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Transition metal complexes play an important role in the modern 
pharmaceutical industry as anticancer, antiviral and antibacterial 
drugs because they participate in various biological processes, 
including synthesis, acid–base catalysis, and redox processes. Metal 
complexes with organic ligands are simplified structural analogues 
of metal enzymes since their metal ions are usually coordinated 
by nitrogen, oxygen or sulfur donor groups similarly to peptide 
residues. For example, the simplest amino acid glycine can form 
chelate complexes with manganese, cobalt, nickel, iron, zinc, etc.,1 
and some glycine transition metal complexes are widely used as 
food additives.2

In continuation of our studies on computational NMR of 
transition metal complexes such as cisplatin, transplatin3 and 
their derivatives,4 we report here the results of a four-component 
relativistic DFT study of 1H, 13C, 15N and 17O NMR chemical 
shifts of ferrous, cobalt and nickel bisglycinates 1–3.

The fundamentals of computational NMR were discussed in 
an encyclopedia by Sauer  and in general reviews.6–11 Specialized 
reviews concentrated on the practical computation of particular 
NMR parameters, such as those of proton,12–14 carbon15–17 and 
nitrogen18 NMR spectra, in line with the results of this work. In 
addition to the computational NMR of light nuclei, recent advances 
of a relativistic approach used to calculate the NMR properties 
of heavier nuclei at relativistic two- and four-component levels 
were considered.19–24 Of special interest are the relativistic effects 
on light nuclei like nitrogen and oxygen provided by neighbouring 
transition metals like iron, cobalt, and nickel. In this communication, 
we demonstrate the potential of a fully relativistic four-component 
Dirac’s approach to the structural investigation of ferrous, cobalt 
and nickel bisglycinates including the calculation of their 1H, 13C, 
15N and 17O NMR chemical shifts depending on the central 
complexing metal.

Geometry optimization of 1–3 was performed using the following 
hybrid exchange–correlation and generalized gradient approxima
tion functionals: B3LYP, the most common three-parameter 

hybrid functional of Becke25 in combination with the correlation 
functional of Lee, Yang and Parr;26 B3PW91, three-parameter 
hybrid functional of Becke25 in combination with the non-local 
correlation provided by Perdew and Wang;27 BHandH, Becke’s 
half and half mixing (50 : 50) of a Hartree–Fock exchange and 
local spin density exchange28 plus Lee, Yang, and Parr correlation; 
OLYP, Handy and FCohen’s hybrid functional29 in combination 
with Lee, Yang, and Parr’s correlation functional;26 O3LYP, a 
three-parameter Handy and Cohen’s hybrid functional30 in 
combination with Lee, Yang, and Parr’s correlation functional;26 
PBE, the generalized gradient functional of Perdew, Burke, and 
Ernzerhof;31 PBE0, the generalized gradient functional of Perdew, 
Burke, and Ernzerhof 31 with a predetermined amount of exact 
exchange;32 and M062X, Minnesota global generalized gradient 
approximation hybrid exchange–correlation functional.33 These 
functionals were used in combination with Dunning’s aug-cc-pVTZ 
basis set.34 Based on our previous results,3,4 we employed the 
Keal–Tozer KT2 functional35 in combination with the relativistic 
Dyall’s dyall.ae3z basis set36 on metals and Jensen’s aug-pcS-2 
basis set37 on the rest of atoms for the calculation of NMR chemical 
shifts. The geometrical parameters were optimized with the 
GAUSSIAN 09 code,38 while the calculations of chemical shifts 
(relativistic and non-relativistic) were performed with the DIRAC 
suite of programs.39

Figure 1 shows the optimized structures and salient geometrical 
parameters of 1–3. The three complexes provide very similar 
geometries differing noticeably only in bond lengths involving 
the central complexing metal. Ferrous bisglycinate 1 possesses the 
largest central bond lengths, while the N–X–O (X = Fe, Co, Ni) 
bond angles of about 86° are essentially the same in these 
complexes. Note that the frameworks of the glycine moiety are 
essentially planar in the three complexes.

First, we tested the performance of different functionals in the 
geometrical optimization of title three complexes, as compared 
to experimental data40,41 (Figure 2). The Minnesota functional 
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M062X showed the best performance giving a normalized mean 
absolute error of less than 3% for the rM–N bond length and about 
4% for the qN–M–O bond angle. On the other hand, Becke’s half 
and half functional BHandH demonstrated the largest deviation 
of 9%. The rest of functionals provided moderate deviations of 
about 5–7%. Generally, the largest deviations from experimental 
data were found for M–O (M = Fe, Co, Ni) bond lengths. Based 
on these results, we used geometrical parameters provided by the 
Minnesota functional M062X in combination with the aug-cc-
pVTZ basis set in the further calculations.

Note that ferrous(ii) and nickel(ii) bisglycinates are neutral species, 
while cobalt(iii) bisglycinate is a cation; therefore, a charge effect 
was taken into account at the stage of geometry optimization and in 
the calculation of NMR chemical shifts. The optimization of the 
geometric parameters of cobalt bisglycinate 2 as a cation and a 
neutral complex (aqua bisglycinate with a chlorine anion in the 
outer sphere) did not reveal significant differences; at least all 
optimized geometric parameters were within the error range. 
The same was observed in the calculation of shielding constants 
(chemical shifts) of 2: the charge effect was only slightly larger than 
the mean absolute error of the calculation of NMR chemical shifts. 
As an example, for the 15N NMR chemical shifts of cobalt bisglycinate, 
this effect varied from 3 to 5 ppm depending on the basis set.

We analyzed the amount of relativistic correction to the chemical 
shifts of different light nuclei in 1–3 in the neighborhood of the 
heavy metals (iron, cobalt, and nickel). Table  1 summarizes 
calculated neat relativistic corrections to 1H, 13C, 15N and 17O NMR 
chemical shifts of 1–3, and Figure 3 shows the relative ratios of 
relativistic corrections to chemical shift of the specified nuclei in 
different chemical environments. The largest deshielding relativistic 
corrections were observed for nitrogen (10.5, 9.3 and 13.0 ppm 
induced by iron in 1, cobalt in 2, and nickel in 3, respectively) and 
oxygen (5–6 ppm), and small corrections were observed for carbon 
(~1 ppm) and protons (<0.1 ppm). The relative ratios of the relativistic 
corrections to 1H, 13C, 15N and 17O NMR chemical shifts of 1–3 are 
about 1–3% on average with the only surprising exception for 
the 13C NMR chemical shift of the ( b + g)-carbonyl group (much 
less than 1%), as compared to that of the ( b + g)-methylene 
group (2–3%), which could not be rationalized at this stage.

Unfortunately, no experimental data on chemical shifts of 1–3 
were found in the literature.

Finally, we studied the solvent effect (for dielectric constants 
e from 0 to about 180) on calculated 1H, 13C and 15N  NMR 
chemical shifts evaluated within the integral equation formalism 
polarizable continuum model (IEF–PCM)42 reviewed by Tomasi 
et al.43 (Figure 4). It can be seen that absolute solvent corrections 
to the total chemical shifts increased with dielectric constant (up to 
13 ppm for nitrogen and 9 ppm for carbon), and they were negligible 
for protons (0.1–0.2 ppm). The only exception was observed in 

Table  1  NMR chemical shifts of 1–3 calculated at the (4c)KT2/dyall.ae3z//
aug-pcS-2 level.a

Compound Nuclei KT2 4c KT2
Relativistic 
correction

Ferrous bisglycinate 1 1H (CH2)     2.12     2.16   0.04
1H (NH2)     3.64     3.55 –0.09
13C (CH2)     41.8     42.6     0.8
13C (C=O)   155.2   155.5     0.3
15N –353.9 –343.4   10.5
17O (C–O)   125.1   129.9     4.8
17O (C=O)   415.7   421.4     5.7

Cobalt bisglycinate 2 1H (CH2)     1.86     1.88   0.02
1H (NH2)     1.83     1.92   0.09
13C (CH2)     38.0     36.8   –1.2
13C (C=O)   154.9   153.4   –1.5
15N –358.7 –349.4     9.3
17O (C–O)     97.8     99.5     1.7
17O (C=O)   492.6   489.6   –3.0

Nickel bisglycinate 3 1H (CH2)   –1.89   –1.82   0.07
1H (NH2)     1.22     1.28   0.06
13C (CH2)     39.0     39.9     0.9
13C (C=O)   155.1   155.5     0.4
15N –374.2 –361.2   13.0
17O (C–O)   200.7   195.1   –5.6
17O (C=O)   393.0   399.1     6.1

a Evaluated as d = sst – s (d is the calculated chemical shift, and sst and s are 
the shielding constants of standard and test compounds, respectively). The 
calculated NMR chemical shifts are given in ppm with reference to TMS 
(1H, 13C), nitromethane (15N), and water (17O).
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Figure  1  Equilibrium geometries of ferrous, cobalt and nickel bisglycinates 1–3 optimized at the M062X/aug-cc-pVTZ level. Bond lengths are given in 
angstroms, while bond angles are in degrees.
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Figure  2  Normalized mean absolute errors of salient geometric parameters 
in compounds 1–3 optimized at the DFT level using different functionals in 
combination with the aug-cc-pVTZ basis set.
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Figure  3  Relative ratios of relativistic corrections to 1H, 13C, 15N and 17O 
NMR chemical shifts of ferrous, cobalt and nickel bisglycinates.
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the 1H  NMR chemical shift of the amino group in cobalt 
bisglycinate 2. In this case, the average solvent correction was 
unprecedentedly large (3–5 ppm), as compared to all other protons 
in this series. This can be due to the fact that complexes 1 and 3 
are neutral, while complex 2 is an inner shell of a cationic complex. 
However, this reasoning requires a special consideration. Full 
data on solvent corrections to chemical shifts are given in the 
Online Supplementary Materials.

The general conclusions made in this study are as follows. 
(i) Ferrous, cobalt, and nickel bisglycinates provide very similar 
geometries differing noticeably only in bond lengths involving 
central complexing metals. Ferrous bisglycinate possesses the 
largest central bond lengths, while the N–X–O (X = Fe, Co, Ni) bond 
angles of about 86° are essentially the same in all three complexes. 
The frameworks of the glycine moiety are essentially planar in all 
three complexes. (ii) The largest deshielding relativistic corrections 
are observed for nitrogen (10.5 ppm for iron in 1, 9.3 ppm for 
cobalt in 2, and 13.0 ppm for nickel in 3) and oxygen (5–6 ppm) 
being small for carbon (~1 ppm) and negligibly small for protons 
(<0.1 ppm). (iii) Absolute solvent corrections to total chemical 
shifts increase with dielectric constant (up to 13 ppm for nitrogen 
and 9 ppm for carbon) being negligibly small for protons (0.1–
0.2 ppm).
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Figure  4  Absolute solvent corrections to calculated 13C and 15N  NMR 
chemical shifts of ferrous, cobalt and nickel bisglycinates.


