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Ab Initio/GIAO —CCSD(T) Study of Propenoyl (LC=CH—-CO™) and Isopentenoyl
((CH3),C=CH—-CO") Cations and Their Superelectrophilic Protonated Dication$
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Structures of superelectrophilic protonated propenoyCEHCH—COH") and isopentenoy! ((CH,C=CH—
COHY) dications and their parent cations were calculated using ab initio methods at the MP2/6*311

and MP2/cc-pVTZ levels. Energies were calculated using Gaussian-2 (G2) theory-CHineon (G) protonated
3and7 were found to be the global minima for protonated propenoyl and isopentenoy! dications, respectively.
13C NMR chemical shifts of the cations were also calculated using the GIBOSD(T), GIAO-MP2 and
GIAO—SCF methods!*C NMR chemical shifts of the relategrt-butyl cation ((CH):C") and protonated
tert-butyl dication ((CH),CCH,>") were also computed at the same level to compare and explore the effect
of the additional charge in dications.

Introduction SCHEME 1

Acyl cations are important intermediates in Fried€lrafts R—C—0 < R—C——0
type acylation of aromaticsMany of the acyl cations were
obtained as stable, long-lived ions and directly studiedhby
and**C NMR spectroscopy.These studies have indicated that gcHEME 2
acyl cations have a nearly linear structure, being resonance

| 11

hybrids of the linear oxonium ioh and the oxocarbenium ion /0 0 (o]
Il forms, withl being the predominant contributor to the overall C// R +c// R c//
structure (Scheme 1). N/ N/ N+ /

In 1967, Olah and Comisarow reportatie preparation and /C‘*_C“\ /C“_C“\ o Ca
I1H NMR spectroscopic studies of a series of alkenoyl cations Re Rs Rz Rs R2 Rs

(alkenyloxocarbenium ions). Later, Olah et al. us&d NMR 11
spectroscopic methods to study the structures of alkenoyl
cations® From the!3C NMR spectroscopic studies it has been
shown that to the structure of alkenoyl catidtsthere is limited
contribution from oxocarbenium ion structur®g but with
substantial contribution from delocalized “ketene-like” resonance
formsV (Scheme 2). This is due to the ability of the electrons
of the carbor-carbon double bond to stabilize the adjacent
positive charge.-Carbon methyl substituents change the  Calculations were carried out with the Gaussian 03 program.
importance ofV relative tolll . The geometry optimizations were performed at the MP2/6-
The important role of protosolvation of nonbonded electron 311+G** level. Vibrational frequencies at the MP2/6-3G**//
pairs,z-, and everv-electrons of carbocations and onium ions MP2/6-311G** level were used to characterize stationary
in superacid solutions is by now well recogniZecuch points as minima (number of imaginary frequency (NIMAG)
protosolvation in the limiting case can lead to dicatiéns. = 0)) or transition state (NIMAG= 1) and to evaluate zero-
Considerable interest has also centered on the elucidation ofpoint vibrational energies (ZPE), which were scaled by a factor
the structure and electronic properties of the dications by of 0.95? Final energies were calculated using the Gaussian-2
theoretical methodsPreviously, we have reported our theoreti- (G2) theory:? Calculated energies are given in Table 1. For
cal studies on protonated oxoniUAgarboxoniunt2halonium?? the larger isopentenoyl systems, final energies were computed
trihalomethylcarbeniurff, nitronium?d sulfonium?2and isopropyF at the MP4(SDTQ)/6-3t£G**//MP2/6-311+G** + ZPE level.
andtert-butyl” dications. However, no such investigations on Atomic charges were obtained using the natural bond orbital
protonated alkenoy! dications have been reported. In continu- analysis (NBOY method at the MP2/6-3#G**//MP2/6-
ation of our work, we now report ab initio/GIAGCCSD(T) 311+G** level. MP2/6-31HG** optimized geometrical pa-
studies to investigate the electronic structure and energies oframeters and final energies are discussed throughout, unless
protonated propenoyl and isopentenoyl dications. Besides stated otherwise. For NMR shift calculations, some of the cations
activation by protonation of the oxygen nonbonded lone pair were further optimized at the higher MP2/cc-pVTZ level. NMR
electrons, &C or C—H bond protonation of the parent ion is  chemical shifts were calculated by the GIAO methd@GIAO—
CCSD(T), GIAO-MP2, and GIAG-SCF calculation's using
* E-mail: rasul@usc.edu. tzp/dz basis sét'4 have been performed using the ACES II
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also possible. For protonated isopentenoyl dications, the results
were compared with the relatéelt-butyl cation and protonated
tert-butyl dication.

Calculations
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TABLE 1: Total Energies (—au), ZPE?2 and Relative Energies (kcal/mol

MP2/6-311-G**// energies rel.
no. MP2/6-31H-G** ZPE MP2/cc-pVTZ G2 energy
1 190.540 74 30.3 190.647 88 190.696 10 3.0
2 190.522 11 35.5 190.630 82 190.676 49 15.3
3 190.556 55 35.4 190.659 67 190.700 90 0.0
4 190.518 24 33.0 190.664 60 22.8
2ts 190.431 49 30.6 190.588 89 70.3
3ts 190.425 03 30.3 190.576 85 77.8
energies
MP2/6-31H-G**// MP4(SDTQ)/6-31%G**// rel.

no. MP2/6-31HG** ZPE MP2/cc-pVTZ MP2/6-31H-G** energy
5 268.966 98 63.8 269.128 56 269.054 71 52.4
6 269.000 44 68.3 269.092 97 32.8
7 269.053 28 68.2 269.211 47 269.145 14 0.0
8 269.005 15 67.3 269.093 75 314
9 269.040 10 69.5 269.130 74 10.5

aZero point vibrational energies (ZPE) at MP2/6-31G**//MP2/6-311+G** scaled by a factor of 0.99 Structuresl—3 using G2 theory and
5-9 at MP4/6-31#G**//MP4/6-311+G** +ZPE level.

4C;(22.8) 2ts C, (70.3) 3ts C, (77.8)

Figure 1. MP2/6-31HG** calculated structured—4. MP2/cc-pVTZ parameters are given in italics; relative energies in kcal/mol are given in
parentheses.

program®® The 13C NMR chemical shifts were referenced to carbenium-acylium dication with greatly increased electrophilic
(CHy)4Si (calculated absolute shifts, i.e(C) = 197.9 (GIAOC- reactivity. The structur® is 15.3 kcal/mol more stable thén

CCSD(T)), 199.6 (GIAG-MP2), and 193.9 (GIAG SCF)). (Table 1). The transition structui@ts for deprotonation of3
) ) lies 77.8 kcal/mol higher in energy than struct@eDeproto-
Results and Discussion nation of 3 to the propenoyl cationl is computed to be
Protonation of Propenoyl Cation, H,C=CH—CO", 1. endothermic by 3.0 kcal/mol. Thus, the propenoyl cafiand
Three structures of protonated propenoyl dications, oxygen its protonated structur8 are almost isoenergetic in the gas
protonated?, a-carbon (G) protonated3, andj-carbon (G) phase. The results are in accord with the recent experimental

protonatedd, were found to be minima on the potential energy studies of cyclialkylacylation reactions in strong acid méfia.
surface at the MP2/6-3#1G** level (Figure 1). The structure ~ The method is an extension of the Fried@rafts chemistry

of the propenoyl catiold was also calculated at the same level and can be applied to a variety of aromatics and unsaturated
and displayed in Figure 1. The-€ bond length of 1.182 Ain  carboxylic derivatives. The two-step intermolecular alkylation

oxygen protonated is only 0.050 A longer than that df Due intramolecular acylation mechanism may involve a superelec-
to C=C; double bond conjugation, a significant shortening of tyophilic dication such a8 (Scheme 3).

the G,—C(O) bond (1.345 A) and lengthening of the=€C;
bond (1.404 A) in2 were found as compared to those of the
propenoyl cationl (1.410 and 1.351 A). Deprotonation @f

was computed to be exothermic by 12.3 kcal/mol. The transition d hvd Th h is sianif |
structure2ts for the dissociation of lies 55.0 kcal/mol higher and two hydrogens. The structude however, is significantly
in energy than the structue less stable thaB by 22.8 kcal/mol.

The G, protonated structur8 was found to be the global NBO charge¥' of the structures—3 were also calculated
minimum for protonated propenoy! dications. The structBire  and depicted in Figure 2. In monocatiénthe acyl CO group
contains a carbenium ion and an acylium ion center separatedas a whole bear$-0.74 of charge and the CH and €groups
by a CH group. Thus, the structure can be considered as aas a whole bear-0.24 and+0.50 of charge, respectively,

The G—H protonated structuré is characterized by a short
Co—C;s bond length of 1.372 A. The structure is characterized
by a 2e-3c bond involving a tetracoordinate%stype carbon
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indicating that the positive charge is shared by only the terminal
CO and CH groups. In the O-protonated dicati@nthe COH
group as a whole bears1.31 of charge and the CH and ¢H
groups as a whole bea0.17 anct-0.86 of charge, respectively.
Thus, the electron deficiency of the terminal £gtoup of the
dication 2 becomes substantially more enhanced than that of
the monocatiorl. On the other hand, the charge of the middle
CH group of the dicatior2 (—0.17) is closer to that of the
monocationl (—0.24). In the dicatiorB8, the CO group bears
+0.90 of charge and the middle and terminal Qjfoups bear
+0.08 and+1.02 of charge, respectively. In dicatioasnd3,

the positive charges are shared by the both CO and the terminal

CH, groups.

For NMR shift calculation, the structure of catiohs3 were
further optimized at the higher MP2/cc-pVTZ level. TRE
NMR chemical shifts of the cations were calculated (Figure 2)
at the GIAO-CCSD(T)/tzp/dz level using MP2/cc-pVTZ
geometries. AccuratC NMR chemical shift calculations by
the GIAO-CCSD(T) method has been demonstrated in several
studiest’20 For comparison, GIAGMP2 calculated3C NMR
chemical shifts together with GIA©GSCF/tzp/dz values are
given in Table 2. Calculated *C of C(O), G,, and G; carbons

w3 H g0 nea
(90.6) (153.2) +
n7ay L C=——=0
H (177.2)/ 0354 106 032
+0,24\ \+0A04
\p +022
1
\ (80.8) <208 9
O 0.52
@T1. / +1.16
+0.2 +0.34 +0.67
+0.25
2
+041 H« H +041
(55.6)
(351.5) a42.1)
+0. 27\ /074 X
+0.50 +1 08\0 +
H 4026 -0.18
3

Figure 2. Calculated NBO charges and GIA@CSD(T)*3C NMR
chemical shifts (given in parentheses)lof3. Experimental’C NMR
chemical shifts are given in brackets.
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13Ca NMR Chemical Shifts

TABLE 2: GIAO Calculated

no. atom GIAG-SCF GIAO-MP2 GIAO—-CCSD(T) expt

1 C(O) 167.3 153.4 153.2 147.0
Cq 86.2 92.0 90.6 92.7
Cs 200.8 180.4 177.2 177.1
totaF 450.3 425.8 421.0 416.8
C(O) 229.2 205.6 208.9
Cq 70.7 78.7 80.8
Cs 288.1 276.4 277.6
totaF 588.0 560.7 567.3

3 C(O) 160.9 139.9 142.1
Ca 44.7 54.4 55.6
Cs 339.5 353.9 3515
totaF 545.1 548.2 549.2

5 C(O) 171.0 158.3 158.1 154.2
Cq 71.8 79.2 77.7 79.0
Cs 2459 227.2 225.4 223.0
totaF 488.7 464.7 461.2 456.2
C(O) 165.2 144.7 147.1
Cq 42.0 47.7 46.9
Cs 336.5 334.2 330.1
totaF 543.7 526.6 524.1

VI C+ 342.8 345.6 341.9 3357

Vil C+ 3195 314.9 310.7

a13C shifts are referenced to TMSFrom ref 5.6 (C(O) + C, +
Cp). @ From ref 21.

of the propenoyl catiod are 153.2, 90.6, and 172.2, respec-
tively. These agree very well with the reported experimental
values ofd 13C 147.0, 92.7, and 1773IThe totald 13C of C(O),
Cy, and G is 421.0, deviated by only 4.2 ppm from the
experimental value of 416.8. GIAGVP2 calculated values of
1 are also very close to the experimental values (Table 2). The
total 0 °C of C(0), G, and G calculated by GIAO-MP2
method is 425.8, also slightly (9 ppm) different from the
experimental value. However, the corresponding value calcu-
lated by GIAO-SCF method is 450.3, deviated by 33.5 ppm
from the experimental value. The!*C of C(O), G,, and G of
protonated forn® are 208.9, 80.8, and 277.6. THe'3C shift
of C(O) and G carbons of dicatior2 are deshielded by about
56 and 100 ppm, respectively, compared to those of the
monocationl. In contrast, thed 13C shift of G, carbon of
dication 2 is shielded by about 10 ppm with respect to the
monocationl. The calculated 13C of C(0), G, and G carbons
of dication3 are 142.1, 55.6, and 351.5, respectively.
Protonation of the Isopentenoyl Cation, (CH),C=CH—
CO™, 5: Comparison with the Related tert-Butyl Cation
((CH3)3C™) and the Protonatedtert-Butyl Dication ((CH 3)»-
CCH42"). Three isomeric protonated isopentenoyl cations,
oxygen protonateds, C, protonated?7, and methyl CG-H
protonated8 were located as minima (Figure 3). The; C
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9C, (10.4)

Figure 3. MP2/6-311G** calculated structure§—9. MP2/cc-pVTZ
parameters are given in italics; relative energies in kcal/mol are given
in parentheses.
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Figure 4. Calculated NBO charges and GIA@CSD(T)*C NMR
chemical shifts (given in parenthesespp¥, VI, andVIl . Experimental
13C NMR chemical shifts are given in brackets.

the electron deficiency and the reactivity of the carbocationic
center would be further increased. This would lead to enhanced
reactivity of the carbocationic center. Thus the strucisbould

be compared not with theert-butyl cationVI but with C—H
protonatedert-butyl dicationVIl (Figure 4)7f Olah et al. have
been able to shofvby hydrogen/deuterium exchange experi-
ments and theoretical studies that the long-lived stgtébutyl
cation VI undergoes €H protonation in superacids to form
the highly electron deficient protiert-butyl dicationsvIl . With
further protonation ofVI in superacidic solutions, €H
hyperconjugative stabilization of the trivalent carbenium center

protonated structure does not correspond to a minimum andis enhanced (vide supra). This leads also to an enhanced overall

converted int® upon optimization. The structuiis the global
minimum being 32.8 kcal/mol more stable th&nTable 1).
The structure/ contains a trivalent carbenium ion center and
acylium ion center separated by a gffoup. Thus, the structure
is a tertiary carbeniumacylium dication. The calculated,&
Cs and G,—C(CO) distances of7 are 1.515 and 1.468 A,
respectively. Protonation & to form dication7 is calculated
to be substantially exothermic by 52.5 kcal/mol. In comparison,
protonation ofl to form the dication3 is calculated to be
exothermic by only 3.0 kcal/mol. This is due to the hypercon-
jugative stabilizations by the methyl groups attached to the C
of 7.

The C-H (CHs) protonateds is characterized by a penta-
coordinate carbon involving a 26c bond. The structur@
contains a carbonium ion center and acylium ion centers

electron deficiency and reactivity.

We have also computed theC chemical shifts o6 and7 at
the GIAO-CCSD(T)/tzp/dz level using MP2/cc-pVTZ geom-
etries, and they are shown in Figure 4. Tf@ chemical shifts
of 5 and 7 were also calculated using the GIA®P2 and
GIAO—SCF theories and are given in Table 2. The GIAO
CCSD(T) calculated 13C of C(O), G, and G of 5 are 158.1,
77.7, and 225.4, respectively. These agree extremely well with
the reported experimental values éf3C 154.2, 79.0, and
223.0° The totald 13C of C(0), G, and G of 461.2 is only
5.0 ppm different from the experimental value of 456.2. GIAO
MP2 calculated values & are also very close to experimental
values (Table 2). The totdl °C of C(O), G,, and G calculated
by the GIAO-MP2 method is 464.7, also slightly (8.5 ppm)
deviated from the experimental value. However, the correspond-

separated by two carbons. Therefore, the structure can being value calculated by the GIA©GSCF method of 488.7 is

considered as a carboniuracylium dication. The structuré
is significantly less stable than by 31.4 kcal/mol. In7, the

32.5 ppm different from the experimental value. These differ-
ences show the importance of correlatiod3@ NMR chemical

formal positive charge bearing carbenium and acylium centers shift calculation in cations. Th&C NMR chemical shifts of

are separated by one carbon wheredtimey are separated by
two carbon atoms. Despite this the structBris significantly
less stable thaid.

Attempts to find a stable minimum for agCprotonated

the structurally relatetert-butyl cationVI were also calculated

at the same level to explore the effect of an additional charge
in dication 7. The GIAO-CCSD(T) calculated °C of the
central carbenium carbon ®1 is 341.9, which is only 6.2 ppm

isopentenoyl cation failed because of spontaneous rearrangemerdeshielded compared to that of the experimental value of

to form the thermodynamically more stable dication structure
9. The structure is less stable thai by only 10.4 kcal/mol.
The structure of the dicatio is particularly interesting
because it can be considered a'Cfdbstitutedert-butyl cation.
Thetert-butyl cationVI is stabilized not only by weak external
solvation but also intramolecularly by-€H hyperconjugation.
These hyperconjugative interactions with the carbocationic

335.721 The calculated 3C of the carbenium carbon &f (0

13C 330.1) was found to be 11.8 ppm shielded relative to the
calculated value o¥/I. For comparison’*C NMR chemical
shifts of the protonatedert-butyl dication VIl were also
calculated (Figure 5). The calculatéd®C of central carbenium
carbon ofVIl is 310.9 and is also 31.0 ppm shielded compared
to that of the calculated value ¥ . Such3C NMR shieldings

center contribute to the overall stability of the ion. The more in the dications compared to the monocation can be rationalized
stable an alkyl cation is, the lower its reactivity. On the other by enhanced dissipation of the positive charge by hyperconju-
hand, with an adjacent positively charged £Q@" group of7, gative effects. This can be noticed in the computed NBO
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charge® (Figure 4). In fact, the charge of the carbenium carbon (7) (a) Hartz, N.; Rasul, G.; Olah, G. &. Am. Chem. S0d993 115

; i iti 1277. (b) Olah, G. A.; Rasul, G.; Hachoumy, M.; Burrichter, A.; Prakash,
of VIl (+0.64) is sl_lghtly less positive than that éf (+0.67). G. K. S.J. Am. Chem. S0@000 122 2737. (c) Olah, G. A: Rasul. G.
In thetert-butyl cationVI, each of the Ckligroups as a whole  vgin A, K. Burrichter, A.: Prakash, G. K. S.: Chistyakov, A. L.;

bears+0.11 of charge, whereas in the protonated-butyl Stankevich, I. V.; Akhrem, |. S.; Gambaryan, N. P.; Vol'pin, M. EAm.
dicationVII ,as well as |n7’ each of the CUgroupS as a whole Chem. Soc1996 118 1446. (d) Olah, G. A.; Rasul, G.; Aniszfeld, R;

L s Prakash, G. K. SJ. Am. Chem. Sod992 114 5608. (e) Olah, G. A.;
bears about0.20 of charge. This indicates enhanced dissipation "\ Rasul G.: Prakash, G. K.5.Am. Chem. S0d993 115 6985.

of the positive charge in these types of dications. (f) Olah, G. A,; Hartz, N.; Rasul, G.; Prakash, G. K. S.; Burkhart, M,;
Lammertsma, KJ. Am. Chem. S0d.994 116, 3187.
Conclusion (8) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

M. A.; Cheeseman, J. R.; Montgomery, J. A,, Jr.; Vreven, T.; Kudin, K.
The structures of superelectrophilic protonated propenoyl N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;

L + ; — + Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
(H.C=CH COH ) and isopentenoyl ((CgC=CH COH ) Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;

dications and their parent cations were calculated at the MP2/|ghida, M.; Nakajima, T.; Honda, Y.; Kitao, O.: Nakai, H.: Klene, M.; Li,
6-311+-G** level. The a-carbon (G) protonated forms and X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;

7 were found to be the most stable structures for protonated Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
P Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;

pr_openoyl and isqpentenoyl d_icationS' reSij'Ctively’ il’_l accord Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
with recent experimental studlé"sDeprotonatlon energies of  S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
the global minimum structures were also calculated. T D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.

. : P . G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
NMR chemical shifts of the intriguing dicatiorand 7 and Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

their corresponding parents cations were calculated using them. A.: peng, C. Y.: Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
GIAO—CCSD(T) method. These calculat& NMR chemical Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, H&ussian

shifts of the parent monocations agree extremely well with the 93 r(g‘)’issizgf-g‘l?ljc’jagzgic‘j‘;* Bcpr\]’}\/’ :‘"igﬁfe‘:;gégg ’1380116502
reported experimental values in superacid solutions. The charges (10) Cumés, L A.; Ragh’avachari’ K. Trucks, G. W.: Pople, JJA.

and the*C NMR chemical shifts of the relatetdrt-butyl cation Chem. Phys1991, 94, 7221.
((CH3):C") and the protonatedert-butyl dication ((CH)2- (11) Reed, A. E,; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,

2+ i .
CCH,*") were also calculated at the same level for comparison ™1, | 10 & johvs Radiun1937 8, 3974. Ditchfield, RMol. Phys.
to explore the effect of an additional charge in the dicaffon 1974 27, 789. Wolinski, K.; Himton, J. F.; Pulay, . Am. Chem. Soc.

For comparisont*C NMR chemical shifts of the cations were 1999 112, 8251.
also computed using the GIAGMP2 and GIAC-SCF meth- (13) (a) Gauss, JChem. Phys. Lett1992 191, 614. (b) Gauss, 1.
ods Chem. Phys1993 99, 3629. _
’ (14) Schéer, A.; Horn, H.; Ahlrichs, RJ. Chem. Physl991, 97, 2571.
. (15) Stanton, J. F.; Gauss, J.; Watts, P. G.; Szalay, P. G.; Bartlett, R. J.
Acknowledgment. Support of our work by the National  with contributions from Auer, A. A.; Bernholdt, D. B.; Christiansen, O.;
Science Foundation and the Loker Hydrocarbon ResearchHarding, M. E.; Heckert, M.; Heun, O.; Huber, C.; Jonsson, D.]lluse

" ; J.; Lauderdale, W. J.; Metzroth, T.; Ruud, RCES I| Austin-Budapest-
Instititue is gratefully acknowledged. We are most grateful to Mainz version: Integral packages included are MOLECULE (Ani:

Professor Ytgen Gauss for providing a copy of their ACES Il Taylor, P. R.); PROPS (Taylor, P. R.) and ABACUS (Helgaker, T.; Aa, H.
program. J.; Jensen H. J. A.; Jgrgensen, P.; Olsen, J.). See, also Stanton, J. F.; Gauss,
J.; Watts, J. D.; Lauderdale, W. J.; Bartlett, RInt. J. Quantum Chem.
Symp.1992 26, 879. For current version, see http://www.aces2.de.

(16) Prakash, G. K. S.; Yan, P.; Torok, B.; Olah, G. @atal. Lett.

(1) Chemistry in Superacids. Part 65. For part 64 see: Olah, G. A.; 2003 87, 109.

References and Notes

Prakash, G. K. S.; Rasul, ®roc. Natl. Acad. Sci2004 101, 10686. (17) Stanton, J. F.; Gauss, J.; Siehl, H.dhem. Phys. Letl996 262
(2) Olah, G. A.Friedel—Crafts ChemistryWiley-Interscience: New 183.

York, 1973. (18) Gauss, J.; Stanton, J.F Mol. Struct. (THEOCHEM)997, 398~
(3) Olah. G. A,; Prakash, G. K. S.; SommerSiiperacidsJohn Willey 399 33.

& Sons: New York, 1985. (19) Price, D. R.; Stanton, J. Bxrg. Lett.2002 4, 2809.
(4) Olah, G. A.; Comisarow, M. Bl. Am. Chem. Sod967, 89, 2694. (20) Siehl, H.-U.; Miller, T.; Gauss, JJ. Phys. Org. ChenR003 16,
(5) Olah, G. A.; Denis, J.-M.; Westerman, P. W.Org. Chem1974 577.

39, 1206. (21) Kalinowski, H.-O.; Berger, SC-13 NMR Spektroskopi&hieme:

(6) Olah, G. A.Angew. Chem., Int. Ed. Endl993 32, 767. Stuttgart, Germany, 1984.



