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a b s t r a c t

Herein we report on the experimental and theoretical study of pyrazole alkylation catalyzed by basic
mesoporous materials. (Cs)Al-SBA-15 or DEAPTS/MCM-4,1 differing in textural properties and composi-
tions, were found to be efficient catalysts for pyrazole alkylation with different reactive alkyl bromides
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under thermal activation. They constitute the first examples of modified molecular sieves catalyzing this
highly used transformation, showing a higher catalytic activity than other previously reported catalysts.
DEAPTS/MCM-41 whose catalytic centers are tertiary amines resulting in the best catalyst for the investi-
gated reactions. Furthermore, the catalytic pyrazole alkylation has been clarified by studying the reaction
mechanism using computational approach.

© 2009 Elsevier B.V. All rights reserved.
eaction mechanism
heoretical calculations

. Introduction

Heterocyclic compounds have a special place among natural
roducts and synthetic compounds. More specifically, nitrogen het-
rocycles are abundant in nature existing in many natural products
uch as vitamins, hormones, antibiotics, and alkaloids, the last
eceiving particular attention due to their specific pharmacological
ctivities [1].

Pyrazole, a five-membered nitrogen heterocycle, gives name
o an alkaloid family being Withasomnine a representative agent
Fig. 1); this pyrazole-alkaloid is isolated from the roots of the
ndian medicinal plants and used for the treatment of enlarged
pleen, migraine, infection and dysentery [2,3]. Furthermore, the
yrazole ring is present on the skeleton of a large variety of com-
ounds with biological activity such as the tetracycle 1 [4] or the
yrazolo[3,4-c]pyridazines 2 [5], among others (Fig. 1).
N-alkylation of pyrazole ring is a synthetic approach useful in
he preparation of building blocks for the synthesis of important
ctive compounds, like pharmaceuticals [6] and agrochemicals [7].
hus, lidocaine analogues 3 [8] and alkynyl pyrazoles 4 [9] exhibit-

∗ Corresponding author. Tel.: + 34 91 398 9047; fax: +34 91 398 66 97.
∗∗ Corresponding author. Fax: +420 28658 2307.

E-mail addresses: eperez@ccia.uned.es (E. Pérez-Mayoral),
iri.cejka@jh-inst.cas.cz (J. Čejka).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.09.040
ing muscarinic properties, or the selenium derivative 5 [10], as
synthetic intermediate for the preparation of Withasomnine, have
been synthesized using this methodology (Fig. 1).

In general, N-alkyl pyrazoles are prepared from the corre-
sponding 1,3-dicarbonyl compounds by reaction with the pertinent
substituted-hydrazines, or via alkylation of the heterocyclic ring
using an excess of alkyl halides or dialkyl sulfates. Pyrazole
alkylation often uses stoichiometric amounts of bases [11] even
proceeding under phase transfer conditions (PTC) [12,13]. Clean
technologies like microwave irradiation in the absence or the pres-
ence of bases have been also reported [14].

In order to minimize the residue formation and hence for
environmental protection and also for avoiding hazardous start-
ing materials, Ono et al. [15] reported the alkylation of pyrazole
with alcohols over acidic zeolites in vapour phase. Concerning the
alkylation of pyrazole with halides in basic medium as a wide
scope methodology, different basic-supported catalysts such as
CsF-Celite [16], KF-Al2O3 [17,18], CsF-Al2O3 and KOH-Al2O3 [18]
have been reported.

In this context, our current interest is focused on the design,
synthesis and characterization of basic molecular sieves able to

efficiently catalyze this reaction. Thus, we here report on an effi-
cient protocol for the N-alkylation of pyrazole ring catalyzed by
basic mesoporous materials. We have chosen Al-SBA-15 incorpo-
rating Cs+ ions [19] and functionalized MCM-41 materials with
diethylamino propyl (DEAPTS) groups catalyzing the reaction with

dx.doi.org/10.1016/j.cej.2009.09.040
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:eperez@ccia.uned.es
mailto:jiri.cejka@jh-inst.cas.cz
dx.doi.org/10.1016/j.cej.2009.09.040
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Fig. 1. Pyrazolo-derivatives with biologycal activity.
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Fig. 2. Compounds 6 as key intermediates for the synthesis of 7.

ifferent reactive bromides under thermal activation. We have
repared the bromoethylpyrazoles 6 and the chelators 7, whose
d(III)-complexes of the corresponding carboxylic acids are consid-
red as T2 relaxation agents for Magnetic Resonance Imaging (Fig. 2)
13]. Moreover, we also report a DFT-based theoretical analysis in
rder to get a deeper insight into the reaction mechanism and to
xplain the catalytic activity of our novel mesoporous catalysts.

. Material and methods

.1. General

NMR spectra were recorded with a Bruker DRX-400
400.13 MHz for 1H, and 100.033 MHz for 13C). 1H and 13C chemical
hifts (ı) in CDCl3 are given from internal tetramethylsilane. TLC
hromatography was performed on DC-Aulofolien/Kieselgel 60
245 (Merck) and column chromatography, though silica gel
erck 60 (230–400 mesh). The evolution of the reactions was

ollowed by gas chromatography, Agilent 6890 GC (HP5 column,
0 m 0.32 mm), the final conversion being determined by 1H NMR.

All the reagents and solvents were obtained from Aldrich.

.2. Catalyst preparation
.2.1. (Cs)Al-SBA-15
The (Cs)-Al-SBA-15 was prepared from Al-SBA-15 [20] following

he synthetic protocol described by Pérez-Mayoral et al. [19].

able 1
tructural parameters of the catalysts.

Catalysts SBET
a (m2/g) VMESO

b (cm3/g) DMES

(Cs)Al-SBA-15e 435.9 0.74 5.6
APTS/MCM-41 640.0 0.71 3.2
DEAPTS/MCM-41 587.8 0.67 3.0

a SBET, BET surface area.
b VMESO and DMESO, mesopore volume and mesopore diameter, respectively, calculated
c Determined by ICP-MS.
d Measured by elemental analysis.
e See Ref. [19].
Journal 161 (2010) 377–383

2.2.2. APTS/MCM-41
Amino-grafted MCM-41 materials were synthesized accord-

ing the experimental procedure reported in the literature [21]
starting from MCM-41 support and the corresponding trialkoxysi-
lylpropylamine. In more detail, 35 ml of toluene was added to
2 g of dried MCM-41, then 6.65 × 10−3 mol (molar excess) of
(3-aminopropyl)trimethoxysilane (APTMS) was added and the
mixture was stirred for 5 h at room temperature (296 K). Then
toluene was filtered off and the modified MCM-41 was washed out
three times with 20 ml of toluene and finally the modified MCM-41
was dried in vacuum at room temperature.

2.2.3. DEAPTS/MCM-41
DEAPTS/MCM-41 was prepared by the same procedure

described above and using the same molar excess (6.65 × 10−3 mol)
of the corresponding amino linker and 2 g of dried molecular sieve
MCM-41.

2.3. Catalyst characterization

The surface area of the catalysts under study was determined by
measurement of adsorption isotherms of nitrogen at 77 K applying
the BET method using a static volumetric apparatus Micromeritics,
ASAP 2020 (Table 1). In order to attain a sufficient accuracy in the
accumulation of the adsorption data, this instrument is equipped
with pressure transducers covering the 133 Pa and 133 kPa ranges.
Before each sorption measurement the samples were outgassed at
313 K overnight until the residual pressure was lower than 0.7 Pa.

Thermal stability of the solids based on MCM-41 structure was
investigated by TG experiments using a TA Instrument SDT Q600.
Furthermore, the quantitative measurements of the basic active
centers over MCM-41 materials were determined by chemical
analysis whereas the Al/Si relationship and Cs loading on SBA-15
materials were measured by ICP-MS (Table 1).

2.4. N-Alkylation procedures

2.4.1. Alkylation of pyrazole
To a solution of the corresponding pyrazole (2 mmol) in the

respective solvent (5 mL; acetonitrile or DMF) 20 wt% of the cat-
alyst with regard to pyrazole was added and the mixture was
stirred for 5 min. Subsequently, the corresponding alkyl bromide
(10–20 mmol) was added and the reaction mixture was stirred at
the given temperature for the time shown in Table 2. After cooling,
the catalyst was filtered and the solvent was removed in vacuo.

Reaction crudes resulting of the alkylation of 8a and 8b with
1,2-dibromoethane (catalyst: DEAPTS) were purified by flash col-
umn chromatography on silica gel using as eluent a mixture of
CH2Cl2/EtOH (99:1) yielding compounds 6d and 6e in 89% and 93%,
2.4.2. Alkylation of diethyl iminodiacetate
To a solution of diethyl iminodiacetate (2 mmol) in the corre-

sponding solvent (5 mL; acetonitrile or DMF) 5 wt% of the catalyst

O
b (nm) Csc (%) Al/Sic Cd (%) Nd (%)

3.8 0.21 – –
– – 6.64 2.16
– – 11.87 1.93

using BJH method.
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Table 2
Alkylation of pyrazole with different reactive alkyl bromides.

.

Entry R–Br Catalyst Solvent Temperature (K) Time (h) Conversion to 6 (%)

1 PhCH2Br (Cs)Al-SBA-15 CH3CN rt 2 68
2 (Cs)Al-SBA-15 CH3CN 353 30 min 96
3 CH2 CHCH2Br (Cs)Al-SBA-15 CH3CN 338 80 min 90
4 DEAPTMS CH3CN 338 1 96
5 CH2CO2Et (Cs)Al-SBA-15 CH3CN 353 3 51
6 (Cs)Al-SBA-15 DMF 373 2 93a

7 DEAPTMS DMF 373 2 90
8 BrCH2CH2Br (Cs)Al-SBA-15 DMF 373 3 84
9 DEAPTMS DMF 373 3 93 (97)b

10 DEAPTMS Free-solvent 373 3 6d: 76
9: 18

Evolution of the reactions was followed by GC analysis.
Conversions were determined by 1H NMR on the crude products.
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a Reactions were completed during 3 h.
b Reagent, solvent and catalyst amounts were doubled.

ith regard to amine was added and the mixture was stirred for
min. Subsequently, the corresponding alkyl bromide (2 mmol)
as added and the reaction mixture was stirred at the given tem-
erature for the time shown in the Table 3. After cooling, the
atalyst was filtered and the solvent was removed in vacuo.

All crude products are characterized by 1H NMR and MS; spec-
roscopic data for allyl pyrazole (6b) [12] and benzyl pyrazole (6a)
16] and compounds 6d-e and 7a-b [13] are according to those
reviously reported.

.4.3. Spectroscopic data of compounds 6c, 10
Pyrazole-1-carboxylic acid ethyl ester (6c): ıH (400 MHz;

DCl3) 7.49, 7.48 (2H, 2 s, H-3 and H-5), 6.25 (1H, s, H-4), 4.98 (2H,
, N–CH2), 4.15 (2H, q J = 7.2, CH2O), 1.20 (3H, t J = 7.2 Hz, CH3); MS
EI): m/z (%) 154 (M+, 25), 81 (65), 73 (100).

(Allyl-ethoxycarbonylmethyl-amino)-acetic acid ethyl ester
10): ıH (400 MHz; CDCl3) 5.93–5.84 (1H, m, CH CH2), 5.25–5.17
2H, m, CH CH2), 4.14 (4H, q J 7.2 Hz, CH2O), 3.65 (4H, s,
–CH2–CO), 3.47 (2H, d J = 7.2 Hz, CH2–CH CH2), 1.27 (6H, t J 7.2 Hz,
H3); MS (EI): m/z (%) 229 (M+, 16), 156 (100), 116 (88).

.5. Theoretical calculations
Cluster calculations have been performed with Gaussian03 [22].
eometry optimizations have been performed with the density

unctional theory (DFT) using the Becke’s three-parameter hybrid
ethod with the Lee-Yang-Parr correlation functional (B3LYP) [23]

nd the 6-31G* basis set for all atoms.

able 3
lkylation of diethyl iminodiacetate.

Entry R–Br Catalyst Solvent

1 BrCH2CH CH2 DEAPTMS CH3CN
2 (Cs)Al-SBA-15 CH3CN
3 6d DEAPTMS DMF
4 6e DEAPTMS DMF

volution of the reactions was followed by GC analysis.
onversions were determined by 1H NMR on the crude products.
a 0.5 mmol of the corresponding bromide and amine were used in 2 ml of DMF as solve
The vibrational frequencies were computed by using analytical
second derivatives to check that the stationary points found exhibit
the proper number of imaginary frequencies: none for a minimum
and one for a transition state (first-order saddle point) that indeed
corresponds to the expected motion of atoms along the reaction
coordinate. Zero point energy (ZPE) corrections have been calcu-
lated for all optimized structures. The intrinsic reaction-coordinate
(IRC) [24] pathways from the transition structure have been fol-
lowed by using a second-order integration method [25], to verify
the proper connections with reactants and products.

3. Results and discussion

3.1. Characterization of the catalysts

Table 1 shows the textural parameters of the catalysts under
study. Both of them exhibit different structural parameters,
enhancing the pore size in a range of 3.2–5.6 nm. There are no
significant differences regarding the surface area of the MCM-41
materials but it is higher in comparison with that for the caesium
catalyst. In all cases mesoporous volumes approximately are about
0.7 cm3/g. Al/Si relationship and Cs loading on the SBA-15 were
0.21% and 3.8%, respectively, both of them determined by ICP-MS

(Table 1). The %C supported onto MCM-41 materials were 11.87 and
6.64 whereas %N were 1.93%, and 2.16% both for DEAPTS/MCM-41
and APTS/MCM-41, respectively, measured by elemental analysis
as shown in Table 1. Similar nitrogen percentage suggests the same
concentration of amine groups for the MCM-41 materials. Finally,

Temperature (◦C) Time (h) Conversion (%)

rt 0.5 96
rt 3 96
373 4.5 79a

373 4 81a

nt. Catalyst amount: 20 wt% with regard to the amine.
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reaction time. For the catalyst bearing primary amine groups a
slower reaction rate was observed, probably because of its mod-
ification by alkylation with the alkyl bromide in the reaction
medium.
Scheme 1. Alkylation of pyrazole ri

he thermal stability of both catalysts was studied by thermogravi-
etric experiments, both samples being stables up to 200 ◦C.

.2. Alkylation reaction pyrazoles

As far as we know, there are only a few examples of basic cat-
lysts, modified Celite or Al2O3, for the preparation of the N-alkyl
yrazoles as commented above [16,17,18]. Note that these catalysts
ave been exclusively used in the benzylation of pyrazole, benzyl
romide being one of the most reactive bromides.

Based on that, we report on the pyrazole alkylation catalyzed
y basic molecular sieves, (Cs)Al-SBA-15 and DEAPTMS/MCM-41
eing the catalysts of choice. The silica surface has been modified
y caesium cations or aminopropyl groups both of them controlling
o the basicity of those catalysts.

Thus, N-alkylation of pyrazole 8a with alkyl bromides was
arried out using acetonitrile or DMF as solvents for this reac-
ion, in a temperature range of 298–373 K, in the presence of the
atalysts (20 wt% with regard to the pyrazole), affording the cor-
esponding N-substituted pyrazole 6 with high yields (Table 2 and
cheme 1). All reactions have been performed in the presence of an
xcess of the corresponding alkyl bromide since these experimen-
al conditions were required in order to selectively synthesize the
ompounds 6d-e.

In order to select the best experimental conditions, we carried
ut the benzylation of pyrazole 8a catalyzed by (Cs)Al-SBA-15 in
cetonitrile at room temperature and by refluxing on that, respec-
ively (Table 2; entries 1 and 2). When the reaction was performed
t room temperature during two hours, N-benzyl pyrazole (6a) was
btained with 68% of conversion while the reaction at 353 K led to
ompound 6a in almost quantitative yield in only 30 min (Table 2,
ntry 2). These data revealed that (Cs)Al-SBA-15 is an efficient cat-
lyst for this reaction; benzylation of pyrazole 8a took place with
igh conversions using smaller amount of the catalyst than those
eported [17], (only 20 wt% with regard to pyrazole, 27.2 mg of our
atalyst), thus, avoiding the diffusion problems that the presence
f the larger solid amounts implies.

Following our ongoing investigations, we studied the alkyla-
ion of the pyrazole ring with other alkyl bromides. The reaction
ith allyl bromide in acetonitrile, at 338 K, led to the N-allyl pyra-

ole (6b) with 90% and 96% of yield, during 80 and 60 min, when
sing (Cs)Al-SBA-15 and DEAPTMS/MCM-41, respectively (Table 2;
ntries 3 and 4).

On the other hand, we carried out the alkylation using ethyl
romoacetate as a less reactive alkylating agent; the alkylation
as achieved in the presence of (Cs)Al-SBA-15 in acetonitrile, at

53 K for 3 h, affording the compound 6c with moderate conver-
ion (51%) (Table 2; entry 5). In order to reduce the reaction time
nd to improve the conversion, the reaction was performed at
igher temperature (373 K). During 2 h, in DMF as solvent, the alky-

ated N-pyrazole 6c in 93% yield was obtained. This reaction also

roceeded using the same reaction conditions in the presence of
EAPTMS/MCM-41 yielding similar conversions (Table 2; entries 6
nd 7).

Finally, the reaction between pyrazole 8a and 1,2-dibromo
thane was carried out at 373 K employing DMF as solvent. In this
h different reactive alkyl bromides.

case, the bromoethyl pyrazole 6d was selectively obtained with 84%
and 93% of yield catalyzed by (Cs)Al-SBA-15 and DEAPTMS/MCM-
41, respectively (Table 2; entries 8 and 9). Note that whereas the
alkylation in the presence of DMF selectively led to the product 6d,
using free-solvent conditions and excess of 1,2-dibromo ethane, a
mixture of the compounds 6d (70%) and 9 (26%) was isolated, com-
pound 6d being the major product (Table 2; entry 10, Scheme 2). It
is important to stress that when the alkylation is made in DMF, at
373 K, dimethyl amonium bromide was isolated as a decomposition
product of the solvent in the presence of HBr; this by-product was
easily removed by precipitation with acetone and identified by 1H
and 13C NMR. In order to overcoming this inconvenience, we tried
the reaction in toluene but, unfortunately, only traces of compound
6d were detected.

In conclusion, the alkylation of pyrazole 8a catalyzed by (Cs)Al-
SBA-15 and DEAPTS/MCM-41 (20 wt% regarding to pyrazole) in the
presence of any solvent, acetonitrile or DMF, provided selectively
the corresponding N-alkylpyrazole with high yields (84–96%).
Our results indicate that (Cs)Al-SBA-15 and DEAPTS/MCM-41
efficiently catalyze this transformation showing higher catalytic
activity than other basic catalysts reported in the literature and
cited here; DEAPTS/MCM-41 was slightly more efficient catalyst
than the caesium solid (Table 2; entries 3, 4, 8 and 9). Such case is
the alkylation with allyl bromide; the reaction took place in ace-
tonitrile at 338 K giving N-allyl pyrazole (6c) with good yield (96%)
in only 1 h catalyzed by DEAPTS/MCM-41, whereas employing the
caesium catalyst was nearly completed (90%) for 80 min at the same
reaction temperature.

N-alkylation of pyrazole 8a was also catalyzed by APTMS pattern
affording the corresponding pyrazoles with similar conversions.
Obviously, the amine groups of the catalyst were alkylated, and
hence transformed in a mesoporous solid with similar character-
istics than DEAPTS/MCM-41; this feature was confirmed by FTIR.
Comparison of IR spectra of APTS/MCM-41 and that post-modified
in the reaction of 8a with ethyl bromoacetate showed the presence
of the signal at 1760 cm−1 assigned to � C=O corresponding to the
ethyl acetate motif as consequence of the amine alkylation. The
catalyst maintains the hexagonal structure as indicated in the XRD
experiments by the presence of the characteristic diffraction lines
at low angles.

Fig. 3 depicts the progress of the alkylation of pyrazole
with ethyl bromoacetate, in DMF at 373 K, catalyzed by in situ
modified APTS and DEAPTS/MCM-41. In both cases, the final
conversion to compound 6d is nearly 100% after 3 h of the
Scheme 2. Alkylation of pyrazole with 1,2-dibromoethane.
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ig. 3. Alkylation of pyrazole with ethyl bromoacetate, in DMF at 373 K, catalyzed
y (�) ATMS and (�) DEAPTMS/MCM-41.

Furthermore, we investigated the optimal amount of the cata-
yst to be used. Thus, while the reaction catalyzed by the caesium
r APTS/MCM-41 required 27.2 mg of the solid, corresponding to
0 wt% with regard to the pyrazole, in the case of DEAPTS/MCM-
1 the required minimal amount was about 10 wt%. This outcome
onfirms the highest efficacy for DEAPTS/MCM-41.

Subsequently, we achieved the alkylation of pyrazole 8b, using
he same experimental conditions as those for the alkylation of
ompound 8a, yielding the pyrazole 6e with 97% and 91% of
onversion, during 2 and 3 h, when catalyzed by DEAPTS and (Cs)Al-
BA-15, respectively (Scheme 1).

In order to prepare the compounds 7, the catalysts under study
ere also employed for the alkylation of diethyl iminodiacetate

y using the same experimental protocol. We firstly test our cata-
ysts for the reaction of diethyl iminodiacetate with allyl bromide in
cetonitrile at room temperature. Under these conditions the cor-
esponding diethyl N-(allyl)iminodiacetate (10) was obtained with
6% of yield, during 30 min and 3 h, catalyzed by DEAPTS/MCM-
1 and (Cs)Al-SBA-15, respectively (Table 3; entries 1 and 2).
n this case, the catalyst amount used for alkylation was 5 wt%
regarding to amine), notably lower than those for the pyrazole
lkylation. The synthesis of compounds 7 was then studied with
romoethyl pyrazoles 6d-e, previously prepared by using the syn-
hetic methodology here reported and purified by flash column
hromatography, and diethyl iminodiacetate at room tempera-
ure and 353 K, in acetonitrile as solvent, with the most effective
atalyst, DEAPTS/MCM-41. Under these conditions the desired
ompounds 7 were not detected, compounds 6d-e being a less reac-
ive species as expected. Therefore, the reaction was carried out in
MF at 373 K observing the formation of compounds 7a-b with a
ield around 80% for 4 and 4 h 30 min, respectively (Scheme 3 and
able 3; entries 3 and 4).

.3. Theoretical calculations

To understand in more detail the catalytic behaviour of our best

atalyst, DEAPTS/MCM-41, from its local structure, a 4T cluster
ncluding four Si tetrahedral atoms has been chosen as a model
f the catalytic active center (Fig. 4). In this model, the dangling
onds were terminated with OH groups to satisfy the valencies

Scheme 3. Preparation of chelating ligand 7.
Fig. 4. 4T cluster used as a model for the theoretical study of the catalytic activity
of DEAPTMS/MCM-41.

[26], i.e., the cluster model was terminated with –Si(OH)3. In order
to reduce the computational cost, we have compared these results
with those obtained from an alternative 4T cluster where the dan-
gling bonds are terminated with H atoms [27], i.e., the cluster model
was terminated with –SiH3 [28].

Recently, the cluster approach has been used in many theoret-
ical studies to describe local phenomena of the zeolite-catalyzed
reactions like the interaction of organic reactants with active sites
over this catalyst, bond breaking/formation processes, etc. [29].
This approach provides a facile, computationally feasible and effi-
cient tool to simulate the catalytic active sites on the catalyst [30],
although one must bear in mind that a cluster is only a simplified
model that ignores long-range effects imposed by the mesoporous
catalysts [31]. Among them, in consideration of the dominant inter-
actions occurring between the reactants and the active sites as well
as their neighbour atoms, the 4T cluster [32], a small cluster model,
has been widely used to investigate the reaction on the active sites.
In fact, a theoretical study has indicated that the reaction trends
obtained with the 4T clusters are consistent with those calculated
with the larger 28T clusters [33]. Therefore, here the 4T cluster
model (Fig. 4) was used to explore the catalytic properties of our
solids.

Taking into account the alkylation of pyrazole with ethyl bro-
mide as the model of the choice, we have found that pyrazole is
adsorbed on the basic site of the pendant amine by means of an
H-bond to form an adsorption complex RMCM-41 (Fig. 5). The acid
proton of the azole is at a distance of 1.907 Å of the amine nitro-
gen atom. From this complex, we located the transition structure
TS whose structural parameters suggest an advanced transition
state: the distance between the attacking azole N with the plan-
narized carbon of the alkyl moiety is 1.986 Å, whereas the length
of the partially broken C–Br bond is 2.610 Å. Although an incip-
ient H abstraction is observed, the acidic proton still remains
close to the azole (N(azole)–H distance = 1.062 Å), the amine N
being at a distance of 1.811 Å. These data point out to a con-
certed but highly asynchronous process. In fact, IRC calculations
revealed that TS evolves to the products (P complex): the alkylated
azole and the HBr (1.999 Å) adsorbed on the basic site (distance
N(amine)–H = 1.093 Å).

The energy profile of this reaction is depicted in Fig. 5. The activa-
tion energy required to attain the transition state is 31.0 kcal mol−1,
and the alkylation is an exothermic process (by −9.5 kcal mol−1)
(Table 4).

Finally, it is remarkable the catalytic activity of both 4T
clusters, since the uncatalyzed process between the azole
and the alkyl halide proceeds with an activation barrier as
high as 666.0 kcal mol−1 being a nearly thermoneutral process

−1
(−0.8 kcal mol ). The alkylic chain is always moving but the most
extended conformation is adopted during the reaction coordenate.
As expected, the torsional angles are nearly constant along the reac-
tion, thus confirming that the mesoporous material only acts as a
support (Fig. 4 and Table 5).
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Fig. 5. Reaction free energy profile for the alkylation catalyzed by the aminopropyl group

Table 4
Enthalpy and free energy differences relative to RMCM-41 for both 4T clusters.

Cluster �H (kcal mol−1) �G (kcal mol−1)

4T (OH) RMCM-41 0.0 0.0
TS 27.7 31.0
P −12. 2 −9.5

4T (H) RMCM-41 0.0 0.0
TS 31.3 32.5
P −13.6 −10.8

Table 5
Variation of the torsional angles (in ◦) along the reaction.

RMCM-41 TS P

4

4
o
b
r
m
p
t
t
w

fi
e

p
c

WO 2004/031156.
N–Ca–Cb–Cc 179.7 179.6 178.4
Ca–Cb–Cc–Si 179.9 178.2 178.8
Cb–Cc–Si–O 179.8 178.5 178.6

. Conclusions

Mesoporous materials such as (Cs)Al-SBA-15 or DEAPTS/MCM-
1 were investigated as efficient basic catalysts for the alkylation
f pyrazole and diethyl iminodiacetate with different reactive alkyl
romides under thermal activation. In particular, DEAPTS/MCM-41
esulted in the best catalyst for this transformation. Our experi-
ental and theoretical results demonstrated that the alkylation of

yrazole could be performed using catalytic conditions employing
he smallest amounts of the solid than those reported. It avoids
he necessity of using stoichiometric amounts of bases and tedious
ork-up procedures and therefore reducing the waste generation.

Furthermore, as far as it concerns, catalysts reported here are the
rst examples of modified molecular sieves catalyzing this reaction,

xhibiting higher catalytic activity than other previously described.

Catalytic properties of the best catalyst, DEAPTS/MCM-41, in the
yrazole alkylation have been rationalized by using theoretical cal-
ulations. The reaction mechanism has been found to proceed in
(MCM-41) (in kcal mol−1). Most of the H’s have been omitted for the sake of clarity.

a single step promoted by the basic sites of the modified MCM-41
support, the activation barrier being notably reduced regarding the
uncatalyzed process.

Methodology here communicated finds its application to the
preparation of compounds 6d-e as key intermediates for the prepa-
ration of ligands 7 and other [34,35] whose corresponding acids
exhibited interesting chelating properties.
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