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Max-Planck-Institut fu¨r Kohlenforschung, Kaiser-Wilhelm-Platz 1, D-45470 Mu¨lheim an der Ruhr,
Germany, and Institute of Inorganic Chemistry, Academy of Sciences of the Czech Republic,
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A density functional study at the BP86 level is presented for metal bis(dicarbollides), [3-M-(1,2-
C2B9H11)2]n (M/n ) Fe,Ru/2-, Co,Rh/1-, Ni,Pd/0), as well as selected mixed- and half-sandwich
complexes [3-M(L)-(1,2-C2B9H11)] {M(L) ) Fe(C6H3Me3), Ru(C6H6), Ru(CO)3, Rh(C5Me5)}. Available
experimental11B NMR chemical shifts of these complexes withclosostructure of the metallacarborane
moiety are reproduced reasonably well at the GIAO-B3LYP/II′ level, with mean absolute deviations of
ca. 3 ppm (over a chemical-shift range of ca. 50 ppm). The potential usefulness of this computational
protocol for assignments and structural refinements of transition-metal-containing heteroboranes is
illustrated in an application to 14-vertexcloso clusters [1,14-{(arene)Ru}2(x,y-C2B10H12), where the
C-substitution pattern in the carborane moiety is identified.

1. Introduction

The sandwich structure of ferrocene is one of the most fruitful
paradigms in organometallic chemistry.1 It is a model not only
for a plethora of metallocenes2 but also for the even larger family
of “mixed-” and “half-sandwich” complexes. Isolobal replace-
ment of the cyclopentadienyl ligand with variousnido borane
and heteroborane clusters that contain open pentagonal faces
affords a yet wider variety of ferrocene-like “full-, mixed-, or
half-sandwich” metallaheteroboranes, which were recently
reviewed by Sˇ tı́br.3 The bonding between the sandwiched metal
and its heteroborane ligands resembles that in ferrocene to a
large degree.4 X-ray crystallography is the predominant means
for structural characterization of such complexes.5 The structures
of the barenido-heteroborane ligands, as well as those of other
polyhedral boranes and their derivatives, can in addition (or
alternatively) be refined by employing the joint experimental
and computational ab initio/GIAO/NMR method.6,7 In this

approach, geometries and11B chemical shifts of all possible
candidates for a given compound are computed at suitable ab
initio levels, and the structure that gives best accord with the
experimentally observed chemical shifts is taken as the best
representation of the compound under scrutiny. The credibility
of structural assigments based on this method has been attested
to “rival that of X-ray crystallography”.8

Theoretical11B chemical shift calculations for metallaboranes
are scarce and have so far been mostly applied for interpretative
purposes in the context of the electronic structure of such
complexes.9 We have recently studied an archetypical metal-
lacarborane, cobalt bis(dicarbollide), [3-Co-(1,2-C2B9H11)2]-,
1,10 the molecular geometry and conformational properties of
which were derived from density functional theory (DFT) using
a well-established functional, BP86. The observed11B chemical
shifts of 1 were reproduced with a reasonable accuracy at the
GIAO-B3LYP/II′ level, suggesting that this particular combina-
tion of DFT levels would be suitable for metallacarboranes in
general. We now present a systematic performance test for a
larger set of such complexes in order to check the validity of
this assumption.

A natural choice of target complexes is the extension of the
above study of1 to isoelectronic sandwiches of the type
[M(C2B9H11)2]n,11-13 replacing the Co(III) center with its
corresponding neighbors in the periodic table, viz., Fe(II), Ni-
(IV), Ru(II), Rh(III), and Pd(IV) (see Scheme 1). Three of these
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are known experimentally,14 namely, the dianionic iron com-
plex,15 as well as the neutral Ni and Pd species.16 [3-Ni-(1,2-
C2B9H11)2] (3) has attracted recent interest because one-electron
reduction leads to a formal Ni(III) species with a different
mutual orientation of the two dicarbollide ligands, and control
of the concomitant rotational and oscillatory motion of the
sandwich around the molecular axis could form the basis for
the possible construction of the smallest nanomachines.17

We focus on the accuracy of the computed11B chemical shifts
in these bis(dicarbollides) and related half-sandwich metal-
dicarbollide complexes. As it turns out, the performance of the
DFT protocol for this test set is comparable to that for the
prototypical 1, as far as the mean absolute deviation from
experiment is concerned. Occasional larger errors for individual
sites notwithstanding, this accuracy can be sufficient for
structural applications. As an illustration of this point, we include
a case study of a 14-vertex metallacarborane, a topical area of
research in boron chemistry.

2. Computational and Experimental Details

Stationary points were optimized at the BP86 level, i.e.,
employing the exchange and correlation functionals of Becke18 and
Perdew,19 respectively, together with a fine integration grid (75
radial shells with 302 angular points per shell), and a basis set
consisting of the augmented Wachters’ basis20 on the 3d metals
(8s7p4d, full contraction scheme 62111111/3311111/3111), (6s5p3d)
valence basis sets together with the corresponding small-core
Stuttgart-Dresden relativistic effective core potentials (ECPs) on
the 4d metals, and 6-31G* basis on all other elements.21 This and
comparable DFT levels have proven quite successful for transition-
metal compounds and are well suited for the description of

structures, energies, barriers, etc.22 The nature of the stationary
points was verified by computations of the harmonic frequencies
at that level. Transition states were characterized by a single
imaginary frequency, and visualization of the corresponding
vibrational modes ensured that the desired minima are connected.
Unless otherwise noted, energies are reported at the BP86 level
without zero-point corrections. For the bis(dicarbollide) rotamers,
such corrections afforded only minor changes in relative energies,
by ca. 1-2 kJ/mol. Natural population analysis23 was performed
at the B3LYP level. Optimized coordinates of each isomer (single
rotamer only) are provided as Supporting Information.

Magnetic shieldings were computed for BP86 geometries
employing gauge-including atomic orbitals (GIAOs),24 the BP86
or the hybrid B3LYP25,26functionals, together with basis II′, which
consists of the basis sets and ECPs on the metals as described above,
a contracted (5s4p1d) Huzinaga basis of polarized triple-ú quality
on C and B, and a double-ú basis (2s) on H.27 For selected Ru and
Rh complexes, GIAO-B3LYP/II′ calculations have been performed
with a large all-electron basis set derived from Huzinaga and
Klobukowski’s even-tempered series on the metal (instead of the
ECP); see ref 28 for details. This particular combination of density
functionals and basis sets has proven to perform well for the
computation of transition-metal chemical shifts28,29 and forδ(11B)
values in cobalt bis(dicarbollide),1.10

13C chemical shifts are reported relative to TMS, computed at
the same level (B3LYP C shielding constant 181.1 ppm).11B
chemical shifts have been calculated relative to B2H6 (B3LYP B
shielding constant 81.4 ppm) and converted to the usual BF3‚OEt2
scale using the experimentalδ(11B) value of B2H6, 16.6 ppm.30

Metal chemical shifts are reported relative to the metallocenes, with
B3LYP shielding constants of-4503, 169, and 915 ppm for Fe-
(C5H5)2, Ru(C5H5)2, and Rh(C5H5)2

+, respectively (from the all-
electron calculations). These computations were performed with
the Gaussian 03 program.31

Additional NMR calculations were performed for the BP86-
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Gaemers, S.; Elsevier, C. J.Chem. Eur. J. 2000, 6, 3272.
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Scheme 1. Skeletal Structure and Numbering Scheme of
[M(C 2B9H11)2]n a

a B and C atoms in light and dark gray, respectively; H atoms not
shown.
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all atoms (denoted TZP) from the ADF library (11B shielding
constant of B2H6 with this approach: 79.1 ppm).

11B and 13C NMR spectra of [3-Ni-(1,2-C2B9H11)2] were mea-
sured in Řež on a Varian Mercury Plus 400 NMR spectrometer
under standard conditions on freshly prepared samples,37 using
deuterated acetone or chloroform as solvent.13C chemical shifts
are given relative to TMS with the carbon signals of the deuterated
lock solvents (CDCl3 at δ ) 77.0 ppm and the methyl carbon of
CD3COCD3 at δ ) 29.8 ppm) as internal reference;11B chemical
shifts are given relative to BF3‚OEt2 and have been referenced to
(CH3O)3B (at δ ) 18.1 ppm) as external standard.

3. Results and Discussion

This part is organized as follows: Geometries, energetics,
and chemical shifts of the symmetrical metal bis(dicarbollides)
1-6 are discussed in section 3.1. In section 3.2 these studies
are extended to selected half-sandwich complexes containing
one dicarbollide ligand, and an overall assessment of the
theoretical11B chemical shift is given. An application of the
computational approach to a structural question in the topical
area of 14-vertex metallacarboranes is presented in section 3.3.
For the dicarbollide ligand itself, only a single positional isomer

with adjacent C atoms has been considered (namely, the 1,2-
form as depicted in Scheme 1); see ref 10 for a comprehensive
study of other positional isomers in the case of1. For the bis-
(dicarbollide) complexes, rotamers are identified by a suitable
idealized dihedral angle given in the text.

3.1. Metal Bis(dicarbollides).The isoelectronic series1-3
is well characterized, in terms of both11B NMR spectra and
X-ray crystallography of suitable crystals.38 From the 4d
congeners4-6, to our knowledge, only the Pd derivative16 has
been reported.39 For each compound, we have located all
stationary points for rotation about the axis passing through B10
and B10′, using the dihedral angle B8′-M-B10-B8 (θ) as a
measure for this rotation (see Scheme 1 for numbering). In all
cases, minima are found forθ values equal or close to 180°,
108°, and 36° (labeledθideal in Table 1), i.e., with a staggered
conformation of the two dicarbollide ligands, whereas transition
states are found forθ values near 0°, 72°, and 144°, i.e., with
eclipsed ligands. Key geometrical parameters detailing the
coordination environment about the metals in the minima are
summarized in Table 1, together with experimental data, where
available. For the Co derivative, where all three rotamers have
been detected in the solid,38c-e only one representative example
for each is given from the vast number of experimental
structures. For the Fe38a and Ni38e complexes, only transoid (θ
) 180°) or cisoid structures (θ ≈ 108°), respectively, have been
observed. In general, the optimized geometrical parameters agree
reasonably well with the observed ones, with the tendency
toward overestimation of metal-ligand bond lengths typical for
the kind of density functional employed.40

Relative energies for all rotamers of1-6 are summarized in
Table 2. For the anions with M) Fe, Co, Ru, and Rh, the
trans minimum is computed to be the most stable one, with the
relative energies rising in the sequence 180° < 108° < 36°.41

The opposite ordering is found for the two neutral complexes
with M ) Ni and Pd, for which the cisoid orientation withθ ≈
36° is lowest in energy.

In the absence of a polar environment (or counterions), the
C2h symmetric structures withθ ) 180° would be expected to
be preferred on electrostatic grounds, since they have no dipole
moment. Those of the cisoid forms withθ ≈ 36° are quite
notable, ca. 5 D (BP86 level). In the case of3, this form appears
to be stabilized by specific MO interactions, as illustrated for
the HOMO in Figure 1. For1, the HOMO consists basically of
an equatorial d-orbital at the metal, with some contributions
from cluster-bonding, irrespective of the rotational angle
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(compare the two plots at the top of Figure 1). For the Ni
congener3, in contrast, the HOMO does not contain any
d-character at the metal42 and changes its nature upon rotation
(compare the two lower plots in Figure 1). The bonding overlap
between cluster MOs located at two opposing BB edges of both
dicarbollide ligands, clearly visible in the plot labeled3(36°)
in Figure 1, arguably contributes to the stabilization of this
rotamer. The electronic structures of1 and 3 with their large
number of bonding MOs are complicated, however, and it is
difficult to single out a particular factor that would clearly
dominate either structural preference in1 versus3.

In any event, in the whole set1-6 the energetic preferences
between the rotamers are not very pronounced, and the barriers
between them are small to modest (see the three rightmost
entries in Table 2). The highest barriers necessary to interconvert
all rotamers of a given complex, between 8 and 24 kJ/mol,43

are low enough to make rotation a fast process at ambient
temperature, in particular on the NMR time scale.

Since full rotation over 360° also interconverts each rotamer
with its respective enantiomer, the NMR spectra should show
apparentC2h (or C2V) symmetry in all cases; that is, six signals
are to be expected, three of which should have double intensity.
This is essentially what is observed, save for unresolved closely
spaced resonances or accidental degeneracies, which occur

occasionally.44 The computed chemical shifts, averaged assum-
ing rapid rotation, are collected in Table 3, together with
experimental data where available. In the case where no
assignments were determined from 2D-NMR spectra, experi-
mental numbers were assigned to atomic positions based on

(42) The MO corresponding to that shown for1(180°) is lower in energy
in 3(180°), where it appears as HOMO-3.

(43) The second-highest from the barriers in Table 2.
(44) Review: Todd, L. J.; Siedle, A. R.Prog. NMR: Spectrosc. 1979,

13, 87.

Table 1. Selected BP86-Optimized Geometrical Parameters [in Å and deg] for 1-3 and Their Rotamers

θideal
a Mb θa M-C1 M-C2 M-B4 M-B7 M-B8 C1-C2 C1-B4 C2-B7 B4-B8 B7-B8 æi

180 Fe 180.0 2.029 2.029 2.109 2.109 2.162 1.637 1.715 1.715 1.785 1.785 180.0
exptc 180.0 2.015 2.047 2.073 2.112 2.144 1.616 1.671 1.720 1.808 1.792 180.0
Co 180.0 2.027 2.027 2.112 2.112 2.160 1.639 1.721 1.721 1.792 1.792 180.0
exptd 180.0 2.024 2.017 2.111 2.082 2.141 1.632 1.708 1.717 1.786 1.775 180.0
Ni 180.0 2.051 2.051 2.134 2.134 2.182 1.642 1.735 1.735 1.809 1.809 180.0
Ru 180.0 2.158 2.158 2.216 2.216 2.260 1.669 1.743 1.743 1.813 1.813 180.0
Rh 180.0 2.165 2.165 2.223 2.223 2.262 1.663 1.744 1.744 1.818 1.818 180.0
Pd 180.0 2.206 2.206 2.251 2.251 2.287 1.656 1.750 1.750 1.830 1.830 180.0

108 Fe 115.3 2.029 2.033 2.106 2.110 2.156 1.636 1.713 1.707 1.793 1.788 177.6
Co 114.1 2.029 2.049 2.092 2.117 2.146 1.631 1.724 1.705 1.808 1.798 179.2
expte,f 110.6 2.046 2.046 2.089 2.118 2.073 1.602 1.667 1.708 1.814 1.813 177.5
Ni 112.0 2.055 2.093 2.095 2.142 2.160 1.624 1.755 1.711 1.832 1.818 179.0
Ru 133.4 2.156 2.167 2.219 2.221 2.261 1.663 1.742 1.741 1.816 1.812 178.2
Rh 117.0 2.172 2.201 2.199 2.233 2.250 1.645 1.752 1.730 1.828 1.822 180.0
Pd 94.7 2.241 2.284 2.205 2.264 2.276 1.609 1.786 1.740 1.845 1.832 179.2

36 Fe 43.8 2.030 2.033 2.107 2.108 2.156 1.639 1.713 1.712 1.794 1.792 175.9
Co 41.2 2.045 2.052 2.094 2.108 2.131 1.627 1.721 1.713 1.811 1.809 178.2
exptg,f 37.9 2.040 2.049 2.084 2.099 2.106 1.624 1.698 1.698 1.822 1.776 179.0
Ni 38.3 2.089 2.106 2.097 2.128 2.128 1.612 1.744 1.721 1.846 1.841 178.2
expth,f 36.1 2.068 2.075 2.086 2.105 2.118 1.606 1.731 1.708 1.838 1.830 179.5
Ru 64.0 2.169 2.182 2.209 2.226 2.256 1.660 1.741 1.734 1.819 1.816 177.4
Rh 44.7 2.211 2.225 2.201 2.228 2.225 1.631 1.741 1.733 1.836 1.830 178.9
Pd 39.4 2.286 2.303 2.212 2.253 2.227 1.609 1.759 1.735 1.871 1.853 174.8

a θ: dihedral angle B8′-M-B10-B8; θideal: idealized value (see text).b Data for Co from ref 10.c NMe4
+ salt, ref 38a.d Cyclotriveratrylene-complexed

Na+ counterions, ref 38b.e [Ir(CO)(PPh3)3]+ counterion, ref 38c.f Mean values for two nonequivalent dicarbollide units or independent molecules in the
unit cell. g NHEt3+ salt, numbering scheme adapted to theθ ≈ -36° form in ref 38d.h Numbering scheme adapted to theθ ≈ -36° form in ref 38e.i Angle
B10-M-B10′.

Table 2. Relative Energies [kJ/mol] of Rotamers of 1-6
(BP86/AE1 level)

θideal
a

M 180° 108° 36° 144° 72° 0°

Fe 0.0 4.6 19.1 10.0 23.9 39.2
Co 0.0 1.6 10.6 15.2 24.0 36.5
Ni 8.4 2.0 0.0 24.1 21.7 27.7
Ru 0.0 2.8 14.1 3.6 14.3 25.4
Rh 0.0 0.3 4.5 4.9 8.0 14.6
Pd 17.9 8.0 0.0 20.8 9.3 10.3
a See footnotea of Table 1.

Figure 1. Plot of the HOMO for selected rotamers of1 and 3
(BP86 level).
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best accord between theory and experiment. In general, the
pattern established for the Co parent is conserved for the other
members in this series and is just shifted to lower field with
decreasing charge of the complex.

For this larger set of complexes, slightly larger deviations
between computed and observedδ(11B) values are encountered
than were found just for the Co representative1. Assuming that
the observed spectra are dominated by the most stable minimum,
the maximum and mean absolute deviations from experiment
are 7.3 and 3.2 ppm, respectively. The former value (stemming
from B(8) in 6) is larger than the maximum error for1, ca. 4
ppm, and appears to be uncomfortably large for structural
applications. The latter value, however, i.e., the overall accuracy,
is similar to that achieved for1, 3.3 ppm.10 It should be noted
that some resonances can be quite sensitive to the rotation angle,
θ, in particular for the neutral species with M) Ni and Pd.
For the B(8) resonances in both complexes, which show the
largest deviations in the whole set, population of the next-highest
rotamer (withθ ≈ 108°) would result in a slight reduction of
the maximum error.

3.2. Mixed- and Half-Sandwich Metal Dicarbollide Com-
plexes. For the computed values of the Ru and Rh bis-
(dicarbollides)4 and 5 in Table 3 no experimental data are
known for direct comparison. Polyhedral borane and carborane
clusters abound also with these metals, however, and numerous
complexes have been prepared that contain one dicarbollide unit,
together with other ligands.45,46 We chose three representative
examples from these complexes containing organic ligands such
as aromaticπ-donors or CO. Symmetrical co-ligands were
chosen such as to limit the number of possible rotational isomers.
Together with a corresponding iron complex47 (which allows a
comparison of the performance for a neutral mixed-sandwich
complex with that for the bis(dicarbollide) ion2), these species
constitute an additional, compact test set for further validation
of our DFT methodology. This test set, which is well character-

ized structurally,47,48 is sketched in Scheme 2. Geometrical
parameters and chemical shifts for7-10are collected in Tables
4 and 5, respectively.

By and large, the computed11B chemical shifts for7-10
reveal an accuracy similar to that for the bis(dicarbollides)
discussed in the preceding section, with maximum and mean
absolute deviations of 5.0 and 2.0 ppm, respectively. Interest-
ingly, the calculations reveal that variation of the co-ligand L
can have a large impact on theδ(11B) values: for instance, on
going from the Ru(C6H6) to the Ru(CO)3 fragment, the sequence

(45) For some selected examples with Ru see: (a) Behnken, P. E.;
Hawthorne, M. F.Inorg. Chem.1984, 23, 3420. (b) Cowie, J.; Reid, B. D.;
Watmough, J. M. S.; Welch, A. J.J. Organomet. Chem.1994, 481, 283.
(c) Du, S. W.; Ellis, D. D.; Jelliss, P. A.; Kautz, J. A.; Malget, J. M.; Stone,
F. G. A. Organometallics2000, 19, 1983.

(46) For some selected examples with Rh see: (a) Fontaine, X. R.;
Greenwood, N. N.; Kennedy, J. D.; Nestor, K.; Thornton-Pett, M.;
Hermanek, S.; Jelinek, T.; Sˇ tı́br, B. J. Chem. Soc., Dalton Trans. 1990,
681. (b) Jeffery, J. C.; Lebedev, V. N.; Stone, F. G. A.Inorg. Chem.1996,
35, 2967. (c) Kudinov, A. R.; Perekalin, D. S.; Petrovskii, P. V.; Lyssenko,
K. A.; Grintselev-Knyazev, G. V.; Starikova, Z. A.J. Organomet. Chem.
2002, 657, 115.

(47) BEXLAR: Hanusa, T. P.; Huffman, J. C.; Todd, L. J.Polyhedron
1982, 1, 77.

(48) (a) DEHFIF: Garcia, M. P.; Green, M.; Stone, F. G. A.; Somerville,
R. G.; Welch, A. J.; Briant, C. E.; Cox, D. N.; Mingos, D. M. P.J. Chem.
Soc., Dalton Trans.1985, 2343. (b) Refcode MEFNEQ in the Cambridge
Structure Database, cited as: Ellis, D.; Jellis, P.; Stone, F. G. Private
communication, 2000.

Table 3. Chemical Shifts [in ppm] of 1-6 and Their Rotamers (GIAO-B3LYP/II ′//BP86 level)a (in italics: experimental data,
where available)

nuclei

M σideal B(8) B(10) B(4,7) B(9,12) B(5,11) B(6) C(1,2)

Fe 180° -4.7 -14.6 -10.6 -20.8 -30.5 -33.1 56.6
exptb -5.7 ≈ -14.0 ≈ -14.0 ≈ -14.0 -25.1 ≈ -27.5
108° -0.8 -17.7 -11.6 (-12.3/-10.9) -17.5 (-18.4/-16.6) -29.4 (-31.1/-27.7) -34.0 53.3 (54.3/52.4)
36° -1.5 -17.1 -9.8 (-9.6/-10.0) -15.8 (-16.9/-14.6) -30.4 (-31.1/-29.6) -34.4 52.8 (50.3/55.4)

Co 180° 3.9 -2.4 -3.9 -9.5 -21.9 -26.0 61.1
exptc 5.8 0.9 -6.0 -6.6 -17.6 -23.0 51.9
108° 7.8 -3.0 -6.2 (-8.0/-4.3) -9.0 (-9.8/-8.1) -21.3(-23.1/-19.4) -27.8 61.6 (62.7/60.4)
36° 8.8 -3.2 -5.6 (-6.1/-5.0) -7.3 (-8.7/-5.8) -22.1(-22.9/-21.3) -28.5 60.1 (58.2/61.9)

Ni 180° 20.2 20.3 7.0 0.7 -10.0 -18.3 79.7
108° 23.3 18.5 5.1 (2.3/8.0) 1.8 (0.2/3.3) -9.0 (-11.2/-6.8) -20.0 77.6 (77.8/77.3)
36° 26.4 16.8 3.0 (1.9/4.2) 3.7 (1.2/6.1) -9.7 (-10.2/-9.1) -20.5 74.4 (73.2/75.5)
exptd 20.2 15.9 2.2 2.2 -7.4 -16.6
expte 21.6 16.9 3.6 2.9 -7.0 -16.3 69.0
exptf 21.5 16.9 3.1 1.9 -7.8 -17.5 65.0

Ru 180° -5.7 -12.8 -9.9 -19.6 -30.1 -31.6 52.2
108° -3.7 -13.9 -12.0 (-12.5/-11.5) -19.4 (-20.7/-18.2) -29.2 (-30.1/-28.3) -33.7 54.7 (52.7/56.7)
36° -2.5 -14.0 -10.3 (-12.0/-8.6) -17.6 (-18.2/-17.0) -30.5 (-31.7/-29.4) -33.7 50.4 (48.2/52.6)

Rh 180° 1.4 -1.1 -4.9 -11.6 -22.6 -26.4 63.1
108° 5.1 -2.1 -6.7 (-9.1/-4.4) -10.8 (-11.8/-9.9) -21.6 (-23.5/-19.7) -28.2 62.2 (62.2/62.3)
36° 7.9 -2.6 -6.6 (-8.1/-5.1) -8.7 (-10.1/-7.4) -22.3 (-23.2/-21.4) -28.5 58.1 (56.3/59.9)

Pd 180° 15.6 17.1 4.6 -1.7 -11.4 -18.8 80.9
108° 24.0 14.9 5.6 (0.5/10.7) 0.8 (-1.6/3.3) -9.0 (-11.0/-6.9) -20.5 75.0 (72.6/77.4)
36° 27.1 14.4 2.1 (-0.5/4.6) 2.4 (0.5/4.2) -9.7 (-10.5/-8.8) -19.9 72.5 (71.8/73.2)
exptg 19.8 12.7 1.4 1.4 -8.7 -15.7

a Averaged assuming rapid rotation, where applicable (in parentheses: values in static minima); for the 4d metal complexes, B and C chemical shifts have
been evaluated with the relativistic ECP on the metal.b Cs+ counterion, MeCN, values quoted from ref 44.c Cs+ counterion, ref 10.d Acetone, ref 16.
e Acetone, this work.f CDCl3, this work.g Benzene, values quoted from ref 44.

Scheme 2. Representative Mixed- and Half-Sandwich
Dicarbollide Complexes (Cp* ) permethylcyclopentadienyl)
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of the 11B resonances for B(8), B(10), B(4,7), and B(9,12) is
completely reordered (see first four entries for8 and9 in Table
5).49

When all closo-dicarbollide complexes1-3 and 6-10 are
evaluated together, the maximum and mean absolute deviations
from experiment are 7.3 and 2.6 ppm, respectively, over a total
range of ca. 50 ppm. The performance of the GIAO-B3LYP
level is illustrated in Figure 2, a plot of computed versus
experimentalδ(11B) values.

As can be inferred from the scatter of the data points in this
plot, the overall performance of the particular DFT variant is
only fair and is noticeably inferior to that of conventional ab
initio methods for metal-free carboranes.6a The corresponding
conclusions based on the data for110,50 are thus borne out for
this larger set of compounds. Moreover, a linear regression of
calculated versus experimental data affords a slope of 1.19, i.e.,
significantly larger than unity.51 This shortcoming is not
remedied by switching to another density functional in the NMR
part. In fact, when the same “pure” BP86 functional from the

geometry optimization is used in the NMR computation instead
of the hybrid B3LYP variant, very similar results are obtained
(see Tables S1 and S2 in the Supporting Information). Specif-
ically, maximum and mean absolute deviations of 6.8 and 2.9
ppm, respectively, are obtained at the GIAO-BP86/II′ level, with
a slope of 1.19 for the linear fit. The performance of BP86 and
B3LYP is thus very similar as far as11B chemical shifts are
concerned. A similarly small sensitivity of the computedδ-
(11B) values toward the particular density functional had already
been noted for1.10 This finding is potentially useful for further
applications, as the coupling terms arising from the Hartree-
Fock exchange make the shielding computations with hybrid
functionals somewhat more expensive than with “pure” func-
tionals (by about a factor of 2 for the complexes of this study).
For consistency with previous work we will continue to discuss
GIAO-B3LYP results for the remainder of this paper.

13C chemical shifts of dicarbollide complexes are sparse and,
to our knowledge, have not been known for any of the species
of this study, except for1. We have now measured the13C NMR
spectrum of the Ni analogue3 (see Table 3 for the data); as
with the results for1,10 the computedδ(13C) values for3 are
too high by ca. 10 ppm. A quantitative assessment is hampered
by the fact that the computed and experimentalδ(13C) data
depend noticeably on the conformation and on the solvent,
respectively. It seems likely, however, that the13C chemical
shifts predicted for the other complexes of this study will be
overstimated to a similar extent.

Likewise, no transition-metal resonance of any dicarbollide
complex has been reported yet. Among the metal nuclei in this

(49) The large downfield shift of the remote (antipodal) B(10) resonance
on going from8 to 9 is noteworthy. Apparently, the increasedπ-back-
bonding from the metal to the CO ligands as compared to benzene makes
the whole metal fragment more electronegative; similar remote shifts
produced by electronegative elements in borane cages are well known as
the “antipodal effect”, cf.: Bu¨hl, M.; Schleyer, P. v. R.; Havlas, Z.; Hnyk,
D.; Hermanek, S.Inorg. Chem. 1991, 30, 3107, and references therein.

(50) It should be recalled at this point that at the simplest conventional
ab initio level, Hartree-Fock, very poor chemical shifts are obtained for1,
cf. ref 10.

(51) Occasionally, DFT predicts too strong deshielding also for other
nuclei bonded to transition metals; see for example: (a) Kaupp, M.; Malkin,
V. G.; Malkina, O. L.; Salahub, D. R.Chem. Phys. Lett. 1995, 235, 382.
(b) Ruiz-Morales, Y.; Schreckenbach, G.; Ziegler, T.J. Phys. Chem. 1996,
100, 3359. The so-called Malkin correction (in an SOS-DFPT scheme),
which is beneficial for many main-group compounds, is indicated to affect
ligand shifts only marginally, cf.: (c) Wilson, P. J.; Amos, R. D.; Handy,
N. C. Phys. Chem. Chem. Phys. 2000, 2, 187.

Table 4. Selected Distances for 7-10 [in Å],a BP86 Optimized and Observed in the Solid

no. M(L)b M-C1,2 M-B4,7 M-B8 C1-C2 C1-B4 B4-B8 M-C(L)

7 Fe(Mes) 2.059 2.118 2.154 1.625 1.712 1.802 2.126
exptc 2.066 2.110 2.125 1.624 1.726 1.788 2.122

8 Ru(C6H6) 2.196 2.220 2.237 1.641 1.739 1.826 2.248
exptd 2.166 2.207 2.229 1.624 1.727 1.808 2.214

9 Ru(CO)3e 2.284 2.307 2.328 1.639 1.727 1.840 1.915
exptf 2.217 2.257 2.273 1.634 1.704 1.821 1.897

10 Rh(C5Me5) 2.189 2.198 2.215 1.643 1.745 1.831 2.234
exptg 2.170 2.186 2.173 1.636 1.724 1.809 2.188

a Mean values; unconstrained optimizations afforded approximateCs symmetry in most cases.b Mes) 1,3,5-C6H3Me3. c Reference 47.d Reference 48a.
e With default convergence criteria, another, isoenergetic structure with the Ru(CO)3 moiety rotated out of the symmetry plane can also be located.
f Ru(CO)2(NCMe) derivative, ref 48b.g Reference 46a.

Table 5. Chemical Shifts [in ppm] of 7-10 (GIAO-B3LYP/
II ′//BP86 level)a (experimental data in italics)

nuclei

no. B(8) B(10) B(4,7) B(9,12) B(5,11) B(6) C(1,2) M(3)

7 5.1 -4.6 -8.8 -8.8 -23.4 -29.5 53.5 460
exptb 3.6 -3.8 -8.3 -8.3 -19.9 -24.7
8 7.2 1.2 -6.3 -8.2 -21.0 -27.5 61.2 198
exptc 2.8 1.3 -6.7 -8.2 -18.6 -23.2
9 -2.0 11.3 -8.2 -3.4 -19.8 -19.3 55.5 406
exptd -3.7 8.7 -8.9 -5.0 -17.8 -17.8
10 13.6 -1.0 -2.8 -8.5 -21.1 -27.8 63.0 180
expte 8.6 -1.8 -3.5 -8.3 -18.6 -23.4

a Averaged to exactCs symmetry; for the 4d metal complexes, B and C
chemical shifts have been evaluated with the relativistic ECP on the metal,
whereas the metal shifts, given relative to the respective metallocenes, have
been obtained with an all-electron basis (see Computational Details).
b CDCl3, ref 47. c p-Cymene [1,4-C6H4(Me)(i-Pr)] derivative, CDCl3, ref
45b. d Acetone, ref 45a.e CD2Cl2, ref 46a.

Figure 2. Plot of calculated (GIAO-B3LYP/II′) vs experimental
11B chemical shifts for bis(dicarbollides)1-3 and6 (black circles)
and mono-dicarbollides7-10 (open triangles); solid line: linear
fit; dashed line: ideal slope.
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study,57Fe, 99Ru, and103Rh would appear (besides59Co)10 as
the best candidates for eventual detection.52 We include the
chemical shifts of these nuclei53 as predictions in Table 5. For
comparison, the computed metal shifts in the most stable
rotamers of2, 4, and5 areδ(57Fe) ) 433, δ(99Ru) ) 25, and
δ(103Rh) ) 148, respectively. Replacement of one dicarbollide
moiety in these complexes with otherπ-ligands thus results in
noticeable downfield shifts for the central metal nuclei.

The Ni and Pd centers in3 and6 carry high formal oxidation
states (+IV)54 and are readily reduced, taking up one or two
electrons. For dicarbollide half-sandwich complexes with Pd,
the formal oxidation state II with d8 configuration at the metal
is actually the clearly preferred one. In keeping with the electron
count according to Wade’s rules55 and the propensity of d8 Pd
complexes for a square-planar coordination mode, the hapticity
in the resulting PdII(C2B9H11) fragments is usually closer to three
than to five, and theclosocage found for the d6 species6 opens
up siginificantly. The extent of this cage-opening, however, can
depend strongly on the nature of the co-ligands attached to Pd.56

Our initial attempts to extend our studies to two representative
[Pd(L2)(C2B9H11)] complexes (Scheme 3) met with surprisingly
limited success: Deviations inδ(11B) values as large as ca. 10
and 18 ppm were encountered for11 and12, respectively (for
B(8), to lower field, in both cases). According to ZORA
calculations (see below), inclusion of spin-orbit coupling does
not reduce these exceptionally large errors. In part, these errors
may arise from shortcomings of the optimized geometries, which
show unusually large overestimations of the Pd-C(1,2) dis-
tances (on the order of 0.1-0.2 Å for 11 and12, respectively),
possibly due to the failure of present-day functionals to properly
account for attractive dispersion interactions between these
electron-rich sites. It is unlikely that inclusion of solvation effects
would improve the results, as we had shown that the computed
δ(11B) values of1 are little affected by embedding the pristine
ions in a polarizable continuum.10 We defer a deeper analysis
of these preliminary results to a systematic study ofnido-
metallacarboranes and note that the fair performance of our
computational approach, as illustrated in Figure 2, may be
restricted toclosospecies. With this caveat in mind, we now

turn to a structural application in a topical area of metallacar-
borane chemistry.

3.3. Structural Application: 14-Vertex Metallacarborane.
Expanding the limits of icosahedral and supraicosahedral
heteroborane chemistry by synthesizing ultralarge boron poly-
hedra with more than 14 vertices has been named as one of the
challenges for “metallacarboranes in the new millenium”.57

While the first 14-vertex carborane has been characterized only
recently,58 14-vertex metallacarboranes have been known for a
longer time.59 Formally derived from hypotheticalD6d-sym-
metric [B14H14]2-,60 this long-established, yet small family has
recently been enlarged by new members of the homo- and
heterobimetallic type,61 two of which were structurally char-
acterized by X-ray crystallography. In both cases the metal
fragments are located on opposite vertices of a bicapped
hexagonal antiprism (1,14 position). In the case of{(p-cymene)-
Ru}2C2B10H12, the position of the C atoms in the carborane
framework could not be refined from the X-ray data. According
to the1H and11B NMR spectra, this complex is symmetric,61

and (2,8), (2,9), or (2,10) positions for the C atoms would be
compatible with the spectra (see Scheme 4 for numbering). A
plausible choice between these alternatives can be based on the
structure of a related (Ru,Ni) heterobimetallic complex, where
the C atoms could be located at the (2,10) positions. We were
interested to see if NMR calculations could support this
assignment also for the Ru homobimetallic species. To this end,
we have pruned thep-cymene ligand to its benzene core and
optimized the three isomeric model candidates13a-c (Scheme
4).

Comparison of the optimized bond distances in these models
with those found in the solid in order to assign the isomer is
inconclusive, also in light of the rather large uncertainties of
the refined bond distances (standard deviations between 0.01
and 0.02 Å for distances between nonmetal atoms in the cage).61

The (2,8) isomer13aappears to be disfavored because it has a
rather short bond between the two adjacent carbons, 1.621 Å
(BP86 level), which has no counterpart in the observed structure
in the solid: the shortest inter-rim distance in the latter is 1.681-
(11) Å, which agrees much better with the corresponding C-B

(52) See for example:Transition Metal Nuclear Magnetic Resonance;
Pregosin, P. S., Ed.; Elsevier: Amsterdam, 1991.

(53) For comparative purposes, we report the metal shifts relative to the
respective metallocenes, M(C5H5)2

n. For conversion to the usual standards,
neat Fe(CO)5, aqueous K4[Ru(CN)6], and a standard resonance frequency
¥ for 57Fe, 99Ru, and103Rh, respectively, one may add the experimental
shifts for the metallocenes, which are (relative to these standards)δ ) 1532,
-1270, and-1839 for the metal nucleus in Fe(C5H5)2, Ru(C5H5)2, and
Rh(C5H5)2

+, respectively (taken from ref 52).
(54) It should be noted that these formal charges do not reflect the actual

electron distribution; for example, for the Ni atom in3(36°) an NPA charge
of +0.67 is obtained at the B3LYP/II′ level, much smaller than the formal
value,+4.

(55) (a) Wade, K.AdV. Inorg. Chem. Radiochem.1976, 18, 1. (b) Mingos,
D. M. P. Acc. Chem. Res. 1984, 17, 311.
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Scheme 3. Pd(d8) Dicarbollide Half-Sandwich Complexes Scheme 4. 14-Vertex Model Complex with Numbering
Scheme (aromatic ligands and H atoms not shown)
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distances computed for the carbon-apart isomers13b and13c,
1.69-1.70 Å. The mean bond distances involving metal and
all rim atoms (which are the only ones that can be compared
directly with the X-ray structure where B and C could not be
discerned) are very similar for all three isomers (Table 6) and
cannot be used to distinguish between them.

The computed11B chemical shifts, on the other hand, are
much more sensitive to the positions of the C atoms on the
cage. The experimental spectrum, 4 lines (one of which with
double intensity due to accidental overlap) in the narrow range
between-16.1 and-25.6 ppm, is best reproduced by the
computed values for13c (see B3LYP data in Table 7). Isomer
13a can be excluded because it has a resonance computed at
-2.8 ppm, more than 13 ppm downfield from the most
deshielded experimental signal. Likewise, the pattern for isomer
13b cannot be reconciled with experiment, as the two closest
resonances expected to merge into the double-intensity signal
are predicted around-8.3 ppm, whereas the corresponding peak
is observed at-20.7 ppm, i.e., off by more than 12 ppm. In
both cases, the deviations from experiment would be much
larger than the maximum deviation (ca. 7 ppm) encountered
for theclosospecies assessed in the preceding section, and the
occurrence of either13aor 13b can safely be excluded. These
large deviations and, in contrast, the good agreement of the
NMR spectrum computed for13c with that observed experi-
mentally are illustrated in Figure 3.

When the NMR nuclei under scrutiny are bonded to heavier
elements, relativistic effects can come to the fore.34,62A certain

part of the latter, the so-called scalar relativistic effects, can
implicitly be taken into account even in an otherwise nonrela-
tivistic calculation, namely, by using a relativistically adjusted
ECP on the heavy metal63 (as we have done in our B3LYP/II′
level). It is well known, however, that a heavy neighbor can
strongly affect the NMR properties of a given NMR nucleus
by way of a different sort of relativistic effect, namely, spin-
orbit (SO) coupling, which is relayed by a Fermi-contact
mechanism that is now well understood.64 The magnitude of
such SO effects can depend on the particular bonding situation
and tends to increase steeply with the mass of the heavy atom.
For 5d transition-metal complexes, SO effects can actually be
of paramount importance.34,65But also for nuclei bonded to 4d
metals, noticeable SO effects have been found, e.g., up to 16
ppm for the15N chemical shifts of aromatic N-donors attached
to Ru.66 To estimate the extent of such effects onδ(11B) in
metallaboranes, we have performed explicit relativistic NMR
calculations employing the ZORA-SO methodology, which is
well suited for this purpose.34 The results for13a-c are included
in Table 7 (values in parentheses). Only minor changes from
the scalar relativistic B3LYP data are found, and part of these
changes are rather due to the different functional employed in
both calculations, B3LYP versus BP86. The actual SO correc-
tions at the ZORA level (which are shielding throughout) do
not exceed 1.5 ppm for any11B nucleus in these complexes.67

Similarly small effects are obtained for the Pd species11 and
12 mentioned above.

In summary, both scalar and SO relativistic NMR calculations
for model compound13 unambiguously demonstrate that it is
indeed the 1,14,2,10-isomer of{(p-cymene)Ru}2C2B10H12 that
has been isolated and that other possible candidates with
different C atom locations can safely be excluded.68

Conclusions

We have presented a systematic density functional study of
closotransition-metal dicarbollide complexes, comprising sym-
metrical metal bis(dicarbollides), [3-M-(1,2-C2B9H11)2]n (1-
6), and selected mixed- or half-sandwich complexes [3-M(L)-
(1,2-C2B9H11)] (7-10). The bis(dicarbollides) are all characterized
by three different rotamers with staggered conformation of the
two dicarbollide moieties, separated by three distinct, eclipsed
transition states. The minima are close in energy and the barriers
between them are low (below 40 kJ/mol at the BP86 level),
consistent with facile rotation about the long molecular axis.
While the minimum with transoid arrangement of the two
dicarbollide moieties is preferred for M) Fe, Co, Ru, and Rh,
a cisoid conformation is slightly more stable for M) Ni and
Pd, in accordance with experimental observations.

Special attention is called to the accuracy of the11B chemical
shifts computed with well-established DFT procedures. For the
test set1-10, the mean absolute deviation of the GIAO-B3LYP/
II ′-computedδ(11B) values from experiment is lower than 3
ppm, but errors for individual resonances can be as large as 7
ppm. The computedδ(11B) values are little affected (by less
than 2 ppm typically) when a different density functional is

Table 6. BP86-Optimized Mean Bond Distances for 13a-c,
Together with Experimental Data for the p-Cymene

Derivative (no C atoms located, see text)

cage bond 2,8 (13a) 2,9 (13b) 2,10 (13c) expta

Ru-rim 2.278 2.279 2.279 2.249(9)
within rim 1.762 1.759 1.759 1.710(13)
inter-rim 1.753 1.750 1.748 1.723(14)

a Reference 61.

Table 7. GIAO-B3LYP 11B Chemical Shifts of 13a-c (in ppm; in parentheses: ZORA-SO/BP86 values)

isomer B3 B4 B5 B6 B7

2,8 (13a) -23.0 (-25.1) -11.6 (-13.1) -2.8 (-6.4) -16.6 (-17.4) -30.4 (-32.0)
2,9 (13b) -20.9 (-22.9) -8.4 (-10.0) -8.3 (-11.1) -26.0 (-27.0) -30.9 (-32.0)
2,10 (13c) -19.7 (-21.8) -13.6 (-14.4) -18.9 (-21.7) -24.5 (-25.1) -23.3 (-24.6)
expta -20.7 -16.1 -20.7 -25.6 -23.0

a p-Cymene derivative, CDCl3, ref 61.

Figure 3. Schematic representations of the B3LYP/II′-computed
11B NMR spectra of13a, 13b, and 13c (from the top, labeled
according to the C positions), together with that of the experimental
one for thep-cymene derivative (data from ref 61).
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employed in the NMR part (specifically, BP86 instead of
B3LYP) or, for selected 4d complexes, when relativistic
spin-orbit effects are explicitly taken into account. In gen-
eral, substituent effects onδ(11B) appear to be overestimated
to some extent at the DFT levels employed, as evidenced
by the linear fit of computed versus experimental chemi-
cal shifts, which affords a slope of 1.2 instead of the ideal
value, 1. Thus, the performance of standard DFT methods
for the closo-metallacarboranes1-10 falls somewhat short of
that of conventional ab initio methods for metal-free heterobo-
ranes.

Nonetheless, the accuracy achievable for the metallacarbo-
ranes can be sufficient for structural applications in favorable
cases, i.e., when the structural candidates that can give rise to
an observed NMR spectrum differ significantly in their com-
puted chemical shifts. We have presented a showcase example
for such an application, namely, for a 14-vertex bimetalliccloso-
ruthenacarborane. The precise location of the carbon atoms on
the carborane cluster of{(p-cymene)Ru}2C2B10H12, for which
only circumstantial experimental evidence had existed so far,
has been verified conclusively by NMR computations for salient
isomeric model complexes.

Thus, DFT-based NMR computations emerge as a promising
structural tool for the huge family ofcloso-metallacarboranes,
even though the confidence level of such assignments and
refinements is somewhat lower than it is in the case of metal-
free heteroboranes, where ab initio-calculated11B chemical shifts
are associated with a smaller uncertainty. Further investigations
exploring the limits, and exploiting the potential, of chemical-
shift calculations for metallaheteroboranes should be rewarding.
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