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Calculation of NMR chemical shifts of inorganic
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ABSTRACT- Empirical molecular orbital methods for calculation of NMR
chemical shift have been introduced.The INDO perturbation theory including d
and f orbitals with SOS and FPT method is emphasised. The methods have been
applied to the study of C-13 nuclei in a representative set of inorganic
compounds. The results of INDO/GIAO method generally agree well with the
trends of experimental results.

INTRODUCTION

Nuclear magnetic resonance chemical shifts are both easily measured and sensitive to the
electronic structure of a molecule (ref.1). It has become a useful tool in the study of structure
and bonding of inorganic compounds. The numerical calculation of chemical shifts
achieved by two different paths (ref.2). One is the sum-over-states pertubation theory (SOS).
on Ramsey's theory and developed by Schlichter. The  other is the finite pertubation

based
theory

(FPT), developed by Karplus, Lipscomb, Ditchfield, Pople and Ellis' groups.

may be

An INDO method of C-13 chemical shifts has been proposed by Ellis, Maciel and Mclver to
reduce the calculation CPU time (ref.3). A modified set of H-1, C-13 and F-19 INDO parameters
lead to a good agreement of theoretical results with experimental data. Recently,
developed the MNDO/GIAO method to calculate C-13, N-15 and O-17 NMR chemical shifts for a set
of typical simple compounds (ref.4,5).

Most

we have

of these methods have only been used to calculate the chemical shifts of simple
compounds with s and p orbitals. Since the 1950's, organometallic and coordination chemistry
has undergone & tremendous growth in depth and breadth. It is evident, therefore, that
approximate methods including d and f orbitals must be developed for inorganic and
organometallic molecules. Some recent results in this field will be described.

THE X,-SCATTERED WAVE METHOD

The Slatet's self-consistent statistical exchange multiple scattering wave method is extensively
used in dealing with the electronic structures of molecules. Fenske et al. have developed for the
first time a quantum mechanical expression for the NMR chemical shifts via the X -SW method
(ref.6,7).

With
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angular momentum,
orbital k. 59

application of perturbation theory to a system with an electron and fixed nuclei within
the X, -framework, the following equations are obtained:
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¢; represents the eigenfunctions of the ground state, Tm is the position vector of the
electron relative to the magnetic nucleus whose chemical shift is being calculated, L

term is conveniently provided in X, theory as the difference in cigenvalues of orbitals
as a half electron energy. The calculation of ¢ consists in evaluating the matrix elements of 1/r,
Lmand Lpy/rpy
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is the

a is a constant. The summation is over all occupied orbitals i and virtual
and P are,respectively, the diamagnetic and paramagnetic contribution. The energy

difference between the ground state i and an excited state k , Ex - Ej in the denominator of the

k and i



1088 XIAO-ZENG YOU, WEI-XIONG WU AND AN-BANG DAl

The X -SW' method has been extended to the calculation of C-13 NMR chemical shift in some
transition metal complexes (ref.8). The results in Fig.1 show the trends in C-13 NMR
experiments for the CO.CS,CN and CsHjs ligands in transition metal complexes Ni(CO)4 , Cr(CO)sCS
and Fe(C5H5)(CO), CN.

Usually, the , o4 of carbon in a complex is rather larger than that in the free ligand (our
calculated O'Afor free CO and CS were 251.4 and 256.5 ppm. respectively). These facts constitute a
reasonable support for the scheme of back-bonding of the metal to the carbon atom. Of all the
diamagnetic and paramagnetic contributions, only oP shows pronounced difference between
ligands that are free and metal bound. Thus the observed decrease in o  in the metal complexes
may be explained on the basis of oP only. It has been pointed out that there may be some
relationship between chemical shift and certain types of chemical reactivity (ref.9).

The chemical shift has some relation with T back bonding in transition metal complexes
(ref.10). This is reflected in two aspects. Firstly, part of the contribution is involved directly in
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a transition from metal to carbonyl ®°  molecular orbital. The 33A-35A' transition in Fe(CP)(CO),
CN is one of the largest contributions from M-> L. That is why some authors also observe a
correlation between carbonyl chemical shift and the frequency of the lowest energy uv
transition that involves a charge transfer from the metal to the carbonyl = * orbital (ref.11,12).
Secondly, the x * orbital stabilized by metal bonding is lowered and its population reduces the CO
bond order to between 2 and 3. This effect has been attributed to the fact that carbonyl
chemical shift is observed to be lincarly dependent on carbonyl stretching frequencies
(ref.13). Both synergic effects make the o7P in the complex rather lower than that of free
ligands resulting in downfield shift as observed.

The Fenske-Hall MO model is also extended to calculate the NMR chemical shifts for these
complexes. It can predict the C-13 exprerimantal trend with less computer time (ref.14).

THE INDO CALCULATION BASED ON THE SOS METHOD

For theoretical calculation of NMR chemical shifts in inorganic molecules, we have extended
the INDO method to include d and f orbitals which was not attempted before. The details of our
INDO/s method have been dealt with elsewhere (ref.15,16), so here we only discuss the basic

features of the method. Firstly, the eigenfunction and eigenvalue are calculated by the
Hartree-Fock equation without external magnetic field.
o
Z(Fw-ssw] Cui=0 “4)

The INDO method has been extended by Prof. G.X.Xu et al. to include f orbitals (ref.17).

The chemical shift parameters are then considered. We take the SOS perturbation theory
formulated by Pople using independent-electron MO(ref.18).

The local diamagnetic screening o, comes from the circulation of electrons in the orbitals of
atom A:

d 2 2 -1
oa=(e /2mc )ZPuu«bulr '¢M> &)
7!

The contribution from local paramagnetic term that arises from mixing of ground and excited
states in the external field is given as:
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where C; is the LCAO coefficent of molecular orbital, and L, , Ly , L, are the components of the
angular momentum operators. The paramagnetic contribution of neighboring atoms is
estimated by using a classical dipolar field. We have obtained -all integrals for these operators
by using STO bases. With the known matrix elements, calculation of chemical shifts for
different atoms in a molecule could be carried out readily by equations (5-6). It differs from
the general INDO method in that it includes d and f orbitals and considers the contribution

from neighbouring atoms but disregards the approximation of average energy.

The best values of INDO/o  parameters have been adopted by minimizing the discrepancy
between calculated and experimental values of chemical shifts for several representative
compounds.

We have chosen Fe(’["-C;Hs)(CO);CN as a model complex in which various carbon atoms are bonded
to a transition metal (ref.19). Compared with simple molecules, the paramagnetic contribution

Table 1.C-13 Chemical Shifts for Fe(’Ls -CsHs)(CO),CN  complex (ppm)

Ligands Net Charge d P Sexp
on C Atom c -G Scal (Rel. TMS)
CP -0.16 58.735 102.267 -42.809 -85.9
CN -0.13 58.540 106.485 -48.300 -154.7
Cco 0.097 57.043 110.542 -53.251 -211.1

Gp of the complex molecule is considerably larger. The overall agreement between the calculated

and observed values of chemical shifts is demonstrated in Table 1 which also shows a good
linear relationship.

INDO CALCULATION BASED ON FPT METHOD
The INDO/GIAO semiempirical scheme extended by us seems to be attractive. The serious

problem that comes from the dependence of theoretical results upon the origin of coordination
could be solved by using gauge invariant atomic orbitals X .

Xv‘{exP[' (i/C)Xv.;Dx\Ff\,xv )

where 2 is a vector potential at nucleus, A = Bx R, with B as the position vector of the atom
upon which unperturbed atomic orbital is centercd.The Fock matrix F is represented as

F=H+G=(H +G )+i(H +G') ®)
the H and G matrices being generated to include calculations of transition metal complexes.

The shielding tensor O'AB(M) can be obtained from the definition via Egs. (9-11).
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where GaBd(M»K) and 0 P(MK) are the diamagnetic and paramagnetic contribution of chemical
shift respectively, and Ruv(O) is the unperturbated density matrix elements.

On the basis of the above principle, the Fock equation with complex coefficient for
cigenvalues is solved first, then the pertubation coefficients are obtained by using difference
methods. In practice, the (I+A)/2's and /'s parameters are obtained by minimizing the average
difference of theoretical values for a representative set of compounds.

d
The 6 and g values listed in Table 2 for a ferrocene again show that the change in chemical
shifts is mainly decided by paramagnetic terms (ref.20).
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Table 2. C-13 Chemical Shifts of (CSHACHO)?_Fe (ppm)

2
1
Sgno NOOfC gy odM)  oPM)  o(M) Oexp
Fe CI 01053 5693  -12022  -6330  -80.10
© 00707 5718 12031 6313 7405
[ cxo C3 00530 5730  -11906  -6176  -70.75
Ce 03598 5498 23166  -17668  -19271

We have also calculated the C-13 chemical shift for diamagnetic compiex C5H4(CH2)3C5H4 La
(Bu' )THF. containing the f orbital (Fig.2,ref.21).

Generally, an excellent linear relationship between the calculated diamagnetic term od and the
corresponding atomic net charge p on discussed atoms is obtained, which is explained by the
fact that the diamagnetic part is due mainly to the core electrons.

The INDO/GIAO calculated results are much better than those of INDO/c method in absolute
magnitude and the range of shifts. It is indicated by our calculation for this complicated
organolanthanide complex with 54 atoms and 124 valence electrons that the INDO/GIAO method
is an available semiempirical method of NMR chemical shift calculations and bonding studies
for coordination compounds.

CONCLUSION

Most of our calculation may reproduce experimentally observed trends in the chemical shifts
and provide some useful qualitative results. The molecules treated here cover a wide range of
chemical environments, especially for a serics of molecules including some metallorganic
compounds containing d and f orbitals.

The calculation of chemical shifts for the transition metal complexes is still at the development
stage. Usually, the contribution of the transition between the orbitals in complexes is more
complicated than that in simple organic compounds. That is why some author stated that it is
not a convincing explanation for the C-13 shielding constant in the transition metal complexes
(ref.22).
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