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Abstract

Isoquinoline was prepared through the Beckmann rearrangement of cinnamaldoxime over different H-zeolites, K-10 montmorillonite
clay, amorphous SiO,~Al,O5; and y-alumina under well-optimized conditions of temperature, weight hourly space velocity and catalyst
loading. Cinnamaldoxime under ambient reaction conditions over the catalysts underwent migration of the anti-styryl moiety to electron
deficient nitrogen (Beckmann rearrangement) followed by an intramolecular cyclization to yield isoquinoline. Cinnamo-nitrile (dehydra-
tion product) and cinnamaldehyde were formed as by-products. Isoquinoline formation was high on zeolite catalysts (ca. >86.5%) and
mordenite (ca. 92.3%) was the most efficient in the series. Catalysts were susceptible for deactivation and the decrease in the percentage
conversion of oxime with time is associated with a corresponding increase in the acid hydrolysis producing salicylaldehyde at later stages
of the reaction. However, these catalysts retain activity considerably and can be recycled without loss of activity and change of product

distribution.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Isoquinoline derivatives such as 5-substituted isoquino-
line-1-ones are potential inhibitors [1] of PARP (poly
(ADP-ribose) polyamide). Pathophysiological effects of
this are mediated through over activity of isoform PARP-
1, which depletes stores of nicotinamide di-nucliotide
(NAD™), the PARP substrate leading to cell death. These
derivatives have potential therapeutic application in several
diseases including cancer [2], mayocardial infraction [3],
diabetes [4], stroke [5], rheumatoid arthritis [6] and hemor-
rhagic shock [3]. It is the main heterocyclic ring for a class
of alkaloids, which have medicinal and toxic properties [7].
A neurotoxin called MPTP (1-N-methyl-4-phenyl-1,2,3,
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6-tetrahydropyridine), the precursor to MPP" was found
and linked to Parkinson’s disease. The active neurotoxins
destroy dopaminergic neurons leading to Parkinsonism
and Parkinson’s disease. Several tetrahydroisoquinoline
derivatives have been found to have the same neurochem-
ical properties as MPTP. These derivatives may act as
neurotoxin precursors to active neurotoxins [8,9]. Dihydro-
quinolinium salts are widely used as potential catalyst for
the synthesis of optically active epoxides in asymmetric
synthesis [10]. Isoquinolines are used in the manufacture
of dyes, paints, insecticides, anti-fungal agents, as a solvent
for the extraction of resins and terpenes and as a corrosion
inhibitor [9,11-13].

There are a number of methods for isoquinoline ring
construction. Bischler—Napieralski cyclization [14] is one
of the best routes for the synthesis of isoquinoline. In this
reaction, the amide derived from a substituted phenethyl-
amine (B-phenylethylamine) is cyclized under dehydrative
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acidic conditions (intramolecular Vilsmeier reaction). The
resulting 1-substituted-3,4-dihydroisoquinoline can then
be dehydrogenated using palladium (Scheme 1). HCI,
P,0s, PCls and POCI; in boiling xylene or decaline are
commercially used [15-18]. Herz and co-workers applied
the Bischler—Napieralski and Pictet-Gams reactions for
the synthesis of sulfur analogs of isoquinolines [19]. Arylid-
ene amino acetals, when warmed with concentrated sulfuric
acid or with sulfuric and arsenic acids, give isoquinoline or
substituted isoquinolines [20]. This method is of limited
application, although it has been utilized to prepare a num-
ber of bromoisoquinolines, which have been converted suc-
cessively to the cyanides and to the carboxylic acids. Buck
[21] reported the synthesis of a number of tetrahydroiso-
quinoline by starting from phenylethylamines and formal-
dehyde. B-phenylethylamine or B-phenylethylmethylamine
was condensed with formaldehyde to give the N-methylene
or N-hydroxymethyl derivative, respectively. By the action
of hydrochloric acid this was cyclized to the corresponding
tetrahydroisoquinoline hydrochloride. The hydroxy com-
pounds were prepared by O-demethylating the methoxy
compounds by appropriate methods [21]. Kido and Watan-
abe synthesized isoquinoline derivatives by the cyclization
of 3,4-dimethoxybenzylideneaminoacetal with chlorosulf-
onic acid as a cyclizing agent [22]. Isoquinoline derivatives
were synthesized from cyclobutenylmethylamine deriva-
tives having an alkyne moiety in a tether using a second-
generation ruthenium carbene complex under ethylene
gas in good yields utilizing the ring-opening metathesis
(ROM)-ring-closing metathesis (RCM) is a very attractive
reaction [23]. Tsutsui and Narasaka recently reported the
synthesis of isoquinoline derivatives by the palladium-cata-
lyzed cyclization of olefinic ketone O-pentafluorobenzoy-
loximes [24].

Most of the above reagents are either corrosive or pos-
sess extreme affinity for water, which makes their handling
very difficult. The normal work-up procedure for reactions
employing the catalysts involves a water quench process,
which prevents the acid being used again and subsequent
neutralization leads to an aqueous waste stream. Hence
under the reaction conditions, these reagents are converted
to materials that are toxic and environmentally unfriendly.
Since the reagents are irreversibly lost, the overall atom-
efficiency of these reactions is low. In order to be cost-effec-
tive and eco-friendly, there is always a real need for better
catalyst systems. These polluting technologies must be
replaced by benign alternatives. Over the past several years,
chemists have been mobilized to generate new chemistries
that are less hazardous to human health and the environ-
ment. One current line in catalysis involves developing

+H,0

reusable and environmentally benign catalytic systems
[25]. The solid-acid catalysts such as metal oxides, sulfated
metal oxides, clays and zeolites are in fact a most favorable
alternative for these problems. Introduction of solid-acids
such as zeolites, removes the need for the quench step,
facilitating the reusability of the catalyst (cost effective).
Moreover, a solid-acids do not produce solid waste and
hence are eco-friendly. We are currently working on the
applicability of zeolites, clays, and common metal oxides
on fine chemical synthesis [26]. The Beckmann rearrange-
ment constitutes a common route employed in organic
chemistry to transform ketoximes into amides. One of the
main industrial applications is the transformation of cyclo-
hexanone oxime into e-caprolactam, a raw material in the
production of nylon-6. Sulfuric acid as a catalyst plays
an essential role in the conventional liquid-phase industrial
production of e-caprolactum. However, it poses significant
environmental and operational problems such as generat-
ing undesirable salt and causing equipment corrosion
[27]. To solve the problems derived from the use of concen-
trated sulfuric acid and the generation of this by-product,
many solid-acid catalysts have been proposed. Among typ-
ical heterogeneous catalysts for this reaction include solid-
acid catalysts such as boric acid, silica—alumina, zeolites
like Y, ZSM-5, TS-1, B-ZSM-5 and tantalum oxide on sil-
ica [28-35]. Highly siliceous ZSM-5 and ZSM-5 modified
with boron showed high activity and selectivity in the Beck-
mann rearrangement reaction [36]. Guo and co-workers
recently reported a clean Beckmann rearrangement of
cyclohexanone oxime in caprolactam-based Bronsted
acidic ionic liquids [37].

However, this environmentally benign protocol is not
very much extended to other oximes for the production
of fine-chemicals. Candeias and Afonso recently reviewed
the use of zeolites and mesoporous materials in the prepa-
ration of non-fused heterocycles compounds through epox-
idations, aziridinations and the Beckmann’s rearrangement
[38a]. Corma and co-workers have reported the liquid-
phase Beckmann rearrangement of cyclohexanone, ace-
tophenone and cyclododecanone oximes over beta zeolites
[38b]. Fernandez et al. recently studied the mechanistic
aspects of the Beckmann rearrangement of acetophenone
oxime over microporous molecular sieves [38c]. Recently,
we have reported the vapor-phase Beckmann rearrange-
ment of cinnamaldoxime to isoquinoline (Scheme 2) over
different rare earth exchanged H-Y zeolites [26d]. As an
extension of the protocol, we report the reaction over dif-
ferent H-zeolites, K-10 clay and some common metal oxi-
des and our attempt to rationalize the results on the basis
of physico-chemical properties. Side- reactions observed
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include dehydration of cinnamaldoxime to give cinnamo-
nitrile and hydrolysis to give cinnammaldehyde. Since there
is comparatively less amount of waste formation (maxi-
mum for amorphous SiO,—~Al,O3; ca. 39.1%) in the reac-
tion, the E-factor must be low and atom efficiency high.

2. Experimental section
2.1. Materials and methods

H-Y zeolite (Si/Al ratio; 1.509) was supplied by Sud-
Chemie (India) Ltd. H ZSM-5 and H-beta zeolites were
purchased from National Chemical Laboratory (NCL)
India. H-mordenite was supplied by Zeolyst International,
New York, USA. K-10 montmorillonite was procured
from Aldrich Chemical Company, USA. Al,03-SiO, and
v-AlL,O; were prepared in the laboratory applying well-
known methods reported earlier [39]. trans-Cinnammalde-
hyde, hydroxylamine hydrochloride, sodium bicarbonate,
sulfuric acid and acetonitrile were procured from SD-Fine
Chemicals, India and used as received. Benzene (SD Fine
Chemicals, India) was used after washing with concen-
trated H,SO,4 and 20% sodium bicarbonate.

The crystalline nature of the materials was established
by powder X-ray diffraction studies performed using a Rig-
aku D-max C X-ray diffractometer with Ni-filtered Cu Ko
radiation. Temperature-programmed desorption (TPD) of
ammonia (pre-chemisorbed at 373 K) over the zeolite cata-
lysts was carried out in a stainless steel reactor
(i.d. = 4 x 5 mm) packed with about 100 mg catalyst from
373 to 873 K at a linear heating rate of 20 K min~' in a
flow of moisture-free nitrogen (40 mL min~"'). The adsor-
bate desorbed in the TPD was measured quantitatively
with a conventional ammonia detector. Before carrying
out the TPD, catalyst was pretreated in situ at 773 K for
1 h in a flow of nitrogen. Simultaneous determination of
BET and Langmuir surface area and pore volume measure-
ments were performed on a Micromeritics Gemini surface
area analyzer using di-nitrogen as an adsorbate at 77 K.
The area per molecule of di-nitrogen was taken as
16.2 A% Results were reproducible within an error limit
of 5%.

2.2. Typical procedure for Beckmann rearrangement

Catalytic reactions were carried out in an ordinary fixed-
bed, down-flow reactor made of cylindrical quartz tube

with 0.6 cm internal diameter and 30 cm height with a high
sensitivity temperature controller (accuracy + 5 K) and a
set up to carryout reaction under gaseous atmosphere.
The catalyst particles (700 mg and 30-40 um mesh size)
sandwiched between quartz—wool were filled between cera-
mic beads. During the operation, the reactants flow
through the reactor tube and over the catalysts bed, and
reaction takes place. Nitrogen was used as carrier gas in
the reaction. Prior to the reaction, catalysts were heated
in situ at a heating rate of 20 K/min to a final temperature
of 773 K in presence of constant purging of air and was
maintained at the final temperature for 12 h. The catalyst
was then allowed to cool to reaction temperature (473 K)
under dry nitrogen flow (10 mL/min) and kept for 1h
before the commencement of reaction. The reaction mix-
ture (5% solution of salicylaldoxime in 1:1 benzene acetoni-
trile mixture) was fed into the reactor at a flow rate of
4 mL/h (weight hourly space velocity; 0.29 h™! or contact
time; 3.45 h) in presence of dry N, using an infusion pump.
The product mixture was collected downstream after 3 h
and identified using GC (GC1000, Chemito with an SE-
30 capillary column), HPLC (Shimadzu CLASS-VP
Vs.032), GC-MS (Shimadzu-5050 spectrometer having a
30 m HP-30 capillary column) and IR (Nicolet Impact
4000) spectroscopic techniques. Finally the product was
characterized by "H NMR experiment (Bruker AMX-400
NMR spectrometer).

2.3. Recovery and reuse of the catalyst

For a consecutive run, benzene was passed through zeo-
lite catalysts for 1 h after the reaction and were continu-
ously extracted with dimethyl ether and dried in an air-
oven (383 K and 12 h) to remove the remaining surface
adsorbed reagents and products. It was then activated from
423 to 773 K over a period of 6 h and at 773 K for 5 h (dry
nitrogen, 60 mL/min). Similar amounts of fresh reagents
were used, with the reaction performed under the same
experimental conditions. The dry solid was weighed and
reused in a next run, with the proportional amounts of
reactants and catalyst used to keep the substrate to-catalyst
and the solvent-to-catalyst ratios constant.

3. Results and discussion

Detailed studies of characterization of present catalyst
systems have been already reported elsewhere [26a]. The
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Table 1
General features of the zeolites used in the Beckmann rearrangement of E,E-cinnamaldoxime
Zeolite Si/AI* Sger (m*g™")  Pore volume (cm® g™1)®  General features
Dimensonality Pore size (nm) Crystal size (um)©
H-Y 1.5 398 0.266 3D Super cage: 1.18 Window:0.74 x 0.74 0.90
H-ZSM-5 40 413 0.163 3D 0.53x0.56 0.40
H-beta 26 745 0.232 3D 0.66 % 0.67 0.51
H-MOR 19 552 0.188 2D 0.26 x0.57 0.92
K-10 Mont. 2.7 183 0.204 2D Average pore size > 1.0 nm 1.0

& As determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis.

® Total pore volume measured up to 0.9976 P/P,.
¢ As determined by powder X-ray diffraction studies.

Table 2

Temperature programmed desorption of ammonia from different zeolites; H-Y, H-ZSM-5, H-beta and H-mordenite and other solid-acid catalysts used in

the Beckmann rearrangement of E,E-cinnamaldoxime

Catalysts Amount of ammonia (mmol/g) desorbed within certain temperature range K
Weak® (373-473) Medium (473-673) Strong (673-873) 373-873 (cumulative) s/w+mP®

H-Y1.5 0.69 0.41 0.33 1.43 0.30
H-ZSM-5 40 0.65 0.34 0.29 1.28 0.29
H-beta26 0.52 0. 70 0.51 1.73 0.42
H-MOR19 0.63 0.56 0.73 1.92 0.61
K-10 Mont.2.7 0.55 0.24 0.13 0.92 0.16
SiO-AL O3 0.55 0.18 0.10 0.83 0.14
v-AlL,O3 0.56 0.19 0.13 0.88 0.17

% Ammonia desorbed in the temperature range 373-473 K contains small amounts of physisorbed ammonia.
® Ratio of the strong to weak plus medium strength acid sites from ammonia TPD studies. Number after the zeolite and K-10 clay name indicates the

silica—alumina ratio.

main physico-chemical characteristics of these materials
are presented in Tables 1 and 2. Phase purity of the cata-
lysts was monitored by a combination of powder X-ray dif-
fractograms. Powder X-ray diffraction patterns are given in
the supporting information. For each zeolites system, the
values of acid sites strength and surface area and pore vol-
ume match well with reported values [40].

3.1. Synthesis of isoquinoline

We have used four classes of solid-acid catalysts; zeolites
(H-Y, H-ZSM-5, H-beta and H-mordenite), K-10 mont-
morillonite clay, amorphous silica—alumina and y-alumina.

3.1.1. Influence of reaction variables

Reaction variables such as temperature, catalyst load-
ing, flow rate or the weight hourly space velocity and time
on stream have prominent effect on the percentage conver-
sion and selectivity of the products. Following section
explains the possible influence of these parameters on the
Beckmann rearrangement of cinnamaldoxime to isoquino-
line and other by-products.

3.1.2. Effect of contact time

Weight hourly space velocity (WHSV) or the contact
time has prominent influence on the vapor phase Beck-
mann rearrangement of cinnamaldoxime to isoquinoline.
Results of the study are presented in Fig. la. Influence of

contact time on the performance of model H-Y zeolite cat-
alyst was checked by conducting the reaction at different
space velocities. Total conversion of cinnamaldoxime
increased from 72% to 97.8% as the contact time increased
from 1.97h (flow rate: 7mLh™') to 3.45h (flow rate:
4mL h™"), whereas the corresponding isoquinoline selec-
tivities were 72.3% and 89.8% respectively. Lower space
velocities imply higher contact time of the reactants on
the active sites of the catalyst and a subsequent increase
in the percentage conversion. There was qualitative
increase in isoquinoline formation with increasing contact
time.

3.1.3. Effect of catalyst loading

Fig. 1b illustrates the effect of catalyst loading on the
oxime conversion and selectivity to desired product. Cata-
lyst amount of 400 mg produced an oxime conversion of
59.1% which increased to 100% with 900 mg catalyst. How-
ever, isoquinoline formation increased up to 700 mg and a
further increase of catalyst loading decreased its produc-
tion. A catalyst loading of 700 mg produced 89.8% isoquin-
oline and 900 mg decreased the formation to 80.8%.
Cinnamo-nitrile formation was 4.3% at 700 mg of catalyst
and 10.1% at 900 mg. Thus, under the reaction conditions
of 473 K, time on stream: 2 h, and weight hourly space
velocity: 0.29 h™!, dehydration/Beckmann rearrangement
of cinnamaldoxime gave 97.9% conversion with 89.8% iso-
quinoline, 4.3% nitrile and 5.9% by-products at 700 mg
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Fig. 1. The influence of (a) contact time, (b) catalyst amount and (c)
reaction temperature on the percentage conversion of cinnamaldoxime
and formation of isoquinoline on representative H-Y zeolite. Other
reaction conditions are as described in Table 3.

catalyst loading. Increase in the oxime conversion with cat-
alyst amount is due to an effective increase in the number of
catalyst active sites available for the reaction.

3.1.4. Effect of temperature

Total conversion of E-Z-cinnamaldoxime has been
studied by varying the reaction temperature from 398 to
548 K using H-Y zeolite as a representative catalyst. Reac-
tion products were collected after 2 h and the results are
depicted in Fig. 1c. Temperature has pronounced influence
on the dehydration/Beckmann rearrangement ability of
solid acid catalysts. Cinnamaldoxime conversion increased
with increasing temperature of reaction and at 523 K it was

cent percentage, however isoquinoline selectivity increased
from ca. 71% to 89.8% when temperature is raised from
398 to 473 K, then it decreased to 70.5% (548 K). This phe-
nomenon can be ascribed to (i) a better catalyst activation
and (ii) an easier tar desorption from the catalyst surface,
nevertheless by increasing the temperature, the thermody-
namics of by-product formation is promoted so, at
548 K, we observe a decrease of isoquinoline yield and ver-
ify the formation of higher quantities of heavy volatile
products. In addition, when temperature was raised from
398 K we observed a relevant longer catalyst lifetime.
Fig. 2 shows the results of the on stream stability studies
on H-Y zeolites at 423 K. The catalyst underwent 39.5%
deactivation in 10 h and is much more than the deactiva-
tion at 473 K. This is attributed to the improvement of cat-
alytic performances and more efficient heavy products
desorption at high temperatures. There was an increased
probability of dehydration of oxime at elevated tempera-
tures (21.7% at 548 K). Acid catalyzed hydrolysis of oxime
to aldehyde was prominent at lower temperatures.

3.1.5. Effect of solvent

The effect of solvent in the vapor-phase Beckmann rear-
rangement of cinnamaldoxime was studied in order to
improve the performance of the catalysts. Various solvents
having different dipole moment were chosen to dissolve the
oxime. As shown in Table 3, although there is scatter in the
data, a general trend is seen toward increasing isoquinoline
yield with polarity of the solvent. The highest isoquinoline

80
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Fig. 2. Time on stream studies of H-Y zeolite during the Beckmann
rearrangement of E,E-cinnamaldoxime to isoquinoline at 423 K. Other
experimental conditions are as described in Table 3.

Table 3
Polarities of the solvents used as solvent and selectivities for isoquinoline

Solvent Dipole moment (D) Isoquinoline (%)
Benzene 0 80.8
Toluene 0.36 80.2
Trichloromethane 1.01 80.8
THF 1.63 82.5
Acetone 2.88 83.5
Acetonitrile 3.92 84.3
Benzene:Acetonitrile (1:1) - 89.9

Experimental conditions; catalyst; H-Y zeolite, catalyst amount; 700 mg,
reaction temperature; 473 K, reactant; 5% oxime solution in 1:1 benzene
acetonitrile mixture, time on stream; 3 h, nitrogen flow; 10 mL/min.
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yield (84.3%) was reached when acetonitrile with highest
polarity was used as solvent. There are several contradict-
ing reports on the beneficial and harmful effects of highly
polar, medium polar and non polar solvents [41]. However,
Yashima and co-workers [41c] proposed that, after investi-
gating the influence of various solvents, no clear influence
of polarity could be established on MFI type zeolites. Dif-
ferent ratios of a polar (acetonitrile) and a non-polar sol-
vent (benzene) were tried as solvent for the oxime and a
50:50 mixture produced maximum selectivity of isoquino-
line. Currently we are working on the effect of solvents
for an improved the selectivity of isoquinoline.

3.2. Performance of different solid-acid catalysts

A comparison of the catalytic activity of different sys-
tems is given in Table 4. All catalytic systems invariably
exhibit good activity towards Beckmann rearrangement
of cinnamaldoxime to isoquinoline. Zeolite systems consis-
tently exhibit high selectivity towards Beckmann rear-
rangement of E E-cinnamaldoxime to isoquinoline (9).
K-10 montmorillonite, amorphous silica—alumina and
v-AlL,O3; produce more than 60% of isoquinoline. Cin-
namo-nitrile (6) and cinnamaldehyde (8) were the main
by-products of the reaction. Iso-nitrile formation was not
detected by careful examination of the product mixture.
Analysis of the product mixture using GC and GC-MS
confirms the formation of small amounts of cinnamic acid
and styrene. Dehydration of oxime occurred with all cata-
lysts at different levels producing cinnamo-nitrile. In gen-
eral, H-zeolites show better results compared to K-10
clay, SiO,-Al,O3 or y-Al,Os3. Under similar experimental
conditions H-beta and H-MOR show cent percentage
activity, where as H-Y and H-ZSM-5 have activity greater
than 95%. Optimum number and strength of acid sites on
the zeolite catalysts seems to work well in effecting the
intramolecular cyclization of the intermediate (7) (see
Scheme 4), which eventually producing isoquinoline.

H-MOR (0.65x0.70nm) has a 2D zeolitic channel
structure. All other zeolites are 3D structured and hinder
diffusion of the products. H-BEA has a 3-dimensional
interconnecting pore system with pores of 0.55x 0.55 and

Table 4

0.76 x 0.64 nm and H-Y has a 3D interconnecting pore
systems with super cages of 1.18 nm connected by circular
12-ring 0.74 nm windows. H-ZSM-5 is a medium pore (10
membered ring) zeolite and has a 3-dimensional pore sys-
tem (0.51 X 0.55 and 0.53 x 0.56 nm) [42-45]. K-10 mont-
morillonite is a layered alumino-silicate with a di-
octahedral layer sandwiched between two tetrahedral lay-
ers. Unlike zeolites K-10 clay does not have a regular pore
structure [46]. The pore size given in Table 1 is an average
value. The amount of mesopores is less when compared to
the amount of micropores. This explains the reduced sur-
face area and pore volume when compared to zeolites
(Table 1). SiO,~Al,0O3 and alumina do not have regular
pore structure. SiO,—Al,03, alumina and K-10-clay pro-
duce more side products, though the main product is iso-
quinoline. This is due to the weak acid structural
properties, which intern reduces their ability to effect the
E-Z isomerization; the vital step to produce the desired
product. The isoquinoline formation seems to be a function
of the total acid sites strength of the catalytic materials.

Beckmann rearrangement of cinnamaldoxime is an acid
catalyzed reaction and the conversion of oxime to isoquin-
oline or to by-products could be correlated to the strength
and distribution of acid sites obtained from NH;-TPD
studies. Zeolites are characterized by their total acidity
and their acidic sites are much stronger than y-alumina,
amorphous silica—alumina and K-10 clay. Hence, it should
be expected that zeolites would show higher activity than
K-10 clay and other oxide catalysts. As the reaction is car-
ried out in the vapor phase and all zeolites show compara-
ble activity, diffusion properties are supposed to have a
limited role. This argument is supported by the fact that
other solid-acid catalysts are also found to be active
towards the reaction. Consequently, acid structural proper-
ties of the catalysts are the deciding factor for any differ-
ence in activity/selectivity.

3.3. Products distribution and nature of acid sites

Though the performance over solid-acid catalysts with
acidity of a different nature and strength has been tested,
the nature of active sites in the catalysts for the Beckmann

Beckmann rearrangement® of E,E-cinnamaldoxime for the synthesis of isoquinoline; variation of catalyst

Catalyst Oxime conversion (%) Selectivity (%)
Isoquinoline Cinnamo-nitrile® Cinnamaldehyde® Others?

H-Y 97.9 89.8 4.3 5.3 0.6
H-ZSM-5 96.1 90.1 3.8 5.1 1.0
H-beta 100 86.5 8.5 4.4 0.6
H-MOR 100 923 4.6 3.0 0.1
K-10 Mont. 73.2 78.2 3.5 9.1 9.1
SiO,-AL O3 65.0 60.9 2.7 19.0 17.4
v-AlL,O5 69.4 65.7 3.5 19.2 11.6

@ Experimental conditions are as described in Table 3.
® Dehydration product of the cinnamaldoxime.

¢ Acid-catalyzed hydrolysis of 1 will lead to the formation of rans-cinnamaldehyde.

9 Include cinnamic acid and small amounts of styrene.
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rearrangement is still a matter of several controversies. In
previous publications, strong Brensted acid sites (BAS) in
zeolites were reported to be active to catalyze the rear-
rangement [47]. Later, it was shown that these sites favor
the formation of by-products; mainly dehydration (nitrile)
products. Both activity and selectivity of the amide is
improved in the presence of high-silica zeolites with inter-
medium or weak BAS [48]. Finally, it has been suggested
that weakly acidic or neutral silanol nets are active cata-
lysts for the rearrangement reaction [28b,28¢,49,50]. Again,
the superior performance of BAS compared to silanol
groups during the liquid phase Beckmann rearrangement
cyclohexanone, acetophenone and cyclododecanone oxi-
mes over B-zeolites shows that the results reported for the
vapor phase reaction cannot be extrapolated when the
reaction is performed in liquid phase [38b]. It was proposed
that the rearrangement of cyclohexanone oxime is not nec-
essarily catalyzed by acidic centers but by sites with rather
low or no acidity, which are sufficient to achieve high selec-
tivity at high conversion, while maintaining the long life of
the catalyst [49]. Recent results indicate that BAS as well as
strongly hydrogen bonded silanol groups and silanol nests,
located in the pores of zeolites and MCM-41, are active in
the reaction. When the external surface or the outer shell of
ZSM-5 crystals is considered, the bridging hydroxyl groups
appear to be active whereas silanol groups do not show any
activity in the Beckmann rearrangement of cyclododeca-
none [51]. Sullivan and co-workers showed that a low ratio
of strong/weak acid sites is important in achieving a high
yield of caprolactam [52]. Most of these studies address
the activity/selectivity-acid sites relation studies of Beck-

Zeolite

473K 2

mann rearrangement of cyclohexanone oxime and there
are not many correlation studies on other oximes. In the
following section we try to correlate our results from acid-
ity studies (ammonia-TPD) and products distribution dur-
ing the Beckmann rearrangement of cinnamaldoxime to
isoquinoline.

There was a rough correlation among total acid sites
amount, rate of reaction and isoquinoline yield attained.
The reaction mechanism shown in Scheme 3 shows that
the main as well as side-reaction pathways are catalyzed
by acid sites of different strengths and kinds. A simple rela-
tion between the total acid amount and total conversion of
oxime is shown in Fig. 3a. With an increase in the number
of acid sites, conversion of oxime over the catalysts also
increased. This is consistent with the observation that the
possible reactions of oxime over solid-acid catalysts at high
temperature such as Beckmann rearrangement, dehydra-
tion and hydrolysis are catalyzed by acid sites [48].
Fig. 3b shows a one-to-one correlation that exists between
the total acid amount and isoquinoline selectivity. H-mord-
enite with comparatively greater cumulative acidity pro-
duces more isoquinoline attributed to an efficient £E~Z
isomerization on optimum strength acid sites. K-10 clay,
alumina and amorphous silica—alumina with comparative
low total acidity show inferior performance probably due
to a mediocre E-Z isomerization ability.

Fig. 4a showed the plot of the rate of reaction and iso-
quinoline yield with the corresponding number of Brensted
acid sites. According to Catanach and co-workers and
many others [53], the amount of ammonia desorbed in
the medium temperature range (473-673 K in NH;-TPD)

H H
H H* — H
- I
N N+
“OH 3 OHp
Beckmann
(-H20) Rearrangement
H H
TN
I,
|
H

Scheme 3.
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Fig. 3. Dependence of the cumulative acid amount (from NH;-TPD) and
(a) total conversion of cinnamaldoxime and (b) isoquinoline formation
over different solid-acid catalysts. Reaction conditions are as described in
Table 3.

is due to typical BAS in NH3-TPD studies in the case of
zeolites. A linear relationship could be established in both
cases, indicating that BAS are active and selective for the
Beckmann rearrangement of cinnamaldoxime. Camblor
and co-workers [54] showed this in the case of Beckmann
rearrangement of cyclohexanone oxime to e-caprolactam.
The improvement in the Beckmann rearrangement reaction
is consistent with reports that activity/selectivity is
improved in presence of zeolites with intermedium or weak
BAS [28a,30,38a,48]. This has been further supported by
the performance of less Bronsted acidic catalysts such as
K-10 clay and alumina in the present case. These catalysts
have comparatively less number of BAS and consequently
show decreased formation of isoquinoline. Due to insuffi-
cient acid strength, the rearrangement of cinnamaldoxime
to isoquinoline was not effectively been catalyzed.
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Fig. 4. Dependence of (a) medium strength acid sites on the isoquinoline
selectivity (b) strong acid sites on nitrile formation and (c) ratio of strong
to weak plus medium strength acid sites on the production of isoquinoline
and nitrile over different solid-acid catalysts; (1) H-Y, (2) H-ZSM-5, (3)
H-beta, (4) H-mordenite, (5) K-10 clay, (6) SiO,~Al,0O5 and (7) alumina.
Reaction conditions are as described in Table 3.

Fig. 4b depicts a possible correlation between the
amount of cinnamo-nitrile (dehydration product) formed
and total number of strong acid sites (both Brensted and
Lewis) as determined by ammonia desorbed in the temper-
ature range 673-873 K during thermodesorption studies. In
the case of zeolites, the high temperature portion is mainly
composed of strong BAS. It was reported by Sato that the
strong acid sites (mainly BAS) favor the formation of by-
products and that the activity and selectivity of amide
improved in presence of weak or medium BAS. More the
amount of strong acid centers, higher the nitrile formation.
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This observation is consistent with the well-documented
observation that dehydration takes place over strong acid
sites in the case of Beckmann rearrangement of cyclohexa-
none oxime and cinnamaldoxime [26b,48]. In earlier publi-
cations, strong acid sites (mainly BAS) in zeolites were
reported to catalyze the rearrangement. Aucejo et al.
[47b] investigated the relationship between the activity
and the acid properties of HNaY zeolite catalysts by
changing the level of H', and concluded that BAS of
strength pK, < 1.5 were important for the selective forma-
tion of caprolactam. However, later, it was shown that
these sites favor the production of side products
[28a,30,48]. A high isoquinoline yield on H-mordenite zeo-
lite could be correlated to an optimum strength of its acid
strengths as evidenced by the s/w + m acid strength value
(ca. 0.61 mmol/g). Results of this observation are shown
in Fig. 4c. K-10 clay, amorphous silica—alumina and alu-
mina also show direct correlation between this ratio and
isoquinoline and nitrile yields. However, H-Y, H-ZSM-5
and H-beta zeolites greatly deviated from this observation.
H-ZSM-5 zeolite with a ratio of 0.29 produces much more
isoquinoline (ca. 90.1%) than H-beta zeolite (ca. 86.5). This
is reflected in the cinnamon-nitrile yield also.

A plot of cinnamaldehyde yield against the number of
weak acid sites (ammonia desorbed in 373-473 K range
in TPD) is shown in Fig. 5. The low temperature portion
from these materials contains greater percentage of Lewis
acid sites (LAS) bound ammonia. Ngamcharussrivichai
et al. [55] reported that the LAS of these catalysts catalyze
mainly the hydrolysis of oxime. With an increasing number
of weak acid sites, acid hydrolysis of the oxime to aldehyde
over zeolite catalysts increased. In contrast, the data of H-
mordenite zeolite greatly deviated from this relationship.
These results indicate that weak acid sites present in mord-
enite zeolite are less harmful to rearrangement, and should
have a different structure and acidity than those sites

20
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:i : EEH Cinnamaldehyde (%)
12 ]
101

8
6
4
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H-MOR K-10 clay SiO2-Al203 AI203

Fig. 5. Dependence of weak acid sites (373-473 K) on cinnamaldehyde
selectivity over different solid-acid catalysts. Reaction conditions are as
described in Table 3.

responsible for the hydrolysis reaction. A drop in the alde-
hyde yield over H-Y zeolite with comparatively greater
number of weak acid sites implied that some acid sites were
not involved in the aldehyde formation. More typical
Lewis acid catalysts such as K-10 clay and y-alumina pro-
duce more aldehyde though it shows lower amount of NHj3
desorption at low temperature region. The low temperature
portion from these materials contains greater percentage of
LAS bound ammonia and hence an increased formation of
aldehyde. Time on stream studies shows a continuous
decrease in the conversion of oxime with time. This is asso-
ciated with a decrease in the isoquinoline formation and a
slight increase in aldehyde production. These results sug-
gested that the active sites responsible for isoquinoline for-
mation were gradually deactivated and mostly lost with
time. As a consequence, the surviving relatively weak acid
sites catalyzed the reaction instead at the subsequent
stages. A previous study over MCM-41 catalyst found infe-
rior performance of abundantly present silanol groups in
the Beckmann rearrangement of cyclohexanone oxime
[56]. Due to insufficient acidic strength, the rearrangement
of cinnamaldoxime to isoquinoline was not effectively cat-
alyzed producing low oxime conversion and selectivity. As
the MCM-41 structure was known to be of significant dis-
order, comparative experiments have been performed with
amorphous Al,O3;-SiO, which has similar acid sites distri-
bution. Substantial cinnamaldehyde formation occurs over
Si0,-Al,03 catalyst.

Strong acid sites were likely to be associated with dehy-
dration of oxime, dimerization or formation of high-molec-
ular weight compounds yielding water as a by-product.
Hydrolysis occurs mostly in the later stages, suggesting
generation of water during the reaction. An increase in
the cinnamaldehyde formation with time over zeolites con-
firms this observation. Water generation also creates sam-
ple deactivation.

3.4. Deactivation, regeneration and reuse

Dehydration/Beckmann rearrangement reaction of E, E-
cinnamaldoxime was performed over H-Y and H-MOR
zeolites for 10 h. For carefully dehydrated reagents, the
conversion decreases quickly with reaction time. Periodic
checks by GC and GC-MS showed this decrease in conver-
sion. Fig. 6a and b presents the effect of time on stream
(TOS) on the percentage conversion of oxime and the selec-
tivity for the formation of isoquinoline over zeolites H-Y
and H-MOR respectively. Generally, deactivation of the
zeolites is due to coke formation [29,57,58]. Takahashi
et al. [29] elucidated the effects of silica/alumina ratio and
boron modification on the catalyst deactivation rate on
HZSM-5 zeolite and proposed that the deactivation of
the MFI-type zeolite was mainly due to the adsorption of
volatile material on the acid sites. In the present case the
catalyst deactivation would be due to the adsorption of
reaction by-products on the active sites. The decrease in
the isoquinoline formation with time might be due to less
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Fig. 6. Kinetic profiles during the conversion of £, E-cinnamaldoxime to isoquinoline and cinnamaldehyde as a function of time on stream on (a) H-Y and
(b) H-mordenite zeolites. Experimental conditions are as described in Table 3.

efficient F-Z isomerization at later stages of reaction. As
most of the acid sites getting deactivated by the adsorbed
products, water formed during dehydration reaction and
by the deposition of high molecular weight products, the
dehydration and other side reactions become nominal
and the probability of acid hydrolysis of oxime to aldehyde
increases slightly. This is supported by the performance of
mordenite zeolites, which is the most acidic among all the
zeolites and effect maximum Beckmann rearrangement in
the early hours of reaction. H-Y zeolite underwent 20.8%
deactivation, while H-mordenite 26.4% in 10 h on stream.
The deactivated zeolites can be partially regenerated by
solvent extraction followed by oxidative treatment. The
deactivated zeolites (we studied H-Y and H-MOR) are
extracted with dimethyl ether to remove the products from
the catalyst surface. It is further washed with de-ionized
water, dried at 383 K overnight and regenerated by activat-
ing at 773 K in air (oxidative treatment). There was no
substantial loss of catalytic activity for both H-Y and H-
mordenite zeolites even after three cycles. Results are
depicted in Table 5. H-Y and H-mordenite zeolites con-
verted 95.1% and 96.3% oxime respectively after three
cycles. This demonstrates that zeolites catalysts can be
regenerated without loss of their catalytic activity.

Table 5
Catalytic performances for H-Y and H-mordenite zeolites after one to
three regeneration cycles

Fresh I cycle 11 cycle III cycle
Cinnamaldoxime  97.9 (100) 97.9 (100) 96.7 (98.1) 95.1 (94.3)
conversion (%)
Isoquinoline 89.8(92.3) 89.9(92.8) 90.1 (90.9) 89.6 (92.1)

selectivity (%)

Values in parentheses are the conversion of oxime and selectivity for
isoquinoline on H-mordenite zeolite. Reaction conditions are as described
in Table 3.

Catalytic tests are carried out at 473 K and values are referred to the third
hour of reaction.

We conducted experiments to obtain clear evidence for
the true heterogeneity of the reaction on zeolite catalysts.
The reaction mixture was passed through H-Y and
H-MOR zeolites under standard reaction conditions for
10 h. No aluminium was detected in the reaction mixture
by the energy dispersive X-ray analysis (JEOL JSM-
840A; Oxford make model 16211). Furthermore no alumin-
ium was detected during qualitative chemical analysis of
the reaction mixture. These results strongly rule out alu-
minium leaching during the reaction.

3.5. Mechanism of isoquinoline formation

E,E-cinnamaldoxime (1, mp 72-74 °C) [59] was pre-
pared by a well-known procedure from cinnamaldehyde
(99% trans available from Aldrich). The mechanism
assumed for the Beckmann rearrangement reaction is
described in Scheme 3. This is analogous to the commonly
prescribed mechanism for the reaction [47a]. This pathway
initially involves the protonation of the oxime at the oxy-
gen atom to give an oxime cation (3), followed by the
migration of the alkyl group anti to the hydroxyl group,
the liberation of water, and the formation of nitrilium ion.

All these steps are activated by the acid sites with the dif-
ferent acid strength. Perhaps, the increased selectivity for
isoquinoline formation might be due to the fact that cycli-
zation of intermediate 7 is a facile step leading to stable het-
erocyclic compound. Since E,E-cinnamaldoxime lacks the
geometrical requirements to undergo isoquinoline forma-
tion; we propose that E-Z isomerization of cinna-
maldoxime is a major reaction pathway. Reports on
similar £E-Z isomerization of aldoximes are widely reported
[60-63]. Thus, E,E-cinnamaldoxime (1) undergo facile
isomerization to give the Z,E-isomer 2 in presence of acidic
zeolites under the given reaction conditions. In a mecha-
nism analogous to that suggested for Beckmann rearrange-
ment of aldoximes, migration of the anti styryl moiety to
electron deficient nitrogen in 3 leads to intermediate 7.
Intramolecular cyclization of 7 will eventually leads to
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isoquinoline (9). Amide formation is not observed under
the reaction conditions. Two reasons may be suggested
for this observation; (1) intramolecular cyclization in 7 is
a very facile pathway; (2) our reactions are carried out in
the absence of water. It appears that protonation of 1 result
in the loss of a molecule of water to give trans-cinnamo-
nitrile (6). Acid-catalyzed hydrolysis of 1 will lead to the
formation of trams-cinnamaldehyde (8). This is a minor
pathway since the reactions are carried out under mois-
ture-free conditions.

However, ab initio molecular-orbital calculations on the
isolated gas-phase system suggested that the first step is the
N-protonation of the oxime (I) to give 11, and the actual rate
determining step is the 1,2-hydride shift to O-protonated
oxime III (Scheme 4) [64]. More recently, quantum-chemi-
cal calculations suggested that the transfer of the alkyl
group and simultaneous elimination of water to form the
nitrilium ions (IV) is the rate determining step when gas-
phase reaction occurs over solid oxide catalysts [65]. Based
on these reports a modified possible mechanism for isoquin-
oline formation is depicted in Scheme 5. However, at pres-
ent there is no experimental proof and the Beckmann
rearrangement reaction pathway is not well-established.

Recently Corma and co-workers [38c] reported experi-
mental evidence on the intermediates formed in the initial
stages of Beckmann rearrangement of acetophenone oxime
over zeolites-B through solid-state NMR spectroscopy and
theoretical calculations. The group has demonstrated over
zeolites B-D, H-B-D and Al-H—B-D that there are two pos-
sible reaction pathways (N-protonation or the O-proton-
ation) for the Beckmann rearrangement of acetophenone
oxime, depending on the acid strength of the active centre.
We are currently working on a similar strategy for the Beck-
mann rearrangement of cinnamaldoxime to isoquinoline.

4. Conclusions

Isoquinoline is synthesized in good yields over eco-
friendly solid-acid catalysts under well-optimized condi-
tions. Since E,E-cinnamaldoxime lacks the geometrical
requirements to undergo isoquinoline formation via Beck-
mann rearrangement, it undergoes a E-Z isomerization

over the catalysts. Zeolites exhibit comparable selectivity
for isoquinoline. In conclusion, an example of practical con-
tinuous and highly atom economic version of the synthesis
of isoquinoline is presented by using common laboratory
down flow reactor and mild experimental conditions. Cata-
lysts were susceptible for deactivation (H-Y: 20.8% deacti-
vation and H-mordenite: 26.4% in 10 h) and the decrease in
the conversion of oxime is associated with a corresponding
increase in the acid hydrolysis producing salicylaldehyde at
later stages of the reaction. However, they retain activity
considerably and can be recycled without loss of activity
and change of product distribution. These results, in princi-
ple, afford an attractive alternative for the synthesis of iso-
quinoline via  Bischler—Napieralski  cyclization  of
substituted phenylamines using corrosive acid catalysts
such as P,Os and studies addressed towards the extension
of this protocol to substituted cinnamaldoximes and under-
standing the mechanistic aspects of the reaction using NMR
studies are actually under investigation.
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