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New hexadentate nickel(II) complex Mg[Ni(1,3-pd3ap)]-10H,O containing unsymmetrical edta-type
ligand, 1,3-propanediamine-N,N,N'-triacetate-N'-3-propionate (1,3-pd3ap), has been prepared,
chromatographically separated, and characterized. Only one [trans(Os)] of the two possible geomet-
rical isomers was isolated. In this isomer, the two five-membered glycinate rings (R rings) occupy
trans-axial sites while the one glycinate ring and one f-alaninate ring lie in the equatorial plane
with the two diamine nitrogens (G rings). This result confirms the assignment made on the basis of
the density functional theory (DFT), IR, and UV—Vis spectral data analysis. In order to see cation
influence on the structural and electronic behavior, [Ni(H,O)s][Ni(1,3-pdta)]-2H,O complex has
also been prepared and its structure verified by an X-ray analysis. Spectral data and electronic
transition assignment, DFT—natural bonding orbital, and an extensive strain analysis are discussed
in comparison with those of other [Ni(edta-type)]*~ complexes of known configuration.

Keywords: Preparation; Nickel(II) complexes; Crystal structure; Density functional theory; NBO

1. Introduction

Metals such as nickel, lead, cadmium, mercury, thallium manganese, chromium, and
platinum are toxic, of major concern to the environment and human health. The effects of
chelating agents and drugs used clinically as antidotes to metal toxicity were reviewed in
several articles [1]. Nickel is considered as an essential element for all forms of life,
occupying the active site of six diverse microbial enzymes: superoxide dismutase, urease,
hydrogenase, methyl-CoM reductase, carbon monoxide dehydrogenase, and acetyl-CoA
synthase [2], but there has been much more concern about the toxicity of Ni than about Ni
deficiency. Food, drinking water, and contaminated air, including tobacco smoke and skin
contact with metals containing nickel, are the main sources of exposure. Dietary intake of
nickel greatly varies, depending on dietary habits, since certain types of food, such as cocoa,
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soybeans, some legumes, oatmeal, and various nuts, contain high nickel concentrations.
Allergic dermatitis is the most common form of nickel toxicity in humans. Long-term expo-
sure to nickel can result in chronic bronchitis and reduced lung function, as well as increased
incidence of cancers of the lung and paranasal sinuses [3]. Damage to the liver, kidneys,
adrenal glands, spleen, and brain is also possible. Our group continues research of M(III)
and M(II) (particularly paying attention to Cu(Il) and Ni(Il)) complexes of edta-type
diaminopolycarboxylate ligands in a decade long tradition [4-9].

Bonding angles exhibited by edta complexes (edta=ecthylenediaminetetraacetate ion)
are strained as shown by significant deviations from ideal values. The ethylenediamine ring
(E ring) and the two glycinate rings (G rings) occupying an equatorial plane are more
strained than the two glycinate rings coordinated axially (R rings) for [M(edta)]”™
complexes (M=Co(Ill) [10], Cr(IIT) [11], Fe(Ill) [12], Mn(IIT) [13], Zn(I) [14], Cu(I)
[14], Co(Il) [15], and Ni(II) [16]). Moreover, the G rings are usually observed to be
puckered, while the R rings are more planar, and are referred to as having an envelope
conformation. The edta-like ligands with longer (diamine or carboxylate) chains are likely
to function as hexadentate with metal ions of different size. Such ligands have less in-
plane strain, thus allowing the complexes to attain octahedral angles closer to the ideal
with apparently less strain in the M—L bonds by forming (as dominant) less-strained iso-
mers. Generally, the molecular structures of edta and related transition-metal complexes
have been discussed in terms of the d-electron configuration and size of the metal ion (M)
and the structure of the ligand. These influence the differences in the bond lengths (M—N
and M-0), ring strain, and the ligand configuration [5].

For ligands having mixed five- and six-membered carboxylate arms, geometrical isomers
differ in the number (0, 1, 2) of six-membered rings lying in the equatorial plane
(G plane). This group includes the following ligands: eda3p (eda3p=-ethylenediamine-/N-ace-
tate-NV, N', N'-tri-3-propionate ion); ed3ap (ed3ap = ethylenediamine-N, N, N'-triacetate-N'-3-propio-
nate ion); 1,3-pd3ap (1,3-pd3ap = 1,3-propanediamine-N, N, N'-triacetate-N'-3-propionate ion); S,
S-edds (S,S-edds =285, 25"-ethylenediamine-N, N'-disuccinate ion); eddadp (eddadp = ethylenedia-
mine-N, N'-diacetate-N, N'-di-3-propionate ion); and 1,3-pddadp (1,3-pddadp = 1,3-propanedi-
amine-N, N'-diacetate-N, N'-di-3-propionate ion).

Two symmetrical ligands (eddadp and 1,3-pddadp) can form three geometrical isomers
upon coordination: trans(Os), trans(0sOg), and trans(Og) (figure 1). For [Ni(eddadp)]*~,
the favored isomer is frans(Os)-[Ni(eddadp)]*~ [6] because the six-membered 3-propionate
chelating with a five-membered diamine serves better for the formation of less-strained
G rings. Contrary to this, two of three possible isomers trans(Os) and trans(OsO¢) of [Ni
(1,3-pddadp)]*~ have been reported [7].

s 5
)~ <) %@NJ
[ I 11
frans(0;) frans(0;0;) trans(Qg)

Figure 1.  Geometrical isomerism of six-coordinate [M(edta-type)]"~ complexes.
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The unsymmetrical ed3ap with hexadentate coordination can yield two geometrical
isomers differing in the position of the six-membered ring: trans(Os) and trans(0sO0g), but
only one, the favored less-strained #rans(Os)-[Ni(ed3ap)]*~ isomer, was prepared and
separated [17]. For [Ni(eda3p)]*~, two possible geometrical isomers are expected: trans
(Og) and trans(0s0g). The trans(0sO0g)-[Ni(eda3p)]*~ isomer is preferable in this case [17].
Structural data for closely related edta-like Ni(IT) complexes are also known: [Ni(1,3-pdta)]*~
[18] (1,3-pdta=1,3-propanediaminetetraacetate ion); [Ni(edtp)]*~ [6] [edtp=ethylenedia-
minetetra-3-propionate ion]; [Ni(tdta)]*~ [19] (tdta=tetramethylenediaminetetraacetate ion);
[Ni(bdta)]*~ [20] (bdta=1,4-butanediaminetetraacetate ion); [Ni(1,3-pndta)]*~ [21] (1,3-
pentanediaminetetraacetate ion).

In this article, we describe the syntheses of 1,3-propanediamine-N,N,N'-triacetic-N'-3-
propionic acid and the preparation of corresponding nickel(II) complex along with coordi-
nation influence while changing cation from alkaline/alkaline-earth to transition metal.
Therefore, we synthesized [Ni(pdta)]*~ with corresponding Ni** cation, and X-ray data are
reported for [Ni(H,O)s]-[Ni(1,3-pdta)]-2H,0. Structural parameters and strain analysis data
of this complex and other similar complexes are compared and discussed in relation to the
structure of the ligand, geometry of complexes, and their octahedral distortion. IR and
electronic spectra of the investigated complexes are given here. In addition, molecular
mechanics and density functional theory (DFT) methods have been used to model the most
stable geometric isomer yielding significant structural data. The results from DFT studies
have been compared with X-ray data. An extensive molecular orbital (natural bonding
orbital (NBO)) and configuration analysis of the series of complexes is presented.

2. Experimental

2.1. General

All commercially available reagent-grade chemicals were used without purification.
Barium(1,3-propanediamine-N, N, N'-triacetato-N'-3-propionato)cuprate(Il)hexahydrate), Ba
[Cu(1,3-pd3ap)]-6H,O was prepared according to unpublished procedure.

Elemental microanalyses for C, H, N were performed at the Microanalytical laboratory,
Faculty of Chemistry, University of Belgrade, Serbia. IR spectra from 400 to 4000 cm
were recorded on a PerkinElmer FT-IR spectrophotometer Spectrum One using KBr
pellets. Electronic absorption spectra were recorded on a PerkinElmer Lambda 35 spectro-
photometer. For these measurements, 1 x 10">M aqueous solutions of the complexes
under investigation were used. Melting points were measured by a Stuart melting device
with accuracy +1 °C.

2.2. Preparation of 1,3-propanediamine-N,N,N'-triacetic-N'-3-propionic acid, (H, 1,3-
pd3ap)

6.25g (10mmol) Ba[Cu(1,3-pd3ap)]-6H,O contains 1.37 g of barium (10 mmol), so we
added 0.1 M H,SO, to precipitate all the barium as BaSO,4. The deposited BaSO,4 was sep-
arated by filtration. The clear bright filtrate (pH~1-2) was saturated with gaseous H,S.
The black suspension containing CuS was filtered and colorless filtrate concentrated to a
small volume. pH of the clear solution was adjusted to 2-3 by adding 6 M HCI. Standing
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in refrigerator for several days, the turbid solid formed and was collected by vacuum filtra-
tion. Yield: 3.04 g (95%) of H41,3-pd3ap.

2.3. Preparation of magnesium(1,3-propanediamine-N,N,N'-triacetato-N'-3- propionato)
nickelate(Il) decahydrate, Mg[Ni(1,3-pd3ap)]-10H,0 (1)

The solution of NaOH (0.56 g, 14 mmol in 5 mL of water) (pH=9) was added to 10 mL of
solution containing 2.00 g (6.25 mmol) of Hy1,3-pd3ap. A solution of 1.48 g (6.25 mmol)
NiCl,-6H,0 in 10 mL of water was added to that suspension (pH=S5), and blue solution
was then heated (65 °C) for 1h with stirring. The volume of the solution was maintained
by periodic addition of hot water. The resulting solution was then desalted by passing it
through a G-10 Sephadex column (2.5 x 40cm) eluting with distilled water. The blue
solution was poured into a 5 x 60cm column containing Dowex 1-X8 (200-400 mesh)
anion-exchange resins in ClI~ form. The column was then washed with water and eluted
with 0.1 M MgCl,. One band was obtained. The eluate was evaporated to 10 mL and
desalted by passage through a G-10 Sephadex column, with distilled water as the eluent.
After that the eluate was concentrated to 3 mL and stored in a desiccator over ethanol for
several days. The blue powder was collected and air-dried. Yield: 0.80 g (22%) of Mg[Ni
(1,3-pd3ap)]- 10H,O. Melting point: 218 °C. The elemental analysis is consistent with the
composition of Mg[Ni(1,3-pd3ap)]-10H,O; C;,H36N,0;sMgNi; Mw=579.41. Found: C,
24.61; H, 6.12; N, 4.91 for the complex salt, Calcd: C, 24.87; H, 6.26; N, 4.83.

2.4. Preparation of barium(1,3-propanediaminetetraacetate) dihydrate, Ba,1,3-pdta-2H 0

The barium salt of 1,3-propanediaminetetraacetic acid was prepared according to the
procedure of Weyh and Hamm [22], with a minor modification. The condensation
mixture of 1,3-propanediamine (15g, 0.20 mol) and chloroacetic acid (96 g, 0.91 mol) in
aqueous KOH solution was prepared; deposited KCI was removed by filtration. A hot
solution of BaCl,-2H,O (98 g, 0.40mol in 200 mL of H,O) was then added to the mix-
ture, which was stirred (90°C) for 2h. The white precipitate of Ba,1,3-pdta-2H,0,
which was practically insoluble in water, was filtered, washed with warm water, and
air-dried (=100 g).

The elemental analysis is consistent with the composition of Ba,l,3-pdta-2H,0;
Ba,C;;H gN,019; Mw=612.93. Found: C, 21.04; H, 2.63; N, 4.53; Ba, 44.74; H,0O, 5.90
for the Ba,(1,3-pdta)-2H,0, Calcd: C, 21.55; H, 2.96; N, 4.57; Ba, 44.81; H,0, 5.88.

2.5. Preparation of hexaaquanickel(Il)-[(1,3-propanediaminetetraacetato)nickelate(Il)]
dihydrate, [Ni(H,0)4/[Ni(1,3-pdta)]-2H,0 (2)

NiSO,47H,0 8.43 g (30 mmol) was dissolved in 80 mL of water; the solution was stirred at
80 °C for 10 min. To this solution, solid Ba,(1,3-pdta)-2H,0O 18.39 g (30 mmol) was added
and the resulting light-blue solution was then stirred at 80 °C for 3 h. During this process,
the volume of the reaction mixture was maintained by addition of hot water, and the pH
of the mixture was kept at 7. After the deposited BaSO, was removed by filtration, the
filtrate was reduced to 60 mL and then poured into a 5 x 60 cm column containing Dowex
1-X8 (200400 mesh) anion-exchange resin in the CI™ form. After the column was washed
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with H,O, a 0.05M BaCl, solution was used for elution (ca. 0.5 mLmin*I). One band
with 27 charge appeared on the column. The obtained eluate was reduced to 150 mL and
then allowed to stand at room temperature for several days. The crystals of Ba[Ni(l,3-
pdta)]-8H,O were collected. Ba[Ni(1,3-pdta)]-8H,O 1.28 g (2 mmol) was dissolved in a
small amount of water. A solution of 0.56 g (2 mmol) NiSO47H,O in a small amount of
water was added to that suspension. The deposited BaSO,4 was removed by filtration. The
filtrate was reduced to a small volume and then allowed to stand at room temperature for
several days. Blue crystals were collected, washed with ethanol and then ether, and air-
dried. Yield: 0.93 g (83%) of [Ni(H,O)s][Ni(1,3-pdta)]-2H,0O. Melting point: 181 °C. The
elemental analysis is consistent with the composition [Ni(H,O)4][Ni(1,3-pdta)]-2H,0;
C11H30N;0,6Nip; Mw=563.75. Found: C, 23.70; H, 5.42; N, 5.01 for the complex salt,
Caled: C, 23.44; H, 5.36; N, 4.97.

2.6. Crystal structure determination

Suitable blue prism-shaped crystals were obtained by recrystallization from water. A crys-
tal with dimensions of 0.51 x 0.31 x 0.25 mm was mounted on a glass fiber and aligned
on a Bruker [23] SMART APEX CCD diffractometer (Platform with full three-circle goni-
ometer). The crystal was cooled to 100(1) K and intensity measurements were performed
using graphite monochromated Mo Ka radiation from a sealed ceramic diffraction tube
(SIEMENS). The final unit cell was obtained from the xyz centroids of 9589 reflections
after integration. Intensity data were corrected for Lorentz and polarization effects, scale
variation, for decay and absorption: a multi-scan absorption correction was applied, based
on the intensities of symmetry-related reflections measured at different angular settings
(SADABS) [24] and reduced to F,>. The program suite SHELXTL was used for space
group determination (XPREP) [23]. The unit cell [25] was identified as orthorhombic;
reduced cell calculations did not indicate any higher metric lattice symmetry [26]. The
space group Pnna was derived from the systematic extinctions. Examination of the final
atomic coordinates of the structure did not yield extra crystallographic or metric symmetry
elements [27,28]. The structure was solved by direct methods with SIR-97 [29]. The posi-
tional and anisotropic displacement parameters for the non-hydrogen atoms were refined.
Final refinement on F* carried out by full-matrix least-squares techniques converged at wR
(F*)=0.0611 for 2828 reflections and R(F)=0.0218 for 2608 reflections with F, > 4.0
o(F,) and 203 parameters and O restraints. The final difference Fourier map was essentially
featureless: no significant peaks (0.44(9) e A ) having chemical meaning above the gen-
eral background were observed. The positional and anisotropic displacement parameters
for the non-hydrogen atoms and isotropic displacement parameters for hydrogens were
refined on F* with full-matrix least-squares procedures. All refinement calculations and
graphics were performed with the program packages SHELXL [30] (least-square refine-
ments), a locally modified version of the PLUTO [31] and PLATON [32] package (check-
ing the final results for missed symmetry with the MISSYM option, solvent accessible
voids with the SOLV option, calculation of geometric data and the ORTEP [32] illustra-
tions). Crystal data, numerical details, and refinement are given in table 1.

2.7. Computational method

DFT calculations reported in this work were carried out using the Amsterdam density func-
tional (ADF) 2007.01 [33-35] program package. This method was used to find the optimal
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Table 1. Crystal data summary for [Ni(H,O)][Ni(1,3-pdta)]-2H,0.

Formula C1H30N,0,¢Niy
Formula weight (g mol™") 563.75

Crystal system Orthorhombic
Space group, No. Pnna, 52

a (A) 13.2024(5)

b (A) 11.6024(4)

c(A) 13.6017(5)
V(A% 2083.50(13)

O range unit cell: min.—max., deg; reflections 2.31-29.70; 9589
VA 4

Peae (g em ) 1.797

F(0 0 0), electrons 1176

(Mo Ka) (cm™") 18.9

Radiation type; A (A) Mo Ka, 0.71073
Temperature (K) 100(1)

0 range; min. max. (°) 2.31,29.70
Index ranges h: —17—-18; k: —12—15; 1. —18—18
Total data, unique data 15,890, 2828
Data with criterion: (F, = 4.0 ¢ (F,)) 2608

Number of reflections 2828

Number of refined parameters 203

WR(F?) = [[W(F 2 —F 22V [w(F A" 0.0611
Weighting scheme: a, b 0.0347, 0.8508"
R(F) = X(||Fo|—|Fel)/ZIFo| 0.0218
Difference Fourier map, e A3 —0.51, 0.44(9)

Yw=1/[6*(Fy?) + (aP)’ + bP] and P=[max(F,,0)+2F.*]/3.

geometries of octahedral Ni(Il) complexes. Geometry optimization of all the investigated
molecules was performed using the generalized gradient approximation (GGA) in the form
given by Perdew—Wang (PW91) [36] characterized by the Vosko—Wilk—Nusair (VWN)
parameterization [37]. No symmetry restrictions were applied. Ni(Il) systems were treated
within the unrestricted formalism. The different geometries of the individual chelate systems
(starting from either experimental structures (X-ray determined) or pre-optimized by molecu-
lar mechanics) were optimized until the maximum and root-mean-squared changes in geom-
etry were below 0.01 and 0.007 A, respectively. An all electron Triple-{ Slater-type orbitals
(STO) plus one polarization function (TZP) basis set were used for all atoms from the ADF
library except for nickel where we applied Ni.2p from TZ2P +basis set. The inner shells
were represented by frozen core approximation (1s for C, N, O, and 1s-2p for Ni were kept
frozen). Condensed phase effects were treated using a COSMO solvation field (vide infra)
as the obtained geometries are far more realistic than those from in vacuo optimization. To
obtain single point outputs of the most stable isomer needed for NBO calculation, we
employed Gaussian 09 A0l program [38]. For these calculations, we used the unrestricted
formalism with B3LYP hybrid functional and the Ahlrichs TZVP basis set [39].

NBO [40] localizes few-center orbitals (“few” meaning typically 1 or 2, but occasionally
more) that describe the Lewis-like molecular bonding pattern of electron pairs (or of indi-
vidual electrons in the open-shell case) in optimally compact form. More precisely, NBOs
are an orthonormal set of localized “maximum occupancy” orbitals whose leading N/2
members (or N members in the open-shell case) give the most accurate possible Lewis-like
description of the total N-electron density.
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3. Results and discussion

The pale blue trans(Os)-Mg[Ni(1,3-pd3ap)]-10H,O and deep blue [Ni(H,O)s][Ni(1,3-
pdta)]-2H,0 have been prepared by reaction of nickel salt with neutralized edta-type acids.
X-ray data are reported for [Ni(H,O)s]-[Ni(1,3-pdta)]-2H,O. The 1,3-pd3ap with hexaden-
tate coordination can yield two geometrical isomers: the trans(Os) and frans(OsOyg), but
only less-strained trans(Os) isomer was observed. The trans(Os) geometry was predicted
for [Ni(pd3ap)]*~ by interpreting IR and UV/Vis spectroscopy and DFT quantum-mechani-
cal results.

The IR (carboxylate region) and electronic absorption spectra (used for the assignments
of complexes) are compared to those of other [Ni(edta-type)]*~ complexes of known struc-
tures. The nickel(IT)-nickel(II) complex with 1,3-pdta has been synthesized to find possible
influence of a transition-metal cation. NBO outputs were used to do more in-depth elec-
tronic nickel-edta-type analysis.

3.1. Description of the crystal structure of [Ni(H,0)4/[Ni(1,3-pdta)]-2H,0 (2)

An ORTEP drawing of [Ni(1,3-pdta)]*~ and the packing of the molecules are depicted in
figure 2; selected bond lengths and angles are listed in table 2. Values for Ni-L bond
distances and angles in [Ni(1,3-pdta)]*~ are compared with those obtained for a similar
complex [7]. Each asymmetric unit, in our case, contains a half formula unit consisting of
a half cationic hydrated Ni-complex, a half anionic Ni-(1,3-propanediaminetetraacetate)
complex, and two half waters. The positions of N1, N2, and C6 (2..) and O8 and O9 (..2)
of water are all placed at special positions, meaning all moieties have a crystallographi-
cally imposed twofold axis. The orthorhombic unit cell contains 16 units, four cations, four
anions, and eight waters (figure 2). The cis angles at Ni(Il) (table 2) range from 82.47(4)°
to 97.99(3)°, while the trans ones are 175.40(3)° and 173.36(4)°. The six-membered dia-

Figure 2. Molecular structure (ORTEP view) of [Ni(1,3-pdta)]*~ (2) and the crystal packing view along the ¢
axis.
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Table 2. Bond distances (A) and angles (°) with e.s.d.’s in parentheses for [Ni(H,0)][Ni(1,3-pdta)]-2H,O and
comparison with trans(Os)-[Ni,(1,3-pddadp)(H,0)4]-4H,O [7].

[Ni(H,0)6][Ni(1,3-pdta)]-2H,O trans(0s)-[Niy(1,3-pddadp)(H,0),4]-4H,0 [7]
M-L Bond lengths (A)

Nil-Ol1 2.0807(8) Ni(1)-O(1) 2.089(2)
Nil-03 2.0277(8) Ni(1)-0(3) 2.074(3)
Nil-O1 _a 2.0807(8) Ni(1)-0(5) 2.060(3)
Nil-03 a 2.0277(8) Ni(1)-O(7) 2.060(3)
Nil-N1 2.0795(10) Ni(1)-N(1) 2.090(3)
Nil-NI1 a 2.0795(10) Ni(1)-N(2) 2.109(3)

Bond angles (°)

Cis angles Trans angles Cis angles Trans angles
O1-Nil-03 92.08(3) OI-Nil-Ol1 a 175.40(3) N(1)-Ni(1)-N(2) 95.7(1) O(5)-Ni(1)-O(7) 179.3(1)
O1-Nil-NI 82.47(4) O3-Nil-N1_a 173.36(4) O(7)-Ni(1)-N(2) 81.7(1) O(3)-Ni(1)}-N(1) 168.2(1)
O1-Nil-03 a  90.94(3) NI-Nil-0O3 a 173.36(4) O(7)-Ni(1)-N(1) 98.1(1) O(1)-Ni(1)-N(2) 169.1(1)

OI-Nil-N1_ a  94.44(4) O(5)-Ni(1)-N(2) 97.7(1)
03-Nil N1 83.17(3) O(5)-Ni(1)-N(1) 81.7(1)
03-Nil-O1_ a  90.94(3) OB3)-Ni(1)-N(2) 93.4(1)
03-Nil-03 a  97.99(3) 03)-Ni(1)-0(7) 90.6(1)
NI-Nil-Ol a  94.44(4) 0(3)-Ni(1)-0(5) 89.7(1)
NI-Nil-N1_a  96.44(4) O(1)-Ni(1)-N(1) 93.6(1)
Ol aNil-03_a 92.08(3) O(1)-Ni(1)-0(7) 91.3(1)
01 a-Nil-NI_a 82.47(4) O(1)-Ni(1)-0(5) 89.3(1)
03 aNil-N1_a 83.17(3) O(1)-Ni(1)-0(3) 78.2(1)

mine (T) ring adopts a skew-boat conformation. The R rings are almost planar (in an enve-
lope conformation), while the G rings are much more puckered and are halfway between
envelope and twist conformations.

A search of the distances yielded intermolecular and intramolecular contacts shorter than
the sum of the van der Waals radii [41]; the moieties are linked by hydrogen bonds form-
ing infinite 1-D chains along the base vectors [0 1 0] (see Supplementary material). There
are no short contacts between nickel(Il) and [Ni(1,3-pdta)]*~, usually found in M(II)
(EDTA-type)M'(Il) complexes [14].

3.2. Structural parameters and strain analysis

Some structural parameters (the mean M-L bond lengths and some bond angles) in Ni
(1,3-pdta)]*~ are given in table 2. For this complex, the mean M-O(G) distances are
slightly shorter than the mean M-O(R) distances, not usual for this type of complex. How-
ever, the mean M-O(G) distances are shorter than the mean M-N distances, but M-O(R)
distances are longer.

Since the DFT calculated geometry of trans(Os)-[Ni(1,3-pd3ap]®~ does not deviate sig-
nificantly from other similar structures, we do not expect the strain analysis to reveal any
unusual results. Structural data correlating the stereochemistry of nickel complexes with
edta-type ligands are given in table 3. Figure 3 shows the DFT optimized structure of
trans(Os)-[Ni(1,3-pd3ap)]* .

The sum of the bite-angle deviations, ZA(Oy,), varies from 56° in trans(Os)-Mg[Ni(1,3-pd3a-
p)]-10H,O to 74° in [Mg(H,0)s]-[Ni(1,4-bdta)]-3H,0, the latter having the greatest distortion
of the complexes in table 2. The sum of 58° for [Ni(H,O)s]-[Ni(1,3-pdta)]-2H,O and 56° for
trans(Os)-Ba[Ni(1,3-pd3ap)]-6H,O show great distortions. The conformation of the
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Table 3. Strain analysis of nickel complexes with edta-type ligands with five- and/or six-membered carboxylate
rings.

A
AX(ring)° (Ni-O-C)°

Complex SAOp)* E,TorB R G R G TAN)? Ref.
Ni[Ni(1,3-pdta)]-8H,O 58 +30 4+l =10  +6  +4 11 This work
[Nis(1,3-pddadp)(H,0)4]-4H,0 60 28 0 436 +7 420 8 (7]
Mg[Ni(1,3-pd3ap)]- 10H,0° 56 +31 0 —14(+37) +7 +5(+19) 15(10) This work DFT calcd
Mg[Ni(1,3-pndta)]- 10H,0 57 31+l 9 46 43 15 [21]
Mg[Ni(1,4-bdta)]-9H,O 74 +70 -2 —13 46 +5 23 [20]

“¥A(Oy) is the sum of the absolute values of the deviations from 90° of the 12 L-Ni-L’ angles. All values
rounded off to the nearest degree.

®A¥(ring) is the deviation from the ideal of the corresponding chelate rings’ bond angle sum. Ideal values: 528
and 637.5° for the five- and six-membered diamine ring, respectively, and 538.5° and 648.0° for the five- and six-
membered carboxylate ring, respectively.

‘A(NNi-O-C) (ring) is the mean value of the deviation of the corresponding rings” Ni-O-C bond angle from the
109.5°.

9TA(N) is the sum of the absolute values of the deviations from 109.5° of the six bond angles made by nitrogen
atoms. A mean value for the two nitrogens is reported.

°For this complex, having C; molecular symmetry, the two values are reported. The values in parentheses are
given for the f-alaninate rings and nitrogen atoms connecting 3-alaninate rings.

Cig

0s

Figure 3. DFT (ADF) optimized structure of trans(Os)-[Ni(1,3-pd3ap)]* .

1,3-propanediamine (T) ring of both complexes is a skew-boat. The 1,3-propanediamine ring
(T ring) in trans(0s)-[Ni(1,3-pd3ap)]*~ shows a positive total deviation of +31°. The same ring
in [Ni(H,0)]-[Ni(1,3-pdta)]-2H,0O shows total positive deviation of +30°.

Five-membered rings coordinated in the equatorial plane have negative deviations from
the ideal chelate ring bond angle sum: —14° in frans(Os)-[Ni(1,3-pd3ap)]>~ and —10° in
[Ni(H,0)4]-[Ni(1,3-pdta)]-2H,O. Contrary to this, five-membered rings coordinated in axial
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positions show very small positive deviation (+1°) in [Ni(H,O)s]-[Ni(1,3-pdta)]-2H,0,
while in trans(Os)-[Ni(1,3-pd3ap)]*>~ there is no deviation. Six-membered f-alaninato rings
coordinated in the equatorial plane in frans(Os)-[Ni(1,3-pd3ap)]>~ have positive deviation
(+37°). All complexes show positive deviation of the Ni-O-C(R, G) bond angles. These
deviations are less for glycinato rings (from +6° to +7° and from +3° to +5° for the R and
G rings, respectively), than for f-alaninato rings (+19° and +20° for the G rings). When
each of the deviations for the six angles made by the nitrogens is summed, the total
deviations (absolute values) for each complex were obtained. Total deviation about the
chelating N sums to roughly 11° for [Ni(H,O)s]:[Ni(1,3-pdta)]-2H,O and 15°(10°) for
trans(0s)-[Ni(1,3-pd3ap)]*~. The equatorially coordinated five-membered glycinato rings
are more strained than those coordinated axially. Thus, it appears that equatorial orientation
of p-alaninato ring has no influence on the strain of these systems, also found in Ni-1,3-
pddadp, favoring trans(Os) geometry in both 1,3-pddadp and 1,3-pd3ap. Similar strain has
been found in Mg[Ni(1,3-pndta)]-10H,O [21] while much more deviation (ZA(Oy)=74°
and T= +70) was observed for Mg[Ni(1,4-bdta)]-9H,O [20].

3.3. Spectral analysis

Asymmetric stretching vibrations for Ni-edta-type complexes are given in table 4. The
asymmetric stretching carboxylate frequencies have been established as criteria for distin-
guishing between protonated carboxylate (1700-1750cm ") and coordinated carboxylate
(1600-1650cm ™ ') [42—44]. The complexes show absorptions in agreement with their
molecular symmetries (C; for trans(Os)-Mg[Ni(1,3-pd3ap)]-10H,O and C, for [Ni
(H,0)4]-[Ni(1,3-pdta)]-2H,0). For trans(Os)-[Ni(1,3-pd3ap)]*~ of C, symmetry, the IR
spectrum contains one strong broad band centered at 1595cm™'. Normally, two bands
are expected due to the asymmetric vibrations of five-membered glycinato rings and six-
membered f-alaninate rings. However, due to mixing with lattice water vibrations, we do
not observe all distinct vibrations. For [Ni(H,O)4]-[Ni(1,3-pdta)]-2H,O of C, symmetry,
the IR spectrum contains one strong broad band at 1587 cm™'. The lack of other absorp-
tions in the 17001750 cm ™' range suggests that all the carboxylates are coordinated.
Ligand field absorption spectra for [Ni(H,O)s]:[Ni(1,3-pdta)]-2H,O and trans(Os)-Mg
[Ni(1,3-pd3ap)]-10H,0 and related edta-type complexes are given in figure 4 (table 5). All
complexes forming six-membered diamine (T) rings, compared to those of related
complexes forming five-membered diamine (E) rings, show broadening of the first absorp-
tion band (lower energy side, figure 4) due to the influence of tetragonality on the spectro-

Table 4. Asymmetric carboxylate stretching frequencies for [Ni(edta-type)]” complexes®.

Complex Vasym (COOM) Chelate ring size Ref.
[Ni(H,0)]-[Ni(1,3-pdta)]-2H,O 1587 5 This work
trans(Os)-[Niy(1,3-pddadp)(H,0),]-4H,0 1640sh 5 [7]

1591 6
trans(0s0¢)-Na,[Ni(1,3-pddadp)]-3H,0 1635sh 5 [7]

1610

1588 6
trans(Os)-Mg[Ni(1,3-pd3ap)]-10H,O 1595 5 and 6 This work
Mg[Ni(1,3-pndta)]-10H,O 1597 5 [21]

Values are given in cm ™.
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Wavenumbers [1000/cm]

16

L

€
Wavelength [nm]
Figure 4.  Electronic absorption spectra of Ni(I[) complexes: — — —— pdta; pd3ap; ------ pddadp.
Table 5. Absorption data for some [Ni(edta-type)]) complexes®.
Complex 10% v(em™) € Assignments Oy, Ref.
Mg[Ni(1,3-pdta)]-8H,0 I 10.50 16.6 Aoy — Tou(F) [18]
1l 12.98 3.9 — 'Ey(D)
11 17.54 6.8 — T 1(F)
IV 2637-2857sh 7.6 — TP
[Ni(H,0)6]-[Ni(1,3-pdta)]-2H,O0 I 10.35 17.31 This work
1T 12.87 6.18
I 17.48 8.51
v 25.77 13.43
trans(Os)-Mg[Ni(1,3-pd3ap)]-10H,O I 10.22 15.2 This work
I 12.99 6.8
1T 16.86 11.5
v 26.39 19.9
trans(Os)-[Niy(1,3-pddadp)(H,0)4]-4H,0 I 10.18 11.3 [7]
I 13.00 2.3
1T 16.55 6.5
v 26.88 10.0
Mg[Ni(1,3-pndta)]- 10H,0 1 10.59 14.7 [21]
I 12.88 4.0
1T 17.52 6.8
v 26.69sh 7.3
Mg[Ni(1,4-bdta)]-9H,0 I 9.63 11.7 [20]
11 12.97 35
I 17.21 9.9
v 25.73sh 11.9

. . . —1 3 —
“Values ¢ are given in units of mol™' dm” cm™ .

1
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chemical behavior of these complexes (D4, model). However, electronic absorption spec-
tra, as established for Ni(Il)-edta-type and most other Ni(II) complexes, can best be inter-
preted by using an octahedral model (Oy): 3A2g—>3T2g(F) (band T); 3A2<¢;—>3T1g(};’) (band
1), and 3A2g—>3T1g(P) (band IV) (table 5). As expected, the aqueous spectra of [Ni
(H>0)6]-[Ni(1,3-pdta)]-2H,0 and trans(Os)-Mg[Ni(1,3-pd3ap)]-10H,O show a shoulder at
13,000 cm ™" which occurs on the high-energy side of the first spin-allowed band (band I,
table 5). This band probably arises from a spin-forbidden triplet to singlet transition. The
absorption maxima of [Ni(H,O)e]:[Ni(1,3-pdta)]-2H,O and trans(Os)-Mg[Ni(1,3-pd3a-
p)]-10H,O (bands I and III, table 5) are located at lower energies than those found for Mg
[Ni(1,3-pdta)]-8H,0O [18]. The ligand field strength (LFS) for these complexes increases in
the order pddadp <pd3ap <pdta with the decreasing number of six-membered rings in the
G plane.

3.4. DFT calculations

ADF is a Fortran program for calculations on atoms and molecules. It can be used for
Ni(IT) complexes. We optimized geometries of each of the potential geometric isomers,
except trans(Og)-[Ni(1,3-pddadp)]. For the search global minima, we have chosen
Perdew—Wang (PW91) [36] correlation gradient corrections as this proved to be the
best choice in our case. table 6 contains structural parameters correlating ADF and
experimental data (where we have it) of edta-type of nickel(Il) complexes. First, we
preoptimized a particular isomer by molecular mechanics MM+ and then left the struc-
tures to be optimized by ADF2007.01. In cases where we had crystal structures, we
used them directly for optimization. Since nickel has two unpaired electrons and triplet
multiplicity, the systems were treated within the unrestricted formalism. We decided to
compare energies, bond lengths Ni-N in plane, Ni-O in plane, Ni-O axial and average

Table 6. Comparison of experimental and DFT (ADF) data for edta-type nickel(I) complexes.

Ligand [Ni(1,3-pdta)]*~ [Ni(1,3-pddadp)]*~ [Ni(1,3-pd3ap)]*~

Reference This work [7] This work

Geometrical isomer® No isomers Trans(0s0g) 0 Trans(Os) 0
Trans(Os) 0.5 Trans(0s0g) 4.45
Trans(Og) 386

Comparison of experimental (X-ray) and lowest energy DFT-optimized structure

Ni-N (A) in-plane 2.079:2.112 2.090:2.148 :2.145

Exp: DFT 2.079:2.112 2.109:2.145 :2.138

Ni-O (A) in-plane 2.028:2.085 2.089:2.107 :2.105

Exp: DFT 2.028:2.085 2.074:2.097 :2.055

Ni-O (A) axial 2.081:2.087 2.060:2.082 :2.087

Exp: DFT 2.081:2.087 2.060:2.078 :2.080

Ni—O-C (o) (av.) 114.6:113.9 123.13:123.5 :118.7

Exp: DFT

Ni-O-C-0 (o) (av.) 173.94:177.7 168.3:169.7 :174.3

Exp: DFT

cis-angles (°) (av.) 90.1:90.0 90.1:90.1 :90.1

Exp: DFT

trans-angles (°) (av.) 174.0:175.4 172.2:172.5 :171.3

Exp: DFT

*The isomer with the lowest energy minimum has been indicated with 0 kcalmol .
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of Ni-O-C and Ni-O-C-O, cis- and trans-angles. For all complexes where we have
structural data, the ADF theory gave the lowest energy isomer (table 6). In the case of
[Ni(1,3-pd3ap)]*~ DFT theory shows that rans(Os) isomer is more stable by
4.45kcalmol " than trans(OsOg) (table 6). All bonds are sometimes significantly and
sometimes slightly longer than ones found in crystal structures. This might be attributed
to DFT calculations on molecules in solid state but also to the choice of exchange and
correlation gradient potentials.

3.5. NBO analysis

Complex anion is fragmented in two separated units, Ni(II) and edta-type* . The energies
from donor—acceptor (D—-A) mechanism have been obtained by analyzing quantum-
mechanical output files calculated by GENNBO EES. In case of nickel complexes,
fragmentation on two sub-units is pronounced with all nickel chelates of edta-type ligands
used. Here, we describe NBO results mainly within Ni** and 1,3-pd3ap*” units. However,
similar relations were found for Ni-1,3-pdta and Ni-1,3-pddadp. The most intensive D-A
energy transfers in the equatorial plane are result of donation of electronic charge, from
lone “p” electron pairs of carboxylate oxygens as well as from sp” tetrahedral nitrogens,
toward virtual “non-Lewis” LP(Dy,.y,)" orbital of nickel. The “LP*” label denotes a Ic
(lone) non-Lewis (*) orbital of the formal valence shell (hence, distinguished from
Rydberg-type “RY™”). It occurs primarily in formally hypovalent species, such as the
empty p-type valence orbital of B in boranes or the empty s- or d-type valence orbitals of
Ni in our example [40]. The most intensive donor-acceptor energy transfers in an axial
plane result from donation of electronic charge, from lone “p” electron pairs of carboxylate
oxygens toward “non-Lewis” LP(D,,)" orbital of nickel.

The structure of #rans(Os)-[Ni(1,3-pd3ap)]*~ is given in figure 5, involving donor-accep-
tor mechanism of PNBO (preorthogonal-natural-bond-orbitals). Comparison of D-A

Donor N{O)eq to Acceptor
Ni "d" orbitals

Donor Oax to Acceptor
Ni "d" orbitals

Figure 5. Donor—acceptor PNBO scheme of trans(Os)-[Ni(1,3-pd3ap)]*~ from the D—A mechanism.
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Table 7. Energies from donor-acceptor (NBO) interactions (kcal/mol).

Complexes
[Ni(1,3-pdta)]*~ [Ni(1,3-pd3ap)]*~ [Ni(1,3-pddadp)]*~
a-DA energy 98.82 103.14 98.81
B-DA energy 184.26 182.07 174.16
Total energy 283.08 285.21 272.97

energies is given in table 7. Generally, the DA charges are mainly affected by f transfers.
Accordingly the more six-membered rings in the equatorial plane the lower the DA inter-
actions. [Ni(1,3-pd3ap)]*~ gives four strongly interacting hyperbond carboxylate O-:C:O
resonance triads, as expected. Other three center (3C:) hyperbonds have not been found in
this complex anion.

4. Conclusions

We report preparation, chromatography, and characterization of hexadentate Mg[Ni(1,3-
pd3ap)]-10H,O containing unsymmetrical edta-type 1,3-pd3ap®~. Only [trans(Os)] of the
two possible geometrical isomers was isolated. In this isomer, the two five-membered gly-
cinate rings (R rings) occupy frans-axial sites while one glycinate and one f-alaninate ring
lie in the equatorial plane along with two nitrogens (G rings). To observe the cation
influence on the structural and electronic behavior, [Ni(H,O)e][Ni(1,3-pdta)]-2H,O was
prepared and its structure verified by X-ray analysis. We did not observe short contacts
between nickel(Il) and [Ni(1,3-pdta)]2*, usually found in M(II)(EDTA-type)M'(Il) com-
plexes [14]. The structural assignment was made on the basis of DFT, IR, and UV—Vis
spectral data. IR and UV-Vis data indicate octahedral coordination around nickel with all
carboxylates deprotonated and coordinated. DFT-NBO analysis suggests that within nickel
(IT) complexes there are two distinct ionic units nickel(Il) cation and edta-type tetraanion.
The units exhibit a strong donor-acceptor mechanism. According to UV—Vis spectral
results of our complexes and several with similar structures, the LFS increases in the order
pddadp <pd3ap <pdta with decreasing number of six-membered rings in the G plane.

Supplementary material

Crystallographic details of the complex in the form of CIF files are available and have the
CCDC number 900017. These data can be obtained free of charge from the Cambridge
Crystallographic Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: p44
1223336033 or Email: deposit@ccdc.cam.ac.uk.
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