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Abstract

The amination of benzene and toluene to aniline and toluidines with hydroxylamine sulfate has been investigated in
water—acetic acid and water—acetic acid—sulfuric acid media in the presence of transition metal compounds as catalysts. The
process yields are strongly dependent on the temperature, added sulfuric acid and the composition of catalyst. For the
amination of benzene, the soluble catalysts, NavVO, and Fe(lll) salts produce high yields of aniline without addition of
H,S0,, whereas Na,MoO, and FeSO, exhibit substantial activity only in 5 M H,SO,. Amination is accompanied by a
disproportionation of hydroxylamine catalyzed by the redox active transition metal ions. The favorable effect of H,SO, on
the amination is due mostly to the greater stability of hydroxylamine in the strongly acidic medium. Mixed oxides containing
V(V) and Mo(V1) are active amination catalysts when suspended in 5 M solution of H,SO, in acetic acid. Introduction of
metallic Pd into these oxide catalysts improves performance increasing the yield and selectivity of amination with respect to
the aromatic substrate. Toluene exhibited a close to benzene reactivity in amination giving approximately equal yields of o-,
m-, p-toluidines. Mechanistic considerations based on literature data and results of &b initio quantum mechanics cal culations
suggest that the aminating species is the protonated amino radica "NHZ, which in the rate-determining step reacts with
benzene and toluene to yield the corresponding aminocyclohexadienyl and aminomethylcyclohexadienyl radical intermedi-
ates. These are then oxidatively aromatized to give, respectively, aniline and a non-regiospecific mixture of toluidines.
© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction by hydrogenation of the nitro group. A direct amina-
tion of benzene with ammonia has been realized in
The conventional route to aromatic amines is the gas phase and over Ni /NiO cataloreactants [1,2],

through nitration of the aromatic substrate followed or in the presence of Group VIII metal catalysts [3].

Both processes are characterized by only very low

~ Corre=pondi " yields, even at extreme conditions of temperature
orresponding author. . .

E-mail addresses: likhvl@catalysis.nsk.su (V.A. Likholobov), and pressure. More productive direct syntheses of

pezgp@apci.com (G.P. Pez). aromatic amines can be realized in liquid media with

! Fax: +7-383-2355756. aminating reagents of general formula R,NX, where

1381-1169,/00,/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.
Pll: S1381-1169(00)00206-5



2 N.I. Kuznetsova et al. / Journal of Molecular Catalysis A: Chemical 161 (2000) 1-9

R isH or alkyl and X is a halogen, OH or OSO;H
group, in the presence of electron-rich species [4,5].
For instance N-chloroalkylamines CINR, act as very
effective aminating reagents in the presence of Fe(ll),
Ti(111), Cu(l), Cr(1) salts. The reactions are carried
out under mild conditions and characterized by a
high rate and selectivity (e.g., Ref. [6]). Recent re-
search progress on a direct synthesis of hydroxyl-
amine by the oxidation of ammonia with hydrogen
peroxide in the presence of Ti-silicalite [7] stimu-
lated our interest in its potential use for the amina-
tion of benzene. The amination of aromatics with
hydroxylamine NH,OH is known and usually, strin-
gent conditions are required to give only modest
results. Several cataytic systems have been exam-
ined utilizing hydroxylamine: BF; in anhydrous HF
[8]; FeSO,, VOSO,, V,0; or (NH,),M00, in con-
centrated H,SO, [9-14] or in a mixture of H,SO,
and acetic acid [15]. No information is available on
other catalysts and of mechanistic details for the
amination of aromatic substrates with hydroxyl-
amine. Significantly, all the aminations were done in
relatively strong acid media.

The present study was focused on finding systems
for the catalytic amination of benzene and toluene,
with hydroxylamine sulfate in reaction media of
minimal acidity, and possibly, even without the use
of sulfuric acid. A synthesis of the aromatic amines
in such media would facilitate the separation and
recovery of these products as the free bases. The
performance of a number of catalysts and the effect
of various reaction conditions were investigated.
Some of the new catalyst compositions exhibited
better performance than previously known systems.

2. Experimental

2.1. Preparation of catalysts

Various transition metal compounds were tested
as homogeneous catalysts for benzene and toluene
amination. Analytical grade NavO,; - 2H,0O,
Na,MoQ, - 2H,0, FeSO, - 7H,0, Fe(NO,), - 9H,0
and Fe(C4H COO), sats were used. Solutions of
Na, PW,,04,Fe(H,0) were prepared as described in
Ref. [16]. The supported oxide samples, 18%

V,0;/SiO, and 15% MoO,/SiO,, were prepared
by impregnation of SiO, (S=200 m?/g) with an
aqueous solution of NH VO, and (NH,),Mo0O, fol-
lowed by calcination for 3 h at 500°C. The catalysts,
1%Pd/18% V,0,/Si0, and 1%Pd/15%Mo00,/
SO, were prepared from the above oxide samples
by impregnation with a solution of H,PdCl, and
then calcination at 500°C (3 h) followed by reduction
in aflow of H,/N,=1/1 a 300°C, for 1 h. The
supported oxide samples, 6.5%V,0;/TiO, (S= 272
m?/g) and 0.7%V,0, / 10% WO, /TiO, (16 m?/g)
were a gift of Dr. G.B. Barannik, (Boreskov Institute
of Catalysis). The series (1) catalyst solutions (refer
to Fig. 1) were prepared by adding 99.5% CH ;COOH
to agueous solutions of the cited transition metal
compounds, to a ratio of H,0:CH,COOH = 1.9
(v/v). In the case of Na,PW,,0,,Fe(H,0), the ratio
of H,0:CH;COOH was varied from 1:9 to 7:3. The
series (2) catalyst solutions (Fig. 1) were prepared in

Aniline, mol %

. FeSO4 5-10-3 mol

. Fe(NO3); 5-10-4 mol

. Fe(C4H5C00); 5:104 mol

. NayPW;,039Fe(H,0) 2-10-* mol

. NazMoOy 2-10-4 mol

. NayMoQy 2104 mol, Pd(CH3;COO0); 4-10-3 mol
. NavO; 2-10-4 mol

_ NaVO; 2-10 mol, Pd(CH3C00); 4-10-5 mol

[ - NV S TR

Fig. 1. The (mol%) yield of aniline referred to starting CgHg in
the presence of the listed (1 to 8) homogeneous catalysts at
specified concentrations. Conditions: T 90°C, reaction time 5 h,
10 mmol CgHg, 10 mmol (NH,OH),-H,SO,, 15 ml of the
solvent: H,0:CH3;COOH =1:9 (v/v) (1) or H,0:CH;COOH:
H,S0, =163 (v/v) (2.
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the same way, using, instead of 99.5% CH ;COOH, a
mixture of this acid and 95% H,SO, at av /v ratio
of 2:1. The resulting solutions contained H,0O:CH ,-
COOH:H,S0, = 1:6:3 (v/v) or about 5 M H,SO,.

2.2. Reaction chemistry

Reaction of benzene with hydroxylamine sulfate
was carried out in a thermostatted glass flask fixed to
avibrating table. A catalyst solution (or suspension),
together with a weighed portion of (NH,OH), -
H, SO, was poured into the reactor. As specified, the
reactor was flushed either with O, or an inert gas.
After the introduction of benzene or toluene, the
reactor was sealed and heated from 75°C to 90°C,
while being subjected to intensive agitation.

After a certain time, the reaction product mixture
was cooled, and neutralized by a 30% solution of
NaOH. Aromatic compounds were extracted with
ether and analyzed by GLC (0.4% 1-nitroanili-
noanthraquinone on carbon black column) with an
FID detector in a temperature-programmed regime.
The regioisomers of toluidine were analyzed by "H
NMR and GC-MS.

Decomposition of hydroxylamine studies were
carried out at atmospheric pressure with the reactor
connected to a calibrated gas burette through a reflux
condenser. The composition of the collected gas was
determined by GC (NaA zeolite column); nitrogen
containing compounds in solution were analyzed by
N NMR. The amount of hydroxylamine remaining
was estimated by its reaction with cyclohexanone to
give cyclohexanone oxime, which was determined
by GLC using a TENAX column.

2.3. Ab initio quantum mechanics calculations

The calculations were done using the Jaguar pack-
age [17], utilizing density functional theory under the
generalized gradient approximation. A B3LYP func-
tional coupled with 6-31G** basis sets was used.
The total electronic energies of the various species,
evaluated at their fully optimized geometries both in
the idealized gas phase and in water, were used to
estimate the overal energy changes (AE) for spe-
cific transformations.

3. Reaults and discussion

The reaction chemistry of benzene and, to a lesser
extent, toluene, with hydroxylamine sulfate, was
studied in the presence of a variety of redox catalysts
in (1) acetic acid, water and (2) acetic acid, water
and H,SO, solvent media. With benzene, after suit-
able work-up, aniline was the only identified prod-
uct, although there were, in some cases, unknown
tarry residues. Toluene afforded mixtures of tolu-
idines with no apparent regioselectivity. In all cases,
the amination of the aromatics was accompanied by
some decomposition of the hydroxylamine with an
evident evolution of nitrous oxide [18].

Following is areport of our initial scoping studies
utilizing various soluble and supported solid, transi-
tion metal redox oxide catalysts for the amination of
benzene in moderately acidic media.

4. Amination of benzene

4.1. Homogeneous systems

The benzene and (NH,OH), - H,SO, reaction
was examined with a series of soluble, transition
metal redox catalysts, in the two above noted aque-
ous acid solvent media. Results are collected in Fig.
1. The yield of aniline (expressed as 10? mol of
CgHsNH, per mole of starting benzene) is plotted
in the bar graph for various added catalysts. The
front facing series (1) on the ordinate in Fig. 1 is for
a 19 v/v H,0:CH,COOH solvent system; the
background (series (2)) scale in the figure is for the
same system to which has been added H,SO, to a
ratio H,0:CH,COOH:H,SO, = 1.:6:3 (v /Vv).

In the H,O:acetic acid medium, the iron sats
(1-4in Fig. 1) catalyze the synthesis of aniline, and
of these, the Fe(lll) heteropolytungstate Na, PW,;-
O, Fe(H,0) (4) exhibited by far, the highest activ-
ity. The analogous heteropolytungstates of Co(ll),
Mn(I1) and Cu(ll) gave only traces of aniline, while
the corresponding Na,PW, ;0,4 salt was totally inac-
tive. Sodium vanadate proved to be the best catalyst
in this series. At 90°C, 5 h in 1.9 v/v
H,0:CH ;COOH, about 10 mol of aniline were pro-
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duced per mole of NaVO,. The addition of Pd(I1) (as
Pd(CH ;COO),) which is subjected to reduction at
the reaction conditions, did not have a favorable
effect. A reduction of the palladium acetate to palla
dium black was visuadly evident at the reaction
conditions.

Data collected in the upper two curves of Fig. 2
show how the concentration of the sodium vanadate
and Fe(lll) heteropolytungstate catalysts influence
the yield of aniline. Also, there is an indication of
the amination reaction kinetics for the Fe(lll) het-
eropolytungstate salt and FeSO, systems. While the
yield of aniline can be improved by having a higher
concentration of catalyst and longer reaction times,
there is a limiting effect because of accompanying
unproductive redox reactions of the catalyst compo-
nents (e.g. Fe(l11)) with hydroxylamine (vide infra).

In the context of our original objective of finding
a minimally acidic reaction system, we investigated
the use of more agueous acetic acid solvents. As
seen in Fig. 3, the best performance with the
Na,PW,,05Fe(H,0) catalyst was seen at a water
content of about 15 vol.%, but interestingly, the
yield of aniline was at about one half of the maxi-
mum in a solvent of only 30 vol.% CH,;COOCH in
water.

The incorporation of sulfuric acid into the
H,O:acetic acid reaction medium had a profound
effect on the amination chemistry (Fig. 1, series 2).

40

g
(1) Navo
S 30 ’
=
X
g
= 5 (2) Na,PW;,045Fe (H,0)
& g (3) Na,PW,,0,4Fe (H,0)
.
10
.
(4) FesO,
1 2 3 p 5 nh

0 1 2 3 4 5 6
catalyst, x10* mol/l

Fig. 2. The (mol%) yield of aniline referred to starting CgHg vs.
(a) the concentration of catalyst: curves (1) and (2); and (b)
reaction time (7): curves (3) and (4). Conditions: T 90°C, 10
mmol C¢Hg, 10 mmol (NH,OH),-H,S0,, 15 ml of the solvent
H,0:CH;COOH = 1:9 (v/v), reaction time 5 h for (1) and (2).
Catalysts: NavO; (1), Na,PW,;;05Fe(H,0) (2), 0.2 mmol
Na, PW,,04,Fe(H,0) (3), 5 mmol FeSO, (4).

N
o

Yield of anilinex10%, mol
IS

10 20 30 40 50 60 70
H,0, vol %

Fig. 3. The (mol%) yield of aniline referred to starting CqHg vs.
content of water (vol.%) in acetic acid solution. Conditions: T
90°C, reaction time 5 h, 0.2 mmol Na,PW,;0O4Fe(H,0), 10
mmol CgHg, 10 mmol (NH,OH),-H,S0O,.

In the 1.:6:3 v/v H,0:CH,COOH:H,SO, system,
the Fe(11) and Mo(V1) catalysts became more effec-
tive, while the activity of NavO,, the most active
catalyst in the agqueous acetic acid solvent, was now
amost totally quenched. This is ascribed to a lower
redox activity of the vanadium species due to the
formation of a VOSO, complex [19]. The addition of
other strong Bronsted acids, CF,COOH and
H;PW,,0,, to the H,O:acetic acid reaction medium
did not show a promotional effect. Thus, the yield of
aniline was invariant to the addition of 0.03 M
H,PW,,0,, to the FeSO, /1:9 H,0:CH ;COOH sys-
tem, and here, amination was completely suppressed
in the presence of 1 M CF,COOH.

4.2. Solid oxide and Pd-containing oxide catalysts

Solid catalysts consisting of V,05, MoO, and Pd
supported on SiO, or TiO, were next examined for
the amination of benzene with NH,OH in the same
agueous acetic and acetic, sulfuric acid systems.
Surprisingly, these supported catalysts were only
active in the presence of sulfuric acid. Yields of
aniline based on starting benzene for reactions con-
ducted in the presence of various solid catalysts in
2.1 v/v CH;COOH:H,SO, at 90°C for 5 h are
given in Fig. 4. The most active catalysts were 6.5%
V,0;/TiO, and 1% Pd/15% Mo00O,;/SiO,. Analy-
sis of the vanadium system after completion of the
reaction revealed that 54% of the initia V and 62%
of the initial Ti were now in solution. Nevertheless,
the solid V(V) oxide is clearly the active catalyst
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60

Aniline, mol %

. 6.5% V,05/TiO, 0.5 g

. 6.5% V,05/TiOy, 1.0 g

. 18% V,05/Si0,, 1.0 g

. 1% Pd/18% V,05/Si0,, 0.2 g

. 15% MoO3/SiO,, 0.4 g

. 1% Pd/15% Mo0O3/Si0,, 0.4 g

. 0.7% V,05/10% WO5/TiO,, 0.2 g

N N AW e

Fig. 4. The % molar yield of aniline referred to starting CgHg in
the presence of the various listed oxides and Pd containing oxide
catalysts. Conditions: T 90°C, reaction time 5 h, 10 mmol CgHg,
10 mmol (NH,OH),-H,S0,, 15 ml of CH,COOH:H,S0, = 2:1
/v).

component, since V(V) sdts in solution in the pres-
ence of 5 M H,SO, show very little activity for
benzene amination (vide supra Fig. 1, catalyst 7,
series (2)). The Na,MoO, soluble sat and the 15%
Mo0O,/SiO, (Fig. 4) catalyst had about the same
activity per gram-atom of molybdenum. In the latter
case, 65% of the molybdenum was found in solution
after the process, which suggests that the solid and
dissolved species are almost equally effective.

The introduction of Pd into the oxide samples
resulted in a significant promotion of these catalysts.

Table 1

Most effective was the above cited 1% Pd/15%
MoO,/SiO, system. No paladium ions were pre-
sent in solution. A control reaction employing palla-
dium alone on an inert oxide (Pd/SiO,) did not
yield any aniline. The solid Pd—Mo-oxide species
are probably the most active component in the sys-
tem.

4.3. Optimal catalyst systems and process selectivity

The most effective catalyst /reaction systems for
the amination of benzene identified in the above
scoping study were further examined with respect to
the overall process selectivities. Results for four
reaction systems taken to ca. 50% conversion of
benzene are collected in Table 1. For the NavO; and
Na,MoO, /Pd(CH ,COO0), soluble systems, the se-
lectivity for aniline formation with respect to con-
sumed benzene (S;) was only about 50%; the re-
mainder of the benzene was transformed to in-
tractable polymeric species. Use of the silica sup-
ported Pd/MoO; catalyst systems leads to a much
more efficient utilization of benzene (Table 1, runs 3
and 4).

In the utilization of hydroxylamine, the soluble
systems (Nos. 1 and 2 in Table 1) are quite ineffi-
cient: the selectivity with respect to hydroxylamine
consumed, S,,, is only ~ 20%. There is clearly a
considerable accompanying disproportionation of the
amine to N,O and NH}. The evolved nitrous oxide
was identified by G.C. and quantified volumetricaly;
the ammonium ion was detected and determined by
“N NMR (pentet with a maximum &= — 353 ppm
vs. NO3 [20]). The supported solid catalyst systems
(Nos. 3 and 4 in Table 1) were far more efficient in

Yields of aniline and N,O, and selectivity of aniline formation with respect to benzene (S; = 100- C¢HsNH,/CgHg consumed) and
hydroxylamine (S, = 100 - CgH5NH,/NH,OH consumed). Conditions: 10 mmol CgHg, 10 mmol (NH,OH), - H,S0O,, 15 ml of solvent,

90°C, reaction time 5 h, in air (No. 1-3), in N, (No. 4).

No. Catalyst Solvent, H,0:CH ;COOH: Aniline, N,O, S Sia
H,S0, (v/v) (mmol) (mmol) (%) (%)
1 NavO;, 0.2 mmol 1:9:0 2.7 29 45 19
2 Na, MoO,, 0.2 mmol + Pd(CH ;CO0),, 1:6:3 21 10 49 21
0.04 mmol
3 1% Pd/15% M0O;/SiO,, 0.4 g 0:2:1 51 0.7 70 64
4 1% Pd/15% M0O;/SIO,, 0.4 g 0:2:1 5.6 0.7 72 67
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terms of hydroxylamine consumption and concomi-
tantly less by-product N,O; here, S,, was about
65%. “*NMR spectra of the reaction product solu-
tions gave signals for aniline (—325 ppm vs. NO3),
NH; (—353 ppm) and unreacted hydroxylamine
(—291 ppm). No other nitrogen compounds were
detected.

Some limited studies were done to better under-
stand the causes and conditions for this accompany-
ing disproportionation of hydroxylamine [18]:

4HONH 4. —> N,0+ 2NH,.+ 2H*+ 3H,0 (1)

The decomposition of hydroxylamine sulfate at
the catalytic amination conditions, but in the absence

of aromatic substrate was followed by measuring the
amount of N,O evolved over time. Results are sum-
marized in Fig. 5. A detailed analysis of this data is
not warranted, but there are some useful general
observations. As expected, hydroxylamine decom-
poses more rapidly in the 90% acetic acid medium
than in the clearly more acidic H,SO, containing
system (Nos. 1-4 vs. 7,8) where it will be more
extensively protonated. At these conditions, the sup-
ported V,0; and MoO;, Pd systems (Nos. 7 and 8 in
Fig. 5) least affect the disproportionation of hydrox-
ylamine and are, in terms of this reagent, the most
efficient catalysts for the amination of benzene to
aniline.

ml of N,O

40 -

20

75

r 50

25

Conversion of (NH,0OH),*H,S0O,, %

X g

T
100

260 360
Time, min

Fig. 5. Volume of N,O evolved and conversion of (NH,OH), - H,SO, in the course of hydroxylamine dismutation in the presence of the
listed (1-8) catalytic systems (both vertical scales apply to all curves). Conditions are the same as given in captions for Figs. 1 and 4.

Table for Fig. 5.

No. Catalyst

1 NavO,

NaV O, Pd(CH ;C00),
Na,MoO,

Na,MoO,, Pd(CH ;CO0),
Na,MoO,, Pd(CH ;CO0),
Na, PW,;045Fe(H,0)
V,05/Ti/O,

1% Pd/15% MoO;/SiO,

O~NOO O WN

Solvent system

1:9v/v H,0:CH;COOH

1:9v/v H,0:CH;COOH

1:9v/v H,0:CH;COOH

1:9v/v H,0:CH;COOH
1:6:3v/v H,0:CH;COOH:H,SO,
1:9v/v H,0:CH;COOH

2:1v/v CH3;COOH:H,SO,
2:1v/v CH;COOH:H,S0O,
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5. Amination of toluene

We were aware of only one report on the amina-
tion of toluene with hydroxylamine sulfate [15], and
it was, therefore, of interest to examine for this
purpose catalytic systems which had shown activity
for the amination of benzene. Amination reactions
carried out at the same conditions: 90°C, 5 h in 1.9
v/Vv H,0:CH,COOH and in 5 M H,SO, in 1:6:3
v/Vv H,0:CH;COOH:H,SO,, resulted in a mixture
of toluidines. Details are given in Table 2. The
soluble Fe heteropolytungstate catalyst and the sup-
ported Pd, V,0;/SiO, system had about the same
level of activity as for the amination of benzene
(compare with data in Figs. 1 and 4), while the
supported vanadium catalyst was somewhat less ac-
tive. For al the examined reactions, there was no
evident regioselectivity.

6. Amination reaction pathways

The amination of benzene and toluene with hy-
droxylamine takes place in a range of acidic media
in the presence of a variety of redox transition metal
reactants and catalysts. The essentia first step hereis
the generation of amino, - NH, or protonated amino,
‘NH7 radicals by a reduction of hydroxylamine:

M ™ + NH,OH + H,0"
- MO D* 4+ . NH, + 2H,0 (2)
*NH, +H,;0"2 'NH}+H,0 (3)

There is a considerable literature precedent [21—
23] for reaction (2) with chemically or electrochemi-

Table 2

cally generated Ti(111), V(11), Cu(l), etc. The pK, of
‘NH3 has been variously reported [23] as 3.75 and
6.7, which strongly indicates that in our relatively
acidic reaction systems, 'NHZ, rather than the neu-
tral amino radical, should predominate.

In the subsequent step, the - NH, or ‘NH3 radi-
cal species react with the aromatic substrates to
yield, respectively, in the case of benzene, an
aminocyclohexadienyl or protonated aminocyclo-
hexadienyl intermediate. This is then oxidized by the
transition metal systems to the aromatic amine prod-
uct:

@ - NHD

H, ,NH; NH,

+M™ 2 H

4

Particularly illustrative of this chemistry is the
VO™ /NH,OH system in acid solution, which, in the
presence of electrochemically generated Cu*, effi-
ciently yields aniline; in this case, VO* is the metal
oxidant [21]. The putative aminating agent is - NH,,
but in view of the acidity of this medium, and the
reported non-reactivity of - NH,, as prepared by
reaction of the - OH radical with aqueous ammonia
[24] with benzene, it is much more likely that the
aminating agent here — and aso in our transition
metal /NH,OH /H,0" systems, isin fact ‘NH3.

In order to gain further insight into the possible
benzene and toluene amination pathways with - NH,
and ‘NH3, we have performed relatively high level
ab initio quantum mechanics cal culations which have

Yield of toluidines (mol%, referred to starting toluene) in reaction of toluene with hydroxylamine. Conditions: 15 ml of solvent, 10 mmol of

(NH,0H), - H,S0,, 10 mmol of toluene, T 90°C, reaction time 5 h.

No. Catalyst Solvent, H,0:CH ;COOH: Yield of toluidines (%)
H,S0, (v/v) ortho- meta- para-
1 Na, PW,;04Fe(H,0), 1:9:0 5 8 7
(0.2 mmol)
2 6.5% V,05/TiO, (1 9) 0:2:1 7 10 8
3 1% Pd /5% V,0,/Si0, (1 g) 0:2:1 8 10 8
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. Step A Step B
Reaction
gas phase  water gas phase  water
“NH, + © £ @ 2 + 12K -4.12 -2.19 -38.59 -37.46
I—?\ NH; NH,

7

T,

NH;

B
‘NH; +H,0 +©—A> @ +H,0> Q + 12 H, + H;0" -47.21 1.46 23.61 -40.56
NH,

A B
'NH; +H20+©—> @ +H,0—>

H NH,

7

+ 12 H, + H;0"
NH,

-53.85 3.40 30.69 -38.86

7

T,

NH,

"NH +H20+©/ > ©/ +H0 & Q/ +I2HvHOT | 4994 | 323 | 2620 | -40.50
NH,

/1y

es)

NH,

B
NH + H,0 +©\_A> @\ +Hy0 > Q\ + 12H,+H;0° | -49.85
NH,

w
[
[

26.28 -39.75

Scheme 1. Calculated reaction energies, A E (kcal /mol).

provided a very instructive set of reaction energies.
Results are presented in Scheme 1. Here, the first
step (A) isthe amination by + NH, or ‘NH} to give
the Wehland intermediate (as in Eq. (4)), which is
then (step B) converted to the aromatic amine and
H, or H, and H,O". The transition metal redox
system, which in this model, may simply be regarded
as an oxidant for the by-product hydrogen, was not
considered in these calculations. For all the reaction
systems in water, the second step is highly exother-
mic which strongly suggests that it is the initial
amination step that is rate-determining. Reaction en-
ergies for attack of benzeneby - NH, and ‘NH3 in
awater medium (—2.19 and 1.46 kcal /mol, respec-
tively) do not differ greatly, and considering also the
gas phase data, the magnitude of A E for the reaction
of ‘NH} with benzene is clearly very sensitive to
the solvation model. On the basis of these reaction
energy calculations alone, it is, thus, not possible to
a priori discern the relative reactivity of the two
aminating species. However, the fact that the amina-
tion of benzene and toluene only takes place in
acidic media where the protonation of «NH, is

clearly favored (calculated AE for reaction 3 in
water = —14.51 kcal /mol), strongly suggests the
involvement of ‘NH3.

For the amination of toluene with ‘NH3, the
reaction energies for forming the three possible iso-
meric methylcyclohexadienyl radical cations are very
similar. This suggests that there should be no signifi-
cant regioselectivity, which is consistent with our
experimental findings for this reaction.

7. Conclusions

The catalytic amination of benzene with NH,OH
can take place with reasonable yields, but requires
acidic, athough not highly acidic, reaction media.
The soluble catalyst, Na,PW,,0,,Fe(H,0), shows
its best performance in 85% CH,COOH, and loses
only half of its activity in 30% agueous acetic acid.
Most active is the heterogeneous (dlurry phase)
Pd/Mo0O,/SiO, catalyst in H,S0O,:CH,COOH =
1:2 (v/v), which produces aniline with a high uti-
lization of benzene, and about 60% selectivity to-
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wards hydroxylamine. Toluene is aminated to yield a
non-regiospecific mixture of toluidines. It is postu-
lated on the basis of literature data and ab initio
guantum mechanics calculations that the reactive
species in this benzene and toluene amination chem-
istry is, most likely, the 'NH} protonated amino
radical cation, which is generated by reduction of
NH,OH by transition metal redox species in the
acidic media. Reaction of ‘NH? with the aromatic
substrates results in protonated aminocyclohexadi-
enyl and aminomethylcyclohexadienyl radical cation
species, which are oxidatively aromatized to yield,
respectively, aniline and a non-regiosel ective mixture
of toluidines.
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