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ROLE OF THEORY ACIDS AND BASES IN THE FORMING
CONCEPTS OF THE MECHANISM CATALYTIC OXIDATION
AND OXIDATIVE AMMONOLYSIS

Abstract. Experimental data of oxidation and oxidative ammonolysis the isomeric
methylpyridines in the presence of vanadium oxide catalysts, it was found that the reac-
tivity of substrates increases in the following sequence: 3-methylpyridine < 2-methylpy-
ridine < 4-methylpyridine.

The obtained experimental results of relative reactivity of initial compounds were
interpreted by the theory of acids and bases. It was shown that among the isomeric me-
thylpyridines, increase of basicity which influence to adsorpting ability in the same order
as the basicity and the CH-acidity of substrates calculated using non-empirical quantum-
chemical methods.

Keywords: acids, bases, deprotonation enthalpy, proton affinity.

Based on the theoretical ideas about acids and bases, the interpretation results
of conversion methylpyridines and mechanism of their catalytic oxidation and
oxidative ammonolysis were investigated.

The problems of the methylpyridines structure and reactivity are closely
related to the points of the substrates activation mechanism under catalytic
reaction conditions and the nature of the C—H bond breaking in oxidized methyl
substituents at the initial stages of reaction. There are three possible variants of
the C—H bond splitting, one of which is associated with its homolytic breaking
with the R-CH, alkyl radical formation and a hydrogen atom. The other two
variants suggest a heterolytic break and lead to the carbocation R — £ Hs™ - hyd-
ride ion H™ pair and the carbanion B — £ H; - proton H* pair formation.

At the first stages of catalytic oxidation and oxidative ammonolysis studies,
it was assumed that it proceeds in the same way as homogeneous oxidation, the
mechanism of which is most reliably described by peroxide theory A.N. Bach [1],
and the theory of radical-chain processes with degenerate branching developed by
N.N. Semenov [2]. This was facilitated by the fact that the homogeneous and
heterogeneous catalytic oxidation of some hydrocarbons produced the same
products. For these processes, schemes in which free radicals were considered as
intermediate forms were discussed in detail. However, the EPR method did not
reveal hydrocarbon or peroxide radicals on the surface of the catalysts during the
oxidation process [3]. Against the hypothesis of the reaction mechanism with the
homolytic cleavage of the C — H bond in the oxidized methyl substituent, there is
also no correlation between the reaction rate and the energy of the homolytic
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cleavage of this bond. Thus, according to reference data [4], the experimental
values of the homolytic cleavage energy (Ecp) rise in the 2-methylpyridine —
3-methylpyridine — 4-methylpyridine series (314, 318, 322 kJ-mol™, respectively)
and do not correlate with reactivity.

New ideas about the mechanism of heterogeneous catalysis were proposed
by Dowden D.A., who considered intermediate forms not radicals, but complexes,
formed by the interaction of organic compounds with atoms or metal ions that
make up the catalyst, having unfilled d-orbitals [5]. At the same time, to consider
the mechanism of catalytic reactions, the theory of the crystal field and its modifi-
cation, the theory of the field of ligands developed for complex compounds are
used [6]. The coordination approach has become widely used while considering
the mechanisms of heterogeneous catalysis processes [7].

The transformation of views on the mechanism of the initial stages of cata-
Iytic oxidation and oxidative ammonolysis took place with the development of
ideas about organic CH-acids [8]. And also with the creation of the theory of ad-
sorption and catalysis on the transition metal oxides surface [9] and the develop-
ment of physical methods for experimental study of intermediate surface com-
pounds during catalytic reactions [10, 11]. Numerous studies have shown the
important role of acid-base and redox properties of the oxide catalysts surface, in
particular, the role of various forms of oxygen and its bond energy with the
surface of the catalyst in the formation of activity and selectivity of the catalyst
[12, 13].

For the correct formation of the correlation equations connecting the struc-
ture and reactivity of organic compounds, the rate constants of the stages are
necessary. Therefore, for mathematical processing of the kinetic experiments re-
sults on the computer and solving the so-called inverse problems of chemical
Kinetics, software consisting of programs written in the FORTRAN algorithmic
language in the laboratory of petroleum chemistry and petrochemical synthesis
was developed [14]. The resulting rate constants for the formation stage of the
target products (acids, nitriles) could be compared with the properties of the
substrates molecules to build the corresponding correlations. Since there are no
experimental data on the acid — base characteristics in the gas phase for most of
the initial materials, we obtained their calculated analogs (ab initio) using quan-
tum chemical methods [15, 16]. The chemisorption of the initial substances on the
surface of vanadium oxide catalysts was simulated using the cluster approxi-
mation, which is currently widely used to study the mechanism of heterogeneous
catalytic reactions [17]. Calculations of clusters and their complexes with
substrates were performed by the density functional method (DFT, Density
Functional Theory) [18].

The basis of modern theories of acids and bases are the concepts of J. Brans-
ted and T.M. Lowry [19, 20], G. Lewis [21]. There have been successful attempts
to create generalized theories (M. Usanovich [22]), but they have not found wide
application.
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It is known that methylpyridines are weak CH-acids [23-25] and under the
action of a strong base are able to cleave a proton from the methyl group, for
example, in a liquid-phase deuterium exchange [26]. This reaction proceeds with
the carbanion formation. The coincidence of the sequence of changes in the
reactivity of methylpyridines during deuterium exchange and in oxidation and
oxidative ammonolysis suggests that the activation of the methyl groups of
picolines under conditions of a heterogeneous catalytic reaction proceeds by a
similar mechanism. In a catalytic reaction, nucleophilic anions of surface oxygen
can play the role of proton acceptors [3]. Obviously, the enthalpy of deproto-
nation of methyl substituents that turn into carboxy- or cyano- groups should
influence the reaction rate. Information on the experimental values of the CH
acidity of methyl aromatic compounds is not fully represented in the literature;
therefore, using the ab initio quantum chemical method [Pople basis 6-311G
(2d, 2p)], we obtained the calculated values of the deprotonation of methyl groups
(DPE, table 1) as analogs of CH-acidity of methylpyridine molecules. The
equation for the reaction of CH-acid with a proton acceptor:

AH+B=A +BH" - DPE, 1)
DPE = Eyot(A") + Eor(BH") —Eor. (AH) — Exr (B), (2)

where E, - the total energy of the corresponding compound; B - the main center,
proton acceptor.

For the same proton acceptor, the difference Ey(BH") — Eyt(B) in equation
(2), equal to the proton binding energy, can be considered constant. Therefore, to
calculate the enthalpy of deprotonation, which characterizes the relative strength
of CH-acids, you can use the equation that includes the total energies of the
carbanions and initial molecules with optimized geometry:

DPE = Et(A") — Eor. (AH). (3)

According to the quantum chemical calculations results (Table 1), the CH
acidity of isomeric methylpyridines increases as the enthalpy of deprotonation of
methyl groups (DPE, kJ-mol™) decreases in the series: 3-methylpyridine (1670.8) —
2-methylpyridine (1654.9) — 4-methylpyridine (1626.0).

While discussing the relationship between the structure and reactivity of
methylpyridines, it is necessary to take into account the fact that, due to the pecu-
liarities of their structure, they are bifunctional compounds. On the one hand, as
mentioned before, methylpyridines are the weak CH-acids and able to split a
proton from the methyl group. On the other hand, the presence in the cycle of an
electron-withdrawing nitrogen atom provides the qualitative difference between
pyridine derivatives and methylbenzenes, giving them a higher basicity [27]. This
feature must be correlated with the surface properties of vanadium-containing
oxide catalysts, which contains Brgnsted and Lewis acid sites [3]. The first are the
surface proton donor hydroxyl groups, and the second are the electron-with-
drawing valence unsaturated metal cations.
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Table 1 — The total energies of the methylpyridines molecules and their anions (Eya), the enthalpies
of compounds deprotonation (DPE - Deprotonation Enthalpy) calculated by the
ab initio method [basis 6-311G (2d, 2p)]

# CH-acids ~Eou, 201 - - DPE 111
Molecules (A) Anions (A) kJmol
1 3-Methylpyridine 285.8130054 285.1766156 1670.8
2-Methylpyridine 285.8171276 285.1867816 1654.9
3 4-Methylpyridine 285.8151743 285.1958472 1626.0
Note. 1 — DPE = [Eqi(A") — Ext (AH)] - 2625.46.

The basicity of the initial methylpyridines (B) was calculated as affinity for
the proton (PA, Proton Affinity) by the ab initio [HF basis/6-311G (2d, 2p)],
based on the total energies of the initial molecules and their rings protonated by
nitrogen geometry optimized forms:

B+H"=BH" +PA, (4)
PA =Ew(B)— Etot.(H+) - Etot.(BH+)- (5)

The total proton energy is constant, and to compare the relative basicity of
the initial compounds, we can use the following equation:

PA = Etm_(B) — Etot_(BH+). (6)

The adsorption interaction by nitrogen atom of methylpyridines with acid
sites of the catalyst makes a significant contribution to the methyl groups’ acti-
vation, which entails the transfer of the reaction center from the nitrogen atom of
the cycle to the methyl group. Despite the existing experimental methods for
determining the basicity of organic compounds in the gas phase (high-pressure
mass spectrometry, ion cyclotron resonance spectroscopy) [18], the information
on this subject is far from complete. Therefore, we calculated the basicity values
of the isomeric methylpyridines as the affinity for the proton (PA in equation 6).

The basic values of proton affinity characterizing the basicity are given in
table 2. It was established that the basicity of substrates in the gas phase (PA,
kJ/mol™) increases in the series: 3-methylpyridine (995.9) — 2-methylpyridine
(1002.4) — 4-methylpyridine (1003.2). In the same series, the reactivity of
methylpyridines in the process of catalytic oxidation increases, estimated by the
degree of conversion and the yield of partial oxidation products (figure 1). In the
case of 2-methylpyridine, the low yield of picolinic acid is explained by its
tendency to decarboxylate under vapor-phase catalytic oxidation conditions.

We have carried out a quantum-chemical simulation of the isomeric methyl-
pyridines (MP) chemisorption on the surface of a vanadium oxide catalyst with
the transfer of a proton of the methyl group to vanadyl oxygen (table 3). The
active center of the catalyst was modelled by a dual-core cluster containing the
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Table 2 — The total energies of methylpyridines, their nitrogen-ring protonated forms (Etot.),
affinity to the proton (PA, Proton Affinity) in the gas phase, calculated
by a non-empirical method [basis 6-311G (2d, 2p)]

— Egoty U. PAll
# Compound - - " 1
isolated molecules (B) | nitrogen protonated forms (BH") kJ-mol
1 | 3-Methypyridine 285.8130054 286.1923298 995.9
2-Methypyridine 285.8171276 286.1989115 1002.4
3 | 4-Methypyridine 285.8151743 286.1972614 1003.2
Note. > PA = [Eq (B) — Eqo(BH')]-2625.46.

100
20 4

- &
= 40 1
3

-
“

A

aa
40

330

an
40

80

LFE]

k-

330

310

Temperature, °C

Figure 1 — The effect of temperature on the conversion of (A) methylpyridines, (B) yield
of pyridinaldehydes and (C) yield of pyridinecarboxylic acids under oxidation conditions.

The methylpyridine feed rate is 36 g-L™-h™%, the initial mole ratio substance: O,: H,O = 1:15:113.
V-Ti-Al-O catalyst. Curves designation (substance): 2 — 2-picoline, 3 — 3-picoline, 4 — 4-picoline
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Table 3 — Total energies of methylpyridines and their carbanions (E) associated
with a dual-core cluster, deprotonation energies of «chemisorbed» substrates [DPE(ads.)]
calculated by the DFT method (B3LYP/LanL2DZ). Proton acceptor - vanadyl oxygen

. 7Et0talx a.u. DPE (ads)l
Reaction 1’
molecule/cluster anion/cluster kJ-mol
(\ CH,H
— CH; +
N/) Y -H
: O —
g [
0 %/ \O //V\OH
HO HO
883.4948748 (3) | 883.4040280 (3) | 238.5 (3)
Charge= 1+
883.4968877 (2) | 883.4297404 (2) | 176.3(2)
A -
G CHy 883.4974720 (4) | 883.4381860 (4) | 155.7 (4)
— N OH
e
0=/ o~ / OH
HO HO
Charge= 1+
Note. * DPE (ads.) = [(Eq (anion/cluster) — Eiy (molecule/cluster)]-2625,46.

Lewis acid center (ion V4) and vanadyl oxygen. Calculations showed that, as in
the gas phase, the enthalpy of deprotonation of the methyl group [DPE (ads.),
kJ-mol™] decreases in the series 3-MP/cluster (238.5) — 2-MP/cluster (176.3) — 4 -
MP/cluster (155.7). According to the experimental results, under the conditions of
catalytic oxidation, the conversion of the initial methylpyridines and the yield of
the partial oxidation products naturally increase in the same row as the enthalpy
of deprotonation of methyl groups decreases (figure 1).

The sequence in reactivity changes in the series of isomeric methylpyridines
is also maintained under oxidative ammonolysis conditions. As shown in Figure
2, in the studied range of stationary concentrations of methylpyridines, the rates
of their consumption and accumulation of cyanopyridines increase in the series:
3-methylpyridine — 2-methylpyridine — 4-methylpyridine.

Table 4 shows the rate constants of the cyanopyridines formation stage (k;) at
390°C, obtained by mathematical processing of the experimental kinetic data
shown in figure 2. As can be seen from Table 4, the rate constants increase in the
following sequence 3-methylpyridine < 2-methylpyridine < 4-methylpyridine, as
the basicity of substrates (PA) increases and the enthalpy of deprotonation of their
methyl groups decreases in the gas phase [DPE (gas)] and under conditions
simulating chemisorption on the surface of the catalyst [DPE (ads)].
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Table 4 — The proton affinity of methylpyridine in the gas phase (PA), the enthalpy
of deprotonation of methyl substituents in the gas phase [DPE (gas)] and under conditions
simulating chemisorption [DPE (ads)], the rate constants of the cyanpyridine formation stage
under oxidative ammonolysis conditions on vanadium oxide catalyst at 390°C (k;)

# Compound PA, . DPE (ra_3l), DPE (ad_sl.), ki (39100(_:1),
kJ-mol kJ-mol kJ-mol g-L™h
3-Methypyridine 995.9 1670.8 2385 0.9883
2-Methypyridine 1002.4 1654.9 176.3 6.0746
3 4-Methypyridine 1003.2 1626.0 155.7 12.438

Thus, the presence of a correlation between the basicity and acidity of iso-
meric methylpyridines and their relative reactivity under gas-phase catalytic
oxidation and oxidative ammonolysis conditions supports the stepwise mecha-
nism of these reactions with heterolytic cleavage of the C—H bond in oxidizing
methyl groups and the intermediate formation of carbanions.
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Volumetric speed is 6000 h. The initial oxygen concentration is 4.2, ammonia 1.7 mol-L™.
Curve designations (starting material and products): 2 — 2-methylpyridine and picolinonitrile,
3 — 3-methylpyridine and nicotinonitrile, 4 — 4-methylpyridine and isonicotinonitrile.

Figure 2 — The effect of the methylpyridines stationary concentration (Sinitia)

on the rates of their (A) consumption and (B) accumulation of nitriles
under oxidative ammonolysis conditions on a V,0s catalyst at 390°C
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11. B. Bopoowes, T. I1. Muxatinosckas, O. K. FOeai,
A. I1. Cepebpsncras, P. Kypmakwizel, A. M. Hmaneasv

KBIIIKBIIAAP MEH HEI'I3IEP TEOPUACHI HETI'I3IHAE
KATAJIMTUKAJIBIK TOTBIFY )KOHE TOTBIKTBIPY AMMOHOJIN3I
MEXAHW3MI TYPAJIbI TYCIHIKTEPI KAJIBIIITACTBIPY

BaHaquii OKCHATI KaTanu3aTopiap KAaThICBIHAA TOTHIFY KOHE TOTBIKTBIPY aMMO-
HOJNM31 OaphIChIHAA M30MEPIl METWIMUPHINHICD CAIBICTHIPMAIbl TYPFbIIa PEAKIIUSITBIK
KaOl1eTi KenTipinreHael KaTapra OpHAIaCaTEIHIAFH TOKIpHOe JKY3iH/Ie aHBIKTABIHIBL: 3-
METWIMUPUINH < 2-METWIMUPUANH < 4-METWINUPUAUH. AJIBIHFAH HOTHIKENEp KhIIl-
KbUIIAp MEH HEri3lep TCOPHSCHIHBIH HETI3IHAE TYCIHAIPIIAl. DMIMPHKAIBIK €MEC KBaHT-
TBIK-XUMHSUJIBIK €CENTep COJ KaTapla W30Mepii METHIMHPHIUHACPIIH CyOCTpaTTap/blH
aJICOPOIMSIIBIK KAOUICTIHEe ocep eTETIH YIJIFArObIH JKOHE IPOIIECTIH OacTamkel caThblia-
PBIHIA TOTBHIKTBIPYIIBI METHIII OpBIHOACAPIAPIBIH IEMIPOTOHIAYBIHBIH YKEHIIIIMH aHBIK-
TaiTeiH CH-KBIIKBUIABIFBIH KOPCETTI.

Tyitin ce3mep: KbIIIKbUIAAP, HETi3/ep, MSMPOTOHAAY SHTAIBIUACH, MPOTOHFA VK-
CacCThIK.

Pe3iome

I1. b. Bopoowes, T. I1. Muxatinosckas, O. K. IOezaii,
A. Il. Cepebpsncras, P. Kypmakwizel, A. M. Hmaneasv

POJIb TEOPMU KHUCJIOT U OCP{‘OBAHI/II\/’I
B ®OPMNPOBAHNU TTPEACTABJIEHUN O MEXAHNU3ME
KATAJIMTUYECKOI'O OKUCJIEHMA 1 OKUCJIUTEJIBHOI'O AMMOHOJIN3A

OKCIEePUMEHTAIBHO YCTAHOBJICHO, YTO MO OTHOCHTENBHON PEaKIHOHHOW CIOCO6-
HOCTH B YCIIOBHSIX OKHCJICHHS W OKHCIHTEIBHOTO aMMOHONW3a Ha BaHATMHOKCHIHBIX
KaTalM3aTopax HM30MEpHBIC METHINMHPHANHBI PACIIONAraloTCs B CIEAYIOLICH MOCieno-
BaTENBHOCTH: 3-METHIMUPHANH < 2-MEeTHIOHPUINH < 4-MeTwinupuiuH. IloigydeHHbIe
pe3yJIbTaThl UHTEPIPETUPOBAHBI HA OCHOBAHUU TEOPUU KHUCIOT MU OCHOBaHUW. Heammu-
PUYECKHUEC KBAHTOBO-XMMHUYECKHUC PACUCThI MOKa3ajikd, YTO B TOM XK€ piAay H30OMEPHBIX
METWIITUPUINHOB YBEIMYUBACTCS OCHOBHOCTbH, BIUSIONIAs Ha aJCOPOLHOHHYIO CrIoco0-
HOCTh cyOctpaToB, 1 CH-KHCIOTHOCTB, OMpEAEINSIONIas JICTKOCTh JENPOTOHUPOBAHUS
OKHUCILIFOLINXCSI METHIIbHBIX 3aMECTUTEIIeH Ha HAYalIbHBIX CTAAUSX MpoLecca.

KaroueBble c10Ba: KUCIOTBI, OCHOBaHHS, SHTAJIBIHUS JICTPOTOHUPOBAHHS, CPOJICTBO
K IIPOTOHY.
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