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Hydro-dimerization of Pt2Cl2(C2H4)2: model reaction to
capture details on catalytic mechanisms
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Abstract

The density functional theory was employed to mimic the homogeneous hydro-dimerization of the Zeise-similar dichloro-bis(ethene)-
platinum(II), PtCl2(C2H4)2. Three energy minima and four transition-states were involved in the reaction mechanism, which was even
characterized by a catalytic cycle.
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The minima were fully optimized at B3LYP level whereas the transition-states were first individuated at the same level, by the syn
ransit-guided quasi-Newton method, then fully optimized.

The mechanistic hypotheses on the PtCl2(C2H4)2 dimerization implied the displacement of two ethene or two ethane molecules, respe
ccurring in absence or in presence of molecular hydrogen. In the second case, the dimer platinum product performed as a catal
The study of the reaction paths as well as that of the structural and energetic transformations of the calculated species allowed

asis aspects of the title reaction. Whereas, a comparative analysis between some species involved in the same reaction and h
atalytic models, namely ethene on platinum-cluster models, fixed some analogies between the energetics involved in homog
eterogeneous catalytic processes.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Recent work on heterogeneous catalysis aimed to state
he occurrence of surface energy distributions able to affect
he behavior of metal catalysts[1,2]. The energy sources,
etermining the distributions above, could be related to those
ssumed for the entatic enzymatic mechanisms, where the
ubstrates locally get energy from the enzyme sites[3,4],
ue to local electronic and/or geometric conditions[5].

In fact, time-dependent Monte Carlo (tdMC) studies of
eterogeneous catalytic systems showed that “entatic” ef-

ects, modifying the catalytic reaction rate and path, could
e induced on surface processes by the available surface en-
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ergy (ASE)[1,2] and by the molecule surface residence p
ability (Πρ) [6–10], connected to electronic and geome
conditions, respectively.

Basis quantum chemistry (qc) information[11–13] was
employed within the tdMC approaches. The qc-tdMC fi
ings seemed to confirm the possibility of developing a un
model[14,15], following first principles, able to study he
erogeneous as well as homogeneous catalytic pheno
The heuristic hypothesis of a unique model is also supp
by the reported experimental difficulties in distinguishing
occurrence of homogeneous and/or heterogeneous ca
processes[16].

To check the chance of designing a unifying “first p
ciples” catalytic model, working at least for heterogene
and homogeneous catalysis, the elementary steps of th
reaction were here investigated by a full computationa
proach and the results were compared with those, obtain

381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Scheme 1.

the same level, concerning simple ethene on platinum-cluster
models.

The hydro-dimerization of the square planar (sp) Zeise-
similar PtCl2(C2H4)2 species was experimentally studied in
organic phase in the fifties by Flynn and Hulbulrt[17]. It
was pointed out that, in presence of molecular ethene and
hydrogen, a minor homogeneous hydrogenation of the ethene
molecules occurred at 273.15 K in acetone along with the
dimerization of PtCl2(C2H4)2. In agreement with the work
of Chatt[18], the latter species was supposed in equilibrium
with the sp dichloro-bis(ethene)-(�-dichloro)-diplatinum(II),
{PtCl(C2H4)}2(�-Cl)2, dimer, which, in parallel, underwent
systematic reduction to metallic Pt in presence of molecular
hydrogen.

A competitive heterogeneous catalytic ethene hydrogena-
tion was therefore taking place on the metallic platinum[17].
However, due to the infrequency of the homogeneous Pt hy-
drogenation observed at that time[17,19], very large empha-
sis was given to the minor homogeneous process reported
in Scheme 1. The present work was focused on the process
above, here indicated as FHC, because of the authors’ names
of the Refs.[17,18].

Five reaction steps and the catalytic hydrogenation (h)
cycle of Scheme 2, were singled out. The{PtCl2(C2H4)2}2
species is an adduct, here considered as the starting reagent,
i -
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Scheme 3.

ted in Schemes 2 and 3for clearness. Moreover, since the
energy of the{PtCl2(C2H4)2}2 adduct is definitely similar
to that of two isolated monomers, the two routes h0 and d
of Scheme 2individuate the FHC reaction path[17,18]. The
latter is characterized by two dimerization steps, f-S1 and S5,
which could take place without the involvement of interme-
diates.

The direct S5 hydrogenation route was not considered in
the present work because of the very low occurrence prob-
ability of the simultaneous collision of the four molecules
needed to give rise to the corresponding transition state. In-
deed, cycles h and d include also concerted molecular events.
Nevertheless, these were taken into consideration, being more
probable than those of S5 step.

The present qc model replicated and explained at micro-
scopic level the complex kinetic mechanism of the title reac-
tion [17,18]. Moreover, the calculated geometric structures
of the species above were in agreement with analogous plat-
inum molecular systems obtained following the Burdett[20]
approach.

The agreement between theoretical and experimental
findings, concerning the mimicking of the title hydro-
dimerization path[17,18] as well as the outcomes on the
structural properties[20] of the involved species, should
allow us to be confident on the conclusive inference.
T eous
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t cata-
l
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n
m lax-
n which the single PtCl2(C2H4)2 fragments almost main
ained the monomer structures and energetics. More d
n this adduct are given in the Results and discussion

ion. In the catalytic cycle, S4+ f-S3 steps, ethene is hydr
enated to ethane on the dichloro-tetra(ethene)-(�-dichloro)-
iplatinum(II), {PtCl(C2H4)2}2(�-Cl)2 intermediate, actin

he sp{PtCl(C2H4)}2(�-Cl)2 species as the catalyst.
It has to be pointed that the information concerning

thene involvement in the b-S3 and f-S3 steps, has been

Scheme 2.
his, also considering the results on simple heterogen
thene/platinum-cluster models, suggests a link at ele

ary level between homogeneous and heterogeneous
ysis.

. Methods

All the calculations were performed, at the hybrid d
ity functional B3LYP level, using the G98W packa
21]. LANL2DZ [22] pseudo-potentials were employ
or Pt atoms whereas the extended split-valence do
eta 6-31G(d, p) basis set was employed for the lig
toms.

Except for the calculation involving platinum-cluste
amely ethene on Pt2, Pt8 and Pt12 in which partial opti-
izations were performed imposing restraints on the re
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ation properties of the platinum centers, molecular geome-
tries were always fully optimized.

To speed up the optimization rate, the symmetry elements
of the dimers were always considered as belonging to the
Ci point group. To check the adopted approach, simpler ge-
ometries connected to the [PtCl3(C2H4)]− sp anion of the
Zeise salt were calculated at the same level and compared
with X-ray [23] and neutron diffraction[24] crystallography
findings.

Table 1shows the good agreement between experimental
and calculated results, confirming the reliability of the applied
method to mimic Zeise-similar systems.

Indeed, a little disagreement arises comparing the experi-
mental and calculated PtCl distances related to thecis- and
trans-chlorine atoms. Similar occurrence was observed by
Bencze et al. studying at the same level of theory the struc-
tural properties of the palladium analogous, [PdCl3(C2H4)]−
and [PdCl3(C2D4)]− anions[26]. It is likely that the system-
atic discrepancy found on the MCl distances of the calcu-
lated anionic species has to be attributed to solid state effects
and/or to the absence of the K+ counter-ion.

To test solvent and temperature effects, self-consistent
reaction field (SCRF)[27] single point calculations on the
in vacuo optimized structures were performed by applying
the polarized continuum model[28] in the cosmo approach

K,

and
e
(bot

and
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e

which occurs in the different reaction routes. Except for the
{PtCl2(C2H4)2}2 species the behavior of�E, �Esl and�G◦
are in agreement. Noticeably, the reference ethene–ethene un-
catalyzed reaction was also not affected by temperature and
solvent effects.

Following the results above, as usually, only the�E values
are considered in the following[30,31], being, in any case,
confident on the effectiveness of the model employed hence
on the consistence of the final conclusions.

The geometry of the transition states involved in the ki-
netics, both in the title hydro-dimerization and in the un-
catalyzed ethene–ethene hydrogenation, were determined
by employing the synchronous transit-guided quasi-Newton
QST3[32,33] method. The QST3 transition state structures
were after refined by the direct TS optimization procedure
within the G98W framework[21]. Following the refining
procedure, minor changes in the geometries were pointed
out whereas energy changes were almost absent.

The in-vacuo standard free energy values were evaluated
by the thermo-chemistry analysis[27]. The harmonic vibra-
tional analysis was also considered to check the TS attribu-
tions as well as to confirm that the stationary points were
actual minima. The “loose” option was adopted in the full
optimization procedure of reactants and products involving
several molecular species, already singularly optimized.
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(CPCM)[29] of the solvent, namely acetone at 273.15 K.
Table 2reports the energy differences in vacuo at 0

�E and�G◦, and in solvent at 273.15 K,�Esl, of the op-
timized species, detailed in the reaction path ofScheme 3,

Table 1
Average distances,d (Å), angles,A (◦) and dihedral angle,D (◦) in the Zeise
anion, [PtCl3(C2H4)]−

Structural propertya Calculated X-rayb NDSc

d(C C) 1.40 1.37 1.38
d(C Pt) 2.16 2.13 2.13
d(C H) 1.09 – 1.09
A(H C H)d 117.1 – 114.9
d(Pt Cl(cis-))e 2.40 2.31 2.30
d(Pt Cl(trans-)) 2.38 2.34 2.34
A(Cl(cis-1) Pt Cl(cis-2)) 177.7 177.4 177.6
A(Cl(cis-1) Pt Cl(trans)) 91.2 90.1 90.3
D(H C C H)f 18.2 – 19.1

a Structures with different dihedral angle formed by the ethene plane
the Zeise molecular square plane[25] were also investigated; however, in th
present work the calculated parameters of the most stable structures
experimentally and theoretically, having the dihedral angle above∼90◦) are
reported.

b X-ray diffraction scattering data, see Ref.[23].
c Neutron diffraction scattering data, see Ref.[24].
d Average value of the angle formed between the geminal hydrogen

carbon atoms of the twoCH2 ethene fragments.
e Chlorine atoms are classified with respect to the ethene fragmen

trans- andcis- (cis-1 andcis-2); d (Pt Cl(cis-)) is the average distance valu
between platinum and both thecis-1 andcis-2 chlorine atoms.

f Average dihedral angle individuated by the HC C H atom arrays

along the diagonals of the ethene molecular plane, showing the non planarity
of the ethene fragment.

of
h

A large flat potential energy region was found studyin
the TS species, which takes place in the S4 reduction s
of Scheme 2. Indeed, few local saddle points were foun
ranging within∼10 kJ mol−1. To achieve these saddle poin
by the QST3 approach, the cut-off values of the converge
limits employed in the optimization procedures needed to
slightly increased (∼0.3%) with respect to those defaulted
the G98W package[21]. The final refining TS optimization
procedure did not need any cut-off value changes.

Table 2
Energy differences,�E (in vacuo) and�Esl (in acetone) (kJ mol−1), and
standard Gibbs free energy difference,�G◦ (kJ mol−1), of the species in-
volved in given processes of the title reaction

Involved species Processa �E �Esl
b �G◦

{PtCl2(C2H4)2}2 d 0.6 0.2 −6.9
TS1 d 62.9 68.9 44.8
TS2 d 1.3 3.1 5.9
{PtCl(C2H4)2}2(�-Cl)2

c d 0.0 0.0 0.0
TS3d d|h 62.9 68.9 44.8
{PtCl(C2H4)}2(�-Cl)2 + 2C2H4 d 47.0 54.3 9.1
{PtCl(C2H4)2}2(�-Cl)2 + 2H2

c h 0.0 0.0 0.0
TS4 h 59.2 65.9 59.1
{PtCl(C2H4)}2(�-Cl)2 + 2C2H6 h −295.1 −283.6 −221.7

a d and h show in which process, dimerization and/or hydrogenation,
species are involved.

b Determined at 273.15 K.
c {PtCl(C2H4)2}2(�-Cl)2 and {PtCl(C2H4)2}2(�-Cl)2 + 2H2 are taken

as reference species for the dimerization and the hydrogenation cycle
spectively.

d Due to the statement fixed in the note c, TS3 either in presence
hydrogen either in its absence shows the same�E and�G◦ values.
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Fig. 1. Optimized structures oftrans- (t) andcis- (c) {PtCl(C2H4)}2(�-Cl)2.

3. Results and discussion

The hydrogenation kinetics of the ethene fragment of the
sp [PtCl3(C2H4)]− anion was initially investigated to test
the hypothesized catalytic properties of the platinum center
in the Zeise salts[34]. Despite extensive efforts, catalytic
hydrogenation routes were not found. The difficulty to find
stabilized transition states in the [PtCl3(C2H4)]− system is,
in our opinion, determined by the presence of the negative
charge and of thetranseffect[35], both inducing the removal
of the chloride ion intrans to the hydrocarbon, irrespective
of the nature of the latter.

In order to address the kinetic study of the non-ionic FHC
process to the final species without the formation of by-
products, we took into account, as starting reagent, thetrans-
PtCl2(C2H4)2 monomer. Indeed, this species, following a nu-
cleophilic displacement and substitution mechanism, should
solely produce thetrans-{PtCl(C2H4)}2(�-Cl)2 dimer. The
optimized structure of this dimer with that of thecis-species,
no considered here in the hydro-dimerization mechanism,
is reported inFig. 1. The latter shows that, irrespective of
the species, the dihedral angles formed between each of the
ethene planes and the molecular square plane centered on the
platinum atoms are in any case almost perpendicular.

The influence of the dihedral angle above on the molecular
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Fig. 2. Calculated energetic profiles involved in the title hydro-dimerization:
ξ, reaction coordinate, (0) {PtCl2(C2H4)2}2, (1) {PtCl(C2H4)}2(�-Cl)2, (2)
{PtCl(C2H4)2}2(�-Cl)2.

always the most stable one, taking into account the same
class of compounds.

In Scheme 3the investigated hydro-dimerization mecha-
nism and a visual summary of the occurring energetics is re-
ported. The�E values, 47.0 and−295.1 kJ mol−1, concern-
ing the{PtCl(C2H4)}2(�-Cl)2 plus the hydrocarbon products,
arise from different energy zeros taken on the reagents of the
following equations:

{PtCl(C2H4)2}2(�-Cl)2

−→ {PtCl(C2H4)}2(�-Cl)2 + 2C2H4

{PtCl(C2H4)2}2(�-Cl)2 + 2H2

−→ {PtCl(C2H4)}2(�-Cl)2 + 2C2H6

Figs. 3 and 4show the optimized structures of the minima
and of the transition states, taking place in the indirect dimer-
ization (steps f-S2+ b-S3). The single platinum fragments in
the {PtCl2(C2H4)2}2 adduct, see Section 1, maintain the sp

Table 3
Average distancesd (Å), angles A (◦) and energy difference�E

(kJ mol−1), characterizingcis- and trans-PtCl2(C2H4)2 monomer (m) and
{PtCl(C2H4)}2(�-Cl)2 dimer (d)

Structural propertya cis-m trans-m cis-d trans-d

d
d
d
d
d
A
A
�

aning
o

ent.
ment.
enters

o

nergetics was systematically analyzed, finding that the
ormers having the value of this angle close to 90◦ were the
ost stable ones. Following these evidences, here we
nly to thetrans-species belonging to this family of confor
rs.

Due to the very low activation energy involved in the b
s well as in the b-S2 and f-S3 steps, seeFig. 2andSchemes
nd 3, it is possible to hypothesize a back formation of
onomer reagents from the dimer products. In this cas

oletrans-PtCl2(C2H4)2 monomer should be retro-produc
The calculated average geometric properties and th

rgy difference values of thecis- and trans-PtCl2(C2H4)2
onomers and{PtCl(C2H4)}2(�-Cl)2 dimers are reported

able 3. The table clearly shows that the choice concer
he starting reagents and the final products were supp
y energetic findings. Actually, consistent trends among
metric properties oftrans- andcis-monomers and dime
ay not be found. However, thetrans-species shows to b
(C C)b 1.39 1.38 1.40 1.41
(C Pt) 2.24 2.28 2.17 2.16
(Pt1 Cl1)c 2.36 2.37 2.46 2.44
(Pt1 Cl2)c 2.36 2.37 2.34 2.34
(Pt2 Cl1)d – – 2.45 2.47
(Cl1 Pt1 Cl2)c 90.2 180.0 177.0 177.1
(Et Pt Et)e 90.5 180.0 – –
Ef 15.5 0.00 6.2 0.00
a Structures of the monomer species are not reported. For the me

f the atom numbering, refer to the{Pt(C2H4)Cl}2(�-Cl)2 species ofFig. 1.
b C atoms are belonging to the same ethene molecules.
c Chlorine and platinum atoms are belonging to the same Pt fragm
d Chlorine and platinum atoms are not belonging to the same Pt frag
e The angle is obtained considering the coordinates of the mass c

f the ethene molecules belonging to one Pt fragment.
f trans-species are considered as references.



D. Duca / Journal of Molecular Catalysis A: Chemical 227 (2005) 173–181 177

Fig. 3. Optimized structures of the species involved in the formation of the
{PtCl(C2H4)2}2(�-Cl)2 intermediate (f-S2 step).

arrangement of the PtCl2(C2H4)2 monomer. However, each
platinum center, after the Burdett prediction[20], shows a
distorted square pyramidal (spy) symmetry, which is caused
by the interactions of the platinum and the chlorine centers
belonging to the different monomers.

Moreover, the calculated trigonal bi-pyramidal (tbp) and
sp platinum environment of the{PtCl(C2H4)2}2(�-Cl)2 in-
termediate and{PtCl(C2H4)}2(�-Cl)2 product even followed
the Burdett structural scheme.

Of course, the dimerization could occur without the for-
mation of the above tbp intermediate (f-S1 step). In fact, the
TS1 and TS3 geometries as well as their energies are almost
equal hence both the dimerization routes could occur, in par-
allel, with analogous probability.

Fig. 2 andTable 2show that the dimerization is an en-
dothermic process. This is in agreement with the experi-
mental findings, which show the spontaneous evolution from
the dimer products to the monomer reagents in acetone at
273.15 K[36].

Fig. 5 pictures the species involved in the hydrogenation
of the intermediate{PtCl(C2H4)2}2(�-Cl)2 dimer.Fig. 2and
Scheme 3point out the dramatic stabilizing effects of the hy-
drogenation on the dimerization products, confirming also the

F ion of
{

Fig. 5. Optimized structures taken into consideration along the formation of
{PtCl(C2H4)}2(�-Cl)2, occurring by ethane displacement (S4 step).

existence of the catalytic cycle. In fact, after the occurrence of
the highly exothermic S4 hydrogenation step, the dimer prod-
uct, namely the catalyst, in presence of ethene could easily
back-form the intermediate{PtCl(C2H4)2}2(�-Cl)2 species,
following the f-S3 route.

It has here to be underlined that the latter, as highlighted by
the minimum of the dotted line inFig. 6, mimics a surface ac-
tivated adsorption process, producing ethene fragments ready
to be reduced in presence of hydrogen.

Fig. 6 shows the catalyzed and uncatalyzed C2H4 +
H2 −→ C2H6 calculated reaction profile and the in-
volved species. It is evident the catalytic effects of the
{PtCl(C2H2)}2(�-Cl)2 species.

Tables 4 and 5show significant structural properties con-
cerning the title hydro-dimerization species. As expected
[20], the results of these tables point out very similar geome-
tries for the TS2 species and the{PtCl(C2H4)2}2(�-Cl)2 inter-
mediate and, on the whole, slight changes among contiguous
species along the reaction steps. Regarding the ethene frag-

F o-
g
d lid
a d and
u ath
f e S4
r

ig. 4. Optimized structures taken into consideration along the format
PtCl(C2H4)}2(�-Cl)2, occurring by ethene displacement (b-S3 step).
ig. 6. Catalytic effect of{PtCl(C2H4)}2(�-Cl)2: (1), on the ethene hydr
enation through the formation of the{PtCl(C2H4)2}2(�-Cl)2; (2), interme-
iate:�E (energy difference) vs.ξ (generalized reaction coordinate). So
nd dotted lines correspond to the calculated profile of the catalyze
ncatalyzed C2H4–C2H6 hydrogenation, respectively. The catalyzed p

ollows the cycle determined by the forward and backward S3 and th
eaction steps.
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Table 4
Ethene event identifier, EIC2H4, relevant average distancesd (Å) and anglesA (◦), characterizing different fragments of the Zeise-similar species—dimers
({PtCl2(C2H4)2}2 (0), {PtCl(C2H4)}2(�-Cl)2 (1), {PtCl(C2H4)2}2(�-Cl)2 (2)), transition states and products—involved in the dimerization cycle

Structural propertya EIC2H4
b (0) TS1|TS3 TS2 (2) (1) + 2C2H4

d(C C)c nl 1.38 1.42 1.39 1.39 1.41
d(C C)c og 1.38 1.35 1.39 1.39 1.34
d(C Pt) nl 2.27 2.14 2.25 2.25 2.16
d(C Pt) og 2.27 3.12 2.25 2.25 4.29
d(Pt1 Cl1)d – 2.38 2.43 2.41 2.40 2.44
d(Pt1 Cl2)d – 2.37 2.34 2.37 2.37 2.34
d(Pt2 Cl1)e – 4.32 2.55 2.98 3.11 2.47
A(Cl1 Pt1 Cl2)d – 176.9 177.4 178.7 178.8 177.0
A(Et Pt Et)f nl | og 144.4 116.6 143.5 144.0 84.0

a For the meaning of the atom numbering refer toFigs. 3 and 4.
b nl and og characterize the considered ethene molecule: non-leaving and leaving (outgoing) the dimer, respectively.
c C atoms are belonging to the same ethene molecules.
d Chlorine and platinum atoms are belonging to the same Pt fragment.
e Chlorine and platinum atoms are not belonging to the same Pt fragment.
f Obtained considering the coordinates of the mass centers of the ethene molecules belonging to one Pt fragment, in this case one molecule is considered

resident the other one leaving.

Table 5
Ethene event identifier, EIC2H4, relevant average distancesd (Å) and anglesA (◦), characterizing different fragments of the Zeise-similar species—dimers
({PtCl(C2H4)}2(�-Cl)2 (1), {PtCl(C2H4)2}2(�-Cl)2 (2)), transition states and products—involved in the hydrogenation cycle

Structural propertya EIC2H4
b (2)+2H2 TS3 TS4 (1) + 2C2H6

d(C C)c nl 1.39 1.42 1.42 1.41
d(C C)c og 1.39 1.35 1.39 1.53h

d(C Pt) nl 2.24 2.14 2.14 2.16
d(C Pt) og 2.25 3.12 3.06 4.44h

d(Pt1 Cl1)d – 2.40 2.43 2.43 2.44
d(Pt1 Cl2)d – 2.37 2.34 2.34 2.34
d(Pt2 Cl1)e – 3.10 2.55 2.56 2.47
d(H C)f – 3.39 – 3.15 1.09
d(H H)f – 0.74 – 0.76 2.54
A(Cl1 Pt1 Cl2)d – 178.8 177.4 177.8 177.1
A(Et Pt Et)g nl | og 143.9 116.6 114.7 104.9h

a For the meaning of the atom numbering refer toFigs. 4 and 5.
b nl and og characterize the considered ethene (in the last column ethane) molecule: non-leaving and leaving (outgoing) the dimer, respectively.
c C atoms are belonging to the same ethene molecules.
d Chlorine and platinum atoms are belonging to the same Pt fragment.
e Chlorine and platinum atoms are not belonging to the same Pt fragment.
f Hydrogen atoms are those of the incoming H2 molecules (seeFig. 5).
g Obtained considering the coordinates of the mass centers of the ethene molecules belonging to one Pt fragment, in this case one molecule is considered

resident the other one leaving.
h In this column the outgoing molecules are ethane molecules.

ments, the structural effects involved in the leaving molecules
of the TS1 and TS3 species are quite evident, showing the
clear shortening of the CC bond. In the TS4 transition state
this feature is less evident because of the incipient transfor-
mation of ethene to ethane.

Scheme 4shows the energy levels, characterizing hydro-
carbon fragments or molecules involved in the catalyzed or
uncatalyzed ethene hydrogenation. Interestingly, the starting
ethene molecules show to be energized and, conversely, the
transition states stabilized in the catalyzed with respect to the
uncatalyzed process. This would seem to suggest that entatic
effects, like those of enzymatic processes[37], could occur
in the catalytic homogeneous title hydro-dimerization both
on reagents and on transition states. Scheme 4.
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Table 6
Average distancesd(C C) (Å), anglesA(H C H) (◦), dihedral angles
D(H C C H) (◦) and energy difference�E (kJ mol−1), characterizing
optimized ethene and ethene fragments of different species involved in the
title reaction
Speciesa d(C C) A(H C H) D(H C C H) �Eb

C2H4 1.34 116.4 180.0 0.0
TS# 1.44 109.8 105.9 296.6
3B1u(C2H4)

c 1.53 119.1 180.0 83.4
[{PtCl(C2H4)2}2

(�-Cl)2](C2H4)

1.39 117.5 165.0 17.9

[TS4](C2H4)og 1.39 116.5 178.0 0.2
[TS4](C2H4)nl 1.42 117.6 159.1 34.7
C2H2/Pt2d 1.50 115.0 135.8 155.9
C2H4/Pt8d 1.49 112.3 129.7 169.7
C2H4/Pt12

d 1.46 114.0 136.9 114.0
a The geometry of the fundamental and of the first excited state of ethene,

C2H4 and 3B1u(C2H4), and of the transition state involved in the ethane–
ethane hydrogenation, TS#, were individually optimized, in the other cases
the ethene geometries were those of the ethene fragments extracted either
from the optimized dimers involved in the title reaction (species in square
brackets) or from the optimized ethene metal-cluster models (C2H4/Ptn): nl
and og have the usual meaning (seeTables 4 and 5) whereas the energies
of the extracted fragments are calculated by a single point performed at
B3LYP/6-31G(d, p) level.

b The in vacuo ethene optimized energy is taken as zero.
c The calculated excitation energy value at UCIS/6-311+ G(d, p) [27]

level is 364.1 kJ mol−1.
d C2H4/Ptn are considered as models of heterogeneous catalytic systems.

Table 6shows significant structural properties and energy
differences of ethene, in the fundamental and in the first ex-
cited state, and of ethene fragments involved in catalyzed,
both homogeneous and heterogeneous, and uncatalyzed hy
drogenation. In any case, the ethene geometry is strongly
affected either by the interaction with the platinum centers
either by the photo-excitation.

So, the structure of the outgoing C2H4 molecule of TS4
closely resembles that of the ethene minimum whereas the
energy and geometry changes of the transition state involved
in the uncatalyzed hydrogenation, TS#, are pretty different
with respect to those of both homogeneous and heteroge-
neous catalytic transition states. Conversely, the structure of
the ethene fragment in the transition states and in the metal
clusters closely match (beside the dihedral angles) the ethene
structure in the ethene3B1u first excited state.

The catalytic structural changes, corresponding to the
elongation of the CC bond and the modifications of the
H C H and H C C H angles, suggest a progressive trans-
formation of the valency state of the carbon atom, from ‘sp2’
to ‘sp3’. This occurrence supports the hypothesis of the pres-
ence of entatic effects in the homogeneous catalysis, namely
in the hydrogenation of ethene on the{PtCl(C2H4)2}2(�-Cl)2
intermediate, and suggests the existence of analogous loca
effects in the heterogeneous catalytic systems.

on-
s low-
i tals
[ d

structures of the considered species are represented under
the transparencies.

The KS-HOMOTS#, i.e. the HOMO of the optimized TS
occurring in the ethene hydrogenation, is characterized by in-
coming H atoms (+). The KS-HOMOTS# shows the involve-
ment of the ethene LUMO. A full analysis of the TS# orbitals
points out that the KS-HOMOTS# is the only MO having this
property.

Therefore, the involvement of the ethene LUMO in the
KS-HOMOTS#, during the TS formation could be the cause of
the energy rising along the ethene uncatalyzed hydrogenation
[34].

In Scheme 5the participation of the ethene HOMO
and LUMO to occupied Kohn–Sham molecular orbitals,
KS-OMOs, and specifically to the KS-HOMOs, of the
{PtCl(C2H4)2}2(�-Cl)2 intermediate and of the C2H4/Ptn
cluster, is highlighted by dotted circles. A deep orbital analy-
sis of the molecular systems pictured inScheme 5states that
the represented KS-OMOs are the only showing the ethene
HOMO and LUMO participation. Entatic conditions, able
to affect energetics and structures occurring in catalytic hy-
drogenation, could be justified by the involvements of the
ethene HOMO and LUMO in the OMOs of catalytic sig-
nificant aggregates. This agrees, both for the homogeneous
and the heterogeneous systems, with the usual organometallic
c n the
σ
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An attempt to explain the structure-reactivity relati
hips, pointed by the observations above, is in the fol
ng tried by analyzing the Kohn–Sham molecular orbi
38,39], KS-MOs, of Scheme 5where also the optimize
-

l

ompounds’ description, assuming a synergism betwee
electron donation (ligand−→ metal) and theπ electron

ack-donation (metal−→ ligand). In the latter, the ethe
UMO, able to raise the molecular energy, should be
olved.

In fact, analogous LUMO participation, producing sim
nergy raising and structure changes in a given molecu

mplicitly considered in the vertical electron transition u
o model excited states and was here checked for the e
olecule by a detailed orbital analysis performed on diffe
thene excited states of singlet and triplet and namely i
B1u(C2H4).

The analysis above seems to confirm that exists a lin
ween the energy absorption, irrespective of the nature
ource of the same energy, for the ethene molecules and
eometric and orbital rearrangements. The analysis also
ests that the inclusion of the ethene LUMO in one o
ied MO of a given catalytic aggregate modify the eth
eometry and, determining local energy rises, could
ate the ethene displacement and transformation[34]. In-
eed, the formalism above, involving localized interact
n few metallic centers, is, as already recalled, well acce

n the organometallic chemistry. However, it also finds
erimental evidences in surface science. In fact, very sim
eat of adsorption characterizes the interaction between
olecules, namely ethene, and different surface structu
latinum[40]. This may be explained, in the hypothesis

he molecule-surface interactions are led by local electr
nd geometric, i.e. entatic, conditions just affected by
esidual coordination number of single metallic centers
urring on small site constellations.
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Scheme 5.

The entatic model, already used in enzymatic catalysis and
here suggested to find a basis language to study heteroge-
neous and homogeneous processes, finally, could furnish an
elementary explanation of some possible energy sources and
flows, implicitly involved in the ASE[1,2] and in theΠρ [6–
10]concepts, which have been previously related by stochas-
tic approaches to local energizing effects and to molecular
surface rearrangements.

4. Conclusion

The analysis of the entatic conditions, monitored by or-
bital rearrangements, could be employed to design new ap-
proaches and to have alternative insights in studying catalytic
phenomena.

The computational approaches employed to simulate the
hydro-dimerization of PtCl2(C2H4)2 allowed us to: (i) find
out three minima and four transition states, which had geome-
tries consistent with those predicted by the Burdett approach

for analogous platinum species; (ii) replicate and detail the
kinetic mechanism of the title reaction previously hypothe-
sized on experimental bases.

Both these findings related to the structural and the ki-
netic properties of the species involved in the title hydro-
dimerization give proof on the final inference, mainly con-
cerning: (i) the energetics involved in catalytic transforma-
tions; (ii) a link at elementary level among catalytic processes
occurring in different phases.

Acknowledgements

This work was funded by the Italian Ministero
dell’Istruzione dell’Universit́a e della Ricerca and by the Uni-
versity of Palermo.

Author thanks Prof. Vincenzo Romano, for the help given
to improve the departmental computer resources; Dr. Gi-
ampaolo Barone, Dr. Antonio Prestianni and Dr. Rosario
Troia for their contributions in designing and developing the



D. Duca / Journal of Molecular Catalysis A: Chemical 227 (2005) 173–181 181

work; and Prof. Gianfranco La Manna, friend for the last two
decades, for the vicennial discussions.

References

[1] D. Duca, G. La Manna, M.R. Russo, Phys. Chem. Chem. Phys 1 (1999)
1375.

[2] D. Duca, G. La Manna, Zs. Varga, T. Vidóczy, Theor. Chem. Acc. 104
(2000) 302.

[3] W. Bialek, J.N. Onuchic, Proc. Natl. Acad. Sci. USA 85 (1988) 5908.
[4] A.E. Sitnitsky, Chem. Phys. Lett. 240 (1995) 47.
[5] J.I. Steinfeld, J.S. Francisco, W.L. Hase, Chemical Kinetics and Dy-

namics, 2nd ed., Prentice-Hall, Upple Saddle River, NJ, 1999.
[6] D. Duca, L. Bot́ar, T. Vidóczy, J. Catal. 162 (1996) 260.
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