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Abstract The reactions of N-alkyliminodiacetamide
derivatives, namely N-ethyliminodiacetamide
(CH3CH2N(CH2CONH2)2, Etlmda) and N-
isopropyliminodiacetamide (CH;),CHN(CH,CONH,),; i-
Primda), with sodium tetrachloropalladate(Il) in aqueous
solutions were investigated. Three new palladium(Il) com-
plexes, [Pd(Etimda_y),]-2H,O (1), [Pd(i-Primda_y;),]-2H,0
(2) and [PdCI,(i-Primda)] (3), were obtained and character-
ized by X-ray structural analysis, infrared spectroscopy and
thermal analysis (TGA). The square planar coordination envi-
ronments around the palladium(II) ions in complexes 1 and 2
consist of two N,N'-bidentate N-alkyliminodiacetamidato li-
gands, with imino N atoms in #rans-position. The complex 3
also exhibits a square planar coordination environment around
Pd(II), but with two chloride ions and one neutral N-
isopropyliminodiacetamide ligand bound in an N, O"-bidentate
coordination mode. The described coordination modes, as
well as the presence of deprotonated amide groups in ligands
in 1 and 2, are found for the first time in palladium(Il) com-
plexes with iminodiacetamide type ligands. The molecular
geometries and infrared spectra of these three complexes were
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also modelled using DFT calculations, at the BP86-D3/def2-
TZVPP/PCM level of theory. The RMSD values suggest a
good agreement of the calculated and experimental geome-
tries. A QTAIM analysis suggests a qualitative correlation
between bond lengths and energy densities, also supported
by an NBO analysis. The dimer interaction energy between
complex units was estimated at about —15 kcal/mol for all
complexes.

Keywords Palladium(Il) - N-alkyliminodiacetamide - Crystal
structure - IR spectroscopy - DFT calculations

Introduction

An iminodiacetamide, HN(CH,CONH,), (imda), is an amide
derivative of the well-known complexone iminodiacetic acid,
HN(CH,COOH), (idaH,) [1]. Being a neutral ligand,
iminodiacetamide forms cationic complexes with copper(Il)
and nickel(II), [M(imda),]** (M = Cu(Il) of Ni(Il)) [2, 3], but
neutral one with palladium(II), [PdBr,(imda),] [4]. The last one
is, at the same time, the only example of a palladium(Il) com-
plex with iminodiacetamide type ligand that has been structur-
ally described until now. This is surprising, since palladium(II)
complexes are known to be highly efficient catalysts in modern
synthetic organic chemistry [5, 6] and many of them also show
remarkable antitumor potential [7]. Transition metal complexes
with N-alkyliminodiacetamides and structurally related ligands
[8-20] are generally scarce in the literature.

In order to get more insight into coordination chemistry of the
palladium(Il) complexes with iminodiacetamide type ligands, we
have prepared three new palladium(Il) complexes with N-
ethyliminodiacetamide and N-isopropyliminodiacetamide
(Scheme 1): [Pd(Etimda ),]-2H,0 (1), [Pd(i-Primda_g),]-2H,0
(2) and [PdCl,(i-Primda)] (3). These complexes significantly differ
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CHs
NN
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Etimda i-Primda

Scheme 1 Structural formulae of the ligands: N-ethyliminodiacetamide
(Etimda) and N-isopropyliminodiacetamide (i-Primda)

from [PdBr,(imda),], the only palladium(Il) complex with
iminodiacetamide type ligand reported by now [4], which contains
a neutral ligand bound in an N-monodentate fashion via imino N
atom of imda ligand. For the first time, the palladium(Il) com-
plexes with deprotonated amide groups of iminodiacetamide type
ligands (Etimda in 1 and i-Primda in 2) were reported, exhibiting
an N,N"bidentate coordination mode of iminodiacetamide type
ligands. The complex 3 also differs from [PdBr,(imda),] and both
1 and 2, as it contains neutral i-Primda ligand bound in an N,O*
bidentate coordination mode. The studies based on comparison of
experimental and calculated molecular structures and infrared
spectra of the palladium(II) complexes with iminodiacetamide
type ligands have not been reported in literature until now.

Experimental
Materials and physical measurements

All chemicals for the syntheses were purchased from commer-
cial sources (Sigma-Aldrich, Acros Organics or Alfa Aesar)
and used as received without further purification. The ligands
were prepared as previously reported [11]. The CHN analyses
were performed on a Perkin-Elmer 2400 Series II CHNS an-
alyzer in the Analytical Services Laboratories of the Ruder

Table 1  The crystallographic data for 1-3

Boskovi¢ Institute, Zagreb, Croatia. The FTIR spectra were
obtained in the range 4000400 cm™' on a Perkin-Elmer
Spectrum Two™ FTIR-spectrometer in the ATR mode. The
TGA measurements were performed at a heating rate of
10 °C min" in the temperature range of 25-600 °C, under
oxygen flow of 150 mL min~" on a Mettler-Toledo TG/SDTA
851° instrument. Approximately 10 mg of sample was placed
in a standard aluminium crucible (40 pL).

Synthesis of the complexes [Pd(Etimda_g),]-2H,0 (1)
and [Pd(i-Primda_g),] - 2H,0 (2)

The ligand (1 mmol) was added to an aqueous solution of
Na,PdClyxH,0 (x = 3) (0.17 g; 0.5 mmol in 40 mL) and the
mixture was heated to 80 °C, after which a clear red-orange
solution was obtained. Sodium hydrogencarbonate (0.08 g;
1 mmol) was then added with stirring and the solution became
yellow. Yellow crystals of 1 and 2, suitable for X-ray structural
analysis, were obtained by standing of the above-described
reaction mixtures for 1 day at room temperature. The com-
plexes were filtered off, washed with water (10 mL) and dried
in air.

[Pd(Etimda_p),]-2H,O (1): From 0.16 g Etimda. Yield:
0.17 g (74%). Anal. Calc. for C,H,gNgOgPd (458.80): C
31.41, H 6.15, N 18.32%. Found: C 31.51, H 6.28, N
18.19%. IR data (cm™"): 3381(s), 3326(s, br), 3274(s),
3077(w), 2985(w), 2952(w), 1688(s), 1634(m), 1589(vs),
1465(w), 1441(m), 1426(m), 1410(m), 1385(w), 1372(w),
1340(w), 1319(w), 1300(m), 1272(w), 1164(w), 1132(w),
1103(w), 1066(w), 1016(w), 976(w), 954(w), 920(w),
892(w), 848(w), 793(w), 750(w), 702(w), 677(w), 581(W),
519(w), 465(w).

[Pd(i-Primda_),]-2H,0 (2): From 0.17 g i-Primda. Yield:
0.19 g (77%). Anal. Calc. for C14H3,NgO6Pd (486.85): C

Compound 1 2 3

Formula C12H,5PdN4Og C4H3,PdN4Oq C,H,5PdCL,N;0,
M, 458.80 486.85 350.52

Crystal system, space group Monoclinic, P2,/n (No. 14) Monoclinic, P2,/n (No. 14) Monoclinic, P2,/c (No. 14)
a(A) 7.9612(2) 8.2024(3) 12.1507(6)

bA) 9.0674(2) 8.9761(3) 7.0560(3)

c(A) 12.8493(4) 13.2493(3) 15.1657(6)

5(°) 105.286(3) 98.678(3) 108.794(5)
V(A% 894.74(4) 964.32(5) 1230.91(10)

VA 2 2 4

Deate (g cm ™) 1.703 1.677 1.891

w(mm " 1.079 1.007 1.927
R[I=20(])] 0.0189 0.0491 0.0252

wR [all data] 0.0470 0.2433 0.0649
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Scheme 2 Preparation of (a) 0)
palladium(II) complexes with N- R
alkyliminodiacetamide CONH H,NOC / ) .
derivatives R_N/_ 2 _1)NaPdCly/HO0 - T2 HN,_ N [Pd(Rimda.n)o]  2H,0
2) NaH N~ “NH 1, R = CH,CH
\—CONH2 ) NaHCOs R CONHp 5 R = CH(CHy)
(Rimda)
(0]
(b) HN H,C
HG e CONHz  NaPdCl,/H,0 o{ N CHs
- Pd
H,C  \—CONH, CI” "Cl CONH,

(i-Primda)

34.54, H6.62,N 17.27%. Found: C 34.76, H 6.88, N 17.09%.
IR data (cm™): 3422(m, br), 3334(s), 3217(s, br), 3094(s, br),
3005(w), 2988(m), 2954(w), 1686(vs), 1650(m), 1589(vs),
1463(w), 1439(m), 1427(m), 1409(m), 1395(m), 1372(w),
1340(w), 1315(m), 1276(m), 1265(m), 1177(w), 1152(m),
1133(m), 1072(w), 1030(w), 996(w), 949(w), 917(w),
902(w), 800(m), 749(w), 720(m), 688(w), 665(m), 597(m),
561(w), 529(w), 482(w).

Synthesis of the complex [PdCL(i-Primda)] (3)

The ligand (1 mmol; 0.17 g) was added to an aqueous so-
lution of Na,PdCl,'xH,O (x = 3) (0.34 g; | mmol in 40 mL)
and the mixture was heated for few minutes, until a clear

Fig. 1 ORTEP-style plots of
[Pd(Etimda _y),]-2H,0 (1) (a),
[Pd(i-Primda_1;),]-2H,0 (2) (b)
and [PdCl,(i-Primda)] (3) (¢) with
a labelling scheme of the
asymmetric unit. Thermal
ellipsoids are drawn at 50%
probability level at 296(2) K

[PdCl(i-Primda)]

red-brown solution was obtained. Red-brown crystals of
the product, suitable for X-ray structural analysis, were ob-
tained by the slow evaporation of the reaction mixture for
1 week. The product was filtered off and washed with water
(10 mL). Yield: 0.25 g (71%). Anal. Calc. for
C,H;sN30,CI,Pd (350.52): C 23.98, H 4.31, N 11.99%.
Found: C 24.16, H 4.40, N 12.11%. IR data (cm_]):
3371(s, br), 3307(m), 3231(m), 3131(m), 2993(w),
2977(w), 2965(w), 1676(vs), 1652(vs), 1603(m), 1572(s),
1482(w), 1461(w), 1436(w), 1416(m), 1396(w), 1376(w),
1362(w), 1332(w), 1314(m), 1260(w), 1175(w), 1148(w),
1132(w), 1061(w), 1035(w), 983(w), 951(w), 935(w),
906(w), 895(w), 879(w), 807(w), 754(w), 704(w),
630(w), 608(w), 578(m), 508(w).
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Table 2

The selected bond lengths (A) and angles (°) for the experimental and calculated structures of 1-3. The RMSD values are given for all bond

lengths (including two hydrogen bonds for 1 and 2) and all bond angles, with hydrogens excluded

1 2 3
Bond lengths Exp Calc Exp Calc Bond lengths Exp Calc
Pd1-N1 2.079(2) 2.106 2.075(5) 2.114 Pd1-Cll 2.2702(9) 2.301
Pd1-N2 1.995(2) 2.012 2.015(5) 2.009 Pd1-CI2 2.2988(8) 2312
Pd1-N1’ 2.079(2) 2.106 2.075(5) 2.113 Pd1-N1 2.080(2) 2.121
Pd1-N2’ 1.995(2) 2.012 2.015(5) 2.012 Pd1-O1 2.028(2) 2.053
C4-N3 1.323(3) 1.339 1.32709) 1.345 C4-N3 1.327(5) 1.354
C4-02 1.231(3) 1.250 1.239(8) 1.245 C4-02 1.229(4) 1.238
RMSD (bond lengths) 0.0180 0.0246 RMSD (bond lengths) 0.0199
Bond angles Bond angles
NI1-PdI-NT’ 180.00 178.59 180.0 179.48 Cl1-Pd1-CI2 90.52(3) 92.25
N1-Pd1-N2’ 97.77(7) 98.10 97.8(2) 98.28 O1-Pd1-Cll 176.97(6) 174.20
N1-Pd1-N2 82.23(7) 81.79 82.2(2) 81.85 N1-Pd1-CI2 176.76(7) 174.42
N2-Pd1-N2’ 180.00 178.75 180.0 179.86 O1-Pd1-CI2 92.46(6) 91.04
N3-C4-02 123.5(2) 123.58 122.6(6) 123.06 O1-Pd1-N1 84.31(9) 83.51
N1-Pd1-Cl1 92.72(7) 93.07
N3-C4-02 122.9(3) 123.95
RMSD (bond lengths) 1.05 1.49 RMSD (bond angles) 1.45

Symmetry code °): —x+ 1,-y+1,—z+ 1 ()or—=x+1,-y+1,-z(2)

X-ray crystallographic analysis

The suitable single crystal of 1-3 was selected and mounted in
Paratone-N oil onto a thin glass fibre. The data collection was
carried out on an Oxford Diffraction Xcalibur four-circle kap-
pa geometry diffractometer with Xcalibur Sapphire 3 CCD
detector, using a graphite monochromated MoK
(A = 0.71073 A) radiation at room temperature (296(2) K)
and by applying the CrysAlisPro Software system, Version
1.171.37.35 [21]. The data reduction and cell refinement were
performed by the same program. The structures were solved
by SHELXS-2014 and refined by SHELXL-2014 [22]. The
refinement procedure was done by full-matrix least-squares
methods based on F~ values against all reflections. The figures

Fig.2 The packing diagrams of [Pd(Etimda y),]-2H,O (1) (a) and
[Pd(i-Primda_p),]-2H,0 (2) (b) (a view in the (1 0 0) plane). The
molecules of [Pd(Etimda_y),] (a) or [Pd(i-Primda_g),] (b) and

@ Springer

were made with MERCURY (Version 3.5.1) [23]. The crys-
tallographic data for 1-3 are summarized in Table 1.

Computational details

In our previous work, the BP86-D3/6-311 + G(d,p)/SDD level
of theory was used to model IR spectra of similar compounds
[24]. For complexes modelled in this work, the ECP basis set
did not prove useful, as too much mixing between the ECP
orbitals and valence orbitals was detected, which resulted in
problems with SCF convergence. Instead, we used Alrichs’
balanced def2 basis sets [25, 26]. First, a well-behaved wave
function was constructed using a single-point BP86-D3/def2-
TZVP calculation. This result was then used as a guess wave

water molecules of crystallization are assembled together into an
infinite 3D framework by intermolecular N-H:--O and O-H---O

hydrogen bonds (shown by the dotted lines)
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Table 3 Hydrogen bond

geometry for 1-3 D-H--A dD-HYA  dH-AYA  dD--AYA  L(D-H-A)P Symmetry code on A
1
N2-H21--03 0.82(2) 2.33(2) 3.141(2) 172(2) X+ 12,y =112,z + 3/2
N3-H31--01 0.83(2) 2.02(2) 2.837(3) 169(3) X+ 12,-y+32,z- 12
N3-H32--03 0.83(2) 2.28(2) 2.906(3) 132(2) X+ 1,-y+2,-z+1
03-H31A--0O1 0.82(2) 1.91Q2) 2.723(2) 173(3) X, Y, Z
03-H32A--02  0.81(2) 1.96(2) 2.767(12) 169(3) x—1l,y,z
C2-H2A--02 0.97 2.37 2.928(3) 116.1 X, Y, Z
2
N3-H31--01 0.86(1) 2.01(1) 2.864(7) 176(9) X =12,y +32,z+ 12
N3-H32--03 0.86(1) 2.30(5) 3.025(8) 142(8) x—lLy+1,z
03-H31A--02  0.82(1) 2.07(2) 2.882(7) 173(8) X+ 1,-y+1,-z
03-H32A---01 0.82(1) 1.93(3) 2.723(7) 164(9) X+2,-y+1,-z
C2-H2B--02 0.97 245 3.014(8) 116.9 X, Y, Z
C6-H6C---03 0.96 2.60 3.514(9) 158.5 x,y+ 1,z
3
N2-H21---Cll1 0.86(2) 2.61(3) 3.343(4) 144(4) X,—y+ 12,2+ 12
N2-H22.--02 0.86(2) 2.00(2) 2.841(4) 164(5) X+ 1L,-y+1,-z+1
N3-H31--CI2 0.86(2) 2.52(2) 3.347(3) 161(4) =<+ 1,y—-12,-z+ 12
N3-H32---CI2 0.86(2) 2.48(2) 3.317(3) 166(4) x,y— 1,z
C2-H2A--Cll 0.97 2.73 3.551(3) 142.3 X,~y+ 12,2+ 172
C3-H3A--Cll 0.97 2.81 3.282(3) 110.9 X, Y, Z
C5-H5--Cl1 0.98 2.77 3.395(4) 122.4 X, Y, Z

function for further calculations. The functionals BP86-D3,
B3LYP-D3 and mPWI1PW91 were tested, along with def2-
TZVP and def2-TZVPP basis sets [27-31]. In cases where the
conventional SCF procedure failed, the quadratically conver-
gent SCF procedure was used [32].

The starting geometries for all modelled complexes were
obtained from crystallographic data. As complexes 1 and 2 are
hydrates, water molecules present in the crystal structure were

Fig. 3 The packing diagram of [PdCl,(i-Primda)] (3). The [PdCl,(i-
Primda)] molecules are assembled into an infinite 2D network in the (1
0 0) plane by intermolecular N—H---O and N-H---Cl hydrogen bonds
(shown by the dotted lines)

added to the geometries. In case of 3, only a single monomer
unit was considered. The optimizations were carried out both
in vacuo and using the PCM model [33] and water as an
implicit solvent, and were followed by frequency
calculations carried out at the same level of theory. All
calculations were performed using the Gaussian 09 program
package [34].

QTAIM analysis was done on optimized geometries using
AIMAII [35], while the single NBO calculations were per-
formed with the NBO 6 program [36] at the BP86-D3/def2-
TZVPP/PCM level of theory. Energies of interaction between
two complex units were estimated at the same model chemis-
try by optimizing dimers of complexes, with the starting ge-
ometries taken from crystallographic data.

Results and discussion
Synthesis and general properties of the complexes

N-alkyliminodiacetamide derivatives contain three poten-
tial donor atoms, imino-nitrogen and two amide nitrogen
or oxygen atoms. However, their reactions with sodium
tetrachloropalladate(Il) lead to the formation of complexes
with different chemical composition and molecular geom-
etry, depending on the reaction conditions. The reactions

@ Springer
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Fig. 4 The compared experimental IR spectra (cm ) of the complexes 1 (a), 2 (b) and 3 (c). Experimental spectra are shown in red, and predicted
spectra in blue
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of sodium(Il) tetrachloropalladate(Il) with these ligands
and NaHCOs; in molar ratio 1:2:2 (Scheme 2, a) resulted
in formation of the complexes of the formula [Pd(Rimda
—n)2]-2H,0 (R = Et or i-Pr). In the absence of any addi-
tional base, the reaction of Na,PdCl, with i-Primda gave
the complex [PdCl,(i-Primda)] (Scheme 2, b), but no such
complex could be isolated (possibly due to greater solu-
bility) from the analogous reaction mixture containing
Etimda instead of i-Primda.

All three complexes are stable substances which are
practically insoluble in water. Thermal decomposition of
1 and 2 is characterized by dehydration above 100 °C
and is finished around 150-170 °C. Complex 3, as well
as 1 and 2 after their dehydration, decompose in one step
which corresponds to the loss of the coordinated ligands.
The amount of undecomposed residue in oxygen atmo-
sphere is in good accordance with the calculated amount
of PdO. Full thermal analysis data for these complexes are
given in Supplementary material.

Crystal structures

The palladium(II) ion is placed at the inversion centre and
coordinated by two deprotonated N, N-bidentate Etimda y; li-
gands in 1 or i-Primda_ ligands in 2, resulting with the square
planar coordination and the formation of #rans isomers in both
cases ((N1-Pd1-N1%), 180° in 1 and 2; symmetry code ('):
x+1,-y+1,—z+1 Q) or—=x+1,-y+1,-z(2)). The
Etimda_y and i-Primda_y ligands are coordinated to
palladium(II) ion via imino N1 and amide N2 atoms (Fig.
la, b, Table 2). The T4 index [37] amounts O for both 1 and
2. The palladium(II) ion in 3 is coordinated in a square planar
fashion by a neutral N,O'-bidentate i-Primda ligand and two
chloride atoms Cl1 and CI2 in cis position ((Cl1-Pd1-CI2),
90.52(3)°). The i-Primda ligand is coordinated via imino N1
and amide O1 atoms (Fig. Ic, Table 2). The T4 index for 3
amounts 0.04 indicating almost perfect square planar
geometry.

The crystal packings of 1 and 2 are very similar. The
molecules of [Pd(Etimda_g),] (in 1) or [Pd(i-Primda_g),]
(in 2) and water molecules of crystallization in the respec-
tive crystal structures are assembled together into an infi-
nite 3D framework by intermolecular N-H---O and O-
H:--O hydrogen bonds (Fig. 2a, b, Table 3). Each
[Pd(Etimda_g;),] molecule is hydrogen-bonded to four
neighbouring [Pd(Etimda_g),] molecules and to eight
neighbouring water molecules, while each water molecule
is hydrogen-bonded to four neighbouring [Pd(Etimda_g),]
molecules in the crystal structure of 1. In the crystal struc-
ture of 2, each [Pd(i-Primda_),] molecule is hydrogen-
bonded to four neighbouring [Pd(i-Primda_y;),] molecules
and to six neighbouring water molecules, while each wa-
ter molecule is hydrogen-bonded to three neighbouring

[Pd(i-Primda_4;),] molecules. The [PdCl,(i-Primda)] mol-
ecules in the crystal structure of 3 are assembled into an
infinite 2D network in the (1 0 0) plane by intermolecular
N-H:--:O and N-H---Cl hydrogen bonds (Fig. 3, Table 3).
Each [PdCl,(i-Primda)] molecule is hydrogen-bonded to
seven neighbouring molecules.

Analysis and comparison of the experimental
and calculated infrared spectra and structures

Infrared spectra of all three complexes in the solid state
(Fig. 4) are characterized by the presence of very strong
and sharp bands of carbonyl group stretching, v(C=0)
[38, 39]. Two bands were found in similar spectral re-
gions in the spectra of 1 (1688, 1634 cmfl), 2 (1686,
1650 cm™ ') and 3 (1676, 1652 cm ™), indicating the pres-
ence of two non-equivalent carbonyl groups (coordinated
and non-coordinated) in the molecules of these com-
plexes. Two pairs of characteristic bands of medium in-
tensity, assigned as antisymmetric (v,) and symmetric
stretching (v;) of the amide NH, groups, were observed
in the range of 3100-3400 cm ™' for complex 3. However,
only three such bands appeared in the spectra of 1 and 2
since one of the four amide hydrogen atoms is replaced by
palladium atom upon complexation. Clearly, two types of
spectra, belonging to one of two kinds of the complexes,
can be distinguished. The indication of the water mole-
cules of crystallization in the hydrates 1 and 2 is due to
the appearance of a broad band of medium intensity, ob-
served at 3381 cm™' (1) and 3422 cm™' (2), which was
assigned as O—H stretching, »(OH, H,O). The band is
absent in the spectra of anhydrous complex 3.

Of all tested methods, BP86-D3/def2-TZVPP in im-
plicit solvent showed best correlation with experimental
spectral data. This is not surprising, as the BP86 function-
al in combination with Alrichs’ basis sets and empirical
dispersion corrections has been often used in recent pub-
lications [29, 40, 41]. The comparison of experimental
and calculated spectra was done by analysing the signals
between 800 and 3100 cm ' from experimental spectra.
The calculated harmonic vibrational frequencies were
matched with experimental values using linear regression.
In this way, a relationship vey, =(1.004 £0,002)vcqc + (9
+3)em ' between experimental and calculated frequencies
was obtained. This method produced a mean unsigned
error of 8.8 cm™ ' between experimental and predicted fre-
quencies below 3100 cm !, as shown in Table 4. For
frequencies above 3100 cm !, describing the vibrations
of H bonded groups, the discrepancies were larger since
only a single molecule of the modelled complex was in-
cluded in the calculation. In case of compound 1, the
frequencies of peaks at 3381 (»(OH)) and 3274 cm™!
(vi(NH,), »(OH)) were underestimated in silico by about
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Table 4  Experimental and predicted (BP86-D3/def2-TZVPP/PCM) harmonic frequencies (cm™") for selected vibration modes of 1-3

1 2 3
Experimental Predicted Experimental Predicted Experimental Predicted Mode
3200-3600 3100-3300 3200-3600 3100-3500 3200-3600 3450-3650 v(OH, NH, NH, (H bonds))
3077 3069 3094 3089 3131 3069 vas(CH,, CH3)
2985 2974 3005 2996 2993 3019 vs(CH,, CH3)
2952 2958 2988 2990 2977 2997 vs(CH,, CH3)
2954 2969 2965 2984
1688 1667 1686 1674 1676 1672 W(C=0), dyi(H,0, NH,)
1634 1633 1650 1642 1652 1626
1603 1587
1589 1581 1589 1575 v,5(C=0)
1572 1559 W(C=0), dsi(H,0, NH,)
1465 1469 1463 1472 1482 1471 dyi(CH,, CH3), d,,,(CH,, CHs)
1441 1453 1461 1463
1426 1431 1427 1424 1436 1440
1410 1421 1409 1417 1416 1405
1386 1401 1395 1395 1396 1393
1372 1386 1372 1372 1376 1372
1340 1343 1340 1339 1362 1363 dyop(CH,, CH3)
1319 1327 1315 1317 1332 1337 dyag(CHy)
1314 1308 dyag(CHo)
1300 1317 dyag(CHy), d,,,(CH,, CH3)
1272 1280 1276 1273 1175 1176 dpvi(CH,,CH3), v(C-N), d(NH,NH,)
1265 1269
1164 1157 1152 1143 1175 1176 V(CN), W(C-C), dy,,(CH,, CH3)
1132 1127 1072 1059 1148 1138
1103 1115 1132 1130
1066 1058 1061 1080
976 965 996 982 1035 1038 v(C-N), W(C-C), d(CH,, CH3)
954 957 949 944 935 930 V(C-N), W(C-C), d,,:x(CH,, CHs)
920 917 917 926 879 876
848 864 902 909

100 cm™ !, corresponding to 3230 and 3188 cm™'. On the
other hand, good agreement was found in case of 2, where
the experimental peaks at 3422 (»(OH)), 3334 (v,(NH,))

(a)

(b)

and 3217 cm™ ! (1(OH)) corresponded to 3426, 3318 and
3195 cm !, respectively. In case of anhydrous 3, the er-
rors were largest—the »(NH) and »(NH,) frequencies

Fig. 5 An overlay between experimental (red) and calculated (blue) geometries of 1 (a), 2 (b) and 3 (c)
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Fig. 6 Localized bonding Pd-N,
Pd—Cl and Pd-O orbitals for 1 (a)
and 3 (b). NBOs for 1 and 2 are
very similar in shape, so only 1 is
shown

were not dampened by any intramolecular interactions
and thus were grossly overestimated.

Under 3100 cmfl, the agreement was much better.
All peaks corresponding to carbonyl stretching com-
pounds were found in calculated spectra, with their in-
tensities roughly corresponding to experimental ones
(see Fig. 4). This trend remained in most of the other
considered peaks describing the C-H, C-C and C-N

Fig. 7 Results of QTAIM
analysis for complexes 1 (a), 2 (b)
and 3 (¢). Full lines indicate
stronger (ppcp > 0.025) and
dashed lines represent weaker
pecp < 0.025 interactions. BCPs
are shown in green

bends. The small errors there can be attributed to the
lack of anharmonic corrections [42—44].

For further validation, structures obtained by optimization
were compared to experimental ones. Their overlay is shown
in Fig. 5, and the comparison between geometric parameters
in Table 2. The obtained RMSD values show acceptable
agreement, suggesting that a single molecule of the complex
can be used in DFT calculations [45, 46].
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Table5  Electron densities and Laplacian values in bond critical points
for bonds between Pd and ligand donor atoms

Complex Bond PBCP V2 picp
1 Pd1-NI 0.0942 0.337
Pd1-N1I’ 0.0615 0.540
Pd1-N2 0.1124 0.422
Pd1-N2’ 0.0759 0.710
2 Pd1-N1 0.0575 0.500
Pd1-N1’ 0.0575 0.505
Pd1-N2 0.0712 0.660
Pd1-N2’ 0.0708 0.652
3 Pd1-N1 0.0946 0.315
Pd1-0O1 0.0940 0.429
Pd1-Cl1 0.0893 0.226
Pd1-CI2 0.0870 0.221

Symmetry code ('): —x+1, —y+1, —z+1 (1) or —x+1, —y+1, -z (2)

QTAIM and NBO analysis

Using Natural Bond Orbital (NBO) analysis, the donor-
acceptor relationship between the metal and the neighbouring
ligands was further studied at the BP86-D3/def2-TZVPP/
PCM level of theory. The relevant localized orbitals are shown
in Fig. 6. Interaction energies between NBOs were calculated
using second-order perturbative analysis of donor-acceptor
interactions, E2PERT [47]. It suggests strong interactions be-
tween orbitals where N, O and Cl are the donors, while the
acceptors are the vacant orbitals on Pd. For complexes 1 and
2, the best donors are the nitrogen lone pair orbitals (150—
100 kcal/mol for 1 and 50-100 kcal/mol for 2), followed by

Fig. 8 Obtained structures for the
dimers of 1 (a), 2 (b) and 3 (¢). In
1 and 2, the water molecules not
important for dimer interactions
are omitted for clarity

@ Springer

Pd—N bonding orbitals (2540 kcal/mol). In case of complex
3, nitrogen and oxygen are much better donors (55-60 kcal/
mol) than chlorine (1015 kcal/mol).

Bader’s quantum theory of atoms-in-molecules (QTAIM)
was used for a topological analysis of electronic density. In
QTAIM, the electron density p values in bond critical points
(BCPs) can be used to estimate the strength of the bond—
pecp values on the order of 0.1 indicate a covalent (or similar
strong) interaction, while weaker interactions (such as hydro-
gen bonds) typically have pgcp values above 0.001 [48, 49].

Figure 7 and Table 5 show the results of the QTAIM anal-
ysis, done at the BP86-D3/TZVPP/PCM level of theory.
Generally, all of the pgcp values shown in Table 5 are consis-
tent with strong coordinative bonds. Both in complexes 1 and
2, the N2 and N2’ atoms are more strongly bound to Pd than
N1 and N1°. In complex 2, the pgcp values are larger than the
corresponding ones in complex 1, which is in agreement with
the donor-acceptor stabilization energy trends obtained with
E2PERT analysis. This is also observed in complex 3, where
the pgcp values for N and O bonds are larger than for CI1 and
CI2. Also, the pgcp values are qualitatively correlated to bond
lengths (shorter bonds correspond to larger pgcp values),
which was reported previously [50]. When considering hydro-
gen bonds between complexes and water molecules (present
in 1 and 2), all of the pgpcp values are between 0.0200 and
0.0300 and all the V?ppcp values are positive, suggesting typ-
ical closed-shell interactions.

Complex dimerization energy estimation

As it can be seen from the above discussion, the modelling of
a single unit of the complex can provide a lot of insight into its
vibrational and electronic structure. However, the crystal
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structure is largely influenced by the interactions between
neighbouring complex units of the investigated molecule. In
order to estimate the energy of interaction between two units
of the complex, the energy of the reaction 2 Complex —
(Complex), was calculated using the energies obtained by
optimization at the BP86-D3/def2-TZVPP level of theory
with water as the implicit (PCM) solvent. In case of 1 and 2,
monomeric units with 6 water molecules (previously used for
vibrational analysis) were fused, resulting in products with 12
water molecules, one of which bridges the two molecules of
the complex. The dimer products are shown in Fig. 8.
Obtained dimerization energies are similar: —17.26, —14.63
and —16.93 kcal/mol for compounds 1, 2 and 3, respectively.
This is consistent with the formation of three new hydrogen
bonds, as indicated in Fig. 8.

Conclusions

In the presence of a mild base, complexes [Pd(Etimda
—n)2]-2H>O (1) and [Pd(i-Primda_),]-2H,O (2) were obtain-
ed, containing two deprotonated amide ligands bound in an
N,N'-bidentate coordination mode. In the absence of a mild
base, complex [PdCl,(i-Primda)] (3) was produced, containing
aneutral amide ligand bound in an N,O"-bidentate coordination
mode. These coordination modes were found for the first time
in palladium(II) complexes with iminodiacetamide type li-
gands, as the only known coordination mode in such type of
complexes was N-monodentate via imino N atom [4]. Also,
complexes 1 and 2 are the first palladium(Il) complexes con-
taining deprotonated amide groups of iminodiacetamide type
ligands.

The substituents at imino N atom in the ligands (ethyl vs. i-
propyl) do not have any influence on the kind of complexes
prepared, as the type of complexes depends on the basicity of
the reaction solution. Moreover, the substituents at imino N
atom in the ligands do not have a significant influence on the
crystal packings, apparent from very similar crystal structures
of 1 and 2. This is not very surprising, as ethyl and i-propyl
groups are weak proton donors and participate only in weak
hydrogen bonding, thus not affecting significantly the respec-
tive crystal packings of 1 and 2. The complex molecules and
water molecules of crystallization of 1 and 2 are assembled
into 3D framework by a complex network of N-H---O and O—
H---O hydrogen bonds, very similar to the crystal structures of
[Pd(HBnida),]-2H,O [51] and [Pd(i-PridaH),]-2H,O [52].
However, in the case of 3, molecules are connected into 2D
network. This difference can be hardly attributed to the pres-
ence of weaker N—H---Cl hydrogen bonds in the crystal struc-
ture of 3, but rather to the absence of water molecules of
crystallization, leading to a less complicated structure due to
the decrease of potential proton donors and acceptors.

The structure and spectra of the complexes were addition-
ally validated using BP86-D3/def2-TZVPP/PCM level of the-
ory. A very good agreement between experimental and DFT
calculated results for both geometries and harmonic frequen-
cies was achieved in the case of all three complexes.
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