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Abstract

The cycloisomerisation of diallylmalonate to form cyclopentenes is demonstrated here to be a specific test reaction for hard Lewis acid
sites in palladium-containing zeolites. We hdwand a correlation of the cycloisomerisatioffi@éency for a series of palladium-supported
zeolites with the hardness of their framework as previously reported by quantum chemical calculations. Thus, the catalytic activity decrease:
and eventually disappears when the softness of the zeolite framework increases, the optimum in the activity being achieved when palladiur
is hosted in hard zeolite frameworks. In this way, the cycloisomerisation yield decreases in the serieg MLgpr HBeta (SyAl
12.5)> HZSM-5 (Si/Al 15) > (Si)Beta (SfAl oo) > H,NaBeta (SiAl 12.5) > HNaY (Si/Al 2.6) > NaY (Si/Al 2.6) > NaBeta (SjAl
12.5)~ (Si,Ge)Beta.
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1. Introduction process in which the catalyst can be easily recovered from
the reaction mixture and reused. In addition, heterogeneous
Palladium-catalysed C—C forming reactions are among catalysis minimizes wastes contributing to the development
the most versatile tools in modern organic synthesis due toof greener chemical transformations and facilitating the de-
their chemoselectivity in the presence of a large variety of sign of continuous flow processgs-7].
functional groups as well as to the high yields and mild The simplest way to convert a homogeneous into a het-
conditions required for the reactidti—3]. Although many erogeneous catalyst is to deposit the active species onto a
details of the reaction mechanism still remain unveiled, it is high surface area inorganic carr[8~10]. Recent examples
widely accepted that palladium metal acts in some catalytic in which palladium salts or complexes have been adsorbed
steps as a Lewis acid site acceptan electron pair. In this  into porous aluminosilicates have been publisfiet-14]
regard, the influence of the ligands on the activity of palla- When adsorbing a Pd species onto inorganic oxides, the in-
dium complexes in solution for cross-coupling reactions has fluence of the interaction of the Pd with the inorganic support
been frequently rationalised as arising from changes in theon its softness—hardness has been frequently ignored, and
softness and hardness of the palladium atom considered ashe properties of the Pd species are considered sometimes as
Lewis acid[4]. In a palladium complex, the local hardness independent on the nature of the carrier despite that large
at the palladium atom depends on the hardness—softness ofariation in catalytic activity is sometimes observed from
the ligand considered as a leaghe harder the ligand, the  one support to another. However, it is reasonable to con-
harder the palladium atom in the complex. sider that in those cases in which free palladium ions or
A general tendency in catalysis is to transform a suc- weak complexes are supported on an inorganic oxide, the
cessful homogeneous catalytic reaction into a heterogeneougegative oxygens of the inorganic support can interact with
the palladium species in a way that resembles the formation
msponding authors. Fax: (+34)963877809. of a cqordination bond. The solid .surroundi.ngs around the
E-mail addresses: acorma@itq.upv.es (A. Corma), metal ion would act like a “macroligand,” being able to re-
hgarcia@quim.upes (H. Garcia). place other weak ligands from the coordination sphere of the
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metal. By tuning such metal/support interaction, it could in as Lewis acid22—-27] and studied the influence of a con-
principle be possible to gain some control on the softness—sistent series of various zeolite frameworks with different
hardness of the Pd center and, therefore, some change on thikardness—softness on the catalytic activity of the Pd atoms.
activity and selectivity of the solid palladium catalyst should The series of zeolites has been purposely selected based
be possible by varying the nature of the support. on existing literature reports to represent a wide range of
Herein, we demonstrate the advantage of using a modelhardness—softness character in the zeolite framework. We
reaction to assess experimentally the extent to which the have found a correlation of the cycloisomerisation efficiency
catalytic activity of a palladium site can be modified upon of the supported Pd catalyst with the hardness of the zeo-
adsorption onto zeolites of different composition. These re- lite framework. The catalytic activity decreases dramatically
markable variations in activity can be rationalised based on from 100% conversion to 0% when the softness of the zeo-
the consideration of soft-hard Lewis acid interactions be- lite framework in the series increases, the maximum activity
tween the palladium metal ion and the zeolite host. The being achieved when Pd is hosted on hard zeolite frame-
hardness—softness principle as introduced in 1963 by Pearworks. This trend parallels that observed in solution in which
son is a qualitative concept for explaining the relative affini- the activity of Pd* ion for the cycloisomerisation reaction
ties between acids and bases that cannot be rationalizedequires hard ligands to occ{27]. In other words, varia-
based on electronegativity or other related macroscopictions on the chemical composition of the zeolite framework
propertied15,16] Despite the fact that the hard—soft acid— modifies consistently in a controllable way the activity of
base theory is qualitative, there have been proposals to definegeolite-supported Pd Lewis acid site in a manner that can be
a quantitative scale associated with the energy, geometryrationalised through the softness—hardness interaction con-
and size of the frontier molecular orbitals of the interacting cept. Thus, Pd-containing hard zeolites are highly active for
acid and base. In this way, two approaches based on quantunthe cycloisomerisation while Pd-containing soft zeolites are
mechanical principles usingepturbation molecular orbital  inactive to perform the reaction.
theory [17] and density-functional theory have been used  Also as the outcome of our study, we propose the cy-
to develop a gquantitative scale for the hardness—softness oftloisomerisation of diethyl diallylmalonate as a test reaction
acids and basd48]. In these theoretical methodologies, the specific for hard Lewis acid sites. Given the current inter-
larger the difference between the energy of the highest oc-est on supported noble metal catalysts for cross-coupling
cupied orbital (HOMO) of the donor atom and the lowest reactions and green Lewis acidligls in general, a reliable
unoccupied orbital of the acceptor atom (LUMO), the larger test reaction can be a very important tool for assessing the
the charge control and hard—hard interactions prevail. On thesoftness—hardness variations on the metal site by interaction
other hand, when the above HOMO-LUMO energy differ- with the support.
ence is small, the soft—soft interactions become predominant
and the interaction is controlled by molecular orbital over-
lapping rather than by electrostatic interactions. Based on2. Experimental and methods
these principles the hardness—softness character of a given
zeolite framework can be determined by calculations of the 2.1. Preparation of the zeolites
frontier orbitals energfl9-21] Thus, our assumption is that
the local hardness—softness at the palladium Lewis acid sites NaY, HBeta, and HZSM5 were commercial zeolites (PQ-
is modulated by the zeolite framework considered as a lig- CBV100, PQ-CBV811, and PQ-CBV3020, respectively).
and, following the rule that the softer the zeolite framework HY was obtained from NaY by three consecutiveN&
the softer the palladium atom in this palladium—zeolite com- NH4" ion exchanges at room temperature using aqueous
plex. Our purpose is to correlate the current knowledge on solutions of ammonium acetabf 0.4, 0.5, and 0.6 M con-
zeolite framework hardness—softness based on these theosentration and a solid-liquid ratio of 10. The intermedi-
retical calculations with experimental results based on a testate NH;™-Y sample was calcinated at 500 in an open
reaction. atmosphere to provide HY. USY zeolite was obtained by
Aimed at this objective, we have selected as a model re- self-steaming HY at 500C for 12 h followed by exhaus-
action the cycloisomerisation of diethyl 2,2-diallylmalonate tive washings with 1 M NHPFs solution. H,NaBeta was
ester Bcheme ), that is a reaction that has been previ- obtained from commercial HBeta through ion exchange
ously reported to be catalysed by Pd(ll) complexes acting at room temperature with 0.2 M NaH@Q®olution and a
solid-liquid ratio of 10. The sodium content was determined

Et0,C CO,Et EtO,C COEt by chemical analysis after dissolving the zeolite with con-
centrated aqueous HF acid at €l NaBeta was obtained
. from HBeta by complete Nato-H™ ion exchange follow-
7 AN ‘ ing the same procedure as for HY. (Si)Beta and (Si,Ge)Beta

were synthesized using tetrapropylammonium chloride as a
structure-directing agent and TEOS (tetraethoxysilane) and
Scheme 1. germanium oxide as silica and germanium sources, respec-

L.A.: Lewis Acid exclusively
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tively. HF was used as mineralising agent. The structure andmicro-Soxhlet setup. The extract was concentrated under re-

crystallinity of (Si)Beta and (Si,Ge)Beta were confirmed by duced pressure and analysed by GC. Mass balances higher

powder X-ray diffraction. The surface area of the zeolites than 95% were achieved in all cases.

prepared was measured by isothermal nitrogen adsorption The structure of isolated products was characterized by

using a Micromeritics ASAP2000 and the Si to Ge ratio was GC (comparison with authentic sample), GC-MS (Varian

determined by chemical analysis. Saturn I, same column and conditions as GC) &4dNMR
spectroscopy (Varian Geminis, 300 MHz, CR3@Ek solvent).

2.2. Preparation of the catalysts

Pd+-exchanged zeolites were prepared according to the 3- Resultsand discussion
method of Zhang and Sachtl§8]. A solution of PdCG}
(41.6 mg) dissolved in 0.1 M ammonium aqueous solution
(25 mL) was stirred at room temperature for 24 h in the pres-
ence of zeolite (5 g). After this time, the solid was filtered,
washed with distilled water (1 g), and dried. The final pal-
ladium content of the solid was determined by quantitative
atomic absorption spectroscopy after zeolite was dissolved
the with concentrateddF. Alternatively, Pd*-containing
catalysts were obtained by the incipient wetness method-
ology. Prior to adsorbing Pdglthe pore volume of each
support was determined by adding dropwise water to the
dry support until a wet paste is obtained. Then, the required
PdCb amount to achieve the target palladium content in the
support (1 wt%) was dissolved in the volume corresponding
to the pore of the support, in order to fill all the voids of the
solid without loosing metal. The solution was added drop-
wise to the dry support with a microneedle to achieve the
better possible dispersion of the metal. The solid was stirred
magnetically for 1 h. Finally, it was kept in a dry box under
vacuum for 12 h.

3.1. Palladium-containing zeolites

For the present work we have used three different ze-
olitic structures namely faujasite Y, Beta, and ZSM5. The
nature of the charge-balancing cation and the zeolite frame-
work composition have been varied in this study. Thus, the
Si/Al ratio ranges from 2.4 tec and a Ge-containing Beta
zeolite has also been included in the series of supports. The
charge-balancing cations studied were (dorresponding to
Brgnsted acid sites) or Na(zeolites devoid of any Bransted
acidity). The series of zeolites has been chosen on purpose
to cover the widest possible range of hardness—softness vari-
ation. Our selection is based on previously existing reports
in the literature about theoretical data on quantum chemical
calculations that has shown that the zeolite framework soft-
ness depends on its chemical composition and on its crystal
structureg[20,29,30]

Pd(Il) was ion-exchanged in the zeolites from a
Pd(NH3)42t complex followed by thermal ammonia des-
orption according to the method reported in the litera-
o ture[28,31,32] Diffuse reflectance UV-vis spectroscopy of
2.3. FT-IR pyridine measurements the PdNH3)4%+ zeolites and P zeolites Fig. 1) clearly

indicates the success of the preparation procedure by observ-

Pyridinium titration of HY, HUSY, and HBeta was per-  ing a shift inimax of the zeolite from 300 nm [corresponding
formed by adsorbing pyridine at room temperature at its {5 pg{NH3)42+ complex] up to 440-480 nm (attributable to
vapour pressure onto thermally dehydrated zeolite wafers inammonia free aquated Pdions). Alternatively, for com-

a greaseless quartz IR cell having Gafindows. The zeo-  parison purposes, some other samples were prepared at 1%
lite wafers were prepared by pressing around 10 mg of the

zeolite at 2 togicn? for 5 min. The spectrum was recorded at
room temperature after outgassing the wafer att&Qander
102 Pa reduced pressure.

2.4. Reaction tests

Diethyl 2,2-diallylmalonate (Aldrich, 0.5 mmol) and
toluene (10 ml) were added to the previously dehydrated
solid support and the suspension was magnetically stirred
in a preheated oil bath at 13C. The course of the reac-
tion was followed by stopping the stirring prior to taking
a 0.1-mL sample of the supernatant solution that was sub- 300 400 500 600 700 800
sequently analysed by GC (HP 5890 GC equipped with a
25-m capillary column of 5% phenylmethylsilicone) using
nitrobenzene as external standard. At the end of the I’e'Fig. 1. Diffuse reflectance UV-vis sptra (plotted as the Kubelka—Munk
action the suspension was filtered and the solid submittedfunction of the reflectanceR) of Pd(NHz)4-NaY (a), P&"-NaY (b), and
to exhaustive solid-liquid extraction with GBI, using a P+-HY (o).

F(R) (a.u.)

Wavelength (nm)



A. Corma et al. / Journal of Catalysis 225 (2004) 350-358 353

Table 1 Al was completely removed by dissolving it using concen-

Relevant analytical and physicochemical parameters of the zeolites used agrated aqueous solution of ammonium hexafluorophosphate:
support in the present work

. 500°C
Support Support pore Support surface  Si/Al HY (Si/Al =2.4) - (H,EFAL)Y
diameter (A) (M2/q) selfustrear-mng

HBeta 755.765%5.6 730 18 (RSP Husy (si/Al = 14)
NaBeta 730 15 EFAL: extraframework Al (1)
(Si)Beta 460 00 Lewis sites
(Si,Ge)Beta 460 B Extraframework Al is the species responsible for Lewis acid
HY 7.4 780 15 sites in zeolite$33,34] This treatment has been previously
Nay 780 26 used to obtain protonic USY zeolites free from Lewis acid
Dealuminated USY 710 14 sites[35]. To demonstrate spectroscopically the success of
HZSM5 5.3%5.6 430 15 . S -

— - the treatment for removing Lewis acid sites, acidity of the re-

Si/Ge molar ratio, Al-free sample. sulting (NHy)2SiFs-washed HUSY zeolite, particularly the

relative population of Lewis sites, was determined by the
Pd wt using PdGl as palladium source and following the pyridine adsorption—desorption meth{@6]. Thus, Fig. 2
incipient wetness procedeur In the case of (Si)Beta and  shows the aromatic region of the IR spectrum for the HUSY
(Si,Ge)Beta devoid of framework Al and, therefore, of any samples before and after ammonium hexafluorophosphate
ion exchange capability, Pd was introduced exclusively by washings. As it can be seen teethe starting dealuminated
the incipient wetness methothe list of zeolites employed  HY sample contains the characteristic bands at 1540 and
in the present work and their main analytical, textural and 1455 cnt?, corresponding to the pyridinium (Brgnsted acid

porosity data are summarizedTable 1 sites) and Lewis-coordinated pyridine, respectively. How-
ever, after the ammonium hexafluorosilicate treatment most
3.2. Brgnsted acid catalysis of the 1455 cm! band disappears and only the characteristic

pyridinium band (Brgnsted acid sites) remains. This sam-

The chemical structure of the products formed during the ple of HUSY containing exclusively Brgnsted acid sites is
treatment of diallylmalonate with Brgnsted or Lewis acids is not able to effect the diallylmalonate cycloisomerisatita-(
contained inChart 1 Diallylmalonate cyclisation discrimi-  ble 2 entry 14).
nates in first place between Brgnsted and Lewis acid sites. A sample of HBeta zeolite in which pyridine titration
This was demonstrated by studying the activity of typical shows also predominantly Bragnsted acid sites behaves sim-
Brgnsted acid sites either in solution or by using a purely ilarly as dealuminated USY giving rise predominantly to
Brgnsted zeoliteTable 2 entries 2 and 14). In these cases C=C double bond rearrangement, with only a minor amount
cyclisation did not proceed, the products formed being those of cyclopentenes being again present in the reaction mixture
that arise from the €C double bond migration from the ter-  (Table 2 entry 2).
minal to an internal, moreubstituted position. Also hydrol- It has to be remarked that while pyridine titration is
ysis of the ethyl ester group was observed in a lesser extenta well-established spectroscopic method to distinguish be-
(Scheme 2 These results indicates that cycloisomerisation tween Brgnsted and Lewis acid sitf8¥—39] it does not
must be considered a specific Lewis acid-catalysed procesgprovide any information about the softness—hardness of the
in agreement with the reportsstibing the Pd catalysis for  Lewis sites, and, therefore, no spectroscopic titration of the
this reactior[22,24,25,27] hardness—softness of the Lewis acid sites has ever been re-

The purposely prepared Brgnsted Y zeolite devoid of ported for solids.
Lewis sites used to demonstrate the inability of Brgnsted  To reinforce the fact that Brgnsted acid sites only pro-
acid sites to promote the diallylmalonate cycloisomerisation mote C=C double bond isomerisation and ester hydrolysis
was obtained starting from NfY (Si/Al 2.6) that was dea-  without forming any trace of malonate cycloisomerisation,
luminated by mild steaming. Subsequently, extraframework a control in the homogeneous phase ugmtpluensulfonic

F10,0 [LOH EtO,C_ COzH HO,C, COoH EtO,C_ CO,Et
1 2 3 4
EtO,C_ CO,Et EtO,C_ CO,Et
EtO,C_ CO,Et
W
5 6 ;

Chart 1.
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Table 2
Results for the reaction of diethyl 2,2-diallylmalonate ester (0.5 mmol) in toluene (10 mL) after 1 h°é® Iri€he presence of Pd-containing zeolites (1 wt%,
266 mg)
Entry Catalyst Conversion Product distribution (%) TOF®
(%) 6+7(6/7) 445 (4/5) (%/min)
1 PdCh (50%) 37 25(00) 12(9.5) 13
2 HBeta 35 60) 25(1.3) -
3 P&t-HBeta 100 10Q0.1) - 944
4 PdChH-HBeta 100 790.2) 20(0.6) 374
5 PdCh-H,NaBeta 75 480.2) 25(0.9) 174
6 Pt-NaBeta <4 - -
7 PdChH-NaBeta <1 - -
8 PdCh-(Si)Beta 70 6933.5) 1 232
9 PdCh-(Si,Ge)Beta <2 - -
10 P&+-HY 100 100(0.2) - 545
11 PdCh-HY 100 94(0.1) 3 234
12 P&t -Nay 18 16(0.4) 2
13 PdCh-NaY <4 - -
14 HUSY desalum 38 Hydrolysis products -
15 PdCh-USY desalum 83 692.0) 12(0.3) 96
16 PdC}-ZSM-5 89 76(0.7) 13(1.0) 230
17 p-Toluenesulfonic acid (25%) 30 - 28)

a pt corresponds to ion-exchanged catalysts and PtiCthose others prepared by wet impregnation.

P The number in brackets indicates the ma@ar or 4/5 molar ratio.
¢ Defined as moles oB(+ 7) divided by Pd moles per unit of time.
d

24 h.

EtO,C CO,H HO,C. COH
/\></\ /\></\
EtO,C CO,Et 2 3
/\></\ \ EtO,C CO,Et EtO,C CO,Et

i hydrolysis
ii: C=C isomerisation

/\></\

/\></\

Scheme 2.

Absorbance
(arbitrary units)

1700 1600 1500

Wavenumber (cm-)

1400

Fig. 2. FT-IR spectrum (aromatic remi) of pyridine retained on (a) NAY
(Si/Al 2.6) and (b) dealuminated HUSY washed with (NHSiFg after ad-
sorption at room temperature and subsequent annealing’(BOID‘2 Pa;

1 h). The intensities of Bragnsted sitd3) for both samples are comparable
whereas that of Lewis site& ) are significantly decreased for HUSY due
to the washings.

acid dissolved in toluene was carried out. The reSab(e 2
entry 17) confirms the conclusion that Brgnsted sites are not
capable of promoting cyclisation of the starting malonate.

A likely rationalization to justify the occurrence o
double bond isomerisation and the failure of kb form
cyclopentenes based on simple carbocation chemistry is
shown in Scheme 31t is important to note that accord-
ing to Markovnikov’s rule carbocation intermediacy could
only lead to six-membered rings but never to five-membered
rings. In contrast, formation of five-membered rings can be
easily understood considering palladium as a Lewis acid
that simultaneously coordinates with the two terminad©
bonds.Scheme 4llustrates the structure of the key palla-
dium intermediate showing the templating effect leading to
five-membered cycle formation.

3.3. Lewisacid catalysis
In contrast to the behaviour observed for zeolites in the

H* form, some of the Pd-containing zeolites give rise to
the formation of cycloisomerisation products, their activ-
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EtO,C CO,Et

EtO,C.  CO,Et - EtO,C.  CO,Et
—_— —_—
/\X/\ ® X

I |

EtO,C CO,Et EtO,C CO,Et

Ao

(not observed)
Scheme 3.

acids, we believe that these by-products are formed through
a Brgnsted acid-catalysed mechanism, operating indepen-
dently of the presence of Pd. However, as can be seen in
Figs. 3 and 4the product distribution for the Pd-containing

acidic zeolites is dominated by the presence of the cyclised

Pd templating effect binding simultaneously the

two terminal C=C bond and leading to a cycle isomers6 and 7. Both isomers are primary products since
they are formed since the initial reaction time, but we noted
Scheme 4. that the tri-substituted cyclopentefiés unstable under the

reaction conditions and that it undergoes further isomerisa-
ity depending primarily on the zeolite framework chemical tion to the cyclopenteng having a four-substituted €C
composition cheme h As representative examples of the double bond. This isomerisation is clearly demonstrated by
catalytic activity of Pd-containing zeolites, the course of performing an alternative experiment starting from com-
the reaction using Pd-containing HBeta and Pd-containing pound6 in the presence of Pd&HBeta and observing its
HZSM5 is shown irFigs. 3 and 4respectively. As it can be  complete transformation into the four-substituted compound
seen in these figures, a small percentage of the crotonyl mal-7 (Fig. 5. Scheme %ndicates the primary and secondary na-
onatest and5 in which the G=C double bond has rearranged ture of compound 7 being formed directly frolbut also
is also present in the reaction mixtures. As for pure Brgnsted from product6. The driving force for this isomerisation is

EtO, CO.Et EtO, CO,Et
N NG ~ AN F
4 5
secondary
EtO, CO,Et
2+
Pd“"-support
7 x
EtO,C CO,Et
6
l
EtO,C CO,Et
primary + secondary

7

Scheme 5.
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Fig. 3. Conversion of diethyl 2,2-diallylmalonate estay#&nd product dis-

tribution vs the reaction time for the cycloisomerisation of 0.5 mmol of re-

actant in toluene (10 ml) at 12@ using PdCl-HBeta as catalyst (266 mg);
(b) compound4, (c) compounds, (d) compounds, (€) compound?.
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Fig. 4. Conversion of diethyl 2,2-diallylmalonate estay #&nd product dis-

tribution vs the reaction time for the cycloisomerisation of 0.5 mmol of reac-

tant in toluene (10 ml) at 110C using PdCGI-HZSMS5 as catalyst (266 mg);
(b) compound4, (c) compoundb, (d) compounds, (€) compound?.
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Fig. 5. Time-conversion plot for the isomerisation of cyclopentér{®)
into cyclopentend (M) for the reaction of 0.5 mmol & in toluene (10 mL)
at 110°C using PdCJ-HBeta as catalyst (266 mg).

the higher thermodynamistability of compound? relative
to the isomer6 due to the higher substitution of the=©C
double bond.

Interestingly, those samples in which®dhas been in-
troduced by ion exchange from @H3)4%" exhibit qual-
itatively the same trend as those in which?Pchas been

A. Corma et al. / Journal of Catalysis 225 (2004) 350-358

introduced by the incipient wetness method in terms of ac-
tivity toward cycloisomerisation. However, the initial activ-

ity of the ion-exchanged samples is somewhat higher than
those prepared by impregnation and the ac@j&l product
distribution is also different. These quantitative differences
between ion exchange and impregnation have already been
observed previously in other processes catalysed by noble
metal-supported zeolites and can be understood as arising
from differences in the nature of the actual palladium species
incorporated within the zeolite (Pt in ion-exchanged vs.
PdCI in impregnated samples) and the presence of adventi-
tious Brgnsted acidity (€C bond isomerisation) introduced
during the impregnation. Impregnation is, nevertheless, the
preferred method for many industrial applications of noble
metal-containing zeolites used in refining since it is experi-
mentally the simplest incorporation procedure and no noble
metal wastes are produced.

In order to have conclusive results in heterogeneous catal-
ysis, one must be sure that the observed activity is due to
the intrazeolitic Pd but not to any Pd species leached from
the solid into the solution. To address this point, the reac-
tion was carried out under the conditions showTable 2
using PdGI-HBeta as catalyst. However, in this case the re-
action mixture was filtered “in hot” when the conversion was
25%, and the clear filtrate was allowed to react for 1 h. It was
observed that removing the solid catalyst by filtration stops
completely the reaction and the cycloisomerisation does not
proceed any further in the sdian in the absence of the solid
catalyst. In other words, no homogeneous reaction is ob-
served in this case. This is not surprising if one takes into
account that in related precedents no leaching of Pd was
also observed when using palladium-containing zeolites in
toluene as solverji1].

To confirm the ability of Pd acting as a hard Lewis acid
to promote the cycloisomerisation a blank control in which
PdCb solid was used as catalyst in toluene was carried
out and the results have also been includeddahle 2(en-
try 1). As it can be seen there, cyclopentenes are formed to-
gether with minor crotonyl products. Moreover, addition of
p-toluenesulfonic acid does not vary much the product dis-
tribution and the cycloisomerisation rate, indicating that no
cooperation between Brgnsted and Lewis acid takes place.
Thus, when using Pd-exchanged or supported zeolites in
their H-form, no contribution of the Brgnsted acid sites on
the formation of cyclopentenes can be claimed.

From the series of catalysts studied, those in which
palladium is present in zeolites containing s charge-
balancing cations exhibit high activity for the cycloisomeri-
sation reaction. This is the case of zeolites HY, HUSY,
HBeta, and HZSM-5Table 2 entries 3, 4, 10, 11, 15, and
16). When part of the protons are replaced by sodiums the
activity of the Pd-containing zeolite decreases considerably
(Table 2 entries 5, 6, 7, 12, and 13). Thus, for instance,
the initial reaction rate of PdgiHBeta decreases from 374
to 174 going from the F form to other H,NaBeta sample
at 12% of Na-to-H* level exchange. Even more, a com-
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plete Na -to-H™ ion exchange causes the total deactivation considered as macroligand Bd metal ions following the

of the Pd-containing zeolites, irrespective of whether they three rules emerging from thiheoretical formalisms: (i)

were prepared by ion exchange or wet impregnation. This the higher the framework Al content, the harder the zeo-

activity trend can be rationalised as reflecting an increase onlite framework; (ii) the presence of germanium increases the

the local softness at the palladium metal ion (see below).  softness of the zeolite; (iii) substitution of proton by alkali
Another set of Pd-containing zeolites that was studied metal ions increases the zeolite softness. From these rules

consisted of two Beta-zeolites devoid of any framework alu- the series of zeolites can be ordered in decreasing hard-

minum and therefore of any charge-balancing cation. The ness as follows: HUSY¥ HBeta~ HZSM-5 > H,NaY ~

results obtained for Pd&{(Si)Beta and PdGHSi,Ge)Beta H,NaBeta> (Si)Beta> NaY > NaBeta> (Si,Ge)Beta.

are also included iffable 2(entries 8 and 9). As it can be  This order of zeolite hardness based on quantum chemical

seen there, the presence of framework germanium (8 wt%)calculations coincides with that observed for the activity of

is immediately reflected as amarkable decrease on the ac- the palladium-containing zeolites for the cycloisomerisation

tivity of the catalyst for the cycloisomerisation. Again the that is a specific Lewis acid-catalysed reaction.

relative activity of PdCI-(Si)Beta and PdGHSi,Ge)Beta

can be understood as a reflection of the hardness—softness

variation of the zeolite framework. 4. Conclusions

3.4. Zeolite framework hardness-softness and its In conclusion, it has been demonstrated that the activity
relationship with the activity of the palladium Lewis acid of palladium catalyst depends on the match of its hardness—
sites for the cycloisomerisation softness with the requirements of a particular transforma-

tion. Herein we have chosen the cyclisation of diallyl-

We propose that the catalytic activity of Pdcontaining malonate and shown that it is a specific Levyi_s acid—catqused
zeolites shown iTable 2can be rationalised based on the re- réaction. We have also shown that the activity of a series of
ported data about the hardness—softness of the zeolite frameP’d-containing zeolites as catalyst varies in a wide range. By
works. Considering the zeolite as a “macroligand” coordina- USing the concept of hardness-softness of the zeolite frame-
tively bonded to the active Pd sites, the harder the zeolite WOrk we have provided a simple, predictive rationalisation
framework, the higher the local hardness at the palladium ©f the reasons for such a wide variation on activity and pro-
atom. According to the accepteeaction mechanism for the ~ POSe the cycllsatlpn of dlaIIyImannate as a test reaction to
cycloisomerisation, Pd atsmmust be electrophilic enough Measure the relative softness of different solid Pd catalysts.
to bind to therr clouds of the terminal €C bonds of dial-
lylmalonate in the way depicted Bcheme 4thus promot-
ing the formation of the five-membered cy¢B®,24,25,27]

Electrophillicity requires Pd atoms to be hard. Financial su .
. . pport by the Spanish D.G.E.S. (MAT2003-
Hard acids have high-energy LUMOs and hard bases 01226) and Generalidad Valenciana (grupos 03-020) is

have low- HOMGOs. In oth ds, the higher th - . -
e?Q\II; ocl)‘vzhznﬁgl)\;lo of a: aZig tr?é Vr:;):er iteis Igs (Zn ::c(iedn g][aEtgfully _ackfnowledged. S'L' thank.:] tTe Shpamsh Ministry
while the lower the energy of the HOMO of a base the harder of Education for a postgraduatate scholarship.

it is. Thus, from the point of view of the perturbation the-
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