
Abstract. The formation of a 2-hexene radical cation
from a propene radical cation and a neutral propene
molecule is investigated by means of ab initio UHF and
spin projected MP2 calculations, as well as the SVWN
and B3LYP levels of density functional theory. A stable
addition complex, with loose CC bonds, is found. To
proceed from the addition complex to the product, a
locally planar transition state must be passed, with a
migrating hydrogen located half-way between the
donating and the accepting carbon atoms. At the highest
computational levels considered, PMP2/6-31G(d,p)//
MP2/3-21G and B3LYP/6-31G(d,p), this transition state
lies approximately 11 and 13 kcal/mol, respectively,
above the addition complex. The high barrier is believed
to be one reason why radical cation oligomerization of
propene has not been detected experimentally, in con-
trast to the case of ethene, where the corresponding
barrier is only a few kcal/mol.

Key words: Propene cation ± Cationic dimerization ±
2-Hexene

1 Introduction

Radical cations of ole®ns occur as important interme-
diates in catalytic reactions and cationic polymeriza-
tions, and also as short-lived species with a natural
tendency towards decomposition [1]. As a consequence,
they are di�cult to study experimentally. On the
theoretical side, one complication resides in the fact
that even though the neutral molecule may be planar,
the cationic moieties often have a local non-planarity
introduced about the ionized p-bond. Contradictory
conclusions concerning the value of the torsion angles

are in some cases given by di�erent authors. In turn,
inconclusive assignments are deduced for the ESR
spectra, which are known to be very sensitive to the
geometry. For instance, while similar structures of the
ethene radical cation have been obtained in vacuum
ultraviolet and photoelectron experiments [2], several
values of the twist angle around the double bond have
been proposed in various theoretical investigations [3].
Moreover, the ESR determination of the structure of the
ethene cation is hampered by its strong tendency to form
dimers and higher oligomers [4].

Recently, the ethene-ethene radical cation addition
reaction was investigated [5] by means of ab initio
UHF, MP2 and MP4 methods using 3-21G, 6-31G and
6-31G(d,p) basis sets. A mechanism for the reaction was
suggested where an intermediate addition complex and a
transition state were identi®ed. The ®nal product was the
1-butene radical cation. It was found that the formation
of the addition complex proceeds without activation
energy, and that the activation energy for the rear-
rangement to a 1-butene radical cation is very low [5].
These facts were interpreted by the authors as being a
possible justi®cation for the observed reactions [4b]. The
ethene-ethene radical cation addition reaction has been
independently investigated by a second group of au-
thors, using the UHF, UMP2 and QCISD(T) methods
and a 6-31G(d ) basis set [6]. In the two parallel studies,
essentially the same conclusions were derived with re-
gard to structures and reaction paths. The formation of
the 1-butene radical cation in the above mentioned ESR
experiments [4b] was also interpreted in the latter paper
as being a two-step addition reaction of the ethene
radical cation with its neutral parent molecule, sup-
porting the theoretical mechanism found in Ref. [5]. The
trimerization reaction, being the next step in the radical
cation oligomerization of ethene by addition of a second
neutral ethene molecule to the 1-butene radical cation
and yielding the 1-hexene radical cation, has also been
theoretically investigated. [7].

No such reactions have yet been observed for the
radical cation of propene, though some results have been
reported [8] regarding the geometry description and ESR
analysis. Because of the structural analogies between
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ethene and propene radical cations, one could suspect
that the latter should show the same type of
oligomerization reactions as the former. Experimental
results, however, suggest that the propene cation is less
reactive than the ethene radical cation, since it has been
possible to observe the former in a frozen halocarbon
matrix at 77 K [8b] while, at this temperature, the latter
is reported to react [4b]. On the other hand, the radical
cation of isobutene, which is a methyl substituted pro-
pene, is reported to undergo reactions similar to those of
ethene [9]. From the structural point of view, it therefore
seems reasonable to expect that a reaction which is
common to ethene and isobutene radical cations should
also be possible for the propene radical cation.

In the present paper, we study theoretically the ad-
dition reaction between a propene radical cation and a
neutral propene molecule. Because of the asymmetry of
the propene molecule, several topologically inequivalent
addition reactions can be imagined, in contrast to the
one possible reaction for ethene. These di�erent alter-
natives are discussed in the ®rst paragraphs of Sect. 3,
while the bulk of the discussion is devoted to the speci®c
reaction giving 2-hexene as its ®nal product.

2 Method

In order to obtain an energy pro®le for the processes
studied, a search was made for local minima and
stationary points. A full optimization of the geometry
was ®rst performed at the ab initio UHF [10] level in
conjunction with the 3-21G basis set [11]. Since corre-
lation e�ects were found to be important in previous
studies [5±7], the structures of the stationary points
obtained at the UHF/3-21G level were also optimized
using Mùller-Plesset perturbation theory [12] to the
second order (MP2). Because of the well-known hazards
of performing MP2 calculations with such a small
basis set [13], the latter was extended in a third step
and augmented by polarization functions, to give the
6-31G(d,p) basis set [14]. With this basis set, single-point
spin projected MP2 (PMP2) calculations were perform-
ed (PMP2/6-31G(d,p)//MP2/3-21G) to allow for the
removal of spin contamination. In addition, the geom-
etries of the stationary points were fully optimized at
di�erent levels of density functional theory (DFT):
SVWN/3-21G, B3LYP/3-21G and B3LYP/6-31G(d,p).
Slater's exchange term [15] and, for the correlation term,
the Vosko, Wilks and Nusair parametrization [16] were
used in the SVWN (LDA) functional. The gradient
corrected (non-local) B3LYP functional uses the three-
parameter hybrid exchange of Becke (B3) [17], together
with the correlation correction of Lee, Yang and Parr
(LYP) [18].

All the ab initio and DFT energies were corrected for
the basis set superposition error (BSSE) using the
counterpoise procedure of Boys and Bernardi [19]. Since
the quantitative reliability of this procedure has been
questioned in some instances [20, 21], especially at cor-
related levels [22], the magnitude of the counterpoise
corrections is shown separately in the tables, to facilitate
comparison with other work. In our previous papers [5,

7] it was mistakenly stated that the BSSE was negligible
at the MP2/6-31G(d,p) level. The importance of BSSE in
this case was clearly demonstrated by Jungwirth and
Bally [6]. All the ab initio energies reported in the present
paper are hence corrected for the BSSE. A frequency
calculation at the UHF/3-21G level was performed to
obtain the zero-point vibrational energy contribution
(ZPE). The energies at the highest ab initio level, PMP2/
6-31G(d,p) were corrected with the ZPE calculated at the
Hartree-Fock level, a procedure which has been found to
be satisfactory in previous investigations [21].

All the post-SCF calculations were performed within
the frozen-core approximation. The GAUSSIAN 92[23]
and GAUSSIAN 94 [24] program packages were used
for all the ab initio and DFT calculations.

3 Results and discussion

All the structures involved at the various steps of
the propene±propene radical cation addition reaction
were optimized, without any symmetry constraints, at
the UHF/3-21G, MP2/3-21G, SVWN/3-21G, B3LYP/
3-21G and B3LYP/6-31G(d,p) levels. First, the way the
two molecules approach each other was studied. In
Fig. 1, the two propene moieties are represented and the
labels used in the following geometry description are
indicated.

In contrast to the analogous reaction with ethene,
where there is only one possible way to connect the two
molecules, three di�erent connection schemes are pos-
sible in the propene case, namely a tail-to-tail (C3-C4),
a head-to-tail (C2-C4) and a head-to-head (C2-C5)
connection (cf. Fig. 1).

Comparing the stability of the three addition com-
plexes, the head-to-head complex is obviously expected
to be much less stable than the other two complexes
because of steric e�ects. This expectation was con®rmed
by the results of semiempirical PM3 calculations, which
placed the head-to-head complex 23 kcal/mol higher in
energy than the tail-to-tail complex. Moreover, the
MP2/3-21G optimization calculations on the head-to-
head complex led to a non-bonding situation. Finally,
with the B3LYP/6-31G(d,p) method, a starting head-to-
head geometry optimized to the tail-to-tail complex. The
head-to-head reaction path will therefore not be dis-
cussed further.

Fig. 1. Labelling of the carbon atoms of the propene + propene
radical cation supermolecule
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The head-to-tail addition complex was calculated by
the MP2/3-21G method to lie 4.6 kcal/mol higher in
energy than the tail-to-tail complex. Head-to-tail addi-
tion would be the ®rst step in the formation of 4-methyl-
2-pentene rather than 2-hexene. In a complete study, this
reaction channel should also be considered. In the
present paper, however, we limit ourselves to the tail-to-
tail addition reaction and subsequent steps. It should be
noted that in the related case of isobutene, the tail-to-tail
connection is the only one observed experimentally [25]
as well as theoretically [26]. With the B3LYP/6-31G(d,p)
method, a starting head-to-tail geometry optimized to
the tail-to-tail complex.

The main data of the MP2/3-21G and B3LYP/
6-31G(d,p) geometry optimization calculations on the
tail-to-tail addition complex are displayed in Fig. 2. Be-
ne®ting from the experience of the previous study with
ethene, a starting geometry of 2.09 AÊ and 180° for the
bond length and the torsion angle between the two
moieties, respectively, was optimized. After the optimi-
zation, both methods predict a loose complex with
appreciably weakened bonds and a symmetric structure
around the elongated single bond.

The next step in the addition reaction involves hy-
drogen migration either from C3 to C5 or from C4 to
C2, both processes being symmetrically equivalent and
leading to the same ®nal product, the 2-hexene radical
cation. To search for a possible transition state, the same
procedure was used as for the corresponding reaction
involving ethene [5]. The C5-H* distance was decreased
stepwise from the value it had in the addition complex,
using the reaction coordinate method implemented in
the semiempirical MOPAC program [27]. The point with
maximum heat of formation and minimum gradient was
optimized to a transition state structure, ®rst at the
semiempirical level and then with the UHF/3-21G,
MP2/3-21G, SVWN/3-21G, B3LYP/3-21G and B3LYP/
6-31G(d,p) methods, and characterized at the UHF/
3-21G level by one imaginary frequency of magnitude
878 cm)1.

The MP2/3-21G and the B3LYP/6-31G(d,p) opti-
mized geometries of the transition state are shown in
Fig. 3. A locally planar four-membered ring structure
was found where the migrating hydrogen atom is located
between the donating and accepting carbon atoms. One
notes that both methods generally predict very similar
geometries.

The ®nal product of the propene±propene radical
cation addition reaction, the trans-2-hexene radical cat-
ion, is displayed in Fig. 4. Similarly in the ®nal product
of the cationic trimerization of ethene [7], i.e the 1-hex-
ene radical cation, a non-planar structure is predicted for
the 2-hexene cation. The torsion angle around the dou-
ble bond has, however, negligible values ranging from
0.5° (MP2/3-21G) to 3.5° (B3LYP/6-31G(d,p)), and can
therefore be considered as representing a locally planar
structure. Twisting is otherwise found around the CC
single bonds, as depicted in the ®gure. The results of the
geometry optimizations with the MP2/3-21G, UHF/3-
21G and B3LYP/6-31G(d,p) methods point to a gauche
structure around the C4-C5 bond with a torsion angle of
69°, on the average, while the torsion angle around the
C3-C4 bond optimizes to 95.6°, 108.3° and 113.1° in the
MP2, UHF and B3LYP calculations, respectively.
Concerning the calculated bond lengths, the only signi-
®cant spread is observed for the C4-C5 bond, which is
found to be 1.65 AÊ , 1.58 AÊ and 1.61 AÊ at the MP2, UHF
and B3LYP levels, respectively.

The unpaired spin density in the addition complex is
mainly located on the carbon atoms C2 and C5, both of
which show a Mulliken spin density of 0.525 in the MP2/
6-31G(d,p) calculation. With such a spin distribution,
the addition complex can be regarded as a delocalized
2,4-diyl radical cation, similar to the cyclohexane-1,
4-diyl radical cation for which the ESR evidence was
given by Williams et al. [28].

In Table 1 we have collected the energy di�erences
between the free reactants and, successively, the addition
complex, the transition state and the ®nal product of the
tail-to-tail addition reaction, obtained at the various

Fig. 2. Optimized geometries of the tail-to-tail addition complex at
the MP2/3-21G (B3LYP/6-31G(d,p)) levels. The migrating hydro-
gen is denoted by an asterisk

Fig. 3. Optimized geometries of the transition state of the tail-to-tail
addition reaction at the MP2/3-21G (B3LYP/6-31G(d,p)) levels

Fig. 4. Optimized geometries of the ®nal product of the tail-to-tail
addition reaction at the MP2/3-21G (B3LYP/6-31G(d,p)) levels
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ab initio and DFT levels, as indicated. As already
mentioned in Sect. 2, all the relative energies have been
corrected for the BSSE, while the ZPE, calculated at the
UHF/3-21G level, is only added to the ®nal PMP2/
6-31G(d,p) energies. As an indication of the orders of
magnitude of the counterpoise corrections of the addi-
tion complex, these are also given in Table 1. The ZPE
corrections are reported in Table 2, together with the
UHF/3-21G, PMP2/3-21G and PMP2/6-31G(d,p) ab-
solute energies. In Fig. 5, the energy pro®les are drawn
for the single-point PMP2/6-31G(d,p)//MP2/3-21G cal-
culations and for the full geometry optimization com-
putation at the DFT levels (SVWN/3-21G, B3LYP/
3-21G and B3LYP/6-31G(d,p)), as derived from Table 1.

From an examination of Table 1 one can see that,
when using the 3-21G basis set, the UHF and MP2
relative energies are found to be very similar for the
addition complex. This clearly indicates that the corre-
lation correction is practically the same for the addition
complex ± where the two propene moieties are connected
by a loose bond ± and for the free reactants. In turn,
because the number of bonds is the same in the reactants
and in the product, these have roughly the same corre-
lation correction which also results in similar UHF/
3-21G and MP2/3-21G relative energies for the product.

More stable stationary points are generally found at
the highest correlated ab initio level, PMP2/6-31G(d,p),
compared to those obtained with UHF/3-21G and MP2/
3-21G. Moreover, the PMP2/6-31G(d,p) relative ener-
gies were corrected for the ZPE, as reported in the last
line of Table 1 (for the ZPE of the di�erent stationary
points, see also Table 2). The total ZPE plus BSSE
corrections amount to 8.6 kcal/mol and 9.6 kcal/mol
for the addition complex and the ®nal product, respec-
tively.

Among the DFT results, the SVWN/3-21G energies
are found to be too low. The notorious problem of the
overbinding [29] of the LDA functional is hence well
re¯ected here. The relative energies obtained from the
gradient-corrected DFT calculations are predicted to lie

Fig. 5. Relative energies of the addition complex, the transition
state and the reaction product of the propene + propene radical
cation reaction in the tail-to-tail connection scheme, calculated at
the PMP2/3-21G, PMP2/6-31G(d,p)//MP2/3-21G, SVWN/3-21G,
B3LYP/3-21G, and B3LYP/6-31G(d,p) levels of theory. As a
reference level, the combined energies of the free reactants are
used

Table 1. Relative energies (in
kcal/mol) of the species entering
the propene + propene radical
cation reaction in the tail-to-tail
connection scheme, with respect
to the isolated reactants, as
obtained at di�erent levels of
calculation. All the energies are
corrected for basis set super-
position error (BSSE). As an
indication of its order of mag-
nitude, the counterpoise cor-
rection (CP) for the addition
complex is given in parentheses

Level of calculation Relative energies CP

Addition complex Transition state Product

UHF/3-21G )16.6 +3.6 )30.3 (7.4)
MP2/3-21G )18.9 )1.8 )30.3 (12.2)
PMP2/3-21G//MP2/3-21G )23.5 )2.9 )30.4 (12.3)
MP2/6-31G(d,p)//MP2/3-21G )24.3 )17.1 )39.3 (5.5)
PMP2/6-31G(d,p)//MP2/3-21G )29.4 )18.2 )39.4 (5.5)
± ¢¢ ±, including ZPEa )26.3 )16.9 )35.3 (5.5)
SVWN/3-21G )49.3 )38.7 )58.11 (7.7)
B3LYP/3-21G )33.2 )14.9 )42.3 (4.3)
B3LYP/6-31G(d,p) )30.5 )17.5 )41.9 (1.6)

a Calculated at the UHF/3-21G level

Table 2. Absolute energies (in
atomic units) of the stationary
points on the potential energy
surface of the propene + pro-
pene radical cation reaction in
the tail-to-tail connection sche-
me, obtained at theUHF/3-21G,
PMP2/3-21G//MP2/3-21G and
PMP2/6-31G(d,p)//MP2/3-21G
levels of calculation, plus the
zero-point vibrational energy
contributions (ZPE) as compu-
ted with UHF/3-21G

UHF/3-21G PMP2/3-21G PMP2/6-31G(d,p) ZPE

Neutral propene )116.42401 )116.69485 )117.50344 0.0858

Propene radical cation )116.11708 )116.35325 )117.15857 0.0828

Neutral propenea )116.43008 )116.70553 )117.50911 0.0858

Propene radical cationa )116.12287 )116.36211 )117.16162 0.0828

Addition complex )232.57941 )233.10509 )234.71752 0.1736

Transition state )232.54716 )233.07230 )234.69970 0.1707

Final product )232.60123 )233.11601 )234.73351 0.1752

a Including ghost atoms
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very close to those obtained at the highest ab initio level
employed here, PMP2/6-31G(d,p), both when the 3-21G
and the 6-31G(d,p) basis sets were used in the B3LYP
method.

These facts are also re¯ected in Fig. 5. The PMP2/
6-31(d,p), B3LYP/3-21G and the B3LYP/6-31G(d,p)
energy pro®les are essentially the same, while the pro®le
obtained at the PMP2/3-21G level is too high, obviously
due to the de®ciency of the 3-21G basis set, and the
SVWN/3-21G pro®le is too low, due to the overbinding
of LDA, as mentioned above.

Also, one notes from Fig. 5 that all the stationary
points have a lower energy than the reactants, and that
the total heat of reaction is strongly negative (see also,
the relative energies for the products in Table 1). In a
low-temperature matrix-isolation experiment the possi-
bility cannot be excluded that some or all of the energy
released in the ®rst reaction step is absorbed by the
surrounding matrix. In such a case, the addition complex
may possibly be observed experimentally, lying ca 30 kcal/
mol lower than the reactants and ca 12 kcal/mol lower
than the transition state, as calculated at highest levels
with PMP2/6-31G(d,p) and B3LYP/6-31G(d,p).

This reasoning thus follows qualitatively the same
line as for ethene [5]. Quantitatively, however the PMP2/
6-31G(d,p)//MP2/6-31G(d,p) results for ethene predict a
much smaller energy di�erence between the addition
complex and the transition state: 4.3 kcal/mol, which
increases slightly, to 6.1 kcal/mol, at the PMP4/
6-31G(d,p)//MP2/6-31G(d,p) level. The ®nal product
was furthermore found to be somewhat more stable
()48.9 kcal/mol) with respect to the free reactants, which
should be compared with the present BSSE-uncorrected
value of )44.9 kcal/mol. This suggests that propene
should be expected to be less reactive towards its radical
cation than ethene. A second factor a�ecting the ob-
served rate of the ethene + ethene radical cation reac-
tion is, of course, their higher mobility in the matrix,
relative to that of the larger propene molecules.

4 Conclusion

The propene-propene radical cation addition reaction to
2-hexene was investigated using ab initio UHF and MP2
methods as well as at the SVWN and B3LYP levels of
DFT. As also observed for the equivalent reactions with
ethene, the two reactants initially form a stable addition
complex. A transition state is then passed, in which a
hydrogen is partially transferred between two carbon
atoms, yielding a locally planar square-shaped transi-
tion-state structure. The energy di�erence between the
addition complex and the transition state is approxi-
mately 12 kcal/mol, as computed in the BSSE corrected
PMP2/6-31G(d,p)//MP2/3-21G and B3LYP/6-31G(d,p)
//B3LYP/6-31G(d,p) calculations. At the same levels of
calculation, the ®nal products lie 11 kcal/mol below the
addition complex.

Compared with previous studies on ethene oligo-
merization, the barriers towards hydrogen migration in
the present reaction sequences are found to be much
higher: the value obtained in our previous paper at a

similar level of accuracy (PMP2/6-31G(d,p)) was 4.3
kcal/mol for the addition of ethene to the ethene cation
[5], while values of 5.9 kcal/mol with QCISD(T)//
6-31G(d)//MP2/6-31G(d) and only 0.7 kcal/mol at the
UMP2/6-31G(d) level are reported by Jungwirth and
Bally [6]. Consequently, whereas the ethene cation was
already found to react with neutral ethene molecules at
77 K, no such reaction is observed for propene. As-
suming this to be the main reason for the di�erences in
behaviour between the two systems, one may thus expect
the propene oligomerization to occur at higher temper-
atures. A number of other explanations are also possible
for the experimentally observed di�erence in behaviour.
The propene radical cation is far more ``bulky'', and
thus its di�usion through the matrix is hindered more,
whereas in the case of the ethene cation, the di�usion in
the softened matrix was found to be an important factor
in the continued reaction [4b].

In the present paper we have not discussed the role of
the surrounding matrix in any detail. It was implicitly
assumed that all or most of the energy released in the
®rst addition step is absorbed by the matrix, so that the
important parameter a�ecting the reaction probability is
the barrier to internal proton rearrangement. The situ-
ation would be quite di�erent in gas phase, where the
outcome of the reaction would depend on the potential
energy surface in a more complex way. The importance
of the matrix becomes very clear when studying the
competing reaction of deprotonation to an allyl radical,
which has been found to be strongly matrix dependent
[8b, 9, 30]. Awaiting gas phase experiments, further
theoretical work, incorporating the e�ect of the sur-
rounding matrix explicitly, would be needed for a fuller
understanding of the processes considered above.
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