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Abstract: Endohedral metallofullerenes (EMFs) have been extensively studied since their discovery in
1985. Metal—metal bonds, nevertheless, have never been explicitly observed in EMFs synthesized so far.
In this contribution, we show by means of all-electron relativistic density functional computations that the
dimetalloendofullerene, U,@Cso, has an unprecedented U—U multiple bond consisting solely of sixfold
ferromagnetically coupled one-electron-two-center bonds with the electronic configuration (5f,)?(5fag)*-
(5fd4)2(5fpu)t, which are dominated by the uranium 5f atomic orbitals. This bonding scheme is completely
distinct from the metal—metal bonds discovered thus far in the d- and f-block polynuclear metal complexes.
This finding initiates a connection of the metal—metal multiple bonding chemistry and the fullerene chemistry.

1. Introduction varying from one metal atom (e.g., M La, Y, Sc, Ce in
M@Csy),* dimetallic ones (M, e.g., M= La, Scf~’ to metal

Endohedral metallofullerenes (EMFs) are fullerene-based ) ) oE
carbide (MC2, M = Sc; n = 2—4)810 or trimetallic nitride

derivatives that have a metal atom or a metal-containing cluster ) <
inside a hollow fullerene cageDue to their unique “super-  (MaN, M = lanthanide or actinide).** However, no metat
atomic” core-shell electronic structures arising from a signifi- Metal bond, to the best of our knowledge, has ever been
cant electron transfer from the encapsulated cluster to the @XPplicitly observed in EMFs discovered thus far. The concept
fullerene cage, EMFs have attracted wide interests during the ©f metat-metal multiple bonds has profound influence on the
past two decadées? The key factor that governs the stability of polynuclear chemistry and has been in continuous development
EMFs is the number of the electron transfer. The intramolecular Since its discovery in 196%:'3 In general, a metaimetal
electron transfer in EMFs generally results in that the inner multiple bond found in a d- or f-block metal complex normally
cluster and/or the outer fullerene cage preferentially adopt the comprises several folds of two-electron-two-center (TETC)
stable closed-shell electronic configuration (CSEChis was
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bonds or, in rare cases, is a combination of two-electron-two- polarization functions (DNP) was applied for all atoms. It is known
center bonds and one-electron-two-center (OETC) bonds. Forthat the relativistic effects play an important role in the chemical and
example, the prototypic [R€lg]2~ ion has a quadruple Re phys_ical propertie_s of molecules c_ontgining heavier elements, such as
Re bond with a ground-state configuration of (ﬁ@ﬂ6dﬂ)4- uran!u_rn?_5To take |ntq g(_:count relativistic effects, the all-electron s_calar
(692 i.e., fourfold TETC bonds including one-bond, two relativistic method utilizing the Douglas-Kroll-Hess (DKH) Hamilto-

-bonds. and oné-bond In the recently reported ACICrAr- nian?® which is the most accurate approach available in Giylatkage,
ﬂA . C,H 2 6(CeHa-2 6 PL), Pr =i yrep 152 quintuol was chosen. The effect of sphorbit coupling was not considered
(Ar" = CeHs-2,6( SRt 2)2, P = |_Sop_ropy), quintupie because this effect, though very critical for free atoms, is generally
Cr—Cr bond was disclosed to contain five fold TETC bonds  g,enched in large molecul&&We should note that more sophisticated
W.”h. the electronic configuration of (3¢P(3dz)*(3dd).*15P description of the bonding pattern in a f-block metal complex such as
Similarly, the f-block metal complex PhUUPh (Bh phenyl) U.@Cs requires more sophisticated theoretical approaches, which go
was recently predicted to have fivefold TETC-U bonds with beyond the single determinant methods and incorporate both electron
predominantly thed)3(x)*(0)* state, in which the 7s, 6d, and  correlations (the static anq dyr_1amic cqrrelations) and relativistic effects
5f valence orbitals of U atom are involved in the—U (the scalar part and spirorbit coupling)>#’ Unfortunately, such
bonding!® More interestingly, Gagliardi and Roos demonstrated sophl_stlcated treat_ments, which are ge_:nerally highly resource-demanding
by means of high-levedb initio calculations that a neutralu ~ @nd time-consuming, are only applicable to small mole¢ilesd
molecule has a unique quintuple bond, which is essentially a unaffordable for such large systems a#@Ceo. Nevertheless, the all-

binati fh TETC bond 2714, f OETC bond electron relativistic density functional computations performed in the

colm 'lna lon orthree i onds*t2), four - onds present study do cover the electron correlations and the most significant
(Oth+ﬂ +2(|§';),Iang th |gc?j|_'zed Sf electror$in a:dltlon, S(c;)[r;e relativistic effects and, at least, are capable of predicting the bonding
other muluply bonae ijuranium compounds, €.g3C\g,

scheme of W@GCso qualitatively. Harmonic vibrational analyses were
UxClg?", U(OCHO), U2(OCHO), and W(OCHO)CIy, with performed by employing the PBE functional with DNP basis sets
U—U bond lengths ranging from 2.43 to 2.80 A, were also (denoted as PBE/DNP) for the key stationary points @@ to
predicted to be stabfé. determine whether they are real minima or saddle points.

The existence of a multiple metainetal bond was generally Ceo has only one fullerenic isomer, i.e., theo&ln), that satisfies
accompanied by a shorter bond distance with respect to thethe _Well-known isolated-pentagon rule (IPfR)n_ addition to the G
singly bonded speciéé.Recent theoretical investigation re- (In) isomer, we have also conS|de_red some rationally selected non-IPR
vealed that caging a neopentane inside the (G) fullerene Coo fullerenes for the encapsulation otV
can remarkably squeeze a—C single bond?® It is thus
interesting to explore whether a multiple-NW bond with a
short M—M bond length can be formed when two metal atoms,
e.g., U, with plenty of valence electrons and orbitals are
confined within a Gy fullerene. Herein we show by means of
all-electron relativistic density functional computations that the
dimetalloendofullerene, 4@Cs0,° have a valence state of
[UZ]8*@Cso® and, more significantly, contains a multiple-W
bond, composed of sixfold OETC bonds corresponding to the
electronic configuration of (5f,)?(5fog)*(5f0g)?(5f¢u)™.

3. Results and Discussion

3.1. The Ground State of U@Cso (In). U2@Cso Was first
detected by Guo et al. in a Fourier transform-ion cyclotron
resonance mass spectroscopic (MS) experiment with an ultrahigh
signal intensity relative to other uranium endofullerenes pro-
duced by the laser vaporization of a graphitedfmposite
disk 20 Besides W@ Cso, MS signals of Y@ Css, U@GCs,, and
U.@Gso were also observed in the experiment, but with lower
intensities. This indicated the successive loss otifiits, but
not the uranium atoms, fromJ4@ Cso molecule. This phenom-
enon implied that the two uranium atoms were encapsulated
inside the G carbon cage but not externally attached to the

2. Computational Details

All the density functional theory (DFT) computations ob@ Cso

cage surface?®
were performed by using the Dni@odé! with the generalized gradient g kminsterfull Gof | trv. is th llest PR
approximation (GGA) functional of Perdew, Burke, and Ernzerhof uckminsteriulierene, g of In Symmetry, 1S the smalles A

(PBE)?? Other density functionals, such as the revised PBE (RFBE) satisfying fullerene ahd thenly Ceo isome_r SyntheSiZ?d thus
and the PerdewWang 1991 (PW913* were also employed, and they far?® Hence, we consider the encapsulation gfitdo this Go

give essentially similar results to the PBE predictions. For closed- and cage first. Figure 1 depicts the optimized structures and
open-shell systems, the spin-restricted and spin-unrestricted algorithmsSymmetries of W@ Cso isomersla—d derived from the & (In)
were used, respectively. All-electron double-numerical basis set with fullerene. In isomefLa, the U, unit is sandwiched between two

six-membered rings, resulting in an overall molecular symmetry
(14) (a) Cotton, F. Alnorg. Chem1965 4, 334. (b) Gagliardi, L.; Roos, B. O. of D3qy. Similarly, in isomerslb and 1c, the U moiety is
Inorg. Chem.2003 42, 1599.

(15) (a) Nguyen, T.; Sutton, A. D.; Brynda, M.; Fettinger, J. C.; Long, G. J.; sandwiched between two - bonds (hexagonhexagon

Power, P. P.Science2005 310, 844. (b) Brynda, M.; Gagliardi, L.; fusions) and two pentagons, respectively. The symmetries of
Widmark, P. O.; Power, P. P.; Roos, B. @agew. Chem., Int. ER006 ) P 9 ! P y y

45, 3804.

(16) Macchia, G. L.; Brynda, M.; Gagliardi, lAngew. Chem., Int. ER006
45, 6210.

(17) (a) Gagliardi, L.; Roos, BNature2005 433 848. (b) Gagliardi, L.; Pyykko
P.; Roos, BPhys. Chem. Chem. PhyZ005 7, 2415.

(18) Roos, B.; Gagliardi, LInorg. Chem.2006 45, 803.

(19) Huntley, D. R.; Markopoulos, G.; Donovan, P. M.; Scott, L. T.; Hoffmann,
R. Angew. Chem., Int. EQ005 44, 7549.

(20) Guo, T.; Diener, M. D.; Chai, Y.; Alford, M. J.; Haufler, R. E.; McClure,
S. M,; Ohno, T.; Weaver, J. H.; Scuseria, G. E.; Smalley, RS&ence
1992 257, 1661.

(25) For some reviews, see: (a) Powell, R.JEChem. Educl968 45, 558.
(b) Pitzer, K. SAcc. Chem. Red979 12, 271. (c) PyykKoP.; Desclaux,
J. P.Acc. Chem. Red.979 12, 276. (d) PyykkoP.Chem. Re. 1988 88,

563.
(26) (a) Douglas, M.; Kroll, N. M.Acta. Phys.1974 82, 89. (b) Koelling,
D. D.; Harmon, B. NJ. Phys. C: Solid State Phy$977, 10, 3107.
(27) Roos, B. O.; Malmqvist, P-A. Phys. Chem. Chem. PhyZ004 6, 2919.
(28) (a) Kroto, H. W.Nature1987, 329 529. (b) Fowler, P.W.; Manoloupoulos,
D. E. An Atlas of FullerenesOxford University Press: Oxford, 1995.
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Chemistry, Physical and Technolodphn Wiley & Sons: New York, 2002.
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Figure 1. Optimized structures and symmetries of@Csoisomers derived
from the IPR-satisfying & (In) fullerene. Uranium atoms are represented
by large blue balls, the carbon atoms closest to uranium are colored in
purple.

1b andlcare thud,, andDsy, respectively. Th€,,-symmetric
isomerld can be generated from isom&a by moving the U
moiety closer to a hemisphere o§dCFor each isomer, several
electronic states with different spin multiplicities have been
computed at the PBE/DNP level of theory. The predicted relative
energies and BU bond lengths are listed in Table 1.

From Table 1, it is clear that the ground-state structure of
U,@GCso (In) is isomerlain the A, ground state. The predicted
U—U bond length in the isometa ("Az) is 2.72 A, much
shorter than that in the uranium metal crystal (3.123%),
suggesting that the YU bonding in U@GCso (Iy) is much
stronger than that in uranium metal. For isomgsesand 1b,
the total energies increase with decreasing spin multiplicities.
In sharp contrast, the total energy of isomérdecreases with
the decrease of spin multiplicity. For isombs, its quintet that
complies with the Aufbau principle is about 10 kcal/mol more

fullerene. Harmonic vibrational analysis performed at the PBE/
DNP level confirmed that the structurga (A, has no
imaginary frequency and is a real local minimum on the
potential energy surface.

The stability of U@GCso (13, “Az,) was evaluated in terms
of encapsulation energy, which is defined as the exothermicity
of the hypothetic reaction,

U, + Cgo— U,@Gy, (18, 7A2LD

To derive the encapsulation energy, the structures of bgth U
and Gy (In) were optimized at the PBE/DNP level of theory.
However, for U, itis in principle impossible to fully reproduce
the CASPT2 prediction reported by Gagliardi and Réosder
the current framework of density functional theory (DFT),
because DFT itself is essentially a single Slater determinant
method. Nevertheless, among various spin states ,ofdd-
cerned, the present PBE/DNP calculations predictetB:g
ground state with a dissociation energy-e35.2 kcal/mol; the
U—U bond comprises threefold TETC and fourfold OETC
bonds plus two localized 5f electrons (Supporting Information).
This DFT prediction agrees reasonably with the CASPT2
prediction that J has a quintuple bond with a dissociation
energy of 40.2 kcal/mdl’ except that the PBE/DNP-predicted
U—U bond length (2.52 A) is about 0.1 A longer than the
CASPT2 value (2.43 A). The PBE/DNP-computed reaction
energy 40 K (AE;) and enthalpy at 298.15 KAH29813 for

the hypothetical encapsulation reaction a¥86.7 and-184.8
kcal/mol, respectively* The very large encapsulation energy
further verifies the viability of U@Cs (In).

3.2. The Electronic Structure of L@Cso (In) and the
Nature of the U—U Multiple Bond. So far we have shown
that the ground state of @ Cso (I1) is the (La, A,,) state. In
this subsection, we shall introduce its electronic structure as
well as the U-U bonding pattern. In general, information of
chemical bonding in molecules can be obtained in terms of
molecular orbital (MO) analysédIn the DFT-based framework,
Kohn—Sham (KS) orbitals are not only associated with the one-
electron potential which includes all non-classical effects, but
also consistent with the exact ground-state density. The inter-

stable than its singlet, triplet, and septet states that do not comfortPretative power of the KS orbitals has been identified by many

to the Aufbau principle. In short, the lowest-energy staféis,

for isomerlc, *A; for isomerld, A, for isomerla, and’Byg

for isomerlb. That is, the spin state of the molecule depends
strongly on the location of the encaged tdoiety. In addition,
the isomerlb ("B,g) and1d (*A,) are about 10 kcal/mol higher
than the ground-state structuta (“Azy), suggesting that these

authors and is therefore recommended as legitimate tools for at
least qualitative molecular orbital consideratiéhéccordingly,
a detailed analysis on the KS molecular orbitals e®Te, (13,
A2y has been performed to obtain information about its
chemical bonding.

The frontier KS MOs of U@Cso (1a, “Ay,) are illustrated in

structures can be readily approached at room temperature and-igure 2. The highest occupied molecular orbital (HOMO),

the W@ Cso (I1) would display similar intramolecular dynamics
as was previously disclosed for 4@GCgo’ and SeN@ Cgo.*

The electronic states of isomera with different spin
multiplicities were further investigated using other density
functionals, namely RPBEand PW92* The computed relative
energies and "YU bond lengths of these electronic states are
listed in Table 2. All three functionals, i.e., PBE, RPBE, and
PW091, gave parallel results, showing that the isofraef’A,,)
is the global minimum of W@GCs, derived from the & (In)

(30) The atomic radius of uranium in metallic crystals is 1.56 A. See Dean,
J. A. Lange’s Handbook of Chemistry5th ed.; McGraw-Hill. Inc.: New
York, 1999.

HOMO-1 (doubly degenerate), HOMO-4, and HOMO-5 (doubly
degenerate) are singly occupied and dominated by uranium 5f
atomic orbitals, whereas the HOMO-2 and HOMO-3 (doubly
degenerate) are fully occupied and primarily contributed from
the orbitals delocalized over thesgzage. The valence state of
U>@GCeo(13, 7Ay) can be approximately described ag i@ Cs

From Figure 2, the double degenerate HOMO-5 orbitals

(31) AE; = E(U.@GCso) — [E(U2) + E(Ce0)]; AH815= H(U,@GCso) — [H(U2)
+ H(Cs0)] at 298.15 K.

(32) Hoffman, R.Acc. Chem. Red.971 4, 1.

(33) See, for example: (a) Kohn, W.; Becke, A. D.; Parr, RI@hys. Chem.
1996 100, 12974. (b) Baerends, E. J.; Gritsenko, O.JVPhys. Chem. A
1997, 101, 5383. (c) Stowasser, R.; Hoffmann, RAm. Chem. S04999
121, 3414. (d) Baerends, E. Theor. Chem. Acc200Q 103, 265.
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Table 1. PBE/DNP Predicted Electronic States (ES), Relative Energies (AE, kcal/mol) and Optimized U—U Bond Lengths (Ruu, A) of
IPR-satisfying U,@Cgo Isomers (la—d)

la 1b 1c 1d
ES AE Ruw ES AE Ruw ES? AE Rw ES AE Ru
Aoy 0.00 2.72 7ng 9.87 2.66 7Alg* 35.06 2.76 B, 10.87 2.74
5Alg 3.97 2.57 5By 11.57 2.53 5A1g 26.66 2.49 5A1 9.83 2.67
3Alg 6.42 2.63 3ng 12.98 2.50 3A1g* 36.54 2.56 3B, 5.17 2.54
1Alg 11.93 2.47 lAg 13.75 2.47 1A1g* 35.70 2.45 1A, 6.03 2.42

aThe electron occupations of the states marked by an asterisk do not comply with the Aufbau principle.

Table 2. Computationally Predicted Electronic States (ES),
Relative Energies (AE, kcal/mol) and Optimized U—U Bond

Lengths (Ryu, A) of U,@Ce (1a) by PBE, RPBE, PW91 Density

Functionals
PBE/DNP RPBE/DNP PW91/DNP

ES? AE Ruu AE Ruy AE Ruy

Agy 0.00 2.72 0.00 2.74 0.00 2.72
"Aag 4.55 2.71 4.42 2.73 3.97 2.71
5A1g 3.97 2.57 5.59 2.59 3.42 2.57
3A1q 6.42 2.63 7.62 2.64 3.98 2.63
TA1g 11.93 2.47 14.38 2.49 9.09 2.46
TA1g* 2.46 2.70 2.11 2.72 2.12 2.70
TAL* 7.76 2.68 7.59 2.69 7.46 2.68
SAL 15.11 2.59 16.15 2.59 12.82 2.59
A1 12.43 2.69 11.14 2.71 12.50 2.69

Table 3. Estimated U—U Bond Order, U—U Distance (A), and
Bonding Scheme in Some Multiply Bonded Diuranium Compounds

bond u-u U-U bonding

compound order distance scheme ref
Uy 5 2.43 0)4m)*(0)X () (m)X(0)r 17a
Uyt 3 2.29 0)3(n)* 17b
PhUUPhH 5 2.30 DHsP(m)*(6)? 16
U(OCHO) 4 2.33 0)3(m)*(0)? 18
U,Cls, UoClg?™, 3 240~ 2.44 (©)34n)* 18
U2(OCHO)
U(OCHOXCI2 3 2.80 @)4(5)? 18
U,@Coo 3 2.72 @)2(0)1(0)% p)* this

work

2The coordination of two axial chloride ions iR (OCHO)CI, results
in a U—U triple bond with the structure (f{)d)? and a long U-U distance

aThe electron occupations of the states marked by an asterisk do not°f 2.80 A.Its longer U-U distance was explained by the weakness of the

comply with the Aufbau principle.

HOMOA4 (5fa,)'

HOMO-5 (5fr,)

Figure 2. Selected frontier KohnSham orbitals (isodensity valze0.035)
of U.@GCso (1a, "Asy).

correspond to U(5ffU(5f) #-bonding orbitals; the HOMO-4
is the U(5f-U(5f) o-bonding orbital; the two degenerate
HOMO-1 orbitals are U(5frU(5f) d-bonding orbitals; the
HOMO is U(5f)—U(5f) ¢-bonding orbital. As such, the elec-
tronic configuration of the encapsulated;[8 moiety is (5fz,)%-
(5fog)}(5f0g)?(5fpu)t and the U-U multiple bond comprises
sixfold ferromagnetically coupled one-electron-two-center U(5f)
U(5f) bonds. This extraordinary MM multiple bond is
unprecedented, because normatM multiple bond involves
merely TETC bonds (e.g., the four TETC bonds in{Blg]2")14

or a combination of TETC bonds and OETC bonds (e.g),'U
As summarized in Table 3, it is noteworthy that the- U bond

in U.@GCso (1a, "Azy) is much longer than in the quintuply
bonded neutral Yand PhUUPR®17the quadruply bonded4J
(OCHO), and the triply bonded " and W(OCHO), but
comparable to the U triple bond in W(OCH)CI, (2.80 A)18
On the contrary, PBE/DNP-optimization of barg®Uion leads
to two unbound 8" cations, evidencing the interaction between
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d bond.
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- L (6dry)
(tig)® - /47 -3.10/-3.25
-3.13 A
o (agg)® T
Gl “Qa)?  —
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(1az,)%(2e,)* _Di_ /~5.29/-5.48
(1a4,)’ -/ -5.58
(1ey)? —+-1 -579
(h,)"° :
587 omitted core electrons
Cso (/n) U2@Cgo (D34) Uz (Dap)

Figure 3. Orbital interaction diagram for 4@ Cso (13, ’A5y) derived from
Ceo (In) and U, fragments. Orbital energies (eigenvalues) are given in
electron volt (eV). Core electrons are omitted.

two bare U' cations is strongly repulsive. Therefore, the-U
bond in UL@Cso (13, “A2y) can be empirically recognized as a
triple bond and the orbital interactions between the encased U
and Gy fullerene cage should play an important role on the
U—U bond formation.

The nature of the interaction between thgrhbiety and the
Ceo (In) cage can be understood with the help of the orbital
interaction diagram depicted in Figure 3. The frontier molecular
orbitals of neutral & (I,) are highly degenerate. Its HOMO
(hy), LUMO (t1y) and LUMOH1 (t1g) are quintuply, triply, and
triply degenerate, respectively. The HOMQ)(brbitals are fully
occupied with a total of ten electrons. The ground-state
electronic configuration of uranium atom is [RnP6€L7s2 In
a neutral Y('B,g) moiety, the U-U TETC bonds are (7g)*
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Figure 4. Selected inner KohaSham molecular orbitals (isodensity
value = 0.035) of U@GCso (13, "Az) with energy much lower than the
HOMO region. Both HOMO-8 and HOMO-14 are doubly degenerate with
substantial covalent orbital interactions between thec@ge and U atoms.
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(b) non-IPR Cgy  (c) non-IPR Cgg

@ 1IPRCeolln) (#1796, D;) (#1809, Cy)
Figure 5. Three selected isomers ofgC (a) IPR-satisfying & (In),
(b) non-IPR G (#1796,D,), and (c) non-IPR & (#1809,C,,). The carbon
atoms of pentagonpentagon fusions are colored in green.

Figure 6. Optimized Geometries of 4@ Cso isomers derived from the non-

IPR Gso (#1796,D2) and Gy (#1809,Cy,) cages. The spiral codes of the
carbon cages and symmetries of the corresponding non-#&R%4 isomers

are given in parentheses. Uranium atoms are represented by large blue balls,
the carbon atoms of the pentagguentagon fusions are colored in green.

Table 4. PBE/DNP Predicted Electronic States (ES), Relative
Energies (AE, kcal/mol)? and U—U Bond Lengths (Ruu, A) of
Non-IPR U>@Cgo Isomers 2a and 2b

2a 2b
ES AE Ru ES AE Ru
1A 21.97 2.67 A1 14.83 2.63
A 19.20 2.78 3B, 10.13 2.65
5A 12.20 3.10 5By 10.08 2.66
A 10.53 2.99 By 15.44 2.72

aRelative to the IPR-satisfying A& Cso (13, “Azy).

(6drg),* and the remaining valence electrons are singly distrib- the U-C distances (avg. 2.93 A) observed in th& dompound,
uted with parallel spins on the nearly degenerate molecular CeMesU(BH,)s.342 Hence, the interaction between the encased

orbitals mainly composed of uranium 5f atomic orbitals. Upon
formation of L@GCso (1a, "A2), the six electrons originally
occupying the 7sy and 6dr, orbitals of the neutral bffragment
are transferred to the empty, brbitals of Go (Ir), giving rise

to a valence state of JFF@Cs®. Since the whole ki@ Ce
(1a, "Az) molecule isDsg-symmetric, these three orbitals are

U.%" moiety and the g°~ is a mixture of ionic and covalent
interactions.

Finally, the chemical stability of M@Cso (1a, “Azy) can be
related to the aforementioned electronic structure, i.e., the
valence state of M@GCso (13, "Azy) is [U2]5T@Csc®. Previous
experimental and theoretical investigations have revealed that

no longer degenerate and split into two sets of orbitals, i.e., the Cec®(I1) is stable in both solid state and solution since it has a

1la, (HOMO-2) and 2g¢ (HOMO-3). The remaining valence
electrons of the bifragment are mainly localized on the U(5f)
U(5f) bonding orbitals with parallel spins, i.e., ferromagnetically

close-shell electronic configuration as well as a large HOMO
LUMO gap3® Similar stability could be expected for the
Cs0® (I anion in bL@GCs (13, "Azy). In addition, the encap-

coupled, as was discussed in the preceding paragraph. It appearsjated uranium atoms ing@®Cso (1a, "A) are trivalent ¢-3),
that electron exchange stabilization is dominant here, accounting,, i1 is a formal oxidation state of uranium occurring in many

for such an unusually high-spin ground stéte.

For a free Go® (In), the HOMO-LUMO gap predicted at
the PBE/DNP level is 1.04 eV. For the virtuak€ anion in
U.@GCy (13, 7Ayy), its “HOMO” and “LUMO” orbitals cor-
respond to the LgHOMO—2) and 1lag(LUMO+1) MOs of
U.@GCso (13, “Azy), respectively (see Figures 2 and 3). At the
PBE/DNP level of theory, the “HOMO*“LUMOQ” gap of the
Ceo®~ anion in W@ Ceo (13, “Azy) is 1.04 eV, which is identical
to that of a free g° anion. Thus, the encapsulation of the
[U2]®" moiety does not change the HOMQUMO gap of the
Cec®™ cage, implying ionic (electrostatic) interactions between
the encased [J)°" and G¢®~ (In). However, a careful examina-
tion of the Kohr-Sham MOs of U@Cso (13, 7Az) with much

lower energy than the HOMO region revealed substantial orbital

interactions between thes§&~ cage and the 5f uranium atomic

orbitals with concomitant electron back-donations from the
negatively charged carbon cage to the encased metal cations
(Figure 4). As a result of such covalent orbital interactions, the
closest U-C distances are around 2.48 A, which is shorter than

stable compound¥.

3.3. L@Csp Isomers Derived from Non-IPR Cg Fullerenes.
Though most of the well-characterized EMFs are derived from
IPR-satisfying fullerene cagég,it has been recently shown that
a lot of EMFs have non-IPR fullerene cages, e.g., Cag@C
SEN@Ces* SG@Ces> Lax@Cr2,° SGC,@Ces° and TRN@Cea

(34) (a) Baudry, D.; Bulot, E.; Charpin, P.; Ephritikhine, M.; Lance, M.; Nierlich,
M.; Vigner, J.J. Organomet. Chenl989 371, 155. (b) Cotton, F. A;;
Wilkinson, G. C.; Murillo, A.; Bochmann, M.Advanced Inorganic
Chemistry 6th ed.; Wiley-Interscience: New York, 1999.

(35) (a) Tycko, R.; Dabbagh, G.; Rosseinsky, M. J.; Murphy, D. W.; Fleming,
R. M.; Ramirez, A. P.; Tully, J. CSciencel991 253 884. (b) Xie, Q.;
Perez-Cordero, E.; Echegoyen,l..Am. Chem. S0d.992 114, 3978. (c)
Green, W. H.; Gorun, S. M.; Fitzgerald, G. Fowler, P. W.; Ceulemans, A.;
Titeca, B. C.J. Phys. Chem1996 100, 14892.

(36) (a) Kobayashi, K.; Nagase, S.; Yoshida, MsaWa, EJ. Am. Chem. Soc.

1997 119 12693-12694. (b) Wan, T. S. M.; Zhang, H. W.; Nakane, T.;

Xu, Z. D.; Inakuma, M.; Shinohara, H.; Kobayashi, K.; Nagase]. m.

Chem. Soc1998 120, 6806. (c) Ichikawa, T.; Kodama, T.; Suzuki, S.;

Fujii, R.; Nishikawa, H.; lkemoto, I.; Kikuchi, K.; Achiba, YChem. Lett.

2004 33, 1008.

(37) Beavers, C. M.; Zuo, T.; Duchamp, J. C.; Harich, K.; Dorn, H. C.; Olmstead,
M. M.; Balch, A. L. J. Am. Chem. So@006 128 12352-12353.
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Figure 7. Simulated IR spectrum of 48 Ceo (13, "Azy).

Accordingly, in this subsection, we shall consider whether

and the Y@ Cso observed in the laser vaporization experim&hts

U.@Csp can have more stable isomers with non-IPR carbon should have the IPR g cage, rather than a non-IPRdZage.

cages.

In addition to the IPR-satisfying g (Ir) isomer, Go has a
total of 1811 non-IPR fullerenic isomers according to the spiral
algorithm?8 On account of the electron transfer from the
encapsulated PJmoiety to carbon cage, the relative stability
for the hexaanions of all the non-IPR@somers (Ge¢~) have
been computed at the semiempirical PM3 level of th&arging
Gaussian 98 program pack&®gSupporting Information).
Among them, the most stable one is thg-symmetric #1796
isomer (denoted °(#1796,D5)) that contains four pentagen
pentagon fusions (PPFs), followed by Bg-symmetric #1809
isomer (denoted aseg (#1809,C,,)) that has only two PPFs
(Figure 5). At the PM3 level, §°~(#1796,D) and G® (#1809,
C,,) are 44.8 kcal/mol and 29.7 kcal/mol lower in energy than
the IPR-satisfying ° (In), respectively. Hence, it seems to
be possible that &@Cso isomers derived from these two non-
IPR cages would be more stable than the IPR-satisfyi@ Go

3.4. Vibrational Spectrum of U,@Cgo (1a, “Azy). Since
U.@Ceo (1a, "Azy) has six spin-unpaired, ferromagnetically
coupling electrons located in the U(5f)Y(5f) bonding orbitals,
this molecule should be highly ESR-active, but not detectable
in NMR spectroscopic experiment. In addition, Infrared (IR)
and Raman spectroscopies have been widely used to characterize
metallofullerenes.To assist future experimental characteriza-
tion, we have computed the vibrational frequencies of this
molecule at the PBE/DNP level (Supporting Information). Figure
7 depicts the simulated IR spectrum of this molecule based on
the computed vibrational frequencies and IR intensities. Owing
to the encapsulation of Lunit in Cs fullerene cage, the IR
spectrum of Y@ Cso (18, "Azy) is much more complicated than
that of the hollow G (1)) fullerene. For the highly symmetric
Cso (In), our PBE/DNP calculation predicted four IR-active
vibrational frequencies at 504.6, 574.5, 1197.8 and 1437.G cm
(Supporting Information), in agreement with the experimental

(1) isomer. To exclude such a possibility, we have computed data (528, 577, 1183, and 1429 thr*® For U,@GCso (13, "A2y),

the total energies of 4@Cso isomers derived from the non-
IPR Ggo (#1796,D;) and Gy (#1809,Cz,) and compared them
with the IPR-satisfying bl@Cso (I1).

Figure 6 depicts the optimized geometries of twe@Cso
isomers2a and2b, derived from the non-IPR &g (#1796,D)
and G (#1809,C,,) cages, respectively. The relative energies
of these two isomers with respect to the IPR-satisfyin@Tso
(1a, "Ay) are listed in Table 4. The ground state of isor@ar
is 7A with an optimal U-U bond length of 2.99 A, whereas
isomer2b has a quintet ground staf;, with an optimal U-U
bond length of 2.66 A. It is interesting to note that in both non-

the encased Ymoiety in Gy (In) has two stretching modes,
i.e., symmetric and asymmetric modes. In principle, the sym-
metric U-U stretching mode is IR-inactive, but Raman-active.
Hence, this normal mode with a predicted frequency of 168.7
cm! can be a fingerprint of the YU bonding in Raman
spectroscopic characterization. The asymmetridJstretching
mode is IR-active with a predicted frequency of 147.47ém
and weak IR intensity (1.6 km/mol). The rest of the simulated
IR spectrum can be roughly divided into two regions. The peaks
ranging from 300 to 750 cmt arise from bending motions of
the carbon cage. The peaks ranging from 920 to 1470 are

IPR U,@Cqo isomers the metal atoms are closely attached to due to the G-C stretching modes of the carbon cage. No signals
the PPFs. Such a phenomenon appears to be prevailing in alf@n be observed at frequencies higher than 1500"cm

EMFs containing non-IPR fullerenes cages, e.g., CaT
SeN@GCss* SG@Gss,° Lax@Gr2° SC@GCss° and TAN@Cas®
Similar to the U@Ceo (13, “Az) case, boti2a(’A) and 2b
(®B;) are found to have the same valence statg]5[t@® Cec®~
or [U3].@Csc®. At the PBE/DNP level, isomerga(’A) and

2b (°By) are by 10.5 and 10.1 kcal/mol less stable than the IPR-

satisfying U@GCso (1a, Ay, respectively. Hence, the IPR-
satisfying W@ GCso (1a, “Azy) is the global minimum of L@ Cs,

(38) Stewart, J. J. Rl. Comput. Cheml989 10, 209.
(39) Frisch, M. J.; et alGaussian 98revision A.7; Gaussian, Inc.: Pittsburgh,
PA, 1998.
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4. Concluding Remarks

The electronic structures of @ Cso have been investigated
by means of all-electron relativistic density functional computa-
tions. The computations revealed the following:

(i) The ground-state structure of ,@GCsp has the IPR-
satisfying Go (I) carbon cage, and the,Wnit is sandwiched
between two six-membered carbon rings i (), giving rise
to an overall molecular symmetry @fsg.

(40) Kraschmer, K.; Lamb, L. D.; Fostiropoulos, K.; Huffman, D. Rature
199Q 347, 354.
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U—U multiple bond comprising sixfold ferromagnetically

coupled one-electron-two-center bonds with the electronic _ ) _ ) lati ies of
configuration of (5fr,)?(5fog)Y(5fd¢)?(5fpy).t Supporting Information Available: Relative energies of §J

The significance of the aforementioned finding is two fold. Molecule at different electronic states, frontier KS orbitals of
First, it is the first time that a metaimetal bond is found to ~ ground-state 4l the PM3-computed heats of formation and
exist in a metallofullerene. Second, it is the first time to have relative energies for the hexaanions of ajy Somers, computed
found a metat-metal multiple bond consisting solely of a set frequencies, and IR intensities 0§dXIn) and L@ Cso, the total
of one-electron-two-center bonds. The present finding settles aenergies, electronic states and Cartesian coordinates@Ck$

conjunction of the polynuclear and fullerene chemistry and, isomers, and the complete ref 39. This material is available free
meanwhile, establishes an opening to the forthcoming explora- of charge via the Internet at http:/pubs.acs.org.

tions of the metatmetal interactions and multiple metahetal

bonds in endohedral metallofullerenes. JA067281G
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