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bstract

Carcinogenic aromatic nitro-compounds are hydrogenated at 80–140 ◦C in the presence of a silica sol–gel entrapped combined palladium-
Rh(cod)Cl]2 catalyst to give hydroaromatic amines and nitrogen-free hydrocarbons. The process involves initial transformation of the nitro to
n amino function. Further hydrogenation causes denitrogenation and saturation of the aromatic moieties. Using 1-aminonaphthalene as a model
ubstrate reveals simultaneous formation of 1- and 5-aminotetralin. While the former amine is readily converted into tetralin and 1-aminodecalins,
he 5-aminotetralin gives, in a slow process, only the aminodecalins. The latter compounds are slowly denitrogenated to decalins. The catalytic

ydrogenation of the aromatic compounds is accompanied by NH3 elimination by which secondary amines are formed in a reversible fashion.
he entrapped catalyst is leach-proof and recyclable. However, its catalytic activity in the different steps changes during the recycling. The high
ctivity of the combined catalyst results from synergism between the two different metal nuclei.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Previously, we have shown that sol–gel entrapped Pd-
Rh(cod)Cl]2 (1) [1] catalyzes the exhaustive hydrodechlo-
ination of chloroarenes, including toxic polychlorinated-
ibenzodioxines, -biphenyls, -phenoxyacetic acids and -phenols
2,3]. We have now found that this heterogenized combined
atalyst also promotes the reductive detoxification of nitrogen-
ontaining carcinogenic nitro- and amino-polycyclic aromatic
ydrocarbons (see, e.g. Refs. [4,5]) under relatively mild hydro-
enation conditions. Several methods for the denitrogenation
f aliphatic nitro-compounds, which are based mainly on free
adical operations, have been reported and reviewed [6], how-

ver, these methods are not applicable to nitro-arenes. The
onventional methods for the removal of nitro functions from
romatic compounds are rather cumbersome. They require usu-
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lly conversion into the corresponding amines [7] followed
y deamination via diazotization or related processes [8]. In
ecent years, several research groups developed new meth-
ds for hydrodenitrogenation of nitrogen-containing compounds
n petroleum feedstock, which are applicable also to several
romatic amines (see, e.g. Refs. [9–13]). However, these pro-
esses, which usually employ molybdenum or other transition
etal compounds supported either on alumina or on related

upports require high temperatures (270–400 ◦C). The silica
ol–gel encaged Pd-[Rh(cod)Cl]2 system catalyzes the stepwise
ydrogenation of nitro- and amino-arenes to give hydroaromatic
ydrocarbons and hydroaromatic amines already between 80
nd 140 ◦C.

. Experimental

.1. Instruments
Infrared spectra were run on a Bruker model Vector 22 FTIR
nstrument. 1H and 13C NMR spectra were recorded on a Bruker
00 machine. Mass spectra were measured either on a Hewlett-
ackard model 4989A mass spectrometer equipped with an
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P gas chromatograph model 5890 series II or on a Q-TOF-II
Micromass, UK) spectrometer that enabled direct injection by
ano-electrospray through a glass capillary at 1200 V. Gas chro-
atographic separations were performed on a Hewlett-Packard
odel Agilent, using either a 15 m long capillary column packed
ith bonded and crosslinked (5% phenyl)methyl polysilox-

ne (HP-5) or a 30 m long column packed with Carbowax 20
-poly(ethylene glycol) in fused silica (Supelco 25301-U).

he hydrogenation experiments were performed either within
glass-lined Parr microreactor model 4592 equipped with a

emperature controller model 4842, a mechanical stirrer and a
ampling device; or within a 45 ml Parr pressure vessel model
712 with a gage block No. 4316.

.2. Chemicals

Most commercially available starting materials and refer-
nce compounds were purchased from commercial sources.
-Nitronaphthalene [14], E- and Z-1-aminodecahydron-
phthalenes [15], E- and Z-2-aminodecahydronaphtha-
enes [16], 9-amino-1,2,3,4,5,6,7,8-octahydroanthracene [17],
-amino-1,2,3,4,4a,9,10-octahydroanthracene [18], 1,2,3,4-
etrahydroanthracene [1], 1,2,3,4,5,6,7,8-octahydroanthracene
1], Z-1,2,3,4,4a,9,10,10a-octahydroanthracene [1], 4,5-di-
ydropyrene [1], 4,5,9,10-tetrahydropyrene [1], 1,2,3,3a,4,5-
exahydropyrene [1], 1,2,3,6,7,8-hexahydropyrene [1], 1,2,3,
,4a,5,5a,6,7,8-decahydropyrene [1], 1,2,3,3a,4,5,9,10,10a,
0b-decahydropyrene (one isomer) [1], 5,6-dihydrochry-
ene [19], 1,2,3,4-tetrahydrochrysene [19], 1,2,3,4,5,6-hexa-
ydrochrysene [20], E- and Z-4a, 5,6,10a,11,12-hexa-
ydrochrysene [20] and the isomeric 1,2,3,4,4a,4b,5,6,
0a,11,12,12a-dodecahydrochrysene [21] were prepared
ccording to literature procedures. The silica sol–gel entrapped
d-[Rh(cod)Cl]2 catalyst was prepared and recycled as des-
ribed previously [1].

.3. General procedure for the hydrotreatment experiments

Typically, the autoclave was charged under N2 with the sil-
ca sol–gel entrapped catalyst 1 (prepared from 0.021 mmol
Rh(cod)Cl]2, 0.1 mmol nano-particles of palladium [1]),
mmol of the nitrogen-containing substrate and 5 ml of
-heptane. The reaction vessel was heated to the desired
emperature, the N2 was replaced by H2 and pressurized to
7.6 bar. The reaction mixture was stirred at 150–350 rpm
or the required length of time. Quantities of 20–30 �l of
he liquid reaction mixture were withdrawn periodically and
nalyzed by GC and GC–MS. The autoclave was cooled to
oom temperature and unsealed. The ceramic catalyst was
emoved by filtration and the filtrate subjected to GC, GC–MS
nd NMR analyses. The data were compared with those of
uthentic samples. When larger quantities were used, the
roducts were separated either on silica gel or on basic

lumina. 1-Nitropyrene afforded after 14 d at 140 ◦C, in addi-
ion to the nitrogen-free hydrocarbons shown in Scheme 4,
mall amounts of 1-amino-4,5,9,10-tetrahydropyrene, 8-amino-
,2,3,3a,4,5-hexahydropyrene and a single isomer of 8-amino-
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,2,3,3a,4,5,9,10,10a,10b-decahydropyrene that proved difficult
o separate and analyze. Therefore, their structures are based
nly on the HRMS of their molecular peaks and their GC–MS
ragmentations.

1-Amino-4,5,9,10-tetrahydropyrene: HRMS found:
21.3009. C16H15N requires 221.3015. GC–MS (70 eV),
/z (rel. intensity): 220 [(M-H)+, 100], 202 [(M-NH5)+, 25],
92 (C15H12

•+, 4). 8-Amino-1,2,3,3a,4,5-hexahydropyrene:
RMS found: 223.3155. C16H17N requires 223.3173.
C–MS (70 eV), m/z (rel. intensity): 222 [(M-H)+, 100], 204

(M-NH5)+, 14], 194 (C15H14
•+; 31), 179 (C14H11

+, 21).
-Amino-1,2,3,3a,4,5,9,10,10a,10b-decahydropyrene: HRMS
ound: 227.3514. C16H21N requires 227.3489. GC–MS (70 eV),
/z (rel. intensity): 226 [(M-H)+, 100], 209 [(M-NH4)•+, 4],
98 (C15H18

•+, 17), 155 (C12H11
+; 10).

6-Nitrochyrysene afforded after 21 d at 140 ◦C in addition
o the nitrogen-free hydrocarbons shown in Scheme 5, 5% of
- and 3% of 12-amino-1,2,3,4-tetrahydrochrysene. The two
someric amines could be separated on a 15 m long HP-5 col-
mn. However, attempts to separate the two isomeric amines on
reparative thin layer silica chromatography plates did not give
atisfactory results. The 1H NMR (300 MHz, CDCl3) showed
wo multiplets of the alicyclic protons at 1.25 and 2.82 ppm.
he spectrum of the 6-amino isomer showed two doublets at
.59 (J = 9 Hz) and 8.62 (J = 8.5 Hz) that correspond to H10 and
11, respectively (the latter signal couples with that of H12 that

ppears at 7.65 ppm). The bay region protons of the 12-amino
ompound appear as a doublet at 8.78 (J = 7.8 Hz, H10) and as
singlet at 7.92 Hz (H11). A high field singlet at 6.57 ppm is

ttributed to H5 of the 6-amino-derivative. The resonance peaks
f the remaining aromatic protons appear as a poorly resolvable
ultiplet between 7.52 and 7.82 ppm. GC–MS of the 6-amino

somer (70 eV, 20–280 ◦C) m/z (rel. intensity): 247 (M•+, 100),
30 [(M-NH3)+, 10], 219 (C18H17N•+, 13) 202 (C16H10

•+, 8),
91 (C14H9N•+, 11). GC–MS of the 12-amino isomer (70 eV,
0–280 ◦C) m/z (rel. intensity): 247 (M•+, 100), 230 [(M-NH3)+,
], 219 (C18H17N•+, 16), 204 (C16H12

•+, 9), 191 (C14H9N•+,
), 189 (C15H9

+, 8), 102 (C8H6
•+, 7), 56 (C4H8

•+, 6). mp of the
ixture of isomers 120–123 ◦C; analysis found (of the isomeric
ixture): C, 87.73; H, 6.48; N, 5.93%. C18H17N requires: C,

7.45; H, 6.88; N, 5.67%.
The used catalyst was washed and sonicated twice with 30 ml

H2Cl2, dried at 0.1 mm and reused in a second run.

. Results and discussion

Under the conditions described in Section 2 mutagenic and
arcinogenic 1- and 2-nitronaphthalene (see, e.g. Ref. [4]), 9-
itroanthracene [22], 1-nitropyrene [4,23] and 6-nitrochrysene
24] were hydrogenated. In these hydrogenations we employed
he silica sol–gel entrapped Pd-[Rh(cod)Cl]2 catalyst (1) [1] that
ed initially to mixtures of hydroaromatic amines and hydro-
arbons, and finally after prolonged operation, turned into the

itrogen-free products. In Schemes 1–5 are summarized rep-
esentative results. The schemes indicate that the more bulky
romatic nitro-compounds are hydrogenated much slower than
he small ones and require a higher reaction temperature. While
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Scheme 1.

Scheme 2.
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he nitronaphthalenes form decalins, in 6-nitrochrysene only one
f the four aromatic rings is hydrogenated even after 21 d. This
henomenon may be associated in the first place with the lim-
ted size of the pores of the sol–gel matrix through which the
ubstrates have to penetrate (cf., e.g. Ref. [25]).

The formation of the hydroaromatic compounds was shown
o take place in several discrete steps. In all cases the first
tep is the conversion of the nitro group into the respective
mino function by the known pathway [7]. The aromatic amines

eact further to give hydroaromatic amines, some of which lose
mmonia to give either nitrogen-free alicyclic hydrocarbons or
dimerize” to secondary amines in a reversible process. Some
f these transformations take place within a very short period

a
n
a
n

Scheme 4
.

<30 min) while others require weeks for completion. Thus, for
xample the transformation of 1-nitronaphthalene into nitrogen-
ree tetralin (26%) and isomeric decalines (71%) in the presence
f 1 at 140 ◦C may take as long as 3 weeks. The general trend
f these transformations is common to the different nitro-arenes
ut it is not identical. The transformations depend on the size and
tructural features of the substrates, on the nature of the different
ntermediates, on the reaction temperature and on the activity
f the catalyst (vide infra). Although all the nitro-compounds

re initially converted into aromatic amines the presence of the
itro function affects to some extent (decreases) the rates of the
dvanced steps in the hydrogenation process. However, it does
ot affect the nature of the reaction intermediates. Therefore, we

.
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tudied the main mechanistic patterns of the processes by start-
ng with amino- rather than the nitro-compounds. As a model
ubstrate we chose to hydrotreat 1-aminonaphthalene (3) [as the
rst transformation step of 1-nitronaphthalene (2)]. A typical
eaction profile is shown as Fig. 1. The plots indicate trans-
ormation of 1-aminonaphthalene simultaneously to 1-amino-
nd 5-amino-1,2,3,4-tetrahydronaphthalene (4 and 5, respec-
ively). However, while 4 is readily converted (within 25 min
t 140 ◦C) into 1-aminodecahydronaphthalenes (6) together
ith nitrogen-free 1,2,3,4-tetrahydronaphthalene (13), the 5-

mino isomer 5, is transferred only to the isomers of 6 which
re deaminated slowly to give ultimately (after 16 d) E- and
-decalins (E- and Z-14) in a 1:3 ratio. In addition, the 1-
minonaphthalene, as well as the other amines, form secondary
mines and ammonia in a reversible fashion. Thus, e.g. the 1,1′-
inaphthylamine (7) formed from 3 serves in fact as a feedstock

f 1-aminonaphthalene and ensures its final complete conver-
ion into nitrogen-free products. The initial fast reaction of
-aminonaphthalene clearly follows a first order rate law until at
east 95% conversion with calculated rate constant of 0.11 min−1

ig. 1. Concentration time profile for the reactant and products in the catalytic
ydrogenation of 1-aminonaphthalene (3) under the conditions of Table 1.
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t 140 ◦C. The mass balance of the reacting system was proved
s excellent with 96 mol% of the final mixture composed of 13
nd 14 and the remaining 4 mol% assayed as 7–10. In order to
ave further support in the assumed passway of the process, we
lso hydrogenated each of the individual intermediates. Some
ata are given in Table 1.

The products of the hydrotreatment of the 1,1′-
inaphthylamine (7) and of the other secondary amines
roved difficult to analyze, therefore, we examined the analo-
ous products that were formed during the hydrogenation of
itrobenzene (15) and aniline (16). At 100 ◦C and 27.6 bar H2,
n n-heptane we obtained within 24 h 7% of diphenylamine (17),
% phenylcyclohexylamine (18), 36% of dicyclohexylamine
19), 32% cyclohexylamine (20), 3% of cyclohexane (21) and
mmonia (not analyzed quantitatively). When diphenylamine
17) itself was hydrogenated, we obtained, under the same
onditions 7% of 16, 9% of 18, 57% of 19, 7% of 20, 3%
f 21 and 13% of unreacted starting material. The amount of
he monocyclic products increased when an ammonia donor

as added to the hydrogenation mixture. For example, in the
resence of NH4Cl ([Ph2NH]:[NH4Cl] = 1:10) the reaction
ixture, after 24 h, consisted of 5% 16, 21% 18, 31% 19, 13%

0, 25% 21 and only 3% of unreacted 17.

able 1
ydrogenation of 1-aminonaphthalene (3), and of 4–6 by sol–gel entrapped 1

t 140 ◦C

tarting
ompound

Composition of the reaction
mixture after 3 d (yield, %)a

5 6 7–10 13 14

35 27 15 19 2
– 31.9 3.5 62 0.3

39 32.5 23.9 – 1.8
– 58.3 29 – 10

eaction conditions: 2 mmol starting material; entrapped catalyst containing
.021 mmol [Rh(cod)Cl]2; 0.1 mmol Pd; 5 ml n-heptane; 27.6 bar H2; 140 ◦C.
a The yields were determined by calibrated GC and are the average of at least

wo experiments that did not differ by more than ±3%.
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Table 2
Effect of recycling of catalyst 1 on the distribution of the intermediates and the
products during hydrogenation of 1-aminonaphthalene (3) at 80 ◦C

Run
number

Composition of the reaction
mixture after 3 d (yield, %)a

3 5 6 7–10 13 14

1 0.5 14 56 16 7 1.5
2 2 54 22 10 6.5 0.5
3 2 74 8.5 7 6.5 0.5
4 1.5 77 6 7 7 0.5
5 2 77 6 5 6.5 0.5
6 2 78 5 4.5 7 1

Reaction conditions: 2 mmol of 3; catalyst 1 containing 0.021 mmol
[Rh(cod)Cl]2; 0.1 mmol Pd; 5 ml n-heptane; 27.6 bar H2.
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Table 3
Effect of recycling of catalyst 1 on the distribution of the intermediates and the
products during hydrogenation of 3 at 140 ◦C

Run
number

Composition of the reaction
mixture after 3 d (yield, %)a

5 6 7–10 13 14

1 35 27 15 19 2
2 31 31 10 21 3
3 21 34 3 35 4
4 17 30 2 47 5

Reaction conditions: 2 mmol of 3; catalyst 1 containing 0.021 mmol
[Rh(cod)Cl]2; 0.1 mmol Pd; 5 ml n-heptane; 27.6 bar H2.

a The yields were determined by GC (calibration was performed for each
c
b

1
m
n
(
i
t
1
l
c
a
m

a The yields were determined by GC (calibration was performed for each
omponent) and are the average of at least two experiments that did not differ
y more than ±3%.

The heterogenized Pd-[Rh(cod)Cl]2 was found to be com-
letely leach-proof (sensitivity of the atomic absorption
nstrument was 1 ppm) and the catalyst could be recycled in
he various processes described in Schemes 1–5. However, we
oticed certain changes in the ability of the recovered catalyst
o promote specific steps. These changes were usually small
hen the catalyst was employed for relatively short reactions
eriods (up to 3 d) for the hydrogenation of 9-nitroanthracene,
-nitropyrene or 6-nitrochrysene but became significant in pro-
onged processes. The recyclability of the catalyst was also

ound to depend on the temperature of the hydrotreatment. As
or the transformations of 1-nitronaphthalene larger changes in
he activity were observed. Some typical recycling experiments
f 1 in the hydrogenation of 1-aminonaphthalene at 80 and

n
t
l
1

Scheme 6
omponent) and are the average of at least two experiments that did not differ
y more than ±3%.

40 ◦C after 3 d are shown in Tables 2 and 3. In these experi-
ents hardly any starting compound was left and the mixture did

ot contain anymore 1-amino-1,2,3,4-tetrahydronaphthalene
4). At the low temperature the various compounds listed
n Scheme 6 are actually formed in the first run: much of
he 5-amino-1,2,3,4-tetrahydronaphthalene (5) is transferred to
-aminodecahydronaphthalene (6). But it seems that in the fol-
owing runs 1 loses gradually its ability to convert 5 to 6 and
onsequently, after the second run, a large amount of 5 begins to
ccumulate. The lack of fresh 6 also causes the decline in the for-
ation of the secondary amine 8. At 140 ◦C the amount of 6 did
ot vary significantly upon recycling. Moreover, it seems that at
his temperature the ability of 1 to denitrogenate 3 to give tetra-
ine (13) increases with time. Indeed, when we hydrogenated
-amino-1,2,3,4-tetrahydronapthalene (4) under our standard

.
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Table 4
Hydrogenation of 1-aminonaphthalene by 1 and by the different components of the entrapped catalyst 1

Catalyst system Metal in catalyst (mmol) Composition of the mixture after 7 d (yield, %)a

Pd Rh 3 5 6 7–10 13 14

Pd-[Rh(cod)Cl]2@sol–gel 0.1 0.021 – 28 36 7 24 3
Pd@sol–gel 0.121 – 2 25 57 4 8 –
[Rh(cod)Cl]2@sol–gel – 1.21 63 27 5 – 2 –
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eaction condition: 2 mmol of 3; entrapped catalyst containing a total of 0.121
a The yields were determined by GC and are the average of at least two exper

onditions for 1 h, we obtained with freshly prepared 1 31.9%
minodecalins (6), 62% tetralin (13), 0.2% decalins (14) and
.5% secondary amines. The application of 1 that has already
romoted three previous runs, afforded 9.3% 6, 87.8% 13, 1.3%
4 and 1.6% secondary amines and the accumulation of 5 in
dvanced runs decreased (cf. also Tables 2 and 3).

As in the defunctionalization of chlorophenols [3], we
howed that the hydrogenation and denitrogenation of the nitro-
nd amino-arenas is associated by a synergistic effect between
he different metal nuclei of the catalyst. We assume that this
ffect resembles the one that exists in a similar immobilized Pd-
h hydrogenation catalysts studied by Bianchini et al. [26,27].
ome comparative 1-aminonaphthalene hydrogenation experi-
ents with 1 and with the components of 1 are shown in Table 4.
he results reveal that at 140 ◦C the entrapped combined catalyst
is more efficient than either of immobilized encaged palladium
r [Rh(cod)Cl]2 alone.

. Conclusions

The sol–gel entrapped system of palladium nano-particles
nd soluble [Rh(cod)Cl]2 is a powerful recyclable catalyst for the
ydrodenitrogenation of some carcinogenic nitro- and amino-
olycyclic aromatics under relatively mild conditions. During
he hydrodenitrogenation the carcinogens are converted grad-
ally into benign nitrogen-free hydroaromatic hydrocarbons.
he catalytic activity of the heterogenized catalyst is associ-
ted with a synergistic effect between the two different metal
uclei. The individual components of the catalyst react much
lower than the combined system. The hydrodenitrogenation of
-nitronaphthalene which served as a model reaction revealed
hat initially the nitro group is reduced to the corresponding aro-

atic amine. The 1-aminonaphthalene undergoes then several
arallel transformations in which two different aminotetralins
re formed. One, in which the amino group is attached to the
licyclic ring loses readily ammonia to form tetralin and the sec-
nd one, with an aromatic NH2 moiety, is hydrodenitrogenated
n an extremely slow fashion. In addition, the aminonaphtha-
ene (as well as the other primary amino-intermediates) lose
mmonia in a reversible reaction, to give secondary amines. This
eversible process enables the ultimate complete denitrogena-
ion of all nitrogen-containing intermediates to form decalins.

he entire hydrodenitrogenation of 1-nitronaphthalene (or 1-
minonaphthalene) is thus characterized by the formation of five
inds of intermediates that build up significant transient con-
entrations. At 140 ◦C 1-amino-1,2,3,4-tetrahydronaphthalene

[
[

[

of metals; 27.6 bar H2; 5 ml n-heptane; 140 ◦C.
ts that did not differ by more than ±3%.

4), 5-amino-1,2,3,4-tetrahydronaphthalene (5), the secondary
mines 7–10, the aminodecahydronaphthalenes (6) and 1,2,3,4-
etrahydronaphthalene (13), reach maximum values after 6 min,
0 min, 1 d, 8 d and 15 d, respectively.
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10] Z. Vit, D. Gulková, L. Kaluza, M. Zhrazil, J. Catal. 232 (2005) 447.
11] N. Escalona, J. Ojeda, P. Baeza, R. Garcı́a, J.M. Palacios, J.L.G. Fierro,

A.L. Agudo, F.T. Gil-LLambı́as, Appl. Catal. A: Gen. 287 (2005) 47.
12] C. Sayag, M. Benkhaled, S. Suppan, J. Trawczynski, G. Djéga-
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