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The structure and energetics of tiioutonium ion, the protonated form afbutane, were computed at the
MP4SDTQ(fc)/6-311+G**//MP2(full)/6-31G** level. Eleven stable structures were found for thlutonium
ion, following the stability order 2-@+butonium> 1-C-n-butonium> 2-H-n-butonium> 1-H-n-butonium.
The transition states for intramolecular bond-to-bond rearrangement and for decomposition of the carbonium
ions into the van der Waals complexes were also calculated. Tirddtonium and the 1-@-butonium ions

are higher in energy than the van der Waals complé&8e$4, and15. The van der Waals complexes between
the isopropyl cation plus CHand thetert-butyl cation plus H are the most stable 81, species. It was
concluded that the 1-H-butonium ion prefers to undergo intramolecular rearrangement to tha-bt@nium

ion, whereas the 2-k-butonium ion prefers to decompose into the van der Waals complex settautyl

cation plus H. The calculated proton affinity of-butane (156.7 kcal/mol) agrees well with the experimental
value of 153.7 kcal/mol. The £l11" (b) species, formed upon the gas-phase reaction betwgést @nd
ethane, was confirmed to be the 2reutonium cation, and the ;" (a) species was confirmed to be the
2-H-n-butonium cation, as proposed by Hiraoka and Kebatlan( J. Chem198Q 58, 2262-2270). The
experimental activation energy of 9.6 kcal/mol was compared with the value of 12.8 kcal/mol, computed for
the reactionl1l — 5 through the transition statl

Introduction The good correlation of the theoretical results for propane
Carbonium ions are important species involved in acid- and isobutane with the available experimental results led us to
catalyzed alkane transformations. The methori(@Hs") and investigate the structure and energetics ofrtiieitonium cations

ethoniund (C,H;") ions are the smallest members of this family ("-CaH11"). These species are isomeric with the isobutonium
and have already been observed in the gas phase by spectrdcations, and this fact allows direct comparisons among the
scopic method&# Theoretical ab initio calculatio”$ predict a different GHy1" structures. In a recent studywe compared
structure withCs symmetry for CH*, although the intercon- ~ the relative energies of the 481" carbonium ions. The
version among different configurations involves low activation Calculations confirmed that the C-butonium ions are lower in
barriers, making the hydrogen atoms very mobile in the €nergy than the H-butonium ions. The results were interpreted
structure’—9 For the GH;* cation, theoretical calculatiots in terms of charge delocalization in the atoms and groups of
reveal the C-ethonium ion, hypothetically formed through the the three-centertwo-electron (3e-2e) bonds. Thus, on H-car-
protonation in the €C bond of ethane, as the lowest energy Ponium ions, the hydrogen atoms bear a higher positive charge
species. Nevertheless, the higher carbonium ions have almos€ompared with those on C-carbonium, where the carbon atoms
not been studied by theoretical methods. Our group has recently2nd alkyl groups can better accommodate the charge. This study

performed ab initio calculations for the proponitinand the also indicated that protonation of alkanes in liquid superacids
isobutonium?13 cations, at the perturbational second- and are governed by kinetic factors associated with the barrier for

fourth-order Mgller-Plesset levels of theory. FArC4Hi1t, proton transfer to the bond, rather than by the thermodynamic
protonated isobutane, the calculations indicated that the van deifactors associated with the basicity of the C and C-H bonds.
Waals complexes betweeert-butyl carbenium ion and hydro- Protonation ofn-butane can take place at the primaryig@

gen and isopropyl carbenium ion and methane are lower in bonds (six overall), at the secondary-8 bonds (four overall),
energy than the carbonium ions themselves. Indeed, additionaland at two distinct types of €C bonds (two external and one
calculationd® revealed that decomposition of 2-H-isobutonium, internal) to form different isomeric structures of theC Hq.*
hypothetically formed through the protonation of the tertiary cation, as shown in Scheme 1. Experimental data indicate that
C—H bond of isobutane, and of C-isobutonium, formed upon n-butonium ions are intermediates in some gas-phase reactions.
protonation of the €C bond of isobutane, to the respective Hiraoka and Kebarl¢ studied the gas-phase reaction eHg"

van der Waals complexes occurs with low or no activation with ethane and observed the formation of gHG™ (b)
energy. A similar conclusion was found by Collins and intermediate, which they suggested was the 2-C-butonium ion.

O’Malley using DFT calculation$? They estimated the exothermicity of the reaction as 13 kcal/
b o
* Author to whom correspondence should be addressed. .m0| (S?heme +2) The 15!11 (b)_spemes Im.erconverts to the
t Universidade Federal do Rio de Janeiro. isomeric GH11™ (a) species, which can easily decompose into
* Universidad Autmoma del Estado de Morelos. CsHgot and H. This reaction has an activation energy of 9.3
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Figure 1. Minima computed for the-C4,H11" species.

SCHEME 1 : Schematic View of the Protonation of
n-Butane

He

N ""H 1-H-butonium

NP 2-H-butonium

~%.cH, 1-C-butonium

8.
N 2-Cobutonium

SCHEME 2 : Energetics of GHs™ + C,He Gas-Phase
Reactions (data from ref 16)

CHs" + CHe — CiHu'(b) AH = -13 kcal/mol

CHi'(b) » [CHu' (@)] > CHy" + H, AH = -7.8 kcal/mol;
AH™ =9.6 kcal/mol

CHs* + CHs - CHy" + Hp AH = -20.8 kcal/mol

kcal/mol and is exothermic by 7.8 kcal/mol. Hiraoka and
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of n-butane as 153.7 kcal/mol. These new values still hold with
the data previously reported. Nevertheless, the enthalpy change
for the GHs™ + C,Hg = C4Hgt + H, equilibrium is much
smaller than previously reported by Hiraoka and Kebarle. Using
the new experimental literature from NIST, one predicts the
AH value as—12.3 kcal/mol. As a consequence, the enthalpy
change for the interconversion of€;;+(b) — [C4H11"(a)] —
C4Hgot + Hy was recomputed to be 1.3 kcal/mol.

Experiments in liquid superacid me#fishowed thah-butane
is formed when a mixture of ethylene and ethane is bubbled
through such media. The reaction was explained in terms of
the formation of the 2-Gxbutonium ion as an intermediate. In
this work, we report a detailed ab initio computational study of
then-butonium ion, protonated-butane, showing the potential
energy surface and comparing the energetic and interconversion
results with available solution and gas-phase data.

1.1 Computational Details

All calculations were performed at the MP4SDTQ(fc)/6-
311++G**//MP2(full)/6-31G** level, as previously used for
isobutonium and proponium cations. This level of theory proved
to give good correlation with published experimental data.

Kebarle proposed that the 2-H-butonium cation corresponds to Nevertheless, for hypercoordinated ions such as carbonium, it

the structure of the 11" (a) species. Hence, it decomposes
to the seebutyl cation plus hydrogen. The,Bst + CoHg =
C4Hgt + H; equilibrium showed a value ofH = —20.8 kcal/
mol. The proton affinity (PA) oh-butane was estimated to be
155 kcal/mol, forming the 2-C-butonium ion. Updated data,
obtained from the NIST databdé¢see Supporting Information),
indicate an exothermicity of 134 3 kcal/mol for the reaction
CoHst + CoHe — C4H117(b) and estimate the proton affinity

is possible that these species may present large, fairly flat
regions, which would mean that small changes in the relative
energies could represent large displacements in the nuclear
positions. Thus, the use of this level of calculation, despite being
accurate enough for predicting the energetics of chemical
processes (within a few kcal/mol of the true values), serves as
an initial exploratory study of the main processes in the highly
complex potential energy surface (PES) of the hypercoordinated
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TABLE 1: Relative Energies of n-C4H1,™ Isomers Corrected
for Zero Point Energies and 298.15 R

MP4SDTQ(fc)/6-31%+G**//

species MP2(full)/6-31G**

1 16.6

2 15.7

3 16.4

4 125

5 11.3

6 11.8

7 4.5

8 51

12(0) 9 4.7

10 0.1

11 0.0

12 2.3

13 134

14 2.2

15 1.4

16 15.7

17 16.1

18 14.8

19 15.1

20 13.3

21 12.8

22 134

23 215

24 22.3

25 12.1

14(0) 15(0) 26 11.0

27 11.3

Figure 2. van der Waals complexes computed as minima for the 28 6.6

n-C4Hut species. 29 6.3

30 12.2

n-butonium ions. The vibrational frequencies were obtained at s-C3H7-CH,4 (31) —5.8

the MP2(full)/6-31G** level, and the number of imaginary t-C4Ho™*H, (32) —-9.7

frequencies, computed for these stationary points in the PES, ECH“'jfz"'_" 1?2'(7)

characterizes the structure as a minimum (no imaginary frequen- ¢ 2+ " ° o6

cies) or as a transition state (one imaginary frequency). All s-CsH7+ CH, —45

energy differences were corrected for zero-point energy (ZPE) sCsHg™ + H; 3.4

and for a finite temperature of 298.15 K, considering the SCsHg™ P+ H, 3.5
vibrational frequencies to be scaled by 08%. not otherwise 2Values ofAHY in kcalimol.? Protonated methylcyclopropane.

stated, all discussion refers to enthalpy differences at 1 atm and
298.15 K. The calculations were performed using the GaussianSCHEME 3 : Thermochemistry of the Formation of van

94?0 and GAMESS U$& packages. der Waals Complexes from the 2-Ca-Butonium lon (11)

1.2 Results T v B AH= Bkl
Eleven structures were located as minima in the potential

energy surface of protonatestbutane. Figure 1 shows the . .~ )\

structures corresponding to these minima. Protonation at the e e~ * M AH =-9.6 kealimol

primary C-H bond produces structuréds-3, corresponding to H

conformational isomers of the 1-ARHoutonium cation. Proto- u

nation at secondary €H bonds leads to structures-6, the methylcyclopropane +  Hy  AH = +3.4 keal/mol

conformers of the 2-H+butonium cation. Protonation at primary

C—C bonds (external) forms the conform&rs9, corresponding The ab initio calculations at the MP4 level indicate that the

to the 1-Cn-butonium ion, and protonation at the secondary most stable-C4H11™ species is the 2-@-butonium catiorll.

C—C bond (internal) leads to the conformé-11 of the 2-C- Nevertheless, its conformdo0 is only 0.1 kcal/mol higher in

n-butonium cation. Other minima in the PES were also found, energy. The next more stable structure is the van der Waals
and they correspond to van der Waals complexes (Figure 2).complex of theseebutyl cation and K (12), illustrating the
Structurel2 corresponds to the complex between seebutyl trend of the 2-Hr-butonium ions to decompose, as observed
cation and H. Structurel3 represents the £ls™ cation plus for the 2-H-proponium catio#: The 1-Cn-butonium cations
ethane. The complex between protonated methylcyclopropane(7—9) are next in stability, reinforcing the lower energy of
plus hydrogen corresponds to structd4 while protonated C-carbonium ions compared to H-carbonium ions. Among the
cyclopropane plus methane is shown as strucliiieTable 1 H-n-butonium ions, the 1-Hh-butonium cations were calculated
reports the relative enthalpies, computed at the MP4SDTQ(fc)/ to be more energetic than the 2#-butonium ions. One
6-311++G**//MP2(full)/6-31G** level (using the scaled vi- observes tha? is the most stable structure among the conformers
brational frequencies at the MP2 level). See Scheme 3 for thecorresponding to the 1-H-butonium ion, being 0.9 and 0.7
thermochemistry of the formation of the van der Waals kcal/mol lower in energy than structur@sand3, respectively.
complexes fromlL1 Among the 2-Hna-butonium ions5 was found to be the most
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Figure 3. Resonance structures for the C-butonium cations.

stable structure, followed, respectively, Byand 4. The van
der Waals complexek3, 14, and15 show higher stability than
the 1-Hn-butonium cations. These ab initio calculations indicate
that the stability of the carbonium ions, formed by the
protonation of differenty bonds ofn-butane, decreases in the
order secondary €C > primary C-C > secondary €H >
primary C-H. We must stress here that this order of stability
is in agreement with the concept @fbond reactivity proposed
by Olal? and is also consistent with the results obtained for
the proponiurit and isobutoniuf?13ions.

The greater stability of the 2-8-butonium cations in relation
to the 1-Cn-butonium cations can be rationalized in terms of
resonance structures. One can conclude that thex@enium
cation has a greater capability of stabilizing the positive charge,
as it can delocalize the charge over two ethyl groups linked to
the three-centertwo-electron bond. For the 1-Gbutonium

cation, one of the resonance structures involves a methyl cation,

explaining the difference in stability compared to the 2+C-
butonium cation (Figure 3).
Some selected geometrical parameters ofthatonium ions

Esteves et al.

TABLE 2: Geometric Data for the
Three-Center—Two-Electron Bond in Several Carbonium
lons?

On—c-n
cation di-n (A)  de—n(A)  de—c(A) (degrees)
methonium 0.957 1.177/1.177 — 48.0
H-ethonium 0.905  1.207/1.206 — 44.0
1-H-proponium 0.909 1.210/1.202 — 44.3
1-H—n-butonium 0.909  1.211/1.202 - 44.2
1-H-isobutonium 0.903 1.217/1.208 — 43.7
2-H-proponium 0.867 1.245/1.234 — 41.0
2-H—n-butonium 0.878 1.251/1.233 — 40.9
2-H-isobutonium 0.832 1.290/1.283 — 37.7
C-ethonium - 1.220/1.220 1.940 105.3
C-proponium - 1.272/1.188 2.099 117.1
1-C+-butonium - 1.279/1.186 2.128 119.3
2-C+-butonium - 1.230/1.230 2.197 126.5
C-isobutonium - 1.470/1.137 2.470 142.3

aData involving the most stable conformer for each type of
carbonium ion. Computed at the MP2(full)/6-31G** level.

(1.188 and 1.272 A for the methyl and ethyl moieties,

and the van der Waals complexes are shown in Figures 1 andrespectively) and substantially different from that observed for

2, respectively. It was found that the conformers have similar
geometrical parameters. For the lakbutonium ions {—3),

the H-H distance in the three-centetwo-electron bond ranges
from 0.909 to 0.932 A, substantially longer than the bond
distance in the kimolecule (0.741 A$2 These values are similar
to the H-H distance calculated for the 1-H-proponium (0.909
A) and 1-H-isobutonium (0.903 A) cations. The-@ distance

is about 1.20 A, indicating a high degree of involvement of the
carbon atom in the 3e2e bond, as observed for 1-H-proponium
(1.202 and 1.210 A) and 1-H-isobutonium (1.208 and 1.217 A)
cations. The HC—H bond angle of the 3e2e bond is in the
range of 44—46°. These results are comparable to the values
obtained for the 1-H-proponium (44)3and 1-H-isobutonium
(43.7) ions. For the 2-Ha-butonium cations (structures-6),

one observes that the+H distances range from 0.86 to 0.88
A, while the C-H distances range from 1.21 to 1.25 A. The
H—C—H bond angles are within the range of°4812°. These
values are similar to the calculated parameters for 2-H-
proponium (0.867 A for HH bond distance, 1.234 and 1.245
A for C—H bond distances, and #for the H-C—H bond angle

of the 3c-2e bond). These results indicate that the-2e bond

in the 2-Hn-butonium cations is weaker than that in the 1-H-
n-butonium, showing a greater character of &hd secbutyl
carbenium ion. This can be understood by analyzing the
resonance structures for the-32e bond. In the 2-Hybutonium
cation, one resonance structure has the positive charge on
secondary carbon atom, whereas in IHdutonium, the charge

is localized over a primary carbon atom. In the case of the 1-C-
n-butonium ions, an asymmetry is found in the-&e bond, as
reported for the C-proponium and C-isobutonium cations. The
C—H bond distance, referring to the methyl group, was
calculated to be 1.19 A, whereas the-8 bond distance in the
alkyl moiety is 1.28 A, similar to that observed for C-proponium

the C-isobutonium cation (1.137 and 1.470 A for methyl and
isopropyl moieties, respectively). The-€ bond distance of
the 3c-2e bond is about 2.13 A in the 14Gbutonium cation,
whereas it is 2.099 and 2.470 A for the C-proponium and
C-isobutonium cations, respectively. The geometrical parameters
are slightly different for the 2-@-butonium cation, primarily
because of the higher symmetry of the-2e bond. The €H
bond distances are 1.23 A, and theC bond length is 2.197
A for structurel1 and 2.222 A forl0. The C-H bond distances
for these cations are approximately equal to the average of the
C—H bond distances in the 1-Gbutonium cations. The
C—H-C bond angle in the 2-@-butonium cations is 1294
for structurelO and 126.8 for structurell These values are
slightly larger than the values found for the equivalent bond
angle in structureZ—9. A value of 114 was found for9 and
an angle of 120 was calculated for structuresand 8. The
C—H-C bond angle was calculated to be 1F7fbr the
C-proponium ion and 142:3for the C-isobutonium ion,
probably associated with steric interaction between the alkyl
moieties attached to the three-centdwo-electron bond. Some
selected geometrical parameters for the three-cehier-
electron bond in carbonium ions are summarized in Table 2.
Structures12, 13, 14, and 15 represent van der Waals
complexes of neutral molecules with carbenium ions (Figure
2). Structurel2 represents the van der Waals complex between
&, andseebutyl cation. Earlier studies show&dhat thesee
butyl cation has a bridged hydrogen atom, with akCbond
distance in the 3e2e bond of 1.301 A. The Hmolecule is
formed in the complex, as expressed by theHHbond distance
(0.736 A). The G-H bond distance, involving the bridged
hydrogen atom in the carbenium ion moiety, is 1.301 A, equal
to the calculated distance in the isolattbutyl cation. The
H, molecule is about 2.36 A away from tisecbutyl moiety.
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TABLE 3: Activation ( AH¥) and Reaction (AHreaction)

Energy

Enthalpies for Interconversion and Decomposition of (kealmol) I~ H
n-Butonium lons
transition AH? AHeacton 7
reactant state product  (kcal/mol) (kcal/mol) Z
1 16 8 —-0.9 —-11.5
1 23 4 5.0 —14.3
2 17 8 0.4 —10.6
2 24 12 6.6 —13.3
4 19 7 2.6 —8.0
4 - 9 - —7.8
4 20 10 0.9 —-12.4
4 25 14 —-0.4 —10.2
4 25 12 —-0.4 —10.2
5 - 8 - —6.2
5 21 11 1.5 —-11.3
5 26 12 -0.3 —-9.0
6 - 7 - —-7.3
6 22 10 15 —-11.7
6 27 12 —-0.5 —9.5
7 28 31 2.2 —10.3
8 29 15 1.2 —-3.6
9 28 31 1.9 —10.6
10 30 13 12.1 13.3
11 30 13 12.2 134
This structure can be produced by the decomposition of the 2-H- I Reaction
n-butonium cations. Structurk8is the van der Waals complex I Coord.
between the ethyl cation (85™) and ethane, possibly formed r
from the decomposition of the 2-@butonium cations. The o 3:
ethyl cation has a bridged structure, in agreement with otherab SPRCI
initio calculations and experiment3The distance between the [
nearest hydrogen atom of the ethane molecule and the nearest,,, . NG
carbon atom in the ethyl cation is 2.657 A. The bridged t-Bil.H,

hydrogen atom in the ethyl cation is asymmetrically bonded to Figure 4. Pictorial representation of the potential energy surface of
the carbon atoms because of the interaction with the ethanethe n-butonium cation.
molecule. Structurd4 is the van der Waals complex between
the protonated methylcyclopropane cation angd K can be
formed from the decomposition of 2-Atbutonium cations with
anchimeric assistance from the methyl group at sition . .
relative to the 3e-2e bond. In this c):)rgplef, tf?emﬁydrogen is exothermic by _1_2'411'3 kcal/mo.l. . )
molecule is about 3.3 A away from the carbenium ion. The  The decomposition of the-butonium cations into van der
structure of protonated methylcyclopropane is similar to that \Waals complexes occurs through transition stages30 (Figure
found for corner-protonated cyclopropaifeStructure15 cor- 6). Structure23 refers to decomposition of catich into the
responds to the van der Waals complex of corner-protonatedvan der Waals comple%4, with the anchimeric assistance of
cyclopropane and CHwhich could be formed by the decom-  the ethyl group (€C—C bond angle of 97:3. This reaction
position of the 1-Qa-butonium ions. The methane molecule lies is exothermic by 14.3 kcal/mol and presents an activation barrier
3.248 A from the carbenium ion. Protonated cyclopropane has of 5.0 kcal/mol. Transition stat24is relative to the decomposi-
a geometry slightly different from an isolated #mecause of tion of cation2 to complex12, with the anchimeric assistance
the interaction with the methane molecule. of the C-H bond, as evidenced by the++—C bond angle of
These minima in the potential energy surface are intercon- 89.8. This reaction is exothermic by 13.3 kcal/mol and presents
vertible by intramolecular rearrangements. Figure 4 shows aan activation barrier of 6.6 kcal/mol. The transition sts28s
(reduced dimensional) pictorial representation of the potential 26, and27 refer to the decomposition of the 2-tbutonium
energy surface of the-butonium cations. Figures 5 and 6 show cations §—6) into Hz and thesecbutyl cation (van der Waals
the structures of the transition states (TS) for the reactions complex 12), with no or low anchimeric assistance. The
presented in Figure 4. Structurd$—22 correspond to the  decomposition reaction is exothermic by 910.2 kcal/mol and
transition states for these reactions and are shown in Figure 5.presents no activation barrier 0.5 to—0.3 kcal/mol). Transi-
Structuresl6, 17, and18 represent the transition states for the tion state28 corresponds to the decomposition of the hrC-
interconversion of the 1-k-butonium cations, 2, and3) into butonium cations{—9) directly to the van der Waals complex
the 1-Cn-butonium ions T, 8, and9). It is observed (see Table between methane and the isopropyl cation (stru@dy€&igure
3) that this reaction is exothermic by 10.5 kcal/mol to 11.5 kcal/ 7). This reaction is exothermic by about 10 kcal/mol and
mol and involves no or low activation barriers-Q.8 to 0.4 presents activation barriers ranging from 1.9 to 2.2 kcal/mol.
kcal/mol). Transition stat&9 was found for the interconversion ~ Structure 29 is the transition state connecting the InC-
of the 2-Hn-butonium cations4—6) into the 1-Cn-butonium butonium cation §) and the van der Waals complé¥%. This

n-butonium cation with the 2-@-butonium cationsi0and11).
This reaction has an activation barrier of 885 kcal/mol and

cations { and8). This reaction was, again, exothermic by 8.0

kcal/mol, and involved an activation barrier of 2.6 kcal/mol,

slightly higher than the barrier found for the same reaction from
1-H-n-butonium. The transition stat@8—22 connect the 2-H-

reaction is exothermic by 3.6 kcal/mol with an activation energy
of 1.2 kcal/mol. Structur@0 is the transition state connecting
the 2-Cn-butonium ions {0 and 11) to the van der Waals
complex13. This reaction is endothermic by 13.3 kcal/mol and
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22(1)
Figure 5. Optimized geometries and selected geometrical parameters

for the transition states for intramolecular rearrangement afBeHy; " Figure 6. Optimized geometries and selected geometrical parameters
carbocations. for the transition states for decomposition of th€,H,;* carbocations.

the transition state is about 12 kcal/mol above the carbonium
ions themselves. The reverse reaction presents no activation
energy. The energy barriers and heats of reaction for these
reactions are summarized in Table 3.

1.3 Discussion

The potential energy surface of the-C4H;;* cations,
computed at the MP4SDTQ(fc)/6-31H#G**//MP2(full)/6-
31G** level and considering corrections for ZPE and 298.15
K, showed that the most stable species is structdye¢he 2-C- 3100 32(09)
n-butonium cation. StructurdO lies 0.1 kcal/mol higher in Figure 7. MP2(full)/6-31G** optimized geometries and selected
energy relative to structurgl. Nevertheless, we found, as in  geometrical parameters for the van der Waals complexesdf'©
our previous theoretical investigations of the isobutonium CHsandt-CiHo™-Hz.
cations, that the most stablgky;™ species in the ground-state
potential energy surface is the van der Waals complex between Sommer and collaboratdrfsshowed the relative importance
the tert-butyl cation and H (32). The trend observed in the of protonation at different positions in the reactionnelbutane
calculations for other alkanes (ethane, propane, and isobutane)with HF/Sbks. The relative rates of protonation at the central
indicating the stability order primary H-carboniumsecondary C—C bond, primary GC, and secondary €€H bonds were
H-carbonium< tertiary H-carbonium< C-carbonium ions, was  measured as being 60:36:4, without considering statistical factors
also observed for tha-butonium cation. Nevertheless, proto- relative to the total number of bonds. This indicates the higher
nation in the central €C bond of then-butane is favored, which  reactivity of the central €C bond compared with the primary
indicates a preference for proton attack at regions with greater C—C and secondary €H bonds. These results agree with the
electronic density. present ab initio calculation, which showed structlifeto be
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the most stable among timebutonium cations. Studies by Olah
and Lir?® on the electrophilic nitration ofn-butane with

J. Phys. Chem. A, Vol. 104, No. 26, 2008239

supported by the updated experimental data and the ab initio
calculations shows that speciegHz;™ (a) (supposed to be the

NO,"SbFR~ also support the preferential attack in the secondary 2-H-n-butonium cation) proposed by Hiraoka and Kebarle is

C—C bond followed by primary €C, secondary €H, and
primary C-H (24:15:2.3:1, considering statistical factors).
Cracking ofn-butane on the H-ZSM-5 zeol#®at low conver-

now higher in energy than £1,™ (b) (the 2-Cna-butonium
cation). The former, which corresponds to structbran the
present work, decomposes with a low barrier to §1@;Hg™

sion levels indicated the preferential attack on the central and cation and H. In fact, the ab initio calculations predict that the

primary C-C bonds relative to the secondary-8 bonds (38:

decomposition 06 (2-H-n-butonium) tol2 (the van der Waals

31:5, considering statistical factors). We point out here that thesecomplex betweeis-C4Ho™ and H) through transition stat26

results are in agreement with thdond basicity order predicted
for n-butane.

Gas-phase protonation nfoutane with small electrophilé&8,
such as H' 3! and CHO,®? show, in general, the following
reactivity order: primary €C > secondary €C > secondary
C—H > primary C—-H. Calculations are in agreement with these
results, predicting the preferred protonation of C bonds in
comparison to €H bonds. Nevertheless, the experimental data
show a greater selectivity for protonation in the primary €
bonds compared to the centra-C bond, in disagreement with
the calculated stability order of the 24€butonium and 1-C-

is a process with no barrier or with very low activation energy
(AH* = —0.3 kcal/mol). The transition state to lifdkl, C4H11"

(b), to 5 has the structur@l (Figure 4). Then, the predicted
activation energy for the reaction i#512.8 kcal/mol. This is
close to the experimental activation energy of 9.6 kcal/mol
observed by Hiraoka and Kebarle, supporting the mechanism
and species proposed in ref 16.

The most stable species on the potential energy surface of
C4H11™ is structure32, which corresponds to the van der Waals
complex between thieC;Hg™ cation and H. It was not possible
to find a transition state connecting structdre and 32 in a

n-butonium cations. A possible explanation for this discrepancy Single elementary step. The rearrangement of the r2-C-
is that the gas-phase reaction is kinetically controlled instead butonium cation to the 2--butonium cation occurs with an

of thermodynamically driven. Another possibility to explain this
fact would be the initial protonation in the more external and
accessible €H bonds to form the Hy-butonium cations

activation barrier of 12.8 kcal/mol. The 2-ktbutonium cation
(5) decomposes with no energy barrier into the van der Waals
complex12. Hence, the pathway that would lead to the more

followed by rearrangement of these species to the C-carboniumStabletert-butyl cation plus Hwould be the rearrangement of

ions. The interconversion of the 1-H-carbonium ions into the

1-C-carbonium cations has low, or even no, activation barrier,

as indicated by present and previous calculatidi®n the other
hand, the energy barrier for the interconversion of the 8-H-
butonium cations to the @-butonium cations is higher than
the barriers for the rearrangement of the IHdutonium cations
to the Cn-butonium ions. The energy barriers computed for
the decomposition of the 2-H-butonium cation to the van der

Waals complexes were found to be negative, meaning a

the seebutyl cation into the van der Waals compl&®. This
reaction was calculated by Schleyérlso at the MP4 level,
and was predicted to have an energy barrier of 19.6 kcal/mol
for the rearrangement of ttecebutyl cation into theert-butyl
cation, in good agreement with the experimental result of 18
kcal/mol in solution®® This reaction does not appear to occur
at the experimental conditions of the Hiraoka and Kebarle
experiment.

barrierless process. These data express the greater tendency &4 Conclusions

the 2-Hn-butonium cation to decompose into the van der Waals
complexes, whereas the 1+Hbutonium ions tend to undergo
rearrangement to form the 14@butonium ions by insertion of
the proton into a primary €C bond. This explains the greater

Ab initio calculations, at the MP4 level, were carried out to
determine the structure and energetics linking the many stable
isomers of then-butonium ions. The transition states intercon-
necting these species, as well as the decomposition products,

selectivity observed in the gas phase for the products arisingyere also determined. The stability order of théutonium

from protonation of the primary €C bond. Thus, the observed

species was shown to be 2#Ebutonium > 1-C--butonium

products could be generated not only from the direct protonation >~ o>_H_n-putonium > 1-H-n-butonium. The van der Waals

of the primary C-C bond, but also from the rearrangement of
the 1-Hn-butonium into the 1-Gxbutonium, followed by
decomposition, in a “two-channel” process.

The calculations predict a PA of 156.7 kcal/mol febutane
to form the 2-C-butonium ion. This is in good agreement with
the experimental value of 155 kcal/mol, reported by Hiraoka
and Kebarlé$ and the value of 153.7 kcal/mol, computed from
updated data obtained from the NIST databdsEhe energy
difference between isolatedids" and GHg and cationll has
a predictedAH value of +16.0 kcal/mol. This is in good
agreement with the estimated experimenthl value of+13.6
+ 3 kcal/mol, supporting the model proposed by Hiraoka and
Kebarle that cation gH;;" (b) is the 2-Ca-butonium ion
(structures10 and/or 11). Hiraoka and Kebarle reported the
enthalpy change for the reactiont™ + CoHe — s-CqHo™ +
H, as —20.8 kcal/mol. Nevertheless, the new value predicted

complexedl 3, 14, and15are more stable than the tdbutonium

and 1-Cn-butonium ions. The van der Waals complexes of the
isopropyl cation plus Clland of thetert-butyl cation plus H
were found to be the most stable structures among all of the
C4H11™ isomers. It was concluded that the 1aA-butonium ions
prefer to undergo intramolecular rearrangement to thert-C-
butonium ions, whereas the 24butonium ions prefer to
decompose into the van der Waals complex of skebutyl
cation and H. The calculated proton affinity af-butane (156.7
kcal/mol) agrees well with the experimental value of 155 kcal/
mol, reported by Hiraoka and Kebarle. ThgHz,* (b) species,
formed upon the gas-phase reaction betwegtsCand ethane,
was confirmed to be the 2-@-butonium cation, whereas the
C4H11t (a) species was found to correspond to the B-H-
butonium cation, as proposed in ref 16. The activation energy
of 9.6 kcal/mol found by Hiraoka and Kebarle is comparable

using the updated data of NIST database is much smaller, beingto the value of 12.8 kcal/mol computed for the reactidn—

computed as-12.3 kcal/mol. The enthalpy change predicted
by the ab initio calculations for this reaction 1s12.6 kcal/

mol, thus in good agreement with present experimental result

for the reaction. The new pictorial potential energy diagram

5 through transition statgl.
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