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This paper is devoted to the quantum chemical (MINDOQ/2 and EHT) study of the reactivity
of cyclopropane, its radical ions, cyclopropyl radical, and models of its surface complexes with
iron. With all the cyclopropane forms noted, ring opening is the favoured type of decomposition
on energy grounds. The MO data are used as the basis on which we discuss the mechanism of ad-
sorption of cyclopropane on different transition metals and suggest the elucidation for their
different catalytic activities. :

The electronic structure of cyclopropane and its radical and ion forms has been studied in a series
of theoretical papers. The similarity of the reactivity of cyclopropane systems to that of unsaturated
compounds has been recognized. In numerous papers the presence of z-type molecular orbitals
in cyclopropane has been reported! ~>. Buenker and Peyerimhoff 6 counter, however, on the basis
of ab initio calculations, that the unsaturated behaviour of cyclopropane is due rather to the
o MOs than due to the 7 MOs.

Elucidation of the reactivity of cyclopropane or its ion and radical forms is topical for the under-
standing of catalytic reactions of cyclopropane. From the viewpoint of the catalysis, cyclopropane
is a very important system because it represents the simplest hydrocarbon which can be used
for the study of both the activity and selectivity of catalysts. Recently several mechanisms were
suggested for the adsorption of cyclopropane on metals: /) formation of a z-complex with a metal
surface” ~19, 2) dissociative adsorption giving the cyclopropyl radical® ~ 12, 3) associative adsorp-
tion (accompanied with the ring opening”1%13716) 4y simultancous fission of two C—C
bonds! 7> Besides the mechanisms noted, a possible competitive process is the reaction of
cyclopropane with hydrogen bound to the metal surface. Relevant also is the finding that the
product of adsorption of cyclopropane on Pt and Pd is propane, whereas adsorption on Fe, Mo,
Co, Ni, Ru leads to propane, methane and ethane’.

We think that the knowledge of the reactivity of cyclopropane systems and complexes of cyclo-
propane with metals may contribute to a better understanding of the interaction of cyclopropane
with metal. For this reason we considered it expedient to undertake the MINDO/2 and EHT
study of the reactivity of cyclopropane, its radical and radical ions, and model complexes of
cyclopropane with transition metals. The results obtained are used for the MO interpretation
of the mechanism of catalytic decomposition of cyclopropane on the transition metal surfaces.
The catalytic processes are discussed along the same lines as in a previous paper19 viz. that the
ground state of a substrate-catalyst complex is treated as a radical cation, radical anion or as an
excited state, the choice of the model depending on the nature of the substrate and catalyst.
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Methods
Open shell forms of cyclopropane were treated by the standard MINDQ/2 method?® combined
with the open shell procedure of Longuet-Higgins and Pople“. This approach, examined by
Carsky?2, was incorporated into the procedure developed by Pancif?® for geometry optimizations.
This procedure reaches automatically for the minima on the energy hypersurface, i.e. it determines
the geometries of stable structures. The course of the reaction is approximated by the passage
between minima on the energy hypersurface over the saddle points by changing stepwise the length
of a particular bond (or several selected bonds) and by optimizing automatically the geometry
of the system after each step. :

In our calculations the reaction path was identified with stretching of a particular C—C or
C—H bond (or two selected bonds); the steps in stretching were 0-05 and 0-1.107 1% m (de-
scription of the bond dissociation).

The calculations undertaken on the cyclopropane complexes with iron and platinum were of the
EHT-type“.

Up to now, EHT is the sole method capable of treating systems with heavy atoms atreasonable
cost and for which sufficient experience has been accummulated. The diagonal Huu-elements were
approximated either by setting them equal to the observed ionization potentials>>2% or by
means of atomic orbital energies given by nonempirical SCF calculations?”. The first approach
appears to give more realistic results. The off-diagonal H ,-clements were evaluated by means
of the Wolfsberg-Helmholtz approximation®®, We take the EHT results with caution because
of the known failures of the method. The most typical among them are overestimation of the ionic
"nature of the system (this depends on the input ionization potentials used), even qualitatively
wrong predictions about the stability of complexes of organic compounds with metals, and con-
siderable errors in estimated molecular geometries.

RESULTS AND DISCUSSION

In this section- we have attempted to survey the theoretical and experimental data
on the reactions of cyclopropane, their products and intermediates. The reactions
studied are presented in Chart (p. 2308). Formally, they can be classified as follows.

A. Uptake or loss of particles: a) electron loss (reaction 1); b) electron uptake
(reaction 2); c) loss of a hydrogen atom (reaction 3); d) uptake of a photon (reaction
4); e) perturbation by a catalyst (reaction 5).

B. Bond fission in cyclopropane or in intermediates: a) fission of C—C bonds: 1)
one C—C bond; 2) two C—C bonds simultaneously); b) fission of C—H bonds.

The change in the bond strengths in cyclopropane upon an electron uptake, electron
withdrawal, electron excitation, or H atom abstraction can be deduced from the
shapes of the frontier orbitals of cyclopropane. In Fig. 1 we present the frontier
orbitals of cyclopropane given by MINDO/2 and the Walsh orbitals. The MINDO/Z
calculations for the optimal structure of the anion suggest the uptaken electron is
housed in LUMO b which brings about weakening of a C—C bond and a minor
decrease in the C—H bonding for H;, H,, Hs, and Hg atoms (see Fig. 1 and Table I).
Electron withdrawal from HOMO a weakens the C,—C, and C,—Cg bonds and
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TABLE I

wiberg Bond Indices (for labelling of atoms see chart)

C—C,

System Cy—Cq Cg—Cy C,—H, Cy—H,
Cyclopropane ground state 0-97 097 0-97 0-97
Cyclopropyl radical 1-06 0:95 0-93 0-93
Carbene 1-04 098 — 095
Cyclopropane anion 0-98 057 0-95 0-86
Cyclopropane cation (form I) 0-64 1-08 0-97 0-96
Cyclopropane cation (form II) 0-73 0-57 0-95 0-97

strengthens the C;—C, bonding. If an electron is removed from the HOMO b, all
C—C bonds are weaker; the effect is most distinct on the Cg—C, bond.

Upon breaking down the C—H bond in cyclopropane, which gives rise to the
cyclopropyl radical, the ., orbital is converted to a nonbonding MO. The latter
is located on the C atom of the CH group and accommodates the unpaired electron.
The C—C and C—H bond strengths are seen, from Table I, not to be affected con-

siderably by this process.

Fi1c. 1

MINDO/2 and Walsh Orbitals of Cyclo-

propane

MINDO/2

2V
vy

LUMO

Ea

HOMO

WALSH

0%

A7

HOMO

Collection Czechoslov. Chem. Commun. [Vol. 41] [1976]



2306 Beran, Zahradnik :

Reaction of the cyclopropane cation. Enthalpy of reaction I is almost equal
to the ionization potential of cyclopropane. MINDO/2 predicts the vertical and
adiabatic ionization at 10-52 and 10-05 eV, respectively. Values of the observed ioni-
zation potential?® range from 10 to 10-5eV.

Our optimization procedure based on MINDO/2 gave for the structure of the
cyclopropane radical cation almost the same result as the optimization reported
by Haselbach®® who made use of the simplex method.

From the two Jahn-Teller isomers (I, II) of cyclopropane the I form is 1-2 kJ/mol
more stable than form I1.

e it}

\
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On the basis of Liehr’s analysis and the calculations reported on the cyclopropenyl
radical®?, the I form appears to be the sole genuine minimum on the energy hyper-
surface. There are three minima of this type. A passage between them occurs via
the flat form II (transition state) which is much lower in energy than the highly
symmetrical Cy, form.

On stretching the C—C bond (reaction 1-1) in the cyclopropane radical cation
to 2:7.107'% m, the MINDO/2 energy is 170 kJ/mol higher. This process brings
about no significant changes in the other bond lengths; e.g. it is not accompanied

CHECHCH, |
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77 CHg=CH,+CH
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FiG. 2

Plot of the MINDO/2 Heats of Formation AH; (in 10~ 3 kJ/mol) against the Lengths of C,—Cq
and C;—C, Bonds of the Cyclopropane Radical Cation (in 10'° m) (C,, Splitting)
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by the C—H bond fission. The energy curve is monotonous and exhibits no minimum
which would correspond to a stable product of the trimethylene cation type.

Decomposition of the cyclopropane radical cation to CH3;**? and CH,=CH,
(reaction i-2) is a symmetry-allowed process in contrast to the alternative decompo-
sition giving CH, + CH=CH"") which is symmetry-forbidden (Fig. 2). The heats
of reaction of the two processes are 473 and 485 kJ/mol.

Stretch of the C—H bond (reaction 1-3) to 2:0 . 10™'°m while preserving the plane
of symmetry is accompanied by a monotonous increase in energy. The energy of the
system with the C—H bond length of 2:0 . 107 1° m is higher than the sum of energies
of isolated systems (cyclopropy] radical cation and H atom). It can be shown that the
reaction (A) is symmetry-forbidden (curve 3, Fig. 3).

cyclo-C3Hg™")  —  cyclo-C,HS™ + H". (4)

Ring opening of the cyclopropyl cation was examined by MINDO/Z. The favoured
mode of ring opening was found to be disrotatory with the energy of activation of
33 kJ/mol** 734 Ab initio calculations also favour the disrotatory opening and pre-
dict®*® the energy of activation of about 105 kJ/mol. If the C,, symmetry is not main-
tained, however, the cyclopropane radical cation with the C—H bond stretched by
0:5.107'° m decomposes and the hydrogen molecule is expelled (curve 1, Fig. 3)

cyclo-C;H™") -~ [K,]* — cyclopropene cation + H,. (B)

If the departure from the symmetry occurs at the C—H bond length of 1-8 . 107 %% m,
methylacetylene is formed (c¢f. curve 2 in Fig. 3)

cyclo-C,HY? - [K,]* — CH=C_CH, + Hy*". (€)

We have not yet succeeded in examining the activated complexes K; and K; because
of the divergency of the variable metric method in critical regions.

Among reactions of the cyclopropane radical cation, MINDO)2 favours the process
leading to cyclopropene cation and Hj. Energetically somewhat less favourable is the
reaction giving methylacetylene and H;(*’ (Table II). The mere ring opening of the
cyclopropane radical cation gives no stable products of the trimethylene type, but
it requires only 170 kJ/mol. The process leading to the “C;”” and “C,” fragments
and the H atom abstraction requires much more encrgy.

Reaction of the cyclopropane radical anion. Reaction enthalpy of the addition
of an electron to cyclopropane (electron affinity, reaction 2) is estimated by MINDO/2
to be 149 kJ/mol. This value corresponds to a vertical process, the estimated adiabatic
electron affinity being 80 kJ/mol.

Collection Czechoslov. Chem. Commun. [Vel. 41] [1976]



.
.

Beran, Zahradni

2308

HO+ O HD

‘

YHPD +HOD L

- HED -0k

tHD +THD

HO

[ H-

1 THED -0k

P

o,

TAVEIAW | €

io R Ele M
o™

FE

(4)a

R S
7, S
“U, -~

\q/

YHED 4HD

SHED-01940 e

HEID -o[40

W H D -opda

YHID + 0HTD HaiHD +THD

+Ye

41] {1976}

[vol.

Collection Czechoslov. Chem. Commun.



MO Study of the Reactivity of Cyclopropane 2309

On stretching the C—C bond in the cyclopropane radical anion to 24 .107!°m
(reaction 2:1), the energy increases monotonously (Fig. 4). A small plateau on the
potential curve at 2-4. 10719 m corresponds most probably to the metastable tri-
methylene anion, whose terminal methylene groups are perpendicular to the CCC
plane (form III). Passage to a stable form of the trimethylene anion (form IV) is
associated with the barrier, which is due to the rotation of terminal methylene groups.

129 A23®
i/ v

AHj = 130 kJ/mol AHy = 175 kJ/mol
1 i

Decompositions of the cyclopropane radical anion leading to CH3(™) and CH,=CH,
or CH, and CH,=CHj{™’ (reaction 2-2) are symmetry-forbidden reactions. The
expulsion of the methylene group from the cyclopropane radical anion was examined
for the C—C bond lengths in the range from 1-5.107!° to 2:5.107'% m (Fig. 5).
In this region we did not achieve energy barriers which would correspond to activated
complexes of these symmetry-forbidden reactions. It is only possible to state that
the SCF energy barrier is higher than 500 kJ /mol.

Dissociation of the C—H bond in the cyclopropane radical anion (reaction 2-3)
is a symmetry-forbidden reaction, regardless of whether it leads to H or H™. Exami-
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FiG. 3

Plot of the MINDO/2 Heats of Formation AH; (in 10~ 3 kJ/mol) against the C-H Bond L‘.ngth
of the Cyclopropane Radical Cation (in 10'° m)
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TAsBLE II
Heats of Reaction (AH4g) and Energy Barriers (AH j,4) for Reactions of the Cyclopropane
Radical Cation (kJ/mol)

Reaction AHSgg AHZye Products
1-1 - - N
1-2 473 473 CH3*) + CH,=CH,
485 =485 CH, + CH,=CH3(*}
1-3 --251 209 cyclopropene cation + H,
—170 293 CH=C—CH;, + H}(*)
251 >377 cyclopropyl cation -+ H*

“ No stable ' product was found.

nation of this reaction by MINDO/2 showed that a stretch of the C—H boud by
0-3.107 1% m brings about the change in symmetry of the wave function of the system.
This manifests itself as a plateau on the energy curve (Fig. 5). The system of a changed
symmetry is correlated now with the products of decomposition, cyclopropy! radical
and the hydride anion (but not with cyclo-C;H:(™ and H"). Continued stretching
of the C—H bond 2.107*° m brings about a monotonous increase in energy but
preserves the symmetry of the wave function. The heat of reaction of the cyclo-

2-7C FiG. 4

Plot of the MINDOQO/2 Heats of Formation
AH; (in kJ/mol) against the C—C Bond
Length of the Cyclopropane Radical Anion

‘ (in 10'% m)
1 Methylene groups in a planar configura-
sol | tion, 2 methylene groups are perpendicular
to the plane of the ring; for IIT and IV see
75 20 35 50 text.
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- TasLe IIT
Heats of Reaction (AH2gg) and Energy Barriers (AH;4g) of Reactions of the Cyclopropane
Radical Anion (kJ/mol)

Reaction AH4g AHFog Products

2-1 92 92 trimethylene anion”
125 2125 trimethylene anion®

22 335 >500 CH;(7) + CH,=CH,
460 =500 CH, + CH,=CH3(™?

23 222 222 cyclopropyl radical - H™
272 =272 cyclopropyl anion - H*

% Methylene groups are perpendicular to the CCC plane. b planar trimethylene anion.

-C3H ) — cyclo-C3H + H™ process is 222 kJ/mol, the heat of reaction of the
cyclo-C;Hg ™) - cyclo-C;HY™? + H* process is 272 kJ/mol. For- ring opening of
the cyclopropyl anion, which gives allyl anion, the MINDO/2*273* and ab initio®*
calculations favour the conrotatory mode. Its energies of activation estimated by the
two MO approaches are 130 and 155 kJ/mol, respectively.

Ring opening of the cyclopropane radical anion is seen, from Table I, to be
associated with the lowest energy barrier and the lowest heat of reaction among

4

15 20 25 CC oo
5

' T : iy
600

f—CHFCHF i
aH, MfH,}
f ChmCHrCr
300+ e
T e e
| |
011 X ]
. ‘ . v [ i

10 15 20 Con 1 T——

FiG. 5
MINDO/2 Heats of Formation AH; (in kJ/mol) -

1 Plot against the C—H bond length in the cyclopropane radical anion, 2 plot against the lengths
of C;—Cg and C;— Cq bonds (C,, splitting) in the cyclopropane radical anion (all bond lengths
are in 101° m).
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TABLE IV

Heats of Reaction (AH2,g) and Energy Barriers (AH5g) of Reactions of Cyclopropyl Radical
(kJ/mol)

Reaction AHS 44 AHZ g Products
31 29 125° allyl radical
226° allyl radical
32 512 . 512 CH* 4 CH,==CH,
33 430 430 cyclopropylidene - H*
34 272 =272 cyclopropene + H*

4 Simple ring opening. * Mechanism involving hydrogen atom migration.

the reactions studied. Dissociation of the C—H bond and the reaction 3.2 appear to
be the least feasible processes on energy grounds.

Reaction of the cyclopropyl radical. The heat of reaction estimated by MINDO/2
for the dissociation of the C—H bond in cyclopropane (reaction 3) is 285 kJ/mol.
Ring opening of the cyclopropyl radical (reaction 3-1) was the subject of both
semiempirical (MINDO/2)3?~34:36 and nonempirical studies**. Both MO approaches
suggested that the conversion of the cyclopropyl radical to the allyl radical is disrota-
tory. With our optimization procedure we arrived at the energy of activation of

700 —19
aH,
400}
100} N\
LA
2 i I L
i y . 3§
20 25 ¢ pos

Fi1c. 6
MINDO/2 Heats of Formation AH (in kJ/mol)

1 Plot against the C-C bond length between the methylene carbons of the cyclopropyl radical;
2, 3 plot against the C-H bond length of the methylene group in cyclopropyl radical; 4 plot against
the C-H bond length in the methine group of cyclopropyl radical; 5 plot against lengths of the
C,;—Cgq and C;—C, bonds (C,, splitting) of cyclopropyl radical (all bond lengths are in 101¢ m).
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32-34

125 kJ/mol (Fig. 6), which was reported by Dewar and Kirchner previously
The nonempirical calculation®” gives the value of 335 kJ/mol.

Decomposition of the cyclopropyl radical to CH,=CH, and CH" (reaction 3-2)
is a symmetry-allowed process. The dissociation energy given by MINDO|2 is 512 -
kJ/mol (Fig. 6).

Reaction (3-3) is a symmetry-allowed process. The potential curve for the dissocia-
tion is smooth and the energy of dissociation is 430 kJ/mol. Bodor and collabo-
rators®” made use of MINDOJ2 for the study of reactions of cyclopropylidene.
Their estimates of the energy of activation is 57 kJ /mol for the formation of allene
and 26 kJ /mol for the rearrangement to cyclopropene.

Fig. 6 presents an interesting course of the hydrogen atom abstraction from the
methylene group of cyclo-C;Hj. After the initial stretch of the C—H bond of the
methylene group, the hydrogen atom migrates to the methine carbon. This process
is accompanied by simultaneous fission of the C—C bond which gives rise to the
allyl radical. Hence, cyclopropen is not a product of the reaction because the re-
arrangement to the allyl radical is favoured on energy grounds. The energy of acti-
vation of reaction 3-4 is at least 272 kJ /mol.

Among the reactions of the cyclopropyl radical, the ring opening to allyl radical
(Table TV) is the most likely one on energy grounds. Reaction 34, i.e. the C—H
bond dissociation on the methylene carbon leading to cyclopropene, appears to be
less likely. Energy requirements for the formation of “C,” and “C,” residues and
carbene are even higher.

Photochemical Reactions*

The absorption spectrum of cyclopropane involves three regions of continuous ab-
sorption® in the vacuum ultraviolet region with the maxima at 120, 145, and 159 nm.
Nonempirical calculations® showed that the minima on the potential curves of the
lowest triplet state and the first two excited singlet states correspond to structures
with the CCC angle of about 120°. Thus excitation brings about ring opening.
(Corresponding calculations were performed for the structure having methylene
groups perpendicular to the CCC plane.) Sin and collaborators®® arrived at similar
results. According to their ab initio CI calculations for the lowest triplet state the
methylene groups lie in the plane of the ring, the CCC angle is 110°, and the rotational
barriers of the terminal methylene group are less than 4 kJ /mol. MINDO/2 calcula-
tions reported by Bodor and coworkers*® as to the lowest excited state predict an
open chain structure with the terminal methylene groups lying in the CCC plane.

* This section is based on the data taken from the cited papers. They are included here
because we need them for the subsequent discussion.
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Photolysis of cyclopropane*! at 147 nm gives rise to molecular and atomic hydrogen,
methylene, allene, methylacetylene, and cyclopropyl radical.

Tt is seen from Table V that the C—C and C—H bond fissions in the excited cyclo-
propane are reactions with low energy barriers.

Model complexes of cyclopropane with Fe and Pt. The calculations undertaken
on the interaction of the iron atom with cyclopropane were of the EHT type. The
Fe atom was allowed to approach the centre of the ring or to the midpoint of a C—C
bond in the plane of the ring or in the plane perpendicular to the latter. Experimental
geometry of cyclopropane*? was used throughout. For all investigated modes of
interaction we obtained potential curves with minima at the distance Fe — centre
of the ring or Fe — midpoint of a bond of about 3. 107'° m. Fig. 7 presents a par-
ticular case. If use is made of theoretical ionization potentials, the +2e charge is
located on cyclopropane (in the optimum structure of the complex). On using expe-
rimental ionization potentials one arrives at uncharged cyclopropane. The latter
case is more realistic since the formation of dinegative Fe anion in the former case
is contrary to what is expected on chemical grounds.

Next calculations showed that the minima on potential curves do not correspond
to stable complexes, because stretching of one, two, or three C—C bonds brings
about decrease in energy of the complex. (From the literature*? it is known that the
stretch of the C—C bond in the isolated cyclopropane brings about an increase of
the total EHT energy.) Our results suggest the interaction of cyclopropane with Fe
atom does not result in any stable n-complex but rather it brings about ring opening
of cyclopropane without any energy of activation. If the Fe atom approaches towards
the apex of cyclopropane, the potential energy curve exhibits a distinct minimum,
which is due to the interaction of the Fe atom with the C—H bonds of the methvlene
group. The calculations performed up to now suggest that the fission of the C-—H
bond of the methylene group is a process with an energy barrier. It thus appears
that the formation of a stable complex iron-cyclopropyl (Fig. 8) is less probable
than the ring opening of cyclopropane.

TABLE V

Heats of Reaction (AH2gg) and Energy Barriers (AH;yg) of Reactions of the Excited Cyclo-
propane*® (kcal/mol)

Reaction AHY AHys Products
4-1 0 0 trimethylene
42 220 228 CH, + CH,=CH,
43 215 — cyclopropyl radical - H*
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We also examined by EHT the interaction of cyclopropane with a Pt atom. A mi-
nimum on the potential energy curve was found at the distance Pt-cyclopropane of
5.107° m, This conforms to what is known about EHT viz. that it gives unrea-
listic bond lengths for heavy atoms. For this reason no further calculations were
attempted.

Model Interaction of Cyclopropane with the Metal Surface

We will discuss the interaction of cyclopropane with the metal surface in terms of
frontier orbitals**. The model of the interaction is presented in Fig. 9. We assume
that close to the Fermi level there are surface states of electrons which may be taken
as analogues of molecular frontier orbitals. Furthermore we adopt the following
assumptions about the symmetry properties of these states: I) Interactions between
the HOMO of cyclopropane and unoccupied metal states and between the LUMO
of cyclopropane and occupied metal states are symmetry allowed, 2) The total overlap
in the two interactions considered in I) is the same, 3) The total overlap is the same
for all metals. The extent of the interaction (i.e. the degree of the electron transfer
to the unoccupied state of metal or to the cyclopropane LUMO) is therefore given

T T
3836 E
E |
3840F -
\ i 1 1 i,
2 4 d [
Fig. 7 Fi1G. 8
Plot of the Total EHT Energy (in eV) against Geometry of the Stable Cyclo-C3Hs-Fe
the Distance Fe-Centre of the Cyclopropane Complex Given by EHT
Ring d (in 107 1% m) In optimization of the Fe—C bond length,

the Fe atom was maintained in the symmetry
plane of cyclo-C3Hs, which passes through
the methine carbon.
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only by AE; and AE, (Fig. 9). According to the MINDO)2 calculations the midpoint
between the HOMO and the LUMO of cyclopropane lies at —4-5eV. Hence, if the
energy of the Fermi level is of about —4-5 eV, than it holds that AE, = AE, and
that the electron flow from the HOMO to the metal is roughly the same as the electron
flow from the metal to the LUMO (8, = 4,). The net result of such an interaction
is the transfer of an electron fraction &; from the HOMO to the LUMO of cyclo-
propane. Another situation occurs with metals whose Fermi levels lie at lower
energies than —4-5¢eV. In such a case where AE, < AE; the interaction between
the unoccupied states of metal and the HOMO of cyclopropane is more important
than the interaction between the occupied states of the metal and the LUMO of
cyclopropane. Hence it holds that §, > §,. The lower is the energy of the Fermi
level of the metal the higher is a positive charge of 6, — &; located on cyclopropane.
From the model presented it is possible to characterize the electronic structure of
cyclopropane on the metal surface. If the Fermi level is of about —4-5 eV, it resembles
the excited state. On metals with lower Fermi levels, it has features of the radical
cation, whereas on metals with Fermi levels higher than —4-5 ¢V, it may be compared
to the radical anion.

Notes on the Mechanism of Catalytic Decomposition of Cyclopropane on Tran-
sition Metal Surfaces

On energy grounds, the most probable reaction to occur for cyclopropane in the
radical forms or in the excited state is ring opening (see Tables I1—V). It is therefore

STATES OF MO cycto-CiH,

METAL ‘
LUMO |
or l
_ . -~ lag, |
EeV unoceupied e i
states !
=5 e/ Fermi level _ _._ML_
1
. |
occupied e | BE,
states |
~10+r HCOMO —_—
FiG. 9
Model of the Interaction of Cyclopropane
with the Transition Metal Surface
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MO Study of the Reactivity of Cyclopropane 2317

possible to assume that the interaction of cyclopropane with the transition metal
surface brings about ring opening provided a) the catalyst acts as an electron donor,
b) the catalyst acts as an electron acceptor, ¢) the interaction cyclopropane-catalyst
results in partial electron promotion in cyclopropane so that its electronic state
resembles the excited state. We now comment in detail on the cases b) and ¢). If under
the effect of a catalyst, the electronic structure of cyclopropane becomes similar to
that of its radical cation, the least-energy reaction is simple ring opening which may
eventually be accompanied by the expulsion of two hydrogen atoms. Consecutive
decomposition to ““C,”” and “C,” fragments is a process with a rather high energy
barrier. If the interaction gives rise to electronic excitation, ring opening occurs.
The formed trimethylene may easily undergo two consecutive reactions: decomposi-
tion to “C;” and “C,” residues and C—H bond dissociation.

From the model assumed for the interaction it appears that the state of cyclopro-
pane resembling its excited state is generated by metals with the Fermi level of about
—4-5eV. Hence, Fe, Co, Ni, and Mo bring about ring opening of cyclopropane
and its consecutive cracking. On metals with the Fermi levels lower than —4-5 eV,
a positive charge is accumulated on cyclopropane. The latter can approximately
be taken as a radical cation and it is therefore possible to assume that the decompo-
sition to “C,”” and *‘C,” fragments is prohibitive on energy grounds. Experimentally®
it was found indeed that cracking of cyclopropane does not occur on metals with the
work function higher than 5 eV (Pt, Pd). This accounts for the correlation*’ suggested
by Bastl, according to which the amount of cyclopropane cracking on the metal
surface is inversely proportional to the Fermi level in absolute value.

Finally, on the basis of the quantum chemical calculations undertaken, we present
several concluding remarks on the mechanisms proposed in the literature’ ~'® that
were noted in the introduction: 1 ) Formation of a stable n-complex of cyclopropane
with Fe appears to be improbable. Actually, the interaction of the cyclopropane ring
with the Fe atom gives rise to a bond which may be taken as a n-bond, but the
model calculations suggest that the interaction brings about decomposition of the
ring. 2) Adsorption with a simultaneous cyclopropane ring opening is favoured over
the dissociative adsorption. This follows from both the model calculations on the
interaction of c¢yclopropane with the Fe atom and the considerations about the reac-
tivity of perturbated forms of cyclopropane. 3) Adsorption accompanied by the cyclo-
propane ring opening appears to be the favoured reaction of cyclopropane with the
metal surface. This mode of adsorption is predicted both by model calculations on
the interaction of cyclopropane with the Fe-atom and the theoretical treatment of
the reactivity of cyclopropane in perturbated forms. Nevertheless the calculations
do not allow us to decide what are the optimal structures for the mono-, di-, and
triadsorbed surface complexes of the open-chain form of cyclopropane. 4) This point
concerns a simultaneous dissociation of the two C—C bonds in the ring, i.e. the
fragmentation of the three-membered ring to “C,” and “C,” residues. By examina-
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tion of the reactivity of perturbated forms of cyclopropane it appears that this
process can hardly compete with ring opening.

We wish to express our thanks to Drs M. Cerny, Z. Knor and Z. Bastl for drawing our attention
and interest to the problem. Their conunents on the manuscript and helpful criticism is gratefully
acknowledged.
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