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Abstract: The structure and energy of the isobutonium cations, protonated isobutane, were studiedniiio
methods. At MP2(full)/6-31G** level, besides the C-isobutonium cati®y the 2-H-isobutonium catior6), and

the 1-H-isobutonium catiorv}, two additional structures, representing the van der Waals complex between methane
and isopropyl cation8) and hydrogen plutert-butyl cation @), could also be characterized. The energy increases

in the orderd < 8 <5 < 6 < 7, indicating the lower energy of the van der Waals complexes. The experimental
proton affinity of isobutane is in good agreement with the calculated values for the van der Waals cor@pledes

9, indicating the facility of rupture of the three center bondsimnd 6. On the other hand, the relative order of
stability of the isobutonium cations can explain the experimental gas phase protonation of isobutane by small
electrophiles, such aszH and HO™, as well as the HD exchange in liquid superacid.

Introduction (2). In his pioneering studies of alkane reactions in superacid
Protonation of ar bond of an alkene or an aromatic molecule media, Qlah_ recognized the_ possibility of dlﬁerer_lt sites of
protonation in ethane and higher alkanes, stressing that the

gives a carbenium ion, where a carbon atom has an empty p", . . g
orbital and an electronic sextet. On the other hand, protonation §b|l|ty to protonate either the-€C or the G-H bonds of alkanes

of an alkane molecule conceptually gives a carboniumtion, in solution is strongly related to steric effects associated with

where a three center two electron béiglformed, preserving tr}eHﬁlectkroprglléeKarLd :lhe k:lyt(:]rocéaibﬁﬁt.i Gna|f1 dp?hatsedsit]ucil%\%
the electronic octet of the carbon atom. Gas phase liquid 0 aokaa ebarle on the;b7" calio cated that two

superacid medfahave shown evidence for the formation of isomeric structure+s could be formed. They proposed that a
CHs*, the simplest carbonium ion. Several theoretical stddies rH'prgt%na;egH@Litﬁﬁ'onng)r W‘:'lrs r:n't';“tly fotrhm(rarcri] '3 ;hini-
also support its existence and generally point to a structure with "€2€ton of s zandrea +a ged fo a thermodyna

C. symmetry. Gas phase decomposition ofCHnto CHs™ cally more stable (;-protonatecgléty cation Q). Hiraoka and
and Hb is endothermic by about 40 kcal/mokuggesting that Kebarle also studied the reaction ofHG" with CH4 to form

A -
methonium ion might be an intermediate in methane reactions ;hsiri%?égthecglorr]c,)tcgkr]lgtepdrc;l:t—?rlaé(z\?ioﬁrgfzgihe Ir:]:r):a sl?;tly?(!y
in superacid systems. P 9

structure. However, additional experiments led them to con-
clude that the H-protonated3By™ cation @), which they

H _ X . .
i@ H.@&.H described as resembling a complex between the isopropyl cation
He O CHy HC-CH, and hydrogen, was lower in energy than
1 2 H H_@.H
L o f
Protonated ethane can exist in, at least, two isomeric H;C ® "CH,~CH; 1-[3c/\cﬁ3
structures: the C-ethonium catial) @nd the H-ethonium cation 3 4
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The gas phase experimental studies of Hiraoka and Kebarle
with small alkane molecules and of Field and co-workers on
the chemical ionization of higher linear alkane molectles
showed a preferencial protonation in the C bond. Theoretical
calculations on the £ catiorl? support these data, but the
geometry and energy difference between H and C-protonated
ethane is very much dependent on the calculation and basis set
used. A similar trend was found in the calculafibof the
protonated propane, where inclusion of electron correlation
effects showed to be important.
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Isobutane is the simplest representative of tertiary alkanes.there are nine primary €H bonds and only one tertiary-€H

It is also a commercially important hydrocarbon, as it is used
in alkylation plants to produce high octane gasolitte8ased

bond in the isobutane, the results show that protonation in the
tertiary C—H is energetically more favored than protonation in

on a study of the protonation of several linear and branched the primary C-H bond. However, protonation in the-<€C bond

alkanes;!® Olah established an empirical order efbond
reactivity in superacid solutions: tertiary-& > C-C >
secondary €H > primary C-H > CHy. This order is mostly

is slightly more favored than protonation in the tertiary 18.
Gas phase protonation of isobutane kDM and HBS* has also
been studied? With H3;O™, protonation in the €C bond to

gualitative and very much dependent on the steric hindrance ofform the s-GH;" cation, is preferred by a factor of 10 over
the hydrocarbon structure. He found that for the protonation protonation in the €H bond, reflecting the higher nucleophi-

of isobutane in liquid superacid solutids the tert-butyl

licity of the C—C bonds. On the other hand, protonation with

carbenium ion and hydrogen were the main products, but a HsS* gives only thet-C4Hg™ cation. The author did not offer
significant amount of methane was also observed. These resultsany explanation for the different behaviors but suggested the

are consistent with protonation in the tertiary-8 and in the

formation of a more weaker complex betweenSH and

C—C bonds of isobutane. An interesting observation arises from isobutane.

H—D exchange studies. At78°C there is an almost exclusive
exchange of the tertiary hydrogé&hwhich is compatible with

The different results observed in gas, liquid, and solid phases
for the protonation of isobutane indicate the somewhat complex

the formation of an intermediate or a transition state resembling scheme for tertiary alkanes, where steric effects might play an
a tertiary H-isobutonium cation (Scheme 1). On the other hand, important role and influence the selectivity pattern. On the other
at —10 °C, besides exchange at the tertiary position, exchange hand, a theoretical description of protonated isobutane would
at the primary position was also observed and ascribed to thehelp to understand the protonation of tertiary alkanes. The
formation of a primary H-isobutonium catidf. Small amounts apparent absence of theoretical studies on the energy and
of methane were also observed, indicating that protonation in geometry of protonated isobutane led us to carry out a quantum

the C-C bond is a minor pathway compared with protonation
in tertiary and primary €H bonds in liquid superacids.

chemistryab initio investigation of the relative energy and
geometry of the ion®, 6, and 7, aiming to acquire a better

The search for solid acid catalysts, capable of activating understanding of the chemistry of isobutane protonation in solid,
alkanes, is a major goal in petroleum chemistry. The transfor- liquid, and gas phase.

mation of isobutane on zeolite catalysts at 24@and higher
temperatures is consistent with the protonation in théHGnd
C—C bonds!®> Nevertheless, the ratio of-&C to C—H pro-

Computational Methods

Calculations at HartreeFock, single reference second order

tonation, determined by the ratio of formation of methane and \s|jer—plesset pertubation theory (MP2), and Density Func-

hydrogen at lower conversion ranges, is higher or equal to 1.

There are few studies concerning the¢ig™ cation, especially

tional Theory (DFT) levels were performed for catioBs6,
and7 and the van der Waals complex@and9. Optimized

the isobutonium cation, in the gas phase. Hiraoka and Kebarlegeometries were obtained for the five structures, and the

studied the reaction between segi;™ and CH, According
to them, the reaction is exothermic by 3.4 kcal/mol, and a
C-isobutonium cationf) is initially formed. They were not

harmonic frequency analysis was obtained using analytical
second derivatives. Calculations were carried out with the
GAMESS US!® HONDO 8.5 and Gaussian 94 packages

able to measure the equilibrium between the 2-H-isobutonium ot molecular orbital programs. All the MP2 and DFT calcula-

cation @) and hydrogen plus £lg™ but estimated that dissocia-
tion should be endothermic by 1 kcal/mol. Therefore, they
concluded thab is thermodynamically more stable tharby
2.7 kcal/mol.

Aquilanti and collaborato?8 studied the protonation of
2-deuterio-2-methylpropane bysHand D;*. They found that

tions were performed using the corresponding 6-31G** basis
set. For all the optimized geometry structures at MP2 level, a
single point MP4 energy calculation, using the same basis set,
was also done considering the frozen core approximation. The
DFT algorithm chosen combined the Becke’s three parameter
hybrid method, using the LYP correlation functional (B3LYP).

deuterated isopropyl cation accounted for about 56% of the The optimized structures were characterized as minima in the

product ions, indicating that ©©C protonation was the main
process occurring. Protonation in the tertiaryi€ bond (CG-D

in this case), to form theert-butyl cation, accounted for 16%,
while protonation in the primary €H bond, to form a primary
cation, accounted for 26% of the total ionic products. Since
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Chem. Soc1994 116, 3483-3493.
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potential energy surface by the absence of imaginary vibrational
frequencies. The zero-point energies (ZPE), derived from MP2-
(full)/6-31G**, were scaled by 0.93 and used to correct the
final relative energies. The DFT frequencies were scaled by a
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Table 1. Absolute Energiesau) of i-GHi1™ Isomers and Related Species

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

-/6-31G**// MP2/6-31G**

DFT(B3LYP)/6-31G**//

species MP2(full)/6-31G** MP3(fc) MP4SDQ(fc) MP4SDTQ(fc) DFT(B3LYP)/6-31G**
5 158.18585 158.21936 158.22699 158.24430

6 158.16992 158.20017 158.20657 158.22431

7 158.16043 158.19026 158.19627 158.21405 158.70758
8 158.18888 158.22393 158.23185 158.24730 158.74930
9 158.18883 158.22175 158.22962 158.24655 158.74653
CH, 40.36986 40.38285 40.38549 40.38862 40.52402
i-CaHio 157.93088 157.95989 157.96620 157.98337 158.47225
H, 1.15766 1.16316 1.16456 1.16456 1.17854
i-CaH+ 117.81491 117.83736 117.84274 117.85475 118.22252
t-C4Hg* 157.03031 157.05771 157.06417 157.08105 157.56770

Table 2. Relative Energies (kcal/mol) of i£8l1;t Isomers Corrected to Zero Point Energy and 298.35 K

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

-/6-31G**// MP2(fc)/6-31G**

DFT(B3LYP)/6-31G**//

species MP2(full)/6-31G** MP3(fc) MP4SDQ(fc) MP4SDTQ(fc) DFT(B3LYP)/6-31G**
5 5.96 5.60 5.75 5.51
6 15.98 17.66 18.58 18.07
7 22.04 23.98 25.15 24.61 28.60
8 3.78 2.44 2.41 3.34 2.39
9 0.00 0.00 0.00 0.00 0.00

aZero point energy and temperature correction shown in Table 3.

Table 3. Zero Point Energies (ZPE), Enthalpy Changblggg -
HY), and Absolute Entropies],q) of i-C,H11* Isomers

zero point energy  Hyog — HO -
(kcal/mol) (kcal/mol) (cal/motK)

species MP2 B3LYP MP2 B3LYP MP2 B3L¥P
5 82.40 5.61 84.44

6 83.25 4.78 75.84

7 83.39 82.86 4.74 4.79 75.68 76.52
8 81.24 80.98 6.48 6.64 93.19 97.49
9 76.91 77.07 7.00 6.42 96.95 94.27
CH, 27.15 27.16 2.40 2.39 44.45 44 .47
i-C4Hio  79.47 79.37 4.27 4.19 70.49 72.21
H, 6.14 6.14 2.07 2.07 31.08 31.13
s-GH," 53.12 52.30 3.68 3.76 65.35 67.85
t-CsHo™  70.31 70.29 4.59 4.66 76.42 79.27
H+ 148 148  26.01 26.01

aData obtained using MP2(full)/6-31G** (scaled by 0.93) and
DFT(B3LYP)/6-31G** (scaled by 0.96) vibrational frequenci@&yans
+ A(pV) = %,RT+ RT = 5, RT. ¢Using not scaled frequencies

Results

the resulting stable structures using the DFT algorithm. There-
fore, all the subsequent geometric results are referred to MP2
calculations.

Figure 1 shows some selected geometrical data for all the
structures. For the van der Waals comp&xhe C-H bond
lengths in the Chl moiety (1.086 A) are very close to the
experimental distance in an isolated methane molecule (1.087
A).22 The isopropyl cation shows a planar conformation, as
expressed by the angles between the carbon atoms, near 120
The complex has & symmetry, and the eletrostatic potential-
derived charg€ (CHelpG) on the central carbon atom is
+0.545. The distance between the methane moiety and the
isopropyl moiety is 2.89 A. In structur, the situation is
similar to8. The H—H bond distance (0.735 A) is close to the
experimental value (0.741 Ain a hydrogen molecule. The
tert-butyl moiety also shows a planar conformation, with the
angles between the carbon atoms near°120he CHelpG
charge on the central carboni9.609 and about0.17 on the
hydrogens of the methyl groups. The distance between the
hydrogen and the central carbon atom of tixé-butyl group is
3.34 A. For the carbonium ions the geometries show significant

The calculations showed that five stable different structures differences with respect to the van der Waals complex. The

could be characterized. Besides the carbonium &ré and
7, two additional structures were also obtained. Strucduran

C—H bond distances of the three center bond iare not the
same. The hydrogen shows a stronger bonding with the methyl

be visualized as a van der Waals complex between methanecarbon (1.137 A) than with the isopropyl carbon (1.470 A). The

and the isopropyl cation and structeas the van der Waals
complex between Hand thetert-butyl cation. Table 1 shows

C—C bond length in the three center bond is significantly longer
(2.470 A) than in a normal isobutane molecule (1.533%)he

the absolute energies and Table 2 shows the relative energiesc—H—C angle in the three center bond is 142 iBdicating a

after ZPE and temperature (298.15 K) corrections (Table 3),
for the structures at all levels of calculation used in this study.
Structures8 and9 are lower in energy than the carbonium ions.
Structure9 is the most stable one, lying about 3 kcal/mol below
structure8. Among the carbonium ions, the C-isobutonium
cation §) is the most stable structure, about 6 kcal/mol above
9. The H-isobutonium cations are significantly higher in energy.
The 2-H-isobutonium catior6f and the 1-H-isobutonium cation
(7) are 16-18 and 22-24 kcal/mol higher in energy than
structure9, respectively. It is important to notice that structures
5 and6 could only be characterized as minima in the potential
energy surface at the MP2/6-31G** level. At the DFT
(B3LYP)/6-31G** level, these structures could not be character-
ized, and the van der Waals complex@and 9 were always

nonlinear geometry. The CHelpG charge on the central carbon
atom of the isopropyl moiety i$-0.39, significantly lower than

the charge in structur8, indicating the interaction with the
hydrogen in the three center bond. The CHelpG charge on the
carbon of the methyl group is-0.21, stressing the stronger
bonding with the hydrogen of the three center bond. ThéiC
bond length of the three center bond 6nis about 1.29 A,
significantly longer than the experimental tertiary-8 bond
distance in isobutane (1.122 2. The distance between the
hydrogens in the three center bond is 0.832 A, which is longer
than the experimental distance of 0.741 A in theniblecule??

The H-C—H angle in the three center bond is 3%.3tressing

(22) CRC Handbook of Chemistry and Physi@&th ed., Lide, D. R.,
Ed.; CRC Press: 1994.
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Figure 1. MP2 (full)/6-31G** geometries of i-GH1,™ isomers.

Table 4. Thermochemical Data for Selected Reactions at 29845 K
-/6-31G**//IMP2(fc)/6-31G**
AH AH AH AH

reaction AH AS AS exptl AH
CsH11t (B) — i-C4Hyo + H 157.20 12.06 160.02 160.85 160.94
C4H11" (6) — i-C4Hio+ HT 147.19 20.66 147.96 148.02 148.38
CsH1it (7) = i-C4Hyo + H 141.13 20.82 141.64 141.45 141.84 145.05 21.70
C4H11" (8) — i-C4Hio+ HT 159.39 3.31 163.18 16429 163.1P 171.26 0.73 16490
CsH11t (9) — i-CqHyo+ H 163.17 -0.45 165.62 166.60 166.4% 173.65 3.95 16638

aConsidered as the theoretical proton affinity [PA(MP4SDQ/6-31G**//MP2/6-31G*{onsidered as the theoretical proton affinity
[PA(MP4SDTQ/6-31G**//IMP2/6-31G**)].c Experimental proton affinity (PAY AH (kcal/mol) andAS (cal/motK).

Table 5. Selected Calculated Vibrational Frequencies of the

the nonlinearity of this type of bonding. The CHelpG charge -CaHart Isomers

on the central carbon atom 80.284, which is significantly

lower than the charge in structu®g-+0.609) and about-0.22 frequency ig‘te“SiR’Z approximate description
on the hydrogens of the three center bond. The CHelpG chargeStructure  (cm™)  (D¥amuA?) of normal mode
on the hydrogens of the methyl groups is abst.14. The 5 2488.64 1273.49  sym stretch of 3c-2e bond
geometry of structur@ shows a G-H bond distance in the three 92.48 308.46  stretch of-€C 3c-2e bond
center bond around 1.21 A, slightly higher than the experimental 3172.36 0.98 St(r:e_ti'h;'jzgsmnﬂ)ret(:h of
primary C—H bond length in isobutane (1.113 23. The 1815.78 3.36 asym stretch of-G®i
H—C—H angle in the three center bond is 43 3lightly higher 7 3014.21 100.85  asym stretch of ¢H
than in6, reflecting the longer HH bonding in7 (0.903 A) 2899.92 488.08  sym stretch of-G&i of CH,
compared t®. The CHelpG charges on the atoms of the three 2706.60 0.18 StretCh;"Hf%f ﬁ"é‘ (szymb g
center bond are-0.306 on the carbon and0.28 on the 2175.91 87.93 azt;r?}(:strgtcgof—@?ofecﬁr )
hydrogens. 8 3074.72 0.28  sym stretch of GH

Table 4 shows some selected thermochemistry reactions 9 4266.11 0.02  stretch ofH

involving the i-GH11™ isomers and related cations at MP2, MP4,
and DFT levels. Comparison with experimental data of
isobutane proton affinif? showed a very good agreement with
MP4 calculations. Table 5 shows some selected calculated

vibrational frequencies of the carbonium ioBs6, and 7 at
MP2(full) level, together with the assigned vibrational mode.
Calculation of the vibrational modes of the hholecule, at the

(23) () Chirlian, L. E.; Francl, M. MJ. Comput. Chen1987, 8, 894~ same level and basis set used, indicated a symmetric vibration
ggg- (b) Breneman, C. M.; Wiberg, K. B. Comput. Chen199q 11, 361~ at 4296 cm?, which is higher than the experimental vaief

(24) Lias, S. G.; Liebman, J. F.; Levin, R. D. Phys. Chem. Ref. Data 4160 cntl. The calculated HH symmetric vibration for the
1984 13, 695-808. van der Waals compleX (4266 cntl), as could be anticipated,
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is close to the calculated value for an isolatedniblecule. On
the other hand, the frequency of-HH vibration for the
H-isobutonium ionss and 7 is 3172 and 2706 cri, respec-
tively, characterizing the three center bonding in these ions.

Discussion

Energy and Geometry. The calculations pointed out that
among the i-GH11" species, the protonated isobutane, the most
stable structure is the one representing the van der Waals com
plex between hydrogen anert-butyl cation 8). The complex
between methane and isopropyl cati@ i€ 2.4, 3.8, and 3.3
kcal/mol higher in energy at the DFT, MP2 (full) and MP4
levels, respectively. All the isobutonium cations are higher in
energy compared with the van der Waals comple&kesd 9.

The C-isobutonium catiorbf is 6 and 5.5 kcal/mol higher in
energy thard at the MP2 (full) and MP4 levels, respectively,
while the 2-H-isobutonium catiorg) is 16 and 18.1 kcal/mol
higher than9 at the MP2 (full) and MP4 levels, respectively.
The 1-H-isobutonium cation is the highest calculated energy
structure, lying 22 and 26.6 kcal/mol higher in energy tBat
MP2 (full) and MP4 levels, respectively. Atthe DFT (B3LYP)/
6-31G** level, structure and 6 could not be characterized,

J. Am. Chem. Soc., Vol. 119, No. 22, 15997

between the hydrogens of the three center bond, while in
methonium and primary H-carbonium ions the-H bonding

is weaker. By consequence, the-B bond distance in the three
center bond follows an opposite trend, being longer for tertiary
H-carbonium ions and shorter for the methonium cation. As
the strength of an HH bond is usually higher than the strength
of a primary or tertiary &H bond, it would be reasonable to
associate the relative stabilities of H-carbonium ions to the

degree of H-H bonding in the three center bond. This

assumption can explain the relative stabilities of the H-iso-
butonium cation$ and?7.

The geometry of the C-isobutonium cation shows some
peculiarities. The €H bond lengths in the three center bond
are not identical, indicating asymmetry. The bonding with the
methyl carbon is significantly shorter than with the isopropyl
carbon. In the C-ethonium cation, where a hydrogen is bonded
to two methyl groups, the €H distances are equal (1.225 .
The C-H—C bond angle of 142°3in 5 is significantly higher
than the 105.6 calculated® for the C-ethonium cation. This
finding reflects the nature of the three center bond in higher
alkanes. Since is the C—H bond lengths are not equal, the
C—C bond becomes more stretched, leading to a higher

and calculations always converge to the respective van derC—H—C angle, compared with the C-ethonium cation.

Waals complexes. On the other hand, structteeuld be char-
acterized as a minimum in the potential energy surface at DFT
level, lying 28.6 kcal/mol higher in energy th@n These find-
ings indicate that DFT level of theory does not represent cor-
rectly weak interactions like three center two electron bondings
in carbonium ions. Indeed, literature d&taave already showed
that DFT is not good for describing weak interactions.

The results of the MP2 and MP4 calculations on the relative

Thermochemical Calculations. The data in Table 4 show
that the experimental proton affinity of isobutéhdetermined
by Hiraoka and Kebarle, to form two isomeric 1™,
correlates very well with the calculated MP4(SDQ) and MP4-
(SDTQ) proton affinity of isobutane to form the van der Waals
complexes8 and9, rather than with the carbonium iorsand
6. This finding indicates that in the experimental gas phase
measurements of Hiraoka and Kebarle, the two protonated

stabilities of the carbonium ions stressed the preference for theisobutane formed are not the real carbonium ions but the van

C-isobutonium cation relative to the H-isobutonium cations. This
result is in agreement with previous calculati®idon ethonium
and proponium cations, which pointed out that the C-carbonium
ions are more stable than H-carbonium ions, even in tertiary
alkanes. This fact may be explained by the electron distribution
in the three center bond. In the C-carbonium ions, the positive
charge on the hydrogen of the three center bond is significantly
lower than in isomeric H-carbonium ions, which means that

der Waals complexes. The experimehtaH;° of 170.7 kcal/
mol for the C-isobutonium and 168.0 kcal/mol for the 2-H-
isobutonium were also very close to the values calculated for
the van der Waals complex8g170.93 kcal/mol at MP4(SDQ)/
6-31G** and 172.01 kcal/mol at MP4(SDTQ)/6-31G**) aAd
(168.52 kcal/mol at MP4(SDQ)/6-31G** and 168.67 kcal/mol
at MP4(SDTQ)/6-31G**). The experimental energy difference
of 2.7 kcal/mol between the two iz81," ions, observed by

the charge is better distributed and delocalized among the atomsHiraoka and Kebarléjs close to the energy difference between

lowering the energy of the ion.

the van der Waals complex8sand9, which is 3.3 kcal/mol at

The calculated geometries of the carbonium ions show somethe MP4(SDTQ)/6-31G**//MP2/6-31G** level of calculation

significant differences. 16, the H—H bond length in the three
center bond is shorter than i, reflecting the stronger
interaction between the hydrogens in the former ion. Compared
with calculations of methonium and ethonium cations, at the
same level and basis set, the-H bond distance irY (0.903

A) is equivalent to the distance in the ethonium cation (0.906
A)1%" and shorter than in methonium cation (0.957°A)These
results indicate that the degree of interaction between the
hydrogens of the three center bond in H-carbonium ions is
dependent on the type of carbon atom participating in the bond.
In tertiary H-carbonium ions, the-HH bonding is shorter than

in primary H-carbonium ions, which, in turn, show a stronger
H—H bonding than in the methonium cation. The calculations
of vibrational frequencies also stress this point. TheHH
stretching vibration ir6 is observed at 3172 crh, while in 7

it is observed at 2706 cm. The values calculaté® for
H-ethonium and methonium cations are 2716 and 2619'cm

and 2.41 kcal/mol at the MP4(SDQ)/6-31G** level. The energy
difference between the carbonium idhand6 is considerably
higher, favoring structur® by approximately 12.6 and 12.83
kcal/mol, at the same level of calculation, respectively. It is
interesting to note that the experimental PA akid:° of the
C4H11t species are better correlated with the MP4(SDQ)/6-
31G** results rather than with the MP4(SDTQ)/6-31G** ones.
As mentioned by Hiraoka and Kebarle, the 4Hz;™ ion,
resembling the 2-H-isobutonium cation, is not a real carbonium
ion but a loosely bound complex between hydrogen tntd
butyl cation. The calculations not only supported this point but
also indicated that the i-El1;* ion, resembling the C-isobu-
tonium cation in the work of Hiraoka and Kebarle, is not a real
carbonium ion either but a weakly bound complex between
methane and isopropyl cation. Hence, it could be inferred that
the C-isobutonium and the 2-H-isobutonium ions are very
unstable intermediates (very shallow minima in the potential

respectively. These results reinforce the previous discussionenergy surface), which tend to decompose to the corresponding

on the degree of HH bonding in H-carbonium ions, showing
that in tertiary H-carbonium ions, there is a stronger bonding

(25) Hobza, P.; Sponer, J.; Reschel, JI.Comput. Chem1995 16,
1315-1325.

van der Waals complexesand9.

Comparison with Experimental Results. One of the major
goals in studying the structure and energetics of carbonium ions
is to correlate these subjects with the chemistry of electrophilic
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Scheme 1H—-D Exchange of Isobutane in Liquid Superacid-at
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alkane activation, especially in superacid solutions and zeolite
surfaces. In liquid superacid solutions isobutane preferentially
reacts to form théert-butyl cation and hydrogef?® suggesting

the formation and decomposition of the 2-H-isobutonium cation

Mota et al.
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Scheme 2Possible Transition State for+D Exchange in
Liquid Superacid Systems
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rather than the C-isobutonium cation. On the other hand, gas SeF 5
phase result§ of isobutane protonation with 44, obtained by
Aquilanti and collaborators, clearly indicated the preferred
electrophilic attack in the €C bond, with formation of methane
and isopropyl cation. Protonation in the tertiary-B8, to form
hydrogen andert-butyl cation, is the second major process,
followed by protonation in the primary €4 bond to form
hydrogen and the primary isobutyl cation. These gas phase
results are in good agreement with the calculated relative
stabilities of the isobutonium cation§, 6, and 7, suggesting
that these carbonium ions might be involved in the gas phase . . . .
protonation of isobutane. The different regioselectivity for methmg p95|t|on .Of |sobqtane ShO.UId no'F involve a free
isobutane protonation in gas phase and superacid solution maycarbonlum ion as intermediate, as P'Ct””?‘?' in Scheme 1. We
be attributed to steric reasons associated with the electrophile.SuggeSt that exchange occurs by a transition state, resembling

In the work of Aquilanti, the protonation is carried out by'H :jhe tZ'H"S.Ot;EtOE]'um cat;ongl, \(/jvhere. tthe p;oton 't?\nt?] the.
which is small enough to reach the inner~C bonds of euteron, Inthe three center bond, are interacting wi € anion

isobutane. On the other hand, in liquid superacid solution (Scheme 2). As the aciq_s_trength incrc_eases, by the addition of
protonation is carried out by ’dFF+ H,SOF. and more " more Sbk, the nucleophilicity of the anion decreases, due to a
associated catiorfavhich are significa{ntly more s,pace demand- Petter delocalization of the negative charge. Hence, the interac-
ing to attack the inner €C bonds of isobutane. Indeed, Olah tion with the atoms in the three center bond becomes weaker,
has already usédthis concept in explaining. the différent leading to a transition state with more carbonium ion character,

regioselectivity abserved for alkane protonation in HF/Skd thus favoring ionization ttert-butyl cation and hydrogen rather

HSOsF/SbFs.  Another evidence for the importance of steric than exchange. éosimilar transition state has already been
effects for the G-C protonation in isobutane arises from the proposed by Olaft:® to account for the formation of Shfin

gas phase work of Hiraokd. When using HO* as the hydrocarbon reactions in HF/SbBuperacid solution.
protonating agent, he observed-C protonation as the preferred It seems that, in zeolites, protonation in the Cand in the

pathway. However, when the bulkiers§f was used as tertiary C-H bond of iso_bgtane_ are equally probableThis
electrophile, G-H protonation was favored result is somewhat surprising, since recent calculatiamsthe

. . . . . . structure of carbocations adsorbed on a cluster, representing a
An interesting reaction accompanying protonation and ion- : .
L T . . real part of the zeolite Y structure, suggested that steric factors
ization of alkanes in liquid superacid systems is the[Hex-

change. At-78°C, isobutane exchanges the tertiary hydrogen play an important role in hydrocarbon reaction over ze(_)htes.
: : o : Therefore, one would expect a preferential protonation in the
almost exclusively. This result is in contrast with HD

exchange in BSO,. where only the methyl hydrogens are more accessible -€H bonds of isobutane. On the other hand,
9 7 - y 1ethy’ nydrog .~ the energy barrier for the interconversion of H-isobutonium and
exchanged’ The different regioselectivity for exchange in

4 ) L - ) C-isobutonium ions, isotopal rearrangement as referred by Olah,
superacids and sulfuric acid is due to different mechanisms. In ; .
" . : : could be small and account for the observed results in zeolites.
the latter, there occurs an initial oxireduction reactfdo give

. . . . Gas phase experimental results for ethorfifiand proponium
thetert-butyl cation, which can undergoes consecutives elimina- ___: _
. - . : - cation$ suggest that the barrier is aroune-2 kcal/mol, and
tion—protonation reactions. In superacids, the exchange in the

. o . : . could be even lower for higher alkanes. We are presently
tertiary position suggests the formation of the 2-H-isobutonium studving the enerqy barrier for the interconversion of H and
cation, as shown in scheme 1. A0 °C, besides the preferred ying 9y

exchange in the methine, exchange of the hydrogens in theC-|sobuton|um cations and the reaction pathway involved in

methyl position is also significaHtand associated with forma- C~H and C-C bond protonation.
tion of the 1-H-isobutonium cation. This latter result is in

. . g Conclusions
agreement with the calculated relative stabilities of the H-
isobutonium cation$ and 7. Theoretical studies at the MP4/6-31G**//MP2/6-31G** level

Recent studies on the role of acid strength in the ionization ©f the protonated isobutane revealed that the van der Waals

(formation oftert-butyl cation) and H-D exchange of isobutane ~ complexes8 and9 are lower in energy than the isobutonium
in DF/SbF superacid systems carried out by Sommer and Cationss, 6, and7. After ZPE and temperature corrections,

collaborator® indicated that as the acid strength increases, by Structured was found to be the lowest energy species. Among
the carbonium ions, the energy increases in the dsder6 <

7, stressing the lower energy of C-carbonium ions. The relative

increasing the amount of ShRhe ratio of ionization to HD
exchange increases. On the basis of our present calculations
and from the gas phase experimental data of Hiraoka and
Kebarle® one would expect that protonation in the tertiary &

bond of isobutane, with formation of a free 2-H-isobutonium
cation, should straightforwardly give thert-butyl cation and
hydrogen. Therefore, the observed-B exchange in the

(26) (a) Hogeveen, H.; Bickel, A. Recl. Tra. Chim. Pays-Ba4967,
86, 1313-1315. (b) Hogeveen, H.; Gaasbeek, C. J.; Bickel, AREcI.
Trav. Chim. Pays-Ba4969 88, 703-718.

(27) (a) Otvos, J. W.; Stevenson, D. P.; Wagner, C. D.; Breek].O.
Am. Chem. Sod 951, 73, 5741-5746. (b) Stevenson, D. P.; Wagner, C.
D.; Otvos, J. WJ. Am. Chem. S0d.952 74, 3269-3282.

(28) (a) Burwell, R. L., Jr.; Gordon lll, G. SI. Am. Chem. S0d.948
70, 3128-3132. (b) Burwell, R. L., Jr.; Scott, R. B.; Maury, L. G.; Hussey,
A. S.J. Am. Chem. So0d.954 76, 5822-5827.

(29) (a) Sommer, J.; Bukala, J.; Hachoumy, M.; JostJRAm. Chem.
S0c.1997 119 3274-3279. (b) Hachoumy, M. Ph.D. Thesis, Univefsite
Louis Pasteur, 1995.

(30) Olah, G. A., Prakash, G. K. S.; Williams, R. E.; Field, L. D.; Wade,
K.; Hypercarbon ChemistryWiley: New York, 1987; pp 222223.

(31) Mota, C. J. A; Esteves, P. M.; De Amorim, M. B.Phys. Chem.
1996 100, 12418-12423.
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