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Triprotonated Methane, CH-;3*: The Parent

4 > Qe = -1.52(-1.38) [[1.27]
Heptacoordinate Carbonium lon!

Qira = 068 (0.65) [0.64]
Qup = 0.65 (0.64) [0.63]
Qpe =063 (0.61) [0.59]
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Receied April 2, 1996 of 1.

Revised Manuscript Receéd July 5, 1996

. . . . Scheme 1

CHs" is considered the parent of nonclassical carbocations ’
as it contains a five-coordinate carbon atbrRecent extensive H.. oH —I
high-level ab initio calculations (Car-Perrrinell@b initio H\ H—‘ + ‘~~:C,.-“‘
simulation§ reconfirmed the preferre@s symmetrical structurfe e : e o \H
(Scheme 1) for the C cation with a three-center two-electron H“\/ ------ b H
(3c-2e) bond as originally suggested by Olah et al. in 1969. H “H
The parent six-coordinate carbocation, diprotonated methane CHs* C CHg2+ Cay
(CHg%"), has two 3c-2e bonding interactions in its minimum-
energy structured@,,) (Scheme 1) calculatédt the HF/6-31G** Scheme 2
level which further indicates the importance of 3c-2e interactions N 2
in protonated alkanes. Using gold(l) organometallic ligand At —| ’l‘”L _‘
(LAu™) as isolobal substitute for H Schmidbaur et al. have L AuL 1, o AUL
prepared monopositively charged trigonal bipyrantidahd A T Aul! AuL
dipositively charged octahedfagjold complexes of five- and Aul Aul
six-coordinate carbon and determined their X-ray structures {[(CeHs)3PAU]5C )+ {[(CgHs5)3PAuleC )2+
(Scheme 2). These represent isolobal analogues gf @Hd L=(CgHs)3P

CHg?™, respectively. The significant metametal bonding that
occurs in these gold complexes renders them remarkably Stabletively. For the MP2/6-31G* optimized structures, further

even isolable as crystalline salts. Nonetheless they grea“ygeometry optimizations and frequency calculations were carried
contribute to our knowledge of higher coordinate carbocations. g + 4t the MP2/6-31++G(2df,2pd) and QCISD(T)/6-311G**

In continuation of our study of protonated alkanes, we have |oyels. For improved energt/ single-point energies at MP4-
now extended our investigations to triprotonated methane, the (SDTQ)/6-31G** QCISD(T)/cé-pVTZ and CCSD(T)/cc-pVTZ
parent heptacoordinate carbocation,£Hby ab initio calcula- levels as well as with the Gaussian-2 (G2) metlodere
tions using the correlated MP2/6-31G** level of calculations computed on optimized geometries. Energies at the MP4-
for geometry optimizations and frequency calculati¢hgrom (SDTQ)/6-31G** level were calculated on MP2/6-31G**

cal_culgted fr_equenu@i,éire optimized structures were charac- o yimized geometries. The (G2) theory is a composite method
terized as minima, saddle point, or transition structure, respec-p-«aq on MP2(FU)/6-31G* geometry which is treated in single-
(1) Chemistry in Superacids. 22. For Part 21 see: Olah, G. A.; Rasul, point calculations Wlth a variety of ba_S|s sets at the posF-SCF
G';(;)Ocr)lf’ EG stlkfiljsh.kG.hK-G SlkAgﬁ- \Cllvhltlem 50§9£5 Fl'1|7c'1 lleél'W g level. The correlation-consistent polarized valence tribasis
ah, G. A.; Prakasn, G. K. 5.; Willlams, R. E.; Fleld, L. D.; Wade, _ 1 _
K. Hypercarbon ChemistryJohn Wiley & Sons: New York, 1987. Olah. S.et (cc pVTZ} was used for QCISD(T) and CCSD.(T) Calcu'.a
G. A.; Prakash, G. K. S.; Sommer, Superacids John Willey & Sons: tions on MP2/6-31++G(2df,2pd) optimized geometries. Atomic

New York, 1985. charges were obtained using the natural bond orbital an&lysis
(3) Marx, D.; Parrinello, MNature 1995 375, 216. (NBO) method.

(4) See also recent discussions onsCldtructures based on high-level . .
ab initio calculations: Schreiner, P. R.; Kim, S.-J.; Schaefer, H. F.. Schieyer, At the MP2/6-31G** level theCs, symmetric forml is found

P. v. R.J. Chem. Physl993 99, 3716. Scuseria, G. Bature 1993 366, to be a stable minimum for triprotonated methane ;&H No
512. other singlet minima were found. Structutes a propeller-
91(3)2(glflh’ G. A.; Klopman, G.; Schiosberg, R. .Am. Chem. S02969 shaped molecule resembling a complex betweefGidd three

(6) Lammertsma, K.; Olah. G. A.; Barzaghi, M.; Simonetta, MAm. hydrogen molecules resulting in the formation of three 3c-2e

Chem. Soc1982 104, 6851. Lammertsma, K.; Barzaghi, M.; Olah, G. A, ponds (Figure 1). In such a small first-row trication, the
Pople, J. A.; Schleyer, P. v. R.; Simonetta, M.Am. Chem. Sod 983

105, 5258, charge-charge repulsion must be substantial. However, the
(7) Scherbaum, F.; Grohmann, A.;"Mer, G.; Schmidbaur, HAngew. bonding interactions of tricatiohare strong enough to counter
Chem., Int. Ed. Engl1989 28, 463. this charge-charge repulsion. The NBO charge calculations

H..(i)nzgrﬁrg%‘éﬂ'. ﬁgfé%h”éﬁrg‘{‘é&;2"7'“2222';'5&"’ C.; Schmidbaur,  (Fjg re 1) show that the hydrogen atomsidiear the positive

(9) (a) Frisch, M. J.; Trucks, G. W.: Schlegel, H. B.; Gill, P. M. w.; charges. The €H bond distances of 3c-2e interections{C
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Peterson, G. H, and C-H) are 1.282 and 1.277 A. These are slightly longer

A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, ; _
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B,; than those found in the 3c-2e-G1 bonds (1.181 A) of thé€s

Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; Structure of CH" at the same theoretical level. The non-3c-2e
Wong, M. W.; Andres, J. L.; Replogle, E.'S.; Gomperts, R.; Martin, R. L.; interacting C-H bond distance of (C—Hy) is 1.233 A. There
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J., Stewart, J. J. P.; Head- js no honding interaction between Bhd H, which are separated
Gordon, M.; Gonzalez, C.; Pople, J. &ASaussian 94 (Rgsion A.1l) A . -

Gaussian, Inc.: Pittsburgh, PA, 1995. (b) Calculated frequencies (without BY 1.555 A. The calculated ¢+H. distance in the 3c-2e
scaling): at the MP2/6-31G**//MP2/6-31G** level, GRf 1, 470, 711, interections is 1.085 A. This is 0.351 A longer than that found
1039, 1192, 1236, 1413, 1415, 1471, 1674, 2040, 2064, 21623 CH
—441, 652, 670, 970, 1174, 1189, 1211, 1237, 1324, 1400, 1438, 1479, (10) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJA.
1487, 1745, 1941, 2086, 2096, 2190; at the QCISD(T)/6-311G**//QCISD- Chem. Phys1991, 94, 7221.

(T)/6-311G** level, CH3* 1, 448, 451, 671, 930, 1115, 1164, 1299, 1329, (11) Dunning, T. H.J. Chem. Phys1989 90, 1007.

1363, 1573, 1969, 2073, 2100; 6% 2, —427, 610, 627, 873, 1110, 1120, (12) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
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Table 1. Total Energies {au) and Relative Energies (kcal/mol)

Communications to the Editor

energies (ZPB)

relative energies

1 2 1 2
MP2/6-31G**//MP2/6-31G** 40.089 05 (32.9) 40.088 11 (32.3) 0.0 0.6
MP4(SDTQ)/6-31G**//MP2/6-31G** 40.113 46 40.112 33 0.0 0.7
MP2/6-311+G(2df,2pd)//
MP2/6-31H+G(2df,2pd) 40.139 13 40.138 42 0.0 0.5
QCISD(T)/6-311G**//
QCISD(T)/6-311G** 40.136 74 40.135 82 0.0 0.6
G2 40.128 75 40.128 68 0.0 0.1
QCISD(T)/cc-pvTZIl
MP2/6-311+G(2df,2pd) 40.168 12 40.167 25 0.0 0.6
CCSD(T)/cc-pVTZ//
MP2/6-311+G(2df,2pd) 40.168 06 40.167 19 0.0 0.6

0.0 0.0

final relative energies

a Zero-point vibrational energies (ZPE) at MP2/6-31G**//MP2/6-31G** scaled by a factor of 0 BiBal relative energies based on CCSD(T)/

cc-pVTZ/IMP2/6-313+G(2df, 2pd)-ZPE.

Scheme 3

AH (kcal/mol)® AH (kcal/mol)®
CH73* (1) =oeem- > CHg2*+ + H* ) 2432 2411
CH73* (1) -=----- > CHy2* + Hz* (3} -253.7 -260.3

a at MP4(SDTQ)/6-31G**//MP2/6-31G** + ZPE ; bwith the G2 method

in the free hydrogen molecule at the same level of theory, and

it is also slightly longer than that in £ (1.031 A). We have
located a transition structur2 (Figure 1), at the MP2/6-31G**
level for intramolecular hydrogen transfer in the trication.
Optimizations of the structure4¢ and 2 with the MP2/6-
311++G(2df,2pd) and QCISD(T)/6-311G** changed the ge-
ometries very little. The €H and H-H bonds become slightly
longer. Structure lies only 0.7 kcal/mol higher in energy than
structurel at MP4(SDTQ)/6-31G**//IMP2/6-31G**. At G2, this
energy difference reduces to only 0.1 kcal/mol. At our highest
level of theory (CCSD(T)/cc-pVTZ/IMP2/6-3#1+G(2df,-
2pdH-ZPE), the energy difference betwekand2 has vanished.
Hydrogen scrambling in Cfi* 1 therefore is very facile. This
type of facile hydrogen scrambling is also calculated for
CH42+ 13 CHs*,3b and CH?' 6 carbocations.

We considered two possible dissociation paths for thelion
both of expected high exothermicity. At G2 the dissociation
into CHs?™ and H" (eq 1) is calculated to be exothermic by
241.1 kcal/mol (Table 1 and Scheme 3), while dissociation into
CH42" and K™ (eq 2) is even more exothermic by 19.2 kcal/
mol. However, no transition state could be located for either
reaction at the MP2/6-31G** level.

(13) Wong, M. W.; Radom, LJ. Am. Chem. Sod.989 111, 1155.

Scheme 4
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We also searched for minimum-energy structures for tetra-
protonated methane, GH. One can visualize a GA"
structure with four dihydrogen units complexed with a tetra-
positively charged carbon atom,*C(Scheme 4). Such an
octacoordinate carbocation complex can be compared with the
CH3* + 3H,, CH2" + 2H,, and CH™ + H, complexes in
CH73", CHg?t, and CH™ carbocations, respectively. However,
at MP2/6-31G** all efforts proved futile.

The present study shows that triprotonated methang CH
is @ minimum on its potential energy surface, although its
deprotonation is highly exothermic. The calculated structure
of this trication has three 3c-2e bonds oriented in a propeller-
shaped pattern. Hydrogen scrambling in £H1 should be
very facile. While experimental verification of G will be
extremely difficult, more stabilized analogues, including Schmid-
baur type’s gold complexes, e{d(CsHs)sPAul;—,CHp} 3, may
be more feasible. C§4" remains even computationally elusive
as chargecharge repulsions appear to have reached their
prohibitive limit.
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