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Comprehensive ab initio calculations RMP2(fc)/6-31G* on¢lescomonocarbaboranes, GBH,~ (n=5-12),

and theclosodicarboranes, B,-,Hn (h = 5—12), show that the relative energies of all the positional isomers
agree with the qualitative connectivity considerations of Williams and with the topological charge stabilization
rule of Gimarc. The reaction energiesH) of the most stable positional isomers, 148, CBsHg~, 2-CBsH7 ™,
1-CB/Hg, 5-CBgHg—, 1-CByH1g-, 2-CB;oH11, CB11H12 -, as well as 1,5-eBzHs, 1,6-GB4Hg, 2,4-GBsH7, 1,7-

C.BgHs, 4,5-GB7Hg, 1,10-GBgH10, 2,3-GBgH11, and 1,12-GB;gH;2 (computed using the equations, CBHt+

(N — 1)BHincrement— CBrHn+1~ (N = 4—11) and GH2 + nBHincrement— C2BnHn+2 (N = 3—10)), show that the
stabilities ofclosaCB,-;H,~ and ofclosoC,B,-2H,, generally increase with increasing cluster size from 5 to 12
vertexes. This is a characteristic of three-dimensional aromaticity. There are variations in stabilities of individual
closoCB,-1H,~ and closoC;B,-2H, species, but these show quite similar trends. Moreover, there is rough
additivity for each carbon replacement. The rather large nucleus independent chemical shifts (NICS) and the
magnetic susceptibilitieg), which correspond well with one another, also showcklsoCB,,-1H,~ andclosc
C.Bn—2Hn species to exhibit “three-dimensional aromaticity”. However, the aromaticity ordering based on these
magnetic properties does not always agree with the relative stabilities of positional isomers of the same cluster,
when other effects such as connectivity and charge considerations are important.

Introduction Huckel theory for the interpretation of the three-dimensional
delocalization in polyhedral borane dianions with n vertexes
and containingr{ + 1) skeletal electron pairs. Using similar
graph-theoretical methods, Aihdravaluated the resonance
energies ofcloseByH.2~ resulting from three-dimensional
delocalization. Accordingly, the most highly symmetloso
B12H12~ (Ip) has the largest resonance stabilization, 13763
but closoBsHs?~ with 0.03 was classified as “non-aromatic”.

« Author for correspondence. However, our recent ab !niﬁé’ studies show three-dimensional
* University of Erlangen-Nuremberg. delocalization in BHs?~ in contrast to Aihara’s descriptioh.

* University of Georgia. Furthermore, the isoelectronic 1,583Hs was showfto exhibit
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The fascinatingclosacarboranes are a widely studied class
of carbon-containing polyhedral boron-clustérs. Because of
their high stability, nonclassical bonding, and the benzene-like
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(n = 5-12) have been investigated at lower theoretical levels
by Dewar and McKee (modified neglect of diatomic overlap
(MNDO)),° as well as by Gimarc et al. (three-dimensional
Huckel theory® and minimal basis set ab initid}. One of the
goals of the present paper is to reevaluate the stability of the
closodicarboranes éB,-,H, (n = 5—12) at electron-correlated
theoretical levels higher than have been employed previously.
Due to the unusual stability and benzene-like reactivity
(electrophilic substitution) the ortho-icosahedral carborane
C.,BigHi12 and its meta and para isomers have even been
described as “superaromatitc™?12 The connection, both physi-

cal and conceptual, between the three-dimensional icosahedra
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Recently, closoboranes with only one heteroatéfe.g.,
Bl]_H]_]_NH,36 B]_]_H11PR,37 BllH118,38 BgHgNH,39 and EgHgS,‘lO
in 10 and 12 vertex systems have been synthesized. Unlike
closcC,Bn—oH, (n = 5—12), the monoanionic analogues,
CBy-1Hh~(n = 5—12), have received less attentitf-50.60-74
even though the first member of this family, GB,~, was
prepared by Knoth 30 yeaf&

In the CB,—1H,~ family, CBH1>~ 89-71 and similar anions
such as CBHio~ 72774 have been studied extensively experi-
mentally due to their potential use as weakly coordinating anions
Flnd as extremely weak nucleophiles with exceptional inertness.

carboranes and the classical two-dimensional polybenzenoid

aromatic compounds has been fruitféi1>

Moreover, the remarkable stability of the iscosahedral
C,BioH12 has led to various uses, e.g., in medicine for boron
neutron capture therapy (BNCT) for tumdfsjn material
science (as precursors to boron carbide thin films and other
ceramics),’ and as molecular scaffolds (rigid building unit§).
The chemistry of GBlole,lg CngHll’ZO—ZS CngHlo,20'21a’24’25
CzB7H9,20'26’27 CZBGHB,S'ZO'Zla'ZGb’ZS CzB5H7,8’20’29_31 CzB4-
He,8:20:29.32.333nd GB3Hg*820.29.33.3have been investigated to
the greatest extent.
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Figure 1. Natural charges obtained at RHF/6-31G* level étwscborane dianions, 8.2~ (n = 5—-12).

Among other members of thidosafamily, only CBygH1;~ 4243 heteroatoms prefer sites with the highest negative charge. This
and CBHg™ 4445 have been synthesized and characterized by rule successfully predicts the stability order of thso
11B NMR; their derivatives have not been investigated to any C,B,—»H, (n = 5—12) positional isomers and agrees well with
gr(eat extent847 There has been no report on the synthesis of the experimental observatiobs.

small vertex closocmonocarbaboranes. Likewise, ab initio Jemmis and Schley@&refined their “six interstitial electron
calculations only on CBH1,™,*849CBgH 1o, 3%P48P4%CBsH¢ 50 rule” for three-dimensional delocalization to consider the
and CBHs~ *° have been reported. compatibility of orbital overlap. The radial extension of the
Three qualitative considerations rationalize and predict the ;-orbitals of the capping atom should give the best “fit” to rings
relative stabilities otlosodicarboranes, §B,—Hn (N = 5-12). of optimum size. Like Williams’s connectivity rule, this
The first is the empirical valence rules of WilliarPswhich rationalizes the relative preferences of various positional isomers
suggest that (a) electronegative atoms such as carbon usuallyn a polyhedral skeleton.
prefer the least connected vertex since such atoms are less prone Recently, we pointed ofithat the exceptional behavior of

to electron sharing and consequently form fewer bonds; (b) the 1o closoborane family is direct evidence of the “three-

carbons in the fthermodynamlca_llgll most s_tablle dllcarbor:alne dimensional aromaticity” which becomes greater proportionately
isomers are as far apart as possible. Empirical rule (a) helpSyy jncreasing cluster size. This was shown by several criteria.

rationalize the positional isomers of the neutklsodicarbo- The difference between the longest and the shortest bamjis (
o :
rane§?with two carbons and should be applicable to ¢huso was proposed as a structural criterion of aromaticity inctbeo

mon_ocarb’aboranes_ systems as weI_I._ . borane dianions. The deviations from perfectly symmetrical
Gimarc'’s tqpolog|cal charge stabilizat@@ule is based on _deltahedral bonding (exhibited only by Bi;>~ and BHe2")
the perturbation of a homonuclear cage: the electronegativej, e gthercloseborane dianion cages is reflected in higher

relative energies.

Magnetic criteria agree that thdoscborane dianions are
aromatic, in particular, nucleus independent chemical shifts
(NICS)*which are based on the magnetic shieldings computed
in the geometric centers of tr@osoboranes cage, provide a
direct measure of the ring current effegtS here is remarkably
similar behavior among the NICS values of ttlesoborane
dianions, theAr geometric criterion, and the average enetrgy.
This supports the existence of three-dimensional aromaticity in
polyhedral cluster$. We now extend our theoretical studies at
the ab initio MP2/6-31G* level to thelosocmonocarbaboranes.
Theclosomonocarbaboranes, GBn+1~ (n = 5—12), have not
been addressed comprehensively in the literature. Hence,
another goal of this paper is to predict the relative stabilities of
members of this family by using ab initio molecular orbital
theory. We compare the results with predictions based on
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Table 1. Data for Positional Isomers aflosaDicarboranes,
C:Bh—Hn (n = 5—12), Zero Point (ZPE)and Relative Energiés

isomer symmetry ZPE RMP2/6-31G* relative energiés
C2BsHs
1,5- Dan 47.31(0) —153.18433 0.00
1,2- Cs 46.33(0) —153.12666 35.32
2,3- Coy 44.26(2) —153.08896 57.13
C2B4Hs
1,6- Dan 57.37(0) —178.56238 0.00
1,2- Cy, 57.44(0) —178.54745 9.43
C:BsH7
2,4- Cy, 67.43(0) —203.94443 0.00
2,3- Co, 67.24(0) —203.91775 16.58
1,2- Cs 66.33(0) —203.87669 41.53
1,7- Dsn 65.19(0) —203.83643 65.78
C:BgHs
1,7- C, 76.53(0) —229.30079 0.00
1,2- Co, 76.07(0) —229.26484 22.16
1,6- Cs 75.41(1) —229.25930 25.04
1,3- Cs 75.99(0) —229.24540 34.28
1,5- Cs 75.93(0) —229.23454 41.05
3,4 Coy 75.14(0) —229.21452 52.91
C2B7He
4,5- Coy 83.29(0y —254.68224 0.00
34- Cs 85.62(0) —254.65273 16.43
1,4- C 85.57(0) —254.62440 34.16
1,8- C, 81.85(0Y —254.61166 42.93
1,7- Co, 81.57(0y —254.59013 56.18
CsBgH10
1,10- Dag 97.18(0) —280.09789 0.00
1,6- Cs 96.59(0) —280.06276 21.52
1,2- Cs 96.31(0) —280.03388 39.39
2,7- C, 96.04(0) —280.02971 41.76
2,4- Co, 95.80(0) —280.02326 45.60
2,6- C, 95.74(0) —280.00785 55.21
2,3- Cs 95.70(0) —280.00591 56.40
CBoH11
2,3- Co, 105.84(0) —305.43626 0.00
2,9- Cs 105.80(0) —305.40840 17.46
2,10- C 105.65(0) —305.40704 18.17
CBioH12
1,12- Dsg 117.91(0) —330.86234 0.00
1,7- Coy 117.83(0) —330.85660 3.53
1,2- Cyo, 117.54(0) —330.83138 19.10
CoH, Do 18.48(0) —77.06679

aZero point energy (ZAE) (kcal/mol), calculated at HF/6-31G(d).
In parentheses, number of imaginary frequencies NIMAGt RMP2/
6-31G*. ¢ The relative energies with ZPEs corrections scaled by 0.89
(and 0.94 for RMP2/6-31G*) in kcal/mol.

William’s empirical valence rufé and on Gimarc's rule of
topological charge stabilizatiod. Comparison of theclosc
borane dianions with the isoelectroritosadicarboranes and
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Table 2. Relative Energies oflosaeDicarboranes, @,-2Hn
(kcal/mol)a—¢ and Nucleus Independent Chemical SHiftICS,
ppm) and Magnetic Suceptibilitiegy, ppm cgs)

relative energies

3D RMP2/
isomer symmetryHuckeP STO-3@ 6-31G* NICS? P
C2B3Hs
1,5- Dan 0.0 0.0 0.00 —17.06 —37.74
1,2- Cs 57.4 53.5 35.32 —24.60 —44.10
2,3- Ca 82.3 85.1 57.13 —35.74 —51.52
C,B4Hs
1,6- Dan 0.0 0.0 0.00 —36.01 —60.07
1,2- Ca, 25.2 9.8 9.43 —34.92 —58.50
C,BsH7
2,4- Ca, 0.0 0.0 0.00 —28.36 —67.33
2,3- Ca 27.2 24.2 16.58 —28.04 —66.67
1,2- Cs 48.3 49.8 41.53 —27.72 —65.96
1,7- Dsn 51.3 79.8 65.78 —28.30 —66.90
CgBeHg
1,7- C, 0.0 0.0 0.0 —24.01 —-74.85
1,2- Ca, 28.4 29.5 22.16 —21.17 —72.36
1,6- Cs 26.5 27.6 25.04 —22.68 —74.30
1,3- Cs 48.8 37.1 34.28 —15.90 —65.76
1,5- Cs 51.4 53.8 41.05 —17.18 —65.89
3,4- Co 53.1 63.3 52.91 —24.40 —77.45
C,B7Hg
4,5- Co 0.0 0.0 0.00 —25.10 —90.85
3,4- Cs 26.9 19.9 16.43 —25.93 —93.50
1,4- C 51.2 42.6 34.16 —24.21 —91.48
1,8- C, 53.9 53.1 42.93 —27.27 —98.46
1,7- Ca 75.5 75.1 56.18 —26.72 —97.04
C:BgH1o
1,10- Dug 0.0 0.0 0.0 —29.61 —109.28
1,6- Cs 24.5 28.1 21.52 —30.58 —114.96
1,2- Cs 49.0 54.0 39.39 —29.72 —114.12
2,7- C, 48.9 53.2 41.76 —33.84 —122.07
2,4- Ca 48.9 61.0 45.60 —34.07 —123.64
2,6- C, 70.0 73.7 55.21 —34.22 —123.13
2,3- Cs 70.3 74.0 56.40 —33.48 —122.33
C:BoH11
2,3- Ca 0.0 0.0 0.0 —28.39 —120.47
2,9- Cs 22.4 19.8 17.46 —28.75 —122.75
2,10- Cy 24.3 24.5 18.17 —31.42 —127.10
CoB1gH12
1,12- Dsq 0.0 0.0 0.0 —35.40 —148.20
1,7- Ca 0.0 4.6 3.53 —34.19 —145.87
1,2- Ca, 22.1 35.9 19.10 —34.10 —145.82

ab Relative energies oflosodicarborane isomers, .8,-2H, (N =
5—12), as obtained by three-dimensionaldiel theory and ab initio
calculations from refs 10, 12 From Table 19 At GIAO-SCF/6-31G*//
MP2(fc)/6-31G*.¢ At CSGT-HF/6-3¥-G*//MP2(fc)/6-31G*. Mea-
sured magnetic susceptiblity for 1,28 0H1, y = —144 ppm cgs, ref
96. 9 Measured magnetic susceptibility for 1,2Bz0H12 y = —145 ppm

monocarbaboranes reveals the effects of the electronegatives9s: ref 96.

carbon atoms in these structures.

Methods

All calculations used the Gaussian94 program pacRagehe
structures considered in this papelgsoB,H,2~ (n = 5—12),
and closoCB,,-1H,~ (n = 5—12), andclosoC;B,—2Hn (n =
5—12), were optimized first at HF/6-31G* within the given

(55) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
B. G.; Robb, M. A.; Cheeseman, J. R.;. Keith, T.; Petersson, G. A,;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, Géuss-
ian94, Revision C.3; Gaussian Inc.: Pittsburgh, PA, 1995. (b) Hehre,
W.; Radom, L.; Schleyer, P. v. R.; Pople, J. &b initio Molecular
Orbital Theory Wiley: New York, 1986.

symmetry restriction. Frequency calculations, carried out at the
same level, determined the nature of the stationary points and
gave the zero point energies (ZPE)Minima were character-
ized with zero imaginary frequency and transition states with
one imaginary frequency. Further optimizations at MP2(fc)/
6-31G* included the effect of electron correlation and gave the
relative energies. The natural population analysis (NPA)
obtained at HF/6-31G* level for theloscborane dianions are
discussed (see Figure 1). Based on the data in Tabldsthe
relative reaction energiesH for three sets o€loscclusters in
Tables 5-7 include zero point energies scaled by a factor of
0.89. Selected geometry parameters are given in Table 4.

NICS** were computed at GIAO-HF/6-31&*and magnetic
susceptibilities at CSGT-HF/6-31G*//MP2/6-31G*>° both
using the RMP2/6-31G* optimized geometries (Figures 2 and
3).
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1-CB4H5 C3y (1) 2-CB4H5 Cy, (2) CB;sHg Cyy (3) 2-CBgH; Cy, (4)

1-CBgH; Csy (5)  1-CB;Hg Cq (6)

1-CBgHg Cs (9) 1-CBgHg Cqy (10)  2-CBgHqg C, (11) 2-CBgHy1 Cq (12)

10-CB1oH;1" Cs (13) 8-CByoH11 C5 (14)  1-CB4gHy1" C, (15) CBy1Hq2 Csy (16)
Figure 2. RMP2/6-31G* optimized geometries fatosemonocarbaboranes GBH,~ (n = 5—12).

Results and Discussion isomers ofclosadicarboranes are given in Table 1 along with
the zero point energies and the number of imaginary frequencies.

dimensional Hakel theory® (also quantified using minimal Our calculations agree with Gimarc's predictions and also with

basis set STO-3G ab initio calculationd)Gimarc predicted ~ €XPerimental experiencé:'*

the relative stability of thelosodicarboranes positional isomers Relative Energies of closoMonocarbaborane Anions,
(Table 2). We reevaluate the relative energies of this family CBn-1Hn~ Isomers ( = 5—12). closoMonocarbaborane
using higher level (MP2(fc)/6-31G*) data including electron anions, CB-1H,~ (n = 5—12), are closed polyhedral structure
correlation effects. The total energies of all the positional with triangular faces (Figure 2). The total coordination number

On the basis of topological charge stabilizatand three-
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Table 3. closoMonocarbaboranes, GBH,~ (n = 5—12), Zero
Point (ZPE} and Relative Energiés

ZPE RMP2/6-31G*

molecules symmetry relative energy

CBsHs~

1- Cs, 43.32(0) —139.96038 0.00

2- Co 40.06(0y —139.92081 25.53
CBsHg™ Cu 54.06(0) —165.38007 0.00
CBeH7~

2 C.  63.66(0) —190.75884 0.00

1- Cs, 62.74(0) —190.70896 30.47
CB/Hg™

1- Cs 72.71(0) —216.12067 0.00

3- Cs 71.53(1) —216.08095 23.88
CBgHg™

4- Cy, 78.69(0 —241.51270 0.00

1- Cs 81.70(0) —241.47755 17.65
CBoH10~

1- Cu 93.35(0) —266.93001 0.00

2- Cs 92.81(0) —266.89637 20.63
CBioH11™

2- Cs 102.42(0) —292.27992 0.00

10- C.  102.11(0) —292.25056 18.15

8- Cs 101.98(0) —292.24662 20.51

1- C, 100.96(1) —292.22503 33.15
CBuHi12™ Cs, 114.48(0) —317.73467 0.00
CBH, C..  1563(0) —63.80076

aZero point energy (kcal/mol), calculated at HF/6-31G(d). In
parentheses, number of imaginary frequencies NIMAGt B3LYP/
6-31G*. ¢ The relative energies with ZPEs corrections scaled by 0.89
(and 0.98 for B3LYP/6-31G*) in kcal/mol.
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Although CBi;H1,~ was first reported by Kith*22in 1967
and its'B NMR spectra confirm the icosahedral structure, the
chemistry of this anion has been developed only recéftR}
Reed’s group has exploited the low ligand coordinating power
of this anion for the complexation of transition metals, for
example, in [(1-CsHg)Ag(closo1-CByiH12)]CeHe, %2 [Fe(TPP)-
(closo-1-CBy1H12)]C7Hg,%3 [(Ir(CO)(PPh)2Ag(closo1-CBys-
H12)],84%%and [Cp(CO)FeCB1H12)].%° Structural studies have
shown that the most hydridic (negatively charged) hydrogen
atom in these complexes {}lat the boron antipodal to carbéf)
is always involved in the metalCB,;H;,~ bonding. Deriva-
tization of CBj1H1,~ via electrophilic substitution results in even
larger, less nucleophilic, and less coordinating anions which also
are more soluble in low dielectric solvents. Examples are 12-
CBiiH1i X~ (X = F7,67 C|7,68 Br*,58 |769); 7,12-CE_1H10X27
(X=CI~, Br, 17);587,8,9,10,12-CBH-Cls~ and 7,8,9,10,11,-
12-CByjHeXs™ (X= CI~, Br).8%a70 Recently, Michl and co-
workers! have synthesized the completely methyl-substituted
CBi11Me, .

CBjoHi1~. Although five positional isomers based on
B1iH1:2~ (Figure 1) are possible for GBHii~, only the
2-CByoH11~ isomer has been synthesiZétand characterized
by B NMR.*® Position 1 of the BH1,2~ reference frame,
Figure 1, is unique and seven-coordinated (B7). Positions 2
and 3 are five-coordinated (B5); the other 8 vertexes are six-
coordinated (B6). The empirical valence rules of Williams
predict the 2-CBH11~ > 10-CBgH11~ > 1-CBigH11™ Stability
order since the carbons prefer sites with lower connectivity. As

(includig the hydrogen) of each boron or carbon, at a cage shown in Figure 1, the negative charges iHB:2~ follow the
vertex, range from 4 to 7 and are denoted as B4, B5, B6, and connectivity B2 (0.283) (B5); B10 {0.194), B8 (-0.141),

B7. All the different possible carbon sites in each polyhedral

B5 (—0.135) (B6); and B10.025) (B7) in agreement with

cage were considered. Table 3 lists the total and relative the topological charge stabilization rule; the more electronegative
energies, along with the ZPE and the number of imaginary carbons do prefer the locations with the highest negative charges

frequencies for all 16 positional isomers of thlsomono-
carbaboranes, GB;H,~ (n=5—12). The BH?~ (h=5-12)

in the homoatomic system. This predicts that the five possible
isomericclosaemonocarbaboranes should follow the following

set serves as the reference framework for the charge differencegiecreasing order of stability: 2-GB1:~ > 10-CBygH1~ >
between vertexes in a polyhedral cage. The natural charges org-CB,gH;;~ > 5-CByjgHi~ > 1-CBigHii.

each boron vertex, derived from NPZare shown in Figure 1
for thecloseborane dianions (along with the numbering scheme,
which is generally employed).

CB1iHi2~. The regular BHi*~ icosahedron possesses
indistinguishable BH groups, and the charge distribution is
uniform. Hence there is only one GBl;,~ isomer (6) (Figure
2). Our ab initio calculations show a stable minimum @
geometry.

(56) Scott, A. P.; Radom, LJ. Phys. Chem1996 100 16502 and
references therein.

(57) (a) Reed, A. E.; Weinhold, Ehem. Re. 1988 88, 899. (b) Reed, A.
E.; Schleyer, P. v. RJ. Am. Chem. Sod99Q 112, 1434.

(58) Wolinski, K.; Hinton, J. F.; Pulay, Rl. Am. Chem. S0d.99Q 112,
8251.

(59) (a) Keith, T. A.; Bader, R. F. WChem. Phys. Lett1992 194 1. (b)
Bader, R. F. W.; Keith, T. AJ. Chem. Phys1993 99, 3683.

(60) (a) Plesek, J.; Jekek, T.; Drd&ova E.; Hermaek, S.; Stor, B. Collect.
Czech. Chem. Commuh984 49, 1559. (b) Plesek, J.; Jakk, T.;
Stibr, B. Polyhedron1984 3, 1351. (c) Maly, K.; SubrtovaV.;
Petricek, V. Acta Crystallogr 1987 C43 593. (d) Nov&, C.; Subrtova
V.; Petricek, V.; Hummel, L.; Hasek, Xollect. Czech Chem.
Commun199Q 55, 653.

(61) (a) Jemek, T.; Plesek, J.; Mares, F.; Hemek, S.; Stor, B.
Polyhedron.1987 6, 1981. (b) Yakushev, A. B.; Sivaev, |. B
Kuznetsov, I. Yu.; Butman, L. A.; Kuznetsov, N. Zh. Neorg. Khim
1988 33, 1398. (c) Mair, F. S.; Morris, J. H.; Gaines, D. F.; Powell,
D. J. Chem. Soc., Dalton Tran&993 135.

(62) Shelly, K.; Finster, D. C.; Lee, Y. J.; Scheidt, W. R.; Reed, CJA.
Am. ChemSoc 1985 107, 5955.

(63) (a) Shelly, K.; Reed, C. A.; Lee, Y. J.; Scheidt, W.RAmM. Chem.
Soc 1986 108 3117. (b) Gupta, G. P.; Lang, G.; Lee, Y. Ja.; Scheidt,
W. R.; Shelly, K.; Reed, C. Alnorg. Chem 1987, 26, 3022.

Our ab initio calculations on all the positional isomers of
CBioH11~ assumedCs symmetry for 2-CBoHii~ (12), 10-
CBioHi11~ (13), and 8-CBgH11~ (14) (Figure 2). Frequency
calculations indicate that the resulating structures are local
minima, but isomerd3 and 14 lie 18.15 and 20.51 kcal/mol,
respectively, abovel2, the most stable form (Table 3). In
contrast, 1-CBH11, with Cp, symmetry, possesses one imagi-
nary frequency. Reduction of the symmetry@p (15) does
not result in a local minimum. Optimization of the remaining
positional isomer, 5-CBH;;~, led to the most stable form,
2-CBigH11~ (12)

(64) Liston, D. J.; Reed, C. A.; Eigenbrot, C. W.; Scheidt, W.IfRarg.
Chem 1987, 26, 2739.

(65) Liston, D. J.; Lee, Y. J.; Scheidt, W. R.; Reed, C.JAAm. Chem.
Soc 1989 111, 6643.

(66) Hoffmann, R.; Lipscomb, W. N. Chem. Phys1962 36, 3489.

(67) Ivanov, S. V.; Lupinetti, A. J.; Miller, S. M.; Anderson, O. P.; Solntsev,
K. A.; Strauss, S. HInorg. Chem 1995 34, 6419.

(68) Jelinek, T.; Baldwin, P.; Scheidt, W. R.; Reed, C.lAorg. Chem.
1993 32, 1982.

(69) (a) Jelinek, T.; Plesek, J.; Hermanek, Shi$8. Collect. Czech. Chem.
Commun1986 51, 819. (b) Srivastava, R. R.; Hamlin, D. K.; Wilbur,
D. S.J. Org. Chem1996 61, 9041.

(70) (a) Reed, C. A;; Xie, Z.; Bau, R.; Benesi, 8ciencel993 262 402.
(b) Xie, Z.; Jelinek, T.; Bau, R.; Reed, C. . Am. Chem. So&994
116, 1907. (c) Xie, Z.; Bau, R.; Reed, C..Angew. Chem., Int. Ed.
Engl. 1994 33, 2433.

(71) (a) King. B. T.; Noll, B. C.; McKinley, A. J.; Michl, JJ. Am. Chem.
Soc.1996 118 10902 and reference therein. (b) King, B. T.; Janousek,
Z.; Griner, B.; Trammell, M.; Noll, B. C.; Michl, JJ. Am. Chem.
Soc.1996 118 3313.
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Table 4. Selected Interatomic Distances (A) fdoseMonocarbaboranes, GBH,~ (n = 5—9), at RMP2/6-31G* (Atom Numbering in

Figure 2)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1-2 1555 1560 1624 1726 1733 1520 1606 1975 1958 1603 1.622 1639 1774 1732 1.621
1-3 1.660 1.820 1.701 1.724 1.694 1.738 1.740
1-4 1.799 1.804 1.610 1.600 1.693 2.022 1.999
1-5 1.608 1.699 1.993 2.292
1-6 2.008 1.996 2.002 1.794
2-3 1818 1699 1.717 1551 1.638 1.817 1.724 1.958 1.981
2—4 1572 1.661
2—5 1.664 1.698 1.682 1.836 1.747 1671 1661 1.712
2—6 1.726 1.695 1.732
2-7 1.824
2-8 1663 1.749 1.677 1.739
3—-4 1.806 1.645 1.818
3-5 1882 1864 1.710
3-6 1.907 1.702 1.802 1.670 1671
3-7 1.697 1.787
3-9 1.746 1.756
4-5 1.664 1.859
4-7 1.802 1.823 1842 1.841
4-8 1.714 1.792 1785 1.705
4-10 1.767 1.699
5-7 1.795 1771
5-8 1.721
6—5 1863 1.832 1843 1.776
6—7 1.814 1.827 1.712
6—9 1835 1822 1794 1776 1795 1.806
6—11 1.781 1768 1772 1791 1.769
7-8 1.906 1.833
10-8 1.701 1.704 1774 1715 1.802
10-9 1.689 1.781 1.770 1.784
10-11 1.822 1729 1.809 1.799
11-8 1.776 1.702 1.793
12-7 1.781

Our ab initio calculations confirm the predicted stability:
2-CBigH11~ (12) > 10-CBigH11~ (13) > 8-CBygH11™ (14) >
1-CBygH11~ (15) (Table 3). The carbons do tend to occupy
positions of low coordination and with more negative charge.

CBgH1g~. CBgHip™ is isoelectronic with BgH1?~, a bi-
capped square antiprism. Two isomers of,BB~ are possible.

coordinated (B6). The charges irg&?~ are larger on B5
(—0.329) than on B6 €0.107). Hence, isomer 4-GBg~
should be more stable than 1-gHB™.

We assumedC;, symmetry for 4-CBHy~ (8) and C; for
1-CBgHg™ (9) (Figure 2). Frequency calculations indicate both
structures to be minima, bétis 17.65 kcal/mol lower in energy

The 8 antiprism vertexes are equivalent and are six-coordinatethan9 (Table 3).

(B6). The 2 vertex borons (1 and 10) capping the square face CB;Hg~. The 1B and!H NMR behaviof4 of the first 8
are five-coordinated (B5) and possess a greater negative charggertex closomonocarbaborane, 1-GBg~, was observed re-

(—0.270) than B6{0.150). Therefore, the 1-GBl1o~ isomer

cently?® The 1B NMR behavior of this anion shows 4:3

should be the most stable; it is the only isomer which has beenfjyxionality at room temperature and is supported by ab initio/

synthesized? The structure ofL0 deduced from itd!B NMR
spectrun?43was confirmed recently by X-ray crystallograpfy.
Reed?and Straus$ synthesized and characterized a set of new
10 vertexcloso1-CBgH1p~ derivatives which are exceptionally
inert, weakly coordinating carborane anions.

Geometry optimization assumé&, symmetry for 1-CBHg~
(10) andC; for 2-CBgH10~ (11) (Figure 2). Frequency calcula-
tions indicate both structures to be minima, bQis 20.63 kcal/
mol lower in energy thanll (Table 3). Our ab initio
calculations confirm the ordering expected from the coordination
and the topological charge stabilization.

CBgHg ™. Although CBHg™ is not known, its structure should
be based on the tricapped trigonal prism favored by the
isoelectronic borane,dBlg?~. As shown in Figure 1, 3 vertexes
which cap the rectangular faces of theHg?~ prism are five-
coordinated (B5), while the 6 vertexes of the prism are six-

(72) Nestor, K.; Sbr, B.; Kennedy, J. D.; Thornton-Pett, M.; Jedk, T.
Collect. Czech. Chem. Commui992 57, 1262.

(73) Xie, Z.; Liston, D. J.; Jelnik, T.; Mitro, V.; Bau, R.; Reed, C. A.
Chem. Soc., Chem. Comutf93 384.

(74) Ivanov, S. V.; Rockwell, J. J.; Miller, S. M.; Anderson, O. P.; SoIntsev,
K. A.; Strauss, S. Hlnorg. Chem 1996 35, 7882.

IGLO/NMR studies?'2282 A similar fluxional mechanism for
1-CB;Hg~ as for BHg?~ seems likel\#820.75 |n the parent
dianion BHg?~, the five-coordinated sites B1, B2, B7, and B8
are all equivalent as are the six-coordinated B3, B4, B5, and
B6. The B5 positions are more negatively charge®.@57)
than the B6 positions<0.132); hence, 1-Cpls™ is preferred
over 3-CBHg~. The RMP2/6-31G* calculations were carried
out, assumin@s symmetry for 1-CBHg™~ (6) and for 3-CBHg™

(7) (Figure 2). According to second derivative analy§iss a
minimum, wheread has one imaginary frequency (NIMA&

1) and is 23.88 kcal/mol higher th@n(Table 3).

CBeH7~. Although CBH;  has not been reported experi-
mentally, it would be expected to favor a pentagonal bipyramidal
structure like that of the isoelectronigB,2~. The charges in
the parent dianion 4,2~ (Figure 1) are higher on the five-
coordinated (B5) B2B6 (—0.276) in the base, than on the six-
coordinated (B6) B1 and B7 in the apical positiors0(074).

As expected, our ab initio computations show the 24&B

(75) (a) Klier, D. A.; Lipscomb. W. Nlnorg. Chem 1979 18, 1312. (b)
Muetterties, E. L.; Wiersama, R. J.; Hawthorne, MJFAm. Chem.
Soc.1973 95, 7520.
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Table 5. closeBorane Dianions, B1,2~ (n = 5—12), Zero Point
(ZPE} and Reaction Energies from Eq AK)° and Magnetic
Susceptibilities ¥, ppm cgs)

molecule symmetry ZPE RMP2/6-31G* AH® e

BsHs?~ Dsn 38.21 —126.52638 —240.82 —69.74
BeHe?™ On 49.56 —151.99072 —346.18 —81.24
B/H~2~ Dsn 59.01 —177.38059 —406.48 —85.37
BgHg?~ D2d 68.53 —202.75682 —458.18 —94.43
BoHg?~ Dan 77.93 —228.16066 —527.29 —116.31
BioH1e?~ D 88.69 —253.58919 —610.71 —141.57
B1iH11?~ Co 97.89 —278.95172 —654.09 —148.83
BioH12~ In 110.21 —304.44474 —776.56 —167.40
BsHs Cao° 33.61(2) —77.04852 +1.79
BoH,4 D2n 25.68(1) —51.75692 —0.75
BoH?~ Con 11.31(0) —50.26340 —51.38
BoH2~ Do 11.07(2y —50.25973 —49.66

aZero point energy (kcal/mol), calculated at HF/6-31G*. In paren-
theses, number of imaginary frequencies (NIMAG) when these are not
zero.? Planar form.¢ B,H2~ + (n — 2)BHine — BoHs2~ (n=5—12) at
MP2/6-31G*, with ZPE corrections (ref 56) scaled by 0.89 in kcal/
mol. Note that BH,?~ (Cz,) data were used and that the Rhhcrement
was taken as the difference in energy betwegtsBC,,, planar form)
and BH, (D2, ethylene-like) since no inherent stabilization due to
hyperconjugation or to delocalization is abseéht CSGT-HF/6-
31+G*/IMP2(fc)/6-31G*. € Linear B,H,?~ is a minimum at B3LYP/
6-311+G** but not at B3LYP/6-31G*, MP2/6-31G*, and MP2/6-
311+G**.

Table 6. Most StableclosoMonocarbaborane Anions, GBH,~
(n = 5-12), Zero Point (ZPB)and Reaction Energies in from

Eq 2 ARH)*®

molecule symmetry ZPE RMP2/6-31G* AH¢
1-CBsHs™ Csy 43.32 —139.96038 —175.26
CBsHes~ Ca 54.06 —165.38007 —253.13
2-CBsH7~ Co 63.66 —190.75884  —306.35
1-CB/Hs™ Cs 72.71 —216.12067 —349.43
4-CBgHo™ Co 78.69 —241.51270 —407.11
1-CBoHi0~ Ca 93.35 —266.93001 —487.07
2-CByH11~ Cs 102.42 —292.27992 —522.66
CBuiHi™ Cs, 114.48 —317.73467 —621.35

azero point energy (kcal/mol), calculated at HF/6-31GAt
B3LYP/6-31G*.¢CBH,™ + (n — 1) BHinc — CBHn1™ (n = 4—11)
at MP2/6-31G*, with ZPE corrections (ref 56) scaled by 0.89 (and 0.98
for B3LYP/6-31G*) in kcal/mol.

Table 7. Most StablecloseDicarboranes, @B, .H, (n = 5—-12),
Zero Point (ZPB) and Reaction Energies from Eq 8K)¢

molecule symmetry ZPE RMP2/6-31G* AH®
1,5-GB3Hs Dan 47.31 —153.18433 —147.83
1,6-GB4Hs Dan 57.37 —178.56238 —200.19
2,4-GBsH7 Ca 67.43 —203.94443 —255.05
1,7-GBgHs C 76.53 —229.30079 —294.65
4,5-GB7Ho Co, 83.2%  —254.68224 —347.91
1,10-GBgH10 Dag 97.18 —280.09789 —424.61
2,3-GBgH11 Co, 105.84  —305.43626 —453.31
1,12-GB1oH12 Dsq 11791  —330.86234 —534.01

aZero point energy (kcal/mol), calculated at HF/6-31GAt MP2/
6-31G*. ¢ C,H, + nBHinc — C;ByHn2 (n = 3—10) at MP2/6-31G*,
with ZPE corrections (ref 56) scaled by 0.89 (and 0.94 for MP2/6-
31G*) in kcal/mol.

minimum @) to be 30.47 kcal/mol more stable than t8g,
minimum 1-CBH7;~ (5).

CBsHe ™. closo1-CBsH/™is the smallestlosomonocarba-
borane which has been isolated. However, its deprotonated
form, closo1-CBsHs™ (3), has not yet been reported. All boron
atoms and all BB bonds are equivalent in the parent dianion,
BeHg? ™, and the charge distribution is uniformQ.252). Only
one isomer of CBHg~ (3) with C4, geometry is a stable
minimum (Figure 2 and Table 3).

Inorganic Chemistry, Vol. 37, No. 14, 1998461

CB4Hs~. Although CBHs~ has never been prepared, it
should have a trigonal bipyramidal structure like that of the
isoelectroniclosa1,5-GB3Hs, which is familiar as the smallest
known closodicarborane$:3 Two carbon isomers 1-CBl5~
(1) and 2-CBHs~ (2) are possible. In contrast to;B;%~ (see
Figure 1), the negative charge on the four-coordinated (B4)
apical (-0.482) position of the reference dianionsHB? is
significantly larger than the charge on the five-coordinated (B5)
equatorial positions{0.180). Hence, 1-Cis~ (1) should be
preferred over 5-CHs~ (2).

Frequency analyses established 1,88 (Cs) to be a
minimum (@), but 2-CBHs~ (Cy, 2, shown in Figure 2)
possessed one imaginary frequency at HF/6-31G*. However,
the C,, geometry was a minimum at both B3LYP/6-31G* and
MP2/6-31G* levels, where it was 25.53 kcal/mol less stable
thanl (Table 3).

Stability of the closeMonocarbaborane Anions, CB,-1Hnp™,
and closaDicarboranes, GB,--H,. Recently, we evaluated
the stabilization energies as well as the average energy per CH
group in two-dimensional aromatic compourtddhe Hickel
[nJannulenes and the polybenzenoid hydrocarbons behave
differently. The strain-corrected total aromatic stabilization
energies (ASE) in then]annulenes do not increase with
increasing ring size; more importantly, the average stability per
CH group (ASEh) decreases. For example, both the energy
and the ASE of ggH1g are much less than that of three benzenes.
In contrast, the ASEs of benzene, naphthalene, anthracene, and
tetracene increase regularly with the number of rings. The ASE
per carbon, obtained by dividing the ASE of the molecule by
the total number of carbons (ASH/ is nearly constant for the
acenes. Similar observations have been made by AfRdma,
Peck et al’’2and recently by Wiberg’

Both the additive stabilization in the polybenzenoid hydro-
carbons and the decreasing aromaticity per CH group exhibited
by the Hickel [nJannulenes are quite different from the
exceptional behavior exhibited by the three-dimensional aro-
matic losoborane-cased clustes)As we have notefl,not
only do the stabilization energies of tolsoborane dianions
tend to increase with increased cluster size, but also the average
stability per vertex tends to increase. This characterizes the
aromaticity in such three-dimensional systems.

Equations 3 and ab initio RMP2/6-31G* data are employed
to evaluate the relative stabilities of members of the related
families, theclosaborane dianions, B, (n = 5—12), the
closemonocarbaborane anions, £BH,~ (n=5—12), and the
closadicarboranes, éBn-oH, (n = 5—12), respectively. Data

B,H,” + (n— 2)BH,.— BH, (n=5-12) AH (1)
CBH, + (n—1)BH,.—CBH,, (n=4-11) AH (2)
®3)
for the most stable positional isomers are used for the last two

sets. Acetylene and its analoguesH&?~ and HBCH" serve
as the isoelectronic reference species. Thg,BHcrement is

C,H, + nBH, . — C,B,H, ., (n=3-10) AH

(76) Aihara, JJ. Chem. Soc., Perkin Trans.1®96 2185.

(77) (a) Peck, R. C.; Schulman, J. M.; Disch, RJLPhys. Cheml99Q
94, 6637. (b) Wiberg, K. BJ. Org. Chem1997, 62, 5720.

(78) The estimated reaction energies for ealdsoborane dianions can
be evaluated bAHestimate™ 84.199—71.73§) (wherex is the number
of vertexes). This equation defines the straight line which connected
the two reference species;Bl122~ and BHe?~ in Figure 4. Hence,
the deviation of the energy of each cluster from this liA&lge,) can
be estimated by taking the differences betwAéhsand the reaction
energies from eq 1AHopg (Table 8),AHgey = AHest — AHops
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1’5'C2B3H5 |:)3h 172'C233H5 cs 2,3-CzB3H5 CZV 1’6'(:2B4H6 Dsn 1,2-C2B4H5 sz
(19) (20) (21)

(17) (18)

1,2-C2B5H7 Cs 2,3‘(:2BSH7 sz 1,7-C285H7 D5h 1,7-C236H3 Cz
(23) (24) (25) (26)

AN

N f
LR
N N
(9P}
1,2-C;BgH;g Cyy 3,4-C,BgHg Cyy 1,3-C;BgHg Cs 1,6-CoBgH, Cs 1,5-C,BgHg Cs
(27) (28) (29) (30) (31)

4,5-C,B;Hg C,,  3:4-CoB7Hg Cs 1,4-C,B;Hq C, 1,8-C,B;Hg C, )
(32) (33) (34) (35) 1,7 %g)ng Cay
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1,10-C,BgH;q Dyy 1,2-C,BgH Cs 1,6-CoBgHig Cs  2,6-C,BgHqq C, 2,3-C,BgH;q C,
(37) (38) (39) (40) (41)

(45)

2,10-C,B¢H,4 C, 1,12-C;B4gHy3 Dsgq 1,2-C;B1gHy5 Cy, 1,7-C,B1oHy2 Coy
(46) (47) (48) (49

Figure 3. RMP2/6-31G* optimized geometries fatosadicarboranes §Bn—.H, (n = 5—12).

taken as the difference in energy betweeB(C,,, planar) rane, GBn-oH,, systems. Data from eqs—B for the most
and BH,4 (D2, ethylene-like). (Note that this computed BH symmetrical 6 and 12 vertex species are used to define the
increment does not possess any inherent stabilization due toreference lines in Figure 4: deviations from the lideHge,, ®
hyperconjugation or to delocalization.) Table 8) were employed for the quantitative comparison of the
The reaction energiesAH) of eqs 1-3 are all exothermic  stabilities of individual clusters.
(Tables 5-7). The exothermicity of these reactions tends  The patterns of variation of corresponding compounds are
generally to increase as the size of the cluster increases.remarkably similar qualitatively in thelosoBH2", closo
However, variations of individual compounds are apparent when CB,,_1H,~, and closaC,B,_oH, clusters. As summarized in
the reaction energies\{) are plotted as a function of cluster Table 8, the deviations\Hge,) of the closoB,H.?~ species are
size (see Figure 4). the largest of the three sets.;HB?~ and BgHi0?>~ have the
These plots are based on the data treatment employedsmallest deviationsAHgey = 11.4 and 22.4 kcal/mol, respec-
previously to evaluate the relative stability aflosoborane tively, while the BHg?~, BgHo?~, and BHs?~ deviations are
dianions, BH.>~ (n = 5—12), which we have extended to the larger AHgev= 31.5, 34.1 and 33.6 kcal/mol, respectively, Table
closomonocarbaborane anion, @BH,~, and closadicarbo- 8). The quantitative variations from the defining lines in Figure
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Reaction Energies, AH kcal/mol
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Figure 4. Plots of the reaction energieSH in kcal/mol, of thecloso
borane dianions (f4.2") and the most stablelosomonocarbaborane
anion (CB—;H,") and closadicarborane (€Bn--Hn) isomers (from
Tables 5-7) vs cluster size. The trends to more negathMd’s are

indicated by the lines defined by the 6 and 12 vertex systems in each

family. The deviations from the lines are largest fdosoByH?",
smallest forcloso-C,B,—-Hn, and intermediate faclosoCB,-1H,~ set.

Table 8. Deviations AHgey, in kcal/mol) of closoBorane
Dianions, BH,2",2 the Most StableelosoMonocarbaboranes,
CB,-1Hn~.,? andclosoDicarboranes, Bn-2H,.¢ from the Lines
Defined by the 6 and 12 Vertex Species (See Figure 4)

AHdeva AHdevb AHdevc
clusters BaHR?~ CBh-1Hn™ C,Bn-—oHn

5 vertex 33.63 16.50 —-3.25
6 vertex 0.00 0.00 0.00
7 vertex 11.43 8.15 0.78
8 vertex 31.46 26.44 16.81
9 vertex 34.08 30.13 19.20
10 vertex 22.40 11.54 —1.87
11 vertex 50.74 37.32 25.06
12 vertex 0.00 0.00 0.00

a Calculated using eq ?.Calculated using eq 2.Calculated using
eq 3. (See text also.)

4 (given in Table 8) are greatest for thiwscborane dianions,
B,H.2, less for theclosomonocarbaborane anions, £BH,~
and least for thelosodicarboranes, §B,-,H,. This suggests
an additive effect due to carbon replacement.

Unlike C;H,, BoH?>~ (used in eq 1) is destabilized due to
Coulombic repulsion of the two adjacent negative charges.
Equation 1, where the unfavorable,f?") is incorporated into
larger closoBnH2~, gives the largest exothermicities (Figure
4 and Table 5), partly due to the attenuation of the Coulombic
repulsions.

Schleyer and Najafian

The AHgey values for species with the same number of
vertexes decrease frooloscboranes, BH.?", to closemono-
carbaboranes, GB:H,~, and fromclosemonocarbaboranes,
CBn-1Hn~, to closodicarboranes, B,-.H, (Table 8). For
example, theAHgey, values for the 8 and 7 verteXosoboranes,
ByHn2~ (31.46 and 11.43 kcal/mol, respectively), are more than
those ofclosemonocarbaboranes, GBH,~ (to 26.44 and 8.15
kcal/mol, respectively) and decrease further in ttlesoc
dicarboranes, §B,->H, (to 16.81 and 0.78 kcal/mol, respec-
tively). This reveals that the incorporation of carbon in clusters
results in more regular energetic trends and smaller differentia-
tion with the number of vertexes.

This leveling effect, relative talosoBHy2~ and as seen in
the closaCBy-1H,~ and even more irclosoC,B,—2H, set,
evidently is due to the partial electron localization in the vicinity
of the more electronegative carbons. The magnitude of this
leveling effect (as noted above in describing Figure 4) is about
twice as large for thelosaC,B,,->H,, as for thecloscCB,-1H,~
families. It even operates in,B3Hs, which has less spherical
aromaticity than BHs?~. Greater electron localization due to
the presence of the more electronegative carbon atoms decreases
the electron density available for BB cage bonding. Conse-
guently, the differentiation ith\Hqey @among the cages is reduced.
As discussed below, the magnetic susceptibility exaltations, also
estimated using eqs—13, do not show differences as great as
those of the energies.

Support for this rationalization is found, e.g., in the decreasing
Wiberg bond index (WBI), a measure of the bonding interactions
between the B’s in the equatorial planes, with increasing number
of carbons for the central BB bonds along thgHg?~ (0.685),
CBsHg™ (0.600), GB4Hg (0.485) series. The same trend has
been noted in the 5 vertex systemsHE*~, vs the related 5
vertex 1,5-diheteroborane cages, e.g. 1;B<#8s, analyzed in
detail earliet The WBI decreases from WB# 0.452 for
BsHs2~ to WBI = 0.202 for 1,5-GB3Hs.

The variations in WBI for the 10 and 12 vertelososystems
show similar trends. The BB WBI in the equatorial planes of
the closoB;oH1?~ is 0.460, while the corresponding BB WBI
in closo1-CByH;o™ is 0.361 (nearest the carbon) and 0.344 in
closa1,10-GBgH1p. The similar decreasing BB WBI is found
in 12 vertex systems. The-BB WBI in closoBjH1 2~ is
0.535, and in CBH1>~ andclosce1,12-GB1gH12, B2—B3 WBIs
are 0.439 and 0.423, respectively.

Three-Dimensional Aromaticity in closeMonocarborane
Anions, CB,—1H,~ (n = 5—12), and closcDicarboranes,
CoBn—2Hn (n =5—12). The main criteria employed to illustrate
and characterize aromatici#°in two-dimensional molecules
are energetic (resonance and aromatic stabilization enefgjfés),
geometric (bond length equalization, bond order indexes,%tc.),

(79) (a) Garratt, P. Aromaticity, Wiley: New York, 1986. (b) Katritzky,
A. R.; Barczynski, P.; Musumarra, G.; Pisano, D.; SzafranJ Mim.
Chem. Soc1989 111, 7. (c) Katritzky, A. R.; Feygelman, V.;
Musumarra, G.; Barczynski, P.; Szafran, J.Prakt. Chem. /Chem.
-Ztg.199Q 332 853. (d) Jug, K.; Keter, A. M.J. Phys. Org. Chem
1991 4, 163.

(80) (a) Minkin, V. I.; Glukhovtsev, M. N.; Simkin, B. YAromaticity and
Antiaromaticity Wiley: New York, 1994. (b) Schleyer, P. v. R.; Jiao,
H. Pure Appl. Chem1996 68, 209.

(81) (a) Dewar, M. J. S.; De Llano, @. Am. Chem. Sod 969 91, 789.
(b) Hess, B. A., Jr.; Schaad, L. J. Am. Chem. S0d.971, 93, 305.
(c) Aihara, J.J. Am. Chem. So@976 98, 2750. (d) Gutman, I.; Milun,
M.; Trinajstic, N.J. Am. Chem. Sod 977, 99, 1692.

(82) (a) Julg, A.; Francois, PTheor. Chim. Actal967 7, 249. (b)
Kruszewski, J.; Krygowski, T. MTetrahedron Lett1972 3839. (c)
Herndon, W. CJ. Am. Chem. S0d 973 95, 2404. (d) Aihara, JJ.
Org. Chem1976 41, 2488. (e) Jug, KJ. Org. Chem1983 48, 1344.
(f) Bird, C. W. Tetrahedron1985 41, 1409.
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and magneticldH NMR chemical shift$3 magnetic susceptibil-

ity anisotropies$* and their exaltation¥, as well as NICS,
discussed below?’t While strong correlations among the above
three criteria for sets of five-membered heterocycles with wide-
ranging® properties was demonstrated, such parallel behavior
is not found in more complex systems where other effects
dominate?”

We now extend these criteria (with special emphasis on the
magnetic properties) to investigate the aromaticity ofdloso
monocarbaborane anions, £BH,~ (n = 5—12), as well as
the closadicarboranes, §Bn—oH, (n = 5—12). However, the
magnetic susceptibility anisotropiegaf9®* are zero or very
small in three-dimensionally delocalized spherical or nearly
spherical molecules, ariéB as well as’H NMR chemical shifts
are not informative in this context. The magnetic susceptibility
exaltation,A (ppm cgs), is a unique aromaticity criteria since
it is directly related to ring current8. For the three-dimensional
clososystems, the ring currents can be regarded as flowing in
the three principal dimensions. While quite large magnetic
susceptibility exaltationa are found incloscborane dianions,
B,H.2~,124closocmonocarbaborane anions, £BH,~, as well
asclosodicarboranes, §B,-,H,, comparisons among the=
5 to 12 vertex systems are inherently complex since such

exaltations are known in monocyclic systems to depend on the
square of the ring area as well as on the degree of electron

delocalization.
Chemical shifts of encapsulatétiie atoms now serve as

experimental and computed measures of aromaticity in fullerenes

and fullerene derivative®. Since most of theclososystems
are too small to accommodafile or other element®, we
employ an alternative simple and efficient aromaticity/antiaro-
maticity criterion: NICS*based on the negative of the absolute

magnetic shieldings computed, for example, at the geometrical

centers of rings or cages. At such positions, negative NICS
values (given in ppm) imply aromaticity (diatropic ring currents),
and positive NICS values correspond to antiaromaticity (para-
tropic ring currents). The quantitative relationship of NICS with
ASE, magnetic susceptibility exaltatidn and geometric criteria
has been demonstrated recently for the calibrating set of five-
membered ring&?

Magnetic Susceptibility Exaltation, A. As pointed out by
Lipscomb in 19632 further evidence for three-dimensional
aromaticity inclosoclusters can be obtained from the evaluation
of magnetic susceptibility exaltation,. Generally A is defined
asA = ym — xm Whereyn, is the bulk magnetic susceptibility
of a cyclically conjugated compound apgl' the susceptibility

(83) Elvidge, J. A.; Jackman, L. Ml. Chem. Sacl961, 859.

(84) (a) Fleischer, U.; Kutzelnigg, W.; Lazzeretti, P.; Menkamp, V.J.
Am. Chem. Sod 994 116, 5298 and references therein. (b) Benson,
R. C.; Flygare, W. HJ. Am. Chem. S0d97Q 92, 7523.

(85) (a) Dauben, H. J., Jr.; Wilson, J. D.; Laity, J.1..Am. Chem. Soc
1968 90, 811 and1969 91, 1991. (b) Benson, R. C.; Flygare, W. H.
J. Am. Chem. S0d97Q 92, 7523. (c) Dauben, H. J., Jr.; Wilson, J.
D.; Laity, J. L. In Non-Benzenoid AromaticsSnyder, J. P., Ed.;
Academic Press: New York 1971 Vol 2, and references therein. (d)
Davidson, J. R.; Burnham, A. K.; Siegel, B.; Beak, P.; Flygare, W.
H. J. Am. Chem. Sod 974 96, 7394.

(86) Schleyer, P. v. R.; Freeman, P.; Jiao, H.; Goldfus&rgew. Chem.,
Int. Ed. Engl.1995 34, 337.

(87) Subramanian, G.; Schleyer, P. v. R.; JiaoAHgew. Chem., Int. Ed
Engl. 1996 35, 2638.

(88) (a) Bihl, M.; Thiel, W.; Jiao, H.; Schleyer, P. v. R.; Saunders: M;
Anet, F. A. L.J. Am. Chem. Sod994 116 7429 and references
therein. (b) Bhl, M.; van Wilen, C. Chem. Phys. Lettl995 247,

63.

(89) The energy of the reactiong 81122~ (In) + He — He@Bi2H122~ (In)
is strongly endothermic, 170 kcal/mol, at B3LYP/6-31G*//B3LYP/
6—31G*.
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Table 9. Magnetic Susceptibility Exaltationg\( ppm cgs) of
closoBoranes, BH.?~,2 and the Most Stable Isomers of
closoMonocarbaboranes, GBH,~,° and of theclosaDicarboranes,
CoBn-2Hy°

custers BH2 2 CBp-1Hn P CoBn—2Hi®
5 verte¥ —25.98 —29.29 —27.62
6 vertex —40.02 —50.00 —52.49
7 vertex —46.69 —59.80 —62.29
8 vertex —58.29 —70.59 —72.35
9 vertex —-82.71 —-91.19 —90.89
10 vertex —110.51 —115.50 —111.86
11 vertex —120.31 —127.80 —125.59
12 vertex —141.42 —153.48 —155.86

aCalculated using eq 1, CSGT-HF/6-8G*//MP2(fc)/6-31G*.
b Calculated using eq 2, CSGT-HF/6-8G*//MP2(fc)/6-31G*.© Cal-
culated using eq 3, CSGT-HF/6-8G*//MP2(fc)/6-31G*. ¢ Calculated
A using egs 3 in 5 vertex cages are different from those values in
1,5-diheteroatoms cages in ref 4 due to different used equations.

estimated via an increment system for the same structure without
a ring current contribution. A negatiyevalue for a compound
implies that it is aromatic; antiaromatic compounds have positive
x's. As noted above, the magnitude of the exaltation can be
expected to depend on the volume of clu§keEquations +3

can also be applied to evaluate the magnetic susceptibility
exaltation (\), of closeborane dianionglosocmonocarbaborane
anions, andcloscdicarboranes, using CSGT-SCF/643&*//
MP2/6-31G* data (Table 9). As anticipated by Lipscofb,
the A’s are all negative, indicating the three-dimensional
aromaticity in these three sets of clusters. The plots (Figure 5)
of the A values of closoborane dianions, Bi,2-, closc
monocarbaborane anions, £BH,~, andcloscdicarboranes,
C2Bn—2Hn vs cluster size are quite similar. Thés of all three
sets tend to increase with increasing cluster size from 5 to 12
vertexes, although individual deviations are apparent. Also as
shown in Figure 5, the differences in magnetic susceptibility
exaltations betweenlosomonocarbaboranes, GBH,~, and

the correspondingloscboranes, BH.2~, are larger than those
between the exaltations of correspondgigsomonocarbabo-
ranes, CR-1H,~, andcloscodicarboranes, £B,—2H.

NICS of closoMonocarbaborane Anions, CB,—1H,™ (n =
5—12), andclosceDicarboranes, GB,-2Hn (n = 5—12). We
have reported thatlosoborane dianions, #1,2~, which serve
well as three-dimensional aromatic prototypes, have large NICS
values typically in the range betweei25 and—35 ppm? The
most symmetric B:H122~ (In), BsHe?™ (Or), and BoH1¢?™ (Daq)
are the most aromatic among tblesoborane dianion family,
also based on NICS. The NICS values indicated th#t;B",
BgHg?~, BgHo?~, and BHs?~ have less aromatic delocalization
and agreed qualitatively both with the bond length alternation
(Ar) and with the energy trends.

The NICS values computed at the cage centerslaso
monocarbaborane anions aridsodicarboranes all are negative
(Table 10), indicating the three-dimensional delocalization and
aromaticity in these clusters. The unusual stability and low
reactivity, especially of icosahedral carboranefgH 121215
and CBjHj;~ 126770 (electrophilic substitution like that of
benzene), has long suggested that at least such members of the
respectiveclososets may be described as aromatic. Unlike the
A’s (Figure 5), the NICS values do not show a volume
dependence, and there is no trend to larger values with cluster
size.

The plot of the NICS values oftlosoB.H:?>", closo
CBn-1Hn, andclosaC,Bh—2Hn vs cluster size (Figure 6) shows
strikingly similar patterns. The NICS behavior distinguishes
between two sets of cluster sizes. The first set has the most
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Figure 5. Plots of the magnetic susceptibility exaltations(ppm cgs, cluster size
Table 9), ofclosoBnH.?>~ and the most stablelosoCB,-;H,~ and Figure 6. Plots of NICS at the center aflosaboranes and the most
closaC;B,—2Hn isomers vs the number of vertexes (cluster size). Note stableclosomonocarbaborane amtbsodicarborane isomers (in ppm,
the closely parallel behavior. from Table 10) vs the cluster size.

Table 10. Nucleus Independent Chemical Shifts (NICS, ppm) of  o5/mol). the larges (—46.1), and the most strongly diatropic

closoBoranes, BH,?~,2 and the Most Stable of . . .

closoMonocarbaboranes, GBH,~,° and of theclosoDicarboranes, NICS (—28.1). The isoelectronic 1,5:8sHs exhibits smaller

CBn_oH.¢ Isomers ASE (—19.8 kcal/mol),A (—6.9), and NICS {17.1) values.
The trends in the NICS, ASE, amil results agreé.

custers 22 CBn-1Ha CoBnoHy® :
. B i il The NICS values shown in Table 10 suggest that 2Bs8;;
5 vertex —26.76 —2L5y ~17.06 (—28.39), 1,10-GBgH1o (—29.61), and 2,4-EBsH; (—28.36)
6 vertex —33.84 —34.57 —36.01 I 2.-CRH11~ (—29.12) 1-CBH:0~ (—29.91 d
7 vertex —27.57 —27.90 —28.36 as well as 2-CBHii~ (-29.12), 1-CBHyo~ (—29.91), and
8 vertex —24.47 —23.62 —24.01 2-CBgH;~ (—27.90) have nearly the same aromatic delocaliza-
9 vertex —26.43 —25.21 —25.10 tion, somewhat lower than in the 12 and 6 vertex sets. Note
ﬂ vertex fgi.?g *gg.‘i% *gg.gé that “Friedel-Crafts type” alkylatiol and halogenatidh®2have
vertex —ol. —c2J. —co. 90-93 93
n rved for 2,4,85H nd 1,10-GBgHao.
12vertex ~ —34.40 ~34.36 ~35.40 been observed for 24,877 = and 1,10-GBatio

Consistent with the behavior of their isoelectronic 9 and 8

a¢ At GIAO-SCF/6-31G*/IMP2(fc)/6-31G*. vertexclosaborane dianions, $192~ and BHg?~,5 4,5-GB7Hq

. . . and 1,7-GBeHg (NICS = —25.10 and—24.01, respectively)
dlalltr;)p(;c lNICS. valyest;gd comprlses the 6 gnd 1@2&\7/ertex are the least aromatic dicarboranes (except for 2Bsids), and
polyhedral Species, "(i" Semonocarborane anions, . the same is true for their monoanion analogues, 4HgB and
(—34.5_7) and CBH;,~ (—34.36), as well as the corresponding 1-CBHg~ (NICS = —25.21 and—23.62, respectively),
closodicarboranes, 1,12:81oH:2 (~35.40) and 1’6'5842',6 Magnetic Susceptibility, 7, and NICS of Positional Isomers
(—36.01). These, like their |soelectrqn|c counterpartsiHsy, of closoDicarboranes, GBa_sHn (n = 5-12), and closo
(1) and BHg?~ (Or), are more aromatic than the other members Monocarbaboranes CE Ho- (n=5-12) The,aromaticities
of each family (Table 10). P '

Our support for the three-dimensional aromaticity of at least

(91) (a) Olsen, R. R.; Grimes, R. N. Am. Chem. Sod97Q 92, 5072.

some 5 vertex cage systeinsas based on the quantitative (b) Warren, R.; Paquin, D.- Onak, T.; Dunks, G.; Spielman, Jn&g.
evaluations of the ASE, magnetic susceptibility exaltatioxs ( Chem 197Q 9, 2285. (c) Beltram, G.; Fehiner, 3. Am. Chem. Soc
and the NICS values. Among the 5 vertex®Hs deltahedra 1979 101, 6231. (d) Takimoto, C., Siwapinyoyos, G.; Fuller, K¢, Fung,
(X =N, CH, P, SiH, BH), BsHs2~ has the largest ASE<(34.8 Tong 16 g0y Jarvis Wi Milhauser, G.; Onak, Tnorg. Chem
(92) (a) Ng, B.; Onak, T.; Banuelos, T.; Gomez, F.; DiStefano, Elnatg.
(90) (a) Ditter, J. F.; Klusmann, E. B.; Williams, R. E.; Onak, Ifiorg. Chem 1985 24, 4091. (b) Abdou, Z. J.; Soltis, M.; Oh, B.; Siwap,
Chem 1976 15, 1063. (b) Oh, B.; Onak, Tinorg. Chem 1982 21, G.; Banuelos, T.; Nam, W.; Onak, Thorg. Chem 1985 24, 2363.

3150. (c) Siwapinyoyos, G.; Onak, Thorg. Chem 1982 21, 156. (93) Nam, W.; Onak, Tlnorg. Chem 1987, 26, 1581.
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C.B,oH,, cluster size

C2Bn-2Hn cluster size Figure 8. Magnetic susceptibilitiegy (ppm cgs, from Table 2)
Figure 7. NICS computed at the center of all positional isomers of computed for all positional isomers ofosodicarboranes, §Bn-2Hn
closodicarboranes B,->H, (n = 5—12) (in ppm, from Table 2) vs (n = 5—12) vs the cluster size. This figure emphasizes that the most
the cluster size. This figure emphasizes that the most stable isomersstable isomers (shown ly, these points are plotted in Figures-@)
(shown byn; these points are plotted in Figures-@) often do not often do not have the largegtvalues.
have the largest NICS values. criteria, since the overall bonding energies may depend on other
factors such as connectivity and topological charge stabilizations.
When built into borane cages (or other kinds of polycyclic
systems), electronegative atoms such as carbon tend to localize
the electrons, and this may decrease the aromaticity.
The stabilities of the éBgHg isomers decrease in the 1,7-
1,2->1,6-> 1,3-> 1,5-> 3,4- sequence (Table 2). However,
both the NICS and thg values increase with decreasing stability
dn the opposite order: 3,4= 1,7-> 1,6-> 1,2-> 1,5-> 1,3-

(see Figures 7 and 8). This extends earlier conclusions that
there does not need to be any direct relationship between the
h thermodynamic stability and aromaticity when other factors such
as topological charge stabilization dominate, e.g., in [5,5] and
| [5,6] fused diheteroannulen&s?®

Dramatic differences are also found between the sequence

of relative energies 1,10~ 1,6-> 1,2-> 2,7-> 2,4-> 2,6-

> 2,3- of the GBgH1pisomers and the ordering of the magnetic
properties. Both the NICS and magnetic susceptibilities of the
least stable isomers, 2,6-, 2,4-, 2,7-, and 2,3- are nearly the same
and are more negative than those of the most stable 1,10- form
(Table 2). The values for the 1,6- and 1,2- isomers, N{€S
—30.58 and—29.72,y = —114.96 and-114.12, respectively,

are also larger in magnitude than those for the most stable
1,10- isomer, NICS= —29.61 andy = —109.28 (see Figures

of the various positional isomers dbseCB,-1H,~ (n = 5-12)

and closaC,Bn—oH, (n = 5—12) were also evaluated by
comparing their magnetic susceptibilitieg) (and nucleus
independent chemical shifts (NICS) directly. Since the esti-
mated magnetic susceptibility{) depends primarily on the
number of atoms and groups in a molecule (i.e., the group
increments) and less on the connectivity,, data of isomers

of the aromatic carbon-substituted boranes can be compare
directly in order to evaluate their relative aromaticity. All
positional isomers otlosodicarboranes have large values
(Table 2) (their exaltationg), have been discussed above). Bot
NICS and y give the same orderings (see Table 2) and
characterize the degree of three-dimensional aromaticity of al
positional isomers of thelosocarboranes, B,->H, (n =
5—-12) (see Figures 7 and 8).

However, such aromaticity measures and the thermodynamic
stability of closadicarboranes (Table 2) are not always related.
In the 5, 8, 9, and 10 vertex cages, NICS and relgtivalues
of isomers do not follow the thermodynamic stability trends.
The NICS and the order for the GB3sHs isomers 2,3> 1,2-
> 1,5- are just the opposite from the relative energy ordering
(1,5-> 1,2-> 2,3-). Both the magnetic susceptibilipyvalues
(—51.52) and the NICS value-35.74) of the least stable 2,3-

C,B3Hs isomer are much larger thgn= —37.74 and NICS= 7 z;r]d '?).I th t stable i th ¢ "
—17.06 of the lowest energy 1,5- form. As has been shown . imifarly, th€ most stable isomers are not the most aromatic

earlier”95 the most stable isomer in more complex systems " the 9 vertex system. The refative stability order @BeHs

does not need to be the most aromatic, on the basis of magnetiq%) (a) Subramanian, G.; Schleyer, P. v. R.; JiadDHjanometallics1997,

16, 2362. (b) Novak, 1J. Mol. Struct. (THEOCHEM2}997, 398, 315.
(94) Note thaty for the 1,2- and 1,7- isomers of ;BioHi2 (both (96) Valkov, V. V.; lkonsky, V. N.lzuest. Sub. Otdel. Akad. Nauk. Ser.
experimental and computed, Table 2) are nearly the same. Khim. Nauk 1981, 6, 38.
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Table 11. Relative Energies ofloscMonocarbaborane Anions,
CBy-1Hn™ (n = 5—12) (kcal/mol)? Nucleus Independent Chemical
Shifts (NICS, ppm}, and Magnetic Suceptibilitieg( ppm cgs)

molecules  symmetry relative enefgy NICS x°
CBsHs5™

1- Cs, 0.00 —21.57 —49.47

2- Ca 25.53 —31.33 —58.03
CBsHg~ Cu 0.00 —34.57 —67.64
CBgH7~

2- Co 0.00 —27.90 —74.90

1- Cs, 30.47 —27.79 —74.42
CB/Hsg™

1- Cs 0.00 —23.62 —83.15

3- Cs 23.88 —23.55 —83.73
CBgHg™

4- Ca 0.00 —25.21 -—-101.21

1- Cs 17.65 —26.73 —105.76
CBgH10™

1- Cu 0.00 —29.91 —122.98

2- Cs 20.63 —33.30 —131.05
CBioH11™

2- Cs 0.00 —29.12 —132.74

10- Cs 18.15 —33.69 —140.31

8- Cs 20.51 —30.66 —135.69

1- C 33.15 —31.67 —138.18
CByiH1o Cs, 0.00 —34.36 —155.88

2 From Table 3P At GIAO-SCF/6-31G*//MP2/6-31G*¢ At CSGT-
HF/6-314+-G*//IMP2/6-31G*.

isomers is 4,5> 3,4-> 1,4-> 1,8-> 1,7-. The least stable
(1,8- and 1,7-) isomers have very langs (—98.46 and-97.04,
respectively) and NICS values-27.27 and—26.72, respec-
tively) relative to the other isomers. The magnetic susceptibility
x = —93.50 and the NICS= —25.93 of the 3,4- isomer also
are larger thary = —90.85 and NICS= —25.10 of the most
stable 4,5- isomer (see Table 2, Figures 7 and 8).

Schleyer and Najafian

of 1-CBsHs~ (y = —49.47 and NICS= —21.57). This magnetic
property order is the opposite of that of the relative energies
(1-CBsHs~ > 2-CB4H57). Likewise, the values fgr and NICS,
—105.76 and-26.73, respectively, in the less stable 14688
isomer are larger in magnitude than those of 4588 (y =
—101.21 and NICS= —25.21). A similar trend is found in
the 10 vertex, CBHio~ isomers, where the magnetic aromatiity
increases with decreasing thermodynamic stability. The least
stable isomer, 2-C8H15~ has the largest NICS and the largest
x values (Table 11). There also are differences in aromaticity
and stability ordering of the 11 vertex cages. The relative
stabilities show the sequences 2- 10- > 8- > 1- the
aromaticity ordering (based on the magnetic criteria) is: 10-

1- > 8-> 2-.

Conclusions

There is excellent agreement among the relative stabilities
of all the positional isomers of thelosemonocarbaborane
anions, CR-1H,~, and of theclosodicarboranes, £Bn—-Hn
(n=5—12), with the qualitative connectivity considerations of
Williams 5 with Gimarc’s topological chargéstabilization rule,
and with available experimental experience. The carbons
occupy sites of the lowest connectivity and the highest negative
charge preferentially: When two carbons are present, these
prefer nonadjacent sites, since—B bonds are inherently
stronger than €C bonds.

The stabilities of the most stable positional isomerslo$c
monocarbaboranes, GBH,~ and of theclosodicarboranes,
C.Bn-2Hn, were compared with those of the isoelectroniose
borane dianions. The most symmetrical 6 and 12 verteso
species, BH1,>~ and BHe?~, CB1iH1,~ and CBHg™, as well
as 1,12-GB;gH1» and 1,6-GB4He, define the lines shown in

In contrast to these cases, some systems do exhibit directFigure 4 and serve as the basis for the quantitative comparison
correlations between the aromaticity trends based on NICS andof the members of thelosoCB;,-1H,~ and closoC;B,2Hn

magnetic susceptibilities and the relative stabilitiesclafso

families. The energies of reactiofnH, eq 1 forclosoBnH2,

dicarboranes positional isomers. For example, the computedeq 2 forcloseCB,-1H,~, and eq 3 forcloseC;Bn—oHy, tend to

NICS and magnetic susceptibility aromaticity ordering 1,%2-
1,7-~ 1,2- for the GB;oH12 isomers does follow the stability

increase as thelososystems become larger from= 5 ton=
12. Deviations of individual species from the lines in Figure 4

trend: the most stable positional isomer also is the most (defined by the 6 and 12 vertex data) are qualitatively similar

aromatic. A similar result is found for the 6 vertex systems

for the three families but decrease fratosoB,H,2~ to closc

where the magnetic aromaticity decreases with decreasingCBn-1Hn~ and fromclosoCBy-1H,~ to closeCoBp—oHn. When

relative stability: the least stable 1,2BiHg isomer is the least
aromatic. Likewise, in the 7 vertex,BsH; system, the most

individual species deviate from the these correlation lines in
Figure 4, the magnitude tends to be largest fordlosoBH2~

stable 2,4- isomer has both the largest magnetic susceptibility,set, smallest foclosoC;Bn-2Hy, and intermediate focloso

—67.33, and NICS;-28.36 (Table 2).
The behavior of theclosomonocarbaboranes, GBHn~

CBn—lHn_.
The energies of reactio\H, are about twice as large from

(n=5—12) (Table 11), also emphasizes the contrasts betweenclosaboranes, BH.2", to closemonocarbaboranes, GBH, ™,
the relative thermodynamic stabilities and magnetic properties as those fronclosomonocarbaboranes, GBH,~, to closo

of isomers.
In the 5 vertex cage 2-CBls, for example, theg and NICS
values,—58.03 and—31.33, respectively, are larger than those

dicarboranes, £B,-2H,, i.e., each carbon replacement is roughly
additive. The incorporation of carbon in clusters results in more
regular energetic trends and smaller deviations from the cor-

Table 12. Selected Interatomic Distances (A) foloseBorane Dianions, B2~ (n = 5—12), at RMP2/6-31G* (Atom Numbering in

Figure 1)
BsHs?~ BeHe?™ B/HA BgHg?™ BoHg?~ BioH10?~ B1iH112™ BioH12?~
(Dan) (On) (Dsn) (D2d) (Dan) (Dag) (C2) (In)
1-2 1.674 1.731 1.822 1.614 1.968 1.702 1.746 1.782
1-4 2.004
2—3 1.813 1.655 1.811 1.831
3—-6 1.894 1.709 1.814 1.670
3-9 1.790 1.753
4-7 1.856
4—-8 1.713 1.791
11-5 1.780
11-8 1.785
11-10 1.814
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Table 13. Selected Interatomic Distances (A) folosoC;B3Hs, closo-CyB4Hs, closoCoBsH, andclosoC,BgHg at RMP2/6-31G* (Atom

Numbering in Figure 3)

Inorganic Chemistry, Vol. 37, No. 14, 1998469

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
1-2 1553 1.509 1559 1.622 1.535 1.708 1.634 1.744 1.737 1523 1440 1589 1.597 1525 1571
1-3 1.527 1.619 1.829 1.751 1.693 1.652 1.720
1-4 1.653 1.626 1.713 1.812 1.703 1.753  1.668
1-5 1.797 1.784 1.593 1.584 1.583 1.641 1.480
2-3 1.843 1728 1593 1.709 1.544 1545 1.463 1.627
2-4 1.694 1.726  1.727 1.857 1.689
2-5 1.514
2—6 1.562 1.691 1.696 1.735 1571 1.745
3-4 1.828 1.728 1.640 1.542
3-5 1.692 1.884 2.406 1.848
4—6 1.711 1.939 1915 1.804 1.834 1.897 1.854
5-6 1.619 1646 1.659
7-2 1.757
7-4 1.791
8—4 1.694 1621 1761 1.681 1.666
8-5 1.806 1.669 1.785 1.868
8—6 1.832 1.809 1.786 1.734 1.854
8—7 1.622 1.614 1.620 1.689
32 33 34 35 36 37 38 39 40 41 42 43
1-2 1.968  2.008 2123  1.866  1.893 1599 1530 1591  1.608  1.627 1613  1.629
1-3 1.981  1.954  1.969  1.935 1.606 1.691  1.684
1-4 1.610 1583  1.506  1.607  1.619 1.604  1.606  1.697  1.693 1.686
1-6 1.706  1.694  1.570  1.619
2-3 2030 1920 1961  1.844  1.777  1.859  1.775  1.655 1733  1.741
2-4 1.602 1.606  1.704  1.711
2-5 1.662 1.695 1.827 1732  1.744 1.751
2-6 1.712 1.677  1.746  1.746  1.701
3-5 1.602  1.685  1.689
3-6 1.718  1.719 1.806  1.812  1.727  1.725 1.778  1.800
4-5 1.831  1.836  1.820  1.803 1.801
7-1 1.784  1.788  1.708  1.692  1.594
7-3 1779 1783 1777  1.704
7-4 1.628  1.639 1.806  1.789  1.801  1.818 1.750
7-6 1.714  1.730 1.836  1.748 1.828  1.821
8—2 1.803 1.783  1.692  1.775
8—4 1.649 1.818  1.838  1.796 1.811
8—7 1.935  1.885 1.841  1.828 1.830
9-3 1.748  1.695  1.798
9-5 1.718  1.742
9-6 1.713 1.828 1.823
9-8 1.893  1.900 1.816 1.810
10-6 1.698  1.627 1.674  1.694
10-7 1.706  1.698  1.700  1.699
10-8 1.694 1.699
44 45 46 47 48 49
1-2 1.626 1.633 1.639 1.703 1.619 1.688
1-3 1.729 1.746 1.714
1-5 2.055 2.027 2.029 1.692
1-6 2.013 2.016 1.709
2-5 1.573 1.571 1.574
3-4 1.662 1.667 1.781 1.773 1.765
3-9 1.672 1.739
5—6 1.862 1.853 1.859 1.780
8-2 1.660 1.666 1.651
8—7 1.792 1.798 1.799 1.776 1.709
9-4 1.705 1.788 1.762
10-6 1.761
10-8 1.776 1.766 1.699
10-9 1.699 1.710 1.786
11-6 1.771 1.769 1.766
11-10 1.835 1.743 1.775
12-7 1.774 1.706
12-8 1.786 1.778
12-10 1.773

relation lines (Figure 4). The replacement of boron by the more
electronegative carbon in polyhedra results in leveling which susceptibilities, reveal the three-dimensional aromaticity in both

is about twice as large for th@oseC,B,—,H,, as for thecloso

CBn-1H,~ families.

The magnetic criteria, NICS values as well as magnetic

the closomonocarbaboranes, GBH,~, and theclosadicar-

boranes, €B,—>H,. The NICS values ofloscboranes, BH.2,
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closomonocarbaboranes, GBH,~, and closodicarboranes, heteroatoms such as carbon prefer positions with the lowest
CoBn—2Hn, show strikingly similar patterns as a function of connectivity and the largest charge density. On the other hand,
cluster size (Figure 6). The B>~ NICS values tend to be  aromaticity?9° defined as a consequence of cyclic electron
the largest among the three sets but not in all cases. Thedelocalization, can be characterized most directly by magnetic
differences in the 5 vertex species are remarkably large, criteria548385 There need not be any direct relationship
reflecting the “classical-delocalized” dichotomy of the bonding. petween the thermodynamic stability absocarboranes and

As expected, the 6 and 12 vertex polyhedra are more aromaticthejr aromaticity based on NICS anpdneasures although this
than the other members of their families (Figure 6). On the may pe found in favorable cases where other factors do not
basis of the unusual stability and low reactivityBgoH; "> 1> dominate. Direct relationships between the relative stability of
and CB;H;z~ +2°770 (which both undergo benzene-like elec- positional isomers and three-dimensional delocalization only are
trophilic substitution) have long been described as aromatic andt0 be expected when other energy contributions (e.g., due to

serve as standards. The 10_ and 7 vertex systems have nearl e connectivity and the topological charge stabilization) are
the same degree of aromatic delocalization and follow next. not important

Indeed, Friedel-Crafts type alkylatihand halogenatict-92

have been observed for 2,48H;**and 1,10-GBgH107 as Acknowledgment. We thank Dr. Govindan Subramanian for
well. . discussions and for calculations which contributed to this project.

_ Tables 2 and 11 suggest that the most stable positionalthis \work was supported by the Deutscher Akademischer
isomers indeed need not be the most aromatic. There are many; ustauschdienst (DAAD doctoral fellowship to K.N.), the
dlscrepanme_s between the energetic a_nd the magnetic (NIC eutsche Forschungsgemeinschaft, and the Fonds der,Chemis-
and y) orderings. The relative stabilities of the positional chen Industrie '

isomers inclosoecarboranes are consistent with connectivity and '

topological charge stabilization considerations. Electronegative 1980110V





