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Hypervalent versus Nonhypervalent Carbon in Noble-Gas Complexes

Simon C. A. H. Pierrefixe,””! Jordi Poater,”” Chan Im,™ and F. Matthias Bickelhaupt+'*]

Abstract: Silicon in [CI-SiH;—Cl]™ is
hypervalent, whereas carbon in [Cl—
CH,—Cl]” is not. We have recently
shown how this can be understood in
terms of the ball-in-a-box model, ac-
cording to which silicon fits perfectly
into the box that is constituted by the
five substituents, whereas carbon is too
small and, in a sense, “drops to the
bottom” of the box. But how does
carbon acquire hypervalency in the iso-
structural and isoelectronic noble gas
(Ng)/methyl cation complexes [Ng—

feature a delocalized Ds,-symmetric
structure with two equivalent C-Ng
bonds? From Ng=Ar onwards, the
[Ng—CH;—Ng|* complex again ac-
quires a propensity to localize one of
its axial C—Ng bonds and to largely
break the other one, and this propensi-
ty increases in the order Ng=Ar<
Kr<Xe<Rn. The behavior of the
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helium and neon complexes violates
the ball-in-a-box principle. Why does
this happen? The purpose of this study
is to answer these questions and to un-
derstand why carbon can become truly
hypervalent under certain conditions.
To this end, we have carefully analyzed
the structure and bonding in
NgCH;Ng* and, for comparison,
CH;Ng*, NgHNg*, and NgH*. It ap-
pears that, at variance with [ClI-CH;—
Cl]~, the carbon atom in [Ng—CH;—
Ng]* can no longer be considered as a

CH;—Ng]* (Ng=He and Ne), which

Introduction

It is well-known that silicon in [CI-SiH;—Cl]~ is hypervalent,
whereas carbon in [CI-CH;—Cl]~ is not.'*! Recently, we ex-
plained this difference in valency in terms of the ball-in-a-
box model. In this model, the five substituents form a
CIH;CI™ cage or “box” in which they are in mutual steric
contact. The central atom can be viewed as a “ball” in that
box. Silicon fits perfectly into the box that is constituted by
the five substituents to give a hypervalent configuration
with delocalized, equivalent Si—Cl bonds (I). The carbon
atom, on the other hand, is too small and, in a sense, “drops
to the bottom” of the box, and this leads to a species
Cl~+H;CCl (II) with one localized C—Cl bond, one long

[a] Dr. S. C. A. H. Pierrefixe, Dr. J. Poater, Dr. F. M. Bickelhaupt
Department of Theoretical Chemistry
and Amsterdam Center for Multiscale Modeling
Scheikundig Laboratorium der Vrije Universiteit
De Boelelaan 1083, 1081 HV Amsterdam (The Netherlands)
Fax: (+31)20-598-7629
E-mail: FM.Bickelhaupt@few.vu.nl

[b] Dr. C. Im
Department of Chemistry, Konkuk University
1 Hwayang-dong, Gwangjin-gu, Seoul, 143-701 (Korea)
Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.

Chem. Eur. J. 2008, 14, 6901 -6911

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ball in a box of the five substituents.

C---Cl contact, and a pyramidalized CH; unit. Our findings
for CICH;Cl™ and CISiH;CI™ have been generalized to other
Group 14 central atoms (Ge, Sn, and Pb) and another axial
substituent (F).[!

c® q@ NG®
"’li—H H, H ""J:—H
H” ‘ Hme" H” |
cl Cl Ng

But why then does carbon become a hypervalent atom in
the isostructural and isoelectronic noble gas/methyl cation
complexes [Ng—CH;—Ng]* (Ng=He and Ne),*! which fea-
ture delocalized Ds,-symmetric structure with two equiva-
lent C—Ng bonds (IIT) ?1*! For Ng= Ar, the [Ng—CH,—Ng]*
complex again acquires a propensity to localize one of its
axial C—Ng bonds and to largely break the other.*? Why is
that so? And does this propensity for localization persist or,
possibly, further increase along the series Ng=Ar, Kr, Xe,
and Rn?
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The purpose of this study is to answer the above questions
and to understand why carbon can become truly hypervalent
under certain conditions. To this end, we carefully analyzed
the structure and bonding in NgCH;Ng™* and, for compari-
son, CH;Ng*, NgHNg*, and NgH* by DFT with relativistic
corrections for species involving Kr, Xe, and Rn, as imple-
mented in the ADF program.”® The bonding analyses con-
sist of decomposition of the total bond energy into interac-
tion energies between fragments of the overall model sys-
tems, that is, methyl cation+noble gas. The trends in the
various energy terms are interpreted in the conceptual
framework provided by the quantitative molecular orbital
(MO) model contained in Kohn-Sham DFT.["! We compare
the results of the present analyses of noble-gas complexes
NgCH;Ng™* with those previously obtained for the halogen-
substituted XCH, X~ and XSiH;X" species.!"

In addition, to validate our DFT approach, we first com-
puted accurate ab initio benchmarks for the helium, neon,
and argon complexes using a hierarchical series of ab initio
methods up to CCSD(T).®! The ab initio calculations were
carried out with the Gaussian program suitel”! and they sup-
port our DFT approach.

Interestingly, it appears that, at variance with the situation
of [CI-CH,;—Cl]", the carbon atom in [Ng—CH;—Ng]*
no longer be considered as a ball in a box of the five sub-
stituents. Instead, the [Ng—CH;—Ng]* species are better
conceived as a “disk between balls”. Here, the “disk” is
CH;* and the “balls” are the two noble-gas atoms. We pro-
pose a spectrum of five-coordinate carbon species that
ranges from the ball-in-a-box situation to the disk-between-
balls model, depending on the ratio of bond strengths be-
tween axial and equatorial substituents on carbon.

Methods Section

DFT calculations: DFT calculations were performed for all species using
the Amsterdam Density Functional (ADF) program developed by Baer-
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ends and others™ with the OLYP and BP86 functionals!” in combination
with the TZ2P basis set, which is a large uncontracted set of Slater-type
orbitals (STOs) containing diffuse functions. This basis set of triple-§
quality for all atoms was augmented with two sets of polarization func-
tions, that is, 2p and 3d on H and He, 3d and 4f on C, Ne, and Ar, 4d
and 4f on Kr, 5d and 4f on Xe, and 6d and 5f on Rn. The core shells of
carbon and neon (1s), argon (1s2s2p), krypton (1s2s2p3s3p), xenon
(1s2s2p3s3p4s3ddp), and radon (1s2s2p3s3p4s3ddpSsddSp) were treated
by the frozen-core approximation. An auxiliary set of s, p, d, f, and g
STOs was used to fit the molecular density and to represent the Coulomb
and exchange potentials accurately in each self-consistent field cycle. Rel-
ativistic effects were taken into account in calculations of species involv-
ing Kr, Xe, or Rn atoms using the zeroth-order regular approximation
(ZORA). Al stationary points were confirmed to be equilibrium struc-
tures (no imaginary frequency) or transition states (one imaginary fre-
quency) through vibrational analysis.

Ab initio calculations: Ab initio calculations were carried out for
NgCH;Ng* and CH;Ng* (Ng=He, Ne, Ar) with the Gaussian program
suite!”) with a hierarchical series of methods: Mgller—Plesset perturbation
theory® of second order (MP2) and fourth order (MP4) and coupled-
cluster theory™ with single and double excitations as well as triple exci-
tations treated perturbatively [CCSD(T)].™! These calculations were
done with the Pople 6-311++ G** basis set!'” at each level of theory and
the Dunning correlation-consistent polarized valence basis set of triple-§
quality (cc-pVTZ)!"! at the MP2 and MP4 levels. The geometries for the
ArCH;Ar" systems were, due to the enormous computational demand,
all optimized at the MP2/6-3114++4 G** level. Energies at a higher level
of theory for these species were computed in a single-point fashion using
the MP2/6-3114++ G** geometries. This approach was verified for the
CH;Ar* system to yield deviations in relative energies of only a few hun-
dredths of a kilocalorie per mole.

Bond analyses: To gain more insight into the nature of the bonding in
our noble gas/methyl cation complexes, an energy decomposition analysis
was carried out.” In this analysis, the total binding energy AE associated
with forming the overall molecular species of interest, say AB, from two
fragments A’+ B’ is made up of two major components [Eq. (1)].

AE = AE,. ., + AE,, (1)
In this formula, the preparation energy AE,,., is the amount of energy re-
quired to deform the individual (isolated) fragments from their equilibri-
um structure (A’, B’) to the geometry that they acquire in the overall
molecule (A, B). The interaction energy AE;, corresponds to the actual
energy change when these geometrically deformed fragments A and B
are combined to form the molecular species AB. It is analyzed in the
framework of the Kohn-Sham molecular orbital (MO) model by using a
quantitative decomposition of the bond into electrostatic interaction,
Pauli repulsion (or exchange repulsion or overlap repulsion), and (attrac-
tive) orbital interactions [Eq. (2)].")

AE = AV aga + AEpau + AEy; ©)

The term AV, corresponds to the classical electrostatic interaction be-
tween the unperturbed charge distributions p,(r) 4 pg() of the deformed
fragments A and B (vide infra for definition of the fragments) that adopt
their positions in the overall molecule AB, and is usually attractive. The
Pauli repulsion term AEjp,,; comprises the destabilizing interactions be-
tween occupied orbitals and is responsible for the steric repulsion. This
repulsion is caused by the fact that two electrons with the same spin can
not occupy the same region in space (cf. Pauli principle). It arises as the
energy change associated with the transition from the superposition of
the unperturbed electron densities p,(r)+pg(r) of the geometrically de-
formed but isolated fragments A and B to the wavefunction ¥*=NA-
[¥WA¥g], which properly obeys the Pauli principle through explicit anti-
symmetrization (A operator) and renormalization (N constant) of the
product of fragment wavefunctions (see ref. [7a] for an exhaustive discus-
sion). The orbital interaction AE,; in any MO model, and therefore also
in Kohn-Sham theory, accounts for charge transfer (i.e., donor-acceptor
interactions between occupied orbitals on one moiety with unoccupied
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orbitals of the other, including the
HOMO-LUMO interactions) and
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Table 1. Geometric parameters r[A] and 6 [°] and complexation energies AE [kcalmol™'] of C;,-symmetric
CH;Ng™ complexes (Ng=He, Ne, Ar).[!

polarization (empty—occupied orbital

la CH,He* C,, CH;Ne* C, CH,AT* Gy,
mixing on one fragment due to th7e ’ 0 AE ’ 0 AE r 0 AE
presence of another fragment).”!
Since the Kohn—Sham MO method of OLYP/A 1.701 92.8 -1.74 2170 91.6 -2.89 2.012 99.0 —20.61
DFT in principle yields exact energies ~ CCSD(T)/B 1882 910 —186 2168 911 345 1985 991  —17.94
and, in practice, with the available experiment 21760 2.3001 —1.840.31 2.0530! —21.8£2.0

density functionals for exchange and
correlation, rather accurate energies,
we have the special situation that a
seemingly one-particle model (an
MO method) in principle completely
accounts for the bonding energy."™ In
particular, the orbital-interaction
term of Kohn-Sham theory comprises
the often distinguished attractive con-

[a] Basis sets A, and B correspond to TZ2P and 6-311++ G** (see also Methods Section). [b] IRPD data
from reference [4a]. [c] Based on high-pressure MS enthalpies of —1.2+0.3 and —19.84+2.0 kcalmol™' from
reference [4i] with internal 298.15 K energy and A(pV) corrections of +0.57 and 2.04 kcalmol ' for CH;Ne*
and CH;Ar", respectively, from OLYP/TZ2P frequency calculations.

Table 2. Geometric parameters r, r,, 7, [A] and 6 [°] and Ng+ CH;Ng* complexation energies AE [kcalmol™]
of Dy,- and C,-symmetric NeCH;Ng* complexes (Ng=He, Ne, Ar).[!

tributions charge transfer, induction

(polarization), and dispersion. One HeCH;He™ Dy,

NeCH;Ne* Dy,

ATCH;Art G, ArCH;AT* Dy,

could in the Kohn-Sham MO method r AE AE 4! £ o AE r AE

try to separate polarization and OLYP/A 2.123 —-0.62  2.395 -1.76  2.030 3.528 98.6 -1.30 2.429 —0.48
charge transfer, as has been done by CCSD(T)/B  2.047 —1.38 2.261 —2.92  1.99101 29411 9870l _2 91l 2.38501  _2.08
Morokuma”? in the Hartree-Fock  experimental 2.344] —2.5+0.21

model, but this distinction is not
sharp. In fact, contributions such as
induction and charge transfer, and
also dispersion, can be given an intui-
tive meaning, but whether, and with
what precision, they can be quantified
remains a controversial subject. In
view of the conceptual difficulties, we
refrain from further decomposing the
KS orbital interaction term, except by symmetry (see below).

culation.

The orbital interaction energy can be further decomposed into contribu-
tions from each irreducible representation I" of the interacting system
[Eq. (3)] using the extended transition state (ETS) scheme developed by
Ziegler and Rauk!™! (note again that our approach differs in this respect
from the Morokuma scheme,'” which instead attempts a decomposition
of the orbital interactions into polarization and charge transfer).

AE; =" [AE; = AE, + AE, (3)

In our model systems, the irreducible representations can be categorized
into A and E symmetries, which correspond to what are commonly desig-
nated o- and m-electron systems, respectively. This gives rise to the orbi-
tal-interaction components AE, and AE,, as shown in Equation (3).

Atomic charges were computed by using the Voronoi deformation densi-
ty (VDD) method™! and the Hirshfeld scheme."*

Results and Discussion
Ab initio benchmarks and DFT validation

Geometries: First, we computed ab initio benchmark geome-
tries and C—Ng complexation energies of CH;Ng*t and
NgCH;Ng* for Ng=He, Ne, and Ar against which we can
assess the performance of our DFT approach. The bench-
marks derive from a hierarchical series of ab initio methods:
MP2, MP4, and CCSD(T) which were evaluated in combi-
nation with the basis sets 6-311++ G** (basis B) and, in the
case of MP2 and MP4, cc-pVTZ (basis C). Our highest-level
ab initio and DFT results are summarized in Tables 1 and 2,
together with the scarcely available C—Ng bond lengths
from infrared photodissociation (IRPD) experiments and
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[a] r, ry, r, are C—Ng distances; 6 is the H-C-Ng angle. Basis sets A and B correspond to TZ2P and 6-311++
G** (see also Methods Section). [b] Single-point energy calculation at MP2/6-311 ++ G** geometry. [c] IRPD
data from reference [4a]. [d] Based on high-pressure MS enthalpy of (—2.2640.20) kcalmol™" from reference
[4b] with internal 298.15 K energy and A(pV) correction of +0.26 kcalmol ™' from OLYP/TZ2P frequency cal-

complexation energies from high-pressure mass spectrome-
try. Full data of our benchmark and validation study can be
found in Tables S1 and S2 in the Supporting Information,
and definitions of geometric parameters in Scheme 1.

o T P e
hoSY N <|: N NP w
il 9 s 9 R g N
H HY HA
Cav Dap, Cs,

Scheme 1. Definition of geometric parameters in our model systems.

It is clear from Tables 1 and 2 and from Tables S1 and S2
in the Supporting Information that C—Ng distances (r, ry, r,)
and H-C-Ng angles () are converged along the hierarchical
series of ab initio methods within a few hundredths of an
angstrom and a few tenths of a degree, respectively. We
recall, however, that the geometries of the C;,- and Ds,-sym-
metric ArCH;Ng™" species were evaluated in all cases only
at the MP2/B level because of the large computational costs
for these systems. The CCSD(T)/B values for C—Ng distan-
ces in CH;Ng* are 1.882 (He), 2.168 (Ne), and 1.985 A (Ar)
and those in the equilibrium structures of NgCH;Ng* are
2.047 (He, Ds;,), 2.261 (Ne, D3,) and 1.991 A (Ar, 1, Gy
from MP2/B). These ab initio geometries agree well with
previous computations by Dopfer and others.*! The discrep-
ancy with the IRPD experimental C—Ng distances, which
are about 0.1-0.3 A longer than those obtained at CCSD(T)
(and also at MP2 and MP4), has previously been ascribed to
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the strong angular-radial coupling effect on the vibrationally
averaged experimental C—Ng distances.*!

The OLYP/TZ2P values for C—Ng distances and H-C-Ng
angles 6 agree within about a tenth of an angstrom and
about one degree (see Tables 1 and 2). Deviations are some-
what larger for the BP86 data, but this DFT approach still
reproduces the ab initio benchmark trends (see Tables S1
and S2 in the Supporting Information). There is one noticea-
bly larger deviation, namely, the long C—Ng distance r, in
C;,-symmetric Ng---CH;Ng*: the OLYP value here is about
05 A longer than the MP2 value. While OLYP indeed
somewhat underestimates the corresponding bond energy
(vide infra), this deviation in r, is also to a large extent ascri-
bed to the extreme shallowness of the associated potential
energy well. This softness in the potential means that small
changes in the level of theory and thus small changes in the
bond energy may still lead to relatively large fluctuations in
ry.

Energies: Next, we examine the potential energy surfaces of
the above species. Here, the OLYP approach turns out to
excel more pronouncedly as compared to BP86 than in the
case of the geometries. But first we consider the ab initio
benchmark study. It is again clear from Tables S1 and S2 in
the Supporting Information that the energies AE of
CH;Ng™* [defined by reaction (4)] and of NgCH;Ng™* [de-
fined by reaction (5)] are converged along the hierarchical
series of ab initio methods within a few tenths of a kilocalor-
ie per mole.

CH;" + Ng — CH;Ng* (4)
Ng + CH;Ng" — NgCH;Ng* ®)

The CCSD(T)/B values for AE of CH;Ng* are —1.86 (He),
—3.45 (Ne), and —17.94 kcalmol™ (Ar), and those in the
equilibrium structures of NgCH;Ng* are —1.38 (He, Ds,),
—2.92 (Ne, Dy;,), and —2.91 kcalmol ™ (Ar, C,). Note that,
in the case of Ng=Ar, the equilibrium structure is a Cs,-
symmetrical reactant complex Ar--CH;Art and that the
D;,-symmetric [Ar—CH;—Ar]* is a transition state at AE=
—2.08 kcalmol ™!, that is, 4+0.83 kcalmol ! above the unsym-
metrical reactant complex (compare top and bottom PES in
Figure 1). These ab initio relative energies again agree well
with the available results from previous studies.[! High-pres-
sure mass spectrometric complexation enthalpies AH for re-
action (4) of CH;Ne* and CH;Ar" are (—1.2+0.3) and
(—=19.842.0) kcalmol™!, and that for reaction (5) of
ArCH,Ar™ is (—2.26+0.20) kcalmol . For a more con-
sistent comparison with our theoretical data, we have con-
verted these experimental enthalpies into energies using
298 K internal energies and A(pV) corrections based on
OLYP/TZ2P frequency calculations. This yields an estimate
of the experimental complexation energies AE of (—1.8+
0.3) and (—21.842.0) kcalmol™! for reaction (4) of CH;Ne*
and CH;Ar™ (see Table 1) and (—2.540.2) kcalmol ' for re-
action (5) of ArCH;Ar™* (see Table 2).
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Figure 1. Single-well (top line: Ng=He, Ne) and double-well (bottom

line: Ng= Ar—Rn) potential energy surface along the Sy2 reaction coordi-
nate ¢ of Ng+ CH;Ng*.

The OLYP/TZ2P approach, as pointed out above, agrees
well with the ab initio benchmark and experimental data:
relative energies typically agree within about 1 kcalmol™
with a somewhat larger deviation of about 2.5 kcalmol ™! in
the case of CH;Ar*. Importantly, the trends in relative ener-
gies are correctly reproduced by OLYP: 1) a slight increase
in AE from CH;He™ to CH;Ne* and a significant stabiliza-
tion from CH;Ne* to CH;Ar*; and 2) a slight strengthening
in AE from HeCH;He* to NeCH;Ne™, a very subtle weak-
ening from NeCH;Ne™* to Ar--CH;Ar™* and, notably, the oc-
currence, in the latter, of a weakly labile Dj,-symmetric
[Ar—CH;—Ar]" species that lies 0.82 kcalmol ™ above two
C;,-symmetric reactant complexes which it separates along
an Sy\2 reaction pathway (compare top and bottom PES in
Figure 1). The BP86/TZ2P approach fails in particular re-
garding the qualitative trend of having stable D;,-symmetric,
pentavalent [He—CH;—He]* and [Ne—CH;—Ne]* complexes
but a labile five-coordinate [Ar—CH;—Ar]* that localizes
one of the C—Ar bonds and partially breaks the other to
give the asymmetric Ar--CH;Ar* equilibrium structure (see
Table S2 in the Supporting Information).

In conclusion, OLYP/TZ2P agrees well with the ab initio
benchmarks for Ng=He, Ne, and Ar and performs better
than the BP86/TZ2P approach. Therefore, in the following,
we carried out our computations and analyses for the full
range of systems, that is, for Ng=He, Ne, Ar, Kr, Xe, and
Rn, using OLYP/TZ2P in combination with ZORA relativis-
tic effects for Kr, Xe, and Rn.

Structure and bonding in [CH;—Ng]*: The C—Ng bond
strength AE of the CH;Ng* complexes increases monotoni-
cally on descending Group 18: from —1.7 (He) to —2.9 (Ne)
to —20.6 (Ar) to —30.2 (Kr) to —42.6 (Xe) to —49.3 kcal
mol ™! (Rn), as computed at the (ZORA-)OLYP/TZ2P level
(see Table 3). Thus, the previously obtained trend of a sys-
tematic C—Ng bond strengthening along Ng=He, Ne, and
Ar continues also for the heavier noble gases, down to
radon.

Chem. Eur. J. 2008, 14, 6901 —6911
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Table 3. Analysis of the C—Ng bond between CH;* and Ng in CH;Ng* (Ng=He, Ne, Ar, Kr, Xe, and Rn)."!

CH;He™* CH;Net CH;Ar* CH:Kr+ CH;Xet CH;Rn™*
geometric parameters [A,°]

r(C—Ng) 1.701 2.170 2.012 2.114 2242 2.320
O0(H-C-Ng) 92.8 91.6 99.0 100.1 101.8 102.3
C-H 1.094 1.094 1.089 1.089 1.088 1.088

bond-energy decomposition [kcal mol ']
AE; —16.47 —9.94 —71.58 —88.46 —111.62 —120.21
AEp,ui 17.51 8.65 57.12 63.84 73.16 72.95
AV ~3.36 ~1.79 ~12.26 ~1325 _14.64 _13.45
AE;, —-2.32 —3.08 —26.71 —37.87 -53.10 —60.72
AE e 0.58 0.19 6.10 772 10.54 11.38
AE(CH;™+Ng) -1.74 —2.89 —20.61 —30.15 —42.56 —49.34
AE(Ng+CH,Ng+) (~0.62) (~1.76) (-130)  (-1.65) (~1.99) (-2.21)

(Ng|CH;*) fragment orbital overlap
(HOMO |LUMO) 0.27 0.13 0.27 0.29 0.31 0.30
fragment orbital energy [eV]
Ng: HOMO a, —15.783 —13.604 —10.209 -9.163 —8.141 —7.556
fragment orbital population [e]

Ng: HOMO a, 1.90 1.93 1.60 1.55 1.42 1.32
CH;*: LUMO a, 0.11 0.07 0.39 0.45 0.58 0.65
noble-gas atomic charge [a.u.]
QPP 0.26 0.18 0.42 0.48 0.54 0.58
Qirshfeld 0.18 0.16 0.47 0.54 0.63 0.68

[a] Computed at the OLYP/TZ2P level with ZORA relativistic effects for Ng=Kr, Xe, and Rn. See also Meth-
ods Section. [b] AE=AE,.,+AE;=AE.,+ AV +AEp,i+AE,. See also Methods Section. [c] For com-
parison: AE associated with adding a second Ng to CH;Ng* with formation of the NgCH;Ng* equilibrium

structure (D, for Ng=He, Ne; C;, for Ng=Ar, Kr, Xe, Rn).
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thus determine the trend in
this term (not shown in the
tables). In the beginning of our
series, for Ng=He and Ne, the
HOMO-LUMO gap is large
and AE, as well as variations
therein are small. Due to a de-
crease in the bond overlap as
we go from He 1s to Ne 2p,
the net result in AE,; is a slight
weakening. But overall the
result is a (very) small increase
in C—Ng bond strength AE
from —1.7 to —2.9 kcalmol ™
(see Table 3).

The trend becomes more
pronounced along Ne, Ar, Kr,
Xe, and Rn. Now both the
HOMO-LUMO gap (which
decreases) and the bond over-
lap (which increases towards a
plateau) work in concert and
cause the orbital interactions
AE, and thus the net C—Ng
bond strength AE to increase
markedly, as mentioned above
[see Table 3 and Eq. (2)]. Note

Our analyses show that this trend derives mainly from the
systematic increase in the energy of the valence 1s or np
atomic orbitals (AOs) along the series of noble-gas atoms,
from —158eV for He 1s to —7.6eV for Rn 6p (see
Table 3). The dominant feature in the bonding mechanism is
the HOMO-LUMO interaction between the occupied
noble-gas valence AO and the methyl cation 2a; LUMO in
the o-electron system (see Figure 2a). Note that the o-orbi-
tal interactions provide about 90% or more of the total or-
bital interactions AE, in all model systems analyzed and

a) b)

/ 2a,

np,

" NL{@ ﬁ

)YOLYP/TZ2P level. For Ng=He, the noble-gas AOs are 1s instead of np..
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Figure 2. Generic frontier orbital interaction diagrams between Ng and CH;* in CH;Ng™* (a) and between
Ng-+Ng and CH;* in Dy-symmetric NgCH;Ng* (b), based on Kohn-Sham MO analyses at the (ZORA-
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in particular the sharp increase in C—Ng bond strength from
—2.9 to —20.6 kcalmol™' as one goes from CH;Ne* to
CH;AT™.

The overall trend in bond strengths AE and especially
that in AE; is nicely reflected by the trend in the gross pop-
ulation P of the CH;* 2a;, LUMO in CH;Ng* (P=0.11,
0.07, 0.39, 0.45, 0.58, and 0.65¢ for He-Rn), as well as the
trend in noble-gas atomic charge (Q"P°=+0.26, +0.18,
+0.42, +0.48, +0.54, and +0.58 a.u.; see Table 3). At this
point, we stress that none of the methods for computing the

amount of charge transfer

yields absolute values; each of

these approaches gains physi-

cal significance only through a

comparison of trends in charge

values, computed consistently
- with the same method along a
/ 2p, series of species. For an exten-
sive discussion of this issue, see
reference [13a].

The trends that we compute
here in the form of gross popu-
lations and VDD and Hirsh-
feld atomic charges are all con-
sistent with increasing donor—
acceptor orbital interaction
and an increasing amount of
electronic charge transfer from
noble gas to methyl cation
along He, Ne, Ar, Xe, Kr, and
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Rn. Note that whereas absolute values may differ signifi-
cantly, each of the methods employed indicates that charge
transfer is much smaller for the He and Ne complexes than
for the heavier noble-gas complexes. In line with this, the
extent of pyramidalization increases along this series, as re-
flected by the H-C-Ng angle 6 (Table 3): 92.8 (He), 91.6
(Ne), 99.0 (Ar), 100.1 (Kr), 101.8 (Xe), and 102.3° (Rn).
This can be understood in terms of the above-mentioned in-
crease in the HOMO-LUMO interactions in AE,; along this
series, which works in two ways: 1) the HOMO-LUMO in-
teraction itself directly (“electronically”) induces pyramidal-
ization because this deformation lowers the methyl 2a;
LUMOM and thus stabilizes the HOMO-LUMO interac-
tion (see Figure 2a); 2) it also indirectly induces pyramidali-
zation through approach of the (increasingly bulky) noble-
gas atom, which sterically forces the substituents (i.e., the
three hydrogen atoms) to bend backwards.?4¢!

Importantly, however, the methyl moiety in the CH;Ng
complexes is not that pyramidal at all. In fact, in CH;He
and CH;Ne™ it is virtually planar, and the deviation from
planarity for the heavier noble-gas complexes is only moder-
ate, even in the most extreme case: CH;Rn", in which 6 is
102.3°. This is significantly less than in the isoelectronic
methyl halides such as CH;Cl, in which 0 is 108.5°, close to
the perfect tetrahedral angle of 109.5°. This can again be un-
derstood in terms of the longer and much weaker (hetero-
lytic) C—Ng bond (AE=—-2 to —49 kcalmol™'; see Table 3)
as compared to the stronger (homolytic) C—X bond (AE=

+

+

—86.5 kcalmol™! for CH,Cl; not shown in Table 3; see also
ref. [15]).

The preservation of a (nearly) planar, disk-shaped methyl
unit in the CH;Ng* species has led to the term “disk-and-
ball” complex, used previously by Dopfer and coworkers. !
This notion also plays a central role in understanding the hy-
pervalency (or “near hypervalency”) of carbon in the
NgCH;Ng™* systems, as will become clear below.

Structure and bonding in [Ng—CH;—Ng]*: The stabilization
AE upon adding a second Ng atom to the backside of the
methyl group in CH;Ng* [see Eq.(5)] ranges from —0.6
(He) through —2.2 kcalmol™' (Rn) and is thus even smaller
than the already weak C—Ng bond strength associated with
adding the first one to CH;" [see Eq. (4)], as can be seen in
Table 3 by comparing the AE values in parentheses [refer-
ring to Eq. (5)] to the corresponding values without paren-
theses [referring to Eq. (4)]. The approach of the second Ng
atom slightly pushes the hydrogen atoms of the methyl
moiety back towards the first Ng atom. Accordingly, the
methyl fragment becomes about 1-2° less pyramidal, as
measured by the H-C-Ng angle 6 (compare 6 values in
Tables 3 and 4). Note that this is enough to make the methyl
unit in [He—CH;—He]* and [Ne—CH;—Ne]" virtually planar,
thus, yielding D;,-symmetric equilibrium structures with a
hypervalent carbon atom (see Table 4). The heavier noble-
gas complexes, however, retain a Cj-symmetric geometry
Ng--CH;Ng™* with a localized and a somewhat longer C—Ng
bond.

Table 4. Analysis of C—Ng bonding between Ng--Ng and CH;* in Dj, and C;, stationary points of NgCH;Ng* (Ng=He, Ne, Ar, Kr, Xe and Rn).l"

HeCH,He*" NeCH;Ne*" ArCH,Ar+ KrCH;Kr+ XeCH;Xe*! RnCH;Rn*!
D3h D}h C}v D3h C3v D3h C3v DSh C3v D3/1
geometric parameters [A,°]
ri(C—Ng) 2.123 2.395 2.030 2.429 2.153 2.539 2.281 2.697 2.372 2.775
r,(C—Ng) 2123 2.395 3.528 2.429 3.443 2.539 3.679 2.697 3.701 2.775
0(H-C-Ng) 90.0 90.0 98.6 90.0 99.2 90.0 100.9 90.0 101.1 90.0
C-H 1.093 1.094 1.089 1.086 1.088 1.085 1.087 1.083 1.086 1.082
bond-energy decomposition [kcal mol ']
AE,; —8.58 —10.60 —70.28 —48.66  —84.75 —63.65 —107.62 —81.14 —114.72 —90.92
AEp,yi 7.57 7.37 54.56 34.49 58.84 41.04 67.74 47.38 66.30 49.58
AV gt -1.36 -1.41 -11.73 -7.01 —1223 —8.41 —13.66 —9.74 -12.39 —9.66
AE;, —2.37 —4.64 —27.45 -21.17  -38.15 —31.02 —53.54 —43.49 —60.82 —50.99
AE,., 0.01 0.01 5.54 0.08 6.35 0.11 8.98 0.17 9.27 0.25
AE —2.36 —4.63 -21.91 -21.09 —31.80 —30.91 —44.56 —43.32 —51.55 —50.74
AE, (0.00) 0.00 0.00 0.82 (0.00) (0.89) 0.00 1.24 0.00 0.81
(Ng|CH;*) fragment orbital overlap
(HOMO | LUMO) 0.215 0.135 0.220 0.247 0.243 0.267 0.256 0.283 0.258 0.285
(HOMO-1|LUMO) 0.000 0.000 0.156 0.000 0.149 0.000 0.161 0.000 0.151 0.000
fragment orbital energy [eV]

Ng-~Ng: HOMO -15.78 —13.60 —10.20 —-10.18 -9.15 -9.13 -8.12 -8.09 —-7.53 -7.50
Ng-+Ng: HOMO-1 -15.79 —-13.61 -10.22 -10.23 -9.18 -9.20 -8.16 -8.19 —7.58 —7.60
fragment orbital population [e]

CH;*: LUMO 0.07 0.08 0.38 0.38 0.44 0.43 0.57 0.56 0.65 0.64

Noble-gas atomic charge [a.u.]
QPP 0.15 0.12 (0.23)1 0.23 (0.26)11 0.26 (0.29)0 0.30 0.32)11 0.32
QMirshield 0.09 0.11 (0.25)1 0.26 (0.30)11 0.31 (0.35)10 0.36 0371 0.39

[a] Computed at the OLYP/TZ2P level with ZORA relativistic effects for Ng=Kr, Xe, and Rn. See also Methods Section. [b] D;,-symmetric NgCH;Ng*
structure is equilibrium geometry for Ng=He, Ne. [c] C;, and D;,-symmetric structures are equilibrium and S\2 transition-state geometries, respectively,
for Ng=Ar, Kr, Xe, Rn. [d] AE=AE,,, + AE; = AE, o, + AV + AEp,+ AE,,. See also Methods Section. [e] AE,,=AE(D,)—AE(C;,) =central barri-
er for Sy2 reaction of Ng+CH;Ng™. [f] Average of the atomic charges of each of the two Ng atoms.
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In the following, we discuss the stability and bonding in
NgCH;Ng™* species in terms of the energy AE associated
with forming a complex from two noble-gas atoms and a
methyl cation [Eq. (6)].

2Ng + CH;* — NgCH,Ng* (6)

The stability AE of equilibrium structures NgCH;Ng*, de-
fined in this way, shows the same trend as that of CH;Ng*
[see Eq.(4)]: it increases monotonically on descending
Group 18, from —2.4 (He) to —4.6 (Ne) to —21.9 (Ar) to
—31.8 (Kr) to —44.6 (Xe) to —51.6 kcalmol ™ (Rn), as com-
puted at the (ZORA-)OLYP/TZ2P level (see Table 4). As
mentioned above, the NgCH;Ng* species adopt D;,-sym-
metric (hypervalent) structures for Ng=He and Ne. From
Ng=Ar and down Group 18, the D;,-symmetric species are
S\2 transition states that connect two equivalent Cj-sym-
metric Ng-+-CH;Ng" complexes via a relatively low central
barrier of 0.8-1.2 kcalmol ™! (see AE,, in Table 4).

The trend in AE derives again mainly from the systematic
increase in the energy of the valence 1s or np AOs along
the series of noble-gas atoms, as follows from our analyses.
Here we have analyzed AE in terms of the interaction AE;,
between the Ng--Ng and CH;* fragments plus the prepara-
tion energy AE,., [see Eq.(2)]. This term consists of the
energy change associated with bringing the two Ng atoms
together in Ng--Ng, which is negligibly endothermic (i.e.,
0.2 kcalmol ™' or less; not shown in Table 4), plus the energy
change upon deforming the CH;* fragment, which essential-
ly makes up the entire preparation energy. Note, however,
that AE,., is somewhat smaller in NegCH;Ng* (AE,p=
0.01-9.27 kcalmol™') than in CH;Ng* (0.19-11.38 kcal
mol™!) because the methyl group is less pyramidal in the
former than in the latter (compare values in Tables 4 and 3,
respectively). The trend in stability AE is determined by the
trend in the actual interaction AE;, which, in turn, is domi-
nated by the trend in the orbital interactions AE, (see
Table 4).

This is very much like the situation for the C—Ng bond in
CH;Ng™, discussed above, as is the fact that AE,; stems to
about 90 % or more (values not shown in Table 4) from the
donor-acceptor interactions between the occupied noble-gas
valence AOs of Ng--Ng and the 2a; LUMO of the methyl
cation in the o-electron system (values of AE; not shown in
Table 4). In the Ng--Ng fragment, however, the noble gas
AOs combine into bonding np,+np, and antibonding
np,—np, fragment MOs, the HOMO-1 and HOMO of the
o-electron system (see Figure2b). In the Ds,-symmetric
structure, HOMO-1 has zero overlap with the 2a; LUMO
of the methyl cation (we adhere to using this C;, symmetry
label, for comparability with Cs-symmetric Ng--CH;Ng*
and CH;Ng* species). The donor-acceptor interaction is
now provided only by the HOMO-LUMO interaction,
which increases again as the orbital energy of the HOMO
(—15.8 to 7.5 eV along the series) and the (HOMO | LUMO)
overlap (0.14-0.29 along the series) increase on descending
Group 18 (see Table 4). Note that the energies of the

Chem. Eur. J. 2008, 14, 6901 -6911
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Ng--Ng HOMO and HOMO-1 both hardly differ from the
noble gas AOs from which they are derived (compare orbi-
tal energies in Tables 4 and 3, respectively). This is because
the noble-gas atoms in Ng--Ng have a relatively large sepa-
ration of more than 4 A and therefore experience only a
very minor mutual interaction.

However, if the D;,-symmetric species is allowed to relax
towards bond-localized C;-symmetric equilibrium structure
Ng--CH;Ng* (Ng=Ar-Rn), the Ng--Ng HOMO-1 can
also build up overlap with the CH;* LUMO of about 0.15,
while the (HOMO|LUMO) overlap is reduced by an
amount of only 0.03 (see Table 4). This leads in all cases to
net strengthening of the orbital interactions AE,; and of the
net interaction energy AE;,.

The question whether this extra stabilization upon C—Ng
bond localization lowers the overall energy, and thus really
happens, depends on whether the interaction is strong
enough to surmount the deformation energy AE,,., needed
to pyramidalize the rigid methyl cation. As can be seen in
Table 4, the C—Ng interaction energy AE;, again shows (as
in the case of the CH;Ng* species) a strong increase from
—4.6 to —21.2 kcalmol " if we go from Ds,-symmetric [Ne—
CH;Ne]* to [Ar—CH;—Ar]* and then further increases to
—51.0 for [Rn—CH;—Rn]*. Going from Ds,-symmetric [Ar—
CH;—Ar]* to the C;,-symmetric Ar--CH;Ar", AE,, is stabi-
lized by —6.3 kcalmol™', which is just enough to surmount
the pyramidalization energy AE,,, of CH,;*, which amounts
to 5.5 kcalmol . Note that even the total interaction energy
AE, of —2.4 and —4.6 kcalmol™ in [He—CHy—He]* and
[Ne—CH,;—Ne]™ is too small to surmount such a pyramidali-
zation barrier (see Table 4). The methyl cation is too firmly
bound and rigid to gain overall stabilization from C—Ng
bond localization.

The methyl cation in [Ng—CH;—Ng]* as a “disk between
balls”: The qualitative picture that emerges from our MO
analyses is that CH;" is a rigid, internally tightly bound
“disk” with weaker contact to “balls” above and below, that
is, the two noble-gas atoms. We designate this bonding situa-
tion “disk-between-balls” (DbB) model (see Scheme 2, top),
in analogy to the term “disk-and-ball” complex used by
Dopfer et al. for CH;Ng* complexes."*¢! The resistance of
the CH;™ fragment to pyramidalization is related to the
strong and short C—H bonds, which cause the hydrogen
atoms to be in close steric contact. Pyramidalization aggra-
vates this steric repulsion and is therefore avoided.!"*
However, the rigidity of the methyl moiety is a relative
property: CH;* is internally rigid compared to the weak
carbon-axial substituent (C—X*) bond in the noble-gas
complexes, especially for Ng=He and Ne. It is this situation
that causes the breakdown of the ball-in-a-box (BiaB)
model (Scheme 2, bottom). The latter explains why silicon
in [CI-SiH;—Cl]~ is hypervalent, whereas carbon in [Cl—
CH;—Cl]™ is not. In terms of this model, silicon fits perfectly
into the box that is constituted by the five substituents.
Carbon, on the other hand, is too small and, in a sense,
“drops to the bottom” of the box to give a species
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Scheme 2. Disk-between-balls (top) versus ball-in-a-box model (bottom)
for five-coordinate carbon.

Cl --H;CClI with one long C—Cl bond, one localized C—Cl
contact, and a pyramidalized CHj; unit. The validity of this
model was shown to extend also to heavier Group 14 central
atoms (Ge, Sn, Pb) and to another axial substituent (F).
However, the BiaB picture is no longer a reasonable physi-
cal model if the carbon atom binds much more firmly to the
“walls of the box” than to the “bottom”, that is, if the
carbon atom begins to form a much tighter subunit with the
equatorial hydrogen atoms.

Thus, a switch occurs in the bonding capability of five-co-
ordinate carbon from hypervalent (DbB model) to nonhy-
pervalent (BiaB model) if the interaction with the axial sub-
stituents is strong enough that bond localization yields suffi-
cient C—X* bonding stabilization to compensate for the loss
in stability in the methyl moiety that goes with the accompa-
nying pyramidalization. Accordingly, all five-coordinate
carbon species for which the BiaB model holds have much
smaller differences between the strength of the carbon-
equatorial hydrogen (C—H®Y) bond and the C—X* bond: the
former have weaker and the latter significantly stronger in-
teraction energies. This can be nicely seen in Table 5, which
lists the AE;, energies of C—H®*® and C—X* and their C—

Table 5. Valency of the central carbon atom in terms of the spectrum of bonding situations between DbD and

BiaB models.

H*/C=X™ ratio for a series of isoelectronic, D,-symmetric
[X—CH;—X]? species that all share an X—C—X three-center,
four-electron bonding motif. Thus, [F-CH;—F]~ and [Cl—
CH,—Cl]” have moderate C—H*Y/C—X* ratios of 2.4-3.5,
whereas the C—H®Y/C—X* ratios of [He—CH,—He]*™ and
[Ne—CH;—Ne]|™ are comparatively large (132 and 63, respec-
tively).

Of course, the rigidity of the methyl moiety also depends
on its effective valence configuration. Although all the spe-
cies listed in Table 5 are isoelectronic, the [Ng—CH;—Ng]*
complexes effectively have a methyl-cation fragment, where-
as the more conventional Sy2 transition states [X—CH;—X]~
effectively contain a methyl-radical fragment CHj;', which re-
sists pyramidalization much less than CH;™*. This is illustrat-
ed in Figure 3, which shows the PES for pyramidalization of

.
30 CHs

20
T
o
E
8 10
Ly
<
0
CHy~
-10 : ; : .
20 10 0 10 20

o/ degrees

Figure 3. Relative energy of CH;*, CH;', and CH; as a function of the
pyramidalization angle a=60-90° (see Scheme 1), computed at the
OLYP/TZ2P level.

CH,", CHy, and, for comparison, CH;", which is even stabi-
lized by adopting a pyramidal structure.»'*) At the same
time, the C—H interaction energy also decreases in this
order (see Table 5). Therefore, the somewhat simplifying cri-
terion of the C-H®/C-X*
ratio of interaction energies is
still valid, although it should
not be overrated. On the other

Bond strengths!®!

hand, this C—H®Y/C—X®* ratio

Finally, we note that the

H i _yeax 3 [b] ierld . . . . .

Species C-H* C Ratio Model Barrier' C valency criterion is in practice very
[He—CH;—He]* —131.50 —1.00 131.5 DbB 0.0 hyper Straightforward to apply and

— CH.—Nel+ _ _
[Ne_CH3_Ne]Jr 130.89 2.09 62.6 DbB . 0.0 hyper therefore a powerful tool for
[Ar—CH;—Ar] —126.35 —6.25 20.2 DbB/BiaB 0.8 weakly nonhyper .. fi di
[Kr—CH,Kr]* —124.49 —8.34 14.9 DbB/BiaB 0.9 weakly nonhyper ~ categorizing - five-coordinate
[Xe—CH;—Xe]* —122.34 —10.47 11.7 DbB/BiaB 12 weakly nonhyper carbon species as hypervalent
[Rn—CH;—Rn]* —121.22 —11.71 10.4 DbB/BiaB 0.8 weakly nonhyper  (DbB) or nonhypervalent
[CI-CH,—CI]~ —112.75 —31.88 35 BiaB 8.9 nonhyper (BiaB).
[F-CH;—F] —109.35 —44.65 2.4 BiaB 8.1 nonhyper
[

Sx2 barrier [kcalmol™].
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a] Homolytic C-H™ and heterolytic C—X*? interaction energies AE;, [kcalmol~'] between the corresponding
molecular fragments frozen in the geometry they adopt in the overall D;,-symmetric species; see also Methods
Section and Equation (1). Computed at the OLYP/TZ2P level with ZORA relativistic effects for Ng=Kr, Xe,
and Rn. [b] BiaB=ball in a box; DbB =disk between balls; DbB/BiaB =intermediate situation. [c] Central
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data in Table 5 suggest a spec-
trum of bonding situations that
runs from truly hypervalent
(DbB model) to truly nonhy-
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pervalent (BiaB model) via a range of intermediate bonding
situations (DbB/BiaB in Table 5). Of course, the transition
from hypervalent (stable Ds,-symmetric species) to nonhy-
pervalent (labile D,-symmetric species) cannot be taken as
a sharp border between DbB and BiaB, and the choice of
where to classify the situation as intermediate or “weakly
nonhypervalent” is certainly associated with some arbitrari-
ness. Yet, it is also a fact that the propensity of the system
to localize one of its C—X* bonds and to expand the other
smoothly increases on going down Table 5. We feel that it is
possible to conceive of the [Ng—CH;—Ng]* complexes with
intermediate C—H®Y/C—X** ratios (ca. 10-20 for Ng=Rn,
Xe, Kr, Ar) as distorted DbB complexes as well as species
that show BiaB behavior. Here, in Table 5, we have chosen
to classify the species with Sy2 central barriers of about 0, 1,
and 10 kcalmol ™! as truly hypervalent (DbB), “weakly hy-
pervalent (DbB/BiaB), and truly nonhypervalent (BiaB), re-
spectively.

Comparison with [Ng—H]* and [Ng—H—Ng]*: Finally, we
compare the disk-and-ball and disk-between-balls complexes
CH;Ng* and NgCH;Ng™, respectively, with the correspond-
ing protonated noble-gas atoms and proton-bound noble-gas
dimers. The above results show that, if the central [CH;]
unit is sufficiently tightly bound and rigid, then stable, hy-
pervalent [X—CH;—X]? structures occur. This also nicely
agrees with the finding of a previous study that [CI-C—
Cl]™™, which is isoelectronic to the labile transition state
[CI-CH;—Cl] ", also forms a stable symmetric structure with
two equivalent C—Cl bonds.™

Indeed, the proton-bound noble-gas dimers adopt D_,-
symmetric, hypervalent [Ng-H-Ng]* equilibrium structures
with Ng—H distances that monotonically increase from 0.939
(He) to 1.169 (Ne) to 1.533 (Ar) to 1.685 (Kr) to 1.890 (Xe)
to 1.986 A (Kr), as can be seen in Table 6. The stabilization
AE associated with complexation of the proton with the first
noble-gas atom [Eq.(7)] increases monotonically from
—46.7 (He) to —52.8 (Ne) to —96.6 (Ar) to —109.0 (Kr) to
—125.4 (Xe) to —133.9 kcalmol ™' (Rn), in good agreement

FULL PAPER

with previous computations of the proton affinities (PA=
—AE) of these species at the ZORA-BP86/TZ2P level.”
Ng + H" — NgH* (7)
The stabilization AE associated with the complexation of
NgH™ with the second noble-gas atom [see Eq. (8)] is con-
sistently smaller but also increases (although not entirely
monotonically) from —14.7 kcalmol™' for HeHHe* to
—18.2 kcalmol ™ for RnHRn™ (see Table 6).
NgH" + Ng — NgHNg" (8)
This resembles the situation described above for the corre-
sponding methyl-cation complex, for which complexation
with the first noble-gas atom Ng also yields a larger stabili-
zation than complexation of CH;Ng* with a second Ng (see
Table 3). Also, the bonding mechanism of the proton com-
plexes is very similar to that of the methyl-cation complexes.
It arises from a strong HOMO-LUMO interaction between
the occupied noble gas 1s (He) or np (Ne-Rn) valence AOs
with the unoccupied proton 1s acceptor orbital. This is asso-
ciated with a sizeable charge transfer, as reflected by the
large positive charge of the noble-gas atoms QYPP, which
ranges from +0.44 a.u. in HeH™ to +0.70 a.u. in RnH"* (see
Table 6).

There is, however, also a marked difference between the
methyl-cation and proton complexes. The bond energies in
CH,Ng* (—1.7 to —49.3 kcalmol™, see Table 3) are much
lower than in the corresponding NgH* (-46.7 to
—133.9 kcalmol !, see Table 6). The main reason for this
large difference in bond energies is the Pauli repulsion
AEp,,; with closed-shell orbitals in CH;* and the complete
absence of such repulsion with H*, which has no closed
shells (compare Table 4 and Table 6, respectively). The only
force that prevents the Ng—H bond length collapsing to zero
is the nuclear-nuclear repulsion. Thus, whereas the electro-
static interaction AV, is in general attractive,’" all NgH™*

Table 6. Analysis of Ng—H bonding between Ng and H* in NgH* and between Ng--Ng and H* in NgHNg* (Ng=He, Ne, Ar, Kr, Xe and Rn).[!

HeH* He,H* NeH* Ne,Ht*  ArH™* Ar,H* KrH* Kr,H* XeH™ XeH™ RnH™* Rn,H*
r(Ng—H) [A] 0.789 0.939 1.014 1.169 1.297 1.533 1.433 1.685 1.612 1.890 1.702 1.986
bond-energy decomposition [kcal mol ™"
AE; —75.94 —93.90 —79.63 —98.82 —134.91 —148.23 —147.84 —161.76 —164.18 —176.56 —-171.72 —186.50
AEpy; 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AVgar 29.24 29.64 26.83 26.36 38.31 30.29 38.82 30.72 38.82 29.75 37.84 30.58
AE;, —46.69 —64.26 —52.80 —72.46 -96.60 —117.94 —109.02 —131.04 —125.36 —146.81 —133.88 —155.92
AE e, 0.00 2.85 0.00 2.43 0.00 3.88 0.00 3.99 0.00 3.94 0.00 3.81
AE —46.69 —61.41 —52.80 —70.03 —96.60 —114.06 —109.02 —127.05 —125.36 —142.87 —133.88 —152.11
AE" —14.71 -17.22 —17.46 —18.03 -17.51 —18.22
noble-gas atomic charge [a.u.]

vbD 0.44 0.32 0.44 0.31 0.57 0.37 0.63 0.40 0.66 0.42 0.70 0.43

Qirshield 0.41 0.30 0.49 0.35 0.66 0.42 0.72 0.44 0.78 0.47 0.82 0.48

[a] Computed at the OLYP/TZ2P level with ZORA relativistic effects for Ng=Kr, Xe, and Rn. See also Methods Section. NgH* and NgHNg* species

are C,,- and D_,-symmetric equilibrium structures, respectively. [b]
AE,

prep

AE=AEp+AEy=AE

is the energy associated with combining two separate Ng atoms into the Ng--Ng fragment; see also Methods Section. [c] For comparison: AE asso-

vrep + AVeistar + AEpi+ AE,;. For NgHNg™" species (n=2),

ciated with adding a second Ng to HNg* with formation of the NgHNg* equilibrium structure.
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species show pronouncedly positive (i.e., destabilizing)
values between roughly 27 and 38 kcalmol™! (see Table 6).

Conclusion

The ball-in-a-box model that we recently introduced ex-
plains why silicon in [ClI-SiH;—Cl]™ is hypervalent whereas
carbon in [CI-CH;—Cl]" is not. In terms of this model, sili-
con fits perfectly into the box that is constituted by the five
substituents. Carbon, on the other hand, is too small and, in
a sense, “drops to the bottom” of the box to give a species
Cl™~-H;CClI with one long C—Cl bond, one localized C—Cl
contact, and a pyramidalized CH; unit. The validity of this
model was shown to extend also to heavier Group 14 central
atoms (Ge, Sn, Pb) and another axial substituent (F).

In the present study, however, we encountered species
that violate this ball-in-a-box behavior: although isostructur-
al and isoelectronic with the above [X—CH;—X]  systems,
the noble gas/methyl cation complexes [Ng—CH;—Ng|*
adopt, for Ng=helium and neon, a perfectly D;,-symmetric
structure featuring a stable hypervalent carbon atom with
two equivalent C—Ng bonds. Our analyses show that the
carbon atom in [Ng—CH;—Ng]* can no longer be considered
as a ball in a box of the five substituents, because it is much
more tightly bound to the equatorial H atoms than to the
axial noble-gas substituents. Thus, the [Ng—CH;—Ng]™* spe-
cies are better conceived as a “disk between balls”. Here,
the “disk” is CH;* and the “balls” are the two noble-gas
atoms.

Finally, we propose to classify the nature of five-coordi-
nate carbon species in terms of a spectrum between the
ball-in-a-box situation (nonhypervalent C) and the disk-be-
tween-balls model (hypervalent C). The position along this
spectrum is determined by the ratio (i.e., the relative magni-
tudes) of the strengths of the carbon-equatorial substituent
bond (C—H®Y) and the carbon-axial substituent bond (C—
X*). Hypervalent species have large C—H®/C—X* ratios
(here: 63-132), whereas truly nonhypervalent species have
small C—H®*Y/C—X* ratios (here: 2.4-3.5). Intermediate or
“weakly nonhypervalent” cases (i.e., species with a weak
tendency to localize one and to partly break the other axial
carbon-substituent bond), such as [Ng—CH;—Ng]* com-
plexes with heavy noble-gas atoms, have intermediate C—
H®/C—X* ratios (here: 10-20).
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