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Abstract: The protonation of cyclopro-
pane by gaseous Brùnsted acids of
varying strength in radiolytic experi-
ments at atmospheric pressure leads to
two distinct C3H7

� isomers that have
been sampled by their reaction with
benzene. The neutral end products,
nC3H7ÿC6H5 and iC3H7ÿC6H5, arise
from the electrophilic aromatic substi-
tution reaction with the cC3H7

� and
iC3H7

� ions, respectively. Their relative
abundance was studied as a function of
pressure, temperature, and the presence
of additives in the gaseous systems; the

results indicate a large extent of isomer-
ization to the thermodynamically fa-
vored iC3H7

� from the protonation by
strong acids. The presence of a kinetic
barrier prevents any thermal isomeriza-
tion from taking place in the time frame
of 10ÿ8 s. In the peculiar case in which
protonated benzene is the Brùnsted

acid, C3H7
� ions are formed in the

presence of neutral benzene within the
same ion ± molecule complex. The ensu-
ing reaction shows that cC3H7

� ions are
formed exclusively and react in the
10ÿ10 sÿ1 estimated lifetime of the com-
plex. Still, such cC3H7

� ions undergo
complete randomization of their hydro-
gen atoms; this points to a low kinetic
barrier for the process. Agreement is
found between the reported experimen-
tal results and updated computations of
the relevant species in the C3H7

� poten-
tial energy surface.

Keywords: gas-phase reactions ´
ion ± molecule complexes ´ isomer-
ization ´ proton transport ´
radiolysis

Introduction

Among C3H7
� species, three possible isomers have received

major consideration in both experimental and theoretical
studies, iC3H7

�, cC3H7
�, and nC3H7

�. The iC3H7
� cation is

recognized as the most stable isomer.[1] As the conjugate acid
of propene, its heat of formation is of fundamental impor-
tance in gas-phase thermochemistry. Its value has been
recently redetermined as 808 kJ molÿ1 (298 K) by a high-
resolution photoelectron photoion coincidence method.[2] The
ion iC3H7

� is also the simplest all-carbon and hydrogen
carbenium ion to be prepared as a stable species in superacid
media,[3] in which it was found to undergo scrambling of both
hydrogen and carbon atoms.[4, 5] The key intermediates and/or
transition structures for these processes were suggested to be
nC3H7

� and cC3H7
�.[4] The cC3H7

� ion itself has been identified
as a discrete species in the gas-phase in which propene and
cyclopropane are characterized by nearly the same proton

affinity (PA).[6] As cyclopropane is 29 kJ molÿ1 higher in
energy with respect to propene, it is inferred that cC3H7

� is
less stable than iC3H7

� by the same energy difference. cC3H7
�

is therefore prone to isomerize to iC3H7
�, namely the

thermodynamically favoured species. Indeed, whereas the
lifetime of gaseous cC3H7

� ions is estimated to exceed 10ÿ7 s,
an isomerization to iC3H7

� has been suggested to account for
the identical collisional activation spectra of the ions obtained
by the protonation of cyclopropane and propene after a time
lapse of about 10ÿ5 s.[6c] cC3H7

� ions have been proposed to
play a role in various ionic processes in the gas phase. For
example, it has been suggested as the intermediate in the
CH3

� reaction with ethylene[7] and it has been conceived as
the possible product ion of the hydrogen atom loss from
ionized propane.[8] The metastable dissociation of propane
molecules from cluster ions of C3H7

�with neat propane or Ar/
propane has also been ascribed to the isomerization of a
cC3H7

� core to give iC3H7
� proceeding by way of a transient

nC3H7
�.[9] The difference between the heats of formation of

nC3H7
� and iC3H7

� has been determined as 87 kJ molÿ1

according to photoelectron spectroscopy data, though all
attempts to trap nC3H7

� have shown that it rearranges in less
than 10ÿ10 s.[6b, 10]

The present paper describes an experimental study on the
protonation of cyclopropane by gaseous Brùnsted acids of
different acid strength, aimed to assess the significant factors
affecting the formation of cC3H7

� and its isomerization into
iC3H7

�. The experiments have been performed at pressures
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close to one atmosphere, under conditions ensuring efficient
collisional thermalization of excited intermediates, and by
using the radiolytic method for the generation of ions.[11] The
ionic species of interest, cC3H7

� and iC3H7
�, were trapped by

reaction with benzene. The ensuing products of electrophilic
aromatic substitution, nC3H7ÿC6H5 and iC3H7ÿC6H5, provide
a dependable probe of the relative amounts of cC3H7

� and
iC3H7

�, respectively, that are present in the ionic medium.[12]

Their formation is ascribed to the sequence of steps that
characterize the electrophilic aromatic substitution by gas-
eous cations [Eqs. (1) and (2)].[11, 13]

cC3H7
��C6H6! nC3H7ÿC6H6

�ÿ!�B

ÿBH�
nC3H7ÿC6H6 (1)

iC3H7
��C6H6! iC3H7ÿC6H6

�ÿ!�B

ÿBH�
iC3H7ÿC6H6 (2)

The ionic electrophile and the aromatic substrate react
within a collision complex to form an intermediate arenium
ion which yields the neutral substitution product upon
deprotonation by a base (B). An alternative mechanism for
the electrophilic aromatic substitution reaction in the gas
phase has been recently reported, in which the reaction is
promoted by the protonated aromatic compound.[14] For
example, the reaction of toluenium ions with propene leads
to neutral cymene by a stepwise mechanism involving a
proton transfer within the [MeC6H6

� ´ C3H6] collision complex
yielding the [MeC6H5 ´ iC3H7

�] ion ± molecule complex,
whereby the aromatic alkylation of toluene by the so-formed
isopropyl cation takes place [Eq. (3)]. This route has been
exploited to provide an alternative protonating agent of
cC3H6, in our case protonated benzene, C6H7

�, which yields
the reactive nucleophile in the same event of proton transfer
and, most important, within the same collision complex.

Me-C6H6
��C3H6! [Me-C6H6

� ´ C3H6]! [Me-C6H5 ´ iC3H7
�]

! [iC3H7ÿC6H5-Me�]ÿ!�B

ÿBH�
iC3H7ÿC6H4-Me (3)

The experimental investigation has been combined with
theoretical calculations. C3H7

� ions have long been a bench-
mark problem of computational studies,[15] converging to
common agreement on the higher stability of iC3H7

� with
respect to cC3H7

�, whereas nC3H7
� does not lie in a local

minimum. In the present study CCSD(T) results are present-
ed on the three C3H7

� isomers of interest and on the transition
states connecting them.

Experimental Section

Materials : Research grade gases (>99.9 mol % pure) were purchased from
Matheson Gas Products or Fluka, with the exception of MeF (99 mol %
pure) which was obtained from Fluorochem. 13C-depleted benzene was
obtained from Isotec, with an isotopic purity of 99.9 % 12C atoms. All
chemicals used as reagents or as reference standards for the character-
ization of products and MS fragmentation patterns in GLC-MS analyses
were purchased from commercial sources or prepared according to
conventional procedures.

Radiolytic experiments : Gaseous samples have been prepared in sealed
Pyrex vessels according to described procedures.[11, 13] Irradiations were
performed at 30 8C in a 220 Gammacell (Nuclear Canada) for two hours at
the dose rate of 104 Gy hÿ1. The radiolytic products were extracted by
freezing the vessel in liquid nitrogen and introducing n-hexane. The cold
walls of the vessel were carefully washed, and the solution was analyzed by

GLC-MS with a Hewlett ± Packard 5890 gas chromatograph equipped with
a Model 5989B quadrupole mass spectrometer. The analyses were per-
formed in triplicate by using a 50 m long, 0.32 mm inner diameter, fused
silica capillary column (PONA column from Hewlett ± Packard) operated
in the temperature range from 40 8C to 160 8C. The radiolytic products of
interest were identified by comparison of their retention times and mass
spectra with those of authentic samples. When labeling experiments were
performed the site of deuterium incorporation into the products, for
example, the alkyl group versus the aromatic ring in n-propylbenzene and
isopropylbenzene, was determined from the relative abundance of labeled
and unlabeled fragment ions of diagnostic value, for example, those
deriving from ethyl and methyl group loss from the molecular ion of n-
propylbenzene and isopropylbenzene, respectively. In order to verify that
no isotope scrambling takes place in the fragmentation process, appropri-
ately labeled specimen compounds were synthesized and their mass spectra
were checked.

Computational details : All computations were carried out with the
Gaussian 98 v.5 program package.[16] The geometries optimized at
MP2(full)/6 ± 311G** level were characterized by harmonic frequency
analysis to ascertain the nature of the stationary points (NIMAG� 0 for
minima and 1 for transition structures). Zero-point vibrational energies
(ZPVEs), were scaled[17] by factor 0.95. Reaction pathways along both
directions from the transition structures were followed by the IRC
method.[18] Taking the obtained MP2(full)/6 ± 311G** structures as the
starting point, all geometries have been reoptimized at coupled cluster[19]

CCSD(T)[20] method with Dunning�s correlation-consistent polarized
double-zeta (cc-pVDZ) basis set.[21] To refine the final relative energies,
the CCSD(T)/cc-pVDZ geometries were further subjected to single-point
CCSD(T)/cc-pVTZ calculations; our final energies are at CCSD(T)/cc-
pVTZ//CCSD(T)/cc-pVDZ�ZPVE(MP2(full)/6 ± 311G**) level.

Results and Discussion

Direct protonation of cyclopropane : The results of the
radiolytic experiments, namely the pattern of the neutral
products obtained from the reaction of the ionic intermediates
with benzene, are collected in Table 1. The ionic species of
interest in this study are the ones formed by protonation of
cyclopropane by a Brùnsted acid, which derives from the
interaction of ionizing radiation with a bulk gas at atmos-
pheric pressure according to well-established sequences of
events.[11] The Brùnsted acids (H3

� or D3
� in bulk H2 or D2,

CH5
� and C2H5

� in bulk CH4, C2H5
� in bulk C2H6), the

primary ionic reagents in the gaseous mixture, undergo
collisional quenching of any excess energy content, which
may derive from their formation processes, by thermalizing
collisions with the unreactive bulk gas. Ultimately, they react
with the basic additives, cyclopropane, benzene, or other
added neutral species, in a statistical ratio, given the typically
high exothermicity of the process. The thermochemical
parameters of the significant proton transfer processes
(Table 2) are derived from the relative PA values of the
neutral species undergoing proton exchange; these are
obtained from the same database.[22] The first entries of
Table 1 characterize systems in which unlabelled reagent ions,
ordered with their increasing acid strength, deliver their
proton chiefly to cyclopropane [Eq. (4)], the additive present
in major concentration.
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The ensuing ions, cC3H7
� and iC3H7

�, sampled by reaction
with benzene [Eqs. (1) and (2)], are found in different ratios,
the relative amount of iC3H7

� being rather high when the
protonation is effected in CH4, from which a relatively strong
acid, CH5

�, is formed together with C2H5
�. A similarly high

yield of iC3H7ÿC6H5 with respect to nC3H7ÿC6H5 was reported
from the D3

� reaction under comparable conditions.[12] How-
ever, when C2H5

�, a milder Brùnsted acid, is the only reagent
ion only a minor fraction of iC3H7ÿC6H5 is formed. The
question arises as to the mechanism and the timing of the
cC3H7

� to iC3H7
� isomerization, since any isomerization at the

stage of the intermediate arenium ions, converting
nC3H7ÿC6H6

� into iC3H7ÿC6H6
�, has been disproven.[12] To

this end the influence of factors known to affect ionic
reactions in the gas phase was checked in the methane
systems. It may first be conceived that a highly exothermic
protonation process, releasing a certain amount of excess

energy in the cC3H7
� ion so

formed, may allow its subse-
quent isomerization to iC3H7

�.
The isomerization of excited
cC3H7

� is expected to compete
with its thermalization by pho-
ton emission or by unreactive
collisions with the bulk gas, the
latter being by far the prevail-
ing process at atmospheric pres-
sure.[24] Decreasing the pressure
to 100 Torr lowers frequency of
thermalizing collisions and
should result in a higher frac-
tion of iC3H7

�. In contrast
with this expectation the
iC3H7ÿC6H5 versus nC3H7ÿC6H5

distribution stays approximate-
ly constant and also appears
insensitive to changes in the
concentration of benzene. Ben-
zene is the nucleophile that
incercepts both cations
[Eqs. (1) and (2)] and, thus, its
concentration affects the life-
time of these ions in the me-

dium which can be estimated on the order of 10ÿ8 s. The
observed invariance indicates that possibly excited cC3H7

�

ions do not isomerize in the 10ÿ10 s time frame (the time lapse
between collisions with CH4 at 300 Torr) and that thermal
cC3H7

� ions do not isomerize in 10ÿ8 s (the time for a reactive
collision with benzene at 2 Torr).[25] These results are clear
evidence of a sizeable barrier preventing the cC3H7

�! iC3H7
�

isomerization.

Mediated protonation of cyclopropane : Not until recently was
an alternative mechanism found to lead to aromatic alkylation
products from an ionic sequence of reactions initiated by the
collision of a protonated aromatic compound with a proelec-
trophile, as described in Equation (3). In the present study the
active proelectrophile is cyclopropane and this so-called
Crafts ± Friedel pathway (CF)[14] is verified by the use of
labelled reagents.

Labeled Brùnsted acids are obtained either in neat D2 (D3
�)

or in the presence of D2 and 20 ± 25 Torr of additives such as
CO, CF3COCH3, and SO2, in which DCO�, CF3C(CH3)OD�,
and DSO2

�, respectively, are formed by D� transfer from D3
�.

The labeled Brùnsted acid (AD�) delivers a deuteron to
benzene to form a benzenium ion, whereby fast equilibration
of the seven H/D atoms is attained before the encounter with
a cyclopropane molecule.[26] Within the collision complex a
statistically favored H� transfer forms C3H6D� ions, which are
trapped by the neutral benzene within the lifetime of the ion ±
molecule complex [Eqs. (5a) and (5b)].

AD��C6H6!A�C6H6D� (5a)

C6H6D�� cC3H6! [C6H6D� ´ cC3H6]! [C6H6D ´ C3H7
�]

! [C3H7ÿC6H6D�]ÿ!�B

ÿBH�
C3H7ÿC6H4D (5b)

Table 1. Radiolytic alkylation of benzene by cC3H6 under activation by gaseous Brùnsted acids.

System composition [Torr][a] Reagent Products[b]

C6H6 bulk gas additives ion isopropylbenzene n-propylbenzene CF/FC
[%] [%] [%/%]

1.4[c] C2H6 (560) C2H5
� 10 90 [d]

0.4 CH4 (100) CH5
�/C2H5

� 59 41 [d]

0.4[c] CH4 (560) CH5
�/C2H5

� 56 44 [d]

0.4 CH4 (560) CH5
�/C2H5

� 57 43 [d]

1.0[c] CH4 (585) CH5
�/C2H5

� 56 44 [d]

2.8[c] CH4 (590) CH5
�/C2H5

� 58 42 [d]

0.75 H2 (545) CO (20) HCO� 61 39 [d]

0.75 H2 (560) CO (20)/Et3N (0.25) HCO� 63 37 [d]

0.75[e] D2 (570) Et3N (0.3) D3
� CF 0 100 13

FC 73 27 87
1.05[e] D2 (545) CO (20) DCO� CF 0 100 12

Et3N (0.25) FC 73 27 88
1.2[e,f] D2 (530) CO (20) DCO� CF 0 100 9

Et3N (0.25) FC 75 25 91
1.0[e] D2 (570) SO2 (20) DSO2

� CF 0 100 10
cyclohexanone (0.25) FC 84 16 90

0.7[e] D2 (570) Et3N (0.31) C3H3F3OD� CF 0 100 5
CH3COCF3 (25) FC 85 15 95

[a] All systems contained cC3H6 (2 Torr) and O2 (15 Torr), as radical scavenger, unless stated otherwise. [b] The
product pattern is illustrated according to the isomer distribution deriving from the direct protonation and
mediated protonation pathways (FC and CF, respectively) whose relative contribution (%) is given in the third
column. [c] cC3H6 (10 Torr). [d] Not available. [e] 13C-depleted benzene was used. [f] Experiment run at 120 8C
instead of usual 30 8C.

Table 2. Experimental proton affinities of relevant neutral species (A).[a]

A PA
[kJ molÿ1]

cyclopropane 749
propene 751
H2 422
CO 594
CH4 543
C2H4 680
SO2 672
CH3COCF3 723
C6H6 749
CH3C6H5 783
CF3C6H5 702[b]

[a] Ref. [22], unless stated otherwise. [b] Ref. [23].
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The occurrence of multistep processes within ion ± mole-
cule complexes, including proton transfer events, is well
documented in gas-phase ion chemistry in which they play a
mechanistically relevant role.[27] Finally, in a statistically
weighed majority of events, the neutral alkylation product is
characterized by the presence of a D atom on the aromatic
ring at variance with the direct mechanism of aromatic
substitution by an already formed cationic electrophile, in
which the D atom is expected to be on the alkyl group [so-
called Friedel ± Crafts pathway (FC), Eqs. (6a) and (6b)].

AD�� cC3H6!A�C3H6D� (6a)

C3H6D��C6H6! [C3H6D� ´ C6H6]

! [C3'H6DÿC6H6
�]ÿ!�B

ÿBH�
C3'H6DÿC6H5 (6b)

The presence of a base (Et3N typically, except in the
experiments run with SO2, since this compound is known to
give Lewis adducts with gaseous Et3N)[28] ensures fast
deprotonation of the intermediate arenium ions, which may
otherwise undergo H/D exchange with active neutral species
in the radiolytic medium.[29] Mass spectral analysis of the
alkylation products identifies the site of deuteration. The
isomeric propylbenzenes can therefore be assigned to either
mechanism with the results shown in the second part of
Table 1. Notably, the CF pathway leads to the exclusive
formation of nC3H7ÿC6H5, suggesting cC3H7

� as the only ionic
intermediate. This result is consistent both on the grounds of
the nearly thermoneutral proton transfer between protonated
benzene and cyclopropane (Table 2) and of the prompt
nucleophilic trapping of the cC3H7

� ion by the same benzene
molecule within the ion ± molecule complex, a process esti-
mated to occur in a timescale of about 10ÿ10 s.[14e] The
formation of the CF product is inhibited as the proton
transfer from the arenium ion to cyclopropane becomes
endothermic. Such a case occurred in the attempt to react
toluenium ions (Me-C6H6

�) formed from the methylation of
benzene by Me2F�. The CF products are instead favored when
the PA of arene becomes lower. A significant yield of CF
alkylation products is thus obtained from the reaction of
protonated a,a,a-trifluorotoluene (CF3-C6H6

�) formed by the
reaction of benzene with CF3

� ions from the radiolysis of CF4.
As shown in Equations (7a) and (7b), the isomer formed is
still the n-propyl derivative in spite of an exothermicity of
47 kJ molÿ1 for the proton transfer reaction (Table 2). The
reaction of the deuterated arenium ion, formed as shown in
Equations (7a) and (7b), implies a deuteron transfer to
cyclopropane within the complex ending with a D atom in
the side chain.

CF3
��C6D6!CF3C6D6

� (7a)

CF3C6D6� cC3H6! [CF3C6D6
� ´ cC3H6]! [CF3C6D5 ´ cC3H6D�]

! [nC3H6DÿC6D5CF3
�]ÿ!�B

ÿBH�
nC3H6DÿC6D4CF3 (7b)

The determination of the site of deuteration in the side
chain, that is, C2H5ÿCHDÿC6D4CF3 30 % and
C2H4DÿCH2ÿC6D4CF3 70 %, is consistent with a statistical
distribution of D in the n-propyl group of nC3H6DÿC6D4CF3.
This finding provides a strong indication that fast equilibra-

tion of hydrogen atoms has occurred in the cC3H6D� ion
within the [CF3C6D5 ´ cC3H6D�] complex. At the same time it
disproves an alternative possibility of concerted D� transfer
and CÿC bond formation, which is expected to lead to
DCH2CH2CH2ÿC6D4CF3 as the only product.

Given the typically 2:1 ratio between the concentration of
cyclopropane and benzene in the experiments with labeled
Brùnsted acids, it is noteworthy that the CF pathway
contributes only to a minor extent to the overall substitution
products (last column in Table 1). It is reasonable to infer that
in those experiments in which the ratio is even higher, as in the
methane experiments, this contribution will be negligible, thus
accounting for the observed invariance of the nC3H7ÿC6H5

versus iC3H7ÿC6H5 product ratio with respect to changes in
the concentration of benzene. Any contribution of the CF
pathway would in fact increase the relative amount of
nC3H7ÿC6H5, a result more likely to appear at the highest
benzene concentration; however, this fails to produce any
significant change in the product distribution.

The use of labeled Brùnsted acids yields information on the
FC product pattern as well. In fact, the isomer distribution of
the FC pathway shows that the yield of the isomerization
product isopropylbenzene is highest from the reaction of
CF3C(CH3)OD� and DSO2

� in spite of a lower exothermicity
of the D� transfer to cyclopropane with respect, for example,
to DCO�. There is clearly an effect caused by the chemical
features of the D� donor itself. The finding that such weaker
Brùnsted acids do in fact yield substantial amounts of iC3H7

�

may be ascribed to the detailed mechanism of proton transfer
within the collision complex, [AH� ´ cC3H6]! [A ´ iC3H7

�], in
which A, a polar molecule, may catalyze the cC3H7

�! iC3H7
�

process, probably facilitating the required H migration. Polar
neutral species are in fact known to catalyze the isomerization
of species that require a proton to be carried from one site to
another, a process that is favored when the neutral species has
a PA value intermediate between those of the two sites.[30]

Alternatively, the presence of a polar molecule (A) may affect
the relative stability of isomeric C3H7

� ions within [A ´ C3H7
�]

complexes.[31, 32]

Finally, neither the CF nor the FC pathway are sensitive to a
temperature change from the usual 30 8C up to 120 8C. It
appears then that even bare cC3H7

� ions do not undergo any
thermal isomerization process in the observation time window
of 10ÿ8 s. Assuming a pre-exponential factor of ca. 1013 this
result implies the existence of an activation barrier in excess
of 38 kJ molÿ1 for the cC3H7

�! iC3H7
� isomerization. At the

same time the experiments in C2H6 suggest that the proton-
ation by C2H5

�, which is exothermic by 69 kJ molÿ1, may still
be effective in yielding iC3H7

� ions, so that the range
experimentally found for this activation barrier appears to
be comprised between 38 and 69 kJ molÿ1.

The computed C3H7
� isomers and their interconversion

pathways : As shown in Figure 1, which summarizes the
computed structures and relative energies at CCSD(T)/cc-
pVTZ//CCSD(T)/cc-pVDZ�ZPVE(MP2(full)/6 ± 311G**)
level, the protonation of cyclopropane yields an unsymmet-
rical corner-protonated MIN1 as the most stable isomer
retaining the three-membered ring. The edge-protonated
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isomer MIN2 is 7 kJ molÿ1 less stable The barrier for MIN1
rearrangement to MIN2 via TS1 is 7 kJ molÿ1. The rotation of
the methyl group within MIN1 via a symmetrical corner-
protonated TS2 is virtually free. The investigated portion of
the C3H7

� potential energy surface (PES) shows that hydro-
gen scrambling should be a fast process occurring through a
1,2-H shift by way of edge-protonated MIN2, accompanied by
a barrierless methyl rotation in corner-protonated MIN1. The
global minimum on the C3H7

� PES, corresponding to the
iC3H7

� ion (MIN3) is also taken as the reference energy level
in reporting the relative energies of the various species
(Table 3). The process which is of major interest in this work,

the one regarding the cC3H7
�! iC3H7

� reaction, is found to
take place in a synchronous way by CÿC bond fission in
concert with H migration and rotation of the terminal
methylene group, as shown in TS3. The activation energy
for the process, 55 kJ molÿ1 (i.e., from MIN1 to MIN3 via
TS3), is within the range estimated from the gathered
experimental evidence.

The reported theoretical results fit into the general
description of the C3H7

� species provided by recent computa-

tional approaches. In particular, the relative energies of the
(corner) and (edge)cC3H7

� are within less than 4 kJ molÿ1

from the corresponding values obtained at MP4(fc)/6 ±
311G**//MP2(full)/6 ± 311G** level of theory.[15b,c] The agree-
ment with data obtained by density functional methods is less
satisfactory as these calculations predict (corner) and (edge)-
cC3H7

� to be relatively higher in energy by 13 ± 33 kJ molÿ1.[15d]

Conclusion

This study has addressed the protonation of cC3H6 in the gas
phase, the possibility to form different isomers, and their
interconversion pathways. The protonation has been effected
either directly, by the primary Brùnsted acids formed by
known ionic reaction sequences in the bulk component of the
gaseous mixture, or indirectly, by an intermediate proton
transfer step to some additive. The ensuing ionic species,
cC3H7

� and iC3H7
�, have been sampled by reaction with

benzene. This additive itself may be protonated and act as a
Brùnsted acid towards cC3H6. In such a case, the situation
arises that the conjugate base, the benzene molecule formed
in the proton transfer event, may also act as the trapping
nucleophile operating in the so-called Crafts ± Friedel mode.
In the radiolytic experiments performed at pressures close to
one atmosphere, the two isomers are found in comparable
amounts and the isomerization of cC3H7

� into the thermody-
namically favored isomer iC3H7

� is never complete. The
experimental product pattern has shown that whereas the
effect of bulk parameters that typically affect ion ± molecule
reactions in the gas phase, such as temperature and pressure,
is negligible, at least within the range investigated, the
features of the ion ± molecule pair that react within the
collision complex are most important. The invariance of the
product ratio with pressure suggests that the cC3H7

� versus
iC3H7

� ratio is decided at the time of the proton transfer event
rather than due to a subsequent isomerization of any excited

Figure 1. The CCSD(T)/cc-pVDZ optimized geometries and relative CCSD(T)/cc-pVTZ//CCSD(T)/cc-pVDZ � ZPVE(MP2(full)/6 ± 311G**) energies
(kJ molÿ1) for cyclopropane and some important C3H7

� species. Bond lengths are in �.

Table 3. Total energies, zero-point vibrational energies (ZPVE), and relative
energies (including ZPVE corrections) for cC3H6 and C3H7

� isomers.

Species Total energy[a] ZPVE[b] (NIMAG)[c] Relative energy
[hartree] [kJ molÿ1] [kJ molÿ1]

cC3H6 ÿ 117.66924 206.5 (0) 783.7
MIN1 (corner)cC3H7

� ÿ 117.96432 231.1 (0) 33.5
MIN2 (edge)cC3H7

� ÿ 117.96155 230.7 (0) 40.2
MIN3 iC3H7

� ÿ 117.97312 223.2 (0) 0.0
TS1 ÿ 117.96141 229.9 (1) 40.2
TS2 ÿ 117.96417 230.3 (1) 33.0
TS3 ÿ 117.94139 225.7 (1) 88.3

[a] CCSD(T)/cc-pVTZ//CCSD(T)/cc-pVDZ. [b] Scaled by factor 0.95.
[c] Number of imaginary vibrational modes.



Cyclopropane 2916 ± 2921

Chem. Eur. J. 2001, 7, No. 13 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0713-2921 $ 17.50+.50/0 2921

cC3H7
� ions. Strong Brùnsted acids, such as D3

� or CH5
�, favor

the conversion into the isomerized product iC3H7
�, whose

formation from bare cC3H7
� requires a substantial activation

energy. The estimated range of this barrier, 38 ± 69 kJ molÿ1, is
in good agreement with the theoretical evaluation of
55 kJ molÿ1. The nearly thermoneutral proton transfer from
C6H7

� yields exclusively cC3H7
�, which is trapped by benzene

within the same ion ± molecule complex in the CF pathway.
The same mechanism accounts for the formation of
nC3H6DÿC6D4CF3 from the reaction of CF3C6D6

� with
cC3H6. The complete H scrambing in protonated cyclopro-
pane within the intermediate complex [CF3C6D5 ´ cC3H6D�] is
consistent with the fast rate expected for this process and
speaks in favor of a discrete cC3H6D� ion existing within the
complex. The H randomization is bound to occur within the
lifetime of such complexes estimated to be on the order of
10ÿ10 sÿ1, in agreement, once again, with the low activation
barrier predicted by the theoretical calculations.
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