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Abstract: The ground states of the F;~ and Hs~ hypercoordinated anions are investigated and analyzed in
terms of valence bond structures by means of the breathing-orbital valence bond method. While Hs™ is
described reasonably well as the interplay of two major Lewis structures, H, + H™ and its mirror image, the
description of F3~ requires a further structure, of the type F*F~F*, which strongly stabilizes the trimer relative
to the dissociation products, and endows the F3;~ ground state with a predominant three-electron bond
character. It follows that the simple picture that is closest to the true nature of F5~ is a resonating combination
of F,~ + F*and its mirror image. This peculiarity of the F5~ electronic structure is at the origin of its preferred
dissociation channel leading to F,~ + F* rather than to the most stable product F, + F~, at high collision
energies. The three-electron bond character of F;~ is also the root cause for the failure of the Hartree—
Fock and density functional methods for this species, and for its strong tendency to artifactual symmetry-
breaking. As an alternative to the Rundle—Pimentel model, the origins of the stability of F3~, as opposed
to the instability of Hs~, CHs~, and other Sy2 transition states, are analyzed in the framework of valence
bond state correlation diagrams [Shaik, S.; Shurki, A. Angew. Chem., Int. Ed. 1999, 38, 586]. It is found
that a fundamental factor of stability for X5~ is the presence of lone pairs on the X fragment. The explanation
carries over to other trihalide anions, and to isoelectronic 22-valence electron hypercoordinated anions.

1. Introduction in the gas phase and in solution, while in the solid state both

Hypervalent compounds, defined as molecules or ions that SYmmetric and asymmetric structures are folfidas well as
violate the octet rule, are always challenging cases for simple Small deviations from linearity, because of crystal packing
models of chemical bonding, especially when they are strongly forces. The gas-phas0 K bond strength®(X,—X") of the
bound. In this context, halogens atoms are known to form Polyhalide anions have been measured using energy-re-
hypervalent anions of the typesX which are stable against solved collision-induced dissociation and amount to ca- 22
dissociation to X%+ X . Evidence for the existence of trifluoride ~ kcal/mol for Ck~,°> 29—32 kcal/mol for Bg~,> 29—32 kcal/mol
anion, i, has first been reported in 197&his anion has been ~ for I37,*** and 21-26 kcal/mol for k™. One remark rarely

observed in rare gas mattixand in the gas phasé. Other made about these bonding energies is how amazingly large they
trihalides anions, Gf, Brs~, and k-, have also been observed —are. For -, the averag 0 K bond strength of each formal hemi-
in the gas phasgjn solution®” and in the solid stat&8 The bond is 30 kcal/mol for a formal bond order of 0.5, not far

experimental structures of these anions have been determinedrom the 38 kcal/mol bond strength of a genuingdend!
by spectroscopic method8a9 11 They are linear and symmetric ~ More generally, one may wonder which driving force or phys-
ical interaction may cause a nonpolar, saturated, and already
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electron-rich molecule Xto attract a closed shell anion like
X~ and form with it a stable aggregate. While the stability of
other electron-rich aggregates such as FIdFBrHBr— can be
understood in terms of a predominant low-lying ionic structure
X~H*X~, no such ionic structure has a chance to play a major
role in X3~, and the Lewis representation ¥ F~ that has been
proposed for F is hardly convincing, in view of the large
ionization potential of fluorine.

Hypervalency in electron-rich systems is usually explained
in terms of the RundlePimentel modet>16This model, based
on simple molecular orbital (MO) theory, discards the early
Pauling’s proposal of a participation of d orbitals in terms of
an spd hybridization of the central atofi.Restricting the
reasoning to the three axial p orbitals that are involved irvthe

bonds, the three schematic MOs depicted in Scheme 1 are

formed in the linear complex. As the two lowest occupied MOs
are either strongly bonding or nonbonding igrXsome stability

is expected. This is of course a rough picture, which neglects
many factors among which the mixing of the highest occupied
MOs with the underlying 2s orbitals, which adds some anti-
bonding character to tHesy MO.18 The amount of such mixing,

as well as the repulsive interactions arising from the lower MOs
and their consequence on the stability af Yand isoelectronic
clusters, have been studied in detail by Hoffmadhmore
disturbing for the RundlePimentel model is its failure to
account for the instability of simple related systems, such as
Hs~ and CH™. H3™ is a transition state in the H+ H, — H;

+ H™ exchange reaction, lying 11 kcal/mol above the reactants,
and CH-, the transition state for the simplest mode|2S
reaction, lies some 50 kcal/mol over{H- CH4).1920To quote
Kutzelnigg?! “Whereas simple MO theory has no difficulty in
describing three-center, two-electron bonds such as thagfin H
problems do arise in the description of three-center, four-electron
bonds since for ki it incorrectly predicts a strong bond with
respect to Hand H". The failure of simple MO theory for ¥t

is not easy to understand.” One of the objectives of the present

work is to see if VB theory is more successful in this respect.
A number of theoretical studies of trihalide ani&f&-28 have
been published in recent years, the most numerous paper

(15) Hach, R. J.; Rundle, R. B. Am. Chem. Sod.951, 73, 4321.

(16) Pimentel, C. GJ. Chem. Physl1951 19, 446.

(17) Pauling, L.The Nature of the Chemical Bon8rd ed.; Cornell University
Press: Ithaca, NY, 1960; p 145.

(18) Munzarova, M. L.; Hoffmann, RJ. Am. Chem. So@002 124, 4787.

(19) Mditre, P.; Volatron, F.; Hiberty, P. C.; Shaik, S. I8org. Chem.1990Q
29, 3047.

(20) One might object that GH collapses to H + CH,4 because the central
CHjs gets pyramidal as the reaction coordinate goes from the transition state
to the reactants or products, leading to a hybridization of the axial central
orbital from pure p to sh However, some test calculations at the MP2/
6-31+G(d) level show that Ckf remains unstable against dissociation even
if the central CH fragment is held planar.

(21) Kutzelnigg, WAngew. Chem., Int. Ed. Endl984 23, 272, footnote 106.

(22) Novoa, J. J.; Mota, F.; Alvarez, 3. Phys. Chem1988 92, 6561.

(23) Ogawa, Y.; Takahashi, O.; Kikuchi, @.Mol. Struct. (THEOCHEM)998
424, 285.

(24) Danovitch, D.; Hrusak, J.; Shaik, Shem. Phys. Lettl995 233 249.

(25) Cahill, P. A,; Clifford, E. D.; Martin, J. CJ. Am. Chem. S0d.985 107,
6359.

dealing with the trifluoride anion alorf&-28 Interest about this
latter complex was stimulated by the amazingly difficult chal-
lenge that it poses to quantum chemistry, despite its relatively
small size. This molecule has an exceptional multireference
character, even larger than that of classical cases suchas F
FOOF?7 and is subject to strong symmetry-break?@he most
sophisticated calculation to date employs the orbital doubling
procedure, a classical means of resolving symmetry-breaking
instabilities, leading to an MCSCH# MP2 calculation with a
complete active space of 7 orbitals and 8 electrons (CAS(7,8)).
This calculation yields a bonding energy of 28.2 kcal/mol, while
a lower active space (CAS(6,4) MP2) gives a somewhat larger
value of 30.2 kcal/mot® An estimation of the large basis set
limit for a CCSD(T) calculation yields a theoretical window of
26+ 3.5 kcal/mol for the bonding energy All of these values
should be compared with the experimental value 24.2.5
kcal/mol obtained by adding ZPE corrections to the mea-
sured 0 K bond strength of £.28 In view of the moderate
convergence of present high-quality results, it is perhaps fair
to say that the definitive calculation oy Fis still to come.
Lower levels of calculations are inappropriate: different DFT
functionals (VWN, LYP, B-P, BLYP, PW) consistently over-
estimate theDg(F,—F~) bonding energy® yielding values
ranging from 45 to 78 kcal/mol. The B3LYP functional gives
a more reasonable value of 33.7 kcal/mol, but finds the two
dissociation products, g F~) and (R~ + F*), in the wrong
order? On the other hand, the HartreBock method severely
underestimates the £%X~) bond strengths for all halogefs.
Last, low orders of perturbation theory have been found to be
unreliable for the trifluoride aniof’. As will be seen below,
the poor performances of low theoretical levels as well as the
tendency of B~ to undergo symmetry-breaking artifacts can
be simply interpreted in valence bond terms.

One last intriguing feature of the trifluoride anion lies in the
observed branching ratio between the two competing collision-
induced dissociation pathways, reactions 1 and 2.

Fo —F,+F 1)

)

Although reaction 1 is energetically favored by the electron
affinity difference between ‘Fand F, (3.40 and 3.08 eV,
respectively?® at high collision energy with argon (25 eV),
reaction 2 predominates by a factor of 3Vhile a slight

F—F, +F

é)redominance of reaction 2 over reaction 1 has been explained

in terms of density of states at low collision energies (3 V),
we believe that the explanation does not hold for the much larger
predominance that is observed at high energies, in which case
diabatics effects are usually invoked: in such a case, the favored
dissociation product is the one whose electronic structure most
resembles that of the trimer’s ground state. Yet, it is clear that
a deep knowledge of the physical content of the Wave
function is needed before such an explanation can be put
forward.

(26) Sosa, C.; Lee, C.; Fitzgerald, G.; Eades, RChem. Phys. Lett1993
211, 265.

(27) Heard, G. L.; Marsden, C. J.; Scuseria, G.JEPhys. Chem1992 96,
4359.

(28) Mota, F.; Novoa, J. J. Chem. Phys1996 105, 8777.

(29) Blondel, C.; Cacciani, P.; Delsart, C.; Trianham, Fhys. Re. A 1989

40, 3698.
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The above intriguing features of the trifluoride anion re- By
quire a qualitative understanding of its electronic structure, and QQOC‘D@Q X7 Xe—eX
this can be achieved only with the help of a compact wave 1

function which, despite its compactness, incorporates the essen
tial ingredients that are required for a realistic description of

the ground state, and in particular electron correlation. Such o@O@D@ X~ X X'

requirements can be fulfilled in the framework of valence bond > Wy
(VB) theory, which has often proved to bring additional insight 2

relative to MO theory, by expressing wave functions from a -

more “chemical” point of view. We have therefore carried out B _

the study of the two dissociation channels gf Freactions 1 OQDQ(DQ X™ X" X

and 2, by means of the “breathing-orbital valence bond” method 3

(BOVB), a modern VB method that has been devised to _/

combine the simplicity and interpretability of the classical VB

description (only six VB structures here) with reasonable QQCDQ@Q Xt X x > W,

accuracy (the relation of the BOVB method with other formula-
tions will be discussed below$.In this line, our objective is to
provide some answers to the three following questions: (i) Why .

is the trifluoride anion, as well as other trihalide anions, so °®G>Q®° Xo_oX X-
stable, while H~, CHs~, and other transition states of nucleo-
philic reactions are not? (ii) Why issF so prone to undergo Y,
symmetry-breaking artifact, and why does it, more generally, ...
pose such a difficult challenge to quantum chemistry? (iii) Why
does it dissociate, at high collision energies, to the least stable°®®o Xe X7 X
product? 6
. Figure 1. Complete basis of VB structures for a four-electron, three-orbital
2. Theoretical Methods elgctronic systgm, illustrated on thg Fexample. Only the active electrons
The BOVB Method. The BOVB method is an ab initio computa- ~ and orbitals are represented.
tional method of valence bond type that has been devised to combine
the properties of interpretability and extreme compactness of the wave ionic or covalent. This is a fundamental difference between BOVB
function with reasonable accuracy of the calculated eneltjiéee wave and the GVB method, the latter dealing with covalent structures only
function is composed of a set of VB structures that forms a complete and allowing the orbitals that form a bonding pair to be delocalized on
and minimal set (a|so called Rumer basis) for the description ofa given several centers. The coefficients and orbitals of the VB structures are
electronic state. For thesX systems, the Rumer basis is composed of Optimized simultaneously, so as to minimize the total energy of the
six VB structures (see Figure 1). Among the electrons and orbitals, Multistructure wave function. During the optimization process, each
one distinguishes an active space, made of the orbitals and the electronyB structure is allowed to possess its specific set of orbitals, different
that are directly involved in the bond breaking/forming, from an inactive from one VB structure to the other. In this manner, the orbitals can
space where the orbitals keep the same occupancy throughout thdluctuate in size and shape so as to fit the instantaneous charges of the
dissociation coordinate. In thee"Ftrimer’ for examp|e’ the inactive atoms on which these orbitals are located. This SpeCIfICIty of the BOVB
space is composed of the nine lone pairs, while the active space involvesmethod ensures its accuracy by bringing some dynamic correlation to
four electrons and three orbitals: a pure atomic p orbital on the central the wave function, without increasing the number of VB configurations.
atom, and one hybrid orbital on each of the remaining atoms. In The BOVB method has a few levels that differ in hierarchy of
Hs, all of the electrons and orbitals belong to the active space. sophistication. Here, we use the most sophisticated level, referred to
Therefore, both £ and H;~ possess a three-electron four-orbital active as SD-BOVB. This level is characterized by two improvements relative
space. The Rumer basis of VB structures for such an electronic systemto the basic level: (i) the active doubly occupied orbitals of an ionic
is made of all of the possible arrangements of four electrons into three structure are split into two singlet-coupled singly occupied orbitals, so
orbitals, that can form a singlet state. These VB structures are illustrated @s to bring some radial correlation to the active electrons; (i) the lone
in Figure 1 for the active space ofF; and some comments about the pairs are allowed to be delocalized on the three fragments. This does
classifications of these structures will be given in the next section. The not change the physical meaning of the VB structures, but allows some
active space is treated at the VB level and its electrons are explicitly flexibility in the interactions between lone pairs. Last, in the idase,
correlated, while the inactive part of the molecule is described as a setfurther VB structures displaying occupied orbitals for Hor H, are
of doubly occupied orbitals, so that the correlation of inactive electrons added to bring some angular correlation. Previous experience has shown
and the active-inactive correlation are not explicitly taken into account.  Us that such VB structures are not entirely negligible in diatomic
An important feature of our VB calculations is that all of the active molecules such as#Liz, etc. Such structures have small coefficients
orbitals are strictly localized on a single fragment X, like in the classical and will not be considered in the analysis of the wave functions, but
VB method, so as to ensure a clear correspondence between the matheare important for improving the accuracy of the calculated energies.
matical expressions of the VB structures and their physical meaning, Note that analogous structures do not existdn Because the orbital
system of this species is saturated.
(30) (a) Hiberty, P. C.; Humbel, S.; Byrman, C. P.; van Lenthe, JI.khem. Basis Sets and GeometriesThe capability of BOVB to provide
2%?{11,33341&]{ ?ggg%%{*ﬁbig;%y%%."I"L“/l”c;gg'r*nsé?l ggg'ﬁ%g};ﬁgﬁfk reasonable geometries has been proven in a number of test cases in
Theory and Applications in Organic ChemistBavidson, E. R., Ed.; World the pas€® However, it has become a standard, in BOVB applications,

gcilen{i/ficli Rivelr3 Edéa@r,hNJ,gW; pp 58?67'-5‘(;1) Eliber‘ty' F’-AC.;tShdaiK to optimize and characterize the geometries by means of MO-based
. In Valence bBon eorycooper, D. L., . sevier: msterdam, . . .
2002; pp 187-226. (€) Hiberty, P. C.; Shaik, Sheor. Chem. Ac@002 computational methods, for the sake of saving computer time. The

108 255. electronic states are then recalculated and analyzed at the BOVB level.
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In accord, all geometries were optimized at the UMP2 level of cal- 7N 7\
culation (second-order MglleiPlesset perturbation theory in its spin- ~ We*=Xs (X.".X) (X X) o X=W,
unrestricted formalism) by using a gradient technique and the standard L -

6-31++G(d,p) basis set. Calculations of vibrational frequencies, carried
out at the same computational level, showed that for all molecules true
minima were obtained, except the Hrimer, which is found to be a
transition state as expected.

The BOVB calculations for & have been done using the same "
6-31++G(d,p) basis set, whereas forHthe correlation-consistent -
aug-cc-pvdz basis set was taken, because this basis set involves diffus ’
p functions for hydrogen, an essential condition for accurate energetics
to be obtained when the molecular system contains some negatively
charged hydrogen atoms.

Population Analysis. To better compare the relative importance of i
the various VB structures inH and k-, the normalized squares of ' L/
the coefficients are considered and referred to as “weights” in what -— -
follows, rather than the coefficients themselves. For, Ehe population Wr=Xo + (Xo—X) (Xe—eX) + X = Wp
analysis and the calculation of energies are performed in the same basit -
set. For H-, the presence of diffuse s and p functions on atoms that X wllX-X X--X-X X-Xull.X
are very close together poses some problems, as the local character ofigure 2. General VBSCD diagram for the identical nucleophilic exchange
such basis functions becomes absurd. Therefore, the cc-pvdz basis se ,_ X = [XoXeoX] 7 = X 4 X
which is devoid of diffuse functions, is used to perform the population
analysis of H~.

For a description of the reacting system in terms of the
Software. The Gaussian 98 series of progrdhtsas been used for products’ and reaCtantS_, _StrUCture_S’ structdres would form

all calculations of Mgllet-Plesset and density functional types. The the necess_ary and sufficient .baSIS set. Howey_er, the complete

ab initio valence bond calculations were performed with the XMvB Rumer basis of the X cluster includes the additional structure

program?® 6, which must therefore be included in the VB calculation.

Structure6 is special in that it does not display any bonding

3. Predictions of Qualitative Valence Bond Theory interaction, neither covalent nor ionic. As this structure belongs

The VB Description of F3~ and Hs~. The six VB struc- neither toWr nor to We (eq 4), it has a zero coefficient in the
tures that form a complete set fogX(X = H, F) are shown in VB wave function of the reactants or products in reaction 3.
Figure 1. On the other hand, structuinteracts, by virtue of nonzero

Here, the orbitals are either the 1s atomic orbitals of hydrogen overlap, with1—5 in the geometry of the cluster, and may
atoms, or the axial p atomic orbitals of fluorine, the lone pair consequently stabilize thesX intermediate. As will be seen,

orbitals being left aside. In what follows, the trimegXwill and despite its apparently marginal character, strugiusd|

be considered as an intermediate, or transition state, in theplay a prominent role in differentiatingdd from Xz~ anions.

identical exchange reaction 3: Whether or not this particular structure needs be included in
qualitative studies of nucleophilic reactions ogXsystems,

X~ 4+ X=X = [X--X--X] "= X=X + X~ ©) according to the nature of the constituent atoms, will be
discussed below.
In Figure 1,1 and 5 represent fully covalent (also called The main advantage of representing reactions in terms of VB
Heitler—London) structures, in which the electrons that make configurations is the unique insight that it brings into reactivity
the bond are singlet-coupled, whi® 3, and 4 are ionic problems. This is the object of the valence bond state correlation

structures. Actually, even a homopolar bond that links together diagrams (VBSCD) of Shaik and Pro¥s*
two identical fragments is never fully covalent, but incorporates ~ The Valence Bond State Correlation Diagrams.The
some minor ionic terms. Thus, the so-called “Lewis structure” VBSCDs apply to the general category of reactions that can be
W, that represents the reactants in reaction 3 is a variationally described as the interplay of two major Lewis structures, that
optimized mixture ofL, 2, and3 as in eq 4, while the products’  of the reactants and that of the products. One such diagram, as
Lewis structuré¥p is an analogous combination 5f4, and3. applied to the particular case of the identical nucleophilic
reaction 3, is shown in Figure 2. The diagram displays the
W,o=C,)(1) +Cx(2) +C4(3); C,=C;<C, (4a) ground-state energy profile of the reacting system (black curve),
as well as the energy profile of each Lewis structure as a
W,=C,5) +C,4) +Cy3); C,=C,<C; (4b) function of the reaction coordinate (dotted blue curves). Thus,
starting from the reactant's geometry on the left, the Lewis
structure that represents the reactant’s electronic state has

(31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, (32) Song, L.; Wu, W.; Mo, Y.; Zhang, QXMVB-01: An ab initio Nonor-

K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, thogonal Valence Bond ProgranXiamen University, Xiamen 361005,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; China, 2003.

Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; (33) (a) Shaik, S. S1. Am. Chem. S0d.981, 103 3692. (b) Pross, A.; Shaik,
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, S. S.Acc. Chem. Resl983 16, 363. (c) Shaik, S.; Hiberty, P. QAdv.
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Quantum Chenil995 26, 100. (d) Shalik, S.; Hiberty, P. C. Fheoretical
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, Models of Chemical Bondind/laksic, Z. B., Ed.; Springer-Verlag: Berlin-
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_; Heidelberg, 1991; Vol. 4, pp 26922. (e) Pross, A. ITheoretical and
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head- Physical Principles of Organic Reaeify; John Wiley & Sons: New York,
Gordon, M.; Replogle, E. S.; Pople, J. Maussian 98 revision A.6; 1995.

Gaussian, Inc.: Pittsburgh, PA, 1998. (34) Shaik, S.; Shurki, AAngew. Chem., Int. EA.999 38, 586.
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the lowest energy and merges with the supersystem’s groundTable 1. Weights of the VB Structures for the (X~ + Xz) and X3~
state. Then, as one deforms the supersystem toward the productSYStems X = H. F)

geometry, the latter Lewis structure gradually rises in energy 1 2 3 4 5 6
and finally reaches an excited stal&* that represents the H™+H; 0.936 0.032 0.032
Lewis structure of the reactants in the products’ geometry. Note F tF2 0821  0.090  0.090

. % . . . Hs~ (VvB-5)2 0.423 0.010 0.134 0.010 0.423
that in Wp*, the isolated X atom on the right has a single F-(VB-5)2 0444 0009 0094 0009 0.444

electron, while the two X atoms that are close together forman H,- (vB-6)> 0438 0.009 0.097 0.009 0.438  0.009
X2~ anion. A similar diabatic curve can be traced fr&fg, the Fs~(vB-6) 0336 0006 0062 0006 0.336 0.256
Lewis structure of the products in its optimal geometry\Pgr,

the same Lewis structure in the reactants’ geometry. Conse-
quently, the two curves cross somewhere in the middle of the

diagram. The crossing is of course avoided in the adiabatic and K~ are very close to each other (38.2 and 30.2 kcal/mol,
ground state, because of the resonance enBrgyat results  respectively), the gaf in the VBSCD is extremely small for
from the mixing of the two Lewis structures. The barrier is thus X = F, only 8 kcal/mol (0.35 eV), thus leading to the qualitative
interpreted as arising from an avoided crossing between two prediction of some stability of F relative to F + F~. Equation
diabatic curves, which represent the energy profiles of the VB g explains the stability of the other trihalide anions in a similar
structures of the reactants and products. Qualitatively speaking,way, with G values in the range 0-41.1 eV for Ck~, Brs™,
itis clear that the higher the crossing point (and thus the larger and k~. By contrast, the gaf for the H~ anionic system is
the quantityAE), the larger the barrieAE*. The height of the  certainly much larger: khas a bonding energy of 109.5 kcal/
crossing point is, on its part, proportional to the energy@ap  mol, and B~ is unbound. This might lead one to conclude that
which is a fundamental parameter of the diagrams. Thus, largeG js larger thanDe(H5) in this case; however, the estimation
G values correspond to high barriers, mediug values may be refined. b is actually a transient species, lower in
correspond to low barriers, and sm&l values lead to the  energy than H+ H-, however unstable because this species is
prediction of negative barriers, that is, stable intermediates. higher in energy, in its equilibrium geometry, than neutral H
How does one estimate the parame&* This quantity is  As a consequence, trying to calculatg Kvithin MO theory is
nothing else but the promotion energy that is required to go difficult, because the highest occupied orbital, when optimized,
from Wg to Wgr*. For nucleophilic reactions (liken2 reac-  tends to get infinitely diffuse so as to mimic neutral With an
tions or reaction 3)G is readily estimated as the ionization infinitely distant extra electron. Now this problem disappears
potential of the nucleophile, minus the electron affinity of the if one uses VB theory (because of the very different natures of
substrate, eq 5: the H, and H~ VB wave functions), so that the stabilization of
3 the transient [HIH]~ species relative to H+ H~ can be
G=I1P(X") — EA(X)) (%) estimated to 13.5 kcal/mol at the SD-BOVB level. Therefore,
. . i the gapG amounts to 96 kcal/mol for reaction 3 with % H,
Ideally, one should use the vertical electron affinity ofiX eq typically in the region of reactions displaying barriers. We note

5. However, for qualitative purposes, what matters is not an yhat the broad lines of the above explanation for the contrasted
exact estimation, but rather an estimation that follows the samepapavior of H- versus %~ have been proposed as early as

tendencies as an exact one in a series of reactions, and if possiblg gg 4 by Shaik and B& The testing of the validity of the

related to experimental quantities. Therefore, for the sake of ,5jitative model by quantitative calculations now remains.
dealing with easily accessible experimental values, the adiabatic

electron affinity is usually employed in eq 5. 4. Results of the BOVB Calculations

In the particular case of an identity exchange reaction such  E|actronic Structures of Hs~ and Xs~ in Terms of
as reaction 3G may be expressed differently if one considers giryctures 1-5. Let us consider, in a first step, thesHand
that the transition fron¥'s to Wr* can be the outcome of the £~ gystem as mere combinations of the reactants’ and products’
following thermodynamic cycle: Lewis structurestWr andWp, in reaction 3. Thus, while H+
H, and F + F, are described in terms of structures3, the
wave functions of B~ and R~ are variationally optimized
B 3 3 mixtures of structure$—>5. This level of calculation is referred
X+ X+ X = [XOX] +X5 AE=-D(X;) (7) to as VB-5 in what follows.

The calculated weights for the various VB structures ef H
F,, H3~, and B~ are displayed in Table 1. As expected, &hd
F, are best described as mainly covalent, with minor but
nonnegligible contributions of ionic structurdsnd3. Although
F, is slightly less covalent thanithe VB description of both

Previous experience of the VBSCD (e.g., in the series of molecules is essentially_the same.
radicals %)% has shown us that the stable;Xand X Structures? and4 practically vanish in H~ and k™, because

symmetric clusters are expected when the @ap smaller than of the four-electron repulsion arising from the proximity of two
2—3 eV. With this order of magnitude in mind, applying eq 8 negative charges in these structures. On the other hand, the

- s vy
to the R~ case is illuminating: as the bonding energies of F WeIght of the alternated ionic structurg (X“X7X7) is
significant but not overwhelming, and remains lower than that

aCalculations involving structures—5 only. b Calculations involving
all structuresl—6.

X"+ X, X +X+X AE=D(X,)  (6)

There follows a new expression f@, that will be more
appropriate for the present study:

G =D¢(X) — DX;) 8)

(35) Shaik, S. S.; Hiberty, P. C.; Ohanessian, G.; Lefour, JxNPhys. Chem
1988 92, 5086. (36) Shaik, S. S.; Bar, RNow. J. Chim.1984 8, 411.
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Table 2. Calculated VBSCD Parameters for the Identity
Nucleophilic Exchange Reaction 3

G AE (VB5)P  B(VB-5)P  AEF(VB-E)  AE (VB-6)
Hiz~ 88.4 (146.6) 59.5 41.6 17.9 11.8
Fs~ 5.8 (74.8) 35.9 38.9 -3.0 —-31.3

a Adiabatic values (vertical values)Calculations involving structures
1-5 only. ¢ Calculations involving all structures—6.

of the covalent structuresand5. Moreover, structur@ is not
more important in F~ than in H~. The tentative explanation
of the stability of B~ by an important ionic structure F"F-
is thus ruled out. All in all, at the VB-5 level, the trimergH

and ki~ resemble each other very much in terms of electronic

structures.

Calculated VBSCD Parameters.The calculated values of
the G, AE., B, and AE¥ VBSCD parameters for the #4 and
Fs~ systems are displayed in Table 2. The promotion en&gy
is calculated as the difference between the energyRbdf
(involving structuress and 6) and the energy oR (involving
1-3). The energies of the crossing poigt, as well as the
avoided crossing enerdd; are naturally calculated at the VB-5
level, involving structured—5, because the two crossing curves
Wg andWp involve structured—3 and3—5, respectively. Last,
the reaction barrieAE* is calculated at both the VB-5 and the

having only a corrective effect on the trimer's electronic
structure, it has a much larger weight igr0.256, practically
as large as the reactants’ and products’ structures. The non-
bonded structuré is therefore an essential ingredient of the
electronic structure of §, which stabilizes it by as much as
28 kcal/mol relative to the VB-5 level. By contrast, structére
stabilizes H~ by only 6 kcal/mol.

At the VB-6 level, our final value for the ¥ barrier, 11.8
kcal/mol, compares well with the theoretical estimate oft11
0.5 kcal/mol arising from accurate calculaticis® Our value
for the iz~ dissociation energy, 31.3 kcal/mol, is slightly outside
the experimental window, but close to the best calculation to
date?® This CAS(7,8)+ PT2 calculation yielded a value of 28
kcal/mol in the TZP- basis set. Moreover, reducing the size of
the basis set from the TZPto the DZPt+ basis set increases
the bond energy by 1 kcal/mél.Thus, our calculated value
should be compared to a theoretical estimation of 29 kcal/mol
in a basis set comparable to ours. In this context, the BOVB
performance is correct in consideration of the difficulty of the
F3~ system and the extreme compactness of the wave function.
Be it as it may, theAE* values provided by the VB-6 level
show that a simple description of thegHand Fz~ systems in
terms of six VB structures captures the essence of the electronic
structures of these molecules and should allow a deep under-

VB-6 levels for comparison. All calculations are done with the standing of their peculiar properties.

SD-BOVB method.

The Two Dissociation Channels of E~. The dissociation

The calculated adiabatic values for the promotion energies Pathways leading tof+ F~ and to i~ + F, reactions 1 and

G amount to 88.4 and 5.8 kcal/mol, respectively, for the H

2, are rather different because the former starts with an anti-

and K~ systems, close to the experimental (or mixed experi- Symmetric stretching of the trimer, while the latter starts with
mental-theoretical) estimations of 96 and 8 kcal/mol mentioned & Symmetric stretching, the-f bond in the three-electron-
above. The verticaG values are of course much higher, 146.6 bonded species,F being longer than the FF bond in the
and 74.8 kcal/mol, respectively, but display the same tendencies frimer. In accord, the two reactions will be represented by two

Whichever set ofs values one prefers to deal with, adiabatic

distinct VB diagrams, Figures 3 and 4. For thg Hsystem,

or vertical, both sets predict the energy of the crossing point to Only reaction 1 will be considered (Figure 5) because I$

be higher for H~ than for i~, in agreement with the calculated

AE. values displayed in Table 2 (59.5 and 35.9 kcal/mol,

respectively). The resonance enerddearising from the mixing

unbound.
For the sake of getting better insight, it is interesting to gather
the various VB structures into two distinct diabatic states. The

of the diabatic curves, are comparable for both systems, so thaffir'st one is defined as a combination of structurss,

the barrierAE* for reaction 3 is much larger for H than for

variationally optimized at all points of the reaction coordinate.

Fs;-, the latter being negative, as postulated in qualitative AS this state represents a combination of two-electron-bonded

applications of the VBSCD. However, the quantitatis&E*

Lewis structuresWr andWp (eq 9), it will be referred to as

values are far from being correct at the VB-5 level. The cal- ¥(2-e).

culated barrier for the gt exchange amounts to 18 kcal/mol, a

rather high value as compared to the estimated barrier of ca.

11 kcal/mol¥7:38 As for Fs~, being calculated to lie only 3
kcal/mol below F, + F~ at this level, its stability is severely

underestimated relative to experimental data or accurate calcula

tions. It emerges from the VB-5 study that, if theHsuper-

system may be described roughly as the interplay of the
reactant’s and product’s structures, this description is qualita-

tively inadequate for X, which requires the inclusion of the
complete set of VB structure$—6, in the BOVB calculation.
This level is referred to as VB-6 in what follows.

Full BOVB Calculations Involving Structures 1—6. The
effect of including structure6 in the calculation can be

appreciated first by considering the weight of this structure in
the trimers (Table 1, entries 5 and 6). While this structure has

a marginal weight, 0.009 in #4, and can be considered as

(37) Keil, F.; Ahlrichs, R.J. Am. Chem. Sod.976 96, 4787.
(38) Stak, J.; Meyer, W.Chem. Phys1993 176, 83.

W(2-e)= X—X X~ < X~ X—X 9)

The other diabatic state¢(3-e), will be the optimized

combination of structures, 5, and6. As such, and despite the

fact that it shares some common structures Wiit2-e) (L and
5), it may be considered as the resonating combination of two
three-electron-bonded combination$,<¢ 6) and 6 < 6), as
expressed in eq 10:

Y (3-e)= X" [XOX] < [XOX] X° (20)

Let us first consider the dissociation o Fby reaction 1,
Figure 3. On the left-hand and right-hand sides of the diagram,
the geometry of the supersystem corresponds to the equilibrium
geometry of |, with an F anion being far apart. In this
geometry, the Fbond length, 1.434 A, is much shorter than
the optimal bond length for anH three-electron bond, so
thatW(3-e) is much higher in energy th&#(2-e). On the other

J. AM. CHEM. SOC. = VOL. 126, NO. 45, 2004 14895



ARTICLES

Braida and Hiberty

E (kCal/mol)

60 v

50 - .

1.43

F-F

. P

Figure 3. VB diagram for the reactiond — F, + F~, channel (1). Black full curve: ground state. Red and blue dotted cu/¢3:e) and¥(2-e) diabatic

states.
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Figure 4. VB diagram for the reaction#& — F,~ + F*, channel (2). Black full curve: ground state. Red and blue dotted cur¥é8:e) andW(2-e)

diabatic states.

hand, the situation is reversed in the middle of the diagram.

For this geometry, which is the optimal geometry of the F
trimer, with an F-F bond of 1.739 A, the diabatic staé(3-e)
is so much stabilized that it lies beloW(2-e), which means
that W(3-e) is closer tharP(2-e) to the true nature of thesF
ground state. In other words, the type of bonding that links
together the three atoms iR Hs closer to a three-electron bond
than to the classical two-electron-F bond.

The dissociation of £ through channel (2) displays quite a
different type of diagram (Figure 4). Of course, the ordering of

and right extremities). This is because the reaction coordinate,
at these points, now displays a long-F bond (1.916 A),
corresponding to the optimum bond length ofJJF] -, and
this geometry destabilizes so much the two-electreifbond
that the (R + F~) state lies higher than ¢F + F*). As a
consequencey(3-e) remains lower thakV(2-e) at all points
of the diagram, meaning thagFdissociates smoothly by this
channel without drastically changing the nature of its electronic
structure.

Still another type of diagram is encountered with the

the diabatic states is the same as that for reaction 1 (Figure 3)dissociation of H~ through channel (1) (Figure 5). This time,

in the middle of the diagranmif’(3-e) lying belowW¥(2-e). On

it is the two-electron-bonded diabatic st&¥¢2-e) that remains

the other hand, the ordering of states is reversed relative tothe lowest one at any point of the diagram. THES-e) diabatic
reaction 1 on the reactant and product sides of the diagram (leftstate, albeit being close #(2-e) in the middle of the reaction
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Figure 5. VB diagram for the reaction # — H, + H™. Black full curve: ground state. Red and blue dotted cun/&$3-e) and¥(2-e) diabatic states.

coordinate, mixes with it only marginally as can be judged by VB study that 5~ is stable for two reasons. The first reason,
the rather small stabilization (6 kcal/mol) arising from this that reveals itself in the framework of a simple (and incomplete)
mixing. Thus, unlike the & case, the VB analysis of thesH description of 5~ in terms of two Lewis structures, lies in the
dissociation gets back to a picture that is close to common smallness of th& parameter (eq 8) in the VBSCD. The second
wisdom for an identity exchange reaction, with a transition state reason is related to the large and very stabilizing contribution
described as a resonating mixture of the reactants’ and products'of structure6 (or three-electron-bonded forms) in the ground
VB structures. state of the trimer. Now why is three-electron bonding competi-
tive in the ks~ system, and not in §? We believe that the
answer lies in the peculiar nature of the two-electron bond in
The valence bond reading of the electronic structurezof F F,. As has been shown elsewhéfer, is the site of a very
provides an explanation for the preference of reaction 2 over important lone-pair bond weakening effect (LPBWE), due to a
reaction 1 as the major dissociation channel, which, we recall, repulsive interaction between lone pairs and between the lone
does not lead to the most stable product. It is common pairs and the electrons of thebond. As a consequence of these
knowledge that, for endothermic reactions leading directly to repulsions, FF is in fact a “stretched” bond relative to the
the products through a monotonic potential surface (without optimal bond length for covalent coupling. To better appreciate
transition states), the preferred reaction channel is governed bythis stretching, we correlated the bond lengths to the atomic
thermochemistry at low collision energies, while at slightly radii in the series fX—XH, of two-electron bonds (X=
higher energies the branching ratio is ruled by considerations Li—F, n = 0—4) 3¢ The correlation is strictly linear from Li to
of densities of states. However, at much higher energies (e.g.,N, but deviates from linearity for the HOOH and F-F bonds.
25 eV in Tuinman’s experimeng)diabatic effects become  For this latter bond, extrapolating the straight line would yield
predominant, favoring the dissociation product that most closely a bond length of ca. 1.22 A, to be compared with the real value
resembles the ground state of the starting molecule, in terms ofof 1.412 A. This important stretching has two consequences:
electronic structure. Now the simple picture that is closest to (i) the F—F two-electron bond is weak, and this weakness is
the iz~ ground statelP'(3-e), is precisely made of the dissocia- responsible for the low value of ti@ parameter of the VBSCD,
tion product of reaction 2 and its mirror image. according to eq 8; (ii) the LPBWE and the corresponding
The quantitative VB calculations also provide an explanation stretching effect are also at work in the trimer, to the extent
for the contrasted natures, stable versus unstable, of 4he F that the F-F interatomic distance, insF, approaches the bond
and H;~ stationary points. The predominance of structure$ length at which the three-electron bond is optimal. This explains
in the description of B~ demonstrates that the corresponding why the diabatidP'(3-e) state gets lower thaH(2-e) and plays
identity exchange reaction can be described as the interplay ofsuch an important role in thesFtrimer, while three-electron-
two major Lewis structures, that of the reactants and that of the bonded forms remain very minor ingkl All in all, the stability
products. On the other hand, thg Fsupersystem departs from  of F5;~ is therefore related to the LPBWE, an explanation that
this simple picture, in that the two-structure representation must carries over to the other trihalide aniong™X(X = ClI-1), as
be significantly corrected, in the middle of the diagram, by the well as isoelectronic 22-valence-electron anions{SeAs;’~,
strong stabilizing effect of the nonbonded structrevhich
belongs neither to the reactants nor to the products. The stability(39) (a) Sini, G.; Méare, P.: Hiberty, P. C.; Shaik, S. S. Mol. Struct.
of F3~, as opposed to the UnStability ofH must be examined (THEOCHEM)1991, 229 163. (b) Shaik, S. S.; Mae, P.; Sini, G.; Hiberty,

. . .. L P. C.J. Am. Chem. S0d.992 114 7861. (c) Lauvergnat, D.; Hiberty, P.
at the light of this peculiarity. It emerges from the quantitative C. J. Mol. Struct. (THEOCHEM)L995 338 283.

5. Interpretation of the Results
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etc.)!® Thus, it is the presence of lone pairs on the X atoms interesting test case for the BOVB method, which yields
that explains the stability of thesX trimers against dissociation  reasonable dissociation energies for the two dissociation chan-
to Xz + X~, while H3~, CHs~, or other weakly polar & nels that are considered, despite the extreme compactness of
transition states are unstable. the wave function that involves only six VB configurations.

Let us now turn to the computational difficulties that are While Hs~ belongs to the category of systems that may be
associated with the trifluoride anion. As has been segnhés described as the interplay of two major VB structures, that of
a strong three-electron-bond character, as demonstrated by th@,o reactants and that of the products; Boes not. For this
major contribution of¥'(3-e) (eq 10) to its ground state. NOW  qygtem an additional nonbonded structure, that plays a role only
three-electron bonding energies have been shown to be strongl)fn the trimer, is of fundamental importance and endows the
underestimated at the HartreBock level, and to be systemati- ground state of & with a predominant three-electron bond

cally gvere?tlBr?_'aLt:e(g byh_cEr_rent fD'iT fltmICt'_O hals (V\t(gh the character. This specificity explains the failure of the Hartree
exception o , which is unfortunately inaccuratéjn Fock and DFT methods to describe this anion, as well as its

accord, the dissociation energies gf Foward i, + F (reaction strong tendency to undergo artifactual symmetry-breaking.

1), are also underestimated at the HartrEeck level, and
Another consequence of the three-electron bond character of

overestimated at the various DFT levels. . : : She
One final remark is in order about the strong tendency of 3 is that the electronic stucture of this anion is closer to the

Fs~ to undergo symmetry-breaking even in large-scale MCSCF least stable dissociation products, F+ F*, than to the most
computationg® This is, we believe, once again related to the Stable products, &7+ F~. This is the reason why, at high
major three-electron-bonded nature of the trimer’s ground state. collision energies (25 eV),# is found to dissociate predomi-
Indeed, it is known that three-electron bonds are subject to Nantly to the least stable products.

symmetry-breaking beyond a specific critical distatie®.For The reason for the stability ofsF, as compared to the
F,~, this artifact takes place even at equilibrium distance. Of instability of Hs~, CHs~, or other &2 transition states, is two-
course, it is easy to impose the symmetry of the wave function fold. On one hand, the fact that the three-electron bondin F

if F,~ is calculated alone, but this is impossible if the Entity is almost as strong as the two-electron bond jrésults in a

is flanked by a neighboring F atom as is the case in hie F very low parameterG in a valence bond state correlation
trimer. Therefore, each (F+ FUF") entity that composes  diagram of the dissociation reaction, resulting in a negative
W(3-e) in eq 10 undergoes a local symmetry-breaking that is barrier as predicted by this model. On the other hand, the
difficult to solve, unless costly techniques such as orbital nonbonded structure that is responsible for the three-electron
doubling are employetf. This problem does not occur within - pond character of the trimer has a very important stabilizing
the BOVB framework, which is, by nature, free from the gffect in R, to be compared with a very weak one inH
symmetry-breaking artifact The two reasons are related to the stretched character opthe F
6. Conclusion bond, itself related to the presence of lone pairs. The stability
of the other trihalide anions as well as that of other 22-valence-
electron anions is explained the same way. Thus, it appears that
the presence of lone pairs on the X fragment is a fundamental
factor of stability for an X%~ hypercoordinated anion.

The K~ and i~ hypercoordinated anions have been studied
in the ab initio valence bond framework, by means of the BOVB
method. In view of the difficulties that are usually encountered
in the theoretical description of sF, this molecule is an

JA046443A
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