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Different semi-empirical methods (PM3(tm), AMI1*, and PM6) that have parameters for
Ni were evaluated for structural and energy calculations in comparison with DFT calculations
(B3LYP/LANL2DZp) and X-ray structures. The reported crystal structure for K4[Ni(nta),)] -
4H,O (nta = nitrilotriacetate, monoclinic space group P2;/n (No. 14), a=10.024(2)A,

b=10.838(2) A, ¢=10.631(2)A, B=96.46(3)°, VV=1147.6(4)A%, Z=2) and the published
X-ray structures for {(2S,3S)-1,4-dimethoxy-2,3-bis[(salicylidene)amino]-butane}nickel(Il) and
amine(salicylaldehyde thiosemicarbazonato)nickel(IT), [Ni(AST)NH;], were used for structural
evaluation. The performance of the methods was also tested for typical ligand-substitution
reactions at Ni(II) centers involving displacement of NH; by L (L =PHj3, AsH;, SbH;, H>O,
H.,S, HsSe, H,Te) in [Ni(NH;);NH;** and [Ni(AST)NH;]. Whereas PM6 performed well
for the evaluation of the structural data, AM1* was found to reproduce the energies in an
excellent way.

Keywords: Ni(Il) complexes; Nitrilotriacetate; Semi-empirical methods; DFT

1. Introduction

Nickel is an important catalytic cofactor of enzymes found in bacteria, fungi, and plants
[1-3]. These enzymes catalyze various reactions including both redox and non-redox
chemistry [4] and allow organisms to adjust to different environmental situations.
For example, nickel proteins play a significant role in the global carbon cycle [2, 5].
The biological chemistry of nickel, similar to that of other transition metals [6], is
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complicated because inappropriate amounts can be toxic and cause cell damage [7].
Thus, its distribution and uptake must be controlled in terms of environmental and
biological processes.

Hetero-donor ligand—metal complexes have received considerable attention during
recent years. By way of example, histidine-tagged proteins were found to bind
specifically to Ni—nta (nta =nitrilotriacetate) moieties to form a His—Ni—nta ternary
complex. This complex is used for purification purposes, surface functionalization, and
bidimensional crystallization through Ni—nta functionalized lipids [8, 9]. Homo-donor
ligand—metal complexes, such as metal-bis(carboxylate) [10], metal-bis(phosphonate)
[11], and metal-bis(terpyridine) [12], have also been used to generate supramolecular
systems with unique structures and novel optical, electric, or magnetic properties. Ni(II)
complexes with salen (salen = ethylenediamine-N,N'-bis(salicylaldimine)) [13] are well
suited for covalent modification since the Ni''""™ couple often lies near the redox
potential of the ligand, at ca 1 V versus SCE. In addition, the irreversibility of the cyclic
voltammograms of most Ni(Il)-salen type complexes suggests that one-electron
oxidation is ligand based and leads to phenolic radicals [14]. It is likely that ligand
radical intermediates, when bound to DNA, may interact with reactive groups on
nucleobases to form covalent bonds [15].

Nickel is known for its rich coordination chemistry [16] and an extensive
organometallic chemistry [17-19]. Oxidation states of Ni range from —1 to +4, but
the +2 state is by far the most common. In its complexes the d® Ni*" ion is usually
four-, five-, or six-coordinate and exhibits a range of coordination geometries that
include paramagnetic tetrahedral and octahedral complexes, and diamagnetic square
planar complexes [17]. Rulisek and Havlas [20] studied [Ni(H,O)sL]*" complexes (L =
H,O, CH;OH, CH;SH, and NH3) applying the B3LYP hybrid functional in
conjunction with a variety of all electron basis sets, and demonstrated that the
B3LYP functional in combination with a 6-311+G(d,p) basis set is a computationally
efficient and reliable method. Similar results were obtained by Varadwaj et al. [21] in
their studies on [Ni(NH3),(H,O)¢_,J*t, 0<n<6 using UX3LYP/6-3114++G(d,p).
Deeth and coworkers [22] studied the ability of DFT methods to reproduce observed
crystallographic bond lengths of transition metal compounds of the type [MA,B,,_,]
(M: e.g., Ni(IT); A, B: a variety of N-, O-, P-, and C-donor ligands, CI~, CO). They
showed that the gas-phase calculations systematically overestimated the metal-ligand
bond length and that the incorporation of environmental effects by including a
solvation model significantly improved the agreement between the observed and
computed structures.

Nickel is inherently difficult to compute by semi-empirical methods as the classical
model uses only s and p orbital basis sets, whereas d orbitals are important for the
description of transition metals. In the present study, we focus on a comparison
between the results of semi-empirical methods including parameters for Ni, like
PM3(tm) [23], AM1* [24], and PM6 [25], and hybrid-DFT (B3LYP) calculations
including effective core potentials (LANL2DZp) that can be applied to larger systems
and to atoms where the inclusion of relativistic effects is essential. The computed
structures were compared to experimental X-ray data for three different complexes.
In addition, the reaction energies for a series of related ligand-substitution reactions
of NH; in [Ni(NH3);NH;]*" and [Ni(AST)NHj3] by PH3, AsHs, SbH3, H,0, H>S, H,Se,
and H,Te were calculated using the mentioned computational methods.
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2. Experimental and computational chemistry

2.1. Instruments and materials

IR spectra were recorded on a Varian Excalibur FTS-3500 FT-IR-spectrometer in KBr
pellets.

2.2. Preparation of K,/ Ni(nta),)] - 4H,0 (1)

Nitrilotriacetic acid (Hjnta) (5.82g, 0.02mol) and 2.70g (0.01 mol) Ni(NO3), - 6H,O
were stirred in 20mL water on a stirring plate with heating. An amount of 6.01 g
(0.06 mol) of KHCO3 was gently added over a period of 15min to the slurry, the color
of which changes from initially green to clear bluish upon heating and addition of
bicarbonate. The resulting clear solution was heated for an hour at 80°C. After cooling
to room temperature, ethanol was added until the first turbidity appeared. The solution
was then placed in a refrigerator (at 5°C). After several days, blue crystals suitable for
X-ray crystallography were formed and removed by suction. Yield: 5.2 g (78%). Anal.
Calcd for C1oH, K4N>NiOy¢ (663.4gm01*]) (%): C, 21.72; H, 3.04; N, 4.22. Found
(%): C, 21.50; H, 3.20; N, 4.15. Main IR absorption bands observed for 1 (KBr pellet/
cm™ ') in the region between 1800 and 1000 cm ™" are: 1693, 1617 (br), 1393 (vs), 1305
(vs), 1216 (s), 1129 (s), 1108 (s).

2.3. Crystal structure determination

Suitable crystals of 1 were mounted with a perfluorated polyether oil on the tip of
a glass fiber and cooled immediately on the goniometer head. Data collection was
performed on a STOE IPDS I diffractometer with Mo-Ka radiation (A=0.71073 A).
Structures were solved and refined with the Bruker AXS SHELXTL 5.1 program
package. Refinement was in full matrix against F>. All hydrogens were included as
riding models with fixed isotropic U values in the final refinement. For further data see
table 1.

2.4. Quantum chemical methods

Semi-empirical calculations were performed for PM3(tm) [23] with Titan [26], for
AM1* [24] and PM6 [25] with VAMP 10.0 [27]. To compare semi-empirical and DFT
results, B3ALYP/LANL2DZp hybrid density functional calculations, that is, with
pseudo-potentials on the heavy elements and the valence basis set augmented with
polarization functions, were performed [28, 29]. Structures were characterized as
minima, transition structures, etc., by computation of vibrational frequencies. Relative
energies were corrected for zero point vibrational energy. Additional calculations
applying the CPCM [30] solvent model as implemented in GAUSSIAN 09 were done
with GAUSSIAN 09 [31], while for all other calculations the GAUSSIAN 03 suite of
programs were used [32].
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Table 1. Crystal data for the structure determination for K4[Ni(nta),)]-4H,O (1).

1

Empirical formula

C12H20K4N;NiO6

Formula weight 663.39
Temperature (K) 200(2)
Wavelength, A (A) 0.71073
Crystal color, form Blue, block
Crystal system Monoclinic

Space group .
Unit cell dimensions (A, °)

P2,/n (No. 14)

a 10.024(2)

b 10.838(2)

¢ 10.631(2)

a 90

B 96.46(3)

y 90

Volume (A%), Z 1147.6(4), 2
Crystal size (mm?) 0.30 x 0.30 x 0.20
Calculated density (gem ™) 1.920
Absorption coefficient (mm™") 1.652

0 range for data collection (°) 2.69-28.20
Observed data (1 > 20(1)) 2407
Data/parameters 2785/178
R® 0.0227
wRy® 0.0597
Goodness-of-fit on F* 1.03

“Ry =X Fo| — |Fe||/Z|Fyl. N
PwRy = [Z[w(F2 — P2/ 2(F,) )" w=1/[0*(F2) +(0.0425P)*], where P = (F2 +2F2)/3.

3. Results and discussion

Three examples were selected to test the quality of the differently calculated structures,
one from our ongoing work on K4[Ni(nta),)] - 4H»O (1), nta = nitrilotriacetate, and two
from the literature, namely, {(2S,3S)-1,4-dimethoxy-2,3-bis[(salicylidene)amino]-
butane}nickel(Il) (2) [13] and amine(salicylaldehyde thiosemicarbazonato)nickel(II)
(3) [Ni(AST)NH;] [33]. For all three complexes the X-ray structures are known and
their moderate size allowed theoretical calculations with the different quantum chemical
methods mentioned above.

3.1. Description of the crystal structure of 1

The structure of K4[Ni(nta),)]-4H,O (1) was solved in the monoclinic space group
P2,;/n with the asymmetric unit consisting of one-half of the molecular anion
[Ni(nta),]*~ (cf figure 1) and two crystallographic independent potassium cations
(for details, see table 1). The full anion is generated by the symmetry operation of an
inversion center. This sort of asymmetric unit was found in all Ni'' bis-nta structures
studied so far [34-36] as well as in closely related Ni'' bis-chelate complexes [37-39].
An ORTEP diagram of 1 is shown in figure 1. Selected bond lengths and angles for 1
are listed in table 2. Ni-L distances and L-Ni—L" angles compare well with those found
in two closely related complexes [34—39].
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Figure 1. ORTEP diagram of [Ni(nta),]*~ as found in 1 with atom numbering scheme (thermal ellipsoids are
drawn at the 50% probability level). The symbol i indicates symmetry operation (—x, —y, —z) at an inversion
center.

Table 2. Selected bond lengths (A) and angles (deg) for 1.

Nil-O1 2.0239(10)
Nil-03 2.0791(12)
Nil-N1 2.1029(12)
01-Nil-03 89.24(4)
O1-Nil-03' 90.18(4)
O1-Nil-N1 84.18(5)
Ol Nil-NT' 95.82(4)
03-Nil-N1 81.34(5)
03-Nil-NT! 98.66(4)

Symmetry code ' —x, —y+2, —z+ 1.

3.2. Calculated structures

The first step to check the performance of a quantum chemical method is to compare
the calculated structures with experimental data. A non-trivial case for all kinds of
calculations is [Ni(nta),]*~ as it is a tetra anion and shows two potentially freely
dangling glycinate moieties. In the crystal structure of 1 the four negative charges are
compensated by K. These K™ ions are bound to the deprotonated glycinate COO™
groups, and additional water ligands contribute to the linkage of the [Ni(nta),]*~ units.
These complicated structural motives and the resulting environmental effects cannot be
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Table 3. Comparison of structural data acquired by different methods for [Ni(nta),]*~ (C;) and
[Ni(ntaH),)*~ (C)).

Crystal
PM3(tm) CPCM structure
Ni(nta),]*~ [40] AMI* PM6 LANL2DZp [41] [Ni(nta),]*~
Nil-O1 (A) - 1.99 2.08 2.13 2.10 2.02
Nil-03 (A) - 2.00 2.06 2.08 2.06 2.08
Nil-N1 (A) - 2.22 1.97 221 2.15 2.10
O1-Nil-03 (%) - 90.5 92.8 90.8 89.6 89.2
O1-Nil-03' (°) - 89.6 87.2 89.2 90.4 90.2
OI1-Nil-N1 () - 85.2 84.8 79.2 81.2 84.2
O1-Nil-NT1' (°) - 94.8 95.3 100.8 98.8 95.8
03-Nil-N1 (°) - 84.7 86.9 82.7 83.9 81.3
03-Nil-NI' (°) - 95.2 93.2 97.3 96.1 98.7
Crystal
LANL2DZp [Ni(ntaH),]*~ structure
[Ni(ntaH),]*~ PM3(tm) AMI*  PM6 [42] CPCM [36] [Ni(nta),]*~
Nil-O1 (A) 1.86 1.99 2.04 2.08 2.06 2.03 2.02
Nil-03 (A) 1.85 1.98 2.02 2.06 2.06 2.05 2.08
Nil-N1 (A) 1.91 2.20 1.95 2.13 2.15 2.12 2.10
O1-Nil-03 (%) 87.6 90.4 89.1 89.1 88.2 89.7 89.2
0O1-Nil-03' (°) 92.4 89.6 90.9 90.9 91.9 90.3 90.2
O1-Nil-N1 (°) 94.0 84.9 86.1 82.6 83.7 82.7 84.2
OI1-Nil-NT1' (°) 86.0 95.1 93.9 97.4 96.3 97.3 95.8
03-Nil-N1 (°) 93.0 85.5 88.0 82.9 83.4 81.0 81.3
03-Nil-NTI' (°) 87.0 94.5 92.1 95.1 96.6 99.0 98.7

LANL2DZp: B3LYP/LANL2DZp, CPCM: B3LYP(CPCM)/LANL2DZp, PM3(tm): PM3(tm), AM1*: AM1*, PM6: PM6.
! denotes “‘center of symmetry”.

easily modeled in quantum chemical calculations. In order to consider neighboring
effects in these calculations, an implicit solvent model can be applied. An alternative
way to obtain a working model is to reduce the negative charges on the [Ni(nta),]*~
entity to two by protonation of the two non-coordinating COO™ groups, leading to the
experimentally known complex [Ni(ntaH),]* [36]. This is only a rough approximation
for the counter ion effects (table 3).

An uncharged system with Ni-N and Ni—O interactions is 2 (figure 2), a typical salen
complex originally studied to learn more about the stereochemistry of asymmetric
epoxidation reactions [13]. The results are summarized in table 4.

To further include Ni-S interactions, 3 (figure 3) was added to the test series since
it can also serve as a system for the energy comparison of ligand-exchange reactions.
The results are summarized in table 5.

As expected, DFT calculations show the best agreement with the X-ray data and can
be improved by inclusion of an implicit solvent model as already reported by Deeth
et al. [22]. The effect on our calculations was not so large that we would consider the
application of such a solvent model to be mandatory. Whereas the structures of 2 and 3
can be reproduced without noteworthy differences by DFT and PM6, followed to some
lower extent by AMI1* and PM3(tm), the differences for the structure of 1 are
considerably larger, independent of the selected method, but still acceptable. The
structural differences between [Ni(ntaH),]*~ and [Ni(nta),]*~ are rather small based on
the X-ray data, allowing the use of the protonated species [Ni(ntaH),]*~ as a crude
working model for the calculation of [Ni(nta),]*~ influenced by the counter ions in the
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Figure 2. Calculated (B3SLYP(CPCM)/LANL2DZp) structure of 2.

Table 4. Comparison of structural data acquired by different methods for 2.

Complex 2 PM3(tm) AMI* PM6 LANL2DZp CPCM X-ray [13]
Mn-O (A) 1.82 1.88 1.85 1.87 1.88 1.85/1.84
Mn-N (A) 1.83 2.05 1.87 1.88 1.87 1.86
O-Mn-O (°) 72.6 85.0 77.5 86.3 85.9 85.4
O-Mn-N (%) 98.4 96.1 97.5 94.1 94.2 94.3/94.7
N-Mn (°) 90.6 83.0 87.5 85.7 85.7 86.1

LANL2DZp: B3LYP/LANL2DZp, CPCM: B3LYP(CPCM)/LANL2DZp, PM3(tm): PM3(tm), AM1*: AM1*, PM6: PM6.

solid state. This is confirmed by our calculations since the quantum chemical results for
[Ni(ntaH),]*~ are closer to the X-ray data for [Ni(nta),]*~ than the calculated data for
the uninfluenced [Ni(nta),]*~ in the so-called gas phase. Addition of the CPCM solvent
model to the DFT calculations only leads to a slight improvement of the results.
This behavior clearly shows the importance of the counter ions and neighboring effects
in such systems that could not be properly considered in all the different calculations
performed for 1. In terms of semi-empirical methods, AMI1* is, in the case of
[Ni(nta),]*~, closer to the experimental values than PMG6, independent of whether
[Ni(ntaH),]*~ or [Ni(nta),]*" is calculated.

3.3. Calculated ligand-substitution reactions

The applicability of the employed quantum chemical methods was further tested for
two related ligand-substitution reactions of square-planar Ni(I) complexes, namely,
[Ni(NH;);NH;5)** and derivatives of [Ni(AST)NH;] (figure 3) [33]. In these reactions
NH; was substituted by L = PH;, AsH3, SbH3, OH,, SH», SeH,, and TeH,, and the
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1.89A

1.96A

Figure 3. Calculated (B3LYP(CPCM)/LANL2DZp) structure of 3.

Table 5. Comparison of structural data acquired by different methods for 3.

Complex 3 PM3(tm) AMI1* PM6 LANL2DZp CPCM X-ray [33]
Ni-NH; (A) 1.88 2.09 1.95 1.97 1.95 1.92
Ni-S (A) 2.23 2.17 2.19 221 12.22 2.14
Ni-N (A) 1.84 2.08 1.85 1.88 1.89 1.86
Ni-O (A) 1.84 1.89 1.87 1.87 1.88 1.84
NH;-Ni-S (°) 88.9 93.9 91.2 92.1 91.7 91.7
NH;3-Ni-O (°) 83.4 83.8 79.7 96.1 85.2 85.4
O-Ni-N (%) 96.0 94.8 99.4 96.2 95.7 95.7
S-Ni-N (°) 91.6 88.0 89.7 922 87.4 87.6

LANL2DZp: B3LYP/LANL2DZp, CPCM: B3LYP(CPCM)/LANL2DZp, PM3(tm): PM3(tm), AM1*: AM1*, PM6: PM6.

reaction energies were evaluated for reactions (1) and (2), respectively. The results are
summarized in table 6.

[Ni(NH;);NH;** + L — [Ni(NH;);L]*" + NH; (1)

[Ni(AST)NH,]** + L — [Ni(AST)L]*" + NH; )

As seen from table 6, AM1* shows the best performance compared to B3LYP/
LANL2DZp calculations for the energy change during the ligand-substitution
reactions. Unfortunately, there are no parameters for Se, Te, As, and Sb in AMI1*.
To obtain a more quantitative evaluation, the variances and averages of the relative
differences were calculated (table 7). For AM1* the variance was found to be five times
smaller than for PM6, and even an order of magnitude smaller than for PM3(tm).
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Table 6. Comparison of calculated reaction energies for ligand substitution on
[Ni(NH3);NH;5*" and [Ni(AST)NH;** (3).

AE (kcalmol™") PM3(tm) AM1* PM6 LANL2DZp
[Ni(NH;);NH;5*" 0 0 0 0
[Ni(NH3);OH,** 29.62 —31.81 —23.34 —11.92
[Ni(NH;);SH,** —19.69 —20.81 —10.49 —21.10
[Ni(NH;);SeH ]+ —24.58 [48] [43] —~19.03
[Ni(NH3);TeH,** [44] [48] [45] —15.57
[Ni(NH;);sPH5** —13.01 —52.52 49.59 —13.07
[Ni(NH;);AsH5>* —95.44 [48] [46] —16.23
[Ni(NH3);SbH;** —141.42 [48] [47] —18.05
[Ni(AST)NH;] (3) 0 0 0 0
[Ni(AST)OHS,] 35.24 —24.85 —17.95 —8.83
[Ni(AST)SH>] —19.63 —18.18 —8.21 —16.52
[Ni(AST)SeH,] —25.59 [48] [43] —16.48
[Ni(AST)TeH-] [49] [48] [45] —15.90
[Ni(AST)PH;] —24.88 —39.43 46.34 —12.76

LANL2DZp: B3LYP/LANL2DZp, PM3(tm): PM3(tm), AM1*: AM1*, PM6: PM6.

Table 7. Variance and average of relative differences of calculated reaction energies for
ligand exchange at [Ni(NH;3);NH;5]*" and [Ni(AST)NH** (3).

[Ni(NH3);NH;**

Variance of relative differences PM3(tm) AMI1* PM6
Distances 0.00070 0.00162 0.00041
Angles 0.00542 0.00448 0.00702
Energies 12.50 1.45 5.43
[Ni(AST)NH;**

Average of relative differences PM3(tm) AMI1* PM6
Distances —0.02599 0.04461 —0.00457
Angles —0.01754 —0.16255 —0.02069
Energies 1.24 1.08 —1.05

PM3(tm): PM3(tm), AM1*: AM1*, PM6: PM6.

The average of the relative differences is also the smallest for AM1*. When looking
at PM3(tm), the positive average and large variance show that PM3(tm) consistently
overestimates the energies, while the negative average values for PM6 show that this
method underestimates the energies, but not to the degree as large as the overestimation
of PM3(tm).

As shown before, the B3LYP/LANL2DZp structures are in good agreement with the
experimental X-ray values [29d, e, g]. To obtain a more quantitative and uninfluenced
neighboring-effect picture of the performance of the tested semi-empirical structures,
we also calculated the variance and average difference for the structural data of the
selected test set compared to the B3LYP/LANL2DZp structures (for structural data see
Supplementary material). In terms of interatomic distances, PM6 shows the lowest
variance, which indicates that the results are closest to BALYP/LANL2DZp, whereas
for PM3(tm) the variance is almost twice as high, and the five times higher absolute
value and negative sign of the average indicate a consistent underestimation. AM1* has
the highest variance and a large absolute value for the average with a positive sign,
showing that this method is consistently overestimating interatomic distances for this
small test set.
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The picture is not quite as clear when looking at the predicted angles. All three
methods show variances that are close to each other, and all three methods show large
negative averages, meaning that all three methods underestimate the angles. However,
the average of the relative differences for AM1* is one order of magnitude larger
in absolute terms, which means that AMI1* has the same statistical probability
of getting the angles right, but shows larger differences than the values predicted by
B3LYP/LANL2DZp.

4. Conclusions

Critical evaluation of results is mandatory irrespective of the applied method, in
computational chemistry as well as in experimental science. No method can be regarded
as a black box and considered to be always perfectly reliable, in particular when
methods are selected on the basis of a compromise between accuracy and performance.
These potential shortcomings dictate an individual and careful evaluation, to determine
the optimal method for each problem and to reach an acceptable level of confidence,
prior to the production of data. Evaluation may uncover existing systematic errors
which subsequently can be eliminated from the results. Evaluation is in the highest
interest of the user if unpublished methods are to be applied, due to the unavailability
of original reference data. Analogously, this also is true for the exploration of systems
new to a particular method.

Whereas our DFT calculations ran without significant problems, calculations
performed with the semi-empirical methods warrant a closer look. We clearly favor
AMI1* for the prediction of energies, whereas PM3(tm) had the worst performance
for energies. Our analysis showed superior performance of AMI1* in that area. For
distances and angles, or more general molecular geometry, PM6 appears to show
the best performance, although the differences here are not as clear cut as they are
for the prediction of energies.

Supplementary material

Structural data were deposited at the CCDC under Ref. No. CCDC 790316.
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