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NMR Chemical Shifts of Zr@C,s. How Shielded Can®Zr Get?
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A °Zr chemical shift of-1500 ppm (relative to (§s),ZrBr,) is predicted for Zr@gs at the GIAO (gauge-
including atomic orbitals)-B3LYP level using a medium-sized basis set and SCF optimized geometries. This
value is even more shielded than the one predicted for hypothepfe@kHs),Zr, ca.—1100 ppm at the same

level. A noticeable deshielding with repect to Zr@@ indicated for Zr@ggH,, a model for exohedrally
substituted derivatives. Electron correlation effect)¢¥Zr), as assessed by GIAO-B3LYP vs GIAO-SCF
results, are much larger for these endohedral Zr fullerenes than for any other Zr compound studied so far.
According to the computed electric field gradients, quadrupolar line broadening should be large for the known
(73-CsHs)3(7*-CsHs)Zr but should be small for Zr@GH,. Since Zr@Gs has been detected mass-
spectroscopically “in substantial yield” (Guo, T.; et 8tiencel992 257, 1661),°*Zr NMR spectroscopy is
suggested as the analytical method of choice for Zg@@d derivatives thereof.

Introduction Methods

The endohedral trapping of atoms or molecules is one of the The same methods and basis sets as in the study on
many fascinating aspects of fullerene chemistfy.Since the zirconocenes have been employeédGeometries have been
first mass spectroscopic evidence for metallofullerenes as earlyoptimized® with the TURBOMOLE prograr#t at the SCF/B
as 1985, their preparation and characterization are areas of level, i.e., employing a relativistic ME-fit effective core potential
active research.*® These compounds usually consist of group (ecp) together with a valence [5s5p2d] basis off Znd standard
Il metals (including lanthanides) and larger fullerenes, for 6-31G* basi&® on C and H. The following energies and
example, Y@G,2 and direct and indirect spectroscopic evi- properties have been evaluated for these geometries. EFGs
dence leave little doubt about their endohedral nature. Com- (electric field gradients) have been computed with the Gaussian
pounds of smaller fullerenes have not yet been isolated in suite of progran®24 using basis B, i.e., a contracted and
macroscopic amounts, but mass spectroscopy has indicated thaaugmented [12s11p7d] all-electron basis foP%48a relativistic
some species may be remarkably stable, in particular MU@C ME-fit ecp with a valence [2s2pld] basis for Br;3° and
(M = U, Zr, Hf).# These findings have stimulated a number standard 6-31G* basis on all other atoms. Largest absolute
of theoretical studies that have indicated thaf €&n form four values|qg,4 are given in atomic units (1 a& 9.7174x 10?1V
bonds either “to the outside” or “to the inside”, affording m~2). Magnetic shieldings have been computed using the
presumably stable, closed-shell speciggAG (A = univalent GIAO-SCF metho#!32in its direct versions as implemented
atom) or M@Gg (M = tetravalent, electropositive metal), in TURBOMOLE® and Gaussian 9%,together with basis B.
respectively?® In addition,o values have been computed at gradient-corrected

For endohedral He fullerene compoundsle NMR spec- ~ GIAO-DFT levels, employing Becke’s 1988 exchaffgand
troscopy has proven to be a valuable ana|ytica| 961 Ab Perdew’s 1986 correlation fUnCtion%$den0ted GlAO'BPSG),
initio GIAO (gauge-including atomic orbitals)-SCF computa- as Well as Becke’s three-parameter DFT/HF hybrid functional
tions have satisfactorily reproduced the endohedral chemicalfor exchang? together with the correlation functional by Lee,
shifts of He@Go and He@G¢'213 and may be useful for ~ Yang, and Paf (denoted GIAO-B3LYP) as implemented in
assigning the corresponding signals of higher fulleréfies. Gaussian 94* %iZr chemical shifts) are reported relative to
Results of chemical shift calculations for Zr@@nd Zr@GgH: the experimental standard, #€s).ZrBr,, with computedo
are now reported that suggest tAétr NMR spectroscopy may ~ values of 2502, 1527, and 1679 ppm for GIAO-SCF, GIAO-
be similarly well suited for characterization of the zircono- BP86, and GIAO-B3LYP levels, respectively*C chemical
fullerene and for the investigation of its chemistry. Since trends Shifts have been referenced to benzeme<(75.6, 74.1, and
of 1Zr chemical shifts of zirconocenes have been qualitatively 71.6 Ppm, respectively, at the same levels) and converted to
reproduced at the SCF levilpredictedd(°1Zr) values of some  the usuald scale using the experimental chemical shift of
Zr cyclopentadienyl complexes are also given for comparison. benzene, 128.5 ppm. In addition, GIAO-SCF computations
Special attention is called to the effects of electron correlation have been performed using the basis Il (essentially polarized
on the computed chemical shifts as assessed by densityfiPle-¢ quality for the ligands) described earlér.
functional theory (DFT). DFT-based methods have successfully ~ Singlet-triplet splittings have been evaluated by single-point
been applied to chemical shift calculations for ligands in the energy calculations for the triplet state employing the unre-
coordination sphere of transition metafsi8 as well as for the stricted Hartree Fock and DFT formalisms, together with basis
transition metal chemical shifts themselves, in particulaofor ~ B and the optimized singlet-state geometries. These single-

(1°3Rh) ando(3’Fe)1® point calculations have been performed using the Gaussian 94
program. Unless otherwise noted, energies are reported at the
tFax: 0041-1-361 9895, E-mail: buehl@oci.unizh.ch. BP86/B//SCF/Blevel (in the usual “level of energy calculation/
€ Abstract published ilAdvance ACS Abstractddarch 1, 1997. /level of geometry optimization” notation).
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Zr@Cy

Figure 1. SCF/B optimized structure of Zr@% (T4 top) and
Zr@CysH2 (Cy,, bottom). Bond lengths are in angstroms, and the small
O denotes centers of mass of the six-membered rings.

Results and Discussion

Chemical Shifts The SCF/B optimized geometrical pa-
rameters of Zr@gg (Figure 1) are in good agreement with those
predicted earlier at a comparable theoretical I8vélccording
to the computed chemical shift data in Table 1, the Zr nucleus
is strongly shielded in Zr@4s, with 6(°Zr) between—980
(GIAO-SCF) and—1565 ppm (GIAO-BP86; note the large
electron-correlation effect; see below). THZr resonance at
the lowest frequency known to date is probably that gHg)-
Zr[N(SO,CFs),]/CH3CN with 5(°1Zr) = —455 ppm3® Appar-
ently, the paramagnetic contributions to the magnetic shielding,
Opara are much reduced in Zr@gas compared to other Zr
compounds. This decreasedbrain Zr@Cygis consistent with
the reported large HOMOLUMO separation ¥ 8 eV), which
has been takentogether with the notable binding energy
relative to Zr and gg—as evidence for an “expected stabiliy/”.

The bonding iny°-cyclopentadienyl metal complexes shares
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28.4 kcal/mol (BP86/B//SCF/Bevel), and thed(°1Zr) value
of the former is predicted to be less shielded, betwe&05
(GIAO-SCF) and—640 ppm (GIAO-BP86).

With a predicted)(°*'Zr) value much more negative than that
of (55-CsHs)4Zr, Zr@GCyg is probably the compound with the
most shielded’Zr nucleus conceivable and should be readily
identified by its%1Zr chemical shift. As with3He NMR for
endohedral He fullerené&}! %Zr NMR should be a particularly
“clean” analytical tool for Zr@Gg; the corresponding®C NMR
spectrum may be complicated by eventual side or decomposition
products. The theoreticdfC chemical shifts, which may be
helpful in the assignments, are 150.4)YA50.5 (G), and 177.4
ppm (G, carbon positions as indicated in Figure 1) at the GIAO-
B3LYP level#?

In He fullerene compounds, the endohediide chemical
shifts are determined by the ring currents of the fullerene
cages**3 Four benzene-like rings can be identified in the
Zr@GCyg structure (with a CC bond length of 1.445 A; see Figure
1). An estimate for the ring current contributions to fH&r
shielding may be provided by “exohedrally” saturategiG.

The computed chemical shift at the center of this molecule is
—6 ppm, suggesting that ring current effects are relatively small
in Zr@Cys (chemical shifts of points in space have been used
to study ring current effects in higher fullereffeand have been
termed nucleus-independent chemical shifts, NRLS

Electron correlation effects od(°1Zr), as assessed by the
GIAO-DFT methods, are very large for Zr@4-more than 500
ppm (compare GIAO-SCF and GIAO-BP86 or -B3LYP values
in Table 1), and are also substantial fgP-CsHs)s(#7'-CsHs)-

Zr, more than 120 ppm. Some zirconocenes, for which
experimental trends id(%Zr) have been qualitatively repro-
duced at the GIAO-SCF level, are included in Table 1. For
these species, electron correlation effects vary between ca. 50
and 120 ppm. The GIAO-DFT values offer no improvement
over the GIAO-SCF data and appear to be computed consistently
too strongly deshielded. Note that the use of a larger basis set
on the ligands reduces th¥°!Zr) values up to ca. 25 ppm at
the GIAO-SCF level (see the data in parentheses in Table 1).
Even larger basis sets and probably also better geometries may
be needed in conjunction with DFT-based methods for an
improved description ofZr chemical shifts. It thus appears
that the relatively good performance of the GIAO-SCF method
may be fortuitous to some extent. Nevertheless, the qualitative
trends are very similar at all levels employed, and the GIAO-
DFT values predicted for Zr@f —1565 (GIAO-BP86) and
—1500 ppm (GIAO-B3LYP), should be in the right order of
magnitude.

Zr@Cg Derivatives. Cyg has been described as “a hollow
superatom” with with four unpaired electrons capable of forming
four bonds either to the inside or to the outstdelf Cg could
be synthesized in macroscopic amounts, it would most likely

some of these characteristics, namely, strong binding, largePolymerize instantly by intermolecular combination of the
energetic separations of the magnetically active occupied and‘dangling” bonds. Compounds such as Zr@®n the other

virtual orbitals, and, consequently, an apparent shielding (or,
rather, reduced deshielding) of the central metal a#tbdnT.o
put the Zr@Gg results in this context, Zr complexes with three
and foury5-CsHs ligands have been investigated, namehy;: (
CsHs)3(71-CsHs)Zr and ¢75-CsHs)4Zr in Cp and S, symmetry,
respectively. Thé&Zr chemical shift of hypotheticahf-CsHs) -

Zr, between—1036 (GIAO-SCF) and—1091 ppm (GIAO-
B3LYP), is also strongly shielded but not as much as in Zs@C
(CsHs)4Zr is known, but only three of the cyclopentadienyl rings
are n°-bonded; the fourth one is bonded insA fashion?!
Accordingly, ¢°-CsHs)3(17'-CsHs)Zr in C; symmetry is com-
puted to be much more stable thay?-CsHs)sZr, namely, by

hand, are closed-shell species, electronically saturated, and
possibly quite stable. Conversion of endohedral to exohedral
bonds may constitute an important aspect of their as yet
unknown chemistry. To study the effect on the magnetic
properties of such a “bond conversion”, Zr@B, has been
investigated. The&,, optimized structure is included in Figure

1. Geometrical changes with respect to Zr@€@&re concen-
trated on the CC bond lengths involving the H-bearing carbons.

According to UHF single-point calculations, triplet Zr@8,
is more stable than the singlet state by 0.3 eV and shows a
significant contamination of higher spin states (the expectation
value of the total spin operatoﬁ"’m is ca. 3 instead of 2 as
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TABLE 1: Theoretical 9Zr Chemical Shifts of Zirconofullerenes and Cyclopentadienyl Zr Complexes, Employing Basis B and

SCF/B and GIAO-SCF/Il Geometries

o(%%zr)2
compound symmetry GIAO-SCF GIAO-SCHII -BP86 -B3LYP expt

Zr@GCs Ty —979 —980 —1565 —1500

Zr@GCgH> Co, —677 —688 —1287 —-1193

(75-CsHs)4Zr S —1039 —1036 —1051 —1091
(7°-CsHs)3(1*-CsHs)Zr C: —505 —515 —640 —626

(CsHs)2ZrCl2 C —62 —85° —100 —104 —-112
(CsMes)ZrCl;, Cs 50 28 170 138 85
(CsHs)2ZrMe; Cy, 430 406 483 460 386

aIn ppm relative to (GHs)2ZrBr,. ¢ From ref 15.

expected for a pure triplet). At the unrestricted BP86 level,
spin contamination is negligible and the triplet is predicted to
be 1.1 eV above the singlet ground state. It is likely that higher
theoretical levels, in particular those based on multiconfigura-
tional approaches, might be needed for definite conclusions
regarding the electronic states of Zr@g,. The same may

be true for Zr@Gs, where the computed singtetriplet gap,

3.3 eV at the UHF level (also heavily spin-contaminate{]

~ 2.5), isreduced to 2.2 eV at UBP86. For Hf@Gn contrast,
electron correlation at the CISD level has been reported to

increase the separation between the singlet ground state and,

the lowest triplet stat®.

According to the rather preliminary results presented here,
Zr@GCys may be quite reactive and derivatization may proceed
easily. For instance, the hydrogenation reaction

Zt@Cy + H, — Zr@CyH,

is computed to be exothermic by24.7 kcal/mol at the BP86/
B//SCF/B level (SCF level gives-11.4 kcal/mol).

From the smaller energetic difference of occupied and virtual
MOs in Zr@GgH, with respect to Zr@#gg, an increase ipara
is to be expected for the former. Indeed, the Zr atom in
Zr@GygH, is computed to be deshielded with respect to that in
Zr@Gg by ca. 300 ppm (GIAO-SCF and -B3LYP levels; see
Table 1). Thus?Zr NMR should be a sensitive probe for
effects of substituents at the Zr@Qunit.

Line Widths. Quadrupolar line broadening can be a serious
obstacle for?’Zr NMR spectroscopy because in unfavorable

TABLE 2: Computed (SCF/B//SCF/B’) Absolute and
Relative EFGs of Cyclopentadienyl Zr Complexes and of

Zr@CgH,, Together with Relative Line Widths of
Zirconocenes
compound 10242 g.A(rel)P Avyfrel)ec
(CsHs)ngBrzc 0.155 0.3 0.1
(C5H5)2ZI’C|2° 0.299 1 1
(CsHs)2ZrMey® 0.935 9.7 9.4
(175-C5H5)3(171-C5H5)Zr 0.917 94
Zr@GCpeH> 0.141 0.2

2|n atomic units? Relative to the data for @Els).ZrCl,. € For the
perimentalAvy,; data see ref 15. The EFGs reported there have been
obtained for experimental rather than for optimized geometries.

detected. However, the computgg value for Zr@GgH> is
quite small (Table 237 smaller even than that of {8s),ZrBr»,
the compound with the narrowest line so far. THiZr NMR
signals of Zr@Gs derivatives should be recordable, provided
the substituents are not so bulky as to increasexcessively.

Conclusions

Zr@GCyg, which has been detected mass spectroscopically,
should be readily identified by it8Zr chemical shift. The
predictedd(°1Zr) value,—1500 ppm at the GIAO-B3LYP level,
is strongly shielded, even more so than t2r resonance in
hypothetical §5-CsHs)sZr, ca. —1040 ppm at the same level.
The electronic structure of Zr@gH,, a model for Zr@Gs
derivatives, is complicated; a singlet ground state is inferred at
a gradient-corrected DFT level, but the computed sirgigblet

cases, the signals can become undetectably broad. In accord@ap is small, 1.1 eV. Both GIAO-SCF and GIAO-DFT results

with the theory of quadrupolar relaxatidhtrends in®’Zr NMR
line widths Avy, have been rationalized in terms of computed
EFGs (or, rather, the square of the largest EFG tensor
componentg,?) and experimental correlation times'> For
Zr@Gg in point groupTy, the EFG at the Zr atom is zero by
symmetry, and a relatively shaPfzr NMR resonance may be
expected. To estimate the magnitude of quadrupolar line
broadening for substituted derivatives, the EFG has been
computed for Zr@gsH, and is compared to the corresponding
data for Zr cyclopentadienyl complexes in Table 2.

As has been noted earlier, the relative trend inglzevalues
in the (GHs).ZrX, series (X= Br, Cl, Me) parallels the trend
in the experimental line widths (between ca. 20 and 2500'Mz).
For the @5-CsHs)sZr species, the computed,, value is
comparable to that of (§ls).ZrMey; i.e., quadrupolar line
broadening should be substantial. Indeed, in the first chemical
91Zr NMR study, the®’Zr resonance of (§s)4Zr has been found
to be “so broad as to escape detectitfinApparently, the larger
size of this molecule increasesand, consequenthvy, with
respect to those of @Els),ZrMe,. For substituted Zr@4s
derivatives, even larget, values are to be expected. If a large
EFG at the endohedral Zr atom would add to the line
broadening, it is unlikely that th&Zr resonance could be

indicate a notable deshielding of the Zr atom in Zr@H with
respect to that in Zr@4s. Quadrupolar line broadening should
be small for Zr@GgH, as assessed by the computed EFGs.
Thus, derivatives of Zr@4 should also be amenable to
identification and investigation b$Zr NMR spectroscopy.
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