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A comprehensive quantum chemistry study with natural bond orbital analysis is performed to reveal the
intrinsic properties of the floppy potential energy surface of the smallest methonium igh [@Hontrast to

the low-energy barriers d@4(I) — C4(Il) — C4l) andC4l) — C,, — C4) that correspond to theHotation

and H-flip motions, the remarkably larger intramolecular interaction energies are the driving power to mimic
the hydrogen scrambling in GH As for the H rotation and H-flip motions, the hyperconjugative and
electrostatic interactions compete strongly. They together with other interactions compensate for each other
and lead to the floppy potential energy surface.

The smallest protonated alkane, methonium ionsChk a
prototype of the intermediates in acid-catalyzed transformations
of hydrocarbons and in the many electrophilic reactibasd
this novel cation receives much interest in interstellar chemistry.
However, debate stems from the floppiness of its potential
energy surface (PES). Namely, five hydrogen atoms are
scrambling freely and chemically equivalent in €tor this
cation prefers a quantum ground-st&esymmetric structure
having a three-center two-electron {3e) bon1! Due to
its highly fluxional structures predicted by the Monte Cérlo
and quantum dynamics simulatioh® CHs" is known as
chemistry’s Cheshire CatSome researchers believe that there
is no final answer to Ckt stability until the complex’s Oka
spectrum®14 can be assigned preciséfft® Despite this con-
troversy, the eclipse@s (noted asC((l)), the staggere@s (noted
asCql) ), and theC,, symmetric conformers (shown in Figure
1) are statistically dominant in the dynamic simulatiéA32
moreover, they are indeed the key to theoretically reproducing Cs (D Cay Cs (D
the infrared spectrum of Gf.15.16 Figure 1. H, rotation between the global minimu@y(l) and the

High-level ab initio quantum chemistry studies indicate that transition conformerC((Il) (top panel). H-flip between the global
the C(ll) and Cy, conformers correspond to two low-lying minimum Cy(1) and the transition conforme2,, (bottom panel).
saddle points connecting the isomerization motions shown in
Figure 1. The energy barriers are Odr 0.083 kcal/mol and motions. The amplitudes and correlations of these energetic
0.8 or 0.974 kcal/mol for the H rotation (viaC«ll) ) and H-flip contributions are the key to revealing why and how this Cheshire
(via Cy,), respectively. These two paths correspond to the most Cat is smiling, namely, toward an understanding of the structural
important motions of hydrogen scrambling on the floppy PES. stability of CH* and the floppiness of its PES.

They together with various quantum effects (e.g., vibrational ~ The reliability of the NBO theorem to analyze the structural
coupling, nuclear spin statistics, and tunneling splits) lead to stability has been demonstrated by an excellent work on the
the complexity of the rovibrational spectrum, in particular, in internal rotation of ethant. Recently, the NBO theorem was
the low-frequency regiot?éIn this letter, natural bond orbital ~ also successfully applied in a study of intramolecular hydrogen
(NBO)Y” analyses based on second-order MgiRlesset per- bonding®® In the NBO theorem, three principle physical factors,
turbation (MP2) calculations are performed. We focus on the Pauli exchangeE), electrostatic &), and hyperconjugative
electronic properties of C# and the roles of the different  interaction Ep), determine the molecular structural prefereffce.
intramolecular interactions in constructing the floppy PES, in The stericEx value arises from wave function antisymmetry;
particular, the driving energies of the, Hotation and H-flip E; includes nuclearnuclear, electrorelectron, and nuclear
electron Coulombic interaction&;, represents charge transfer

* Author to whom correspondence should be addressed. E-mail: sxtian@ P€tween two localized orbitals, the occupied bonding orbital

ustc.edu.cn. and the unoccupied antibonding orbitaf*. In the NBO
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(a)

E(2) = 6.75 keal/mol
dej = 1.05 au.
Fij=10.077 a.u.

£
GcHe = THoCH™

(b)

E(2) = 49.67 kcal/mol
deij = 1.01 a.u.
Fij=0.201 a.u,

E(2) =27.88 keal/mol
dejj = 1.04 au.
Fij=0.154 a.u.

GCHe = THoCHA™*

Figure 2. Predominating hyperconjugative interactions in (a and b)
Cql) and (c) C(ll). Three-dimensional (left) and two-dimensional

contour maps (middle) and the second-order perturbation energies (right)

are presented.

analyses, the totd, values were calculated by summation of
the second-order perturbation enerdig®) of the vicinal and
geminal charge transferg&(2) = —q;F;%/dej, whereq; was the
donor orbital occupancyle; was the orbital energy difference,
andF; was the off-diagonal NBO Fock matrix eleméntThe
geometrical parameters of tl(l), C4ll) , andC,, conformers
were fully optimized at the MP2/aug-cc-pVTZ level, and the
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TABLE 1: Energetic Compositions (in kcal/mol) of
Intramolecular Interactions in the Stationary Structures.

CS(I) Cs(”) C 2V
En 77.38 66.29 163.26
vicinal part 65.17 56.80 153.10
geminal part 12.21 9.49 10.16
» —70.65 —68.19 —68.70
AEg? 0.00 8.55 —94.59°
E’ 128.51 128.73 130.28

aThe relative energies are given with respedtif)) species? This
value excludes bond energy-Eib (329.78 kcal/mol from ref 23)E.
is estimated bye(MP2) — E(HF).

Hb, and Hc in theC,, conformer indicate the possibility of a
four-center four-electron hyperboAtiBy extracting a G-H
bond energs? from the totalE, of the C,, conformer, itsEp,

Ex, Ec, andAEs values can be determined; these quantities for
the Cp, conformer as well as the values of the other two
conformers are listed in Table 1. One can find that the vicinal
hyperconjugative interaction plays a role in the tdal The
higherEy implies more stabilizatiod’=20 The typical negative
exchange energies for the valence natural localized molecular
orbitals C-H lead to the negative totdl, values. The above
two types of interactions are competitive @y(l) and Cy(ll),
while Ex is much smaller thaiky, for C,,. The AE; is a large
negative value, leading to less stability©f,. It also deserves
attention that the electron correlation effect (3280 kcal/mol)

is important to predict accurate energy differences for these
species.

The various interaction energies are given in the Table 1S of
the Supporting Information. To our surprise, these energy values
are much larger than the energy barriafs of Cy(I) — Cg(Il)

— CyI) (Hz rotation) andCql) — C,, — C4I) (H-flip). It

stabilities on the PES were examined by harmonic vibrational suggests that these different interaction energies should lead to

frequency calculations. The global minimum conforn@(l)
and the first-order saddle poirBs(ll) andC,, were rationalized
at the MP2/aug-cc-pVTZ level, and tia(ll) andC,, conform-

an activation of five hydrogen atoms and yield the freely
scrambling motions in Ckt. Furthermore, the nuclear skeleton
motion (i.e., vibrational) energies are normally much smaller

ers were further characterized by the intrinsic reaction coordinatethan these interaction energies, implying that the hydrogen
(IRC) calculations. To obtain the IRC energies, the geometries scrambling is most likely due to the electronic properties of

were optimized at each point along the IRC path pointing to
the stableCg(I) conformer. All energetic calculations and NBO
analyses were carried out with the Gaussiatt 88d NBO 5.2
programs.

According to NBO theorem, the energy barrier of the H
rotation or the H-flip transition i\Eqr = AEx + AEs + AE;
in the Hartree-Fock (HF) approximatior? Since the electron
correlation effect is included in the MP2 calculations, the real
energy barrier predicted at the MP2 levdE = AEyr + AE,
where AE; represents the electron correlation effect. Two
isomerization paths show that the energy barrigesare 0.144
and 0.558 kcal/mott for C«I) — Cq(Il) — C4I) (Hz rotation)
andCyl) — Cy, — C4(I) (H-flip), respectively. The reliability

CHs™. The relative energies are calculated with respect to the
Cq(l) values, and they are plotted in terms of the IRC paths in
Figure 3. In general, thAE values are predominantly deter-
mined byAE, AEs, andAEy. In part a,AE;, decreases along
the IRC path ofCq(l) — C(ll) , while AEs and AE, increase.
This implies that the Krotation toCq(l) is controlled by the
hyperconjugative interactions. Namely, the hyperconjugative
interactions, mostly ofochde) — Thocnd™* and ocra —
Thochd™*, play an essential role in the stabilization of the
eclipsed conformeC(l). However, there may be some local
minima around staggere@s(ll) on the PES without the
hyperconjugative interactions, because and Es values are
typically negative, which yields the antibarrier for the ddtation

of the present calculations is proven by a comparison with the transition Cyl) — C4Il) — C4l). In contrast to the H-flip

results obtained at the higher-level ab initio calculatibhs.
It is well-known that there is a distinct 3@e bondrych in
Cq(l) andCg(Il) (Figure 1S of the Supporting Information). As

processAEs decreases dramatically along tGgl) — C,, path
shown in part b. The electrostatic interaction as well as the Pauli
exchange interaction play a role in stabiliziegl) during the

shown in Figure 2, delocalization processes arise from the H-flip. In general, the hyperconjugative and electrostatic interac-

predominant hyperconjugative interactions otndae) —
Thberd™* and ocpa — Thocnd™* for Cy(l) and ochae) —
THbcrd™* for C«ll) . Here ochdee) and thncnd™* represent the
occupied C-H bond and the 3e2e antibond, respectively. The

tions compensate for each other, resulting in the low-energy
barrier. Moreover, the electron correlation effects on the barrier
are shown in Figure 2S of the Supporting Information. There
the more floppy PES shows more than one local minima for

total E,, of each stationary conformer is obtained by summation the H rotation process if the electron correlatidh)(is excluded

of all vicinal and geminal hyperconjugation energies. The

or considered insufficiently. However, the electron correlation

extremely strong hyperconjugative interactions among C, Ha, lowers the barrier of the H-flip process.
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(b) H-flip. The energies oAE (M, black), AE.r (@, red), AEs (A,
green),AE« (v, blue), andAE;, (®, cyan) are calibrated, respectively, Reaction Coordinate (amu ! bohr)

by the values o). Figure 4. Natural atomic population change for each atorcifl) —

The natural atomic populations (NAPs) based on the NBO Gl = Gl and &L = G = GO
analyses are shown in Figure 4. In part a, the negative NAP
value of the carbon atom decreases slightly al@f) — to reveal the tautomerism or isomerism, namely, the driving
Cq(Il) (Hzrotation), while it increases with a large margin along forces of atoms to form the stable molecular structures.
Cq(l) — Cy, (H-flip). As shown in parts b and c, the;Hotation
in the C4l) — C4ll) — C(I) process leads to an alternation of Acknowledgment. This work is partially supported by the
the NAPs of Hb and Hc, while H-flip in th€yl) — Cp, — National Natural Science Foundation of China (Grant Nos.
C4l) process results in an alternation of Ha and Hc. In general, 20503026, 20673105, 20533030, and 50121202) and the
the Columbic interactions between carbon and hydrogen atomsScientific Research Foundation for Returned Overseas Chinese
vary more drastically fronCg(l) to C,, than those fronC4(l) Scholars, State Education Ministry.
to C4(Il) . This is in line with the scenario that there are more
significant AEs variances shown in Figure 3b. Supporting Information Available: The occupied and

The comprehensive analyses of the intramolecular interactionsunoccupied 3¢ 2e hyperbonds, energy changes along the IRCs,
and their contributions to the floppy PES of €Hmimic the and the electron correlation effects along the IRCs. This material
proton scrambling that is proposed by the dynamic simulations. is available free of charge via the Internet at http:// pubs.acs.org.
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