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Computations on all the possible positional isomers of the closo-azaboranes NB,—1H, (n = 5-12) reveal substantial
differences in the relative energies. Data at the B3LYP/6-311+G** level of density functional theory (DFT) agree
well with expectations based on the topological charge stabilization, with the qualitative connectivity preferences of
Williams, and with the Jemmis—Schleyer six interstitial electron rules. The energetic relationship involving each of
the most stable positional isomers, 1-NB4H5, NBsHe, 2-NBGH7, 1-NB7H3, 4-NBgH9, l-NBngo, 2-NBl()H11, NBllle,
was based on the energies (AH) of the model reaction: NBH, + (n—1)BHingrement — NByHns+1 (0 = 4-11). This
evaluation shows that the stabilities of closo-azaboranes NB,—;H, (n = 5-12) increase with increasing cluster size
from 5 to 12 vertexes. The “three-dimensional aromaticity” of these closo-azaboranes NB,—1H, (n = 5-12) is
demonstrated by their the nucleus-independent chemical shifts (NICS) and their magnetic susceptibilities (y), which
match one another well. However, there is no direct relationship between these magnetic properties and the relative
stabilities of the positional isomers of each cluster. As expected, other energy contributions such as topological
charge stabilization and connectivity can be equally important.

Introduction by King and Rouvray. Aihara evaluated the resonance
energies associated with the “three-dimensional aromaticity
of closeborane dianions. In agreement with its high stability,
the most highly symmetrical 8H:~ (I) had the largest
resonance stabilization (1.783In contrast, Aihara classified
the BsHs?>~ (resonance energy (8P as “nonaromatic®
However, our recent ab initio studfd§ showed BHs?~ to

be stabilized by about 35 kcal/mol due to three-dimensional
delocalization. Moreover, the isoelectronic 1,5B¢Hs was
shown to exhibit nonclassical, delocalized bondihg.

The chemistry of boron is dominated by its electron
deficient character resulting in three-dimensional delocalized
electronic structures.”*%The unusual deltahedral bonding,
high stability, and aromaticity otloscborane dianions,
B,Hn?~ (n=5—12), are now well understodd’ The three-
dimensional delocalization icloscboranes witn vertexes
and including § + 1) skeletal electron pairs was discussed
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closoNB,-1H,, Azaboranes

Recentlyclosaboranes with only one heteroatdfe.g., The first, due to Williamg8 suggests that more electro-
B1iH11 PR} B1iH11S ¥ BgHgS 2> CByiH1p7, 1617 CBgHyo™, 18 negative atoms such as carbon or nitrogen usually prefer the
CBygH1:,*° and CBHg ,?° have been synthesized, but least connected vertexes in order to minimize electron
smaller monosubstitutedloscboranes remain unknown. sharing. This empirical rule helps rationalize the positional
Apparently, the incorporation of nitrogen as a heterovertex isomer preferences of the neuttidscdicarboranes, 8,-H,
in polyhedral borane cages is more difficult synthetically than (n = 5—12)2°30 and theclosoemonocarbaborane anions,

that in their isoelectronic relatives including treoso CB,-1Hn™ (n = 5—12)2° and should be applicable to the
dicarboranes, §Bn—H, (n = 5—12)2%22 and closomono- closoazaborane NB.1H, (n = 5—12) clusters as well.
carbaboranes, GB;H,~ (n = 5—12)2324|ndeed, only two Gimarc’s topological charge stabilization réflsuggests
closcazaboranes are known, ;2> and NB1H;2.252"We that a more electronegative heteroatom should prefer sites

are not aware of any systematic theoretical studies in the of maximum electron density. This rule agrees well with the
literature. One of the goals of the present study is to evaluateexperimentally observed positional isomer preferences of the
the stabilities otloscazaborane cages NBH, (n =5-12) closadicarboranes and thdosomonocarbaborane anions.
employing density functional theory. Jemmis and Schley&rextended the planar 14+ 2)
Except forn = 6 and 12, perturbation of the cage by a Huckel rule to the aromaticity of three-dimensional de-
single heteroatom leads to at least two possible positionallocalized systems using the “six interstitial electron” con-
isomers for a given cluster nuclearity. Three qualitative cept. They pointed to the need of orbital overlap compat-
considerations can be used to predict the relative stabilitiesibility. The radial extension of the-orbitals of the capping
of the positional isomers in polyhedrelbsaborane deriva-  atom should be matched optimally with the rings of the best
tives. size.
Recentlys° our comprehensive RMP2(fc)/6-31G* ab initio
(11) Hofmann, M.; Fox, M. A.; Greatrex, R.; Schleyer, P. v. R.; Bausch, computations on thelosemonocarbaboranes, GBH,~ (n

12) i/'o\p]ld'rz;/\é,"“ﬁ:ﬁérsﬁalzr{g;grgﬂ;Cpqg?éi%%?yﬁgd%r?éga 12, 1301 = 5-12), and thelosodicarboranes, Bn-2Hn (N = 5-12),

(13) (a) Little, J. C.; Moran, J. T.; Todd, L. J. Am. Chem. Sod967, 89, found that the relative energies of all the positional isomers
g?]%?ﬁ (fgge;'gagé}zD-? Deng, H.-B.; Hsu, L.-Y. Shore, Sirrg. agree with the qualitative connectivity considerations of

(14) Hynk, D.; Vajda, E.; Buhl, M.; Schleyer, P. v. Rorg. Chem 1992 Williams,?8 with Gimarc’s topological charge stabilization
31, 2464 and references therein. rule 2® and with the available experimental data. In contrast
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W. H. Little, J. L.; Lawrence, J. R.; Scholer, F. R.; Todd, LInbrg. ; - — £

Synth 1968 11, 33. (c) Knoth, W. H.J. Am. Chem. Sod 967, 89, the closomonocarbaborane anions, CBHn~ (n = 5-12),

1274, and theclosodicarboranes, B,-H, (h = 5—12), actually
(17) (a) Srivastava, R. R.; Hamlin, D. K.; Wilbur, D. 3. Org. Chem increasedwith increasing cluster size from 5 to 12 vertexes.

1996 61, 9041. (b) Jelink, T.; Plesek, J.; Hermanek, S.; Stibr, B. o . . .
Co..Sct_ Czech. C(hgm_ Commu986 51, 819. (c) Jelink, T.; Baldwin, These clusters exhibited magnetic behavior characteristic of

8 I(D.;)Scheidt, W. R.; Reid, <ﬁ Anorg. lelwm 1982 1003 32. “three-dimensional aromaticity?® The large nucleus-inde-
18) (a) Ivanov, S. V.; Rockwell, J. J.; Miller, S. M.; Anderson, O. P; ; ; 35 B
Solntsev, K. A.: Strauss, S. Hhorg. Chem 1996 35, 7882, (b) Xie, ~ Pendent chemical shifts (NICSj,* which are based on the
Z.; Liston, D. J.; Jelnik, T.; Mitro, V.; Bau, R.; reed, C. A. Chem. negative of the absolute chemical shielding, computed at the
Soc., Chem. Commu993 384. cage centers, provide a direct measure of the ring current

(19) Wiersema, R. J.; Hawthorne, M. Frorg. Chem 1973 12, 785. . ;
(20) (a) Jelinek, T.; Stibr, B.; Plesek, J.; Kennedy, J. D.; Thornton-Pett, effects!® The most symmetric 12 and 6 vertex species have

M. J. Chem. Soc., Dalton Trand995 431. (b) Plesek, J.; Jelinek,  the largest NICS values, followed by those with 10 vertexes.

T.; Stibr, B.; Hermanek, Sl. Chem. Soc., Chem. Comm(888 384. ; P
(21) For example: (a) Gimarc, B. M.; Zaho, Mhorg. Chem 1996 35, The computed magnetic susceptibility data correspond well

825. (b) Bregadze, V. IChem. Re. 1992 92, 209 and references ~ With NICS 3% However, the aromaticity ordering based on
therein. (c) Plesek, £hem. Re. 1992 92, 269 and references therein. these magnetic properties does not always agree with the

(d) Gimarc, B. M.; Dai, B.; Ott, JJ. Comput. Cheml989 10, 14. . o " .
(22) For example: (a) Hynk, D.; Rankin, D. W. H.; Roberston, H. E.; relative stabilities of positional isomers of the same cluster,

Z'%Taz‘b’;vs'\"-r;]ISCh'eBI’fﬂ P-RV-(F;-? BUhg Mgorf]@ll- ﬁheéﬂ-19?4 33;2 L. @S in other casés3® where connectivity and topological
. chleyer, P. v. R.; Gauss, J.; buni, . reatrex, R. A.; e . .

Fox, M. A. J. ChemSoc., Chem. Commuh993 23, 1766. (c) Buhl,  charge stabilization are important.

M.; Mebel, A. M.; Charkin, O.; Schleyer, P. v. Rorg. Chem 1992 Since thecloscazaboranes NBi1H, (n = 5—12) have not

31, 3769. (d) Buhl, M.; Schleyer, P. v. R. Am. Chem. Sod 992
114, 477. (e) Buhl, M.; Gauss, J.; Hofmann, M.; Schleyer, P. v. R.
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been evaluated comprehensively before, one of our goals is

(23) For example: (a) Xie, Z.; Jelinek, T.; Bau, R.; Reed, CJAAm. (28) Williams, R. E.Adv. Inorg. Chem. Radiochem 976 18, 67.
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Anderson, O. P.; Solnstev, K. A.; Strauss, S.litbrg. Chem 1996 (32) Schleyer, P. v. R.; Jiao, Hure Appl. Chem1996 68, 209.
35, 7882. (b) Nestor, K.; Stibr, B.; Kennedy, J. D.; Thornton-Pett, (33) (a) Schleyer, P. v. R.; Jiao, H.; Hommes, N. J. R. \J.Am. Chem.
M.; Jelinek, T.Collect. Czech. Chem. Commui®92 57, 1262. Soc 1997, 119 12669. (b) Jiao, H.; Schleyer, P. v. Ragew. Chem.,
(25) Arafat, A.; Baer, J.; Huffman, J. C.; Todd, L.ldorg. Chem 1986 Int. Ed. Engl 1996 35, 2383. (c) Subramanian, G.; Schleyer, P. v.
25, 3757. R.; Jiao, H.Angew. Chem., Int. Ed. Engl996 35, 2638.
(26) Muller, J.; Runsik, J.; Paetzold, Ragew. Chem., Int. Ed. Endl991, (34) (a) Subramanian, G.; Schleyer, P. v. R.; Jiad)kjanometallics1997,
30, 175. 16, 2362. (b) Novak, IJ. Mol. Struct. (THEOCHEM)997, 398 315.
(27) Hynk, D.; Buhl, M.; Schleyer, P. v. R.; Volden, H. V.; Gunderson, (35) Subramanian, G.; Schleyer, P. v. R.; JiaoAHgew. Chem., Int. Ed.
S.; Muller, J.; Paetzold, .Rnorg. Chem 1993 32, 2442. Engl. 1996 35, 2638.
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Table 1. Data forclosoBorane Dianions, B2~ (n = 5—12): Total Table 3. Data forclosoAzaboranes, NB-1H, (n = 5—12): Total
Energies (au), Zero Point Energies (ZPE, kcal/mdReaction Energies Energies (au), Zero Point Energies (ZPE, kcal/mahd Relative
from Eq 1 (AH),® and Magnetic Susceptibilitieg,(ppm cgs) Energie8
molecule sym ZPE B3LYP/6-31H-G** AHP x° molecule  sym ZPE B3LYP/6-31H-G**  rel energy
BsHs2~ Dan 36.68 —127.17130 —156.99 —75.09 NB4Hs
BeHe>™ On 47.12 —152.72452 —242.75 —85.10 19 Cay 43.24 (0) —157.22270 0.00
B/HA~ Dsh 56.30 —178.21180 —288.40 —87.81 20 C 42.00 (0) —157.19816 14.18
BgHg?~ Doy 65.06 —203.68894 —328.10 —96.17 20 Cs 40.51 (1) —157.14145 48.28
BoHg?>~ Dap 74.45 —229.19051 —382.51 —119.32 20 Coy 40.28 (2) —157.14133 48.13
BigHi?~ Dug 84.71 —254.71361 —449.56 —144.26 NBsHe
BuiH12~  Cy 93.22 —280.18060 —483.14 —148.20 21 Cay 52.50 (0) —182.69360 0.00
BiHi?  In 104.77 —305.76290 —586.06 —162.71 NBeH7
BoH>~ Don  10.43 —50.67952 —46.13 22 Cs 61.29 (0) —208.17426 0.00
BsHs Co 32.09 —77.44676 +0.34 23 Cs, 59.55 (0) —208.09221 49.75
BoHa Don 24.56 —52.03472 —1.85 NB7Hg
) ) 24 Cs 70.13 (0) —233.62703 0.00
aZero point energies (ZPE, kcal/mol), calculated at B3LYP/6-31G*. 25 Ca 67.76 (0) —233.59797 15.90
®BoH2?~ + (N—2)BHincrement— BnHr?~ (n = 5-12) (eq 1) at B3LYP/6- 26 Cs 69.11 (1) —233.59257 20.61
311+G**, with ZPE correction (ref 39) scaled by 0.98 in kcal/mol. Note NBgHg
that BH,?~ (D) data were used and that the RHncrement was taken 27 Cs 79.70 (0) —250.10899 0.00
as the difference in energy betweesHs (Cz,, planar form) and BHs (D2n, 27 Cas 79.46 (1) —250.10862 0.00
ethylene like) since inherent stabilization due to hyperconjugation or to 28 Cs 78.68 (0) —250.08411 14.60
delocalization is absent.Magnetic susceptibility at CSGT-B3LYP/6- NBgH10
311+G*//B3LYP/6-311+G**. 29 Cs  89.98(0) —284.61614 0.00
30 C 87.99 (0 —284.56041 33.00
Table 2. Data forclosoMonocarbaborane Anions, GBH,™ (n = NB1gH11 ° ©
5—12): Total Energies (au), Zero Point Energies (ZPE, kcal/thahd 31 Cs 98.09 (0) —310.06449 0.00
Relative Energiés 32 Cs 96.74 (0) —310.01037 32.61
~ x 33 Cs 96.53 (0) —310.00388 36.48
molecule sym ZPE B3LYP/6-31HG rel energy 34 c 94.89 (2) 309 99504 20.42
CB4Hs~ NB11H12
1 Cay 41.33 (0) —140.58607 0.00 35 Cs, 108.76 (0) —335.57682 0.00
2 Co 40.06 (0) —140.54692 23.31 NBH; Ceon 15.89 (0) —80.83477
CBsHs™
; ° Ca 51.43 (0) —166.101098 0.00 @Zero point energy (kcal/mol), calculated at B3LYP/6-31G(d). In
CBgH,~ parentheses, number of imaginary frequencies NIMAGhe relative
4 Ca, 60.55 (0) ~191.58384 0.00 energies with ZPE corrections scaled by 0.98 (ref 39) in kcal/mol.
5 Cs, 59.69 (0) —191.53629 30.00
CBrHg~ Computational Methods
6 Cs 69.33 (0) —217.04979 0.00 P
7 Cs 68.27 (1) —217.01290 22.10 The geometries oflosaborane dianions B2~ (n = 5—12),
g
8 Cav 65.21 (0) —216.96237 50.79 closomonocarbaborane anions £BH,~ (n = 5—12), andclosc
9 Cs 65.79 (0) —216.91038 83.96 . s
CBgHg~ azaboranes NB;H, (n = 5—12) were optimized within chosen
10 Ca 78.70 (0) —242.54224 0.00 symmetry restrictions using the GAUSSIAN®&rogram first at
11 Cs 77.86 (0) —242.50989 19.46 the B3LYP/6-31G* level of density functional theory. Vibration
CBoHio frequency calculations at B3LYP/6-31G* characterized the station-
12 Cay 88.98 (0) —268.05625 0.00 int d ide th int 7PE 9
13 C. 88.34 (0) _568.02326 20.06 ary points and provide the zero-point energy ( ) correcfidns.
CBigH11~ Minima had no imaginary frequencies, and transition states had
14 Cs 97.41 (0) —293.51193 0.00 one imaginary frequency. The geometry and energy data in Tables
15 Cs 97.00 (0) —293.48226 18.20 1-3 are optimized at B3LYP/6-3HG**. Natural population
16 Cs 96.84 (0) —293.47934 19.88
17 C 96.10 (1) —293.46061 30.90

(36) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes, N.

CBuiH12~
_ J. R. v. E.J. Am. Chem. S0d 996 118 6317.
CBlHS[ 25“ 108.81(0) 3&2?%53 0.00 (37) (a) Dauben, H. P., Jr.; Wilson, J. D.; Laity, J. L. JNonbenzenoid

Aromatics Snyder, J. P., Ed.; Academic Press: New York, 1971; Vol.

azero point energy (kcal/mol), calculated at B3LYP/6-31G(d). In 2, pp 167-206. (b) Dauben, H. P., Jr.; Wilson, J. D.; Laity, J.1.
parentheses, number of imaginary frequencies NIMAGhe relative Am Chem. Socl969 91, 1991. (c) Dauben, H. P., Jr.; Wilson, J. D.;

h . ) f Laity, J. L.J. Am. Chem. Sod 968 90, 811.
energies with ZPE corrections scaled by 0.98 (ref 39) in kcal/mol. (38) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

. . M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
to use computed DFT data to test the relative stability Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
predictions based on the qualitative considerations described ~ A- D.; Kudin, K. N.; Strain, M. C.; Faraks, O.; Tomasi, J.; Barone,

. - . V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C;
above. Comparison of ttioseborane dianions B>~ with Clifford, S.; Ochterski, J.; Petersson, G. A.: Ayala, P. Y.; Cui, Q.:

the isoelectronicclosoazaboranes NB:H, reveals the Morokuma, K.; Malicl|<, D.kK.; Rabuck, A. D.;fRaghavachari, K.;

; ; - Foresman, J. B.; Cioslowski, J.; Oritz, J. V.; Stefanov, B. B.; Liu, G.;
effects of the elect‘fonegan_ve mtr_ogen atom SL_Jb_stLtutlon. We Liashenko. A.: Piskorz, P.: Komaromi. I.: Gomperts, R.: Martin, R.
also assess the “three-dimensional aromaticity” of these L.; Fox, D. J.; Keith, T.; Al-Laham, M. A; Peng, C. Y.; Nanayakkara,

clusters by applying magnetic criteria, e.g., NE€Sand A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
. y app y. g 9 . 31 9 W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.;
magnetic sgscept|b|l|ty gxaltatlonA. The reSU.nS are Pople, J. AGaussian 98Gaussian, Inc.: Pittsburgh, PA, 1998. (b)
compared with those obtained for thi®seborane dianions geeA: }he Enﬁycl_lopceldl?( 0; Cgmthtatlon?I ihﬁmlsf%hliyeg l?]- V'f
o . o ., Allinger, N. L., Clark, T., Gasteiger, J., Kollman, P. A., Schaefer,
BsHq*~ andclosomonocarbaborane anions, £gH, (n - H. F., lll, Schreiner, P. R., Eds.; John Wiley & Sons: Chichester,
5—-12)30 1998.
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B1oH1¢* Daa

|
BuHn? Cay Bi2Hio?* I

Figure 1. Natural charges obtained at B3LYP/6-31G** level for closaborane dianions, B2~ (n = 5—12).

analysis (NPAY obtained at the same level for tistlosoborane stabilities of the isoelectroniclosaXYBH, (n = 3—5; X,
dianions BH?~ (n = 5—12) are included in Figure 1. Relative Yy = NH, CH, BH) can be understood by considering the
reaction engrgieAH are given forcloscborane dia_nions Bz ring—cap orbital overlap matcH. These cages are pictured
(n = 5—12) in Table 1closcmonocarbaborane anions GBH, as arising from the interaction of a,B, ring with capping

(n=5-12) in Table 2, an@loscazaboranes NB1H, (n=5-12) . . . -
in Table 3 and include zero point energies scaled by a factor of groups (X, Y) on both sides, leading to bipyramidal

0.98. The NICS and magnetic susceptibilities were computed at Structures. The degree of capng interaction depends on
CSGT-B3LYP/6-313#G**, 4! using the B3LYP/6-31+G** opti- the radial extension (diffuseness) of the p-orbital of the cap,
mized geometries. the ring size, and the rinrgcap distancé! The most stable
form is found when the ringcap orbital interaction benefits
from the maximum possible overlap, that is, the best “fit.”

Ring—Cap Orbital Overlap Match: Interaction of the The out-of-plane bending of the ring hydrogens indicates
BnHn Ring with the Caps (X = BH, CH, NH). The relative  the degree of orbital compatibilifi. Scheme 1 illustrates

general cases. The orbitals of thgHR ring and the capping
(39) rse?grtgn?e'sptﬁeg?ﬁom’ LJ. Phys. Chem1996 100, 16502 and o4 ns (X and Y, shown to be the same in Scheme 1a and

(40) (a) Reed, A. E.; Schleyer, P. v. RAm. Chem. S0d99Q 112, 1434, Scheme 1b) overlap ineffectively. In contrast, Scheme 1c
b) Reed, A. E.; Weinhold, FChem. Re. 1988 88, 899. . . . . . .
41) ((a)) Bader, R. F.: Keith, T. AJ. Chem. Phy§19§3 99, 3683. (b) shows an ideal ringcap interaction with maximal overlap.

Keith, T. A.; Bader, R. F. WChem. Phys. Letf1992 194 1. In closeXYBH, (n = 3—5; where X= NH or CH and Y

Results and Discussion
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Table 4. Selected Bond Lengths (&), Bond Angles (deg), and Wiberg
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Table 5. Selected Bond Lengths (A), Bond Angles (deg), and Wiberg
Bond Indexes (WBI) otloscHeteroboranes, XY, (n = 3—5, X, Y
= NH, CH, BH for 8, 10, and 12 Vertexes), Obtained at the B3LYP/

6-3114-G** Level

Bond Indexes (WBI) otlosoHeteroboranes, XY@, (n = 3—5, X, Y
= NH, CH, BH), Obtained at the B3LYP/6-3%1G** Level

o° Bcenter_Y
Xa Yb BsHs BsHa BsHs BsHs BsHa BsHs
BH~ BH™ 0.00 0.00 0.00 1.307 1.228 1.168
BH CH 4.53 7.71 8.96 1.140 1.081 1.040
BH NH 8.19 1453 1591 1110 1.044 1.053
Bc—X B—X
Xa Yb BsHs BaHa BsHs BsH3s BsHa BsHs
BH™ BH™ 1307 1.228 1.168 1.680 1.737 1.830
BH CH 1.285 1.227 1181 1.666 1.728 1.827
BH NH 1225 1201 1131 1.655 1.714 1.807
B—B
D WBI
Xa Yb BsHs BaH4 BsHs BsH3 BsHa BsHs
BH- BH- 1827 1737 1.657 0.462 0.683 0.836
BH CH 1.832 1720 1.639 0.373 0.600 0.750
BH NH 1.851 1730 1.657 0.369 0.572 0.712
B-Y

xa Yb BsHs BaHa BsHs

BH™ BH~ 1.680 1.737 1.830

BH CH 1.555 1.627 1.740

BH NH 1.513 1.608 1.759

axX = capping group with more diffuse orbitdlY = capping group
with less diffuse orbital® & = out-of-plane bending of the externak-si
bonds of the BH,, n = 3—5, ring toward Y.

= BH), the hydrogens bend (deg) toward the heteroatom
apex with its less diffuse orbitals. This bending rehybridizes
thes-orbitals of the ring and increases their interaction with
the cap. However, the rehybridizaeorbitals of the ring bend

6° Bcenter_Y
Xa Yb BsH3 BsHa BsHs BsH3 B4H4 BsHs
BH™ BH™ 9.75 1996 26.56 1.257 1.097 0.939
BH CH 10.87 25.21 33.62 1.063 0.932 0.742
BH NH 1718 31.31 4043 0969 0.871 0.786
B-Y
Xa Yb BsH3 BaHa BsHs
BH™ BH™ 1.656 1.703 1.787
BH CH 1.543 1.604 1.707
BH NH 1.515 1.588 1.716
B-B
D WBI
xa Yb BsH3 BsHa BsHs BsH3 BaH4 BsHs
BH~ BH- 1869 1842 1.787 0.395 0.466 0.536
BH CH 1936 1847 1781 0.262 0.370 0.443
BH NH 2.017 1878 1820 0.200 0.330 0.396

aX = capping group with more diffuse orbit#lY = capping group
with less diffuse orbital® & = out-of-plane bending of the externaHsi
bonds of the BH,, n = 3—5, ring toward Y.

ring), also shortens as the effective size of the cap orbitals
decreases. Thus, theB.—Y distance decreases in going
from BsHs2~ (1.307 A) to 1-CBHs~ (1) (1.140 A) to
1-NB;Hs (19) (1.110 A). 1-NBHs has the smallest ring
center to cap distance and the largest out-of-plane bending
(0) toward the cap (Table 4).

Even though the BY bond lengths also vary, the-EB
distances in these clusters remain nearly the same. The B
separations are 1.513, 1.555, and 1.680 A in 14MB
1-CBsHs™, and BHs?", respectively (Table 4). The BX
(X = BH) distance in 1-NBHs (1.655 A) is shorter than in
1-CB;Hs~ and BHs?>~ (1.666 and 1.680 A, respectively).

Similar trends are found for other systems. The variation
in BH out-of-plane bending with caps is related to the ring
center to cap distance and® distances for each clustér.
The comparison sets of 5-, 6-, and 7-vertex data in Table 4
reveal further relationships. These “inverse sandwiches” all
have Y and X= BH caps, but the B, ring sizes vary from
n = 3 ton = 5. The progression to the larger rings results
in a greater degree of out-of-plane bending for=YCH and
Y = NH, the latter being larger. For a given cap, the B
distances get longer but the.Be—Y distances get a bit
shorter (with one minor exception). The change in ring size
influences the BB distances (which get shorter in the ring

away from the cap on the other side (Scheme 1d), and thisbut longer to the X= BH cap), but these are relatively
may be unfavorable unless the second cap has more diffusainaffected by the nature of the Y cap. Our conclusions agree

orbitals.

with expectations: a CH cap is more suitable than NH for

The concept of the compatibility of orbitals with regard four-membered and larger rings but NH is suitable for three-

to their overlap! helps explain the geometries and predicts
the best X, Y combinations for capping a specifi¢iB ring.
Thus, in monoheteroatom substituted cages, ¥YHBY =

CH or NH, X = BH), the out-of-plane bending is smaller
(4.53) when Y= CH than when Y= NH (8.1%, Table 4)

membered rings. Neither “fit” 5-rings well.
For example, the out-of-plane bending in the 8-vertex

structures, composed of two layered three-membered boron

rings and Y and %= BH caps, increases fromgBg?~ (9.75)

to 1-CBHs~ (8) (10.87) to 1-NB;Hg (25) (17.18) (Table

since the latter has less diffuse orbitals. The ring center to 5). The adjacent ring center to cap distance R~ (1.257

cap distance, Bnier= Y (BcenteriS the center of the borocycle

4194 Inorganic Chemistry, Vol. 42, No. 13, 2003

A) decreases to 1.063Ain 1-CB;Hg~ and 0.969 A in



closoNB,-1H,, Azaboranes

1-NB7Hg. The B-Y distances decrease fromHk?~ (1.656
A) to 1-CBHg~ (1.543 A) to 1-NBHg (1.515 A). The
smallest ring center to cap distance and the shortest B
bond are found in 1-NpHs, which also has the largest out
of plane bending (Table 5). I

A similar trend is found in the 10-vertex systems (Table
5). While the out-of-plane bending is 1996n closc
BioH1?, it is 25.2F in 1-CBgHio~ (12) and 31.3% in
1-NBgH1 (29), as expected. TheBY distance decreases
from 1.097 A (BoH1¢?) to 0.932 A (1-CBHyo) to 0.871
A (1-NBgHy0). With less diffuse p-orbitals than carbon,
nitrogen prefers a smaller ring in order to have optimum
ring—cap overlap (Scheme 1c).

As the size of the borocycle ring increases, capping groups
with more diffuse p-orbitals are needed to optimize the+ing
cap interactions. Nitrogen, with its less diffuse orbitals,
interacts poorly with the ring-orbitals in the seven-vertex 2-CBHyr Cav (4) 1-CBeHy Gy (5) 1-CB-Hs C, (6)
cage (Scheme 1b). This is reflected by out-of-plane bending
in NBeH7 (Table 4). The ring hydrogens in 1-NB; (23)
are bent toward the cap (159Imore than in 1-CBH; (5)
(8.96%), which has with more diffuse cap orbitals. The ring
cap distance, BY, in 1-NBgH is 1.759 A, but it is longer,
1.830 A, in BH/ (Table 4).

The BH out-of-plane hydrogens are bent toward the cap,
which has less diffuse p-orbitals, independent of thel B
ring (n = 3—5). This out-of-plane bending increases as the
size of the ring increases (Table 4). For 1-MB with NH FCBrHy G (7) 1-CB7Hy G (8)
as the capping group, the out-of-plane bending is lower for
the three-membered borocycle ring (8)than the four- and
five-membered borocycles (14.58nd 15.91, respectively).
This suggests that the ring hydrogens will be bent by large
magnitudes toward the cap in five-membered rings. Hence,
nitrogen with less diffuse p-orbitals is expected to prefer a
smaller borocycle ring and should be unfavorable as a cap
for larger rings.

The variations in out-of-plane bending for 12-vertex
structures based on the five-membered borocycle (Table 5)
are similar. The out-of-plane bending, 26>56alculated for
closoB;,H12* is less than the values of 3362nd 40.43
calculated forclosoCBy1H12™ (18) andclosoNB1iH12 (35),
respectively. This indicates that BH, which has a more diffuse
p-orbital, can optimize its interaction with the ringorbitals
in the 12-vertex cage.

Thus, as shown in Table 5, for a cap combination involving
nitrogen, the variations in the out-of-plane bending for the
BsHs, B4H4, and BHs rings are 17.18to 31.3T to 40.43,
as compared to the corresponding change from 20(87
25.27 to 33.62 for the CH cap.

The study of the relative energies of positional isomers
of bipyramidal systems XYgH, (X = BH, Y = CH, NH; n
= 3-5) guides the selection of the appropriate ring for BH,

1-CBsHg Cs (1) 2-CB{Hs Ca (2) CBsHg Cu (3)

1-CBsHy C. (11) 1-CBsHir Cau (12)

! !
2-CByHar G (14) 10-CByHar C, (15)

CH, and NH as a cap. The relative energies of positional s-ce.rc.(16) 1-CBugHn C: (17) CBuHir Cs. (18)
isomers of XYBH, (X = BH, Y = CH, NH; n = 3-5) Figure 2. B3LYP/6-31H-G** optimized for closomonocarbaboranes
increase as the size of the borocycle ring increases (Table$Bn-1Hn™ (n = 5-12).

2 and 3).

There is a large difference in the relative energies of (5, 30.00 kcal/mol) and Cpis~ (2, 23.31 kcal/mol) is smaller
NBgH7 (23, 49.75 kcal/mol) and NBHs (20, 14.18 kcal/mol) (Table 2). This trend indicates that the best cap for a five-
(Table 3). The relative energy difference involving £B~ membered ring should be BH. The more diffuse boron p-
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orbitals overlap best with the five-membered ring@rbitals.
A BH cap should be less satisfactory for three- and four-
membered rings.

The relative energy of NjBis (20, 14.18 kcal/mol) is less 5
than that of CBHs~ (2, 23.31 kcal/mol); this documents the
preference of an NH cap for a three-membered ring relative 5
to CH. The CH cap prefers a four-membered ring to three-
and five-membered rings. 1-NB:H; Csy (19)

The same principles apply to bicapped “double-layer” :
systems. Thus, th€s, structure of NBHg (25) is favored 1
by its low-coordination nitrogen site, although this does not
overcome the large, inherent 66.5 kcal/mol preference (see i
below) of the parent boron skeleton f@,q over Dsy 7
symmetry. The most stable NBg isomer,24, is based on
the D,y skeleton but has a four-coordinate nitrogen. Never-
theless25is favored ovel6, with its five-coordinate N. In Z-NBiH; Cs (22) 1-NBHy G\ (23) 1-NB7Hs C. (24)
contrast, theCs, form of CB;Hg™ (8) (corresponding t@5)
is a high-energy minimum, even higher than the transition
state 3-CBHg™ (7) (corresponding t@6). Optimization of
the other positional isomer &with carbon on a center ring
led to anido form, 9.

This study of bipyramidal systems clearly confirms the
preference of a cap with less diffuse orbitals for a smaller
ring, while caps with more diffuse orbitals prefer a larger
ring.

Relative Energies ofcloscAzaboranes, NB_1H, Iso-
mers (n = 5—12).closoAzaboranes NB.1H, (n = 5—12),
closed polyhedral structures with triangular faces, are based
on {BH} and {NH} units held together by multicenter
bonding (Figure 3). The total coordination number (including
the hydrogen) of cage vertex B or N atoms varies from 4 to
7. The total energies of all theloscazaborane NBH,

(n = 5—12) positional isomers are given in Table 3 along
with the zero point energies and the number of imaginary
frequencies. Theloseborane dianions, 1,2~ (n=5-12),

used as the reference framework for the natural charges-.
on each vertex (calculated using NPR)are shown in
Figure 1 (along with the generally employed numbering
scheme).

NB4Hs. Although NBHs and its corresponding boron
hydride, BHs?>~, have never been reported experimentally,
they are computed to have trigonal bipyramidal structures ZNBuHu G (31) 10NBuHn C,(32)  8-NBuHu G, (33)
like that of the familiar isoelectronicloso1,5-GB3Hs, the |
smallest known 5-vertex carborahé.

As shown in Figure 1, apical sites 1 and 5 are four-
coordinated, while the equatorial positions 2, 3, and 4 are
five-coordinated. The empirical valence rules of Willigfhs
predict that the 1-NBHs isomer (9) should be preferred
over the 2-NBHs isomer @0) since nitrogen prefers sites ! |
with lower connectivity. According to the overlap criterfdn _ IRl & 30 NP O (69
(and as discussed in the previous section), three-membere 'girgf’iz)BsLY%GlHG** optimized for closcazaboranes NE1Hn
rings also prefer NH rather than BH or CH as caps. '

The charges in the parent reference framg{8 (Figure homoatomic system with the largest negative charge. As is
1), are higher on the four-coordinated apical positions apparent in theclosaborane dianion charges depicted in
(—0.463) than on the five-coordinated equatorial sites Figure 1, the lower coordination sites in all the species always
(—0.260). According to Gimarc’s topological charge stabi- have the more negative charges. When different sites have
lization rule?® the best placement of an electronegative the same coordination (as insi#?~ and BiH;:>"), the
heteroatom like nitrogen will be at the positions in the charges do not vary greatly.

2-NBH; C: (20) NBsH, Cay (21)

1-NBsHs Cs, (25) 3-NBsHs C, (26) 4-NByH, Cs (27)
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All these considerations predict that 1-fB (19) will
be more stable than 2-NBs (20). Indeed,19 is found to
be the global 5-vertex minimum, wherez@is a higher order
stationary point inC,, symmetry (Table 3, Figure 3).
Relaxation to lower symmetries results inCa minimum
(not shown). Our DFT 2-NBs energies, relative ta9, are
C; (14.18 kcal/mol)C; (48.28 kcal/mol), andC,, (20, 48.13
kcal/mol) (Table 3).

NBsHe. Octahedral BHs?>~ has six equivalent vertexes and
a uniform charge distribution. There is only one B
isomer (Figure 3), a stabl€,, minimum (21) (Table 3).

NBgH+. Although NBsH7 is not known, its structure should

be based on the pentagonal bipyramid favored by the

isoelectronic BH-2~.173 Two aza isomers, 2-NdBi; (22) and
1-NBgH- (23), are possible. In contrast taBs*>~ (see Figure

minimum, 27 (Figure 3). Likewise, optimization of 4-NjBlg
in Cp, symmetry did not lead to a significant energy
difference from 1-NBHg (Cy).

NBgH 0. The experimentally knov@ﬁv3804y 1-NBgH19 (29)
and theCs 2-NBgH;0 (30) minima (Figure 3) are based on
the isoelectronic BH10?>~ bicapped square antiprism. The
negative {-0.285) charges of the five-coordinated square face
capping sites 1 and 10 contrast with thos®(171) of the
eight six-coordinated B’s. Hence, on the basis of both charge
topology and connectivity considerations, it is not surprising
that 29 is 33.00 kcal/mol lower in energy thad0 (Table
3)3°

NB1oH11. The NByHi;: isomers, all unknown, can be
derived from the isoelectroniC,, B1;H11>~ (see Figure 2).
The latter offers one seven-, two equivalent five-, and eight

1), the negative charges on the five-coordinated equatorialsix-coordinated positions (in sets of 4, 2, and 2). The

positions B2-B6 (—0.296) of the reference dianioryB,~

are significantly more negative than the charge on the six-

coordinated apical sites B1 and B7#{.107). Hence22
should be preferred ov&3 (Table 3, Figure 3).

According to ring-cap matching criteriof the BsHs ring
is more appropriate for a BH than a CH or NH cap. NH

empirical valence rules of Williams locate nitrogen at sites
with lower connectivity and predict the stability order
2-NB1gH11 (31) > 10-NB;oH11 (32) ~ 8-NB1gH11 (33) >
1-NB;oH11 (34). The same order is predicted by the charges
shown forC,, B11H14?~ in Figure 2. The computed energies
agree.

does not have orbitals diffuse enough to overlap effectively =~ Geometry optimization on all the positional isomers of

with the sr-orbitals of a five-membered ring. Therefof2
should be more stable th&8 on all counts. Indeed, our
DFT computations show 2-NBi; (22) to be 49.75 kcal/
mol lower in energy than 1-Ngi; (23).

NB-Hs. Although NB/Hg is not known, its structure is

NBi1gH;; locatedCs symmetry minima for 2-NBHi; (31),
10-NByoH1; (32), and 8-NBoH;; (33) (Figure 3). Relative
to 2-NBygH11 (31), the energies 082 and33 are 32.61 and
36.48 kcal/mol, respectively (Table 3). In contrast, 1:}B;
(34) has two imaginary frequencies @, symmetry (Table

likely to be a slightly distorted dodecahedron based on the 3) and a relative energy of 40.42 kcal/mol. Optimization

D.q symmetry favored by the isoelectronic borangHB~
dianion® Although a second g1s?>~ form hasDsy symmetry

without symmetry constraints leads to the global minimum,
31 The same is true with the 4-NBH,; starting geometry.

and offers two four-coordinate cap sites, it has two imaginary NBi1;Hi1,. Because of the icosahedral geometry of the
frequencies and is 66.5 kcal/mol higher in energy than the parent dianion, BH1~, only one closo NBH1, isomer(35)

D,4 form. The equivalent five-coordinate positions 1, 2, 7,
and 8 (Figure 1) bear more negative charge8.289) than
the six-coordinated sites, 3, 4, 5, and-60(141). Hence,
1-NB7Hs (24) should be preferred over 3-NBg (26), also
on the basis of the connectivity.

We find 1-NB/Hg (24, C;) to be the global 8-vertex
minimum (Table 3); 3-NBHs (26, Cs) (Figure 3) has one
imaginary frequency and is 20.61 kcal/mol higher in energy.
We examined th€;, symmetry NBHsg form (25), based on
the D3y BgHg?™ mentioned above. It proved to be a minimum,
but was 15.90 kcal/mol higher in energy thas When a
nitrogen is placed at one of the 6-cordinate sitesDaf
BgHg?~, optimization leads to the most stable isomer,
1-NB7Hg (24).

NBsgHo. Although NBsHg has never been prepared, its
structure should be based on the tricapped trigorblyB

prism (Figure 1). Note that the three vertexes (4, 5, and 6),

which cap the rectangular faces of theHg* prism, are
five-coordinated and carry a larger negative charg@.847)
than the six-coordinate prism vertexes((129). Therefore,
the 4-NBHy isomer(27) should be more stable than 1-pHp

with Cs, geometry is possible (Table 3, Figure 3). It is a
stable minimum, in agreement with experimental and earlier
theoretical studie®:?’

Stability of the closaAzaboranes, NB-;H, (n = 5—12).
Recently, we assessédhe stabilization energies as well as
the average energy per CH group in two-dimensional
aromatic compounds. The“ldkel annulenes behave differ-
ently from the polybenzenoid hydrocarbdfsThe strain-
corrected total aromatic stabilization energies (ASE) of the
Huckel annulenes do not increase with increasing ring size;
hence, the average stability perelectron (or CH group)
decreases, e.g., the energy and the aromatic stabilization
energies of @H;s are much less than those of three
benzened’ In contrast, the total aromatic stabilization
energies of polybenzenoid hydrocarbons increase with size.
Although there are variations, one can generalize that the
average energy per electron (or CH group) is constant or

(42) (a) Buhl, M.; Mebel, A. M.; Charkin, O. P.; Schleyer, P. v.IRorg.
Chem 1992 31, 3769. (b) Bausch, J. W.; Prakash, G. K. S.; Williams,
R. E.Inorg. Chem 1992 31, 3763. (c) Kleir, D. A.; Lipscomb, W.
N. Inorg. Chem1979 18, 1312. (d) Muetterties, E. L.; Wiersama, R.
J.; Hawthorne, M. FJ. Am. Chem. Sod 973 95, 7520.

(28). The computations agree; the energy difference is 14.60(43) schneider, L.; Englert, U.: Paetzold, 2.Anorg. Allg. Chem1994

kcal/mol (Table 3). While 1-NBHs (Cy) (27) is @ minimum,
28 in Cy, symmetry is not; symmetry relaxation hardly
changes the energy, but optimization results inGhglobal

620, 1191.

(44) Buhl, M.; Schleyer, P. v. R.; Havals, Z.; Hynk, D.; HermaneKkn8rg.
Chem 1991 30, 3107.

(45) Zahradnik, R.; Balaji, V.; Michl, JJ. Comput. Chen991, 12, 1147.
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only falls off somewhat!?46-4% We have pointed out that
both these types of two-dimensional aromatic systems behave
quite differently from the “three-dimensional aromatic”
(closeborane-based) clustet.

Both the total stabilization energies of thsoborane
dianions and also the average stability per vertex tend to
become larger with increased cluster size. This is true for
the most stable positional isomers of tlebosomono-
carbaborane anions, GBH,~ (n = 5-12), the closc
dicarboranes, §B,—H, (n = 5—12), and the isoelectronic,
closaborane dianions, 1,2~ (n = 5—12)3° The stabilities
of these three sets of clusters generally increase with
increasing cluster size from 5 to 12 vertexes. There are
variations in the stabilities of individual members of each
set, but these also show quite similar trends. The exceptional
energetic behavior aflosoB,H?>", closoCB,-1H,~, and the
closoC,B,-,H, family is a direct indication of three-
dimensional aromaticit§® Unlike the Hickel aromatics, the
stabilities become proportionately greater with increasing
cluster size. But this is true only up to 12 vertex systems;
larger three-dimensional clusters are less stable due to the
nonoptimal bonding:?210a:30

We now extend our evaluation of the cluster stabilization 4 6 8 10 12 14
of related families to a new member, thl®scazaboranes, Cluster size
NB,-1H, (n = 5—12). Their energies can be compared with Figure 4. Plot of the reaction energied\H in kcal/mol, of thecloso
those for thecloseborane dianions, rﬂan— (n — 5_12), and borane dianions, B2, and the most stable GBH,~ and closc

. o azaboranes NB1Hn from Tables 1, 7, and 8 vs cluster size. The trends to
the closomonocarbaborane anions, C8H,~ (n = 5-12), more negative\H's are shown by the lines defined by the 6- and 12-vertex
by means of eqs-13.

systems in each family. The deviations from the lines are largestdep
borane dianions, Bi.2-, smallest forclosoazaboranes, NBiH, (n =
5—12), and intermediate for theosaomonocarbaborane GBiH,~ set.

-100
-200
-300

-400

Reaction Energies, AH kcal/mol

-500

B.H,”

-600 [~

B,H,”” + (n—2)BH

increment_>
2= Table 6. HOMO—-LUMO Gap (kcal/mol) ofclosoBorane Dianions,
Ban (n=5-12) AH (1) BnHnZ~, the Most StablelosoMonocarbaboranes, GBH,~, and the
Most StableclosoAzaboranes, NB-1Hn, Calculated at the B3LYP/
_ 6-3114+-G** Level
CBHZ + (n_l)BHincrement_) H—L
BH. ., (n=4-11 AH (2
CBiHa ( ) (2) cluster BH2~ CBn1Hn™ NBn-1Hn
5 vertex 41.29 108.33 155.34
NBH, + (n—=1)BHcrement 6 vertex 107.27 168.80 159.88
— A 7 vertex 69.62 119.99 142.08
NB Hyiy (n=4-11) AH (3) 8 vertex 53.68 110.96 124.82
9 vertex 65.10 119.43 124.34
Data for the most stable positional isomers are used for 1(1) Ver:ex ?g-gs gg-% ﬁg-gg
. . . vertex . . .
the last two sets. The BldementdS taken as the difference in 12 vertex 117.00 15319 174.89

energy between s (C,, planar) and BH, (D2n). BoH2,

CBH;", and NBH are assumed to have acetylene-like  Equation 1 gives the largest exothermicities (Figure 4),
structures. The BH increment is obtained from molecules in pyt these results are influenced strongly by Coulomb
which there is no inherent delocalization or hyperconjugation. jnteraction effects. B2~ is highly energetic due to the
As summarized in Tables 1, 7, and 8, all the reaction repulsion of the two adjacent negative charges, but this
energies AH) of eqs 1-3 are exothermic. Figure 4 shows decreases as th@osoB,H.2~ become larger. The charges
that AH tends to increase with increasing cluster size. This zre delocalized and separated to a greater degree. The plots
plot emphasizes our earlier conclusiti§**°for the 5t0 i Figure 4 are based on the data treatment used previously
12 clusters: (a) the trend toward increasing stability with {5 eyaluate the relative stability afloseborane dianions,
cluster size and (b) the individual variations in the three sets B.Ha2 (n = 5-12), andclosemonocarbaborane anions,
of clusters. CB,-1H,~ (n=5—12), which we have extended to thlesc
azaborane, NB1H, (n = 5—12), systems. Data from eqs
1-3 for the most symmetrical 6- and 12-vertex species are
used to define the reference lines in Figure 4: deviations
from the line AHgqe\,** Table 9) were used for the quantitative
comparison of the stabilities of individual clusters.

(46) Roth, W. R.; Hopf, H.; Wasser, T.; Zimmermann, H.; Werner, C.
Liebigs Ann 1996 1691.

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

(48) Peck, R. C.; Schulman, J. M.; Disch, R.1.Phys. Cheml99Q 94,
6637.

(49) Wiberg, K. B.J. Org. Chem1997, 62, 5720.
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Table 7. Most StableclosocMonocarbaborane Anions, GBH,~ (n =
5—12): Total Energies (au), Zero Point Energies (ZPE, kcal/fhaf)d
Reaction Energies from Eq 2H)P

molecule sym ZPE B3LYP/6-31HG** AHP
1-CB4Hs5™ Czy 41.33 —140.58607 —141.96
CBsHe™ Cuy 51.43 —166.101098 —204.11
2-CBgH7~ Ca 60.55 —191.53629 —246.97
1-CB/Hg™ Cs 69.33 —217.04977 —279.62
4-CBgHo™ Caoy 78.70 —242.54224 —328.33
1-CByH10~ Cay 89.98 —268.05625 —389.67
2-CByoH11~ Cs 97.41 —93.51193 —416.23
CBuiH12™ Cs, 108.81 —319.05723 —496.09

aZero point energies (ZPE, kcal/mol), calculated at B3LYP/6-31G*.
bCBH;~ + (n—1)BHincrement — CBnHnta™ (n = 4—11) at B3LYP/6-
311+G**, with ZPE corrections (ref 39) scaled by 0.98 in kcal/mol.

Table 8. Most StableclosaAzaboranes, NB.1Hn (n = 5—12): Total
Energies (auj,Zero Point Energies (ZPE, kcal/mol), and Reaction
Energies from Eq 3AH)®

molecule sym ZPE B3LYP/6-31HG** AHP
1-NB4Hs Ca, 43.24 —157.22270 —90.78
NBsHg Ca 52.50 —182.69360 —126.08
2-NBgH7 Cs 61.29 —280.17426 —167.95
1-NB7Hsg Cs 70.13 —233.62703 —192.29
4-NBgHg Ci 79.70 —259.10899 —234.22
1-NBgH10 Cay 89.98 —284.61614 —291.25
2-NBigH11 Cs 98.09 —310.06449 —313.54
NB11H12 Cs, 108.76 —335.57682 —373.43

aZero point energies (ZPE, kcal/mol), calculated at B3LYP/6-31G*.
b NBH; + (n—1)BHincrement— NBpHnt1 (N = 4—11) at B3LYP/6-313G**,
with ZPE corrections (ref 39) scaled by 0.98 in kcal/mol.

Table 9. Deviations AHgey, in kcal/mol) of closoBorane Dianions,
BnHn2~,2 the Most StablelosoMonocarbaboranes, GBH,~,P and the
Most StableclosoAzaboranes, NB-1H,¢ from the Lines Defined by
the 6- and 12-Vertex Species (see Figure 4)

AHdeva AHdevb AHdevc
cluster BnHn2~ CBh-1Hn~ NBp—1Hn

5 vertex 28.45 13.48 —5.93
6 vertex 0.00 0.00 0.00
7 vertex 11.56 5.80 —0.65
8 vertex 29.08 21.81 16.24
9 vertex 31.90 21.76 15.53
10 vertex 22.06 9.09 —-0.27
11 vertex 45.70 31.19 18.67
12 vertex 0.00 0.00 0.00

aCalculated using eq P.Calculated using eq Z.Calculated using
eq 3.

The variation patternsAHge) Of corresponding com-
pounds are extremely similar qualitatively in ttlescborane
dianions, BH>~ (n = 5—12), closomonocarbaborane
anions, CR-;H,~ (n = 5—12), andcloscazaborane, NBH
(n = 5—12), clusters. As shown in Figure 4 and Table 9,

monocarbaborane anions, £BH,~, to closcazaboranes,
NB,-1H, (Table 9). For example, thAHge, values for the

8- and 9-vertexclosoB.H2~ (29.08 and 31.90 kcal/mol,
respectively) are more than thoseotdseCB,-1H,~ (21.81
and 21.76 kcal/mol, respectively) and decrease further in
closoNB,-1H, (to 16.24 and 15.53 kcal/mol, respectively).

These leveling effects, relative tdosoB,H?", in the
closeCB,-1H,~ family and even more in thelosoNB—1H,,
set, are due to the partial electron localization due to the
more electronegative heteroatoms, carbon and especially
nitrogen. The magnitude of these leveling effects is more
than twice as large for thedosaazaborane NB.1H,, families
as for thecloso CB,,—1Hn~ set. Obviously, the larger electron
localization at nitrogen is due to its greater electronegativity.

Support for this rationalization also is found, e.g., in the
variations and trends in the HOM@.UMO gaps (Table 6),
in the Wiberg bond indexes (WBI), and in the-8 and
N—B distance ranges from thelosoB,H,?>" to the closo
CBn-1H,~ and from the closocCB,-;H,~ to the closc
NB,-1H, sets (Tables 4 and 5).

The guantitative variation in BB Wiberg bond indices
(WBI), a measure of the bonding interactions between the
BB in the borocycle ring, are greatest for theHg?*", less
for the CB,-1H,~, and least for the NB.1H, set. This also
is a consequence of the greater electron localization at the
electronegative nitrogen. Accordingly, the WBI values of
BsHs?~ (0.462) are larger than those of @~ and NBjHs
(0.373 and 0.369) (Table 4). Note the same trend in the
6-vertex systems: the WBIs fore¢Be?~, 1-CBHs~, and
1-NB4Hs vary from 0.683 to 0.600 to 0.572, respectively
(Table 4).

Similar decreases in the BB WBIs are found in the 10-
and 12-vertex species (Table 5), e.g., going fropHB?
(0.466) to 1-CBHi0~ (0.370) (nearest the heteroatoms) to
1-NBgH1 (0.330). The WBI decreases from WB 0.536
for BlgH1227 to WBI = 0.396 for NBH1,.

Leveling effects also are shown by HOMQUMO gaps
of the cluster sets. These gaps for clusters with the same
number of vertexes increase froolosoB,H>~ to closo
CB,-1H,~ and from closaCB,-;H,” to closeNB,-1H,
(Table 6). ThecloseNB,-;H, has the largest HOM©
LUMO gap because of greater electronegativity of nitrogen.
For example, the HOMOGLUMO gap in BsHs*>" is 41.29
kcal/mol, while the corresponding energies in 188 and
1-NB4Hs are 108.33 and 155.34 kcal/mol, respectively.
Likewise, the 142.08 kcal/mol gap olosoNBgH- is larger

the quantitative deviations from the defining lines are greatestin magnitude than that aflosoB;H7?>~ and closoCBgH;~

for the closoborane dianions, fB1.2-, less for closc
monocarbaborane anions, CBH,~ (h = 5—12), and least
for the closoazaboranes, NB;H,. The deviations AHge\)
of thecloso ByH?~ clusters are the largest of the three sets.
B11H1:%~ has the largest deviationHge, = 45.70 kcal/mol,
while the BH,2~ has the smallest\Hgey = 11.56 kcal/mol.
BsHs?~, BgHg?™, and BHy?~ deviations areAHgey, = 28.54,
29.08, and 31.90 kcal/mol, respectively.

The AHgey vValues for clusters with the same number of
vertexes decrease froglosoborane dianions, 1.2, to
closomonocarbaborane anions, CBH,~, and fromclosc

(69.62 and 119.99 kcal/mol, respectively). A similar trend
is found in the 8-, 9-, 10-, and 12-vertex systems, where the
closcazaborane representatives have the largest HOMO
LUMO gaps (Table 6).

Further leveling effects are shown by the-B (Y = CH,
NH) distances. Among the 5-, 6-, and 7-vertex clus@oso
B.H?>~ has the largest BY distance an¢loseNB,-;H, has
the smallest (Table 4). The same trend is found in 8-, 10-,
and 12-vertex clusters (Table 5).

Three-Dimensional Aromaticity in closcAzaboranes,
NBn-1Hn (n = 5—12). Aromaticity?'5? is often evaluated
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by using various criteria: energetic (resonance energies,
aromatic stabilization energies (ASESJf* magnetic {H
NMR chemical shift$> magnetic susceptibility anisotroptés
and exaltations,*” as well as NIC®), and geometric (bond
length equalization, bond order indic&€8j8 The diamagnetic
and paramagnetic effects of the ring current associated with
the aromaticity and antiaromaticity are measured by the
simple and efficient NICS criterion. NICS, proposed by
Schleyer and co-workef8js based on the negative absolute

magnetic shielding computed at the cluster centers or above

the centers of the rings. NICS is widely employed to
characterize aromaticity and antiaromaticity of both ring
systems and three-dimensional clust&®.Negative NICS
values (given in ppm) imply aromaticity (diatropic ring
currents), and positive NICS values correspond to anti-
aromaticity (paratropic ring currents). In contrast to other
aromaticity criteria, NICS does not require reference mol-
ecules, increment schemes, or equations for evaluéftion.
While excellent correlation among NICS with other aroma-
ticity indexes based on geometric, energetic, and other
magnetic criteria has been demonstratédsuch quantitative
relationships did not extend to more complex systems when
other effects dominated. We will now apply these criteria
(with special emphasis on the magnetic properties) to the

(50) The estimated reaction energies for eclosoborane dianion BHq2~
can be evaluated bXXHestimatea= 100.56— 57.21& (wherex is the
number of vertexes). This equation defines the straight line which
connected the two reference speciasH32~ and BHg?~ in Figure
4. Hence, the deviation of the energy of each cluster from this line
(AHge\) can be estimated by taking the differences betwkdas;:and
the reaction energies from eq AKlong (Table 1),AHgey = AHest —
AHobs

(51) (a) Jug, K.; Koster, A. MJ. Phys. Org. Chem1991, 4, 163. (b)
Katritzky, A. R.; Feygelman, V.; Musumarra, G.; Barczynski, P.;
Szafran, MJ. Prakt. Chem./Chem.-Zt$99Q 332, 835. (c) Katritzky,

A. R.; Barczynski, P.; Musumarra, G.; Pisano, D.; SzafranJ MAm.
Chem. Soc1989 111, 7. (d) Garret, P. JAromaticity, Wiley: New
York, 1986.

(52) (a) Krygowski, T. M.; Cyranski, M. K.; Czarnocki, Z.; Hafelinger,
G.; Katritzky, A. R.Tetrahedron200Q 56, 1783. (b) Schleyer, P. v.
R.; Jiao, H.Pure Appl. Chem 1996 68, 209. (c) Bird, C. W.
Tetrahedron1996 52, 9945. (d) Minkin, V. I.; Glukhovtsev, M. N.;
Simkin, B. Y. Aromaticity and AntiaromaticityWiley: New York,
1994.

(53) (a) Hess, B. A,, Jr.; Schaad, L.JJ.Am. Chem. Sod 971, 93, 305.

(b) Dewar, M. J. S.; De Llano, Cl. Am. Chem. Sod 969 91, 789.

(54) (a) Gutman, I.; Milun, M.; Trinajstic, NJ. Am. Chem. S0d977, 99,
1692. (b) Aihara, JJ. Am. Chem. Sod 976 98, 2750.

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

(56) (a) Fleischer, U.; Kutzelnigg, W.; Lazzeretti, P.; MuhlenkampJV.
Am. Chem. Sod 994 116, 5296 and references therein. (b) Benson,
R. C.; Flygare, W. HJ. Am. Chem. Sod97Q 92, 7253.

(57) (a) Herndon, W. CJ. Am. Chem. S0&973 95, 2404. (b) Kruszewski,
J.; Krygowski, T. M. Tetrahedron Lett1972 3839. (c) Jug, A.;
Francois, PTheor. Chim. Actal967, 7, 249.
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Soc 1999 121, 864. (c) Buhl, M.Chem. Eur. J1998 4, 734.

(60) (a) Lera, A. R.; Alvarez, R.; Lecea, B.; Torrado, A.; Cossio, F. P.
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Table 10. Nucleus Independent Chemical Shifts (NICS, ppm) of
closoBorane Dianions, BHn2~,2 the Most Stable
closoMonocarbaboranes, GBH,~,? and theclosoAzaboranes,
Nanlan

cluster BHp2 2 CBp_1H P NBp-1Hn°
5 vertex —23.08 —17.42 —12.46
6 vertex —26.51 —26.64 —25.88
7 vertex —-19.73 —20.32 —15.65
8 vertex —16.67 —16.77 —14.72
9 vertex —-21.07 —-20.15 —16.69
10 vertex —27.52 —24.85 —19.96
11 vertex —26.24 —24.00 —19.44
12 vertex —28.44 —28.00 —26.30

a¢ At CSGT-B3LYP/6-31#G**//B3LYP/6-311+G**.

guestion of aromaticity in theloscazaborane NB.1Hn (n
= 5-12).

The three-dimensional aromatic delocalizationctdsc
borane dianions, 81,2~ (n = 5—12)!° closemonocarba-
borane anions, CB;H,™ (n = 5—12), and _closadicar-
boranes, €B,—2H, (n = 5—12), was demonstrated by the
large negative NICS values and the magnetic susceptibility
exaltations® However, the aromaticity ordering based on
these magnetic properties does not always agree with the
relative stabilities of positional isomers of the same cluter;
this shows that other effects such as connectivity and charge
considerations are importattg:3°

Nucleus Independent Chemical Shift ofcloscAza-
boranes, NB-;H, (n = 5—12). The large NICS values at
the cage centers afoscazaboranes, NB;H, (n = 5-12),
—26.30 to—12.46 ppm, document the pronounced “three-
dimensional delocalization” (Table 10). As functions of
cluster size, NICS of thelosoborane dianions, B2~
(n=5-12), theclosomonocarbaborane anions, CBH,~
(n=5—-12), and thelosoazaboranes, NB1H, (h = 5—12),
show similar patterns (Figure 5). TheHg?~ NICS values
are largest among the three sets, but not in every case. The
highest symmetry 6- and 12-vertex polyhedra are the most
“aromatic” in each family. Thus, Ns (NICS —25.88) and
NB1;H1» (—26.30) have the largest and BB has the
smallest NICS {12.46) among theloscazaboranes; the
others range from-14.72 (8-vertex) to-19.96 (10-vertex)
(Table 10).

Magnetic Susceptibility Exaltation, A of closoAza-
boranes, NB,-1H, (n = 5—12). The magnetic susceptibility
exaltation AA) is a manifestation of ring currents arising from
cyclic electron delocalization. Generallyis defined as the
difference between the bulk magnetic susceptibility) (of
a compound and the susceptibility ') estimated from an
increment system or from model compounds without cyclic
conjugation?” Aromatic compounds are characterized by
negativeA’s, whereas antiaromatic compound show positive
A’s. As anticipated by Lipscomfs, negative A’s also
characterize three-dimensional aromaticitgiosoclusters.
A’s are evaluated here using egqs3 for theclosoborane
dianions, BH.?", closemonocarbaborane anions, B,
and closcazaboranes, NB;H,, at the CSGT-B3LYP/6-
311+G**//IB3LYP/6-311+G** level (Table 11). TheA
values showcloscazaboranes, NB;H, to be “three-
dimensional aromatics” just like the correspondirigsc
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Figure 5. Plot of NICS at the center aflosoBnHn?~ and the most stable
closaCB-1H,y~ andclosoNB,-1H, (from Table 10) vs cluster size.

Table 11. Magnetic Susceptibility Exaltationsg\( ppm cgs) of
closoBorane Dianions, fHn2~,2 the Most Stable
closoMonocarbaboranes, GBH,~,P and theclosoAzaboranes,
NBp—1Hp¢

cluster BHq2 2 CBp-1Hn P NBp—1HrC
5 vertex —33.49 —32.38 —28.02
6 vertex —45.01 —49.79 —47.46
7 vertex —49.23 —58.25 —52.13
8 vertex —59.10 —67.52 —63.68
9 vertex —83.76 —87.57 —80.22
10 vertex —110.21 —109.94 —100.10
11 vertex —115.66 —-119.01 —110.52
12 vertex —131.68 —139.18 —135.42

a Calculated using eq 1, CSGT-B3LYP/6-31G**//B3LYP/6-311+G**.
b Calculated using eq 2, CSGT-B3LYP/6-32G**//B3LYP/6-311+G**.
¢ Calculated using eq 3, CSGT-B3LYP/6-32G**//B3LYP/6-311+G**.

borane dianions, B1,2-, andclosemonocarbaborane anions,
CBh-1Hn. The plots of A vs cluster size confirm and
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Figure 6. Plot of the magnetic susceptibility exaltations, (ppm cgs,
Table 11), ofcloseborane dianions, B1:>~, and the most stablelosc
monocarbaboranes GBH,~ andclosaazaboranes NB1H, vs cluster size.

between the correspondingloscCB,-1H,~ and closc
NB,-1H, sets.

The Relationships of NICS and the Magnetic Suscep-
tibility, y, with the Relative Stability of the Positional
Isomers of closaAzaboranes, NB-;H, (n = 5—12). We
found earlier that the magnetic aromaticity ordering (based
on NICS and magnetic susceptibilities) of the positional
isomers of theclosomonocarborane anions, GBH,~
(n = 5-12), and of thecloscodicarboranes, CB:H,

(n = 5—12), did not always agree with the trend of the
relative stabilities; other energy effects, such as topological
charge stabilization and connectivity, can domirfdi8uch
discrepancies among aromaticity criteria can be even more
pronounced with theloseazaboranes, NB1H, (n = 5—12),
since the larger BN electronegativity difference can result
in considerable electron localization at nitrogen.

Negative NICS values (Table 13), ascribed to diatropic
ring currents, characterize the degree of three-dimensional
aromaticity of all the NB-;H,, (n = 5—12) closaazaboranes
and their positional isomers directly. In contrast, the magnetic

emphasize our earlier conclusions for 5- to 12-vertex clusters susceptibilityy depends on a higher power of the volume of

(Figure 6 and Table 11): (a) the patterns of thealues of
three sets of clusters are remarkably similar, and (b)\lse

a three-dimensional system and does not allow a simple
comparison otloscazaboranes of different sizes. However,

of all three sets tend to increase in magnitude with increasingy is not very sensitive to the connectivity for systems with
cluster size from 5 to 12 vertexes, although individual roughly the same volume. Hence, the relative aromaticity

deviations are apparent. The differendebetween thelosce

of thecloscazaboranes isomers can be deduced directly from

CBn-1Hn~ andclosoBH?~ data sets are larger than those they values (Table 13).
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Table 12. Relative Energies oflosocMonocarbaborane Anions,
CBn-1Hn~ (n = 5—12)2 Nucleus Independent Chemical Shifts (NICS,
ppm)? and Magnetic Susceptibilitieg,(ppm cgs)

molecule sym rel energy NICS? %°
CB4H57
1 Cs, 0.00 —17.42 —55.57
2 Co 23.31 —27.26 —63.61
CBsHgs™
3 Ca 0.00 —26.64 —71.47
CBgH7~
4 Co 0.00 —20.32 —78.42
5 Cs, 30.00 —20.24 —77.72
CB7/Hg™
6 Cs 0.00 -16.77 —86.18
7 Cs 22.10 —13.74 —83.23
8 Cs, 50.79 —19.79 —98.74
9 Cs 83.96 —18.16 —87.80
CBgHg™
10 Co 0.00 —20.15 —104.72
11 Cs 19.46 —20.77 —108.54
CBgH10~
12 Cay 0.00 —24.85 —125.58
13 Cs 20.06 —28.20 —134.36
CBioH11™
14 Cs 0.00 —24.00 —133.14
15 Cs 18.20 —28.19 —140.56
16 Cs 19.88 —25.44 —136.13
17 C, 30.90
CBu1iH12™
18 Cs, 0.00 —28.00 —151.80
CBH;~ Coop —27.72

a2From Table 2°¢ At CSGT-B3LYP/6-313#G**.

Table 13. Relative Energies ofloscAzaboranes, NB-.1H, (n =
5-12)2 Nucleus Independent Chemical Shifts (NICS, pprapd
Magnetic Susceptibilitiesy( ppm cgsj

molecule sym rel energy NICSP %1
NB4Hs

19 Cs, 0.00 —12.46 —42.52

20 C, 14.18 +1.09 —22.41

20 Cs 48.28 —29.70 —53.87

20 Cy 48.13 —29.69 —54.18
NBsHeg

21 Cay 0.00 —25.88 —60.45
NBsH7

22 Cs 0.00 —15.65 —63.61

23 Cs, 49.75 —18.88 —66.45
NB7Hg

24 Cs 0.00 —14.72 —73.65

25 Cs, 15.90 —20.21 —89.22

26 Cs 20.61 —2.01 —57.81
NBgHg

27 Cs 0.00 —16.69 —88.68

27 Ca 0.00 —16.61 —88.08

28 Cs 14.60 —15.31 —89.71
NBgH10

29 Cay 0.00 —19.96 —107.05

30 Cs 33.00 —26.57 —121.56
NB1oH11

31 Cs 0.00 —19.44 —115.96

32 Cs 32.61 —28.43 —129.91

33 Cs 36.48 —22.95 —121.97

34 Cs 40.42 —20.31 —120.13
NB11H12

35 Cs, 0.00 —26.30 —139.35
NBH. C, —19.03

aFrom Table 3P¢At CSGT-B3LYP/6-313G**.

The relative aromaticites of the 11-vertex NB.; isomers,
based on NICS and thejy values, do not agree with the

Najafian et al.
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Figure 7. NICS computed at the center of all positional isomersloso
azaboranes NB1H, (n = 5—12) (in ppm, from Table 13) vs the cluster
size. This figure points out that the most stable isomers often do not have
the largest NICS values (shown loy these points are plotted in Figures
4—6).

the magnetic criteria (Table 13). Remarkable differences are
found between the relative energy ordering of all the, i,
isomers, Z-NB()H]_]_ (31) > 10-NBloH11 (32) > 8-NBloH11

(33) > 1-NBaygH11 (34), and the magnetic property sequences,
10-NByoH11 (32) > 8-NBjoH11 (33) > 1-NBjoHi; (34) >
2-NBjoH11 (31).

Aromaticity is associated with cyclic electron delocaliza-
tion, which is most directly related to the magnetic criteria.
However, thermodynamic stability is influenced by many
additional factors including connectivity and charge stabiliza-
tion. When substituted into borane clusters, electronegative
heteroatoms such as carbon and especially nitrogen tend to
localize the electrons; this may lead to decreased aromatictiy.
When, however, such heteroatoms are placed at energetically
unfavorable positions, the charge density tends to “smooth
out” more, and g@reaterdegree of delocalization (as detected
by the magnetic criteria) results. We have observed this
situation beforg4a35

In the 10-vertex cluster, the NICS and magnetic suscep-
tibilities of 2-NBgH1o (30), —26.57 and—121.56, respec-
tively, are larger than those of 1-NBo (29) (NICS =
—19.96 andy = —107.05). This30 > 29 order of the
magnetic aromaticity data is opposite to the thermodynamic
stability (29 > 30).

ordering based on relative energies at all. The most stable The stabilities of the 5-vertex isomers decrease in the
isomer (2-NBgH3, 31) is the least aromatic on the basis of sequence 1-NBis (19, C3,) > 2-NB4Hs (20, C;) > 2-NB;Hs
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Figure 8. Magnetic susceptibilitieg computed for all positional isomers

of closaazaboranes NB1H, (n = 5—12) (ppm cgs, from Table 13) vs the
cluster size. This figure points out that the most stable isomers often do
not have the largest NICS values (shownrythese points are plotted in
Figures 4-6).

(20, Cy) > 2-NB4Hs (20, Cy,) (Table 13). However, the order
for both the NICS and the magnetic susceptibility is
opposite: 2-NBHs (20, Cy,) > 2-NB4Hs (20, Cs) > 1-NByHs
(19, C3,) > 2-NByHs (20, Cy). This is another example where
thermodynamic stability and aromaticity are not directly
related in positional isomeP4235A similar situation, where
the magnetic property order increases with decreasing
thermodynamic stability, is found in 7-vertex species. The
less stable 1-NgH; (23) has a larger NICS and a largger
value than the 2-NBH; (22) isomer (Table 13).

In contrast, 9-vertex isomers do exhibit a direct correlation
between the NICS aromaticity and stability trends: 4sN8
(27, C9) > 4-NBgHo (27, C2,) > 1-NBgHy (28, C,) (Table
13). The most stable Niy positional isomer is the most
aromatic on this basis. However, the magnetic susceptibilies
of all positional isomers are nearly the same.

Conclusions

The relative energies of all the positional isomers of the
closcazaboranes, NBjH,, agree with topological charge
stabilization considerations as well as with the Williams
connectivity and the JemmisSchleyer six interstitial electron
rules. The stabilities of the lowest energy positional isomers
of closc-azaboranes, NB;H,, are like those of the isoelec-
tronic, closcborane dianions, B>~ (n = 5—12), andclosc
monocarbaborane anions, £BH,~ (n = 5—12). The most
symmetrical 6- and 12-vertesloso species, BHi,>~ and
Be,Hsz_, CByH12 and CBH¢, and NBiH12 and NBsHs,
define the lines for each family shown in Figure 4. Each
line serves as the basis for the quantitative comparison of
the other members of each set. The reaction energids,
for all three sets of clusters tend to increase with increasing
cluster size from 5 to 12 vertexes. The deviations of
individual species (apparent in Figure 4) show quite similar
trends but decrease fronlosoB,H>~ to closeCB,-Hy~
and fromcloseCB,-;H,~ to closeNB,-;H.

The reaction energieAH, in closoBH,>~ are about twice
as large as irtloscCB,-1H,~; the same is true foclosc
CBn-1Hn™ vs closoNB,-;H. These differences are due to
the greater degree of electron localization at the more
electronegative atom, carbon in the first comparison and
nitrogen in the second. Hence, the replacement of boron by
the much more electronegative nitrogen in¢lesoNB,-;H,
family leads to the largest leveling effect.

The magnetic criteria, NICS values, and magnetic sus-
ceptibilities document the three-dimensional aromaticity in
closeNB-1H;. NICS of the BH?~, CBy—1Hn~, and NB.—1H,,
closo sets show remarkably similar patterns vs the cluster
size. The BH.>~ NICS values tend to be the largest among
the three sets but not in all cases. The 6- and 12-vertex
species are more aromatic than the other members of their
families (Figure 6). The most stable isomers with a given
composition need not be the most aromatic (as based on the
magnetic criteria), since the overall bonding energies may
depend on other factors such as connectivity and topological
charge stabilization. Electronegative atoms, such as nitrogen,
substituted into borane cages tend to localize the electrons
and decrease the aromaticity.
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