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Abstract: Both zero-point and classical
thermal effects on the chemical shift of
transition metals have been calculated
at appropriate levels of density func-
tional theory for a number of com-
plexes of titanium, vanadium, manga-
nese and iron. The zero-point effects

of the magnetic shielding constants
evaluated at the GIAO-B3LYP level,
which in general also leads to a down-
field shift in the relative chemical
shifts, 8. The effect is small for the tita-
nium and vanadium complexes, where
it is typically on the order of a few

dozen ppm, and is larger for the man-
ganese and iron complexes, where it
can amount to several hundred ppm.
Zero-point corrections are usually
smaller than the classical thermal
effect. The pronounced downfield shift
is due to the sensitivity of the shielding

were computed by applying a perturba-
tional approach, whereas classical ther-
mal effects were probed by Car—Parri-
nello molecular dynamics simulations.
The systematic investigation shows that
both procedures lead to a deshielding

NMR
metals

Introduction

NMR spectroscopy is one of the most important methods
for the characterization of electronic and structural proper-
ties of molecules.!) This is particularly true for the lighter
nuclei such as 'H or *C, but due to improved techniques the
NMR chemical shifts of formerly “exotic” nuclei such as
transition metals™ are becoming more and more accessible.
The possibility to probe with NMR the very centre of a
transition-metal complex has opened many fruitful applica-
tions for this important class of compounds.!

Whereas density functional theory (DFT) has been the
workhorse for computational transition-metal chemistry for
some time,”! it was not until the mid-nineties that DFT cal-
culations could be performed which describe the chemical
shifts of transition-metal nuclei properly.**! It has turned
out that the quantum chemical investigation of transition-
metal nuclei is quite elaborate and far from being a black-
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of the metal centre with regard to the
metal-ligand bond length, which in-
crease upon vibrational averaging.
Both applied methods improve the ac-
curacy of the chemical shifts in some
cases, but not in general.

functional

transition

box method. For instance it has been shown that the metal
chemical shifts can depend strongly on the density function-
als used.®'%'"1 A combination of functionals, B3LYP for
BP86 optimized geometries, turned out to be optimal for
the overwhelming majority of cases studied so far. The cal-
culations were performed for static equilibrium geometries,
that is, for vibrationless molecules at a temperature of 0 K.
Present methodological developments are aimed at taking
the actual experimental conditions into account. The first
way to assess the thermal effects on the transition metal
chemical shifts was based on Car—Parrinello molecular dy-
namics (CPMD) simulations.'” For the determination of the
thermally averaged chemical shift, a number of snapshots
were collected along the trajectory over a period of a few
ps, and for each snapshot the chemical shift was computed
at the appropriate DFT level. This approach, pioneered by
Huber et al.l'¥! on the basis of classical MD simulations for
the gas-to-liquid shifts in water, was subsequently applied to
a number of transition-metal complexes,"*'® usually in
aqueous solution.

Since these simulations are based on classical molecular
dynamics propagation, zero-point effects, which are purely
quantum mechanical in nature, are not included. For small
molecules, such effects can be accounted for by full or parti-
al solutions of the nuclear Schrédinger equation.!'”! For
medium sized molecules, effects of quantum fluctuations on
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chemical shifts can be assessed by suitable quantum Monte
Carlo methods."® More approximate, but general methods
have been devised to assess the effect of vibrational and
zero-point corrections on molecular properties of larger
molecules.”®?!1 Of these perturbational approaches, we em-
ployed that proposed by Ruud et al. in which the anharmon-
ic contribution of the potential is used to shift the molecule
from the equilibrium geometry to an effective geometry,
which is equivalent to the vibrationally averaged struc-
ture.”?Y The magnetic shielding hypersurface is expanded
around this effective geometry, so that the procedure yields
a vibrationally averaged magnetic shielding. For small mole-
cules it was shown that the zero-point correction of the
chemical shift could be as large as the effect of electron cor-
relation.”” Reliable results were reported for 'H?? and
YF] chemical shifts.

We have recently applied this approach to compute the
vibrationally corrected magnetic shielding constants of three
transition-metal complexes: [VOCL], [MnO,]”, and
[Fe(CO)5].”%! No direct comparison with experimental data
was possible, and it was concluded that relative chemical
shifts of a larger set of compounds should be studied.

We now report such a systematic, comprehensive investi-
gation of the performance of these methods for transition-
metal shifts of selected test sets comprising Ti, V, Mn and
Fe complexes. These test sets cover large parts of the total
chemical shift ranges of these nuclei, namely about 2700,
3500, 3800, and 2100 ppm for “Ti, *'V, *Mn and 'Fe, respec-
tively.””) The complexes of the test sets have been used pre-
viously for assessment of static chemical-shift calcula-
tions.'"?3% Zero-point corrected Ti chemical shifts have
been reported before;® we now include the classical,
CPMD derived thermal effects for comparison. Thus, we use
two different approaches to go beyond static equilibrium
values for the computed chemical shifts: On the one hand
we investigate the effect of the temperature on the magnetic
shielding employing the CPMD based approach, where the
movement of the molecule on the (quantum chemical calcu-
lated) potential surface is determined by classical mechani-
cal laws. The influence of the zero-point vibration on the
magnetic shielding, on the other hand, is estimated with a
quantum mechanical treatment that takes the anharmonicity
of the potential energy surface into account. Objective of
the present study is to determine whether these methods
would lead to a systematic improvement of the theoretical
transition metal chemical shifts over those obtained from
conventional static calculations. As it turns out, neither
method produces such a systematic increase in accuracy,
even though the description of individual systems can be
markedly improved.

Computational Methods

Geometries have been fully optimized employing the gradient-corrected
exchange-correlation functionals of Becke® and Perdew,*>*! denoted
BPS86, together with a fine integration grid (75 radial shells with 302 an-
gular points per shell). For the optimization we employed basis AEI1,
that is, Wachters’ all-electron basis augmented with one additional diffuse
d and two p functions with the contraction Scheme (14s11p6d)/[8s7p4d]
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for the transition metals Ti, Mn, V, and Fe,’**! and 6-31G* basis for all
other elements. All structures were characterized as minima on the po-
tential energy surface by the absence of imaginary harmonic vibrational
frequencies. The stationary DFT geometries were taken from earlier
studies!"*3% and, for the zero-point corrections, reoptimized to gradi-
ents better than 1.0x107° a.u.

To check if the 6-31G* basis of the ligands is sufficient to compute mo-
lecular properties which depend on the curvature of the potential energy
surface (PES), we compared the calculated harmonic frequencies with
the experimental fundamentals (see Figure 1 and Table S1-S4 of the Sup-
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Figure 1. Plot of the calculated harmonic frequencies of [TiCl;Me],
[VO(OCH,CH,);N], [Mn(CO)sH] and [FeCp,] versus the experimental
IR frequencies; only the strong and very strong fundamentals were used
(slope of the correlation line: 1.015, correlation coefficient 0.999).

porting Information). For this purpose we chose one representative com-
pound out of each group of the Ti, V, Mn and Fe complexes; namely
[TiCl;Me] P! [VO(OCH,CH,0);N],*" [Mn(CO)sH]B# and
[FeCp,] .4 Note that these compounds contain hydrogen atoms, which
in the 6-31G* basis carry no polarization functions; therefore basis set
deficiencies should be most pronounced in these compounds. For all
strong and very strong, unambiguously assigned bands, the calculated
and experimental frequencies agree very well, with the slope of the cor-
relation close to unity.“?! Thus, the usage of the medium-sized 6-31G*
basis is well justified and appears to be sufficient for a proper description
of the relevant parts of the PES.

Magnetic shielding tensors have been computed with the gauge-including
atomic orbitals method (GIAO) as implemented® in the Gaussian98
program,*! employing the B3LYP hybrid functional®*! and Basis II’,
that is, the same augmented Wachters basis set for the transition metals
and the IGLO-II basis'*”! for the ligands except H: a (9s5p)/[Ss4p] basis
augmented with one set of d-polarization functions for C, N, O, F, a
(11s7p)/[7s6p] basis with two sets of d-polarization functions for Al, Si,
Cl, and a (3s)/[2s] basis for H.

Molecular dynamics simulations were performed by using the density-
functional based Car-Parrinello scheme!'? as implemented in the CPMD
program.*! The BP86 functional was used, together with norm-conserv-
ing Troulier-Martins pseudopotentials in the Kleinman-Bylander
form.*>¥ Periodic boundary conditions were imposed by using supercells
with box sizes between 11.5 and 14 A so that the minimum distance be-
tween atoms in neighbouring virtual boxes is larger than 5.8 A. Kohn-
Sham orbitals were expanded in plane waves up to a kinetic energy cut-
off of 80 Ry. In the dynamic simulations a fictitious electronic mass of
600 a.u. and a time step of 0.121 fs were used. From the microcanonical
runs with an average temperature of 300 K snapshots were collected for
the NMR calculations: after an equilibration time of 0.5 ps, 41 snapshots
were taken every 24 fs (total time ca. 1 ps). Equilibrium geometries for
the compounds were obtained by optimizing the forces on all atoms with
the CPMD program using the set-up detailed above (denoted CP-Opt);
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additionally the averaged structural parameters were computed from the
microcanonical run (denoted CPMD).

Vibrational corrections were computed by using the perturbational ap-
proach of Ruud et al.”>?! In this method, the molecule is first shifted
from its equilibrium geometry r, to an effective geometry r. via the har-
monic frequencies w, and the cubic force field V® as in Equation (1):

1 Vi
Tetiy = Tej — 0. Z ij 1)

ej m

This effective geometry corresponds to the vibrationally averaged struc-
ture of a system at 0 K. Due to the anharmonicity of the PES the effec-
tive bond lengths are typically slightly longer than the equilibrium ones.
Second, the magnetic shielding tensor is expanded in a Taylor series
around this effective geometry. Thus, the expansion term containing the
perturbed vibrational wavefunction to first order vanishes and for the
computation of the magnetic shielding to second order only the zeroth
order vibrational wave function is needed. The equation for the calcula-
tion of the vibrationally averaged magnetic shielding is thus simplified to
Equation (2):

1 ol
Oy = Ot + 7 Z o )

eff,i

where ¢ is the second derivative of the magnetic shieding, evaluated
numerically, and o.; and w.; are magnetic shielding constant and the har-
monic frequencies, both computed at the effective geometry.

In essence the vibrationally averaged magnetic shielding includes the
leading contributions from both the anharmonicity of the PES (through
the use of the effective geometry as an expansion point) and from the
curvature of the magnetic shielding hypersurface.

For the computation of r.; and o, the corresponding parts of the Dalton
program packagel’ had been adapted so that energies, energy derivatives
and properties produced with Gaussian98 can be processed.”! V@ is ob-
tained numerically at the BP86/AE1 level using the gradient technique,
and a stepsize of 0.25 a.u. for the finite displacements, as recommended
by the test calculations in an earlier study.” For the computation of %)
we used a stepsize of 0.1 a.u. as recommended by the test calculations in
the same study.?®

To compute the effective geometries of [VO(CH;);], [VO(CHj;);AlH;],
and TiMe, with sufficent numerical precision, it was necessary to employ
an ultrafine integration grid (99 radial shells with 590 angular points per
shell). In these cases, the error-prone low-frequency modes of -CH; rota-
tions lead to abnormal, long C—H bond lengths (>1.2 A). Ruud et al.?
reported that for some molecules imaginary frequencies are obtained,
which are associated with internal rotations. It was argued that these
modes can be decoupled from the other modes in a “Born-Oppenheim-
er-type approximation” and the neglect of these imaginary modes was
justified by demonstrating that these modes do not contribute significant-
ly to the zero-point correction. Following this arguments we neglect this
internal rotation in the calculation of the zero-point effect, when it leads
to obvious artifacts in the effective geometry. No such artifacts were en-
countered in the remaining molecules of the present study. Absolute
magnetic shielding constants for the standard molecules, obtained with
the approaches described above, are collected in Table 1.

Table 1. Equilibrium (o,), effective (o.y), zero-point corrected (o,) and
averaged (o,,) magnetic shieldings of the reference compounds [ppm].!

0.(G98) Ot (o) 0.(CP-opt) 0.,(CPMD)
[TiCl,] —-1025 -1032 —1033 -1017 —1034
[VOCL] —2306 —2323 —2325 —2264 —2292
[MnO,]~ —4832 —4892 —4896 —4794 —4829
Fe(CO)s] —2914 —2996 —3012 -2919 —3188

[a] Values for [VOCL;], [MnO,]” and [Fe(CO);] from ref. [26], values for
TiCl, from ref. [38].
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Results

Geometries: The test sets of this study, comprising most or
all of these of the previous surveys of theoretical Ti,® V11
Mn®! and FeP chemical shifts are depicted in Figure 2.

The important geometrical parameters of these com-
plexes, optimized or simulated by using the BP86 functional,
are collected in Tables 2-5, together with corresponding
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Figure 2. Ti, V, Mn and Fe complexes of this study.
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Table 2. Equilibrium (r,), effective (r.;), and averaged (r,,) geometrical parameters for Ti complexes [A]; for

simplicity the averaged bond lengths are given where appropriate.

0.3, 0.6, and 0.8 pm for the Ti,
V, Mn and Fe complexes, re-

r.(G98)™ T r(CP-opt) r(CPMD) exptl spectively).
[TiCl,] Ti—Cl 2.191 2.194 2.188 2.194 2.170(2)4 For some Ti—C(H;) bonds a
[TiCl,Me] Ti—Cl 2.204 2.207 2.197 2.206 2.185(3)P slight decrease in the r.; values
Ti—-C 2.043 2.043 2.042 2.052 2.047(6) . . :
with respect to r, is predicted
[TiCl,Me,] Ti—Cl 2219 2.223 2210 2218 2.196(3)13 pec e 5P
Ti-C 2,055 2055 2053 2.065 2058¢4y1  (by 0.001 A or less, compare
[TiCIMe;] Ti—Cl 2.236 2241 2.224 2.233 Table 2). It is not clear at this
Ti—C 2.069 2.068 2.068 2.072 point if this effect is real or an
{?lgeg | ?_g i'giz ;223 ;22 ;222 artifact of insufficient precision
1Cp, I, 1~ . . . . . . . c .
TioF 1835 1.836 1.846 1.845 in the .numerlc.al differentiation
[TiCp,Cl,] Ti-C 2.428 2.442 2.421 2.450 234240 and  integration  procedures.
Ti—Cl 2.354 2.354 2.336 2.345 2.364(3)  Likewise, the Ti—C(O) bond in
[Ti(CO),* Ti-C 2.060 2.066 2.059 2.058 2.038(3)!" [Ti(CO)¢J*, averaged over the

[a] From ref. [28].

Table 3. Equilibrium (r,), effective (r.;), and averaged (r,,) geometrical parameters for V complexes [A]; for

simplicity the averaged bond lengths are given where appropriate.

CPMD trajectory, is slightly
shorter than in the equilibrium
geometry (by 0.001 A, Table 2).
Closer inspection of the trajec-

tory reveals that this bond con-

r.(G98) Teft r.(CP-opt) r«(CPMD) exptl tracti ‘< localized ; Ti
raction is localized on two Ti—
[V(CO)¢]~ vV—C 1.963 1.969 1.951 1.958 1.933(7)1) C bonds t ¢ h oth
[V(CO)N,]- V—C,, 1.940 1.946 1.926 1.939 onds trans to each other
V-C, 1.965 1.971 1.953 1.964 and that the molecular motion
V-N 2.008 2.017 1.983 1.999 during the simulation time re-
[VF] V-F,, 1.768 1.770 1.756 1.760 1.734(7)59 sembles that of an umbrella
V-F, 1.730 1.734 1.709 1.718 1.708(5)"" .
e B,
[VOF;] ) 1.584 158  1.581 1582 157051 type bending of the four equa
V—F 1737 1.740 1722 1727 1.729(2)15" tor.lal CO ligands along this
[VOCIF;] V-0 1.582 1.584 1.579 1.581 axis.”! Apparently, only one of
vV—Cl 2.164 2.168 2.149 2155 these triply degenerate modes
V-F 1.736 1.738 1.721 1.726 is followed over the course of
[VO(OCH,CH,),N] V-0 1.604 1.604 1.597 1.598 1.633(6)P" o
V-0, 1.826 1.830 1.824 1.826 17944y 1ps. Arguably,  significantly
VN 2497 2503 2.465 2487 2.276(7) longer simulation times would
[VOCLF] V-0 1.581 1.582 1.579 1.580 be needed for a properly equili-
V‘E 1 ;Zgi ;ZZ; ;ﬁg ;Zﬁg brated distribution of the kinet-
V- . . . ) . o
[VOCL]® V-0 1579 1580  1.579 1579 1.570(s)ssa  ic energy over all vibrational
v—Cl 2159 2162 2145 2149 2.142(2)55% degrees of freedom. Since all of
[VO(CH;),] V-0 1.591 1.593 1.583 1.586 these computed bond contrac-
v-C 2.028 2.030 2.019 2.026 tions are very small and barely
[VO(CH,Si(CH,),)s] X:(C) ég?é - ;Sﬁé ;S?g significant, we will not discuss
[VO(CH,),AlH;] V-0 1.629 1631 1615 1.628 them further.
v-C 2.009 2008 1.99 2.010 The compounds [VOMe;]
and [VOMe;AlH;] represent

[a] From ref. [26].

data observed in the gas phasel™*>®) or in the solid

state.™®! The tables include the equilibrium bond lengths
computed with both Gaussian98 and the CPMD program, as
well as zero-point corrected and thermal averaged bond
lengths. The structural data are in good accord with the ex-
perimental gas-phase data. The deviation is around 0.5-2 pm
for the gas-phase data and 1-3.5 pm for the experimental
crystal structures, where the calculated bond lengths tend to
be overestimated. As expected, both methods—thermal
averaging and zero-point correction—show the same quali-
tative effect, they both lead to bond elongation. While the
average elongation of the metal-ligand bonds due to the
thermal averaging amounts to 1.0, 0.7, 1.4, and 2.0 pm for
the Ti, V, Mn and Fe complexes, respectively, the elongation
due to the zero-point correction is considerably smaller (0.4,
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model compounds for the bulk-

ier  derivatives = [VO(CH,-

SiMe;);]  and  [VO(CH,Si-
Me;);Al(CH,SiMe;);], which have been studied in context
with olefin polymerisation.'!! To justify the use of model
compounds we have investigated both [VO(CH,SiMe;);] as
well as its model compound [VOMe;]. To determine the
global minimum of the [VO(CH,SiMe;);] molecule we have
carried out a conformation analysis. We found four minima
on the potential energy surface, which differ in the dihedral
angles d(OVCSi). The conformer with the lowest energy has
C; symmetry and three dihedral angles of 38.8° (Figure 3).
The other conformers, where one or more trimethylsilyl
groups are bent away from the oxo ligand (d(OVCSi) ~70-
80°), are only 4-7 kJmol™" higher in energy. We performed
CP-molecular dynamics calculations starting from the con-
former with the lowest energy, which remained stable (i.e.,
did not rearrange to another conformation) for the total
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Table 4. Equilibrium (r,), effective (), and averaged (r,,) geometrical parameters for Mn complexes [A]; for metrical parameters and chemi-

simplicity the averaged bond lengths are given where appropriate. cal shifts is rather small.”!
r(G98)  ry r(CP-opt)  r,(CPMD)  exptl Thus, no special care was taken
[Mn(CO)s]- Mn—C,, 1.833 1.837  1.833 1.842 1.820(11)1! in the present study to assess
Mn—C,, 1.814 1.818  1.809 1.818 1.798(12)! such rotational effects separate-
[Mn(CO);H] Mn—-H 1.578 1.593 1.578 1.581 1.601(16)1) 1
Mn—C,, 1.851 1.857 1856 1.864 1.822(12)) Y-
Mn—C,, 1.851 1.855 1.851 1.860 1.853(13)") . . ]
[MnCp(CO);] Mn—C(Cp) 2.168 2175 2186 2203 2.138(3)1" Chemical shifts: The chemical
Mn—C(CO) 1.795 1.801  1.784 1.792 1.793(3)1" shifts of the metal centres com-
[Mn(CO)s(COMe)]  Mn—C 2.203 2211 2197 2.249 puted at the equilibrium and
Mn—C,(CO)  1.847 1.853 1844 1.857 the effecti tri 1
Mn-C,(CO) 1856 1862 1857 1.865 ¢ cllective geometries, as we
[Mn(NO),(CO)] Mn-N 1.699 1702 1.698 1.703 as the zero-point corrected and
Mn—C 1.861 1.867  1.862 1.875 thermally averaged chemical
[Mn(CO);Cl] Mn—ClI 2.399 2.403 2.399 2.414 2.367(4) shifts are listed in Tables 6-9.
Mn—C,, 1.818 1.824  1.809 1.819 1.807(9)1%% . .
Mn—C,, 1.872 1879  1.872 1.884 1.893(6)%% Both Zero'pomt, Corremon,and
[MnO,] Mn-O 1.625 1628  1.622 1.624 1.629+0005# thermal averaging result in a
[MnCp(C,Hg)]™ Mn—C(Cp) 2.121 2129 2120 2.142 downfield shift of the magnetic
Mn—C' 2.116 2123 2116 2.129 shielding constant—the metal
Mn—C2 2.102 2109 2.099 2.111 : :
Mn—C? 2.168 2177 2166 2.187 centre is deshiclded.

The “Ti chemical shifts of
[a] From ref. [26]. [b] See Figure 2 for numbering. the titanium complexes depend
only marginally on the method
of calculation. As already com-
municated previously for a
somewhat larger test set of tita-

Table 5. Equilibrium (r,), effective (r.y), and averaged (r,,) geometrical parameters for Fe complexes [in A];
for simplicity the averaged bond lengths are given where appropriate.

r.(G98)  ry r.(CP-opt)  r,(CPMD) exptl . 28]
- nium compounds the de-
[Fe(CO),]® Fe—C(CO) 1.812 1.818 1816 1.824 1.807/1.8271% f the shieldi .
[Fe(CO),C,H,] Fe—C(CO) 1786 1792 1.780 1790 1.80(3)!! crease of the shielding on going
Fe—(C,H,) 2.063 2072 2,071 2.087 2.06(2)t1 from ., to ¢, is remarkably
[Fe(CO),C,Hy™ Fe—C(CO) 1.788 1.794 1786 1.791 1.771/1.782(.9)"  small, whereby the effect is
Fe—C' 2128 2139 2144 2174 2.127(.3)N solely due to the vibrational
Fe—C? 2.079 2.088  2.089 2111 2.087(.2) averagine of the seometry. We
[Fe(CO),CH,0Me]"  Fe—C(CO) 1804 1810 1.802 1811 gmng g ¥
Fe—(' 2207 2293 2248 2301 have assessed the effect due to
Fe—C? 2.137 2.149 2162 2.192 thermal averaging by means of
[Fe(CO),C,H,CN]™ Fe—C](CO) 1.812 1.817 1813 1.822 CPMD simulations, which find
Il::efgz ;}g? ;13‘2 ;1}13 ;}‘7‘2 it a bit more pronounced than
e . . . . . .
[FeCp(CO),CH,] Fe—C(CO) 172 1757 1738 1.743 that of zero-point correction
Fe—C(CH,) 2.062 2072 2.056 2.077 (compare o, and o,, values in
Fe—C(Cp) 2.131 2141 2158 2.190 Table 6). Compared with the
[FeCp(CO),C:H] Ez:ggg%)) ;ﬁg ;Eg ;Zg ;I‘S‘i static equilibrium values, the
3447, . . . . _ . _
Fe—C(Cp) 2138 2147 2.169 2.190 CPMD-derived thermal averag
[Fe(CO),C;H,O] Fe—C(CO) 1795 1800  1.790 1.798 es offer a minor improvement
Fe—C(C;H,0)  2.088 2097  2.098 2117 in terms of the mean absolute
Fe-O(G;H,0)  2.059 2.066  2.055 2.102 deviation, which decreases
— 62 .
[FeCp,] Fe—C(Cp) 2.054 2062 2.055 2.068 2,058 0.0051 slightly from 130 ppm (CP-opt)
[a] From ref. [26]. [b] See Figure 2 for numbering. to 110 ppm (CPMD).

simulation time of 1.5 ps. The bond lengths of the model
compound agree to ~1 pm with [VO(CH,SiMe;);].

In a few other cases, spontaneous conformational rear-
rangements were observed in the CPMD simulations. Spe-
cifically, methyl group rotations occurred in [TiCl,Me,],
[TiCIMe;], [TiMe,], [VOMe;], [VOMe;AlH;], and |[Fe-
(CO),C,H;OMe], and free Cp rotation was found in
[Mn(Cp)(C;Hy)]. Apparently, the corresponding barriers are
so low that these rotations can be excited immediately after
starting the simulations from the equilibrium geometry. For
a peroxovanadate complex it was shown that the additional
dynamical effect of such a ligand rotation on averaged geo- Figure 3. BPS6/AE1 optimized geometry of [VO(CH,SiMe;),].
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Table 6. Equilibrium, effective, zero-point corrected and averaged chemical shifts [ppm] of the titanium com-

librium geometry agree to

plexes. 5ppm (G98) and 19 ppm (CP-
3.(G98) D! 3 3.(CP-opt) 3,,(CPMD) exptl  opt) respectively, which is sig-
[Ti(CO)e*~ —1646 —1647 —1644 —1650 1616 —13892  nificantly lower than the abso-
[TICPzel] *1242 —1237 *1233 *12—;’0 —1163 *103;&2 lute error of the -calculated
Eigiﬁe]] iz 3 24712 3471 . Z 62 igz Z e chemical shifts. Thus, the. use of
[TiCL,Me,] 796 801 799 788 788 go7esl  the model compound is well
[TiClMe,] 1077 1036 1034 1096 1044 11881 justified.
[TiMe,] 1317 1314 1312 1290 1253 13258 The Mn chemical shifts of
Slo_pej[h 1.05 1.05 105 1.06 1.02 the manganese complexes, ref-
axis intercept!” —147 —149 —148 —148 —129 . _
mean abs. dev. 141 126 126 130 110 erenced directly to [MnO,]",

[a] From ref. [28]. [b] From a linear regression analysis with respect to the experimental value. [c] Mean abso-

lute deviation from experiment.

Table 7. Equilibrium, effective, zero-point corrected and averaged chemical shifts [ppm] of the vanadium com-

show the largest average devia-
tion from the experimental
chemical shifts. Similar to the
titanium and vanadium com-
plexes, the chemical shifts at

plexes. the optimized geometries are
0.(G98) Ocit ) 0.(CP-opt) 0,,(CPMD) exptl  all shifted upfield with respect
[V(CO)] —2279 —2274 —2269 —2305 —2196 —-195221  to the experimental values. As
[V(CO)sN,]- —2028 -2017 —2011 —2075 —1982 —1671:2 noted before, this deviation in
[VF;] —913 913 —913 972 —946 —895 55 . .
[VC;F3] —887 —889 —889 —897 —908 —757% (33(()0Mn) S Si'ismmat];c (m:ilghlg
[VOCIE,] —602 —604 —603 —618 —616 —5821 Ppm). and can be reduce
[VO(OCH,CH,),N] —459 —461 —459 —457 —466 —3802 by choosing a different o value
[VOCLF] —302 —-303 —-303 -323 -308 —34181 for the standard, for example,
[VO(CHs);] 1072 1087 1082 1042 1043 120550 e derived from a correlation
[VO(CHs;);AlH;] 1418 1429 1426 1359 1444 157516k lal .
slopel! 1.04 1.05 1.04 Lo4 103 of computed o versus experi-
axis intercept® ~113 ~108 ~109 144 “114 mental ¢ values.”) Tt had ini-
mean abs. dev.! 140 136 135 165 134 tially been speculated that this

[a] -CH,SiMe; derivatives. [b] From a linear regression analysis with respect to the experimental value.

[c] Mean absolute deviation from experiment.

Table 8. Equilibrium, effective, zero-point corrected and averaged chemical shifts [ppm] of the manganese

systematic deviation with re-
spect to free [MnO,]™ could be
due to the neglect of sovation
effect on the latter (experi-
ments are conducted in water

complexes. K
- - for the standard, and in more
0(G%) Ocr % 0«(CP-opt) %/(CPMD) PU ihert solvents for the organo-
[Mn(CO);] —2819 —2828 —2817 —2846 —2651 2780 nganese species). However
[Mn(CO):H] 2974 2962 —2949 —2967 2783 —2578% . - ) ’
[MnCp(CO),] —2331 —2290 —2280 —2297 —2002 _gpsP this possibility was subsequent-
[Mn(CO)5(COMe)] —2230 —2203 —2192 —2223 ~1940 —185121  ly refuted in a CPMD study of
[Mn(NO),(CO)] ~1160 ~1149 1137 ~1140 -912 -1171% g(**Mn) of aqueous [MnQO,]~.l'")
[Mn(CO);Cl] —1749 ~1706 —1694 -1773 —1434 ~1004”  Gjince the computed thermal ef-
[MnCp(C,Hy)] 734 863 885 776 1410 10772 fects 1 for thi
slopel® 0.96 0.98 0.98 0.96 1.06 tects were very smatl for this
axis intercept!®! —339 —286 —269 —344 +126 inorganic complex, part of the
mean abs. dev.!"! 288 255 246 286 238 systematic deviations might be

[a] From a linear regression analysis with respect to the experimental value. [b] Mean absolute deviation from

experiment.

The 'V chemical shifts of the vanadium complexes are all
too low (i.e., shifted upfield) with regard to the experiment.
Thermal averaging or zero-point correction both lead to a
deshielding of the vanadium nuclei and, thus, to a decrease
in the average deviation from the experimental values (see
Table 7; Figures 4 and 5). But as the bond lengths r.; and r,,
are not very different from the optimized geometries r., the
effect on the magnetic shielding constants is not very large
either. The average deviation only decreases from 165 ppm
(CP-opt) to 134 ppm (CPMD) (Table 7). We have computed
the °'V chemical shift of both [VO(CH,SiMe;);] and its
model compound [VOMe;]. The chemical shifts at the equi-
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explained by much larger ther-
mal effects for the organo-
manganese  substrates.  For
o(*'Fe) in Fe(CO)s, for exam-
ple, deshieldings on the order of 250-300 ppm have been ob-
tained by CPMD and BOMD simulations.">™ A similarly
large decrease of the CPMD-averaged o(**Mn) values is ob-
tained for the organomanganese species, which, together
with the small thermal deshielding of the standard
(—35 ppm®), leads to downfield shifts of the 6(**Mn) data
by about =200-300 ppm in most cases (compare CP-opt
and CPMD entries in Table 8). An exceptionally large effect
is found for [MnCp(C,Hy)], with d,,—d. exceeding 600 ppm.
For this compound, the error in J, is overcorrected to such
an extent that the slope of the J.,ca/Ocypu cOITEction deterio-
rates from the near-ideal value close to 1 to 1.06. Most of
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Table 9. Equilibrium, effective, zero-point corrected and averaged chemical shifts [ppm] of the iron com-

ods afford only marginal im-

plexes. provements of the overall man-
0.(G98) st 0y 0.(CP-opt) 0,(CPMD) exptl  ganese chemical shifts.

[Fe(CO),C,H,] —514 —490 —490 —561 —513 —5830) The equilibrium *Fe chemi-
[Ee(gg)sgﬁﬁ]OCH é? 1;(7) 1;? 1;2 ;Zé 5‘[‘?53 cal shifts of the iron complexes
{FZECO%:CEHzCN] ! 202 223 225 205 311 jo3t9  gree quite well with the exper-
[FeCp(CO),CH,] 786 865 872 871 1110 g4t imental data. The mean abso-
[FeCpC,H,] 960 1043 1051 1102 1391 796 lute deviation of J.(Fe) falls
[Fe(CO),C;H,0] 1223 1296 1299 1429 12742 between 90 and 118 ppm (see
[FeCp,] 1465 1557 1561 1773 1532 Table 9) Approximately half of

slope!® 0.95 0.98 0.98 1.09 .
axis intercept!” 61 101 103 202 the iron complexes tested ex-
mean abs. dev.”! 90 112 115 246 hibit a downfield shift with
[a] From a linear regression analysis with respect to the experimental value. [b] Mean absolute deviation from regard to the experimental
experiment. value, while the other half ex-
hibit an upfield shift. The
downfield shift due to the ther-
Seaica 2000 [ mal averaging or the zero-point correction overestimates
1500 r the deshielding of the metal centres. This effect is especially
1000 r pronounced in the CPMD results for the cyclopentadienyl-
500 r and acrolein complexes at the deshielded end, so that the
0r average deviation increases from 118 to 246 ppm (compare
500 CP-opt and CPMD data in Table 9). As with the nuclei dis-
1000 cussed above, the computed zero-point corrections to
1500 0(*’Fe) are much smaller than the CPMD-derived thermal
2000 effects, but follow the same trend. Thus, the J, values are
2500 not improved over their d, counterparts, and the mean devi-

3000

-2000 -1000 0 1000
6e)(pt\

Figure 4. Plot of computed (GIAO-B3LYP for CP-opt and thermally
averaged geometries, CPMD) versus experimental chemical shifts. o:
Ti(CP-opt), o: V(CP-opt), A: Mn(CP-opt), v: Fe(CP-opt), m: Ti(CPMD),
o: V(CPMD), a: Mn(CPMD), ¥: Fe(CPMD).

8ca\cd
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1000 -
500 r

500 f
-1000
-1500 t
2000
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3000 %4

-2000 -1000 0 1000
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Figure 5. Plot of computed (GIAO-B3LYP for BP86/AE1 optimized and
zero-point corrected geometries, ZPC) versus experimental chemical
shifts. o Ti(opt), o: V(opt), A: Mn(opt), v: Fe(opt), m: Ti(ZPC), e:
V(ZPC), A: Mn(ZPC), v: Fe(ZPC).

the other J,, data are improved over the J, values, however,
so that the overall mean absolute deviation is reduced from
286 to 238 ppm. The zero-point correction also produces
downfield shifts of §(**Mn), but this is much too small to
correct the mean absolute error (compare ., and J, values
in Table 8), and the deviation only decreases from 288 to
246 ppm. Thus, both CPMD based and perturbational meth-
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ation increases slightly from 90 to 110 ppm (Table 9). At
least in the test set of this study, no qualitative changes in
the overall pattern of 6 values is introduced upon inclusion
of vibrational or thermal corrections. For instance, at all
levels very similar resonances (within 50 ppm at most) are
computed for the two olefin complexes [Fe(CO),CH;X],
X=0Me and CN, despite the fact that the experimental
shifts differ by nearly 300 ppm. This apparent inconsistency
is thus not resolved upon inclusion of thermal corrections,
and appears to be inherent to the DFT levels applied.

Another probe for the quality of theoretical results is the
slope of the regression line from the correlation of calculat-
ed versus experimental chemical shifts, which, in the ideal
case would assume the value 1.00. In general the slopes of
the regression lines are not affected much by the zero-point
correction—the maximum difference between o, and J, data
in Tables 6-9 is 0.03 in case of the iron complexes. The
effect of the thermal averaging on the slopes of the regres-
sion lines is more pronounced: on going from the CP-opt to
the CPMD data the results can be slightly improved (Ti and
V complexes) or worsened (Mn and Fe complexes).

The slopes of the regression lines of the d.; and J, data
are very similar. The computed values for the individual
molecules show that the difference J,—d.; in general
amounts up to a few ppm only. The main effect of the zero-
point correction is thus due to the vibrational averaging of
the geometry; the effect due to the expansion of the mag-
netic shielding constant at the effective geometry seems to
be less pronounced. For further calculations of vibrational
corrections to transition metal chemical shifts it is therefore
sufficient to limit the calculation to the determination of 0.
This allows for significant savings in CPU time, as the addi-
tional 6N—11 property evaluations (N=number of atoms)

— 5547


www.chemeurj.org

FULL PAPER

M. Biihl and S. Grigoleit

required for determining o, are not necessary. In summary,
classical thermal averaging assessed via CPMD simulations,
and zero-point corrections evaluated perturbationally, afford
the same qualitative effects on transition metal chemical
shifts. In general, the metal nuclei are deshielded, typically
by an increasing magnitude with a higher ¢ value. The sensi-
tivity of the metals towards the thermal and vibrational cor-
rections increases from Ti to Fe. Computed zero-point ef-
fects on the metal shifts are significantly smaller than the
classical thermal effects estimated from CPMD simulations.

Discussion

It should be recalled at this point that by contrasting classi-
cal thermal averages and zero-point effects, two very differ-
ent things are compared. Thus, it is for example not possible
to regard both as independent increments and simply add
them up. Classical MD-derived thermal effects would best
be compared with quantum thermal effects at the same tem-
perature. Such effects can be evaluated, for instance, by ex-
plicit summation over rovibrationally averaged shieldings
weighted by Boltzmann factor!'”! or by suitable quantum
Monte Carlo approaches.'! For light main-group molecules
the corresponding quantum thermal effects, that is, the dif-
ference between the zero-point values and those at room
temperature, have been shown to be much smaller than the
zero-point corrections themselves. It would be very interest-
ing to see if the same holds true for the transition-metal
complexes of this study. Unfortunately, these rigorous meth-
ods are intractable or impractical for molecules this large. In
principle, the more approximate perturbational approach
that we have employed for the zero-point corrections can be
extended to evaluate effective geometries and averaged
properties at thermal equilibrium for a given tempera-
ture.” To our knowledge, however, systematic tests and
benchmarks for this method have not yet reported.”™ Clear-
ly, further research efforts in this direction are warranted.

Despite this incompatibility of classical MD-based averag-
es and quantum mechanical zero-point corrections in terms
of the underlying theoretical model, the effects obtained
with either method have the same physical origin, namely
the anharmonicity of the PES and the curvature of the mag-
netic shielding hypersurface in the vicinity of the equilibri-
um geometry. It is thus sensible to discuss the results for
both methods together, in particular with respect to the in-
terdependence of averaged geometries and chemical shifts,
which is analyzed in more detail in the following.

Of the geometrical parameters that affect the chemical
shift of a metal, the bond lengths to its ligands are usually
the most important ones,’®””! even in cases where bond
angles had been initially believed to be decisive.”" The sen-
sitivity towards these parameters can be quantified in terms
of the shielding/bond-length derivatives, Joy/0Ory._. Sizeable
values of this quantity have been estimated from experi-
ment, for example, 00c,/Orcor=—80 ppmpm~"' in
[Co(CN)¢*" I (a value which has been well reproduced at
the B3LYP level),” and even larger ones have been pre-
dicted computationally, for example, 0Jog/Orp. =
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—320 ppmpm ! in [Fe(CN)]*".'! We have evaluated salient
shielding/bond-length derivatives for the test molecules of
the present study, employing the following procedure: The
magnetic shielding constants ¢ have been computed at the
B3LYP/II' level for geometries, in which the bond lengths to
each of symmetry-equivalent ligand atoms have been dis-
torted from their equilibrium values (a total of five dis-
placed geometries have been generated; with Ar ranging
from —1 to 43 pm) leaving all other parameters unchanged,
and the Ooy/Ory_ derivatives have been determined by
linear regression (see Tables 10-13).

Table 10. Shielding/bond-length derivative 0or/Orr; in titanium com-
pounds; see text for details.

00/0ry;; [ppmpm '] “per bond”®!
[T(CO)P  Ti~(CO),  —184 3.1
[TiCp,F,] Ti—Cp _37 _37
Ti—F, —13.6 —6.8
[TiCp,Cl,] Ti—Cp ~70 ~70
Ti—Cl, —11.8 -59
[TiCl,] Ti—Cl, —-27.7 —-6.9
[TiCl;Me] Ti—Me —-10.4 —-10.4
Ti—Cl, —-23.2 7.7
[TiCl,Me.] Ti-Me, 205 ~103
Ti—Cl, —20.5 -10.3
[TiCIMe,] Ti-Me, 282 94
Ti—Cl 7.7 7.7
[TiMe,] Ti-Me, ~339 -85

[a] @ Ligands counted as single ligand.

Table 11. Shielding/bond-length derivative doy/0ry-; in vanadium com-
pounds; see text for details.

OoylOry 1. “per

[ppmpm] bond”
[V(CO)] V—(CO), —445 74
[V(CO)N,]- V-N 83 83
V—(CO); 417 83
[VFy] V-F; 588 ~118
[VOF,] V-0 340 340
V-F; —-333 —11.1
[VICIF,] V-0 _356 _356
V—Cl —-8.3 —-83
V-F, —20.6 —10.3
[VO(OCH,CH,):N] V-0 327 327
V-0, —41.3 —13.8
V-N -2.9 -29
[VOCLF] V-0 _372 _372
V-F —13.2 —13.2
v-Cl, —20.5 —-10.3
[VOCLy] V-0 322 322
V—Cl, —36.5 —14.2
[VO(CH,),] V-0 433 433
V—(CH.); 717 ~239
[VO(CH,Si(CH;););] V—-O —45 425
A% —72.1 —24.0

(CH,Si(CHs)s)5
[VO(CH,),AlH;] V-0 ~397 397
V—(CH,), 883 294

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

When looking at the results normalized to the number of
equivalent ligands (“per bond” entries in Tables 6-9) it be-
comes apparent that the sensitivity of the metal nucleus to
the distances to its ligands increases in the sequence Ti<
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Table 12. Shielding/bond-length derivative Joy,/Ory, . in manganese
compounds; see text for details.

00w/ OFpn 1, “per
[ppmpm™'] bond”l®!
[Mn(CO)s]~ Mn—(CO)s —126.5 -253
[Mn(CO)sH] Mn—-H —13.8 —13.8
Mn—(CO); -119.5 -23.9
[MnCp(CO);] Mn—Cp —65.4 —65.4
Mn—(CO); —120.1 —40.0
[Mn(CO)s(COMe)] Mn— —6.0 —6.0
C(COMe)
Mn—(CO)s —134.6 —26.9
[Mn(NO),(CO)] Mn—(NO); —144.3 —48.1
Mn—CO —38.4 -38.4
[Mn(CO)sCl] Mn—Cl -10.3 -10.3
Mn—(CO)s -171.2 —34.2
[MnO,]~ Mn—O, —170.0 —42.50!
[MnCp(C;Hy)] Mn—Cp —155.5 -1555
Mn—C;Hg -1124 -1124

[a] = Ligands counted as single ligand. [b] From ref. [16].

Table 13. Shielding/bond-length derivative dog/Org, 1 in iron compounds;
see text for details.

D0Oge Oret, “per

[ppmpm ] bond”

[Fe(CO),C,H,] Fe—C,H, _554 _554

Fe—(CO), 874 —29.1

[Fe(CO)s] Fe—(CO); ~170.4 341

[Fe(CO),C,H,] Fe—C,H, _556 _556

Fe—(CO), ~106.4 355

[Fe(CO),C,H:CN]  Fe-C,H,CN 239 ~239

Fe—(CO), ~159.8 —40.0

[Fe(CO),C,H;OCH,] Fe— 208 208
C,H,0CH,

Fe—(CO), ~155.3 ~388

[FeCp(CO),CH,]  Fe—CH, 187 ~187

Fe—Cp -92.4 -924

Fe—(CO), ~113.9 ~57.0

[FeCp(CO),C:H,]  Fe—C,H, ~187 ~187

Fe—Cp -90.0 -90.0

Fe—(CO), ~117.6 588

[Fe(CO),C,H,0] Fe—C;H,0 ~63.9 ~63.9

Fe—(CO), ~143.9 —48.0

[FeCp;,] Fe—Cp, -232.1 —116.1

[a] = Ligands counted as single ligand.

V <Mn < Fe. For instance, the doy/On_co value in the ho-
moleptic carbonyl compounds grows monotonically from
[Ti(CO)e]*” (=3 ppmpm™") via [V(CO)e]~ (=7 ppmpm )
and  [Mn(CO)s]- (=25ppmpm™') to  [Fe(CO)]
(=34 ppmpm™'). To explain the reason of this monotonical
increase, one has to consider the effects that can influence
the chemical shift. Usually the magnetic shielding is par-
tioned into a diamagnetic and a paramagnetic part in Equa-
tion (3):

o=o0'40" (3)

It has been observed that the diamagnetic part is only mar-
ginally influenced by the chemical environment and there-
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fore, does not contribute noticeably to the relative chemical
shift.®l The leading contribution to the paramagnetic shield-
ing is pictured physically as an induced paramagnetic cur-
rent in the system and originates from a coupling between
the occupied (¢; with orbital energy ¢) and virtual (¢, with
orbital energy £,) MOs. The magnitude of this term is pro-
portional to® ! Equation (4):

1 N
_m<¢i|M|¢a> 4)

i

The magnetic operator M affects the ¢, such that it rotates
the orbital around its position, that is, the y component of
the operator rotates the p, orbital into an orbital proportion-
al to the p, orbital.®” Schreckenbach showed that the para-
magnetic shielding of [Fe(CO)s] is dominated by transitions
between frontier orbitals with d character, so that the chemi-
cal shift is governed by the energy difference of the occu-
pied and virtual d-type orbitals.*”! The detailed list of the
contributions to the paramagnetic shielding revealed that a
number of occupied —virtual transitions provide contribu-
tions of similar magnitude (i.e., Schreckenbach mentioned
seven significant contributions to the paramagnetic shielding
of [Fe(CO);]).*" To estimate the occupied—virtual contri-
butions to the paramagnetic shielding for the four carbonyl
compounds we took the HOMO-LUMO gap as a measure
and calculated the HOMO-LUMO gap at the five different
structures used for the calculation of the shielding/bond-
length derivative. The linear regression of the energy differ-
ences (regression coefficient=1.00) yields slopes of —1.33,
—1.75, —=2.03, and —2.16x10%a.uw.pm™, for [Ti(CO)s*",
[V(CO)]~, [Mn(CO)s]~, and [Fe(CO)s], respectively. Thus,
the increasing shielding/bond-length derivative on going
from Ti to Fe complexes is consistent with the increasing
sensitivity of the HOMO-LUMO gap of the M—CO bond
length and therefore, ultimately to the increasing metal—car-
bonyl bond strength.

The matrix element in the numerator of Equation (4) de-
pends on the overlap of the “rotated” orbital, M|(/)a), with
the unperturbed (¢;|. For the metal shielding, these contri-
butions increase with the magnitude of the d orbital charac-
ter in the respective orbitals. To estimate this part of the
term we chose the HOMO of each carbonyl complex as a
representative example and calculated its d-orbital character
by summing up the squares of the respective d-orbital con-
tributions. In principle we have to investigate the d-orbital
character of all possibly involved frontier orbitals. However,
from our calculations it is not possible to deduce which of
the d—d transitions is the dominating one. Therefore we
limit our investigation of the estimation of the d character
of the HOMO as a representative example, which is suffi-
cient for our purpose to describe the sensitivity of the mag-
netic shielding qualitatively. The magnitude of the d-orbital
character in the HOMO follows the relative order
1:1.17:1.47:1.57 for [Ti(CO)4)*~, [V(CO)]~, [Mn(CO)s]~ and
[Fe(CO)s], respectively. Thus, both energies and shape of
the frontier molecular orbitals strengthen the sensitivity of
the magnetic shielding to the M—CO bond length on going
from Ti to Fe complexes.
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The shielding/bond-length derivatives involving a particu-
lar ligand are not transferable between complexes of a given
metal. The more deshielded the metal resonance is, the
more sensitve it appears towards the bond length. For exam-
ple, the Jog./Orp.co values in iron carbonyl complexes are,
ordered according to decreased shielding of the iron centre,
-29, —34, —40, -39, —57, —59, and —48 ppmpm~' in
[Fe(CO);(C,H,)], [Fe(CO)s], [Fe(CO),(CH;CN)], [Fe(CO),-
(C,H;0Me)], [FeCp(CO),Me], [FeCp(CO),C;H;], and [Fe-
(CO)4(C3H,0)], respectively. For the iron and the manga-
nese complexes, the six-electron m ligands exert the stron-
gest effect on the magnetic shielding of the metal centre, in
particular the Mn—-Cp and the Fe-Cp distances up to —156
and —116 ppmpm ™', respectively. The magnetic shieldings of
the vanadium and titanium complexes show a weaker de-
pendence on the metal-ligand separations. The largest
shielding/bond-length derivative involving these metals is at-
tributed to the terminal V-O bond in the oxovanadium
complexes with values of about —40 ppmpm™' and to the
Ti—CH, bond with about —10 ppmpm ™.

To what extent can the differences between equilibrium
magnetic shielding constants and their thermal averages be
traced back to the elongation of the metal-ligand bonds?
For an estimate of the latter effect, we have multiplied the
elongation of each metal-ligand bond with the appropriate
shielding/bond-length derivative and summed up all the
products for each molecule.

In Table 14 this estimated difference (0,—0,y)esq 1S COM-
pared with the actual difference in the magnetic shielding,
as calculated on the basis of the MD simulations (o.(CP-opt)
—0,(CPMD) entry in Table 14, for a graphical representa-
tion see Figure 6). For the vanadium and some of the titani-
um complexes, the actual difference in the magnetic shield-
ing is indeed approximately as big as the estimated one. For
manganese and iron complexes, in contrast, the actual differ-
ences (o.(CP-opt)—o,,(CPMD)) are significantly larger than
those estimated from the shielding/bond-length derivatives.
Thus, the elongation of the metal-ligand bonds accounts for
a large part of the downfield shift due to the thermal aver-
aging (ca. 63%, judging from the slope of the regression
line in Figure 6), but apparently is not the only reason. It is
possible that the downfield shift due to the elongation of in-
dividual bonds is not an additive effect, as assumed in our
analysis, or that changes in the bond angles or internal rota-
tions as mentioned in the geometries section may also play
a significant role for vibrational and thermal corrections to
the magnetic shieldings. Earlier attempts to derive incre-
ment systems for transition metal chemical shifts (for '“Rh,
specifically) have also met with limited success."®

A similar analysis is included in Table 14 for the (0.—0.y)
values (see Figure 7 for a plot). Since the bond elongation
between r, and r is much smaller than that between r, and
T the resulting (0,—0,) data span a smaller range than the
(0.—0,,) values. A common trend between (0.—0c)eqa and
(0c—0Oeit)eaca 18 clearly visible (Figure 7). Interestingly, the
slope of the regression line involving (0,—ad.), 1.02, is much
closer to unity than that for the (o.—0,,) data. Possibly, for
the smaller elongations as occurring in the CPMD simula-
tions for Ti and V complexes, or in the zero-point vibration-
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Table 14. Difference between thermally averaged and equilibrium mag-
netic shieldings o,—0,,.1"

(Oe=0Oei)esta (Oe=0Oci)eaca  (Oe=Ou)esta (Te=Oav)eatca

[Ti(CO)e)*~ 13 6 -2 52
[TiCp,F,] 7 14 13 84
[TiCp,ClL,) 10 21 31 94
[TiCl,] 8 7 17 17
[TiCl;Me] 7 7 31 30
[TiCl,Me,] 8 11 41 17
[TiCIMe;] 7 35 18 35
[TiMe,] 3 3 14 19
[V(CO)q] 27 22 31 137
[V(CO)sN,]~ 33 28 59 120
[VFs] 18 17 41 41
[VOF;] 17 15 20 17
[VOCIF,] 14 15 22 30
[VO(OCH,CH,);N] 20 15 18 19
[VOCLF] 15 16 30 43
[VOCL] 14 17 15 28
[VOMe;] 16 21 63 29
[VOMe;AlH;] 38 38 175 113
[Mn(CO);]- 51 51 114 230
[Mn(CO);H] 81 72 112 219
[MnCp(CO);] 118 101 207 330
[Mn(CO)5;(COMe)] 86 87 152 318
[Mn(NO),(CO)] 66 71 112 263
[Mn(CO);Cl] 124 103 220 374
[MnO,]- 51 60 34 35
[MnCp(C;Hg)] 214 189 511 669
[Fe(CO),C,H,] 102 106 176 317
[Fe(CO)s] 102 82 136 269
[Fe(CO)C,Hy] 114 127 198 364
[Fe(CO),C,H;OCH;] 122 118 227 406
[Fe(CO),C,H,CN] 106 103 213 375
[FeCp(CO),CH;] 168 161 392 508
[FeCpC;H,] 164 165 336 558
[Fe(CO),C;H,0] 123 155 326 504
[FeCp,) 168 174 302 537

[a] estd: estimated using the shilding/bond-length derivatives from
Tables 10-13 multiplied with the corresponding differences in bond
lengths from Tables 2-5; caled: actual calculated differences from
Tables 6-9. The corresponding data (estimated and calculated) are given
for the equilibrium and effective geometries.
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700 1
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Figure 6. Plot of the estimated vs calculated difference between thermally
averaged and equilibrium magnetic shieldings o.—0,,; data from
Table 14; —: ideal slope, «++++: linear regression; 0: Ti, o: V, A: Mn, V:
Fe.

ally averaged structures of all species of this study, the
above-mentioned effects of non-additivity are less pro-
nounced, and our simple analysis can afford a reasonable
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description and interpretation of the thermal effects on the
metal shifts.

(G5~ Cefr)(estd)
250 r
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(e Oett )(Calcd)

Figure 7. Plot of the estimated versus calculated difference between ef-
fective and equilibrium magnetic shieldings o.—o.; data from Table 14;
——:ideal slope, ss+e« : linear regression; o: Ti, o: V, A: Mn, V: Fe.

Conclusion

We have assessed different methods for computation of the
chemical shift of metal centres in selected examples of Ti, V,
Mn and Fe complexes, methods that go beyond simple cal-
culations of equilibrium values for static optimized struc-
tures. Classical thermal effects on the chemical shifts have
been modelled by performing CPMD simulations, and quan-
tum mechanical zero-point corrections have been evaluated
using a perturbational approach. Both methods lead to a de-
crease of the absolute magnetic shielding constants o from
their equilibrium values (i.e., the metal centre is deshield-
ed). This effect can to a large extent be explained by the
elongation of the metal-ligand bond lengths in the averaged
or effective geometries, as compared to the equilibrium dis-
tances. In terms of relative chemical shifts J, the application
of these two methods leads to an improvement of the results
in selected cases, but not in general. In most cases the equili-
brium chemical shifts at the optimized geometry are shifted
upfield with respect to the experimental values. The down-
field shifts due to the thermal averaging, or the zero-point
correction can be too small (Ti and V complexes) or too
large (some Mn and Fe complexes). The overcorrection in
the latter cases is particularly pronounced for the CPMD-
based classical thermal averaging. In summary, inclusion of
thermal or vibrational corrections does not lead to a system-
atic improvement of theoretical transition-metal shifts. Such
corrections can be noticeable, but are usually much smaller
than differences between results obtained with different ex-
change-correlation functionals (in particular “pure” gradi-
ent-corrected vs hybrid variants). Thus, the most promising
route to improved chemical shifts for this class of com-
pounds appears to be that via development of better density
functionals, and/or via inclusion of solvent effects, which we
will explore in future investigations.
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