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Abstract

The vapour-phase synthesis of indole and its derivatives from aniline or alkylanilines and ethylene glycol or other diols was inv
with the use of a novel ZrO2/SiO2 (5:95 w/w) catalyst to check the applicability of this synthesis to a wide number of alkylindoles. D
feeding with alkylaniline, the above catalyst showed catalytic results better than those reported in the literature, and a very good rege.
In particular, with ethylene glycol, the best yields in the corresponding indoles were obtained when a C2–C3 alkyl chain was located in th
ortho position to the amino group. The differences in reactivity between aniline and alkylaniline were significantly reduced when th
of the diol chain was increased and eliminated with 2,3-butanediol. On the basis of the above data and those collected sharing the
single steps, a possible overall reaction pathway was proposed to design a better tailor-made catalyst. It was also indicated that th
of heavy compounds, which are able to deactivate the catalyst, were not derived from the reagents or the following reactions on
formed, but might be mainly attributed to the polycondensation of an aldehyde intermediate.
 2005 Elsevier Inc. All rights reserved.
Keywords:Vapour-phase synthesis; Reaction pathway; ZrO/SiO catalyst; Indole; Alkylindoles; Aniline; Aromatic ammines; Ethylene glycol; Diols
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1. Introduction

Indole or alkylindoles are of considerable industrial
terest, and are applied as intermediates in the produc
of pharmaceuticals, herbicides, fungicides, dyes, etc.[1–3].
Usually they are recovered from the biphenyl-indole fr
tion obtained by coal tar distillation, although this sou
no longer seems to be able to cover the increasing ma
demand. Alternatively, they can be obtained in high yie
from well-known liquid-phase reactions, which, howev
present many drawbacks[4–8]. Thus, increasing interest ha
been focused on the vapour-phase synthesis of these m
* Corresponding author. Fax: +39 051 2093680.
E-mail address:vacange@ms.fci.unibo.it(A. Vaccari).
URL: http://www.scsop.it.

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.02.014
t

-

cules[9–16] (Fig. 1), since it exhibits many advantages
comparison with the liquid-phase synthesis.

Although there is a patent literature rich in data regard
the nature and composition of catalysts and the opera
conditions for the synthesis of indole, few data have b
reported for the synthesis of alkylindoles. Basically, two d
ferent technologies may be identified: (i) high-temperat
(773–973 K) dehydrocyclisation of dialkylanilines over o
ides or chromites, followed by partial hydrogenation of
raw product[9], and (ii) lower temperature (453–623 K) r
action of anilines and glycols, operating at low liquid hou
space velocity (LHSV)[10–16]. In this latter case, man
different catalysts have been claimed, making it diffic
to identify the reaction requirements and optimum cata

properties. In particular, it was reported that with copper
chromites (the most widely claimed catalysts in the patent
literature for the synthesis of indole) a large molar excess

http://www.elsevier.com/locate/jcat
mailto:vacange@ms.fci.unibo.it
http://www.scsop.it
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Fig. 1. General reaction scheme of the vapour-phase synthesis of indo
its derivatives.

(�10.0) of aromatic amine has to be used to avoid the
mation of useless polyalkylated indoles. Thus a high amo
of aniline derivatives has to be recycled, with significa
economic and environmental drawbacks. In a previous
per [17], some of us reported that the best results can
obtained with a commercial copper chromite containing o
promoters, improving the physical properties and permit
operation at low temperature and LHSV values[17]. Fur-
thermore, with a mixture of a commercial SiO2 and this
catalyst, it was possible to operate at higher LHSV valu
thus improving the yield in alkylindoles[17].

The excess of aromatic amine and carrier gas (require
operate at low contact times) has been avoided with the
of a new family of ZrO2/SiO2 catalysts able to operate wi
almost stoichiometric feeds and water as the main ca
gas [18–20]. These catalysts showed better performan
than those reported in the literature and very good regen
bility. Finally, innovative Si/Zr mesoporous catalysts, w
a MCM41-type structure, have also been investigated
though they demonstrate poorer catalytic performances[21].

However, it must be noted that almost no data are av
able in the literature on either the possible reaction path
in the vapour-phase synthesis of indole and, mainly, alky
doles or the reactivity in these conditions of different a
matic amines or diols. The aim of this study was to sh
light on these two key points to check the applicability of
vapour-phase synthesis to a wider number of alkylindo
and to design tailor-made catalysts.

2. Experimental

Catalytic tests were carried out with 4.0 ml (ca. 2.5
425–850 µm particle size) of ZrO2/SiO2 (5:95 w/w) sup-
ported catalysts, prepared by incipient wetness impre
tion of a commercial SiO2 (Si-1803 T 1/8′′; Engelhard)
with a solution of Zr(IV) acetylacetonate in acetic acid a
following calcination at 723 K for 5 h. The catalyst ha
previously been activated in situ, with a progressive
crease in the temperature up to 603 K and a 6 l/h flow
of a H2/N2 (1:9 v/v) gas mixture. Aniline (AN), 2-meth
ylaniline (2-METAN), 3-methylaniline (3-METAN), 4-meth

ylaniline (4-METAN), 2-ethylaniline (2-ETAN), 3-ethyl-
aniline (3-ETAN), 4-ethylaniline (4-ETAN), 2-propylaniline
(2-PRAN), ethylene glycol (EG), 1,2-propylene glycol
of Catalysis 232 (2005) 1–9
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(1,2-PDIOL), 1,2-butanediol (1,2-BDIOL), 2,3-butaned
(2,3-BDIOL), 1,2-hexanediol (1,2-HEXDIOL), Zr(IV) ace
tylacetonate, and CH3COOH were purchased from Aldric
Chemicals (purity� 98.0%) and used as received witho
any further purification.

We prepared N-(2-hydroxyethyl)-2-ethylaniline (NEE)
liquid phase by adding 60 ml of chloroethanol to 150 ml
2-ETAN, performing the reaction for 3 h at 403 K unde
N2 atmosphere with energetic stirring, and adding at the
10 g of K2CO3 dissolved in 10 ml of H2O to neutralise the
HCl formed. Then we distilled the reaction mixture at 323
under vacuum (395 Pa), obtaining NEE with a purity
98%. We prepared N-(2-ethylphenyl)-2-aminoacetaldeh
(NEPA) in liquid phase by adding 50 ml of chloroacetald
hyde dimethylacetal to 75 ml of 2-ETAN, performing th
reaction for 3 h at 403 K under a N2 atmosphere with en
ergetic stirring, and adding at the end 10 ml of a K2CO3
solution (50 wt%) to neutralise the HCl formed. The re
tion mixture was extracted with toluene, and the prod
was recovered by solvent distillation at 323 K under v
uum (395 Pa). The NEPA dimethylacetal obtained was t
treated with a H2SO4 solution (6 wt%) to obtain the corre
sponding aldehyde (purity� 98%).

X-ray diffraction (XRD) analyses were carried out wi
a Philips PW 1050/81 diffractometer (40 kV, 25 mA
equipped with a PW 1710 unit, and Cu-Kα radiation (λ =
0.154118 nm). A 2θ range from 10◦ to 80◦ was investigated
at a scanning rate of 0.10◦/s. BET surface area and poro
ity values were determined by physical adsorption of N2 at
77 K, with a Micromeritics Asap 2020. FT-IR spectra we
collected in the range of 4000–400 cm−1 with a Perkin–
Elmer 1750 spectrometer, with the use of samples dilu
in KBr (0.2:99.8 wt/wt). The catalyst surface acidity was d
termined with a ThermoQuest TPD/R/O 1100 equipped w
TCD. The samples were pretreated under a 100 ml/min He
flow at 673 K for 60 min, then at 433 K 10 pulses of NH3
were added, and the samples were maintained at this tem
ature for 60 min, to favour the elimination of the physica
adsorbed NH3. Finally, under the same He flow, the samp
were heated from 433 to 823 K (heating rate 10 K/min) and
maintained at the latter temperature for 60 min.

The catalytic tests (T = 583 K, GHSV (gas hourly
space velocity)= 2900 h−1; H2/H2O = 20:80 v/v; LHSV=
1.6 h−1; amine/diol= 1:1 mol/mol) were carried out in a
fixed-bed glass micro-reactor (i.d. 7 mm, length 400 m
placed in an electronically controlled oven and opera
at atmospheric pressure. The isothermal axial tempera
profile of the catalytic bed during the tests was determi
with a 0.5-mm J-type thermocouple, sliding in a glass c
illary tube. The organic feed and H2O were introduced by
two Infors Precidor model 5003 infusion pumps, and
gas composition and flow were controlled with Brook m
flow meters. After 1 h of time on-stream to reach stati

ary conditions, the products were condensed in two traps
cooled at 268 K and collected in methanol, with tride-
cane as an internal standard. The analyses were carried out
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with a Perkin–Elmer AutoSystem XL gas chromatogra
equipped with FID and a wide-bore SE 54 column (len
30 m, i.d. 0.53 mm, film width 0.8 µm). The products we
tentatively identified by GC-MS with a Hewlett–Packa
GCD 1800 system equipped with a HP5 column (len
25 m, i.d. 0.25 mm, film width 1.5 µm); the identificatio
were subsequently confirmed by a comparison of the exp
mental GC and GC-MS patterns with those obtained for p
reference compounds.

3. Results and discussion

3.1. Catalyst characterisation

In previous papers[17–21], the vapour-phase synthes
of indole and 7-ethylindole (7-ETI) from AN or 2-ETAN
and EG was investigated in depth. These studies prod
very interesting results for ZrO2 impregnated on commercia
SiO2 [18,20]. ZrO2, because of its hydro-dehydrogenati
properties[22–24], should favour the transformation of E
to 2-hydroxyacetaldehyde, whereas the acid sites of S2

should catalyse either the attack of the latter compound
AN or 2-ETAN or the subsequent formation of the cor
sponding indole. It is worth noting that the acidity of t
SiO2 [25] was not strong enough to catalyse the trans
mation of EG to crotonaldehyde and, consequently, the
ternative synthesis of 2-methyl-8-ethylquinoline from ETA
and EG, as already reported for an acid-treated comme
clay [26]. The best data were obtained for the ZrO2/SiO2

(5:95 w/w) catalyst, for which an optimum interdispersion
both hydro-dehydrogenating and acid sites occurred[18,20].

The XRD powder pattern of this catalyst did not show any

Fig. 2. XRD powder patterns of the ZrO2/SiO2 (5:95 w/w) ca
of Catalysis 232 (2005) 1–9 3
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Table 1
Surface area, porosity and acidity for the catalyst ZrO2/SiO2 (5:95 w/w)
and the corresponding commercial SiO2 support

Catalyst Surface area (m2/g) Porosity

(cm3/g)

Surface acidity
(µmoles of NH3/gcat)a b c

SiO2 300 n.d. n.d. 0.5368a 250
ZrO2/SiO2 283 12 290 0.4169a 246

a Before reaction.
b After 11 h of time-on-stream.
c After regeneration.

was also maintained after the catalytic tests or the rege
ation by calcination at 773 K, followed by a new activati
step with a H2/N2 (1:9 v/v) mixture[18,20]. Residual car-
bon from the preparation was not detected, in agreem
with the similar values of surface area, porosity, and a
ity (Table 1), and the pore size distributions (Fig. 3) of the
ZrO2/SiO2 (5:95 w/w) catalyst and the starting SiO2 sup-
port. The surface area of the former decreased dramati
after long-time catalytic tests (Table 1), but it was fully re-
covered after regeneration, indicating that the deactiva
was due to the adsorption of heavy products (tar) on the
alyst surface (see below) and not to sintering phenomen
agreement with XRD findings.

3.2. Reactivity of the different amines or diols

The very interesting results obtained by feeding of
and AN or 2-ETAN onto the ZrO2/SiO2 (5:95 w/w) cata-
lyst [18,20]suggested the extension of the study to differ
aromatic amines and/or diols. In the first step, a compar
was made between AN and the three ethylanilines (ETA
With 2-ETAN in the feed, we had observed a yield in 7-E

about twice that obtained with an indole feed AN (Fig. 4),

the
iv-
difference with that of the support (Fig. 2), thus indicating
the good dispersion of ZrO2 on the catalyst surface, which

and this difference was not modified by an increase in
temperature or the AN/EG molar ratio. This result is not tr
talyst and the corresponding commercial SiO2 support.
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Fig. 3. Pore size distribution for the ZrO2/SiO2 (5:95 w/w) catalyst and the corresponding commercial SiO2 support.

Fig. 4. Yield (%) in indole or in the different ethylindoles as a function of the reaction time (values referred to the aromatic amine fed; betweenund
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brackets are reported the selectivity average values in the different p
GHSV= 2900 h−1; H2/H2O = 20:80 v/v; LHSV= 1.6 h−1; aromatic ami

ial, if we take into account the absence of a steric hindra
for AN (unlike 2-ETAN), and it could have been justified b
considering the increased electronic availability on the ni
gen atom due to the inductive effect of the ethyl chain.

However, the results obtained with 3-ETAN and 4-ETA
feeds, which give a progressive decrease in yields (alw

higher, however, than that of simple indole) in the cor-
responding ethylindoles as the distance between the alky
chain and the amine group increases, show that the steric
cts). (Reaction conditions: ZrO2/SiO2 (5:95 w/w) catalyst= 4.0 ml; T = 583 K,
ol= 1:1 mol/mol.)

hindrance around the nitrogen atom plays a very impor
role. It is worth noting that if the ethyl chain is in position
two ethylindoles are formed, although 6-ETI was obtain
in a higher amount (60% excess ca.) than 4-ETI, show
that the closure of the ring occurs preferentially in the l
hindered position.
l
Given the interesting results obtained with the three

ETANs, the possibility of extending this synthesis to fur-
ther alkylindoles was investigated. Surprisingly, with the
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Fig. 5. Yield (%) in indole or the different methylindoles as a function of the reaction time (values referred to the aromatic amine fed; betweennd
brackets are reported the selectivity average values in the different products). (Reaction condition: ZrO2/SiO2 (5:95 w/w) catalyst= 4.0 ml; T = 583 K,
GHSV= 2900 h−1; H2/H2O = 20:80 v/v; LHSV= 1.6 h−1; aromatic amine/diol= 1:1 mol/mol.)
Fig. 6. Yield (%) in indole and the different alkylindoles as a function of the reaction time (values referred to the aromatic amine fed; between the round
rodu
ne/di

ds ase
brackets are reported the selectivity average values in the different p
GHSV= 2900 h−1; H2/H2O = 20:80 v/v; LHSV= 1.6 h−1; aromatic ami

methylanilines (METAN or toluidines) in the feed, the yiel

in the different methylindoles were almost unaffected by the
presence and position of the methyl group (Fig. 5), with val-
ues more similar to that observed with an AN feed than to
cts). (Reaction conditions: ZrO2/SiO2 (5:95 w/w) catalyst= 4.0 ml; T = 583 K,
ol= 1:1 mol/mol.)

those obtained with an ETAN feed. Furthermore, in the c

of 3-METAN, only 6-methylindole was detected. These re-
sults seem to confirm the conclusion that simple electronic
effects play a minor role, if any, in the reaction pathway.
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Table 2
Yield (%) in alkylindoles as a function of the reaction time, feeding (A, C, E) aniline or (B, D, F) 2-ethylaniline and 1,2-propylene glycol, 1,2-butanediol or
2,3-butanediol (between the round brackets are reported the selectivity average values in the different products). (Reaction conditions: ZrO2/SiO2 (5:95 w/w)
catalyst= 4.0 ml;T = 583 K, GHSV= 2900 h−1; H2/H2O = 20:80 v/v; LHSV= 1.6 h−1; aromatic amine/diol= 1:1 mol/mol)

Time
(h)

Yield (%)

Feed: Feed: Feed:

A B C D E F

(48.5%)

+

(25.3%) (6.4%)

(46.9%)

+

(31.8%) (8.6%)

(52.0%)

(54.6%)

0 6.5 4.0 19.2 20.2 18.8 23.3

0.5 11.1 13.4 20.0 22.1 19.0 23.7
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This study was finally extended to 2-propylaniline (
PRAN).Fig. 6, which summarises the results obtained w
aniline and different 2-alkylanilines in the feed, points o
that the differences observed cannot be explained by e
tronic effects. Therefore, we believe that a stabilisation
a reaction intermediate, due to the presence of a C2–C3

alkyl chain located ortho to the nitrogen atom, may be
portant. It must be emphasised that, in all cases, the m
by-products detected were the N-(2-hydroxyethyl)-anilin
N-vinyl- or N-alkylanilines, together with smaller amoun
of N-alkyl-indole derivatives. Furthermore, heavy produ
(tar) adsorbed to the catalyst surface were also formed
dicated by FTIR bands at 1590, 1456, and 1384 cm−1 [27];
these were responsible for the progressive deactivation
time on-stream. However, as previously reported[18,20], the
ZrO2/SiO2 catalyst almost completely recovered the init
activity by calcination at 773 K, followed by a new reduci
activation step.

The interpretation of the results seems still more d
cult if we analyse the results obtained for the reaction
AN and alkylanilines with other diols. In fact, with a 1,2
propylene glycol (1,2-PDIOL) feed, the differences der
ing from the nature of the amine remain apparent: w
AN only the 3-methylindole (3-METI) was formed, where
with 2-ETAN both 2-methyl-7-ethylindole and 3-methyl-
ethylindole were obtained, with an overall yield 25–30
higher than that observed with AN (Table 2, A and B).
In contrast, with a feed of 1,2-butanediol (1,2-BDIOL)
2,3-butanediol (2,3-BDIOL), the differences in yield b
tween the two amines were significantly reduced, wit
general increase in the values observed (Table 2, C and D, E
and F, respectively). Furthermore, with both diols almos
deactivation was detected with time on-stream (deactiva

was completely absent with a feed of 2,3-BDIOL), thus sug-
gesting that the increase in stabilisation of an intermediate
depends also on the alkyl chain length of the diol. How-
4.2 20.5 24.4

-

ever, a significant worsening in the yield was found wh
the alkyl chain of the diol became longer, as in the cas
1,2-hexanediol[20]. Type and amount of the detected b
products (i.e., excluding tar), on the other hand, were alm
unaffected by the diol structure.

3.3. Single-step reactions

To collect further information on the reaction mech
nism, first the synthesis of 7-ETI in the single react
steps was shared, by a feed of the 2-ETAN/EG mixture
ZrO2 alone, to determine the role of hydro-dehydrogena
sites[22–24]. A high yield (� 18%) in N-(2-hydroxyethyl)-
2-ethylaniline (NEE) was obtained, with selectivity high
than 85% and only a slight deactivation with time on-stre
thus suggesting NEE as a possible key intermediate, for
according to the scheme inFig. 7. Surprisingly, with SiO2 as
a catalyst and a feed of NEE in the usual reaction conditi
a very low formation of 7-ETI was observed (yield 2.2%; s
lectivity 6.2%), with mainly the NEE self-condensation
heavy products or the NEE decomposition. These result
mained almost unchanged with increasing numbers of Le
sites, resulting from impregnation of SiO2 with ZnCl2 [28]
or the catalyst acidity, for a H-β commercial zeolite (this
latter gave a slight decrease in the formation of the main
products and a higher NEE decomposition).

When the 2-ETAN/EG mixture was fed onto a dual c
alytic bed (a layer of ZrO2 followed by a layer of SiO2,
maintaining the same ratio of the ZrO2/SiO2 catalyst inves-
tigated), only low amounts of 7-ETI were formed, where
the yield in NEE was comparable to the value obtain
when only ZrO2 was used, showing that the high boilin
point of NEE did not affect the previous results. On

other hand, operating in liquid phase at 573 K with the
ZrO2/SiO2 (5:95 w/w) catalyst, we observed the cyclisa-
tion of the corresponding aldehyde [N-(2-ethylphenyl)-2-
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Fig. 7. Yield (%) and selectivity (%) in N-(2-hydroxyethyl)-2-ethylanilin
(NEE) and proposed reaction pathway for its synthesis. (Reaction
ditions: ZrO2 catalyst= 4.0 ml; T = 583 K, GHSV = 2900 h−1;
H2/H2O = 20:80 v/v; LHSV = 1.6 h−1; aromatic amine/diol= 1:1
mol/mol.)

aminoacetaldehyde or NEPA] to 7-ETI (yield 16.0%),
gether with high amounts of heavy products (tar). Unf
tunately, it was not possible to perform the same tes
the vapour phase, since NEPA polymerised dramatically
ready in the vapourisation step, affording heavy produ
(tar).

We wanted to shed light on the formation of heavy pr
ucts that are responsible for catalyst deactivation. As a
liminary measure, their possible formation from the reage
was studied, on the ZrO2/SiO2 (5:95 w/w) catalyst, first with
a feed of 2-ETAN or EG for 2 h and then with the mixtu
2-ETAN/EG for another 2 h. In both cases, the results w
very similar to those previously obtained with a direct fe
of the 2-ETAN/EG mixture, which allowed us to exclud
a significant role in catalyst deactivation for both reage
Thus, it may be hypothesised that the heavy products
rive from reaction intermediate(s) or other reaction produ
Therefore, a 7-ETI/EG (1:1 mol/mol) mixture was always
fed onto the ZrO2/SiO2 (5:95 w/w) catalyst; under the usu
conditions, the 7-ETI was recovered almost completely, w
formation only of traces of N-ethyl-7-ethylindole or N-et

ylindole. Thus, it may also be excluded that the heavy com-
pounds, responsible for catalyst deactivation, are formed
by consecutive polyalkylation of the indole or alkylindoles
of Catalysis 232 (2005) 1–9 7

formed, in agreement with the specific features of Zr-ba
catalysts already reported in the literature[18–20].

3.4. Proposed reaction pathway

On the basis of the results discussed in previous sect
some relevant suggestions may be made: (i) NEE is no
our opinion, a reaction intermediate, but a more stable
product formed by hydrogenation of the true intermedia
that is, the corresponding aldehyde [N-(2-ethylphenyl)
aminoacetaldehyde or NEPA]. Thus it may be hypothes
that the reaction intermediates have to contain a carb
(aldehyde or ketone) group. (ii) For the vapour-phase syn
sis of indole and alkylindoles it is necessary that the hyd
dehydrogenating sites (ZrO2) and weak acid sites (SiO2) be
very close to each other. (iii) The synthesis is favoured
the presence of a C2–C3 alkyl chain in the ortho position o
the nitrogen group. This effect is significantly reduced by
increase in the chain length of the diol, and is fully abs
for an internal diol such as 2,3-BDIOL (in comparison w
1,2-BDIOL), for which, furthermore, deactivation was n
observed. (iv) The heavy products, responsible for cata
deactivation, are not formed from the reagents or by fur
alkylation of the indoles formed, but seem to be attributa
to a reaction involving the carbonyl intermediate.

On this basis, the following reaction pathway may
proposed for the vapour-phase synthesis of indole or alky
doles, as it allows us to rationalise the different reactivi
and products observed (Fig. 8). Two possible reaction inter
mediates may be hypothesised, an aldehyde (path A)
ketone (path B), which form the final indole compounds
cyclisation. As a side reaction, both intermediates give
by hydrogenation to the corresponding amino alcohol a
by further reaction, to N-substituted anilines and N-alkyl
dole derivatives. However, the aldehyde intermediate is m
reactive than the ketone intermediate and may easily p
condense to heavy products (tar), with consequent cat
deactivation. The presence of a C2–C3 alkyl chain in the or-
tho position and the use of diols longer than EG (but no
long as to undergo the steric hindrance effects) seem t
duce the rate of polycondensation of the aldehyde by s
hindrance, thus favouring its cyclisation to alkylindole. O
the other hand, the ketone intermediate is more stable
does not give rise to polycondensation to heavy produ
completely eliminating the differences between aniline
alkylaniline and avoiding any deactivation (see, for exam
the tests with 2,3-BDIOL).

4. Conclusions

The vapour-phase synthesis of indole and its derivat
with heterogeneous catalysts represents a novel examp

an economical and environmentally friendly process, with
significant advantages in comparison with known industrial
processes. The ZrO2/SiO2 catalysts work much better than
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Fig. 8. Proposed reaction pathway for the vapour-phase synthe

most widely reported copper chromites, and are able to o
ate with an almost stoichiometric ratio between the arom
amine and the diol, reducing the costs and risks of h
amounts of aromatic amine to be recycled. This catal
system exhibits good regenerability and recovers the in
activity almost completely by calcination and following r
ducing activation[18,20]. Last, but not least, this proce
uses water as the main carrier gas, which can be easily
arated by condensation and recycled directly to the rea
with no purification, thus avoiding any environmental co
straints.

This synthesis can be applied to a wide number of s
strates (anilines and/or diols), even if a possible indus
use is more interesting for specific derivatives. In particu
when EG was used, the best yields in the correspondin
doles were obtained when an alkyl chain was located in
ortho position to the amino group and the length of the ch
was increased. Moreover, the differences in the reactivity
tween aniline and alkylanilines were significantly reduc
by an increase in the length of the diol chain, although w
a limit due to steric hindrance of the diol. A possible re
tion pathway, including two possible routes with an aldeh
or a ketone as an intermediate, is able, in our opinion
justify these behaviours, the side products detected, an
different deactivation effects observed, with the different
activities of the two intermediates taken into consideratio

In conclusion, the proposed vapour-phase synthesis

ZrO2/SiO2 catalysts, although unable to compete economi-
cally in the synthesis of unsubstituted indole with the high-
temperature process[9], is most interesting for the synthesis
f indole and alkylindoles as a function of the aromatic amine and diol fe

-

of alkylindoles, for which a high temperature may favo
side reactions (dealkylation, transalkylation, etc.), also w
the increase in yield and stability observed taken into
count. In any case, it is worth noting that the selectiv
values obtained were of the same order as, or, in s
cases, higher than the values reported in the patent li
ture[9–16].
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