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Abstract: The usual assumption of the extra stability of icosahedral boranes (2) over pentagonal-bipyramidal
boranes (1) is reversed by substitution of a vertex by a group 13 metal. This preference is a result of the
geometrical requirements for optimum overlap between the five-membered face of the ligand and the metal
fragment. Isodesmic equations calculated at the B3LYP/LANL2DZ level indicate that the extra stability of
1-M-2,4-C,B4H7 varies from 14.44 kcal/mol (M = Al) to 15.30 kcal/mol (M = Tl). Similarly, M(2,4-C,B4Hg)2*~
is more stable than M(2,4-C,BgH11)2'~ by 9.26 kcal/mol (M = Al) and by 6.75 kcal/mol (M = TI). The
preference for (MC,B4Hg)2 over (MC,BgHa1), at the same level is 30.54 kcal/mol (M = Al), 33.16 kcal/ mol
(M = Ga) and 37.77 kcal/mol (M = In). The metal—metal bonding here is comparable to those in CpZn—
ZnCp and HM—MH; (M= Al, Ga, and In).

Introduction face of the carboroane. The most common distortion of the metal
. . . in 1-M-2,4-GB,—3H, (n = 7, 12) is along the pseudomirror
The pentagonal-bipyramid1) and the icosahedron2), plane of the molecule, toward the unique boron atom. Several

Scheme 1, are the two related polyhedra that dominate the
. ) similar structuresla—n, were characterized over the years with
chemistry of polyhedral boranes. The icosahedral boranes are

usually considered to be the most stable among the polyhedral

(2) (a) Hosmane, N. Sure Appl. Chem1991], 63, 375. (b) Saxena, A. K.;

boranes. The pentagonal-bipyramidiisoborane BH2~ (1), Maguire, J. A.; Banewicz, J. J.; Hosmane, NM&in Group Chem. News
: ; : ; ; B : 1993 1, 14. (c) Hosmane, N. S.; Maguire, J. Adv. Organomet. Chem
in contrast, is highly reactive.However, this difference in 1990 30, 99. (d) Hosmane, N. &.; Maguire. J. & Cluster Sci1993 4,

reactivity appears to be altered with the substitution of one of 297. (e) Hosmane, N. S. IMain Group Elements and Their Compounds

the vertexes by a heavier group 13 metal. During the last three 55‘5‘_’ (\f/) S‘GéxgﬁaEdAf y.a{&l’zg/usir‘é”gﬁr:yﬁgg%a%e%ICDS‘?IZ}';]_'E‘gf‘iégff’; P

decades, several molecules isoelectronic withlB~ (n = 7, 97, 2421. (g) Hosmane, N. S.; Zhang, H.; Lu, K.-J.; Maguire, J. A.; Cowley,

12), containing one or two heteroatoms other than carbon in ‘H\og'ma“n”g“ﬂ,"”,sessgﬂxeﬁf‘;\“iiCz'p,gfr‘,‘glg,fzgr;ﬁég{)gﬂpi%‘:gggu,fﬁ,

the cage, have been prepatefl.These include metallacarbo- Slllcolrga é39§l18g4 539- (i) Grimes, R. N.; Rademaker, W.2.Am. Chem.
Soc

ranes involving heavier elements of the boron group. Early (3 (a) Allen, F. H.; Kennard, OChem. Des. Autom. New993 8, 31. (b)

examples of the group 18oscmetallacarboranes, especiall Grimes, R. N.; Rademaker, W. J.; Denniston, M. L.; Bryan, R. F.; Greene,
. P 9 P . p y P. T.J. Am. Chem. Sod972 94, 1865. (c) Hosmane, N. S.; Lu, K.-J.;
in the smaller cage, such as the galla- and indacarborelioss | Zhang, H.; Jia, L.; Cowley, A. H.; Mardones, M. @rganometallics1991,

- - - = i 10, 963. (d) Hosmane, N. S., et @rganometallics1995 14, 5104. (e)
1 CH:; 12,3 MCZB4H6(M Ga and In)] were SyntheSlzed .by Hosmane, N. S.; Kai-Juan Lu, Zhang, H.; Maguire, JOkganometallics
Grimes and co-worke®. These complexes have varying 1997 16, 5163. (f) Hosmane, N. S.; Kai-Juan Lu, Saxena, A. K.; Zhang,

i i _hi H H.; Maguire, J. A.; Cowley, A. H.; Schiuter, R. @rganometallics1994
distortions from the pentagonal-bipyramidal geometry, but the 13 979 (g) Young, D. A T.. Wiersema, R. J.: Hawthorne, MIFAM.

metal occupies the apical position above the open pentagonal  Chem. Soc1971, 93, 5687. (h) Getman, T. D.; Shore, S. [Borg. Chem.
1988 27, 3439. (i) Churchill, M. R.; Reis, A. H., Jd. Chem. Soc., Dalton
Trans.1972 1317. (j) Schubert, D. M.; Bandman, M. A.; Rees, W. S., Jr.;

T University of Hyderabad and Indian Institute of Science. Knobler, C. B.; Wonwoo, P. Lu. N, Hawthorne, M. arganometa”ics
* Northern lllinois University. 199Q 9, 2046. (k) Manning, M. J.; Knobler, C. B.; Hawthorne, M. F.;
(1) (a) Grimes, R. N. IMAdvanced Inorganic Chemistry6th ed.; Cotton, F. Youngkyu, D.Inorg. Chem1991, 30, 3589. (I) Bandman, M. A.; Knobler,

A., Wilkinson, G., Murillo, C. A., Bochmann, M., Eds.; Wiley-Inter- B.; Hawthorne, M. F.Inorg. Chem.1989 28, 1204. (m) Franken, A.;
science: New York, 1999; Chapter 5. (b) Casanovallle Borane, Ormsby, D. L.; Kilner, C. A,; Clegg, W.; Thornton-Pett, M.; Kennedy, J.
Carborane, Carbocation Continuyiley: New York, 1998. (c) Grimes, D. J. Chem. Soc., Dalton Tran2002 2807. (n) Stibr, B.; Tok, O. L.;
R. N.; Wilkinson, G., Stone, F. G. A, Abel, E. WComprehensie Milius, W.; Bakardjiev, M.; Holub, Hnyk, J. D.; Wrackmeyer, Bngew.
Organometallic Chemistry JIElsevier:Oxford, 1995; Vol. 1, Chapter 9. Chem., Int. Ed. Engl2002 41, 2126.
(d) Grimes, R. N., Ed. IMetal Interactions with Boron Cluster®lenum: (4) (a) Young, D. A. T.; Willey, G. R.; Hawthorne, M. F.; Churchill, M. R.;
New York, 1982; p 269. Reis, A. H.J. Am. Chem. Sod97Q 92, 6663.

10.1021/ja061399f CCC: $33.50 © 2006 American Chemical Society J. AM. CHEM. SOC. 2006, 128, 10915—10922 = 10915



ARTICLES

Pathak et al.

Table 1. Experimentally Characterized Structures of Pentagonal-Bipyramidal and Icosahedral Metallaboranes and Carboranes (from
Cambridge Structural Database®?) with One of the Vertices Substituted by Heavier Group 13 Elements

molecular formula

ref

molecular formula

ref

1. M(R)-C2B4Hs

a. Ga(CH)-2,3-CzB4H6

b. Ga(CMe)-2,3-(CSiMe),BsHs

c. Ga(CMe)-2,4-(CSiMe)2B4H4

d. Ga(GoNzHg)(tBu)-2,3-(CSiMe)BaHa. 2CsHs
e. Ga(QoNzHg)(IBU. -2,4-(CSiMQ)zB4H4.2C6H6
f. Ga(C8N4H5)(tBU)-2,4-(CSIMQ)2B4H4

g. Ga(cl)(CHNM62)2-2,3-(CSiMQ)gB4H4. CeHs
h. Ga(Cl)(CﬁNMEQ)2-2,4-(CSIMQ)zB4H4 CsHe
i. |I"I(CH3)-2,3-CzB4HG

j- In(CHMe,)-2,3-(CSiMe)BsH4

k. IN(CHMey)-2,4-(CSiMe)B4H

1. In(C1oN2Hg)(CHMey)-2,3-(CSiMe),B4Ha

m. |n(C]_oNzHg)(CHMQ)-2,4-(CSiMQ)2B4H4

n. |I’1(C6N4H6) (CHMez)-Z,g-(CSiMQ)zB4H4

2. M(R)-C2BgH 11

a. Ga(GHs)-2,3-GB1gH11
b. [Al (Me) BnHll]Z’.[AsPhg]g

c. Al(Me)-2,3-GBoH11 39
d. Al(GsHs)-2,3-CoBgHis 3i
e. Al(Me}-2,3-GBoH11 3i
f. A(E)(PEE)2-2,3-GBoH11 3
g. Tl-2,3-GBgH11.PPhy 3k
5. M(C2B4Hg)z

a. Ga[(2,3-CSII\/tQZB4H4]2’[Na(TMEDA)2]* 3e
b. Ga[(2,4-CSiM&:B4H.]> [Na(TMEDA),]* 3e
6. M(C2BgH11)2

a. Ga[2,3—@39H11]21‘ TI+ 3],3|
b. A|[2,3-C289H11] 217 3]
8. C;B4He-M-M-C ,B4H¢

a. [Ga-(2,4-(CSiM&-BaHe]: 11
P[1-C(Ph)BsHe]* [N(E)a]** 3m
[1-CBs(l)sHa] L [P(Ph)] I+ 3n

aThe last twob andc structures are included for their references.

Scheme 1

[C2BoH [M(C;B4Hg),I" [M(C;BoH; )2l
©)) ) (6)
i Zn !a i
Cp-Zn-Zn-Cp [M(C,B4Hy)], [M(C,BoH 1)1z
(@] 8) )

one Al, Ga or In in place of boron and these are tabulated here

(Table 1)).
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In contrast there is less information available on the icosa-
hedral structures with group 13 metals, although the first
structure of a group 13 metallacarborane in the icosahedral
system ) [1-R-1,2,3-AlIGBgH11 (R=CHjs, C;Hs)] was reported
by Hawthorne and co-workers in 197&tructurea—g (Table
1) form the characterized members of this family. Metallaborane
structures with a pentagonal-bipyramidal skeleton are more
common than those with the icosahedral skeleton. While this
may be the result of a greater synthetic effort toward the
pentagonal-bipyramidal skeletons, is there in addition a ther-
modynamic preference? We have reasons to expect so and this
is, in part, the motivation to undertake the present study.

The term dicarbollide was introduced by Hawthorne to
describe thenido-C;BgH1:%~ anion, indicating the bowl-like
shape. Thenido-C,B4He?™ (3) and -GBgH1:2~ (4) carborane
ligands have been compared to Cgo the metallocene like
structures @4H6MCZB4H517 (5) and QBnglMCZBgH1117 (6)
are expected to be stable. Several derivativeS ahd 6 are
known and Table 1 provides well characterized examples which
can be considered as condensed products from struttamel
2, respectively. While the well-known Waders+ 1 skeleton
electron pair rule is applicable tband2, it is outside of its
realm for 5 and 6.” The electron-counting rule that applies
equally well for metallocenes, metallacarboranes and condensed
polyhedral boranes has been introduced b§ Ascording to
this rule, commonly known agdemmisRule, wherem is the
number of polyhedray is the number of vertexes, ands the

(5) (a) Churchill, M. R.; Reis, A. H., Jr.; Young, D. A. T.; Willey, G. R;;
Hawthorne, M. FJ. Chem. Soc., Chem. Comma871, 298. (b) Jutzi, P.
Adv. Organomet. Chenil986 26, 217. (c) Churchill, M.; Reis. A. HJ.
Chem. Soc., Dalton Tran4972 1317. (d) Rees, W. S., Jr.; Schubert, D.
M.; Knobler, C. B.; Hawthorne, M. Fl. Am. Chem. S0d.986 108 5369.
(e) Schubert, D. M.; Rees, W. S., Jr.; Knobler, C. B.; Hawthorne, M. F.
Organometallics1987, 6, 201. (f) Schubert, D. M.; Rees, W. S., Jr.; Knobler,
C. B.; Hawthorne, M. FOrganometallics1987, 6, 203. (g) Schubert, D.
M.; Knobler, C. B.; Hawthorne, M. FOrganometallics1987, 6, 1353. (h)
Bandman, M. A.; Knobler, C. B.; Hawthorne, M. Fhog. Chem.1988
27, 2399.

(6) (a) Howard, J.W.; Grimes, R. Nl. Am. Chem. Sod.969 91, 6499. (b)
Grimes, R. NJ. Am. Chem. So4971,93, 261. (c) Howard, J. W.; Grimes,
R. N. Inorg. Chem 1972 11, 263.

(7) (a) Wade, KChem. Commuri971, 792. (b) Wade, KAdv. Inorg. Chem.
Radiochem1976 18, 1.

(8) (a) Jemmis, E. D.; Balakrisnaranjan, M. M.; Pancharatna, Pl.Am.
Chem. Soc2001, 123 4313. (b) Jemmis, E. D.; Balakrisnaranjan, M. M.;
Pancharatna, P. hem. Re. 2002 102, 93. (c) Jemmis, E. D.; Jayasree,
E. G.Acc. Chem. Re003 36, 816.
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of the aluminacarboranes, coupled with their excellent solubility
in organic solvents, have led to their potential usefulness as
transmetalation reagents. The insoluble thallacarbotéaes
highly valued as synthetic reagents. The present study on the
structure and bonding compliments the experimental study of

| | carboranes in relation to nano carborarods and buritli@sir

LB Lo, 1MBelt Ipy 1-M-2-CBaHy- 1q, 1-M-24-CB M focus is on the differential effect of a group 13 element as a
cap on the icosahedral and pentagonal-bipyramidal cage systems.

Computational Details

All the polyhedral structures of molecular formula HMHB,-12~,
HM-2CBy—oHn-1~  HM-2,4-CGBn—3Hn-1,  2,4-GBp_3Hn-1-M-2,4-
CZBn—3Hn—l, and 2,4-QBn—3Hn—1-M—M-2,4-Can—3Hn—1 [Wheren = 7,

12 and M= B, Al, Ga, In, and TI] are optimized at B3LYP method
using LANL2DZ basis se¥? This uses well-known three parameters
functional of Becke’s, including Hatree-Fock exchange contribution
Figure 1. Structures of pentagonal-bipyramidal and icosahedral metall- with non local corrections for exchange potential, together with non
aboranes and metallacarboranes indicating the numbering scheme. local correction for the correlation energy suggested by Lee, Young,
and Parft=¢ In addition, we have used 6-31G* basis set for compounds
number of single-vertex-sharing condensation structures with haying Aluminum and Gallium. All calculations were carried out using
m+n+o skeletal electrons that are extra stable. Thus, for the Gaussian 03 program packag@otal energies and the Cartesian
structure5, we havem = 2, n = 13, ando = 1 so that 16 coordinates of the structures studied are given in the supplementary
electron pairs are required for skeleton bonding. The number information. Energetic comparisons were made after Basis set super-
of electron pairs in 5a (Table 1), for example, is 15.5 (8 from position error wherever possible.
8 BH groups, 6 from 4 CH groups, and 1.5 from the Ga) so
that the complex has a negative charge. Similarly, Jé&@mis
Rule stipulates 26 electron pairs fér A negative charge is We begin the analysis by describing the structural features
required to meet the target as found experimentally. Here we of metallaborane dianions, monoanionic metallacarboranes and
would also like to see any inherent preference, if any, for this. neutral metallacarboranes based on pentagonal-bipyrantjdal (

Another connection between metallaboranes and metallocenesnd icosahedral2j skeletons. Among the monocarbaboranes,
is brought to attention by the recent synthesis ok®e-Zn— only structures with carbon at 2-postion are considered. The
Zn—CsMes (7), which are commonly called binuclear metal- dicarbaborane structures considered have the carbon atoms in
locenes This is indeed a new development in metallocene the 2,4-positions (Figure 1). The details of the structure and
chemistry of the main group, but main group metallacarboranes bonding of the icosahedral and pentagonal-bipyramidal struc-
have a similar precedent. In general, compounds having bondstures are given in sections A and B. Isodesmic equations (1
between two Ga atoms or other heavier group 13 elements are4) are used to estimate the relative preferences for these two
rare. There are a few classical inorganic compounds with structures. A relationship is then brought out between the
Ga—Ga bond such as Glrs, [GaC(SiMe)s]s and GaR4 [R = geometric parameters and the preference of the polyhedra for a
(MesSi),CH, 2,4,6Pr;CsH,, and 2,4,6-(CEsCsHy)] that have particular metal using fragment molecular orbitals. This ap-
been known for some tim€.In 1995, Hosmane and co-workers  proach is extended to the condensed structures basBcuod

2, Bl Th, 1-M-By H,;* 2i, 1-M-2-CByyH,2" 2, 1-M-2,4-C:BoH 2

Results and Discussion

synthesized a novel class of compoun8gsvihere the GaGa 6 in section C. The preference of specific polyhedra for the
bond is stabilized by two 2,4-dicarba-nido-hexaborate(2-) car- M—M bonded structures is discussed at the end.
borane ligand$! This is an equivalent of CpZnaZnCp (7). We (A) Bonding in the pentagonal-bipyramidal systemsThe

compare the metalligand and metatmetal bonding in the  electron requirements of the polyhedral structure is well-defined
binuclear metallocenes and binuclear metallacarboranes. TheI’Q)y the Wade’s Rule$The variations in the structure ofB72~
are no equivalent metaimetal bonded icosahedral structures. (Ds;) when a BH group is substituted by an AIH group are
We search here for reasons, if any, that prevent the formationnoteworthy. The ring hydrogens of the five-membered ring,
of such species. which is in the B5 plane in B47>~, bend away from AlH in

The group 13 metallacarboranes serve as useful reagents fopIB¢H-2~ by 9.3 (Table 2). See the extended overlap approach
the introduction of carborane cage moiefi€Ehe high reactivity (Scheme 2). Tha MOs of the BHs ring span exhibit too large

- an area to have optimum overlap with the MOs of the two BH
(9) (a) Resa, I.; Carmona, E.; Gutierrez-Puebla, E.; Monge&alence2004

305 1136. (b) A semi-popular review of this critical discovery (ref 10a) fragments (SCheme 2)- The extend of bending ﬂﬁBing or

has been made by Parkin, Gcience2004 305 1117. (c) Schnepf, A.; of a B-H bond depends on the metal and decreases to 8.5 in
Himmel, H, -J.Angew. Chem., Int. Ed. Endl005 44, 3006. ¢l) Schnepf,
A.; Himmel, H, -J.Angew. Chem2005 117, 3006.
(10) (a) Honle, W.; Gerlach, G.; Weppner, W.; Simon,JASolid State Chem. (13) (a) Spencer, J. L.; Green, M.; Stone, F. GJAChem. Soc., Chem. Commun.
1178.

1986 61,171. (b) Uhl, W.Angew. Chem., Int. Ed. Engl993 32, 1386. 197

(c) Uhl, W.; Hiller, W.; Layh, M.; Schwarz, WAngew. Chem., Int. Ed. (14) (a) Tour, J. MChem. Re. 1996 96, 537. (b) Schwab, P. F. H.; Levin, M.

Engl. 1992 31, 1364. (d) Uhl. W.; Layh, M.; Hildenhrand. 0. Orgonomet. D.; Michl, J. Chem. Re. 1999 99, 1863. (c) Herzog, A.; Jalisatgi, S. S.;

Chem.1989 364, 289. (e) He, X.; Bartlett, R. A.; Olmstead, M. M.; Senge. Knobler, C. B.; Wedge, T. J.; Hawthorne, M. Ehem. A. Eur. J2005

K. R.; Sturgeon. B. E.; Power, P. Rngew. Chem., Int. Ed. Endl993 11, 7155.

32, 717. (f) Schluter. R. D.; Cowley, A. H.; Atwood, D. A.; Jones. R. A.; (15) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Becke, A. DPhys.

Bond. M. R.; Carrano. C. . Am. Chem. Sod 993 115, 2070. Rev. A 1988 38, 2398. (c) Lee, C.; Yang, W.; Parr, R. Bhys. Re. B
(11) Saxena, A. K.; Zhang, H.; Maguire, J. A.; Hosmane, N. S.; Cowley, H. 1988 37, 785.

Angew. Chem., Int. Ed. Endl995 34, 332. (16) (a) Frisch, M. J. et aGaussian O3revision B.03; Gausian, Inc.: Pittsburgh,
(12) Jutzi, P.; Galow, PJ. Organomet. Cheni.987, 319 139. PA, 2003.
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Table 2. Out-of-Plane Bending (180° — <X1BH, where X1 Is the Centroid of the Five-Membered Ring and the X1-M—H Bonds Bend
Away from the Capping Atom Denoted by the Negative Sign) Values of the exo-Polyhedral Bonds in the Pentagonal-Bipyramidal Boranes
and Carboranes (Figure 1) at B3LYP/LANL2DZ?

structures angles in deg M = BH AlH GaH InH TH
1-M-BgHe2™ X1-M—H 0.00 —0.02 —0.03 —0.05 —0.31
X1-Bi-6—H 0.00 —-9.34 —8.51 —10.45 —10.64
1-M-2-CBsHg'™ X1-M—H —8.32 (—9.80y —12.87 —15.43 —18.65 —32.58
X1-C2—H —0.01 (-1.83) —10.74 —10.07 —12.51 —13.87
X1-B3/6—H —5.74 (-8.22) —-9.75 —9.32 —10.84 —12.00
X1-B4—5—H —0.35 (-3.04) —7.66 —7.00 —8.37 —-8.70
1-M-2,4-GB4Hs X1-M—H —6.66 —12.43 —15.41 —20.38 —43.78
X1-C2/4-H —1.09 —10.01 —9.32 (-8.56)" —11.22 (9.75% —12.14
X1-B3—H -1.10 —5.92 —5.99 (8. 43) —7.27 (-11.85) —-8.12
X1—-B5/6—H —-5.61 —8.49 —7.01 (-8.79) —8.67 (—8.99) —6.62

a Geometrical parameters of the corresponding experimentally characterized structures are in parentheses, and the superscript on thepaspthdses c
to experimental structures listed in the Table 1.

Scheme 2 The general considerations of structure and bonding do not
change in the monoanionic carborane 1-M-2s88~ and the
neutral 1-M-2,4-GB4H7 derivatives (Figure 1). Major differ-
ences come from the distortions arising from the lower sym-
metry of the five-membered ring resulting from the carbon
atoms. The calculations refer to molecules where all exohedral
substituents are replaced by hydrogens (Tables 2 and 3). The
geometrical parameters of the corresponding experimental
structures are also indicated in parentheses. Experimental
structures are available for the neutral derivatives with Ga (1h
in Table 1) and In (1k in Table 1) as the metals. The geometrical
parameters of these experimentally characterized structures are
compared with the model structures. The calculated rind3B
B—C and G-C bond distances fall withint0.06 A of the
experimental values (Table 3). The in-plane bending otttee
polyhedral bonds vary somewhat more (Table 2) from the
Ga. However, it increases to 10.5 and to 10.6 with In and Tl, experimental values, probably because of the bulkier substituents
respectively. The correspondingB bond lengths (Table 3)  present in the experimental structures. The slip-distortions of
of the five membered rings are 1.68, 1.74, 1.74, 1.75, and 1.76the —MR groups located above theR; face of the carborane

A for BH, AIH, GaH, InH, and TIH, respectively, indicating  toward the boron side of the face has been noted earlier for Ga
an enlargement of the five-membered ring. Considerable ring and In derivatives and a molecular orbital explanation pro-
expansions (Table 3) and bending of ring hydrogens (Table 2) vided3"17 Here the ring-cap bonding is fine-tuned by the
were observed for their carborane analogues too. These outteorientation of orbitals by shifting the substituent of the metal
of-plane bendings can be understood using a fragment MO capsoward the carbon side of the five-membered ring. Detaild MO
with more diffuse orbitals representing the ideal situation. studies to explain these structural distortions are available in
However, the GB3Hs ring is smaller by virtue of shorter-8C the literature-’

bonds. This helps to have better overlaps with the ring and cap (B) Bonding in the Icosahedral Boranes and Comparison
orbitals, thus explaining the better stability otBgH; over to Pentagonal-bipyramids.lcosahedral [M(R)@BgH11)] spe-
BsH-2~ (Scheme 2b). When one of the apicatB groups in cies are isoelectronic witblosa1,n-C,B1gH12 (n = 2, 7, 12),
BsH-2" is substituted by the MH group such as AtH, an closo1-CByjH1o', andclosoBiH12. The extra stability of
advantageous situation arises for both theHBand the M-H the icosahedradlosoB;,H12%~ is attributed to its high symmetry
groups (Figure 1). The BH bonds of the BHs ring bend out and the consequent orientation of the exohedral bonds it
of the B5 plane and rehybridize the orbitals so that the larger provides. This orientation is very close to that required for ideal
lobe is directed toward the group with more diffuse orbitals bonding in a pentagonal-pyramidal borane. For example, the
(Scheme 2d). The process of rehybridization increases i B exohedral B-H bonds of the five membered ring irsBs*~ or

bond lengths of the Bring, bringing the apical BH group BeH10 are bent toward the apical-B4 group by about 25
closer to the centroid of thesBing. This also helps to increase  (Scheme 2c). The pentagonal pyramid, which can be obtained

i

(@

(d)
M-BgH;%

orbital span for the Bfragment toward the MH cap. The out- by halving the icosahedron, provides an angle of 26y6the

of-plane bending of the ring BH toward the unique BH icosahedral symmetry. This coincidence of the requirement of
increases with increasing diffuse nature of the orbitals of the a pentagonal-pyramidal borane and the symmetry dictated angle
M—H groups; the largest bending is calculated for-H. The available for the icosahedron leads to the unusual stability for

advantage of the out-of-plane bending for the interaction icosahedral BH;,%~. The fragment orbitals of thegH1,2~ are

between B-H cap and BHs ring is indicated by the decrease oriented toward the missing vertex. Substitution of two boron
of the ringBH-capBH distance of 1.87, 1.84, 1.84, 1.83, and
1.81 A for BH, AIH, GaH, InH, and TIH, respectively (17) (a) Canadell, E.; Eisenstein, O.; RubioQtganometallics1984 3, 759.

(b) Maguire, J. A.; Hosmane, .I$.; Saxena, A. K.; Zhang, H.; Gray, T. G.
(Table 3). Phosphorus, Sulfur, Silicoh994 87, 1299.
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Table 3. Important Interatomic Distances of Pentagonal-Bipyramidal Boranes and Carboranes (Figure 1) at the B3LYP/LANL2DZ Level of
Theory (where X1 Is the Centroid of the Five Membered Ring)?

Structures Distance (A) M=BH AlH GaH InH TIH

Ring B-B 1.68 1.74 1.74 1.75 1.76

M- By 1.87 222 222 2.39 2.51

B7-By 1.87 1.84 1.84 1.83 1.81

M-X1 1.20 1.66 1.66 1.87 2.02

B7-X1 1.20 1.09 1.09 1.06 1.03

C2-B3/6 1.57 (1.56)° 1.60 1.59 1.59 1.58

B3/5-B4/6 1.67(1.65) 1.72 1.72 1.73 1.72

B4-B5 1.70 (1.66)  1.76 1.76 1.79 1.82

M-C2 1.79 (1.74)  2.18 2.22 2.41 2.75

M-B3/6 1.87(1.82) 223 2.25 2.42 2.66

M-B4/B5 1.83(1.80) 2.18 2.17 2.33 241

M-X1 121(1.16) 1.68 1.69 1.90 2.14

B7-X1 121(1.16)  1.11 1.11 1.09 1.07

C2/4-B3 1.56 1.58 1.58 (1.52)™ 1.58 (1.5  1.57

C2/4-B5/6 1.59 1.62 1.62 (1.56) 1.62 (1.60) 1.58

B5-B6 1.68 1.72 1.73 (1.76) 1.74 (1.71) 1.85

c4 B3 M-C2/4 1.76 2.16 2.18 (2.88) 2.38 (2.44) 2.75

B C2 M-B3 1.90 2.28 2.31(3.08) 2.50 (2.52) 2.92

\f M-B5/B6 1.83 2.20 2.18 (2.25) 233 (2.32) 2.44

B7 M-X1 1.21 1.71 1.72 2.27) 1.94 (1.99) 2.28
B7-X1 1.208 1.132 1.132 (1.083) 1.119(1.060)  1.123

a Geometrical parameters of the corresponding experimentally characterized structures are in parentheses, and the superscript on thepespoihgsis c
to experimental structures listed in the Table 1.

2— i« Table 4. In-Plane- Bending (180° — <X1BH, where X1 Is the
atom.s of BoHi” by two carbon at0m§ do.es nOt. change .thIS Centroid of the Five-Membered Ring) Values of the exo-Polyhedral
considerably. However, metal atoms with highly diffuse orbitals gonds of the Icosahedral Boranes and Carboranes (Figure 1) at
affect the stability. These metals have more diffuse orbitals that the B3LYP/LANL2DZ Level of Theory?

require a larger orbital span of the; Bng. We have studied structures angle in deg M= AH GaH WH  TH
the variations in geometry in going from#Bi;2~ to M-ByiHi1 72, 1-MByHi 2 X1-M—-H 0.00(L60F 000 000 0.00
1-M-2-CByjH12t~ and 1-M-2,4-GBgH1» (where M= Al, Ga, X1-Bo—s—H 20.81(25.46) 20.87 19.31 18.89
i ol i i X2—B7-11—H 27.70 (25.40) 27.71 27.94 27.96
In, and TI.) (Tables{fand 5). There is substantial ring expansion 1-M-2-CBigHi X1—M—H 1285 1505 1936 33.98
as the size of M increases. The overlap of fragment MOs X1—C2—H  22.73 2346 22.89 24.84
requires rehybridization to regain better overlap (Scheme 2e vs Q’EZ?;H %-gg %-22 %?% i?ié
d). This leads to the distortion caa‘xopolyhedral B-H ponds X2—B7 s—H 2354 21.80 2175 2149
farther away from the metal so that there is better orbital match. X2-Bg-11—H 27.10 27.50 27.64 26.80
Bv symmetryv the anale that-BH makes with the B5 plane i 1-M-2,4-GBgH1;  X1—-M—H 11.54 14.34 21.16 45.81
ylsyl de y eoaa ge azi makes h e BS plane is X1-C2/4-H 21.62 22.11 21.65 25.77
calculated as 26%6n BioHi7~~ (Figure 1). It changes to 29.9 X1-B3-H 2846 2818 2791 31.63
(average of 28.8, 31.7, and 29.2) in 2,4BgH1,. This is X1-B5/6—H 24.13 23.38 20.84 16.71
i 1_AlLD A X2—B7_10~H 21.51 21.75 21.30 20.51
changed to 24.7 (average of 21.6, 28.5, and 24.1) in 1-Al-2,4 o—BIloH 2682 5705 2722 2723

C:BgH12. The average BH in-plane bending of their carborane
derivatives decreases (going away from the metal) when we go 2 Geometrical parameters of the corresponding experimentally character-
down the group 13 elements from Al to Tl (Tables 4 and 5). ized structures are in parentheses, and the superscript on the parenthesis is
The symmetry of the top s plane is decreased from the corresponding experimental structure listed in the Table 1.
substituting one or two boron atoms by carbons. This is the bending ofexopolyhedral H-bonds in their carborane deriva-
main reason for not following the same trends for all in-plane tives. These distortions, however, decrease the overall stability

J. AM. CHEM. SOC. = VOL. 128, NO. 33, 2006 10919



ARTICLES Pathak et al.

Table 5. Important Interatomic Distances of Icosahedral Boranes The energies of reactions for Al and Ga derivatives are similar,

and Carboranes (Figure 1) at the B3LYP/LANL2DZ Level of . . . . . .

Theory (where X1 Is the Centroid of the Five-Membered Ring)? in tune with th<_a|_r nearly equal atomlc_radu. The decrease in
the endothermicity for the carborane is due to the decreased

tructi dist M=BH M=AH M=GaH M=InH M=TIH . . . .
Srucurzs e ? " size of the GBj; ring, making the difference between the
1-MByiHa 'r\;lngéa—s 1'25 ;'?g gif 15?3 1'29g ., 1'2927 effective orbital span of the two five-membered rings3iand
—bB2-6 . . . . . . . .

M—X1 0.95 1.48(1.46) 147 169 185 4 less than that in the parent boranes. The relatively larger
B12-X2 095 095(0.93) 095 094 094 number of metallaboranes based on the pentagonal bipyramid

sac S e 1% TR0 12 1S IS isnotan accident atterall. |
B3/5-B4/6 1.80 1.84 185 1.86 1.85 (C) Condensation through Single-Atom Sharing: Sand-
B4-BS 182 1.89 191 194 204 wich Structures involving Pentagonal-Bipyramidal (5) and
M—C2 1.74 217 220 242 274
M—B3/6 181 218 219 237 260 Icosahderal (6) Metallaboranes.There are only twq weII-_
M-B4/5 180 2.16 215 230 2.40 characterized examples where two pentagonal-bipyramidal
M-—X1 0.96 1.53 153 177 203 metallacarboranessé—b, Table 1) are condensed to form a
;'(ﬁ_x);z (l):gg (l):gi 2:2? (l):gi (1):2‘1‘ sandwich structure, both from the Hosmane group. The Haw-

1-M-2,4-C,BgHy; C2/4-B3  1.72 1.70 171 169 1.65 thorne group contributed the three condensed structures involv-
<B3§/4g636/5 %-;8 %-gg %-;Z %gg i-g; ing icosahedron with Al and Ga6é—c, Table 1)37k The
M_C2/Ca  1.74 216 518 241 293 structures of the series [commo-tkl\]l(l,2,4-GaC§Bn_g_,Hl_1)2]
M-B3 1.83 2.21 223 244 298 (wheren = 7, 12) at the B3LYP/LANL2DZ level indicate
M*iim 3-983 55175 f-slg f-gi’ 5;‘57 several interesting trends. The structural variations in formation
B12-X2  0.96 0.95 095 095 0095 of these sandwich structures are to be seen in relation to the
X1-X2 152 151 151 151 152 corresponding changes noted in the metallocenes. The metal-

locenes involving cyclopentadienyl rings retain the planar or
a Geometrical parameters of the corresponding experimentally character-n(_:,ar|y_p|anner geometry of thess ring. The variation of the
ﬁydrogen atoms from thes@lane is small. Th@ido-C;B4Hs?~

ized structures are in parentheses, and the superscript on the parenthesi
corresponds to experimental structures listed in the Table 1. ! \ ’
and GBgH1,°~ ligands, equivalent of the Cpare very different

Table 6. Reaction Energies (AH, kcal/mol) of These Reactions 2— :

(egs 1—4) Calculated at the BSLYP/LANL2DZ Level of Theory from each Other' In (ZB“HG_ , the ring hydr,OgenS are bzen,t away
. from the incoming metal ion. In the largedo-C,BgH1,%~ ion,

equations M=A Ga in L the ring hydrogens are oriented toward the incoming metal ion

1 27.20 27.04 34.78 41.40 (Table 7).
2 22.52 22.78 30.54 40.78 . .
3 24,95 2450 35.03 49.05 I.t is therefore reasonablg to assume that pentagonal-pyramidal
4 14.44 15.87 18.01 15.3 anions can be more easily brought together as thé¢iBnd

the C—H bonds of the five-membered ring are bent away from
the central metal atom. We have used isodesmic eqs 5 and 6 to
of the system. Thus, the initial orientation of the fragment compare the relative stability. The anticipation based on the
orbitals of BHs away from the vacant vertex and ofBi1, decreased steric interaction in 5 in comparison to 6 is confirmed
toward the vacant vertex predisposes the former for capping by energies of eq 5. Formation of the sandwich complex
groups with more diffuse orbitals and the latter to caps with jnyolving two pentagonal pyramidals are more favored than
less diffuse orbitals (SCheme 26) This should lead to a reVersalthose invo|ving two icosahedral fragments by energies ranging
of relative stabilities in relation to the parent systems for the from 6 to13 kcal/ mol. Despite the possible steric interaction,
metallaboranes. The calculated structural parameters agree withhe B—~H and C-H out-of-plane bending are not dramatically
the experimental data for most of the structures, given in changed in forming the sandwich complex. Instead, the M-ligand
parentheses in Tables 3 and 4. distances are increased as much as-0.2 A. It is interesting
We have used isodesmic equations (equatiorst)1to to note that a mixed complex involving one eact8and4 as
estimate the relative stabilities of various group 13 metallabo- ligand is favored over a combination 6fand 6:
ranes and their carborane analogues based on pentagonal
pyramid and icosahedron (Table 6): 2,4-CB,He-M-2,4-CBHs + 2 2,4-CB Hy, —
2,4-CBgH,-M-2,4-CBgH,, + 2 2,4-CB:H, (5)

B,,H;,~ + HM-BH ™ — HM-B, H, > + BH,> (1)
where AH = 9.26 (Al), 10.53(Ga), 12.19 (In), and 6.75 (TI)

B,,H,, + HM-2-CBHs" — HM-B;H,,*" + 2-CBH," kcal/mol, calculated at B3LYP/LANL2DZ level of theory, and
2
, @ 2 2,4-GBgH,,-M-2,4-C,B,Hs —
BlZle + HM'2’4'CQB4H6 - 2=4'C289H11'M'2’4'C289H11 +
HM-B,;H,,”” + 2,4-CBH, (3) 2,4-CB,H¢M-2,4-C,B,H; (6)
2,4-GBHi, + HM-2,4-C,B,Hs — where AH = 4.75(Al), 4.61(Ga), 3.57(In), and 3.11(Tl) kcal/

HM-2,4-C,BgH,, + 2,4-CBgH; (4) mol, calculated at BSLYP/ LANL2DZ level of theory.
(D) Binuclear metallocenesThe recent synthesis of CpzZn
The endothermicity of these reactions is a reflection of the extra ZnCp has brought much attention to the study of binuclear
stability of pentagonal-bipyramidal geometry when group 13 metallocene&? The strength of the MM bond in this and in
metals form a part of the skeleton and thus supports our analysismany hypothetical binuclear metallocenes has been investi-
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Table 7. Comparisons of Geometrical Parameters Are Made between Half-Sandwich and Single-Atom Sharing Condensed Systems
(Scheme 1) and Calculated at the B3LYP/LANL2DZ Level of Theory?

geometrical H-M-C;B4Hs MIC2BHel2*~ HMC,BoHy; M[CBgH11]2~

parameters Al Ga In Al Ga In Al Ga In Al Ga In
X1-C2/4—H 10.01 9.32 11.220 9.75 9.9 (12.687) 11.48 21.62 2211 21.65 22.80 26.70 24.80
X1-B3—H 5.92 5.99 7.275 6.56 7.71 (20.10) 8.40 28.46 28.18 27.91 27.46 29.23 29.30
X1-B5/6—H 8.49 7.01 8.673 9.18 9.30 (20.09) 9.48 24.13 23.38 20.84 23.16 26.00 23.76
M—-X1 1.71 1.72 1.94 1.84 1.93(1.92) 2.13 1.57 1.58 1.85 1.73 2.28 2.13

aThe data of the corresponding experimentally characterized structures are in parentheses and the superscript on the parentheses cornespdalds exper
structure listed in the Table 1.

Table 8. Geometrical Parameters of the Binuclear Complexes Table 9. Energies (AH, Kcal/Mol) of the Reactions (eqs 7—12)
Calculated at the B3LYP/ LANL2DZ Level of Theory?2 Calculated at B3LYP/LANL2DZ Level of Theory (Values are in
Parentheses Calculated at B3LYP/6-311++G**)

geometrical [MC;BsHs [MC;BgH1 1], .

parameters Al Ga In Al Ga In equations M=A Ga In
X1-M—X2/M 12.41 14.70 (15.6f 20.85 9.19 1575 22.70 7 -0.83 2.31(5.52) 9.18
X1-C2/4-H  9.68 9.99(9.38) 10.97 2152 22.10 21.70 8 6.58 9.12(11.70) 15.50
X1-B3—H 593 6.00(10.8) 7.40 27.70 27.90 26.90 9 4.94 7.65 13.74
X1-B5/6-H 820 8.26(6.01) 841 23.15 2325 20.88 10 5.94 8.57 14.65
M—X1/X2 172 173(1.68) 195 158 159 185 1 30.54 33.16 3r.17
X1-X2 590 5.80(5.55) 645 564 551 6.22 12 21.56 (M=2n)
M1—M2 252 245(2.34) 275 252 244 275

2 The data for corresponding experimentally characterized structures aresimple dimeric hydrides M —MH,. The bond energies are
in parentheses, and the superscript on the parentheses corresponds eXperé'ompared between the reactions 0 and it has been found
mental structures listed in the Table 1. . . .

that Al—=Al bond in binuclear complex8 is 7.41 kcal/mol

stronger (Scheme 1) than in its dimeric hydride complex. It
becomes 7.11 kcal/mol stronger in the case of~Ga bond
and 6.31 kcal/mol stronger for the-hin bond. These relative
hydrogenation energies are the reflections of their extra bonding
d character in these binuclear complexes. We have calculated
hydrogenation energy of G (D2g) and Ga(2,4-GBaHe):
using 6-31#+G** basis set of the same method (Table 8) and
the values are-5.52 and—11.70 kcal/mol, respectively, which
are comparable with the data calculated at BSLYP/LANL2DZ
level of theory. The basis set superposition error (BSSE),
associated with the MM bond energy was calculated directly
by the counterpoise methé¥The values are-0.94 (Al), —0.89
(Ga), and—0.55 (In) kcal/mol for complex and —1.41 (Al),
—1.58 (Ga) and-1.34 (In) kcal/mole for comple®:

gated!® The Cp and thenido-carboranes B4Hg?~ (3) and
C,BgH112~ (4) are considered as comparable ligands. The
synthesis of CpzZrZnCp complex naturally leads to the
question of similar binuclear complexes involviBgnd4. In
fact,5 and6 must be considered as experimentally characterize
forerunners of binuclear metallocenes. Hosmane et al. synthe-
sized the first binuclear metallacarborane involving gallium, 8a
(Table 1)12 We have studied the structure and bonding of a
series of binuclear metallaboranes involving pentagonal bipyra-
mid and icosahedron with metals ranging from Al to TI, but
structures involving Tl atoms are not minima on the potential
energy surfaces. The first indications of the strongly bonding
nature of the M-M bond in these complexes come from
comparisons to the bond lengths inNH—MH, (D2g) (Table

8). The M—M bond distances in the binuclear metallacarboranes
are shorter by about 0.1 A, indicating the stabilizing influence HM-MH,, (D9 + H, — 2MH;, ()
of these GB4H¢*~ and GBgH11%~ ligands on the M-M bond. 2,4-CB,HsM- M-2,4-C,B,H, + H, —

However, the experimental Gé&a distance irBa is consider- 1-M-2,4-CBH, + 1-M-2,4-CB,H, (8)
ably shorter than that of the model at the B3LYP/LANL2DZ A-GBJH, 4GB,
level. We have studied the same system using a larger all2,4-CBgH,-M- M-2,4-C,.BjH,, +

electron basis set, 6-3+H-G** at the same level. The Ga H, — 1-M-2,4-C,BH,, + 1-M-2,4-C,B,H,; (9)
Ga distance of 2.397 A (Table 10) at this level is close to the

experimental value of 2.340 A. Similarly, we have studied 2,4-GBgH;-M-M-2,4-C;B,H; +H, —

Cp2Zn, complex using the 6-31+G** basis set for compari- 1-M-2,4-C,BgH,, + 1-M-2,4-C,B,H, (10)
son and found that ZaZn bond distance (2.339 A) is close to
the experimental value of 2.305 A. However, this did not change 2,4-GBHeM-M-2,4-C;B,Hg + 2CB1oH1,—

the energetics as much. The calculated hydrogenation energies 2,4-GBgH,-M-M-2,4-C,BgH,, + 2C,BsH; (11)
of HoM—MH;, (D,q) are—0.83, 2.31, and 9.18 for Al, Ga, and _

In, respectively (eq 7, Table 9). The hydrogenation energy Cpzn-znCpt H, = 2CpznH (12)

increases (eqs-710) as we go down the group 13 elements . . .
(eq ) 9 group The low exothermocities of these reactions, demonstrating that

form Al to In. The M—M bond distances in these binuclear ¢ i £ binucl all table with ¢
complexes are comparable to the distances calculated for the'ormation otbinuciear metaflocenes are more stable with respec
to their half-sandwich complexes. Binuclear metallocenes with

2— [i eBGH 2—
(18) (a) Rsso, D.; Galindo, A.; Resa, |.; CarmonaABgew. Chem., Int. Ed. C2BaHs Ilgands are more stable than th 1. S0 the

Engl. 2005 44, 1244. (b) Xie, Y.-M.; Schaefer, H. F., lll; King, R. B. structures with pentagonal bipyramids are more favorable than
Am. Chem. So@005 127, 2818. (c) Xie, Z.-Z.; Fang, W. HChem. Phys.

Lett. 2005 404, 212. (d) Xie, Y. -M.; Schaefer, H. F., Ill; Jemmis, E. D.
Chem. Phys. LetR005 402 414. (19) Boys, S. F.; Bernardi, iMol. Phys.197Q 19, 553.

J. AM. CHEM. SOC. = VOL. 128, NO. 33, 2006 10921



ARTICLES

Pathak et al.

Table 10. M—M Bond Distances and Bond Orders for Group 13 Binuclear Complexes Calculated at the B3LYP/LANL2DZ Level of Theory

(Values Are in Parentheses Calculated at B3LYP/6-311++G**)

compounds M-M bond distance (A) EH Population Mulliken Population Wiberg Bond Index Mayer-Mulliken bond order
H—-C—C—H (10 1.222 1.892 1.007 2.997 3.067
H—Zn—Zn—H (1) 2.591 (2.445) 0.619 0.354 0.482 0.887
Cp—2Zn—Zn—Cp (12 2.458 (2.339) 0.616 0.312 0.881 0.935
H—Be—Be—H (13) 2.086 0.919 0.455 0.705 1.053
Cp—Be—Be—Cp (14) 2.028 0.941 0.310 0.926 1.019
Al;H4(D2h) (15) 2.641 (2.622) 0.868 0.336 0.901 0.856
AlzH, (D2d) (16) 2.604 0.881 0.353 0.916 0.870
AlHgZ (17) 2.756 0.102 0.394 1.027 1.052
HeC2B4—Al —Al —C;B4Hs (18) 2.520 0.865 -0.226 0.966 0.682
H11CoBg—Al —Al —C,BgH11 (19) 2.522 0.888 -0.672 0.937 0.470
GaH, (D2h) (20) 2.586 (2.525) 0.769 0.307 0.879 0.791
GaH, (D2d) (22) 2.543 0.810 0.328 0.900 0.809
GaHe?™ (22) 2.695 0.112 0.376 1.026 0.980
HeCoBs—Ga—Ga—C,B4Hs (23) 2.445 (2.397) 0.738 -0.062 0.951 0.552
H11CoBo—Ga—Ga—CyBgH11 (24) 2.444 0.754 -0.185 0.926 0.464

the icosahedrons and it is seen in their corresponding half
sandwich complexes too.
Partitioning of electrons in a molecule into contributions to

away from the metal so that there is a better orbital match. The
overlap between ring-orbitals and the cap orbitals is improved
by the out-of-plane bending of ring hydrogens. The five-

specific bonds is always contentions. Despite this, we have alsomembered ring of a pentagonal bipyramid makes better overlap

applied the natural bond orbital (NB8)analysis and other
methods to study the MM bonding in these molecules. The
Wiberg bond indexeé$ and Mayer-Mulliken?? bond orders
(Table 10) of M=M clearly demonstrate that there is a covalent
single metat-metal bond in these complexes. The metaktal
o-bonding is stronger in kC;B4-M—M-C,B4Hg than in the
corresponding KHC;Bo-M—M-C,BgH11 by comparing their
relative bond orders (Table 10). The Mulliken overlap popula-
tions?2 do not do as well; overlap population between-All

in Al 2(CzB4H6)2 and Alz(CngHll)z are—0.2261 and—0.6716,
respectively.

Conclusions

The trend that group 13 metals prefer pentagonal-bipyramidal
skeleton, rather than an icosahedron, is well explained by the
orientation of thez-orbitals of the ring in both cases. IniB2,
thesr MOs of the BHs ring will span too large an area to have
optimum overlap with the MOs of the two BH fragments. A
B4H4 ring or caps with more diffuse orbitals would have been
better suited for such interaction. Thus, the B bonds of the
BsHs ring would bend out of the B5 plane, rehybridizing the
orbitals so that the larger lobe is directed toward the group with
more diffuse orbitals. The overlap of fragment MOs it 1>~
requires rehybridization for better overlap with the metal atom.
This leads to the distortion @xopolyhedral B-H bonds farther

(20) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899.

(21) Wiberg, K.Tetrahedron1968 24, 1083.

(22) (a) Mayer, IChem. Phys. Letl.983 97, 270. (b) Mayer, lInt. J. Quantum
Chem.1984 26, 151.

(23) Mulliken, R. S.J. Chem. Phys1955 23, 1833.
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with the diffuse orbital of metals more effectively than that of
an icosahedron. Five-membered faces of thB4He ring can

be more easily brought together to form a sandwich because
the B—H and the C-H bonds of the five-membered rings are
bent away from the central metal atom. This explains the relative
stability of the single-atom sharing complexes involvingggHe

over their icosahedral analogues. The binuclear metallocenes
with C,B4Hg¢?~ ligands are more stable than those having
C,BgH1:%2~ because of their strong metahetal o-bonding, as

is indicated by NBO analysis.
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