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We study the electronic density charge topology ofs€kpeciesl (Cs), 2 (Cy), and3 (Cy,) at ab initio level

using the theory of atoms in molecules developed by Bader. Despite the reports of previous studies concerning
carbocationic species, the methane molecule is protonated at the carbon atom, which clearly shows its
pentacoordination. In addition to the fact that hydrogen atoms in the methonium molecule behave in a very
fluxional fashion and that the energy difference among the spécigsand3 are very low, is important to

point out that two different topological situations can be defined on the basis of our study of the topology of
the electronic charge density. Then, the spetiasd?2 present a three-centetwo-electron (3e-2e) bond of
singular characteristics as compared with other carbocationic species, but in the 8p#dueabsence of a

3c—2e bond is noteworthy. This structure can be characterized through the three bond critical points found,
corresponding to saddle points on the path bonds between-ti2;3,5) that lie in the same plane. These
nuclei define a four-center interaction where the electronic delocalization produced amoi(G-thd) bonds

provide a stabilization of the three-& bonds involved in this interaction (the remaining twe-B bonds

are similar to those belonging to the nonprotonated species). Our results show that bonding situations with a
higher number of atom arrays are possible in protonated hydrocarbons.

Introduction achieved in the last few years, in terms of developing and
applying novel atomistic computer simulation techniques. This
was efficiently achieved due to an ingenious combination of

Yelectronic structure theory and molecular dynamics introduced

by Car and Parrinellé.

New concepts and new ideas are the result of the continuous
jprogress in the development of new computational tools, where
the quantum mechanic methods, on the basis of more advanced
sophisticated software, demonstrate a higher accuracy in the
prediction of observable properties, allowing their application
to more realistic and more complex situations. These develop-
ments led to new interpretations and in many cases the demand
for revision and modification of established concepts.

Toward the end of the last century and the beginning of this
one, the current ideas in chemistry about the carbon tetravalenc
proposed by KekUil€1850) and those about chemical bonding
due to Lewis (1916), which can be considered as founding ideas
of modern chemistry, are in intense evolution toward new
perspectives that allow people to understand the mechanism o
the catalytic reactions that take place in petrochemical prodesses
as well as the enzymatic reactions that happen in the nature.

Recently Berkessel has proposed a catalytic mechanism for.
the dehydration of Cl=H4MPT to CH=H,MPT" and H
analogous to that elucidated by Olah for the reversible formation

of carﬁocanonsh a’.‘é’ ;H‘r(;m allfatnehs |n.su|p§ra0|és.| . In the chemistry of carbon, the carbonium ions are formed
I.nt Is way, the idea o Lew]s chemica S electronic by the protonation of alkanes in superacid liquids [such as

pairs Iocated_ between tWO un!ted _atomk)es not contemplate _ FSQH—SbR; (magic acid), HF-SbF; (fluoroantimonic acid),

more complicated bonding situations such as those found in yigjc acid systems]. Furthermore, some solid superacids (such

the chemistry of the carbocations, widely studied by Olah. 55 cortain zeolites and other supported systems) are being of
The existence of protonated multicoordinated methanes (i.e.,sypstantial practical, even industrial, use.

CHs", CHg?", and CH®") appear to extend the conceptof the 1 high acidity of the catalysts and high temperature

carbon tetravalency toward another more general situation in . mnensate for the well-known inertness of the starting material.
WhICh the carbon atom would not be limited in its capability to 1 ;g widely accepted that the reactions proceed via an ionic
bind to more than four atoms or groups. mechanisn¥. The initial step is, however, often ascrifeas a

An intense debate has been registered in the last years OVeyroton attack on €C or a G-H bond, following the concept
the structure of Ckt', the prototype of nonclassical carbocations of ¢-reactivity developed by Olah and his group in the

and hypercoordinated carbon species. Dramatic progress wagramework of extensive investigation of electrophilic reactions
of single bonds in superacid medi&.
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Py to a Cp, saddle-point structure (without ;Hmoiety) for the
‘), . scrambling of the hydrogens.
i — Several authot417:18.24gyggested that the GH cation does
10941 (1 '\:ffzf,_ﬂq, not have a defined structure, since the protons are extremely
N = T H: ) mobile and, therefore, the representation with & 3e bond,

present inCs structures, is an oversimplification.

Beyond of the static study of GH, Marx and Parrinello
performed different types of ab initio molecular dynamics
calculationg’-2°for example, ab initio path integral molecular
dynamics calculations, in which the nuclear vibrational and
electronic wave functions were calculated simultaneously, and
standard CarParrinello molecular dynamics calculatichi
which the nuclei were treated classical® Of these works one
concludes that Ckt is a fluxional molecule that undergoes
hydrogen scrambling and pseudorotations. According to Marx
and Parrinell@’ the quantum ground state is dominated by
configurations in which the moiety Hs united to tripod CH",

C; configurations, with a 3e2e bond, as had been suggested
by Olah and his collaborators in 198®ased on the fact that
H, is formed by the reaction of methane with liquid superacid

f/}-]_'s )
1 2 NG i3

Figure 1. Optimized geometries of speciés2, and3 of CHs* ion.

Calculated at the MP2(full)/6-31G** level.

Small alkonium ions, such as GHand GH;", have been
originally detected in high-pressure mass spectrometry experi-
mentd®11.12and later on they have been studied on a quantitative
basis. The first reference to the three-centaro-electron (3¢
2e) bond in CH" was by Dyczmon$? who interpreted its
character on the basis of Boys’ localization, while Muller et al.
stated* when considering th€,, structure of the CEi" ion “in
the C,, structure the proton interacts equally with two CH bonds,
such that a 5-center 4-electron bond is formed” (the two

orthqgonal hybrid atomic orbitals (AOs) of carbon atom are media. However, Marx and Parinelfchave not detected a full
considered as two centers). ) ) scrambling of hydrogen, probably because the time of running

Although numerous experimental studies have been per-considered in the dynamics could have been very short. An
formed on the CH" ion'*t21%and GH7* ion!*2%it was not  gpservation that soon was confirmed by the work of Thomp-
until 1999 that Oka and his collaborators succeeded in obtaining ggn30
the hlgh-resolunon IR_spectrum of the GH® I_Dunng the last Thompson used the quantum diffusion Monte Carlo method
years it was not possible to carry out a detailed assignment of vy in order to calculate the nuclear vibrational wave
the individual lines, due to the complexny of t.he obtallnt'ad function and zero-point energy of GH and its rotational
spectru'm, and the res:ults seem to cpnflrm theoretical predictions . nstants over an interpolated potential energy surface from
Ehat this ”molecule is highly fluxional and that the term ccsp(T)/augcc-pVTZ ab initio data. Due to the calculations,
‘structure” should have to be refinéti’1® Recently, the  1ompson found that G# rather than remaining localized in
infrared spectrum of bare GH was presented by Asvany et single energy minimum on the PES can only be described by
al# Their measurements together with ab initio molecular 5 yclear vibrational wave function that accesses large areas of
dynamical calculations p_rowde a _mechamsm for exchange of -,ntormational space. All five hydrogen atoms in £Hpossess
hydrogens between GHripod positions and the three-center jqentical G-H and H-H radial distribution functions within
bonded H moiety that eventually leads to full hydrogen e nyclear vibrational wave function and are quantum mechani-
scambling. More recently, the quantum deconstruction of the ¢4l equivalent. In these simulations, direct calculation on the
infrared spectrum of Ck was published by Huang et &l. potential energy is not performed at the light level of ab initio

The interest in the Ckf cation led to numerous studies, theory because of the number of potential energy evaluations
mainly for the apparent difficulty in locating structures of required. The ground-state GHwave function has some€s
minimum energy of well-defined geometry. Nevertheless, (1) character, as evidenced by the bimodal character of thid H
different structures for the methonium cation were proposed radial distribution function; however, there is considerable
theoretically® (see also references therein) (Figure 1). The delocalization of the protons, and the calculated rotational
energetics of these systems has been studied rigorously in theconstants (very similar among them) suggesting that the"CH
frame of the most sophisticated theory levil&7:18.2429 A full- ground-state structure is more symmetric thanGhél) global
dimensional, ab initio based potential energy surface (PES) for minimum energy configuration. Thompson’s conclusion was that
CHs*, which can describe dissociation, is reported in ref 23. “CHs" is indeed a fluxional molecule”.

The protonated methane possesses a surface of potential According to these authors there is a substantial proton
energy that involves about 120 identical minima, each one scrambling, even at 0 K. On the other hand, Brown &t hhve
involving a structure with a 3e2e bond in the Ckigroup, and analyzed the degree of localization of the wave function in order
they can interconvert with a very low amount of energy. to establish what fraction of the amplitude is located in each of
Considering the minimum as the reference energy (ecligged the 120 equivalent minima. Comparative results from diffusion
(2)), the energies of the stagger&€d (2) and C,, (3) saddle Monte Carlo (DMC) ground state, harmonic ground state, and
points on the PES are 29.1 and 340.7 émespectively molecular dynamics simulation are showed in ref 31. In the

Calculations carried out within the BorOppenheimer  context of the harmonic description, the ground-state wave
approach, where it is assumed that the positions of the nucleifunction has 75% of this amplitude in the minimum around
will not suffer large changes in the minimum of the PES, have Which it is expanded and more than 99% of the amplitude is
shown that, although the speci@sof eclipsedCs symmetry distributed over the three minima that are connected to it through
(Figure 1) represents the most stable structure of Ga global the Cs (2) andCy, (3) saddle points.
minimum), the two other low-energy stationary points on the  In conclusion, there is substantial amplitude in ©g(1)
PES, specief and3, are practically isoenergetic to specles ~ equivalent minima but also comparable amplitude atGh¢?)

The staggere@s (2) corresponds to a first-order saddle point andCa, (3) saddle points that connect these minima.
for the rotation of the Wmoiety around the pseudds-axis of Recently, a full-dimensional MP2/cc-pVTZ PES has been
the tripod [Cs (1) — Cs (2) — Cs (1)] and specie8 corresponds constructed by McCoy and co-workeét$3 (by fitting 20 633
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ab initio data points to a polynomial expansion in the symmetry quantum simulations from Marx et &) to show the hierarchical
coordinates for Ckf" using 2303 coefficients). This PES was bifurcation analysis irCslike and C,,-like configurations.
used in ab initio DMC calculations of the fully anharmonic zero-  The associated bifurcation diagrams in both configurations
point energies and ground-state wave functions ot Céhd are topologically different. In the first, are defined four basins,
CH;Ds*. In this paper, bond length distributions are obtained one of them associated with the bonding electron pair of the
from the DMC ground state and are compared to those resultingH, moiety bonding to the carbon nucleus and the other three
from classical molecular dynamics simulations, which are basins associated with standaret 18 two-center-two-electron
performed at the quantum zero-point energy for roughly 300 (2c—2e) bonds. The second diagram show three basins: one of
ps. They report that, because the zero-point energy is still muchthem contains 4e and the other two basins have 2e each.
larger than the barriers between the minima, the classical Finally, such analysis suggests that ££Hs indeed very
trajectory is run at the zero-point energy samples at all the 120 floppy but shows considerable preference@ailike structures.
potential minima, which have equal probability. As a result, |, this work, the topology of the electronic density charge is
the distributions of the distances are nearly identical to the gydied for CH* species at ab initio level using AIM developed
correspondingCH or rHH distributions for CH™. In contrast, by Bader3s In our work, we are allowed to localize the bond
the distriputions that are based on Fhe D_MC ground state deviatecyitical points along the bond path moving through the density
substantially from the corresponding picture for £H maxima and we also can obtain the molecular graphs for the
According to McCoy and his collaborators, even in the Csspecies and2) and the transition stat€,, (species3) of
classical description, the propensity of the hydrogen atoms in the methonium ion.
CHs" to partition into one group that forms & Hnit and another In a complementary form to the information provided by ELF
group that forms a Ckt unit can be clearly seen. analysis and contrary to Savin's work, we can determine for
Kumar and Mané* in a recent study involving ab initio  each configuration which atoms are bonded among them by a
molecular dynamics simulations at different temperatures, bond path and contribute to the understanding of the hydrogen
compared computed infrared spectra to the measured one, givingscrambling based on the topological properties of the charge
support to the high fluxionality of Ckf. Considering the density in bond critical points (BCPs) in multicenter bonds.
analysis of the trajectories of the dynamic simulation at 300 K The electronic delocalization that operates through the
and taking the criterion of 1.15 A as the maximum allowed ¢-bonds in saturated molecules and specifically in protonated
distance between a pair of protons to be considered as a H alkanes can be studied by means of analysis of the charge
moiety, they suggest that “little over 80% of its configurations density and the BCPs. This analysis will be used in order to
correspond t&Cslike structure” (compared to 100% at 50 K), establish the features of the multicenter bonds in the different
which is close to the previous estimate extracted from low- speciedl, 2, and3in CHs* cation and to be able to relate them

temperature ab initio path integral quantum simulati®riEhis with the proposed structures of the methonium ion and also in
analysis has shown “why bare @Hcan be characterized to a  order to understand their high fluxionality.

large extent, though not entirely, bgslike ground-state From the analysis of the electronic density and the bond paths
structures.” On the other hand, the fact thati stretching it arises that the carbon atom is pentacoordinated and that no

modes involving the carbon nucleus and those protons that formponding critical point is found between any pairs of hydrogen
the H, moiety and the Chitripod, respectively, resultin distinct  atoms. We discuss the relative stability of the-2e vs 2e-2e
peaks is an experimental support for three-cenwp-electron  honds inCslike species and2) and relate this fact to hydrogen
bonding being present in experimental conditions. According scrambling in CH* and also characterize the four-centéur-

to Kumar et al., the peculiar dynamic of @Hmight be electron (4e-4e) bond in the transition state for scrambling of
represented by “correlated motion” of the five protons around hydrogen inCy,-like species 3).
the central carbon nucleus. Recently, Tantillo and Hoffmar#d claim the discovery of

In general, calculations show that the £Hation undergoes  the system containing five-centefour-electron bonding local-
rotation of the H moiety and scrambling of the hydrogens (or, ized in the central (€H~C~H=~C) fragment of a cation. It is
as Olah denominates, “bond-to-bond rearrangements”). To arriveprobable that the existence of nonclassical bonds involving more
at a comprehensive understanding of <£Hcutting-edge  than three centers, with different bonding parents, cannot be
experimental and theoretical studies will be neetfed. completely excluded in the carbocation chemistry. The eventual
Regarding this question, the topological calculations on existence of such bonds thus still represents an interesting
species of CE" (Figure 1) can be very interesting. The topology challenge for the theoretical chemistry.
of a molecular charge distribution yields a single unified theory = Method and Calculation Details. Calculations at the Har-
of molecular structure, one that defines atoms, bonds, structure free—Fock single-reference second-order Molt&lesset per-
and the mechanisms of structural change. In this theory oneturbation theory (MP2) were performed for methane and
may unambiguosly assignciemical structuréo a molecule methonium cations (Figure 1). The geometries of all the species
by determining the number and kind of critical points (CPs) in were fully optimized. The nature of all stationary points was
its electronic charge distribution. Application of the theory of characterized by calculation of the Hessian matrix and analyzing
atoms in moleculé8 (AIM) to understand the nature of the-3c the normal vibrational modes. The structdrevas confirmed
2e bonds in carbonium ions in deeper detail has been performedas a true minimum over the potential energy surface by the
by our group for other carbonium ion structufésA deep presence of real harmonic frequencies, and the struc2uaed
knowledge of the electronic structure of the carbocationic species3 were characterized as first-order saddle point by the presence
is essential in order to understand the mechanisms that occurof only one imaginary harmonic vibrational frequency.
during the catalytic process in the transformation of hydrocar-  Calculations were carried out at the MP2(full)/6-31G** level

bons. without any restrictions. The calculations were performed using
Previusly, Savin et & used the function of electronic the Gaussian98 packag.
localization ELF in representative configurations of £H The topological analysis and the evaluation of the local

(considering a set of configurations obtained from ab initio properties were carried out with the program PROAIMsing
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TABLE 1: Topological Properties (in au) of the Electronic Charge Density in the BCP of Structures 1, 2, and 3 of Methonium

lona—¢
structure bondl ob 20p A A2 A3 |Ae|lA3 e Gu/pp [Vl /Gp Ep
C—H*, 0.2251 —0.5468 —0.4993 —0.1637 0.1163 4.2930 2.0495 0.2687 4,2595—-0.1972
1 C—H*3 0.2198 —-0.5065 —0.5309 —0.1448 0.1691 3.1396 2.6674 0.2502 4.3018-0.1816
C—H; 0.2685 —0.9491 —0.7178 —0.6981 0.4668 1.5377 0.0281 0.1255 9.0386—0.2709
C—H,y 0.2895 —1.1011 —0.8223 —0.7979 0.5190 1.5844 0.0305 0.0953 11.9710-0.3028
C—Hs 0.2895 —1.1011 -—0.8223 —0.7979 0.5190 1.5844 0.0305 0.0953 11.9710-0.3028
C—H*, 0.2225 —0.5295 —0.5086 —0.1008 0.0799 6.3654 4.0464 0.2526 4.3559—-0.1886
2 C—H*, 0.2225 —0.5249 —0.5088 —0.1009 0.0802 6.3441 4.0422 0.2526 4.3559—0.1886
C—Hs 0.2776  —1.0193 —0.7703 —0.7435 0.4945 1.5577 0.0360 0.1099 10.3574—-0.2854
C—H, 0.2944 —1.1335 —0.8376 —0.8215 0.5257 1.5933 0.0195 0.0896 12.7348—0.3098
C—Hs 0.2776  —1.0190 —0.7700 —0.7433 0.4943 1.5577 0.0359 0.1101 10.3336—0.2853
C—H; 0.2875 —1.0865 —0.08159 —0.7892 0.5186 1.5733 0.0339 0.0973 11.7084—0.2996
3 C—H, 0.2875 —1.0865 —0.08159 —0.7892 0.5186 1.5733 0.0339 0.0973 11.7084—0.2996
C—H*3 0.2149 —0.4948 —0.5609 —0.2725 0.3386 1.6565 1.0581 0.2959 3.9465—-0.1874
C—H*, 0.2430 —0.7348 —0.6080 —0.4971 0.3703 1.6419 0.2230 0.1831 6.1258—-0.2281
C—H*s 0.2430 —0.7346 —0.6079 —0.4970 0.3702 1.6421 0.2232 0.1830 6.1300—0.2281

2See Figure 1 and text for the explanation of symbbls, —2op, i, Guo/pn, andE, in au. © Topological properties in BCP of €H bonds in
methane;jp, = 0.2813auVp, = —1.0106 aud;= —0.7029 aud, = —0.7029 auds; = 0.3951 aui4|/A3 = 1.7790,¢ = 0.0000,Gy/p, = 0.1578
au, [Vp|/Gp = 7.6892,E, = —0.2970 aud An asterisk indicates atoms involved in a multicenter bond.

the wave functions obtained at MP2(full)/6-3t+G** level
with the Gaussian98 prograt.

Results

Methonium lon (CHs') Species 1 and 2The optimized
geometry of the CEi" cations, structures (Cy), 2 (Cy), and3
(Cyzy), is shown in Figure 1, together with the most relevant
geometric parameters calculated at MP2(full)/6-31G** level,
expressed in au.

In structurel, the 3c-2e bond in the CH$ group is located
in a plane with the €H bond, denoted €H;. The CH* is
eclipsed with the €H bonds of the Chlmoiety. The methane
molecule has been distorted by the protonation-KCbond
(1.084 A)). Considerably larger-H* bonds (1.177 A) and an
angle H%—C—H*3 of 48° result. The hydrogen atom that is
coplanar with the €H* bonds presents a bond length of 1.102
A and it forms an angle H-C—H* of 75.8°. The other two
bonds practically do not change (1.083 A with an angteG+H
of 119.5).

Table 1 shows the most significant topological local properties
at the bond critical points in methonium cations, structures
2, and3.

The topological properties at the BCPs of thel€bonds in
methane and in the GHi ion are similar and characteristic of
shared interactiorscovalent bondsand they have largey
values,V2pp < 0, |A4]/A3 > 1, Gy/pp < 1 (Gy, being the local
kinetic energy density at the bond critical point) and considerable
negative values of the local total energy dendhy,

The comparative analysis on the BCP of the k¥, 3 vs
C—Hj 45 bonds in specieg allows us to make the following
comments: In the €H* bonds a lower concentration of the
electronic charge density (of 0.29.22 au) can be seen between
the carbon atom and the hydrogen atoms, involving in the 3c
2e bond, denoted H*, with respect to otherB bonds. This
decrease ip between both atoms that form the bond is caused

by the decrease in the perpendicular contractions of the density

toward the path bond in both directions perpendicular to the
trajectory of the bond. This diminution of the contraction of
the density is higher in the direction of eigenvector associated
with eigenvaluel,.

On the other hand, it is evident that the diminution of the

its value, evidence of the dominance of the contraction over
the expansion of the density in the analyzed interactions.

Accompanying the lowes, values, less negativé?p;, values
are observed in €H* bonds (with respect to methane and to
other C-H in methonium). One should keep in mind that the
Laplacian magnifies the small changes in the electron density
upon bond formation. The Laplacian values in these bonds
decrease to half of their current valué&g, = —1.1011 au in
C—H and—0.5468 and—0.5065 au in the other two-€H*;, 3
bonds, respectively). Also, the relationship between the per-
pendicular and parallel curvature at BCR;|/As, is notably
higher (2.7 times higher) in the-€H*, 3 bonds than in the €H
ones. Regarding the energy densities, at BCP, it can be seen
that the potential energy density valu®s, are slightly lower.
Notwithstanding, the kinetic energy density valu€s, in the
C—H*, 3 bonds are remarkably greater than those on th&lC
in speciesl and in methane taken as reference. As a conse-
guence of what was pointed out above, dramatic differences in
kinetic energy density per charge uni®y/pp, and in the
relationship|Vy|/Gp are found. ThusGy/ pp, is 2.8 times higher,
whereagVy|/Gy is three times smaller for the-cH* than for
the C-H ones, although local topological property values in
such BCPs agree with usual values of a shared interaction.

A dramatic change in the ellipticity value can be also observed
in Table 1 (from 0.030 in the €H,4 5 bond in1, to 2.049 and
2.667 for the C-H*;, 3bonds in speciet). The abnormally high
ellipticity value, at C-H* BCP for the specie§, as well as the
high value of thgl1|/13 relationship, indicate that the (3;1)
BCPs are less stable that the other bonds. This increase of the
ellipticity is related to the instability of the bond: this is a bond
with high ellipticity (¢ > 1)—caused by an abrupt diminution
of A,—that is always related to the proximity of a structural
change, possibly a pseudorotational rearrangement of the species

As mentioned above, the eigenvectors associates with the
eigenvaluel; defines a unique pair of trajectories of gradignt
that originate at BCP, each of which terminates at a nucleus of
one the neighboring atoms. This pair of trajectories defines a
line through space along which the electron density is a
maximum with respect to any neighboring line designed as an

density at BCP is not due to an increase on the expansion ofatomic interaction line or bond path. Each bond path is

the pp toward the path bond (associated with eigenval)elt
can be observed in Table 1 thatdoes not increase but drops

homeomorphically mirrored by a virial path, a line of maximally
negative potential energy density linking the same nuclei. Thus,
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the presence of a bond path and its associated virial path provide
a universal indicator of bonding between the atoms so lifRed.

The Laplacian ofp also appears in the local expression of
the virial theorem, which can be written as

h%/4m V2o = 2 G(r) + V(r)

SinceG(r) > 0 andV(r) < 0, the lowering of the potential
energy dominates the total energy in those regions of space
where electronic charge is concentrated, whejg, < 0, while

the kinetic energy is dominant in regions whéré, > 0.

In a shared interaction, electron density is both accumulated
and concentrated along the bond path between the nuclei, and
this can be seen in all-€H bonds in methonium. However, it
is important to highlight that the degree of accumulation of the
charge density in the BCPs corresponding toHZ ; 3 bonds
in 1 and C-H*; » bonds in2 (measured by the value f@k),
and the extent of concentration of the density (measured by the
magnitude ofV2p,) are diminished at these bonds. Figure 2. Contour maps of the Laplacian distributiof?o(r) and

On the other hand, the density of the total electronic energy molecular graphs for (a) the methane in the plane that contains the

function is related to the density of the potential and kinetic Carbon atom and the two hydrogen atoms; (b) the methonium chtion
energy by the expression in the plane that contains the carbon and the hydrogen atoms of the

3c—2e bond; (c) the pairs €Has bonds in a plane perpendicular to
the previous one. Lines connecting the nuclei are the bond paths and
E.(r) = G(r) + V(r) the small dots along them represent the bond critical point (BCP). Solid
lines represent regions of electronic charge concentration, and broken
lines denote regions of electronic charge depletion. The contours of

where E¢(r) designs the density of the local total electronic the V2p(r) increase-{)/decrease-), respectively, from the zero contour

energy. ) . in the order+2 x 10™, +4 x 10", £8 x 107", with n beginning at
As can be seen in Table 1, lower magnitudes—d, are 3 and decreasing in steps of unity. The same set of contours is used in
found in the BCPs corresponding to the-B*,3 in 1 and all the figures of this work. The molecular graphs are superimposed.

C—H*1,in 2, due to a slight diminution of the potential energy Note (in*Figure 2b) the two long and curved bond paths corresponding
and a marked increase of the kinetic energy. However, in the to C—H*25

five BCPs corresponding to the-&1 bonds the potential energy . ) )
is dominant,V2p, < 0 andE. < 0 as a result of the contraction corresponding map of the nonprotonated species (Figure 2a)
of the density along the line of interaction. and its difference with that in Figure 2b can be seen.

Figure 2a shows the contour maps of the Laplacian distribu-  This figure and the values of the Laplacian for these bonds
tion V2p(r) for the methane in the plane that contains the carbon (S€e Table 1) allow one to distinguish differences between the
atom and the two hydrogen atoms. The molecular graph, definedC—H* bonds involved in the three centetwo electron bond,
by the network of trajectory of the bond or bond paths, in the Where the Laplacian has taken lower values than the remaining
plane selected is superimposed. In this figure the BCPs areC—H bond. However, all the €H bonds can be characterized
indicated with circles. The projection over the plane of the as shared interactions, with accumulation of the electronic
remaining two G-H bonds underlying the plane that bisects density between the nuclei.
the previous one can also be observed. In this map regions of This figure also shows the molecular graph of the methonium,
concentration Y2o(r) < 0) and depletion ¥?p(r) >0) of the where the BCPs are shown. It can be observed that th@&c
electronic charge density, indicated by dotted contour lines andbond presents two critical points; its bond paths are indicative
full lines, respectively, can be seen. of two C—H* bonds and the missing of the bond path (and the

Due to the symmetry of CH the topological properties in ~ BCP) binding both hydrogen atoms. Thus, the existence of this
the BCPs and the contour map of the Laplacian distribution in interaction line between two atoms is necessary and a sufficient
different planes are identical (they are not shown due to this condition of a chemical bond. This situation is not observed
reason). The topological properties corresponding to the four among the H* atom, so it allows us to state that, at least from
C—H bonds in methane are shown at the bottom of Table 1. a topological point of view, the carbon atom in the £Hbon is

Figure 2b shows the contour map of the Laplacian distribution really directly bound to five hydrogen atoms. From the
V2p and the molecular graph for the methonium catibnin topological point of the view, the distribution of the density of
the plane that contains the carbon and the three hydrogen atomshe methonium is exceptional and not a model of a series. Itis
the two hydrogen atoms of the 3€e bond, and the hydrogen necessary to highlight that this situation is unique among all
atom H. The relatively small bond angle H*C—H* in CHs* the carbocations previously studied by our grétim the case
leads to a concentration of the electronic charge density of the 1-H and 2-H ethonium, proponium, and butonium cations,
involving the three atoms, giving a three-cenrtaro-electron the 3c-2e bonds involve bonds of the type-€i* and H*—
bond of H*—C—H* type, which is well-characterized by the H*; itis a long and curved bond path that is found between
topology of V2o(r). The curved path bonds corresponding to carbon and hydrogen asterisk atoms and another path bond is
these G-H* bonds show higher values of the ellipticity and found between both hydrogen atoms, indicated with an asterisk.
lower values of local potential and total electronic energy  The topological distribution of the density of the cati@n
densities, both evaluated at BCP. shows similarities and differences regarding the spetidfe

Figure 2c shows, in a perpendicular plane to the previous CH, fragment that corresponds to the three-center bond is
one, the other pairs of €Hs 5 bonds. The similarity with the formed between H—~C—H*, (the bond angle is 46°9 The
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abrupt decrease in the perpendicular curvatiye Also, a
marked decrease in the parallel curvatdigeean be observed.
As a consequence of this last behavior, higher values for the
density of the kinetic energy per charge unity are registered,
Gu/pp. The relationship between the densities of the potential
and kinetic energieg\(,|/Gp) decreases to less than a half, due
to the increase iy, which duplicates its value in the three-
center bond, and a slight decreasé\ig. These values of the
energy density lead to a lower value of the density of the
electronic energy{E, = 0.18-0.19 au), showing the desta-
bilization of the 3e-2e bond against the remaining-El bonds

in this species of CHK cation.

As was pointed in previous papers related to Bader’s theory,
the interatomic interactions arise from a balance between kinetic
and potential energy or, in other words, from a balance between
the concentration of the charge density (perpendicular contrac-
tions) along the bond path between the nuclei linked and the
parallel expansion ofp, with density being concentrated
separately in each atomic basin. If the Laplacian is negative,
the contraction along the trajectory of the bond will show a
local gain in the potential energy due to the increase of the
charge density that is shared by both atoms. This can be
observed in all cases, but in the BCPs correspondingtbl'G 3
in 1 and C-H*; 7 in 2, the value of the Laplacian is reduced to
half. That is, the local gain of the potential energy in the BCPs
corresponding to the bonds involved in the-&e bonds is less
that in the BCPs corresponding to the othersHCs and the
—Ey is also lower.

3b h(.:ohnstinerilng that t(ajvery bqnd path (a line th.rcr)]ugh space along
Figure 3. The contour maps of the Laplaciaffp in species Ckl" 2 whie ¢ ee e_ctron er_15|ty IS @ maximum wit reS_peCF to_ any
arg shown (a) in the planeghat containg thengongand (b)hiithe nelghborl_ng "”‘?) IS mlrrqred by a V'.“al path, a lm? linking
plane perpendicular to the previous one. The molecular graphs areSOMe neighboring nuclei, along which the potential energy
superimposed. Lines connecting the nuclei are the bond paths and thedensity is maximally negative, i.e., maximally stabilizing, with
small dots along them represent the bond critical point (BCP). Solid respect to any neighboring line, the relative stability of thetC
lines represent regions of electronic charge concentration, and brokenpbonds vs the EH* bonds can be established with respect to
lines denpte regi(_)ns of eIe(_:tronic char_ge depletion. The same set ofihe relationship between potential and kinetic energy|\Ag
contours is used in all the figures of this work. Gy > 1 in all C—H bonds (see Table 1), corresponding to shared
interactions, the diminution of this relation is indicative of the
reduction of the stability in these interactions.

In other words, the shared interactions achieve their stability
through the lowering of the potential energy resulting from the
. T ; o accumulation of electronic charge between the nuclei, then the
in 2 the ellipticity values for these bonds increase significantly .~~~ = . h .

(¢ = 4.04 and 4.05 vs 2.05 and 2.67). diminution of concentration and accum_ula_tlon_ of the density
o between the carbon and H* atoms are indicative of the lower

The other two G-Hs 5 bonds are similar to the €H bonds stabilizations in this bonds.

in the methane molecule, as mentioned above in the sp&cies

Notwithstanding, the fifth bond, (i.e. the-,) has the highest CHs* 3 are shown in Figure 4a,b. In the cationic spe@¢E,,)

density a_nd Laplam_an values and the I_owest ell|pt|C|_ty of all several important differences regarding the previous two species
values, with a §I|ght increase in the density of the kinetic energy can be seen. Two fragments can be defined; @i CH, but
per charge unity. This is the bond that proves to be the most,\; 3, 5 honds are observed. However, an electron-defficient
stable £ = —0.3098 au and = 0.019) of the five C-H bonds region established against the C atom and the three Hydrogen
in species?. atoms (H% 9 that lie in the same plane can be described. This
The contour maps of the Laplaci&fp in specie® are shown interaction, called “four centers”, defines a net of bond
in Figure 3a,b in two perpendicular planes. Figure 3a shows trajectories (localized in a plane perpendicular to that containing
the three-center bond (that lie in the plane of the figure) and the other two remaining bonds; see Figure 4a) that present
the projection of the other three that are found out of the plane. interesting topological properties: the three BCPs of the 4c
Note the absence of the bond path that connects both hydrogeme bonds show-E, values indicative of stabilized bonds, and
atoms, in agreement with what was explained previously. Figure the ellipticity values are much smaller that those found in the
3b shows the two €Hz 5 bonds that lie in the plane and the 3c—2e bonds of the remaining carbocationic species.
other three bonds that are out of this plane. Note the similarity | this species, very different values of ellipticity can be
with Figure 2c of the specielsand with Figure 2a corresponding  ghserved in the BCPs{4 = 0.0339 for the two €&H that do
to the two C-H bonds in the methane molecule. not participate in the four-center boneks = 0.2230 for the
In summary, the increment in the ellipticity value in the BCP other pair of C-H andez = 1.0581 for the €Hg that is found
in the 3c-2e bonds in the specidsand?2 is correlated with an in the same plane out of the two previous ones, bisecting the

fragment CH* is found in a staggered configuration regarding
the other hydrogen atoms of the gflagment. As in the species
1, the C-H* bonds that participate in the three-center bond are
energetically less stable that the othefld, 5 3 bonds. However,

Species 3The contour maps of the Laplaciafip in species
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Figure 4. The contour maps of the Laplaciaffp in species Ckl" 3
are shown (a) in the plane that contains the four-center interaction,
C—H*,35and (b) in the plane perpendicular to the previous one. The

Okulik et al.

carbon atoms and the 1s orbital of an atomic hydrogen. In the
protonation of a Cl molecule, the situation is different with
respect to other hydrocarbon and resembles the protonation of
the NH; molecule (or other organic bases that contain heteroa-
toms) in which the protonation takes place at the heteroatom
involving the lone pair electrons. Thus, the Nhkholecule is
protonated over the nitrogen lone pair. In the Qiolecule

the protonation is carried out over the carbon atom and can be
considered a three-centered bond formed by the overlapping of
the g-orbital of a hydrogen molecule with an empty? spbital

of the carbon atom.

It must be pointed out that the topological analysis in species
1 and 2 indicates the existence of two BCPs at-B* in the
3c—2e bond, contrary to what is usually found for higher
carbonium ions, where a single BCP at the l€* bond and a
H*—H* bond is encounteretf

The missing bond critical point between the two H* atoms
indicates that in these species there is formally no chemical bond
between these two atoms, according to the Bader model.
However, there are two bonds designated as$H€ (indicated
by the existence of two bond critical points) with properties
similar to each other. This situation allows us to state that the
methonium iofA-in speciesl and 2—truly possesses a 3Qe
bond formed by H*C—H* atoms, where three €H bonds
may be regarded as normal two-certevo-electron bonds and
the bonding in the remaining GHragment is governed by the
three-centertwo-electron bond.

The inexistence of bond critical points between the two
hydrogen atoms involved in the 3@e bonds would be the
reason for the fluxionality of the C&f species (meaning that
fluxional molecules are a subclass sfructurally nonrigid
molecules in which all the interconverting species that are
observable are chemically and structurally equivalent). Since it
is found that there is a bond critical point between the H* atoms

molecular graphs are superimposed. Lines connecting the nuclei arefor higher carbonium ions and a non-null activation barrier for
the bond paths, and the small dots along them represent the bond criticabond-to-bond rearrangements in these species (making these
point (BCP). Solid lines represent regions of electronic charge rearrangements more difficult and leading to the nonfluxional

concentration, and broken lines denote regions of electronic Chargestructures), then it is interesting to imagine that the degree of

depletion. The same set of contours is used in all the figures of this
work.

first two). The map in Figure 4b shows the plane defined by
the C atom and the two H atoms very similar to that of the
C—H bond belonging to the methane molecule.

The values of, and V2p, decrease in the order-H 4y >
C—H*@5 > C—H*(), while the ellipticity values increase in
the order C-H1,4) < C—H* 2,5y < C—H* 3, respectively. The

increase in the ellipticity values corresponds with the decrease

in the values of density of the electronic energyg). Thus,
the stability of these bonds (according-t&;, values) decreases
in the following order: G-Hq 4 > C—H*25 > C—H*@3). To
distinguish what is observed h(Cs) and2 (C), the values of
the curvaturesl,; and A3 do not show a decrease in the £€H
fragment presently defined by the katoms.

Discussion of the Results

The protonation of a hydrocarbon with a large number of
carbon atoms can take place atC or C—H bonds, to form
the C-carbonium and H-carbonium cations via “three center
two electron” bonds. In an orbital scheme, the protonation over
the C-H bond can be seen as the result of the overlap of the
o-orbital C—H with an s-orbital of the electrophilic hydrogen
atom. In a similar way, in €C protonated alkanes, the bonding
is due to an overlap of two 3rbitals belonging to adjacent

fluxionality—the capability of a molecule to undergo fast and
reversible intramolecular isomerizatieand the existence of
bond critical points between the H* should be related.

Actually, the nonexistence of a bond critical point between
the H* atoms indicates that there is no effective bonding between
them and this can be responsible for making the energy barriers
for the bond-to-bond interconversion very small, since there is
no H*—H* “bond” to break. This leads to a small differentiation
among the several hydrogen atoms, leading to a highly fluxional
species, as experimentally observed.

On the other hand, in the speci8sthe four-center bond
C—H*2 35 that is analyzed here is characterized by the presence
of three BCPs that define three bond paths connecting the carbon
atom with the three hydrogen atoms that lie in the same plane.
The peculiar behavior of this electron-deficient species with
multicentero-bonding, in which the bonding power of a pair
of electrons is spread over more than two atoms, can be seen
in the contour map of?p. The analysis of the Laplacian values
in the three BCPs and the contour mapgvBp in the plane that
contains the carbon atom and the three hydrogen atoms
mentioned above point toward the electronic delocalization in
o-bonds. Contrary to what happens in specleand 2, the
decrease in the parallel and perpendicular curvatipesdls
of p is not so extreme and the variation in the absolute value of
the relationship between both curvatures in these bonds is not
so marked as those of the remaining bonds of the methonium
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3 (i.e., |11/A3| between 1.57 and 1.65 in all the-El bonds). interaction proposed in this work is under development in our
This distribution of the electronic density and its Laplacian laboratory, and results will be published elsewhere soon.
function, that in its contour map shows depletion regions of
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