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Pyrolysis Mechanisms of Quinoline and Isoquinoline with Density
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Abstract The pyrolysis mechanisms of quinoline and isoquinoline were investigated using the density functional
theory of quantum chemistry, including eight reaction paths and a common tautomeric intermediate 1-indene imine.
It is concluded that the conformational tautomerism of the intermediate decides the pyrolysis products (Ce¢Hg,
HC=C—C=N, C4HsC=N and HC=CH) to be the same, and also decides the total disappearance rates of the
reactants to be the same, for both original reactants quinoline and isoquinoline during the pyrolysis reaction. The
results indicate that the intramolecular hydrogen migration is an important reaction step, which often appears in the
paths of the pyrolysis mechanism. The activation energies of the rate determining steps are obtained. The calculated
results are in good agreement with the experimental results.
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1 INTRODUCTION

Emission of nitrogen oxides (NO, NO, and N,;0)
in the utilization process of coal is an important envi-
ronmental problem [1]. It is well known that the pres-
ence of nitrogen in coal and coal-derived products is
mainly in the form of heterocycles such as pyrrole and
pyridine ring systems [2, 3]. Pyrrole, pyridine, indole
and quinoline are commonly selected as N-containing
model compounds in coal. Many detailed experimen-
tal and theoretical studies on the pyrolysis of pyrrole
[4-9], pyridine [10-13] and indole [14, 15] have been
carried out. Quinoline and isoquinoline, both the mole-
cules containing a pyridine ring fused to benzene, are
more authentic than pyridine for describing the coal py-
rolysis, considering the actual structures of N-containing
components in the aromatic matrix of coal.

To date, there have been some experimental
studies on the pyrolysis of quinoline and isoquinoline.
In the earlier research, the pyrolysis of quinoline and
isoquinoline was studied at 923-1223 K by Patterson
et al. [16] to evaluate the relative stabilities. Bruinsma
et al. [17] investigated the pyrolysis of quinoline in a
flow reactor, and it was concluded that quinoline was
more stable and benzene was identified as one of py-
rolysis products. Furthermore, benzonitrile was ob-
served as a pyrolysis product of quinoline [18]. How-
ever, the kinetic data for distribution of pyrolysis
products or for the pyrolysis mechanism were absent
in their experiments. Laskin and Lifshitz [19] investi-
gated the pyrolysis of quinoline and isoquinoline in
single pulse shock tube over the temperature range of
1275-1700 K in detail. The experimental results
showed that pyrolysis products were HC=CCN, C¢Hs,
C,H, and C¢H5CN, and the total disappearance rates
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of quinoline and isoquinoline were the same, whether
the reactant was quinoline or isoquinoline. The
tautomerism between quinoline and isoquinoline did
not occurred, neither traces of isoquinoline in shock
heated mixture of quinoline nor traces of quinoline in
shock heated mixture of isoquinoline were found. To
illustrate this fact, 1-indene imine radical was assumed
as an important intermediate, and the pyrolysis
mechanisms of quinoline and isoquinoline via the in-
termediate were proposed. Meanwhile, Winkler et al.
[20] investigated the continuous flow pyrolysis of
quinoline and isoquinoline at 1173 K, the same major
products as those of Laskin and Lifshitz [19] were
identified by gas chromatography-mass spectrometry
(GC-MS), and they also agreed with the mechanism
proposed by Laskin and Lifshitz.

The presence of 1-indene imine has not been
identified experimentally although it is widely be-
lieved to be an important intermediate during pyroly-
sis of quinoline and isoquinoline. In order to better
understand the fact that the total disappearance rates
of quinoline and isoquinoline are the same and the
pyrolysis products are also the same for both reactants,
and in order to verify the importance of 1-indene
imine intermediate, we carry out a study on the kinetic
mechanism of pyrolysis of quinoline and isoquinoline
using quantum chemistry calculation.

2 COMPUTATION

Density functional theory (DFT) method of quan-
tum chemistry calculation was adopted and the calcu-
lations were performed using the Dmol® program [21]
mounted on Materials Studio Modeling 4.0 package.
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Table 1 The calculated and experimental bond lengths and bond angles of N-containing compounds

N-containing compound Calculated results

Experimental results Experimental method
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Note: MW is the abbreviation of microwave spectroscopy; ED is the abbreviation of electron diffraction. Bond lengths are in ang-

stroms (1A = 0.1 nm) and angles in degrees.

Generalized gradient approximation (GGA) with
PWO1 function [22] was adopted. The DND basis set,
equivalent in accuracy to the 6-31G* Gaussian orbital
basis set, was also used. Spin unrestricted was chosen.
Total self-consistent field (SCF) tolerance criteria,
integration accuracy criteria and orbital cutoff quality
criteria were set at medium. Multipolar expansion was
set at octupole.

All the reactants, products and possible interme-
diates in reaction paths were optimized, and their sin-
gle point energies (SPE) were determined at the same
time. All transition state searches were carried out
using the Linear Synchronous Transit/Quadratic Syn-

chronous Transit (LST/QST) method. The vibration
analyses about the molecular structure of the species
involved in the pyrolysis mechanism were carried out
at the same theoretical level to verify whether a sta-
tionary point corresponding to the structure was a lo-
cal minimum (equilibrium structure) or a first-order
saddle point (transition state) according to the vibra-
tion modes, meanwhile, the corresponding zero-point
energies (ZPE) were determined. Transition state con-
firmation calculation was carried out using the nudged
elastic band (NEB) method to confirm that the transi-
tion states lead to the desired reactants and products.
All calculations were performed in HP Proliant DL
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Figure 1 The pyrolysis mechanisms of quinoline (R) and isoquinoline (Ri)

380 G5 server system.

In order to evaluate the reliability of the selected
calculation method and parameters, some structural
parameters of several N-containing heterocyclic com-
pounds were calculated, and the calculated and experi-
mental results [23] are shown in Table 1. The calculated
results are in agreement with the experimental struc-
tural parameters, the largest deviation of bond angles
is 0.617°, and the deviation of bond lengths is smaller
than 0.002 nm. In addition, some results about the reac-
tion mechanism have been obtained using the above
method and parameters in our previous studies [24, 25].

3 RESULTS AND DISCUSSION

3.1 The pyrolysis mechanisms of quinoline and
isoquinoline

The pyrolysis mechanisms of quinoline and iso-
quinoline leading to P1 (HC=CCN, C¢Hg) and P2
(CyH,, C¢HsCN) via 1-indene imine intermediate are
proposed in Fig. 1 according to the theoretical calcula-
tion. Imaginary frequencies of the transition states in
the pyrolysis mechanisms and the bonds correspond-
ing to relative normal vibrations are shown in Table 2.
ZPE corrections have been taken into account in this
section, and all the numbers cited in the energetic
sketch are SPE including the corrections of ZPE.

3.1.1 The paths of quinoline pyrolysis yielding CsHy
and HC=CCN

Two possible reaction paths (Path 1A and Path 1B)
are found for the pyrolysis: quinoline (R)—C¢Hg +
HC=CCN (P1), as shown in Scheme 1. The opti-
mized structures and their atomic numbers of reactant,
intermediates, transition states and products involved

Table 2 Imaginary frequencies of the transition states and
the bonds corresponding to relative normal vibrations

Transition  Imaginary frequency/ Bonds corresponding to
state cm normal vibration
TS1 —-1875.72 C9—N10—H17
TS2 -1385.26 C4—N10—H17
TS3 —731.35 C8—C7—HI6
TS4 —-1305.53 C7—C5—HI16
TS5 —557.03 C4—C9
TS6 -2077.74 N10—C4—H17
TS7 -1120.31 C9—N10—H17
TS1i —-1887.81 C9—N10—H17
TS2i —-1342.24 C8—N10—H17
TS3i —-1108.85 C8—H16—H17
TS4i —-1948.20 C8—C7—HI17
TS5i -1056.13 C7—C5—HIS5
TS6i —602.01 C8—C9
TS7i -2191.21 C8—N10—H17

in the two paths are shown in Fig. 2, and the relevant
energies of the stationary points for Path 1A and Path
1B is shown in Fig. 3.

About Path 1A, we first investigate the direct
cleavage mechanism via the formation of o-quinoline
radical proposed in the two experimental studies [19,
20], the corresponding transition state TS, is shown in
Fig. 2. The calculation based on the above method and
parameters indicates that the activation energy of d1—
rect cleavage of bond C9—H17 is 401.09 kJ-mol '
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Scheme 1 The reaction schemes for pyrolysis of quinoline (R) leading to P1 (C¢Hg, HC=CCN)
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Figure 2 The optimized structures of all species relating to Path 1A and Path 1B
[The bond lengths in the figure are in angstroms (1A = 0.1 nm) and angles in degrees]

which is about 75 kJ'mol ' and 85 kJ-mol " higher than
the experimental activation energy in literatures [17]
and [19], respectively. In this study, we suggest that the
o-H, H17 in quinoline (R) migrates to N10 to yield
IMI1. The calculated activation energy of the step via
TSI is 344.99 kJ-mol ', which is close to the experi-
mental activation energy of 326.00 kJ'mol ' [17] and
316.47 kJ-mol ! [19]. Thus the theoretical calculation
seems to support the proposed hydrogen migration but

not the scheme of direct bond cleavage for the initial
step of quinoline pyrolysis. Then H17 in IM1 migrates
from N10 to C4 to yield IM2 via TS2, followed by a
concerted C4—N10 bond cleavage and a change of
bond length from 0.1391 nm to 0.3530 nm. This step
needs to overcome the energy barrier of 260.50 kJ-mol .
Finally H16 in IM2 migrates from C8 to C7, sequen-
tially to C5 to yield P1 (C¢Hg, HC=CCN).

Path 1B has the same initial step to IM1 as Path
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Figure 3 Energetic sketch of the stationary points for Path 1A and Path 1B along the reaction process
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Scheme 2 The reaction schemes for pyrolysis of isoquinoline (Ri) leading to P2 (C{H;CN, HC=CH)

1A. The next step is that the C4 in IMI links to C9 to
yield an intermediate 1-indene imine (IM,) via TS5,
then the migration of H17 in IM, from N10 to C4 also
results in the formation of IM2 with an activation en-
ergy of 361.93 kJ'mol '. From IM2 to P1, Path 1B
and Path 1A have the same steps.

Figure 3 shows that the rate determining steps of
Path 1A and Path 1B are Step 1 and Step 6, with actlva—
tion energies of 344.99 kJ-mol ' and 361.93 kJ-mol '
respectlvely There is only a difference of 16. 93
kJ'mol ' in the activation energy, so Path 1A and Path
1B may be considered to be the coexistent competitive
reaction paths.

3.1.2 The paths of isoquinoline pyrolysis yielding
CsH5CN and HC=CH

Two possible reaction paths (Path 2A and Path
2B) are also found for the pyrolysis: isoquinoline
(Ri)—>C¢HsCN + HC=CH (P2), as shown in Scheme 2.
The optimized structures and their atomic numbers of all
species involved in the two paths are shown in Fig. 4,
and the relevant energies of the stationary points for
Path 2A and Path 2B are shown in Fig. 5.

Isoquinoline has two a-H (H16 and H17), but
their chemical surroundings are different. H16 is always
linked to C8 throughout Path 2A, whereas H17 first
migrates from C9 to N10 to result in the formation of
IM1i. In this step, hydrogen migration destroys the con-
jugate structure of the N-containing six-membered-ring,
so it needs to qvercome the higher energy barrier of
338.94 kJ-mol ', which is 22.94 kJ'‘mol " higher than
the expenmental activation energy [19]. Then H17 in
IM1i migrates from N10 to C8 to yield IM2i vza TS2i
with an activation energy of 265.29 klJ- mol ', fol-

lowed by a concerted C8—N10 bond cleavage and a
change of bond length from 0.1387 nm to 0.3466 nm.

It is initially proposed that H17 in IM2i migrates
from C8 to C7 to yield an intermediate IM4i. However,
the transition state confirmation calculation indicates
that the transition state TS4i can lead directly to IM4i
along the reaction process, but not lead to IM2i in the
reverse direction, which shows that another interme-
diate should exist between IM2i and IM4i. By our
calculation and analysis, IM3i with a nonplanar geo-
metrical structure is found to be a conformational
isomer of IM2i with a planar geometrical structure,
which is yield from IM2i via a transition state TS3i.
Then IM3i leads to IM4i through the migration of H17.
Finally the migration of H15 in IM4i from C7 to C5
results in the formation of P2 (C¢HsCN, HC=CH).

Path 2B has the same initial step as Path 2A.
Then C8 in IM1i links to C9 to yield a more stable in-
termediate 1-indene i 1m1ne (IMy) via TS6i over an energy
barrier of 266.20 kJ'mol ', and the frequency of C8—C9
stretchmg vibration of TS6i is calculated to be —602.01
cm . IMy and IM,; are cis- and trans-conformational
tautomers interconverting rapidly via TS7 with an
imaginary frequency of —1120.31 cm ', and corre-
sponding normal vibration is distributed over
C9—N10—HI17. Then H17 in IM}, migrates from NlO
to C8 with an activation energy of 370.76 kJ- mol ' via
TS7i also to yield IM2i. From IM2i to P2, Path 2B has
the same steps as Path 2A.

Figure 5 shows that the rate determining steps of
Path 2A and Path 2B are Step 1i and Step 71, with ac-
tivation energies of 338.94 kJ'mol ' and 370.76 kJ-mol ',
respectlvely There is only a difference of 31. 82
kJ'mol " in activation energy, so Path 2A and Path 2B
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Figure 5 Energetic sketch of the stationary points for Path 2A and Path 2B along the reaction process

[The energy of isoquinoline (Ri) is set as the origin of relative energy, whose calculated absolute energy is —401.7458 Ha (1 Ha=
2625.5 kI'mol™1)]



Chin. J. Chem. Eng., Vol. 17, No. 5, October 2009

811

may be considered to be the coexistent competitive
reaction paths like the case of Path 1A and Path 1B.

3.1.3 The paths of quinoline pyrolysis yielding
CsH5CN and HC=CH

The formation process of P2 (C¢HsCN, HC=CH)
during quinoline pyrolysis has two different paths
(Path 3A and Path 3B), which is shown in Scheme 3.
All the structures involved in the paths can be seen in
Figs. 2 and 4, and the relevant energies of the stationary
points for Path 3A and Path 3B are shown in Fig. 6.

Path 3A has the same steps as Path 1B from qui-
noline (R) to IM,. Then IM, goes through a quick
conformational tautomerlzatlon to IMy, with an activa-
tion energy of 113.98 kJ- mol . In Step 71, H17 in IM,
migrates from N10 to C8 followed by a concerted
C8—C9 bond cleavage to y1e1d IM2i with an activa-
tion energy of 370.76 kJ-mol . From IM2i to P2, Path
3 A has the same steps as Path 2A.

Path 3B has the same steps as Path 3A from qui-
noline (R) to IM,. Subsequently, in Step 8i, C8 in 1M
links to N10 followed by a concerted C8—C9 bond
cleavage to form IM1i via TS6i, which is the reverse
reaction of Step 61, and needs an activation energy of
371.37 kJ'mol ' From IM1i to P2, Path 3B and Path
2A have the same steps.

It can be seen from Fig. 6 that the activation en-

ergies of the rate determining steps are 370.76 kJ-mol '
in Path 3A and 371.37 kJ'mol ° in Path 3B, so Path
3A and 3B are considered to be the coexistent com-
petitive paths.

3.1.4 The paths of isoquinoline pyrolysis yielding
CsHs and HC=CCN

The formation process of P1 (C¢Hs, HC=CCN)
during isoquinoline pyrolysis also has two different
paths (Path 4A and Path 4B), which is shown in
Scheme 4. All the structures involved in the paths are
listed in Figs. 2 and 4, and the relevant energies of the
stationary points for Path 4A and Path 4B are shown
in Fig. 7.

Path 4A has the same steps as Path 2B from iso-
quinoline (Ri) to IM,, then goes through a quick con-
formational tautomerlzanon to IM, with an activation
energy of 113.96 kJ'mol ", In Step 6, H17 in IM, mi-
grates from N10 to C4 following by a concerted
C4—C9 bond cleavage to form IM2 with an activation
energy of 361.93 kJ'mol”'. From IM2 to P1, Path 4A
and Path 1A have the same steps.

Path 4B has the same steps as Path 4A from iso-
quinoline (Ri) to IM,. Subsequently, in Step 9, C4 in
IM, links to N10 followed by a concerted C4—C9
bond cleavage to form IM1, which is the reverse reac-
tion of Step 5 and has an activation energy of 383.48

Path 3A: R TS1 IMi TS5 M, TS7' . TS71" M2 TS31' IM3i TS4i IM4i TS5i P
Step 1 Step 5 Step 8 Step 7i Step 3i Step 4i Step 5i
TS1 TS5 TS7 TS61 . TS21 TS3i TS4i TS3i
Path 3B: R > M1 > M, > M, > > [M2i > M3i > |M4i > P2
Step 1 Step 5 Step 8 Step 8i Step 2 Step 3i Step 4i Step 5i si

Scheme 3 The reaction schemes for pyrolysis of quinoline (R) leading to P2 (C¢HsCN, HC=CH)
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Figure 6 Energetic sketch of the stationary points for Path 3A and Path 3B along the reaction process
[The energy of quinoline (R) is set as the origin of relative energy, whose calculated absolute energy is —401.7474 Ha (1Ha=2625.5

kJ-mol )]
. TSli TS6i TS7 TS6 TS3 TS4
Path 4A: Ri > > IM, > M, > [M2 > M3 > Pl
Step 1i Step 6i Step 7 Step 6 Step 3 Step 4
Path 4B: Ri —>Lis IM1i 00 4 187, M, TS5 vt 52 5 vz T35 vz T34,
Step 1i Step 6i Step 7 Step 9 Step 2 Step 3 Step 4

Scheme 4 The reaction schemes for pyrolysis of isoquinoline (Ri) leading to P1 (C¢Hg, HC=CCN)
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Figure 7 Energetic sketch of the stationary points for Path 4A and Path 4B along the reaction process
[The energy of 1soqu1n011ne (Ri) is set as the origin of relative energy, whose calculated absolute energy is —401.7458 Ha

(1 Ha=2625.5 kJ-mol )]

kJ-mol~". From IM1 to P1, Path 4B and Path 1A have
the same steps.

It can be seen from Fig. 7 that the activation en-
ergies of rate determining stePs are 361.93 kJ-mol '
Path 4A and 383.48 kJ'-mol " in Path 4B, so Path 4A
and 4B may be considered to be the coexistent com-
petitive paths.

3.1.5 The analysis of total reaction paths

According to the above analysis of every path, it
can be concluded that the most feasible formation
processes of P1 (C¢Hs, HC=C—C=N) and P2
(C¢HsC=N, HC=CH) during quinoline and isoqui-
noline pyrolysis should involve two parts: leading to
the intermediate 1-indene imine with two conforma-
tional tautomers, and yielding P1 and P2 from the
common intermediate.

Quinoline goes through three paths (Path 1B,
Path 3A and Path 3B) towards IM, and isoquinoline
goes through other three paths (Path 2B, Path 4A and
Path 4B) towards IM, by the kinetic mechanism in-
volving the intramolecular hydrogen migration, in
which the highest energy barriers of 344.99 kJ-mol '
in Step 1 and 338.94 ki‘mol ' in Step 1i have to be
overcome, which are close to the experimental activa-
tion energies 326.00 kJ'mol ' [17] and 316.47 kJ-mol '
[19]. Because of the similar activation energies, the
production rates of l-indene imine are almost the
same, whether the original reactant is quinoline or
isoquinoline. Then there is a quick conformational
tautomeric equilibrium between IM, and IM, with
activation energies of 113.98 kJ'mol ' and 113.96
kJmol '

The common intermediate 1-indene imine goes
through three paths (Path 1B, Path 4A and Path 4B)
towards P1, and other three paths (Path 2B, Path 3A
and Path 3B) towards P2. The calculated results show
that the highest energy barriers yielding P1 and P2 are
361.93 kJ'mol " in Step 6 and 370.76 kJ-mol " in Step
7i. The highest energy barriers are almost the same,
slightly higher than the experimental results [17, 19].
Thus it is concluded that the total disappearance rates

of quinoline and isoquinoline are the same, and the
composition of the pyrolysis products is also the same,
no matter the original reactant is quinoline or isoqui-
noline, which is in agreement with the experimental
results [19, 20].

3.2 The role of 1-indine imine during quinoline
and isoquinoline pyrolysis

A common intermediate l-indene imine is
yielded from IM1 and IMli in the pyrolysis mecha-
nisms of quinoline and isoquinoline, which has two
conformational tautomers (IM, and IMy) according to
our theoretical calculation. There are two tautomeric
structures of 1-indene imine so that H17 linked to N10
could migrate to C4 or C8, one of the two neighboring
carbon atoms, via TS6 or TS7i to IM2 or IM2i, re-
spectively. Then, the reaction leads to the formation of
P1 (C¢H¢, HC=C—C=N) and P2 (C¢HsC=N and
HC=CH) through the subsequent several paths. This
analysis may explain why the composition of the py-
rolysis products is the same whether the original reac-
tant is quinoline or isoquinoline during the pyrolysis.
It shows that 1-indene imine intermediate plays a cen-
tral role in the formation of the products during quino-
line and isoquinoline pyrolysis.

4 CONCLUSIONS

The kinetic mechanisms of pyrolysis of quinoline
and isoquinoline are investigated in detail using the
density functional theory of quantum chemistry. The
results are summarized as follows:

(1) A rational reaction mechanism involving eight
reaction paths and a common tautomeric intermediate is
proposed, and the activation energies of the rate de-
termining steps are obtained. The calculated results
are in good agreement with the experimental results.

(2) The conformational tautomerism of 1-indene
imine intermediate plays an important role in the
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mechanism, which decides the composition of the py-
rolysis products to be the same, and also decides the
total disappearance rates of the reactants to be the
same, whether the original reactant is quinoline or
isoquinoline.

(3) The intramolecular hydrogen migration is an

important reaction step, which appears widely in the
paths of the pyrolysis mechanism.
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