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In this work, the topology of the ab initio electronic density charge, using the theory of atoms in molecules
(AIM), developed by Bader, is studied for tmeC4H;+ species, the protonatedbutane. The electronic
delocalization that operates through thbonds in saturated molecules and specifically in protonated alkanes

is studied by means of analysis of the charge density and the bond critical points. This analysis is used in
order to establish a relationship among the parameters that determine the stability order found for the different
species and relate them with the carbonium ions structure. Comparing these results withHhe allow

us to study the nature of the 3@e bonds in alkanes in greater detail, permitting the description oo the
basicity and reactivity scales in terms of structural parameters of the carbonium ions.

Introduction SCHEME 1: Nonequivalent Bonds inn-Butane Leading

. . . L ) ., to the Different n-Butonium lons by Hypothetical
Carbonium ions are important species involved in acid- pygtonation

catalyzed transformations. They are formed by the protonation
of alkanes in liquid superacids, and there is evidence for the
formation of pentacoordinated carbonium idnThese species
contain three-center two-electron bonds<(2e) and can be
generated upon the insertion of a proton or carbenium ion into
the C—H or C—C bonds. a H fl "\”
~

H‘t ,—CI\ /CS\
@Y C; C4 1-H-butonium

'
H*

G \CZ/Ca‘C4 2-H-butonium

Because of the shortage of direct experimental observation O
of carbonium ions, their structure and energy have been mostly
studied by theoretical methods. The use of ab initio calculations,
particularly those including electron correlation effects, has
proven to provide excellent predictions for the energy and
geometry of methonium (C#4),*~7 ethonium (GH;"),2 pro-
ponium? and isobutonium?®11Esteves et al? investigated the
structure and energetics of thebutonium cationsr-C4H11™).
Protonation ofn-butane can take place at the primary-i&
bonds (six overall), at the secondary-8 bonds (four overall),
and at two distinct types of €C bonds (two external and one
internal) to form different isomeric structures of theC;H;"
cation, as shown in Scheme 1. tert-C—H > C—C > secC—H > prim-C—H > CH,

The stability of the carbonium ions, formed by the protonation
of the differento bonds ofn-butane, decreases in the order:
2-C-butonium> 1-C+-butonium> 2-H-n-butonium> 1-H-
n-butonium. The protonated butane species are isomeric to the
isobutonium cations, which allows a direct energy comparison
among the different §4,,% carbocations.

H C

" 1-C-butonium
H,Cr” @0 e,

C]/C2‘~@"(:3\C4 2-C-butonium
IE[*
Olah and collaborator$, on the basis of the reactivity of

several alkanes in liquid superacids, proposedt@activity
scale, which follows the order

Esteves et alt? comparing the relative stability of the several
C4H11" isomers, proposed the followingtbasicity scale:

C—C > tert-C—H > secC—H > prim-C—H > CH,
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Further studie’d involving explicitly the anion and solvation =~ Method and Calculation Details

of sup3eracid models confirm the reactivity nature of Olah’s Calculations, at HartreeFock single reference second and
scale: ) fourth order Mgller-Plesset perturbation theory (MP2 and
The theory of atoms in molecules (AIM), developed by \p4), were performed for the-butonium cations and their van
Bader;>*°is a simple, rigorous, and elegant way of defining der Waals complexes (Figure 1). The geometries of all of the
atoms, bonds, and chemical structure. This theory is based onspecies were fully optimized. These systems are confirmed as
the critical points (CP) of the electronic density distribution, true minima in the potential energy surface by the presence of
p(r). These are points where the electronic density gradient, only real harmonic frequencies after the corresponding vibra-
Vp(r), vanishes and are characterized by the three eigenvaluesional analysis. Calculations were carried out at the MPASDTQ-
(41, 42, 45) of the Hessian matrix gb(r). The CP are labeled as  (fc)/6-311+G**//MP2(full)/6-31G** level. All these calcula-
(r, s) according to their rank, (number of nonzero eigenvalues), tions were performed using the Gaussian 94 package.
and signature,s (the algebraic sum of the signs of the The topological analysis and the evaluation of local properties
eigenvalues). are accomplished by means of the PROAIM progfamsing
Four types of CP are of interest in molecules: {3), (3, wave functions obtained at the RHF level of theory and the
—1), (3, +1), and (3,+3). A (3, —3) point corresponds to a  6-311++G** basis set provided by the Gaussian 94 pack#ge.
maximum in p(r), characterized byw2p(r) < 0, and occurs Topological calculations performed at the MP2/6-3HG**
generally at the nuclear positions. A (33) point indicates level showed no significant differences with results obtained at

electronic charge depletion, and it is characterize®p(r) > the HF/6-313#+G** level.1%
0. It is also known as box critical point. (3;1) points, or ring Figure 1 shows the 15 structures that were located as minima
critical points, are saddle points. Finally, a (31) point, or in the potential energy surface. Protonation at the primarHC

bond critical point (BCP), is generally found between two bond produces structurés-3, corresponding to conformational

neighboring nuclei indicating the existence of a bond between isomers of the 1-Hr-butonium cation. Protonation of the
them. secondary €H bonds leads to structurds-6, the conformer

f the 2-Hn-butonium cation. Protonation at primary—C
onds (external) forms the conforméfs9, corresponding to
the 1-Cn-butonium ion, and protonation at the secondaryCC
bond (internal) leads to the conformet8—11 of the 2-Cp-
butonium cation. Other minima in the PES were also found,
and they correspond to van der Waals complexes. Strutfire
corresponds to the complex between geebutyl cation and

H.,. Structurel3 represents the £is™ cation plus ethane. The
complex between protonated methylcyclopropane plus hydrogen
corresponds to structurkd, whereas protonated cyclopropane

Several properties that can be evaluated at the BCP constituteg
very powerful tools to classify the interactions between two
fragments-’~18 The two negative eigenvalues of the Hessian
matrix (1; and ;) measure the degree of contraction @f
perpendicular to the bond toward the critical point, whereas the
positive eigenvaluelg) measures the degree of contraction
parallel to the bond and from the BCP toward each of the
neighboring nuclei. When the negative eigenvalues dominate,
the electronic charge is locally concentrated within the region
of the BCP leading to an interaction characteristic of covalent plus methane is shown as structuls The stability of the de
or polarized bonds and being characterized by laigealues, van der Waals complexes decreased in the atder 15> 14
V2pop < 0, ]41)/A3 > 1, and G/py < 1, being G the local kinetic > 1312
energy density at the bond critical point. If the positive
eigenvalue is dominant, on the other hand, the electronic denSityResults and Discussion:
is locally concentrated at each atomic site. The interaction is ) o
now referred to as a closed-shell one, and it is characteristic of N-CaHi1" Cations. Table 1 shows the most significant
highly ionic bonds, hydrogen bonds, and van der Waals topological local properties _at the bond critical _pomts(—:{)
interactions. It is characterized by relatively lgy values,v for structuresl—3 corresponding to the 1-iA-butonium cations.

200 > 0, |A1llAs < 1, and G/py > 1. Finally, the ellipticity,e, We ha\_/e also |ncIL_Jded the_bon'd distances z_;md other relevant
defined asly/l, — 1 indicates the deviation of the electronic Properties for 1-H-isobutoniung’, for comparison purposes.
charge density from the axial symmetry of a chemical bond The topological local properties reported correspond to the bond

providing a quantitative measure of theharacter of the bond ~ critical points from C-H*, H* —H*, C—C, C—Ho, and C-H'o,
or of the delocalization electronic charge. where H* represents the hydrogen atom involved in the Bz

. . nd an nd Ho corr nd to the other H atoms locat
Application of this theory to understand the nature of the bond and K and Ho correspond to the other H atoms located

. A . o . .~ _on the G atom (see Figure 1).
3c—2e bonds in carbonium ions in deeper detail is an interesting G ( 9 )

The comparative analysis on the BCP of thel vs C—Hp
approach and has been performed by our group for other s ajiow us to make the following comments: In the 1-H-
carbonium ion structures.

n-butonium cations, the electronic density &nd the Laplacian

In this work, the topology of the electronic density charge is of the density ¥2p) values in the BCP at the-€H bonds are
studied forn-C4H11" species, at ab initio level using the AIM  smaller than those at the-@1o bonds, whereas the relationship
theory developed by Badét!> The electronic delocalization  petween the perpendicular and parallel curvature of the bond
that operates through thebonds in saturated molecules and trajectory,|A1|/43, is notably higher in the EH* bonds than in
specifically in protonated alkanes can be studied by means ofthe G-H, ones. Regarding the energy densities, at BCP, it can
analysis of the charge density and the bond critical points. This be seen that the potential energy density valg,does not
analysis will be used in order to establish a relationship among show remarkably differences between both types of bonds.
the parameters that determine the stability order found for the Notwithstanding, the kinetic energy density valu€s, in the
different species and relate them with the carbonium ions C—H* are remarkably greater than those on theH taken
structure. Comparing these results with tHeyHq;™ allows us as reference. As a consequence of what was pointed out above,
to study the nature of the 3@e bonds in alkanes in greater dramatic differences on the kinetic energy density per charge
detail, permitting the description on thebasicity and reactivity unit Gp/pp and on the relationshiyy/ Gy are found. ThusGy/p
scales in terms of structural parameters of the carbonium ions.y is four times higher, whereag/G, is three times smaller on
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Figure 1. Geometries ofi-C4H11" carbocations and van der Waals complexes at MP4SDTQ(fc)/6-GIMP2(full)/6-31G** level. (a) Structures
1-11 and (b) structures of van der Waals comple%@s-15.

TABLE 1: Topological Properties (in a.u.) of the Electronic Charge Density in 3¢-2e BCP and Their Neighbor Bonds of
1-H-n-Butonium Cations (1—3; see Figure 13

angle
d(C— H*) H*-C —H* b V2pb |11|M3 € Gy Vb Gblpb Vu/Gp
1 CH* 1.211 44.4 02128 04145 46723 16686 01296 —0.3630 0.6090  2.8009
Ci—H* 1.199
2 Cy,—H* 1.211 44.2 0.2122 —0.4070 4.6145 1.7959 0.1303 —0.3624 0.6140 2.7813
Ci—H* 1.202
3 CiH 1.203 46.1 02200 -0.4744 94066 55505 00892 —0.2970  0.4055  3.3296
Ci—H* 1.176
3 CiHr 1.217 437 02090 -0.3783 3.8933 16170 0.1358 —0.3661  0.6498  2.6959
Ci—H*
1 H* —H* 0.910 0.2195 —0.5816 2.9599 1.5809 0.0388 —0.2240 0.1768 5.7732
2 0.909 0.2197 —0.5854 3.0005 1.5834 0.0388 —0.2239 0.1766 5.7706
3 0.932 0.2204 —0.5322 7.0232 45417 0.0511 -0.2352 0.2319 4.6027
3 0.903 0.2200 —0.6002 2.8654 1.3855 0.0364 —0.2229 0.1655 6.1236
1 Ci—C 1.533 0.2376  —0.6373 2.1332 0.0178 0.0771 —0.3134 0.3245 4.0649
2 1.525 0.2433 —0.6661 2.2106 0.0224 0.0783 —0.3232 0.3218 4.1277
3 1.587 0.2069 —0.4704 1.6968 0.0751 0.0672 —0.2520 0.3230 4.8065
1 Ci—Ho 1.101 0.2749 —0.9777 1.5700 0.0010 0.0347 —0.3139 0.1262 9.0461
2 1.102 0.2746  —0.9755 1.5746 0.0183 0.0347 —0.3132 0.1264 9.0259
3 1.084 0.2922 —1.0987 1.6177 0.0311 0.0304 —0.3355 0.1117 11.0362
1 Ci—H' 1.087 0.2910 —1.0925 1.6069 0.0325 0.0295 —0.3322 0.1014 11.2610
2 1.089 0.2878 —1.0727 1.5966 0.0356 0.0298 —0.3276 0.1035 10.9933
3 1.084 0.2916 —1.0972 1.6148 0.0310 0.0300 —0.3343 0.1029 11.1433

a Also, some relevant properties for 1ibb-butonium @') are included. See the Method and Calculation Details section for an explanation of
symbols. In all cases, (*) indicates the hydrogen atom involved in the 3c-2e bond and (0) indicates the hydrogen atom taken as reference. Bond
distances in angstroms and angles in degrees are included.

the C-H* than on the C-Hp ones. It has to be mentioned that of magnitude, with &/,/G, relationship betweeb (in C—C)
the kinetic and potential energy density values for a covalent and10 (in C—H). It can be noticed that in the covalent-E*
bond in a normal hydrocarbon show a difference close to 1 order bonds that participate in the three center bond in this relationship
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SCHEME 2: Interconversion, Bond-to-Bond nuclei is stronger than that observed in the IHdutonium
Rearrangement, of H-Carbonium to C-Carbonium lon as cations. The same trend is reflected in the low ellipticity values,
a Possible Pathway to Explain Products of &C showing a less perturbed,Hnolecule participating in the
Protonation in Superacid Catalyzed Alkane Reactions 3c—2e bond. These results can be associated to a more stable
R H R secondary carbenium ion in the resonance structure Il (Scheme
)\ L@ —®.CH ® 3), which increases its contribution in the description of the
T H ——— Y —> CH4 + g 3c—2e bond. The molecular graphs corresponding to these
H structures are similar to the 1-htbutonium ions. Differences

of 0.113, 0.0942, and 0.0892 A for the spedles, and6 are
has a much smaller value (2.80, 2.78, and 3.33). These findingsfound between the trajectories and geometric distances of the
clearly show that the interaction among the pentacoordinatedbonds, being smaller than the equivalent ones calculated the
C and the H* atoms is of a covalent type but weaker than a 1-H-n-butonium cations.
C—H bond in n-alkanes. The topological properties on the  Taple 3 summarizes the main topological properties on the
C,—C; BCP do not show remarkable differences withthe@  BCP corresponding to the 3@e bonds and their neighbor

bond ofn-butane'® bonds in the Ga-butonium cations (structurés-11) and some
Analysis of the topological properties corresponding to the relevant properties in the &e-butonium cation11'). The first

H* —H* BCP of the different structures shows thatand VZpy, three entries of the table correspond to structdre8, where

values are smaller than those in the isolatedriglecule p, = the protonation is produced on the terminatC bond (1-C-

0.2671 au andv?p, = —1.1279 au, at the same level of n.pytonjum cations). The topological distribution of the elec-

calculation). A dramatic change in the ellipticity value is also  tronic charge density in the catiofis-9 are very similar among
observed (from 0.0 in the isolated; ifholecule to 1.58, 1.58,  them.

and 4.54 for the species, 2, and 3, re*spectively). The Analysis of local properties at the BCP of the-8* and
abnormally high ellipticity value, at HH* BCP, for the C—Ho bonds shows that all of these bonds can be characterized
structure3, as well as the high value of thé,|//; relationship 55 covalent bonds or shared interactions. Nevertheless, they
indicate that the (3-1) BCP is close to a degeneraci (= show significative differences: the electronic density) @nd

—0.5127,4, = —0.0925,15 = 0.0730). The two last values are  ihe | aplacian of the densityvp 1) values in the BCPs at the
approximately zero and are indicative of the proximity of a ~_p* honds in the 3e-2e bonds are lower than those at the
structural change, possibly a rearrangement. H-carbonium ionsc_y, ponds, indicating a covalent weakened interaction. On
are believed to undergo easy “bond-to-bond” (isotopal) rear- ihe other hand, the elipticities of these bonds are significantly
rangement (see Scheme?2}! which seems to be supported higher (0.1731 au at-€H* bond vs 0.0292 au at &H bond

by the present finding. It has to be pointed out that the fact that i, sy cture 7) than the values found for the parent H-carbonium

the 1, and4s eigenvalues are close to zero implies that the CP jong These observations are in agreement with a delocalization
is close to a degeneracy. In the AIM theory, the theorem of ¢ ajectron charge density.

structural stability of Palis and Smatds adopted to describe
the structural changes in a molecular system. According to this G
theorem, one of the conditions that determines that a nuclear
configuration is structurally stable is the existence of a number
of finite non degenerated CPs.

In addition, the set of BCPs defines the network of bond paths
and describes the molecular structure. The molecular graphs,
formed by the network of these bond paths or trajectories,
corresponding to all species are shown in Figure 2. A bent bond
between the two H* atoms with a significant difference between
the trajectory and the length of the bond can be seah=t
0.187, 0.183, and 0.306 A for structurés2, and3, respec-
tively). This indicates a high polarization of the-#H bond,
bending the electronic density of this bond, by the interaction
with the primary carbenium ion, as indicated by the resonance

These results also show that the kinetic energy density values,
b, and the potential energy densily;, at the C-H* bonds
are greater and lower, respectively, than the same properties at
the C—Hy taken as reference. As a consequence of what was
pointed out above, differences on the kinetic energy density per
charge unitGy/pp, and on the relationshigy/G, are found.

The topological distribution of the charge density at the three-
center region in gim—H* and Gec—H* bonds (i.e., in structure
7) can be compared against the values founduntane: 0.1908
and 0.1413 au and 0.2809 and 0.2814 a.u, respectively, for the
carbonium ion and butane.

The facts previously remarked clearly show that the interac-
tion at the 3e-2e bond, G-H* —C, is different to the interaction
found in a C-H bond in an alkane.

structure 1l in Scheme 3. Another picture would be the  Besides, the topological properties at BCPs on the G
polarization of the &H bond by the interacting Hin resonance ~ P0nds (structure8—11) also show some differences with the
structures | and Il (Scheme 3). typical C—C bond from a normal hydrocarbon (apfs—Csec

In Table 2 are shown the topological properties on the bond @Nd Gec~Csecin n-butane the values ape, = 0.2556 and 0.2577
critical points from the 3e2e and neighbor bonds from the U-a; Ve b= —0.6900 and-0.6982 aug = 0.0074 and 0.0172
2-H-n-butonium cations (structured, 5, and 6) and 2-H- au; Gy= 0.0522 and 0.0528 a, = —0.2769 and-0.2802
isobutonium cationg', for comparison purposes. For the species U, respectively).

4, 5, and6, where the protonation occur on the-8 secondary Finally, in the7—11structures, the higher values @f VZpy,
bond, we found that the density and Laplacian values on the @nde at the BCPs in all of the €C bonds are associated with
C—H* BCP are smaller than those corresponding to the 1-H- @ higher electronic charge delocalization over all of the network
n-butonium species. It has to be pointed out that theOginy bonds in Ca-butonium cations.

bond results are 0.044, 0.009 and 0.013 A larger than the Figure 3 shows the contour map of the Laplacian distribution
secondary €C bond in the normat-butane. These results are  V2p for the structurell, in the plane that contains the 32e
consistent with the density and Laplacian values for these bonds.bond. In this map, the shared interaction betweerHE—C

It is interesting to note that in the 2-ARHbutonium cations atoms can be seen.
the slightly higher values of the density and Laplacian of the  van der Waals Complexes.van der Waals Comples2.
H*—H* BCPs indicate that the interaction between these two Table 4 shows the more significant topological local properties
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11
Figure 2. Molecular graphs corresponding to (a) spedied 1 and (b) specie§2—15.

SCHEME 3: Representation of the 3e-2e Bond in the perpendicular curvaturek & —0.4191 and, = —0.1447)
H-Carbonium and C-Carbonium lons by Valence Bond can be seen.

(VB) Resonance Structures As the ellipticity is derived from the relationship between
- H - u the negative curvatures, its increase is a measure of how far
i -— - the density distribution is distorted from the axial symmetry of
¢'®H [ I H*] [ } l: ct H } the bond. ((czfcg) = 0.2506 andf(csbe) =1.8958). It would
explain theswr character of this 3e2e bond formed between
U] an (1 the bridged hydrogen atom and the &d G atoms.
N The other two hydrogen atoms, denoted as—H*, show
" ] - [ " ] _— { H\ } the characteristic of a shared interaction between them, where
c* C C c*

the bond distance is 0.736 A, very similar from that of the H
isolated molecule. The remaining topological properties values
av) W) oD in the H*—H* bond are also very similar.

In the complext2, the H, molecule is localized in a parallel
at the BCPs of structur&2, corresponding to the interaction plane from that formed by the carbon atoms, over a region of
between thes-butyl cation and the hydrogen molecule. Bond charge density accumulation between both secondary carbon
distances are also included. It can be seen that the bond disatoms. It is about 2.36 A away from ttsecbutyl moiety. A
tance and the density, the Laplacian, and the ellipticity values single BCP is localized between both moieties, at 2.8029 and
are 1.490 A and 0.2662 a;0.7835, and 0.0367 au, for the 0.9463 au from €and H,, respectively, showing characteristics
C1—C; and G—C, bonds, respectively. The bond distance of a closed shell interactionp{= 0.0071 au an&?p, = 0.0204
C,—Cs is 1.393 A, exhibiting the characteristics of a co- au). It can be also shown that the relationshig/ds < 1,
valent double bond, wherg, has a relatively high value (0.2024), as it generally is calculated for van der Waals
(0.3172 au);V% p < 0 (—0.9650 au) and = 0.2506. It is interactions. Finally, although the ellipticity value in the
interesting to note that, although the distance between theH*—H?* bond is nearly zeroq = 0.0019), a higher ellipticity
hydrogen denoted asyHbridged) and the £and G atoms is value is found for the BCP that represent the interaction between
1.301 A, a single critical point is localized between these three both moieties { = 0.1384 au).
atoms, indicating a 3e2e bond in the gHst moiety. At this Figure 4a shows the contour map of the Laplacian distribution
BCP, the density and Laplacian present relatively low values V2o for the van der Waals compleb2, in the plane that contains
(0.1966 and—0.2783 au) and significant differences between the carbon atoms. The molecular graph is superimposed. As

o]
[
N

o}
O
o]
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TABLE 2: Topological Properties (in a.u.) of the Electronic Charge Density in 3e-2e BCP and Their Neighbor Bonds of
2-H-n-Butonium Cations (4—6; see Figure 1}

angle
d(C—H*) H*—-C— H* Pb Vzpb |11|/13 € Gb Vb Gb/pb Vb/Gb
4 Co—H* 1.241 41.9 0.1994 —0.2407 2.2233 2.5662 0.1724 —0.4050 0.8646 2.3492
Co—H* 1.216
5 Co—H* 1.251 40.9 0.1937 —0.2455 1.8507 1.0293 0.1594 —0.3802 0.8229 2.3852
Co—H* 1.233
6 Co—H* 1.253 40.6 0.1915 —0.2232 1.7410 1.1098 0.1621 —0.3801 0.8465 2.3448
C,—H* 1.239
6' Co—H* 1.290 37.7 0.1712 —-0.0764 0.1535 2.4080 0.1699 —0.3590 0.9924 2.1130
Co—H*
4 H*-H* 0.878 0.2257 —0.6604 2.4009 0.9218 0.0314 —0.2280 0.1391 7.2611
5 0.868 0.2258 —0.6815 2.0946 0.7227 0.0286 —0.2277 0.1267 7.9615
6 0.864 0.2269 —0.6928 2.0942 0.6940 0.0274 —0.2280 0.1208 8.3212
6' 0.832 0.2354 —0.7780 1.7911 0.4343 0.0208 —0.2362 0.0884 11.3558
4 C—Cehyi 1.567 0.2245 —0.5549 1.7587 0.0357 0.0644 —0.2675 0.2869 4.1537
5 1.532 0.2446 —0.6618 2.0335 0.0377 0.0710 —0.3075 0.2903 4.3310
6 1.536 0.2431 —0.6555 2.0059 0.0240 0.0702 —0.3043 0.2888 4.3348
4 C—Cweth 1.517 0.2534 —0.7069 2.0578 0.0089 0.0681 —0.3129 0.2687 4.5947
5 1.520 0.2511 —0.6958 2.0570 0.0188 0.0686 —0.3111 0.2732 4.5350
6 1.520 0.2519 —0.6990 2.0496 0.0150 0.0683 —0.3113 0.2711 4.5578
4 Co—Ho 1.096 0.2907 —1.0814 1.6320 0.0362 0.0316 —0.3336 0.1087 10.5570
5 1.100 0.2814 —1.0161 1.6158 0.0115 0.0344 —0.3229 0.1222 9.3866
6 1.099 0.2826 —1.0263 1.6152 0.0143 0.0336 —0.3237 0.1189 9.6339

a Also are included some relevant properties for 2sbtbutonium €'). See the Method and Calculation Details section for an explanation of
symbols. In all cases, (*) indicates the hydrogen atom involved in the28dond and (0) indicates the hydrogen atom taken as reference. Bond
distances in angstroms and angles in degrees are included.

can be see in Figure 4a, the H* atoms are projected over thel3 corresponding to the van der Waals complex between the
plane that contains the central carbon atoms, in the region ofethyl cation (GHs') and ethane, possibly formed from the
the space where the electronic density is concentrated, corre-decomposition of the 2-@-butonium cations. The ethyl cation
sponding to negative values ®&Pp. In this way, the hydrogen  has a bridged structure, in agreement with other experimental
atoms are localized in an area of charge density concentrationand theoretical resulfd. We have also included, in Table 5,
where a bonding interaction with tisecbutyl carbenium moiety ~ the bond distances for comparison purposes.
takes place. Figure 4b shows the contour map of the Laplacian The topological distribution of the electronic charge density
distribution for the same van der Waals compleXin a plane in C—C bonds on the complek3 shows clearly differences in
perpendicular to the previous one. It can be seen in Figure 4bboth fragments. In the £is* cation, the G-C bond is involved
that the bridged hydrogen atom is not located in the same planein a 3c-2e bond, with the hydrogen atom bridged. The©
defined by the network of carbon atoms but in a plane nearly bond distance is 1.382 A, shorter than the corresponding distance
perpendicular to it. in the ethane fragment (1.523 A). The topological properties at
A region of charge accumulation (negative Laplacian values) the BCP in both &C bonds are also differentp, = 0.3220
is found over the g-H,—C3 atoms, whereas the bond trajectory au, V2o, = —1.0028 au, and = 0.2404 au an¢, = 0.2518
between both moieties is found in a region of charge depletion, au, V2o, = —0.6754 au, and = 0.000 au, respectively. In the
characteristic of a closed shell interaction. C,Hs* fragment, the highest values of the curvatureandi,,
Taking into account that structufg corresponding to 2-H-  thep p, V?p b, ande are indicative of a double bond character.
n-butonium, proceeds to the formation of the van der Waals Similarly, the C-H bonds of the gHg moiety, have density
complex between thebutyl cation and hydrogen (structutg), and Laplacian values gfy= 0.284 au andv?p,= —1.030 au,
one can establish some comparisons between both structurescorresponding to the values found in the ethane molecule. It
Tables 2 and 4 show the change in the charge density values ohas to be pointed out that the-& bond nearest to the 85"
the bonds. In general, ib2, the C-C bonds are shortened and moiety shows a slight lengthening, associated with a decrease
the density on the BCPs increase, compared with those valuesof p, and V2p;, values.
corresponding to structuge On the other hand, the correspond- On the other hand, the-€H bonds lengths in &14s™ are 1.082
ing H*—H* bond distance in structuré2 is 0.736 A, shorter A, the density values vary from 0.2998 to 0.2971 au, and the
than in structure5 (0.868 A), and the density charge and Laplacian valuse vary from1.1839 to—1.1559 au. These high
Laplacian values are higher, whereas the ellipticipy value is values clearly show the nature of this fragment with a hydrogen
lower than the corresponding values in structi(g, = 0.2661 atom bridged between two carbon atoms i lspbridization.
au, V2p, = —1.1208 auge = 0.0019 in complext2 and p, = In particular, the values of the topological properties in the
0.2258 au V2o, = —0.6815 aug = 0.7227 in5). C—Hp show that the hydrogen atom,pHis asymmetrically
These results are very similar to those for the complex bonded to the carbon atoms in theHst moiety, because of
between the isopropy! cation and,Hound in a previous work  the interaction with the ethane moleculg, € 0.1975 auV?py

performed on the topological properties of proponium catins = —0.3148 au, and = 1.3896). Thise value is the highest
with the difference that, in this case, a-32e bond is formed from all of the BCPs on the van der Waals comple
in the s-butyl cation moiety. In the structurel3, both moieties are connected by H*;

van der Waals Complext3. Table 5 shows the more nevertheless, the topological properties of the two bonds
significant topological local properties at the BCP’s of structure involved in GeansyH*-C(consyy are very different. In fact, the
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TABLE 3: Topological Properties (in a.u.) of the Electronic Charge Density in 3e-2e BCP and Their Neighbor Bonds of
C—H-n-Butonium Cations (7—11; see Figure 1)

angle
d(C—H*) d(C—C) C—H*-C Pb Vzpb Mﬂ/ls € Gb Vb Gb/pb Vb/Gb

7 Ci—H* 1.186 2.128 119.3 0.1908 —0.4402 1.7766 0.1731 0.0877 —0.2855  0.4596 3.2554
Co—H* 1.279 0.1413 -0.1565 0.8924 0.1419 0.0784 —0.1960 0.5548 2.5013

8 Ci—H* 1.189 2.131 119.8 0.1893 —0.4324 1.7363 0.1584 0.0871 —0.2823 0.4601 3.2411
Co—H* 1.275 0.1423 —-0.1651 0.9206 0.1459 0.0788 —0.1989  0.5538 2.5241

9 Ci—H* 1.189 2.138 120.4 0.1890 —0.4309 1.7282 0.1372 0.0874 —0.2826  0.4624 3.2334
Co—H* 1.275 0.1420 -0.1619 0.9101 0.1633 0.0786 —0.1976  0.5535 2.5140

10 Co—H* 1.231 2.222 129.4 0.1610 —0.2642 1.1877 0.1218 0.0848 —0.2356  0.5267 2.7783
Cs—H* 1.227 0.1632 —0.2806 1.2417 0.0980 0.0858 —0.2417  0.5257 2.8170

11 Co—H* 1.230 2.197 126.5 0.1630 —0.2731 1.2169 0.1546 0.0847 —0.2377  0.5196 2.8064
Cs—H* 1.230 0.1632 —0.2742 1.2196 0.1484 0.0848 —0.2381 0.5196 2.8031

11 Ci—H* 1.1370 2.470 142.3 0.2250 —0.6678 2.0403 0.0082 0.0763 —0.3195 0.3391 4.1874
Co—H* 1.4700 0.0786 0.0654 0.4037 0.2171 0.0499-0.0834 0.6349 1.6713

7 Ci—H 1.080 0.2960 —1.1266 1.6580 0.0292 0.0296 —0.3408 0.1000 11.5135
C,—H 1.082 0.3004 —1.1624 1.6654 0.0393 0.0266 —0.3439 0.0885 12.9286

8 Ci—H 1.080 0.2961 —1.1280 1.6587 0.0294 0.0295—-0.3411 0.0996 11.5627
C,—H 1.082 0.3002 —1.1599 1.6690 0.0406 0.0270 —0.3441 0.0899 12.7444

9 Ci—H 1.080 0.2962 —1.1283 1.6605 0.0295 0.0297 —0.3414 0.1003  11.4949
Co—H 1.082 0.2999 —1.1578 1.6663 0.0397 0.0270 —0.3434 0.0900 12.7185

10 Co—Ho 1.083 0.2987 —1.1452 1.6717 0.0351 0.0285 —0.3432 0.0954 12.0421
Ci—Ho 1.086 0.2864 —1.0441 1.7243 0.0196 0.0386 —0.3382  0.1348 8.7617
Cs—Ho 1.083 0.2986 —1.1435 1.6747 0.0349 0.0288 —0.3434 0.0965 11.9236
Cs—Ho 1.085 0.2877 —1.0538 1.7121 0.0189 0.0376 —0.3386  0.1307 9.0053

11 Co—Ho 1.082 0.2989 —1.1446 1.6729 0.0349 0.0288 —0.3438 0.0964 11.9375
Ci—Ho 1.086 0.2865 —1.0445 1.7246 0.0197 0.0387 —0.3384 0.1351 8.7442
Cs—Ho 1.082 0.2989 —1.1449 1.6738 0.0349 0.0289 —0.3440 0.0967 11.9031
Cs—Ho 1.086 0.2864 —1.0442 1.7241 0.0197 0.0387 —0.3384 0.1351 8.7442

7 GG 0.2615 —0.7568 2.3267 0.0335 0.0794 —0.3480 0.3036  4.3829 0.2615
Cs—Cy 0.2549 —0.6921 1.7908 0.0107 0.0551 —0.2833 0.2162 5.1416 0.2549

8 GCrGC; 0.2599 —0.7506 2.2956 0.0180 0.0786 —0.3449 0.3024 4.3880 0.2599
Cs—Cy 0.2428 —0.6285 1.6811 0.0062 0.0543 —0.2657 0.2236 4.8932 0.2428

9 GCi—GC 0.2598 —0.7463 2.2923 0.0373 0.0787 —0.3440 0.3029 4.3710 0.2598
Cs—Cy 0.2547 —0.6914 1.7907 0.0110 0.0552 —0.2832 0.2167 5.1304 0.2547

10 GCi—GC 0.2647 —0.7689 2.1982 0.0152 0.0713 —0.3349 0.2694 4.6971 0.2647
Cs—C4 0.2600 —0.7412 2.1223 0.0197 0.0701 —0.3256 0.2696 4.6448 0.2600

11 GG 0.2646 —0.7688 2.2072 0.0150 0.0716 —0.3354 0.2706 4.6843 0.2646
C:—Cy 0.2644 —0.7680 2.2049 0.0149 0.0715-0.3350 0.2704 4.6853 0.2644

aAlso are included some relevant properties). See Method and Calculation Details sectionfor an explanation of symbols and Figure 1. In all
cases, (*) indicates the hydrogen atom involved in the 3z bond and (0) indicates the hydrogen atom taken as reference. Bond distances in
angstroms and angles in degrees are included.

Figure 3. Contour map of the Laplacian distribution of the electronic charge deR3ityf structurell in the plane that contains the-32e bond
(C—H*—C). Solid lines represent regions of electronic charge depletion, and broken lines denote regions of electronic charge concentration.

density in the G2ne—H* BCP, is higher than the density in  In the case of the Gzns1y—H* bond, p, and V2p;, values are
the corresponding &rs+—H* BCP. The first BCP exhibits lower, indicating a weaker interaction: (0.0073 and 0.0294 au,
the characteristic of a covalent bond interaction, whgrakes respectively), with|1;]/Az <1 (0.1105), characteristic of a
a value of 0.2767 au, arid?o , is negative, £0.9837 au). It is closed shell interaction. In this BCP, the elllipticity value found
also proved, in these cases, that the relationghiyAs > 1, is € = 0.9933 showing a behavior similar to that described
(1.8876) as it is generally found for covalent bond interactions. above.
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TABLE 4: Topological Properties (in a.u.) of the Electronic Charge Density in the BCPs of the van der Waals Complex %2

bond distance ob V20p M A2 A3 [A1l/A3 €
Ci—C 1.490 0.2662 —0.7835 —0.561 —0.4884 0.2108 2.4008 0.0367
C,—Cs 1.393 0.3172 —0.9650 —0.6683 —0.5343 0.2377 2.8115 0.2506
Cs—Cy 1.490 0.2662 —0.7835 —0.5061 —0.4882 0.2108 2.4008 0.0367
C>—H 1.087 0.2961 —1.1337 —0.8304 —0.8123 0.5089 1.6317 0.0223
Cs—H 1.087 0.2961 —1.1337 —0.8304 —0.8123 0.5089 1.6317 0.0223
Cs—Hp 1.301 0.1966 —0.2783 —0.4191 —0.1447 0.2855 1.4679 1.8958
C,—H 1.086 0.2862 —1.0443 —0.7532 —0.7383 0.4472 1.6842 0.0203
C,—H 1.085 0.2868 —1.0474 —0.7495 —0.7359 0.4380 1.7112 0.0185
C,—H 1.091 0.2811 —1.0104 —0.7300 —0.7205 0.4400 1.6591 0.0132
Cs—H 1.086 0.2862 —1.0443 —0.7532 —0.7383 0.4472 1.6842 0.0203
Cs—H 1.091 0.2811 —1.0105 —0.7300 —0.7205 0.4400 1.6591 0.0132
Cs,—H 1.085 0.2868 —1.0474 —0.7495 —0.7359 0.4380 1.7112 0.0185
s-butyl—H, 0.0071 0.0204 —0.0067 —0.0059 0.0331 0.2024 0.1384
H* —H* 0.736 0.2661 —1.1208 —0.9055 —0.9038 0.6886 1.3150 0.0019

a See Method and Calculation Details section for an explanation of symbols and Figure 1. Bond distances in angstroms are included. In all cases,

(*) indicates the hydrogen atom involved in the-3e bond. K denotes the hydrogen atom bridged.

van der Waals Complexelt and 15. Tables 6 and 7 show
the more significant topological local properties at the BCP’s
of 14 and 15 complexes, respectively.

The van der Waals compleé¥ corresponds to the protonated
methylcyclopropane and 41formed from the decomposition
of the 2-Hn-butonium cations with anchimeric assistance from
the methyl group at thg position relative to the 3e2e bond!?

From the structural point of view, the protonated methylcy-
clopropane is similar to the one formed for the corner-protoned
cyclopropané*

The topology of the charge density in complikshows only
three BCPs between-&C bonds. One of them, corresponding
to the G—Cuet bond, has a bond distance of 1.479 A and shows
different o, and V2p;, values from the others. The;€C, bond
distance is 1.404 A ang, = 0.3137 au,V2p, = -0.9959 au,
ande = 0.1600 au. On the other hand, the-C; bond distance
is 1.646 A oo = 0.1841 auV?pp = —0.3230 au, and = 0.3523
au) and does not exist BCP between thea@d G atoms. No
ring critical point is found as was expected, based in its similarity
with the cyclopropane molecule.

As it can be seen in the molecular graph (Figure 2b) and in
Table 6, the @H¢ bond @ = 1.098 A), where Hdenotes the
hydrogen atom at the corner of the cycle synclinal to the
C,—C, bond, shows charge density and Laplacian values
slightly lower that those at the otheg€H bonds p, = 0.2745
and V2o, = —0.9589).

In addition, the properties at the HH* BCP are indicative
of a shared interaction with a similar behavior to that on the H
isolated molecule.

Structurel5 represents the van der Waals complex between
the CH, molecule and the protonated cyclopropane. Further-
more, it is important to point out that the behavior of the
topological distribution of the charge density in this complex
do not show a ring critical point in the later moiety.

In Table 7, it can be seen that the-8& bonds corresponding
to the CH, fragment show bond distances, electronic charge
density, and Laplacian values comparable to the isolategl CH
molecule. Furthermore, the topological local properties at the
Ccanr)—H* bond show a closed shell interaction characterized
by low density and Laplacian values. A positive Laplacian value
is indicative of a depletion of the charge density. The atomic
distance of @ to H* (methyl fragment) is 2.852 A. The topo-
logical characteristics in this van der Waals interaction are given
for the curvaturel, value. As it can be seen in the molecular
graph of the compled5 (Figure 2b and Table 7), thes€H.
bond shows a similar behavior of that corresponding bond in
14 with d = 1.103 A, p, = 0.2691 au, and/2pp, = -0.9257 au.

From the topological charge density point of the view, this
complex can be described as a 1-propyl cation structure and
CH, better than to a protoned cyclopropane cation and, CH
molecule.

Comparative Analysis of then-Butonium and
Isobutonium lons in the Light of the AIM Theory of
Bader

We found that a better understanding on the relative stability
of the n-butonium and isobutonium isomers is obtained when
the topological properties at the BCPs in the-2e bonds are
considered.

The comparative analysis on the geometric and topological
parameters at BCPs of the-€1* and H*—H* bonds in 1-H-
n-butonium (structuresl—3), 1-H-isobutonium &), 2-H-n-
butonium @—6), and 2-H-isobutonium&) cations (Tables 1
and 2) allow us to achieve the following conclusions.

A 3c—2e bond of G-H*—H* type is found in all of the
H-butonium cations.

In the BCP at the €H* bonds, the electronic density values,
pb, (0.2128, 0.2122, 0.2200, 0.2090, 0.1994, 0.1937, 0.1915,
and 0.1712 au) and the Laplacian of the densifpy, (—0.4145,
—0.4070,—0.4744,-0.3783,—0.2407,—0.2455,-0.2232, and
—0.0764 au) values show a decrease when the carbon atom
changes from primary to secondary. Moreover, it can be easily
shown that, because of the electronic distribution in the three-
center two-electron bonds, the electronic density,and the
Laplacian of the densityy?pp,, values at H=H* bonds are
increased (0.2195, 0.2197, 0.2204, 0.2200, 0.2257, 0.2258,
0.2269, and 0.2354 au an€é0.5816, —0.5854, —0.5322,
—0.6002, —0.6604, —0.6815, —0.6928, and—0.7780 au,
respectively). From thgy, V2pp, ande values at the €H* and
H*—H* bonds, it can be concluded that there is a significant
charge delocalization over the atoms in the-2e region.

The relationship between the potential energy density and
the kinetic energy densityy/Gp, at the BCP in H=H* bonds
shows an increase from 5.77 in 1si-butonium to 6.12 in 1-H-
isobutonium and from 7.268.32 in 2-Hn-butonium to 11.35
in 2-H-isobutonium. The increase of this relationship between
both energy densities is accompanied by a decrease of the kinetic
energy density for electronic charge unit. These facts suggest
that both parameters could be taken as an index of the relative
stability of the H*~H* bond in the 3e-2e bonds.

The C-carbonium ions show 3@e bonds with topological
characteristics well defined, as can be seen in Table 3. As it
was mentioned, structure&-9 are derived from protonation
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Figure 4. Laplacian of the electronic charge densW§p of the van der Waals complek?. Solid lines represent regions of electronic charge
depletion, and broken lines denote regions of electronic charge concenti@idtigure in the plane that contains the carbonated chain. The
molecular graph is superimposed. Bond CPs are indicated with cib)eBigure in the plane perpendicular at the previous one and that contains
the central carbon atoms and the fdoiety.

of the primary C-C bonds (external), corresponding to the 1-C- When structured0 and11 are considered, it has to be noted

n-butonium ions, and protonation at the secondaryGcbond that they show the highest symmetry among all structures and
(internal) leads to the conformedd and 11 of the 2-Cn- similar structural and topological characteristics, particularly
butonium cations. On the other hand, C-isobutoniurii)(is structurell, the more stable among all 15 structures. Thus, the

formed upon protonation at theE-Cpim bond. From an two Csec—H* bonds of the 3e-2e bonds as well as the neighbor
inspection of ther-9 structures, it can be seen that each one C—C bonds have the same length and nearly similar topological
shows remarkable differences in the properties correspondingproperties, indicating that the charge of the cation is equally
to the two C-H* bonds involved in the three center bonds: delocalized through the bonds of the carbon chain, which
Cprim—H* —Csee The density, the Laplacian of the density, the stabilizes the structure.

density of the kinetic and potential energies, and Ya&s, On the other hand, the charge delocalization over the atoms
relationship are significant for the,G»—H?* bond, indicating a in the 3c-2e region in the C-isobutonium cation is more
high bond order. These results are in agreement with previousasymmetric than those of the other isomericn-BGutonium
calculations on C-proponium catiof®. cations. The electronic density at the two BCPs of theH®
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TABLE 5: Topological Properties (in a.u.) of the Electronic Charge Density in the Bond Critical Points (3,—1) of the van der
Waals Complex 13

bond distance, A 0Ob V20, e A2 A3 |Aall s €
C—H* cone) 1.092 0.2767 —0.9837 —0.6699 —0.6687 0.3549 1.8876 0.0018
C—Hczhe) 1.090 0.2801 —1.0035 —0.6921 —0.6904 0.3789 1.8266 0.0025
C—Hczhe) 1.089 0.2810 —1.0085 —0.6982 —0.6966 0.3863 1.8074 0.0022
C—H* const) 2.657 0.0073 0.0294 —0.0039 —0.0019 0.0353 0.1105 0.9933
C—Cicare) 1.523 0.2518 —0.6754 —0.4751 —0.4750 —0.2747 1.7295 0.0000
C—Hczhe) 1.086 0.2846 —1.0307 —0.7252 —0.7162 0.4107 1.7658 0.0126
C—Hczhe) 1.086 0.2843 —1.0286 —0.7223 —0.7127 0.4063 1.7777 0.0134
C—Hczhe) 1.086 0.2843 —1.0291 —0.7227 —0.7133 0.4070 1.7757 0.0133
C—Cicahsh) 1.382 0.3220 —1.0028 —0.6799 —0.5481 0.2252 3.0191 0.2404
C—HcaHst) 1.082 0.2998 —1.1839 —0.8717 —0.8519 0.5397 1.6151 0.0232
C—HcaHst) 1.082 0.2992 —1.1785 —0.8674 —0.8476 0.5364 1.6171 0.0233
C—Ho(carst) 1.335 0.1975 —0.3148 —0.4249 —0.1778 0.2879 1.4758 1.3896
C—Hcamst) 1.082 0.2971 —1.1559 —0.8482 —0.8341 0.5264 1.6113 0.0168
C—HcaHst) 1.082 0.2971 —1.1562 —0.8485 —0.8344 0.5267 1.6110 0.0168

a See Method and Calculation Details section for an explanation of symbols and Figure 1. Bond distances in angstroms are included. In all cases,
(*) indicates the hydrogen atom involved in the-3%e bond and (0) indicates the hydrogen taken as referencdebtes the hydrogen atom
bridged.

TABLE 6: Topological Properties (in a.u.) of the Electronic Charge Density in the Bond Critical Points (3,—1) of the van der
Waals Complex 14

bond distance, A ob V2o A1 A2 A3 |A1l/As €
C1—Chwet 1.479 0.2738 —0.8277 —0.5253 —0.5054 0.2030 2.5877 0.0392
Cwmet—H 1.086 0.2864 —1.0454 —0.7545 —0.7390 0.4481 1.6838 0.0211
Cwmet—H 1.086 0.2867 —1.0475 —0.7517 —0.7374 0.4416 1.7022 0.0194
Cwmet—H 1.094 0.2774 —0.9872 —0.7153 —0.7094 0.4374 1.6353 0.0083
C—C, 1.404 0.3137 —0.9959 —0.6495 —0.5599 0.2134 3.0436 0.1600
C—C3 1.646 0.1841 —0.3230 —0.3133 —0.2317 0.2418 1.2957 0.3523
Ci—H 1.085 0.3011 —1.1744 —0.8642 —0.8342 0.5239 1.6495 0.0360
C,—H 1.080 0.2952 —1.1125 —0.8073 —0.7945 0.4892 1.6502 0.0161
C,—H 1.081 0.2942 —1.1050 —0.8017 —0.7885 0.4852 1.6523 0.0168
Cs—H 1.082 0.2906 —1.0730 —0.7846 —0.7681 0.4797 1.6356 0.0215
Cs—H 1.084 0.2887 —1.0626 —0.7817 —0.7633 0.4825 1.6201 0.0241
Cs—Hc 1.098 0.2745 —0.9589 —0.6897 —0.6837 0.1446 1.6635 0.0087
Ci—H* 3.254 0.0024 0.0092 —0.0014 —0.0007 0.0114 0.1228 0.8351
H* —H* 0.735 0.2667 —1.1258 —0.9097 —0.9092 0.6931 1.3125 0.0005

a See Method and Calculation Details section for an explanation of symbols and Figure 1. Bond distances in angstroms are included. In all cases,
(*) indicates the hydrogen atom involved in the-32e bond and (0) indicates the hydrogen taken as referenagertbtes the hydrogen atom at
the corner of the cycle.

TABLE 7: Topological Properties (in a.u.) of the Electronic Charge Density in the Bond Critical Points (3,—1) of the van der
Waals Complex 15

bond distance, A 0Ob V20p y Ao A3 |A1l/23 €
C—Cs 1.677 0.1716 —0.2044 —0.2896 —0.1470 0.2322 1.2472 0.9692
C—C 1.395 0.3152 —0.9870 —0.6553 —0.5537 0.2220 2.9518 0.1833
Cs—Hc 1.103 0.2691 —0.9257 —0.6804 —0.6710 0.4257 1.5983 0.0140
Cs—H 1.082 0.2903 —1.0743 —0.7943 —0.7709 0.4909 1.6180 0.0304
Cs—H 1.082 0.2903 —1.0737 —0.7940 —0.7705 0.4908 1.6178 0.0305
Casp2rH 1.081 0.3000 —1.1706 —0.8601 —0.8364 0.5258 1.6358 0.0283
Cisp2rH 1.081 0.3005 —-1.1747 —0.8634 —0.8374 0.5285 1.6337 0.0282
Cosp2rH 1.079 0.2969 —1.1315 —0.8251 —0.8101 0.5037 1.6381 0.0185
Co(sp2rH 1.079 0.2970 —1.1318 —0.8254 —0.8105 0.5042 1.6370 0.0184
Ci—H* 2.852 0.0052 0.0213 —0.0026 —0.0001 0.0246 0.1057 2.9694
Cwmetr—H 1.087 0.2793 —0.9980 —0.6939 —0.6880 0.3839 1.8075 0.0086
Cwmet—H 1.086 0.2807 —1.0056 —0.7042 —0.6986 0.3972 1.7729 0.0079
Cwmet—H* 1.087 0.2779 —0.9894 —0.6833 —0.6773 0.3712 1.8408 0.0088
Cwmet—H 1.084 0.2834 —1.0226 —0.7271 —0.7264 0.4309 1.6834 0.0001

a See Method and Calculation Details section for an explanation of symbols and Figure 1. Bond distances in angstroms are included. In all cases,
(*) indicates the hydrogen atom involved in the-32e bond. H denotes the hydrogen atom at the corner of the cycle.

bonds is very different. In fact, the density at the BCP between generally found for covalent bond interactions. On the contrary,
hydrogen, H*, and carbon atom of the methyl group is greater in the second BCP, thg, is lower, V?py is positive, and the
that the density in the €H* bond formed with the carbon atom  relation|44]/43is <1, (0.4037), as can be seen in a closed shell
of the isopropyl group. Both BCPs show very different interaction. Indeed, the ellipticity value (0.2171) in the last case
topological characteristics in the function of the values that adopt is greater than that in the other~&1 bonds in methyl groups
the curvatures, and they allow us to characterize the first BCP of the C-isobutonium cation or from the isobutane molecule.
as a shared interaction, where tR8p, is negative and the It is important to point out that the behavior of the topological
relationship between curvaturgk|/As > 1, (2.0403) as it is distribution of the charge density in the-32e bonds shows a
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dependence with the bond angle and with the distance betweerfragments, the bond distance between H* atoms and the C atom
carbon atoms involved in the three center two electron bond of the methyl fragment is smaller, and the interaction is shared
(the bond angle ranging from 119.® 129.4, over specieg, type and the electronic density in the BCP is higher on the
8, 9, and10 and having the value of 142.3n C-isobutonium primary carbon atom than on the remaining (secondary and
cation, whereas i1, the three center bond angle is 129.5 tertiary) carbon atoms.
However, structurd 1 in C-n-butonium cations is more stable The calculated topological properties from structi?eshow
than the isomef0 because of the electron delocalization and that the G—C3; bond exhibits the characteristic of a covalent
the symmetry over all of the molecule. At the last, structures double bond, whereas the other-C bonds show a single
11and11 are the most stable species formed upon protonation covalent bond behavior. A BCP is found among the hydrogen
at the C-C bond. denoted as K (bridged) and the £and G atoms indicating

It can be said that the origin of the stabilization of the last the existence of a 3€2e bond with a markedlyr character
reported structures is different. In structut#, an H*—CHjz showed by its ellipticity value. The two hydrogen atoms, denoted
bond is formed with high density between the bonded atoms as H*—H*, show the characteristic of a shared interaction
(shared interactions), whereas an-HZ3H; bond with low between them as in the isolated hholecule. In complex2,
electron density and high ellipticity, (closed shell interaction) the H, molecule is localized in a parallel plane from that formed
is formed. Moreover, electronic delocalization over the methyl by the carbon atoms, over a region of charge density accumula-

groups in the isopropyl fragment is observed. tion between both secondary carbon atoms. A single BCP is
. ' localized between both moieties (betweena@d H,) showing
Conclusions and Perspectives the characteristic of a closed shell interaction, as it generally

It can be observed that in all of the species analyzed the N@PPens in a van der Waals interaction. Finally, although the
C—H* bonds are weaker than the—@l, bonds that do not ell!pt!c!ty value in the H moiety is n_early zero, a considerable
participate in the 3e2e bonds. elllptu_:lty val_ue_ls found _for the ||_1ter_act|_on betwe_en both

The topological analysis of the distribution of the charge moieties. This higer value is clearly indicative that this bond is

density reveals that the stability of the protonated species near to be'broken, and would ":Xp"”?‘“ the dissociation of the
depends fundamentally on the way in which the charge of the complex12into thes-butyl carbenium ion and thetnolecule.

cation is delocalized around the-32e bonds. In structurel3, the topological distribution of the electronic
It was found that in the Hr-butonium cations the stability ~ charge density in eC+bon(_:Is shows clearly differences in both
of the species increases as the properties of theHH*bond fragments. In the g™ cation, the G-C bond is involved in a

resemble that of the unperturbed—H bond from the H 3c—2e bond, with the hydrogen atom bridgedy(hwith two
molecule, which points to a more stable carbenium ion interact- ¢rbon atoms in sphybridization. This H is asymmetrically

ing with the H moiety. In the Ca-butonium cations, the stability bonded to the carbon atoms because of the interaction with the
of the species seems to be associated to higher stabilities of théthane molecule. The topological properties are indicative of a
carbon containing moieties (two primary carbenium ions in the double character bond in €&C. On the other hand, the
case of the 2-Grbutonium ion and a methyl and primary topological bond properties of theolds moiety are similar to
1-propyl cation in the case of the 1+€butonium cation, see  those corresponding to the ethane.

Scheme 3). The topology of the charge density in compliekshows only
Topological analysis of the H-butonium cations reveals that three BCP between -€C bonds, and no ring critical point is
the stabilization degree of the protoned species is related with found as it would be expected because of their similarity with
an increase of the electronic density between the H* atoms andthe methyl cyclopropane molecule. In addition, the properties
with a decrease of the density between H* and C atoms involved at the H*~H* BCP are indicative of a shared interaction with

in the three centers bond. This again express the higher stability2 Similar behavior to the that on the; ksolated molecule.
of more substituted carbenium ion moiety in the resonance It is important to point out that, contrary to expectation,
structures (Scheme 3). structurel5 does not show a ring critical point. Thus, from the
We concluded that, as the bond order between the hydrogentopological charge density point of view, structurgis more
atoms increase because of the increment of the density and théimilar to a van der Waals complex between a primary 1-propyl
Laplacian values in the BCP in the HH* bond and the two ~ cation and a Ckimolecule than to a van der Waals complex
negative curvatures resemble each otligr{ 1), the protoned ~ between a protoned cyclopropane cation and a @Hlecule.
H-carbonium species becomes more stable. These findings are Finally, it was seen that the study of the topology of the
followed by a shortening of the H*H* and a lengthening of charge density is a powerful tool for exploring the stability and
the C-H* distances and the decreasing of the-+HC—H * origin of the different structures formed in hydrocarbon proto-
angle. nation processes.
The strong similarity between H-carbonium and C-carbonium
cations lies in the redistribution of the electron density that References and Notes
accompanies their formation. _ (1) (a) Olah, G. A.; Schlosberg, R. H. Am. Chem. Sod.968 90,
The analysis of the C-carbonium cations shows that more 2726. (b) Olah, G. A.; Prakash, G. K. S.; Willams, R. E.; Field, L. D.;
stable species result when the-B*—C angle and €C Wade, K.Hypercarbon Chemistpywiley: New York, 1987.
distance increase, as well as the delocalization of the electronic_ (2) Olah, G. A;; Klopman, G.; Schlosberg, R. 8. Am. Chem. Soc.

- ; ; 1969 91, 3261.
density on the atoms involved in the three centers bond and the (3) Hogeveen, H.: Bickel, A. FRecl. Tra. Chim. Pays-Bas1969

remaining fragment (isopropy! fragment iri'). 88, 371.
Thus, the stability order is (4) Schleyer, P. v. R.; Carneiro, J. W. NL.Comput. Chenl.992 13,
997-1003.

(5) Olah, G. A,; Rasul, GAcc. Chem. Red.997 30, 245-250.

(6) Schreiner, P. R.; Kim, S. J.; Schaefer, H. F.; Schleyer, P. \J. R.
Chem. Phys1993 99, 3716.
In all cases in that the protonation is carried out giving different (7) Marx, D.; Parrinello, MNature 1995 375, 216.

CTertiary = CSecondary> CPrimary



Analysis of the Electronic Density in-Butonium

(8) Carneiro, J. W. M.; Schleyer, P. V. R.; Saunders, M.; Remington,
R.; Schaefer, H. F., lll.; Rauk, A.; Sorensen, TJSAm. Chem. S04994
116, 3483-3493.

(9) Esteves, P. M.; Mota, C. J. A.; Ramirez-Solis, A.; Hernandez-
Lamoneda, R. JJ. Am. Chem. Sod.998 120, 3213.

(10) Mota, C. J. A.; Esteves, P. M.; Ramirez-Solis, A.; Hernandez-
Lamoneda, RJ. Am. Chem. S0d.997 119 5193-5199.

(11) Esteves, P. M.; Mota, C. J. A.; Ramirez-Solis, A.; Hernandez-
Lamoneda, RJ. Top. Catal 1998 6, 163—168.

(12) Esteves, P. M.; Alberto, G. G. P.; Ramirez-Solis, A.; Mota, C. J.
A. J. Phys. Chem. 200Q 104, 6233-6240.

(13) (a) Olah, G. A.; Halpern, Y.; Schen, J.; Mo, Y.X Am. Chem.
Soc 1973 95, 4960. (b) Olah, G. AAngew. Chem., Int. Ed. Endl973
12, 171. (c) Olah, G. A.; Prakash, G. K. S.; Williams, R. E.; Field, L. D.;
Waade, K.Hypercarbon ChemistryWiley: New York, 1987.

(14) (a) Esteves, P. M.; Ramirez-Solis, A.; Mota, C. JJABraz. Chem.
Soc 200Q 11, 345 (available at http://www.sbg.org.br/jbcs/). (b) Esteves,
P. M.; Ramrez-Sols, A.; Mota, C. J. AJ. Phys. ChenB 2001, 105, 4331~
4336. (c) Esteves, P. M.; Alberto, G. G. P.; Ramirez-Solis, A.; Mota, C. J.
A. J. Am. Chem. S0d.999 121, 7345.

(15) Bader, R. F. WAtoms in Molecules. A Quantum Thep6jaren-
don: Oxford, U.K., 1990.

(16) Popelier, P. L. AAtoms in Molecules. An IntroductipfPearson
Education: Harlow, U.K., 1999.

(17) Sieber, S.; Buzek, P.; Schleyer, P. v. R.; Kock, W.; Carneiro, J.
W. M. J. Am. Chem. Sod 993 115, 259.

J. Phys. Chem. A, Vol. 106, No. 8, 2002595

(18) (a) Raghavachari, K.; Whiteside, R. A.; Pople, J. A. Schleyer, P.
v. R.J. Am. Chem. S0d981, 103 5649. (b) Carneiro, J. W. M.; Schleyer,
P. v. R.; Saunders, M.; Remington, R.; Schaefer, H. F., lll.; Rauk, A,
Sorensen, T. SI. Am. Chem. Sod994 116, 3483. (c) Hiraoka, K.; Mori,
T.; Yamabe, SChem. Phys. Lettl993 207, 178.

(19) (a) Okulik, N.; Peruchena, M.; Esteves, P. M.; Mota, C.; Jubert,
A. H. J. Phys. Chem. A1999 103 8491. (b) Okulik, N.; Peruchena, M.;
Esteves, P. M.; Mota, C.; Jubert, A. H. Phys. Chem. A2000Q 104,
7586.

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision E.1; Gaussian,
Inc.: Pittsburgh, PA, 1995.

(21) Klieger-Konig, W.; Bader, R. F. W.; Tag, T. H. Comput. Chem.
1982 3, 317.

(22) Olah, G. A.J. Am. Chem. Sod.972 94, 807.
(23) Pallis, J.; Male, SPure Math 197Q 14, 223.

(24) Kock, W.; Liu, B.; Schleyer, P. v. RL Am. Chem. Sod 989 11,
3479.



