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Stable Pentacoordinate Carbocations: Structure and Bonding

Israel Fernandez,*'* Einar Uggerud,*"” and Gernot Frenking*!*!

Abstract: We report that only elements  situation of
more electropositive than carbon
(Group 13, 14, and Be) form stable
symmetrical H,E—CH,—EH,*t struc-
tures (E=Group 1, 2, 13, or 14 ele-
ment) with a planar CH; group sym-
metrically bonded to two EH,, moieties,
in analogy with prototypical S\2 transi-

. . . chemistry
tion structures. Analysis of the bonding

Introduction

The properties of hypervalent compounds have attracted
considerable attention during the last few years.'! In particu-
lar, the synthesis and characterization of stable pentacoordi-
nate carbon compounds still constitutes a challenge for this
emerging area of interest.”) Such compounds may either be
classified as electron-deficient or electron-rich, based on the
number of formal valence electrons around the central
carbon. In the former class, the carbon atom has formally
eight electrons and the pentacoordinate structure is realized
by an interaction between a ¢ bond (two-center, two-elec-
tron bond: 2c-2e) and a vacant orbital of the atom/group
linked to the carbon atom. The methonium ion (CH;%), car-
boranes, and a carbon atom in a metal cluster cage belong
to this kind of compounds. In contrast, the latter class is
characterized by comprising ten electrons around the carbon
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analysis (EDA) of the interaction
energy. This shows that H,E—CH;—
EH,* molecules can be viewed as
being composed of one CH; group that
is o-covalently bonded to two EH,
groups forming a three-center, two-
electron bond.

pentacoordinate
was studied by

atom, resulting from an interaction between the vacant 2p
orbital of the central carbon with the two lone electron
pairs belonging to the nucleophile and the leaving group, re-
spectively. This axial three-center, four-electron E—C-E
bond arrangement is normally unstable, in the sense that the
pentacoordinate geometry corresponds to a transition struc-
ture rather than a minimum. Under special circumstances it
is, however, possible to stabilize it, and compounds 1 and 2,
which have been newly isolated by Yamamoto and co-work-
ers are representative examples.>”

MeQ OMe 7@ Ri R? ®
MeOQ----C----OMe F{1O---<C£“"OR1
' 'I BoF7~ ClO4~
1 2

Very recently, Ydiez and co-workers reported the pres-
ence of the Dj,-symmetric molecule ion 3 as a gas-phase
ion-molecule reaction product of tetramethylsilane by using
Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometry (Scheme 1). This compound can be viewed

®
© HsC CHs;
Si(CHy)s + Si(CH3)3(9) —= | o= Si—CHa —Si~cp,
HsC CH3
Scheme 1.
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as a CH;* cation interacting with two Si(CHj,); radicals. The
model implies that the empty p orbital of the sp>-hybridized
carbon atom interacts with the appropriate singly occupied
orbitals of the two Si(CH;); moieties so that the central
carbon atom is covalently bonded to the silicon atoms
through a three-center, two-electron bond. The proposed
D, species is compatible with the experimentally observed
scrambling of the methyl groups and quantum chemical cal-
culations.

We want to point out the resemblance between the above
mentioned 3c—2e pentacoordinate carbocation and the pro-
totypical 3c—4e S\2 transition state structure.”) Thus, com-
pound 3 corresponds to a condition in which the introduc-
tion of electropositive “nucleophile” and “nucleofuge”, both
being the SiMe; radical, alters the topography of the poten-
tial energy surface (PES). However, such PES topographies
are quite common for P, S, or Si, which are well known to
form stable pentacoordinate compounds.[®

The finding by Yaiez et al. prompted us to systematically
look for other stable pentacoordinate carbocations analo-
gous to 3 along the periodic table and to investigate their
stability limits. In this paper, we report the results of an ex-
tensive computational study of the structure and bonding
situation of stable pentacoordinate carbocations. In this con-
nection, we need to mention that Jemmis et al.l”) performed
HF/STO3-G* calculations of some species of this kind al-
ready in 1979.

Computational Details

Complete geometry optimizations were carried out by using DFT and ab
initio methods with the GAUSSIAN 03 suite of programs® at the
B3LYP and MP2!" levels of theory. We employed the def2/TZVPP
triple-£ quality basis set, which is suggested to be close to the DFT basis-
set limit.'!! The vibrational frequencies of the optimized structures were
calculated to investigate the nature of the stationary points. The Hessian
matrices of the optimized geometries have only positive eigenvalues for
the minima on the potential energy surface, whereas transition states
present one negative eigenvalue.'? Atomic partial charges were calculat-
ed by using the natural bond orbital (NBO) method."”!

The bonding analysis of the different species was carried out by using the
energy decomposition analysis (EDA) method"* using the ADF 2006.01
program.'” In this case, the geometries of the molecules were re-opti-
mized by using the OPBE functional.® Uncontracted Slater-type orbitals
(STOs) were employed as basis functions for the self-consistent field
(SCF) calculations.'”? The basis sets are of triple-{ quality and are aug-
mented by two sets of polarization functions, that is, p and d functions
for the hydrogen atoms and d and f functions for the other atoms. This
level of theory is denoted as OPBE/TZ2P. An auxiliary set of s, p, d, f,
and g STOs has been employed to fit the molecular densities and to rep-
resent the Coulomb and exchange potentials accurately."™ Scalar relativ-
istic effects were accounted for in the form of the zero-order regular ap-
proximation (ZORA).["")

The interactions were analyzed by means of the energy decomposition
analysis (EDA) of the Amsterdam Density Functional program (ADF),
which was developed by Ziegler and Rauk®” following a similar proce-
dure suggested by Morokuma.”! EDA has proven to give important in-
formation about the nature of the bonding in main-group compounds
and transition-metal complexes.'*??! The focus of the bonding analysis is
the instantaneous interaction energy, AE;,, of the bond, which is the
energy difference between the molecule and the fragments in the elec-
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tronic reference state and frozen geometry of the compound. The inter-
action energy can be divided into three main components [Eq. (1)]:

AE;, :AEelslal + AEl’auli + AEorh (1)

AE . gives the electrostatic interaction energy between the fragments,
and is calculated by using the frozen electron-density distribution of the
fragments in the geometry of the molecules. AEy,,; refers to the repulsive
interactions between the fragments, which are caused by the fact that two
electrons with the same spin cannot occupy the same region in space.
AEp,,; is calculated by enforcing the Kohn-Sham determinant on the su-
perimposed fragments to obey the Pauli principle by antisymmetrization
and renormalization. The stabilizing orbital interaction term, AE,, is cal-
culated in the final step of the energy partitioning analysis when the
Kohn-Sham orbitals relax to their optimal form. This term can be further
partitioned into contributions by the orbitals belonging to different irre-
ducible representations of the point group of the interacting system. The
interaction energy, AE;,, can be used to calculate the bond-dissociation
energy, D, by adding AE,,.,, which is the energy necessary to promote
the fragments from their equilibrium geometry to the geometry in the
compounds [Eq. (2)]:

—D. = AE,., + AE,, (2)
The advantage of using AE;, instead of D, is that the instantaneous elec-
tronic interaction of the fragments becomes analyzed, which yields a
direct estimate of the energy components. Further details of the energy-
partitioning analysis can be found in the literature.!"**!

Results and Discussion

The aim of the present study is to explore the limits of E
atoms along the periodic table that are able to stabilize the
CHj; unit forming hypervalent carbocations. To do this, we
calculated the cationic compounds 4-7 that are analogues of
3. We divide our discussion into five sections, one for each
of the Groups 14, 13, 2, and 1, and one concluding one,
which includes stability considerations.

PENTACOORDINATE CARBON
®

HE——EM,

H H

E= Group 14 element, n
E= Group 13 element, n
, E= Group 2 element, n =
E= Group 1 element, n =

3
2
1

0

Group 14 cations: The calculations, both with B3LYP/def2-
TZVPP and MP2/def2-TZVPP, show that pentacoordinate
carbon compounds analogous to the parent compound 3
exist as stable minimum-energy structures for all elements
from silicon to lead. Like compounds 3, the homologues 4-
Si, 4-Ge, 4-Sn, and 4-Pb®! all have D;, structures with a
planar CH; group symmetrically bonded to two eclipsed
EH; moieties. Moreover, the calculated value for the C—Si
bond lengths of 4-Si (2.039 A) at the MP2/def2-TZVPP
level is close to the reported MP2/6-311+ G(3df,2pd) value
of 2.063 A for compound 3. We note that the methyl sub-
stitution at silicon in 3 is the only structural difference be-
tween the two compounds. In contrast, all efforts to locate a
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symmetrical minimum-energy structure for compounds with
E=C were fruitless. As expected, 4-C adopts a typical non-
classical geometry in which the methyl and ethyl moieties
are bridged by a hydrogen atom (Figure 1). Interestingly,
the computed atomic NBO charges in 4-Si to 4-Pb show
that the positive charge is localized at the EH; terminal
groups. Although the CH; group has a negative charge be-
tween —0.28 e and —0.32 e, the EH,, groups carry significant
positive charges whose values are ~+0.65 e.

4-Si: g = +0.64 4-Si: g=-0.28
4-Ge: g=+0.64 4-Ge: g =-0.28
4-Sn: g = +0.66 4-Sn: g =-0.32
4-Pb: g = +0.65 4-Pb: g =-0.30

4-Si: 2.060 (2.039)
4-Ge: 2.175 (2.131)
4-Sn: 2.382 (2.301)
4-Pb: 3.493 (2.400)

Figure 1. Graphical display of compounds 4-C to 4-Pb. All structures cor-
respond to fully optimized geometries. Bond lengths [A] computed at the
B3LYP/def2-TZVPP (plain text) and the MP2/def2-TZVPP (in parenthe-
sis) levels of theory. NBO atomic charges with hydrogen atoms summed
into heavy atoms computed at the B3LYP/def2-TZVPP level. Unless oth-
erwise stated, white and gray colors denote hydrogen and carbon atoms,
respectively.

To clarify the bonding situation, we re-optimized the ge-
ometry of the cations 4-Si to 4-Pb at the OPBE/TZ2P level.
This method has been recommended to model Sy2 reactions,
which involve a pentacoordinate carbon in their transition
structures.’”) We then carried out an energy decomposition
analysis (EDA) of the interaction between the CH; and two
EH; moieties. Based on the NBO charges in Figure 1, we
found it reasonable to consider the decomposition into a
CH; radical and two “half radical cations” EH,"**". The
EDA data gathered in Table 1 shows that the interaction

Table 1. Results of the energy decomposition analysis at the OPBE/TZ2P

Energy values in kcalmol .

level for cations 4-Si to 4-Pb.

energy between the above fragments decreases monotoni-
cally as one progresses down the group. From this consider-
ation we also see that the degree of covalent bonding, which
is given by the AE,, term, is the main contribution to the
total attraction. In fact, AE,, contributes to 63-70 % of the
bonding whereas the electrostatic term AE,,, only accounts
for 30-37%. Interestingly, the splitting of the orbital term
into contributions by the orbitals belonging to different irre-
ducible representations of the point group shows that o
bonding contributes to approximately 95-97 % whereas the
7t bonding is almost negligible. Therefore, we can safely con-
clude that the Group 14 elements containing cations 4-Si to
4-Pb are species that posses a pentacoordinate carbon atom
o-covalently bonded to two EHj; groups (Table 1).

Group 13 cations: We located the C,-minima 5§ with Dy,
local symmetry at the carbon atom for all members of the
group, with the notable exception of 5-Tl, which adopts a
geometry with local C;, symmetry at the carbon atom and
two non-equivalent C—TI1 bonds (Figure 2). With this excep-
tion, the structure of the cationic species 5-B to 5-In corre-
sponds to a planar CH; group that is symmetrically bonded
to two non-eclipsed EH, moieties. The computed atomic
NBO charges in 5-B to 5-T1 show that the positive charge is
again localized at the terminal groups. The methyl groups
bear a negative charge of between —0.08¢ in 5-B and
—0.52 ¢ in 5-Tl, and the EH, groups carry high positive
charges ranging from +0.54 ¢ in 5-B to +0.77 ¢ in 5-TL. The
more-positive charges at the terminal groups in compounds
5 relative to compounds 4 are in good agreement with the
higher electropositive character of Group 13 elements. How-
ever, the differences are small and with this data at hand it
is not surprising that we find similar bonding patterns for §
and 4. As we will see below, this is also reflected in the
EDA.

To distinguish between o- and m-orbital contributions to
the orbital interactions with the EDA method, we reopti-
mized the geometries of cations 5 with enforced C,-symme-
try constrain by using the MP2 value of the C—E bond
length. The energy difference between the C; structures and
the corresponding minima is for all structures <2 kcalmol™'
and, therefore, the EDA data
of the C; structures should pro-
vide a valid picture of the

@

H
HyE—7—EH,
H H

bonding situation for all com-
pounds 5. Moreover, because
the MP2 geometry of 5-Tl has

E Si Ge Sn Pb nearly identical C-Tl bond
AE,, —96.6 _816 —706 536 lengths, we decided to 1.nc1ude
AEp 243.0 2147 187.0 139.8 the latter compound in the
AE g™ —~102.0 (30.0%) —95.6 (32.2%) —86.6 (33.6%) ~739(37.3%)  EDA study by using the short-

AEo® —273.7 (70.0%) —200.8 (67.8%) —171.1 (66.4%)
AEN —225.1 (94.7%) —192.3 (95.8%) —165.2 (96.5%)
AE —12.6 (53%) -85 (42%) -5.9(35%)
HC-E) [A] 2.058 2165

fragments H;E (172 e, g=40.5), CH;5 (d), EH; (1/2 ¢, g=+0.5)

—1244(627%)  er MP2 value of the C-TI in-
—120.0 (96.5%)

44 (35%) teratomic distance (2.431 A)
2:469. for both bonds. As readily seen
from Table 2, the interaction

[a] The percentage values in parentheses give the contribution to the total attractive interactions AE,, +
AE,. [b] The percentage values in parentheses give the contribution to the total orbital interactions AE,,.
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energy between the methyl
radical and two EH, fragments
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5-B: g = +0.54 5-B: g =-0.08
5-Al: g=+0.74 5-Al: g=-048
5-Ga: g=+0.75 5-Ga: g=-0.50
5-n: g=+0.75 5-In: g = -0.51

FULL PAPER

between the D, structure of 6-
Mg, which is a saddle point,
and the corresponding mini-
mum, which has C;, symmetry
but similar values for the C—
Mg bond lengths, is negligible

5-B: 1.676 (1.675) =
5-Al: 2,124 (2.112)
5-Ga: 2.191 (2.147)
5.In: 2.420 (2.337)

Figure 2. Graphical display of compounds 5-B to 5-Tl. All structures correspond to fully optimized geometries.
Bond lengths [A] computed at the B3LYP/def2-TZVPP (plain text) and the MP2/def2-TZVPP (in parenthesis)
levels of theory. NBO atomic charges with hydrogen atoms summed into heavy atoms computed at the

B3LYP/def2-TZVPP level. See Figure 1 legend for additional details.

Table 2. Results of the energy decomposition analysis at the OPBE/TZ2P level for cations 5-B to 5-Tl. Energy

values in kcalmol ..

Tl (<0.1 kcalmol ™). This result is
in qualitative agreement with
the calculation by von R. Sch-
leyer and co-workers at the
HF/STO-3G* level.”! There-
fore, we consider the 6-Mg
cation as a highly fluxional
structure, gliding easily be-
tween two mirror Cj, struc-
tures. The cases of 6-Ca to 6-
Ba are radically different be-
cause the minimum structures
have clearly non-equivalent C—

@
H
H2E7L,’ EH,
H H

E bonds with Cj,-local symme-
try at the central carbon atom
(Figure 3). As expected, in the
latter species the energy differ-

E B Al Ga In Tl :
ence between the Ds, cations
AE,, ~1258 —91.5 —79.2 —65.3 —532 . di L
AEp,y 289.0 185.4 1918 175.0 157.1 and the corresponding minima
AE,l  —1340 (32.3%) —101.7 (36.7%) ~108.5 (40.0%) —100.8 (41.9%) —85.8 (40.8%) 1S quite large (ranging from
AEo ) —280.9 (67.7%) —1752 (63.3%) —162.5 (60.0%) —139.5 (58.1%) —124.5(592%) 9.6 kcalmol™ in 6-Ca to
AEP —268.3 (955%) —171.0 (97.6%) ~1587 (97.6%) —1368 (98.1%) —1223 (982%)  26.0 kcalmol-! in 6-Ba at the
AE, M 126 (45%)  —42(24%)-38 (24%) —27(19%)  —22(18%)
fragments HE (112 ¢, g=+0.5). CHy (d), EH, (1/2 ¢, g=+0.5) B3LYP/def2-TZVPP level).

[a] The percentage values in parentheses give the contribution to the total attractive interactions AE., +

Moreover, the NBO charges in
both minima and transition

AE,,,. [b] The percentage values in parentheses give the contribution to the total orbital interactions AE,,.

decreases monotonically as one progresses from boron to
thallium. Again, the main contribution to the total attraction
comes from the orbital term ranging from 68 % in 5-B to
59% in 5-Tl, which is clearly larger than the electrostatic
term. Nevertheless, we want to point out that the electro-
static bonding is higher in compounds 5 relative to cations 4,
in good agreement with the higher NBO charges for the
Group 13 cations. The partition of the orbital term into the
different symmetry contributors also shows that these spe-
cies are ¢ bonded (95-98 %) while the m bonding is almost
negligible. In this respect, we can conclude that there is
little difference in the bonding situation between 4 and 5.

Group 2 cations: The theoretical results for the pentacoordi-
nate carbocations of Group 2 elements 6-E are significantly
different from those of Groups 13 and 14, 4-E and 5-E. We
could only locate one D,-symmetrical species, namely 6-Be.
For the rest of the members of Group 2, the D5, species are
saddle points of order 1 or higher, ranging from being a
transition structure with a weak imaginary mode for magne-
sium (i=-89 cm™!, B3LYP/def2-TZVPP) to having five
imaginary frequencies of vibration for the symmetrical struc-
tures between calcium and barium. The energy difference

Chem. Eur. J. 2007, 13, 8620-8626
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structures for 6-Be to 6-Ba
show that the positive charge is
strongly built up at the EH
groups, leaving the CH; group with a negative charge rang-
ing from —0.75¢ in 6-Be to —0.92¢ in 6-Ba. Again, the
higher positive values fit well with the more electropositive
character of these elements relative to Groups 13 and 14.
Taking the energy differences between the transition state
structures and the minima into account, we decided to ana-
lyze the bonding situation of cations 6 only for the symmet-
rical D3, species 6-Be and 6-Mg by using a fragmentation
scheme similar to that of cations 4 and 5. From the data in
Table 3, we conclude that Group 2 carbocations 6 present a
bonding situation similar to that of the related symmetrical
compounds 4 and S, in which the pentacoordinate carbon
atom is o-covalently bonded to two EH groups forming a
3c—2e bond.

Group 1 cations: No D;,-symmetrical structure was found as
a minimum on the potential energy surfaces for any of the
elements E=Li-Cs. Inspection of the Hessian matrices of
the D3, structures showed that they have one imaginary fre-
quency, which means that they are transition states at the
B3LYP and MP2 levels. For Li, our result is at odds with
Jemmis et al. who reported that the trigonal-bypyramidal
Dy, structure of 7-Li is a minimum on the potential energy

— 8623
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6-Be: g = +0.87 6-Be: q=-0.74
6-Mg: g = +0.89 6-Mg: q =-0.78
6-Ca: g =+0.94 6-Ca: g=-0.88
6-Sr: g = +0.94 6-Sr. g=-0.87
6-Ba: g = +0.96 6-Ba: g=-0.92
/ 2233 © 2221
(2250) | (2.209)
' - P e i
—E . G e

6-Be: 1.759 (1.770)
6-Mg: 2.227 (2.228)
D;,- 6-Ca: 2.668 (2.691)
6-Sr: 2.898 (2.851)
6-Ba: 3.146 (3.090)

[
5]

\ 2,595 | 2497
@ (2.682) 5 @573)
( \.-...................... a‘

6-Ca

q

C;,-6-Mg

2.646
(2.625)

6-Sr 6-Ba

Figure 3. Graphical representations of compounds 6-Be to 6-Ba. All structures correspond to fully optimized geometries. Bond lengths [A] computed at
the B3LYP/def2-TZVPP (plain text) and the MP2/def2-TZVPP (in parenthesis) levels of theory. NBO atomic charges with hydrogen atoms summed into
heavy atoms computed at the B3LYP/def2-TZVPP level. See Figure 1 legend for additional details.

Table 3. Results of the energy decomposition analysis at the OPBE/
TZ2P level for cations 6-Be and 6-Mg. Energy values in kcalmol ™.

@
H
HE——EH
HH
E Be Mg
AE;, -121.3 _75.8
AEp,; 192.7 119.5
AE 0™ —101.8 (32.4%) —64.6 (33.0%)
AEq —212.2 (67.6%) —130.6 (66.9%)
AEM —201.6 (95.0%) —127.9 (97.9%)
AE,M —~10.6 (5.0%) 2.7 (21%)
r(C-E) [A] 1.771 2.245
fragments HE (+1/2), CH; (d), EH (+1/2)

[a] The percentage values in parentheses give the contribution to the
total attractive interactions AE ., +AE,4. [b] The percentage values in
parentheses give the contribution to the total orbital interactions AE,,.

b: 3.056 (2.995)

in stabilizing the hypervalent structure. The cations 7-Li to
7-Cs adopt C;,-minimum geometries with two different C—E
bond lengths. Interestingly, the energy difference between
the D, saddle points and the C;, minima is in no case
higher than 2.0 kcalmol !, which indicates the dynamic char-
acter of these structures (Figure 4).

Because the energy difference between the C;, and Dj,
structures is small, we also analyzed the bonding situation of
the symmetrical Dj;, cations 7 by using the same fragmenta-
tion scheme used for cations 4, 5, and 6 for comparison rea-
sons. From the data in Table 4, we can conclude that Group
1 D, carbocations 7 present a bonding situation similar to
that of the above related symmetrical compounds in which

7-Rb: 3.108 (3.062) 7-Rb: 2.975 (2.923)

7-Li: g=+0.95 7-Li: g =-0.90 7-Li: g=+0.96 ;-hi: q= -0(.}9815 ;—hi: qg= +0ﬁg§1
7-Na: g = +0.91 7-Na: g = -0.82 7-Na: g = +0.93 -Na: g = -0. -Na: g = +0.
surface at the HF/3-21G 7Kg +0.92 7Kg 064 7K q=+094 7K g=-0.89 7-K: g = +0.93
level.”! The difference between 7-Rb: g = +0.92 7-Rb: g =-0.84 ; gb o +g gg ; Eb _ -g gg ?r gb = +8 gg
. -Cs:g= -Cs: g= = - =+
their results and our data may G g0 ) T-Csig=+087 sl R s4q=
be due to the different levels / /
of theory that were employed. E\
We want to point out that a "’
trigonal-bypyramidal  penta-
coordinate carbon  structure 7-Li: 2.057 (2.081) 7-Li: 2.078 {2.106) 7-Li: 2.027 (2.049)
. 7-Na: 2.412 (2.454) 7-Na: 2.450 (2.502) 7-Na: 2.373 (2.408)
was reported on the basis of 7-K: 2.858 (2.960) 7-K: 2.913 (3.036) 7-K: 2.788 (3.884)
7-R
7-

an X-ray crystallographic anal-
ysis for tetrakis(benzylsodium-
TMEDA) (TMEDA =tetrame-
thylethylenediamine).”®  This
points to an active role of the
substituent at the carbon atom

Cs:3.172 (3.123)

additional details.

8624 —— www.chemeurj.org
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7-Cs: 3.220 (3.123) 7-Cs: 3.070 (3.038)

Figure 4. Graphical representations of Ds,-transition state structures 7-Li to 7-Cs (left) and C;, minima (right).
All structures correspond to fully optimized geometries. Bond lengths [A] computed at the B3LYP/def2-
TZVPP (plain text) and the MP2/def2-TZVPP (in parenthesis) levels of theory. NBO atomic charges with hy-
drogen atoms summed into heavy atoms computed at the B3LYP/def2-TZVPP level. See Figure 1 legend for

Chem. Eur. J. 2007, 13, 86208626
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Table 4. Results of the energy decomposition analysis at the OPBE/TZ2P level for the D5, saddle point cat-

ions 7-Li to 7-Cs. Energy values in kcalmol .

FULL PAPER

Therefore, we can conclude

that pentacoordinate carboca-

ho1® tions 4-6 are quite stable spe-

E%E cies in the gas phase. More-

HoH over, the stability of the latter

E Li Na K Rb Cs compounds decreases slightly

AE;, —-70.2 —48.3 —42.7 —40.7 —42.1 as one progresses from top to

i?’"‘““la] gzlti (18.4%) 4112.2 (16.7%) ig'i (17.9%) iﬁ (143%) ggus 7%) bottom and from left to right
AE::ﬁ:' 1077 (81:60/2) 742 (83:3"/2) _741 (82:1 0/Z) 668 (85:70/2) 712 (84.302,) in the periodic table. i

AE, —107.5(99.7%)  —74.0(99.7%)  —74.0(99.9%)  —66.7(99.9%)  —71.1 (99.9%) Notably, the symmetrical

AE, ~0.2(03%) —02 (0.3%) ~0.1 (0.1%) ~0.1(0.1%) -01(0.1%)  H,E-CH;-EH,* structure is

fragments E (+1/2), CHy (d), E (+1/2) found only for elements more

[a] The percentage values in parentheses give the contribution to the total attractive interactions AE., +
AE,. [b] The percentage values in parentheses give the contribution to the total orbital interactions AE,,.

the pentacoordinate carbon atom is o-covalently bonded to
two E groups forming a 3c—2e bond.

Stability of the symmetrical cations 4-6: The stability of the
symmetrical energy-minimum species 4-6 towards dissocia-
tion was also addressed. We computed the dissociation ener-
gies D, to D, for the four possible dissociation pathways de-
picted in Scheme 2 at the MP2/def2-TZVPP level and also

S, e
Dy O
H,E—/—EH, 2HpEe + CHP
H H
C o, e
D2 ®
HyE——EH, HpEe + HE®+ CHye
H H
SRR
H,,E /|,, EH, H.E—CHg + H,E®
H H
L e
H,E—/—EH, H,E-CH;  + HqEe
H H

Scheme 2. Dissociation pathways for cations 4-6.

at the CCSD(T)/def2-TZVPP//

electropositive than carbon.
We may consider these cations
to be the protonated forms of
H,E—CH,—EH,. For eclements
more electronegative  than
carbon, it is known that protonation of H,E—CH,—EH,, will
preferably take place at the more basic site, which in these
cases is the E atom, thereby giving complexes of the type
H,,E~CH,~EH,* " Upon changing to an element with
an electronegativity value less than that of carbon, the E-C
bond polarity is inverted, and consequently protonation will
instead take place at the central C atom. The situation in
which EH,=CHj; (propane) is borderline between these ex-
tremes is particularly illustrating. The corresponding proton-
ated cation forms a typical non-classical ion structure in
which the proton is shared between the central and one of
the terminal carbons. For the most electropositive elements,
charge transfer from E to C will result in the formation of
extremely polar bonds. This becomes an unstable situation,
which inevitably leads to spontaneous decomposition, for
example, into Li*--CH;Li.

Conclusion

From the computational study reported the following con-
clusions can be drawn:

1) We predict that symmetrical pentacoordinate carbon-
containing cations 4-6 are stable molecules and experi-
mentally accessible, certainly so in the gas phase.

Table 5. Dissociation energies!®! [kcalmol™!] of symmetrical cations 4-6.

MP2-def2-TZVPP level. Compound D, D, D D,

From the data collected in 4. 172.3 (166.0) 131.7 (127.3) 38.1 (36.4) 98.4 (93.5)
Table 3, it is clear that all the 4-Ge 164.0 (158.0) 121.4 (116.8) 353 (33.7) 90.4 (85.7)
considered dissociation pro-  4Sn 162.7 (156.8) 111.9 (106.7) 34.8 (32.8) 85.7 (80.7)

. . 4-Ph 152.9 (146.3) 99.2 (92.7) 32.1(29.2) 76.1 (70.3)
cesses are highly endothermic, o 188.8 (184.0) 150.6 (146.9) 405 (38.7) 109.9 (105.7)
with the D, process being the 5 4, 187.7 (182.9) 124.0 (120.6) 37.8 (36.6) 99.6 (95.8)
least unfavorable. Interestingly,  5.Ga 180.8 (174.8) 113.8 (109.6) 30.7 (29.6) 92.1 (87.6)
the computed dissociation en- 5-In 177.0 (170.4) 100.7 (95.6) 27.7 (26.3) 83.0 (77.9)
6-Be 196.7 (193.6) 162.8 (160.5) 68.2 (67.3) 117.4 (114.7)

ergies follow a trend similar to

that of the interaction energies
obtained from the EDA.

Chem. Eur. J. 2007, 13, 8620-8626

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] First value indicates the dissociation energy at the MP2/def2-TZVPP level and the second value (in paren-
thesis) at the CCSD(T)/def2-TZVPP//MP2/def2-TZVPP level.
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2) The structure of the latter species consists of a planar
CH; group that is symmetrically bonded to two EH,
moieties similar to prototypical Sy2 transition structures.
The latter are characterized by being saddle points of the
respective reaction potential surfaces. Therefore, the
present examples correspond to a condition in which the
introduction of electropositive “nucleophiles” and leav-
ing groups, EH,, alters the topography of the potential
energy surface.

3) The bonding analysis of these compounds clearly shows
that the CH;(EH,),* can be viewed as a central CH;
fragment that is o-covalently bonded to two EH, moiet-
ies forming three-center, two-electron bonds.
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