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Hypervalent Silicon versus Carbon: Ball-in-a-Box Model

Simon C. A. H. Pierrefixe, Célia Fonseca Guerra, and F. Matthias Bickelhaupt+'*]

Abstract: Why is silicon hypervalent
and carbon not? Or why is
[CI-CH;—Cl]™ labile with a tendency to
localize one of its axial C—Cl bonds
and to largely break the other one,
while the isostructural and isoelectron-

present the so-called ball-in-a-box
model, which tackles hypervalence
from a new perspective. This model re-
veals the key role of steric factors and
provides a simple way of understanding
the above phenomena in terms of dif-

ferent atom sizes. Our bonding analy-
ses are supported by computation ex-
periments in which we probe, among
other things, the shape of the Sy2 po-
tential-energy surface of Cl™ attacking
a carbon atom in the series of sub-

ic [CI-SiH;—Cl]™ forms a stable penta-
valent species with a delocalized struc-
ture featuring two equivalent Si—Cl
bonds? Various hypotheses have been
developed over the years focusing on

- ; steric repulsion
electronic and steric factors. Here, we

Introduction

The concept of hypervalence has been challenging chemists
for about a century.'! Through the decades, the hyper-
valence or nonhypervalence of various atoms in both molec-
ular as well as extended structures has been investigated.*?
However, also the definition and meaningfulness of the very
concept itself has been the subject of, at times, vigorous dis-
cussions.*” Here, we will not enter into such a discussion.
The issue which we wish to address is the different bonding
capabilities of two Group 14 atoms, carbon and silicon: why
does carbon (as illustrated below) not bind more than four
ligands'® (except in some exotic or controversial exam-
ples®®7#)) while silicon (see below), despite being isoelec-
tronic, can bind five®®*” (or sometimes six, or even
more®!% substituents ?

The above question also provides us with a robust and in-
tuitive definition of hypervalence, rooted in experimental
(and computational) observation, as being the capability of
silicon (as opposed to the incapability of carbon) to exceed
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strates CH;Cl, ‘CH,Cl, "CHCI, and
*CCL Our findings for CICH,;Cl™ and
CISiH;Cl™ are generalized to other
Group 14 central atoms (Ge, Sn, and
Pb) and axial substituents (F).

calculations
silicon -
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its “normal” tetravalence and form pentavalent, trigonal-bi-
pyramidal species.

The nonhypervalence of carbon and the hypervalence of
silicon are exemplified by the pentavalent Dj,-symmetric
species CICH;Cl” (1a) and CISiH;Cl- (2a). While the
former has a first-order saddle point that is labile towards
localization of one C—CI bond and (largely) towards break-
ing the other one, the latter is a stable pentavalent species.
This is well known, since these species feature as the transi-
tion state and the stable transition complex in the intensely
studied nucleophilic substitution reactions of Cl 4+ CH;Cl
(S\2@C) 11 and Cl™ 4 SiH;Cl (Sy2@Si), 131 respectively
(see Figure 1). Recently, we analyzed these reactions in
terms of the rigidity and mutual interaction of the reactants
(i.e., the nucleophile and the substrate) using the Activation
Strain model.'” It was shown that the crucial factor for
having a central barrier for the Sy2@C and, thus, a labile
pentavalent carbon atom, is mainly due to the increased
steric repulsion between the nucleophile and the substitu-
ents. The central barrier disappears in the Sy2@Si reaction,
because the larger distance between the nucleophile and the
substituents reduces this steric repulsion. Moreover, in line
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with this steric picture, the central barrier can again be rein-
troduced in Sy2@Si reactions if the equatorial substituents
are made more sterically demanding.""®

In the present study, we wish to approach the phenomen-
on of hypervalency from a different perspective. Instead of
a description of I in terms of the two S\2 reactants II, we
aim to understand the lability of five-coordinate carbon and
the stability of pentavalent silicon in terms of the central
carbon versus silicon atom interacting with the five sur-
rounding (also mutually interacting) substituents IIIL.

© a® ‘//QCD
“IA——H A—H F\“KTESH
H | H"'| H—%j’;;7
ol \\im

Of course, the description of I in terms of II is, ultimately,
equivalent to the description of I in terms of III. It appears,
however, that the alternative description III offers a simple
and transparent way of understanding hypervalence (which
we designate the “ball-in-a-box” model) that complements
and integrates previous models of hypervalency.

Thus, we have analyzed the bonding in CICH,;Cl™ (1) and
CISiH;Cl™ (2) as well as in fragments thereof, such as, the
“box” of five substituents that “contain” the central C or Si
atom, using the Amsterdam Density Functional (ADF) pro-

Abstract in German: Wieso ist Silizium hypervalent und
Kohlenstoff nicht? Oder, warum ist [CI-CH;—CI]~ labil mit
der Neigung eine seiner axialen C—Cl-Bindungen zu lokali-
sieren und die andere grofienteils zu brechen, wihrend das
gleichformige und isoelektronische [CI—SiH;—Cl]" eine sta-
bile pentavalente Spezies bildet, mit einer delokalisierten
Struktur, die durch zwei equivalente Si—Cl-Bindungen char-
akterisiert wird? Bisher wurden verschiedene Hypothesen en-
twickelt, die sich auf sterische oder aber auch auf elektroni-
sche Faktoren konzentrieren. Wir prisentieren hier das Ball-
in-a-Box-Modell, in dem Hypervalenz aus einer neuen Per-
spektive angegangen wird. Das Ball-in-a-Box-Modell deckt
die Schliisselrolle der sterischen Faktoren auf und bietet einen
zuganglichen Weg die obigen Phidnomene anhand von unter-
schiedlichen Grofien der Atome zu verstehen. Unsere Bind-
ungsanalysen werden von numerischen Experimenten unter-
stiitzt, in denen wir unter anderen die Gestallt der Potentialo-
berflichen erkunden fiir die Sy2-Reactionen von Cl~ mit den
Substraten CH;Cl, "CH,Cl, "CHCI und “CCI. Wir zeigen,
dass unser Modell fiir CICH;Cl” und CISiH;ClI™ auch auf
Systeme mit anderen Zentralatomen der Gruppe-14 (Ge, Sn
and Pb) und anderen axialen Substituenten (F) iibertragen
werden kann.
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Figure 1. Double-well S\2@C (upper) and single-well S\2@Si (lower) po-
tential-energy surfaces along the reaction coordinate { (R=reactants,
RC=reactant complex, TS =transition state, TC=stable transition com-
plex, PC=product complex, P =products).

gram at the BP86/TZ2P level of density functional theory
(DFT)."18 The analyses were carried out not only in the
geometries of the various species that correspond to the
D;,-symmetric 1a and 2a (see Figure 2), but also along vari-
ous deformation modes. First, we analyzed how the bonding
changes if one proceeds from the symmetric species along
the localization coordinate ¢, which for 1 and 2 are associat-
ed with a convex and concave potential-energy surface
(PES), respectively (see Figure 1). Another deformation
mode corresponds to the symmetric ClI-A—Cl stretch. Our
bonding analyses are augmented (and supported) by compu-
tational experiments in which we probe, among other things,
the shape of the Sy2 potential-energy surface of Cl™ attack-
ing a carbon atom in the series of substrates CH;Cl, "CH,CI,
“CHCI and "CCl. The findings for 1 and 2 were generalized
by examining other Group 14 central atoms (germanium,
tin, and lead, in which case relativistic effects were treated
using the zeroth-order regular approximation (ZORA)!'"™)
and axial substituents (fluorine).

The bonding analyses consisted of a decomposition of the
total energy into interaction energies between (and within)
fragments of the overall model systems 1 and 2. The trends
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Figure 2. Geometries (in A, °), relative energies (in kcalmol ') and
number of imaginary frequencies (in parentheses) of selected carbon
(la—) and silicon (2a—¢) structures, computed at BP86/TZ2P.
[a] i316 cm™". [b] 2b is not a stationary point (see text).

in the various energy terms were interpreted in the concep-
tual framework provided by the quantitative molecular orbi-
tal (MO) model contained in Kohn—-Sham DFT.!'*!
Qualitative MO analyses of pentacoordination were car-
ried out in the early seventies by Hoffmann and co-work-
ers'! who arrived at a bonding mechanism that naturally
incorporates the 3-center—4-electron (3c-4e) bond proposed
by Pimentel and Rundle™ to account for the hypervalency
of the central atom in species such as F;~ and XeF,. Origi-
nally, the 3c-4e bond was formulated in terms of the valence
p, atomic orbitals (AOs) of a linear arrangement of three
atoms that yields a well-known pattern of three MOs: y,,
1,, and 3, shown in Scheme 1. These MOs are bonding,

Scheme 1. MOs involved in 3c-4e bonding

nonbonding, and antibonding, respectively, with four elec-
trons occupying v, and 1,.2??) This bonding pattern was
confirmed by ab initio calculations, which showed that the
central atom in the hypervalent species predominantly in-
vokes its s and p AOs for bonding and that the d AOs
merely act as corrective polarization functions, but not as
valence orbitals.’® These and other results have falsified
Pauling’s (plausible but, in the end, incorrect) hypothesis
that the hypervalence of main group atoms such as silicon is
derived from the availability of low-energy d AOs. These
findings were confirmed by the present study and will not
be discussed further.
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Note that, while the 3c-4e MO model is a good descrip-
tion of the bonding in hypervalent species, it does not ex-
plain why such a bonding mechanism leads to stable hyper-
valent species in the case of silicon as the central atom but
not in the case of carbon. On the other hand, in a valence
bond (VB) study of the model systems CHs  and SiHj~,
Hiberty, Shaik, and co-workers?!! were able to provide a
qualitative explanation based on curve-crossing diagrams of
VB configurations. They showed that the comparatively
low-energy o* orbitals of the equatorial Si—H bonds can ac-
commodate the fifth valence-electron pair which, in the 3c-
4e MO model of Scheme 1, corresponds to a stabilization of
1,. The o* orbitals of the equatorial C—H bonds do not pos-
sess this capability (they are too high in energy). This results
in a long axial H-C—H linkage and a high energy for CHs~
relative to CH,+H".

The ball-in-a-box model presented herein allows MO
theory to, in a sense, catch up with VB theory regarding the
treatment and understanding of why certain atoms (such as
silicon) can form stable hypervalent configurations and
others (such as carbon) cannot. The qualitative picture that
emerges is of the five substituents forming a cage or a “box”
(in which they are in mutual steric contact) and the central
atom is a “ball” in that box. Silicon fits nearly exactly into
this box and can bind simultaneously to the top and the
bottom. At variance, the carbon atom is too small to touch
both the top and the bottom of the box, and it can, thus,
only bind to one of them. In this way, our ball-in-a-box
model nicely integrates the bonding (“electronic factors”)
and repulsive features (“steric factors”) in the bonding
mechanism and highlights the importance of the relative
size of the central atom.!*!*"!

Computational Methods

All calculations were performed by using the Amsterdam Density Func-
tional (ADF) program developed by Baerends et al.l'”! The numerical in-
tegration was performed with the procedure developed by te Velde
et al.'’#") The MOs were expanded in a large uncontracted set of Slater-
type orbitals (STOs) containing diffuse functions: TZ2P (no Gaussian
functions were involved)."”! The basis set was of triple- quality for all
atoms and was augmented with two sets of polarization functions (i.e., 2p
and 3d on H; 3d and 4f on C and F; 4d and 5f on Si and Cl; 4d and 4f
on Ge; 5d and 4f on Sn; 6d and 5f on Pb). Core shells were treated using
the frozen-core approximation (1s for C and F; 1s2s2p for Si and Cl;
1s2s2p2s3p for Ge; 1s2s2p2s3p3d4sd4p for Sn; 1s2s2p2s3pdsdp4d for
Pb)."! An auxiliary set of s, p, d, f and g STOs was used to fit the molec-
ular density and to represent the Coulomb and exchange potentials accu-
rately in each self-consistent field cycle.!'!

Equilibrium structures were optimized by using analytical gradient tech-
niques."™® Geometries, energies, and vibrational frequencies were com-
puted at the BP86 level of the generalized gradient approximation
(GGA). The exchange was described by Slater’s Xa potential™ with
corrections due to Becke!'"™" added self-consistently and the correlation
was treated by using the Vosko-Wilk—Nusair (VWN) parameterizatio-
nl"! with nonlocal corrections due to Perdew!"” added self-consisten-
tly.[”“” For species containing Ge, Sn, or Pb, relativistic effects were treat-
ed by using the zeroth-order regular approximation (ZORA).!"
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The bonding in CICH;Cl, CISiH;Cl™, and other species was analyzed by
using the quantitative molecular orbital (MO) model contained in the
Kohn-Sham DFT.[18:25:20]

Results and Discussion

Structures and potential-energy surfaces: Consistent with
previous work (see Figure 1 and the introduction), we found
that Ds,-symmetric pentacoordinate CICH;CI™ (1a) is labile
towards localization of one and elongation of the other
C—Cl bond (i.e. a first-order saddle-point on the PES),
whereas D,-symmetric CISiH;Cl™ (2a) constitutes a stable
pentavalent species (see Figure 2). An important observa-
tion, as will become clear later on, is that the C—Cl bonds
(2.3516 A) in the carbon species 1a have nearly the same
length as the Si—Cl bonds (2.3592 A) in the silicon species
2a (see Figure 2).

The localized Cj-symmetric equilibrium structure
Cl™-CH,4CI (1b) is 5.7 kcalmol™' more stable than trigonal
bipyramid 1a (see Figure 2). For the silicon system, there is
no such stationary point corresponding to a localized struc-
ture Cl---SiH;Cl with a short and a long Si—Cl bond. How-
ever, for the purpose of comparison, we have computed the
geometry and energy of a localized Cl™---SiH;Cl species (2b)
that, although it is not a stationary point, closely resembles
Cl™--CH;Cl (1b) in that one Si—Cl bond has been elongated,
relative to the pentavalent 2a, by the same amount (i.e. by
0.7202 A) as the long C—Cl bond in 1b relative to the penta-
valent 1a (see Figure 1). Thus, 2b is obtained through opti-
mizing Cl ---SiH;Cl in C;, symmetry with a long Si—Cl bond
kept frozen at 3.0794 A. This localized structure is
8.6 kcalmol ™ higher in energy than 2a (see Figure 2). The
other Si—Cl bond contracts, but only slightly from 2.3592 A
in 2a to 2.1967 A in 2b (see Figure 2). Note that the short
C—Cl bond in the corresponding carbon system undergoes a
more pronounced contraction from 23516 A in 1la to
1.8720 A in 1b.

Bonding in C1-AH;—Cl : To understand this difference in
bonding capabilities of carbon and silicon, we have analyzed
the energy and bonding in CICH;CI™ (1) and CISiH;CI™ (2)
along a localization mode proceeding from the D;,-symmet-
ric pentavalent species 1a and 2a towards the corresponding
localized structures. This was done by expanding one of the
Cl-A bonds in steps of 0.05A from about 2.36 A (1a:
2.3516 A; 2a: 2.3592 A) to 2.5 A, while allowing the remain-
ing geometry parameters to relax, in particular, the other
A—CI bond which then contracts (i.e., localizes). The bond-
ing in 1 and 2 was then examined along this localization
mode by constructing the species stepwise from smaller mo-
lecular or atomic fragments and analyzing the bonding
mechanism associated with bringing these fragments togeth-
er. This can be done in various ways. Here, we present three
variants that shed light onto the bonding in 1 and 2 from
different, complementary perspectives. The results of the
various analyses are collected in Figure 3.

8§22 —— www.chemeurj.org
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First, we built CI-AH;—Cl~ stepwise from the central
atom A™ in its sp’ valence state interacting with the Cl,™
fragment of the two axial substituents [see Eq.(1a)], fol-
lowed by putting the resulting CI-A—CI™™ together with the
H;™ fragment of the three equatorial substituents [see
Eq. (1b) and Figure S1 in the Supporting Information].

A" +ClL~ — Cl—A—CI™" (1a)
Cl-A—CI"™" + H,” — Cl-AH,—CI- (1b)

Alternatively, we built CI-AH;—Cl™ by first combining
the central atom A™ with the H;™ fragment of the three
equatorial fragments [Eq. (2a)] and then put the resulting
AH; together with the Cl," fragment of the two axial sub-
stituents [see Eq. (2b) and Figure S2 in the Supporting Infor-
mation).

A"+ H” — AHy (2a)
AH, +ClL,~ — Cl—AH;—Cl- (2b)

The third variant was the construction of ClI-AH,—Cl~
from the H;™ fragment of the three equatorial substituents
interacting with the Cl,™" fragment of the two axial substitu-
ents [see Eq. (3a)] and to put, thereafter, the central atom
A™ into the resulting “cage” or “box” of substituents
CI-H;—C1™" [see Eq. (3b) and Figure S3 in the Supporting
Information].

H," +Cl,~ — Cl-H,~Cl™" (3a)

A” 4+ Cl-H;—Cl™™" — Cl-AH,—CI- (3b)

Note that all fragments in Equations (1)—(3) are in the va-
lence configuration they adopt in the overall molecule and
that unpaired electrons within one fragment are of the same
spin, whereas unpaired electrons on two different fragments
are of opposite spin in order to enable the formation of the
electron-pair bonds. Also note that in all three fragmenta-
tion modes, the fragments Cl,™" and H;™ occur, which have
been constructed from CI™ interacting with Cl' and from
three H' atoms, respectively (see also Figure S4 in the
Supporting Information).

The left panel of Figure 3 shows the analysis results for
the three fragmentation modes of CICH;Cl™ (1); the right
panel shows the results for CISiH;Cl™ (2). To highlight the
equivalence of the two A—Cl bonds, we show the evolution
of all energy components from one localized starting point
(with, say, the left A—Cl=2.5A) to the D,,-symmetric,
hypervalent species (both A—Cl ~2.36 A) to the other local-
ized structure (with, say, the right A—CI=2.5 A). Based on
the symmetry of the process, the right half of the graphs was
obtained as the mirror image of the left half. Energies are
shown relative to the localized structures (A—Cl=2.5 A). In
other words, the graphs show how the total energies of
CICH;CI™ and CISiH;C1™ (black lines, designated “total”) as
well as all of the components associated with the steps

Chem. Eur. J. 2008, 14, 819828
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Figure 3. Three different decompositions (as indicated by partial reactions in a—c for carbon, and in d—f for silicon) of the relative energy (bold black
line, designated “total”) of [CICH;Cl]™ and [CISiH;Cl]™ along an Sy2-type deformation coordinate that brings the species from a localized C;, structure
via a Dy,-symmetric and pentavalent species to the other localized structure. The deformation coordinate is defined by stepwise varying one C—Cl (or
Si—Cl) bond from 2.5 to 2.3516 A (or 2.3592 A) and optimizing all other geometric parameters in every step.

defined in Equations (1)-(3) (colored and dashed lines)
change relative to the localized starting point with A—Cl=
25A.

Firstly, we note that the analyses reproduce a convex total
energy profile for carbon (see Figure 3a—c) and a concave
total-energy surface for silicon as the central atom (see
Figure 3d—f).”” Note that these total energy profiles are
identical within the set of three graphs for 1 and within the
set of three graphs for 2. So are, of course, the energy
curves associated with the formation of Cl,™* from CI"+CI’

Chem. Eur. J. 2008, 14, 819-828
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and those for the formation of H;™ from three H' (see Fig-
ure S4 in the Supporting Information).

The latter are comparatively shallow, especially for
CISiH;Cl™, and are not decisive for the key difference be-
tween 1 and 2, in other words the convex and concave
shape, respectively, of the total energy curve. The Cl,™*
curve (short dashes) is, in fact, nearly constant because the
overall CI—Cl distance is large and changes little as the con-
traction of one A—Cl bond always occurs with the expansion
of the other A—Cl bond. The H;™ curve (long dashes) is
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always stabilized at the symmetric, hypervalent structure.
This is due to the fact that the AH; moiety goes from a pyr-
amidal to a planar configuration in which the hydrogen
atoms are slightly further away from each other and, there-
fore, experience less mutual steric (Pauli) repulsion.! This
effect is much more pronounced for CICH;Cl™ than for
CISiH;Cl™ because the hydrogen atoms in the former are in
closer proximity due to the shorter C—H as compared to
Si—H bonds.*

Thus, the origin of 1a being a transition state and 2a a
stable, hypervalent species is located somewhere in the
other interaction steps, in the two steps (a) and (b) defined
in each of the Equations 1-3 (see blue and red curves, re-
spectively, in Figure 3). A closer inspection shows that in
each of the three fragmentation modes, the convex (1) or
concave (2) nature of the total energy curve is determined
by the interaction of the central moiety (either A or AH;)
with the axial substituents (or all substituents simultaneous-
ly).

The effect as such and the difference between 1 and 2 are
most pronounced for fragmentation mode number one. As
defined in Equation (1) and as can be seen in Figure 3a,d,
the interaction between carbon and the axial-substituent
fragment in the CI-C—Cl™™ moiety of 1 is destabilized by
nearly 5kcalmol™! as we go from the localized (C—Cl=
2.5 A) to the symmetric, pentacoordinate structure 1la
(C—Cl ~2.36 A), whereas the corresponding change in the
interaction between silicon and the axial-substituent frag-
ment in the CI-Si—Cl™™ moiety of 2 shows a stabilization of
—1.88 kcalmol™!. Note that this behavior is counteracted,
but not overruled, by the destabilization in the interaction
with the equatorial H;™ substituents (consistent with the
findings in reference [28]).

Bonding in CI-A—CI ™: The fact that CI-C—Cl™™ is labile
with respect to bond localization is interesting. This species
consists of three main group atoms with a 3c-4e bonding
mechanism based on p, AOs (see Scheme 1). It is not only
isostructural, but also isoelectronic with the linear trihalides
X—=Y—X" which are known to adopt a delocalized, hyperva-
lent structure of D, symmetry.?!) In particular, CI-F—Cl~
which, just as CI-C—CI™™, consists of an arrangement of two
terminal chlorine atoms and a central second period atom,
is a stable D_,-symmetric species with two equivalent CI-F
bonds (2.0782 A) at the BP86/TZ2P level used in this inves-
tigation.

To further investigate this issue, we have computed the
equilibrium geometries of CI-C—CI™™ (3a) and CI-Si—CI™™"
(4a). Both species were found to posses linear, D ,-symmet-
ric equilibrium geometries with C—Cl and Si—Cl bond
lengths of 1.9784 A (3a) and 2.2804 A (4a), respectively
(see Figure 4). Comparison with the corresponding C—Cl
and Si—Cl distances in the pentacoordinate CICH;Cl™ (1a)
and CISiH;Cl™ (2a) leads to a striking observation: the
Si—Cl bond is not much different for the dicoordinate silicon
in 4a (2.2804 A) than for the pentacoordinate silicon in 2a
(2.3592 A); from the former to the latter, it expands by only

8§24 —— www.chemeurj.org
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Figure 4. Geometries (in A, °), relative energies (in kcalmol™) and
number of imaginary frequencies (in parentheses) of selected
CICH,C1I=¢™" structures with n=0, 1, 2, and 3 (i.e. 3a, 5, 6, and 1, re-
spectively), CISiCl* (4a) and CIH;Cl™™ “boxes” of substituents (i.e. 7
and 8), computed at BP86/TZ2P. [a]il98cm™!, [b]i271cm™!,
[c]i111 em™, [d] i316 cm™', and [e] optimized with frozen H; moiety (see
text).

0.0788 A or 3% (compare Figure 2 and Figure 4). At var-
iance, the C—Cl bond expands by a sizeable 0.3732 A or
19% (!) if we go from dicoordinate carbon in 3a (1.9784 A)
to pentacoordinate carbon in 1a (2.3516 A). Consequently,
the C—Cl and Si—Cl bonds in 1a and 2a are in good approxi-
mation of equal length, as has already been mentioned.

Thus, in 1a, the axial chlorine substituents cannot ap-
proach the central carbon atom closely enough to form the
intrinsically optimal C—CI bonds for the CI-C—CI™ moiety.
In contrast, in 2a the axial chlorine substituents can ap-
proach the central silicon atom closely enough to form the
intrinsically optimal Si—Cl bonds for the CI-Si—Cl™™ moiety.
Consequently, the carbon atom in the CI-C—Cl ™ fragment
of 1a moves closer to one of the two chlorine atoms to form
one strong C—Cl bond at the expense of sacrificing one
weak C—Cl bond. This is not necessary for the Cl-Si—CI™™
fragment of 2a in which the Si—Cl bonds already nearly
have their optimal value.

This is nicely illustrated by Figure 5, which shows how the
interaction between A™" and Cl,™ (the black line, designated
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Figure 5. Interaction energy between central atom A™ and terminal sub-
stituents Cl," for three ClI-A—CI™™ fragments as a function of the dis-
placement of A towards one of the Cl atoms with the CI-Cl distance
kept frozen as shown in IV: a) CI-C—Cl ™ fragment taken from transi-
tion state 1a; b) CI-Si—Cl ™ fragment taken from transition complex 2a;
¢) optimized CI-C—Cl~™ species 3a.

“total”) varies if the central atom A of a linear CI-A—CI™
arrangement with a frozen CI—Cl distance is displaced by
0.5 A (in steps of 0.1 A) from the cen-
tral position towards one of the frozen
terminal chlorine atoms (see IV).

This numerical experiment was car-
ried out for: 1) CI-C-CI™™ with
Cl-C1=2x23516 A as in 1a; 2) for

v Cl-Si—ClI™™ with Cl-Cl=2x2.3592 A
as in 2a; and 3) for CI-C—CI™™ with
Cl-Cl=2x19784 A as in 3a. For
Cl-C—CI"™ with the long CI-CI distance as in 1a, the dis-
placement of carbon away from the center and towards one
of the chlorine atoms leads to a slight stabilization of
—5.82 kcalmol ™' at a displacement of 0.5 A (see Figure 5).
Optimization for this frozen Cl—Cl distance yields a species
with one C—Cl distance of 1.8285 A and one of 2.8747 A
(not shown in the figures). In contrast, for CI-Si—CI~™ with
the long CI—Cl distance as in 2a, the displacement of silicon
away from the center and towards one of the chlorine atoms
leads to a quite pronounced destabilization of
+32 kecalmol ! at a displacement of 0.5 A. Once the CI—Cl
distance in CI-C—CI™™ adopts its intrinsically, that is, for the
species 3a, optimal and somewhat shorter value, the interac-
tion energy varies in the same manner as for CI-Si—Cl™™. It
is destabilized by +29 kcalmol ! at a displacement of 0.5 A
of the central carbon atom towards one of the terminal
chlorine atoms.

The short C—Cl bond length of 19784 A in the
CI—C—CI ™ species 3a and the longer one of 2.3592 A in the
CI-Si—CI ™ species 4a concur nicely with the fact that the
overlap between the more compact carbon 2p, AO and the
chloride 3p, AO reaches its optimum of 0.270 at C—Cl=
1.88 A, whereas the overlap between the more diffuse sili-
con 3p, AO and chloride 3p, AO reaches its optimum of
0.299 at a longer Si—Cl separation of 2.26 A (see also orbital
contour plots in Figure S5 in the Supporting Information).
Note that the optimum (2p.|3p,) and (3p.|3p.) distances
are shorter than the actual optimum C—Cl and Si—Cl distan-
ces in 3a and 4a. This is, of course, due to the fact that the

displace
-
cl—A——ai©™

.
—
i frozen
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3c-4e bonding in these species is somewhat more involved
than in a diatomic species and because Pauli repulsion with
closed valence and core shells of the other atoms produces a
longer equilibrium distance compared to the fictitious situa-
tion with only bonding orbital interactions.””

The central atom as a ball-in-a-“box” of substituents: As a
result of the “too long” and weak C—CI bonds in Ds,-sym-
metric CICH;Cl™ (1a), the system has the propensity to lo-
calize and strengthen one of the bonds at the expense of
breaking the other one. But why are the C—CI bonds in 1a
too long in the first place; 2.3516 A instead of the 1.9784 A
which would be optimal for the isolated CI-C—Cl™™ unit?

To answer this question, we added the three hydrogen
atoms to the substituents fragment, as the long C—ClI distan-
ces occur in the presence of these equatorial substituents.
This yields the complete “box” of substituents Cl—-H;—CI ™.
This corresponds to step 1 of the fragmentation scheme de-
fined in Equation (3). This box is as such not a stable spe-
cies, but it does adopt an optimum geometry under con-
strained optimization with C;, symmetry and a frozen Hj;
unit. Interestingly, this yields a CI-H;—Cl™™" structure that is
very similar to the corresponding fragments in 1a and 2a:
The distance between the Cl atoms and the empty central
site (where otherwise C or Si are located) amounts to 2.4070
and 2.3166 A in 7 and 8 in which the H, unit is taken from
1a and 2a, respectively (see Figure 4). This can be com-
pared to the nearly identical C—Cl and Si—ClI bond lengths
of 2.3516 and 2.3592 A in 1a and 2a (see Figure 2).

The above finding is important because the box of sub-
stituents has an intrinsic optimum at the A—Cl distances of
about 2.36 A, which is also found in 1a and 2a. Further
compressing the box increases its energy, although the asso-
ciated potential-energy surface (PES) is relatively shallow.
This can be nicely recognized in a computational experiment
in which the axial chlorine substituents of the Cl-H,—CI™"
box are symmetrically compressed (preserving the Dj, sym-
metry) in steps of 0.1 A from a distance of 2.5 to 1.9 A with
a frozen H; unit as shown in V.

frozen ©
r===="
1+ v H o -3

The results are depicted in Figure 6 with the carbon and
silicon systems to the left and to the right, respectively.
Along the compression, the substituent-substituent interac-
tion in the box goes through a minimum at 2.3-2.4 A and is
then destabilized as the Cl-H distance is further reduced
(see Figure 6, red lines, carbon and silicon examples are left
and right, respectively). This resistance towards compression
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atom yields a localized struc-
ture at —1.2 kcalmol * with C—
Cl bond lengths of 2.09 and
2.61 A. Thus, whereas steric
factors still lead to a large sub-
stituent box, C—ClI bonding in-
teractions  (“electronic  fac-
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Figure 6. Energy of Dj,-symmetric CICH;Cl™ (left) and CISiH;Cl™ (right) relative to the transition state 1a
and transition complex 2a, respectively, as a function of the CI-Cl distance (see also V), computed at BP86/
TZ2P. Relative energies of the overall species CIAH;CI™ (bold lines, designated “total”) are decomposed into
the relative energy of the “box” of substituent CI-H;—Cl~™" (red dashed lines) plus the interaction between
this “box” and the central atom A (blue dashed lines). Furthermore, the relative energies of CI-C—Cl™™ (left)
and CI-Si—Cl™™ (right) are indicated (black dashed lines). Vertical lines indicate the energy minimum for the

corresponding energy curve.

is, of course, greatly increased if the central atom is intro-
duced into the overall CIAH;Cl™ systems (bold black lines
in Figure 6). This is due to CI—C or CI-Si repulsion (in addi-
tion to the CI-H repulsion), which destabilizes the interac-
tion between the central atom and the axial substituents at
shorter distances (blue lines in Figure 6). Thus, steric factors
prevent the box of substituents from getting more compact
than in either 1a or 2a, even in the absence of the central
atom, yielding substituent boxes of very similar geometrical
dimensions for both carbon and silicon (see Figures?2
and 4).

The optimum “box size” of the silicon species (Figure 6,
right) is more or less the same for the isolated box
Cl-H;—CI™ (red vertical line), for the interaction of A™ +
Cl-H;—CI™™, and for the overall system CI-SiH;—CI~ (black
vertical line). Interestingly, it is also more or less the same
for the Cl-Si—Cl™™ species (dashed black vertical line).
Thus, both steric factors and Si—Cl bonding interactions
(“electronic factors”) favor a substituent box of approxi-
mately the same size leading to a stable symmetric structure
2a for CISiH,CI".

The situation is qualitatively different for the carbon spe-
cies (Figure 6, left). The optimum “box size” is still more or
less the same for the isolated box Cl-H;—Cl™™ (red vertical
line), for the interaction of A™ + CI-H;—Cl™™", and for the
overall system CI-CH,—Cl™~ (black vertical line). Strikingly,
although in agreement with the above analyses of the
CI-A—Cl ™ species, the optimum “box size” here is at much
shorter CI—Cl distances for the CI-C—Cl™™ species (dashed
black vertical line). We recall that the energy curves in
Figure 6 refer to symmetric ClI—Cl variation and not to local-
ization modes as shown in Figures 3 and 5. The consequence
of the counteracting tendencies in CI-CH;—Cl™ of having a
large CI-H;—Cl™ but striving for short C—Cl bonds in
CI-C—CI™ is that, if one lifts this symmetry constraint, the
C—Cl bonds localize while, simultaneously, the size of the
CI-H;—Cl ™ box is more or less preserved. In keeping with
this, optimization of the CICH;Cl™ structure la with a
frozen [Cl-H;—Cl] moiety but an unconstrained carbon
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tors”) favor shorter C—Cl bond
lengths leading to the localized
structure 1b for CICH;Cl ™.
The qualitative picture that
emerges from our MO analyses
is that the five substituents
form a cage or “box” CIH;Cl™
in which they are in mutual
steric contact (Scheme 2). The
central atom A can be viewed
as a “ball” in that box. Silicon
fits nearly exactly into the box and can bind simultaneously
to the top and the bottom (Scheme 2). This yields the hyper-

Si-Cl / A

Cl cl
H H

196 oI
ci cl

Q

Scheme 2. “Ball-in-a-box” model for five-coordinate carbon and silicon

valent CISiH;Cl™ with a trigonal bipyramidal structure. At
variance, the carbon atom is too small to touch both the top
and the bottom and it can thus only bind to one of them
(Scheme 2). This leads to a species Cl™+-H;CCl with one lo-
calized C—Cl bond, one long C—ClI contact, and a pyramidal-
ized CHj; unit.

We have generalized our findings for CICH;Cl™ and
CISiH;CI™ to other Group 14 central atoms (Ge, Sn, and
Pb) and axial substituents (F); the data are collected in
Table S1 of the Supporting Information. The Ds,-symmetric
moieties FCH;F~ and FSiH;F~ are a labile transition state
and a stable trigonal bipyramidal complex, respectively. In
good agreement with the above analyses, we again found
that the C—F bond length in Dj,-symmetric FCH;F~
(1.8538 A) is much longer than its intrinsic optimum as
given by the D_,-symmetric equilibrium structure of
F—-C—F ™ (1.5937 A). Furthermore, all of the heavier
CIAH;Cl™ analogues (A =Ge, Sn, Pb) have stable D;,-sym-
metric equilibrium structures, just like CISiH;Cl™. The A—Cl
bond lengths in Dj,-symmetric CIAH;Cl™ (2.4928, 2.6208,
and 2.7346 A for A=Ge, Sn, Pb, respectively) are quite
close to its intrinsic optimum as given by the D ,-symmetric
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equilibrium structure of CI-A—CI™ (2.4048, 2.5758, and
2.7184 A for A=Ge, Sn, Pb, respectively), which agrees
well with our analyses described above.

Finally, the ball-in-a-box model also stresses an important
difference between the issue of (non)hypervalence, in C
versus Si, and the issue of (anti)aromaticity, in benzene
versus 1,3-cylobutadiene. Both concepts deal with the pro-
pensity of a system to localize or delocalize bonds; however,
the question of whether a species is aromatic or antiaromat-
ic is a purely electronic problem (i.e. determined by bonding
orbital interactions)” whereas steric factors (i.e. Pauli re-
pulsive orbital interactions) play a key role in the question
if an atom has the capability to form stable hypervalent
structures with its substituents or not.

Nucleophilic substitution at carbon without a barrier: The
ball-in-a-box model further consolidates earlier reports that
highlight the steric nature of the central barrier in Sy2 reac-
tions."**® This has prompted us to carry out one additional
computational experiment. If steric congestion around the
central atom plays a prominent role, the central Sy2 barrier
should be lowered if we reduce the number of substituents.
Indeed, this is exactly what happens in the series of nucleo-
philic substitutions at carbon (Sy2@C) in the series of model
reactions shown in Equations (4a)—(4d).

CI- + CH,Cl — CICH, + CI- (4a)
Cl” + CH,CI' — CICH, + CI” (4b)
Cl” + CHCI" — CICH" + CI” (4c)
Cl- + CCI" — CIC™ + CI- (4d)

In reactions shown in Equations (4a)-(4d), the number of
equatorial hydrogen substituents in the transition structure
decreases from n=3 to 2 to 1 to 0 (for a, b, ¢, and d, respec-
tively). And, as expected, the barrier decreases systematical-
ly from 5.7 to 5.2 to 0.5 to 0 kcalmol™! (see Figure 4). Fur-
thermore, consistent with the systematic reduction in barrier
height, the C—Cl bonds in the symmetric transition structure
contract from 2.3516 (1a) to 2.1550 (6a) to 2.0523 (5a) to
1.9784 A (3a), as can be seen in Figure 4.

Conclusion

Based on quantitative MO theory, we have developed the
qualitative “ball-in-a-box” model for understanding why cer-
tain atoms A (such as silicon) can form stable hypervalent
configurations CIAH,Cl~, while others (such as carbon)
cannot. The qualitative picture that emerges from our MO
analyses is that the five substituents form a cage or “box”
CIH;CI™ in which they are in mutual steric contact (if the
substituents are forced at a closer mutual distance, they
begin to strongly repel each other). The central atom A can
be viewed as a “ball” in that box.
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Silicon fits nearly exactly into the box and can bind simul-
taneously to the top and the bottom. This yields the hyper-
valent CISiH;Cl™ with a trigonal bipyramidal structure. At
variance, the carbon atom is too small to touch both the top
and the bottom, and it can thus only bind to one of them.
To somewhat stretch the qualitative picture, one could say
that the carbon atom ball “drops” to the bottom of the box
(Scheme 2), leading to a Cl™---H;CCl species with one local-
ized C—CI bond, one long C—CI contact, and a pyramidal-
ized CH; unit. Our findings for CICH;Cl™ and CISiH;Cl™
have been generalized to other group 14 central atoms (Ge,
Sn, and Pb) and another axial substituent (F). The ball-in-a-
box model is supported further by the fact that the Sy2 cen-
tral barrier for nucleophilic attack by Cl~ decreases monot-
onically along the substrates CH;Cl, "CH,Cl, "CHCI, and
“CCL

In a sense, the ball-in-a-box model allows MO theory to
catch up with VB theory regarding the treatment and under-
standing of the phenomenon of hypervalence. It also nicely
integrates bonding orbital interactions (“electronic factors”)
and repulsive orbital interactions (“steric factors”) into one
qualitative model. This highlights the importance of the rel-
ative size of the central atom for the capability to form hy-
pervalent compounds.™ 1315
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