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Density-Functional Computation of *Ru NMR Parameters
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Abstract: Gradient-corrected and hy-
brid variants of density-functional theo-
ry are used to compute the geometries
and *“Ru chemical shifts of RuO,,

[RuCp;], [K4Ru(CN)e], [Rusy(CO)l,
[Ru(CO);X;5]~ xX=dqa, D),
[Ru(CO),CLP,  [Ru(bipy)", and

[Ru(CO),(iPr-DAB)(X)(Y)] [XY=CL,

with the BPW91 pure density functional
but are described well by the B3LYP
hybrid functional, which can also be
used to reproduce empirical trends in
electric field gradients (EFGs) at

Keywords: density functional calcu-
lations - electric field gradients -

the Ru nucleus qualitatively. In the
[Ru(CO),(iPr-DAB)XY] series, trends
in the computed EFGs parallel those in
the observed Ru NMR linewidths, in
accordance with the quadrupolar relax-
ation mechanism expected for this nu-
cleus. For this series of compounds, the
use of X-ray-derived geometries affords

I,, MeCl, Mel, or (SnMes;),]. For this set
of compounds, substituent effects on
O0(*Ru) are somewhat underestimated

relaxation -

Introduction

Nuclear magnetic resonance spectroscopy of heteronuclei,
particularly transition-metal NMR for probing structure and
reactivity of organometallic and coordination compounds, has
gained substantial importance for chemists over the last
decades." 2 A number of metals have not yet been observed
by NMR. For other metals, few NMR data have been
obtained so far, which is mainly because of their low
gyromagnetic ratio combined with low isotopic abundance
and/or their quadrupole character. Yet, in view of the rich
chemistry involving such metals, investigations concerning
such nuclei are required in order to establish, for example,
structure —shift —activity relations.? In this respect “Ru
NMR is of considerable interest. Relatively few data have
been accumulated for this nucleus and the chemical shifts and
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a worse correlation between calculated
EFGs and experimental linewidths than
does the use of optimized geometries.

quadrupolar

linewidths observed have not been the subject of systematic
studies involving computational methods.

In view of the huge spectrum of methods theoreticians can
offer to the chemist for numerical applications,?! the impor-
tance of carefully validating any particular approach cannot
be overemphasized. This holds especially true in the booming
field of density-functional theory (DFT), where success and
failure are hard to estimate beforehand. Transition-metal
NMR chemical shifts are a case in point: Even though DFT is
now well established as a reliable tool for the computation of
geometries, energetics,! and NMR propertiesl®! of transition
metal complexes, the chemical shifts of the metal nuclei
themselves remain a challenge. This is because the results can
be very sensitive to the particular density functional em-
ployed. In the cases studied hitherto, hybrid functionals such
as the popular B3LYP combination have proven to be
superior to “pure” density functionals, in particular for
57Fe [0] 103Rh [6] and %Col” chemical shifts, as well as for
O(°'V) values.®l For Mo chemical shifts, on the other hand,
the opposite has been found, and B3LYP has yielded
spectacular errors in special cases.’™ % In order to gain more
experience concerning the performance of these DFT meth-
ods, we carried out a systematic study of DFT-derived *Ru
chemical shifts, the results of which we present here.

Apart from these technical aspects, motivation for a
theoretical study of this long-neglected nucleus arises from
the fact that its observation is fairly straightforward with
modern NMR techniques. In a single recent study, some of us
have approximately doubled the number of recorded *Ru
NMR spectral' and have demonstrated that “Ru NMR
spectroscopy can be a valuable tool for analytical purposes, as
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well as for probing steric and electronic effects exerted by the
ligands.

Like the chemical shifts, the linewidths of the “Ru
resonance can be an important source of information,
reflecting the degree of anisotropy of the electron distribution
about the Ru nucleus. A highly unsymmetric electron
distribution gives rise to a large electric field gradient
(EFG) and, by virtue of an efficient quadrupolar relaxation
mechanism, to a broadening of the signal. Linewidths up to
several kHz are not uncommon!'”l and, as with many other
quadrupolar transition-metal nuclei,l'"! the resonances may
even become too broad to be detected. Computed EFGs have
been used before to rationalize observed trends in *'Zr and
"'Ga linewidths."l A corresponding study is now included for
selected ruthenium complexes.

Computational Details

Methods and basis sets correspond to those used in the previous studies of
second-row transition-metal complexes:[*? Geometries have been fully
optimized in the given symmetry at the BP86/ECP1 level, that is, employing
the exchange and correlation functionals of Beckel'” and Perdew,!"
respectively, together with a fine integration grid (75 radial shells with
302 angular points per shell), relativistic effective core potentials with the
corresponding valence basis sets for Ru,l K[ Sn el and 10617
(contraction schemes [6s5p3d], [2s2p], [2s2p1d], and [2s2p1d], respec-
tively), and a standard 6-31G* basis setl'®! for all other elements. The
geometry of 14 was optimized with an RI (resolution of identity)-DFT
implementation in the TURBOMOLE program!'”l that used a slightly
different quadrature (grid 3)? and auxiliary basis sets optimized for the
corresponding orbital basis sets?!! (polarization functions in the orbital
basis sets of the phenyl groups have been omitted). Geometries are given as
Supporting Information in the form of cartesian coordinates.

Magnetic shieldings ¢ have been evaluated for the BP86/ECP1 geometries
with a recent implementation of the GIAO (gauge-including atomic
orbitals)-DFT method,”? that involves the functional combinations
according to Beckel'? and Perdew and Wangl®! (denoted BPW91) or
Becke (hybrid)?! and Lee, Yang, and Parr,®! (denoted B3LYP), together
with basis IT', that is a [16s 10p 9d] all-electron basis for Ru, contracted from
the well-tempered 22s14p12d set of Huzinaga and Klobukowski®! and
augmented with two d-shells of the well-tempered series, a [9s5p 1d] basis
on K, contracted from the 14s9p set of Wachters?”l and augmented with
one set of d-functions (exponent 0.1), and the recommended IGLO-basis
1128 21 on all other atoms except H, for which a double-zeta basis was used
([2s] contraction?); for 14, the corresponding double-zeta basis was also
employed for the phenyl carbon atoms (designated basis I11”). The absolute
shielding of the reference, aqueous [K,Ru(CN),], has been evaluated from
the correlation of computed o vs. experimental o values (taken from
refs. [10, 30]) for the set of compounds in this study (cf. the procedure for
theoretical '®Rh chemical shiftsl®), resulting in o(standard) values of — 488
and —1001 ppm at the GIAO-BPW91 and GIAO-B3LYP level, respec-
tively.

We computed EFGs at the B3LYP/II' level, employing the BP86/ECP1
geometries. The largest component of the EFG, ¢, (reported in atomic
units; 1 au=9.717365 x 10! Vm~2 for conversion into eq values), and the
asymmetry parameter, 17 = (¢ — qyy)/q,,, are given. In addition, EFGs have
been evaluated with a smaller basis set (denoted AE1) consisting of the
same all-electron basis on Ru as in basis II', but employing the
pseudopotentials and basis sets from basis ECP1 on the ligands. In some
instances, X-ray derived geometries have been used in the EFG compu-
tations. In these cases, hydrogen atoms have been added at standard
positions (using CH bond distances of 1.10 A). Polarization functions on
phenyl or methyl groups in the Ru—XR; moieties (X = Sn, Pb;Pl R = Me,
Ph) have been omitted. All computations, except for the RI-DFT
optimization, employed the Gaussian series of programs.*’]
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Results and Discussion

1. Geometries: Optimized geometries for the test set 1-14
comprising inorganic and organometallic species are dis-
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/< 15 SnPhy  Cl

16 PbPhg  Cl

played in Figure 1, together with key geometrical parameters.
Distances observed in the solid state are included where
available 333+ 35.36.37. 381 Ag frequently observed for similar
types of compounds, metal—carbon distances are well de-
scribed, whereas the lengths of bonds with heavier elements
tend to be overestimated at the DFT level employed.*
Deviations up to 6 pm are not uncommon (e.g. the Ru—Ru
distance in 7). There is one spectacular error, however,
namely the Ru—I bond length in 4a, which is overestimated by
as much as 10 pm (Figure 1).% In contrast, normal deviations
relative to experiment are found for the optimized Ru—I
distances in 10 and 12, ca. 4—6 pm. A possible reason for the
error in 4a is the failure of the BP86 functional (or rather, the
constituent exchange part)* to account for dispersion effects.
The latter would counterbalance the closed-shell repulsion
between the iodine atoms!*?! and, in combination with a fairly
flat stretching potential, serve to shorten the bonds. In fact, a
considerably shorter Ru—I bond, 2.777 A, is computed for 4a
at the MP2/ECP1 level (which includes large parts of the
dispersion forces). For consistency, BP86 geometries have
been employed in the NMR computations below. Evidently,
special consideration must be given to the geometry depend-
ence of the computed properties in 4.

2. Chemical shifts: Absolute and relative “Ru chemical shifts,
computed at the GIAO-BPWO91 and -B3LYP levels are
summarized in Table 1. The experimental standard, a 1M (or
saturated) aqueous solution of [K,Ru(CN)], is difficult to
model theoretically. Hence, the reference shielding value was
evaluated from 0 V8. Oy, correlations as detailed in the
computational section. Incidentally, the data computed for 2
as a model for the standard fit quite well into the correlations
(see graphical representation in Figure 2), whereas a sub-
stantial deshielding is obtained for an isolated [Ru(CN)]*
tetraanion (ca. 450 and 600 ppm at the GIAO-BPW91 and
-B3LYP levels, respectively).

The calculated 6 values are plotted against the experimen-
tal data in Figure 2. The best accord with experiment is
obtained at the GIAO-B3LYP level, as evidenced by the ideal
slope of the . ycq Vs. Oy, linear regression, and by the relatively
small mean absolute deviation, 120 ppm (Table 1, Figure 2a).
The latter mean error corresponds to only 2% of the total
chemical-shift range covered, ca. 5800 ppm, and can be
considered quite satisfactory. Ruthenium thus joins the group
of transition-metal nuclei mentioned in the introduction!® ” 8l
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Figure 1. BP86/ECP1 optimized geometries of compounds 1—14 including key geometrical parameters (bond lengths in A), together with the corresponding

averaged data from experiment, where available (in italics).

for which the B3LYP hybrid functional outperforms “pure”
density functionals in chemical-shift calculations. The oppo-
site has been found for Mo, the only exception encoun-
tered so far.

3274
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The very good performance of the GIAO-DFT method is
particularly noteworthy because in four compounds of the test
set, heavier elements (I and Sn) are bonded to Ru. In such a
case relativistic effects, which are not accounted for in the
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Ruthenium NMR Parameters 3272-3280
Table 1. Theoretical absolute () and relative (0) “Ru chemical shifts? in complexes 1-14, together with experimental data.["]
Molecule o 0

BPWI1 B3LYP BPWO1 B3LYP Expt.l))
RuO, (1) —2525 —3097 2021 2096 1976
K,[Ru(CN)] (2) —459 —1048 —44 47 0
fac-[Ru(CO),CL]~ (3) -979 —1548 476 547 816!l
fac-[Ru(CO);1;]~ (4a) —553 —1077 49 77 56
mer-|[Ru(CO);L;]~ (4b) —657 —1368 153 368 356!l
cis-[Ru(CO),CL]* (5) —2202 —3162 1698 2162 25371l
[Ru(CsHs),] (6) 654 169 —1157 —1169 —1270
[Ru;(CO),5] (7) 471 226 —981 —1227 —1208
[Ru(bipy);]** (8) — 4443 —5760 3939 4759 4518l
[Ru(CO),(iPr-DAB)(CI)(CH;)] (9) —1321 — 1864 817 863 794
[Ru(CO),(iPr-DAB)(I)(CH,)] (10) —1073 —1591 569 593 771
[Ru(CO),(iPr-DAB)(Cl),] (11) —1986 —2858 1483 1857 1993
[Ru(CO),(iPr-DAB)(I),] (12) —1333 —2104 829 1103 1036
[Ru(CO),(iPr-DAB)(SnMes),] (13) —446 =772 —58 —229 —316
[Ru(CO),(iPr-DAB)(SnPh,),] (14) —642 —997 138 -2 —116
Slopelfl 0.83 0.99
Intercept!! —504 —1000
Mean absolute deviation 275 133

[a] Employing GIAOs, basis II (14: basis I1”), and BP86/ECP1 geometries (bipy = 2,2-bis(pyridine); DAB = 1,3-diazabutadiene). [b] From refs. [10, 30]; the
“Ru NMR spectra of 9-14 were recorded in THF solutions at 313 K. That for compound 8 was measured in D,O at 313 K and that for 6 was recorded in
chloroform solution at 313 K. [c] Counterion: bis(triphenylphosphine)iminium cation in acetone. [d] Counterion: Cs* in D,0O. [e] Counterion: Cl- in D,O.

[f] From the Oyeq V8. Ocyp linear regression.
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Figure 2. Plot of computed (basis II' for BP86/ECP1 optimized ge-
ometries) vs. experimental Ru chemical shifts: a) GIAO-BPW91 level,
b) GIAO-B3LYP level. Linear regression lines (solid) and ideal lines with
the slope 1 (dashes) are included.

present approach, can become important and can actually
dominate the observed trends. The halomethanes CX, are the
archetypical example; the unusually high carbon shielding in
Cl, is almost exclusively due to relativity-induced spin —orbit
(SO) coupling.®] The mechanism of such heavy-atom effects
on chemical shifts of neighboring nuclei is now well under-
stood and, because of the dominating Fermi contact term,
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nicely lends itself to a simple analogy with spin —spin coupling
constants." As the latter increase with the s-orbital contri-
butions in the bonds between the nuclei, so does the
importance of SO effects on the nuclear shielding. Bonds
involving early transition metals in high oxidation states have
only small metal s-orbital contributions and, consequently, SO
effects on the metal shifts are negligible, as for example in
Til,.] The bonding of middle or late transition metals such as
Ruis different, however. Noticeable s(Ru) character is indeed
present in the Ru—Sn bonds in 13 and related compounds, as
evidenced by detectable 'J(1'7'"°Sn,”Ru) coupling constants
on the order of 250-340 Hz.['Y] In the absence of lone pairs
and high-lying bonding MOs on the heavy atom, SO effects on
neighboring magnetic shieldings are indicated to be smalll*!
and can, thus, probably be neglected for the tin derivatives.
For iodo species, the situation is less clear beforehand.
Inspection of the natural localized MOs (NLMOs) from a
natural bond orbital (NBO) analysis™® reveals some s
character on Ru in the Ru—I bonds, up to 22% of the Ru
AOs in 4a (B3LYP/AEL level). However, the bonds are
strongly polarized towards L leaving much less net s
character on the metal.*! Thus, the nonrelativistic evaluation
of the ®Ru properties should still be possible (in particular as
far as general trends are concerned), but this neglect of
relativity should always be kept in mind as a potential source
of error.”

In view of this discussion, and recalling the spectacular
deviation for the Ru—I bond length in 4a, the good perform-
ance of the iodo compounds in Table 1 might actually be due
to a fortuitous cancellation of these errors. From chemical-
shift calculations for appropriately distorted structures, a
bond-length shielding derivative of ca. 3600 ppmA-! is
obtained for the Ru—T bond in 4a.°1 The excessively enlarged
optimized Ru—I distance should thus translate into spurious
deshielding of several hundred ppm which is, however, not
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apparent in the data of Table 1 and Figure 1. Despite these
uncertainties it is noteworthy that the difference in d(*?Ru)
between the isomers 4a and 4b is well reproduced by the
present theoretical approach, suggesting transferability of
potential errors. With this caveat in mind it appears that
trends in ®Ru chemical shifts can be well described at the
GIAO-B3LYP level.

3. Electric field gradients: Excessive line broadening due to
efficient quadrupolar relaxation is one of the main obstacles
in transition-metal NMR spectroscopy. When relaxation is
dominated by this mechanism, the linewidth Av,, should be
dependent on the largest EFG component ¢,,, on the
asymmetry parameter 7, defined as (¢« —qy,)/q,, and on
the molecular correlation time 7. (which measures the
orientational mobility of a molecule and usually increases
with molecular size), as described in Equation (1).52! For

772
Avl,zocqzz(l +;) 7, 1)

several classes of Ru compounds, some of us observed
characteristic variations in the Ru NMR linewidths!'"! that
we attributed to changes in 7, and in the EFGs. The former
could be determined experimentally for some compounds, but
the latter was found “difficult to quantify”.l% In fact, it was
the need for a reliable estimate of this property which
stimulated the present study.

Even though the EFG, in contrast to the chemical shift, is a
simple expectation value and a typical ground-state property,
accurate calculations require the use of large basis sets and
inclusion of electron correlation at fairly sophisticated
levels.’3] In addition, relativistic effects may become impor-
tant for heavier elements.’ On the other hand, trends within
a given set of compounds can often be well reproduced
qualitatively at lower or intermediate levels, such as Hartree —
Fock["l or DFT.[% 53 For consistency with the chemical-shift
calculations discussed above, we have computed EFGs

employing the B3LYP combination of density functionals,
obtaining the results summarized in Table 2.

As has been observed previously,') certain trends in
linewidths of the octahedral iPr-DAB (DAB = 1,3-diazabuta-
diene) complexes are quite unexpected: for instance, why do
the monohalogeno methyl complexes 9 and 10 have such
sharp lines? Why is the resonance of the bis(iodo) compound
12 so much broader than those of the larger tin derivatives?
And why, among the latter, does the bulkier phenyl derivative
14 have a narrower line than the corresponding methyl species
13?7 None of these observations can be reconciled with the
correlation time as being the dominant factor in Equation (1),
according to which larger molecules should display broader
lines. Consequently, it must be the EFG that causes these
variations.

As a first test of this assumption, we carried out EFG
computations for compounds 10, 12, 14-16 employing the
medium-sized AE1 basis and geometries derived from X-ray
crystallography,®® ! as well as for the solid-state structure
of 4al¥ for comparison (fourth entry in Table2). The
agreement between computed ¢, and experimental Av,,
values is only moderate: while the smallest EFGs are indeed
obtained for 4a and 10, the species with the narrowest lines in
this set, the largest g,, is computed not for 12, but rather for
14, which has a much sharper line. No experimental structure
is known for the trimethyltin derivative 13; as a first estimate
(before the actual BP86/ECP1 optimization), this has been
constructed from the solid-state structure of 14 by replacing
the phenyl groups with methyl groups and adjusting the
Ru—Sn and Sn—C bond lengths to values typical for other
Ru—SnMe; species (2.66 and 2.15 A, respectively), leaving all
other parameters unchanged. The estimated g, value ob-
tained this way for 13, however, is smaller than that for 14,
that is in reverse order to the observed linewidths (Table 2).
Thus, the large variations in Av,, for 12—-14 are not reflected
in the computed EFGs when experimental or estimated
geometries are employed.

Table 2. Computed (B3LYP level) EFG parametersl®! of the Ru atoms in complexes 1-16 together with experimental “Ru NMR linewidths where

available.[)
Molecule 4. n) Avyp
AE1//X-ray! AE1 r r Exp.[]
[RuO,] (1) 0 0 () 1
K,Ru(CN)4] (2) 0 0 0) 2
fac-[Ru(CO);CL]~ (3) 0.248 0.255 0) 112
fac-[Ru(CO);15]~ (4a) 0.100 0.003 0.010 0) 10
mer-|[Ru(CO);15]~ (4b) 1.278 1.209 (0.861) 75
cis-[Ru(CO),CL]J*~ (5) 1.070 0.966 (0.355)
[Ru(CsHs),] (6) 1.858 0) 8501
[Rus(CO),,] (7) 0.129 (0.659) 75
[Ru(bipy);]** (8) 0.300 0) 140
[Ru(CO),(iPr-DAB)(Cl)(Me)] (9) 0.374 0.393 (0.887) 40
[Ru(CO),(iPr-DAB)(I)(Me)] (10) 0.223 0.243 0.256 (0.559) 30
[Ru(CO),(iPr-DAB)(CI1),] (11) 0.746 0.654 (0.623) 695
[Ru(CO),(iPr-DAB)(I),] (12) 0.600 1.001 0.940 (0.397) 1435
[Ru(CO),(iPr-DAB)(SnMes),] (13) (0.581)k 0.382 0.385 (0.331) 100
[Ru(CO),(iPr-DAB)(SnPh;),] (14) 0.644 0.256 0.273lfl (0.609)111 96
[Ru(CO),(iPr-DAB)(SnPh;)(Cl)] (15) 0.361 660
[Ru(CO),(iPr-DAB)(PbPh;)(Cl)] (16) 0.304 800

[a] Largest component of the EFG, g,,, in au, and asymmetry parameter #; the calculations employed basis sets as indicated and, except where otherwise
noted, BPS6/ECP1 geometries. [b] From refs. [10,30a]. [c] Employing X-ray derived geometries. [d] 30°C, 790 Hz at 40°C (redetermined in this work,

ref. [58]). [e] Estimated (see text). [f] Basis II".
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Since light atoms in the vicinity of heavier ones are more
difficult to locate by X-ray diffraction techniques, the
experimental structures are associated with notable uncer-
tainties. For instance, the two (formally equivalent) Ru—C(O)
bond lengths in 14 are refined to 1.80(2) and 1.87(2) A, that
is, they are identical within experimental error (taken as 3 0),
yet they differ by 7 pm. The same holds true for the two Ru—N
distances, 2.08(2) and 2.01(2) A. It is possible that such
(presumably artificial) asymmetries in the molecular structure
result in a spurious increase of the computed EFG at the
central metal position. When the fully optimized DFT ge-
ometries of 13 and 14 are employed instead (C, symmetry
imposed), the ¢,, values are indeed significantly reduced
(compare the entries in the second and third columns of
Table 2). In contrast, for the iodo species 10 and 12 the use of
optimized geometries results in somewhat larger computed
EFGs. In the series 9-14, the trend in the EFG values
computed at the BALYP/AE1 level parallels that in the Av,,
data, confirming the dominance of the former in determining
the line shape. In particular, the rather narrow line observed
for the bulky bis(triphenyltin) complex can be traced back to
a fairly small EFG.

Interestingly, the optimized geometries of 13 and 14 differ
in the relative orientation of the SnR; groups: viewed along
the Sn---Sn line, the substituents at tin appear nearly
staggered in 14 (as found in the solid), but are almost eclipsed
in 13 (see Figure 3). Apparently, the methyl substituents at tin

Figure 3. Conformations of the SnR; moieties in 13 and 14 (BPS6/ECP1
optimized), viewed along the Sn---Sn line (hydrogen atoms have been
omitted for clarity).

can fit almost symmetrically into the void between the iPr
groups, whereas the phenyl moieties cause larger distortions.

For a number of the iPr-DAB complexes, correlation times
7. have been determined from 7, measurements, affording
values of 43, 8.4, and 18 (x 107'?s each) for 14, 9, and 12,
respectively.'”) When the corresponding observed linewidths
are divided by these numbers according to Equation (1), the
ratio of the pure EFG contributions should be 1:2.2:35 in the
same sequence of compounds. The corresponding relative
ratio of the squared ¢, values from Table 1 (II' level) is
1:2.1:12, in good qualitative (albeit not fully quantitative)
accord with the EFG contribution ratio.

Subsequently, EFGs have been evaluated at the B3LYP/
AE1 level for some, and at the B3LYP/II' level for all
optimized geometries of 1-14. An increase of the basis set on

Chem. Eur. J. 2000, 6, No. 17
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the ligands about Ru has usually only a small effect on the ¢,
values (compare third and fourth columns in Table 2). In
addition, the asymmetry parameters 5 obtained with basis II'
are included in Table 2 (values in parentheses). This param-
eter enters Equation (1) in the factor (1 +"j, which can only
assume values between 1 and 1Y and is therefore not expected
to govern the general trends observed. A plot of the principal
EFG contribution, the factor g2, (B3LYP/II' level), versus the
observed linewidths is presented in Figure 4. One should bear
in mind that no perfect correlation can be expected because
the experimental Av,,, data contain the dependence on 7, and,
thus, on molecular size, viscosity of the solvent, concentration,
and temperature. Of these parameters at least the first two
usually vary from one experiment to the other.

EFG
calc.
4 -
35 | O
T 6
3t
25 |
2k
15
O4a
1t -
05 o
T

0 200 600 1000 1400
Av,, expt. —»

Figure 4. Plot of the computed EFG contributions to Av,, (B3LYP/II'
level for BP86/ECP1 optimized geometries) vs. the actual observed
linewidths. Filled circles: iPr-DAB complexes 9-14. The linear regression
line for the latter is shown.

Most data points in Figure 4 are clustered in the lower left,
that is, narrow lines are indeed associated with small EFGs.
The above-mentioned common trends in Av,;, and g, for the
iPr-DAB complexes 9-14 are reflected in the fairly good
correlation of the corresponding points in Figure 4 (filled
circles). However, no general correlation is found for all
compounds in the set, and for the two labeled data points
much larger EFGs are computed than expected from the
observed linewidths.

The first of these is the mer-isomer of [Ru(CO);1;]~ (4b).
Essentially the same g, values are obtained with basis AE1
and IT’, that is, whether or not scalar relativistic effects due to
iodine are included (Table 2). It has been noted above that the
optimized Ru—I bond length of the fac isomer 4a is consid-
erably in error. When the Ru—I bonds in 4b are adjusted
accordingly (i.e., reduced by 10 pm), one arrives at a some-
what smaller EFG (g,,=0.902 au, B3LYP/IT' level) than for
the fully optimized structure. In the set of iPr-DAB com-
pounds, such a value would correspond to a linewidth well
above 1 kHz, two orders of magnitude larger than what is
observed. The reason for this offset remains unknown.

The second problem case is ruthenocene (6): it has the
largest computed EFG of all species studied so far, ¢q,,=
1.86 au (Table 2),°"1 but no excessively broadened line. Bl
For this compound (to our knowledge the only one among 1-
16) an independent check of the computed EFG is possible
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because the Mdossbauer quadrupole splitting AE, has been
measured.” For =0, and assuming, as commonly accept-
ed,[® that the splitting can be described as doublet owing to
the I=3/2 excited state of *Ru, this quantity is given by
Equation (2), where Qs is the nuclear quadrupole moment.

AEy= Y2e*q,, Qs (2

With the reference data available,®! ¢,,=1.15au can be
deduced from the measured AE, for 1. While the B3LYP
value is larger by a sizeable amount (60%) it appears
nevertheless to be of the correct order of magnitude.l®” The
EFGs of 6 and of three additional molecules!®® have been
computed at the same level and are compared with the
Mossbauer results in Table 3.

Even though three of the four molecules in Table 3 are
charged species, in which effects of the crystal lattice on the
EFG can probably not be fully neglected, it is obvious that the
general trend is well reproduced at the B3LYP/II' level. Thus,
ruthenocene (6) should indeed have the largest EFG among

Table 3. Comparison of experimental and computed EFG parameters.

Molecule AEy(exp.)l?) q,,(exp.)! q,,(B3LYP)
[mms] [au] [au]
[Ru(bipy):]** (8) (<0.08)t (<0.21) 0.300
[RuO,]" (17) 0.37(2) 0.99(5) 1.613
[Ru(CsH;),] (6) 0.43(2) 1.15(5) 1.858
[RuCI,N]- (18) 1.60(6)E! 427(16) 4386

[a] Méssbauer quadrupole splittings from ref. [59]. [b] See footnote [61] for
conversion from AE, values. [c] Counterion [CIO,"; no quadrupole
splitting could be detected, so therefore it must be below 0.08(8) mms,
the smallest value reported (at a natural linewidth of 0.15 mms™).
[d] Counterion K*. [e] Counterion [NBu,]*.

the test set 1-14, and the narrow line compared to, say, 12
must at least in part be due to a reduced correlation time.
However, the EFG and line width data in Figure 4 can only be
reconciled with each other by the assumption of a very low z,
value for 6.

Conclusion

We have presented an assessment of gradient-corrected and
hybrid DFT levels for the computation of Ru NMR proper-
ties of a representative set of inorganic and organometallic Ru
compounds. For the description of chemical shifts, the B3LYP
hybrid functional is superior to the pure BPW91 functional;
this also applies to all other transition metals studied so far,
with the sole exception of *Mo. The nonrelativistic treatment
of heavier elements bonded to Ru does not appear to be
particularly problematic, but the errors possibly introduced
this way should eventually be quantified.

Trends in EFGs assessed by Mossbauer quadrupole split-
tings can be reproduced qualitatively at the B3LYP/II' level.
The a priori prediction of NMR linewidths based on
computed EFGs, however, appears difficult and is probably
restricted to series of closely related compounds. For [Ru-
(CO),(iPr-DAB)(X)(Y)] species, for instance, trends in
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computed EFGs at the central metal atom parallel those in
the observed ?Ru NMR linewidths, consistent with the
dominant quadrupolar relaxation mechanism expected for
this nucleus. However, subtle trends are only captured when
optimized geometries, rather than estimated ones or solid-
state structures, are employed.

In summary, we have identified the DFT levels necessary
for the theoretical treatment of *?Ru chemical shifts and, at
least qualitatively and with less predictive power, linewidths.
Such computations can be a valuable complement to *Ru
NMR spectroscopy, which presents itself as a useful and
versatile analytical tool for ruthenium compounds.
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Incidentally, 1 has also the largest chemical-shift anisotropy, Ao~
4500; there is, however, no correlation between ¢,, and Ao for the
whole set of compounds.

Since no linewidth was reported in ref. [30b], we have remeasured the
“Ru NMR spectrum of 6 in chloroform solution at 313K on a
300 MHz Bruker DRX-300 spectrometer employing a 10 mm low-
frequency broad-band probe (‘“*Rh-°'Zr{'H}; 9 MHz-29 MHz),
against a saturated reference solution of 2 in D,O at room temper-
ature (cf. ref. [30a]).
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(Eds.: G. K. Shenoy, F. E. Wagner), North Holland, Amsterdam, 1978,
pp. 431-514.
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and Qs,=79 fm? (CRC Handbook of Chemistry and Physics, 72nd
ed., CRC, Boca Raton, 1991).

In addition to possible shortcomings inherent to the DFT method
employed, errors may be introduced by neglect of relativistic effects
(which, apparently, amount to just a few percent for nuclei from the
Sth period, cf. ref. [54]) and by uncertainties in the experimental
nuclear quadrupole moments (see for instance P. Pyykko, Z.
Naturforsch 1992, 47a, 189 —196).

For [RuO,]" (17), D,y minimum at UBP86/ECP1: Ru—O 1.758 A,
O-Ru-0 113.2°; X-ray of KRuO,: 1.79 A and 116.0° (M. D. Silverman,
H. A. Levy, J. Am. Chem. Soc. 1954, 76, 3317 -3319); [RuCL,N]~ (18),
C,, minimum: Ru—N 1.614 A, Ru—Cl 2.360 A, N-Ru-CI 105.0°; X-ray
of (Ph,As)[RuCLN]: 1.570(7) A, 2.310(1) A, and 104.58(4)° (F.L.
Phillips, A. C. Skapski, Acta Crystallogr. 1975, B31, 2667 —2670).
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