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Theoretical Study of Complexes of Closo-Borane, Alane, and Gallane Anions with Cations
of Light Metals Inside and Outside of Icosahedral Clusters [A>H1°7] (A = B, Al, and Ga)

Introduction

The preparation, structure, and properties of polyhedra
clusters with endohedral heteroatoms and ions, X(@ske
intriguing. Ranging in size from large Eh@GCso,'29 (Sc,
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Systematic B3LYP/6-31G* and B3LYP/6-315G* calculations have been performed for families of closo-
borane, alane, and gallane clusters consisting @HA?>~ (A = B, Al, and Ga) cages with endohedral or
exohedral ' metal cations (" = Li*, Na', Cu", B&", Mg?*, Zrn?*, Al*, AlI3*, Ga", and G&"). Exohedral
structurel, with tridentate cation coordination at an icosahedron face, is a global minimum for most species;
bidentate coordination (structug® is the transition state for cation migration around the dianion exterior.
Migrational barriersltfmig), which range from 3 to 5 kcal/mol for monocations and-18 kcal/mol for dications,
increase with increased cation charge and increased cationic ra8i@Bi.H,,*~ (L"" = Li*, Be*", Na',

Mgz+, A|3+), Ln+@A|12H1227 (Ln+ = Li+, Na+, Mgz+, A|+), and |_n+@Ga2H1227 (Ln+ = Li+, Na+, Mgz+,

Ga**) endohedral clusters, with their cations located at théHf?~ cage centers, are loch] minima @3).
Endohedrat-exohedral isomer relative energi&sy(3/1), which are very high for the boranes, decrease rapidly
down the boranealane-gallane group and decrease along the-He"—Be*"—B3" and Ne-Na"—Mg?"—

Al3t isoelectronic series. Endohedral isomers of gallane clusters with heavy multicharged cations are predicted
to be most favorable in energy. Two types of transition structures f8r-a 1 endohedratexohedral
rearrangement exist: cation exit through an edge avicekit via a ruptured pentagonal “neck” of the cage.

Li* and Bé&" borane salts prefer the former pathway, whereds Na*, and Mg* alane and gallane salts
favor the latter mechanism. Cation exit barrigng,, range from~15-55 kcal/mol and in an isoelectronic
series decrease with increasing cation charge and increasing atomic mass. Endéh@tabi; >~ clusters

show significant charge transfer from the anion to the cation; the hydrogen shgliddtiates electrons to

L"* via the internal [A]. shell, which in many cases serves as an electron “conductor”.

hedral complexes with chemical properties that vary with the
| identity of their interstitial specieX.In ternary trielides (Tr=

Al, Ga, In) with a NaZns structure, endohedral encapsulating

icosahedra have been found, linking Zintl compounds and

EnNsN@Ceo, 1M SGN@GCrgli, and SeCo@Cas fullerene species intermetalicgd In the past decade, a series of experimental and
to relatively compact aluminide (A-)22and gallide (Ga )2 theoretical papers were devoted to gas-phase neutral and anionic
metal clusters, endohedral complexes elicit many special @luminum clusters with various tri- and tetravalent heteroatoms

concerns. These include the valence state of endohedral atomdnside the Al; icosahedral cage (e.g., Af, CAlip, GeAly,
the nature of the %A, interaction, and the thermodynamic and PbAl>, etc)?% Many related endohedral clusters, including
kinetic stability of these endohedral clusters. Tl Nilny'®, Znim®~, Gas~, '@ GaC(SiHs)ale,? SiAl14(Cs-
Endohedral metal cage clusters, especially with transition Mes)s,>™ and (AE)Sn?"*° (AE = Ca or Sr) et cetera, have
metals, have been studied extensively. For example, there aréeen characterized recently (see refsSJor reviews). These
numerous carbonyl complexes containing §ReRe, COs, clusters, including their condensed forfasS represent an
NCos, PRhy, AsRhio, SbRR2, and other moieties with interstitial  intermediate stage of matter between the chemistry of small,
carbon and pnictide atondé:¢ Many atoms, both main group isolated polyatomic metal clusters and the chemistry of bulk
(H, Be, B, C, N, Al, Si, P) and transition metals, are capable of metalstd

centering hexazirconium halide clusters and producing endo-  pyeyiously, we reportédPon icosahedral closo-borane, alane,

and gallane dianions containing endohedral noble-gas atoms,
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Figure 1. L""-A;Hi2~ and " @[A12H17]%~ geometries.

barriersheyi; for the Ar and Kr endohedral complexes and large deformation and polarization in the cation fields, determine the
barriers for He and Ne. Interaction between the noble gases andimits of exohedral and endohedral complex stability, and clarify
the cage in Ng@#yH1,>~ was governed by the repulsion of the nature and role of charge transfer in these cattage
their closed electronic shells, with minor charge transfer. interactions.

We now report related DFT calculations for closo-borane, )
alane, and gallane clustersl[A1.Hi72" (A = B, Al, Ga) Computational Methods
complexed, either endohedrally or exohedrally, with & Li*, As in our related worK;' geometries (see Figure 1) were
Na’, Cut, Alt, Ga", Be*", Mg?*, Zrét, AI®T, and G&' (integer optimized using the hybrid density functional B3LYP method
values of the cation charges used here are formal because chargie conjunction with the 6-31G* basis sEtBorane and alane
transfer in these clusters can be significant). Structures with thecluster structures were reoptimized with the more flexible
cations exohedrally (structuré&sCs,(t) and2, C,,(b) in Figure 6-3114-G* basis set. B3LYP/6-31G* vibrational frequencies and
1) and endohedrally (structur& I,) coordinated have been zero-point energies (ZPE) were then computed. B3LYP/6-31G*
considered. Whereas some clusters were examined previouslynagnetic shielding constants (within the GIAO apprd8chere
(boranes in ref 10, alanes and gallanes in ref 11), their kinetic computed for the borane and alane clusters.
stability was not addressed. We now report barriers for the  Transition states (TS) for TBi,H122~ and LAl oH 2~
migration of exohedral cations over the surface of icosahedral clusters also were located at the B3LYP/6-31G* level. However,
cages, the relative energies of exohedral and endohedralthe B3LYP/SDD approximation with the StuttgaiDresden
configurations, and the barrier heights separating them. Fur- effective core potentiét was used to locate TS for the gallane
thermore, we investigate the nature ofjJ4;,*~ dianion clusters.
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TABLE 1: Total Energies (au) and ZPE of L"™A,H122~ (1), Relative Energies of the Endo Structure B*@A,H 12~ (3), ZPE
and Energy of Geometry Deformation of Cage A.H1,*~ by Inserted L"* lons, Barriers of Rearrangement of Endo Structure 3
to Exo Structure 1, and Relative Energies of Structures 2, 4, and 5 for Closo-Boranes, Alanes, and Gallanes (kcal/rdol)

(a) LB 12H 1227

Lt Li* Be?t Na* Mg?*+ Al3T AlT Cu*” Zn?* Ga"
1,Cs(t) —313.3659 —320.4037 —468.1264 —505.7588 —547.7387 —548.2497 —1946.2938 —2084.9507 —2230.6763
Etot
ZPE 107.5 108.6 106.7 106.5 102.0 106.9 105.6 105.1 106.5
2,Cy(b) 5.1 13.2 4.3 10.0 - 4.5 4.3 6.2 5.0
Erelb
3, IhErel 117.0 55.4 351.6 251.3 155.5
ZPE 106.9 105.8 98.8 99.5 98.6
Eqer 21.7 215 122.8 127.1 115.1
Nrear 55.2 39.1 - - -
4,Cyb") 431 321 —159.2 —130.0 —-97.5
Erel
5, Cg(t) 70.7 37.0 —79.6 —66.3 —53.1
Erel

(b) LAl 12H1227 c
L+ Li+ Be* Na* Mg2*+ cu* Ga Al3*
1, Ca(t) —2924.5015 —2931.5720 —3079.2721 —3116.9197 —4557.4443 —4841.8031 —3158.9646
Etot
ZPE 60.2 63.1 59.3 60.3 60.5 58.4 59.2
2, Cy(b) 2.4 11.9 2.8 10.8 3.4 2.0 13.9
Erelb
3, IhErel 23.7 59.7 37.9
ZPE 59.1 58.8 53.7
Eder 3.3 11.3 11.7
Nrear 441 315 18.8
4, Cy(b') 52.3 27.7 13.1
rel
5, Cau(t) 52.6 38.9 18.8
rel
(C) L”+'G612H122_

L+ Li+d Bet ¢ Na* Mg?* Gat Gat(b) Ga*(sp Al (sp
1,Cs(t) —23090.5540 —23097.6194 —23245.3191 23282.9629 —25005.9410 —25005.5234 —25005.5337 —23324.9943
Etot
ZPE 59.2 60.1 56.6 57.5 56.0 54.9 58.2 57.7
2,Co(b) 4.4 9.2(b),36.9(8) 4.2 10.2 43
Erelb
3, IhEe —0.8 53.3 —12.0 —82.8
ZPE 59.2 59.9 59.5 71.2

a Calculations of; for boranes and alanes were performed at the B3LYP/6r&*1level for structures and3 and at the B3LYP/6-31£G*//
B3LYP/6-31G* level for structur@, whereas the other energies (ZMHger hreas andEe for structures4 and5) were calculated at the B3LYP/6-
31G* level. For gallanes, all calculations were performed at the B3LYP/6-31G* level. Relative energies of str2icndssare calculated with
respect to exo structute and the energies of structurésnd5 are calculated with respect to endo structBire Also referred to adimigr in the text.
¢ Bt and ZPE for AF@AI;,H122~ (3) with Nim = 0 are—3159.2948 au and 56.5 kcal/mol, respectively. Symmetric exohedral structurestdf,A|
1, Ca(t), and 2, Cy(b) lie 50.5 and 48.4 kcal/mol lower in energy, respectively, than endohedral strg;tbre both exhibit two imaginary
frequencies. This result indicates that a nonsymmetric exohedral structure is expected to be the global minimgh far%iea for LitT@GaHi2~
calculated at the B3LYP/6-31G* level with the SDD pseudopotential is 16.1 kcalfrffwl.and (s) denote “bridged”(or 2) and “skeleton” {b
or 2b) types of structures, respective\Both external structures of Be@hl1,, 2 and2b, are local minima im = 0).

All computations employed the Gaussian 98 program pack- in Al;3Hio" (Table 1). Among the cationdinigr values are
age®® The results are presented in Table§land in Figures highest for the boranes, intermediate for the gallanes, and lowest
1-3. for the alanes. The barriers increase with increasing cation

charge and decrease down a group of the periodic table. The

Results and Discussion

Exohedral Structures 1 and 2.The most stable exohedral
borane and alane isomers have the external catibfridentate
coordinated to the AHi2~ cage face (structurd). The
bidentate-coordinated structuré&y bave a single pimaginary
frequency corresponding to the transition state for feedge-
face cation migration around the icosahedral cages (B&{za
is exception, see below). The migrational barridtsd) range
from 2—5 kcal/mol for Li*, Na", Al™, Ga", and Cu to 10—13
kcal/mol for Bet, Mg?t, and Zi#™ and 13.9 kcal/mol for A

preference for tridentate structuteand the migrational nonri-
gidity of the clusters considered here are like the behavior of
octahedratlosoL"[BgHe? ] and L""[Al ¢Hg?] salts0c.10d 11ag
well as numerous complex hydride and halide salts such as
LMX 4 and LMXes, which contain tetrahedral or octahedral
anions'®2.16bThe barrier forl — 2 — 1' proton migration from
one skeletal face to another via an edge imAi{s~ is about

15 kcal/mol lower than the barrier for the vertex exchange
mechanism, which develops an Allgroup in the transition
state!* Similarly, thel — 2 — 1' mechanism dominates for
cation migration in the AbH:,*~ clusters, and this migrational
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150 prrT T LI I I B T and CuH?~ groups coordinated, respectively, above thelAd

[ ] cage faces (probably because of the high polarizing ability of
Be*t and Cu). AjoHip'BeH,, with bidentate structurg, may

be represented as a complex between the quasi-linear “molecule”
BeH, and a “neutral” AsHip cluster @a). The cage distortions
are even larger in systems with trications. For example, in
AloHgT-AlH 3 (14), the external Al is coordinated to the cage
face atoms Al, Al;, and Al by short AFAl bonds R(Al;—

Al,) =2.53 A), whereas in AbHg"-BHs (14), the external BH
group is an inverted pyramid, with its three H atoms directed
away from the cage.

These results indicate that closo-boranes, alanes, and gallanes
may exist not only as traditional#H12*~ dianions but also as
cations or neutral species lacking two or three peripheral H
anions. Indeed, at B3LYP/6-31G* isolatedBgt and AljHg™

L3 T T e - T TR cations (structuréc) and neutral B,H;0and AhoH;o (structure
015 01 -0.05 0 005 01 015 02 025 2¢) are local minima withCs, (A12Hg") and Cy, (A12H10)
AR(0A), A symmetries. Compared to isolateg M2~ dianions, the [A]>
Figure 2. ApHi2~ cage strainEqge) due to endohedralt encapsula- cages inlc and 2c are compressed along the main axes. The
tion (L™ @[A12H12]?") plotted against relative AH;22~ cluster expan- formation of ion pairs or molecular complexes suchlasor
sion, AR(0A). Eqer Was calculated as the energy difference between 2a occurs when the cage-hydrogens’ shift from the cage to the

the relaxed and deformed (without™) Cagi?‘R(OA) is the distance  cation s facilitated by the formation of a stable anion or a
between the center and a vertex of theH\,?~ icosahedronAR(0A) molecule such as Bef or BHs. However, this process is

is R(0A) relative to empty AcH14". - . .
(0A) Pty AcHaz reversed when M is substituted for B&; a pyramidalized

nonrigidity should be observable by temperature-dependentM@Hs group forms, and the bridging hydrogens shift from the
NMR. cations back to a cage face. An alternative interpretatiabaof

External Al*, Gat, and alkali-metal monocations polarize and?2a structures is that they are aggregated/segregated binary
A1H12 polyhedra much less than a proton, but the qualitative clusters, softened by a hydrogen shell.

100 [

Jouy/[eay Py

effects are similar (see Table 2). The most favorable B#Ab B1,H;2%~ dianion deformation is strongly anisotropic in the
structurela, can be interpreted as an ion pair {#dy™-BeHs™) field of AI3t, with barrierless transformation @&into tridentate
between the beryllohydride anion and they™ closo-cation. structurel. This is characteristic for monocation salts such as
A similar ion pairlais obtained for B& —gallane (GaHg™ Li™-B12H1,2~. Even more striking deformations were found for

BeHs;™) and AlHgt-CuHs?~, which have quasi-planar BgH Ga*-GaHi2~ (1), in which the edges of the coordinated Ga

3.091

2,700
//

2.744 L
e "" : 3633 3716
ey z&,.?iﬁé 2.684
LEAL o H 57 TS, ~C NaAlj;H;y, TS-3,~C,

Figure 3. B3LYP/6-31G*-optimized transition structures f8r— 1 rearrangements in"tA;,H;,*~. Bond lengths are given in angstroms.
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TABLE 2: Selected® Geometrical Parameters, Distance® (A), and Angles ¢ (deg) of Closo-Boranes, Alanes, and Gallanes

LtA1H1227 (1, Cat))

(a) Ln+.Ble122—

L Li* Be?* Na* Mg?* Al* Cu* Zn?* Ga" Al3t
R(L1A>) 2.137 1.797 2.518 2.217 2.417 2.179 2.158 2.498 2.158
R(A2A3) 1.789 1.808 1.794 1.813 1.781 1.812 1.836 1.788 1.817
R(L1H14) 1.900 1.545 2.203 1.956 2.107 1.973 1.973 2.197 1.889
R(AzH14) 1.226 1.288 1.223 1.260 1.220 1.243 1.257 1.221 1.269
@(H14L1H15) 101.8 117.® 88.0° 100.4 91.P 101.» 102.& 88.9 103.2
@(L1H14A%) 83.3 78.2 89.9 84.0 89.1 81.9 80.5 89.2 83.8

(b) LnteAl 12H1227

L Li* Be?* Nat Mg?* Al3+ cu* Ga

R(L1A>) 2.654 2.299 2.985 2.689 2.546 2.322 2.977
R(A2A3) 2.695 2.730 2.706 2.746 2.822 2.797 2.727
R(L1H14) 1.984 1.471 2.538 1.904 1.659 1.723 2.547
R(A2H14) 1.648 1.756 1.746 1.726 1.932 1.719 1.619
@(H14l1H15) 112.9 119.7 103.2 114.2 120.0 120.0 1032
@(L1H14A2) 93.5 90.4 94.5 95.5 90.0 84.9 88.3

(C) Ln+.G&2H122*

Lt Li™ Be?*(b) Be**(sy Na* Mg?*+ Ga" Ga*(b) Ga'(s) ART(s)
R(L;1A>) 2.601 2.254 2.176 2.928 2.643 2.828 2.829 2.430 2.474
R(A2A3) 2.592 2.644 3.757 2.606 2.633 2.615 2.757 4.055 4.037
R(L1H14) 2.038 1.476 3.202 2.391 1.931 2.501 2.480 3.530 3.536
R(A2H14) 1.617 1.746 1.542 1.608 1.708 1.580 1.575 1.540 1.540
@(H14L1H15) 112.3 119.7 108.3 102.% 113.8 104.7 106.& 119.0 119.9
@(L1H14A2) 90.0 68.4 36.9 92.0 93.0 84.5 25.4 34.9 36.5
@(AA7A3) 60.7 62.3 92.0 61.0 62.0 61.2 67.3 95.2 95.5
@(A12A8A13) 60.4 61.8 60.9 60.3 61.1 60.8 72.6 59.7 59.8

aData for B3LYP calculations with the 6-331G* basis set for boranes and alanes and 6-31G* for gallanes. Extension of the basis set to
6-3114-G**does not affect the results significantlyAtom L is located above hydrogen atomssHis, and He. € Atom L is located between the
plane Hs—H1s—Hj6 and the coordinated face,AAs;—A, of the icosahedron AHi,. ¢ Nim = 2.

GaGa face and the opposite G&a ,Ga s face are elongated
relative to isolated GaH;,2~ by 0.18 and 0.41 A, respectively.

Li* or Na". For the salts incorporating cations of alkali and
alkaline-earth metals, both doublets are predicted to be intense

Significant opening of the face opposite the coordinated face is and should be the most characteristic features in the exohedral
related to strong charge transfer from the dianion face to the structurel IR spectra. In contrast td, where frequencies of

triply charged cation (an “intraneutralization” or polarization
“trans effect”). According to natural population analysis (NPA),
electron density in the Ar-BioHi2~ (1) B1iBi:Bis face
decreases by-0.6e compared with B;H:,*~, and the natural
charge on Al is less thaft2e.

In addition to1, isomer1b (Cg,) of gallane GaHi,™ and
AlGa;;H;2" ions was found in which G4 and APT are inserted
into the [Ga], cage, thus converting the cages into a 13-vertex
polyhedron. In contrast to “bridged” structuteisomerlb is

the bridged bonds are 3600 cn1?! lower than those of the
terminal bonds, all 12 highest frequencies of isortie{which
has no bridging hydrogens) correspond to stretchi(@aH)
vibrations and lie within a narrow 3670 cnt! range.
Endohedral Structures 3, I,. Differences among borane,
alane, and gallane centrosymmetric endohedral structures
L @A12H122~ (3) are most clearly displayed in their configu-
rational stability (Table 1). For the more spacious alane and
gallane clusters,3 is a local minimum only for Bf@

characterized by broken edges in the “attacked” face and strongAl,H;2~ (L™ = Li*, Na", Mg?+, Al*) and " @GaH1,2~
(0.16 A) elongation of the adjacent edges. Compared to isolated(L" = Li*, Na*, Mg?t, Ga&"). Bi,Hi2*~ has the smallest

GayH122~, the face opposite the coordination site is essentially
unchanged.

The vibrational spectra of closo-alane salt$-Al 1,H12~ (1)
reveal that their bridging hydrogens are flexible. For example,
separated by-350 cnt?! in the spectrum of MgAbH,, there
are two intense doublets, 12a19e and 13a+20e, that
originate from 24, and 3t, and are split by~50 and 75 cm?,
respectively (Table 3). In the long-wavelength doublet, which
corresponds mostly to vibrations of the Mglgroup, v(12a)
is lower thanv(19e), but in the short-wavelength doublet, which
is related to the symmetric stretch of the/d, bonds, the order
of frequencies is reversed(L3a) > v(20e)], and 13ais much
more intense than 20e. The interval;, separating the doublets
depends strongly on the cation charge and polarizing ability;
Av decreases sharply when ffgis substituted by B& and
nearly triples (up to~1000 cntl) when Mg is replaced by

internal cavity (see also ref 10a); howevers a local minimum

on the PES for a broad range of borane-encapsulated cations
(L™ = Lit, Be?t, B3, Na", Mg2t, Al3t, Skt Gat). In
contrast, transition-metal cations €and Zn" do not favor
central positions in the AH;,°~ icosahedrons.

Table 1 shows that there is a clear trend in the energetic
stabilization of3 relative to that ofl when going down the
borane-alane-gallane group and when cation charge increases
along the He-Lit—Be**—B3" and Ne-Na'—Mg2r—Al3"
isoelectronic serie\Er(3/1) drops from 60 (N&) to 38 (Mg™")
kcal/mol for the alanes, where&ss more stable thad by 1
(LiT), 12 (M¢?), and 83 (G&") kcal/mol for the gallanes. In
contrast to the boranes and alanes, endohedral gallane clusters
(3) incorporating di- and trications are energetically favored over
exohedral coordinations and2. Extrapolating this trend, one
may predict that the energetic preferences of endohedral
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TABLE 3: Selected® Vibrational Frequencies v; (cm~1) of Closo-Boranes, Alanes, and GallanestA,H 122~ (1, Cay(t))

(a) Boranes
Lnt. BIZH122_

Lt Li* Be2t Na* Mg?* Al Cu* Zn%t Ga* Al3*
19e  1120(22) 1241 (11) 1119 (28) 1172 (5) 1087 (22) 1102 (19) 1076 (7) 1080 (22) 1083 (2)
20e  2338(116) 2047 (17) 2341 (166) 2109 (67) 2394 (1) 2169 (86) 2201 (12) 2400 (1) 2136 (3)
12a 1093 (90) 1223 (259) 1097 (651) 1075 (0) 1087 (87) 1067 (65) 1019 (32) 1081 (71) 991 (139)
13a  2380(831)  2117(395) 2383(927)  2165(378) 2439 (4) 2207 (623)  2222(59) 2436 (71) 2145 (92)
(b) Alanes
LAl 1H1 2~
L+ Li+ Be* Na* Mg?*+ Al3* cu Ga
19e 662 (153) 1152 (0) 639 (190) 1016 (40) 655 (32) 948 (14) 564 (264)
20e 1618 (120) 1510 (85) 1638 (177) 1314 (107) 1602 (68) 1427 (48) 1753 (62)
12a 652 (167) 1368 (630) 605 (200) 965 (38) 901 (535) 1011 (135) 566 (263)
13a 1660 (1408) 1437 (46) 1669(1397) 1388 (1089) 1526 (26) 1472 (678) 1776 (434)
(c) Gallanes
L' -GaH1 2~
L+ Li* Be** Na’ Mg?*+ Ga" Ga*(b) Gat(s)
19e 644 (136) 1032 (0) 623 (150) 945 (18) 567 (173) 514 (117) 573 (70)
20e 1613 (145) 1508 (74) 1643 (209) 1287 (123) 1794 (69) 1838 (26) 2039 (88)
12a 619 (220) 1275 (726) 588 (209) 905 (105) 567 (208) 560 (12) 568 (112)
13a 1651 (1413) 1438 (19) 1672 (1369) 1340 (948) 1816 (456) 1849 (138) 2041 (33)

aData of B3LYP/6-31G* calculations. Intensities of vibrations (KM/mol) are given in parentheses.

TABLE 4: Calculated® Geometrical Parameters (A) of
Closo-Boranes, Alanes, and Gallanest @A,H1,°~ (3, In)
with L lons at the Center of the [A17] Icosahedron

Meanwhile, the peripheral AH bond lengths exhibit more-
significant monotonic increases by up to 0.04 A.

Skeletal A-A and peripheral A-H bond vibrational frequen-

L empty Li* Na® Be* Mg* AI®T Ga&* cies shift by just a few tenths of a cthwhen Lit is replaced
Borane by Na' in endohedral alane and gallane clusters (Table 5). In
R(B-L)  (1.700) 1.784 1922 1780 1.923 1912 1.961 contrast, the substitution of Liwith Na™ and B&+ with Mg2+
SES:E; i:;gg i:%g i%é i?;g i:?gg ig%g ig% in boranes results in a significart {00-200 cnt!) decrease
in these frequencies because of the extreme strain of ey B
RAI-L)  (2571) 2612 A2I.aGn7el 0 665 2.656 cage when encapsulating second-row atoms. Two of four IR-
R(A|_A|) 2703 2.746 2.809 2.803 2.793 active frequ_enCIes. are eXpected to be informative for IR
RAI-H) 1.605 1.586 1.587 1.574 1.598 spectroscopic studies of endohedrét @A;2H12*~ structures.
Gallane In boranes, these intensive 2and 3f, modes lie in the range
RGa-L) (2.453) 2.489 2.530 2,579 2.498 0f 800—930 cnTtand 1036-1190 cn?, respectively, whereas
R(Ga-Ga) 2.579 2.616 2.659 2.712 2.626 in alanes and gallanes, they appear between 300 and 400 cm
R(Ga-H) 1568 1.554 1.552 1.542 1.531  and 500 and 600 cm, respectively.

aData of B3LYP calculations with the 6-331G* basis set for
boranes and alanes and 6-31G* for gallafié3ata for isolated AH1>~

Mulliken and NBO population analysis show that cation
insertion leads to significant electron-density transfer from the

(calculations at the same level of theory, in parentheses: the distanceA12H12 cage via two sets of the valencg and t, MOs. The

from the center of icosahedrom#Ad:?~ to vertex A).

structures versus those of exohedral structures will be even mor
pronounced for heavier In and Tl cages (in line with experi-
mental findings: most known endohedral clusters consist of
atoms located at the bottom of the periodic table).

As in endohedral noble-gas Ng@#:122~ clusters! the
L"@A-H12~ cluster cage sizd3(L—A), is linearly dependent
on the inserted cation’s atomic raditL). Table 4 shows that
the replacement of endohedralLivith Na™ or of B&" with
Mg?" leads to similar cage expansions, WR{A —L) increasing
by 0.14 A for boranes, 0.060.07 A for alanes, and 0.64.05
A for gallanes. In all clusters, the peripheratA bond lengths
vary by less than 0.01 A. Figure 2, which shows cage
deformation energie&qer, graphed as a function of the relative
cage radiusR(o—A), reveals that BH1,2~ and AlHi2~ in

first set has a dominant contribution from the cation’s sp AO

cAand the bonding MO of the [A} skeleton. The second set of

the g and t, MOs mostly corresponds to the-Ad bonds. The
“hydrogen shell” [H]. effective charge decreases by0.3—
0.5 for the clusters with alkali cations and ®tgand by 1.6-
1.2e for BE*" clusters. Depending on the electronegativities of
L and A and the external charge of the cluster, the electron
density is distributed between L and the {A$keleton in various
fractions. In LIF@B12H12", all [H]12 charge (0.B) is transferred

to the cation, whereas the [Bboron skeleton’s charge changes
only slightly. In contrast, [H], electron density is mostly
transferred to the [B} skeleton in Be@BHi2, whereas the
charge from [H]; is nearly equally distributed between the
cation and the [Al, cage in the LT and Mg" alanes.

When the cation in structui®is varied along an isoelectronic

the borane and alane clusters are deformed like their relatedseries, the Q(AA) and Q(AH) overlap populations decrease and
endohedral noble-gas complexes (see Figure 2 in ref 7). Whenincrease, respectively, in line with the decrease in skeletal

L changes along an isoelectronic series such asliife—-Be*"—
B3" or Ne-Na"—Mg?2"—Al3*, the cage radiuR(L—A) varies
only slightly (0.010.02 A) because increased steric repulsion

vibrational frequencies and the increase inIA stretching
frequencies (see Tables 5). Overall, however, thgJAlner-
shell electron density changes only slightly, if at all. Where there

is compensated by increased cage-to-cation charge transferis charge transfer from the anion to the cation, the external
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TABLE 5: IR-Active 2 Vibrational Frequencies t;, (cm™1) of Closo-

Atoms at the Center of the [A7] Icosahedron

Charkin et al.

Boranes, Alanes, and Gallanes L@AH 122~ (3, In) with L

B Al Ga
L empty Lit Na* Be** Mg¥ AT Gat empty LT Na* Al®T  Mg?" empty Lit Nat  Mg?*
tiwl 528 274 487 259 250 148 309 251 214 149 194 212 194 164 177
(n @ (2 (9 (18 (109 (5 9) (5) (19)  (10) (0) (0) (0) (2
2 710 933 915 801 880 802 835 383 382 336 364 412 300 408
(7) @ @GN G @13 @ © (10)  (@3)  (6) (22) (1) 4 4
3 1089 1190 1033 1128 1059 1054 994 578 563 544 509 528 567 581 600 571
64) (25 (9) (38 (3 (00 (0) (288) (230) (232) (59) (164) (218) (158) (172) (106)
4 2535 2692 2697 2771 2793 2831 2832 1810 1898 1897 1850 1956 1883 1986 2010 2057
(1149) (502) (590) (109) (165) (3) (1)  (1656) (1040) (1102) (1540) (524) (1656) (1035) (1041) (483)

aData of B3LYP/6-31G* calculations. Intensities af vibrations active in IR spectra (KM/mol) are given in parenthe$&ata for isolated

A1Hi2 (calculations at the same level of theory).

TABLE 6: Magnetic Shielding Constants o (ppm)? for A 1,H;,*~ Closo Anions (A= B, Al) and X@A,H1,>~ Endo Clusters 3,1,

(X = Ng, L")

X@A12H122_ O’(B) U(X) U(H) X@A12H122_ O’(Al) U(X) U(H)
BiHi2 127.0 (25.9 30.8 AlH1 2 575.2 (20.5) 29.8
He@BHi12~ 122.4 82.0 30.8 He@AH.12~ 572.9 78.2 29.8

Ne@AlH1 2~ 575.6 400.2 29.7
LiT@ByH1*~ 130.1 118.2 30.4 Li@AlH1 2~ 590.0 112.9 29.6

Na @Al H1 2~ 588.9 530.6 29.5
Be? @B H1*~ 138.2 140.6 29.7

MgZr@Al1H 17~ 620.0 616.6 29.1

a Calculated at the GIAO/B3LYP/6-31G* level. Absolute valuesyadre presented. Calculations at the same level of theory give the following
magnetic shielding constants (ppmj)(Al) = 541 for AlH,~ ando(B) = 93.5 for B:Hs, for which the accepted experimental NMR chemical shifts

to the low field ared(Al) = 100—103 andd(B) = 16.6; L"" isotropic shielding constants are the following: 95.1, 130.3, 622.7, and 694.0 ppm for
Lit, Be?", Na", and Mg respectively. For exo structurds o values are the following: 90.3, 95.6, and 568.5 ppm for, IBe*", and Nd in

L™ By,H12, respectively, and 90.7 and 97.8 ppm fot aind Bé+ in L™ Al 1,H1.2~, respectivelyo(H) = 32.4 for TMS.P In parentheses, absolute
shieldings (i.e., nucleus-independent chemical shifts, NiG@@thout the signs reversed) computed at the centers of empty: &~ icosahedrons.

hydrogen shell [H], serves as the main source of electron  Table 6 also reveals that the(A) and o(H) absolute
density, with the inner [AL shell mostly acting as either an  shieldings (and hence their chemical shifts) of endohedral
electron conductor or an electron acceptor. Significant differ- clusters3 change monotonically along the isoelectronic series
ences in the vibrational spectra of exohedral and endohedralHe—Li*—Be?* and Ne-Na"—Mg?* but in opposite directions.

isomers of I""A;,H1,2~ clusters may be used for their IR
spectroscopic identification.

Magnetic Shielding ConstantsWe found earliet!! that 3-
He NMR absolute shieldings(He), in He@AH1,*~ clusters
were larger tharo of 3He in vacuo (upfield) and changed
nonmonotonically along the BH12—Al 1,H12~ —GaH 2~

o(A) increases and(H) decreases because of the increase in
charge transfer from the outer [H]shell to the cation and
partially to the inner [A]2 shell (see above).

Transition States. As reported earlief® we performed a
systematic search of the transition states (TS) of the endohedral
exohedral rearrangemedit— 1 for the borane and alane clusters

series. This result, together with the nonmonotonic behavior of using the B3LYP/6-31G* method. We investigated TS-1-, TS-

the absolute shieldings computed in the center of fregif?~

2-, and TS-3-type transition states corresponding to the exit of

anions!’ indicated that alanes were less aromatic than both the heteroatom from the cage via an edge, a triangular face,

boranes and gallanes.

Table 6 shows GIAO-B3LYP/6-31G* absolute magnetic
shieldings,o(L), for the cations in kinetically stable"t@
A12H12~ borane and alane clusters and NICS of fragHA?~
borane and alane dianions. LiéHe) in He-containing clusters,
o(Li*) and o(B€?") in boranes ands(Li*) in alanes are also
larger than for free L and Bé* cations. From boranes to
alanesg(Li™) ando(He) both decrease by 5 ppm, in line with

and a pentagonal “neck” of “a pot with its hinged lid opened”,
respectively. Optimized TS geometries for the clusters are shown
in Figure 3, with the corresponding barriets.§) relative to
icosahedral structur® presented in Table 1.

As in He@B;H1~, the Li— and Be-borane cluster transi-
tion structures hav€, symmetry and one imaginary frequency
(230i and 265i cm?, respectively) and are of the TS-1 type
(i.e., the cations exit from the cage via an edge). The cations

the decrease in absolute shieldings at cage centers wherare located inside the cage (endohedral structure) in both TS.

comparing isolated BH122~ to AloH122~. These results indicate

Naturally, the exit of any of these metals via;BB¢ is

that the aromaticity of both clusters and noble-gas clusters accompanied by the rupture of the neighboring-B, and B—

decreases from boranes to alanes. Likecdtfide) behavior, the

absolute shieldings of the heavier cations from the third period,

o(Na") and o(Mg?"), are significantly smaller those for free
cations (downfield).

In exohedral structuret both with light and heavy cations,
o(L"") is always smaller than that of free cations (downfield,
Table 6). For light cations (such as'Land B&™), the difference
betweeno(L") values in endo3) and exo structuresl) is
significant (ca. 20 and 40 ppm, respectively), and that might
be useful for the NMR spectroscopic identification of these
isomers of clusters that are considered here.

Bipedges and by the elongation of the-#, and B—B;; edges
to~3.3 and 2.5 A, respectively. The corresponding exit barriers,
hrear (With ZPE corrections), are 55.2 and 39.1 kcal/mol for
LiT@B2H12 and Bé*@By,H122, respectively. By comparing
these values witlhey: = 58.5 kcal/mol for He@BH12,°~, one
can see a clear trend of barrier decrease along the isoelectronic
series He-LiT—Be?", where charge increases and endohedral
atom size decreases.

In contrast to boranes, the alane clusters (like the He and Ne
alanes) have transition states of the the TS-3 type, which has
“a pot with open lid” shape (Figure 3). As compared to structure
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3, in TS-3, the triangular A-Als—Als lid together with the
vertex group Ad—Hsg is thrown open, and the most favorable

J. Phys. Chem. A, Vol. 106, No. 47, 200R1601

1 with a tridentate coordination of the cation at an icosahedral
face. Bidentate structurescorrespond to transition states for

pathway for cation exit is through the uncovered quasi-planar migration of the external cation around the anion along the

pentagonal +4—10-11-5 neck. The cations in TS-3 are

face—edge-face pathways. The migrational barrtgfiy varies

located below the neck plane (endohedral structure), except forfrom 3 to 5 kcal/mol for single-charged cations to-11% kcal/

Li*, which practically lies in this plane.
Cage deformations in TS-3 are much larger than in TS-1.

mol for double-charged cations. In accord with the electrostatic
considerationshmigr increases with an increase of the cation

Besides the rupture of three of the five cage bonds connectingcharge and decreases with an increase of the cationic radius.

vertex Ak with its neighbors, a large number of other-Adl

The barriers in alanes are lower than those in related boranes

bonds in the active hemisphere and in the equatorial area areand have intermediate values in gallanes. Because of the external
either strongly elongated or broken. As a result, there is an cation field, the coordinated face of thg-N1,*~ anion expands,

additional large quadrangular-5—5—3 hole in the cage’s side.
In the opposite part of the cage most remote from this hole,
two adjacent faces AtrAl;—Al, and Ako—Al;—Al, are
contracted by 0.050.10 A so that their common edge Al
Aly, is shortened by 0.10 A in comparison with the size of the
isolated Al,H1,2~ dianion. The imaginary frequencies in TS-3
of all alanes vary in the 7590i cnT? range.

hrear Values for the alane clusters are 44.17L.i31.5 (N&),
and 18.5 (M@") kcal/mol. They are lower thahe in the
isoelectronic Ng@AbLH12#~ clusters (58.5 and 41.5 kcal/mol
for He and Ne, respectively) but sufficiently high to ensure the
kinetic stability of Lif@Al;,H122~, Nar@Al.H12-, and (to a
lesser extent) M @Al;H122~. The hiear barrier tends to

and its A—A bonds weaken, thus bridging hydrogen atoms are
shifted toward the cation and the opposite face also expands.
These deformations increase with the cation polarization
propensity and structural nonrigidity of the anion.

In addition to traditional saltlike exohedral structutesr 2
of ionic pair L""+A1,H1,2~ with the AjoH12~ dianion, several
additional low-lying local minima were localized for the alanes
and gallanes with multicharged cations of high polarizing ability
(Be2t, AI3T, and G&"). These new minima correspond to
unusual isomers of three different types: (1) isonagand
2afor BeGasH1o) with a strong shift of three (or two) bridged
Hp, atoms from the coordinated face (or edge) of the cage to
the cation, resulting in the formation of ionic pairs such as

decrease with heteroatom L down a subgroup in the periodic BeH;-A1;Hg™ (or molecular complexes such as BeRHio)
system and along an isoelectronic series with increasing sizepetween the Bell anion (or BeH molecule) and the closo
and charge. Moreover, the barrier heights in alanes show goodcations A Hg™ (or neutral AzH10); (2) isomerslb (and2b for

qualitative correlation with relative energi&s,(4/3) and Ee-
(5/3) of the model “surface” structurel C, and5, Cs, (Figure

BeGaH;,) in which the cation Bt is inserted into the face (or
edge) of the AoH;12,°~ anion, completing the latter to 13-vertex

1) where the heteroatom is fixed in the center of an edge or apolyhedron; (3) isomers with strong charge transfer from the

face. For analogous systems, energies suéh.#4/3) andEer-
(5/3), which are easily obtained by partial optimization, should
be useful in assessing the magnitude haf,, before actual

transition-state calculations. For other systems including Na-, n5+ Mg2*, AI3* for boranes; Li, Na*, Mg2*+, Al*

Mg-, and Al-boranes, wheré is much lower thar8, one can
also predict that their barrietss-and hence the kinetic stability
of their endohedral structuré&sshould be low.
Transition-state searches for the gallane clustets@.
GapHi?~ at the same all-electron B3LYP/6-31G* level are
hindered by computational difficulties. Hence, as for Ng@
GagHi22~, P we performed Li—, Nat—, Be2"—, and Mg —
gallane TS calculations using the Stuttgebresden effective
core potential and B3LYP Parallel optimization of several

cage to the triple-charged cation and with an expanded opposite
face of the cage.

Besides exohedral isometsthirteen clusters (with i, Be*,
for alanes;
and Lit, Na, Mg?", G&* for gallanes) were found to have
another local minimum correspondingligsymmetric endohe-
dral isomer3, with the cation located in the center of the
icosahedral AH1°~ cage. Relative energies of the endohedral
isomer E(3/1) vary from less than 60 kcal/mol for most of
the alanes to 115 kcal/mol for t@B;,H; 2~ and 156-350 kcal/
mol for boranes with cations from the second and third periods.
Eri(3/1) rapidly decreases in the boraredanes-gallanes group
with an increase of the cation charge along the isoelectronic

alanes and gallanes at both the B3LYP/6-31G* and B3LYP/ gqrias He Li+t—Be2—B3 and Ne-Na‘—Mg2"—AI3*, In the

SDD levels demonstrated that the latter approach systematically

overestimates interatomic distances by 8:2®5 A and

gallane clusters with multicharged cations from the second and
third periods, endohedral structur@sire predicted to be more

significantly underestimates vibrational frequencies and potential favorable energetically than exohedral structutesr 2. The

barriers. Therefore, the B3LYP/SDD results allow only qualita-

tive conclusions regarding “entry” rearrangement barriers. For
Li™ and Na, exohedral-to-endohedral structural rearrangements
(1 — 3) are more facile for the gallanes than the related alane

clusters. As discussed abogeandl invert their relative position

on the energy scale in gallanes with dications and trications,

and their3 — 1 “exit” rearrangement barriers increase sharply

as compared to those of the related alanes. These gallane-clust

endohedral structurésare much more stable both energetically
and kinetically and appear to be good prospects for synthesi

Conclusions

Systematic B3LYP calculations of the family of closo-borane,
alane, and gallane clusters with metal catiofiSA;,Hi2~ (A
= B, Al, Ga; L"" = Li*, Na", Cut, Be#t, Mg?*, Zr?*t, Al™,
Al®T, Ga", and G&") show that for most of them the global
minimum on PES corresponds to “external” (exohedral) isomer

gallane clusters with endohedral structures with multicharged
cations are prospects for experimental realization.

The ende-exo rearrangemen8 — 1 has two types of
transition structures corresponding to the exit of the cation
through an edge (TS-1) and through a pentagonal neck (TS-3)
of the cage. These are like the TSs that were found earlier for

épe dissociation of endohedral clusters containing noble-gas

atoms, Ng@AoH122~ — Ng + AoH122~. TS-1 (via an edge) is

s preferable for boranes with the lightest cations bid Bé™,

whereas TS-3 (via a pentagonal neck) was located both for
alanes and for gallanes with tiNa", and Mg*+. Calculated
barriershreqrare in the range of~15-55 kcal/mol and tend to
decrease with an increase in the cation charge in isoelectronic
series and with the replacement of the lightest bnd B&*
cations by their heavier analogues along periodic subgroups.
The barriers for the other species, including BeKh, and all
boranes with cations from the second and lower periods, are
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small, and their endohedral structures are predicted to be2001 40, 3905. (d) Wright, C. A.; Shapley, J. Riorg. Chem.2001, 40,

kinetically unstable.
It is worth noting that our results appeared to be stable with

6338. (e) Wright, C. A.; Brand, U.; Shapley, J. IRorg. Chem2001, 40,
4896. (f) Sun, D.; Hughbanks, Thorg. Chem200Q 39, 1964. (g) Nordell,
K. J.; Miller, G. J.Inorg. Chem1999 38, 579. (h) Rao, B. K.; Jena, B.

respect to the basis set expansion. For instance, when weChem. Phys1999 111, 1890. (i) Rao, B. K.; Jena, B. Chem. Phy2001,

enlarged the basis set to 6-32®(3df,3pd) for single-point
energy calculations of LiAbH12~, we found only a minor effect
on the relative energies of structu&<®, and TS-3 with respect
to that of1 (23.8, 3.3, and 44.3 kcal/mol, respectively, at the
B3LYP/6-311-G(3df,3pd) level vs 23.7, 2.4, and 44.1 kcal/
mol within our regular B3LYP/6-31tG** approximation). For

115 778. (j) Seitsonen, A. P.; Puska, M. J.; Alatalo, M.; Nieminen, R. M.;
Milman, V.; Payne, M. CPhys. Re. B 1993 48, 1981. (k) Kumar, V.;
Bhattacharjee, S.; Kawazoe, Phys. Re. B 200Q 61, 8541. (I) Schnepf,
A.; Stesser, G.; Schigkel, H. J. Am. Chem. SoQ00Q 122, 9178. (m)
Purath, A.; Dohmeier, A.; Ecker, A.; Schelel, H.; Ahlrichs, R.; Stoermer,
C.; Friedrich, J.; Jutzi, Rl. Am. Chem. So200Q 122, 6955. (n) Bobev,
S.; Sevov, S. Clnorg. Chem.2001, 40, 5361.

(3) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochman, M.

boranes, the effect of the basis set extension is expected to bedvanced Inorganic Chemistrgth ed.; Wiley & Sons: New York, 1999.

even less significant. Similar B3LYP/6-315G(3df,3pd) cal-

culations would also be desirable for gallanes, but they are

beyond the capability of our computational facilities.

In contrast to Ng@AeH:122~, the L""@A.H122~ endohedral
clusters have a significant<Q.5—1.2¢) transfer of electron
density from the anion to the cation. The external ;pH]

(4) (a) Corbett, J. DStruct. Bonding (Berlin)l997, 87, 157. (b) Seo,
D. K.; Corbett, J. DScience (Washington, D.C2p01, 291, 841.

(5) Braunstein, P.; Oro, L.; Raithby, P. Rletal Clusters in Chemistry
Wiley-VCH: Berlin, 1999.

(6) (a) Schnepf, A.; Weckert, E.; Linti, G.; Scheiel, H. Angew.
Chem., Int. Ed1999 38, 3381. (b) Linti, G.; Rodig, AChem. Commun.
2000 127. (c) Schnepf, A.; Schic&el, H. Angew. Chem., Int. EQR001,
40, 712. (d) Dohmeier, C.; Loos, D.; Schoiel, H. Angew. Chem., Int.

(hydrogen) shell serves as an electron donor, but the internalgq. engl.1996 35, 129.

(skeletal) shell [A] hardly changes its charge and in many cases

(7) (a) Mebel, A. M.; Klimenko, N. M.; Moran, D.; Charkin, D. O;

can be regarded as an “electron conductor”. This character ofSchleyer, P.v. RRuss. J. Inorg. Chem. (Engl. Trans2001, 46, 110. (b)

the charge transfer,"tt — [A] 12 < [H]12, correlates with the
behavior of the magnetic shieldings and, hence, the NMR
chemical shifts,6(A) and 6(H). Endohedral and exohedral
isomers exhibit significant differences in vibrational spectra and
chemical shifts of the cationd(L), which might be used for
their identification by IR and NMR spectroscopy.
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