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Complexes of Pd(II) and Co(Ill) with the condensation derivative of 2-(diphenylphosphino)benz-
aldehyde and Girard T reagent were synthesized, characterized, and their antimicrobial activities
were evaluated. The ligand and the complexes were characterized by elemental analysis, IR and
NMR spectroscopies, and X-ray crystallography. In both complexes, the deprotonated ligand was
coordinated to the metal through the phosphorus, the imine nitrogen, and the carbonyl oxygen
atoms. In the octahedral Co(Ill) complex, two molecules of ligands were coordinated to metal
ion, while square-planar environment of Pd(II) complex was constituted of one tridentate ligand
and chloride in the fourth coordination place. The ligand and complexes showed moderate
antibacterial activity. The molecular structures of the obtained metal complexes and the relative
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stabilities of two stereoisomers of the ligand were calculated using density functional theory at
the S12g/TZ2P level.

Keywords: Pd(Il) complex; Co(Ill) complex; Derivative of 2-(diphenylphosphino)benzaldehyde;
X-ray structure; DFT calculations

1. Introduction

Hydrazone derivatives of 2-(diphenylphosphino)benzaldehyde and corresponding metal
complexes have been intensively investigated because of their theoretical importance [1],
application in analytical chemistry [2], and possible catalytic [3] and biological activity [4].
Our research in this area has been directed on synthesis, structure characterization, and bio-
logical activity examination of different 2-(diphenylphosphino)benzaldehyde hydrazones
and corresponding transition metal complexes in order to establish a possible relationship
between their structure and biological activity. At the beginning of our study, we synthe-
sized condensation product of 2-(diphenylphosphino)benzaldehyde and semioxamazide and
its Pd(II), Pt(Il) and Ni(II) complexes. In these complexes, the monodeprotonated ligand
was coordinated tridentate through phosphorus, imine nitrogen, and carbonyl oxygen atoms
generating five-membered and six-membered chelation rings, while the fourth coordination
place occupied by chloride ligand in the complexes of Pd(I) and Pt(Il) or cyanate anion in
Ni(IT) complex. Complexes of Pd(II) and Pt(Il) adopted square-planar geometry, whereas
the geometry of the Ni(Il) complex was tetrahedral. The antimicrobial activity of ligand and
complexes was of the same order of magnitude as standard antibiotic and antifungal agents
[5]. The cytotoxic activity of Pd(II) and Pt(II) complexes was similar to that of cisplatin [6].
The research was continued with the synthesis of 2-(diphenylphosphino)benzaldehyde and
ethyl hydrazinoacetate and corresponding Pd(I) complex. In square-planar Pd(II) complex,
the ligand was coordinated through phosphorus and imine nitrogen atoms forming one six-
membered chelate ring, while third and fourth coordination places were occupied by chlo-
ride ligands. Complex of Pd(Il) has a similar effect to cisplatin, inducing apoptosis and cell
cycle perturbation [6]. From the reaction of 2-(diphenylphosphino)benzaldehyde and ethyl
carbazate, we obtained ligand which differs from previously synthesized condensation prod-
uct of 2-(diphenylphosphino)benzaldehyde and ethyl hydrazinoacetate in only one methy-
lene group between hydrazine nitrogen and carbonyl oxygen atoms [7]. This modification
allows tridentate coordination of ligand via phosphorus, imine nitrogen, and carbonyl oxy-
gen atoms with formation of six-membered and five-membered chelation rings. We
described the synthesis, characterization, and biological activity evaluation of octahedral
Co(IIT) [7] and Fe(IIl) complexes [8], as well as square-planar Pd(IT) [8] and Ni(Il) com-
plexes [9] with the condensation derivative of 2-(diphenylphosphino)benzaldehyde and
ethyl carbazate. In both octahedral complexes, coordination surroundings around metal ion
consist of two tridentate PNO-coordinated ligands, while in square-planar complexes one
deprotonated ligand is PNO-coordinated to metal and the fourth coordination place was
occupied by chloride anion in the case of Pd(II) complex or monodentate pseudohalides
(cyanate, thiocyanate, or azide) in Ni(II) complexes [7-9]. Complex of Co(Ill) exhibited
strong cytotoxic activity, stronger than cisplatin [7]. The Ni(Il) complexes showed cytotoxic
activity to all tested tumor cell lines with the most pronounced to leukemia cell line K562.
The complexes influenced the cell cycle of tumor cells and induced plasmid DNA cleavage.
The biological activity of Ni(Il) complexes depends on the nature of monodentate
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pseudohalide ligand [9]. It was observed that antimicrobial activity of complexes of Co(III),
Fe(II), Pd(II), and Ni(II) depends on geometry and charge of complex particles. Electrolyte
complexes of Co(Ill) and Fe(Ill) with octahedral geometry have a more pronounced
antibacterial activity, while the square-planar non-electrolyte complexes of Pd(II) and Ni(Il)
were found to be better antifungal agents [7-9].

In this manuscript, the synthesis, the characterization, and the biological activity of con-
densation product of 2-(diphenylphosphino)benzaldehyde and Girard’s T reagent and its Co
(IIT) and Pd(II) complexes were described. The aim of this study was to investigate the
influence of enhanced hydrophilicity of charged tridentate PNO hydrazone ligand on bio-
logical activity.

2. Experimental

2.1. Materials

2-(Diphenylphosphino)benzaldehyde (97%) and Girard’s T reagent (99%) were obtained
from Aldrich. Ethanol and methanol were reagent grade and used without purification.

2.2. Synthesis of (E)-2-(2-(2-(diphenylphosphino)benzylidene) hydrazinyl)-N,N,N-
trimethyl-2-oxoethan-1-aminium chloride monoethanole (HL-EtOH)

A mixture of 140 mg (0.48 mM) 2-(diphenylphosphino)benzaldehyde and 80 mg
(0.48 mM) Girard’s T reagent was dissolved, by heating, in 20 mL ethanol and one drop of
concentrated hydrochloric acid was added. The mixture was refluxed for 60 min. The reac-
tion solution was left to stand at room temperature while the colorless crystals separated
from the solution. Yield: 110 mg (47%); Mp 216 °C. IR (vs-very strong, s-strong, m-med-
ium, w-weak): 3524 (w), 3403 (w), 3308 (w), 3050 (m), 3018 (m), 2970 (m), 2930 (m),
2890 (m), 2817 (w), 1686 (vs), 1657 (m), 1602 (w), 1491 (w), 1475 (s), 1433 (s), 1410 (s),
1342 (w), 1306 (s), 1277 (w), 1212 (w), 1133 (w), 1123 (m), 1095 (w), 1044 (w), 992 (w),
948 (w), 929 (w), 876 (w), 848 (w), 765 (W), 746 (vs), 699 (s), 620 (w), 585 (w), 505 (w),
481 (w), 437 (w). Anal. Calcd for Cy4H,7CIN;O,P-EtOH (%): N, 8.65; C, 64.26; H, 6.84.
Found: N, 8.78; C, 64.17; H, 6.92.

2.3. Synthesis of Pd(II) complex (1)

The ligand (80 mg, 0.16 mM) was dissolved, by heating at 65 °C, in 35 mL H,O. After
that, a solution of K,[PdCly], prepared by dissolving 60 mg (0.18 mM) in 5 mL H,O, was
added to it. Right after that, the mixing temperature was decreased to 52 °C and the mixture
was kept at that temperature for 1 h. The reaction solution was evaporated under vacuum,
dissolved in 10 mL of methanol, and the solution was filtered. After two days, yellow crys-
tals of Pd(Il) complex arose from methanolic solution. Yield: 30 mg (32%). IR (vs-very
strong, s-strong, m-medium, w-weak): 3391 (m), 3053 (w), 3010 (w), 2959 (w), 1639 (m),
1547 (s), 1484 (m), 1436 (m), 1398 (w), 1369 (w), 1343 (w), 1315 (w), 1275 (w), 1213
(w), 1180 (w), 1139 (w), 1101 (w), 1028 (w), 997 (w), 975 (w), 933 (w), 912 (w), 868 (W),
807 (w), 772 (w), 748 (w), 691 (m), 588 (w), 547 (w). Anal. Calcd for C,4H,5C1,N;OPPd
(%): N, 7.23; C, 49.63; H, 4.51. Found: N, 7.36; C, 49.74; H, 4.46.
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2.4. Synthesis of Co(Ill) complex (2)

The ligand (140 mg, 0.29 mM) was dissolved, by heating, in EtOH/H,0 mixture (10 mL/
10 mL) and solid Co(BF,),6H,O (100 mg, 0.29 mM) was added. The reaction mixture
was heated at 65 °C for 4 h. The color of the solution changed to red. The reaction solution
was left to stand at room temperature, while red crystals precipitated from solution. Yield:
50 mg (29%). IR (vs-very strong, s-strong, m-medium, w-weak): 3599 (m), 3559 (m), 3473
(w), 3060 (w), 2995 (w), 1619 (w), 1572 (m), 1483 (m), 1436 (m), 1412 (w), 1322 (m),
1222 (w), 1058 (vs), 926 (m), 872 (w), 753 (m), 698 (m), 593 (w), 525 (m), 495(w). Anal.
Calced for C4gH5,B3CoF ,NgO,P5-3H,0 (%): N, 7.12; C, 48.84; H, 4.95. Found: N, 7.03;
C, 48.86; H, 5.04.

2.5. Physical measurements

IR spectra were recorded on a Perkin—Elmer FT-IR 1725X spectrometer using the ATR tech-
nique in the region 4000-400 cm™'. '"H NMR (500 MHz), '>*C NMR (125 MHz), and 2-D
NMR spectra were recorded on a Bruker Avance 500 spectrometer in DMSO-d® using TMS as
an internal standard for 'H and '*C. All spectra were measured at room temperature. Elemental
analyses (C, H, and N) were performed by standard micro methods using the ELEMENTAR
Vario EL III CHNSO analyzer.

2.6. X-ray analysis of HL-EtOH, 1 and 2

Single-crystal X-ray diffraction data were collected using the Mo Ko radiation
(A=0.71073 A) at T=293 K on a SMART diffractometer with Breeze area detector. The
collected intensities were corrected for Lorentz and polarization factors and empirically for
absorption by using the SADABS program [10]. Structures were solved by direct methods
using SIR2011 [11] and refined by full matrix least squares on all F? using SHELXL.97
[12] implemented in the Olex2 package [13]. Hydrogens were introduced in calculated posi-
tions. Anisotropic displacement parameters were refined for all non-hydrogen atoms.
Hydrogen bonds have been analyzed with SHELXL.97 [12] and PARST97 [14], and exten-
sive use was made of the Cambridge Crystallographic Data Center packages [15] for the
analysis of crystal packing. Compound 2 presented problematic data, with a very large unit
cell containing many disordered anions and possibly solvent molecules that have not been
located in the electron density map. Three independent cations are clearly determined, but
they present high thermal mobility and therefore also contribute to poor data quality. The
molecular structure of the cations has been restrained, especially for the trimethylammoni-
um moieties that were not totally visible in the electron density maps. The final structure
demonstrates the molecular connectivity, but no further discussion is attempted. Crystals of
1 were radiation-sensitive and data were corrected for decay. The structure is made by an
ordered and stable part consisting of complex cations and anions and refines very well, and
by an unknown disordered part contained in channels (Supplementary material). The final
structure has been optimized by accounting for disordered density by the masking proce-
dure implemented in Olex2. It was not possible to determine the nature of the disordered
content of the crystal. Table 1 summarizes crystal data and structure determination results
for HL-EtOH and 1, while results for 2 are in the Supplementary material. Crystallographic
data (excluding structure factors) for HL*EtOH, 1 and 2 have been deposited with the
Cambridge Crystallographic Data Center as supplementary publications Nos. CCDC
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Table 1.  Crystal data and structure refinement for 1 and HL-EtOH.

3637

1 HL-EtOH
Empirical formula C,4H,6CILN;OPPd C,6H33CIN;O,P
Formula weight 580.75 485.97
Temperature (K) 296.15 296.15
Crystal system Triclinic Triclinic
Space group P-1 P-1
a(A) 10.5515(18) 8.9862(6)
b (A) 12.531(2) 10.7502(8)
c(A) 21.514(4) 14.923(1)
a (°) 98.909(3) 101.865(1)
£ 96.810(3) 104.198(1)
y(° 98.838(3) 97.828(1)
Volume (A?) 2747.3(8) 1341.0(2)
V4 4 2
Peated (gem ) 1.404 1.204
u (mm™) 0.948 0.228
F(@©O00) 1176.0 516.0
Crystal size (mm?®) 0.45x0.11 x 0.042 0.1 x0.08 x 0.05
Radiation MoKa (1 =0.71073) MoKa (A =0.71073)
20 range for data collection (°) 1.94-43.56 2.906-60.116
Reflections collected 22,008 21,056
Independent reflections 6518 [Riy = 0.0577] 7796 [Riy = 0.0278]
Data/restraints/parameters 6518/0/586 7796/0/303
Goodness-of-fit on F~ 1.005 1213

Final R indexes [/ = 20 (/)]
Final R indexes [all data]
Largest AF max/mine (A™>)

R, =0.0346, wR, = 0.0745
R, =0.0487, wR, = 0.0792
0.61/-0.39

R, =0.0525, wR, = 0.1685
R, =0.0680, wR, = 0.1790
0.39/—-0.28

1013634 (HL-EtOH), 1013635 (2), and 1013636 (1). Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(Fax: (+44) 1223-336-033; E-mail: deposit@ccdc.cam.ac.uk).

2.7. Density functional theory computational details

The calculations using the restricted Kohn—Sham formalism have been performed with the
Amsterdam Density Functional (ADF) program package, version 2013.01 [16] with general-
ized gradient approximation functional S12g [17] which includes Grimme’s D dispersion
energy [18]. A basis set of triple-zeta Slater-type orbitals plus two polarization functions
(TZ2P) with a small frozen core has been used for all atoms. Due to the presence of cobalt
and palladium, scalar relativistic corrections have been included self-consistently by using
the zeroth-order regular approximation [19]. The conductor like screening solvation model
[20], as implemented in ADF [21], was included in the density functional theory (DFT)
geometry optimizations with water as a solvent [22]. Analytical harmonic frequencies [23]
were calculated and in all cases, the global minimum was confirmed by the absence of
imaginary frequency modes.

2.8. Antimicrobial activity

The antimicrobial activity was investigated on six different laboratory control strains of bac-
teria, i.e. the Gram-positive: Staphylococcus aureus (ATCC 6538), Bacillus subtilis (ATCC
6633), and the Gram-negative: Escherichia coli (ATCC 10536), Klebsiella pneumoniae
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(NCIMB 9111), Pseudomonas aeruginosa (ATCC 9027), Salmonella abony (NCTC 6017),
and one strain of yeast, i.e. Candida albicans (ATCC 10231). All tests were performed in
Miiller Hinton broth for the bacterial strains and in Sabouraud dextrose broth for the yeast.
Overnight broth cultures of each strain were prepared, and the final concentration in each
well was adjusted to 2 x 10° CFU/mL for the bacteria and 2 x 10> CFU/mL for the yeast.
HL-EtOH, 1 and 2 were dissolved in 1% dimethylsulfoxide (DMSO) and then diluted to
the highest concentration. Twofold serial concentrations of the compounds were prepared in
a 96-well microtiter plate over the concentration range 62.5-1000 ugL™'. The microbial
growth was determined after 24 h of incubation at 37 °C for the bacteria and after 48 h of
incubation at 26 °C for the fungi. The MIC is defined as the lowest concentration compound
at which no visible growth of microorganism is observed.

3. Results and discussion

3.1. General

The condensation reaction of the Girard’s T reagent with 2-(diphenylphosphino)benzalde-
hyde results in the formation of the corresponding hydrazone as an ammonium quaternary
chloride salt. Complex of Pd(II) (1) was prepared by substitution reaction starting from
K,[PdCl,] and the ligand (HL-EtOH) [scheme 1(a)]. Complex of Co(IIl) (2) was obtained
by direct synthesis in the reaction of HL-EtOH and Co(BF,), 6H,0 [scheme 1(b)].

5 0 /
N1
4 /1\ N?JJ\/N— K, [PdCl,] H
N 14 e — |

9 \ or H,0 Phisp N
10_P PN N
o L 1
.CI' \0‘ \
HL-EtOH !
N
(b} NQ 3+
‘-.
\ Co(BF,), - 6 H,0 b ?Uff 3 BF,
/"“‘DH H,O/EIOH PG
N_ o
@AN T
NT
2

Scheme 1.  Synthesis of complexes 1 and 2.
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3.2. IR spectra

In the IR spectrum of HL-EtOH, there is a band at 1657 cm™' originating from the azome-
thine group (W(C=N)) [1(f)]. Instead of the carbonyl band from the uncoordinated ligand at
1686 cm™', in the IR spectra of complexes, a new band appeared at 1619 cm™' in the
spectrum of Co(IIT) complex (2) and at 1639 cm™ ' in the spectrum of Pd(I) complex (1)
corresponding to v(" O—C=N) of the deprotonated hydrazide moiety [5]. The band at
1657 cm™ " originating from the azomethine group [v(C=N)] from the uncoordinated ligand
shifted to 1572 cm™" in the spectrum of 2, while in the spectrum of 1 this band appeared at
1547 cm™", indicating that imine nitrogen was involved in coordination. The position of the
band attributed to v(C—P) vibrations is almost constant in the IR spectra of ligand and the
complexes (1433 cm™' in the spectrum of ligand, 1436 cm™" in spectra of both of the com-
plexes) [5]. The band originating from the tetrafluoroborate anions in the outer sphere of
the Co(IIT) complex is at 1058 cm ™' [7, 24].

3.3. NMR spectra

Hydrazone can exist as different isomers, due to geometric isomerism related to the imino
group (E, Z isomers) and rotational isomerism as a result of restricted rotation around amide
bound (anti, syn conformers) [25]. Results of X-ray analysis of ligand demonstrated that
reaction of 2-(diphenylphosphino)benzaldehyde with the Girard’s T reagent results in the
formation of its £ isomer. NMR data for ligand revealed the presence of two stereoisomers
syn and anti in solution.

The 'H NMR spectrum of ligand showed two singlet signals of hydrazide NH at 12.10
and 12.70 ppm [4], corresponding to syn and anti isomers, respectively [26]. Two singlets
were observed for azomethine group at 8.79 and 9.02 ppm, corresponding to syn and anti
isomers, respectively [5, 26]. Also, double signals were noticed for methyl, methylene, and
aromatic hydrogen atoms H5 and H8. The aromatic protons appeared in the region from
6.83 to 8.05 ppm. Based on integral of hydrogen atom signals, the ratio of syn/anti isomer

Table 2. 'H NMR spectral data (chemical shift (ppm), multiplicity, number of H-atoms, coupling constant J in
Hz) of HL*EtOH and complexes 1 and 2.

Assignment HL-EtOH syn HL-EtOH anti 1 2
Cl 330 (s, 9 H) 3.28 (s, 2.7 H) 3.28 (s, 9H) 3.01 (s, 9H)
C2 4.76 (s, 2 H) 4.34 (s, 0.6 H) 4.34 (s, 2H) 3.28 (d, I1H, J=15 Hz)
Cc2' 3.58 (d, IH, J=15 Hz)
C3 8.79(d, 1 H, 9.02 (d,1H, 8.77 (d, 1H, J=5.0 Hz) 9.39 (s, 1H)
J=15.0 Hz) J=5.0 Hz)
Cs 6.83 (m, 1H) 6.86 (m, 0.3 H) 7.48 (dd, 1H, J=15.0Hz,  7.28 (m, 1H)
J=10.0 Hz)
C6 7.42 (m, 1 H) 7.42 (0.3 H) 7.72 (t, 1H, J = 8.0 Hz) 7.63 (t, 1 H, J=5.0 Hz)
C7 7.49 (m, 1 H) 7.49 (m, 0.3 H) 7.85 (t, 1H, J=17.5 Hz) 7.90 (t, 1H, J= 5.0 Hz)
C8 8.05 (dd, 1 H, 7.99 (dd, 0.3 H, 8.11 (dd, 1H, J=10.0 Hz,  8.08 (d, 1H, J=10.0 Hz)
J=15.0Hz) J=15.0Hz) J=5.0Hz)
Cl1 7.19 (m, 4 H) 7.19 (m, 1.2 H) 7.55 (m, 4H) 6.99 (dd, 2H, J=10.0 Hz,
J=5.0Hz)
Cl1’ - - - 7.22 (m, 2H)
C12 7.42 (m, 4 H) 7.42 (m, 1.2 H) 7.65 (m, 4H) 7.18 (m, 2H)
Cl1z’ - - - 7.37 (m, 2H)
C13 7.42 (m, 2 H) 7.42 (m, 0.6 H) 7.65 (m, 2H) 7.46 (t, 1H, J= 5.0 Hz)
C13’ - - - 7.53 (t, 1H, J=5.0 Hz)
N2 12.10 (s, 1 H) 12.70 (s, 1H) - -
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of ligand is 0.75:0.25. The signal of hydrazide NH in the spectra of both complexes is
missing, indicating that the ligand is coordinated in deprotonated form [4]. Coordination
through imine nitrogen results in downfield shift of H3 in 2 [7], while in 1 this signal was
shifted upfield [4, 8]. In the "H NMR spectra of complexes signals of most aromatic protons
shift downfield, suggesting that coordination occurs through phosphorus (table 2).

In '*C NMR spectrum of HL-EtOH, double signals of syn and anti isomers are also
observed (table 3). The '*C NMR spectrum showed two signals for carbonyl group at 165.5
and 160.1 ppm, and two signals for azomethine group at 143.4 and 146.5 ppm correspond-
ing to syn and anti isomers, respectively. Coordination through carbonyl oxygen atom
results in downfield shift of its signal in the spectra of complexes (170.0 ppm in the
spectrum of 1 and 168.8 ppm in the spectrum of 2) [4, 7, 8]. The signal of imine C3 is
shifted downfield in the spectra of complexes due to coordination through imine nitrogen
(154.0 ppm in the spectrum of 1 and 165.2 ppm in the spectrum of 2) [4]. In 1, signals of
aromatic carbon atoms directly bound to phosphorus shift upfield due to coordination
through phosphorus [7]. In both complexes, the chemical shifts of most aromatic carbon
atoms have higher values, due to electron withdrawal by the coordinated metal ion.

3.4. Description of crystal structure

Compound HL-EtOH crystallizes as a quaternary ammonium chloride salt, protonated on
the amidic nitrogen and with a chloride counter-anion to balance the total charge, forming a
hydrogen bond between these two groups (NH:--Cl = 3.264(2) A, 164(1)°) (figure 1). The
ligand skeleton is skewed, with torsion angles: C3—C18—C19-N1 = 158°, C18—-C19-N1—-
N2 =176°, C19-N1-N2-C20 =177°, N1-N2-C20-C21 =-105°. An ethanol molecule
completes the asymmetric unit and forms a hydrogen bond with the chloride anion
(O-H---C1=3.1293) A, 179(1)°).

Compound 1 crystallizes with two independent cationic complexes in the asymmetric
unit (figure 2), that are not significantly different, and are related by a pseudo-twofold rota-
tion axis, not aligned with the cell edges (see Supplementary material). The unit cell is com-
pleted by two chlorides, one of which distributed over two positions on inversion centers.

Table 3. '>C NMR spectral data (chemical shift (ppm), coupling constant J in Hz) of HL-EtOH and complexes
1 and 2.

Assignment HL-EtOH syn HL-EtOH anti 1 2

Cl1 53.4 56.1 53.5 53.4
C2 62.4 63.1 62.4 61.5
C3 143.4 (J=25.0 Hz) 146.5 (J=25.0 Hz) 154.0 165.2
c4 135.4 (/=10 Hz) 135.4 (J=10 Hz) 135.8 (J/=17.5Hz) 134.2
C5 133.2 1333 1349 (J=1.25 Hz) 135.4
Co6 130.5 130.7 134.3 (J="1.5Hz) 134.6
Cc7 129.4 129.6 1343 (J=17.5Hz) 1342
Cc8 126.3 (J=3.75 Hz) 126.1 (J=3.75 Hz) 138.1 (/=10.0 Hz) 138.8
Cc9 136.5 (J=18.75 Hz) 136.5 (J=18.75 Hz) 118.2 (J=52.5 Hz) 134.6
C10 137.2 (J=18.75 Hz) 137.2 (J=18.75 Hz) 127.7 (J = 62.5 Hz) 1345
Cl11 133.5 (J=18.75 Hz) 133.5 (J=18.75 Hz) 129.4 (J=12.5 Hz) 1333
C12 129.1 (J=17.5 Hz) 129.0 (J=17.5 Hz) 133.9 (J=11.25 Hz) 129.6
C12' - - - 129.1
C13 129.4 129.3 132.6 (J/=2.5Hz) 132.7
C13’ - - - 132.1
Cl4 165.5 160.1 170.0 168.8
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Figure 1. Crystal structure of HL-EtOH, with thermal ellipsoids at the 50% probability level. Hydrogen bonds
are dashed.

Figure 2. Molecular structure of [PALCI]" in 1, with thermal ellipsoids at the 50% probability level. Inset: stack-
ing of two crystallographically independent cations in the crystal structure of 1.

Both complex molecules [PALCI]" (figure 2) present a square-planar coordination around
the metal atom, made by the PNO tridentate neutral zwitterionic ligand and completed by a
chloride trans to the N atom. Table 4 reports the most relevant bond distances and angles.
The phosphorus atom is slightly displaced from the coordination plane, as usually observed
for similar families of PNO ligands [1(e)]. Upon coordination of the tridentate ligand,
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Table 4. Relevant bond lengths (A) and angles (°) for 1, with su’s in parentheses.

Bond length (A) Bond length (A)
C1-P1 1.822(4) C25-P2 1.796(4)
C7-Pl 1.809(5) C31-P2 1.792(5)
C13-P1 1.803(5) C37-P2 1.795(5)
C19-N1 1.290(5) C43-N4 1.293(5)
C20-N2 1.306(6) C44-N5 1.311(6)
C20-01 1.282(5) C44-02 1.293(5)
C21-N3 1.507(6) C45-N6 1.496(5)
C22-N3 1.499(6) C46-N6 1.501(5)
C23-N3 1.486(6) C47-N6 1.512(6)
C24-N3 1.486(6) C48-N6 1.480(6)
NI-N2 1.409(5) N4-N5 1.410(5)
NI1-Pdl 1.980(4) N4-Pd2 1.974(3)
01-Pdl 2.073(3) 02-Pd2 2.066(3)
Cl1-Pd1 2.288(1) P2-Pd2 2.196(1)
Pdl-P1 2.199(1) Cl2-Pd2 2.290(1)
Bond angle ©) Bond angle (©)
NI1-Pd1-O1 80.2(1) N1-Pd1-Cl1 175.0(1)
N1-Pd1-P1 95.3(1) 01-Pd1-Cl1 95.4(1)
O1-Pd1-P1 174.6(1) Cl1-Pd1-P1 88.92(5)
Pd1-N1-N2 113.6(3) Pd1-N1-C19 131.6(3)
NI1-N2-C20 111.1(4) C20-01-Pd1 107.2(3)
C6-C19-N1 129.3(4) C19-C6-Cl1 126.5(4)
C6-C1-P1 122.8(3) C1-P1-Pdl 111.8(1)
C21-C20-01 117.4(4) C20-C21-N3 114.2(4)

Figure 3. Crystal packing of the ordered part of the structure of 1, showing cations and anions.

five-membered and six-membered chelation rings are formed, the former planar, the latter
slightly puckered due to the above- mentioned hindrance of the phosphorus atom. The trim-
ethylamino cationic tail of the ligand is oriented almost perpendicular to the ligand plane.
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Interestingly, the two complex cations are stacked with the coordination planes parallel with
a Pd...Pd distance of 4.313 A (figure 2), forming other short contacts between the aromatic
CH and the chlorides and between the CH, groups and the iminic N atoms. The chlorides
are nested between the methyl groups of the cationic tail of the complex molecules, so that
in the overall packing (figure 3), the moieties with different polarity are compartmentalized
in a slice of phenyl groups, a slice of stacked coordination planes, and a slice of trimethy-
lammonium moieties alternating with chloride anions. This organization leaves large voids
in the crystal that are occupied by disordered solvent ready to leave the solid and to
decompose upon X-ray exposure. It has not been possible to build a sensible chemical
model for this contribution, whose overall electron density is presented in the Supplemen-
tary material.

Compound 2 crystallizes in the space group Cc in a huge cell, with a volume of 16,841
A? (see Supplementary material). The asymmetric unit contains three independent cations
[C0L2]3 *, and nine BF,” anions, most of which were not visible in the electron density
map. The structure is in fact highly disordered and the quality of diffraction data was not
sufficient for an accurate determination of the molecular geometry and crystal packing. The
connectivity of the complex cations is unambiguous and is shown in figure 4. The complex
has a bis(trischelate) PNO coordination on the metal center, giving an octahedral geometry,
with the formation of five-membered and six-membered chelation rings. The three cations

Figure 4. Molecular structure of [CoL,]*" cation in compound 2, as determined by X-ray diffraction.



Downloaded by [Institute Of Atmospheric Physics] at 15:27 09 December 2014

3644 K. Adaila et al.

in the asymmetric unit present different A/4 absolute configurations on the metal, two being
of the same configuration and the third being different; since the space group contains a
symmetry plane, the compound is racemic.

3.5. DFT calculations

Hydrazone can exist as different isomers due to geometric isomerism with respect to the
imino group (£, Z isomers) and rotational isomerism as a result of hindered rotation about
the amide linkage (anti, syn stereoisomers). DFT calculations revealed that the E isomers
are more stable than the Z isomers. The NMR studies of the prepared ligand showed the
presence of a mixture of two syn and anti stereoisomers in solution. The present DFT calcu-
lations showed that the syn E stereoisomer is slightly more stable than the anti E isomer;
the energy difference between them does not exceed 0.1 kcal M™'. This very small energy
difference indicates their coexistence in equilibrium in the solution, which corroborates the
experimental findings.

Since the X-ray-determined structures of 1 and 2 were highly disordered, DFT calcula-
tions were performed to verify the geometry of the metal complexes. Indeed, DFT calcula-
tions confirmed a square-planar geometry for [PALCI]" (more stable in energy than the
tetrahedral isomer by 39 kcal M™') and an octahedral arrangement and singlet ground state
for [CoL,]*". Furthermore, the calculated results for both complexes match almost perfectly
with the experimental data, giving us considerable confidence about the structures of 1 and
2 (figures 5 and 6). The molecular energies and Cartesian coordinates are given in the
Supplementary material.

Figure 5. Superposition of experimental X-ray (gray) with S12g optimized (light blue) global minimum structure
of [PALCI]" cation (see http:/dx.doi.org/10.1080/00958972.2014.972389 for color version).
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Figure 6. Superposition of experimental X-ray (gray) with S12g optimized (light blue) global minimum structure
of [CoL,]*" cation (see http://dx.doi.org/10.1080/00958972.2014.972389 for color version).

Table 5. The antimicrobial activity of HL*EtOH and complexes 1 and 2 (MIC values in uM L™").

Co Amphotericin

Microorganisms HL-EtOH 1 2 K,[PdCl;] (BF4);'6H,0 Cefotaxime B

Staphylococcus aureus 514 430 106 3060 2935 27 -
ATCC 6538

Pseudomonas aeruginosa 514 430 212 3060 2935 55 -
ATCC 9027

Bacillus subtilis ATCC 257 430 106 3060 2935 14 -
6633

Salmonella abony ATCC 257 430 106 3060 2935 55 -
6017

Klebsiella pneumoniae 514 430 106 3060 2935 27 -
NCIMB 9111

Escherichia coli ATCC 514 430 212 3060 1467 14 -
10536

Candida albicans ATCC 514 430 212 3060 2935 - 7
10231

3.6. Antimicrobial activity

Antimicrobial activities of 1 and 2 were higher than the activity of HL-EtOH (table 5).
Complex 2 exhibited strong activity against Gram-positive bacteria S. aureus and
Gram-negative bacteria S. abony, P. aeruginosa, and K. pneumoniae. A moderate activity
of 2 was observed against the other examined bacterial strains. Complex 1 and HL-EtOH
showed moderate activity on most of the tested bacterial strains. The most pronounced
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activity of 1 was observed against Gram-negative bacteria P. aeruginosa and S. abony. The
strongest antimicrobial activity of HL-EtOH was noted against S. abony. HL-EtOH, 1,
and 2 are not good antifungal agents, among them the highest antifungal activity was
observed for 2.

Comparison of antimicrobial activities of HL-EtOH, 1, and 2 with the activity of previ-
ously investigated condensation product of 2-(diphenylphosphino)benzaldehyde and ethyl
carbazate and corresponding complexes of Pd(II) [8] and Co(Ill) [7] gives insight into the
influence of hydrophobicity, charge, and geometry of complexes on biological activity. The
highest antibacterial activity was observed for octahedral electrolytic Co(Ill) complexes,
while the best antifungal activity was observed for neutral square-planar Pd(II) complex
with condensation product of 2-(diphenylphosphino)benzaldehyde and ethyl carbazate. The
presence of positively charged ligand in Pd(Il) complex results in decreased antifungal
activity and better antibacterial activity. An opposite situation was observed in the case of
octahedral Co(IIT) complexes for which better antibacterial activity was observed for com-
plex with uncharged ligand. Complex 1 showed better antimicrobial activity in comparison
with previously synthesized Pd(II) complexes with similar PNO donor ligands [4, 5].

4. Conclusion

We present here the synthesis and the structural characterization of (E)-2-(2-(2-(diphenyl-
phosphino)benzylidene)hydrazinyl)-N,N,N-trimethyl-2-oxoethan-1-aminium chloride mono-
ethanol (HL-EtOH) as well as its Pd(II) and Co(Ill) complexes. From the condensation
reaction of the Girard’s T reagent with 2-(diphenylphosphino)benzaldehyde, an ammonium
quaternary chloride salt of the ligand was obtained. Square-planar Pd(II) complex is in the
cationic form [PALCI1]" with the deprotonated ligand coordinated tridentate via the phospho-
rus, the imine nitrogen and the carbonyl oxygen atoms, and chloride as counter-ion. Co(IlI)
complex consists of cation [CoL,]*" counterbalanced by three BF,  anions. The Co(III)
complex has a bis(trischelate) PNO coordination on the metal center, giving an octahedral
geometry. NMR data for the ligand revealed the presence of syn and anti stereoisomers in
solution, proved by DFT calculations. The structures of the metal complexes with the differ-
ent coordination spheres were confirmed by the DFT calculations and found to be in excel-
lent agreement with the experimental X-ray results. Antimicrobial activities of 1 and 2 were
higher than the activity of HL-EtOH. Complex 2 exhibited strong activity against S. aureus,
S. abony, P. aeruginosa, and K. pneumoniae. Complex 1 and ligand showed moderate activ-
ity on most of the tested bacterial strains. The most pronounced activity of 1 was observed
against P. aeruginosa and S. abony. Results of antimicrobial activity showed that charge,
geometry, and nature of metal ion in 1 and 2 have important influence on biological activity.
Octahedral Co(Ill) and square-planar Pd(I) complexes with large variety of ligands were
investigated as potential antimicrobial and antitumor agents [27-34], among them complexes
with stronger activity than 1 and 2 are reported [32, 33]. Having all these facts in mind, it is
obvious that nature of the coordinated ligands has strong effect on solubility, stability, steric,
electronic, and pharmacokinetic properties of metal complexes as well as on mechanism of
their action.
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