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Both the EHT and IEHT methods were used in the study of interaction of various butene forms
with models of catalytic active centers (Mo—O-metal), in which the Mo atom is in its 44 or +6
oxidation state and is tetrahedrally or octahedrally coordinated. The influence of an additional
metal atom incorporated in the molybdate lattice was also studied. The results suggest that the
interaction of all butene forms with the studied models of catalytic surface centers leads to the
formation of stable adsorption complexes and that the butene molecule thus chemisorbed can
undergo a direct cis-frans or a double-bond isomerization. It is shown that the probability of oc-
currence of both these reactions depends strongly on the symmetry of the surface center of the
catalyst, on the valence of the Mo atom, and increases with the electron acceptor capability
of the additional metal.

A number of authors have shown experimentally2"7 that oxide catalysts are highly active
in both the cis-frans and the double-bond isomerization of butenes. In the case of isomerization
reactions on acidic oxide catalysts, the assumed intermediate product is 2-butylcarbonium ion,
which is formed by addition of a proton to a butene molecule as a result of its interaction with the
OH groups of the catalyst®**:

1-butene = 2-butylcarbonium ion = cis-2-butene

\k
trans-2-butene
Another possible mechanism of isomerization of butene, taking place on basic oxide catalysts,
is a reaction proceeding via a carbanion as intermediate product. This mechanism involves
the dissociative adsorption of butene with a following stabilization of the proton formed by dis-

sociation and of the formed syn or anti isomer of n-allyl anion on the O3 anion and metal cation,
respectively® ’7; it can be described by the following reaction scheme:

1-butene
/7
</ \\
cis-2-butene = anti-n = syn-n = trans-2-butene
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Both these mechanisms were studied theoretically with the aid of a model which involved the
catalyst only implicitly as a donor or acceptor of an electron or proton®?.

The Mo-O-metal system is capable of catalyzing isomerizations, disproportionations, and
various selective or total oxidations of unsaturated hydrocarbons. The reaction type depends
on the oxidation state of Mo and its ligand field and on the electron acceptor or donor proper-
ties of the additional metal. Based on experimental data, the selective oxidation reactions are

assumed to proceed via a m-allyl intermediate, the isomerization reactions via a carbocation,

carbanion, or also a n-allyl complexz.

In the present work, we attempted to study theoretically the possibility of a direct
cis-trans isomerization of 2-butene (without dissociation of the original and forma-
tion of new bonds in the butene molecule) in its complexes with models of active
centers of the Mo-O-metal catalyst. In addition, we followed also the possibility
of dissociation of the C—H bonds in butene caused by its interaction with the cata-
lyst, a first step of the double bond isomerization. The influence of the electron donor
or acceptor properties and structure of the surface center of the catalyst on both
reactions was also studied.

MODEL AND METHOD

In studying the solid phase or its interaction with molecules by the methods of quan-
tum chemistry of molecules, it is inevitable to consider a limited number of atoms
(cluster)'® modelling this solid phase. The greatest problem is thentofinish this model
so as to achieve the best agreement between its properties and the properties of a real
crystal or catalytic center. The cluster is usually finished with hydrogen atoms!’
or pseudoatoms whose properties (parameters) are chosen so as to best represent
the electron donor or acceptor properties of the remainder of the crystal'2.

The results of X-ray analyses suggest that the crystal lattice of MoO; or molybdates
can be considered as an intermediate structure between the Oh and Td symmetries'3;
no information is obtained, however, about the structure of the catalytic surface
centers. For this reason, the surface center of the catalyst was modelled by two
types of clusters, I and I, corresponding to a cross section of an ideal crystallo-
graphic lattice of both limiting structures, octahedral and tetrahedral, and passing
through the Mo atoms. The real catalyst surface is, however, besides Mo and O atoms
and atoms of another transition metal, formed also by H atoms in the OH groups.
Nevertheless, our models do not involve the surface OH groups or the O atoms
projecting above the plane of the model, neither their interaction with butenes,
since similar interactions were already theoretically studied®.

The lengths of the Mo—O and O—X bonds were 2. 107 '% m, which is approximately equal
to the mean Mo—O bond length obtained experimentally for MoO;, (ref.”). The Mo—0—X,
bond is for the cluster /7 in the x—z plane. The cluster was terminated by means of pseudoatoms X
on which a 55 Slater AO with the same exponent as Ss AO of Mo was localized. In order that
this univalent pseudoatom exerted the same electron donor-acceptor properties as the modelled
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polyvalent transition metal atom, the H;; element of the matrix H corresponding to this 5s AO
was approximated by the valence orbital ionization potential (VOIP) for d-AO of the modelled
metal (or by the identical dependence on the charge in the case of the IRHT (iterative extended
Hiickel theory) method). For all studied models of the catalytic surface centers and their inter-
action with the butene molecule, the formal oxidation state of the Mo atom was simulated
by the total number of electrons involved in the calculation.

In studying the interaction of trans, cis, and the transition state (*) of butene with these clusters,
the plane given by the double bond and C atom of the methyl group of butene was parallel
to the x—y plane and the center of the double bond was placed above the Mo atom. The projec-
tion of the double bond into the x—jy plane was at an angle of 0 or 45° with the x axis (for clusterI)
and 0 or 90° for cluster II. The geometry of the individual butene structures'# was in studying
their interaction with the catalyst kept constant.
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The clusters modelling MoO; were calculated by the IEHT method with the use of the de-
pendence of VOIP on s, p, and d electron densities! . Tterations were carried out only on the
central atom and on pseudoatoms. The interaction of butenes with the models of surface centers
of the catalyst was then studied with the use of the standard version of the EHT method' 6.
The terms Hj of the matrix H were in both methods expressed by the Wolfsberg-Helmholtz
approximation” with the constant X = 1-75. In the case of the Mo atom and pseudoatoms X,
we used VOIP obtained by IEHT calculations for the corresponding clusters; these values for
atomic orbitals 44, 5s, and 5p are about 15, 11, and 2 eV, respectively. The VOIP values for other
atoms were taken from ref.!8, Slater’s exponents were obtained by the Burns’ rules'®. Mulli-
ken’s bond orders served to estimate the probability of dissociation of the C—H bonds of bute-
nes in their adsorption complexeszo,

The influence of another atom which has weaker electron donor and stronger electron ac-
ceptor properties than the Mo atom and is built-in in the lattice (molybdate) was modelled
so that the H;; element corresponding to 55 AO of an X atom was set equal to 20 eV (in con-
trast to about 15 eV in the case of Mo). The influence of an atom with stronger electron donor
and weaker electron acceptor properties than the Mo atom was simulated by VOIP equal to 7 eV.

RESULTS AND DISCUSSION

Adsorption

The potential curves for interaction of the double bond of trans, cis, and (%) butene
with the mentioned models of the catalytic surface centers (six with C,, symmetry and
six with C,, symmetry) were studied by the EHT method for both orientations of the
butene molecule under consideration. The course of the calculated curves is identical
for all the studied interactions and catalyst models; the EHT potential curves are
smooth and monotonous in the range of distances from infinity to a minimum, and the
minimum corresponds to a stable butene-catalyst adsorption complex (Fig. 1).
The individual cases under study differ only by the position of the minimum (distance
between the center of the double bond and the Mo atom) and by its depth (adsorption
heat). From this point of view, the studied interactions can be divided into two
significantly different groups: a) Interaction of butenes with an octahedral type
of the catalytic surface center (cluster I), where for both studied modes of approach
(0 and 45°) the equilibrium distance between the center of the double bond of butene
and the Mo atom is about 3:0.107'° m (Fig. 1) and the adsorption heats of trans,
cis, and () butenes are with small exceptions near 300, 300, and above 400 kJ/mol,
respectively (Tables I and II). b) Interaction of butenes with a tetrahedral type
of the catalytic surface center (cluster IT) is stronger than the interaction with cluster I.
The minimum on the adsorption curves is at the distance between the center of the
double bond and Mo atom of about 1-7. 107 *° m (Fig. 1). The heats of adsorption
given in Tables III and IV are all higher for cluster I. Both studied interactions
of butenes with cluster I (0 and 45°) are for the same cluster type (the same VOIPy,
and same oxidation state) from the energetic point of view practically identical
(Fig. 1). The total EHT energies of the mutually corresponding adsorption complexes
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do not differ by more than 15 kJ/mol, except for the complex of cis-butene with the
cluster Mo®* (VOIPy, = 20 V), which is for the angle of 45° by 300 kJ/mol energeti-
cally more preferable than for 0°.

The situation is different in the case of interaction of butenes with cluster 11, where
the total EHT energy of the mutually corresponding adsorption complexes (hence
also the adsorption heat) varies for both studied modes of approach (0 and 90°)
much more significantly. The trans and cis isomers are more stable in the case
of interaction where the projection of the double bond is at an angle of 90° with the x
axis (Tables III and IV). Also the complex of (*) butene with the same cluster of Mo®*
(VOIPy, = 20eV) is for an angle of 90° about by 350 kJ/mol more stable than the
same complex corresponding to an angle of 0°. In other studied cases, the complex
of () butene for an angle of 0° is more stable, namely by up to 140 kJ/mol (Tables I1I
and 1V).

In the adsorption complexes of all studied butene structures and catalyst models,
the double bond of butene is most affected in comparison with the electron structure
of its ground state. In this case a pronounced forward donation of electrons from the
n-MO of butene to the molecular orbitals of the cluster takes place in addition
to a minor back donation of electrons from the cluster MO’s to the butene 7*-MO
(Fig. 2). Similarly, but less markedly, also other MO’s of butene localized on its
other bonds are perturbed. The perturbations of molecular orbitals localized on me-
thyl groups of butene in its adsorption complexes (hence also weakening of the
C—H bonds in these groups) are, however, stronger in the case of butene complexes

%_

0 300 om 700

FiG. 1

EHT Potential Curves for Approaching of trans-2-Butene to MoO, Catalyst Model
1 Cluster I, Mo**, 0% 2 Cluster I, Mo®™, 0°; 3 Cluster 17, Mo® ™, 0°.

Collection Czechoslov. Chem. Commun. [Vol. 45] [1980]



a

Beran, Jird, Wichterlov:

2594

w— 65— 19— w sT— 87— =gy
9 0 vy o1 0 Is 601 0 8t 0 €« 8 0 [23 8§ 0 0 av
L8T Obb 69T LLT Lby 96T L9 9%y 88T  pee 6s€ T 0TE 8Ly SOE g€ Wy M€ HV
990 9,0 ZLO PLO 08-0 bL-O tLO 080 YLO +9-0 650 OLO 90 SLO TLO $90 SLO 690 2-\
$,-0 8,0 SLO 8.0 080 LLO 8.0 080 LLO OLO ¥LO €L-0 TLO LLO YLO TLO 9LO HLO S-mu

L0 9.0 T80 T80 P80 €80 T80 ¥8-0 €80 L0 9.0 SLO LLO LLO 180 9LO0 LLO LLO 21e
9,0 0L0 980 L80 8.0 980 .80 LLO 98-0 OLO LSO L90 9.0 TLO 980 9.0 TLO €80 o |v&
9,0 0L0 980 L8-0 €8-0 980 .80 €80 980 OL-O0 LLO [9-0 9.0 8LO 980 9,0 LLO €80 . lm\
990 ¥L-0 2LO YLO LLO YLO  PLO LLO ¥LO Y90 OLO OLO §9-0 TLO TLO $90 TLO 69-0 d
$L-0 LLO SLO 8.0 080 LLO 8.0 080 LLO OLO0 TL0 €0 TLO 9.0 ¥YLO TLO 9L0 ¥LO 6-2d
LLO 8L0 T80 780 €80 €80 T80 €80 €80 YLO SLO SLO LLO LLO T80 9L0 LLO LL-O 6-1d

s10 * Suv} s12 * sup.y s12 * suv.4y s19 * suvay s12 * Supaj s19 * supa}
- D T - X ¢ 19p10
AS07 ="XdIOA A3 L = 'XJI0A f0ow A20Z = "XJIOA A9 L = '*dIOA 00N puog
+vOW +9%W

POYIRIN LHA 4q paureiqQ (tow/ ) ***' =17y pue ‘gy (1uswauelse a[qe;s jsouw A[[2a119813US 0} PALIAJoI) 2INJONNG oey JO
AS10ug LHY [®I0L ‘(Jow/}) HV 1eay uondiospy ‘d ([0 7 191sn[D) IsA[e1e) yim soxadwo)) 1134l Ul sauaing JO SISPIQ Puog s uayI[[nA
1978Y],

Cotlection Czechoslov. Chem. Commun. [Vol. 45] [1980]



2595

— £5— 69— oI 8— 01— i=gy
6 0 29 o 8§ o1t 0 w0 gp€ 0I€ €5 0 132 w0 W av
€9 6V 0€E V8T SSv L6T  SLT Shb YOS 659 Tbb 60f  8TE Ibp 96T  €€€ Shp  €O€ HV

0L0 6.0 L[90 1.0 T80 OLO ILO T80 OLO §90 8.0 790 L90 6L0 [90O L[90 9L0 L90 ‘P
[L0 SLO §L0 8.0 6L0 LLO LLO 6L0 LLO VL0 PLO TLO LLO SLO SLO LLO 6L0 b ‘IThd
990 9,0 8,0 80 80 980 80 ¥8-0 $80 €90 €90 950 $90 LLO P80 §9-0 vL0 €80 7%
9,0 TLO 690 980 LLO 980 980 LLO S$80 OLO +90 090 9,0 L0 S$80 9.0 ZLO P80 LIS

90 80 690 980 €80 980 980 780 $80 OLO VLO 090 9LO0 LLO S§80 8.0 LLO P80 177
0.0 0.0 (90 1.0 €L0 OLO ILO €0 OLO0 S90 990 790 .90 890 LSO .90 890 LS50 MlmR
-z

LL-O LL-O €L0 8L0 080 LLO LLO 080 LLO ¥LO L0 TLO LLO 9LO SLO LLO 9LO VL0
990 6.0 8.0 ¥80 80 980 ¥80 80 80 €9-0 9.0 950 90 6L-0 V80 S9-0 6.0 €80 6-1d

512 * Swiod} 51 * suvij s12 * sup4y 512 * Suva} 512 * Suvajy 519 * Supd}
_x I 3 —1X Y € 1api0
A2 0T = "“dIOA A2 L = ""dIOA OO A2 07 = "*dIOA Ad L = "7dIOA OO puog
| +¢o—2 +uoz

‘Quantum Chemical Study of Butene Reactions

oSP 7 19ISN[D 10j 1nq ‘T 31qe], SE Awes
11 318V ],

Collection Czechoslov. Chem. Commun. [Vol. 45] [1980]



Beran, Jirt, Wichterlovd

2596

8 8z Is 8L 67 81 Ty
192 0 69T  ¥6E 0 w  sob 0 9y 6¥1 0 [z 99T 0 s6¢  v9T 0 78T av
oy IbL TLE  TLT YL POT  SOE  €LL LIT  6Sy TP IvE  IpE  L99 TT  9IE  O¥9  8ST HY
890 080 690 SLO 080 €40 €0 080 TIL0 90 L0 090 /90 080 890 [90 080 890 '8
Y0 080 €0 LLO 180 8.0 LLO 080 €0 OLO 8.0 690 YLO 180 SLO L0 080 SLO OPTid
280 £8:0 $80 €80 €80 P30 €80 €80 €80 950 <90 080 180 €80 P80 180 ¢80 80 °F~%
0LO €90 SLO 690 €90 SLO 00 90 L0 $90 050 190 90 190 OLO 90 190 o0 CPTed
§L0 1L0 LLO SLO LLO 6.0 840 LLO 6L0 IO 890 $90 €0 690 SLO TLO 690 sLO TV
8L0 6.0 SL0. 080 6.0 080 80 8,0 8L-0 9.0 90 00 O9LO0 S$L0 LLO L0 L0 SLO %
080 6,0 130 1I80 TI80 180 180 180 180 8.0 8.0 .0 6L0 6.0 080 6.0 6.0 080 ©~%
6,0 180 780 €80 €80 80 780 €80 Y80 950 SLO 180 L0 80 180 90 8.0 180 O
519 * sup4y s19 . Supay §12 * suv4j 512 * suv.ay 510 * supaj 512 * suoay
A207 ='Xd10A A3 L = '*JIOA foom A207 ="Xa10A  A?L = 'XdIOA f0ol wﬁm

+vOW +9ON

J0 ‘77 13150[D 10] Inq ‘Y 9[qe], SE SWes

I atevy

Collection Czechoslov. Chem. Commun. [Vol. 45] [1880]



2597

09 88 06 6s¢ 99 L9 ‘Tgv
9T 0 91z S61 0 €87 v6l 0 ¥8T  6¥I 0O 80s oOvI 0 90z LEI O YO  AVEV
9y 769 9L€  SE€€ 065 LOT  I¥E S65 TIT 918 STOT LIy €6 €65 LST SO TO9 86T HY
9L0 6,0 S50 9L0 080 990 9.0 6L0 990 TLO 00 7SO0 SLO 6L0 €50 SLO 6.0 €50 OF~8d
[L0 080 €L0 6.0 780 080 6.0 T80 080 SLO SLO 690 O9LO 6L0 ZLO SLO 8.0 L0 COI7Hd
190 180 80 80 080 ¥80 ¥8:0 €80 80 $9-0 €L.0 LLO 90 8LO 180 90 LLO T80 17
890 $S0 SLO 6.0 190 LLO 8.0 190 SLO 990 +h0 7LO 990 640 L0 090 80 TLO TS
€90 890 80 6.0 6L0 6.0 8.0 Y80 S8LO 990 090 650 990 890 PLO 990 690 1.0 7%
9,0 8L0 9.0 9L0 80 LLO O9LO 8LO 9L0 TLO PLO TLO SLO LLO ¥LO SLO 9.0 b0  CTEd
[L0 080 080 6L0 080 080 6L0 080 080 SL-O 6L0 8.0 O9L0 6L0 6LO SLO 6.0 8.0 S7%
190 $80 80 80 S$8:0 S80 480 80 ¥80 90 €80 180 90 €80 P80 +90 €80 ¢80 °7'd
s12 * supay 512 * Suvdy 519 * sunay 519 * sun.aj 519 * suvaj) 512 * sunaj
A207 = "XdIOA A3 L = 'XdIOA £0oN A207 ="XdIOA  A?L = "XdIOA foom HHM

++°NW +9OW

1 Study of Butene Reactions

406 ‘IT 121s0[D 10§ 10q ‘] 9[qR ST SWes
Al &iav]y,

mical

Quantum Che;

Collection Czechoslov. Chem. Commun. [Vol. 45] [1980]



2598 Beran, Jirti, Wichterlova ¢

with models represented by clusters I and II. This reflects the circumstance that
an interaction of molecular orbitals localized on the methyl groups of butene with
molecular orbitals localized on the O atoms whose distance from the H atoms of the
CHj, groups is 2. 107!% m takes place in the adsorption complexes of butene with
cluster I as a result of more favourable geometrical factors. In this way it is also
possible to explain the different equilibrium distances in adsorption complexes
formed by cluster I or I1. Transfers of electron densities between the butene molecule
and the catalyst model cause the formation of a positive charge localized on the butene
molecule interacting with the catalyst, however its pseudoexcitation takes place
at the same time. The quantity of the electron density transferred between the mole-
cular orbitals of the butene and catalyst depends on the electron donor or acceptor
properties of the cluster and determines to a large extent the reaction properties
of butenes adsorbed on the individual types of clusters. The magnitude of the positive
charge localized on the butene molecule forming a complex with the catalyst shows
for the studied interactions the following trend: Mo®* (VOIPy, = 20eV) <
< Mo®*(MoO,) ~# Mo®* (VOIPy, = 7eV) ~ Mo** (VOIPy, = 20eV) < Mo*".
(MoO3) = Mo** (VOIPy, = 7eV).

cis-trans Isomerization

The reaction of cis-trans isomerization of butene is in the electron ground state
of butene inhibited for symmetry and spin reasons. The activation barrier of this
reaction calculated by the EHT method is 60 kJ/mol and the reaction enthalpy is
40 kJ/mol?*.

FiG. 2

Interaction of #-Molecular Orbital of Butene
with Molecular Orbitals of the Catalyst
Model

The flow of electron densities is denoted
by arrows.
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It is seen from Tables I and II and Fig. 3 that the order of stability of the adsorption
complexes of the individual butene forms is for the model of the catalytic surface
center, represented by cluster I, Mo®* (VOIPy, = 20¢V), for both interaction
types (0 and 45°C) the following: cis > trans > (*). The values of the reaction
enthalpy of cis-trans isomerization of butene (Tables I and II) adsorbed on this
type of the catalyst center suggest that, in contrast to the gas phase reaction, the
formation of the cis isomer is here preferred (Fig. 3). For other models of surface
centers represented by cluster I, the order of stability of the butene adsorption
complexes is as follows: (¥) < trans < cis (Tables I and II). The energetic course
of the cis-trans isomerization is qualitatively the same as that for the excited state
of butene?!, i.e., the activation barrier of this reaction is removed and the trans
isomer is more stable than the cis isomer (Fig. 3). The reaction enthalpy of the
trans-cis isomerization is for both types of butene adsorption complexes with cluster I
(0 and 45°) and models Mo®* (MoO;), Mo®*(VOIPy, = 7 V), and Mo**(VOIPy,

trons 2[%)  ==cis

L

f

a
®

/

100kJ
N . [e

- IN

/

~

F16.3
EHT Energies for cis, trans, and the Transition State (*) of Butene

a) Thermal initiation, ) N—V, excited state, ¢) radical cation; and their complexes with
cluster 7, 0° for models: d) Mo®*, MoO3, €) Mo®*, VOIPy, = 20eV, g) Mo**, M0O,, k)
Mo**, VOIPy, = 7eV, i) Mo®*, VOIPy, = 20eV.
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=20 cV) one half as large or lower than the reaction enthalpy of this reaction in the
gas phase (Tables I and II). Hence, both the cis and trans isomers can be products
of desorption in these cases, although the formation of the trans isomer is more
probable for energetic reasons. For butene complexes with the models Mo**(MoO3)
and Mo**(VOIPy, = 7eV), the reaction enthalpy of cis-frans isomerization is
higher than the reaction enthalpy of this reaction in the gas phase. The probable
desorption product is the trans isomer.

The stability of the adsorption complexes of the individual butene forms (0 and 90°)
with the catalyst models represented by cluster II decreases in the order (*) > cis >
> trans for all studied models. The barrier for the trans-cis isomerization is again
removed and the type of desorption products is determined by the isomerization
reaction enthalpy (Fig. 4). It follows from the values in Tables III and IV that the
product of interaction of butenes with catalyst surface center with a structure of the
cluster II will be prevailingly cis-butene in all studied cases.

trons = ([w] = cis

a b ‘ 13

I00kJ
mol

Fic. 4
EHT Energies for cis, trans, and (*) Butenes in their Complexes with Cluster 11, 45°

a) Mo®*, MoO3, b) Mo®*, VOIPy, = 7¢V, ¢) Mo* ¥, VOIPy, = 20 eV, d) Mo**, MoOj,
&) Mo**, VOIPy, = 7eV, f) Mo®*, VOIPy, = 20eV.
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Isomerization of Double Bond

Our aim was to study the possibility of the double bond isomerization involving
an allyl type particle as intermediate product. The first step of isomerization by this
mechanism is splitting off of hydrogen from the methyl group of butene under
formation of an adsorbed allyl particle.

The values of Mulliken orders of C—H bonds of butenes forming adsorption
complexes with catalyst surface centers suggest that these bonds are more or less
weakened in comparison with the bond orders of butene in the gas phase, where
they are equal to 0-85. The degree of weakening of these bonds depends on the
character of the catalyst center with which the butene interacts; it increases with the
electron acceptor properties of the catalyst (Tables I-1V).

In complexes of the individual butene forms with cluster I (0 and 45°), the lowest
bond orders are assigned to the H atoms of the methyl groups, H; and Hjg, (hence
also the highest dissociation capability), in rare cases also to the H, and Hg atoms
as can be seen from Tables I and II. These bonds are weaker for butene complexes
with Mo®* than with Mo**. The presence of a metal with stronger electron ac-
ceptor properties than Mo (model of catalyst with VOIPy, = 20 eV) has also a posi-
tive influence on the probability of dissociation of the C—H bonds; their perturba-
tion increases with electron acceptor properties of the transition metal X1 (with its
VOIP value) (Tables I and II).

In complexes of cis and trans-butenes with catalyst models represented by cluster IT
(0 and 90°), similarly to the preceding case (with small exceptions), the C—H bonds
corresponding to the H atoms of the methyl groups Hy (eventually H,, H,, H) are
most affected as can be seen from Tables 11T and IV. In complexes of (*) butene,
however, the weakest C—H bonds correspond to the H, and Hj atoms (Tables 11T
and 1V). In view of the fact that the existence of the adsorption complexes of (*)
butene is for energetic reasons more probable than the existence of the cis and trans
isomers (Tables IIT and 1V, Fig. 4), we may assume that the dissociation of C—H
bonds of the H, and H4 atoms in butene complexes with surface centers of the cluster
11 type catalyst is more probable than for the H atoms of the methyl groups. This is
probably caused by the character of the proposed model of the catalytic surface
center, which does not involve the surface atoms directly interacting with molecular
orbitals of butene localized on its methyl group. The catalyst models represented
by cluster II correspond namely to the extreme case of a surface center in which the
Mo atom emerges above the catalyst surface.

Interaction of butenes (0°) with clusters of a C,, symmetry (modelling also the
surface center Td M003), where the pseudoatoms X and the Mo atom lie in a single
plane (i.e., in positions with a mirror symmetry with respect to the plane determined
by the O atoms, as compared with cluster IT) — cluster IIb — causes a more significant
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weakening of the C—H bond of the butene methyl groups as is apparent from the
Mulliken bond orders (Table V).

Moreover, the stability order of the butene complexes with the catalyst models
according to trans > cis > (x) (Table V) is quite different from the stability order
in the case of their complexes with cluster I and I1 (Tables I1—-1V). The equilibrium
bond length, the double bond center — Mo atom, is about 2.107!°m for the
complexes of the trans and cis isomer as compared with 3.107'°m for the (x)
butene complex.

It is hence apparent that the stability of the complexes of the individual butene
forms and thus the character of the products of their reaction with the catalyst
(Mo-O-metal) is significantly influenced by the geometry of the active centers of this
catalyst. If we assume that the discussed case of a tetrahedral center corresponds
to a plane of ideal, tetrahedrally arranged MoOj, and the center represented by cluster
II corresponds to a deffect of such an ideal surface (where the Mo atom projects
above the surface plane), then the obtained results suggest that both the activity
and selectivity of the catalyst are strongly influenced by the defects of its surface
and their structure. It should be noted that a number of other (not discussed here)
surface defects or structurally different active centers of the catalyst can be considered
as well; and the stability of their complexes with the butene forms, hence also the
products of the catalytic reaction, can be quite different.

TABLE V
Mulliken’s Bond Orders of Butenes in their Complexes with Catalyst (Cluster 716, 0°), p, Total
EHT Energy of Each Structure (referred to energetically most stable arrangement) AE and
AE ;¢ (rans (kJ/mol) Obtained by the EHT Method

M06+, MoO, Mo**, MoO,

Bond order

trans * cis trans * cis
Pi-o 080 078 062 082 084 080
Pr-yg 080 075 079 0-81 080 080
P3_s 064 064 063 070 072 069
Py-yy 0-80 080 069 082 082 081
Ps—11 067 067 067 073 075 072
Pe-12 073 073 066 078 080 074
Pr-12 076 076 079 078 079 080
Ps_12 060 075 061 066 079 066
AE 0 92 43 1] 79 43
AE;is— trans 43 43
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CONCLUSIONS

Our results suggest that the cis-trans isomerization of 2-butene can on the proposed
models of the Mo-O-metal catalyst proceed directly by rotation of the methyl group
by 180° around the double bond. The energetic barrier corresponding to this reac-
tion in the ground state of 2-butene is removed for most of the proposed models
of the catalyst surface centers owing to a transfer of electron densities between the
n-molecular orbitals of butene and the molecular orbitals of the catalyst (pseudo-
excitation). The reaction enthalpy of trans-cis isomerization of butene interacting
with the catalyst and hence the equilibrium between the trans and cis isomers de-
pends strongly on the structure of the surface center and its donor—acceptor properties
(i.e., on the oxidation state of Mo and electron donor-acceptor properties of an ad-
ditional transition metal). It was also shown that the interaction of 2-butene with the
active center of the catalyst can lead to the formation of an allyl particle as inter-
mediate product of the double bond isomerization, especially on centers with an octa-
hedral structure. Also this reaction depends strongly on the electron donor-acceptor
properties of the surface centers and its probability increases with the electron ac-
ceptor properties of the additional transition metal.

Our MO studies revealed the significant role of the oxidation state of molybdenum,
of the additional metal and its electron acceptor properties, and of the symmetry
of the ligand field of the active center. The known experimental data about reactions
on the Mo-O-metal catalysts substantiate the great role of the mentioned factors
in changing the course of the catalytic reactions of unsaturated hydrocarbons with
respect to different products?-22 724, However, in view of the fact that the sole sym-
metry of the ligand field of the active center influences appreciably its interaction
with the olefine, it is very difficult to make general conclusions concerning a com-
parison of the bulk oxidation states, ligand field etc. of the catalyst with its activity
and selectivity in conversions of unsaturated hydrocarbons without the knowledge
of the actual surface states of the real Mo-O-metal catalyst surface.
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