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Abstract: The stability of OOO, NON, SOS, POP, and SiJSi three-electron bonds in anionic radicals
isoelectronic to dihalogen radical anions is studied by means of ab initio calculations on model systems.
The difficulty of generating the dissociation energy profiles of such anions and their rearrangement to neutral
species is solved by a practical method which consists of calculating the neutral and anionic energy profiles
separately and shifting the curves with respect to each other to match the experimental energy gap between
the asymptotes. Here the neutral and anionic reaction profiles are calculated at the CASPT2 and MP2
levels, respectively. The calculations predict that the OO bond is likely to be observed in anions of the
type [ROOOR]~, where R is any alkyl substituent or carbon chain. The anion Si;Hs*~ is found to be a
metastable species, with a fair barrier to electron detachment. The barrier is much smaller for N,H4*~ and
P,H,~, thus precluding experimental observation. However, these species can be stabilized by electron-
attractor substituents, the effect of which can be quantitatively estimated by means of the parent anion’s
diagrams and some fast complementary calculations. An example is given with the [CFsHNONHCF;]*~

anionic complex.

|. Introduction

Two-center three-electron (2c-3e) bonds can be encountere
in many different areas such as free-radical chemistrig-
chemistry? intrazeolite photochemistd# and bioinorganic
enzymology?® Three-electron bonds are preferentially observed
in cations, but can also be detected in nedtf@l and
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anioni@10.13-20 adducts. Such molecules are held together by a
Jqhree-electron interaction (notéd), also called a* bond, in
which one bondingr molecular orbital (MO) is doubly occupied
while the corresponding* antibonding MO is singly occupied,
leading to a net bond order of 0.5 and to a bonding energy on
the order of 1 eV or more.

On the experimental side, all radical cation dimers of rare
gases of the type [RgRg]'t (Rg= He, Ne, Ar, etc.) are well
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documented and their bonding energies accurately known, onFCN~ and FNC~ have been studied at high ab initio levels of
the order of 25-30 kcal/mol (105-125 kJ/mol) or moré&~23 theory by Sommerfel® and found to possess weak three-
Quite logically, their isoelectronic analogues of the type electron bonds. On the other hand, the three-electron-bonded
[HoXOXHy*" have been shown, by means of ab initio conformation of the KHO,*~ radical anion has been shown to
calculationg*?° to be lower in energy than the dissociation collapse, with an extremely small barrier, to two stable isomers
products and to be stable except if they rearrange to even morewhich are best described as the electrostatic complexes

stable hydrogen-bonded isomers. As for the radical anions, the[HO---HO*] and [O~---HOH].44"47 This instability of the three-

series of halogen anionic dimers of the typeX]*~ (X, Y =

F, Cl, Br, |, ...) is also well-knowi!26-28 and one may wonder
whether the organic isoelectronic species (e.g.,[JB&},
[ROOOR] -, etc.) display some significant stability. However,

such anionic species have been the subject of much less
numerous experimental or theoretical studies than three-electron
bonded cationic species, if one excepts the case of the hydrogerbalsi

disulfide anion [HEISH]'~ and its substituted derivatives of
biological interest®3% Indeed, the disulfide linkage plays an
important role in determining the biological activity of numerous
proteins, enzymes, and antibiotics. The scission of th8 Bond

in RS—SR molecules can occur through one-electron reduction,

leading to a disulfide radical anion in equilibrium with the

dissociated species. Radical anions of sulfur-containing com-
pounds have been observed in the pulse radiolysis of cystine

and cysteaminé hydrogen sulfide, and mercaptafi$8 Ther-

electron-bonded conformation is due to the ease with which
one of the hydrogens can flip to form a hydrogen bond with
the oxygen atoms, which suggests that other species, of the type
[ROOORT~, might be stable.

The RHz~ and NH4~ systems have been studied by Simons
et al#849 at a rather high level of theory, CCSD(T) in large
s set including diffuse functions. HP®Hwas found to
exist as a dipole-supported state, but no valence state was found
for the three-electron-bonded isomerpl PH;]*~.48 Analogous
conclusions were drawn from the study ofHN*~.#° On the
other hand, the [E5ilJ] SiHz]*~ complex has been found to be
stable by Tada et at%at the MP2 level in a basis set involving
diffuse orbitals with optimized exponents. At variance with the
studies of Simons et &18*%a theoretical study of some radical
anions of the type [[XOYHq]*~ (X, Y =CI, S, P, Si, F, O,

mal and photochemical studies indicate that the sulfhydril radical N» C; N, m= 0, 2) by Fourfeet al>* has found some of these

and its anion form the complex,8,°~. Electron paramagnetic

anions to be stable at the level of density functional theory

resonance (EPR) studies emphasize the formation of this specie$PFT).including [HSIl) SiHg]*~, [HoPL PHJ*~, and [N NH;] ™.

in glassy matrixe¥3° and on magnesium oxid€. More
generally, disulfide anions are involved in protection mecha-
nisms for biological systems subject to ionizing radiations or
other forms of free-radical damadk.

Apart from this well-documented type of anionic radical, a
few other three-electron-bonded organic aniongq[FSH]~,

Such contrasting results illustrate the difficulties that are
encountered in the theoretical studies of three-electron bonding
in anions, among which are the (i) unstability of the energy
with respect to inclusion of more and more diffuse functions in
the basis set, (ii) adequacy of the orbitals arising from the orbital
optimization step for further electron correlation treatn#ént,

[FsCOSCH)* ) have also been suggested to be absolute minima (iii) general overestimation of three-electron bonding energies

or critical points on potential surfacésThe radical anions
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by DFT method$2 and (iv) size of the energy barrier to electron
detachment, which has been found by Sevin e?db be
extremely basis set dependent. These theoretical difficulties are
discussed in more detail in the next section, together with a
proposed strategy to overcome them, by means of a method
specifically relevant to the problem of three-electron bonding
in radical anions.

The aim of this work is to apply the proposed method to
study some model radical anions that are isoelectronic to
dihalogen anions and possible candidates for stability, namely,
[HsCOO OCHyJ*, [HaSi SiHgJ*~, [HoPC PHy)*—, and [HNL NHJ*
in addition to the well-known [HS SH]*~, and more generally
to predict which types of radical-anion association have a chance
to lead to stable or metastable species.

(43) Sommerfeld, TPhys Chem. Chem. Phy2001, 3, 2394.

(44) Schroder D.; Schalley C. A.; Goldberg N.; Hrusak J.; Schwa@h¢m—
Eur. J.1996 2, 1235.

(45) van Doren, J. M.; Barlow, S. E.; DePuy, C. H.; BierbaumJVAm. Chem.
So0c.1987 109, 4412.

(46) Humbel, S.; Demachy, I.; Hiberty, P. Chem. Phys. Letl995 247, 126.

(47) Hrusak, J.; Friedrichs, H.; Schwarz, H.; Razafinjanahary, H.; Chermette,

H. J. Phys. Cheml1996 100, 100.

(48) Skurski, P.; Gutowski, M.; Simons, J. Chem. Phys1999 110, 274.

(49) Skurski, P.; Gutowski, M.; Simons, J. Phys. Chem. A999 103 625.

(50) Tada, T.; Yoshimura, Rl. Phys. Chem. A993 97, 1019.

(51) Fourfel.; Silvi, B.; Sevin, A.; Chevreau, Hl. Phys. Chem. 2002 106

2561.

) (a) Noodleman, L.; Post, D., Baerends, El.Phys. Chenil982 64, 159.
(b) Brada, B.; Hiberty, P. C.; Savin, Al. Phys. Chem. A998 102 7872.
(c) Sodupe, M.; Bertran, J.; Rodriguez-Santiago, L.; Baerends JEPhys.
Chem. A1999 103 166. (d) Chermette, H.; Ciofini, I.; Mariotti, F.; Daul,
C. J. Chem. Phys2001, 115 11068.

(52



Stability of Three-Electron-Bonded Radical Anions ARTICLES

(@ (b)
Figure 1. Schematic dissociation energy profiles for arA neutral molecule and its anion [AA]*~. Re(3-e) andEe((3-€) are the equilibrium distance
and energy of the aniom\ is the electron affinity of the Aradical. (a) Stable or metastable anion. (b) Unstable anion.

Il. Qualitative Considerations and Computational or putting it in an infinitely diffuse orbital. This means that
Strategy the part of the three-electron curve that is on the left-hand side

In the elementary approximation of molecular orbital theory, of the crossing .point (dotteq line) is very much basis set
the formation of a three-electron bond between two equivalent 4€Pendent and, in fact, meaningless as far as bound states are

fragments may be modeled by the perturbative interaction of concerned (we do not consider here temporary anions which
the highest occupied molecular orbital (HOMO) of each display complex potential energy curves and cannot be studied

fragment?® The interaction leads to a bondiegMO which is with bound-state techniqu Therefore, the height of the
doubly occupied, and to a singly occupied antibonding/10. crossing point, relative to the three-electron interaction mini-
Taking the initial energy of the fragment's HOMO as the origin - MUM is a.crucial quantitylwhich determines the stability of the
(i.e., setting the traditionat parameter to zero in the extended radical-anion adduct and its barrigt to collapse to the neutral

Hiickel model), one obtains the simplified diagram given below, SPECIES. . . o
Figure 1b describes another typical situation, where the
o% L B minimum of the three-electron interaction can never be reached,
EET

because it is situated at distances shorter than the 2-e/3-e
crossing point. This situation is typical of theHsystem. As

one brings H and H together, the energy goes down until the
crossing point is reached, and then the electronic system expels
an electron and collapses to the iolecule. It is clear from

o i % Figure 1 that the energy gdpthat separates the two asymptotes
is a crucial parameter for the stability of the three-electron-
which shows that the three-electron bonding enefy3-e), bonded adduct. A large energy gap will lead to a diagram of
is a simple function o8, the overlap between the two interacting  type a, while small gaps are expected to correspond more likely
fragment's orbitals, and, the usual resonance integral ifi¢tel to situation b. As this gap is nothing but the electron affinity
theory (eq 1). (EA) of the neutral fragment A, there follows the general rule
that a significant electron affinity of A is a factor that favors
De(3-e)= (1 —39/1 g 1) the stability of the AJA*~ radical anion. This immediately

explains why all dihalogen anions[XX*~ are stable (EA(X)

Assuming thap is proportional to§ eq 1 shows that the three-  ~ 34 eV typically) while B~ is not (EA(H)= 0.75 eV), and
electron interaction is always stabilizing at any interatomic \yhy three-electron bonds are preferentially observed in cations,
distance such that the overl&ps smaller than 1/3, and simple  for which theA gap is always large, being equal to the electron
differentiation shows that the bond gets its maximum strength affinity of the cationic fragment.
for an optimal overlap valug: equal to 0.17. Now, since the From a theoretical point of view, the best way to estimate
interaction of an anion A bearing a lone pair, with the  he stapility of the AJA*~ adduct is to generate the complete
corresponding radical *As always stabilizing, why are some  qynd-state reaction profile, from the anionic system at long
AUA"" radical anions stable (e.g., the dihalogen anions) while istance all the way to the minimum of the neutralgbecies,
others are not (e.g., 4)? The explanation is schematically \hich has expelled an electron. Doing this by a unique
illustrated in the two diagrams of Figure 1, which display some  {hegretical method requires a computational level that correctly
typical dissociation energy profiles for a neutral diatomic pjaces the 3-e curve relative to the 2-e one, i.e., a method that
molecule 4 and its anion. _ _ yields good electron affinities, a quantity that is particularly

In Figure 1a, bringing together a radical A and an anion A jfficult to calculate in quantum chemistry (recall that DFT
from infinite distance leads to a stabilizing interaction and t0 @ methods, which usually perform well for calculating EAs, are

local minimum at a distancBe{3-e). Further shortening the ot adequate for describing three-electron b&#e& This
A—A distance makes the energy rise, until the anionic curve
(3-e) crosses the dissociation energy curve of the neutral (53) (a) Merkle, F.; Savin, A.; Preuss, B. Chem. Phys1992 97, 9216. (b)

_ B ; f Bally, T.; Sastry, G. NJ. Phys. Chem. A997 101, 7923. (c) Zhang, Y.;
compound A (2-€). At distances shorter than the crossing point, Yang, W.J. Chem. Phys1998 109, 2604. (d) Chermette, H.; Ciofini, .
the electronic system gains some energy by expelling an electron  Mariotti, F.; Daul,J. Chem. Phys2001, 114, 1447.
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would necessitate the use of the very best treatments of electror
correlation, together with very large basis sets involving high-
rank polarization functions and flexible sets of diffuse functions.
What we propose here is another strategy, based on the use o

(2.1024)
2.067A

(1.4444)
1.435A

different methods to separately compute the 2-e and 3-e curves 111.679° [ | 97.710°

in the diagrams of Figure 1. D = 89.993° Y D=180.0° D = 90.927°
It is now well establisheld>*that the MP2 method provides

reasonably accurate bonding energies for three-electron bonds ~ N2Ha (C2) P,H, (Cap) S;H; (C2)

calculated as the difference between the energy of the equilib-
rium structure and the sum of the energies of the separate
fragments. The reaction profile is also adequately calculated at
this level, except at large interfragment distances where
problems of symmetry-breaking inevitably océftHowever,

we are not interested in this portion of the 3-e curve, since the @ 4

% 110.217°

(1.4844)

105.234°
1.464A

crossing with the 2-e curve is expected to occur at rather short 110.168 j103.356°

distances, and generally shorter than the equilibrium distance. D =180.0° j llo4gee D= 180.0°
The MP2 method is therefore able to yield a realistic reaction Si;Hg (D3q) )

profile in the interesting portion of the 3-e curve, as well as an

asymptotic energy. On the other hand, the MP2 level is not Me;O; (Czn)

adequate (see the Theoretical Section) for the 2-e reactionrigure 2. Some selected geometrical data for the<HXH, molecules,
profile. For the best accuracy, this latter energy curve requires as optimized in the aug-cc-pVTZ basis set at the MP2 level. Bond lengths
a CASPT2 calculation, including two configurations (the ground ©Ptimized in the aug-cc-pVDZ basis set are indicated in parenthBses.
. - ) . . . the rotational angle about the->X axis, with respect to &, conformation.

configuration and the lowest diexcited one) in the active space.
Of course, these two separate calculations will not give us a
correct energy spacing between the two asymptotes. To remedy
this deficiency, the method we propose consists of simply
shifting the 3-e curve relative to the 2-e one so the gap
between the asymptotes exactly matches the experimental
affinity of the neutral fragment A

As a result, the proposed strategy is expected to yield two N2H, (Czn) PyHy (Cap) 5;H; (Cy)
reasonably accurate energy profiles which are correctly spaced,
in terms of relative energies, with respect to each other. As there @ 141.203°

D=180.0° D = 180.0°

. : 113.052°
would be no matrix element to couple the two curves in an 1102435 /)
exact calculation (since the two states do not have the same (2.1294)

number of electrons), the crossing is not avoided and the barrier 2'“05

of the ALJA*~ state to collapse to the neutral state is given by
the energy difference betwedh, the energy of the crossing
point, andEe((3-€), the energy of the 3-e minimum: SizHg (Can)

& I\_,
D = 180.0° 94.119°
D=180.0°

3_e) (2) Me; 0 (Can)
Figure 3. Same caption as Figure 2, for thepJXHy]*~ radical.

E'~ E, — Eo
Two further points are noteworthy: (i) Equation 2_only_ Il Theoretical Section
expresses a near equality because the above strategy is strictly
valid only for diatomics. If one deals with polyatomic molecules,  All the basis sets that have been used belong to the set of
the 3-e and 2-e states have different optimal geometries for thecorrelation-consistent basis sets of Dunnifigthe standard
interatomic distanc®, so the “crossing point” is not a real one  double{ + polarization and triple: + polarization basis sets
since it does not correspond to a unique common conformation are referred to as cc-pVDZ and cc-pVTZ, respectively. The aug-
of the two states. There results a necessary correction for thecc-pVDZ and aug-cc-pVTZ labels refer to the same basis set
barrier E¥, which is discussed in more detail below. (i) It is but augmented with s and p diffuse functions on all atoms except
necessary to check that the MP2-calculated points of the 3-ehydrogens. These latter basis sets are used for the optimization
curve are not basis set dependent, especially in the vicinity of of the equilibrium geometries that are displayed in Figures 2
the 2-e curve. This may happen because the UHF step of theand 3, respectively, for the neutral compounds and for the
MP2 method greatly upshifts the 3-e curve relative to the 2-e anions. On the basis of test calculations which are described in
one, and may tend to expel an electron that would normally be the text, the calculations that have been made (geometry
bound in an exact calculation, resulting in an overly diffuse optimizations and single-point energies) to generate the dis-
highest occupied MO. Remedies for such situations exist and sociation curve of the neutral compounds have used the cc-

will be discussed later. pVTZ basis set, while similar calculations for the anionic curve
(54) Hiberty, P. C.; Humbel, S.; Danovich, D.; Shaik,B5.Am. Chem. Soc. (56) (a) Dunning, T. H., JiJ. Chem. Phys1989 90, 1007. (b) Kendall, R. A.;

1995 117, 9003. Dunning, T. H., Jr.; Harrison, J. Chem. Physl992 96, 6769. (c) Woon,
(55) Brada, B.; Lauvergnat, D.; Hiberty, P. . Chem. Phys2001, 115 90. D. E.; Dunning, T. HJ. Chem. Phys1993 98, 1358.
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have used the aug-cc-pVDZ basis set. Finally, an aug-cc-pVDZ IV. Results and Discussion
basis set, further augmented with s and p Rydberg-type basis

functions, of exponents 10 times smaller than the standard (|3eor;1etry é)ptl_m|zat|onsk.] The_gleemetru-:és Oa t3he ”e”t;‘f’" |
diffuse functions, has been used to check the basis Setmoecu €S and anions are shown in FIgures 2 and s, respectively,

. . as optimized at the MP2 level. Two basis sets have been used,
dependency of the MP2 calculations for the anions. . .
: to check the basis set dependency. The geometrical parameters
The Maller-Plesset many-body perturbation theory has been ising from the biggest basis set, aug-cc-pVTZ, are indicated
used to second order (MP2) in its spin-unrestricted form, for i, the figures. The values arising from the optimizations in the
the optimization of equilibrium geometries for both neutral and  gmajlest basis set (aug-cc-pVDZ) are not indicated except for
anionic compounds (Figures 2 and 3). This latter method hasthe equilibrium distance between the fragments, as this param-
also been used for generating the dissociation curves of theeter is the only one that undergoes a significant difference from
anions, referred to in the text as the 3-e curves. In each casegne basis set to the other.
the 3-e curve is c_alculated_only in the vicinity of its minimum,_ According to the frequency calculations that have been
and the asymptotic energy is obtained as the sum of the energiegerformed in the smallest basis set, all stationary points shown
of the separate fragments. Some test calculations have been dong Figures 2 and 3 are true minima with only real frequencies.
at the CCSD(T) level (coupled-cluster calculations including perhaps surprisingly, all anionic complexes are stable at the MP2
Single and double excitations with a perturbative treatment of |eve|’ and none of them C0||apse to a geometry close to that of
triples, using the MP2-optimized geometries) to ascertain the the neutral fragment. The geometries of the neutral molecules
reliability of MP2 calculations for anions. On the other hand, are consistent with expectations based on standard bond lengths
the dissociation curves for the neutral compounds (2-e curves)and bond angles, and do not display much basis set dependency.
were obtained using the CASPT2 method. This method consists,The largest deviations from one basis set to the other amount
in the present case, of an MCSCF calculation that includes ato only 0.4 for the angles and 0.035 A for the bond lengths.
two-electron, two-orbital (2,2) active space, followed by a  The geometries of the anions are more diversified. For
second-order perturbation treatment of the Raylei§bhral- Me,Ox~, P,Hy~, and SH2"~, the bond angles are as expected,
inger type. Note that the MP2 method would be inadequate for and such that the HOMO of one fragment points toward that of
the 2-e curve, as soon as one would reach large interatomicthe other fragment, indicating an optimal three-electron interac-
distances where the low-lying diexcited configuration becomes tion between these orbitals. The geometry of thelN\complex
important. On the other hand, a CASPT2 calculation would be slightly departs from this idealized picture, with a rather small
meaningless for the 3-e curve, as there exists no low-lying HNN angle, indicating some interaction of electrostatic type
excited configuration having the right symmetry to interact with between the hydrogens of one fragment and the nitrogen atom
the ground state. For each point of both the neutral and anionicof the other. For these four complexes, the interfragment distance
dissociation curves, all geometrical parameters but the inter-is significantly elongated relative to that of the neutral com-
fragment distanceR) are optimized, at the same computational pound, in harmony with the qualitative model above, which
levels as the single-point energy calculations. The experimentalstates that three-electron bonds prefer weak overlaps.
electron affinities that have been used to establish the energy The case of SHe' ™ is very particular. Its St Si bond length
gaps between the 3-e and 2-e asymptotes are from the site http:is not much longer than in the neutral molecule, and its geometry
webbook.nist.gov/chemistry, except for the EA of OLWhich departs very much from thBsy symmetry, so the HOMO of
was found in ref 57. each SiH fragment points to a direction that largely deviates

Some valence bond calculations have been done for the aniond"™™ the Si-Si axis, showing that this anion exhibits a bonding
in cases where the MP2 method ceases to be valid, for reason§0heme that is more complex than a simple three-electron bond.
of basis set dependency. The “breathing orbital valence bond The geometries of the anions are, in general, not more basis
method” (BOVBJ® has been used. This method optimizes the Set dependent thap thoee of the neutrals, With.the notable
coefficients and orbitals of the VB structures simultaneously, €Xception of BHa"™, in which the P-P bond length is almost
with the specificity that the orbitals are allowed to be different 9-13 A shorter in the largest basis set than in the other one.
for each VB structure. The method has been used in its simplest
option, usually referred to as L-BOVEYin which all orbitals
are defined as strictly localized on their respective fragment,
i.e., one of the two fragments,M for an [H, X XHp]*~ anion.

The Gaussian 98 series of prografisas been used for all
calculations of Mgller-Plesset and coupled-cluster types. The
MOLPRO packag® has been used for the CASPT2 calcula-
tions. The valence bond calculations have been performed with
the XIAMEN99 packagé!

(59) 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,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
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J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. Guassian 98(revision A.6);
Gaussian, Inc.: Pittsburgh, PA, 1998.
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Table 1. Calculated Dissociation Energies, kcal/mol, for the of Me,Oy*~ is only 18.8 kcal/mol, to be compared with the value
Neutral Molecules and Their Three-Electron-Bonded Anions 25.7 kcal/mol that has been calculated in a previous study for
Neutral Species H,O»~ in its metastable three-electron-bonded conformatfon.
NH; PH, SioHs 0Me, S,H, This weakening effect of the methyl substituent is not a surprise,

CASPT2/ccpVDZ 6636 4955  69.55 3896 5172 &S it has already been shown to take place in radical cations for
CASPT2/ccpVTZ 69.09 53.36 7349 4185 5822 the NON, O0JO, and FJF bonds?? Last, the SiSi bond is
once again an exception in the above tendencies, being
amazingly strong as compared to the P bond. This is to be
related to its peculiar geometry and exceptionally short inter-

Anionic Species

NoHs™ PoHs ™ SipHe*™ O,Me,*~ SoHy ™

MP2/aug-ccpVDZ 15.83 2059 27.16 1911 2498 fragment distance.
MP2/aug-ccpVTZ 15.83 2249 30.28 1887  26.86 ) - . .
CCSD(T)laug-ccpVTZ ~ 18.84 2143  30.19 2574 2-e and 3-e Dissociation Energy ProfileLet us summarize

the computational technique that has been devised to figure the
) ) o ) 2-e and 3-e dissociation energy profiles on the same diagram.
This change, however, is not as significant as it may appear, asgach of the two curves is calculated by a method that is specific
the potential surfaces for the anions are particularly flat, as will 5 it cASPT?2 for the 2-e curve and MP2 for the 3-e one. The
be seen below. . . o two curves are also calculated in different basis sets. The curves
Dissouatign EnergiesAs the generation of thg dissociation 56 then shifted relative to each other so that the energy gap
energy profiles for the neutral systems requires numerous pepyeen the two asymptotes matches the experimental gap. The
geometry optimizations at the CASPT2 level, a choice has t0 cpoice of the respective basis sets for the 2-e and 3-e curves

be made for the basis set, combining efficiency and reasonableyas heen made on the basis of the test calculations of geometries
computational cost. Since diffuse functions are not really 5nq gissociation energies above.

necessary for neutral species, the choice can be restricted t0 g computational tests that have been done above show that
the cc-pVDZ basis set and the more flexible cc-pVTZ of triple- 6 gissociation energies are sensitive to the quality of the basis
quality, for this class of compounds. Table 1 displays the gei for the neutral compounds. We have therefore selected the

dissociation energies for the neutral compounds, as calculatedcc_pv-rz basis set for generating the 2-e energy profile. For

at the QASPTZ level, in_ the two basis sets. Unlike the o anionic species, the aug-cc-pVDZ basis set proved suf-
geometrical parameters (vide supra), the calculated values forggiently accurate for the dissociation energies, and also for the

the dissociation ene.rgies display some rather significant baSngeometries except in theRs~ case. However, we will see
set dependency, being up to 5.5 kcal/mol larger in the largest pe|qyy that this latter anion is the one that exhibits strong basis

basis set. set dependency even in its equilibrium geometry, a sign that

Diffuse functions are of course indispensable for the anions. e \jp2 method reaches its limit of validity for this species. In

Thus, the basis sets that are to be selected for tiiis class of,ch a case, the triplebasis set is in fact not better than the
compounds must be of the “aug-cc-p” rather than simple “cc-

N ) R i double{ one, as it is the computational method itself that
p” type. NO_W’ while the geometry optimizations proved, inone pacomes questionable. As will be seen later, the 3-e curve will
case (BH4), rather sensitive to the choice of the basis set, it 1o recalculated by another method (valence bond) for this

is interesting to also test the dissociation energies in this respect,, jiecule. In accord. the aug-cc-pVDZ basis set was seleted for
Table 1 shows that the MP2-calculated dissociation energiesgener(,mngl the 3-e <’:urves at the MP2 level.

display little basis set dependency, bging about the same in the The results are displayed in Figure 4. The points of the 3-e
aug-cc-pVDZ and aug-cc-pVTZ basis sets. The _adequacy of and 2-e curves are indicated by circles and squares, respectively.
tchgswllj%z_)ls\éfdehsazf?:]s;tE?::_;Zig;id d?gsggggc?rzlggnxgssagimt us disregard the triangles for the moment, as these points
calculated in the aug-cc-pVTZ basis set. The agreement’ isggfsigﬁe;eiigf of valence bond calculations that will be

generally good (see Table 1), with a maximum deviation of 3 a. SH,. The dissociation curves for thels, molecule and

légilémgilofr?g r':e‘zH;réinto?th::!bilti)t In(;/fat“htist(?ogwurle'\::Pj;bv%ﬁFge anion are shown in Figure 4a. It is immediately clear why the
9 9 y piex, anionic complex is so readily observed: its minimum is situated

Se‘?ﬂebsgonvz/iin energies of the anion complexes are sizable onlargely below the 2-e minimum, so there exists no tendency to
9 9 P '~ expel an electron to the continuum. In that respect, the situation

g:ﬁnor;?bg ff?r?ozgalérpﬂlhgg?lrgg lgf/ergtc;gh ?)r(])?idisdsgggical for S;Hy is similar to that of the isoelectronic dihalogen
e 2425 52 A i . .~ molecules, which all have a large positive adiabatic electron

cationsz*#>>2PAs in the latter systems, the bonding energies affinity

for the anions are found to increase as the central atoms are The shape of the left-hand side of the 3-e curve deserves

taken f[om left to, right of the periodic table. Thus, recalling comment. According to the qualitative model and to eq 1, this
that L~ and Ch~ are bound by 30.2 and 31.8 kcal/mol . . .
. oh . ) . part of the curve should display a monotonic repulsive wall.
experimentally2®® the bond strengths in the anions are in the L
following orders: By contrast, the curves exhibit a top and descend at short
9 ' interatomic distances. This is the sign that the MP2 calculation

NN < OO0 < FOF ceases to be valid, and that the orbitals are probably spoiled
with an excess of diffuse components. This point will be
POP < SIS < ClOCI examined in detail in a further section.
Interestingly, the methyl substituent is found to have a

R X (62) Brada, B.; Hazebroucq, S.; Hiberty, P. @.Am. Chem. SoQ002 124,
weakening effect on the @O bond. Indeed, the bonding energy 2371.
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(a) SZHz (b) 02{CH3}2
a0 &0
80 50
70
40
60
T 50 T a0
£w E
E 0 E 20 e .
20 10
10 o
0
-10 10
15 9 95 3 a5 4 45 5 1 15 2 25 3 35 4 45 &5 55 6 65
R(SS) /A R(O0)/ A
(c) N:H, (d) P.H,4
80 60
70 50
€0 40
5 50 B
E 40 E 30
-— - .
8 30 8 20
= 20 -
10
10
0 0
-10 10
1 15 2 25 3 35 4 45 5 55 1,5 2 2,5 3 3.5 4 4.5 5 55 6
R(NN)/ A R(PP)/ A
Si,H,
()
80
70
50
s 50
E 40
E 30
= 20
10
0
-10

1,5 2 25 3 3.5 4 4.5 5 55 &
R(SiSi)/ A

Figure 4. Calculated dissociation energy profiles for the<H-XH, molecules and their anions. The experimental electron affinities that are used to construct
the diagrams are as follows, in kcal/mol: 53.4 foH8~, 36.2 for QMe,"~, 29.3 for BHs~, 17.8 for NHs*~, and 32.4 for SHe".

b. Me;O2*~. This complex is the methyl-substituted analogue respectively, of Figure 4), and the corresponding difference of
of the [HOOJ OHJ*~ complex which has been studied by Humbel the abcissa is significant. Therefore, the two complexes are to
et al*® This latter anion has been found practically unstable in be considered as theoretically stable, account not being taken
its three-electron-bonded conformation, not for lack of a strong of the zero-point vibration energy. However, owing to the
interaction relative to the dissociated products, but because offlatness of the 3-e curves, the energy difference between the
a very facile rearrangemertt { 2 below) to a hydrogen-bonded  3-e minimum and the crossing point is very low in both cases,

on the order of 23 kcal/mol. While a more accurate estimation

of the barrier to electron loss will be made in the next section,
P . o—H o] - . -
/° \H it is already apparent that these two anions exhibit too weak a
H metastability to be experimentally observable in the gas phase.
1 2

d. SikHe'~. This case is different from the preceding ones in

complex. As this rearrangement is linked to the very nature of that the 3-e minimum is now situated on theé-hand sideof
the hydrogen atoms that are linked to the oxygens, the authorsthe 3-e/2-e crossing point (Figure 4e). If this molecule were a
of this study concluded that a complex of the type [ROR]~ diatomic, one would immediately conclude that the anion is
should be stable and observable. The present work indeedunstable and spontaneously expels an electron. This would
confirms this prediction, as the diagram for M (Figure 4b) remain probable if the geometries of the neutral and anionic
is qualitatively similar to the preceding one (Figure 4a), both states were not too different for a given abcissa. However, as
showing an anionic complex lying below the neutral minimum. these two states display on the contrary very different bond

c. NbHs~ and P,H4*~. We now come to more delicate cases, angles, there is a chance that the energy of the neutral molecule,
those of the anions that have a bound valence state but are lesgs calculated in the equilibrium geometry of the anion, is higher
stable than the optimized neutralelectron system. In each of  than the 3-e minimum, leading to a bound valence state for the
these two cases, the 3-e minimum is situated on the right-handanion. This has been checked, and the result is th#tsS$
side of the 3-e/2-e crossing point of the diagram (parts ¢ and d, extremely destabilized, by 27.8 kcal/mol (at the CASPT2 level),
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Table 2. Effect of Adding Rydberg Functions to the aug-cc-pVTZ

] | ] - function begins to take an overwhelming importance, leading
Basis Set in the Single-Point Energy Calculations of the Anions?

to an important stabilization at the UHF level (16.0 mhartrees).

Ry Ri-01 Ry-02 Ry—03 Ry—04 Ry—05 Ro—06 This critical distance closely corresponds to the 3-e/2-e crossing
HSO SH- 0.024 0.046 0.17  0.55 7.2 point. It is to be noted that, despite such warning signals, the
ool 002 004 165 160 MP2 3-e curve still seems to have a reasonable shape up to a
MeOIOMe~ 0.082 0.098 0.125 0.272 . .
0.03 002 0.02 0.02 distance of 1.9 A, at which the curve starts to bend downward.
HsSiOSiHy~ 0.013  0.058 0.285 0.548 Quite like the preceding case, the MP2-calculated points for
— 8:‘7)(1’2 (1):221 676 %%3’7 0.08 Me;O,"~ are stable with respect to an increase of the basis set,
017 0.49 147 256 from the minimum to the region of the crossing point. The test
HoNO NHz™~ 8-121 8-35 8.72g5 is also satisfying for the @Hg'~ anion, in agreement with our

conclusions above and with the study of basis set effects by
Tada et aP® On the other hand, difficulties are expected for
P,H,~ and NH4*~, owing to the positions of their 3-e curves
relative to the 2-e ones. Indeed, a significant contamination of
the HOMO by the Rydberg function (with a coefficient of 0.7)
is already observed at the 3-e equilibrium geometry 6,7,
) ) o ] and rapidly increases as tRalistance is shortened. In the region
when distorted from its equilibrium geometry to the anion’s  f the crossing point, the Rydberg contribution is overwhelming.
geometry. This destabilization, which i§ explained by the fgct By contrast, the hH.~ anion appears as much less problematic
that the 2-e bond is practically broken in this geometry owing than the preceding one, displaying little Rydberg contamination.
to the orientation of the methyl groups (see Figure 3), brings |ncidentally, this shows how difficult it is to make a priori
the vertical 2-e state 13.9 kcal/mol above the 3-e state (point predictions on such questions. Be it as it may, it is impossible
shown as a star in Figure 4e). It follows that thgHgi~ complex to trust the MP2 results for the;Rs"~ energy profile, and the
is theoretically stable, in agreement with the study of Tada et regyjts are too inaccurate to allow any conclusions to be drawn
al.*% and needs to distort up to the 3-e/2-e crossing point to o the stability of this anion. For a meaningful 3-e dissociation
achieve rearrangement to the 2-e state. o profile to be drawn in this case, a method other than MP2 must
Validity of the 3-e Energy Profiles. While the validity of be used. As a necessary condition, the alternative method must
the CASPT2 calculations for the neutral species is beyond doubt,ye|| describe the three-electron interaction as early as the orbital-

that of the MP2 calculations for the anions is a priori question- getermining step. This latter requirement is well satisfied in the
able. Indeed, the UHF step, which is used in the MP2 method \,51ence bond framework.

to determine the orbitals, suffers from two well-known short- Valence Bond Calculations.The problem with the MP2

comings: (i) it severely underestimates electron affinities, and gescription of a three-electron-bonded anion is that the underly-

(ii) it also greatly underestimates three-electron bonding ener- ing UHF wave function (eq 3)

gies® This means that if the 2-e and 3-e curves were calculated

at the UHF level, the 3-e curve would be greatly upshifted (3)

relative to the former. Of course, this defect is partly compen-

sated by the fact that stretched geometries in the 2-e curve arefor the anion ressembles very much that of the neutral state.

also found too high relative to the 2-e minimum, but a danger Indeed, if theo* orbital in eq 3 is infinitely diffuse, the UHF

remains that, for some geometries, the 3-e state displays anfunction figures nothing but a neutral state and an infinitely

unbound electron at the UHF level, while this electron would distant electron. Thus, the UHF wave function may represent,

be bound in an accurate calculation. When this happens, thein fact, all kinds of pseudostates that are intermediates between

consequence is that the HOMO of the anion involves an the neutral molecule and the anion, according to the more or

exceedingly large diffuse component, and becomes extremelyless diffuse character of*, hence the possible Rydberg

basis set dependent: the more diffuse the functions added tocontamination and/or basis set dependency.

the basis set, the lower the energy of the anions which would The situation is entirely different if a valence bond (VB)

finally converge to the 2-e energy if an infinite basis set were method is employeéf The VB wave function for the neutral

used. In such a case, the MP2 calculation is of course invalid, state is expressed in eq 4

and an easy test to detect the artifact consists of repeating the

calculation in a basis set involving a very diffuse (Rydberg) 4)

function. Two factors are then examined: (i) the coefficient of

the Rydberg function in the HOMO of the anion and (ii) the (dropping normalization factors), in whiap, and ¢y, are the

energy-loweringAE(UHF) that is found at the UHF level when  atomic orbitals that are involved in the bond (and whose bonding

Rydberg functions are added to the basis set. combination is theo MO). As for the anionic state, it is
This test has been done for all the points of the 3-e curve expressed by a wave function (eq 5)

(see Table 2). Let us consider the case 1S first, for which

a large part of the MP2 curve is expected to be valid since it is (5)

much lower than the 2-e curve. Indeed, it can be seen in Table

2 that the coefficients of the Rydberg basis function remain that has little in common with the preceding one (eq 4). More

marginal in the HOMO and lead to very small stabilizations

aFor each entry, the numbers of the first line are the coefficients of the
s Rydberg in the HOMO and are indicated as a function of the interatomic
distance. The corresponding energy loweringg&(UHF)) are given as italic
numbers, mhartrees. The distances are given in angstims.taken as
the eAquiIibrium distance in all cases excepti~, for whichRy = Req +
0.3 A

W ,,(3-e)=|...000*|

W s(2-€)=|..0.00 + |..0,0,

Wg(3-€)= |..0p@pl T |- QP Pyl

(63) The HartreeFock and VB descriptions of three-electron bonds are

for a large range of points around the equilibrium geometry. It
is only for an S-S distance of 2.1 ARy — 0.6) that the Rydberg

11788 J. AM. CHEM. SOC. = VOL. 124, NO. 39, 2002
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specifically, eqs 4 and 5 show that there is no way for the 3-e Table 3. Lower and Higher Limits for the Barriers to Transition
. . . - - i i a
state to collapse to the 2-e one by exceedingly increasing the/™m the 3-€ Curves to the 2-e Ones in Figure 4e

diffuse character of any of its orbitals. It follows that the valence E Ef E® Er

bond description of the 3-e state is stable with respect to a basis NyHs~ 2.74 2.98 QMey~ 22.61 25.33

set increase, and that it is able to provide a wave function for  PaHa" 3.32 3.44 8Hz” 20.87 22.44
SipHg™™ 2.0 10.38

a pure 3-e state even in geometries (very short distances) where
the latter state is only virtual, the neutral state being the most  a ajj energies in kilocalories per mole, relative to the energy of the 3-e
stable one. Among the various computational methods of the minimum.® Energy of the crossing pointEnergy of the anion in the
VB type, we have chosen the BOVB methSayhich is known optimized geometry of the neutral, at the abcissa of the crossing point.
to provide reliable bonding energies and dissociation energy h its. displaved i bi h h

profiles (see the Theoretical Section). The results are displayed-tl; e resu s, |s"pfaye |n_ Tade f' ? ow th at Edl& Efclerkrorll
in Figure 4a,c,d as filled triangles. To better compare the BOVB arlls vel_rylsn;lg hor |>2|_-|4 kanl/ R I4f (onl_t| E or gr OM fa
and MP2 reaction profiles, the BOVB curve has been shifted, mol), a little higher (2-3 kcal/mol) for SHz" and GMe;™,

in each case, so its minimum exactly coincides with the MP2 apd quite significant in the case szsbﬁ’.Wh'Ch IS In Ime
minimum with the fact that the 3-e and 2-e geometries are very different

Let us comment on the,B~ case first (Figure 4a). It is from each other for this molecule (vide supra). It follows that

seen that, from the 3-e minimum to the crossing point and eventhis latter anion must undergo a relatively costly geometrical
at shorter distances, the BOVB and MP2 curves are practically distortion to be able to expel an electron. The barrier to transition
undistinguishable. It is only for an interatomic distance of nearly to the neutral _state is not known with certainty from our
1.9-2.0 A that the two curves separate. As expected from the calculations, being between 2.0 and 10.4 kcal/mol according to
qualitative considerations above, the BOVB curve keeps Table 3. TO better estlmatt_a the barrier, one may in this case
generating a smooth repulsive wall while the MP2 curve falls &S0 consider the enelrgzg, .e., the e_ner:_gyhof trk:eéell;tral n
and becomes meaningless. Incidentally, this test case also showgqe anion’s geometry. t, appens tkats higher tharg, by as

that the reaction profile displayed by the BOVB method is much as 17.1 kcal/mol, indicating that the geometry for the real

extremely close to the MP2 one in the regions where the latter crossing point is probably much closer to the neutral’s than to
method is valid the anion’s geometry. Therefore, it is probable that the energy

The valence bond test has been repeated for tie*N and of the real crossing point is not far from thg limit, so the
P,H,~ anions (Figure 4c,d). In the M.~ case, the BOVB barrier to transition to the neutral state should not be much
curve merges into the MP2 one, which is not surprising since SMaller than~1|8 keal/mol (42 kJI/moI). 'z m(])creh accurate
this anion is not subject to contamination by the Rydberg basis €Stimation would require a complete study of the crossing
functions. In the BH,s~ case, the MP2 and BOVB curves between the multidimensional 3-e and 2-e potential surfaces,
gradually separate, but to a small extent and only at distancesVich is beyond the scope of this study. _
distinctly on the left-hand side of the crossing point. It follows _ The present results lead to the following conclusions. Apart
that the MP2 curves can be considered as reliable for each ofi0m the stability of $H™", which is no surprise, the stability
the anions that have been studied here, in the range ofof the [MeGJOMe[™ anion s also clearly demonstrated. This
interatomic distance that lies between the 3-e minimum and the €©mpound is a generic model for many other anions involving

3-e/2-e crossing points, and can therefore serve as a basis t&" GJO bond, such as alkyl-substituted compounds, carbon
calculate the barriers to electron detachment. chains, rings, etc. All these three-electron-bonded anions should

Barriers to 3-e — 2-e Transitions. The “crossing points” ~ P€ stable and experimentally observable, as well as many
that are seen in Figure 4 are not real ones, in that they differently substituted species. The aniontgt~ is less stable
correspond, for the same interatomic distafgeto different than the corresponding neutral molecule. Nevertheless, it has a
optimized geometries for the 3-e and 2-¢e states. Therefore, sucHound valence state and displays a barrier to electron expelling
points cannot correspond to an electronic transition between thethat we predict to be close to 10 kcal/mol. It is therefore a
two curves, and they yield nothing but lower limits for the metastable compound that we tentatively predict to be experi-
barrier to electron expelling. To correct for this deficiency of Mentally observable at low temperatures. Moreover, as the
the model, one may calculate, at the distaRgeE, the energy ~ ISO€lectronic systems SiGeH and GeHe™, which have been
of the anion in the geometry of the neutral, &g the energy studied by Tada et at% exhibit similar characteristics, our
of the neutral in the geometry of the anion. The lowest of these Predictions extend to these two further anions. On the other
energies, safy, is the energy of a possible geometry for the hand, the two remaining anions that have been studied in this

3-e— 2-e transition, but not necessarily the best one. Thus, the Work, NeHs™ and BRHy ™, display a very shallow local
energy range frork. to E; provides an error bar for the barrier ~ MiNIMum. Even without the ZPE cgrrectlons being estimated
to the transition. (which are anyway very small owing to the flatness of the

Calculations of; andE; values have been made for the five potential surfaces), the barriers that separate the three-electron-

anions under study. In all cases, the anion, as calculated in theP?onded minima from the neutral states are in all cases very
neutral’s geometry, is more stable than the reverse;Eigis small, nearly 2-3 kcal/mol, leading to the firm conclusion that
always lower tharE,. The barrier to the 3-e~ 2-e transition none of these anions can be experimentally observed in their
was then estimated, with its error barr, through the following three-electron-bonded conformations, at least in the gas phase.
inequality: This of course does not deny the existence of other conforma-

tions for the NH4s~ and RBH4~ anions, such as the dipole-
supported states that have been found by Simons*&tHHere
our method is limited to three-electron-bonded structures, and

E, E.{3-€)< AE" < E; E{3-€) (6)
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Table 4. Optimized Parameters for the CFsHN—NHCF; Molecule of the diagrams of Figure 4, for the parent compounds, carry
and Its AnionEnergies in Kcal/Mol, Distances in A over to substituted species. The table also shows that the quantity
Req D¢ asymptote® AE(3-e) of eq 7 is found to beegatve, — 4.2 kcal/mol, showing
neutrat 1.408 81.0 59.98 that the [CEBHNLO NHCR;]*~ anion is definitely stable. Many
aniorf 2.276 254 0 other electron-attractor substituents can be envisaged to stabilize

aEnergies in kilocalories per mole, distances in angstrériiaken as an NUN three-electron bond in an anionic radical.

the electron affinity of the NHC{fragment, as calculated at the CCSD(T) VI. Conclusion
level. ¢ Calculated at the MP2 level.

It is difficult to study the reaction profile of a three-electron-
bonded anion along its dissociation coordinate by a single
computational method. Unless the method is very sophisticated
and uses very flexible basis sets, the region of the transition

the possible rearrangements of such conformations to other
isomers is the object of standard conformational studies, which
pass the scope of the present work.

V. General Predictions for Other Anionic Systems from the 3-e to the 2-e surface has all chances to be poorly
Let us consider diagrams ¢ and d in Figure 4, which are described and to be possibly subject to a_lrtlfacts a_md/or basis
typical of metastable three-electron-bonded anionsigN' and set dependency. We propose an alternative practical method,

P,Hs ™). Is it possible to make related systems observable, by I" Which each of the 2-e and 3-e energy profiles is calculated
appropriate substituent effects that would downshift the 3-e Py @ method that is specific to it, and the curves are shifted
curve relative to the 2-e one? If the substituent effects are suchWith respect to each other to maich the experimental energy
that the 3-e minimum comes lower than the 2-e one, the three-92P between the asymptotes. In the present work, the CASPT2
electron-bonded anion is obviously stable. If not, one may has been selected to generate the 2-e reaction profile, and the
wonder if a metastable anionic species, having a bound valenceiP2 method proved satisfactory for the 3-e curve, at least in
state albeit less stable than the neutral molecule, might bethe regions of interest. _ _
observable. In view of the shapes of the diagrams, this seems "€ method is applied to a series of model systems which
to be possible in the case of thé W bond, but very unlikely are isoelectronic to dihalogen anions and display a spectrum of
in the FJP case because of the flatness of the 3-e curve andthree-electron bonds: (@O, NN, SUS, RIP, and Sil Si. The
the smallR distance that separates the 3-e minimum from the three-electron-bonded anions prove to share some common
2-e one. Be it as it may, it is not difficult to make predictions properties with their cationic analogues: the same orders of
by starting from a model diagram such as ¢ or d and shifting magnitude for the dissociation energies with respect to dissoci-
the 3-e vs 2-e curves according to the effects of substituents on2ted fragments and the same tendencies in the periodic table.
the energy gap between the asymptotes. As this gap is nothing Some_ crgmal points to estimate the stability or m_etas_ta_tblllty
but the electron aff|n|ty of one of the Separate fragmentsl of such ionic C0mp|exes are the energy of the anionic minimum
electron_acceptor substituents have the effect Of downshrftlng relative to the neutl’a| one and the barrier to transition from the
the 3-e curve relative to the 2-e curve, while donors have the anionic curve to the neutral one. Our results predict that the
reverse effect. An examp|e is given below. O0O bond is ||ke|y to be observed in anions of the type
The CF; fragment is a well-known attractor substituent. In [ROOOR]™, where R is any alkyl substituent or carbon chain.
accord, the [CEHNONHCF;]*~ can be expected to be stable On the other hand, the anion,B*~ is a metastable species

and observable in its three-electron-bonded conformaion ~ that owes its stability, with respect to electron expelling, to the
fact that the geometry of the anion is very different from that

H\ /CFa of the neutral state, in terms of bond angles. LastIN™ and
N N P,H,~ are both found to exhibit a bound valence state, however
/ \ with an extremely small barrier to electron expelling by a transi-
F,C H . ;
3 tion from the 3-e curve to the 2-e one. These anions therefore

cannot be experimentally observed in their three-electron-bonded
The calculations that are necessary to check this proposalconformations, at least in the gas phase or a matrix. However,
are simple. We need the dissociation enefyy2-e) of the appropriate substituent effects, by means of electron-attractor
neutral molecule and that of the aniddy(3-e), and the electron  substituents, are expected to stabilize these species, as has been
affinity EA of the HCRKN fragment. The stabilityAE(3-e) of demonstrated in the case of [HNC NHCF;]*~. More gener-
the anionic fragment relative to the neutral one is given by ally, the calculations that are presented here can be used to
eq 7. predict substituent effects and the stability of substituted anions
involving OO, NON, or POP bonds, by meansf@ a few
AE(3-e)= D¢(2-€) — D(3-e) — EA(HCFE;N) ) calculated or experimentally known quantities such as dissocia-
The calculations have been made in the aug-cc-pVTZ basis settIon energies and fragment electron affmltle_s. . . .
The present study suggests that many anionic radicals might

and are displayed in Table 4. The neutral molecule and the anionbe stable or metastable in their three-electron-bonded conforma
have been studied at the MP2 level. For lack of an experimental . . .
tions, especially if they bear electron-attractor substituents. In

electron affinity for the HCEN fragment, we calculated this view of their importance in biochemistry, it is hoped that the

val t th D(T) level. S . o
alue at the CCSD(T) leve present work will stimulate further experimental research aiming

Let us first note that the equilibrium geometries for the 2-e at the experimental observation of novel three-electron-bonded
and 3-e minima are separated by a distance of 0.87 A on theanions P

reaction coordinate, which is not much different from the value
0.94 A in [H:NONH_]*~, showing that the main characteristics JA026707Y
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