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Abstract

The mononuclear Ni(II) complexes [Ni(en),(H,0),](MAA), (1) and [Ni(pn),(MAA),] (2), where MAA, en and pn are
methacrylate, ethylendiamine and 1,3-propylendiamine, respectively, have been synthesized and characterized by ele-
mental analysis, FT-IR and UV-Vis spectroskopy. Structures of the complexes have been determined by single-crystal
X-ray diffraction analyses. In the nickel(II) complexes 1 and 2 nickel(II) ion is six-coordinate and has a distorted octahe-
dral geometry. Ni(II) is bonded to four nitrogen atoms of the two diamines and additionally to two oxygen atoms of aqua
ligand in 1, and two oxygen atoms of methacrylate ligands in 2. The theoretical geometries of the studied compounds
have been calculated by means of density functional theory (DFT) at the B3LYP/6-311+G(d,p)/LanL2DZ level and con-
sidering effective core potential (ECP). The comparison of the results indicates that the employed DFT method yields

good agreement with experimental data.
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1. Introduction

Transition metal complexes containing poly-dentate
amine ligands the most widely used in coordination chem-
istry.!> There have been numerous of investigation on
polydentate amines. These ligands, and in particular di-
amines such as ethylene diamine (en) and 1,3-propane di-
amine (pn) find great utility due to ease synthesis and the
ability to form stable complexes with first-row transition
metal ions.>” On the other hand, the complexes with or-
ganic, inorganic carboxylates and their derivatives are
widely used in coordination chemistry. The carboxylates

/—fC\Hz)n .

HsN NH; +2 —_
diamine OH "HsN
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Scheme 1. Synthesis of the complexes 1 and 2

n=1,L!
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in the complexes exhibit various possible bonding modes,
mono- and bidentate by forming chelation or bridges in
coordinating to the transition metal. The coordination
mode of the carboxylate ligands depends on metal ion and
other ligands employed in the synthesis of the complex-
es.10-15

In our previous work, we reported the synthesis,
spectroscopic characterization, structural aspects and
density functional theory (DFT) calculations for two
Cu(II) complexes containing diamine, acetate, and meth-
acrylate ligands.'> In order to investigate the effect of the
metal on the structural complexes with these ligands, we

(CH2), [Ni(en)z(H20):](MAA),
8))]
NH3* )
MAA [Ni(pn)2(MAA);]
2)
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carried out the synthesis of two Ni(II) complexes by reac-
tion of diaminum-methacrylic acid salt (diamines are eth-
ylendiamine and 1,3-propylendiamine) with Ni(II) acetate
(Scheme 1). The structures of the complexes have been
determined by single-crystal X-ray diffraction analyses
and calculated by density functional theory.

2. Experimental

2. 1. Starting Materials and Physical
Measurements

All chemicals were of analytical reagent grade and
were used without further purification. Infrared spectra
were taken with an Equinox 55 Bruker FT-IR spectrome-
ter using KBr pellets in the 400-4000 cm™! range. Absorp-
tion spectra were determined in the solvent of dimethyl-
formamide (DMF) using GBC UV-Visible Cintra 101
spectrophotometer with 1 cm quartz, in the range of
200-800 nm. Elemental analyses (C, H, N) were per-
formed by using a CHNS-O 240011 PERKIN-ELMER el-
emental analyzer.

2. 2. X-Ray Crystallography

Diffraction images of 1 and 2 were measured at 150
K on Agilent Xcalibur and SuperNova diffractometers us-
ing Cu Ka (A = 1.54180 A) and Mo Ka (A = 0.71073 A)
radiation, respectively. Data were extracted using the

Table 1. Crystallographic data and structural refinement for com-
plexes 1 and 2

Compound 1 2
Empirical formula C,H30N,NiOg  C;,H3oN,NiO,
Formula weight 385.10 377.13
Crystal system Monoclinic Monoclinic
Space group C2/c P2,/c
Temperature (K) 150 150

alk 24.4016 (10) 10.0738 (5)
b/A 6.9977 (3) 8.3205 (3)
c/A 10.7021 (6) 11.1221 (6)
al° 90 90

B 93.316 (4) 103.659 (3)
y/° 90 90

VA3 697.29 (9) 1610.89 (6)
Z 4 2

F(000) 824 404

dege (g cm™) 1.402 1.383

¢ (mm™) 1.84 1.10
Measured reflections 9955 10433
Independent reflectionss 1803 2280
Observed reflections 1710 1868

Ry 0.036 0.044
R[> 20(F?)] 0.054 0.043
wR(F?) (all data) 0.159 0.098

CrysAlis PRO package.!® The structures were solved by di-
rect methods with the use of SIR92.17 The structures were
refined on F? by full matrix last-squares techniques using
the CRYSTALS program package.!® Atomic coordinates,
bond lengths, and angles and displacement parameters
have been deposited at the Cambridge Crystallographic
Data Centre. Crystallographic data and refinement details
for the complexes are given in Table 1. Details of the re-
finement procedures for the structures are given in the
Supplementary Information.

2. 3. Theoretical Calculations

All computations were performed by means of stan-
dard DFT method using the Gaussian09 (G09) program
package.'®?% The geometries of the studied complexes have
been optimized at the B3LYP level of the theory.?! The ba-
sis set of 6-31G(2df,p) was used for the C, H, N, and O at-
oms as recommended by Curtiss and his co-workers,??
while the basis set of LanL2DZ was employed for Ni atom
considering the size of complexes and hardware limita-
tions?*~2> Special care was taken to select the (global) min-
imum energy conformation via systematic conformational
searching at this level. The nature of each stationary point
was established by frequency calculations at the same level
of B3LYP/6-31G(2df,p)/LanL2DZ. The geometry optimi-
zations have been completed in the absence of solvent
molecules and other impurities, and the optimized struc-
tures were compared with the crystalline structures.
Charges on atoms have been calculated using Natural
Bond Orbital (NBO) theory at the higher level of B3LY-
P/6-311+G(2df,p)/LanL2TZf.2627

2. 4. Syntheses of Compounds L! and L?

The compounds L! and L* were prepared as previ-
ously reported elsewhere by us by reaction between two
equivalents of methacrylic acid (20 mmol, 1.70 mL) and
one equivalent of related diamine, 1,2-ethylendiamine (10
mmol, 0.67 mL) and 1,3-propandiamine (10 mmol, 0.84
mL) in methanol (40 mL), respectively.!®> The resulting
bright yellow solution was heated to reflux for two hours.
After two days, the solid yellow powder obtained was fil-
tered, washed with acetone and acetonitrile, and dried in
air.

2. 5. Synthesis of Nickel(II) Complexes

Ni(CH;COO0), - 4H,0 (2.00 mmol, 0.496 g) was
slowly added to an ethanol solution (40 mL) of the corre-
sponding compound (L!, 2.00 mmol, 0.464 g; 12, 2.00
mmol, 0.492 g) and the resulting solution was stirred for
two hours at room temperature. Two days upon evapora-
tion of the solvents, a blue-green oil formed. The oil form
obtained was re-suspended in ether and stirred at room
temperature until a precipitate formed. The solid product
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was recrystallized from suitable solvents according to the
following procedures:

[Ni(en),(H,0),](MAA), (1)

Yield: 0.36 g (47%). The light violet solid product was re-
crystallized from dichloromethane/toluene (1:1 v/v). The
light violet crystals were filtered and dried in air. Anal.
Calc. for Cp,H;oN,NiO; (385.09): C, 37.43; H, 7.85; N,
14.55%. Found: C, 37.62; H, 7. 91; N, 14.39%. IR (KBr,
cm™1): 3276, 3192, 1628, 1547 and 1450. Electronic spectra
for CH;OH: A, (log €) 225 nm (2.93), 284 nm (2.46), 370
nm (2.26), 631 nm (0.93) and 1009 nm (0.93).

[Ni(pn),(MAA),] (2)

Yield: 0.50 g (66%). The blue-green solid product was re-
crystallized from dichloromethane/n-hexane/toluene
(3:1:2 v/v). Blue crystals were filtered and dried in air.
Anal. Calc. for C,H;,N,NiO, (377.11): C, 44.59; H, 8.02;
N, 14.86%. Found: C, 44.82; H, 8.18; N, 14.66%. IR (KBr,
cm™1): 3290, 3176, 1632, 1546 and 1451. Electronic spectra
for CH30H: A, (log €) 226 nm (4.60), 284 nm (3.65), 377
nm (3.40), 630 nm (0.71) and 1041 nm (0.46).

3. Results and Discussion

3. 1. Syntheses and Characterization of the
Complexes

The diaminum-methacrylic acid salt ligands were ob-
tained by reaction of related diamine (ethylendiamine, en,
and 1, 3-propylendiamine, pn) and methacrylic acid in
methanol under reflux. The reaction of nickel(II) acetate
with L! and L2 leads to the formation of mononuclear com-
plexes 1 and 2, while in the reaction of copper(Il) acetate
with these ligands dinuclear copper complexes were formed.

The most significant IR bands for ligands and com-
plexes are given in the experimental section. In the IR

a)

spectra of the compounds L! and L? two strong bands at
1650 and 1455 cm™! (for L!) and 1646 and 1455 cm™ (for
L2) corresponding to stretching frequencies of the carbox-
ylate group: asymmetric v,m(COO™) and symmetric
Veym(COO"), respectively.

In IR spectra of 1, [Ni(en),(H,0),](MAA),, the ap-
pearance of two bands at 1628 and 1450 cm™! due to asym-
Metric V,4m(COO7) and symmetric v, (COO7), respec-
tively, reveal the uncoordinated methacrylate ions. In
contrast, complex 2, [Ni(pn),(MAA),], shows two strong
bands at 1632 and 1381 cm™! corresponding to stretching
frequencies of the carboxylate group: asymmetric
Vagym(COO™) and symmetric vy, (COO7), respectively.
The difference between asymmetric and symmetric fre-
quencies (A[Vaeym(COO7) = v, (COO)] > 200 cm™) in-
dicates a monodentate coordination mode for the methac-
rylate ion (see the description of X-ray crystal structures
section),10:12:28.29

The absorption spectra of the compounds L! and L?
in methanol solution show band n-n* transitions at 226
and 216 nm, respectively. Electronic spectra of 1 and 2
show broad bands at 1009 and 631 nm (for 1) 1041 and
630 nm (for 2), respectively. These spectral features are
consistent with six-coordinate octahedral geometry for
Ni(II). These bands arise from spin-allowed d-d transi-
tions of the nickel(II) ion in a distorted octahedral envi-
ronment where two maxima observed in the visible region
result from >A,,>°Ty, and *A,,>°T,, transitions, respec-
tively.3® The sharp a signal at 370 (for 1), and 377 nm (for
2) can be assigned to be charge transfer transition. Two
bands at 284 and 225 nm (for 1) and 284 and 226 nm (for
2) assigned to intraligand n-mt* transitions.

3. 2. Description of X-Ray Crystal Structures

3. 2. 1. Crystal Structures of 1 and 2
The molecular structure of nickel(II) complexes 1
and 2 are shown in Figs. 1 and 2, respectively. The com-

Fig. 1. The ORTEP view of complex 1 (a) with one methacrylate anion (b), showing 30% probability thermal ellipsoids

Vafazadeh et al.: Synthesis, X-ray Structural Characterization,



Acta Chim. Slov. 2018, 65, 372-379

Fig. 2. The ORTEP view of complex 2 showing 30% probability
thermal ellipsoids

plexes 1 and 2 crystallizes in monoclinic space group C2/c
and monoclinic space group P2/c and there are four (Z =
4) and two (Z = 2) molecules in the unit cell, respectively.

The Ni-O and Ni-N bond lengths of the complexes 1
and 2 have good agreement with Ni(II) complexes previ-
ously reported.?!-3?

In both complexes, the nickel(II) ion is six-coordi-
nate (N4O, donor atoms) and have a distorted octahedral
geometry. The equatorial plane is formed by four nitrogen
atoms from two diamine ligands (ethylendiamine, 1, and
1,3-propylendiamine, 2) coordinates to the metal center.
The ethylendiamine and 1,3-propylendiamine ligands
form with Ni(II) atom five-membered and six-membered

Table 3. Hydrogen bonding (A) and angles (°) in complexes 1 and 2

Table 2. Selected bond lengths (A) and angles (°) in complexes 1
and 2

Bond lengths (A) Bond angles (°)

Complex 1

Nil-N1 2.088 (3) N1-Nil-N2 83.51 (13)
Nil-N2 2.099 (3) O1-Ni1-01? 180
Nil-01 2.159 (3) N1-Nil-N2? 96.49 (13)
C3-02 1.261 (5) N1-Nil-O1 88.17 (12)
C3-03 1.264 (5) 03-C3-02 124.1 (3)
Complex 2

Nil-N1 2.105 (2) N1-Nil-N2 86.69 (9)
Nil-N2 2.104 (2) O1-Ni1-01b 180
Nil-01 2.1225 (19) N1-Nil-N2P 93.31 (9)
C4-01 1.267 (3) N1-Nil-O1 89.47 (8)
C4-02 1.260 (3) 01-C4-02 125.0 (3)

Symmetry codes: a = —x + 3/2, -y +3/2, -z + b=-x+2,-y + 1,
-z+1

chelate rings, respectively. The Ni—-N bond lengths in the
complex 2 are at distances 2.104(2) and 2.105(2) A, which
are longer than Ni—N bond lengths (2.088(3) and 2.099(3)
A) in the complex 1, possibly due to the increased chelate
rings formed with the Ni(II) atom. The main difference be-
tween the two complexes is that in 1 where are two water
molecules coordinated to the Ni(II) ion and two methac-
rylate ions are not coordinated to the Ni(II) ion and acts
only as counter anions, whereas in 2 the two methacrylate
ions are coordinated to the center ion. The Ni-O bond
length of complex 1 (2.159(3) A) is longer than the corre-
sponding bond of complex 2 (2.1225(19) A). This varia-
tion is consistent with the anionic nature of the methacry-
late ligands. The chelating N-Ni—N angle is 83.51(13)° for
1 and 86.69(9)° for 2, whereas the non-chelating N-Ni—N
angles are 96.49(13)° and 93.31(9)° for 1 and 2, respective-
ly. Selected bond lengths and angles, as well as interatomic
distances, are summarized in Table 2.

In 1, there is a disorder pattern in the packing of the
-C(CHj;) =CH, group over two positions, with relative oc-
cupancies of 52%:48% (Fig. 1b). However, in 2 two meth-
acrylate ions are coordinated to the Ni(II) ion.

D-H---A D-H H.-A D--A D-H..-A Symmetry code
N1-H811--01 0.95(5) 2.59(5) 3.337 (4) 135 (4) -X+3/2,y+ Y, -z +3/2
N1-H811--02 0.95(5) 2.44(5) 3.214 (4) 139 (4) x-y+1L,z+%
N1-H812--03 0.91 (5) 2.15(5) 3.041 (4) 170 (4) xy+1,z

1 N2-H821--03 0.91 (5) 2.19(5) 3.066 (4) 164 (4) x-y+1l,z-%
N2-H822--02 0.90 (5) 2.17(5) 2.066 (4) 171 (4) X )2
01-H911--02 0.96 (5) 1.78 (5) 2.731 (4) 172 (4) -Xx+3/2,-y+¥,-z+1
01-H912--03 0.84 (6) 1.91 (6) 2.747 (4) 173 (4) X0 2
N1-H5--02 0.89 (3) 2.44 (3) 3.144 (4) 136 (1) X0 2
N2-H9--02 0.88 (3) 2.16 (3) 3.007 (4) 162 (1) -X+2,y-Y-z+%

2 NI-HI12-02 0.91 (3) 2.13 (3) 3.030 (4) 171 (1) X -y+3/2,z+ %
N2-H13--02 0.88 (3) 2.24 (3) 2.989 (4) 142 (1) X )2
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Crystal structures of complexes 1 and 2 both show
hydrogen bonding interactions. In 1 one hydrogen atom of
the coordinated water molecule is involved in a intramo-
lecular hydrogen bonding interaction with the oxygen
atom O3 of a methacrylate anion, and the other water H
atom is hydrogen bonded to O2A of the methacrylate an-
ion (symmetry code: x, -y + 1, z + %), with donor(D)-ac-
ceptor(A) distances of 2.747(4) and 3.214(4) A and
D-H--A angles of 173(5) and 139(4)°, respectively. Also,
there is a hydrogen bonding interaction between the hy-
drogen atoms of the NH, of the ethylendiamine ligands
with the oxygen atoms of a methacrylate anion. In 2, there
are hydrogen bonding interaction, between the hydrogen
atoms bonded of the 1,3-propylendiamine with oxygen at-
oms of the methacrylate ligand. Full details of the hydro-
gen bonding are given in Table 3.

®

912

(1

Fig. 3. Various hydrogen bonding interactions in complexes 1 and
2, other hydrogen atoms are omitted for clarity.

3. 3. DFT Optimized Geometries

The geometry optimization of nickel(II) complexes
was carried out in their singlet and triplet spin states. The
optimized geometric parameters at their most stable spin
states, which are triplet for complexes 1 and 2 is shown in
Fig. 4.

Fig. 4. The optimized structures of the complexes 1 and 2.

As shown in Table 4, the calculated bond lengths for
the studied complexes agree well with the X-ray experi-
mental data.

The differences between optimized geometrical pa-
rameters and experiment are less than 0.05 A (bond dis-
tances) and 2° (bond angles) in most cases (Fig. 5).

| 5
' ‘I'Ill

1 (2)

Fig. 5. Atom-by-atom superimposition of the calculated structures
(black) over the X-ray structure (red); hydrogen atoms have been
removed for clarity.

Table 4. Selected geometric parameters from X-ray experiment and DFT-B3LYP calculations

Bond length (A) Expt. Calc. |Ad| Bond angle (°) Expt. Calc. |AB]
Nil-N1 2.09 2.10 0.01 N1-Nil-N2 83.5 82.11 1.4
1 Nil-N2 2.10 2.14 0.04 O1-Nil-01? 180 178.3 1.7
Nil-01 2.16 2.26 0.10 NI1-Nij1-0O1 88.2 89.1 0.9
Nil-N1 2.10 2.16 0.06 N1-Nil-N2 86.7 83.6 3.1
2 Nil-N2 2.10 2.16 0.06 01-Ni1-01b 180.0 180.0 0.0
Nil-01 2.12 2.10 0.02 NI1-Nij1-0O1 89.5 89.8 0.3

Symmetry codes:a=-x+3/2,-y+3/2,-z+ 1;b=-x+2,-y+1,-z+1
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In general, the predicted bond lengths are slightly
longer in comparison with the values based on the X-ray
crystal structure data. The geometrical differences might
be a result of crystal packing forces which have an influ-
ence on the molecules as expected for the experimental
ones (solid state), but the calculated geometries are in the
gas phase.’*3> The crystal packing forces, which have an
influence on the molecules, as expected for the experimen-
tal parameters (solid state), is a reason for the difference of
calculated bond lengths in the gas phase and solid phase.

The vibrational frequency calculations were per-
formed based on the optimized structures of complexes.
The calculated and experimental IR spectra of complexes
are in good agreement with experimental data (Fig. 6 and
Fig. S1).

The energies of the HOMO and LUMO molecular
orbitals have been also calculated. The experimental values
of HOMO-LUMO gap (A) for the complexes of 1 and 2
based on UV-Vis spectra are 5.51 and 5.49 eV, respectively,
which corresponds to n > n* transitions. The theoretical

" o i
2
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8 2
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Fig. 6. The experimental (top) and calculated (down) IR spectra of complex 2.
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values have been calculated as 6.36 and 5.25 eV, respective-
ly, which are in line with the experimental values with rel-
atively low deviations.

The calculated charges on the metal centers in com-
plexes 1 and 2 are +1.306 and +1.267 respectively, and
these values are greatly lower than the formal charge of +2.
These differences are as a result of charge donation from
the donor atoms of ligands.

4. Conclusion

The reaction of nickel(II) acetate with L! and L2 li-
gands led to the formation of mononuclear complexes 1
and 2. The crystal structures were determined for two
studied complexes. In mononuclear nickel(II) complexes 1
and 2, metal centers are hexacoordinated with a distorted
octahedral geometry. The optimized structure of the com-
plexes has been studied using the B3LYP/6-31G(d)/Lan-
L2DZ level of theory. The calculated molecular geometries
are in a very good agreement with the experimental data.
It has been revealed that the triplet state for nickel(I) com-
plexes 1 and 2 are more stable than their singlet state.

5. Supplementary Material

The deposition numbers of the studied complexes, 1
and 2 are CCDC 1481553 and 1481554, respectively. These
data can be obtained free-of-charge via www.ccdc.cam.
ac.uk/data_request/cif, by emailing data-request@ccdc.
cam.ac.uk, or by contacting The Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax +44 1223 336033.
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Sintetizirali smo dva enojedrna Ni(II) kompleksa [Ni(en),(H,0),](MAA), (1) in Ni(pn),(MAA),] (2), kjer so MAA,
en in pn metakrilat, etilendiamin in 1,3-propilendiamin. Okarakterizirali smo ju z elementno analizo, FT-IR in UV-
Vis spektroskopijo. Strukture obeh kompleksov smo dolo¢ili z monokristalno rentgensko analizo. V kompleksih 1 in
2 je okoli nikljevega(II) iona popacena oktaedri¢na geometrija. Ni(II) je v obeh spojinah vezan na §tiri dusikove atome
dveh diaminov ter nadalje na dva kisikova atoma aqua liganda v 1 oziroma dva kisikova atoma metakrilatnih ligandov
v 2. Teoreti¢ne geometrije proucevanih spojin smo izracunali na podlagi teorije gostotnostnega funkcionala (DFT) na
B3LYP/6-311+G(d,p)/LanL2DZ nivoju in ob uporabi efektivnih potencialov (ECP). Primerjava rezultatov kaze na dobro
ujemanje uporabljene DFT metode z eksperimentalnimi podatki.
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