine calculated for the centers with
variable electrophilicity (Table 4) show relatively greater agreement with the order of
nucleophilicity corresponding to the "hard" center E = +3 (an orbitally controlled inter-
action).
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Fig. 3. Dependence of the relative reactivities of derivatives of
the pyridine series in N oxidation in chloroform on the parameters
of the Edwards equation (the numbering corresponds to the numbering
in Table 2).

Fig. 4. Dependence of log K on 1/T in the N oxidation of derivatives
of the pyridine series with perbenzoic acid in chloroform (the num-
bering corresponds to the numbering in Table 2).

It may be assumed that in the case of compounds for which good agreement between the
experimental data and the calculated values is observed, &+(0OH) is generated from complex I.
The §7(0OH) group (a charge-controlled interaction) is generated for compounds that deviate
from this dependence, such as compounds 1, 7, 8, 11, 12, and 15 (Tables 1 and 4) and 1, 8,
12, 2, 4, 13, 16, and 17 (Tables 2 and 4).

5. The anomalously high reactivities of compounds 4, 13, 16, and 17 (Table 2) and 12
(Table 1) can partially be explained. by possible simultaneous (with the ring nitrogen atom)
oxidation of ester nitrile, and other groups under the N-oxidation conditioms.

EXPERIMENTAL

The compounds with stable liquid fractions were subjected to fractional distillation
with a column. The remaining pyridine derivatives were recrystallized twice. The purity
of the preparations was monitored by chromatography on plates in a thin layer of aluminum
oxide [19] and by gas chromatography [22]. The constants of the investigated compounds
were in agreement with the values presented in the literature.

trans-Stilbene and p-chloro- and p-bromostilbenes were obtained by the methods in
[23, 24].

Preparation of N-Styrylpyridinium Perchlorate. A mixture of 8.5 g (0.05 mole) of
pyridinium-N-acetic acid chloride and 10 g (0.094 mole) of benzaldehyde in 30 ml of pyridine
was heated at 70-80°C for 3-4 h, after which the benzaldehyde and pyridine were removed by
steam distillation, and the residue was removed by filtration, dried, and heated with 7 ml
(0.05 mole) of benzoyl chloride to 190°C and maintained at this temperature for 5-10 min.
The crystalline precipitate was removed by filtration and washed thoroughly with ether.

The residue was dissolved in 10 ml of 50% perchloric acid, and the precipitated N-styryl-

pyridinium perchlorate was recrystallized from alcohol to give 6.7 g (49.1%) of a product

with mp 170-171°C. No melting-point depression was observed for a mixture of this product
with a genuine sample [25].

Determination of the Kinetics of Oxidation. A weighed sample of the investigated com-
pound was dissolved in 50% aqueous dioxane or chloroform, and the resulting solution was
mixed with a sufficient amount of a chloroform solution of perbenzoic acid to obtain a
n0.2 N solution and a heterocycle:perbenzoic acid molar ratio of 1:0.5. The oxidation was
carried out at 20, 25, 30, and 35°C (+0.1°C).
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Samples (2 ml) were selected after 5, 10, 15, and 20 min and were immediately trans-
ferred to a beaker containing 4 ml of a 10% solution of KI and 0.5 ml of an acetic acid
solution of ferric chloride. The samples were allowed to stand in the dark for no less
than 30 min and were titrated with a 0.1 N solution of sodium thiosulfate. A control sample
(2 ml) of a chloroform solution of perbenzoic acid was titrated simultaneously. The de-
termination of the perbenzoic acid consumption with time was accomplished by the method in

{26].

A graph in the following coordinates was constructed to make allowance for the experi-
mental error associated with the uncertainty in the determination of the initial time:
I bla—x) _
“a(b—x) GXP
The experimental points lie satisfactorily on a line that does not always pass through
the origin. Segment t cut out by this line on the abcissa was used as the cor-
rection for the experimental time. As a rule, this error was substantially small as com-
pared with the half-conversion period. The N oxidation was carried out at two initial con-
centrations for each temperature; the rate constants obtained in this case differed from
one another by no more than 107.

A linear dependence of the N-oxidation rate constants on the temperature (log k vs 1/T)
was observed for the investigated compounds. The rate constants were determined with an
accuracy of up to 5%, the E values were determined with an accuracy of #0.5 cal/mole, the
log pZ values were calculated with an accuracy of #0,07, and the AS™ values were calculated
with an accuracy of *1.0 cal/deg.
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