Inorg. Chem.1998,37, 67656772

6765

The Large closaBorane Dianions, BH,2~ (n = 13—17) Are Aromatic, Why Are They

Unknown?'

Paul von RagueSchleyer,** Katayoun Najafian,* and Alexander M. MebeEF

Institut fur Organische Chemie der Univergitarlanger-Nirnberg, Henkestrasse 42,
D-91504 Erlangen, Germany, and Institute of Atomic and Molecular Sciences, Academia Sinica,

P.O. Box 23-166, Taipei, Taiwan 10764
Receied April 2, 1998

The relative stabilities of the unknown largeloseborane dianions 1,2~ (n = 13—17), were evaluated at the
B3LYP/6-31G* level of density functional theory by comparing the average eneEjiesnd also by the energies
using the model equation: jBiHn-12~ + BeH10 — BnHn2~ + BsHg (n = 6—17). Starting with the smattloso
borane, BHs?~, the sequential addition of BH groups is represented by formal transfer fgbty Bo build up
larger and larger clusters. Most of the energies for these sequential steps are exothermic, but not fbls e B
to BisH13?~ and the B4H14~ to BysHis?~ stages. The cumulative total energieHqqg of these BH group
additions, based onsBls?~ as the reference zero, tend to increase with increasing cluster Aldgyq indicates
that the larger unknowaloso-boranes BH;3*~ to By7H;72~ are more stable thangBg?~, BiogH10?~, and BiH1:27;
this agrees withe/n and with Lipscomb’s earlier conclusion based on the PRDDO average energig$;s°B,
B14H142~, and BisHis2~ are less stable than 12—, which has the lowest average energy on a per vertex basis
among theclosaborane dianions. However, the totsiH,qqtreatment indicates the largegdBl;¢2~ and Bi/H1 72~

to be favorable relative to 8H1,2~, because of the larger number of vertexes. The formatiom g%~ from
B1oH122~ is especially unfavorable. The further formation of4B14~ and BsH;s2~ via BH transfer also is
endothermic. These are not the only thermodynamic difficulties in building up tdwgeborane dianions beyond
B1,H122~. The highly exothermic disproportionation of larger and smalleseborane dianions, e.9.1B-nH12+n2~

+ Bio-nHi2-n2~ — 2B1oH122~ (n = 1-5), also indicate possible synthetic problems in preparing lackpso
boranes with more than 12 vertexes under condition where smaller boranes are present. All theldaoger
BoH2~ (n = 13—17) cluster exhibit “three-dimensional aromaticity”, judging from the computed Nucleus
Independent Chemical Shifts (NICS), which range fre180.9 to—36.5 ppm. The trends in NICS values are
similar to the variations in the bond length alternatiohs, Thus, the qualitative relationships between geometric
and magnetic criteria of aromaticity found earlier for the smaller clusters extends to theclasgdsorane dianions,

ByH:2~ (n = 13-17).

Introduction

The chemistry of boron is dominated by its electron deficient
character and three-dimensionally delocalized electronic struc-
tures!™> The unusually high stability, bonding and aromaticity
of theclosaborane dianions, B>~ (n = 5—12), are now well
understood> The energies ofloscborane dianions, 1,2~

(n = 5—12) generally become more favorable with increasing
cluster size, but the relative stabilities of individual members
of this class vary in characteristic pattefd$. Twenty years
ago, Lipscomb and co-workers explored the structures and
energies of largeclosoborane dianions, 1.2~ (n > 12)
computationally®” The average PRDDO energy per BH unit
(E/n), used to compare the relative stabilities of ladesc
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BioH1%~.” Nevertheless, the parent supraicosahedral clustersthe systems become larger from 5 to 12 vertexes. This energetic

(i.e. B\HZ", n = 13), are still unknowr;® even though a number  behavior of theclosoborane dianions, .2~ (n = 5—12) is

of metallocarboranes with 13 vertexes or more have been exceptional, when compared to polybenzenoid hydrocarbons and

reportedto-20 the [nJannulenes, and characterizes the three-dimensional aro-
Thus, Grime$'1? and Hawthorn&®16 describe a variety =~ maticity in such clusters.

of metallocarboranes based on 13- to 15-vertex deltahedra. We now reexamine the stabilities of the hypothetical 13- to

Thirteen-vertex examples includel¢sc1,1,1-(MeCN}-1,2,4- 17-vertex BHq2~ (n = 13—17) cages employing density

EuGB1gH17«,*[closel,1,1-(MeCN}-1,2,4-SrGB1oH12]n,'° and functional theory. We also assess the “three-dimensional

closa1,1,1-(MeCN}-1,2,4-CaGB;oH12.1® According to the aromaticity” of these largezloseborane dianions, by applying

compatibility of orbital overlap of the ring-cap, Jemdfis  e.g., magnetic (nucleus independent chemical shifts, NICS)

predicted that the six-membered ring in 14-vertex boranes and(based on the magnetic shieldings computed in the geometric

carboranes should prefer capping groups with orbitals more centers) as well as geometric criteria (the difference between

diffuse than those of BH and CH, e.g.sHsFe or GHsCo. the longest and the shortest bondlr).> The results are

Indeed, transition metal-based caps stablilize 14-vertex clusters.compared with these obtained earlier for the small¢t B~ (n

Both (GHs)2Fex(CH3)4CyBgHg'? and (GHs)2C0CoB1oH 12130 = 5—12)closcdianions, and the problem of the nonobservation

have bicapped hexagonal antiprisBe{) architecture isoelec-  of the larger cages is addressed.

tronic with By4H142~. Closed15-vertex clusters without sub- .

stituents are found in Beff and in SiB.1° Likewise, 16-vertex Computational Methods

geometry is represented experimentally in the discrege In The geometries afloseborane dianions, B2~ (n = 13—17) were

cluster units in a solid-state compound,;Ma; g2° optimized within chosen symmetry restrictions using the GAUSSIAN
Recently, we have taken the most highly symmetric species, 94 prograr® and the B3LYP/6-31G* and B3LYP/6-3#G** levels

B1-H122~ and BHe?~, as references for the quantitative com- of density functional theory (Figure 1). Frequency calculations at

parison of the stabilities of individual clustersOn this basis, ~ B3LYP/6-31G* characterized the stationary points as minima and

B1oH10? and BH;2~ are not as favorable,dBlg?~ and BHg?~ proylded the zero point energies (ZPE). o

are less stable, and; B>~ and BHs2~ are the least stable _Llpscomb and co-workefs fou_nd the Iarge:losqborane dlan_lons

members of this family. We confirmédhat not only the total \g'th 1310 127, vertexes to faz\for high-symmetry po Int groups (Figure 1)

. . A 2 .g., B_4H14 (Ded), BlsH]_s (Dgh), and 3,7H172 (DSh)- Our less

stabilization e”ef9'6§ but also the average Stab'!'ty per VerteX gyiensive searches confirmed the earlier conclusions, except that

of closoborane dianions, f#,?~ tend generally to increase as B, H,2~ hasDuq (instead ofD,) symmetry. TheT, form is a triplet,

53.2 kcal/mol higher in energy at B3LYP/6-3tG**. Bi3H:3> has
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Table 1. Data forcloseBorane Dianions, B>~ (n = 5—17): Total Energies in au; Zero-Point Energies (ZPE, in kcal/malyerage of
Our BH Energy Eay = E at B3LYP/6-31G*h andE',, = E at B3LYP/6-311-G**/ n);>¢ PRDDO Relative Energiest() of Lipscomb and
Co-worker8

molecule sym. B3LYP/6-31G* ZPE B3LYP/6-31H-G** Eaf E.d E ¢
BsHs?~ Dan —127.09274 36.69 —127.17129 0.00 0.00 0.00
BsHe?™ On —152.65160 47.10 —152.72451 —14.67 —12.44 —23.22
B/H2~ Dsp —178.14319 56.29 —178.21180 —19.13 —15.42 —33.89
BgHg?~ Dag —203.62086 65.06 —203.68894 —21.37 —16.85 —37.65
BoHg?™ Dan —229.12195 74.45 —229.19051 —24.75 —19.68 —44.55
BioH10*~ Dag —254.64388 84.71 —254.71361 —28.77 —-23.28 -50.83
BiiH12~ Ca —280.10784 93.22 —280.18060 —28.74 —23.03 —49.57
BioH1~ In —305.69026 104.77 —305.76291 —34.91 —28.86 —61.50
BiH1#~ Co —331.07633 111.90 —331.15286 —30.66 —24.49 —51.46
BiH142~ Ded —356.58815 122.45 —356.66553 —32.65 —26.26 —55.22
BisHi2~ Dan —382.03790 131.04 —b —31.78 - —51.46
BieH1™ Dad —407.52132 141.02 —407.60511 —-32.34 —25.77 —52.71
Bi/H17~ Dsp —432.99603 149.92 —b —32.51 - —55.85
BsHg Ca —129.66272 67.08

BsH1o Cs —155.11714 75.75

aZero-point energy calculated at B3LYP/6-31®’Due to oscillation, these energies are not fully optimiZzeéiverage energy per BH group at
B3LYP/6-31G*.9 The trend is exactly the same as with the lower basis set ashowever, the energy changes are smoothérom the ref 7
(note that in both cases, d, ande, BsHs?~ is chosen as the reference energy).

. 2 2
BysHqs¥ Coy BysHq5" D3y By7Hi7" Dspy

Figure 1. B3LYP/6-31G* optimized geometries for largeloseborane dianions, 81,2~ (n = 12—17). For the geometries forsBs?>~ to BijH11>~
see ref 5.

of the PRDDO average energies (total PRDDO energy of energies as the cluster become larger. The most highly
B,Hn?~ clusters in kcal/mol divided by the number of borons, symmetrical cluster, BH1,2™, is still indicated to be the most
E/n) and our average B3LYP/6-31G* energi€s(= E/n) are favorable, but not at B3LYP/6-31G* to such a large extent. The
compared in Figure 2. In both casesHg*~ was chosen as  largerclosaboranes, BH:#~ to Bi7H172-, are more stable than
the reference species (Table 1). The differences in relative BgHo?~, BigHi?~, and BiHi12~. Note that BsHi is
average energies (vssBs?™) are less pronounced at B3LYP/  significantly less favorable than the other larger dianions,
6-31G* than at PRDDO, but both levels show the trend to lower Bi4H142~ and B7H17~ in particular.
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Table 2. Data forclosoBorane Dianions, BHq.?~ (n = 5—17), All
Energies in kcal/mol; Reaction Energies from egAHJ;?
Cumulative BH Addition Energies*Haqq);? Disproportionation
Energies from Eq. 17°Has);¢ Bond Length AlternationsAr, A);d
Nucleus Independent Chemical Shifts (NICS, ppm)

molecule sym. AH?2 AHaod AHgi Ard  NICS®

BsHs?~ Dan 0.00 0.157 —26.48
BeHe?™ On —63.79 —63.79 +40.99 0.000 —34.26
B/H4~ Dsh —22.80 —86.59 +8.31 0.172 —27.52
BgHg?™ Dog —14.48 -—-101.07 —14.07 0.291 —24.22
BoHg?~ Dan —28.56 —129.63 —12.21 0.275 —27.38
BigHi?~ Duag —40.77 —170.40 +34.63 0.138 —33.47
BiHi2~ Cy —6.14 —-176.54 —71.29 0.356 —32.47
BioHi2  p —77.44 —253.98 +118.79 0.000 —35.82
BisHi2~  Cy, +41.36 —212.62 —75.49 0.376 —30.93
BiHi2~  Deg —34.13 —246.75 +37.00 0.184 —32.25
BisHis2~  Dap +2.86 —243.89 —19.74 0.266 —31.59
BiH1®>~ Duag —-16.88 —260.77 +4.39 0.166 —33.71
BiHi”A  Dsp —12.50 —273.27 0.069 —36.54

a EqUatiOn 1: B—lHn—127 + BeH1o — Ban27 + BsHg (n = 6—17)
at B3LYP/6-31G*, with ZPE corrections scaled by 0.98 in kcal/mol
(ref 23).® Note that the BHs?>~ is used to define the zero point:
differences from this basisAHaq9 is employed for the quantitative
comparison otlosaborane dianion stabilities.Equation 17:2BH,>~
— Bn-1Hn-12" + Bnt1Hn+12~ (n = 6—16) at BSLYP/6-31G* with ZPE
corrections scaled as i ¢ Difference (A) between the longest and
the shortest BB distances in each dianions at B3LYP/6-3®@t.
GIAO-HF/6-31+G*//B3LYP/6-31G*.

However, the average energies employed in these evaluations

(Figure 2) are somewhat misleading. In the first place, they

do not compensate properly for the negative charges which vary

fractionally from one cluster size to another. Comparisons of
one dianion with another are not charge balanced. More
important,E/n evaluates of the average stabilization per vertex
but not the total stabilization of a borane dianion cluster. In
general, the thermodynamic stability oftB?~ clusters increases

von RagueSchleyer et al.
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Figure 2. Comparison of results using the same treatment at B3LYP/
6-31G* and PRDDO levels of theory. Plots B, (the B3LYP/6-31G*

asn becomes larger since the coulomb repulsion in the dianions yotal energies per vertexEs, = E/n in kcal/mol, Table 1) and
decreases and there is a greater number of favorable multicentetipscomb’s PRDDO energyE(n, kcal/mol) for largeclosoborane

bonding interactions. This trend is shown clearly in Figure 3
which will be discussed in detail below. While tkén criteria
(Figure 2) identifies B,H1*~ as being unusually stable on a
per vertex basis, the total stability of the larggosoborane
dianions clusters is greater than.H.,*~ due to the larger
number of vertexes (Figure 3).

This can be shown by extending our BH group increment
method to examine the energetic relationships among:thsc
borane dianions, .2~ (n = 5-17). We now employ a
variation of our earlier treatmeh£> namely eq 1, which is
balanced with regard to the negative charges,

B,_;H, >+ BgH,,— BH,% + BHg (n = 6—17),
AH (1)

Two closeboranes are compared in eq 1 by employing two
well-known neutral boron hydridessBg and BHio.! In effect,
a bonded BH group in gy is transferred to the smaller of
the two closodianions. This simulates the “building up” of
borane dianions for which experimental analogies exist. For
example, BoH1¢>~, B1iH112~, and BoH1,2~ can be synthesized
from smaller systems (evenBg).26

Starting with BHs?~, the successive application of eq 1, i.e.,
the sequential addition of BH groups, builds up larger and larger

(25) The relative stabilities afloseborane dianions, 1,2~ (n = 5—-12)
based on the following equation: B2~ + (n — 2)BHinc — BnHn?~
(n=5-12). The acetylene-like $1,2~ was employed to compensate
for the charges and the BH increment was taken as the energy

dianions BH?>~ (n = 5—17) vs number of boron atoms. Note that in
both cases, the $Bis>~ energy is chosen as the reference.

clusters. The reaction energies of each stdp, are given in
Table 2, along with the cumulative total energylaqq (based

on BsHs?™ as the reference zero). These total energi¢tqqg

are plotted as a function of number of vertexes in Figure 3.
This provides a more revealing quantitative comparison of the
closaborane dianions stabilities than Figure 2, especially for
the larger clusters, BH1z?~ to By/Hi~.

Figure 3 shows thafH,4q tends to increase in magnitude
with increasing cluster size. The trend is indicated by the dashed
line through most of the points in Figure 3. On this basis,
B1oH1?, B14H142~, and especially BH1,2~ are exceptionally
stable, and BHs>~ and BHg?~ are relatively unstable. This
plot emphasizes and confirms our earlier conclusidas the
BsHs2~ to BioH12~ clusters: (a) the trend toward increasing
stability with cluster size, and (b) the variations among
individual closoborane dianions, 1,2~ (n = 5—12). While
most of the reaction energiéegH (eq 1) are exothermic, this is
not found for the BQH1227 to B]_3H1327 and 3_4141427 to Bl5H1527
steps. AHaqgdecreases sharply fromy$15°~ to BisH142~, but

difference between 415 (Cy,, planar) and BH4 (D2n, ethylene-like).
The BH is electron deficient and does not include any inherent
stabilization due to hyperconjugation or to delocalization. Hence, it
is higher in energy than the BH increment derived from bonding
situations, i.e., the $g — BgH1p difference, employed in eq 1.

(26) Middaugh, R. L. IrBoron Hydride ChemistryAcademic Press: New
York, 1975; p 280.
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Figure 3. Plot based omM\Haqq (cumulative BH addition energy in
kcal/mol from Table 2) for theclosoborane dianions, 81,2~ (n =
5—17), vs number of boron atoms.

increases slightly from BH142~ to BysH1s2~. The further steps
to BigH1¢>~ and Bi7H17~ are exothermic and lie on the trend
line of Figure 3.

Figure 3 also shows that the overall stabilities of the 13- to

17-boron cages are greater than 9- to 11-boron cages. WhiIeBlelzz_ + Bl4H142_ — 2813H132_, AH;5=+75.49

this agrees with Lipscomb’s conclusion (Figure 2);HB %~ is

not the most stable clustelosoborane dianion, when total
energies are considered. At least in the isolated state, the
unknown BgHi¢2~ and BH;7Z~ are more favorable than
Bio,H12~. This also is demonstrated directly by means of eqs
2—6, with increasing cluster size from 12 to 17 vertexes, which
evaluate the transfer energies of appropriate number of BH
increments from BHyo! to BioH122~. (These reaction energies
also can be derived from th&H,q4q values of the largecloso
clusters in Table 2).

ByHy2 + BgHyo— BygHy2 + BoHg, AH, = +41.36 (2)
BlZH122_ + ZBBH]_O_) Bl4H142_ + ZB5H9, AH3 =+7.22 (3)
BiHiy + 3BgHio— BisHys® + 3BgHg AH, = +10.09 (4)

ByH,,> + 4BgH;o— BygHy 2 + 4BoH,, AH; = —6.79 (5)

Inorganic Chemistry, Vol. 37, No. 26, 1998769

failure to observe such large dianions as products of reactions
in which largerclosaborane dianions are built up from smaller
units. Although reactions 5 and 6 are exothermic, the formation
of BigH16?>~ and Bi7H;72~ from BioH12~ may involve too many
unfavorable steps along the reaction pathway.

The highly exothermic disproportionation reactions (eqgs
7—11), of a larger with a smalleslosaborane dianion cluster
also point to energetic difficulties in preparing larggoso
borane dianions, B2~ (n = 13-17). Largecloscborane
dianions cluster could be transformed into e.g:HB,*~, by
reaction with smaller boranes, both charged and neutral, if the
activation barriers are low enough.

B, Hy2 +ByH,, 2 — 2B H, 2 AH, = —118.79  (7)
By Hi" + BygHy™ — 2BH;,”, AHg = —90.80 (8)
ByHy2 + BgHg? — 2B,,Hy,2 ", AHy = —134.42 (9)
BigHie + BgHg® — 2B H,,° , AH,,=—146.10  (10)
B, H,” +B,H,” — 2B H,,°, AH;; = —148.09  (11)

Such behavior is known experimentally. Whilg,B12~ is
exceptionally stable toward degradative as well as dispropor-
tionation reactiong? the cesium salt of BH1:%>~ dispropor-
tionates above 400C into a equimolar mixture of BH;2~
and BoH¢2.28 Other cage interconversions are known, e.g.,
the air oxidation of BHg?~ generates g%, and small amounts
of BeHg?™ and BH-2~.2° The oxidation of the sodium salt of
BgHg?™ yield B7H72~ and large amounts of ¢Blg>~; small
amounts of BgH1c?~ and BioHi2.2°

On the other hand, the high stability of Bi;,*~ is illustrated
by the following endothermic reactions:

B,H;,~ + BgHs® — 2BgH,>, AH,, = +58.50 (12)
By,H;, + BgHg — 2By H,o , AH;;=+14.25  (13)
B,H;, + ByH,P — 2B H;, ", AH, = +71.29  (14)

(15)
B,H;, + BigH, e — 2By H,; >, AH, o= +21.25  (16)

This indicates that largesloseborane dianions, B1.2~ (n
= 13-17) once formed are not expected to degrade through
interaction with BoH1,2".

Recently? we deduced the stability of an individueloso
borane dianion, B2~ (n = 5—12) compared with its
neighbors, by another type of disproportionation, eq 17. This
equation is now applied to the largdosaborane dianions,
BaH:2~ (n = 13-17).

ZBan27 - Bn—lHn—127 + Bn+1Hn+1271 AHdis (17)
BieH16°", B1aH14~, and B;H12~ are stable relative to their
neighbors (allAHgs, €q 17, are endothermic), whereas the

corresponding BH1s>~ and BisH;82~ disproportionations are
exothermic (Table 2). The values suggestHBs?>~ (AHgis =
—75.5 kcal/mol) to be the least stable toward disproportionation

812H1227 + 5BgH = Bl7H1727 + 5BgHg, AHg = —19.29 (6)

This alternative presentation indicates that the formation of
B14H14~, BisHis2~, and especially BH15?~ from ByoHq2~ are
unfavorable energetically (see Figure 3). This rationalizes the

(27) Middaugh, R. L. IrBoron Hydride ChemistryAcademic Press: New
York, 1975; p 282.

(28) Klanberg, F.; Muetterties, E. llnorg. Chem 1966 5, 1955.

(29) Klanberg, F.; Eaton, D. R.; Guggenberger, L. J.; Mutterties, Fhdrg.
Chem 1967, 6, 1271.
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in the largerclosofamily. This is exactly the pattern indicated Moreover, all the aromaticity criteria do not serve well for
by Figure 3 where the curve is concave downward. According closeborane systems. Thus, the magnetic susceptibility anisotro-
to eq 17, B4H14~ has the largest endothermisHgs value pies fani9>>3° are zero or very small in three-dimensionally
(+37.0 kcal/mol) among the large clusters (note the upward delocalized spherical or nearly spherical molecules,'aBds
concave curve in Figure 3). well asH NMR chemical shifts are not informative in this
Three-Dimensional Aromaticity in Large closoBorane context. While the magnetic susceptibility exaltation:® (ppm,
Dianions, ByHn2~ (n = 13—17). The main aromaticity criteria  €gs), iS a unique aromaticity criteria directly related to ring
employed to characterize two-dimensional moleclii#sare currents¥® the magnitude of\ depends not only on the degree

energetic (resonance and aromatic stabilization energies, 8SE), of cyclic electron delocalization, but also on the volume of a
geometric (bond length equalization, bond order indices, ®tc.), cluster to a higher order. Nevertheless, quite large magnetic
and magneticlH NMR chemical shift$4 magnetic susceptibil-  susceptibility exaltations have been found d¢fosoborane
ity anisotropie®® and their exaltationsA3® as well as NIC%! dianions, BH?~ (n = 5—12)1245 Chemical shifts of encap-
discussed below). While excellent correlations among the threesulatecPHe atoms (computed as well as experimental) have been
criteria (e.g., ASE, NICSA, and geometries) for a test set of employed as measure of aromaticity in fullerenes and fullerene
five-membered heterocycles with wide-ranging properties has derivatives’? However, most of thelososystems are too small
been demonstratéd:3” such quantitative relationships did not to accommodatéHe or other element¥. Instead, we use the
(and cannot be expected to) extend to more complex systemgmnagnetic shieldings computed at chosen points, e.g., at the cage
when other effects dominaté® center; these NICS can be obtained readily via widely used
Recently, we assessetthe average energy per CH groups in quantum chemical programs (the sign of the magnetic shielding
two-dimensional aromatic compounds. Thédkel annulenes is changed to conform with the chemical shift convention). This
behave differently from the polybenzenoid hydrocarbons. The New magnetic criteria, NIC, evaluates ring current effects
average stabilization energy perelectron (or CH group) in ~ @nd aromaticity and appears not to exhibit a higher order
the strain-corrected f#2] Hiickel annulenes decreases when dependence, e.g., on the area of a ring or the volume of a three-
n becomes larger. In contrast, the aromatic stabilization energydimensional cluser?!
perz electron in polybenzenoid hydrocarbons is quite constant.  The NICS and geometric criteria (bond length alternation)
Similar observations have been made by Aitray Peck et~ confirm long-standing proposals in the literature toiiso
al. 9 and recently by Wibergt We have pointed out that these ~ borane dianions, 81>~ (n = 5—12) are spherical aromatics
two-dimensional aromatic systems behave quite differently from and exhibit three-dimensional aromaticlty. We have shown
the “three-dimensional aromatictlpseborane-based) clustets. ~ cyclic electron delocalization (and the ability to sustain a
As shown in Figure 2 (and previoushythe stabilization of diamagnetic ring current) to be the defining characteristic of
theclosoborane dianions, 1,2~ (n=5-12) tends to increase ~ aromaticity for theclosoborane dianions, %~ (n = 5-12)?
with increasing cluster size. This characterizes the aromaticity ©0 What extent are largeriosoborane dianions, B> (n =
in such three-dimensional systems. However, the averagel3—17) aromatic on this basis?

stability per vertex of the unknown largeloseborane dianions, NICS of the Large closoBorane Dianions, BHn?" (n =
B.Hn2~ (n = 13—17) are nearly the same and are much less 13—17). The NICS values, typically between25 and—35
thanclosoBH2". ppm, have showrloscborane dianions, B2~ (n = 5—-12)
to be “three-dimensional aromatic” prototypes. The most
(30) (a) Garratt, P. JAromaticity, Wiley: New York, 1986. (b) Minkin, symmetrlp BoH12~ (In), BeHe®™ (On), and BiHio*™ (Dad) )
V. I.; Glukhovtsev, M. N.; Simkin, B. Y Aromaticity and Antiaro- species give the largest NICS values and are the most “aromatic”
maticity, Wiley: New York, 1994. among thecloscborane dianions family.
gg éghggﬁgrm\_'féf'gg’ LT;L:{OeY Ao?eol\'m(_:hcer?éﬁggo?égg%l, 789. The NICS va_lue_s computed at the cage centers of th_e large
(b) Hess, B. A., Jr.; Schaad, L. J. Am. Chem. Sod.971, 93, 305. closoborane dianions, 4,2~ (n = 13-17) all are quite

(c) Aihara, J.J. Am. Chem. So&976 98, 2750. (d) Gutman, I.; Milun, negative (Table 2) indicating the “three-dimensional aromaticity”

M.; Trinajstic, N.J. Am. Chem. S0d 977, 99, 1692. ; —
(33) (a) Julg. A Francois, PTheor. Chim Actal967 7, 249. (b) in these large clusters. Compound/B;72~ has the largest

Kruszewski, J.; Krygowski, T. MTetrahedron Lett1972 3839. (c) NICS value (-36.5 ppm) in this family of large clusters. NICS

Herndon, W. CJ. Am. Chem. Sod 973 95, 2404. (d) Aihara, JJ. values,—33.7 in the center of BH1¢>~ and—33.5 in BigH1¢? ™,
Org. Chem1976 41, 2488. (e) Jug, KJ. Org. Chem1983 48, 1344.  ghow both dianions to have nearly the same degree of aromatic
(p Bird, C. W. Tetrahedronl 983 41 1409. delocalization. The NICS value for;H142~, —32.3, is larger

(34) Elvidge, J. A.; Jackman, L. Ml. Chem. Sacl961, 859. : ) : 181147, 7 9e-9, 9

(35) (a) Fleischer, U.; Kutzelnigg, W.; Lazzeretti, P.: Menkamp, V.J. in magnitude than the-31.6 for BisHis?~. Like the other

Am. Chem. Sod 994 116, 5298 and references therein. (b) Benson, criteria, the NICS value+30.9) suggests BH1?~ to be the

(36) g)cb;aﬁglgr?rii.vjv.. S'r‘] \';*V’;I"S'O%hej’_“bls,o&ﬁ;q ﬁi;snf%h em. Soc least aromatic among the largepseborane dianions, B2

1968 90, 811;1969 91, 1991. (b) Benson, R. C.; Flygare, W. Bi. (n = 13-17), we have considered. However, the variations
Am. Chem. Sod97Q 92, 7523. (c) Dauben, H. J., Jr.; Wilson, J. D.;  are not large.

Laity, J. L. In Non-Benzenoid Aromatic$Snyder, Ed.; Academic
Press: New York 1971; Vol. 2 and references therein. (d) Davidson,

. Ve . . (42) (a) Bihl, M.; Thiel, W.; Jiao, H.; Schleyer, P. v. R.; Saunders, M.;
éhzh’fgggg%i o Siomegel, B Beak, P.; Flygare, W. HAm. Anet, F. A.'L.J. Am. Chem. Sod994 116 7429 and references
(37) Schleyer, P. v. R.; Freeman, P.; Jiao, H.; Goldfus#rigjew. Chem., t6h3ere|n. (b) Bal, M.; van Willen, C. Chem. Phys. Let1993 247,

(38) I(r;t). ggbg?ﬁérig?ﬁgzl ggf?léyer P. v. R.; JiaoARgew. Chem., Int. (43) The energies of reactions 18 and 19 (below) are strongly endothermic

Ed Engl 1996 35, 2638. (b) Subramanian, G.; Schleyer, P. v. R.; at B3LYP/6-31G*.
Jiao, H.Organometallics1997, 16, 2362. Also see: (c) Katritzky, A. o o
R.; Karelson, M.; Sild, S.; Krygowski, T. M.; Jug, K. Org. Chem BioHy (Ip) + He—He@BHy,™ (1),
1998,63, 5228 and earlier papers of this group. E,g= +170 kcal/mol (18)
(39) Aihara, JJ. Chem. Soc., Perkin Trans.1®96 2185.
. . H 27 27
(40) Peck, R. C.; Schulman, J. M.; Disch, R.1.Phys. Cheml199Q 94, B,;H,7 (Dg) + He— He@B;H,;° (Dg,),

6637.
(41) Wiberg, K. B.J. Org. Chem1997, 62, 5720. Eio = 185 kcal/mol (19)
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0.4 -26 metric and magnetic criteria of aromaticity in largescborane
dianions, BH.2~ (n=9—-17). Note that both these trends also

) I agree qualitatively with the energy trends (compare Figures 3
and 4).

-.28 Conclusions

Experimentally, BoHi¢?~, B1iH1:2~, and BHi2~ can be
0.31 - prepared from BHi4 or even from BHe2® The failure to
observe BsH1z2~ or the largercloseborane dianions under such
synthetic conditions indicates either that they are relatively

< --30 X . -

= £ unstable thermodynamically, or that there is a “mechanistic

] Q bottleneck” (e.g. the BH1*~ to BisH12*~ step). The data from

3 c eqs 711 support these possibilities. However, degradation
) routes, e.g., starting from the larger metalloboranes with 13 or

0.24 L 35 CE) more borond%-2° would appear to offer synthetic opportunities.

Professor W. N. Lipscomb pointed out to us that he has long
felt that ring closure or addition reactions of cis-conjuncto
[ boranes, e.g. BH20,** might serve as routes to the largdosc
1 boranes.
- 34 According to our energetic analysis (both Figures 2 and 3)
the thermodynamic stabilities of the unknown largdosc
boranes, BH1z?~ to Bi7H172, are greater than e.g.,oBq%~
and even BoH10?~ and Bj3H1:27; this agrees with Lipscomb’s
conclusions. However, 8H;8~, BisH142~, and BsHis?~ are
--36 less stable than BH1,%~ according to both treatments. While
| — o Ar Lipscomb’s treatment identifies the most highly symmetrical
species, BHi»*~, as having the lowest average energy per
vertex among theloseborane dianions (Figure 2), our cumula-
tive total energies for the sequential addition of BH groups,
0.0 +—— — T -38 AHaqq (Figure 3), show that BHi>~ and Bi7H;7~ are more
8 10 12 14 16 18 favorable than BH;,°~ due to the larger number of vertexes.

The endothermic reaction energies (egs42 also show, the
formation of B4H142~, BisH1s2~, and especially BH1s2~ from

. Bi,H122~ to be unfavorable. In contrast, the exothermicity of
s Ol S TP st e conters o e e €45 5 and 6 Incicate tht fomaton O the largei? and
difference fr, in A) of each cluster vs the number of boron atoms. Bi7H17~ dianions are favorable relative to, 115>
Note that both these trends agree qualitatively with the energy trends  According to our quantitative evaluations, the stabilities of
in Figure 3. the largerclosoborane dianions, 1,2~ (n = 12—17) decrease
in the following sequence:

0.14

Number of borons

Geometric Criteria. Aromatic compounds are characterized
by bond length equalization, whereas antiaromatic compounds 2— 2— 2- 2—
show large bond length alternatio?fs31.33 We employeélthe BiHi = Baths = Bif® = BuHug ; -
difference between the longest and shortest skeletal bawds ( BisHis > BigHis
in closoborane dianions, 2~ (n = 5—12), as the simplest
geometric criterion. High symmetry and small bond length  Moreover, the highly exothermic disproportionation reactions
alternations are associated with more efficient deltahedral of larger and smallecloseborane dianions (egs-7.1) indicate
skeletal bonding in thelosoborane dianions. The variation  that the largeclosoborane dianions, @42~ (n = 13—17) may
in the bond distances between the skeleton atoms appears tot persist under conditions where smaller boranes are present.
reflect the extent of delocalization in the cage. The regular Hence, B,H 2 is likely to form during attempted synthesis
B1H12*~ icosahedron possesses “perfect” deltahedral bonding; of the larger borane dianions: this may be responsible for the
all the bond length are the samar(= 0.0 A) (Figure 4).  fajlure to observe the larger species.
Among the largerclosoborane dianions, BHi7~ has a Magnetic properties are most closely related to the degree of
relatively small bond length alternatiaxr = 0.069 A (compare  ¢ycjic electron delocalization. NICS, based on the magnetic
BioHio? ", Ar = 0.138 A). Both BeHi® (Ar=0.166 A) and  ghielding in the geometric centers of the cage systems, supports
BisH1#~ (Ar = 0.184 A) have nearly the same bond length e existence of three-dimensional aromaticity in the latgeo
ranges. TheAr of closoBisHid® (Ar = 0.376 A), like  porane dianions, @2~ (n = 13-17). The trends agree
BuiHis (Ar = 0.356 A), is significantly larger. The bond g ajitatively with the thermodynamic stabilities and with those
length ranges oflosoBsHss” (Ar = 0.266 A) and BHe” (Ar from the bond length alternatiorf) (compare Figures 3 and
= 0.275 A) are intermediate (Table 2). 4). BioH12~ and Bi7Hi#~ are more “aromatic” than the other

The patterns of the NICS values and of the bond Iength members of the |arger dianion f;;1|'ni|y;lﬂ-|l3 ~ is the least
alternations Ar), compared in Figure 4, are remarkably similar, gromatic.
(e.g., low NICS and higr for BgHg?~, B1iH11%~, BigH13%™,
and BisHis*"; opposite behavior for the rest). While not (44) Huffman, 3. C.; Moody, D. C.; Schaeffer, R.Am. Chem. Sod975
guantitative, this demonstrates the relationship between geo- 97, 1623.
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