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Stereoselective synthesis of oxime containing Pd(II) compounds: 
Highly effective, selective and stereo-regulated cytotoxicity 
against carcinogenic PC-3 cells  

Isabel de la Cueva-Alique,a Elena de la Torre-Rubio,a Laura Muñoz-Moreno,b Alicia Calvo-Jareño,a 
Adrián Pérez-Redondo,a Lourdes Gude,a Tomás Cuenca,a Eva Royo*a 

New palladium compounds [Pd{(1S,4R)-NOH^NH(R)}Cl2] (R = Ph 1a or Bn 1b), [Pd{(1S,4R)-NOH^NH(R)}{(1S,4R)-

NO^NH(R)}][Cl] (R = Ph 2a or Bn 2b) and corresponding [Pd{(1R,4S)-NOH^NH(R)}Cl2] (R = Ph 1a’ or Bn 1b’) and [Pd{(1R,4S)-

NOH^NH(R)}{(1R,4S)-NO^NH(R)}][Cl] (R = Ph 2a’ or Bn 2b’) have been synthesized. Novel compounds 1a, 1b, 2b (and 1a’, 

1b’, 2b’) were obtained in solution as a mixture of diastereomers whose relative ratios depend on the solvent and the nature 

of the amino substituent. In contrast, the synthetic reactions of derivatives 2a and 2a’ were stereospecific, and afforded 

single enantiomers of absolute configuration (SN,1SC,4RC)-(RN,1SC,4RC) and (RN,1RC,4SC)-(SN,1RC,4SC), respectively. All 

compounds have been fully characterized by NMR and IR spectroscopy, time-dependent UV-spectroscopy, ESI-HR-MS in 

water, and CHN elemental analysis. Absolute configurations of major epimers of 1a and 1a’, both epimers of 1b and 

enantiomer 2a’ were determined by single crystal X-ray crystallography, and endorsed by 2D NOESY NMR experiments in 

solution. Additionally, the pH-dependent stability of 2b in water was assessed by 1H-NMR spectroscopy. Metal derivatives 

have been tested in vitro against three human cancer (prostate PC-3, cervical HeLa, and breast MCF-7) cell lines. The highest 

anticancer activities were shown by palladium compound 2a’ in all cancer cells, with IC50 values up to 80 times lower than 

those found for cisplatin. The cytotoxicity of 2a and 2a’ is stereo-dependent, with IC50 values that differ significantly for each 

enantiomer in all the cell lines tested. Cytotoxic activity of 2a and 2a’ was further evaluated against the non-tumorigenic 

human prostate RWPE-1 cell line, revealing a selectivity index (SI) of ca. 30 for derivative 2a’. DNA interactions have been 

investigated by equilibrium dialysis, Fluorescence Resonance Energy Transfer (FRET) DNA melting assays, and viscometric 

titrations, pointing to groove and/or external binding.  Cell cycle assay on PC-3 cells after treatment with 2a or 2a’ shows 

cell cycle arrest in the S and G2/M phases, especially when cells are treated with compound 2a’.

Introduction 

The design of platinum compounds with non-traditional 

structures emerged as a strategy to affect DNA differently from 

cisplatin (cis-diamminedichloroplatinum(II)), an approach that 

can be exploited to address systemic toxicity and resistance,1–6 

two of the main handicaps of cisplatin. Following this approach, 

a variety of “rule breaking” Pt(II) compounds (trans-, 

polynuclear, mono-functional and/or substitution inert Pt(II) 

complexes) have been prepared, and shown different cytotoxic 

profiles and DNA-binding properties than cisplatin 

analogues.3,5–9  

For the last decade, Pd(II) compounds10–17 have broadly been 

explored as alternatives to the currently used anticancer drug 

cisplatin, mainly due to their similar coordination geometry and 

chemistry. However, Pd(II) compounds are more labile and 

suffer from aquation and ligand-exchange rates much faster 

than Pt(II) analogues. It soon became apparent that a rationale 

choice of ligands was requisite to render Pd(II) compounds 

suitable as anticancer drugs. The use of chelating ligands, 

preferentially based on strongly coordinating atoms as P, N, S or 

C, and sterically demanding enough to protect the metal centre 

from rapid hydrolysis has produced highly valuable 

derivatives.11,14,15,17 Padeliporfin (TOOKAD® soluble), a 

porphyrin-derived Pd(II) complex, was recently approved for 

clinical use by the European Medicines Agency as a potent 

vascular-targeted, photodynamic therapy agent for the 

treatment of localised prostate cancer.18 Recent reviews on the 

subject demonstrate that several Pd(II) compounds with “rule-

breaking” molecular structures, often display anticancer 

properties in vitro and ex vivo higher than Pt(II) counterparts or 

cisplatin, even towards tumours resistant to cisplatin and 
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derivates.15,17 From the existing data, it can be inferred that 

DNA interactions associated with most successful Pd(II) 

compounds are also distinct from that of classical Pt(II) 

derivatives.10,11,13,15 Among those Pd(II) derivatives structurally 

different from cisplatin, a large majority contain potentially 

DNA intercalating ligands.6,9,19–22 

On the other hand, the importance of stereochemistry on 

biological activity is well recognized in the anticancer 

metallodrug design.23,24,33,34,25–32 As a part of an ongoing 

research project, we have used enantiopure amino-oxime pro-

ligands derived from commercially available and low-cost 

natural terpenes35,36 to prepare a variety of water-soluble, 

enantiopure Ru(II), Ti(IV), Pd(II) and Pt(II) compounds that have 

already demonstrated the great potential of this approach in 

the design of novel anticancer metallodrugs.37–40 Other oxime 

metal compounds have also been reported to have interesting 

antitumor properties and different DNA interactions to that of 

cisplatin (see for example Pt,41–47 Pd,48–51 Rh, Ir,52–54 and Ru53,55–

58). Regarding Pd(II) coordination chemistry, oxime groups are 

excellent ligands for stabilization purposes, with a wide 

versatility of coordination modes going from mono-ĸN,59 -ĸO42 

to di-hapto ĸ2N,O either with side on or bridging 

coordination.60–64 In addition, oxime derivatives have also 

shown advantageous biological activities for cancer treatment 

(i.e., inhibition of protein kinases, analgesic, anti-inflammatory 

and/or anticancer potential).65–68 

We reported recently water-soluble, enantiopure, oxime-

containing Pd(II) pincer compounds that effectively modulate 

adhesion and migration processes of cancer PC-3 cells.64 Such 

metal complexes likely interact with double stranded (ds) DNA 

by a partial, non-classical intercalation and/or by groove 

binding. Thus, we become interested in the synthesis of chiral, 

Pd(II) substitutionally-inert69 compounds with oxime, non-

intercalating containing ligands, and their impact on their 

potential biological effects and DNA interactions. We report 

herein the synthesis and full characterization of novel chiral 

palladium derivatives containing one or two enantiopure N-

based chelating amino-oxime ligands (Fig. 1).  

 
Fig.1. Optically active amino-oxime pro-ligands used in this report.36 

The behaviour in water of the novel compounds was studied by 

UV-vis and/or 1H-NMR spectroscopy. In addition, we have 

investigated the cytotoxic activity of the oxime-containing 

complexes against a variety of cell lines, as well as their DNA 

interactions. The effect of most cytotoxic derivatives on the 

cycle of PC-3 cells is also reported. 

 

 

Synthesis and characterization of dichlorido metal compounds 

In search of a synthetic general route to amino-oxime Pd(II) 

derivatives, K2[PdCl4] or, alternatively, [Pd(COD)Cl2] (COD = 1,5-

cyclooctadiene) was reacted with (1S,4R)-{NOH^NH(R)} (R = 

phenyl (Ph) a, or benzyl (Bn) b), in molar ratios [Pd]:[pro-ligand] 

of 1:1. The solids obtained from the reaction solutions show, in 

their 1H NMR spectra in chloroform-d1, the formation of a 

complicated set of resonances, which can be ascribed to at least 

three (from reaction with a) or four (from reaction with b) new 

Pd(II) compounds. The products are formed in solution together 

with the concomitant precipitation of corresponding 

ammonium oxime derivatives (1S,4R)-{NOH^NH(R)·HCl} (R = 

phenyl (Ph) a·HCl or benzyl (Bn) b·HCl), identified by 1H NMR in 

DMSO-d6.  

To avoid dehydrochlorination processes assisted by the 

presence of the basic amino function contained in the pro-

ligands, [Pd(COD)Cl2] was treated directly with the enantiopure 

ammonium salts a·HCl or b·HCl in dichloromethane. Under such 

acidic conditions, the reaction proceeds in ca. 24 h at room 

temperature with elimination of COD and HCl and formation of 

pure dichlorido Pd(II) compounds [Pd{(1S,4R)-NOH^NH(R)}Cl2] 

(R = Ph 1a or Bn 1b) (Fig. 2).  

 

 

Fig. 2. Synthesis of novel dichlorido palladium compounds 1a, 1b, 1a’ and 1b’. 

Coordination of the amino unit to the metal gives rise to a new 

stereogenic centre at the nitrogen atom, resulting in the 

possible formation of two different diastereomers (epimers) of 

absolute configuration (SN,1SC,4RC) and (RN,1SC,4RC). The novel 

palladium dichlorido compounds have been characterized as a 

mixture of [Pd{(SN,1S,4R)-NOH^NH(R)}Cl2] (R = Ph 1a-1 or Bn 1b-

1) and [Pd{(RN,1S,4R)-NOH^NH(R)}Cl2] (R = Ph 1a-2 or Bn 1b-2), 

detected by NMR spectroscopy (in chloroform-d1 solution) in ca. 

1:0.2 and 0.8:1 ratio, respectively. The configurational stability 

of these mixtures remains, in the chloroform-d1 solutions 

tested, for at least 72 h and temperatures up to 60-70 °C.  

Analogous treatment of [Pd(COD)Cl2] with enantiomers (1R,4S)-

{NOH^NH(R)·HCl} (R = Ph a’·HCl or Bn b’·HCl) affords 

corresponding [Pd{(1R,4S)-NOH^NH(R)}Cl2] (R = Ph 1a’ or Bn 

1b’), obtained as a mixture of the epimers [Pd{(RN,1R,4S)-

NOH^NH(R)}Cl2] (R = Ph 1a’-1 or Bn 1b’-1) and [Pd{(SN,1R,4S)-

NOH^NH(R)}Cl2] (R = Ph 1a’-2 or Bn 1b’-2), in ratios of ca.  1:0.2 

or 0.8:1, respectively (Fig. 2).  

CHN Elemental analysis of the solids 1a, 1b (or 1a’, 1b’) 

confirmed the same chemical composition for the epimers 

observed in solution, 1a-1 and 1a-2, 1b-1 and 1b-2 (or 1a’-1 and 

1a’-2, 1b’-1 and 1b’-2) and endorse their isomeric relationship.  
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Enantiomers 1a-1 and 1a’-1 can be isolated as pure solids by 

crystallization from the chloroform solution that contains them, 

whereas epimers 1b-1 and 1b-2 crystallize together, making 

their separation unfeasible by this technique. Suitable crystals 

obtained for all of them allowed determination of their absolute 

configuration by single-crystal X-Ray diffraction studies. 

Enantiopure derivatives 1a-1, 1a’-1 (Fig. 3, Table S1 ESI) and the 

epimeric mixture of 1b-1, 1b-2 (Fig. 4, Table S2 ESI) show a 

square planar geometry around the Pd centre, where the metal 

is coordinated to both N atoms of amino and oxime functions. 

The most noticeable characteristic of their molecular structures 

is the presence of intramolecular hydrogen bonds =NOH···Cl-Pd, 

with O···Cl distances of 3.182(6) Å (1a-1), 3.179(6) Å (1a’-1), 

3.086(7) Å (1b-1) and 2.999(7) Å (1b-2). Such short 

intramolecular contacts have also been found in other oxime 

Pd(II) and Pt(II) dichlorido compounds.43,70–72 

 

 

Fig. 3. ORTEP drawing of compounds 1a-1 (LEFT) and 1a’-1 (RIGHT) with 50% probability 

ellipsoids. Hydrogens bonded to carbon atoms have been omitted for clarity. 

Representative lengths (Å) and angles (deg) of 1a-1: Pd(1)-N(1) 2.048(5); Pd(1)-N(2) 

1.992(6); Pd(1)-Cl(1) 2.274(2); Pd(1)-Cl(2) 2.294(2); N(2)-O(1) 1.378(7); N(1)-Pd(1)-N(2) 

81.3(2); N(1)-Pd(1)-Cl(1) 92.0(2); N(2)-Pd(1)-Cl(2) 94.0(2); Cl(1)-Pd(1)-Cl(2) 92.9(1). 

 

 

 
Fig. 4. ORTEP drawing of compounds 1b-1 (LEFT), 1b-2 (RIGHT) with 50% probability 

ellipsoids. Hydrogens bonded to carbon atoms have been omitted for clarity. 

Representative lengths (Å) and angles (deg) of 1b-1: Pd(1)-N(1) 2.049(7); Pd(1)-N(2) 

1.996(7); Pd(1)-Cl(1) 2.297(2); Pd(1)-Cl(2) 2.293(2); N(2)-O(1) 1.371(8); N(1)-Pd(1)-N(2) 

80.7(3); N(1)-Pd(1)-Cl(1) 92.7(2); N(2)-Pd(1)-Cl(2) 91.9(2); Cl(1)-Pd(1)-Cl(2) 94.8(1). 

In light of the X-ray structures, it becomes clear that the 

observed stereoselectivity is directed, apart from other 

considerations,73,74 by the nature of the aromatic substituent at 

the amino N. Accordingly, the preferred N configuration of the 

major epimers 1a-1 or 1a’-1 avoids NHPh and NCqMe contacts, 

while the more flexible benzyl allows SN or RN configurations 

almost indistinctly, to produce mixtures of 1b-1 + 1b-2 in a ca. 

equimolar ratio.   

When the enantiopure crystalline solid 1a-1 (or 1a’-1) is re-

dissolved in chloroform-d1 at room temperature, 

epimerization75–77 affords, after the first 30 min, a mixture of 

1a-1 + 1a-2 (or 1a’-1 + 1a’-2) in a 1:0.2 ratio, which then 

remained constant for the next 48 h.  

The different relative intensity of each set of resonances found 

in the NMR spectra of 1a and 1b, helped us to perform full NMR 

spectroscopy characterization of each epimer, with the help of 

bidimensional 1H–1H COSY, 1H–1H NOESY, 13C–1H HSQC, HMBC 

and 15N–1H HMBC experiments. As expected for enantiomer 

pairs, analytical and spectroscopic data of 1a or 1b are identical 

to those observed for 1a’ or 1b’, respectively (see Experimental 

Section and ESI, Figs. S7-S22).  

Variation in chemical shifts of the nitrogen signals arising from 

the oxime and amino groups in 1a (δ 262.4 and 62.1 1a-1, 15N 

resonances of minor 1a-2 are not detected) or 1b (δ 255.3 and 

50.9 1b-1, 264.2 and 50.9 1b-2), compared to those found in a 

(δ 343.5 and 84.1) or b (δ 340.0 and 60.0), respectively, agrees 

well with a ĸ2N bidentate coordination of the ligands in the 

novel Pd(II) compounds. The chemical shift of the signals due to 

proton and carbon atoms closest to coordinated N atoms 

compared to those detected for the same fragments in the NMR 

spectra of metal-free amino-oxime derivatives also changed the 

most.  Thus, 1H NMR NOH, NH signals (δ 9.93, 5.59 1a-1, 10.07, 

6.68 1a-2, 9.80, 4.89 1b-1, 9.99, 5.47 1b-2), and 13C resonances 

due to Cq=NOH, CqNH (δ 170.5, 73.5 1a-1, 169.0, 72.4 1a-2, 

170.3, 71.4 1b-1, 169.1, 71.8 1b-2), are downfield shifted 

relative to those found in pro-ligands a (δ 8.41, 3.57 and 164.9, 

57.0) or b (δ 9.40, 1.19 and 163.0, 57.0), respectively. 

The absolute configuration of the amino nitrogen confirmed by 

X-Ray molecular structures is endorsed by 2D NOESY 

experiments in solution. 2D NOESY spectra revealed the 

association of the NH amino proton signal of 1a-1 and 1b-1 (or 

1a’-1 and 1b’-1) with the resonance due to CqNCH3 fragments 

(δ 6.70 and 2.25 1a-1, 1a-1’, δ 4.87 and 2.04 1b-1, 1b’-1) (Fig. 5 

LEFT and Fig. S15 ESI). Epimers 1b-2, 1b’-2 show, instead, NOESY 

contacts between NH and CH2(6) resonances at δ 5.47 and 1.63, 

respectively (see Fig. 5 RIGHT and Fig. S22 ESI). 

 

Fig. 5. Associated proton resonances detected in the 2D NOESY spectra of epimers 1a-1, 

1b-1 (LEFT) and 1b-2 (RIGHT). 

Synthesis and characterization of “substitutionally inert” Pd(II) 

compounds 

We were especially interested in the synthesis and biological 

study of palladium compounds lacking labile chloride ligands.  

Taking into account our initial experimental results obtained 

from the reaction of [Pd(COD)Cl2] and a or b, the reaction was 

performed in the presence of an external base as NEt3, in molar 
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ratios [Pd]:[proligand]:[base] of 1:2:2. Under these conditions, 

[NHEt3]Cl and pure cationic compounds [Pd{(1S,4R)-

NOH^NH(R)}{(1S,4R)-NO^NH(R)}][Cl] (R = Ph 2a or Bn 2b) 

formed. Structural data of the metallic compounds confirm the 

presence of mixed amino-oxime and deprotonated amino-

oximato ligands (Fig. 6). A greater excess of NEt3 

([Pd]:[proligand]:[base] up to 1:2:8) leads to the same results. 

Analogous experimental procedure starting from [Pd(COD)Cl2] 

and a’ or b’ affords corresponding [Pd{(1R,4S)-NOH^NH(R)- 

ĸ2N}{(1R,4S)-NO^NH(R)-ĸ2N}][Cl] (R = Ph 2a’ or Bn 2b’) (Fig. 6). 

 
Fig. 6. Synthesis of compounds 2a, 2b, 2a’ and 2b’.  

Once again, amino N coordination to palladium centre can 

produce different diastereoisomers, now of absolute 

configuration (SN,1SC,4RC)-(SN,1SC,4RC), (RN,1SC,4RC)-(RN,1SC,4RC) 

(both belonging to C2 symmetry group) and (SN,1SC,4RC)-

(RN,1SC,4RC) (C1 symmetry) (Fig. 7). 1H, 13C and 15N NMR spectra 

(chloroform-d1) of 2a (or 2a’) showed the presence of only one 

stereoisomer solution of C1 symmetry (Fig. S23-S29, ESI). In 

contrast, NMR spectra of 2b show a mixture of two sets of 

resonances in a 1:0.3 ratio: one major set corresponds to a 

compound in the C2 point group (2b-1) and one minor is 

attributable to a C1 symmetric system (2b-2) (Fig. S30 and S33, 

ESI). The ratio keeps unaltered in the chloroform-d1 solutions 

studied during at least 72 h and temperatures up to 80 °C.  

 

Absolute configuration of 2a’, namely (RN,1RC,4SC)-(SN,1RC,4SC), 

was confirmed through single-crystal X-Ray structure 

determination (Fig. 8, Table S3). The solid-state structure shows 

a square planar geometry around the Pd center, where the 

metal is coordinated to both ligands through N atoms of amino, 

oxime and oximato functions. Oxime and oximato are joint 

together by a =NO-H-ON= bond, forming a bridge where the 

hydrogen atom places closer to one of the oxygen, with bond 

distances O(1)-H(1) = 1.08(5) Å and O(2)···H(1) = 1.36(6) Å. This 

structural feature distinguishes the compound from others 

oxime oximato Pd(II) derivatives found in the literature, where 

O-H-O bond distances are equal and the atoms PdN2O2H are 

coplanar.78 Another notable feature of the molecular structure 

of 2a’ is the π-π contacts found between phenyl rings, with a 

distance between centroids of 3.61 Å and an angle between 

phenyl planes of 8°. Most likely, this weak interaction plays an 

important role in the observed stereospecific formation of the 

compound. 

 

Fig. 7. Possible diastereomers of 2a, 2b and associated proton resonances detected in 

the 2D NOESY spectra. 

 

 

 
Fig. 8. ORTEP drawing of compound 2a’ with 50% probability ellipsoids. Hydrogens 

bonded to carbon atoms have been omitted for clarity. Representative lengths (Å) and 

angles (deg): Pd(1)-N(1) 2.077(3); Pd(1)-N(2) 1.973(3); Pd(1)-N(21) 2.080(3); Pd(1)-N(22) 

1.976(3); N(2)-O(1) 1.355(4); N(22)-O(21) 1.343(4); N(1)-Pd(1)-N(2) 81.4(1); N(21)-Pd(1)-

N(22) 81.1(1); N(1)-Pd(1)-N(21) 101.2(1); N(2)-Pd(1)-N(22) 95.9(1). 

Oxime and amino hydrogen atoms appear in the 1H NMR 

spectrum of 2a and 2b-2 (or 2a’ and 2b’-2) as three resonances 

of relative intensities 1:1:1. Instead, the C2 symmetric major 

epimer, 2b-1, shows only two signals ascribed to NOH and NH 

atoms of relative intensities 1:2 (see Experimental and Fig. S30). 

Chemical shifts of the 13C NMR signals due to Cq=NOH and CqNH 

and 15N NMR of =N and –NHPh also confirm, for compounds 2a 

and 2b (or 2a’ and 2b’) the coordination in solution of both 

ligands through =N and -NHPh atoms.  

Calculated data of specific optical rotation in chloroform 

solution for 2a and 2a’ ([]23
D (deg·dm-1·dL·g-1) = +10.33 ± 1.3 

2a, -10.33 ± 1.3 2a’) evidence the enantiomeric relationship of 

both diastereoisomers. 

In addition, the compounds were investigated by 2D NOESY 

spectroscopy (see Fig. 7). Spectra of 2a and 2a’ (C1 symmetry 
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enantiomers) show the association of the NH signals (at δ 8.77 

and 8.52) with those of CH2(6) and CH3CqN (δ 2.79, 1.06 and 

2.02, respectively). Also, contacts between aromatic hydrogens 

at δ 7.09 (Ph) and 1.00 (CH3CqN 1) are apparent (Fig. 7 and Fig. 

S29, ESI).  For the C2 symmetric major epimer of 2b, 2b-1, (or of 

2b’, 2b’-1) the spectrum shows NOESY contacts between NH 

and CH3CqN resonances, detected at δ 5.90 and 1.14, pointing 

to an absolute configuration (SN,1SC,4RC)-(SN,1SC,4RC), (Fig. 7 

and S37). The low intensity of the signals due to minor 2b-2 (or 

2b’-2), prevents detection of NOESY contacts. However, the set 

of NMR signals can only be due to a C1 symmetric compound, 

for which only configuration (SN,1SC,4RC)-(SN,1SC,4RC), (or 

(RN,1RC,4SC)-(RN,1RC,4SC) for corresponding enantiomer 2b’-2) is 

possible (Fig. 7). 

As observed before for dichlorido derivatives 1a or 1b (1a’, 1b’), 

preventing -NHR and -NCqMe contacts seems crucial for the 

observed diastereoselectivity in chloroform solution, and the 

substituents nature at the amino group is, again, determining. 

Thus, sterically demanding benzyl groups of 2b do not allow 

major formation of the C1 symmetric epimer, while for 2a this is 

the only epimer formed.  

On the other hand, the reaction of 2b with KPF6 in 

dichloromethane affords an orange solid, whose 19F and 31P 

NMR spectra confirm the presence of the counteranion [PF6]¯ 

and the cationic character of 2b (See Experimental Part). 

Elemental CHN analysis of 2a and 2b (or 2a’ and 2b’) also 

validates the proposed molecular structures. 

Regarding IR spectroscopy, amino-oxime pro-ligands a or b 

exhibit strong, broad ν(OH/NH) bands at ῡ 3100/3320 cm−1 and 

C=N stretching frequencies at ῡ 1644 cm−1. Palladium novel 

compounds show absorptions at ῡ 3389, 3494 and 1637 (1a, 

1a’), 3279, 3504 and 1641 (1b, 1b’), 3385, 3642 and 1641 (2b, 

2b’) and 3298, 3433 and 1599 cm-1 (2a, 2a’), assigned to 

ν(OH/NH) bands and C=N stretching frequencies.  

 

Behaviour of novel palladium compounds in water 

We assessed the stability of complexes 1a, 1b, 2a, and 2b in 

water or PBS (phosphate buffered saline) solution by UV–Vis 

spectroscopy. UV-Vis spectra of 1a show shoulders at 244 and 

293 nm, while no absorptions are discernable for 1b. For 

derivatives 2a and 2b, bands at 246, 291, and 248 nm, 

respectively, are detected, all assignable to ligand to metal 

charge transfer (LMCT) bands by comparison with UV-vis 

spectra of corresponding free ligands a or b. None of the 

compounds shows significant changes in their UV–vis spectrum 

over 72 h (ESI, Fig. S47-50).  

Solubility in water of compounds 1a (s = 0.87 ± 0.4 mM), 1b (s = 

1.37 ± 0.3 mM) and 2a (s = 0.5 ± 0.1 mM) is sufficient to perform 

biological studies without the addition of DMSO, but do not 

allow detection of NMR resonances in water-d2. Only 2b, with a 

solubility of 5.8 ± 0.3 mM allows a time and pH-dependent 1H 

NMR study.  

Upon dissolution in water-d2 (5.0 mM, pH = 7.3), 1H NMR 

spectrum of 2b (or 2b’) showed two sets of resonances ascribed 

to 2b-1 and 2b-2 epimers (or 2b’-1 and 2b’-2), with relative 

intensities 0.1:1. In contrast to that observed in chloroform-d1, 

the major set of signals corresponds now to an epimer in the C1 

point group (2b-2), while the minor one is ascribable to a C2 

symmetric isomer (2b-1). This experimental result points to an 

epimerization process, leading to a different epimer ratio in 

water than observed in chloroform solution. Epimerization (or 

racemization) of metal coordinated stereogenic N atoms 

implies cleavage of M−N bond and subsequent intramolecular 

rearrangement.75–77 Thus, the activation barrier of the process 

is highly dependent on the donor ability of the reaction solvent 

and the nature of the metal and the substituents at the chiral 

amino function, which determines the M-N bond strength.74,79–

81 For example, configurational stability of Ni(II) or Pd(II)-

coordinated nitrogen has been reported to decrease 

substantially with the increasing coordinating ability of the 

reaction solvent.74 

The ratio between both sets of signals is maintained during the 

following 96 h at 40 °C (Fig. S38, ESI). 13C and/or 15N NMR 

characterization of the mixture of 2b-1+2b-2 in water-d2 

evidence that coordination of the ligands through amino and 

oxime/oximato N atoms in both stereoisomers remains intact 

(Fig. S41-43). Furthermore, high-resolution electrospray 

ionization mass spectrometry (HR-ESI-MS) of the water solution 

after 72 h confirmed the molecular formula of the epimers, 

showing the main peak with the adequate isotopic pattern for 

[M-Cl]+ at m/z = 649.2749 (100 %) (Fig. S58 ESI). Analogous 

behaviour is observed when 2b (or 2b’) is dissolved in methanol-

d4 (Fig. S44-46, ESI).  

 

pH dependence of 2b in water 

The initial sets of resonances observed in water suffered no 

apparent changes in the following 96 h within the 2.0-12.0 pH 

interval. Instead, acidification of water-d2 solutions of 2b-1+2b-

2 with DCl to pH* ≤ 2.0 caused the precipitation of a white-

yellowish solid, identified (after evaporation and addition of 

chloroform-d1 or DMSO-d6) as a mixture of 1b and b·HCl. The 

process is reversible, and the mixture of 1b and b·HCl evolves to 

2b-1+2b-2 when the solution is basified with NaOD to pH* > 2.0.  

 

 
Fig. 9. Observed pH-dependent evolution of 2b in water-d2 

This pH-dependent evolution is also critical in the synthesis of 

pure 1a, 1b, 2a, or 2b. Thus, treatment of [Pd(COD)Cl2] with a 

or b in molar ratios of 1:1 or 1:2 affords a mixture of 1a, 2a and 

a·HCl or 1b, 2b and b·HCl, respectively. Synthesis of pure 1a or 
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1b was only practicable in acidic media (as that reached by the 

addition of ammonium salts a·HCl or b·HCl instead of free pro-

ligands), while only the addition of external bases led to pure 2a 

or 2b. 

 

Although the fate of 2a (or 2a’) in water could not be monitored 

by 1H NMR, their water solutions were analysed by HR-ESI-MS 

after 72 h. The samples afforded a molecular peak with the 

correct isotopic pattern for [M-Cl]+ at m/z = 621.2419, 100 % 2a 

(or 621.2431, 100%, 2a’) (ESI, Fig. S52, S53). These results 

confirm that the chemical composition of 2a in aqueous media 

keeps unaltered, which agrees well with the time-dependent 

UV-vis study in water or PBS.  

 

Lipophilicity 

The partition coefficient between water and n-octanol (logP) is 

one of the most commonly used parameters that allows 

quantifying and optimizing drug-like pharmacokinetic 

properties.82–87 We measure the n-octanol/water partition 

coefficient of derivatives 1a, 1b, 2a, and 2b by using the shake-

flask method84,88 at room temperature. Unfortunately, long 

dispersion data were obtained in repeated experiments for 

compounds 1a, 1b, and 2b, most probably due to the different 

solubility of diastereomeric components of the mixtures, which 

prevented an accurate determination of their logP. This issue 

was not observed for 2a, where the calculated value (logPo/w = 

+0.599 ± 0.05) is indicative of a low hydrophilic compound, 

more lipophilic than the clinical metallodrug cisplatin (log P = -

2.27).86,87 

In vitro cell studies 

The cytotoxic activity of derivatives a·HCl, b·HCl, a′·HCl, b’·HCl, 

cisplatin, and novel palladium compounds was assessed in 

human cervical carcinoma HeLa, breast and prostate 

adenocarcinoma MCF-7 and PC-3 cell lines. Most active 

palladium derivatives 2a, 2a’ were also screened for their 

antiproliferative effects on the non-tumorigenic human 

prostate RWPE-1 cell line, and their mechanism of action was 

investigated by means of the cell cycle arrest assay.  

 

Anti-proliferative studies 

The in vitro effect of the compounds on cytotoxicity was tested 

by monitoring their ability to inhibit cell growth using the MTT 

assay and assessed through the determination of IC50 values 

after 72 h of treatment. The results are summarized in Table 1.  

Under these conditions, pro-ligands a·HCl, b·HCl, a’·HCl, b’·HCl 

are poorly cytotoxic in all tested cell lines (IC50 > 100 μM). 

Dichlorido palladium compounds 1a, 1b and corresponding 1a’, 

1b’ are moderately cytotoxic in the cell lines assessed, but with 

IC50 values 2-9 times higher than those found for cisplatin. The 

results obtained for compounds containing (1S,4R)- (namely 1a, 

1b) or (1R,4S)-amino oxime ligands (1a’, 1b’) are comparable, 

with no significant differences between them. 

Table 1. IC50 values (µM) of 1a, 1b, 2a, 2b and corresponding 1a’, 1b’, 2a’, 2b’ and 

cisplatin in human cervical carcinoma HeLa, breast adenocarcinoma MCF-7 and prostate 

cancer PC-3 cell lines. 

 

In contrast, amino oxime oximato Pd(II) derivatives are highly 

cytotoxic, with IC50 values that are better (or similar, see 2b and 

2b’ in HeLa or MCF-7 cells) than those of cisplatin. The most 

active compound in all evaluated cell lines is 2a’, with calculated 

IC50 values from 1.5 up to 80 times lower than those found in 

cisplatin. Comparison of the effect of 2a and 2a’ on HeLa and 

PC-3 cancer cells shows stereo-recognition, 2a’ being ca. 4 times 

more cytotoxic than 2a.  Several chiral palladium(II) derivatives 

with antitumor effects have been reported,89–96 but only a few 

include a biological comparison of enantio- or 

diastereoisomers.64,94–96 One of the most potent in vitro 

anticancer agent among them is trans-[1-menthyl-4-ethyl-

1,2,4-triazol-5-ylidene]2Pd(OCOCF3)2 (IC50 = 0.5-0.7 µM in MCF-

7 and 2.3-2.6 µM in HeLa96), their two enantiomers showing 

nearly equal activity. Stereo-regulation of cytotoxicity was 

neither observed by us in enantiomeric pairs of monofunctional 

Pd(II) N,N,N pincer compounds64 nor by Kordestani et al. in bis-

chelating carboxamide Pd(II) enantiomers.94 To the best of our 

knowledge, the chirality influence of Pd(II) compounds on 

cytotoxicity has only been reported before in 1,2-bis-(1H-

benzimidazol-2-yl)-1,2-ethanediol containing Pd(II) 

enantiomers, (Λ)- being 2 times less active than the (Δ)-

enantiomer in the MDA-MB231 and OVCAR-8 cell lines.95  

In order to assess the selectivity of the cytotoxic effects of 2a 

and 2a’ for cancerous cells, the compounds were also screened 

against the non-tumorigenic prostate cell line RWPE-1 (Table 2). 

Table 2. IC50 values (µM) of 2a, 2a’ and cisplatin in human prostatic cancer PC-3 and non-

tumorigenic RWPE-1 cell lines. 

 

Both derivatives are more toxic to PC-3 than to RWPE-1 cells, 

especially 2a’, with a selectivity index (SI = IC50 (RWPE-1)/IC50 

(PC-3)) close to 30. In contrast, cisplatin shows comparable 

activity in both prostate cell lines. 

A variety of palladium “rule-breakers” compounds has shown 

higher in vitro antitumor activity than their Pt(II) counterparts 

or cisplatin.14,15,105,97–104 IC50 values of compound 2a’ are within 

the range of other highly cytotoxic Pd(II) compounds described 

so far. For example, our derivative is ca. 55 times more cytotoxic 

Compound HeLa PC-3 MCF-7 

1a 30.9 ± 0.7 28.0 ± 0.8  50.4 ± 3.7                     

1a’ 38.8 ± 3.1 24.4 ± 0.3  53.8 ± 4.0      

1b 49.2 ± 10.1 > 100  89.5 ± 5.9                     

1b’ 60.8 ± 0.9 > 100  76.0 ± 0.2      

2a 7.2 ± 0.48 0.79 ± 0.084  6.05 ± 1.3                     

2a’ 1.71 ± 0.32 0.17 ± 0.048  4.92 ± 0.91      

2b 12.8 ± 0.31 4.02 ± 0.44  9.02 ± 2.7                     

2b’ 12.5 ± 2.2 5.16 ± 0.12  9.08 ± 0.55      

cisplatin 11.8 ± 4.2 14.5 ± 2.5  9.8 ± 0.96 

Compound  PC-3 RWPE-1 SI 

2a  0.79 ± 0.084  1.93 ± 1.0                     2.4 

2a’  0.17 ± 0.048  5.03 ± 0.74      29.6  

cisplatin  14.5 ± 2.5 19.9 ± 1.1 1.4 
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in prostatic cancer PC-3 cells than the promising 

[Pd(sac)(terpy)](sac)·4H2O (sac = saccharinate, terpy = 

2,2’:6’,2’’-terpyridine), which has shown significant antitumor 

effects on Balb/c mice in vivo, and inhibit cell growth in vitro 

with IC50 values of 9.6 µM in PC-3 and 3.05 µM in MCF-7.106,107 

Other notable examples in the literature are the 

thiosemicarbazone containing compound [Pd(Ac4Et)2] (Ac4Et = 

2-acetyl pyridine 4N-ethyl thiosemicarbazone, IC50 = 0.14 µM, in 

MCF-7100), some monofunctional Pd(II) derivatives with N,N,S 

pincer ligands (IC50 within the range 2.6-28 µM in PC-3 and 6.4-

70.0 µM in MCF-799,108) and a variety of  cyclopalladated 

complexes with N-heterocyclic carbenes (IC50 within the range 

0.4-1.8 µM in Hela and active against Hela xenografts mice in 

vivo100).  

 

DNA interaction studies 

Traditionally, double stranded (ds) DNA has been considered 

one of the main cellular targets of platinum-based drugs. 

Structurally, the highly cytotoxic novel compounds 2a, 2a’, 2b 

or 2b’  belong to the so called “rule breakers”,6,19,69,109 as they 

do not adjust to the conventional anticancer group 10 metal 

compounds. Taking into consideration the interesting results of 

biological activity displayed by 2a, 2a’, 2b or 2b’, exploring their 

potential DNA interactions was highly relevant, and thus, 

several assays testing their DNA recognition were carried out. 

Equilibrium dialysis, fluorescence-based DNA melting 

experiments and DNA viscosity titrations with ds DNA were 

used with this aim.  

Equilibrium Dialysis experiments with Calf Thymus (CT) DNA 

were carried out to determine whether 2a, 2a’, 2b or 2b’, can 

bind ds CT DNA and to establish their binding affinity. In these 

assays, metal complexes were incubated with ds CT DNA at 

room temperature for 24 hours, after which the amount of 

compound bound to DNA was quantitated. Experiments were 

carried out using a protocol described by Chaires,110 with some 

minor modifications (Experimental section). The results 

obtained are summarized in Table 3. 

Table 3. DNA apparent association constants of compounds 2a, 2a’, 2b, 2b’ obtained by 

equilibrium dialysis.a 

Compound 2a 2a’ 2b 2b’ 

Kapp 

(M-1) x 10-4 

3.27 ± 0.37 3.42 ± 0.14 2.73 ± 0.81 3.49 ± 0.76 

a Apparent association constants were calculated according to the equation Kapp = 

Cb/(Cf)(Stotal-Cb), where Cb is the amount of metal complex bound, Cf is the free 

metal complex concentration and Stotal = 75 µM, in monomeric units (bp). 

Table 3 shows that the metal complexes 2a, 2a’, 2b and 2b’ bind 

CT DNA with moderate affinity, with apparent binding constants 

in the order of 104 M-1, and with no significant differences 

among the tested compounds.  

Another aspect that deserves investigation is determining 

whether the metal complexes exert an effect on the DNA 

denaturing temperature (Tm). If the metal complex binds to 

DNA affecting the stability of the double helix, changes in the 

value of DNA Tm are commonly observed. Stabilization of 

duplex DNA via an intercalation mechanism usually results in 

increased values of Tm, while binding through recognition of 

the minor groove or external electrostatic-based interactions 

do not affect Tm values.  

Variable-temperature (DNA FRET-melting) assays employing 

fluorescence-labelled short DNA oligonucleotides were carried 

out.111 The sequence of choice was a 10-bp oligonucleotide 

designated as F10T labelled with two fluorophores, FAM at the 

5' end and TAMRA at the 3' end.112 Besides the metal complexes 

2a, 2a’, 2b or 2b’, precursor ligands a, b and a’, b’ were also 

included in this assay.  

 
Fig. 10. Viscometric titrations of Calf Thymus (CT) DNA and metal complexes 2a, 2a’, 2b 

and 2b’, at 25 °C (10 mM sodium phosphate buffer, pH 7.2). Cisplatin is included for 

comparison. 

All compounds were tested using a wide range of 

concentrations, from 1 M to 10 M. Under these experimental 

conditions, neither the metal complexes nor the ligand 

precursors affected dsDNA melting temperature (see 

representative example in Fig. S54, ESI). This is consistent with 

a non-intercalative mode of interaction with DNA and points to 

groove and/or external electrostatic binding.  

In addition, DNA viscosity titrations were carried out to confirm 

the previous findings and to establish the nature of DNA 

interactions of 2a, 2a’, 2b, and 2b’. The measurement of DNA 

viscosity provides a simple and fast way to differentiate binding 

modes of DNA ligands (particularly non-covalent interactions, 

such as intercalation between base pairs versus groove or 

external binding).113 Gradual titration of a DNA solution with 

increasing concentration of potential ligands, followed by the 

representation of the cubed root of the relative DNA viscosity 

(/o)1/3 versus the molar ratio of bound ligand to DNA 

nucleotide (r), allows the determination of a slope value that is 

correlated with the type of DNA binding mode.114 Thus, groove 

binding compounds usually display a slope close to 0.0 (ca. in 
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the range -0.3 to 0.2), whereas classical mono-intercalants show 

a slope value close to 1.0.113–115 

In the present study, metal complexes 2a, 2a’, 2b, and 2b’ 

showed a linear ()1/3 versus r correlation in the compound 

to DNA ratios used in the experiments, and resulted in a slight 

decrease in DNA viscosity at increasing concentrations, with 

negative slope values of -0.32, -0.25, -0.07 and -0.17, 

respectively (Fig. 10). This decrease is reminiscent of the effect 

observed with other metallodrugs, such as cisplatin, which 

covalently binds to DNA, but is significantly lower.  

As expected, and in good agreement with the results from the 

DNA melting experiments, viscosity titrations confirm that a 

classical intercalating interaction by metal derivatives 2a, 2a’, 

2b, and 2b’ can be ruled out. The viscosity slope values obtained 

fall within the experimental values reported for groove binding 

ligands, but the negative slope may also be compatible with a 

slight bending of the DNA double helix, especially in the case of 

compounds 2a, 2a’, which are the metal derivatives with a 

better profile, in terms of cytotoxic activity. Overall, these 

compounds are slightly decreasing DNA contour length and its 

viscosity in solution. It is known that metal complexes can bind 

DNA by partial or non-classical intercalation, decreasing the 

DNA contour length by bending or kinking the DNA helix.116–118  

 

Effect of 2a and 2a’ on the cell cycle of PC-3 cells 

Based on the inhibitory effect on cell proliferation of complexes 

2a and 2a’, their effect on the cell cycle of PC-3 cells was 

evaluated by flow cytometry at their IC50 concentration for 48 

h. Cisplatin was included in the assay as a positive control. After 

treatment with 2a or 2a’, there was a significant increase of cells 

in the S-phase (6.26% 2a, 8.57% 2a’ relative to control cells, ESI, 

Fig. S55) and a notable increase in the G2/M phase, especially 

for cells treated with 2a’ (8.71% 2a and 16.77% 2a’ versus 

untreated cells). The effect is observed together with a decrease 

in cell population in the G1 phase (of 15.05 % 2a and 25.65 % 

2a’ versus untreated cells) and reveals a cell cycle arrest at the 

S and G2/M phases. Compared with cisplatin, compounds 2a 

and 2a’ affect less the distribution of cells in the S-phase. This 

result agrees well with the study of their interactions with DNA 

that shows weaker structural damage on the nucleic acid 

relative to those caused by cisplatin. 

Conclusions 

We have developed a general route to novel chiral amino-oxime 

containing Pd(II) compounds from low-cost, enantiopure amino 

oxime derivatives. Appropriate modulation of the acidity-

basicity reaction medium enables the chemospecific formation 

of dichloride amino oxime 

derivatives 1a and 1b (or 1a’ and 1b’) or bis-chelating amino 

oxime oximato compounds 2a and 2b (or 2a’ and 2b’). 

Coordination of the amino-N to palladium affords new 

stereogenic centers at the nitrogen atoms, resulting in the 

formation of different diastereomers. The stereoselectivity of 

the process strongly depends on the nature of the amino 

substituents and enables the stereospecific formation of amino 

oxime oximato compounds 2a and 2a’ under the reaction 

conditions used. 

The behavior in water of compound 2b at different pH values 

was evaluated by NMR spectroscopy. Inversion of the 

coordinated-N configuration of 2b takes place in coordinating 

solvents like water or methanol, where a different ratio of 

diastereomers than that observed in chloroform is detected. 

The characterization data collected probe that the mixture of 

epimers remains unaltered in solution within a pH range of 2.0-

12.0. Regarding the biological study, the oxime oximato-

containing Pd(II) compounds evaluated have shown high 

anticancer activities against the cancer cell lines tested. 2a and 

especially 2a’ are the most active derivatives, with IC50 values 

up to 80 times better than cisplatin in the PC-3 cell line. In 

addition, 2a’ shows selective cytotoxicity against tumor cells, 

with a selectivity index close to 30. Furthermore, both 

enantiomers show significantly different IC50 values. DNA 

interactions have been studied for 2a, 2a’, 2b, and 2b’ by 

equilibrium dialysis, DNA melting assays, and viscosity 

titrations. The results allow concluding that the metal 

complexes bind CT DNA with moderate affinity, and likely 

interact with DNA by partial, non-classical intercalation and/or 

by groove binding. On the other hand, cell cycle assay of PC-3 

cells in the presence of enantiomers 2a and 2a’ reveals cell cycle 

arrest at the S and G2/M phases, with less affection of the cell 

distribution in the S-phase compared to cisplatin. This result 

agrees well with the study of the compound-DNA interactions, 

which showed weaker structural damage on DNA than that 

caused by cisplatin. 

Experimental section 

General considerations  

Synthesis of novel palladium complexes was performed without 

exclusion of moisture or air. (1S,4R)-, (1R,4S)-{NOH^NH(R)}  (R = 

Ph a, a’; Bn b, b’) and corresponding adducts (1S,4R)-, (1R,4S)-

{NOH^NH(R)·HCl}  (R = Ph a·HCl, a’·HCl; Bn b·HCl, b’·HCl) were 

prepared from R- or S-limonene and isopentyl nitrite following 

the standard method described by Carman et al in 1977.36,119 R-

limonene, S-limonene, [Pd(COD)Cl2], K2[PdCl4] and cisplatin 

were purchased from Sigma-Aldrich and used without further 

purification. NMR spectra were recorded on a Bruker 400 

Ultrashield. 1H and 13C chemical shifts are reported relative to 

tetramethylsilane and 15N chemical shifts relative to liquid 

ammonia (25 °C). Compounds’ concentrations used were within 

the range 4-25 mM. Coupling constants J are given in Hertz. 

Elemental analyses were performed at our laboratories (UAH) 

on a LECO CHNS-932 analyzer or, alternatively, at the 

Universidad Autónoma de Madrid on analogous LECO CHNS-

932 analyzer. High Resolution Electrospray Ionization Mass 

Spectroscopy was performed on a Bruker MAXIS II 

spectrometer. IR spectra were recorded on IR FT Perkin Elmer 

(Spectrum 2000) spectrophotometer on KBr pellets. The pH was 

measured in a HANNA HI208 pHmeter in distilled water 

solutions. Optical rotations of the compounds’ solutions were 

recorded on a Perkin Elmer 341 polarimeter, using the sodium 
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D line (589 nm) at ambient temperature (297 K) in a quartz cell 

of 1 dm path length. Specific optical rotation values were 

calculated according to the equation []24
D = 100·obs/l·c.120 

Analytical balance and volumetric pipettes (2.0 mL) were used 

to prepare CHCl3 solutions of the compounds at concentrations 

within a range of 4.00-4.50 mg·mL-1. UV spectra were measured 

at room temperature on water or water PBS (phosphate 

buffered saline) solutions of the compounds with a Perkin Elmer 

Lambda 35 spectrophotometer. Phosphate buffered saline 

solution (PBS) were prepared according to Cold Spring Harbor 

Protocols 

(http://cshprotocols.cshlp.org/content/2006/1/pdb.rec8247) 

using NaCl, KCl, Na2HPO4 and KH2PO4 in water-d2. 

 

[Pd{(1S,4R)-NOH^NH(Ph)-ĸ2N}Cl2] and [Pd{(1R,4S)-NOH^NH(Ph)-

ĸ2N}Cl2] (1a, 1a’).  

A dichloromethane (5 mL) solution of (1S,4R)- or (1R,4S)-

[NOH^NH2(Ph)][Cl] (103 mg, 0.35 mmol) and [Pd(COD)Cl2] (0.10 

g, 0.35 mmol) was stirred for 24 hours at room temperature. 

Solvent, COD and HCl were evaporated to dryness to afford an 

orange solid, which was washed with methanol and 

diethylether and dried under vacuum or in an EppendorfTM 

VacufugeTM concentrator.  

Yield: 183 mg, 0.29 mmol, 83% (1a), 205 mg, 0.33 mmol, 94% 

(1a’). Solubility in H2O at 24 °C (mM): 0.87 ±0.4 mM. Value of pH 

([0.3 mM]) in H2O at 24 °C: 3.77. Anal. Calcd for C16H22N2OPdCl2: 

C, 44.11; H, 5.09; N, 6.43%; Found 1a-1+1a-2: C, 44.33; H, 5.25; 

N, 6.38%, 1a1’+1a2’: C, 44.57; H, 5.19; N, 5.97. FTIR (KBr): ῡ 

3432 (OH); 1642 (C=N). NMR spectroscopic data collected 

allows detection and full assignment of the resonances due to 

[Pd{(RN,1S,4R)-NOH^NH(Ph)-ĸ2N}Cl2] (1a-1) (or [Pd{(SN,1R,4S)-

NOH^NH(Ph)-ĸ2N}Cl2] (1a’-1)) and [Pd{(SN,1S,4R)-NOH^NH(Ph)-

ĸ2N}Cl2] (1a-2) (or [Pd{(SN,1R,4S)-NOH^NH(Ph)-ĸ2N}Cl2] (1a’-2)), 

observed in a ratio of ca. 1:0.2. 1H NMR (plus HSQC, plus HMBC, 

plus COSY, 400.1 MHz, 293 K, CDCl3) 1a-1 or 1a’-1:  9.93 (s, 1H, 

-NOH), 7.76, 7.37, 7.29 (all m, 5H, -C6H5), 6.70 (s, 1H, -NH), 4.97, 

4.76 (both s, each 1H, =CH2), 3.53 (d, JHH=18 Hz, 1H, -CH2
3), 2.49 

(m, 1H, -CH-C=), 2.27 (m, 1H, -CH2
3), 2.25 (s, 3H, NC-CH3), 1.85, 

1.72 (m, each 1H, -CH2
5 ), 1.57 (s, 3H, CH3C=), 1.44, 1.24 (m, each 

1H, CH2
6). 1a-2 or 1a’-2: δ 10.07 (s, 1H, -NOH), 7.85-6.83 (all m, 

5H, -C6H5), 5.59 (s, 1H, -NH), 5.04, 4.84 (both s, each 1H, =CH2), 

3.51 (d, JHH=18 Hz, 1H, -CH2
3), 2.49 (m, 1H, -CH-C=), 2.21 (m, 1H, 

-CH2
3), 2.03 (m, 1H, -CH2

5), 1.65 (s, 3H, NC-CH3), 1.56 (m, 1H, -

CH2
6), 1.51 (m, 1H, -CH2

5), 1.50 (s, 3H, CH3C=), 1.44 (m, 1H, -

CH2
6). 13C- NMR (plus APT, plus gHSQC, plus HMBC, 100.6 MHz, 

293 K, CDCl3) 1a-1 or 1a’-1:  170.5 (+, Cq=N), 144.9 (+, =Cq-Me), 

140.9 (+, CipsoPh), 131.3, 129.5, 128.2, 127.9 (−, C6H5), 112.8 (+, 

=CH2), 73.5 (+, Cq-NH), 38.0 (−, -CH4), 30.7 (+, -CH2
5), 29.6 (−, 

CH3-CNH), 29.4 (+, -CH2
3), 24.9 (+, -CH2

6), 21.7 (−, CH3-C=). 1a-2 

or 1a’-2: δ 169.0 (+, Cq=N), 144.9 (+, =Cq-Me), 137.9 (+, CipsoPh), 

131.6, 129.5, 128.2, 127.2 (−, C6H5), 115.2 (+, =CH2), 72.4 (+, Cq-

NH), 38.8 (−, -CH4), 32.2 (+, -CH2
5), 24.2 (−, CH3-CNH), 28.2 (+, -

CH2
3), 24.6 (+, -CH2

6), 22.1 (−, CH3-C=). 15N NMR (gHMBC, 40.5 

MHz, 293 K, CDCl3): 1a-1 or 1a’-1:  262.4 (C=NOH), 62.1 (NHPh). 

1a-2 or 1a’-2:  256.8 (C=NOH), 67.6 (NHPh). 

[Pd{(1S,4R)-NOH^NH(Bn)-ĸ2N}Cl2] and [Pd{(1R,4S)-NOH^NH(Bn)-

ĸ2N}Cl2] (1b, 1b’). 

An analogous procedure to that described for the synthesis of 

1a was followed, starting from (1S,4R)- or (1R,4S)-

[NOH^NH2(Bn)][Cl] (95.0 mg, 0.32 mmol) and [Pd(COD)Cl2] (91 

mg, 0.32 mmol). Evaporation of the solvent affords a yellow 

solid. Yield: 188 mg, 0.29 mmol, 90% (1b), 185 mg, 0.28 mmol, 

87% (1b’). Solubility in H2O at 24 °C (mM): 1.37. Value of pH ([1.0 

mM]) in H2O at 24 °C: 3.87. Anal.Calcd for C17H24N2OPdCl2: C, 

45.40; H, 5.39; N, 6.23%; Found 1b: C, 45.81; H, 5.38; N, 5.87%. 

1b’: C, 45.38; H, 5.30; N, 6.08%. FTIR (KBr): ῡ 3388 (OH); 1637 

(C=N).  

NMR spectroscopic data collected allows full assignment of the 

resonances due to [Pd{(RN,1S,4R)-NOH^NH(Bn)-ĸ2N}Cl2] (1b-1) 

(or [Pd{(SN,1R,4S)-NOH^NH(Bn)-ĸ2N}Cl2] (1b’-1)) and 

[Pd{(SN,1S,4R)-NOH^NH(Bn)-ĸ2N}Cl2] (1b-2) (or [Pd{(SN,1R,4S)-

NOH^NH(Bn)-ĸ2N}Cl2] (1b’-2)), observed in a ratio of ca. 0.8:1. 
1H NMR (plus HSQC, plus HMBC, plus COSY, 400.1 MHz, 293 K, 

CDCl3) 1b-1 or 1b’-1:  9.79 (s, 1H, -NOH), 7.61, 7.36 (all m, 5H, 

-C6H5), 4.99 (s, 1H, =CH2), 4.87 (br s, 1H, -NH), 4.73 (dd, JHH=2.3 

Hz, JHH=14.6 Hz, 1H, -CH2-C6H5), 4.60 (s, 1H, =CH2), 4.08 (dd, 

JHH=8.3 Hz, JHH=14.6 Hz 1H, -CH2-C6H5
 ), 3.32 (d, JHH=17.2 Hz, 1H, 

-CH2
3), 2.49 (m, 1H, -CH-C=), 2.18 (m, 1H, -CH2

3), 2.14 (m, 1H, -

CH2
5), 2.04 (s, 3H, -NC-CH3

 ), 1.90 (m, 1H, CH2
6), 1.72 (s, 3H, 

CH3C=), 1.63 (m, 1H, CH2
6), 1.27 (m, 1H, CH2

5). 1b-2 or 1b’-2:  

9.98 (s, 1H, -NOH), 7.52, 7.30 (all m, 5H, -C6H5), 5.47 

(overlapped, 1H, -NH), 5.09 (dd, JHH=3 Hz, JHH=15 Hz, 1H, -CH2-

C6H5
 ), 4.91, 4.68 (both s, each 1H, =CH2), 3.88 (dd, JHH=9.6 Hz, 

JHH=15 Hz, 1H, -CH2-C6H5
 ), 3.38 (d, JHH=17.6 Hz, 1H, -CH2

3), 2.38 

(m, 1H, -CH-C=), 2.25 (m, 1H, -CH2
3), 1.85 (s, 3H, -NC-CH3), 1.63 

(m, 1H, -CH2
6 ), 1.60 (s, 3H, CH3C=), 1.50 (m, 1H, CH2

6), 1.47 (m, 

1H, CH2
5), 1.10 (m, 1H, CH2

5). 13C- NMR (plus APT, plus gHSQC, 

plus HMBC, 100.6 MHz, 293 K, CDCl3): 1b-1 or 1b'-1:  169.1 (+, 

Cq=N), 145.2 (+, =Cq-Me), 135.9 (+, CipsoPh), 129.4, 129.2, 129.1, 

128.8, 128.5 (−, C6H5), 112.5 (+, =CH2), 71.8 (+, Cq-NH), 52.6 (+, 

-CH2Ph), 37.6 (−, -CH4), 30.0 (+, -CH2
5), 29.6 (−, CH3-CNH).  29.0 

(+, -CH2
3), 24.5 (+, -CH2

6), 21.7 (−, CH3-C=). 1b-2 or 1b’-2:  170.3 

(+, Cq=N), 143.6 (+, =Cq-Me), 137.1 (+, CipsoPh), 129.4, 129.2, 

129.1, 128.8, 128.6 (−, C6H5), 113.1 (+, =CH2), 71.4 (+, Cq-NH), 

55.1 (+, -CH2Ph), 37.9 (−, -CH4), 34.5 (+, -CH2
5), 29.1 (+, -CH2

3), 

24.8 (+, -CH2
6), 22.9 (−, CH3-CNH), 21.6 (−, CH3-C=). 15N NMR 

(gHMBC, 40.5 MHz, 293 K, CDCl3): 1b-1 or 1b’-1:  257.2 

(C=NOH), 50.9 (NHBn). 1b-2 or 1b’-2:  264.2 (C=NOH), 54.1 

(NHBn).  

[Pd{(1S,4R)-NO^NH(Ph)-ĸ2N}{(1S,4R)-NOH^NH(Ph)-ĸ2N}][Cl] and 

[Pd{(1R,4S)-NO^NH(Ph)-ĸ2N}{(1R,4S)-NOH^NH(Ph)-ĸ2N}][Cl] (2a, 

2a’).  

A dichloromethane (5 mL) solution of (1S,4R)- or (1R,4S)-

{NOH^NH(Ph)} (150 mg, 0.56 mmol) and NEt3 (156 µL, 1.12 

mmol) was added to a solution of [Pd(COD)Cl2] (80 mg, 0.28 

mmol) in dichloromethane (5mL), and the mixture was stirred 

for 24 hours at room temperature. The resulting green-yellow 

suspension was evaporated to dryness and extracted with 

toluene, then filtered to eliminate insoluble [NHEt3]Cl, and the 

final orange-yellow solution was dried under vacuum to afford 

http://cshprotocols.cshlp.org/content/2006/1/pdb.rec8247
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a yellowish solid. Further purification is sometimes needed to 

eliminate residual [NHEt3]Cl by washing the solid with water 

(2mL) and diethylether (2 mL) and dried under vacuum or in a 

EppendorfTM VacufugeTM concentrator. Yield: 130.6 mg, 0.19 

mmol, 69% (2a); 110.0 mg, 0.17 mmol, 61% (2a’).  

Anal.Calcd for C32H43N4O2PdCl·H2O (2a or 2a’): C, 56.89; H, 6.71; 

N, 8.29%; Found (2a): C, 57.16 H, 6.56; N, 7.50%. (2a’): C, 57.03; 

H, 6.56; N, 8.53%. High Resolution Electrospray Ionization Mass 

Spectrometry (HR-ESI-MS): Evaporation of water solutions of 2a 

(or 2a’) affords samples with the following ESI spectra, 2a: m/z 

found (calcd) 621.2419 (621.2428) 100%, 2a’: 621.2431 

(621.2428) 100%, [M-Cl]+. [α]23
D (deg·dm-1·dL·g-1) = 10.35 ± 1.3 

2a, 10.33 ± 1.3 2a’. Solubility in H2O at 24 °C (mM): 0.5 ± 0.1 

mM. Value of pH ([0.3 mM]) in H2O at 24 °C: 5.00. FTIR (KBr): ῡ 

3389 (OH); 1644 (C=N). NMR spectroscopic data in chloroform-

d1 confirmed the presence of a single detectable stereoisomer. 
1H NMR (plus HSQC, plus HMBC, plus COSY, 400.1 MHz, 293 K, 

chloroform-d1): δ 18.03 (br, 1H, -NOH),  8.77, 8.52 (both s, each 

1H, -NH), 7.30-6.70 (m, 10H, -C6H5), 5.08, 4.95, 4.86, 4.79 (all s, 

each 1H, =CH2), 3.69 (d, 1H, JHH= 17 Hz, -CH2
3), 3.64 (d, 1H, JHH= 

17 Hz, -CH2
3), 2.79 (m, 1H, -CH2

6), 2.63, 2.40 (m, 2H, -CH-C=), 

2.25 (m, 2H, -CH2
3), 2.12 (m, 2H, -CH2

5 + -CH2
6), 2.02 (s, 3H, NC-

CH3), 1.90 (m, 1H, -CH2
5), 1.82 (s, 3H, CH3C=), 1.74 (m, 2H, -CH2

5), 

1.50 (s, 3H, CH3C=), 1.22 (m, 1H, -CH2
6), 1.06 (m, 1H, -CH2

6), 1.00 

(s, 3H, NC-CH3). 13C- NMR (plus APT, plus gHSQC, plus HMBC, 

100.6 MHz, 293 K, chloroform-d1): δ 166.2 (+, C=NO), 162.7 (+, 

C=NO), 145.2 (+, =C-Me), 144.8 (+, =C-Me), 140.6 (+, CipsoC6H5), 

140.5 (+, CipsoC6H5), 128.9, 128.7, 128.1, 128.0, 126.7, 126.2, 

126.1, 125.7, 124.9, 124.1 (−, C6H5), 112.5, 112.1 (+, =CH2), 71.5, 

70.6 (+, Cq-NH), 42.3,  38.4 (−, -CH4), 38.2, 30.7 (+, -CH2
5), 29.7 

(−, CH3-CNH), 29.1, 28.9 (+, -CH2
3), 25.8, 25.7 (+, -CH2

6), 22.6 (−, 

CH3-C=), 22.3 (−, CH3-CNH), 21.3 (−, CH3-C=). 15N NMR (gHMBC, 

40.5 MHz, 293 K, chloroform-d1): δ 276.0, 268.0 (=NOHON=), 

68.5, 65.7 (NHPh).  

[Pd{(1S,4R)-NO^NH(Bn)-ĸ2N}{(1S,4R)-NOH^NH(Bn)-ĸ2N}][Cl] and  

[Pd{(1R,4S)-NO^NH(Bn)-ĸ2N}{(1R,4S)-NOH^NH(Bn)-ĸ2N}][Cl] (2b, 

2b’).  

A procedure analogous to that used for the synthesis of 2a (or 

2a’) was followed, starting from (1S,4R)- or (1R,4S)-

{NOH^NH(Bn)} (190 mg, 0.70 mmol), NEt3 (195 µL, 1.4 mmol) 

and [Pd(COD)Cl2] (100 mg, 0.35 mmol). The resulting solid is 

green-yellow coloured. Yield: 176 mg, 0.27 mmol, 77% (2b). 149 

mg, 0.23 mmol, 71% (2b’). 

Anal.Calcd for C34H47N4O2PdCl: C, 59.56; H, 6.91; N, 8.17%; 

Found (2b): C, 58.99; H, 6.91; N, 7.72%; (2b’): C, 59.91; H, 7.05; 

N, 7.54%. High Resolution Electrospray Ionization Mass 

Spectrometry (HR-ESI-MS): m/z found (calcd) 649.2749 

(649.2741) 100% (2b). Solubility in H2O at 24 °C (mM): 5.8 ± 0.3 

mM. Value of pH ([2.0 mM]) in H2O at 24 °C: 7.33. FT IR (KBr): ῡ 

3385 (OH); 1640 (C=N). NMR spectroscopic data in chloroform-

d1 confirmed the presence of two different stereoisomers, 2b-1 

+ 2b-2 (or 2b’-1 + 2b’-2), in ca. 1:0.3 ratio. Some of the 

resonances of the minor stereoisomer are overlapped with 

those due to the major one, but many can be assigned by 

relative integration and bidimensional 1H-13C experiments. 1H 

NMR (plus HSQC, plus HMBC, plus COSY, 400.1 MHz, 293 K, 

chloroform-d1), 2b-1 (or 2b’-1): δ 18.20 (s, 1H, -NOH),  7.86, 

7.40, 7.30 (all m, 10H, -C6H5), 5.90 (br, 2H, -NH), 5.02, 4.81 (both 

s, each 2H, =CH2), 4.36, 4.19 (dd, each 2H, JHH= 8 Hz, JHH= 13 Hz, 

-CH2-C6H5), 3.62 (d, 2H, JHH= 18 Hz, -CH2
3), 2.43 (m, 2H, -CH-C=), 

2.11 (dd, 2H, JHH= 6 Hz, JHH= 18 Hz, -CH2
3), 1.99 (m, 2H, -CH2

6), 

1.88 (m, 2H, -CH2
5),  1.68 (s, 6H, CH3C=), 1.58 (m, 2H, -CH2

5), 1.35 

(m, 2H, -CH2
6), 1.14 (s, 6H, NC-CH3). 2b-2 (or 2b’-2): δ 18.32 (s, 

1H, -NOH), 7.96, 7.43, 7.27-7.13 (all m, 10H, -C6H5), 5,90 

(overlapped, 1H, NH), 5.58 (br, 1H, -NH), 4.98, 4.87, 4.80, 4.67 

(all s, each 1H, =CH2), 4.64, 4.10, 3.78, 2.40 (m, each 1H, -CH2-

C6H5), 3.62 (overlapped, 1H, -CH2
3), 2.49 (m, 1H, -CH4-C=), 2.32 

(s, 3H, NC-CH3), 2.30 (m, 1H, -CH4-C=), 2.42, 2.31, 1.98, 1.96, 

1.78, 1.71, 1.60, 1.53, 1.35, 1.24, 0.77 (m, each 1H, -CH2
3,5,6), 

1.72, 1.58 (both s, each 3H, CH3C=), 1.12 (s, 3H, NC-CH3). 13C- 

NMR (plus APT, plus gHSQC, plus HMBC, 100.6 MHz, 293 K, 

chloroform-d1): 2b-1 (or 2b’-1) δ 162.2 (+, C=NO), 145.9 (+, =C-

Me), 137.9 (+, CipsoC6H5), 129.6, 129.4, 129.4, 128.5, 128.5 (−, 

C6H5), 122.2 (+, =CH2), 68.6 (+, C-NH), 53.5 (+, -CH2- C6H5), 38.6 

(−, -CH4), 29.2 (+, -CH2
6), 28.9 (+, -CH2

3), 27.9 (−, CH3-CNH), 25.5 

(+, -CH2
5), 21.9 (−, CH3-C=). 2b-2 (or 2b’-2) δ 164.2, 162.7  (+, 

C=NO), 146.6, 144.3 (+, =C-Me), 137.3, 136.8 (+, CipsoC6H5), 

131.4, 129.8, 129.4, 129.1, 128.8, 128.8, 128.6, 128.3, 128.2, 

125.4 (−, C6H5), 112.7, 112.1 (+, =CH2), 69.1, 68.8 (+, C-NH), 53.4, 

53.2 (+, -CH2-C6H5), 39.0, 38.4 (−, -CH4), 35.4, 29.2, 29.0, 28.7, 

28.1, 25.6 (+, -CH2
3,5,6), 30.9, 21.5 (−, CH3-CNH), 22.1, 21.8 (−, 

CH3-C=). 15N NMR (gHMBC, 40.5 MHz, 293 K, chloroform-d1): 

2b-1 (or 2b’-1) δ 274.1 (=NOHON=), 51.7 (NHBn). 2b-2 (or 2b’-

2) δ 274.1, 279.0 (=NOHON=), 53.2, 51.7 (NHBn).  

When samples of 2b (or 2b’) are dissolved in water-d2, NMR 

spectra show the presence of two sets of resonances, 2b-1 + 2b-

2 (or 2b’-1 + 2b’-2), in ca. 0.1:1 ratio. Due to the low overall 

intensity of the resonances, only data of the major set of signals 

(2b-2, C1 symmetry) are given:  1H NMR (plus HSQC, plus HMBC, 

plus COSY, 400.1 MHz, 293 K, water-d2): δ 7.91, 7.65, 7.40, 7.22 

(all m, 10H, -C6H5), 5.05, 4.90, 4.73, 4.53 (all s, each 1H, =CH2), 

4.12, 3.73, 3.47 (m, each 1H, -CH2-C6H5), 3.46, 3.40 (m, each 1H, 

-CH2
3,5,6), 2.72 (m, 1H, -CH-C=), 2.52 (m, 2H, -CH2-C6H5 + -

CH2
3,5,6), 2.45 (m, 1H, -CH-C=), 2.34, 2.32 (m, each 1H, -CH2

3,5,6), 

2.10 (m, 1H, -CH2
3,5,6), 1.95 (s, 3H, NC-CH3), 1.92 (m, 1H, -

CH2
3,5,6), 1.78 (s, 3H, CH3C=), 1.59 (+ CH3C=), 1.58, 1.54, 1.51 (m, 

each 1H, -CH2
3,5,6) 1.22 (m, 1H, -CH2

3,5,6), 1.09 (s, 3H, NC-CH3), 

0.91 (m, 1H, -CH2
3,5,6). 13C- NMR (plus APT, plus gHSQC, plus 

HMBC, 100.6 MHz, 293 K, water-d2): δ 168.8, 165.8 (+, C=NO), 

148.1, 147.2 (+, =C-Me), 136.1, 135.2 (+, CipsoC6H5), 131.7, 131.7, 

130.2, 130.1, 130.0, 129.6, 129.5, 129.1, 128.9, 128.7 (−, C6H5), 

111.2, 110.8 (+, =CH2), 69.0, 69.0 (+, C-NH), 53.2, 51.6 (+, -CH2-

C6H5), 38.8, 38.1 (−, -CH4), 33.1 (−, -CH2
3,5,6), 29.1 (−, CH3-CqNH), 

29.0, 28.8, 28.4, 24.9, 24.7 (+, -CH2
3,5,6), 21.7 (−, CH3-CqNH), 21.2 

(−, CH3-C=), 21.0 (−, CH3-C=). 15N NMR (gHMBC, 40.5 MHz, 293 

K, water-d2): δ 57.5, 49.4 (NHPh), NOH not observed. 

When samples of 2b (or 2b’) are dissolved in methanol-d4, NMR 

spectra show the presence of two sets of resonances, 2b-1 + 2b-

2 (or 2b’-1 + 2b’-2), in ca. 0.1:1 ratio. Low intensity of the minor 

set of signals and overlapping in the 1H NMR preclude their full 

assignment, however, 13C NMR and 15N NMR spectra allows 

detection of the resonances due to both sets. 1H NMR (plus 

HSQC, plus HMBC, plus COSY, 400.1 MHz, 293 K, methanol-d4) 
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2b-2: δ 7.84 (m, 2H, -C6H5), 7.55 (m, 3H, -C6H5), 7.25 (m, 3H, -

C6H5), 7.12 (m, 2H, -C6H5), 4.95, 4.78, 4.74, 4.62 (all s, each 1H, 

=CH2), 4.02, 3.64, 3.64, 2.36 (m, each 1H, -CH2Ph), 3.47 (m, 2H, 

-CH2
3,5,6), 2.52, 2.29 (m, each 1H, -CH-C=), 2.22, 2.01 (m, each 

1H, -CH2
3,5,6), 2.02 (s, 3H, NC-CH3), 2.03, 1.96, 1.91(m, each 1H, 

-CH2
3,5,6), 1.73 (s, 3H, CH3C=), 1.54 (s, 3H, CH3C=), 1.52, 1.46, 

1.20, (m, each 1H, -CH2
3,5,6), 0.97 (s, 3H, NC-CH3), 0.62 (m, 1H, -

CH2
3,5,6). 13C- NMR (plus APT, plus gHSQC, plus HMBC, 100.6 

MHz, 293 K, methanol-d4) 2b-1: δ 164.2 (+, C=NO), 147.8 (+, =C-

Me), 138.4 (+, CipsoC6H5), 130.5, 130.5, 130.2, 130.2, 129.8 (−, 

C6H5), 111.2 (+, =CH2), 69.9 (+, Cq-NH), 54.2 (+, -CH2-Ph), 40.0 (−, 

-CH4), 30.2, 29.9, 25.8 (−, -CH2
3,5,6), 28.6 (−, CH3-CqNH), 23.4 (−, 

CH3-C=). 2b-2: δ 167.0, 163.2 (+, C=NO), 148.4, 146.1 (+, =C-Me), 

138.5, 136.9 (+, CipsoPh), 133.0, 133.0, 130.9, 130.9, 130.6, 

130.5, 130.5, 130.0, 130.0, 129.7 (−, C6H5), 112.5, 112.3 (+, 

=CH2), 69.9, 69.6 (+, C-NH), 54.2, 54.0 (+, -CH2-Ph), 40.3, 39.8 (−, 

-CH4), 35.2, 30.0, 29.6, 29.5, 26.2, 26.0 (+, -CH2
3,5,6), 29.8 (−, CH3-

CqN), 22.0 (−, CH3-C=), 21.9, 21.9 (−, CH3-CNH + CH3-C=). 15N 

NMR (gHMBC, 40.5 MHz, 293 K, dmso-d6) 2b-1: 270.4 (NOH), 

49.2 (NHPh). 2b-2: 278.3, 267.7 (NOH), 58.6, 47.7 (NHPh). 

When samples of 2b (or 2b’) are dissolved in DMSO-d6, NMR 

spectroscopic data showed one major set of resonances 

attributable to a C1 symmetric compound (2b-2). Low intensity 

of the minor set of signals precludes their full assignment, and 

only those due to 2b-2 are given. 1H NMR (plus HSQC, plus 

HMBC, plus COSY, 400.1 MHz, 293 K, dmso-d6): δ 18.45 (s, 1H, -

NOH), 7.84, 7.57, 7.31, 7.25 (all m, all 10H, -C6H5), 7.05, 6.60 (br, 

each 1H, -NH), 4.96, 4.82, 4.69, 4.58 (all s, each 1H, =CH2), 4.02, 

3.84, 3.54, 2.07 (m, each 1H, -CH2Ph), 3.27 (m, 1H, -CH2
3), 2.52 

(m, 1H, -CH-C=), 2.51 (m, 1H, -CH2
3), 2.50 (m, 1H, -CH2

6), 2.27 

(m, 1H, -CH2
5), 2.25 (m, 1H, -CH-C=), 2.24 (m, 1H, -CH2

3), 2.17 

(m, 1H, -CH2
3), 2.12 (s, 3H, NC-CH3), 2.11 (m, 1H, -CH2

5), 2.06 (m, 

1H, -CH2-C6H5), 1.89 (m, 1H, -CH2
5), 1.73 (s, 3H, CH3C=), 1.54 (s, 

3H, CH3C=), 1.51 (m, 1H, -CH2
6), 1.39 (m, 1H, -CH2

5), 1.20 (m, 1H, 

-CH2
6), 0.97 (s, 3H, NC-CH3), 0.41 (m, 1H, -CH2

6). 13C- NMR (plus 

APT, plus gHSQC, plus HMBC, 100.6 MHz, 293 K, dmso-d6): δ 

163.9, 161.0 (+, C=NO), 146.8, 144.7 (+, =C-Me), 137.2, 135.5 (+, 

CipsoPh), 131.4, 131.4, 129.0, 129.0, 128.7, 128.3, 128.3, 128.1, 

128.0, 127.9 (−, C6H5), 111.4, 110.9 (+, =CH2), 67.8, 67.6 (+, C-

NH), 52.3, 51.9 (+, -CH2Ph), 38.2, 37.7 (−, -CH4), 33.5 (−, -CH2
6), 

29.1 (−, CH3-CqNH), 28.4, 28.1 (+, -CH2
3), 27.9 (+, -CH2

6),  24.6, 

24.5 (+, -CH2
5), 21.5, 21.2 (−, CH3-C=), 20.7 (−, CH3-CqNH). 15N 

NMR (gHMBC, 40.5 MHz, 293 K, dmso-d6): δ 278.3, 265.3 

(C=NOH), 57.7, 47.4 (NHPh). 

[Pd{(1S,4R)-NO^NH(Bn)-ĸ2N}{(1S,4R)-NOH^NH(Bn)-ĸ2N}][PF6] 

(2b·PF6). 

A dichloromethane (5 mL) solution of 2b (20 mg, 0.029 mmol) 

and KPF6 (5.4 mg, 0.029 mmol) was stirred for 8 hours at 25 °C. 

The resulting suspension was filtered and dried under vacuum 

to afford a yellow solid. Yield: 14.0 mg, 0.017 mmol, 59%. 1H 

NMR spectroscopic data in chloroform-d1 confirmed the 

presence of two different isomers, 2b-1·PF6 + 2b-2·PF6, in a 

1:0.3 ratio. Data of the major isomer is given: 1H NMR (plus 

HSQC, plus HMBC, plus COSY, 400.1 MHz, 293 K, chloroform-d1): 

δ 18.08 (s, 1H, -NOH),  7.63, 7.45, 7.36 (all m, 10H, -C6H5), 5.02, 

4.81 (both s, each 2H, =CH2), 4.18 (m, 2H, -CH2-C6H5), 4.08 (br, 

2H, -NH),  4.01 (m, 2H, -CH2-C6H5), 3.65 (d, 2H, JHH= 18 Hz, -CH2
3), 

2.45 (m, 2H, -CH-C=), 2.12 (dd, 2H, JHH= 6 Hz, JHH= 18 Hz, -CH2
3), 

1.97 (m, 4H, -CH2
6 + -CH2

5),  1.69 (s, 6H, CH3C=), 1.61 (m, 2H, -

CH2
5), 1.39 (m, 2H, -CH2

6), 1.04 (s, 6H, NC-CH3). 19F NMR (376.5 

MHz, 293 K, chloroform-d1): δ = –70.8 (d, JP,F = 715 Hz, PF6) ppm. 
31P NMR (161.9 MHz, 293 K, chloroform-d1): δ = –144.0 (sept, 

JP,F = 715 Hz, PF6). 

X-ray structure determination of 1a-1, 1a’-1, 1b and 2a’. Yellow 

crystals of 1a-1·2CHCl3, 1a’-1·2CHCl3 and 1b were grown at 

room temperature by slow evaporation from solutions of the 

compounds in CHCl3:n-hexane (1:1). Colourless crystals of 

2a’·C16H22N2O were obtained by slow evaporation from a 

toluene solution of the complex. The crystals were removed 

from the vial and covered with a layer of a viscous 

perfluoropolyether (FomblinY). A suitable crystal was selected 

with the aid of a microscope, mounted on a cryoloop, and 

immediately placed in the low temperature nitrogen stream of 

the diffractometer. The intensity data sets were collected at 200 

K on a Bruker-Nonius KappaCCD diffractometer equipped with 

an Oxford Cryostream 700 unit. Crystallographic data for all the 

complexes are presented in Table S1. 

The structures were solved, using the WINGX package,121 by 

intrinsic phasing methods (SHELXT),122 and refined by least-

squares against F2 (SHELXL-2014/7). Compounds 1a-1 and 1a’-1 

crystallized with two molecules of chloroform, which were 

located in the difference Fourier map. These crystals presented 

disorders for one of the solvent molecules, which were treated 

by using the PART tool with final values of 61 and 39% both of 

them. All non-hydrogen atoms were anisotropically refined, 

whereas all the hydrogen atoms were positioned geometrically 

and refined by using a riding model. Additionally, in the crystal 

of 1a-1·2CHCl3 SADI restraints were employed for the major 

position of the disordered chloroform molecule (C(101), Cl(14), 

Cl(15) and Cl(16)). 

The asymmetric unit of 1b was formed by a pair of the epimers 

1b-1 and 1b-2. In this crystallographic study, all non-hydrogen 

atoms were anisotropically refined. All the hydrogen atoms 

were positioned geometrically and refined using a riding model, 

except those linked to nitrogen (H(2) and H(12)), which were 

found in the difference Fourier map and refined isotropically. 

Moreover, DFIX constraints were applied to the distances N(1)-

H(2) and N(11)-H(12). 

Compound 2a’ crystallized with a ligand molecule. All non-

hydrogen atoms were anisotropically refined. All hydrogen 

atoms were positioned geometrically and refined by using the 

riding model, except those linked to nitrogen (H(2), H(22) and 

H(42)) and oxygen (H(1) and H(41)), which were also found in 

the Fourier map and refined isotropically. 

Time- and pH-dependant NMR experiments   

Palladium compounds were dissolved in 2000 µL of water-d2 

and final pH* (pH* = pHmeter reading in water-d2) was adjusted 

to desired values using a solution of DCl (0.01M) or NaOD (0.01 

M) in water-d2, with the help of a HANNA HI208 pHmeter. Time-

dependent 1H NMR spectra of 500 µL aliquots of final solutions 

were carried out. 
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n-Octanol–Water Partition Coefficients 

The n-octanol–water partition coefficient was measured by 

using the shake-flask method.88 Distilled water and n-octanol 

were stirred together for 72 h at 25 °C, to promote saturation 

of both phases. The solvents were separated and freshly used. 

Aliquots of stock solutions (150 µM) of 2a in the n-octanol 

saturated aqueous phase were added to equal volumes of 

water-saturated n-octanol and shaken on a mechanical shaker 

for 1 h. The resultant biphasic solution was centrifuged to 

separate the layers, and UV/Vis absorption spectra of both 

solutions were registered in both phases in a Perkin Elmer 

Lambda 35 UV/Vis spectrophotometer at 284 nm and compared 

with a calibration curve to obtain the compound concentration 

of 2a in both phases. logP was defined as the logarithm of the 

ratio [Pd]octanol/[Pd]water or [Pt]octanol/[Pt]water, 

respectively; values reported are the means of three separate 

experiments.   

In vitro cell studies 

Cell culture 

The human cervical carcinoma cell line HeLa, the human breast 

adenocarcinoma cell line MCF-7, the human prostate cancer cell 

lines PC-3 and non-tumorigenic prostate cells line RWPE-1 were 

obtained from the American Type Culture Collection (Manassas, 

VA). MCF-7 cells were grown routinely in DMEM (Dulbecco's 

modified Eagle's medium), RWPE-1 in complete keratinocyte 

medium containing 50 μg/ml bovine pituitary extract and 5 

ng/ml human epidermal growth factor (EGF), and PC-3 and HeLa 

cells in RPMI-1640 (Roswell Park Memorial Institute), 

supplemented with 10% fetal bovine serum (FBS), 200 U·mL-1 

penicillin and 100 μg·mL-1 streptomycin (all from Sigma-

Aldrich). The culture was performed in a humidified 5% CO2 

environment at 37 °C. After the cells reached 70–80% 

confluence, they were washed with PBS, detached with 0.25% 

trypsin/0.2% EDTA and seeded at 30.000–40.000 cells·cm-2. The 

culture medium was changed every 3 days. Cultures were 

maintained in a humidified atmosphere of 95% air: 5% CO2 at 

37 °C. Adherent cells were allowed to attach for 48 h prior to 

addition of compounds. 

 
MTT Toxicity Assays 

For toxicity assays, cells (approximately 5 × 103 cells mL−1) were 

seeded in flat-bottom 96-well plates in complete medium. 

Adherent cells were allowed to attach for 48 h prior to addition 

of cisplatin or tested compounds. Stock solutions of 

ammonium-oxime pro-ligand were freshly prepared in 1% of 

dimethyl sulfoxide (DMSO) in medium, while cisplatin and new 

compounds were freshly dissolved in corresponding medium. 

The stock solutions were then diluted in complete medium and 

used for sequential dilutions to desired concentrations. The 

final concentration of DMSO in the cell culture medium did not 

exceed 0.1%. Control groups with and without DMSO (0.1%) 

were included in the assays. Compounds were then added at 

different concentrations in quadruplicate. Cells were incubated 

with compounds for 72 h, and then cell proliferation was 

determined by the MTT-reduction method. Briefly, 10 μL/well 

of [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide] (MTT) (5 mg·mL-1 in PBS) was added, and plates were 

incubated for 3−4 h at 37 °C. After that time, the culture 

medium was removed, and the purple formazan crystals formed 

by the mitochondrial dehydrogenase and reductase activity of 

vital cells were dissolved in DMSO. The optical density, directly 

proportional to the number of surviving cells, was quantified at 

570 nm (background correction at 630 nm) using a multiwell 

plate reader and the fraction of surviving cells was calculated 

from the absorbance of untreated control cells. The IC50 value 

indicates the concentration needed to inhibit the biological 

function of the cells by half and is presented as a mean ± SD of 

three independent experiments, each comprising four 

microcultures per concentration level. 

Cell cycle arrest assay 

PC-3 (2 × 105) cells were grown in 6-well plates. After 24 h, the 

culture medium was removed and replaced with RPMI-1640 

medium containing 0% FBS and 1% antibiotic/antimycotic 

(penicillin/streptomycin/amphotericin B) for 16 h. After that, 

cells were subjected to the various treatments for 48 h. Then 

the cells were washed with PBS and detached with 0.25% 

trypsin/0.2% EDTA. The cells were centrifuged at 500 × g for 5 

min at 4°C and the pellets were mixed with ice-cold 70% ethanol 

and then kept at −20°C for 30 min. After removing the ethanol 

by centrifugation, the pellets were washed with PBS and 

centrifuged again. The supernatants were discarded and the 

pellets suspended in PBS, 0.2 mg/ml RNase A and 20 μg/ml PI 

before flow cytometry analysis with a MACSQuant® Analyzer 10 

Flow Cytometer (Miltenyi Biotech, 9 Bergisch Gladbach, 

Germany). Results obtained were analysed with the 

MacsQuantify 2.13.1 program. 

Data analysis 

Results were subjected to computer-assisted statistical analysis 

using One-Way Analysis of Variance ANOVA, Bonferroni´s post-

test, and Student´s t-test. Data are shown as the means of 

individual experiments and presented as the mean ± SD 

(Standard deviation). Differences of P < 0.05 were considered to 

be significantly different from the controls. 

DNA interaction studies 

Equilibrium Dialysis 

Experiments were carried out as previously reported. 66Duplex 

DNA from CT DNA (Calf Thymus deoxyribonucleic acid, 

Activated, Type XV) was purchased from Sigma Aldrich and used 

as provided. Dialysis membranes (Spectra/Por® molecular 

porous membrane tubing, MWCO: 3.5–5.0 kDa; 6.4 mm 

diameter) were purchased from Spectrum Laboratories Inc. 

(Repligen). Aqueous solutions of surfactant sodium dodecyl 

sulfate (SDS) (10%) were purchased from Sigma Aldrich. DNA 

solutions in phosphate buffer (10 mM NaH2PO4/Na2HPO4, pH = 

7.2) were prepared at 75 M monomeric unit (m.u.) 

concentrations, in bp.   

Dialysis bagswere filled with 75 M (m.u.) of duplex DNA (200 

L each bag) and placed in a beaker containing 225 mL of ca. 4-

5 M solution of the tested compound. The beaker was covered 
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with parafilm and aluminium foil and allowed to equilibrate 

during 24 h at room temperature with continuous stirring. 

Experiments were run in triplicate. Once the dialysis process 

had been completed, the solutions from each dialysis bag were 

transferred to Eppendorf tubes and mixed with an aqueous 

detergent solution (10%) to reach a SDS concentration of 1% 

(v/v). The concentrations of free compound in the dialysate 

solution and compound in the dialysis bags were determined by 

absorbance measurements using the extinction coefficients of 

the metal complexes and apparent association constants were 

determined.110 

DNA FRET melting assays 

Experiments were carried out as previously reported, with some 

modifications.66 DNA melting assays were performed using a 

quantitative PCR kit ABI PRISM® 7000 Sequence Detection 

System (Applied Biosystems) in a 96-well plate format (96-Well 

Optical MicroAmp® Reaction Plate, Applied Biosystems, Life 

Technologies Corporation). The oligonucleotide sequence 

employed in this experiment, F10T (5'-FAM- TAT AGC TA TA 

/sp18/ TA TA GCT ATA-TAMRA-3') was synthesized, HPLC-

purified and desalted by IDT. FAM is 6-carboxyfluorescein and 

TAMRA is carboxytetramethylrhodamine. The buffer system 

was: 10 mM sodium cacodylate, 100 mM LiCl, (pH = 7.3).  

First, the duplex-forming oligonucleotide was dissolved in water 

(Biotechnology Performance Certified, BPC grade) and a 50 µM 

stock solution was prepared, and then diluted to 0.5 µM and 

mixed with the working buffer (2x) and water (BPC grade). The 

DNA solution was heated at 90 °C for 10 min, cooled down 

slowly for 3 h and left at 4 °C overnight. Compounds were 

dissolved in water and approximately 1 mM stock solutions 

were prepared. Stock solutions were then diluted with buffer to 

obtain 50 µM solutions of each compound. In a 96-well 

microplate, DNA solutions were mixed with solutions of tested 

compound and buffer to reach a total volume of 50 µL with a 

F10T concentration of 0.2 µM, and a compound concentration 

ranging between 1 and 10 µM.  

The melting protocol consisted of an incubation for 5 min at 24 

°C, followed by a temperature ramp with a heating rate of 1 

°C/min. Conversely, the reverse folding process consisted on 

incubation at 96°C for 5 min, followed by a temperature ramp 

with a cooling rate of -1 °C/min. Fluorescence values 

corresponding to the fluorophore FAM at wavelength of 516 nm 

(after excitation at 492 nm) were collected at each degree of 

temperature. Afterwards, the fluorescence data were 

normalized, plotted against temperature (°C) at each compound 

concentration, and melting temperatures (Tm) values were 

estimated as T1/2. 

Viscosity titrations 

Experiments were carried out as previously reported. 66Duplex 

DNA from CT (Deoxyribonucleic acid, Activated, Type XV) was 

purchased from Sigma Aldrich and used as provided. 10 mM 

phosphate buffer (NaH2PO4/Na2HPO4) pH = 7.2 was used. The 

viscosity measurements were performed in a Visco System AVS 

470 at 25.00 ± 0.01 °C, using a microUbbelohde (K = 0.01) 

capillary viscometer. 6 mL of DNA solution (0.4 mM in 

nucleotides) in phosphate buffer were equilibrated for 20 min 

at 25.00 °C and then 20 flow times were registered. Small 

aliquots (25–40 L) of solutions of metal complexes (1.5-1.7 

mM) were added to the DNA solution. Before each flow time 

registration, the solutions were equilibrated for 20 min to 25.00 

°C and then 20 flow times were measured. With the averaged 

time of the different flow time measurements and the 

viscometer constant, the viscosities () for each point were 

calculated. The viscosity results were plotted as ()1/3, where 

 represents the DNA solution viscosity in the absence of the 

ligand, versus (r), representing the ratio [ligand]/[DNA].   
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