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Abstract: BsHg?~ does not represent a stable gas-phase dianion, but emits spontaneously one of its excess
electrons in the gas phase. In this work we address the question whether small stable gas-phase dianions
can be constructed from the parent BgHg?~ dianion by substitution of the hydrogens with appropriate ligands.
Various hexa-, tetra-, and disubstituted derivatives BsLs?>~, BsH2L4?>~, and BgH4L,?~ (L = F, Cl, CN, NC, or
BO) are investigated with ab initio methods in detail. Four stable hexasubstituted BeLs>~ (L = CI, CN, NC,
or BO) and three stable BgH,L,2~ (L = CN, NC, or BO) gas-phase dianions could be identified and predicted
to be observable in the gas phase. The trends in the electron-detachment energies depending on various
ligands are discussed and understood in the underlying electrostatic pattern and the electronegativities of
the involved elements.

1. Introduction regular polyhedra with triangular faces, sometimes called
The study of boron hydrides is a classic field in inorganic deltahedrd. The existence of the dianionic speciesHg*~ (n
chemistry, and its development was, and still is, characterized = 5—12) was predicted theoretically in 1954 but it took
by an interplay of theoretical and synthetic progress. After the another five years before salts of the exceptionally stable
pioneering works of Alfred Stock, who managed to prepare BioHio™™ *and Bi2Hi2*~ 12 could be synthesized in 1959. Until
boron hydrided,the description of the bonding in these electron- today, the smallest member of the hydioesoborate family
defficient molecules has been a problem in theoretical chemistry that has been synthesized igH8*~, which is only moderately
for many years. The bonding situation in the boron hydrides stable in condensed phadésts octahedral structure has been
can be explained with the existence of three-center two-electronconfirmed by X-ray analysis of its [M@l]*,** K*, and Cs
bonds, a concept which led Lipscomb to the formulation of the Salts;® as well as by NMR®!7and vibrational spectroscofly
so-called styx-code, which allows description and prediction of for the solution state. Soon after their detection, a broad
the topology of the boron hydridés. Further theoretical and ~ derivative chemistry was been established fasHo*~ and
experimental progress made the detailed investigation of the Bi2H122~.1% In contrast, the only derivative ofgBig>~ known
relationship between structure and electron number possible,until 1984 was BBrs*~,?° and a derivative chemistry started
and provided the foundation for the generalized electron count With the syntheses of the hexahallpsoborates BX¢*~ (X =
schemes known as Wade’s rufe§ According to Wade's rules, ~ Cl. Br, or ) and their spectroscopic characterizatiéf?
the boron hydrides can be placed into groups according to the Today, several derivatives oféHg”~ have been prepared and
number of electron pairs associated with cage bonding. The
designations arelosq nido, andarachnofor cages withn + gg Eb‘gfﬁg%fw‘{vﬁ.‘?%fé'&f’f?}afzéfgﬂ&gafnﬁ'w. . Chem. Phys1954
1,n+ 2, andn + 3 electron pairs, respectively, whares the 22,989.
number of vertices. In general a5 he number of sleciron pars (0 Lonaie g 1 e Roters . 1 Soctost 1074 390
increases for a cage with a constant number of vertices, the(11§ Hawthorne, M. A.; Pitochelli, A. RJ. Am. Chem. Sod.959 81, 5519.

(12) Pitochelli, A. R.; Hawthorne, M. AJ. Am. Chem. Sod.96Q 82, 3228.
structure becomes more open. . (13) Boone, J. LJ. Am. Chem. Sod.964 86, 5036.
The most structurally appealing boron hydrides are the hydro- ggg Echaeffer, Ri; i{ohr\}s,on, kQ DSm'\ilth,SG.llrﬁJrg. CKheKHEGS 4,917. T
_ . utznetsov, I. Y.; Vinitskii, D. N.; Solntsev, K. A.; Kutznetsov, N. T.;
closoborates BHq2~, the structures of which are based on Butman, L. A.Russ. J. Inorg. Cheni98732, 1803.
* Corresponding author. E-mail: andreas@bastille.cchem.berkeley.edu. (16) fgé%tgivégé_A” Buslaev, Y. A Kutznetsov, N. Russ. J. Inorg. Chem.
T Universita Heidelberg. (17) Kutznetsov, N. T.; Solntsev, K. &Zhemistry of Inorganic Hydride®Nauka
* University of California. Publ.: Moscow, Russia, 1990.
(1) Stock, A.Hydrides of Boron and SilicqrCornell University Press: Ithaca, (18) Douglas, B. E.; Hollingsworth, C. ASymmetry in Bonding and Spectra
NY, 1933. Academic Press: New York, 1985.
(2) Lipscomb, W. N.Boron Hydrides Benjamin: New York, 1963. (19) Knoth, W. H.; Miller, H. C.; Sauer, J. C.; Balties, J. H.; China, Y. T;
(3) Lipscomb, W. N.Sciencel977 196, 1047. Muetterties, E. LInorg. Chem.1964 3, 1955.
(4) O'Neill, M. E.; Wade, K THEOCHEM1983103 259. (20) Klanberg, F.; Muetterties, E. Ilnorg. Chem.1966 5, 1955.
(5) O'Neill, M. E.; Wade, K.Polyhedron1984 3, 199. (21) Preetz, W.; Fritze, Z. Naturforsch.1984 39b 1472.
(6) Mingos, D. M. P.; Wales, D. Jntroduction to Cluser ChemistryPrentice (22) Fritze, J.; Preetz, W.; Marsmann, H. Z. Naturforsch.1987, 42b, 287.
Hall: Englewood Cliffs, NJ, 1990. (23) Fritze, J.; Preetz, WZ. Naturforsch.1987, 42b, 293.

4910 = J. AM. CHEM. SOC. 2002, 124, 4910—4917 10.1021/ja012681j CCC: $22.00 © 2002 American Chemical Society



Gas-Phase Stability of Derivatives of BgHs?~

ARTICLES

analyzed* for example, bisheteroleptichalo derivates BX,-
Y@6-n?" (n=1-5,X=Y = Cl, Br, or [**and pseudohalogeno-
and chalcogeno-substituted species, likeHESCNY—,26
BeH5(CN)2_, andcis—BGH4(CN)22‘.27

Although BsHe?~ is now well-known in the chemistry of
condensed phases, it has been shown theoretically ghkéB

mental search for these species, which has culminated in their
mass spectrometric detectitir®

Turning back to thelosahexaborate family of dianions, the
instability of the hexahydraiosohexaborate BH¢2~ gives rise
to the question of whether some of the synthesized derivatives,
e.g. BClgZ™ or BsH4(CN),2~, could be stable gas-phase dianions.

does not exist in the gas phase but spontanously emits one oft is more generally asked whether it is possible to generate

its excess electrorf8.Furthermore, calculations on a series of
hydro<closaborates BHq2~ (n = 5—17) have revealed that all
small members witin = 5—11 are electronically unstable, while
BioH12~ is the first electronically stable hydidescborate
cluster. BgHi3°~ is again unstable, but from that size on all
larger members of the hydi@esaborate family are stable with
respect to electron autodetachment in the gas pHase.

Today, it is a well-established fact that most of the multiply
charged anions (MCAs) known from condensed phases, suc
as carbonate C£ 30732 sulfate SG?*,%3 or phosphate

P02~ do not represent stable gas-phase entities owing to the
strong Coulomb repulsion between the two excess negative

charges. In contrast to these examples of electronically unstabl

free, stableclosohexaborate dianions by substitution of the
hydrogens of the parent hexahydrimschexaborate with ap-
propriate ligands? To answer these questions we have examined
the gas-phase stability of hexa-, tetra-, and disubstitciesb
hexaborate dianions,sBe?~, BeHoL 42—, and BH4L2~ (L = F,
Cl, CN, NC, or BO), with standard ab initio quantum chemical
methods. We focus on the electronic stability of the dianions
in the gas phase and discuss the influence of the different ligands
Hon the geometric and electronic properties of the dianions. The
paper is organized as follows. After computational details of
our investigation are given in Section 2, we present our results
for the derivatives of BHg?~ (Section 3). The paper concludes

eWith a brief summary of our main results.

MCAs, several small dianions have been found experimentally 2. Computational Details

and theoretically to be long-lived in the gas phé&sé? Such
small dianions are, for example, L= %0 BeFR,2~ 41743 C;2~ 4445
SnZ—’46 82062_134'35 Sicez—,47—49 BeC42_,50'51 PtC|42_,52'53
ZrFs> 4% MF¢?~ (M = Sgc, Y, or La)*® SeR? % and
Mg,S32~.58 It is worth mentioning that the theoretical prediction
of the dianions Bef?~ 41 and SiG?~ “8 encouraged the experi-

(24) Preetz, W.; Peters, &ur. J. Inorg. Chem1999 1831.

(25) Thesing, J.; Stallbaum, M.; Preetz, \&/. Naturforsch.1991, 46h, 602.

(26) Preetz, W.; Zander, S.; Bruhn, Z. Naturforsch.1998 53b, 816.

(27) Preetz, W.; Franken, A.; Rath, M. Naturforsch.1993 48h, 598.

(28) McKee, M. L.; Wang, Z.-X.; Schleyer, P. v. B. Am. Chem. So2000
122, 4781.

(29) Schleyer, P. v. R.; Najafian, K.; Mebel, A. Nhorg. Chem.1998 37,
6765.

(30) Janoschek, RZ. Anorg. Allg. Chem1992 616, 101.

(31) Scheller, M. K.; Cederbaum, L. 3. Phys. B: At. Mol. Opt. Phy4.992
25, 2257.

(32) Sommerfeld, TJ. Phys. Chem. R00Q 104, 8806.

(33) Boldyrev, A. I.; Simons, JJ. Phys. Chem1994 98, 2298.

(34) Blades, A. T.; Kebarle, Rl. Am. Chem. Sod.994 116, 10761.

(35) McKee, M. L.J. Phys. Chem1996 100, 3473.

(36) Kalcher, J.; Sax, A. FChem. Re. 1994 94, 2291.

(37) Scheller, M. K.; Compton, R. N.; Cederbaum, L.Siencel995 270,
1160.

(38) Freeman, G. R.; March, N. H. Phys. Chem1996 100, 4331.

(39) Dreuw, A.; Cederbaum, L. £hem. Re. 2001, accepted for publication.

(40) Scheller, M. K.; Cederbaum, L. €hem. Phys. Lettl993 216, 141.

(41) Weikert, H. G.; Cederbaum, L. S.; Tarantelli, F.; Boldyrev, AZIPhys.
D—Atoms, Molecules Clusterk991, 18, 229.

(42) Weikert, H. G.; Cederbaum, L. S. Chem. Phys1993 99, 8877.

(43) Middleton, R.; Klein, JPhys. Re. A 1999 60, 3515.

(44) Schauer, S. N.; Williams, P.; Compton, R. Rhys. Re. Lett. 1990 65,
625.

(45) Sommerfeld, T.; Scheller, M. K.; Cederbaum, LCBem. Phys. Letl.993
209 216.

(46) Berghof, V.; Sommerfeld, T.; Cederbaum, L.J5.Phys. Chem. A998
102 5100.

(47) Dreuw, A.; Sommerfeld, T.; Cederbaum, LA#igew. Chem., Int. Ed. Engl.
1997 36, 1889.

(48) Dreuw, A.; Sommerfeld, T.; Cederbaum, L.J5Chem. Phys1998 109,
2727.

(49) Gnaser, HNucl. Instrum. Methods B999 149 38.

(50) Klein, J.; Middleton, RNucl. Instrum. Methods B999 159(1—2), 8—21.

(51) Dreuw, A.; Cederbaum, L. S. Chem. Phys200Q 112 7400.

(52) Wang, X.-B.; Ding, C.-F.; Nicholas, J. B.; Dixon, D. A.; Wang, L.B.
Phys. Chem. A999 103 3423.

(53) Weis, P.; Hampe, O.; Gilb, S.; Kappes, M. Ehem. Phys. Let200Q
321, 426.

(54) Gutowski, M.; Boldyrev, A. |.; Simons, J.; Rak, J.; BlazejowskiJ.JAm.
Chem. Soc1996 118 1173.

(55) Wang, X.-B.; Wang, L.-SJ. Phys. Chem. 200Q 104, 4429.

(56) Gutowski, M.; Boldyrev, A. I.; Ortiz, J. V.; Simons, J. Am. Chem. Soc.
1994 116, 9262.

(57) Boldyrev, A. I.; Simons, JJ. Chem. Phys1992 97, 2826.

(58) Boldyrev, A. I.; Simons, JJ. Chem. Phys1993 98, 4745.

The theoretical investigation of tlosohexaborate dianionssBe?~,
BeHzL4?", and BH4L>~ (L = H, F, Cl, CN, NC, BO, or CCH)
comprises the geometry optimization at the standard self-consistent field
(SCF) Hartree-Fock (HF) level of theory. The geometry optimizations
within a given symmetry group, for the BsLe?~ and D4 for the
H-substituted systems) were carried out until the geometrical parameters
corresponding to a stationary point were found. For all stationary points,
the harmonic vibrational frequencies were calculated, and all possess
only real values, i.e., all investigated dianions represent minima on the
corresponding potential energy surface (PES). Furthermore, the equi-
librium geometries of those dianions that were found to be stable at
the SCF geometries were reoptimized at the theoretical level of second
order Mgller-Plesset perturbation theory (MP2) to include electron
correlation into the geometry optimization step.

The electronic stability of a given dianion is investigated by
calculation of the binding energy of the excess electrons, which is
quantified by the electron detachment energy (EDE). The EDE can be
computed in two conceptually different ways. The EDE can be
calculated with the so-called “direct methods”, of which we have
employed Koopmans’ theorem (K%)and the OVGF approacdi KT
relates the negative of the orbital energy of the highest occupied
molecular orbital to the vertical EDE and approximates the vertical
EDE in a static orbital approximation, hence overestimating the binding
of the excess electrons. In contrast, the OVGF method considers electron
correlation and orbital relaxation effects, and, for this reason, OVGF
possesses the ability to yield improved EDEs compared with KT. OVGF
is a theoretical method to calculate quick, but nonetheless reliable,
ionization potentials. A second possibility to obtain the EDE is indirectly
by computing the difference of the total energies of the monoanion
and dianion. These methods are usually referred toAaméthods”.
Here, we have used th&®SCF method to calculate the EDEs of the
dianions, where we have employed the restricted open-shell Hartree
Fock (ROHF) method for the open-shell monoanions. Unfortunately,
higher correlated methods are out of reach for us at this time due to
the computational costs of the calculation of the large substititstd
hexaborate dianions and monoanions.

We have chosen Dunning's DZP basis®sets the standard basis
set within our calculations. In the case of the halogen-substituted

(59) Koopmans, TPhysikal933 1, 1.

(60) von Niessen, W.; Schirmer, J.; Cederbaum, LC8mputer Phys. Rep.
1984 1, 57.

(61) Dunning, T. H.; Hay, P. Modern theoretical ChemistryPlenum Press:
New York, 1976.
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species, the basis set is further augmented with a set of diffuse p-typedetachment energy (EDE). In principle, the EDE often strongly
functions for each atom. This basis set is denoted as theHpAfasis ~ depends on the geometry of the system, and thus, we distinguish
set, and the exponents used are 0.048 for hydrogen, 0.074 for fluorine,yertical and adiabatic stability, which are quantified by the
0.044 for chlorine, 0.034 for carbon, 0.048 for nitrogen, 0.019 for boron, \artical and adiabatic EDEs respectively. While the vertical

and 0.059 for oxygen. The choice of these DZP basis sets is based "=pDE describes the local stability of the system, i.e., at the
the followi : Empl t of additional diff functi i S L T .
e following grounds: Employment of additional diffuse functions in equilibrium geometry of the dianion, the adiabatic EDE is

the basis leads to a stabilization of the dianion versus the monoanion, : e
since the MOs of the dianion are in general more diffuse than the MOs C@lculated with respect to a related equilibrium geometry of the

of the monoanion. Consequently, if electronic stability of a dianion is Monoanion and thus takes account of geometry relaxation effects
already given using a nondiffuse basis set, the dianion can be consideredluring the electron detachment proc&h this context only

as an electronically stable gas-phase system. But if the examined dianiormonoanions need to be considered which are structurally related
lies at the edge of electronic stability, the use of diffuse functions is to the dianion, since otherwise the Franckondon factors
essential to make a meaningful prediction of its stability, e4E18" vanish and strongly suppress the adiabatic electron emission
is unstable at thaSCF and OVGF levels of theory with the nondiffuse  \yith respect to a structurally unrelated monoanion. In this work,
DZP basis set, but turns out to be a long-lived gas-phase dianion we have calculated only vertical EDEs, since for none of the

employing the DZRp basis (see Section 3.1). From that point of view investigated closchexaborates could a structurally related
it is sufficient to use the DZP basis set to establish electronic stability . . .
monoanion be identified.

of an examined dianion and to turn to the diffuse DAPbasis set if
necessary. Of course, if one wishes to make quantitative predictions ~The second property a stable gas-phase dianion must possess,
of the EDE one would have to use highly diffuse basis sets. For our stability with respect to fragmentations, is investigated by
purpose, the DZP and D2Zfp basis sets seem to be an ideal comparison of the total energy of the dianion with the sum of
compromise between accuracy and calculation time. The ab initio the total energies of possible fragments. If the sum of the total
programs used within our theoretical investigation stem from the energies of the fragmentation products is higher than the total
GAUSSIAN 98, GAMESS;’ and Aces 2* packages of programs. energy of the gas-phase dianion, the investigated dianion is
thermodynamically stable with respect to this fragmentation
channel. Otherwise the reaction pathway along the dissociation
The theoretical investigation of multiply charged anions, in must be calculated explicitly to estimate the height and width
this work dianions, is in general more complex than the study of the activation energy barrier that exists due to the Coulomb
of neutral or cationic systems, since the latter possess an infiniterepulsion of the monoanionic fragmentation products. It has
number of bound electronic states. In contrast, electronic stability turned out in previous theoretical studies of gas-phase dianions
of a dianion cannot be taken for granted owing to the strong that fragmentations play only minor roles in the dianion’s decay,
electrostatic repulsion between the excess electrons (see thejue to broad energy barriets5.66 Especially for covalent

Introduction). Furthermore, this repulsion energetically supports systems, like the investigatetbscborates, fragmentations need

the fragmentation of the dianions into two monoanionic frag- not be considered as relevant decay channels due to the high
ments. Hence, the theoretical investigation of a dianion includes pinding energies of the involved covalent bortel43.67

all aspects of a typical study of neutrals and cations, like |, the following section the results for several derivatives of
characterization of the electronic ground state and localization BgHe2~ are presented, and the influence of the ligands on the

of the energetica_ll_ly lowest minim_um on _the potentiql_ €Nergy electronic stability is examined. In the very beginning of our
surface. But addltlona_lly, electron_lc stat_mhty and_ stgbmty with investigation we tested many different ligands in preliminary
respect to fragmentations of the investigated dianion needs t0 4 tree-Fock calculations with respect to their ability to

be consider_e.d as We”'_ o ) stabilize the electronically unstabletg?—. We have tested the
The stability of a given dianion with respect to electron halogen ligands F and Cl; pseudohalogenes such as CN, NC,
autodetachment is examined by computation of its electron o go: OH: CC and CCH: methyl C#land even metal atoms
(62) Frisch, M. J. Trucks, G. W.. Schiegel. H. B S G B Robb. M such as Li or Be. While the metal atoms and methyl groups
risch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. . .
A.: Cheeseman, J.R.. Zakrzewski,V(.JG.; Montgomery, J. A., Jr.. Stratmann, strongly destabilize the excess negative charges of the boron

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,  cage, substitution of the hydrogens by hydroxy or acetylide
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.. 9roups results in an opening of tolosohexaborate cage and

Petersson, G. A Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K., no borane-related minimum structure could be identified. Out
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, .

J. V. Stefanov, B. B. Liu, G.; Liashenko, A.. Piskorz. P.; Komaromi, I.;  Of all tested ligands only the halogenes and pseudohalogenes
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, ianifi il i

C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; lead to a Slgmflcant stabilization ,Of the borate, Ca}ges’ and
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, therefore, we restrict our presentation to these dianions.

M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian, : : :
e ERieBUgh, DA, 1oag, © foaussian SBrevision aussian To give our numerical results some order, we decided to start

(63) GAMESS-UKs a package of ab initio programs written by M. F. Guest,  gur presentation with the octahedcbsahexaborate dianion
J. H. van Lenthe, J. Kendrick, K. Schoffel and P. sherwood, with

contributions from R. D. Amos, R. J. Buenker, M. Dupuis, N. C. Handly, BesLs?>~ systems (L= F, Cl, CN, NC, and BO), in which all
I. H. Hillier, P. J. Knowles, V. Bonacic-Koutecky, W. von Niessen, R. J.  hvdr n f the “parent” 2- ar i ion 3.1).
Harrison, A. P. Rendell, V. R. Saunders, and A. J. Stone. The package is Yd 0gens o t € ‘pare t @.-IG . are substituted (SeCt on3 )
derived from the originaGAMESScode from M. Dupuis, D. Spangler,  Since we are interested in finding temallestor least electron-
M ag) Do NRCC Software Catalog, Vol. 1, Program No. QGOL rich free stablelosohexaborate system, we reduced the number
(64) ACES 1| a program product of the Quantum Theory Project, University of  Of ligands to four leading to 81,L42~ dianions, which are
Florida. Authors: J. F. Stanton, J. Gauss, J. D. Watts, M. Nooijen, N.
Oliphant, S. A. Perera, P. G. Szalay, W. J. Lauderdale, S. R. Gwaltney, S.
Beck, A. Balkova, D. E. Bernholdt, K.-K. Baeck, P. Rozyczko, H. Sekino, (65) Scheller, M. K.; Cederbaum, L. S. Chem. Phys1993 99, 441.

3. Gas-Phase Stability of Derivatives of B ¢Hg2—

C. Huber, and R. J. Bartlett. Integral packages include/BteL (J. Almof (66) Dreuw, A.; Cederbaum, L. S. Phys. Chem. 2001, 105, 10577.
and P. R. Taylor) anABACUST. Helgaker, H. J. Aa. Jensen, P. Jorgensen, (67) Sommerfeld, T.; Scheller, M. K.; Cederbaum, LJSPhys. Cheml994
J. Olsen, and P. R. Taylor). 98, 8914.
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I . Table 1. The Optimized Geometrical Parameters of the Examined
| H ! BsLs?~, BgHoL42~, and BeHzL42~ Dianions (L = F, Cl, CN, NC, and
L B [ BO) Are Given at the RHF Level of Theory and MP2 Level of

U L
]
L L/ y Theory (in brackets)a
-/\ / Ly eory (in brackets)
B\\ L—L B _r B\\
\ B~ V4 \ gL \ pH B.-Be B.~B. B-L BH L-L

v /L/Bw“/ y /L/B?B/ H/BWB\ BeHs2~ 1.751 1.216

L

/L

By \/ (& g H BeFs?~ 1.733 1.405
- Bor ! BeHoF42~ 1.745 1.724 1.407 1.212
& H I‘J BeHaF2~ 1.736 1.759 1.410 1214
BeClg?~ 1.719 1.833
Oy Da, Da (1.721) (1.809)
(stretched) (compressed) BGH2C|427 1.736 1.704 1.858 1.198
) ) ) ) BgH4Cl22~ 1.722 1.764 1.894 1.205
Figure 1. Structures of the investigated substitutdoschexaborates are Bs(CN)e2 1.723 1.562 1.144
shown. While the hexasubstituted species (left) represent regular octahedra (1.727) (1.538) (1.194)
(On symmetry), the tetra- and disubstituted clusters (middle and right) BeHa(CN)s2 1.738 1.713 1.568 1.191 1.147
correspond to stretched and commpressed octahedra, respectively, having (1.738)  (1.720) (1.543) (1.190)  (1.195)
Dan symmetry. BeHa(CN)2~  1.730 1.757 1.575 1.201 1.150
_ _ _ Bs(NC)e?~ 1.720 1.480 1.153
presented in Section 3.2. Finally we present our results for the (1.721) (1.464) (1.196)
even smaller BH4L,?~ dianions in Section 3.3. BeHa(NC)s>~ (i;gg) &-;82) (1'23421) (i-igg) (ﬂgg)
_ 3.1. Hexasubs_ﬂtutedclosoBo_rates.The geometry op_tlm_lza- BeHa(NC)2 1725 1757 1506 1203 1152
tions of all studied hexasubstitutetbsohexaborate dianions Be(BO)s2 1.735 1.666 1.208
BeLe> (L = F, Cl, CN, NC, and BO) were restricted to (1.733) (1.645) (1.239)

; BeH2(BO)2~  1.743 1.731 1.665 1.194 1.213
octahedral symmetnyQ,) and converged rapidly. All converged (1740) (L731) (1643) (1L192) (1.243)
4

geometries were checked by an analysis of the harmonic g,B0)2- 1740 1.752 166 1.202 1.219
frequencies, and all obtaingd, symmetric structures possess

only real frequencies, i.e., they represent minima on the #Baand B refer to the axial and equatorial boron atoms in g

: : e symmetric tetra- and disubstituted species.LL describes the intraligand
corresponding potential energy surfaces. This is in agreementbond length of the diatomic pseudohalogen ligands CN, NC, and BO. For

with the predicted structures according to Wade’s rule and with the hydrogen- and halogen-substituted borates we used the-BXRsis
the experimentally determined structures ofHE?~ and its set and for the larger systems the standard DZP basis set. The bond lengths
derivatives in condensed phagédhe octahedral structure of are given in Agstroms.

the closchexaborates is displayed in Figure 1. Table 2. Vertical Electron Detachment Energies (EDEs) of the

The SCF optimized BB and B-H bond lengths of the Hexasubstituted closo-Hexaborates BgLg?~ Are Given in eVa
“parent” BgHe2~ dianion are 1.751 and 1.216 A (Table 1), L=
respectively, and are in good agreement with other theoretical H E cl cN NC BO
calculations at. higher levels of. thedi¥ They differ slightly KT 1249 _0828 1237 3145 2098  3.304
from the experimentally determined values of 1.72 and 1.10 A (1.046) (3.151) (1.812) (3.527)

for the B—B and B—H bonds in BHg?~, possibly owing to the ASCF  —-2.332 -1.683 0.184 2120 0995  2.206
presence o_f_ counterions in the experim_en_tal ex_a_lminations. OVGF  —1.646 —1.594 (70%1053 (12.g)1og) (11.'5776; (21385233
Another limiting fact is the strong electronic instability of the
BeHe?~ dianion, which puts a question mark onto the results  aThey are computed at the equilibrium geometries obtained at the SCF
obtained with bound-state ab initio methods. The vertical EDE and MP2 (in brackets) levels of theory. For the hydrogen- and halogen-
ofthe “parent” system has been found to have valuesiop49,  SSiuIed borenes the DEP basie et and fo e oner darions e
—2.332, and-1.646 eV at the theoretical levels of KASCF, no quantitative meaning except that the dianions are electronically unstable.
and OVGF, respectively (Table 2). AlthouglHi?~ has been
synthesized and characterized in condensed phases it does natew geometry. The obtained bond lengths of 1.721 and 1.809
correspond to a stable gas-phase diaRfaf. A for the B—B and B—Cl bonds (Table 1) are in very good
Turning to the halogen-substituted speciesF8  and agreement with experimental values obtained from the X-ray
BsCls2~, the B-B bond lengths decrease slightly to 1.733 and structure of 1.72 and 1.82 A, respectivéfyAt the MP2
1.719 A (Table 1), respectively, at the SCF level of theory optimized geometry, the EDE has values of 1.046 eV at the
compared to the parentgBs>~. The boror-halogen bonds level of KT and —0.004 eV at the OVGF level of theory.
possess lengths of 1.405 and 1.833 A for the fluorine and Comparing the different geometries obtained at the SCF and
chlorine systems and correspond to covalent single bonds.MP2 level (Table 1) one realizes that inclusion of correlation
Calculation of the vertical EDEs of both systems reveals that leads to a remarkable decrease of the@ single bond from
BsFs2~ is not electronically stable, since the EDE has a value 1.833 A at the SCF level to 1.809 A at the MP2 level of theory,
of —0.828V,—1.683, and—1.594 eV at the theoretical levels while the B-B cage bond length remains unchanged. This
of KT, ASCF, and OVGF, respectively. In contrast(i?~ reduction of molecular space comes along with an increase of
has only positive values of the EDE at the SCF optimized Coulomb repulsion between the excess negative charges and a
geometry, indicating its electronic stability. For further cor- decrease of electronic stability. In previous examinations we
roboration, we have reoptimized the structure of this dianion at have shown that slightly unstable dianions, e.g. BeG! and
the MP2 level of theory and calculated the EDE also for this Cg>,%° can have very long lifetimes with respect to electron

(68) Kalvoda, S.; Paulus, B.; Dolg, M.; Stoll, H.; Werner, HRPhys. Chem. (69) Dreuw, A.; Cederbaum, L. Shys. Re. A 2001, 63, 012501. Due to
Chem. Phys2001, 3, 514. production errors see ErratuniPhys. Re. A 2001, 63, 049904.
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Figure 2. HOMOs of theclosahexaborate dianionsgBls?~, BsFs2~, and B;(CN)s2~. The HOMOs of all examined octahedral borates are triply degenerate
tog Orbitals.

emission due to the repulsive Coulomb barrier, and this is also the CN and NC bonds of thesBCN)e?~ and Bs(NC)e?~ dianions

the case for BClg?™ at its MP2 optimized equilibrium geometry.  correspond to triple bonds, the BO bond has clearly more double
As already mentioned, fragmentations can be excluded asbond character, since the calculated bond length indicates a
relevant decay channels due to the highly covalent character ofshortened double bond. The typical value of a BO double bond
the involved bonds and the resulting high binding energies. On is about 1.27 A° Comparison of the geometrical parameters
the basis of these grounds we predict th€B*~ dianion to be obtained at the SCF and MP2 levels of theory shows that the
the least electron rich hexahalogen substitaledo-hexaborate influence of correlation is only small and only the intraligand
dianion that is observable in the gas phase. Preliminary bond lengths are clearly prolonged. The elongation of terminal
calculations at the Hartred-ock level of theory of the bromine-  multiple bonds in dianions when correlation is taken into account

substituted BBrg?~ dianion, which is known in solutio®,2! has been observed previoudhp!
indicate that this system represents a stable gas-phase dianion Tyrning to the electronic stability of the pseudohalogen-
as well. substituted dianions8CN)e2~, Bs(NC)e2~, and By(BO)e2", all

At first glance it is surprising that the ¢Be?~ dianion is of them are clearly electronically stable. The values of the

electronically strongly unstable while thes@ls* lies at the  vertical EDEs of these clusters obtained at the SCF as well as
edge of stability. Smce fluorine has the Iarg_er electronegativity at the MP2 optimized geometries are compiled in Table 2 and
(EN) one would naively have expected a vice versa trend. But gre positive throughout. The CN-, NC-, and BO-substituted

more important than the larger electronegativity of fluorine is closohexaborates have EDEs of 2.003 (1.916), 1.768 (1.573),
the longer B-Cl bond compared to BF, which provides  and 1.953 (2.082) eV, respectively, at the SCF (MP2) optimized
extended molecular space for the excess electrons to distributegeometries, using the OVGF approach for the calculation of
over. Hence, the repulsion of the excess electrons in §0&8 the EDE. As mentioned previously, fragmentations of the

dianion is significantly reduced and the excess negative chargemolecular framework can be excluded due to the covalent
is strongly stabilized. This simple geometric argument explains character and the high dissociation energies of the involved
nicely the increased electronic stability of@s>~ compared bonds*54867 Since the hexasubstituted dianiong(®N)s?",

to BeFe® . Bs(NC)s?>~, and B(BO)s?>~ are vertically stable with respect to
Substitution of the hydrogen atoms of the paregti&~ with electron emission, all these dianions represent local minima on
the diatomic pseudohalogen ligands CN, NC, and BO leads t0 the corresponding potential energy surfaces, and fragmentations
the closohexaborate dianions ¢BCN)s>~, Bs(NC)s*~, and are not relevant decay channels, we predict the hexasubstituted
Bs(BO)s?~, respectively. The geometries of these dianions have dianions B(CN)s2, Bs(NC)s2~, and B(BO)s2~ represent stable
been optimized at the theoretical level of Hartré®ck as well  gas-phase dianions which are observable in mass spectrometric

as MP2, and the geometrical parameters are given in Table 1.experiments.
While the B-B cage bond lengths differ only very slightly for The high electronic stability of these species compared to
these derivatives, the major Fjlﬁerences occur for the cage ligandy,o halogen-substituted or the parent hydrogen systems is simply
bonds (B-L) and the intraligand bond lengths iL"). The explained with the increased molecular size. Through the
boron-ligand bond length increases from the NC- to the CN- jnuqquction of diatomic ligands the excess electrons can
and BO-subst|tuted;peC|es from 1.480 (1.464) to 1.562 (1.538) gistribute over more atoms and thus significantly reduce their
and 1.666 (1.645) A, respectively, at the theoretical level of gocirostatic repulsion resulting in an increased electronic
SCF (MP2) (OTabIe_l). All these lengths have values of typical gapijity of the dianion. This trend can be nicely seen out by
single bonds? The intraligand bond lengths of the CN and NC  51inq at the highest occupied molecular orbitals (HOMOS)
species are essentially equal with a value of about 1.15 (1.195) BeHe>, BeFs>, and B(CN)s2~, which are displayed in
A at the SCF (MP22)_Ie_ve|3 while the intraligand4® bond  rjgyre 2. The HOMO of all examined octahedral clusters is a
length of the B(BO)e"~ dianion is slightly longer with alength iy qegenerate, orbital, of which only one of each cluster
of 1.208 (1.239) A at the SCF (MP2) level of theory. While is shown. In the parentdBls2~ dianion, the HOMO is a pure
(70) Holleman, A. F.; Wiberg, E.; Wiberg, N.ehrbuch der anorganischen cage orbital, i.e., the excess electro_ns are strictly Iocal!zed at
Chemie Walter de Gruyter: New York, 1995. the boron cage. According to a Mulliken charge analysis, the
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repulsion and to a significant lowering of all orbital energies
(Figure 3). The energy of the HOMO drops clearly below zero,
i.e., all electrons are bound, ang(BN)s?~ is an electronically
stable gas-phase dianion.

Closer inspection of the vertical EDEs ofy(BN)s2~ and
Bs(NC)s®>~ reveals that the CN-substituted species is substan-
tially more stable than the NC-substituted one. The vertical EDE
of Bg(CN)e?~ is 2.003 (1.916) eV while the EDE ofgBNC)s?~
isonly 1.768 (1.573) eV at the theoretical level of OVGF, using

the SCF (MP2) optimized geometries (Table 1). This difference
can be nicely explained by the tendency of the excess electrons
to localize at the outermost ligand atoms and the EN of the
involved elements. In ECN)s2~ the outermost ligand atom is
nitrogen, which has a higher EN than carbon, and hence, the
EN difference supports the localization of the excess charges
at the nitrogen. In contrast, in thes®IC)s2~ dianion nitrogen
is not in the outermost position but carbon. Thus, the EN
difference between nitrogen and carbon acts directly opposed
to the tendency of the excess electrons to localize at the
-187 outermost position. This is confirmed by the charge distributions
4 of these clusters, since ing@N)s2~ the boron has a charge of
+0.2, the carbon a charge 6f0.23, and the nitrogen a charge
a1g of —0.3, while in B(NC)s?>~ the boron carries a charge$0.16,
the nitrogen a charge 6f0.4, and the carbon a charge-e0.1.
Comparing the charge distributions in these clusters, the
additional charges of 8NC)s*>~ are more localized in the inner

Figure 3. The orbital energies of @iz (middle), BFe~ (left), and region, giving _r_ise to more Coulomb repulsion and to less
B&(CN)e2~ (right) are compared. Solid orbital lines refer to cage orbitals, €l€ctronic stability.

short-dashed Iin_es to mix_ed cage-liga}nd _orbitals, and Iong-dashed linesto 3.2 TetrasubstitutedclosoBorates. One of our intentions
‘r’e“g?e S'grigdm%rrtgtzlséu;gﬁn g’hgir:g;e&z:tﬁgMcg”&(&?;_sﬁg‘;t rﬁgtstlr;‘ther in this theoretical investigation is to identify tisenallesor least
cage character but also nonnegligible contributions on the ligand atoms €lectron rich closehexaborate dianion. Since we have already
(see text). identified the stable hexasubstituted specigSI8~, Bs(CN)s2,
Bs(NC)s?~, and B(BO)s?™, it is thus natural to reduce the
number of ligands from six to four and to examine the resulting
BeH2C|42_, Bst(CN)42_, Bst(NC)42_, and &Hz(BO)42_ in

the same fashion. We have restricted ourselves tdartres

-9 4

Energy

-12 4

-15 4

-21

BoF- BgHE™ Bs(CN)g™

boron cage atoms have a partial charge-d3.1 and the
hydrogens of-0.24, which goes along with a strong electrostatic
repulsion between the additional charges. This is the major

reason why the BHe?~ dianion is electronically unstable and ’ veS
emits spontaneously one of its excess electrons when it is'SOMe’S which possed3s, symmetry sketched in Figure 1.

brought into the gas phase. The geometry optimization of thesB>Cls%~ dianion reveals

Going to BsF¢2~, the HOMO already has small coefficients that the cluster is stretched along theg &xis, resulting in a
at the fluorine ligands, i.e., the additional electrons are also longer boror-boron distance between axial and equatorial atoms
slightly distributed over the fluorine ligands (Figure 2). Indeed, than between axial and axial atoms (Table 1). At the SCF level
the negative charge at the fluorine atoms is strongly increasedof theory, the involved bonds have typical lengths of single
compared to that of the hydrogens of the paregtid3~ dianion. bonds, and are comparable to the values obtained for the
The fluorines have a partial charge ©0.55 while the boron hexasubstituted dianion. However, computation of the vertical
cage atoms are 3||ght|y positive|y Charged 53021 This EDE of the &H2C|427 dianion Clearly proves its electronic
corroborates the tendency of the excess electrons to localize atnstability, since the EDE has a value-60.306 eV at the level
the ligands and thus to minimize their electrostatic repulsion. of OVGF. Therefore, we can conclude that@s* is the
As can be seen in the orbital scheme (Figure 3), the HOMO smallest halogen-substitutedosohexaborate dianion that is
and all other orbitals are stabilized when going frogHg~ to long-lived.

BeFe?~. But the stabilization is not sufficient to make the latter Turning to the pseudohalogen tetrasubstituted dianions
a stable gas-phase dianion, since the energy of the HOMO isBgH2(CN)42~, BsH2(NC)42~, and BHo(BO)42~, their geometry
clearly positive, i.e., the electrons of the HOMO are unbound. optimizations give analogous results as fgHBCI|,2~. Again,

In the case of the §CN)s?~ dianion, the HOMO has the equilibrium structures correspond to elongated octahedra
significant coefficients at the nitrogen atoms of the CN ligands, (Figure 1) and the geometrical parameters are very similar to
indicating a further charge transfer to the outermost ligand atomsthe parameters obtained for the hexasubstituted species (Table
(Figure 2). A Mulliken charge analysis supports this picture, 1). The most important differences to the hexasubstituted
since the cage boron atoms have a charge@®, the ligand dianions occur in the elongation of the axi&quatorial B-B
carbons a charge 0f0.23, and the ligand nitrogens a charge bonds and the shortening of the-B bonds between two
of —0.3. This localization of the excess charges at the outermostequatorial borons. Note that equatorial borons lie in the plane
nitrogen atoms leads to a vigorous reduction of the electrostatic spanned by the four ligands, while axial borons are perpendicular
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Table 3. Vertical Electron Detachment Energies (EDESs) of the Table 4. Vertical Electron Detachment Energies (EDES) of the
Tetrasubstituted BgH,L4?~ closo-Hexaborate Dianions Obtained at Disubstituted BgH4L2?~ Dianions Are Given in eV
the SCF and MP2 (in brackets) Equilibrium Geometries?

L=

L=

F cl CN NC BO
F c N Ne B0 KT ~1219 0305 0126 -0077  0.053
KT —1.135 0.548 1.769 1.132 1.768 ASCF —2.278 —1.465 —1.050 —1.257 —-1.117
(1.835) (0.903)  (1.929) OVGF  -1.904 -0913 —-0547 —0.568 —0.637
ASCF —2.216 —0.551 0.675 —0.029 0.665
OVGF  —-1929  —-0.306 0.857 0.707 0.843 aThey have been computed at the equilibrium geometries obtained at
(0.838) (0.611) (0.892) the SCF level of theory. For the hydrogen- and halogen-substituted boranes

we used a DZRPP basis set and for the other examined systems a DZP
a For the halogen-substituted borates the BPrbasis set was employed,  basis set was employed. Negative EDEs only prove the electronic instability

for the pseudohalogenes the DZP basis set. The EDEs are given in eV.of the dianion but have no quantitative meaning.

Negative values for the EDEs have no quantitative meaning except that

the dianions are electronically unstable. octahedra, in which the boretboron distance between equato-

rial atoms is prolonged while the distance between axial and
equatorial borons is shortened (Table 1). In this case equatorial
boron atoms are those lying in the plane spanned by the four
hydrogens, while the axial borons are perpendicular (see Figure
81). The geometrical parameters are very similar to those obtained
for the hexa- and tetrasubstituted analogues (Table 1).

to this plane. For example, in thes@N)s?~ dianion all B-B
bonds are identical and have a length of 1.723 (1.727) A, while
the B—B distance between two equatorial boron atoms in
BsH2(CN)42~ decreases to 1.713 (1.720) A and the distance
between an axial and an equatorial atom increases to 1.73
(1.738) A at the theoretical level of SCF (MP2) (Table 1). In . - .
contrast, the cageligand bonds and intraligand bonds are Calculat2|on of the vertlgal EDEs of the ¢Hy(CNL™,
largely equal for the tetra- and hexasubstituted species. The cNBeH(NC)"", and BH4(BO),*~ dianions reveals that they are
and NC bonds of BH2(CN)s2~ and BsH(NC).2~ possess, like all unstable with respect 'Fo electron autodetachment, since their
those of the analogous hexasubstituted borates, typical lengthdEPES have clearly negative values at the OVGF level of theory
of triple bonds, while the BO bond of the ¢Bx(BO)2 of —0.547,—0.563, and'—0.637 QV, rgspectwely (Table 4).
corresponds to a shortened double bond. Inclusion of correlationTheremre'2aII the mvestlzgated dlsubstltukdczisohexaborates
into the geometry optimization by optimizing the structures at BeHa(CN)2"", BeHa(NC):*", and BsH4(BO)*" do not cor-
the MP2 level of theory has only negligible effects on the respond to electronically stable dianions and their existence in
geometrical parameters (Table 1). the gas phase can be excluded.

In .contrast to BH?CI4 -, the psgudohalogenjsubstituted 4. Brief Summary
species are electronically stable, since the vertical EDEs of
BsH2(CN)42~, BgHo(NC)42~, and BH2(BO)2~ have values of Although BsHe?™ is known in condensed phases, it is not
0.857 (0.838), 0.707 (0.611), and 0.843 (0.892) eV, respectively, Stable with respect to electron autodetachment, but emits
at the SCF (MP2) optimized geometries using the OVGF spontaneously one of its extra electrons in the gas phase. In
approach for the EDEs (Table 3). Summarizing, theso this paper we address the question whether it is possible to
hexaborates gH,(CN)s2~, BgHa(NC)42~, and BH»(BO),2~ are construct a stable gas-phase dianion by starting fremsB
vertically stable with respect to electron emission and representas the parent system and replacing the hydrogens with appropri-
minima on the corresponding potential energy surfaces, andate ligands. Our aim is to identify themallestelectronically
fragmentations can be excluded due to the covalent nature ofstable derivative of BH¢?~ using ab initio methods and to
the involved bonds. Thus, ¢Bl2(CN)s2~, BgHa(NC)42~, and understand the influence of different ligands onto the electronic
BsH2(BO)s2~ represent stable gas-phase dianions and arestability of the dianions.
predicted to be observable in mass spectrometric experiments. Our calculations have clearly shown that four hexasubstituted

The increase of electronic stability going from the halogen- closchexaborates are stable with respect to electron autode-
tetrasubstituted to the pseudohalogen-tetrasubstituted dianiongachment and represent stable gas-phase dianiog€is?B,
follows the same reasons as outlined for the hexasubstitutedBs(CN)e>~, Bs(NC)?~, and B;(BO)e?~. All these dianions have
borates. The lower electronic stability of the NC derivative been geometry optimized and their equilibrium structures have
compared to the CN-substitutedsHB(CN)4*>~ dianion can On symmetry, which is in agreement with the predicted
analogously be explained by the electronegativities of carbon structures according to the electron count scheme known as
and nitrogen as has been done for the derivativgd8)s? Wade’s rule. While the EClg?~ dianion lies at the edge of
and B(CN)e?~ in the previous section. electronic stability, the pseudohalogen-substituted dianions

3.3. Disubstituted closoBorates. Further reduction of the ~ Bs(CN)s?~, Bg(NC)s?~, and B(BO)s?>~ are clearly electronically
number of ligands from four to two leads to the disubsituted stable by about 2 eV. The increase of electronic stability from
closchexaborates g14(CN)2~, BsHa(NC)2~, and BH(BO),?, the halogen- to the pseudohalogen-substituted species can be
which are the only possible disubstituted candidates to be stablenicely explained by the larger molecular space provided by the
gas-phase dianions. Again, we have restricted our investigationdiatomic pseudohalogen ligands. The larger space allows the
to the transisomers, which posses®s, symmetry, since a  additional electrons to distribute further and to reduce their
maximum distance between the electron-withdrawing groups electrostatic repulsion significantly. The decrease of electrostatic
is necessary for their stability. The structure of these dianions repulsion within the systems is strongly reflected by the orbital
is pictured in Figure 1. energies of thelosohexaborate dianions.

The geometry optimizations of all three dianions converged A reduction of the number of ligands revealed thatttaas
onto equilibrium structures that correspond to compressed isomers of the tetrasubstituted speciglBCN)Z~, BgHo(NC)2~,
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and BH,(BO)42~ represent stable gas-phase dianions as well. metric experiments as they are typically performed by Wang et
Their equilibrium structures af@4, symmetric and correspond  al.’*
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Be(NC)e?~, and B(BO)s>~ and the tetrasubstituted dianions
BsH2(CN)42~, BgHo(NC)2~, and BHo(BO)s2~ to exist in the ~ JA012681J
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