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Theoretical Study of IcosahedralclosoBorane, -Alane, and -Gallane Dianions (AcH122~; A
= B, Al, Ga) with Endohedral Noble Gas Atoms (Ng= He, Ne, Ar, and Kr) and Their
Lithium Salts (LIINg@A 12H12]~ and Liz[Ng@A12H12])

Introduction

The preparation and characterization of polyhedral com-
pounds containing endohedral atoms or ions (X{@#ot only
involve the fullerene$,but also dodecahedraneds? and
metal clusters, such as Ga,2 Tl13', Nilny!%, Zninye'%, and
Gayo[C(SiMes)s]6*@ and Si@AL4%° In addition, a number of
more complex (condensed) clusters, which link small isolated
molecular clusters and bulk metdizalso have been examinéd.

Bombardment of cages such as fullerenes or dodecahedrane
with ionized noble gas beams (Ngfollowed by Ng NMR
chemical shift measurement is a useful tool for the investigation
of cluster structure and properties. In combination with ab initio
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Geometries, energies, vibrational frequencies, and magnetic properties have been computed at the B3LYP level
with the 6-31G* and 6-31tG* basis sets for a family of endohedralosoboranes, -alanes, and -gallanes
Ng@As-H122~ with noble gas atoms (Ng) located in the centers of icosahedid, [Bl 12], and [Ga] clusters.

The endohedral structures of most of the systems are minima lying above separated\Nbl1,*~ by 166
(He@B2H127) and 403 (Ne@BH1,2") kcal/mol for boranes; 29 (He@AH1,27), 63 (Ne@AlH127), 154
(Ar@AloH127), and 189 (Kr@Ad-H1,27) kcal/mol for alanes; and 39 (He@GH1,*7), 71 (Ne@GgH12),

and 213 (Ar@GaH12,27) kcal/mol for gallanes. Three types of transition states are found for the exit of Ng from

a cage: via an edgd§-1), through a faceTS-2), and via a more extensive deformation through a pentagonal
cage “neck” TS-3). The most favorable exit path depends on the rigidity of the cage, the exothermicity of the
dissociation, and the relationship between the size of the internal cavity of the cage and the Ng atomic radius. Ng
exit via TS-3 is preferred for He@AbH122~, Ne@AhH12~, He@GaH122~, Ne@GaH122~, Ar@AloH 2,

and Kr@Ak,H12%~. Helium exits via a cage edgd $-1) for He@B;,H1%~, while for Ne@B,H1*~ the neon

exits via a triangular faceTG-2). Exit barriers Heyit) are high enough (3660 kcal/mol) for all helium clusters

and for Ne@A];H1,2~ and Ne@GaH1,>~ to ensure the kinetic stability of these systems. The barriers for
Ar@AloH12~ and Kr@AhH1,2~ decrease to 1915 kcal/mol, while Ne@B:H12*~ has a very low exit barrier

and is not expected to be stable kinetically. There is a linear dependence of Mg@A cage size on the Ng
atomic radii; that is, the heavier Ng atoms “bulge” the cages. Nucleus independent chemical shifts (NICS) indicate
that all three A,H1,2~ anions are aromatic but the alanes are the least so. A face- or edge-coordinated external
Li* cation has a moderate effect on the structure and vibrational and magnetic properties of the helium-containing
clusters, i.e., LiiHe@4#AyH12] . In contrast, for systems with very large exothermicities of Ng exit,ddmplexation
promotes their dissociation. Thus, the internal atom Ne exits from the cage of Li[A¢@P and the salt
dissociates into Ne- LiB 1,H1,~ without barrier. Systems with two tiions located initially above opposite cage
faces (Li[Ng@A12H12]) undergo complex intramolecular rearrangements leading to destruction of the icosahedral
closo structures.

study of isomerism, aromaticity, and other cluster propefifes.
Similarly, metals and alloys have been bombarded with Xe
beams to form Xgclusters in the metal surface layers which
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were then probed with Xe NMR spectroscopy to gain insight center of the relatively small, dense cages (Ng@#> ). We
into the structure and properties of the metal surface layers andalso computed the lithium salts of several of these compounds,
micrograin boundaries. with one or two external Li cations (LiINg@¥H15]~ and Lb-
Computational studies on endohedral polyhedral borane [Ng@Aq2H12]). Our investigation of the energetic and kinetic
complexes include olf#* examination of He@BH:,*~ and stabilities of the Ng@AyH1>~ dianions reveals changes and
He@B,H17~ and Jemmis and Balakrishnarajan’s recent cal- trends in their structural and energetic parameters, vibrational
culations on B;Hi,>~ and ByHi14~ dianions “stuffed” with frequencies, and NMR chemical shifts depending on the size
cations G*, B3, Be*H, Lit, Al3*, Mg?", and Zi#",1! as well of Ng and the cage, as well as the electronegativity of A. We
as earlier studies ongBl;~ and LiBsH71%? with proton and L analyze the influence of external cations on these properties
in the center of the octahedrakiBs>~ anion. Recently? we and examine the differences between boranes, alanes, and
reported preliminary results on a family of X@#4H;,2~ alane gallanes. Our predictions on the structure, energetics, and
and X@Ga,H1>~ gallane endo clusters with inserted noble gas spectroscopic properties of these compounds may be useful
atoms He, Ne, Ar, and Kr, cationsLiNa", B¢, Mg2*, Al T, guides for the preparation and identification of new clusters. In
and AP, and anions H, F~, CI, Br, 0>, etc However, contrast with the well-characterized dodecaborane dianion
these studies only characterized local minima for endo stuctures;(B12H127),1* the corresponding parent alane {#,>~) and
the potential barriers for exit of heteroatoms from the cage were gallane (GaH12°") have not been reported to date. Nevertheless,
not calculated and the question of the kinetic stability of the we expect that our predictions should be applicable to recently

endo isomers remained open. Among the issues of interest tosynthesized icosahedral alane {#:,°7)!® and gallane
chemists are the character of the interaction between the(GaRi0*")'® anions which have bulky substituents €RBu,
heteroatom and the cage, the peculiarities of the internal atomN(SiHs)2, Ci3Hg, etc). Our earlier DFT calculations on fluoro-
valence states, the influence of heteroatom on the cage, the limitssubstituted boranes,B4iF1,-i,132 and the substituted gallane

of endohedral-cluster viability (i.e., which atoms inserted into
a cage A result in kinetically stable species), the mechanism

seriest’ GaigHe™—Gayo(CHz)s™—Ga C(SiHz)3]6 ™, revealed that
the skeleton geometry is relatively insensitive to the external

of intramolecular rearrangements between endo and exo isomersubstituent.

in salts, and the three-dimensional aromaticity of clusters with

delocalized cage bonding such as fullerénesd closc
boraneg%a.13

We now report the results of density functional (DFT) cal-
culations on icosahedraloseborane and modetloscalane
andclosogallane dianions (&H122~; A = B, Al, or Ga) with
noble gas atoms (Ng He, Ne, Ar, and Kr) inserted in the
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Computational Methods

Similar to our previous computational studi@s|l geometries
(see Figure 1) were optimized using the hybrid density functional
B3LYP method®with the standard 6-31G* basis set; vibrational
frequencies were computed at the same B3LYP/6-31G* level
of theory. The borane anions were then reoptimized with the
more flexible 6-31%G** basis set while the alanes and all salts
were refined by computing B3LYP/6-331G** single points,
i.e., B3LYP/6-31#-G**//B3LYP/6-31G*. Gallanes were only
computed at B3LYP/6-31G*. Optimizedi ;2 and AhH12~
R(A—A) anion bond lengths (Table 1) reproduce X-ray
R(B—B) andR(Al —Al) values+Ssatisfactorily. B3LYP/6-31G*
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Icosohedral AcH122~ and Lithium Salts
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Table 1. Calculated Bond Lengths (A) ofclosoBoranes, -Alanes, and
[A12] Icosahedron
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Figure 1. Various Ng@A:H:2~, LIINg@A12H17~, and Li[Ng@A12H17]
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Li[He@Al3Hysl, 6, Dag
geometries.

-Gallanes Ng@# 2~ (1,1) with Ng Atoms in the Center of the

B Al Ga
empty! He Ne empt§ He Ne Ar Kr empty He Ne Ar
R(Ng—A)  (1.700) 1.770 1904  (2.569) 2597 2.635 2724 2758  (2.453) 2487 2546 2635
R(A—A) 1.787 1.861 2.002 2.703 2.730 2.770 2.864 2.900 2.579 2.614 2.677 2.823
R(A—H) 1.202 1.202 1.202 1.605 1.609 1.610 1.613 1.616 1.568 1.569 1.571 1.584

a At B3LYP/6-311+G** for boranes and B3LYP/6-31G* for alanes and gallanes. The basis set extension from 6-31G* t&-®&*3ddes not
effect the borane results significantf/A = B, Al, Ga. ¢ Ng = “empty”, He, Ne, Ar, Kr.?Values for isolated #H;,?~ dianions calculated at the
same levels of theory. In parentheses, the distance from the icosahedron center to a vertex atom, A.

magnetic shielding constants and NMR chemical shifts were structures are not stable with respect to exit of the inserted atom

computed with the GIAO methol.All calculations employed
the Gaussian 98 program pack&féresults are presented in
Tables 5, and optimized structures are shown in Figures 1
and 3.

Results and Discussion

Geometric and Energetic ParametersLocal minima exist
for most but not all endohedral icosahedral anions Ng@A? .
In minima include He@BH12>~ and Ne@B,H1,*~ as well as
the entire alane series (H&r). The Ng@GaH1,*~ In con-
figuration stability only includes He, Ne, and Ar.The
remaining Ng@A.H1,*~ structures have one or several degen-

erate imaginary frequencies; these endohedral icosahedral

(19) (a) Ditchfield, RMol. Phys.1974 27, 789. (b) Wolinski, K.; Hilton,

J. F.; Pulay, PJ. Am. Chem. S0d.99Q 112 8251.
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Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov,
B. B,; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C.
Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. &aussian 98Revision A.7; Gaussian,
Inc.: Pittsburgh, PA, 1998.
All Ar@Ga2H122~ vibrational frequencies are real at the Hartree
Fock level; however, B3LYP gives one small imaginary frequency of
22i cnr L. The character of this icosahedral stationary point needs to
be determined by higher level calculations.

(21)

from the cage.

As expected? all endohedral icosahedral clusters are higher
in energy than the empty cage plus the Ng atBgs the zero-
point vibrational energy (ZPE) corrected energies released
during dissociation

NQ@A12H1227 —Ng+ A12H1227

are (see Table 2) 166 (He@#Bi1,>~) and 403 (Ne@BH12")
kcal/mol for boranes, 29 (He@AH127), 63 (Ne@AlH12),
154 (Ar@AlH127), and 189 (Kr@AfH1,2") kcal/mol for

lanes, 39 (He@GgH1*"), 71 (Ne@GagH1,2"), and 213
Ar@GayHq,27) keal/mol for gallanes. WhileEgiss increases
with larger noble gas atomic rad®&(Ng), the trend with cage
size is irregular (boranes alanes< gallanes). This trend is in
line with the cage sizes as gallanes are more compact than the
alanes; the lengths of thB(Ga—Ga) edges as well as the
peripheralR(Ga—H) bonds are shorter than the corresponding
R(AI—Al) and R(AI—H) distances by 0.12 and 0.04 A,
respectively, both in the empty14d;>*~ dianions and in the
endohedral Ng@#H:,2~ systems (Table 1). In turn, the larger
size of alanes as compared to gallanes may be related to the
order of electronegativities, B Al < Ga. Al is less electrone-
gative than Ga and forms more ionic bonds with H’s, thus
making the Al cage more electron deficient and weakly bound
than Ga,.

The sizes of the endohedral clusters increase upon Ng
encapsulation, parallel with the rise in their dissociation exo-
thermicity. Compared with the BB length in the empty dianion,



6916 Inorganic Chemistry, Vol. 40, No. 27, 2001

Table 2. Total Energies (au), ZPE, Dissociation Energies of
Ng@A-H1>~, Deformation Energies of the CagaJ:~ due to
Insertion of Ng, Relative Energies of Structuizand3, and
Barriers for Exit of Ng from the Cage #H:,*~ in closcBoranes,
-Alanes, and -Gallanes (kcal/mdl)

Ng@AlH1 2~

Ng He Ne Ar Kr
Erot —2919.8036 —3045.7949 —3444.2410 —5670.3744
ZPE 60.2 59.2 57.8 56.9
Edisd —29.1 —62.9 —154.3 —188.8
Eger 0.9 5.3 26.0 37.3
Eel(2,C))¢  78.8 39.3 —36.0 —59.2
Erel(3,C3)¢ 77.2 48.7 —-0.4 —21.7
Hexit 58.5 41.5 15.2 10.5

Ng@BoH1*~ Ng@Ga,H1 2 ¢
Ng He Ne He Ne
Etot —308.4141 —434.0679 —23058.8081 —23122.7381
ZPE 106.8 97.2 57.6 55.9
Egis? —166.0 —-402.9 -38.7 —70.9
Eger 15.4 104.1 1.5 11.8
Eel(2,C))°  31.2 —170.0
Erl(3,C3,)¢ 97.1 —88.8
Hexit" 63.5 2.6 29.4

a Calculations ofEyr and Egiss were performed at the B3LYP/
6-3114-G** level for boranes, B3LYP/6-31-:G**//B3LYP/6-31G* for
alanes, and B3LYP/6-31G* for gallanes, while the other energies (ZPE,
Eder, Erel, and Hexi?) Were calculated at the B3LYP/6-31G* levé,
and ZPE for empty clusters are the following305.7638,-2919.9334,
and—23082.9584 au and 105.0, 58.0, and 54.9 kcal/mol feHB?",
AloHi2, and GaHi2~, respectively® The dissociation limit corre-
sponds to dissociation of Ng@#Ad:22~ (1) into Ng + A1oH12 . ¢ With
respect to the energy of the icosahedral Ng@?~ structurel. ¢ For
Ar@GaH12?~ B, ZPE, andEgissare the following:—23610.1339 au,
58.3, and—217.8 kcal/mol, respectively.Calculated at the B3LYP/
SDD level.

the B—B edge in the boranes elongates by 0.08 and 0.21 A

Charkin et al.

replacement of He with a much larger analogue, Kr, in the
“elastic” alane cage elongatB§Al —Al) to a similar extent (0.16

A), but the Egiss and Eqer €nergies increase by only150 and

~36 kcal/mol, respectively. Apparently, the higher rigidity of
the Ga,Hi,*~ dianion is responsible for the instability of the
icosahedral Kr@GaH,*~ cluster. The dependence of the
change of empty cluster total energyHio((A12H1,27)] for the
boranes and alanes families on the change in their/sR(eA)

(o is the center of the icosahedron) is described by two parabolic
curves, shown in Figure 2c, the flat one for the “elastic” alanes
and the steeper one for the more rigid boranes. The good fit,
together with the linear dependence of Ng@ 2~ cluster

size onR(NQ), indicates that steric repulsion is the dominant
factor determining the compactness and strain energy of a cage.
Since the steepest riseRfNg) occurs between Ne and Ar, the
largest change in endohedral alane structural and energetic
parameters also takes place when Ne is replaced with Ar.
However, replacements of He by Ne and Ar by Kr result in
smaller changes.

Clearly, cage deformation energy constitutes only a small
fraction of the energy released when an internal Ng atom is
expelled from a cageEqer is small for He@Al,H:2~ and
He@Ga:H;1,*~, moderate for their Ne analogues—(%0 kcal/
mol), and becomes significant only with NgAr. Rigid boranes
again behave differently; for He@PH122~ Egeris 15 kcal/mol
and increases to 104 kcal/mol for Ne@B2*~. Obviously,
strong repulsive interactions between the noble gas atom and
the cage contribute strongly ®yiss

Vibrational Frequencies. Vibrational frequencies involving
Ng@A1,H1,2~ cage atoms and peripheral bonds may be shifted
(either blue or red) compared with the corresponding frequencies
of the empty A.Hi12#~ anions (Table 3). The frequencies usually
shift monotonically with increase in Ng atomic number. For
example, the lowest }hlg,, and 2l3 frequencies in the alane

after insertion of He and Ne, respectively. In the alanes, where series decrease by 580 cn1! in going from He to Kr; the

the empty cage size is larger, the-Adl edge elongations when

He and Ne are inserted are only 0.03 and 0.07 A, respectively,

larger Al-H stretching frequencies (4h2ty, 2ag and 4ty)
decrease uniformly by~40 cm'?, and the 3h frequencies

but this increases to 0.16 and 0.20 A, respectively, upon insertionincrease by 40 cmt. Only four &, frequencies are IR active

of Ar and Kr. The cage expansion in gallanes is similar to that
in alanes. The peripheral Ng@#:2>~ A—H bonds are also
stretched but only by a few thousandths of an angstrom.

As shown in Figure 2a, the changes in Ng@#,*~ edge
AR(A—A) and radialAR(Ng—A) distances exhibit nearly linear
dependences on the noble gas atomic raBiiNg)

AR(Ng—A) ~ K,R(Ng)

where the coefficienK, is largest for boranes, smallest for

due to the high, symmetry. Among these, the changes of most
intense vibrations (34 and 4{,) are small and the vibration
with the largest frequency shift 1y has a low intensity.
Therefore, the 2t vibration, in the 925-1030 cnv? range for
boranes and 340560 cnt? for alanes and gallanes, which for
the most part corresponds to motions of the inserted Ng atom
and of moderate intensity, should be the most informative in
IR spectroscopic studies of the endohedral clusters.

Orbital Energies, Population Analysis, and Charge Dis-
tribution. Endohedral alanes and gallane ionization potentials

alanes, and is intermediate for gallanes. Dissociation energies(IP), evaluated using Koopmans’ theorem (Table 4), show only

calculated for clusters with internal He, Ne and Ar atoms show
a parabolic dependence &fR(Ng—A) with a minor quadratic
term (Figure 2b).

To estimate cage deformation energies due to Ng insertion,

Ege(A12H1227), we carried out single-point B3LYP/6-31G*
calculations on the expanded emptysA; 2~ dianion geometries
based on the equilibrium structures of endohedral NgaA?~

a weak dependence on Ng and are close to those of the empty
Al12H12~ and GaoHi2~ dianion IPs (1.6-1.1 eV). In contrast,

the Ng@B,H;1,*~ IPs decrease significantly from the empty
BiH1? (~1.6 eV) to Ne@BH122 (~1.1 eV). The HOMG-
LUMO separations decrease with increasing Ng radius and range
from 8 to 9.5 eV in alanes and gallanes and-10.5 eV in
boranes. The skeleton valence molecular orbitals (MO) energy

clusters. These were compared with the energies of the fully levels and those of the atomic orbitals (AO) of the internal He

relaxed A-H;,>~ dianions (energies given in Table 2). As

and Ne atoms are well separated and do not mix. The Ar and

expected from the results discussed above, the alane cagd&r AO and the skeleton valence MO levels do approach each
appears to be more “elastic” with respect to expansion than theother. Hence, the cage bonding MO includes some contribu-
borane cage while the gallane cage is intermediate. In the rigidtion from a p AO ofthese noble gas atoms. For example, the
borane clusters, even replacement of He with Ne leads to Ar 3p AO and Kr 4p AO population in the alane cageMOs

elongation ofR(B—B) by 0.13 A and sharp increases biss
(~237 kcal/mol) and inEger (~90 kcal/mol). In contrast,

are~0.3 and~0.4 g, respectively. The situation is similar for
the Ng@B:H1*~ clusters (the contribution of the Jsand 2pe
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Table 3. Calculated Vibrational Frequencies; (cm™) of closoBoranes, -Alanes, and -Gallanes Ng@#A2~° (1,In) with Ng Atoms in the
Center of the [A7 Icosahedron

B Al Ga
empty! He Ne empt§ He Ne Ar Kr empty He Ne
hy 1 521 439 291 174 163 149 115 103 92 80 60
2 959 932 879 486 491 489 481 473 488 497 492
hy 1 575 573 369 185 204 204 192 183 114 128 122
2 765 713 687 328 316 302 274 269 219 209 196
3 962 912 888 466 472 486 504 513 450 464 482
4 2517 2526 2526 1804 1810 1805 1790 1775 1883 1880 1861
Ou 1 747 612 328 307 294 271 219 204 200 188 163
2 879 883 834 426 471 468 488 487 426 475 477
Oy 1 662 569 404 246 233 218 181 170 148 136 117
2 946 898 867 450 450 458 458 456 433 441 448
t1y 1 710 574 294 309 283 233 190 158 212 193 161
] (1) 0) (5) (3) 1) 1) (1) (0) (0) (0)
2 1031 925 456 357 376 338 585 376
(77) (71) (10) (6) (10) (10) (12) 3)
3 1089 1343 1003 578 580 579 565 550 567 562 569
(64) (15) (53) (288) (287) (303) (294) (264) (218) (227) (254)
4 2535 2544 2542 1810 1816 1812 1798 1784 1883 1880 1863
(1149)  (1225)  (1359)  (1656)  (1700)  (1742)  (1884)  (1964)  (1656)  (1679)  (1719)
tou 1 765 743 747 253 255 266 267 270 155 156 167
2 2510 2519 2520 1800 1806 1802 1788 1774 1876 1872 1857
tig 1 961 941 899 420 425 422 414 407 387 389 373
3y 1 744 704 659 299 297 297 273 274 208 204 198
2 2572 2583 2580 1834 1841 1836 1823 1811 1910 1907 1890

a At the B3LYP/6-31G* level. Intensities of IR-active,tvibrations (km/mol) are given in parentheses. The Ar@B,?~ and Ng@GaH12~
clusters with Ng= Ar and Kr possess one or several degenerate imaginary frequehgies.B, Al, Ga. ¢ Ng = “empty”, He, Ne, Ar, Kr.9 Data

for the isolated AxH122~ species at the same level of theory.

Table 4. Orbital Energies (au) of AH:*~ MOs and Effective Atomic Chargeg)(of AiHi,?2~ and Ng@AH1»~ ° Calculated at the HF/
6-31G*//B3LYP/6-31G* Level

B Al
empty? He Ne empty He Ne Ar Kr
MO
a —0.956 —1.819 —0.825 —1.835 —1.204 —1.071
t1u —0.791 —0.761 —0.565 —0.526
a —0.706 —0.493 —0.563 —0.466 —0.433 —0.446 —0.419 —0.405
tiu —0.523 —0.517 —0.421 —0.382 —0.382 —0.367 —0.332 —0.313
hy —0.327 —0.325 —0.327 —0.287 —0.288 —0.289 —0.293 —0.295
tou -0.217 —0.230 —0.253 —0.254 —0.256 —0.258 —0264. —0.266
a —0.301 —0.184 —0.236 —0.232 —0.213 —0.221 —0.210 —0.201
tiu —0.202 —0.212 —0.145 —0.193 —0.197 —0.185 —0.156 —0.131
hg —0.105 —-0.111 -0.120 —0.123 —0.125 —0.127 —0.138 —0.144
Ou —0.056 —0.049 —0.038 —0.037 —0.037 —0.037 —0.038 —0.038
g* LUMO 0.501 0.482 0.441 0.276 0.274 0.270 0.262 0.259
z
Ng 0.07 0.04 0.02 0.06 0.32 0.31
A —0.05 —0.05 —0.02 —0.00 —0.00 —0.00 —0.02 —0.02
H -0.12 —0.12 —0.15 —0.16 -0.17 -0.17 -0.17 —0.18

2 Data for the isolated AH:2~ species at the same level of theotA = B, Al. Ng = “empty”, He, Ne, Ar, Kr.

AO into the g and t, MO are 0.3 and 0.2, respectively) since

internal Ng atoms.

Both Mulliken and natural bond orbital (NBO) population

Q(A—A) overlap populations decrease slowly when the cage
the Bo,H1,2~ dianion valence orbital levels lie much lower than strain increases, whil®(A—H) populations for the peripheral
those in AloH12?~. The g and t, MOs show the strongest

bonds are rather insensitive to the nature of Ng. These results
dependence of orbital energetic levels on the nature of the once more indicate that steric repulsion between Ng and cage
is the dominant force in endohedral clusters with noble gases.

Magnetic Shielding Constants and NMR Chemical Shifts.

analyses on the alanes and gallanes show nearly zero chargeBepending on the size, shape, and charge of the clifster,
on He and Ne. Only a small charge transfer from their heavier chemical shifts inside fullerene cages ar® to —48 ppm
analogues (which increases slightly from Ar to Kr but does not compared to free He.The negative sign of théHe NMR
exceed 0.1e) occurs to the AH;, cage. A similarly small

Q(Ng—A) are negative and decrease

He@A|12H122_ (_0.026) to KF@A|12H122_ (—0.156). Positive

chemical shifto(He) is due to the shielding effect induced by
charge transfer takes place in boranes where the He and Nehe cyclic electron delocalization in teelectronic system (i.e.,
charges aret+0.05 and+0.10 e. The overlap populations

aromaticity) of the @ cluster. In the icosahedral Ng@#d1°~
in alanes from clusters, the internal Ng and cage atoms are closer together than
in the larger endo-fullerenesloseBoranes are known to exhibit
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Table 5. Magnetic Shielding Constantsand Nucleus Independent Chemical Shifts (NICS) eftA>~ Closo Anions (A= B, Al, and Ga)
and Ng@A:H:#~ Endo Clusters (ppm)

o NICS?

anion A Ng H (c) ©) (0.5) (2.0)
BioH12~ 127.0 30.8 25.9 —48.4 —30.7 -9.5
He@ByH1 2~ 122.4 82.0 30.8 —47.0 —33.6 —9.4
Ne@BoHi*~ 110.1 38.1 29.7 —40.2 —25.7 -8.0
AlH 7 575.2 29.8 —20.5 —28.1 -21.9 -11.8
He@AhH12~ 572.9 78.2 29.8 —27.6 —20.7 —10.7
Ne@AkLH1 2~ 575.6 400.2 29.7 —26.5 —19.9 -10.3
Ar@Al 1 Hi 2~ 588.2 752.5 29.5 —23.7 —18.1 -9.3
Kr@Al Hq 2~ 602.9 2259.3 29.3 —21.6 —16.9 -8.7
GapHi?™ 2191.0 30.0 —255 —36.3 —26.8 —13.0
He@GaH:2~ 2199.7 82.9 30.0 —-35.4 —26.0 -12.7
Ne@GaH12~ 2236.1 332.0 29.8 —-32.9 —24.4 —12.0
Ar@GaH1>~ 2313.0 581.4 29.2 —-27.1 —20.7 —10.3

a Calculated at the GIAO/B3LYP/6-31G* level. Absolute shieldingpsdre presented. Calculations at the same level of theory give the following
magnetic shielding constants (in ppm) for AlHo(Al) = 541), GaH™~ (6(Ga)= 2008), and BHs (o(B) = 28.1), for which the accepted experimental
NMR chemical shifts aré(Al) = 100—-103, 6(Ga) = 682, andd(B) = 16.6 ppm. Ng isotropic shielding constants are 59.8, 552.0, 1237.0, and
3236.0 ppm for He, Ne, Ar, and Kr, respectivetyThe NICS values were calculated at the centers of the icosahedron (c) and of a face (0) as well
as at the 0.5 and 1.0 A distances above a face center ((0.5) and (1.0), respectively).

three-dimensional aromaticity due to the multicenter skeletal information about their kinetic stability. Our preliminary
bonding!?213The computed NMR chemical shift§(He), for estimates oHeyxt provided general indications of stability but
He@AsoH12°~ clusters depend on the size and nature of the only employed partially optimized (B3LYP/6-31G*) “surface”
A1:H122~ cage. Nucleus independent chemical shifts (NFES)  structure2, C,, and3, Cs,, where the Ng's were positioned at
were also computed as an aromaticity criteria and are includedthe center of an edge or of a face, respectiVélyhe search
in Table 5. NICS were calculated in the centers of the cages, for the real transition states (TS) is far more demanding due to
and of the faces, as well as 0.5 and 1.0 A above the face centershe complexity of the opening of the Ng@#d1-2~ cages and
of both the empty AH17*~ dianions and He@AH:2*~ clusters. the motions of the exiting heteroatom. For instance, for the
Akin to the fullerenes, He@AH;2?~ icosahedron He chemi-  He@By,H1,2~ cluster, which dissociates into He anghB;,2~
cal shifts p(He)) are negative with respect to free He (i.e., with a moderate exothermicity, the usual saddle point optimiza-
shielding in all three cages) but are 2.5 times larger compared  tion procedures with only initial force constant calculations [i.e.,
with 6(He) for He@Go. Interestingly,5(He) does not vary  opt = (ts,calcfc)] as well as the quadratic synchronous transit
regularly along the AH:*~ (A = B—AI—Ga) series; the  (opt = qst2) procedures proved to be inefficient. Neither
d(He) values are similar{22.2 and—23.1 ppm) in the borane  approach converged after more than 100 optimization cycles
and gallane complexes but onty18.4 ppm in the alane. A due to oscillations of the He atom inside the cage. The most
comparable trend is observed for NICS values in the center of successful procedure was the time-demanding optimization with
the free AH12*~ dianions (-25.9 and—25.5 ppm for BoH122~ recalculation of force constants at each step foffts,calcall)].
and GazH17", respectively, vs-20.5 ppm for Al,H:2*"). Note Although all these searches were carried out without any
that other properties of the closo systems (documented above)symmetry constraints, the optimized transition structuredas
exhibited similar irregular changes down group 13. The alanes symmetry T'S-1in Figure 3). The single imaginary frequency
have the largest cages and are the most flexible with respect togigenvector is directed along the 2-fold molecular axis toward
deformations. The magnetic criteria indicate that alane clustersihe “active” B—B edge 4-6. The cage inTS-1 is deformed
are less aromatic than both the boranes and the gallanes.  an(d its geometry differs substantially from the initial icosa-
In spacious fullerene cages likesthe chemical shifts of  pedron symmetry. The “active” edge-8 is stretched to over
endohedral He and Ne atoms are nearly identitéh con- 3.3 A, and the attached hydrogen atomss ldnd Hg are
trast, in dense cages like Ne@B:7~, Ar@Al.H2*", and twisted strongly in opposite directions. In the transition state
Kr@AI12H122‘, where the internal pressure is high and cage the He atom, located on a 2-fold axis, has moved only6
deformation approaches the threshold, #f§le), 5(Ar), and & from its location in the former center of the icosahedron.
_6(Kr) chemical shifts change sign from negative to positive and ngo population analysis indicates that this He shift is ac-
increase sharply513.9,+484.5, and+976.7 ppm, respec-  companied by significant redistribution of electron density from
tively). In principle, one can think that the use of heavier rare 4i5ms B and B of the “active” edge (by 0.4 from each of
gas atoms to probe de_nse endo clus_ters would be more in_form-them) to the neighbor cage atoms, mostly Bs, B, and B.
ative than the use of light Ng's. For instance, our calculations |nyinsic reaction coordinate (IRC) calculations at B3LYP/
indicate that in alanes and gallanes the changegtdé) from 6-31G* confirmed thalf'S-1 lies on the minimal energy path-
the He@A-H12”~ anion to LITHe@AH: 2 with aface-coor- v for expulsion of He from the cage and connects the

dinated external cation tido not exceed few parts per million, o qonedral structure with the decomposition products He
while in their Ne analogues the changes are several times IargerBlelzzf

Transition States and Potential Barriers for Endohedral
Clusters. Since all Ng@A,H1,2~ clusters considered here are
higher in energy than dissociated NgA1,H1,2~, the barrier
heights Hexi*) for Ng expulsion from the cage provide

The barrier height in He@BH12%~ relative to structurd. is
calculated to be 63.5 kcal/mol at B3LYP/6-31G* with ZPE
correction. This result confirms our earlier conclustooon-
cerning the high kinetic stability of icosahedral clusters with

(22) Schleyer, P. v. R.; Maerker, C.: Dransfeld, A.; Jiao, H. J.; Hommes, @n internal He atom. _However, the energy of strucm(étz)_,
N. J. Am. Chem. Sod.996 118 6317. where He was fixed in the center of the broken&edge, is
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Figure 2. Dependence of endohedral Ng@H,>~ cluster structure
and energy parameters on the Ng atomic radr{slg)): (a) AR(cA)/
R(Ng), A; (b) E4isdR(Ng), kcal/mol; (c)Egef AR(0A), kcal/mol. R(0A)

is the distance between the center and a vertex of th#l.&~
icosahedronEgiss is the exothermicity of the Ng@#H1.>~ — Ng +

A1 H12> reaction, andEgris the cage strain energy due to Ng insertion.
The last was based on the energy difference between the relaxed an
deformed cage (without the Ng atom).

~38 kcal/mol less thaitS-1. Hence, althougl2 can easily be
calculated by partial optimization, its relative energy provides
only a crude estimate dfleyi* in boranes.

The Ne@B:H1*~ cluster is extremely strained, and the
endohedral atom expulsion reaction is highly exothermic. How-
ever, we were able to locate the TS easily using the quadratic
synchronous transit method (also without symmetry constraints).

Inorganic Chemistry, Vol. 40, No. 27, 2006919

The calculated TS structurel' $-2 in Figure 3) essentially
converged toCs, symmetry. The Ne atom is located on the
3-fold axis and shifted from the icosahedron center toward a
face by only ~0.10 A. However, the BB edges in the
“breaking” face have elongated from 1.86 A (structdeto
~2.4 A 'in TS-2. IRC calculations showed that when the Ne
atom moves from its position iMS-2 toward the cage face by
0.1 A along the minimal energy reaction path, theBedges

of this face lengthen by an additional 0.25 A. In the optimized
Cs, model structured, where Ne was fixed in the center of the
broken face, the distances between atom&-13 are longer,
~3.3 A, but the energy oTS-2 is about 90 kcal/mol higher
than3. The barrier heighHey* calculated relative to structure
1 is only 2.6 kcal/mol with the ZPE correction. Thus, the
Ne@B,H1%~ cluster stability is predicted to be very low.

The character of the potential energy surface (PES) and that
of the expulsion TS’s change drastically for the less rigid alane
clusters. The initial geometry in the He@#&H:,*~ TS search
was based oB, similar toTS-1for He@B,H1~. The structure
changed dramatically, and the optimized (also without symmetry
restrictions) TS acquired an unusual open shape with large
deformations in the “active” hemisphere of the cluster E8€3
in Figure 3).TS-3 possesseSs symmetry and resembles a “pot
with open lid” where the “capping” AlLHig group is strongly
shifted away from the 5-fold £axis, and among five former
bonds of Ak with neighbor cage atoms, only two, AAIl; and
Alg_Als, remain, while the other edges including the base of
the “lid” Al;-Als are broken. In contrast ta'S-1 (for
He@Bi,H1,2) and TS-2 (for Ne@B;,H1,27) where the het-
eroatoms are still located inside the cages, the He atom has
nearly exited the cage ifiS-3 (for He@AhH1,27). The most
favorable exit pathway through a pentagonal aperture with a
larger number of broken and elongated-#l bonds* can be
described as a “decapping” mechanisig,* for He@AlH1 2~
(58.5 kcal/mol including ZPE), only-8 kcal/mol lower than
Hexic for He@By2H12, is large enough to ensure a large kinetic
stability of the He@Ad,H1,>~ cluster predicted earliéf.

The Ne@AlH1,2~ TS search (at BSLYP/6-31G*) used three
different initial geometries corresponding 1&-1, TS-2, and
TS-3, but only the openet@S-3aresulted (Figure 3). In contrast
to He@AhH1*~ TS-3, in TS-3athe Ne atom remains closer
to the icosahedron center despite the significant deformations
of Al—Al bonds seen throughout the skeleton. The bakHiigr*
for Ne exit from Ne@Al,H1,2~ via TS-3ais 44.4 kcal/mol
relative to structurd.. This barrier is~17 kcal/mol lower than
that for He@Al2H12*~, but still high enough to guarantee the
kinetic stability of Ne@AlH122~.

Like the He and Ne analogues, the exit transition state for
Ar@Al2H12%~ has aTS-3 type structure (se&€S-3bin Figure
3). In this TS, Ar is located even closer to the center of the
icosahedron than Ne iMS-3a and the cage deformations are
severeHeyit is 15.2 kcal/mol and Ar@AbH12~ is kinetically
much less stable than its lighter analogues. Its existence
apparently would be possible only in low-temperature inert

é‘natrixes, in combination with bulky cations. Because the cage

strain is so high in Ar@AkH:2*~ (as in Ne@B:H122"),
even small 0.3 A displacements of Ar from the cage center in
TS-3b result in very strong deformation of the skeleton and
rupture of a number of AtAl bonds. The structure of the

(23) Assignment of the number of “ruptured™AA bonds in the TS of
elastic clusters like Ng@AdH122~ often is not simple since the entire
cage is strained and various edges are elongated considerably.
Therefore, the boundary between “completely ruptured” and “strongly
stretched” bonds is not clear.
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He@B1Hp™,
TS-1,~C,

Ne@B12H1,7,
TS-2, ~C3y

23! -
Sa1s - Ne@AljzHy,
2741 TS-3a, ~Cs

He@AlH 7,
TS-3, ~C;

Ar@AlpH Y, © l & ke T, ; - Kr@Al,Hp7,
TS-3b, ~C, : TS-3¢, ~C,

He@GapaHi,
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Figure 3. B3LYP/6-31G* optimized transition structures for the Ng@#,>~ — Ng + A1.H122~ reaction. The B3LYP/SDD method was employed
for He@GaH12~, TS-3d. In TS-3, He@Ah:H122~, the He atom is roughly located in the middle of a planar pentagon with avR(atge-Al) ~
2.6 A and displacement above the plane~d.1 A.

transition statd' S-3cfor Kr@Al1,H12°~ is quite similar to that from Ne to Ar because the largest change in the size of Ng
of TS-3b, with the barrieiHe;* of 10.5 kcal/mol, so this species  occurs (N.B. the effect of Ne/Ar interchange in structdge
is expected to be the least stable kinetically among the alaneabove).

clusters. Our gallane studies were less extensive. B3LYP/SDD transi-
The alanes with He, Ne, Ar, and Kr show a clear trend, based tion state optimization of He@Gzt12*~ used the Stuttgart
on simple steric considerations, which characterize t8e3 Dresden effective core potential for Ga atothdhe He exit

type transition states: with increasing noble gas atom radius transition state similar td'S-3 resulted inTS-3d (see Figure
the barrier heighHe,* drops rapidly, the torsion angle between 3). The He atom lies below the plane of the uncovered
the planes of triangular “lid” and pentagonal aperture and the pentagonal aperture, and deformations of all the cage bonds are
Ng atom shift from the icosahedron center toward the attacked large. TheTS-3d barrier height is about 32 kcal/mol. However,
vertex in TS also decrease (in this sense, TS geometry developshe effective core potential approach is less reliable than the
sooner), and the rupture and elongation of the-Al bond is all-electron B3LYP/6-31G* method. Note that our parallel
less localized to the active hemisphere and involves the entireB3LYP/6-31G* and B3LYP/SDD calculations on He and Ne
cage. Similar trends can be expected for the gallanes and related24 Vv P ———
Tl i i i a 0olg, M.; eaig, U.; Oll, H.; Preuss, Q. em. s

;e(lectron-dcz]juent clusters with derEe, elastic cages (e.g., indanes{?4) ée? Do 0 Dol '\%; Sl o P reuss, B Ch Physlgsa S

@IniH12, thallanes, X@TikH12", and “naked” aluminides, 1730. (c) Kaupp, M.; Schleyer, P. v. R.. Stoll, H.; Preuss] FChem.
X@AI1z*7). The largest changes may be anticipated in going Phys.1991, 94, 1360.
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alanes and gallanes show systematic differences between the The combined effects of two tications coordinated to
two methods. The GaGa bond lengths in the BSLYP/SDD  opposite faces of the Ng@#4H:,2~ icosahedrons in boranes
optimized icosahedral structure are 0-2025 A larger than at strongly differ from those in alanes and gallanes due to the
B3LYP/6-31G*, vibrational frequencies are underestimated, and differences in the strengths of the-# bonds. For instance,
the alane transition states, although of Ti®3type, are strongly ~ the closo structur® is maintained in LiiHe@B;2H;7] where
deformed and loseCs symmetry. Therefore, we can only the borane cage is only slightly deformed as compared to the
conclude qualitatively that gallane endohedral clusters should He@B;,H:,2~ anion. The B-B bond lengths in this salt are in
be less stable kinetically than the corresponding alane clustersthe 1.822-1.879 A range, close to 1.861 A in He@Bl1,2™,
Since the transition states for all alanes and gallanes and the B-H bond lengths change within 0.60.02 A. The
considered here belong to ti&-3 type, one can expect that geometry deformation from the emptyBizH, salt to en-
the “decapping” mechanism for expulsion of the endohedral dohedral LiiHe@Bi;H:] is rather similar to that discussed for
atom will be a feature of other related electron-deficient clusters the anions BHi,>~ and He@B.H:2*". In contrast, the closo
formed by the third row atoms and heavier elements. In contrast, structures of the less rigid alane;Jtie@Al12H:2] and gallane
clusters of light second row elements, with stromg and Liz[He@Ga-H,] salts are destroyed: the equatorial two-center
7-bonds, should find this pathway significantly less favorable Al—H bonds transform into three-center bridging bonds, and
as compared, for instance, with an exit via the cage edge.  theDaq structuress optimize inDsg Symmetry without barriers
Influence of External Cations. Because of the close N0 Néw, unusual structure8 where only some of the of
relationship to the Ng@AH?~ dianions, we performed similar Al—Al and Ga-Ga bonds remain. Structuédor both thg alane
calculations on Li[Ng@AH1]~ anions and neutral ki and the gallane have_(_)neuamaglnary freque_ncy which cor-
[Ng@Aq,H1,] molecules. The influence of external cations on responds to the transition state for complex intramolecular re-

cluster structure and stability was assessed with the structurefangements. Apparently, even the kinetically stable Ng alane
4, Cs, (one Li* cation located above a cage face) &hdag and gallane dianions would be stable in salts only with bulky

(two Li* cations located above opposite cage faces) (Figure 1). countercations.
These structures are local minima. The related empty anion
systems L[AH1z] -, with H*, Alt, AI3* alkali metal, and
alkaline earth metal cations coordinated, were investigated We have computed relatedlosoboranes, -alanes, and
carefully earliet2 We compare the results for empty and Ng- -gallanes Ng@#AyH12~ with noble gas atoms inside the {A
centered salts here and concentrate on the peculiarities causegages. The icosahedral endohedral structigre local minima,
by the presence of the internal atom Ng. significantly higher in energy than the NgA1.H12~ dissocia-

As expected, the cation influences differ substantially and tion limits for He@B;H1,?~, Ne@BioH122~, He@AhH12™,
correlate with the exothermicities of the Ng@#®1,>~ — Ng Ne@AhH:2~, Ar@AloH1 27, Kr@AloH1 2, He@GagH 12,
+ ApHi% reactions. In He@AbH1,2~ or He@GaH12-, and Ne@GaH12*~. The exothermicity of the expulsion of Ng
where skeletal strain is small, the presence of He does notfrom a cage increases rapidly with increased noble gas atomic
change the deformation of theyAl;2*~ anion in the field of a radius. Egiss is very large for boranes (166 and 403 kcal/mol
cation significantly. The coordinated face #hexpands, the  with Ng = He and Ne, respectively) and much smaller for alanes
opposite face contracts, the bridging Hydrogen atoms are (29, 63, 154, and 189 kcal/mol for Ng He, Ne, Ar, and K,
shifted toward the Li cation, and there is a parallel decrease respectively), but the values for the gallanes (39 and 71 kcal/
in the HALi angle and the elongation in tH&{A—Hyp,) distance. mol with Ng = He and Ne, respectively) are somewhat larger
Deformations of the less rigid alanes are much larger than thethan those for the alanes.
boranes, especially when the cation radii are small and the There are three types of Ng exit transition state: via an edge
cations are multiply charged. Degenerate vibrational frequencies(TS-1); through a faceTS-2); and via a pentagonal “neck” of
and orbital energies split when the cation field reduces the the cage, much like a “pot with open lidTG-3). These favored
symmetry fromlp to C3, or Dzg. The exothermicity of He TS types in different clusters depend on the cage rigidity, the
expulsion from the alane and the borane cages increases foexpulsion reaction exothermicity, and the relation between the
LilHe@A12H12]~ compared with He@AH12*~ by just a few size of cage internal cavity and the internal Ng atomic radius.
kilocalories per mole. The increase in exothermicity for boranes When dissociation is only moderately exothermic (e.g., alanes
is 10 kcal/mol, but this change does not exceed Bf4, and gallanes with He and Ne inside), Ng exit via a pentagonal

The catior-anion interaction can drastically change the “neck”is preferred TS-3). In He@BoH12*~ exit occurs via a
structure of systems with very exothernfigssand with a large cage edgeTS-1). In Ne@B;H12~, which has the largest
Ng atom inside. The cage strain is large and the influence of dissociation exothermicity, the exit occurs via a triangular face
the cation may even be sufficient to overcome the dissociation (TS-2). Hexit" is quite high (36-60 kcal/mol) for all helium-
threshold and lead to expulsion of Ng from the cage. For containing clusters, but the barriers are lower for the
example, Lt coordination to Ne@BH,,2~ causes the Ne atom  Ne@AkH:,?~ and Ne@GgH1,*~ systems (e.g., Ar@AdH 17~
to exit from the cage without barrier: structudedissociates ~ and Kr@AhH;,?~ barriers are about 15 and 10 kcal/mol,
into Ne and LiB,H;,~. However, 4 corresponds to a local  respectively) and the kinetic stability of these systems is low.

Conclusions

minima for Ne@A},H1,>~ and for Ne@GaHi2~. The alu- The Ne@B:H1,*~ cluster has a very low barrier and is not
minum and gallium cages ihare deformed by the [ications expected to be observable.

to approximately the same extent as in @ LiAl 1oH15~ and The Ng@A:H1*~ cage geometry exhibits a linear depen-
LiGajoH12~ anions. In other words, the metastable Ne@B,2~ dence on the atomic radius of the internal noble gas. NMR
becomes unstable even when it is disturbed by orfechtion. chemical shifts for He atoms in the clusters are negative, while
Our calculations on the Na[Ne@#B11,]~ and Al[Ne@B2H12]~ for the other Ng’s NMR chemical shifts are positive and have
systems showed that replacement of Miith the larger N& much larger values. NICS values indicate that all threg4y?~

and Al" cations does not change the result; in both cases Neanions are highly aromatic with the alanes somewnhat less so.
leaves the cage without a barrier. Charge transfer between the internal atom and cage is insig-
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nificant in clusters with He and Ne, so that steric and electronic intramolecular rearrangements which destroy the skeletal closo
repulsion between the closed electronic shells of Ng and structure.
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