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Abstract: The neutrahyperclosdooron hydrides BH, (n = 5—-13, 16, 19, 22) and the boron hydride radical
monanion BH,~ (n = 5—13) have been studied at the B3LYP/6-31G* and higher levels of density functional
theory. The pairing and capping principles help rationalize the lowest energy structures. Neutral boron hydrides
BnHn with n= 3p + 1 (p = 2—7) all have one boron atom on a 3-fold axis. Loss of one electron frgithB
(n=5-13) is predicted to be exothermic except fapiB,,°~. This, the most stable and aromatic dianion, has

a 10.9 kcal/mol (B3LYP/6-31:tG**//B3LYP/6-31G*) adiabatic ionization potential. The relative stabilities

of the neutral and monanion boron hydrides were evaluated using the equatigh-B (n — 2)BHipc —

BnH:X, in whichx = 0 and—1 and BH,. is the energy difference betweenHg (C,,, planar) and BH,4 (Dzr).
Removing two electrons from aromatic dianions changes the nucleus-independent chemical shifts (NICS) from
negative (aromatic) to positive (antiaromatic) except for neutgdlsBB7H7, B12H12 (Cy,), and BsHas (Cs,,

Ca,, Cy). The NICS values (ca=21.0 ppm) for the three neutrah ;13 forms are comparable with the 1152~

dianion value £23.3 ppm). Interestingly, for all these species, the NICS values at points 1.0 A above the
centers of the unique triangles are all negative, which is in contrast to the case for benzene with well-known
shielding and deshielding regions. On the basis of the stabilization energy and other aromatic criteria, the
neutral BsH13 boron hydride appears to be a good candidate for synthesis.

Introduction or more metal atoms in vertex positions may stabilize the
unusual electron count isoclosometalloclusters. In the boron
halides (BXn), the cage adopts @osostructure even though
there are onlyn cage electron pairs rather than the required
n + 1. The usual explanation is that tegohalide substituent
s$upplies additional electron density to the cage throuphack-
donation. Boron halide cages {8,) are available fon = 4,
7—12. However, X-ray structures are known only fop®,
BgXs, BoXo, and B1X11. Mulvey et all? calculated the bonding/
antibonding nature of the HOMO in the boron hydride dianion
and successfully predicted changes in the cage geometry
between the dianion and the boron halide for cage sizesof

8, 9, and 11 (for more detail see individual discussionsgbff3
BgHo, and BiH11 below).

Boron hydrides can be placed into groups according to the
number of electron pairs associated with cage bond#ihge
designations arelosq nido, andarachnofor cages withn +
1,n+ 2, andn + 3 cage electron pairs, whends the number
of vertexes. In general, as the number of electron pairs increase
for a cage, the structure becomes more open. Cages with fewe
thann + 1 electron pairs are calldtyperclosé—* and generally
fall into two categories: metalloclustéfi(isoclosometallobo-
ranes and metallocarboranes) and boron halidgsJB~1! One
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Porterfield et a3 calculated the neutral boron hydrideg-3
(n = 3—12) and found distortions fan = 3, 5, 6, 10, and 12
from the regular deltahedral structures favored for the dianions
B,Hn?~ due to the presence of an incompletely filled degenerate
orbital level. Forn = 4, 8, and 9, the B1,>~ HOMOs (e, b,
&' symmetries, respectively) were computed to be nearly
nonbonding; these three systems correspond to the boron halide
clusters of greatest stability.

The PRDDO calculations of Bicerano, Marynick, and Lip-
scomB+150n larger boron hydride clustens ¢ 12) found that
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closed-shell high-symmetry structures were possible for the Electrochemical oxidation of bothyBH:¢?~ and BoH12*~ (egs
neutral deltahedral cages of 16, 19, and 22 vertexes but not for2 and 3) is likely to proceed through formation of the radical
the corresponding dianions (which would have degenerate anion as the first stef:22The BygH19°>~ and B4Ho3%~ structures
orbitals partially occupied). Schleyer and co-workers evaluated are believed to be double cages connected by apeghatorial
the stability of the BsH12*~ dianion as well as the BH142~ B—H—B bridges?-23

through B/H;7~ series recently® Lipscomb et al. have B. H. 2 (electrochemical oxidation} B..H. >~ (2
computed selected boron hydride dianions as large;e$:8- o By (2)
as well as extensions into boron nanotube&.very significant o . L 3
breakthrough has been reported by Gaines and co-workers, BHy,~ (electrochemical oxidation) B,,H,3™  (3)
who synthesized BHis?", the first observedcloso boron Michl and co-worker& have generated a stable radical;GB
hydride dianion larger thanBH;2". Mej2in which the cage is “sheaved” by a layer of methyl groups.

We wish to answer several questions: (1) What are the The radical, which is isoelectronic withla-ll_z‘, persists in air
geometries and electronic structures of the neutral and radicalfor & few days and at 15@C. A broad ESR signal was observed
anion cages? (2) Are the boron hydride dianions stable to lossin solution and low-temperature glasses. A computational $tudy
of an electron (vertical and adiabatic)? (3) Do neutral boron ©f CBsHioand CBiHi2found that the symmetries of the anion
hydrides BHn and boron hydnde radical anionsl}a]— show were lowered due to the Jahiieller effect toCy, (from C4U)
characteristics of aromaticity? (4) Are there neutral and radical @ndGCs (from Cs,), when an electron was removed from o~
anion cages with high stability? and CBjHi2, respectively. The BMe;,~ radical ion has

Morrisorf suggested that 7-, 10-, and 12-atom boron halide "€cently been reported by Hawthome and co-workessho
(B.X») may not adopt normatloso structures, but rather “a  Mmade the air-stable anion by oxidizing Ble,,*~ with ceric-
separate series of deltahedra, the/percloso structures”. (IV) ammonium nitrate in acetonitrile.

Indeed, [(®-MeCeH4sCHMe)RUBgHg)], a 10-vertexhypercloso
metalloborane, is known to have a quite different geometry than _ L )
the BigH10>~ Dag Symmetry structuré? All geometries were fully_ optl_m|zed in the given symmetry at the

Few boron hydride By~ (or boron halide BX,-) radical BSLYP/6-31G_(d) levefabVibrational frequ_enmes, ca}lculate_d at thaF

. oA 0 nJ T level, determined the nature of the stationary points. Single-point
anions have been characteri2éd® One example i Bls . energies at B3LYP/6-311G(d)/B3LYP/6-31G(d) constitute the “stan-
which is synthesized by oxidative degradation oHE*~ (eq dard” level. Zero-point corrections are very small and have not been
1).200n the ESR time scale, all boron and hydrogen atoms are included unless specifically noted.

The B3LYP/6-31G(d) geometries for boranes and carboranes have

Computational Methods

BgH927 (air oxidation)— been shown to be accurate and comparable to thosc_a at l_\/IP2_/6-3lG-
. B . . (d)2¢ Molecular plots of the relevant structures are given in Figures
BgHs™ + BgHg + B/H,” + BHs™ (1) 1. Tables of total energies (hartrees) and zero-point energies (kcal/

mol) as well as Cartesian coordinates of all species are provided as

equivalent and coupled to the odd electron equally. An analysis Supporting Information.

of th(la_ ESR spectru?ﬁgla;\(/:ecthe_foIIowing isotr?Sic hygelrgne Results and Discussion

coupling constants S, in gaussy; = 6.10; _ . I
aHFCpc(llgB) _ 2-52'aHIECC(:I'OB) _ 0.894. A?ggzcéahzzdralﬁgf The molecular symmetries of the boron hydride dianions are
structure Dag sym;netry) has two sets of four equivalent boron well established. In contrast, little is known about the molecular
and hydrogen positions. The equivalency of boron and hydrogen  (21) MiddaughR. L. Wiersema, R. JI. Am. Chem. So&966 88, 4147.
positions observed by ESR could be due to sindlaec values (22) Wiersema, R. J.; Middaugh, R.JAm. Chem. 500967 89, 5078.

for the two sets of positions or too fas_t an equilibratio_n process TH(ég)C'\ﬁ'eEb,\ﬁligggl\ﬂélﬁgalné{(” Charkin, O, P.; Schieyer, P. v. R.
on the ESR time scale. The possibility of a static square  (24) (a) King, B. T.; Janoiek, Z.; Griner, B.; Trammell, M.; Noll, B.
antiprism D4q) for the radical anion can be discounted because C.; Michl, J.J. Am. Chem. S0d.996 118 3313. (b) King, B. T.; Noll, B.

; C.; McKinley, A. J.; Michl, J.J. Am. Chem. Cheni996 118 10902.
the electronic state would be degenerate and would-Jaéler (25) McKee, M. L.J. Am. Chem. S0d997, 119, 4220.

distort to a lower symmetry structure. (26) Peymann, T.; Knobler, C. B.; Hawthorne, M. Ehem. Commun.
1999 2039.
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symmetries of the radical monoanion and neutral boron hydrides, Table 1. Summary of Properties of Dianion and Neutral Boron
B.Hn~ and BH,. Since several of the boron hydride dianions Hydrides

have degenerate HOMOs, removing an electron creates an dianion boron hydride neutral boron hydride
electronic state which will JahﬂTeIIer di_stor'_[.13 The follov_ving _ highest atoms on degen type of H—L
procedure was used to determine the direction of distortion. First, vertex symm n-fold® n-fold® HOMO? distort® symm gag
the radical anion was optimized at the AM1 |8#éh the point

L . . ) Dan 3 2 yes DSD Cy 101.0
group of the dianion, and vibrational frequencies were calcu- g o, 4 2 ves DSD C, 1095
lated. The molecule was distorted along the vector with the most 7 Dsg, 5 2 yes DSD Cs, 125.0
negative eigenvalue and reoptimized. This geometry was used 8 Dz 2 0 no none Dz 90.2
as the initial guess for the B3LYP/6-31G(d) optimization. Ifan 9  Dan 3 0 no none Dy 88.0
imaginary frequency was found at the B3LYP/6-31G(d) level, ﬁ) B:d g f %gs r?osnz gz 1;8'5
the optimization was repeated in a lower point group untita 15 |, ’ 5 2 yes DSD Cz: 88.9
minimum was found. When a stationary point was closeto a 13 C,, 2 1 no cap Cs, 1449

symmetry higher than that assumed, the higher symmetry point=— Refers to the principal axis of the dianidhiNumber of boron atoms

group was used and the geometry reoptimized. We considered,, pighesn-fold axis. © Type of distortion the dianion undergoes when
different structures for several of the radical monoanions and two electrons are removed. DSD refers to a diamesgliare-diamond

neutral boron hydrides but were unable to find structures of distortion. HOMO—LUMO gap in the neutral boron hydride in kcal/
|ower energy than those given by the procedure above_ mol. ¢ The neutral Bngg cage Undergoes a distortion to a Capping

In a recent paper, Kirf§considered distortions from idealized geometry.
symmetries in transition metal complexes when the orbital
degeneracy was lifted. We find a close parallel with our results
and his predictions for trigonal bipyramidal, octahedral, and
pentagonal bipyramid complexes. We find symmetry changes
from Dap, to Cy, to C4, when one and two electrons are removed
from BsHs2~. Similarly, the symmetry changes fro®), to Dag
to C,, when one and two electrons are removed froghl§-.
Finally, the symmetry of BH72~ changes fronDsp, to Csto Cs,
when one and two electrons are removed. King predicted similar
distortions in five-, six-, and seven-coordinate transition metal
complexes.

In analyzing the structures of the neutral boron hydride, it is
useful to consider the pairing principf® and the capping
principle131 The pairing principle states that if a structure has
one boron on a 3-fold axis or higher, then degenerate bonding
and antibonding orbitals will be paired except for one degenerate
set which will be nonbonding. Alosoelectron countr{ + 1
electron pairs) would give an open-shell system in which the
degenerate nonbonding orbitals are partially filled. However,
either an electron count afor n + 2 electron pairs would give
a closed-shell species. The simplest boron hydride with one
boron on a 3-fold axis and amelectron pair count is 4 in
Tq symmetry. Additional members of this series hayei31
vertex positions, i.e., B, n = 7, 10, 13, 16, 19, 22, and so
on.

The capping principle states that a capped polyhedral cluster
has the same number of bonding skeletal molecular orbitals as
the uncapped polyhedron. Thus, a polyhedron eértexes and
havingn + 1 bonding molecular orbital€lpsoelectron count)
can accept a capping vertex without changing the number of

bonding molecular orbitals. Therefore, the boron hydrides might possible. Following the procedure outlined above, we first found

prefer a structure in which a BH group caps the next smaller 8 D h h bital
polyhedral cage. Indeed, this behavior is observed for all the aBgg state 0Dz, symmetry, where the symmetry ojorbitals

neutral boron hydrides derived from dianions having degenerateIS splitinto &, b, and b, Following the imaginary frequency
HOMOs as well as BH13 in which the HOMO of the dianion of the Day structure leads to &y state ofDay symmetry
is not degenerate (Table 1). In Figure 1, an additional picture (D — CZ’r‘]’ ther;] symmetrized ft@h&‘) 1.2 kcal/rtr;_ol llovx_/eroln
of the neutral boron hydride is given which emphasizes the €N€'9Y, W ere the symmetry of the ong}n@é orbitals (.|n n
capping of the next smaller polyhedron. symmetry) has d|V|de_d |nt01_@and g orbitals. Removing an

We will first discuss properties of the individual boron elect_ron from the radical anion Iegds toa neutraHBb_oron
hydride cages followed by a discussion of trends hydride withCy, symmetry and no imaginary fre.quenc[es. The

' structure closely resembles a capped trigonal bipyramid (Figure

(28) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. 1).
Am. Chem. Sod 985 107, 3902.

BsHs. Removing one electron fromsBls?~ increases one of
the equatorial B-B distances to 1.963 A. Removing the second
electron increases the- B distance to 2.394 A to give a neutral
boron hydride with C4, symmetry. The capping principle
suggests that 485 might be stabilized by adopting the structure
of the B4H,4 closocage with a BH capping group, i.e., a capped
tetrahedron. However, the underlying four-vertex cage is not
expected to be stable in a tetrahedral geometry witt 1
electron pairs owing to the incompletely filled degenerate
orbitals. A better way to view the §Bls structure is from the
pairing principle. A single boron atom is located on the 4-fold
axis which leads to five cage-bonding orbtials, five cage-
antibonding orbitals, and a pair of nonbonding orbitals (in
general, for am-vertex cage with one boron atom on a 4-fold
axis, there aren bonding,n antibonding and two nonbonding
orbitals). A stable structure results when all of the cage bonding
orbitals are filled.

It is also interesting to note that the diamerstuare-
diamond (DSD) rearrangement ofi#2~ is symmetry forbid-
derf? owing to a crossing of occupied and unoccupied orbitals
along the reaction path. Removing two electrons removes the
forbidden character of the reaction, and the transformation is
actually downbhill from the trigonal bipyramid to the square
pyramid. It should also be pointed out that &8 isomer exists
lower in energy than theC,, structure. The BHs global
minimum is aCs structure with a central aromatic BBB ring
9.8 kcal/mol more stable than the square pyramid at B3LYP/
6-31G(d)//B3LYP/6-31G(d}.

BeHs. When an electron is removed from the HOMO of
BeHe2™ (t2g symmetry), a number of different distortions are

(29) King, R. B Inorg. Chim. Actal998 270, 68. (32) Gimarc, B. M.; Ott, J. J. Graphs for Chemical Reaction Networks:
(30) Fowler, P. WPolyhedron1985 4, 2051. Application to the Carboranes. Graph Theory and Topology in Chemistry
(31) Mingos, D. M. P.; Forsyth, M..lJ. Chem. Soc., Dalton Trank977, King, R. B., Rouvray, D. H., Eds.; Elsevier: Amsterdam, 1987; pp-285

610. 301.
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ByoHyp ByHyy By Hpp>

Figure 1. Molecular plots for neutral, radical anion, and dianion boron hydride cages. The arrow at the bottom of each vertex group indicates the
ionization sequence for removing one and two electrons from the dianion. In several plots a second view of the neutral boron hydride is given to
illustrate the relationship with the next smaltdosoboron hydride dianion. The letters adjacent to the boron atoms of the radical anion correspond

to column headings in Table 7. The second view of thgHB~ radical is included to show the 3-fold axis. The six-B distances shown (1.730

A) make up a complete set. All otherB bonding distances are 1.819 A.

B/H;. Two states of the B1;~ radical anion were obtained two boron atoms which were nonadjacent in the pentagonal
in Cs symmetry depending on the location of the molecular bipyramid have bonded while the vertex between these two
plane. In one cage, a molecular plane passes through the twgoositions assumes a capping position, forming a capped
axial boron atoms to produce?A’ electronic state, while in  octahedron (Figure 1).
the other cage, the molecular plane passes through the five BgHg. The b HOMO of Doy BgHg?™ is nondegenerate, so
equatorial boron atomgA" state). TheA’ state is a stationary ~ removing an electron does not necessarily lead to a symmetry
point with two imaginary frequencies, one of which leads to lowering. Indeed, the lowest energy structure located on the
the 2A"" state, 0.3 kcal/mol lower in energy at the B3LYP/6- BgHg™ potential energy surface (PES) was g state inDyq
311+G(d)//B3LYP/6-31G(d) level. However, when zero-point  symmetry. Since BHg™ is the only boron hydride radical anion
corrections are added, the stability order reverses by 0.6 kcal/to be characterized by ESR,we have computed isotropic
mol. We chose to refer to th#A"” state as the ground state hyperfine coupling constants (HFCCs) féB andH (B3LYP/
because the reversal is mainly due to the contribution (or rather 6-311+G(d)//B3LYP/6-31G(d)). IrD,q symmetry, there are two
the lack of contribution) from the two imaginary frequencies sets of boron and hydrogen atoms (“a” and “b”, see Figure 1).
to the zero-point energy. If thRA' state were the ground state, For sets “a” and “b”, theyrc(*'B) values are-4.8 and+1.9
then these two modes should contribute to the ZPE. In such G, respectively, while theyrco(*H) values are-5.5 and+13.6
cases, the harmonic approximation is not appropriate. G, respectively. In the experimental ESR spectrum (sign not

When an electron is removed from th&" radical anion, a determined¥° only one HFCC value is observed for the electron
neutral BH; cage is obtained witlCz, symmetry. Essentially,  coupling to boron g4rcc(*'B) = 2.52 G) and to hydrogen
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Table 2. Calculated and Experimental Distances isHB Cages

ed
o

“g’ “b” “c’ “d
X-ray BeHg @ 1.559 1.756 1.717 1.926
X-ray BeClg®? 1.681 1.744 1.814  2.001
(0.122)  (-0.012)  (0.097)  (0.075)
BeHs> 1.617 1.821 1.708 1.909
BgHs~ © 1.661 1.775 1.734 1.909
(0.044)  (—0.046)  (0.026)  (0.000)
BeHe® 1.751 1.742 1.753 1.925
(0.134)  (-0.079)  (0.045)  (0.016)

aSee ref 12° The numbers in parentheses represent the bond length
difference between £&lg and BHg? . ¢ The numbers in parenthese
represent the bond length difference betwegiigB/BsHs and BHg?~.

(anrco(*H) = 6.1 G). Because a higher symmetry structure and
theaccidental equivalence of the HFCC values could be ruled
out, the authors suggestdhat theDyq structure was under-
going rapid rearrangement.

We considered the possibility that the radical anion might
go through the same mechanism as tlgeld3~ dianion, which
is known to undergo rapid rearrangement on the NMR time
scale3®34 Bihl et al3 calculated a 5.0 kcal/mol barrier for
rearrangement via a DSD mechanism in the dianion at the MP2/
6-31G(d)//6-31G(d)-ZPC level. At the B3LYP/6-31+G(d)//
B3LYP/6-31G(d}-ZPC level, we find theC,, BgHg?~ structure
(a minimum at B3LYP/6-31G(d)) to be 2.6 kcal/mol higher than
the Dyq structure. This should be close to the activation barrier.
The corresponding energy differenc€s,(vs D»g) are 7.7 kcal/
mol for the radical anion, and 8.2 kcal/mol for the neutrgtiB
Note thatC,, structures were characterized as transition states
(one imaginary frequency) for bothgBg~ and BHg at the
B3LYP/6-31G(d) level.

If the rearrangement is fast on the ESR time scale, then the
average calculated ESR parameters woulddpe(*'B) = 1.4
G andayrcc (*H) = 4.0 G. These compare satisfactorily with
the experimental values of 2.52 and 6.1 G, respectively.

The geometric consequences of removing two electrons from
the dianion can be ascertained by comparing X-ray structures
of BgHg?~ and BCls. As summarized in Table 2, distances “a”,
“c”, and “d” all increase when two electrons are removed while

McKee et al.

Table 3. Calculated and Experimental Distances isHB Cages
a

C
<A+
“a” “b” “c”
X-ray BoH2 2 1.91 1.84 1.71
X-ray ByClg?¢ 1.80 2.08 1.75
(—0.11) (0.24) (0.04)
X-ray BoClgP* 1.800 2.057 1.740
(—0.11) (0.22) (0.03)
BoHo?™ 1.986 1.791 1.711
BgHg™ ¢ 1.870 1.896 1.728
(—0.116) (0.105) (0.017)
BgHg® 1.796 2.020 1.751
(—0.196) (0.229) (0.040)

aSee ref 12° Reference 11¢ The numbers in parentheses represent
the bond length difference betwees@s and BHg?".  The numbers
in parenthese represent the bond length difference betwg&n/BoHg
and BHg*".

the C4, geometry of BHg offers the least-motion DSD inter-
conversion ofDgz, minima. The activation barrier is only 2.1
kcal/mol (including ZPE); hence, the neutrajHB cage should

be fluxional, unlike that of BHg?~, which is quite rigic®? It is
possible that the degenerate rearrangement barrigyGiy Blso

is small since the boron halide has mfelectron pair count.
Very recent calculatiorf8 on BHg?~ show that the single DSD
step has an activation barrier of 28.4 kcal/mol, while the double
DSD step has a smaller barrier of 21.3 kcal/mol (B3LYP/6-
311+G(d,p)//B3LYP/6-31G(d}ZPC).

A comparison of the BHg?~ and BCly X-ray structures is
given in Table 3. As electrons are removed from the cage
(BoHo?~ — BgClg), the distances in the two equilateral BBB
triangles centered on the principal axis decrease (set “a”), while
the separation between the two BBB faces increases (set “b”).
The distances between the three capping boron atoms and the
four boron atoms in the square faces remain similar (set “c”).
These observations are closely modeled by the calculated
distance changes (Table 33H2~ — BgHg™ — BoHg).

BioH10. Removing one electron from ;640> gave a
B1oH1o™ 2B; state inD, symmetry. In the middle tier of boron
atoms, the four equivalent-BB distances (1.842 A) in th€,,
dianion become 1.799 and 1.928 A in thgradical anion. Most

distance “b” decreases. It is reasonable that the cage shouldf the unpaired spin density in tti, state resides on the two
expand since electrons are removed from a skeletal bonding@0ron atoms on the 2-fold axis (formerly 4-fold), which is in
molecular orbital. The B3LYP/6-31G(d) calculated bond changes keeping with the antipodal effe€t(dianion HOMO has a large
are in reasonable agreement with experiment, both in sign contribution from the axial boron). ThB, BagHio~ structure
(increase or decrease) and in magnitude. Note that the radical@s one imaginary frequency which leads to a minimur@zn

anion bond distances are intermediate between those of theSymmetry {Bi state), 0.1 kcal/mol lower in energy at the
dianion and the neutral boron hydride (Table 2). B3LYP/6-31HG(d)//B3LYP/6-31G(d) level. While zero-point

BoHo. Since the HOMO of BHg?~ is nondegenerate {a correction reverses the ordering of the two states, we chose to
symmetry), the radical anion may be stable in the sge consider the,, structure as the ground state for the same reason

point group. Indeed, not only is tR&,' BgHy~ state calculated ~ discussed above forBi7™.

to be a minimum irDa, Symmetry, but the same is also true of [N going from theD to theC;, BioH10™ structure, the BB

the neutral BHy boron hydride. distances of the second tier of four boron atoms become equal
BgHy is the second member of the 4 1 p-vertex cage series

(BsHs is the first) which can have one boron atom lying on a

4-fold axis. While theC,, structure is a minimum for £Hs,

(35) Mebel, A. M.; Schleyer, P. v. R.; Najafian, K.; Charkin, Olifarg.
Chem.1998 37, 1693.

(36) (a) Plesk, J.; Hémének, S.J. Chem. Soc., Chem. Commaa75
127. (b) HEmanek, S.; Gregor, V.; tr, B.; Ple®k, J.; Janousek, Z.;
Antonovich, V. A. Collect. Czech. Chem. CommutB76 41, 1492. (c)
Hemmanek, S.; Jéhek, T.; Plésk, J.; Sibr, B.; Fusek, J.; Mares-. InBoron
Chemistry, Proceeding of the 6th IMEBORCHeImanek, S., Ed.; World
Scientific: Singapore, 1987; pp 263.

(33) Bihl, M.; Mebel, A. M.; Charkin, O. P.; Schleyer, P. v. Rorg.
Chem.1992 31, 3769.

(34) Bausch, J. W.; Prakash, G. K. S.; Williams, R.l&org. Chem.
1992 31, 3763.
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Table 4. Calculated and Experimental Distances inH; Cages to determine whether these species (if made) would be fluxional.
The rearrangement activation barrier is 3.2 kcal/mol faiHg;~
and 6.0 kcal/mol for BiH11 (B3LYP/6-31H-G(d)//B3LYP/6-
31G(d)}+ZPC, both small enough to predict that these species
will be fluxional).

B1oH12. Using the procedure found above, we found a
minimum for a BoH1,~ 2A state ofT,, symmetry upon removing
an electron from BH1,2~. The approximate distortion from an
icosahedron can be visualized as moving two boron atoms off
the 5-fold axis in opposite directions. The unpaired spin density
is delocalized on boron atoms over the entire cage. In the
X-ray? 1771 1655 1788 1.745 2012 1766 1781 jgqelectronic radical system, GBl1,, the unpaired spin density

BuH1?>~ 1.759 1.671 1.785 1.745 2.025 1.788 1.830 . p .
BiH,, L1742 1702 1783 1772 1998 1794 1788 \Waslocalizedonthe hemisphere opposite to the carbon #&tom.

BiiH1s 1.739 1730 1.785 1.836 1.946 1.796 1.772 When the neutral BH1, cage was optimized ifi, symmetry,

— the calculated force constants revealed three imaginary frequen-
# X-ray of [BuH1SMey]™; see ref 12. cies. Further optimization eventually resulted in a minimum of
. . ) . . . Cz, symmetry 10.0 kcal/mol lower in energy than tfig

(Figure 1), while the differentiation of the BB distances in gy cture. During the optimization from the neuffalstructure

the upper tier becomes larger (1.775 and 1.962 A). The unpairediy the Cy, structure Tn — Cs then symmetrized t€,,), two

spin density remains largely on the two axial boron atoms. The nonadjacent boron atoms in the top tier of five boron atoms

D transition state will result in equivalence of all eight boron  e.ame honded, forcing the intervening boron atom to a position

atoms in the middle tiers of th€,, structure. Thus, the ESR_’ between the two tiers (Figure 1). The capping principle applies

spectrum of BoHio~ should reveal two sets of boron atoms in ¢ yith a slight variation. Th€,, B1H1» structure is a capped

the ratio of 2:8 (axial:equatorial). The predicted HFCC values \,ogion of the B.H1. transition state! The capping BHgroup

a b c d e f g

areanrcq(*'B) = 1.6 and—1.8 G (2:8 ratio) andrcc(*H) = stabilizes the open face of theBl;;2~ Cp, transition state to
—6.0 and—0.6 G (2:8 ratio). . the point that it is a minimum on the;B4:» PES.

The BioHso radical may have been observed by Lewis and  Earlier computations on8Hi» used a local density functional
KaczmarczyK®' in the oxidation of BoH1c?~ with CuCh. Also, approximation (LDA) with a doublé-basis set to optimize a
BioH1o~ is the likely intermediate in the oxidative coupling of cage withD,, symmetry3? Using this structure, vertical electron
BioH10* .2 affinities were calculated for attaching one electron to form

If an electron is removed from theBH10~ Co, structure, the  B;,H,,~ (EA; = 137.9 kcal/mol) and then a second electron to
1.962 A B-B distance increases to 2.912 A while a boron atom form By,H; 2~ (EA, = 32.2 kcal/mol). TheD,, structure differs
in the lower tier moves up to assume a capping position over from the C,, structure in that the top “diamond” of thy,
an open six-membered face: this results @saB1oH10 neutral structure (see right-hand view 6%, in Figure 1) has undergone
cage (Figure 1). Neutral 8Hyo is the third member of the 3 DSD step with respect to the bottom “diamond”. More
3p + 1 p-vertex boron hydrides (B4 and BH7 are the first  recently, HF/6-31G(d) calculations were reported®of, D,
and second). The single boron atom on the 3-fold axis ensuresand Dsy symmetry structures of 8Hi» as models fof-rhom-
that then electron pairs all go into maximally cage bonding pohedral boror®

orbitals (pairing principle). Johnston and Mindesed Hakel B1aH1s The B3LYP/6-31G(d)-optimized geometry of B2~
calculations to show that neutrai$lip was more stable i€3, has been reported recentfThe B;sH13~ radical anior?B, state,
symmetry than in the bicapped square antiprimXarrange-  derived from the dianion by removing an electron from the
ment. HOMO, is calculated to be a minimum at B3LYP/6-31G(d).

B1:H11. When the B;H1#~ dianion (@ symmetry HOMO) When an additional electron is removed, the boron atom on the
loses an electron, a radical ion #, symmetry is produced.  2-fold axis becomes part of a three-membered BBB bridge and

Further electron loss to form neutrahBli; retains theCy, the two flanking terminal hydrogens adopt bridging positions.
symmetry framework. The X-ray structure of i[iBl10SMe;] ~ Clearly, the driving force is the formation of the 12-vertex
is compared with the calculatedB distances in BiH1:%", icosahedral cage. TI&, structure has one imaginary frequency

BiH11~, and BiHi; in Table 4. Good agreement is found and relaxes to a structure 6 symmetry in which the bridging
between the X-ray parameters and the dianion. As electrons areporon atom bends to a capping position. While @estructure
removed, the largest change is the lengthening obthedd was confirmed to be a minimum at the B3LYP/6-31G(d) level,
distances and the shortening of thelistance. The calculated  the relatedCs, geometry also proved a B3LYP/6-31G* mini-
changes are in moderate agreement with bond index chnges mum, only 0.2 kcal/mol higher than ti@& structure at B3LYP/
calculated with a CNDO-based molecular orbital metfrod. 6-311+G(d)//B3LYP/6-31G(dH ZPE. ThisCs, structure is the
The BiiH11°~ dianion is known to be fluxional, which has  fourth member of the 8 + 1 p-vertex cage series (other
been rationalized by a series of degenerate single DSD stepamembers: BHj4, B7H7, BigH10) whose stability can be under-
from theC,, minimum38 Lipscomb and co-worket&calculated stood in terms of the pairing principle as well as the capping
the Cs-symmetry transition state at the PRDDO level and principle. The very unusual arrangement of the?Bidap allows
estimated the barrier to be less than 3 kcal/mol. At the current the formation of three additional hydrogen bridging interactions
level of theory, the barrier is only 2.0 kcal/mol (B3LYP/6- and, more importantly, BH;3 retains the enhanced stabilization
311+G(d)//B3LYP/6-31G(d}ZPC). We also calculated th& (aromaticity, see below) of the;84:,*~ cage.

transition state for the radical anion and neutralHg; species B1gH 16, B1gH 10, @and ByoH 2. Three additional B+ 1 p-vertex
cages have been computed (Figure 2 Tq), BigH19 (C3y),
(37) Armstrong, D. R.; Perkins, P. G.; Stewart, J. JJRChem. Soc. A 9 P (Fig 1686 (Ta), Broho (Ca.)
1971, 3674. (39) Quong, A. A.; Pederson, M. R.; Broughton, JRDys. Re. B 1994
(38) Kleier, D. A.; Dixon, D. A.; Lipscomb, W. NInorg. Chem1978§ 50, 4787.

17, 166. (40) Fujimori, M.; Kimura, K.J. Solid State Chen1997, 133 178.
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Stabilization Energy
Boron Hydride Dianion

10

ByeHig (Tq) BygHjg (C3v) ByHjs (Tg)

Figure 2. Molecular plots of the three neutral boron hydrideg:Hgs,
BigH10, and BoHzo.

and B;H2; (Tg). While optimizations have not been carried out -5
for alternative geometries, the only tendency to add &'BH 4
cap to the next smallesiosocage is found for BsHie. This is i ;
probably because the nonideal angular arrangement in the 10 F
capping group is not compensated for by “extra” stabilization 6 8 10 12 1a 16
of the next smalleclosocage. These threg3t+ 1 neutral boron .
hydride cages (BHis BigHie, and ByH»,) have been recog- ) o ver tlcgs )
nized as special by Lipscomb and co-workér&who predicted Figure 3. Plot of stablllze_ltlon_ energy (defined in ecl 3) versus n;{mber
that the three cages should be stable as the neutral species rathgfi vertex boron atoms in dianion cages. TheH§™ and BisHis
.. . , lanions show enhanced stabilization.

than the dianions. Also, Fowlé?,using Stone’s tensor surface
harmonic (TSH) theory, was able to show that “these three Stabilization Energy
clusters have an ‘intrinsic’ departure from the ¢ 1) rule.” Boron Hydride Radical Anions

General Trends. A number of papers have considered

kcal/mol

stability trends in the boron hydride dianios'3-46 A measure e
of the cage stabilization is given in eqs-3, where BHh. is

taken as the difference betweenHs (C,, planar) and BH,4 A
(D2an ethylene-like), and BHy* (x = —2, —1, 0) is assumed to 5

have an acetylene-like structu@.{ symmetry)?6

Bszz_ +(n—2)BH, . — Banz_ (3

B,H, +(n-2)BH,.—BH, 4 \

kcal/mol

-5 i

BZHZ + (n - 2)BHinc — Ban (5) w\x/
The BH increment is dervived from species in which there is I : ]
no inherent hyperconjugation or delocalization. When normal- -10 :
ized by the number of vertexes in the cage, energies from eq 5 6 7 8 9 10 11 12 13
3-5 give an indication of the stabilizing effect due to incorpora- vertices

tion into the cage (Figures—3%). From the plot of normalized  Figyre 4. Plot of stabilization energy (defined in eq 4) versus number
stabilization in the dianion (Figure 3, see ref 16), there is a clear of vertex boron atoms in radical anion cages. Theld and BHs~

trend toward increasing stabilization until the 12-vertex cage is anions show slightly enhanced stabilization.

reached. In addition, there are dipsrat 6, 10, and 14. The

two smaller cagesn(= 6 and 10) often have been associated Unlike the dianion and radical anion results, the greatest
with enhanced stabilization. For the radical anions (Figure 4), stabilization in the neutral boron hydrides occurs for the 13-
there is an overall trend of increased stabilization until the 12- vertex cage with slightly increased stability for the seven- and
vertex cage. The eight- and nine-vertex cages fall slightly below nine-vertex cages. The displacement by one of the minima is
the trend line. As mentioned abovegHi™ has been observed  due to the capping principle. For theelectron count cages,
experimentally?’ The data for neutral boron hydrides extend there is a tendency to form the— 1 deltahedral cage with a
from the five-vertex cage to the 22-vertex cage (Figure 5). BH2* capping group. Thus, the neutral 13-vertex cage can be

(41) Lipscomb, W. N.; Massa, Lnorg. Chem 1992 31, 2297. viewed as the BH.”~ cage capped by a BH group. Likewise,
(42) Derecskei-Kovacs, A.: Dunlap, B. I.; Lipscomb, W. N.; Lowrey, ~the neutral BH; cage is stabilized by thesBls>~ cage with a
A.; Marynick, D. S.; Massa, Linorg. Chem.1994 33, 5617. BH2t group.
(43) Housecroft, C. E.; Snaith, R.; Moss. K.; Mulvey, R. E.; O'Neill, o -
M. E.. Wade, K.Polyhedron1985 4, 1875. Other indicators of cage stability are the average energy and
(44) Takano, K.; Izuho, M.; Hosoya, H. Phys. Cheml 992, 96, 6962. the disproportionation energy (Table 5). The average energy is

(45) Schleyer, P.v. R.; Subramanian, G.; Jiao, H.; Najafian, K.; Hofmann, the total energy divided by the number of vertexes relative to

M. In Advances in Boron ChemistnSiebert, W., Ed.; Royal Society of Nme—en 1 _ : ;
Chemistry: Cambridge, 1997: pp-14. a reference (BHg", n = 0, —1, —2). With few exceptions, the

(46) (a) Minkin, V. I.; Glukhovtsev, M. N.; Simkin, B. YAromaticity average energy reaches a maximum for the 12-vertex cage and
and Antiaromaticity Wiley: New York, 1994. (b) Schleyer, P. v. R.;  levels off at a constant value for larger cages. The dispropor-

Najafian, K., Are Polyhedral Boranes, Carboranes, and Carbocations t; ; i ;
Aromatic? InThe Borane, Carborane, Carbocation Continyu@asanova, tionation energy is the energy requirement for a cage to

J., Ed. Wiley: New York, 1998; pp 169190. (c) Schleyer, P. v. R;  transform into the next larger and the next smaller cages (eq
Najafian, K.Inorg. Chem.1998 37, 3454. 6).



The Exceptional Stability of Neutral; 13

Stabilization Energy for
Neutral Boron Hydrides

kecal/mol

) :\ /ﬁ
N \/ :
6 8 10 12 14 16 18 20 22
vertices

Figure 5. Plot of stabilization energy (defined in eq 5) versus number
of vertex boron atoms in neutral cages. ThédB BgHo, and BsHis
boron hydrides show enhanced stabilization.

Table 5. Average Energy (kcal/mol) Relative to Six-Vertex Cage
and Disproportionation Energy (kcal/mol) forBx (x = 0, —1,
—2) Species at the B3LYP/6-3315(d)//B3LYP/6-31G(d) Leve

average energy

disproportionation energy

neutral anion dianion neutral anion dianion avefage
BsHs 5.6 6.1 125
BsHs 0.0 0.0 00 -54 255 41.5 18.0
B7H7 -48 -0.7 -3.0 21.3 —16.4 6.4 13.8
BgHsg -5.7 —-3.3 -45 -13.1 59 —-152 -14.2
BgHg -79 —-46 -7.3 11.2 2.8 —13.7 -1.2
BioHio -85 —-54 —-11.0 -7.4 3.8 35.2 13.9
BysHin  —-9.7 -57 -10.7 -2.0 —250 —-726 —35.3
BioHi, —10.8 —8.9 —-16.6 —23.6 67.8 121.0 48.7
BigHis —13.6 —6.3 —12.2 —77.2
B1sH14 —-14.0 37.5
BisH1s -13.1 —21.0
BigHis —11.5 —13.6 5.3
Bi/Hi7 —-13.7
BigHie —10.7
BaH,, —11.0

2 Average energy: AE= Yg(BeHs%) — Yn(BaHrS), wheren is the
number of vertexes andis the charge® Disproportionation energy:
DE = Bp+1Hn+1® + Bn—1Hn-1¢ — 2B.H.¢, wheren is the number of
vertexes andc is the charge¢Average of neutral and dianion
disproportionation energies.
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Boron Hydride Dianion
Disproportionation Energy

150 T

100}

\

-50

50

kcal/mol

-100 i

10 12
vertices
Figure 6. Plot of disproportionation energy (kcal/mol) (defined in eq
6) versus number of vertex boron atoms in dianion cages. Note the
larger values for cage sizes nf= 10, 12, and 14.
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HOMO-LUMO Gap in Boron Hydride Dianions
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Figure 7. Plot of HOMO-LUMO gap (kcal/mol) versus number of
vertex boron atoms in dianion cages. Note the larger values for cage
sizes ofn = 7, 10, 12, and 14.

12 14 16

Table 6. HOMO—LUMO Gap (kcal/mol) and Vertical and
Adiabatic lonization Potentials (kcal/mol) for Boron Hydride
Dianions Calculated at the B3LYP/6-3tG(d)//B3LYP/6-31G(d)
Level

adiabatic IP
—-2—-1 —-2—0

vertical IP
H-Lgap —2——-1 -2—0

2BanX — Bn+1Hn+lX + anlanlx' x=0,-1,-2 (6)

A plot of dianion disproportionation energies (Figure 6)
clearly reveals the enhanced stability of the 12-vertex dianion
(positive values indicate stability of cage to disproportionation).
In addition, there are significant peaks for the 10-vertex and
the 14-vertex dianions. This suggests that ¢leso 14-vertex
dianion is a viable synthetic target. It is also interesting to note
that the average of the neutral and dianion disproportionation
energies (Table 5) appears to be a predictor of the radical anion
disprotortionation energies, at least for the larger cages. Thus,

BsHs?~ 416  —60.0 28.0 —66.4(6.4) —10.4(38.4)

BeHe?~ 63.1 —345 107.3 —40.9(6.4) 29.0(78.3)

B/HA~ 700 —23.1 98.0 —31.5(8.4) 21.4(76.6)

BgHg?~ 53.8 —39.0 53.7 —44.8(5.8) 28.8(24.9)

BoHg?~ 647 —27.6 745 —36.9(9.3) 38.3(36.2)

wHi?~ 837 —-6.1 117.0 —12.6(6.5) 72.6 (44.4)

BiHi2~ 761  —124 97.3 —19.7(7.3)  64.3(33.0)

BiHi2~  117.4 37.7 1842  10.9(26.8) 126.7 (57.5)
BigHi> 821 —-3.7 1089 —11.7(8.0) 44.7(64.2)

BiHi2~  100.5 143  138.2

Bl5H152_ 89.8 5.4 120.2

1Hi” 1158 30.7 165.1 110.1 (55.0)
1i7Hi7 115.1 315 167.8

the electronic structure of the radical anions appears to be
intermediate between those of the corresponding neutral and
dianion cages.

We have calculated HOMOLUMO gaps (see Figure 7) and
vertical ionization potentials (B3LYP/6-3%15(d)//B3LYP/6-
31G(d)) from the fixed dianion geometries B2~ — ByHn~
and BH,>~ — ByHn, n = 5—17; the geometries for (B2,

n = 13—17, were taken from ref 16). A plot of the HOMO
LUMO gaps shows maxima which indicate enchanced stability

a2 Number in parentheses is the energy lowering (kcal/mol) caused
by geometry optimization.
atn=17, 10, 12, and 14. Table 6 tabulates verticedH 5—17)
and adiabaticr(= 5—13) ionization potentials. These are plotted
in Figure 8. The two curves track each other closely; the
adiabatic curve (Figure 8) is about-8 kcal/mol lower in
energy. These results show thabB;,°~ is the smallestloso
boron hydride dianion which can overcome Coulomb repulsion;
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Table 7. Calculated Unpaired Spin Density at the B3LYP/6-3T(d) Level for Boron Hydride Radical Aniofs
PG (ES) “a” “b” “c” “d” “e” “f total o

BsHs™ Cu 0.372 (1) 0.388 (2) —0.038 (2) 1.15
BeHs™ Daq 0.176 (6) 1.06
B/H7~ Cs (PA") —0.016 (2) 0.282 (1) 0.035 (1) —0.004 (1) 0.231 (1) 0.379 (1) 0.93
BsHs™ Daq 0.027 (4) 0.217 (4) 0.98
BoHo™ Dan 0.052 (6) 0.252 (3) 1.07
BioH10™ Co 0.330 (1) 0.068 (4) —0.058 (2) 0.156 (2) 0.247 (1) 1.16
BiiH11™ Co —0.055 (1) 0.015 (2) 0.055 (2) 0.208 (2) 0.113 (4) 1.01
BiHio™ Th 0.090(12) 1.08
BisHis™ Co, 0.266(1) 0.126(2) —0.024(2) 0.084(4) 0.040(2) 0.005(2) 0.94

aThe unpaired spin density is given for the boron atoms labeled in Figure 1.

positions.” Total o spin on boron vertexes.

= =0 == gdiabatic IP
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Figure 8. Plot of ionization potential (kcal/mol) for removing the first
electron of the dianion (84,2~ — BnHn™). The solid line represents

vertical ionization potentials and the dashed line adiabatic ionization
potentials.
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Plot of HOMO-LUMO Gap for
Neutral Boron Hydrides
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Figure 9. Plot of HOMO-LUMO gap (kcal/mol) versus number of

vertex boron atoms in neutral cages. Note the larger values for cage
sizes ofn = 7, 10, and 13.

HOMO-LUMO Gap (kcal/mol)

vertex labels in Figure 1; the column labeled “tatélrefers to

the sum ofa spins on all boron atoms. A value less than 1.00
would indicate unpaired spin density on hydrogen atoms, while
a value greater than 1.00 would indicate tBagpin density is
present on boron and/or hydrogen atoms (spin polarization). For
most radical anions, the unpaired spin density is distributed to
only about half of the boron atoms. Two exceptions aged B

thus, it is thermodynamically stable in the gas phase, with an and BioHi,™, in which equal spin densities are enforced by

ionization potential of 10.9 kcal/mol (0.47 eV). Indeed, it is
possible to observe the 11,2~ dianiorf’2(as well as BoH1¢>")
in the gas phase using electrospray mass spectratfetrgtudy

symmetry.
Three-Dimensional Aromaticity of Neutral and Radical
Monoanion Boron Hydrides. Conventionally, aromaticity is

the icosahedral dianion in the gas phase. Since the verticaloften discussed in term of various criteria such as energetic

ionization of B4H14%~ is 14.3 kcal/mol (0.62 eV), this dianion

(resonance and aromatic stabilization energies ASE), magnetic

also should have a measurable lifetime in the gas phase.(*H NMR chemical shifts, magnetic susceptibility anisotropies

However, it is not yet clear whether geometry optimization of
the radical anion will lead to an endothermic (bound) or
exothermic (unbound) adiabatic ionization potential for the
B14H142~ dianion4® The dianion cages #H1¢2~ and B7H172~
have even larger vertical ionization potentials of 30.7 kcal/mol
(1.33 eV) and 31.5 kcal/mol (1.36 eV), respectively; they should
have adiabatic stability as well.

In Figure 9, we have ploted the HOM@Q.UMO gaps for
neutral boron hydrides, {Bl,, n = 5—13. The validity of the
pairing principle is clearly evident. There are large increases in
the HOMO-LUMO gaps for  + 1 p-vertex cages, B7,
BioH1o, and BsHiz. We have not computed the intervening

and their exaltations, and NICS), and geometric (bond length
equalization)®>4649NICS (nucleus-independent chemical shift),
proposed by Schleyer and co-workétsis defined as the
negative of the absolute magnetic shieldings computed, e.g., at
or above the geometrical centers of rings or clusters. Negative
NICS values at those positions indicate aromaticity (diatropic
ring currents), and positive values indicate antiaromaticity
(paratropic ring currents). The effectiveness of NICS as a simple
and efficient criterion to probe two- and three-dimensional
delocalization has been demonstrated by studies on the wide-
ranging sets of two- and three-dimensional aromatic com-
pounds*®4749Therefore, NICS values were computed for neutral

boron hydrides between the 13-, 16-, and 22-vertex species. Itand radical monoanion boron hydrides at the GIAO-HF/6-

would be interesting to see if the larggp 3- 1 neutral boron
hydrides also had greater HOMQ.UMO gaps compared to
their neighbors.

31+G(d) and GIAO-B3LYP/6-33G(d) levels using B3LYP/
6-31G(d) geometries (Table 8) to study their three-dimensional

(49) (a) Hofmann, M.; Schleyer, P. v. Riorg. Chem.1999 38, 652.

Unpaired spin densities are given for the most stable radical (b) Schieyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes, N. J.

anions in Table 7. The column labels (*a") refer to the

(47) (a) Hop, C. E. C. A,; Saulys, D.; Gaines, D.Ikorg. Chem1995
34, 1977. (b) Kebarle, P.; Tang, lAnal. Chem.1993 65, 272A and
references therein.

(48) For a discussion of dianions with unbound electrons, see: Som-
merfeld, T.; Schneller, M. K.; Cederbaum, L.B.Chem. Physl995 103
1057.

R.v. E.J. Am. Chem. S0d996 118 6317. (c) Jiao, H.; Schleyer, P. v. R.
Angew. Chem., Int. Ed. Endl996 35, 2383. (d) Schleyer, P. v. R.; Jiao,
H. Pure Appl. Chem1996 68, 209. (e) Subramanian, G.; Schleyer, P. v.
R.; Jiao, H.Angew. Chem., Int. Ed. Endl996 35, 2638. (f) Unverzagt,
M.; Winkler, H. J.; Brock, M.; Hofmann, M.; Schleyer, P. v. R.; Massa,
W.; Berndt, A.Angew. Chem., Int. Ed. Endl997, 36, 853. (g) Schleyer,
P.v. R, Jiao, H.; Hommes, N. J. R. v. E.Am. Chem. S0d.997, 119,
12669. (h) Schleyer, P. v. R.; Najafian, Kiorg. Chem.1998 37, 3454.

The number in parentheses is the number of equivalent boron
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Table 8. Nucleus-Independent Chemical Shifts (NICS) for
Dianionic, Neutral, and Monoanion Boron Hydrides (in ppm)

NICS(1y

PG ES NICS NICSP©

Dianion
BsHs>~ Dan !Ay —26.5 —24.6 —16.1
BeHs2~ On Ajg —34.3 —29.9 —14.0
B;H2~ Dsy !Ay —27.5 =209 —13.3
BgHg?~ Doy 'A; —24.2 —18.1 —9.6,—13.1
BoHe?~ Dan Ay —27.4 —21.8 —11.6,—15.2
BigH1?~ Dag ‘A1 —33.5 —29.3 —-12.6,—11.1
511H1127 Co, 1A1 —-32.5 —-26.7 -10.8,—10.6,—9.7,—20.4
BiHi2 In Ay —35.8 —28.3 —95
BisH1s2~ Cp, A; —30.9 —23.3 —10.1,-10.5,-9.0,-8.9,—9.4
BgHg?~ Cp, !A; —20.1 —14.7 —13.4,-12.9,-12.5,-10.6,—9.1
BiHi2~ Cs Ay —31.8 —26.1 —14.1,-11.7,—11.2,-10.2,—9.9,
-9.9,-9.8,-9.3,-8.8,—8.4

Neutral

BsHs Csq A1 418 274 —53,-18.2

BeHs Cp, 'A; —10.6 —17.4 —19.1,—-11.0,—12.3

B/H; Cs, 1A; —13.6 —11.7 —13.4,—-10.0,—10.5,—10.0,—0.3

BgHs Cyp A1 146 129 —-4.8,-53,-8.1,-5.7,—-9.4

BgHsg Dyg tA; 123 95 —7.7,-54

BgHg Cy Ay 273 272 -6.7,-7.6,-2.3,-11.6

BgHg Dan Ay 293 28.1 —5.6,—3.4,—8.3

BioHio Cs 'A; 104 56 —6.7,—10.9

BiHin Cs A’ 7.8 21 —7.6,—-85,-7.4,-7.9,—4.5,
-10.9,—-8.6,—1.5,—9.5,—-9.7

BiHin  Co 1A 1.8 —-47 -8.1,-9.0,-11.9,-6.0,—11.8

BiHi Th Ay 692 744 -3.9,-10.7

BioHi, Cp 'A; —11.0 —124 —-3.7,—-7.2,—7.9,—10.6,-8.7

BigHiz Cs, 'A; —30.0 —21.8 —11.7,—10.7,—-10.0,—8.4,—7.8

BigHiz Cp, A7 —28.4 —20.1 —29.6,—25.5,—10.8,—9.8,—10.5,
—8.5,—7.8,—-75

BigHiz Cs A’ —29.8 —21.6 —11.8,—11.7,—-11.5,—-10.3,—-0.0,
-9.9,—9.6,—8.6,—8.4,-8.1,
-7.9,—-7.9,—7.6

Radical Monanion
BsHs~ Cp, 2B; 12.8 16.9
BsHs~ Cp, 2A; 125 16.5
BeHs™ Do 2539 427 675
BeHe~ Daq?A1g 43.4 495
BH;~ Cs 2A’ —16.9 —13.2
BH;- Cs 2A" —14.2 —-9.38
BBHB_ CZU ZBl =21 1.3
BgHg~ Dog A1 —6.8 —3.3
BoHo~ Dan 2A; —0.9 4.2
BioH1o™ D2 2B 49 142
BioHio™ Cz, B1 4.4 136
BuHiim Cp %A’ —10.9 -8.8
BiHii~ Cs 2A; —11.2 —7.0
BioHi2~ Th %A, 314 46.7
BisHiz~ Cp, 2B, —21.6 —13.3

aNICS at the geometric centers, calculated at the HF/6G1level.
bNICS at the geometric centers, calculated at the B3LYPAG1
level. ¢ NICS for the points 1.0 A above the unique triangles, calculated
at the B3LYP/6-3%+G* level.

aromaticity. The GIAO-B3LYP/6-31G(d)//B3LYP/6-31G(d)
results will be used in the discussions below.

The three-dimensional delocalizationadsoborane dianions
was the subject of several papét474%-53 The conclusion that

they exhibit three-dimensional aromaticity was supported by
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magnitude, the previous conclusions remain unchanged. The
NICS for the newC,, BgHg?~ structure is—14.7 ppm, which

can be compared t618.1 ppm for the more stablyq structure.

The newCs B11H1:%~ has a NICS value of-26.1 ppm, which

is close to that for th€,, structure. In Table 8, NICS data are
included for points 1.0 A above each unique triangle. All these
NICS values are negative with values betwee¢h0 and—20.4
ppm. Thus, the diatropic effect of three-dimensional aromaticity
extend outside the cages, as well as being exhibited inside. This
is not like the case for benzene with its well-known shielding
and deshielding regions.

Removing two electrons from th@osoborane dianions gives
the neutral boron hydrides. Qualitatively, it is reasonable to
expect that the neutral boron hydrides should be more reactive
and less stable if the HOMOs in tlvbosoborane dianions are
degenerate. As shown in Table 8, ttlesoborane dianions all
have negative NICS values betwee®8.0 and—29.9 ppm. In
contrast, most neutral boron hydrides have positive (antiaro-
matic) NICS values or very small values. The compounds
mentioned below are exceptions. In particulaigHg s is the
most aromatic among the neutral boron hydrides studied here,
and the NICS values (abott21.0 ppm) for the three structures
with different symmetries(s,, C,,, andCs) are comparable to
the NICS values for BH1#2~ (—23.3 ppm). It should be pointed
out that BsH;5°~ has no degenerate HOMOs anghiB; 3 meets
the capping and pairing principles. AlsoBli3 is the most
stable neutral species in our set in terms of average energy and
disproportion energy criteria (see above). FesB,, the lower
symmetry and more stablg,, structure has a NICS value of
—12.4 ppm (compared te-28.3 ppm forl, BisH1227). The
anomalously large NICS value (74.4 ppm) for fhestructure
(NIMAG = 3) is due to the small HOMGLUMO gap?>% The
NICS values of—17.4 and—11.7 ppm for BHs and BH7
suggest that these neutral boron hydrides are aromatic but less
so than the corresponding dianions which have NICS values of
—29.9 and—20.9 ppm, respectively. Although neutral boron
hydrides have different aromatic character, NICS values for the
points 1.0 A above the unique triangles are all negative, even
for the exceptional (most antiatomatic) Bli» (Th symmetry)
isomer.

The NICS criterion indicates that thes/B8;~, B11H11~, and
Bi3H13~ radical anions are aromatic (NIGS—7 to —13 ppm);
BsHs™, BeHe™, BigHio~, and BHi,~ are antiaromatic
(NICS= 14 to 68 ppm); and BHg~ and BHg~ are nonaromatic
(NICS = —3to 1 ppm). It is perhaps significant that the two
most antiaromatic boron hydride monoanionsHB and
Bi1.H127, also have the greatest delocalization of unpaired spin
density (Table 7).

The IGLO method, implemented in the DeMon NMR
program?3* allows detailed analysis in term of contributions from
the individual localized MOS8® The “dissected” NICS values
of the neutral and dianionicgBls, BeHs, B7H7, and BHg are
shown in Figure 10 with the localization given by the Pipek
Mezey algorithm methotf. The values indicate the contributions
from the electron pair. Because these boron compounds are
electron-deficient, the electron pairs may be localized to a subset

the |arge negati\/e NICS Computated at geometrica| CentersOf Chemically equivalentBB bonds. Such localization schemes

between—25 and—35 ppm (GIAO-HF/6-3%+G(d)//B3LYP/
6-31G(d))*°" Although the NICS values (see Table 8) at the
DFT GIAO-B3LYP/6-3H-G(d) level are somewhat lower in

(50) King, R. B.; Rouvray, D. HJ. Am. Chem. S0d.977, 99, 7834.

(51) Jemmis, E. D.; Schleyer, P. v. R. Am. Chem. Sod 982 104,
4781.

(52) Jemmis, E. DJ. Am. Chem. S0d.982 104, 7071.

(53) Aihara, JJ. Am. Chem. Sod.978 100, 3339.

(54) (a) Malkin, V. G.; Malkin, O. L.; Eriksson, L. A.; Salahub, D. R.
In Modern Density Functional Theorgeminario, J. M., Politzer, P., Eds.;
Elsevier: Amsterdam, 1995; p 273. (b) Malkin, V. G.; Malkin, O. L.;
Eriksson, L. A.; Salahub, D. Rl. Am. Chem. S0d.994 116, 5898.

(55) Kutzelnigg, W.; Fleischer, U.; Schindler, M. INMR: Basic
Principles and ProgressSpringer: Berlin, 1990; Vol, 23, p 165.

(56) Wiberg, K. B.; Hammer, J. D.; Keith, T. A.; Zilm, K. Phys. Chem.
A 1999 103 21.

(57) Pipek, J.; Mezey, P. Q. Chem. Socl989 90, 4916.
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O Core=-0.8

B-H=0.8

‘5 ‘ ‘\ -
NG,
4 \‘
(g NICS(tob)=-26.8 NICS(tot)=-31.1 (!Nlcsuot)= 190

BsHs (Dgp) BgH 2 (Oy)

O Core=-0.5

B-H=-2.5

BgHg™ (Dyq)

NICS(tot)=17.1 NICS{tot)= 21.1
O NICS(tot)=-16.0 NICS(tot)=5.6
B5sH5(Cyy) BgH,(Cyy) B,H,(C3,) BgHg(D,qg)

Figure 10. Localization scheme given by the Pipellezey method for dianion and neutral forms ofHg, BsHs, BsH7, and BHs. The values
above the bonds in the figure indicate the contribution (ppm) from the electron pair to the dissected NICS values. Likewise, the “coreMand “B
values indicate the contribution (ppm) from the boron 1s electrons and-tthé lBnds, respectively, to the dissected NICS values.

can be thought of as individual resonance contributions which, Conclusions
taken together, reproduce the molecular symmetry.

The dissected NICS analyses for neutral and dianiosglitsB
and BHg are examples. In théDs, BsHs?~ dianion, the
localization of the six electron pairs is to the six shortest®
bonds R = 1.676 A): each contributes-4.0 ppm. The
remaining NICS contributions<2.8 ppm) come from the 1s
boron cores 0.8 ppm) and from the five BH bonds 2.0
ppm). For the neutraCy, BsHs, the five electron pairs localize
on the sides of square;B,BsB3 (two electron pairs localize
on the BB3 bond), which makes a 20.0 ppm contribution to

A survey has been made of thgperclosoneutral boron
hydrides (BHn, n=5-13, 16, 19, 22) and radical anion boron
hydrides (BH,~, n = 5—13). The pairing and the capping
principles help explain the nature of the neutral cages. Enhanced
stability seems to be associated with thed31 p-vertex cages
(one boron atom on a 3-fold axis), which is evident from larger
HOMO—-LUMO gaps and greater stabilization energies. The
13-vertex cage appears to be the most stable neutral boron
hydride cage. This prediction can be explained by the fact that

the total NICS values of 17.1 ppm. The core and BH bonds E:I?ct?s%a::papeed ?ﬁgﬂitsrgﬁ;é?gls;ezsitazglilzait:]on Orflrt:f lr;gxt smaller
contribute—0.5 and—2.5 ppm, respectively. In gBig2~ (D2g), 9¢, 12712 ppINg principie).

the shortest BB and BBg (R = 1.615 A) bonds are assigned Dianions which have degenerate HOMOSs have radical anion
four pairs by the localization scheme (double bonds), but their 980metries which are distorted owing to the Jafieller

total contribution (0.3 ppm) is negligible. The four 1.707-A BB theorem. However, the distortions from the dianion geometries
bonds contribute a total 0f5.4 ppm to the shielding. This ~ &re rather small. With the exception ofBl:.", the adiabatic

leaves two electrons which can be considered to constitute 4c-ionization potentials (from the dianion) are only abo#Skcal/

2e bonding involving B8,B3B.. The two electrons are localized mol lower in energy than the vertical ionization potentials.
artificially to the BiBs bond and contribute most-(L4.2 ppm) BiHi2* is the first dianion which is predicted to overcome
of the total shielding. The minor paratropic contribution (total S©ulomb repulsion between the two negative charges suf-
0.8 ppm) of the BH bonds is balanced by those from the boron ficiently to be stable in th;—: gas phase (#0.47 eV). The
cores (total-0.8 ppm). Hence, the-19.3 ppm NICS value in ~ Vertical ionization of BaHw®~ (IP = 0.62 eV) indicates that
the center arises from the delocalized bonding involving the dianion should have a significant lifetime.

B1B.B3B4 (—14.2 ppm) as well as-5.4 ppm from the four The ESR parameters have been computed for tiidgB
adjacent BB bonds. The other contributions are small and alsoradical anion, which is predicted to undergo rapid rearrangement
largely cancel. Four of the eight electron pairs igHB (D2q) in @ Dyq — Cy, — D2g DSD mechanism. BH1o~ and BuiHii~

are assigned to the four longest-B bonds R = 1.925 A) are other radical anions which are predicted to be fluxional.
which form a BB,B3B, unit similar to that in BHg?™ (Dag). The negative NICS values of the neutraJHg (Cy,), B7H

However, the contribution2.8 ppm) from BB,B3B, is much (Csy), B12H12(C2), and BisH13 (Cs, andCy) indicate their three-
less than that{14.2 ppm) in BHg?~ (D2q). The remaining four dimensional aromatic character. Among the neutral boron
electron pairs are assigned to the four shortesBBbonds hydrides studied, these 8113 forms have the most negative
(R = 1.742 A), which contribute 6.1 ppm to the desheilding NICS values and are the most aromatic. This conclusion is
(NICS = 5.6 ppm). The four B-H bonds related to the consistent with the greater stabilization energy than those for
B1B,B3B4 have negative contributions-@.6 ppm), while other other neutral boron hydrides and the larger HOMQUMO
B—H bonds contribute 4.0 ppm. The remaining).8 ppm gap. Therefore, BHj3 is proposed as a good candidate for
comes from cores. synthesis.
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