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Abstract The synthesis of 1,5 benzodiazepine using

natural and modified Argentinean bentonite (pillared lay-

ered clay and porous clay heterostructure) as catalysts

through a condensation reaction between o-phenylenedi-

amine (o-PDA) and excess of acetone as reactive and

solvent at room temperature is reported. The catalysts were

found to be highly active and selective, affording a high

yield of the corresponding benzodiazepine. The effects of

the modification of the natural bentonite and reaction

conditions, such as temperature, time and amount of cata-

lyst were investigated. The catalysts were also successfully

employed for the preparation of other derivatives of

1,5-benzodiazepine using substituted o-PDAs and ketones.

In all cases, the reactions are highly selective and are

completed within 1–3 h. The catalyst showed excellent

activity in all cases, showing 86–90% isolated yields of the

corresponding derivatives of 1,5-benzodiazepine. The easy

work-up procedure and the recyclable catalyst make this

methodology attractive for large-scale operations.

Keywords Bentonite � Modified bentonite � Catalysis �
Heterogeneous � 1,5-Benzodiazepines

1 Introduction

The research and utilization of clay minerals have a long

history. Clays and their derivatives have become indis-

pensable materials in many fields such as high-technology

areas and industrial and agricultural production [1–3].

As reported by Li and coworkers, although clay minerals

are natural catalyst materials, many disadvantages such as

poor thermal stability and wide pore-size distributions limit

their application. To bridge the gap between the properties

of clay and the need for catalysts in the industry, materials

based on modified clay minerals are necessary [4].

The layered alumino-silicates with ability to swell

always contain negative charges on their layers because of

the isomorphous substitution of the central atoms in the

octahedral/tetrahedral sheet by cations of lower valence.

These negative charges have to be compensated by inor-

ganic cations (e.g., Na? and Ca2?). These inorganic cations

are exchangeable and can be replaced with polycations and

organic cations, and the resulting materials are denoted as

pillared layered clays (PILCs) and organoclays, respec-

tively. The PILCs show affinity toward hydrophilic inor-

ganic compounds and the organoclays toward hydrophobic

organic compounds [5–7].

In a recent paper Run Liang Zhu and coworkers (2009)

reported that to make the clay minerals possess the
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8181, Université des Sciences et technologies de Lille, 59655

Villeneuve d’Ascq, Cedex, France

123

J Porous Mater

DOI 10.1007/s10934-012-9575-0



properties of both organoclays and PILCs, researchers used

both organic and inorganic polycations for intercalation

into the clay structure, and the resulting materials were

referred to as inorganic–organic clays (IOCs). In this sense,

previous reports showed that IOCs could be more effective

in the sorption of organic pollutants and oxyanionic con-

taminants from water [8–12].

Natural and modified clays find extensive applications in

organic synthesis. These materials, unlike other conven-

tional catalysts, enjoy considerable advantages such as ease

of handling, recyclability, low cost, and easier modulation of

acidity levels by suitable exchange of cations, thus contrib-

uting to the main subject of ‘‘Green Chemistry’’ [13].

On the other hand, benzodiazepines and their polycyclic

derivatives constitute an important class of heterocyclic

compounds that possess a wide range of therapeutic,

pharmacological and industrial properties [14, 15].

Many members of the benzodiazepine family have wide

applications in medicinal chemistry such as central nervous

system agents, anti-inflammatory, anticonvulsant, antianxiety,

antidepressive, sedative, and hypnotic agents, and analgesics.

Benzodiazepine derivatives also found commercial use as dyes

for acrylic fibers in photography [14, 15].

Particularly, 1,5-benzodiazepines are valuable synthetic

intermediates for the synthesis of various fused ring sys-

tems such as triazolo-, oxadiazolo-, oxazino- or fur-

anobenzodiazepines [16–19]. In the last decade, the area of

pharmacological applications of 1,5-benzodiazepines has

been expanded to several diseases such as cancer, viral

infections and cardiovascular disorders [20].

Due to their wide range of biological and industrial

applications in the synthesis of organic chemistry, the

development of mild and efficient protocols continues to be

a challenging endeavor [21].

A general way to construct the ring skeletons of 1,5-

benzodiazepine is via reactions of o-phenylenediamines (o-

PDA) with ketones, a,b-unsaturated carbonyl compounds,

or b-haloketones [22].

Many reagents with acidic properties have been reported

in the literature for the synthesis of 1,5-benzodiazepines,

including BF3.Et2O [17, 23–31].

As mentioned by De et al. [25], many of these processes

suffer from one or other limitations such as drastic reaction

conditions, low yields, tedious work-up procedures, rela-

tively long reaction times and co-occurrence of several side

reactions. Moreover, the main disadvantage of almost all

existing methods is that the catalysts are destroyed in the

work-up procedure and cannot be recovered or reused.

In this paper we report a facile method for the synthesis

of 2,3-dihydro-1H-1,5-benzodiazepines by the condensa-

tion of o-phenylenediamine with ketones catalyzed by a

natural and modified bentonite. The influence of the

intercalation agent was also examined.

The original material used was bentonite (hereafter

denoted as B), extracted from an Argentinean deposit, and

three types of bentonite modified by intercalating inorganic

and/or organosilane cations into clay layers: (a) Pillared

layered clays (PILCs) by using hydroxy-Al(III) cation

(hereafter denoted as Al13); (b) Porous clays heterostruc-

ture (PCHs) by using organic and organosilane cations;

(c) Inorganic–organic clays (Al13–PCHs) by modification

of PILCs using organic and organosilane cations [32–35].

All modified systems were thermally treated at about

773 K to obtain materials of high specific areas.

2 Materials and methodology

2.1 Materials and reagents

All solvents and chemicals were Aldrich ([98%).

2.2 Catalysts synthesis

The selected bentonite clay was extracted from an Argen-

tine deposit as original material which was enriched in the

Montmorillonite fraction by Stokes’ method previously

described [33]. This specie is a 2:1 alumino-silicate lami-

nar structure which belongs to the group of smectites. Its

structure is composed of two layers of tetrahedral (Si,Al)O4

connected to another layer formed by ions Al(O,OH)6 in

octahedral coordination in which part of Al is substituted

by Mg, Fe, etc. ions. These 2:1 layers are negatively

charged, in the clays the neutrality is maintained by

exchangeable cations such as: Na? or Ca?? [5–7].

The pillared species with oligomer Al13 (PILCs) was

obtained by using an Al13 Keggin polycation solution

[AlO4Al12(OH)24(H2O)12] according to the procedure

described in the literature [33, 34].

The heterostructured bentonite (PCH materials) was

obtained in two stages using: (I) hexadecyl-trimethyl-

ammonium bromide (HDTMA-Br) to obtain B?, and (II) a

mix of dodecylamine (DDA) and tetraethylorthosilicate

(TEOS), in the ratio B?/DDA/TEOS, 1/20/150 to obtain a

porous structure after heating to 550 �C, as was reported

[32, 35]. Finally, a third material was obtained by modi-

fication of a PILC species that was additionally treated

following the same two stages for PCH materials in the

ratio B?/DDA/TEOS, 1/20/150, as previously mentioned.

2.3 Catalyst characterization

The ICP.AES (Inductively Coupled Plasma-Atomic Emis-

sion Spectroscopy) analysis was carried out by LiBO2/

Li2B4O7 fusion (ACME Lab).
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X-ray powder diffraction (XRD) patterns were recorded

by a diffractometer Philips PW 1710 using Cu Ka radiation

(Ni filter), 20 mA and 40 kV in the high voltage source,

and scanning angle between 2 and 60� of 2h at a scanning

rate of 2� per min.

Environmental scanning electron microscopy (ESEM)

with EDS analysis was performed using a Microscope

ESEM Quanta 400 with dispersive energy system for

microanalysis, EDAX Apollo 40.

Textural analysis (BET) was performed by N2 adsorp-

tion–desorption at 77 K using a Micromeritics ASAP 2010

analyzer. The samples were preheated under vacuum in

two steps of 1 h at 100 �C and 1 h at 200 �C. BET specific

surface area, were obtained from adsorption data in the

relative pressure range 0.05–0.2. BJH pore size distribution

[36], were obtained from data of the desorption branch of

the isotherm micropore analysis by t test [37], adopting the

Harkins and Jura reference curve [38] and total pore vol-

ume by Gurvitsch rule [39].

Nuclear magnetic resonance spectroscopy was employed

by 27Al magic angle spinning (MAS) NMR technique.

Experiments were carried out on a Bruker ASX400 (9.4 T)

spectrometers operating at 27Al Larmor frequencies

104.3 MHz using 4 mm MAS probehead. 27Al-MAS NMR

spectra were recorded by using a single pulse acquisition

with small pulse angle p/12 to assure a quantitative excita-

tion of the central transition [40] and recycle delay of 5 s.
27Al-MAS NMR spectra were referenced at 0 ppm relative

to a 1 M Al(NO3)3 aqueous solution (pH * 1).

2.4 Catalytic reaction procedure

2.4.1 Preparation of 2,2,4-Trimethyl-2,3-dihydro-1H-1,5-

benzodiazepine

The catalytic benzodiazepine synthesis was performed in a

batch reactor immersed in a thermostatted bath with

magnetic stirrer. A solution of the o-PDA (2 mmol) in

acetone (4 mL) and catalyst (25–150 mg) was warmed at

the corresponding temperature. Aliquots of the reaction

mixture were withdrawn at intervals of time. Each sample

was approximately diluted with 1 mL of ethanol. Conver-

sions and product identification were determined with a

Perkin Elmer GC–MS.

2.4.2 General procedure for the synthesis of 2,3-dihydro-

1,5-benzodiazepines

The 2,3-dihydro-1,5-benzodiazepines synthesis was per-

formed in a batch reactor. The catalyst (100 mg) was added

to a ketone solution (56 mmol) of the corresponding

o-PDA (2 mmol), and then warmed at 56 �C for about 1 h.

The progress of the reaction was followed by thin layer

cromatography (TLC) using 20–40% EtOAc in n-hexane as

eluent. When the reaction was completed, the catalyst was

recovered by filtration. The organic solvent (ketone excess)

was evaporated and the crude product purified by recrys-

tallization from n-hexane or by column chromatography on

silica gel using EtOAc: n-hexane as eluent. All the yields

were calculated from isolated products. All the condensa-

tion products are known compounds and adequately char-

acterized by 1H-NMR, 13C-NMR, GC–MS and melting

point. The catalyst was regenerated by washing with ace-

tone (2 9 5 mL), dried under vacuum and then reused.

2.4.3 Characterization of selected benzodiazepine,

2,2,4-Trimethyl-2,3-dihydro-1H-1,5-benzodiazepine

White solid m.p. (124–125 �C [41] 125–126 �C); 1H-NMR

(400 MHz, TMS, CDCl3) d 1.35 (s, 6H, –CH3), 2.22

(s, 2H, –CH2), 2.37 (s, 3H, –CH3), 3.44 (br, 1H, –NH),

6.60–6.72 (m, 4H, Ar); 13C-NMR (100 MHz, TMS,

CDCl3) d 171.5, 140.5, 138.0, 126.6, 125.4, 121.9, 121.5,

68.2, 45.3, 30.5, 29.5; MS (EI) m/z 188 (45), 173 (100),

132 (66), 131 (28), 92 (12).

3 Results and discussion

3.1 Catalysts characterization

The chemical analysis of natural clays was carried out by

the ICP.AES method, and these results are shown in

Table 1. They are in good agreement with those obtained

by EDS (both on dry basis). The surface analysis of

modified systems was carried out by ESEM-EDS micros-

copy (Table 1); the chemical treatment showed a SiO2/

Al2O3 ratio variation. This ratio decreased to its half value

after the treatment with Al13 oligomer. Also, it increased

25 times with the surfactant and TEOS treatment. Besides,

Table 1 EDS (and ICP.AES) chemical data (both on dry basis) for

pure and modified Bentonite

Bentonite PILC PCH Al13–PCH

SiO2 69.20 (66.04) 55.11 89.20 98.00

Al2O3 19.70 (21.57) 35.85 7.80 2.00

Fe2O3 5.00 (5.30) 6.33 1.90 –

MgO 2.60 (3.03) 2.55 1.10 –

Na2O 3.50 (3.42) 0.16 – –

CaO – (0.44) – – –

K2O – (0.20) – – –

SiO2/Al2O3 3.06 1.6 11.43 46.61

Ref.: corresponding to % in mass
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this ratio was significantly modified in the pillared clay

(PILC) and subsequently functionalized (Al13–PCH).

Table 2 shows the textural parameters (pore size and sur-

face areas) of the bentonite-based systems before and after

the modification process. A noticeable increase of surface

areas occurred by the inorganic, organic and organosilane

incorporation [3].

The specific area of PCHs species was higher than that

of PILCs which are in the limit of ultramicropores. The

Al13 incorporation increased the microporosity and the

micropore volume of bentonite.

Both PCH and Al13–PCH resulted principally micro-

porous solids where meso-pores were about 10% of the

total pore volume (particle size [ 20 Å, 98 m2 g-1 in

705 m2 g-1 total and 50 m2 g-1 in 756 m2 g-1 total

respectively). The behavior of the adsorption–desorption

isotherm in the range 0.1–0.3 P/P0 was positively affected

by the chemical modification of PCH with Al13, (Fig. 1a,

b) for this reason the area was increased from 607 to

706 m2 g-1 and the micro-pore volume from 270 to

393 ML g-1. This implies an increases in ultra-micro-

pores or narrow meso-pores volume. The IUPAC conven-

tion assigned a limit of 20 Å
´

to micro-pores dimension. On

the other hand, PCH systems have an intermediate behavior

between micro-porous materials, such as zeolites and pil-

lared clays (pores \ 10 Å), and meso-porous materials

(MCM-41, pores [ 20 Å) [42, 43].

The XRD patterns are shown in Fig. 2. The pattern for

selected bentonite clay (B) belongs to the Montmorillonite

(PDF 291498) species. It is possible to observe that d001-

values (basal spacing) of clay-based compounds increased

from d * 12 Å (2h = 6.78) for pure bentonite to

d * 18 Å (2h = 4.7�) for PILC material due to the

expansion associated to the Al13 incorporation. The PCH

formation involved a different process because the sur-

factant and TEOS treatment affect the total surface, they

given an increase of BET surface area and a decrease of

crystallinity.
27Al-MAS NMR is a powerful tool to provide infor-

mation on the aluminum environment in the bulk material.

Figure 3 shows the 27Al-MAS NMR spectra of pure ben-

tonite. The simulation of these spectra using DM Fit pro-

gram [44] was performed, allowing us to obtain the

isotopic chemical shift (diso) and quadrupolar parameters

(CQ and gQ) characteristic of 27Al local environments.

The 27Al-MAS NMR spectrum of bentonite (Fig. 3)

present two components, one centered at 62.5 ppm (7% of

the total signal) and other at 9.1 ppm (93% of the signal)

corresponding to Al(III) tetra and octahedral coordinated

respectively. This fact is in coincidence with the structural

characteristics.

Table 2 BET and pore data for pure bentonite and bentonite modi-

fied by different methods

Area BET

(m2/g)

Total pore

vol. (cm3/g)

l pore vol.

(cm3/g)

Pore

size (Å)

B 22.5 0.016 0.005 29.60

PILC 243.7 0.220 0.015 35.60

PCH 705.0 0.546 0.270 17.54

Al13–PCH 756.0 0.514 0.393 15.33
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The 27Al-MAS NMR spectrum of the PILC system

(Fig. 4b) was composed by two bands, just as for the pure

bentonite, one localized at 53.6 ppm and another at

3.4 ppm attributed to tetra and octahedral coordinated

Aluminum respectively. The Al quantification by integra-

tion of the signals gave a value of 15 and 85% respectively

of the total signal. This fact showed an Al tetrahedral

coordinated increment in 7 to 15%, from pillaring Al13

agent.

PCHs are Si rich, so the lower amount of Al in the

system, gave 27Al-MAS NMR bands much less intense

(Fig. 4c). However, a noticeable increase in the ratio Al

tetrahedral to Al octahedral was observed in Al13–PCH

system. It is well known that the low coordination stability

and electronic deficiency of the Al(III) in tetrahedral

environment produces Brønsted acid sites. These results

were in according to the processes of modification made. In

these processes an increase of AlO4(tet) groups occurs

from the interaction of TEOS since the SiO4 units can be

replaced by AlO4 groups from the Al13 phase. TEOS can be

considered a precursor of active species Al-tetrahedral. For

this reason the AlO4(tet)/AlO6(oct) ratio is favored by

TEOS–Al13 as evidenced by NMR. These factors therefore

favor the presence of Brønsted sites.

3.2 Catalytic tests

The 1,5-benzodiazepine synthesis involving the conden-

sation of o-phenylenediamine (o-PDA) and acetone is

illustrated in the reaction Scheme 1. Before attempting a

detailed catalytic work, a ‘‘non-catalytic’’ reaction between

o-PDA (2 mmol) and acetone (4 mL) was examined and it

was observed that under the experimental condition (56 �C,

4 h), no formation of 1,5-benzodiazepine was detected,

indicating that from a practical point of view the reaction is

not taking place in the absence of a catalyst.

The condensation of o-PDAs and ketones was reported

to be catalyzed by acid or bases [23–31]. Natural ben-

tonite (B) was first tested for the catalytic condensation

between o-PDA and acetone at 56 �C for 3 h. The GC

yield of 1,5-benzodiazepine was 98% and no other sec-

ondary products were observed, indicating that oxidation

reaction did not take place under these reaction conditions.

The GC–MS analysis confirms that, under our experi-

mental conditions, 1,5-benzodiazepine is obtained selec-

tively [MS (EI) m/z (%) 188 (45), 173 (100), 132 (66),

131 (28), 92 (12)].

3.2.1 Effect of reaction temperature and time on catalyst

performance

The effect of temperature plays an important role in the

catalytic synthesis of 1,5-benzodiazepine. It was examined

between 20 and 56 �C in the absence of solvent by using B

as catalyst. The results are illustrated in Fig. 5. The
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reaction was carried out using o-PDA (2 mmol), acetone

(4 mL) and catalyst (100 mg). The effect of temperature

increase in the 1,5-benzodiazepine conversion, was

observed from 30% for a reaction at 20 �C, to 100% at

56 �C (time 3 h), which meant an increase of 3.3 times. At

intermediate temperature (45 �C) and similar reaction time,

a conversion of 60% was obtained. For this reason, 56 �C

was employed as the ideal temperature to continue with the

analysis of other reaction variables.

3.2.2 Effect of the amount of catalyst

On the basis of the optimal reaction conditions (o-PDA,

2 mmol; acetone, 4 mL and B catalyst at temperature of

56 �C) the effect of the catalyst amount was studied. Dif-

ferent samples of B catalyst (25, 50, 100 and 150 mg) were

tested. The results show that 100 mg is an optimal quantity

of catalyst to obtain the best yields (see Fig. 6a, b). When

the experiment was carried out employing 150 mg of B

catalyst, similar conversions were obtained, and a small

amount of an unidentified secondary product was detected.

3.2.3 Effect of modified clays

All catalysts used presented a conversion of 100%. How-

ever, if we use the modified systems instead of bentonite

(B), the reaction is completed in shorter time. It is possible

to observe in Fig. 7 that when using PCH and Al13–PCH as

catalytic systems, the reaction time is much shorter than for

PILC and even shorter for B. This time decrease in which

the process is completed can be correlated with the increase

in the specific area of the systems (Table 2), where a larger

specific area may allow a better availability of Brønsted

acid sites from both Al/Si–OH bonds and tetrahedral alu-

minum ions, responsible of good catalytic activity. In

0 1 2 3 4 5 6 7 8 9 10 11 12
0

20

40

60

80

100

 293 K
 318 K
 329 K

o-
P

D
A

 C
on

v.
 (

%
)

Time (h)

Fig. 5 Effect of reaction temperature and time on catalyst perfor-

mance using bentonite (B)

(a) 

0

20

40

60

80

100

o
-P

D
A

 C
on

v.
 (

%
)

 time 3h

25 50 100 150

mg (cat.)

(b) 

0

4

8

12
 100% conv. o -PDA

25 50 100 150

mg (cat.)

tim
e 

(h
)

Fig. 6 a, b Effect of the amount of B as catalyst

0

100

200

300

T
im

e 
(m

in
)

 100% conv. o -PDA

B PILC PCH Al
13

-PCH

Catalyst

Fig. 7 Comparative catalytic effect between B and modified clays

J Porous Mater

123



addition, this effect can be correlated with the highest

SiO2/Al2O3 ratio of PCH and Al13–PCH systems, which

results in a larger amount of Al/Si–OH sites [13, 45].

3.2.4 Reuse of the catalyst

The reuse of catalysts is central to their utility. In order to

investigate the reusable properties of the catalysts, regen-

eration experiments were performed and the results are

shown in Fig. 8. After reaction, the catalyst was regener-

ated by washing with acetone (2 9 5 mL), dried under

vacuum at 50 �C for 5 h and then reused. The best cata-

lysts, Al13–PCH, were used for this test. They were reused

twice, and it was observed that there was a minor loss in

catalyst weight during each recycles (total loss 12%). For

the Al13–PCH catalyst, the isolated yields of 1,5-benzodi-

azepine were 88, 86, 87 and 85%, which showed the good

reusability of this catalyst.
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3.2.5 Reaction mechanism

Mechanistically, a possible pathway for the formation of

1,5-benzodiazepines involves the formation of Schiff base

(in Scheme 2), which undergoes 1,3-hydrogen shift to form

enamine; the intramolecular hydrogen shift gives the

desired product.

3.2.6 Preparation of substituted 1,5-benzodiazepines

To explore the general validity of the process previously

described, a series of 1,5-benzodiazepine derivatives

were prepared under the optimal conditions. The reac-

tivity of different o-PDAs and ketones was tested under

the same conditions. Results of the obtained yields are

listed in Table 3. The results showed that, in general, the

reactions were clean and products were isolated by liquid

column chromatography in pure form without further

purification (1H and 13C-NMR). The reaction is very

selective and no competitive side reactions were

observed (GC).

4 Conclusions

Different materials based on chemically modified Argen-

tinean bentonite were prepared and characterized. These

were used as regenerable solid catalysts in the mild and

convenient synthesis of 1,5-benzodiazepines by the reac-

tion of o-PDAs with ketones.

Clays and their modified forms can provide environ-

mentally friendly alternative catalysts for liquid Brønsted

acids. Particularly the Al13–PCH system showed high spe-

cific area with Brønsted sites from a favorable AlO4(tet)/

AlO6(oct) ratio as evidenced by 27Al-MAS NMR spectra.

The simple experimental conditions and the efficient reus-

ability and recovery of modified bentonite become these

materials as promising catalysts for this type of organic

synthesis.
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Table 3 Synthesis of 2,3-dihydro-1H-1,5-benzodiazepines using Al13–PCH catalysts

o-PDA Ketone Benzodiazepine Yield

(%)a

1 NH2

NH2
H3C

O

CH3

N

H
N

88

2 NH2

NH2

H3C

O

CH3

N

H
N

86

3 NH2

NH2

O

CH3H3C

N

H
N

85

4 NH2

NH2

CH3H3C

O
N

H
N

83

5 NH2

NH2

H3C

H3C
H3C

O

CH3

N

H
NH3C

H3C

89

Reaction conditions: o-PDA, 2 mmol; ketone, 55 mmol; catalyst (Al13–PCH, 100 mg); 56 �C; 1 h
a Isolated yields based on o-PDA
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