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ARTICLE INFO ABSTRACT

The trans(Og) isomer (trans(O¢) refer to two six-membered rings in trans position) of the [Ba(H,0)4][Ni(1,3-
pddadp)]-4H,O (1,3-pddadp = 1,3-propanediamine-N,N’-diacetate-N,N’-di-3-propionate) was synthesized and
spectroscopically characterized (IR, UV-Vis). The trans(O¢) geometry was confirmed by X-ray diffraction ana-
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X-ray lysis. Single crystal X-ray diffraction of the complex revealed an octahedral geometry around the Ni(II) centre.
El;) Extensive strain analysis of [M(edta-type)]2~ complexes (M = Ni, Co, Cu) has been performed and discussed in

detail. DFT/NBO analysis (DFT = Density Functional Theory, NBO = Natural Bond Orbital) was performed for
all isomers of [Ni(1,3—pddadp)]2’ complex. DFT theory shows that trans(Og) isomer is 0.53 kcal mol ! more
stable than trans(OsOg) and 1.95kcal mol ™! more stable than trans(Os). NBO analysis for all three isomers
predicts the existence of a 3-center 2-electron (f3 system) A: -Ni-: B hyperbonds along with O:-C-:O carboxylate
triads. The Second-Order Perturbation Theory Analysis predicts molecular stabilization that comes from delo-
calization caused by ny — Oy« Or ng — Onia+ charge transfer.

1. Introduction

The eddadp (ethylenediamine-N,N’-diacetate-N,N’-di-3-propionate)
and 1,3-pddadp (1,3-propanediamine-N,N’-diacetate-N,N’-di-3-propio-
nate), belong to the group of edta-type of ligands (edta = ethylene-
diamine-N,N,N’,N’-tetraacetate). These ligands upon full coordination
to the central metal ion form three geometrical isomers (Fig. 1): trans
(Os), trans(0s0¢) and trans(Og) (Os and Og relate to the five- and six-
membered carboxylate ring respectively). It has been shown that the
six-membered propionate rings serve better for the formation of the
less-strained in-plane G rings favoring the trans(Os) isomers of [M(ed-
dadp)]®~ (M = Cr(IlI), Fe(IIl), Co(Ill), Rh(III), Co(I), Ni(II), Cu(Il))
complexes, with 6-5-6 in-plane arrangement of rings [1-10]. After re-
viewing the synthesized [M(1,3-pddadp)]”~ complexes, one can ob-
serve the following layout of the isomers prepared: all three possible
isomers have been reported for Cr(IlI) (3D structure was X-ray por-
trayed for the trans(Og) isomer [11]); only trans(Oe) isomer has been
prepared and X-ray determined for Cu(Il) [12]; for Co(Ill) the trans
(0Os50¢) and trans(Og) isomers were isolated [13,14] but the trans(Os)
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and trans(OsO0g) in case of Rh(III) [15]. Similarly to Rh(III), the trans
(Os) and trans(Os0¢) isomers of nickel(I) have been prepared and
isolated. The 3D structure was confirmed by X-ray for trans(Os) isomer.
The trans(Og) isomer has not been even detected under chromato-
graphic conditions [16].

Molecular structures of edta and related transition-metal complexes
have been discussed in terms of the d-electron configuration, size of the
central metal ion (M) and the structure of the ligand. These influence
the differences in the bond lengths (M—N and M—O), ring strain and the
ligand configuration [3-11,14-27]. The significance of the ligand strain
becomes important when it comes to the deviation of the bonding an-
gles from the ideal values in [M(edta)]™ (M = Co(III) [17], Co(II) [18],
Ni(II) [19-21]) and other edta-metal complexes. In these complexes a
much higher strain of the acetate rings (G rings) and one ethylenedia-
mine ring (E ring) contained in-plane with respect to the acetate rings in
an axial position was observed.

In this paper, we have prepared and characterized the missing trans
(Og) isomer of [Ni(II)(l,3-pddadp)]2’ complex. Its 3D structure has been
confirmed by X-ray analysis. DFT (Density Functional Theory) methods
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Fig. 1. Three possible geometrical isomers of hexadentate [M(eddadp)]™~ and [M(1,3-pddadp)]”~ complexes (E = the five-membered ethylenediamine ring; T = the
six-membered 1,3-propanediamine ring, R = the five- or six-membered carboxylate ring in axial position, G = the five- or six-membered carboxylate ring in-plane).

Table 1

Crystal data and structure refinement for trans(Og)-[Ba(H20)4]1[Ni(1,3-

pddadp)]-4H,0 (1).

Chemical formula

M,

Crystal system, space
group

a, b, c (;\)

a, B, v()

V (A%

zZ

F(000)

Dy (Mgm™?)

No. of reflections for cell
measurement

Orange (°) for cell
measurement

p(mm~")

Crystal shape

Colour

Crystal size (mm)

Absorption correction

Tinin> Timax

Reflections collected

Independent reflections

Observed reflections
[I > 20 (D]

Rim

(sin 8/M)max (A1)

Ovalues (°)

Range of h, k, [

R, wR [I > 20 (D]

R, wR [all data]

Goodness-of-fit on F*

No. of reflections

No. of parameters

No. of restraints

H-atom treatment

Weighting scheme

Pmax> Pmin (€A

Cy3H34BaN,NiO1¢
670.47
Triclinic, P—1

9.1850 (6), 12.0034 (8), 12.2326 (7)
101.841 (5), 109.551 (6), 95.576 (6)
1223.58 (14)

2

676

1.820

4911

3.8-72.6

14.08

Prism

Blue

0.37 x 0.32 x 0.19
Gaussian

0.057, 0.256

7741

4461

4226

0.025

0.602

omax = 68.2, Omin = 4.0
h=-11—-5k=-14—14,l= —-14—14
0.0256, 0.0647

0.0274, 0.0657

1.047

4461

346

17

H atoms treated by a mixture of independent and
constrained refinement

w = 1/[0*(F,%) + (0.0362P)* + 0.1649P]
where P = (F,2 + 2F.2)/3

0.39, —0.63

have been used for the purpose of energetic analysis and structural
comparison [28]. Natural Bonding Orbitals (NBO) analysis [29] have
been done for all isomers in question. We tried to compare principal
Donor/Acceptor energies against geometric isomerism so make it
usable in terms of energetic stability as well as their probability of
formation in the solution. Therefore, the aim of this paper is to prepare
trans(Og) isomer of [Ni(II)(l,B-pddadp)]% complex and isolate it in a
crystal form suitable for an X-ray analysis in order to evaluate its
structural parameters. This means that we would be able with more
confidence to discuss the structure and energetic dependence of all
possible geometries. Also, structural parameters and strain analysis data

of this and similar complexes of known structures are discussed in re-
lation to the structure of the ligand, geometry of complexes, octahedral
distortion and their mutual energetic dependence.

2. Experimental
2.1. Materials and physical measurements

All chemicals were purchased from Sigma-Aldrich and were used
without any further purification. 1,3-propanediamine-N,N'-diacetic acid
dihydrochloride, H,1,3-pdda-2HCl was prepared using a previously
described procedure [30].

Elemental (C, H, N) analysis of the sample was carried out in the
Center for Instrumental Analysis, Faculty of Chemistry, Belgrade. IR
spectra (in KBr pellets) in the 400-4000 cm ~ ! region were recorded on
a Perkin—Elmer FT-IR spectrophotometer Spectrum One. Electronic
absorption spectra were obtained using a Perkin-Elmer Lambda 35
spectrophotometer. The melting point was measured by Stuart melting
device with accuracy + 1 °C.

2.2. Preparation of complex

2.2.1. Preparation of condensation mixture containing 1,3-
propanediamine-N,N’-diacetic-N’-3-propionic acid, H31,3-pd2ap and 1,3-
propanediamine-N,N’-diacetic-N,N’-di-3-propionic acid, H,1,3-pddadp

The reaction mixture was prepared by the method of Belosevic et al.
[31] starting from 40 mmol of H,1,3-pdda-2HCI.

2.2.2. Preparation of the trans(Og)-tetraaquobarium([(1,3-
propanediamine-N,N’-diacetate-N,N’-di-3-propionate)nickelate(Il) ]
tetrahydrate, trans(Og)-[Ba(H>0)4][Ni(1,3-pddadp)]-4H,0 (1)

The synthesis of the nickel(II) complexes was accomplished by the
previously reported procedure [31]. The equivalent amount of
NiCl,'6H,0 (40 mmol) has been mixed with the above mixture of acids.

The blue filtrate (from the above mixture) was desalted using G-10
Sephadex column, with distilled water as the eluent. To separate the
components of the reaction mixture, a chromatographic column
(4 X 40 cm) filled with Dowex 1-X8 (200-400 mesh) anion exchange
resin in the Cl~ form was used. First, the column was washed with
water in order to separate the neutral cis-polar-[Ni(1,3-pdda)(H20),]
complex. After elution with 0.1 M NaCl, the two bands appeared on the
column; the first band quite broad and the second distinct one. The
obtained eluates were reduced to a small volume and then desalted
using Sephadex G-10 resin. The light blue eluate of the first band was
assigned to the cis-polar-[Ni(1,3-pd2ap)]~ isomer [31]. The second
blue eluate presents trans(Os)-Nas[Ni(1,3-pddadp)] isomer of known
structure [16]. The first eluate was reduced to a volume of 2mL and
stored in a desiccator over ethanol. The powder of cis-polar-[Ni(1,3-
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1,3-pdda® + 1,3-pd2ap® + 1,3-pddadp* + NiCl, = [Ni(1,3-pdda)] + cis-polar-[Ni(1,3-pd2ap)]" + [Ni(1,3-pddadp)]*
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Scheme 1. Schematic route for preparation of trans(Oﬁ)-[Ni(l,B-pddadp)]2’ ion

Fig. 2. MERCURY [37] drawing of molecular structure of trans(Oe)-[Ba(H0)4][Ni(1,3-pddadp)]-4H,O with the non-H atom numbering scheme (displacement
ellipsoids at 30% probability level).

pd2ap)] were removed. The blue filtrate was further evaporated to carried out from the water. Blue crystals from the solution represent the
dryness and reconstituted in 1 mL of water and left to stand in the re- complex trans(Og)-Nay[Ni(1,3-pddadp)]-2.5H,0 Yield: 0.65g (3.4%).
frigerator for several weeks. Blue crystals were collected, washed with Melting point = 211°C  Anal. Cale. for. NayNiC;3H23N50105

ethanol and then with ether, and air-dried. Recrystallization was (Mw = 480.00) C: 32.53, H: 4.83, N: 5.84; found: C: 32.85, H: 4.90, N:
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Table 2
Selected geometric parameters for trans(Og)-[Ba(H20)4][Ni(1,3-pddadp)]-4H,0
(1.

Bond length [A]

[Ni(1,3-pddadp)]*~ [Ba(H,0) 4(0Og-carbox.),J**

Nil—-N2 2.083 (3) Bal—-01 2.829 (3)
Ni1l-N3 2.084 (3) Bal—02 2.926 (2)
Nil—-04 2.040 (2) Bal—03 2.788 (3)
Ni1l-06 2.038 (2) Bal—012 2.841 (3)
Nil-08 2.109 (2) Bal—02? 2.968 (3)
NilvO10 2.129 (2) Bal—04> 2.877 (2)
Bal—05> 3.003 (3)
Bal-07' 2.724 (2)
Bond angles [°]
[Ni(1,3-pddadp)]*~ [Ba(H,0) 4(Og-carbox.),1**
06—Nil—N2 82.11 (9) 03-Bal—01 77.75 (8)
N2—-Nil-N3 97.07 (10) 06—Bal—01 69.63 (7)
04—Nil1—N3 82.67 (10) 06—Bal—012 86.39 (7)
06—Ni1—08 88.36 (9) 03-Bal—012 128.77 (9)
N2-Nil—08 89.19 (10) 01-Bal—-012 134.14 (8)
N3-Nil-08 97.26 (10) 06—Bal—03 143.77 (8)
04—Ni1—08 86.56 (9) 01-Bal—02 70.88 (7)
04-Ni1—010 88.45 (9) 06—Bal—02 82.72 (7)
N2-Ni1—-010 95.87 (10) 03-Bal—-02 71.85 (8)
N3—-Ni1—-010 89.20 (10) 012—Bal—02 145.88 (8)
06—Ni1—010 85.30 (9) 06—Bal—07 45.49 (6)
04—Nil—N2 175.67 (10) 03-Bal-07 132.41 (7)
06—Nil1—N3 174.31 (10) 01-Bal-07 67.35 (7)
08—Ni1—010 171.27 (9) 012—Bal—07 68.00 (8)

Symmetry codes: ': —x+1, —y, —z+2; % —x+2, -y, —z+2.

Table 3
Hydrogen bond parameters for trans(Og)-[Ba(H20)4][Ni(1,3-pddadp)]-4H,O
(1.

D—H--A D-H (A) H--A (A) D---A (A) D—H--A ()
01-H1C--010 0.850 (19) 1.96 (2) 2.810 (3) 175 (5)
01-H1C---011 0.850 (19) 2.48 (4) 3.056 (4) 126 (4)
01-H1D---012" 0.837 (19) 1.96 (2) 2.779 (4) 167 (5)
02—-H2C---092 0.828 (19) 213 (2) 2.948 (4) 170 (5)
02-H2D---011 0.845 (19) 2.25 (2) 3.088 (4) 169 (5)
03-H3C--016 0.857 (19) 2.09 (2) 2.943 (5) 173 (5)
03—H3D---08> 0.845 (19) 1.98 (2) 2.811 (3) 166 (5)
03—H3D---09? 0.845 (19) 2.53 (4) 3.197 (4) 136 (4)
012—-H12D---014 0.850 (19) 1.92 (2) 2.757 (4) 169 (5)
013-H13A---016° 0.83 (2) 1.98 (3) 2.783 (6) 160 (5)
013-H13B---015* 0.85 (2) 1.99 (2) 2.819 (5) 164 (5)
014—H14A---09 0.851 (19) 1.89 (3) 2.693 (4) 157 (5)
014—H14B---013° 0.840 (19) 1.91 (2) 2.750 (5) 177 (5)
015-H15A--014 0.866 (19) 1.92 (2) 2.777 (5) 169 (5)
016—H16A---015> 0.840 (19) 219 (2) 3.015 (6) 168 (5)
016—H16B---01 0.831 (19) 1.93 (2) 2.743 (4) 165 (5)

Symmetry codes: ': —x+1, —y, —z+2; % —x+2, -y, —z+2; % x, y+1,2 %
x—1,y,2-1;% —x+1, —y+1, —z+2.

5.83%.

Complex (1) in the form of the barium(II) salt was obtained using
the ion-exchange column technique. The eluate was reduced to a small
volume and allowed to stand at room temperature to crystallize the
complex trans(Og)-[Ba(H,0)4][Ni(1,3-pddadp)]-4H,0 (1). Yield: 0.73 g
(2.7%). Melting point = 289 °C; Anal. Calc. for. BaNiC;3H34N501¢
(Mw = 670.43) C: 23.29, H: 5.11, N: 4.18; found: C: 23.03, H: 4.94, N:
4.20%. IR (KBr, pellet): v (em™1) 1598 (COO ™), 1575sh v(COO ™),
3412 y(N—H). UV-Vis (H,O0, C= 1072M): Amax/nm (g/
Lmol 'em™): 965 (11.4), 1047sh, 769 (2.9), 601 (7.2) and 373
(11.0).
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2.3. Crystal structure determination and refinement

The diffraction data for the complex trans(Og)-[Ba(H20)4][Ni(1,3-
pddadp)]-4H,O (1) were collected at room temperature on Rigaku
(Oxford Diffraction) Gemini S diffractometer with a CCD area detector
and graphite-monochromated CuK, radiation (A = 1.54184 i\) oper-
ated at 40kV and 40 mA. The CrysAlisPro and CrysAlis RED software
packages [32] were used for data collection and data integration. The
space group determinations were based on an analysis of the Laue class
and the systematically absent reflections. Collected data were corrected
for absorption effects by using Numerical absorption correction based
on Gaussian integration over a multifaceted crystal model [33].

The structures were solved by direct methods using SHELXT [34].
The structures were refined by full-matrix least-squares procedures on
F? using SHELXL-2014/6 program [34]. All non-hydrogen atoms were
refined anisotropically until convergence was reached. The hydrogen
atoms linked to the C atoms were placed on calculated positions
(C—H = 0.97 A, with Uj,(H) = 1.2U4(C)) and allowed to ride on their
carrier atoms. The water molecule hydrogen atoms were located in a
difference Fourier map and refined isotropically. All calculations were
performed using PLATON [35] implemented in the WINGX [36] system
of programs. MERCURY [37] was employed for molecular graphics. The
crystal data and refinement parameters are summarized in Table 1.

2.4. Computational details

The geometries for Ni(II) complexes were optimized using Gaussian
09 D01 program [38]. Starting geometries were taken either from ex-
perimental X-ray structures or were modeled using molecular me-
chanics and pre-optimized using semi-empirical method (MOPAC PM6
[39]). For DFT calculations, we used the unrestricted B3LYP hybrid
functional [40] and the Ahlrich’s TZVP basis set [41]. The Polarizable
Continuum Model (PCM) using the integral equation formalism variant
(IEFPCM) with water as a solvent has been employed for all complexes
[42]. Subsequent frequency calculations at the same level of theory
verified that the optimized structures were true local minima on the
potential energy surface i.e. there were no imaginary frequencies. For
further calculation of intra-molecular orbital interactions, we used
NBO6.0 analyses [29].

3. Results and discussion
3.1. Synthesis of trans(Og)-[Ba(H20) 4] [Ni(1,3-pddadp)]-4H0 complex

The blue complex trans(Og)-Nay[Ni(1,3-pddadp)]-2H,O has been
prepared by the reaction of nickel(II) salt with the neutralized edta-type
mixture. Barium(II) salt of above complex trans(Og)-[Ba(H0),] [Ni(1,3-
pddadp)]-4H,O was obtained using the cation-exchange column tech-
nique. Here we must point out that the complex in the synthetic sense
was obtained not on purpose because the synthesis was intended for
preparation of pentadentate nickel(Il) complexes. However, in the
successive repetition of the synthesis we realized that after the pre-
cipitation of Na[Ni(1,3-pd2ap)] complex, the remaining filtrate shows a
slightly different color. After recording the UV-Vis spectrum of the
filtrate and the IR spectrum of the solid obtained from the evaporated
filtrate, it was evident that we have a complex different from Na[Ni
(1,3-pd2ap)] [31] (we refer the readers to the Spectral analysis of Ref.
[31] and this paper). It was reasonable then to try fractional crystal-
lization in order to obtain a pure substance, which in this case was
successful.

The isomers of the complex [M(1,3-pddadp)]”~ were chromato-
graphically separated following the order: trans(Os) (first), trans(OsOg)
(second) and trans(Og) (third) (Fig. 1), as shown in the case of all three
isomers of Cr(III) [11], two isomers trans(Os0¢) and trans(Og) in case of
Co(III) [13,14] and two isomers trans(Os) and trans(Os0g) in case of Rh
(II1) [15] and Ni(II) [16]. To our surprise, our synthesis did not produce
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Fig. 3. MERCURY [37] drawing of the crystal packing of trans(Og)-[Ba(H>0)4][Ni(1,3-pddadp)]-4H,O showing infinite one-dimensional chains parallel to the a axis.
Symmetry codes: ': —x+1, —y, —z+2; % —x+2, —y, —z+2. View direction is parallel to the ¢ axis. Hydrogen atoms are not shown for clarity.

Table 4

Strain analysis of [M(edta-type)]® complexes with five and/or six-membered carboxylate rings.
Complex TAOp) © AX(ring) © A(M-0—C) © TAN) ¢ Ref.

Eor T R G R G

trans(Os)-[Ni(eddadp)]z_ 39 —-14 0 +39 +7 +20 12 [8]
trans(Os)-[Ni(1,3-pddadp)]>~ 60 +28 0 +36 +7 +20 8 [16]
trans(0s04)-[Ni(1,3-pddadp)]>~** 46 +26 0(+32) —10(+38) +8(+18) +6(+22) 13 This work
trans(Og)-[Ni(1,3-pddadp)] 2= 57 +27 +17 -10 +8 +7 12 This work
[Ni(1,3-pdta)]*~ 60 +33 +1 -11 +6 +6 11 [22]
trans(0g)-[Co(1,3-pddadp)]®~ 67 +25 +17 -10 +4 +4 14 [43]
trans(Og)-[Cu(1,3-pddadp)]?~ 51 +27 +7 -9 -5 +4 13 [44]

& TA(Op) is the sum of the absolute values of the deviations from 90° of the twelve L-M-L’ angles. All values rounded off to the nearest degree.
b AS(ring) is the deviation from the ideal of the corresponding chelate rings’ bond angle sum. Ideal values: 528° for the five-membered ethylenediamine (E) ring,
637.5° for the six-membered 1,3-propanediamine (T) ring, 538.5° and 648° for the five- and six-membered carboxylate (R in axial position and G in-plane) ring,

respectively.

¢ A(M—0—C) (ring) is the mean value of the deviation of the corresponding rings’ M—O—C bond angle from the 109.5°.
4 TA(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 nitrogen atoms is

reported.
€ DFT calc. structure (B3LYP/TZVP).
f Values in parentheses are given for the 3-propionate rings.

Table 5
Asymmetric carboxylate stretching frequencies for [Ni(edta-type)]” complexes.”

Complex Vasym Chelate ring Ref.
(COOM) size
[Ni(H»0)e]-[Ni(1,3-pdta)]-2H,0 1587 5 [50]
trans(Os)-[Ni(1,3-pddadp)(H,0)4] 1640sh 5 [16]
-4H,0 1591 6
trans(0s0¢)-Na[Ni(1,3- 1635sh 5 [16]
pddadp)]-3H,0 1610
1588 6
trans(Og)-[Ba(H»0),] [Ni(1,3- 1598 5 This
pddadp)]-4H,0 1575sh 6 work

@ Values are given in cm ™.

trans(Os) nor trans(Os0¢) isomer while the trans(Og) isomer was iso-
lated by fractional crystallization of the first eluted band. We will try to
evaluate these anomalies. First, the reaction mixture, contained edta-
type acids, in a quantity order: 1,3-pd2ap > > 1,3-pdda ~ 1,3-
pddadp. Such a small quantity of 1,3-pddadp didn’t allow the formation
of a less favorable trans(Os0g) isomer in an amount that would be
visible on Dowex anion column (Scheme 1). Second, the formation of
the trans(Og) isomer could be interpreted in two ways. Both ways ap-
preciate the initial formation of the complex which is the same or

similar to cis-polar-[Ni(1,3-pd2ap)] ~ isomer [31]. Therefore, it is pos-
sible (less likely approach) to imagine an additional reaction of the
residual chloro-propionate salt with cis-polar isomer catalyzed by anion
column (Scheme 1, reaction 1), whereby a trans(O¢) isomer of the [Ni
(1,3-pddadp)]?~ is formed. The second way, the most likely one, con-
siders the initial formation of cis-polar-[Ni(1,3-pddadp)(H,0)]" with
one free 3-propionic arm (Scheme 1, reaction 2). Here 1,3-pddadp li-
gand plays a role of pentadentate N203 ligand and coordinates in same
fashion as 1,3-pd2ap [31] producing cis-polar isomer so it is easier to
understand that after passing through the basic Dowex column
(pH > 8) the coordination of remaining six-membered propionic arm
and the formation of trans(O¢) isomer is most likely to occur.

It is understandable then why the first band contains [Ni(1,3-
pd2ap)]~ and [Ni(1,3-pddadp)(H,0)]?~ complexes as they are both
pentadentates with the same 3D configuration of chelates 1,3-pd2ap
and 1,3-pddadp around nickel(II) ion.

In this regard, from all transition metal complexes, which are che-
lated with the 1.3-pddadp ligand, only the chromium complex gives all
three geometric isomers due to d electron configuration and specific
ionic radii [6,10,11]. In addition, we consider this synthesis as a sig-
nificant accomplishment were we succeeded in not only preparation
but also 3D characterizing the third missing trans(O¢) geometric isomer
of the [Ni(1,3-pddadp)]®~ complex.
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Fig. 4. Electronic absorption spectra of trans(Og)-[Ni(1,3-pddadp)1®~ (1), trans(Os)-[Ni(1,3-pddadp)]®~, (2) and trans(0s0e)-[Ni(1,3-pddadp)]>~ (3).

Table 6
Absorption data for different isomers of [Ni(1,3-pddadp)]2’ complexes.
Complex Absorption * Assignments Ref.
Vobs € On
trans (Og)-[Ni(1,3-pddadp)]*~ (1) I 10.36 (9.55sh) 11.4 3Agg — *Tag (F) This work
i 13.00 2.9 - 'E; (D)
I 16.64 7.2 = 3Ty, (F)
v 26.81 11.0 - 3Ty, (P)
trans (Os)-[Ni(1,3-pddadp)]*~ (2) I 10.18 11.3 [16]
i} 13.00 2.3
11 16.55 6.5
v 26.88 10.0
trans (0506)-[Ni(1,3-pddadp)]®~ (3) I 10.27 10.0 [16]
i} 13.02 1.8
11 16.75 5.7
v 27.17 8.8

2 In units of cm ™! x 10° for the absorption maxima and dm®mol~'em ™! for the molar absorbance (¢).

Table 7
Relative energies (kcal mol ™) for [Ni(1,3—pddadp)]2_ isomers.”

Method: Isomer Energy

B3LYP/TZVP trans(Os) 1.95
trans(0s0g) 0.42
trans(Og) 0.00

? The isomer with the lowest energy minimum has been indicated with
0 kecal mol 1.

3.2. Description of the crystal structure of trans(Og)-[Ba(H20)4][Ni(1,3-
pddadp)]-4H,0

A perspective view of the molecular structure of trans(Og)-[Ba
(H50)4]1[Ni(1,3-pddadp)]-4H>0 (1) complex with the adopted atom-
numbering scheme is shown in Fig. 2. Selected metal-ligand bond
lengths and bond angles are listed in Table 2. Complex 1 crystallizes in
the triclinic crystal system and P—1 space group. The asymmetric unit
of 1 is built up from binuclear metallic complexes and consists of [Ni
(1,3-pddadp)]2_ anion and [Ba(H,0)4(O¢-carbox.),1?* cation and four
water solvent molecules. The Nil atom is surrounded by all donating,
two N and four O, atoms of the 1,3-pddadp ligand acting in a hex-
adentate and forming distorted octahedral geometry. The Bal atom is

coordinated to four water molecules and two bridging carboxylate
oxygen atoms, 06 and O7 of the two five-membered glycinate rings (G
rings), giving a four-membered ring (Bal—06—C6—07) (Fig. 2).

Two five-membered chelate glycinate rings (G rings) in the complex
anion are adopting different conformations, that is,
Ni1l—N3—C4—C5—04 ring is in envelope conformation with puckering
parameters g = 0.384(3) }o\, @2 = 37.7(4)° while Ni1-N2—-C7—-C6—06
ring adopts half-chair conformation with g, = 0.399(3) A and
@2 = 19.6(4)° as puckering parameters. The six-membered diamine (T)
ring is in twist-boat conformation with puckering parameters:
QT = 0.789(3) A and 0, = 89.2(2)°. Two six-membered chelate rings,
Nil—-N2—-C8-C9—-C10—08 and Nil-N3—-C11-C12—-C13-010, are
adopting the same boat conformation where the puckering parameters
are: QT =0.783(3)A, 6,=86.5(2)° and QT =0.774(3)4,
6, = 86.4(3)°, respectively.

Both octahedral geometries formed around the central Nil and Bal
atoms are irregular in shape where for [Ni(1,3-pddadp)]®~ anion cis
angles range from 82.12(9)° to 97.26(10)° while the trans ones in the
complex anion are 175.65(10)°, 174.29(10)° and 171.29 (9)° (Table 2).

The binuclear unit is stabilized by the two coordination bonds,
Bal—06 (2.784 (2) A) and Bal—07 (2.928 (2) A), as well as extended
hydrogen bonding network (Table 3) involving prevalently the oxygen
atoms of the carboxylic groups and the hydrogen atoms of the



M.S. Jeremié, et al.

011

Inorganica Chimica Acta 495 (2019) 118954

2.969

Fig. 5. DFT calculated trans(OsO¢) isomer of [Ni(1,3-pddadp)]?>~ complex along with irregular shape of octahedron defined by coordinated N204 atoms.
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Fig. 6. Structures and bonds (a) and PNBO BD orbitals (b), as a result of NBO analysis on different isomers of [Ni(1,3-pddadp)]?>~ complex anion (PNBO = pre-

orthogonal Natural Bond Orbital).

coordinated and crystal water molecules.

In addition to the dense network of hydrogen bonds present in the
crystal packing of 1 (Table 3) Bal atom is through four additional co-
ordination bonds, Bal—02% Bal—047% Bal—05° and Bal—07'
(Table 2, Fig. 3), connected to two different binuclear units, which
allow the formation of infinite 1-D coordination polymeric chains
stretching along a axis direction (Fig. 3).

3.3. Strain analysis of [M(edta-type)]>~ complexes in relation to their
geometry

Strain analysis of [M(edta—type)]z’ complexes (M = Ni(II), Co(Il),
Cu(ID)) has been performed and discussed in detail. The structural data
correlating the stereochemistry of the Ni(II), Co(II) and Cu(Il) com-
plexes are given in Table 4. The data are available for complexes trans
(0s)-[Ni(eddadp)]?~, trans(Os)-[Ni(1,3-pddadp)]?~, [Ni(1,3-pdta)]>~,
trans(Og)-[Co(1,3-pddadp)]®>~ and trans(Og)-[Cu(1,3-pddadp)]®~, so
their parameters are used for comparison [8,16,22,43,44]. For this

purpose, the DFT calculated structure was used for complex trans
(0506)-[Ni(1,3-pddadp)]?~.

The Ni(II), Co(II) and Cu(Il) ions adopted octahedral geometry with
quite similar degrees of distortion within the complexes. The values of
XA(Op) parameter are in the range from 39° to 67°. Complex trans(Os)-
Ni(eddadp)z_ shows the lowest value which is also expected for com-
plexes containing ethylenediamine rings in combination with mixed
five/six carboxylate rings [3,4,9]. As expected, the total deviation of the
octahedral angles is greatest for a Co(II) complex (67°) and decreasing
in a row Co(II) > Ni(II) > Cu(Il) with increasing size of the central
metal ion (Table 4). Complex trans(0506)-[Ni(1,3-pddadp)]2_ (DFT
calculated, never 3D determined) with 5-6-6 arrangement of rings
shows less distortion (46°) than trans(O(,)-Ni(l,S-pddadp)]2_ (1) and
trans(0s)-Ni(1,3-pddadp)?~ (the same complexes, but different iso-
mers), so maybe we can expect its crystal structure in the future.

The ethylenediamine (E) ring in the lrans(Os)-Ni(eddadp)Z_ shows
a negative value of total deviation, in contrast to the rest of the com-
plexes containing T ring (1,3-propanediamine) which are more relaxed.
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Table 8
3-Center, 2-electron A: -Ni-:B hyperbonds (A-Ni:B < = > A:Ni-B) (8 elec-
trons).

NBOs
Hyperbond A: -Ni-:B %A-Ni/%Ni-B occ BD(A-Ni) LP(B)
trans(Os)
08:-Nil-:06 51.1/48.9 1.9496 55 47
N10:-Nil1-:04 53.2/46.8 1.9482 56 42
N11:-Nil1-:02 53.2/46.8 1.9481 57 37
02:- C12-:03 52.1/47.9 1.9760 59 40
04:- C20-:05 52.1/47.9 1.9758 62 45
trans(0s0g)
04:-Nil-:N2 48.0/52.0 1.9328 55 36
06:-Nil-:N3 48.6/51.4 1.9365 56 37
08:-Ni1-:010 53.0/47.0 1.9616 57 51
05:- C24-:04 57.6/42.4 1.9874 66 39
07:- C25-:06 56.8/43.2 1.9901 69 43
0O11:- C36-:010 57.5/42.5 1.9825 75 52
trans(Og)
037:- C9-:034 58.2/41.8 1.9899 85 36
035:- C10-:038 57.3/42.7 1.9912 87 45
040:- C12-:036 58.1/41.9 1.9885 95 41
041:- C13-:039 57.3/42.7 1.9912 98 47
034:-Ni42-:036 51.4/48.6 1.9593 99 40
038:-Ni42-:N33 48.0/52.0 1.9330 100 34
039:-Ni42-:N32 47.9/52.1 1.9343 101 33

Hyperbonds relating to nickel(I) ion are highlighted in bold.

The five-membered G (in-plane) rings, as supposed, are less than the
ideal sum (538.5°), i.e. they are more strained, while six-membered G
rings have a positive deviation. The rings in the axial position (R rings)
are less strained comparing to G rings due to the presence of a lower
number of rings in the environment (Table 4). All complexes show the
positive deviation of the M—O—C(R, G) bond angles, except complex
trans(Og)-[Cu(1,3-pddadp)]®~ in the axial position (—5° for R rings).
The total deviation about the N atoms in complex trans(Og)-Ni(1,3-
pddadp)]?~ (1) sum to roughly 12° and this value for other complexes
varies from 8° to 14°.

3.4. Spectral analysis

Asymmetric stretching vibrations for Ni-edta type of complexes are
given in Table 5. The data are available for similar complexes, so their
frequencies are used for comparison. The asymmetric stretching car-
boxylate frequencies have been established as criteria for distinguishing
between protonated carboxylate groups (1700-1750cm™ ") and co-
ordinated carboxylate groups (1560-1680 cm ™) [45-47]. Also, in [M
(edta-type)]"~ complexes [2,8,12,48], containing the ligands with
mixed (five- and six-membered) carboxylate arms, it was clearly de-
monstrated that the asymmetric stretching frequency of the carboxylate
groups of the five-membered rings lies at higher energy (ca.
1600-1680 cm ') [49] than the corresponding frequency of the six-
membered chelate rings (ca. 1560-1600 cm™Y) [49]. In addition, the
carboxylate spectral region was found to be useful for distinguishing
geometrical isomers in these types of complexes [2,8,12,48]. It is
known that C, symmetry complexes (trans(Os) and trans(Og)) exhibit
two intensive bands corresponding to the rings in-plane and axial po-
sition, while non-symmetric C; symmetry complexes (trans(0Os0¢) show
four intensive bands that are in accordance to the four non-equivalent
carboxyl groups.

In the expected IR carboxylate region, the complex shows absorp-
tion in agreement with its C; molecular symmetry Normally, one strong
band centered at 1598 cm ™' and one shoulder at 1575cm ™' are ob-
served due to the asymmetric vibrations of five-membered acetate rings
and six-membered 3-propionate rings, respectively (Fig. S1, ESI). The
lack of other absorptions in the 1700-1750 cm ™' range in the spectra of
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this complex suggests that all the carboxylate groups are coordinated.

The ligand field absorption spectra for different geometrical isomers
of Ni(1,3-pddadp)?>~ complex are given in Fig. 4 (Table 6). The six-
membered diamine (T) rings, due to the influence of tetragonality on
the spectrochemical behavior of these complexes (D4, model), show
broadening of lower energy side of the first absorption band. This is
particularly important when trans(Og) isomer is in question. The first
band shows an obvious splitting due to D4y, tetragonality (the difference
between (Ni-O),xial = 2.129 and (Ni-O)equatorial = 2.038 A bonds is an
apparent example). However, its electronic absorption spectra, as es-
tablished for the Ni(II)-edta-type and most other Ni(II) complexes, can
best be interpreted by using an octahedral model (Oy,): 3A2g — 3ng(F)
(band I); *Ags—3Ti(F) (band III) and ®A,;—>Ti,(P) (band IV)
(Table 6). As expected, the aqueous spectra of all geometric isomers
show a shoulder at approximately 13,000 cm ™' which occurs on the
high-energy side of the first spin-allowed band (band II, Table 6). This
band probably arises from a spin-forbidden triplet to singlet transition.
The absorption maxima position of the first and third band are usually
used for comparison of average ligand field strength (LFS). LFS for these
complexes (Table 6) increases in the order trans(Os) < trans
(050¢) < trans(Og) with the decreasing number of six-membered rings
in the G plane.

3.5. Computational chemistry

3.5.1. DFT calculations

We have used G09 quantum-mechanical code for the study of Ni(II)
complexes. The potential geometric isomers were optimized using
heavy Ahlrich’s TZVP basis set. Table 7 contains the energy order of
different geometric isomers of [Ni(1,3-pddadp)]2_ complexes. Re-
cently, we reported the inability of ADF2017.1 (PW91/TZ2P +) [50] to
optimize trans(Og) isomer. This could be a consequence of the wrong
initial coordinates or choice of generalized gradient approximation
(GGA) form/basis set [31]. For all complexes, the DFT theory (B3LYP/
TZVP) gave the lowest energy for the isomer in question (Table 7).
Quantum mechanical calculation shows that trans(Og) isomer is
0.53kcalmol ™! more stable than trans(0sOg) and 1.95kcal mol ™!
more stable than trans(Os) (Table 7). Apparently that almost all bonds
are slightly longer (Fig. 5) than ones found in crystal structures. This
might be attributed to the DFT calculations on molecules implicited by
the water as a dielectric but also to the choice of DFT method and basis
set.

3.5.2. Natural bonding orbital analysis (NBO)

We used GENNBO 6.0 to analyze Gaussian output 0.47 files. 3D
structures of different isomers are depicted in Fig. 6. NBO search for the
best Lewis structure, calculated from 0.47 files, gave one molecular [Ni
(1,3-pddadp)]?~ unit in case of all the isomers. In general, according to
NBO analysis, all the isomers represent strongly delocalized structures.

NBO search for the best Lewis structure solution, in case of all iso-
mers, found that molecular units in the alpha (a) and beta () systems
are inequivalent. The domination of donor/acceptor interactions
naturally arises from the 8 spin system, which retains unfilled s or d
population throughout the series [51]. Therefore, for labeling purposes,
the molecular units of the f3 system will be used here. Generally, all the
isomers give roughly 99.1% of Lewis (L) occupancies and 1.7% of va-
lence non-Lewis (NL) orbitals (Table 8). The rest of ~0.2% occupancies
belong to Rydberg and Core orbitals. There are three Ni—N(O) bonds
which are described with three L bonding (BD) orbitals (Fig. 6) fol-
lowed by three high-energy valence NL antibonding (BD*) orbitals.
Further, NBO search found three 3-center 2-electrons (8 system) A:
-Ni-:B (A,B = Namine OF Ocarboxylate) hyperbonds (w bonds) along with
0:-C-:0 carboxylate triads. These 3-center metal bonds, constituting of
A(Namine or Ocarboxylate); Ni and B(Namine or Ocarboxylate) atoms, with
strongly interacting valence hybrids h,, hy; hg, are described as a
strong resonance hybrid of the two localized L structure
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Fig. 7. Donor to Acceptor charge transfer referred to as resonance hybrid stabilization of trans(Os)-[Ni(1,3-pddadp)]?>~ complex anion.

representations:
A— Ni: B A: Ni — B (A, B= Nypine OF Ocarboxylate)

These triad resonances account on interactions between LP ng)
and BD oniacg) orbitals.

Strictly speaking, using NBO language, each A: -Ni-:B triad corre-
sponds to strong ng — Oy;a+ delocalization in the A-Ni:B Lewis structure,
or equivalently, strong n, — on;p+ delocalization in the alternative A:
Ni-B Lewis structure, leading to nearly equivalent NRT weightings of
these structures (Wa.ni.z = Wa. ni-) [51]. The BD* (valence shell NL
orbitals) typically play the primary role in departures (delocalization)
from the idealized Lewis structure. The second-order perturbative es-
timates, donor(D)-acceptor(A) (bond-antibond) theory analysis of Fock
matrix, interactions in the NBO basis. This is carried out by examining

all possible interactions between “filled” (donor, L) NBOs and “unfilled”
(acceptor, NL) NBOs, and estimating their energetic importance by 2nd-
order perturbation theory. These interactions are referred to as “delo-
calization” corrections to the zeroM-order natural Lewis structure [51].
We already mentioned above that molecular stabilization comes from
delocalization caused by ny — Onig+ Or ng — 0Onia = charge transfer. NBO
really found three high-energy valence NL BD* orbitals, containing
nickel, for each isomer structure. In the case of trans(Os) isomer, these
valence NL BD* orbitals are: 102. (0.08026) BD* Nil-O8, 103.
(0.08186) BD* Nil-N10 and 104. (0.08179) BD* Nil-N11 (Fig. 7 —
Acceptor). One may see (numbers in parentheses) significantly large NL
occupation (roughly 0.08 electrons) for each antibonding orbital. Each
of these orbitals receive a donation of electron density from, symmetry-
related, Lewis non-bonding lone pairs (LP), sp" orbitals. These LP
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orbitals are depicted in Fig. 7. (Donor): sp®° (02), sp®°® (04) and sp™®
(O¢). Therefore, according to D/A mechanism we are estimating three
principal electron density transfers given in Fig. 7. Under the term
“principal electron density transfer” we mean only those transfers
where the LP orbital directionality does not deviate much from corre-
sponding BD* orbital line. Of course, in such strongly delocalized
structures, there appears delocalization that comes from donor LP or-
bitals of different orientations as well. However, such a D/A transfers
are less important and energy poorer than those listed and do not sig-
nificantly contribute to the stabilization of the resonant hybrid. Thus,
making a comparison between energies that come from principal
electron density transfers of different isomers the next order has been
established:

trans (Os): trans(Og): trans(0s0g) = 47.56: 42.37: 40.93 kcal mol™!

Such an energy relationship tells us that the stabilization of the
hybrid structure is greatest in the case of the trans(Os) isomer and
amounts more than 5kcal mol ~'. This could be a rational explanation
of why the trans(Os) isomer is favorable compared to other isomers
despite the established order of their electronic energies (Table 7).

4. Conclusions

We report synthesis and characterization of hexadentate nickel(II)
complex trans(Og)-[Ba(H,0)4][Ni(1,3-pddadp)]-4H,0 containing sym-
metrical edta-type 1,3-pddadp®~ ligand. In this isomer, the two five-
membered acetate rings along with two nitrogen (G rings) lie in the
equatorial plane while the two 3-propionate rings occupy axial line (R
rings). The structural assignment was made based on the DFT, IR and
UV-Vis spectral data analysis. Spectral IR and UV-Vis data indicate
octahedral coordination around nickel with all carboxylate groups
being coordinated/deprotonated. Extensive strain analysis of [M(edta-
type)]z‘ complexes (M = Ni, Co, Cu) in combination with results of
DFT investigations revealed that 3D structure of trans(OsO¢)-[Ni(1,3-
pddadp)]?~ is quite stable with a minimum strain. Generally, DFT
theory shows that trans(Oe) isomer is 0.53 kcal mol ™! more stable than
trans(0Os0¢) and 1.95 kcal mol ! more stable than trans(Os). Provided
DFT/NBO analysis (B-electrons) suggest that within all of the in-
vestigated isomers of Ni(l,3-pddadp)?~ anion there is one distinct ionic
unit of nickel(I)-edta-type. The unit exhibits a strong Donor-Acceptor
mechanism. Also, NBO analysis for all three isomers predicts the ex-
istence of a 3-center 2-electron (f3 system) A: -Ni-: B hyperbonds along
with O:-C-:O carboxylate triads. The Second-Order Perturbation Theory
Analysis predicts molecular stabilization that comes from delocalization
caused by ns — oyip+ Or ng— Onia+ charge transfer. By comparing the
energies originating from principal electron density transfers of dif-
ferent isomers, the following order was determined: trans(Os):trans
(Og):trans(050g) = 47.51:42.37:40.93 kcal mol ~!, which tells us that
the stabilization of the hybrid structure is greatest in the case of the
trans(Os) isomer (> 5 kcal mol~1). The obtained result can explain why
the trans(Os) isomer is favorable despite the order that was established
by DFT calculated electronic energies.
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