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Abstract The reaction of aniline with hydrogen atom is
investigated herein using the hybrid meta-DFT functional
of BB1 K. Hydrogen atom is found to preferentially add at
an ortho position. However, the fate of the o-(CcHsNH,)H
adduct is found to be solely the deactivation of the initial
addition channel. The rate constant for the abstraction
channel (C¢HsNH, + H — CcHsNH + H,) is fitted by the
expression 1.10 x 10™"" exp(—4,200/7) cm® molecule ™"
s~'. Our calculated rate constant for the abstraction chan-
nel agrees very well with the available experimental
measurements. Satisfactory agreement is found between
calculated and experimental measurements for the dis-
placement channel (C¢HsNH, + H — C¢Hg + NH,). Our
detailed analysis for the corresponding displacements in
toluene and phenol suggests that the three systems exhibit
similar behavior with regard to the relative importance of
abstraction and displacement channels.
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1 Introduction

Aniline or aminobenzene (C¢HsNH,) is an important pre-
cursor in various chemical industries, including the manu-
facturing of rubbers, explosions, and fertilizers. It is also
used in petroleum refinery [1]. Aniline is regarded as noto-
rious organic pollutant. It has adverse effect on human health
as well as on the environment; especially aquatic life [2].
Aniline inventory is predominantly man-made, yet there is
also a significant contribution from forest fires. Most aniline
is deposited directly to the atmosphere and a small portion to
the water resources. Aniline has been detected in a wide
range of air samples, from tobacco smoke to the effluent of
oil refineries [3]. For instance, aniline was detected from the
flashing and smoldering combustion of natural and RDF
wood [4]. Atmospheric aniline is decomposed mainly
through its reaction with hydroxyl radicals where a very short
lifetime of 2.3 h is reported by Atkinson et al. [5]. Most
environmental research on aniline has targeted its removal
from wastewater using various techniques including bio-
degradation [6] and adsorption [7] by selective substrate.
While kinetic data concerning the reactions of substituted
benzene compounds such as phenol and toluene with radicals
at higher temperatures have been thoroughly addressed, cor-
responding data for aniline are rather scarce. To the best of our
knowledge, there is only one experimental measurement for
the reaction of aniline with H atoms. He et al. [8] investigated
abstraction/displacement mechanisms in aniline:

— C()HSN H+ H»
C(,H5NH2 +H
HCﬁHG + NH2

(Abstraction)

(Displacement)

He et al. [8] found that the two processes have very
similar rate constants. In spite of the differences in
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electronic properties induced by the three distinct func-
tional groups in phenol, toluene and aniline, namely
hydroxyl, methyl, and amino, rate constants for the dis-
placement channel in these three compounds were found to
be very similar.

To this end, we address in this theoretical study reaction
rate constants and mechanism for the reaction of aniline
with H atom. Our calculated values are compared with
those of the very limited available experimental data.
Results presented herein are instrumental in a better
understanding of the reactions governing the hydrogenol-
ysis of aniline. Furthermore, our results for the system
(aniline + H) could be extended to the more complex
structurally related amine-containing pesticides.

2 Computational details

The Gaussian 03 [9] suite of programs is used to carry out
all electronic structure calculations. Optimized geometries
and harmonic vibrational frequencies have been calculated
using the meta hybrid density functional theory (DFT) of
BB1 K [10] with the 6-311 ++G(2d,p) basis set [11]. The
BB1 K functional is characterized by the deployment of an
HF exchange fraction along with the abstraction of kinetic
energy density from Kohn—Sham orbitals [12]. The BB1 K
functional has been shown to significantly outperform all
hybrid DFT methods including B3LYP in determination of
saddle-point geometries and barrier heights, especially for
hydrogen transfer reactions. BB1 K method is found to
produce energies and activation barriers in close agreement
with those obtained with ab initio methods such as MP2
and the chemistry models methods such as G3AMP2B3 [13].
In order to provide a benchmark for the accuracy of the
BB1IK/6-311 ++G(2d,p) methodology, reaction and
activation energies for selected reactions are calculated
also with the composite method of G3B3. All energies are
corrected with zero-point vibrational energies (ZPVE).
Analysis of the vibrational frequency is used to deter-
mine the nature of the located stationary points as either
minima or transition states (TS) where first-order saddle
points contain one and only one imaginary frequency along
the reaction coordinate. All TS are connected to their
reactants and products via carrying out intrinsic reaction
coordinate calculations (IRC). Vibrational frequencies
corresponding to internal rotations have been treated as
hindered rotors. The implementation and the necessity for
this treatment to obtain reliable thermochemical parameters
are well documented [14] Chemrate code [15] is used to
derive entropies and heat capacities. Rate constants, k(7),
are derived by conventional transition state theory (TST)
[16]. The transmission coefficient that accounts for the
quantum tunneling corrections is calculated with the one-
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dimensional Eckart functional [17]. Rate constants are
fitted to modified Arrhenius parameters in the temperature
region of 300 K to 2,000 K as k(T) = AT" exp(—Ea/RT),
where A is the pre-exponential A-factor and Ea is the
calculated energy of activation. Rate constants are calcu-
lated using TheRate code [18]. TheRate code is available
online free of charge at the CSEO resource (http://www.
cseo.net).

3 Results and discussions
3.1 Optimized structures

The structure of aniline has been studied both experimen-
tally [19] and theoretically [20]. Most interest has been
focused on measuring the pyramidalization of the amine
group arising from asymmetric interaction between the
amine group and the phenyl ring. The inversion (w) and tilt
(¢) angles are used as a measure of the degree of the py-
ramidalization, i.e., the deformation of the amine nitrogen
from planarity. Various experimental measurements pro-
vide a value for the inversion angle between 37.48 + 2.0°
and 42.40 £ 0.3°. As shown in the optimized structure of
aniline in Fig. 1, our calculated inversion angle amount to
41.95° and is in close consensus with the experimental
values. Other structural parameters including the tilt angle,
the HNH angle, and bond lengths are also in good agree-
ment with the experimental measurements.

Hydrogen atom reaction with aniline branches into four
plausible addition sites as well as via the abstraction of one
of the hydrogen atoms from the amine group. The four
addition channels constitute the formation of 0-(CcHsNH,)
H, m-(C6H5NH2)H, p-(C6H5NH2)H, and ipSO-(CﬁHsNHz)H
adducts while the anilino radical (C¢HsNH) is produced
from the abstraction channel. Optimized structures are
depicted in Fig. 1. The C-N bond in the anilino radical is
shortened by 0.060 A in reference to the aniline molecule.
As can be seen in Fig. 1, the inversion and tilt angles in the
o- and p-(C¢HsNH,)H adducts depart from the corre-
sponding values in the aniline molecule; the difference is
more profound in the 0-(C¢HsNH,)H adduct. The m-(CgHs
NH,)H adduct exhibits to a large extent very similar geo-
metrical features in reference to the aniline molecule.

3.2 Entropy and heat capacity

Torsional frequencies corresponding to the amine group in
aniline 0-(C6H5NH2)H, m-(CGHsNHz)H, p-(CGHSNHz)H
and ipso-(C¢HsNH,)H adducts were omitted from the
calculations of $°(298.15 K) and Cp°(T), and their contri-
butions were replaced by hindered rotor contributions
evaluated with their calculated rotational barriers,
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Fig. 1 Optimized structures for .- CH:NH
aniline, anilino, and aniline-H _ CeHsNH, (Aniline) 7S 0-(CeHsNHy)H
adducts. Bond distances are in A 1.016 112.52°
and angles are in degrees
£ g 4 ‘m)w 38.24°
1.002” e= 921°

m-(C6H5NH2)H
110.75°

symmetry numbers of rotation, and moment of inertia of
the rotors. Rotational barriers and symmetry numbers of
rotation were identified by performing partial optimization
around the torsional angle at an interval of 30° at the
B3LYP/6-31G(d) level of theory. Figure 2 depicts the
internal rotational potential of the amine group in aniline.
We attributed the presence of two additional minima in the
energy potential in Fig. 2 to the interaction between rota-
tion and inversion, i.e., the pyramidal NH, inverting
through the planar form. The twofold rotational potentials
shown in Fig. 2 has calculated barriers of 5.6 kcal mol™
and 1.4 kcal mol ™", in relatively good agreement with the
experimentally obtained values of 4.0 kcal mol™' and
1.4 kcal mol™" for the barriers for rotation and inversion in
aniline using microwave spectroscopy [21]. One the other
hand, the inversion barrier is also calculated by finding the
energy difference between the C;v and D3, structures of ani-
line in view of the recently presented mythology for calcu-
lating barrier of inversion in ammonia by Halpern et al. [22].
The calculated difference between the C3v and Dj3,, structures
at the B3LYP/6-31G(d) level amounts to 1.2 kcal/mol, i.e., in
good agreement with the experimental barrier of inversion.
The overall symmetry number is included in the calcu-
lations of §°(298.15 K) and Cp°(T). In our calculation for
the entropy of aniline, only torsion of aniline is treated as
hindered rotation while the inversion is treated as harmonic
oscillator because the inversion mode is associated with a
relatively large vibrational frequency, i.e., 623.459 cm™ L.

’;‘ iJ
:‘/‘J

IpOS-(C6H5NH2)H

p-(CeHsNHy)H

111.42° 10659
20 1003/ 0=41.79°
61° 1385~ 1 &= 349°

Relative energy (kcal/mol)

0 1 1 1 1 1 1 1 1 1
0 30 60 90 120 150 180 210 240 270 300 330 360

Rotational angles

Fig. 2 Internal rotors potential for the amine group in aniline

Table 1 gives the calculated S°(298.15 K) and Cp°(T) val-
ues. A comparison is made with the limited available
values for aniline [23]. Our calculated S$°(298.15 K) value
for aniline amounts to 75.31 cal K™' mol™" in very good
agreement with the corresponding experimental value., i.e.,
76.1 cal K~' mol™". It is worth mentioning that Hussein
et al. [23] arrived theoretically to their experimental value;
however, the deployed torsional vibrational frequency in
their calculations frequency was 216 cm ™' calculated by
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Table 1 S°g and C°(7) in cal K~' mol ™

SOZQS CpO(T)

298.15 K 500 K 800 K 1,000 K 1,400 K

C¢HsNH, 7531 2531 4065 5397 5935  66.17
C¢HsNH, (exptl®) 76.10

0-(CaHsNH)H — 80.06 27.53  43.66 5786 6370  71.14
m-(CeHsNH)H 7991 27.62 4381 5798 63.78  71.17
p-(CHsNH)H — 81.00 27.68  43.69 57.87 6371  77.13
Ipso-(CqHsNH)H 8041 2692 4339 5776 63.68  77.11
C¢HsNH 76.80 24.00 3841 5091 5597 6234
“ Ref. [23]

Evans et al. [24]. This torsional frequency differs signifi-

cantly from our calculated value of 285 cm ™.

3.3 Aniline + H system

Reaction energies (AE), activation energies (AE”),
reaction standard enthalpies (AH), standard enthalpies of
activation (AH7”), standard free energies (AG), and
standard free energies of activation (AG”) for the five
possible channels in aniline + H system are given in
Table 2 using BB1 K/6-311 4 (2d,p) and G3B3//B3LYP/
6-31G(d) levels of theory. Values of AE”, AH”, and
AG” calculated with the G3B3 method are within
0.9 kcal/mol from the corresponding values obtained
with the BB1 K method. This finding further confirms
the comparable performance of BB1 K and the higher
level theoretical methods in finding activation barriers
for hydrogen atom transfer reactions. Values of AE, AH,
and AG calculated with the two theoretical approaches
are also in close agreement. All addition channels except
that of the ipso-site incur noticeable lower energy bar-
riers than the abstraction channel. The calculated reaction
barriers for the formation of o-(C¢HsNH,)H, m-(CgHs
NH,)H, p-(C¢HsNH,)H, and ipso-(CcHsNH,)H adducts at
the BB1 K/6-311 + (2d,p) are predicted to be 5.0, 5.5,
6.1, and 9.4 kcal mol™!, respectively. The abstraction
channel is associated with a reaction barrier of 9.5 kcal
mol™'. As given in Table 2, the formation of 0-(CgHs
NH,)H, m-(C¢HsNH,)H, and p-(C¢HsNH,)H is relatively
highly exoergic while the formation of the ipso-
(Cg¢HsNH,)H adduct and the anilino radical (CcHsNH) is
modestly exoergic. Optimized geometries for the transi-
tion structures are given in Fig. 3. As it is expected,
entropic penalty associated with a loss of a molecule
during the formation of (C¢HsNH,)H adducts results in
the increase of AG and AG” values in comparison with
the corresponding energies and enthalpies values.
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The located transition structures (TS1-TS5) are used to
derive reaction rate constants within the framework of the
TST theory. Modified Arrhenius parameters for the for-
ward and reverse reactions are given in Table 3. Reaction
rate constants for the five forward channels are now given
in Table 4. As it can be noticed, the contribution from
corrections of tunneling is very modest at the temperatures
of interest. Based on the rate constants expressions given in
Table 3, it is evident that the reaction aniline + H is lar-
gely dominated by addition at ortho- and meta sites at all
temperatures. As the temperature increases, the contribu-
tion of the abstraction channel becomes more profound due
to the entropic effects associated with conserving same
number of species in this channel. For instance, the
abstraction channel contributes 6, 10, and 13% at 1,000,
1,600 and 2,000 K, respectively.

The calculated reaction rate constant for the abstraction
is compared with that for the corresponding experimental
values in Fig. 4. Our calculated values reproduce the
experimental measurements [8] satisfactorily. The calcu-
lated and the experimental values are within factors
between 1.13 and 1.20 in the temperature interval
(1,000-1,140 K).

The calculated bond dissociation enthalpy of anilino-H
at the BBI1 K/6-311 4+ G(2d,p) and G3B3//B3LYP/6-
31G(D) levels of theory are 89.5 kcal mol™' and
92.5 keal mol ™!, respectively. This value is close to the
previously estimated value of 87.9 kcal mol ™' [25]. Using
the experimental standard enthalpy of formation for H
atom (52.1 kcal molfl) [26] and aniline molecule
(20.8 £ 0.21 kcal molfl) [26] together with the calculated
enthalpy of dissociation of the anilino-H bond, a value of
59.1 kcal mol™" is derived for the standard enthalpy of
formation of the anilino radical at 298 K. To the best of our
knowledge, there are no other literature values with which
to compare our calculated value. The value calculated
herein for the dissociation of the anilino-H bond is very
close to the well-established corresponding value for
phenoxy-H in phenol (89.0 & 1.0 kcal mol ") [27] Since
the abstraction of H from the amino group in aniline or
from the hydroxyl group in phenol depends merely on the
bond energy of N-H/-OH bond rather than on the steric
effect induced by the two functional groups on the phenyl
ring, our rate constants for the abstraction channel are
compared also with the corresponding experimental values
in case of phenol. Our calculated rate constants per H atom
abstracted from the amine group at 1,000 K and 1,100 K,
respectively, are calculated to be 5.59 x 107'* and
9.07 x 107" cm® molecule™ s7', respectively. These
values differ by only factors of 1.50 and 1.38, respectively,
from the corresponding experimental values [28] of H
abstraction from the hydroxyl group in phenol.
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Table 2 Reaction energies (AE), activation Energies (AE #), reaction standard enthalpies (AH), standard enthalpies of activation (AH ),

standard free energies (AG), and standard free energies of activation (AG™)
Products AE AE* AH AH* AG AG*
BB1 K G3B3 BBIK G3B3 BBIK G3B3 BBIK G3B3 BBIK G3B3 BBIK G3B3

0-(C¢HsNH,)H —24.2 —-234 5.0 5.0 —253 —24.5 39 4.0 —18.3 —-17.5 11.0 10.9
m-(C¢HsNH,)H —21.8 —-20.5 55 6.4 —-22.0 -21.5 5.0 54 —15.1 —14.6  12.1 124
p-(CsHsNH)H —20.3 214 6.1 6.0 —22.8 —224 4.5 5.0 —16.1 —-15.7 115 12.0
ipso-(CéHsNHy)H ~— —11.5 —-122 94 9.5 —12.6 —-11.8  13.0 8.3 —6.0 —64 16.0 15.6
C¢HsNH, + H* —12.3 —-125 95 104 —12.0 —-122 8.3 9.3 —23.1 —132 154 16.3

All values are in kcal mol~'. Values of AH, AH”, AG, and AG™ are calculated at 298.15 K

AE and AE” values are corrected with ZPVE

2 Unit of A for the reverse reaction is cm> molecule ™!

s—l

As the 0-(C¢HsNH,)H adduct is predicted to be the most
plausible product from the reaction of the aniline molecule
with the hydrogen atom as evident from the rate constants
givenin Table 4, its further rearrangements are investigated.
Figure 5 shows the four most probable exit channels for the
0-(C¢HsNH,)H adduct: H migration into meta- and ipso
sites, § C—C bond scission and direct expulsion of hydrogen
atom. It is worth mentioning that a transition structure for a
concerted elimination of a hydrogen molecule from the
-CH,- and -NH, groups could not be located despite numerous
attempts. This, in turn, strongly suggests that the sole pathway
for the formation of the anilino radical is through abstraction.
This finding is in consensus with the satisfactory agreement
between the calculated and the experimentally measured rate
constants for the abstraction channel.

B C—C bond scission through the transition structure TS8
is found to incur a substantial activation barrier of
60.8 kcal mol ™', This process is predicted to be endoergic
by 58.4 kcal mol~!. H transfers forming m-(C¢HsNH,)H
and ipso-(CcHsNH,)H adducts are found to require sizable
activation barriers of 46.5 and 54.6 kcal mol™' through
transition structures TS6 and TS7, respectively. The most
accessible pathway is predicted to be the deactivation of the
initial addition channel. Hydrogen expulsion from the ortho
C atom is found to reform the aniline molecule through an
activation barrier of 29.1 kcal mol™' characterized by
the transition structure TS1. Accordingly, the fate of the
0-(C¢HsNH,)H adduct is most likely to be the reverse of the
addition channel. This finding is in line with the analysis of
He et al. [8] who concluded that the cyclohexadienyl radical
formed upon addition is unstable and would immediately
undergo the reverse reaction to the initial reactants.

3.4 NH, + benzene system
The reaction of the amine group with wide range of

hydrocarbons has been thoroughly studied. For instance,
Demissy and Lesdaux [29] taken measurements using

laser-resonance absorption to estimate rate constants for
NHj; reaction with methane, ethane, propane, and n-butane
in the temperature range 300-520 K. Conversely, reaction
rate constants for the reaction of the amine group with
aromatic compounds are not available in the literature even
for the simplest aromatic compound, benzene, either the-
oretically or experimentally. To this end, we report in this
section theoretical derivation of reaction rate constants for
amino radical + benzene.

The formation of ammonia (NH3) and phenyl radical via
the abstraction channel is predicted to be slightly endoergic
by 3.1 kcal mol ™. This value could be compared with the
corresponding experimental enthalpy for the reaction
(C¢Hg + NH, — CgHs + NHj3) at 298.15 K, viz, 4.9 kcal
mol~'. The abstraction occurs via the transition structure
TS11, which resides 14.0 kcal mol~! above the entrance
channel. The barrier for the addition channel (TS9) is
higher than that of the abstraction channel by about
1.0 kcal mol™!. The product of the addition channel,
namely ipso-(CsHsNH,)H, is located 3.5 kcal mol ™" below
the separated reactants.

Rate constant parameters for the abstraction and the
addition channels in the system (amine + benzene) are
given in Table 5. The rate constant for the abstraction
channel is found to be faster than the addition channel by
about two order of magnitude at all temperatures. Abstrac-
tion/addition behavior of (amino radical + benzene) is dif-
ferent from that of (OH + benzene) [30] where addition
dominates at temperatures as high as 400 K whereas in the
system of (HO, + benzene) [31], the abstraction channel is
negligible even at elevated temperatures.

3.5 Amino group displacement
Figure 6 shows the four possible decomposition pathways
for the ipso-(C¢HsNH,)H adduct. Based on the calculated

high activation energies, § C-C bond scission and H
transfer to the meta position are expected to be of
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Fig. 3 Optimized structures for
transition states. Interatomic
distances are in A

TS1

b
=3 ’J »)
\ ) 1846

)

"9

TS7

negligible importance. The fate of the ipso-(CsHsNH,)H is
either to form an aniline molecule via H expulsion or to
form a benzene molecule through the expulsion of the
amino group.

The analogous systems of ipso-(C¢HsCH3)H and ipso-
(CcHsOH)H are expected to exhibit similar features with
regard to the relative importance of benzene formation and
the expulsion of the functional group over the other two
channels, i.e., f C—C bond scission and H transfer to the
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metaposition. In their studies, He et al., found that NH,
displacement in aniline proceeded at a similar rate to OH or
CHj; displacement from phenol and toluene, respectively.
To probe the validity of their finding, we report in Table 6
our calculated reaction energy and activation barrier for the
formation of an ipso-cyclohexadienyl-type radical upon the
ipso addition of H atom to phenol and toluene. Results are
compared with the corresponding results for aniline. As
expected, the methyl electron-donating group results in
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Table 3 Modified Arrhenius parameters for the five channels in the reaction C¢HsNH, + H

Products A () n (f) Ea (/R A @ n (r) Ea (t)/R
0-(C¢HsNH,)H 123 x 1079 1.55 1,800 1.1 x 10'° 1.10 14,500

m-(CgHsNH,)H 7.08 x 10716 1.62 2,200 6.0 x 10" 1.16 15,000

p-(C¢HsNH,)H 471 x 1071° 1.58 2,000 5.0 x 10° 1.10 13,500

ipso-(C¢HsNH)H 6.29 x 107 1.74 6,000 6.2 x 10° 1.29 9,900

CgHsNH + H,?* 5.08 x 107 1.08 4,200 48 x 107 2.08 9,900

Forward (f) (A in cm® molecule ™ s7! and Ea (f)/R in K) and reverse (r) (s_l) and Ea (r)/R in K. Values are fitted in the temperature range of
300 K to 2000 K
1 —1

. . . 3 —
% Unit of A for the reverse reaction is cm” molecule™" s

Table 4 Calculated forward rate constants for the five channels in the reaction C¢HsNH, + H

T (K) 0-(CHsNHp)H m-(CsHsNH)H p-(CsHsNH,)H ipso-(CsHsNH,)H C¢HsNH + H,
300 2.35E—14 (2.10) 421E—15 (2.53) 4.87E—15 (2.33) 3.192E—21 (4.12) 2.879E—16 (50.34)
400 1.58E—13 (1.61) 4.14E—14 (1.78) 3.95E—14 (1.70) 6.798E—19 (2.23) 2.501E—15 (7.81)
600 1.32E—12 (1.31) 521E—13 (1.38) 4.03E—13 (1.35) 2.054E—16 (1.52) 5.146E—14 (2.57)
800 439E—12 (1.21) 2.13E—12 (1.25) 1.48E—12 (1.23) 4.177E—15 (1.33) 3.238E—13 (1.81)
1,000 9.75E—12 (1.16) 5.38E—12 (1.18) 3.50E—12 (1.17) 2761E—14 (1.24) L.1I7E—12 (1.54)
1,200 1.74E—11 (1.12) LOSE—11 (1.15) 6.54E—12 (1.14) 1.024E—13 (1.18) 2.760E—12 (1.40)
1,400 2.74E—11 (1.10) 1.75E—11 (1.12) LOGE—11 (1.11) 2.708E—13 (1.15) 5.552E—12 (1.32)
1,600 3.96E—11 (1.09) 2.65E—11 (1.10) 1.56E—11 (1.10) 5.772E—13 (1.13) 9.736E—12 (1.26)
1,800 5.37E—11 (1.08) 3.74E—11 (1.09) 2.16E—11 (1.08) 1.062E—12 (1.11) 1.550E—11 (1.22)
2,000 6.98E—11 (1.07) S.00E—11 (1.08) 2.84E—11 (1.07) 1.758E—12 (1.10) 2.296E—11 (1.19)

Values in brackets are the estimated corrections for tunneling. Values are in cm® molecule™' s~

NH,
2.00E-012 |-

2 1.80E-012 242 +H

Q

=

3

g 1.60E-012 -

~

« TS1

£ 140E-012 20.11'TS

g

2 120E-012} NH, NH,

=}

g NH, H H

Q

g 1.00E-012 |- N A Caloulated TS6 H 276

| A A Experimental' 46.5 )
8.00E-013 |- H
I R I R I R I R I R I R I 0.0) 12.7
1000 1025 1050 1075 1100 1125 1150 24 H
60.8| TS8
T (K)

. . . . H,N
Fig. 4 Comparison between the calculated and experimental reaction .
rate constants for the reaction C¢HsNH, + H — C¢HsNH + H,. =
a

Ref. [8] 58.4

AN

Fig. 5 Reaction scheme for the unimolecular rearrangements of
0-(C¢HsNH,)H. Values in bold are the reaction energies, and values
in italics are the activation barriers: both calculated at O K. Energies
in kcal mol™

more stability of the ipso-(C¢HsCH3)H adduct when
comparing ipso-(CéHsOH)H and  ipso-(CcHsNH,)H
adducts.
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Table 5 Modified Arrhenius parameters the two reactions C¢Hg + NH, — ipso-(C¢HsNH,)H and C¢Hg + NH, — C¢Hg + NH;

Reaction A (f) n (f) Ea (f)/R A @ n (r) Ea (t)/R
Ce¢Hg + NH, — ipso-(C¢HsNH,)H 832 x 107 1.76 6,700 5.13 x 10 —0.66 9,700
Cg¢Hg + NH, — CeHs + NH; 1.23 x 1072 3.28 6,300 325 x 1072 3.10 4,000

All units are given in Table 2. Values are fitted in the temperature range of 300 K to 2,000 K

NH,
s @ o

20.9 | TS4
NH, NH,
+NH, H H

TS7

TS9 —_— H
-

185 41.9

0.0 -12.7
35 0.0
51.2| TS10

H,N
@'
49.4
X

Fig. 6 Reaction scheme for the unimolecular rearrangements of ipso-
(CgHsNH,)H. Values in bold are the reaction energies, and values in
italic are the activation barriers: both calculated at 0 K. Energies in
kcal mol ™!

Here, we investigate the formation of benzene in these
three systems based on the reaction scheme:

X X
+X H
R,
Ry +H
- R,
——

Table 6 gives Arrhenius parameters for the three
reactions Ry, R_;, and R, for the three systems of ani-
line, toluene, and phenol. The branching ratios for ben-
zene formation, i.e., kp/(k, + k_,) are given in Fig. 7 in
Table 7 for the three systems. Over the temperature
range of 1,000-1,140 K at which the experimental study
is conducted, the yield of benzene from the ipso adducts
amount to 94-95%, 99-100%, and 54-63%, respectively,
in systems of toluene, phenol, and aniline, respectively.
Virtually, each hydrogen addition at an ipso site leads to
displacement of the methyl and hydroxyl groups in
systems of toluene and phenol, respectively. Conse-
quently, the reaction rate constant for H addition at the
ipso site in toluene and phenol as given in Table 4 (R;)
can be considered to be an upper limit for the rate
constant for H + C¢HsCH; — C¢Hg + CH; and H +
C6H5OH - C6H6 + OH.

In Figs. 8 and 9, our calculated rate constants for methyl
and hydroxyl displacement by H atom in toluene and phenol,
respectively, are compared with the available experimental
results for these two reactions. The calculated and the
experimental rate constants for these two reactions are in
relatively close agreement. For instance, the calculated rate
constants for hydroxyl displacement in case of phenol are
within a factor 2.0 of the corresponding experimental values
[28]. For toluene, the calculated rate constants for methyl
group displacement differ from the two sets of corresponding
experimental values [32, 33] by factors of 2.0-5.0.

In case of aniline, the reaction rate constant for
the amine group displacement and the formation of ben-
zene (CgHsNH, + H —» C4Hg + NH,) is calculated as
ko/(ky + k_1) x k; and the obtained rate constant is fitted
to modified Arrhenius parameters as 1.49 x 107"
exp(—4,200/T) cm® molecule™' s~'. Figure 10 shows the

Table 6 Reaction (AE) and activation (AE™) energies for the three reactions involved in ipos-addition channels in toluene, phenol, and aniline

(R, Ry and R_y)

X AE AE* A n Ea/R

NH, CH; OH NH, CH; OH NH, CH; OH NH, CH; OH NH, CH; OH
R, —115 —189 —141 94 75 9.6 475 x 107" 529 x 1077 736 x 1077 0.0 1.64 176 4,700 2,800 3,700
R, 115 189 141 209 264 237 624 x 108  1.15 x 10" 5.54 x 10'? 129 0.61 025 9,900 11,800 7,900
R, 35 9.8 124 185 229 152 5.16 x 10'* 500 x 10°  7.90 x 10° —0.66 1.14 127 9,700 13,000 11,300

All units are given in Table 2. Reaction rate parameters are fitted in the temperature range of 300 K to 2,000 K
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® Fig. 8 Comparison between the calculated and experimental reaction

rate constants for the reaction H + CcHsCH; — CgHg +CHjs. “Ref.

Fig. 7 Branching ratio of k,/(k, + k_;) for aniline, toluene, and [33]. "Ref. [32]

phenol systems

Table 7 Calculated rate constants for reaction R_; and R, and the branching ratio for benzene formation, i.e., (k/(k; + k_;) in the systems of
aniline, toluene, and phenol

Aniline Toluene Phenol

k_; ko kof(ko + k_p)  k_, ko kof(ky + k_p)  k_y ko kol (ky + k_p)
300 1.14E—03  1.01IE-01  9.89E—01 5.28E—07 3.43E—04 9.98E-01 473E—05  8.78E4+01  1.00E+00
400 9.72E+00  2.67E+02  9.65E—01 332E—02 6.84E+00 9.95E—01 732E—01  6.55E+04  1.00E+00
600 9.68E4+04  6.78E+05  8.75E—01 2.75E4+03  1.62E+05  9.83E—01 1.60E+04  5.30E+07  1.00E+00
800 1.07E+07  3.27E+07  7.54E—01 8.99E+05  2.69E4+07  9.68E—01 2772E+06  1.56E4+09  9.98E—01
1,000 1.88E+4-08 3.24E+408 6.33E—01 3.06E+4-07 5.97E4-08 9.51E—01 6.28E+407 1.20E+10 9.95E—01
1,200 1.31E4-09 1.45E4-09 5.26E—01 3.31E408 4.76E409 9.35E—-01 5.24E+4-08 4.72E+10 9.89E—-01
1,400 5.30E+4-09 4.15E+409 4.40E—01 1.84E+4-09 2.11E4+10  9.20E—-01 2.43E4-09 1.25E+11 9.81E-01
1,600 1.53E4+10 8.99E+09 3.71E-01 6.74E+4-09 6.45E4+10  9.05E—01 7.75E+4-09 2.61E+11 9.71E-01
1,800 3.50E+10 1.62E+10 3.16E-01 1.86E+10 1.54E+11 8.92E—01 1.92ZE4+10  4.61E+11 9.60E—01
2,000 6.81E4+10 2.56E+10  2.73E—01 420E+10  3.09E+11  8.80E—01 3.99E+10  7.27E+11  9.48E—01

comparison between our calculated reaction rate constant
and the available experimental results. The calculated
values for these reaction rate constants are consistently
lower than the corresponding experimental values by a
factor of 3.0.

Based on the energetics trend for the three systems given
in Table 6 and the satisfactory agreement between the
experimental and the calculated rate constants for dis-
placement channels in aniline, phenol, and toluene, our
findings agree with the conclusions of He et al. [8] that all
three systems have comparable rate constants for benzene
generation via displacement. It is worthwhile mentioning
that the pattern and degree of chlorination on the aniline
ring are more likely to exhibit noticeable change in the

reaction of chlorinated aniline isomers with hydrogen in an
analogy to chlorinated phenol + H system [34-36].

4 Conclusions

Reaction and activation energies for (H + aniline) and
(NH, + benzene) systems are obtained. The heat of for-
mation of the resonance stabilized anilino radical is found to
be 59.1 kcal mol ™" The reaction NH, + benzene is found
to branch predominantly into NH3; 4+ CcHs even at low
temperatures, and the addition channel is of negligible
importance. Based on the calculated activation energies and
rate constants, amino group displacement from the aniline

@ Springer
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Fig. 10 Comparison between the calculated and experimental reac-
tion rate constants for the reaction H + CgHsNH, — C¢Hg + NH,.
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molecule upon H addition at the ipso position is shown to be
significantly slower than the corresponding displacements in
toluene and phenol of methyl and hydroxyl. Overall, H
reaction with aniline is found to produce the anilino radical
and benzene in comparable rates.
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