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Abstract

A conformational and vibrational analysis of an ipmtiferative spermine-based
dinuclear Pd(ll) complex (BeéSpm) is reported. Density Functional Theory codple

all-electron basis sets was used to perform quamb@chanical calculations, aiming at
determining the best suited strategy for accuratelyresenting this molecule, and
achieve an optimal accordance with the experimesdéd. The structural parameters
and the vibrational frequencies predicted by thieutations are compared with the
corresponding experimental data. The results sapporelationship between the

strength of the metal-ligand bonds and the antitusmetivity of the compound.
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1. INTRODUCTION
Palladium(ll) complexes are an emerging class ofganic compounds bearing

recognized anticancer properties, challenging the initial belief that complexes
containing this metal centre would be inactive.sTbonviction started to materialize
with the lack of biological activity of their paren compound cis
diamminedichloropalladium(il) (cDDP@&)as opposed to its Pt(Il) homologue (cisplatin,
cis-diamminedichloroplatinum(ll), cDDP) that was |jiistd by the higher lability of
palladium(ll) complexes relative to the platinum(tines. However, this problem has
been circumvented by different synthetic strategmesst of them aiming at lowering
this kinetic lability by coordination of the metéb polydentate or bulky ligands,
yielding compounds with interesting therapeuticpamies, largely determined by the
nature of the ligands*? Kovala-Demertzi and co-workéfspublished an interesting
study in which the substitution of a hydrogen famathyl group in a bulky ligand has
turned a biologically inactive compound into an\aebne. This shows that there is still
much to be understood at the molecular level teetitkre physico-chemical phenomena
that rule the behaviour of these metal-based comg®un living systems — their
structure-activity relationships (SAR’s) being ofaramount importance. Pd(ll)
complexes are particularly interesting compoundgé¢dorm SAR’s studies, as the
effect of the ligand on their biological activity generally more pronounced than for
their Pt(Il) counterparts.

The present study focuses on a polynuclear Pd{H)ate with a biogenic polyamine
(spermine) - fi-{N,N’-bis[(3-amino«N)propyl]butane-1,4-diamineN:kN}}

tetrachloro-dipalladium (1I), ReSpm (Figure 1.AJ*
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Figure 1 — (A) Optimized structure (LANL2DZ/6-31G*) for the R&pm isolated molecule, and
corresponding atom numberingB) X-ray structure for PASpm. (Preferred conformation in the solid
state with the inversion center highlighted by Ithee dashed line)C) Crystal structure arrangement for
Pd-Spm.

This complex was shown to display interesting aotiferative properties against

cancer cell$>* although it presents a quite different chemicamposition and

structure from the array of active Pd(ll) compoumelgorted in the literature to date.

The understanding of the SAR’s ruling this typeaipound’s activity is fundamental

for interpreting the biochemical mechanisms undegytheir biological effect €.g.
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cytotoxic), thus allowing a rational design of neRd-based anticancer drugs.
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Vibrational spectroscopy has proven to be one efriost powerful techniques for
performing conformational studies in biologicallelevant molecules (including
inorganic compounds). Inelastic neutron scatte(ifNfS) spectroscopy is particularly
well suited to study materials containing hydroggoms, since the scattering cross
section for hydrogen'd) (about 80 barns) is much larger than for mokeoelements
(at mostca. 5 barns). The neutron scattering cross-section rofeeement is a
characteristic of each isotope and independerteothemical environment. During the
scattering event, a fraction of the incoming newtenergy can be used to cause
vibrational excitation, and the vibrational modesithw the largest hydrogen
displacements will dominate the spectrum. Thereftd& can be especially important
in solids in which the molecular units are linkedj¢ther by hydrogen close contacts,
with the lowest-frequency vibrations expected to mest affected. Combining
experimental vibrational spectroscopy results witfantum mechanical calculated data
allows a deeper understanding of the correlatiotwéen the system’s molecular
properties (structure and conformation) and theesponding spectra.

In this study, quantum mechanical calculations weaeied out for PASpm at
the DFT level, since this approach has shown twelehccurate results for this type of
systems.”? A theoretical model previously reported by thehaus for a mononuclear
Pd(ll) compound bearing non-chelating ligatdeias presently evaluated as to its
suitability for the highly flexible polynuclear pglentate chelate R&pm. The
accuracy of the calculated results was assessembripparison with the experimental
data available on this chelate — both reported KXatmuctural informatiolf and the

vibrational results gathered in this work.
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2. EXPERIMENTAL

2.1 Synthesis of Pd,-Spm

Potassium tetrachloropalladate(ll) J&ICl, 98%) and spermine>97%) were
acquired from Sigma (Sintra, Portugal) and usetaut further purification.

The synthesis of BéSpm was carried out following an optimized proaedu
based on the published synthetic rottBriefly, 2 mmol of KPdCL were dissolved in
a minimal amount of water, and an aqueous solutmmaining 1 mmol of spermine
was added drop wise under continuous stirringabaut 24 h. Solid (Pdgk(Spm) was
formed, which was filtered and washed with puret@oe Upon drying in an oven at
40°C overnight yellow crystals were obtained.

Yield: 68%. Elemental analysis was carried outatAtlantic Microlab, Inc., Georgia,
USA. Calculated - C: 21.56%; H: 4.70%; N: 10.06%; £5.46% and Found: C:

21.22%; H: 4.68%; N: 9.60%, Cl: 25.88%.

2.2 Vibrational Spectroscopy

Room-temperature Fourier transform Raman (FT-Rarmspagtra were acquired
on an RFS-100 Bruker Fourier transform Ranspectrometer, with near-infrared
excitation provided by the 1064 nm line of a Nd:YAd&Ser. A laser power of 150 mW
at the sample position was used. Each spectrumtheasverage of three repeated
measurements of 150 scans, at 2'cesolution.

The Fourier transform infrared (FTIR) spectra atmetemperature were recorded
over the 400-4000 cthregion, on a Mattson 7000 FTIR spectrometer, usirgjobar

source, a deuterated triglycine sulfate (DTGS) deteand potassium bromide pellets.
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Each spectrum was composed of 32 scans, with 2 msolution and triangular
apodization.

The INS spectrum of the complex was obtained atSi® Pulsed Neutron Source
of the STFC Rutherford Appleton Laboratory (Unit&chgdom), using the TOSCA
spectrometer, an indirect geometry time-of-flighigh resolution ¢a. 1.25% of the
energy transfer), broad range spectronf@tér.crystalline sample of the complex (2-3
g) was wrapped in a 4x4 cm aluminium foil sacheticlv filled the beam, and placed in
a thin walled aluminium can. To reduce the impdcthe Debye-Waller factor on the
observed spectral intensity, the sample was cdoled. 15 K. Data was recorded in the
energy range -24 to 4000 ¢rand converted to the conventional scattering B(@,v)

vsenergy transfer (in ¢ through standard programs.

2.3 Computational Details

All calculations were performed using the Gaussi&w (GO3W) packagé-
Both isolated molecule and two-molecule geometryewally optimized by the Berny
algorithm, using redundant internal coordinates.lgtine initial conformational study
was carried out without symmetry constraints, otiee best conformer was selected
subsequent calculations were subject to symmetngtcaints (€ symmetry group). In
all cases, vibrational frequency calculations wegdormed, at the same level of theory,
to verify that the geometries corresponded to & meaimum in the potential energy
surface (no negative eigenvalues) and to simutetevibrational spectra.

Two approaches were used to describe the pallacatmm: by relativistic

pseudopotentials developed by Hay and Wait, a double-zeta splitting scheme, as
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implemented in GO3W (keywordANL2D2); or by an all-electron (AE) contracted
Gaussian basis set developed by Friedlafiigrclusion of a polarization function at
the Pd atom, by augmenting the valence shell witli-fanction (p=1.472), was also
tested in combination with LANL2DZ: For the non-metal atoms, several AE basis
were tested: 6-31G*, 6-31G**, 6-31+G(2d) and 6-312@) (as defined in GO3W),
either alone or simultaneously in distinct combimas schemes for different atoms
(mix 1 and mix 2), as described in Table 1. Nati@ahd Orbital (NBO) analysis was
also performed. The basis sets were tested atFfietleory level, using the mPW1PW
method which comprises a modified version of thehexge term of Perdew-Wang and
the Perdew-Wang 91 correlation functioftfl® which has been shown to be
advantageous over other DFT functionals for bottedr amine ligands and their
Pt(Il)/Pd(ll) complexes’*®?" The B97D DFT, which includes semi-empirical
corrections for dispersion, was also tesfedh order to account for the basis set
superposition error (BSSE) in the two-molecule nhozidculation, geometries were
optimized within the scheme of Boys-Bernatdas implemented in GO3W, by use of
the keyword counterpois€lhe SCRF (self-consistent reaction field) calcolasi were
performed considering the aqueous solutiex78.39) using default parameters for the

UAHF (United Atom Topological Model) radii mod&!.

3. Results and Discussion

3.1 Conformational analysis

The reported X-ray structure for the ;P8pm molecul® (Figure 1) comprises
both Pd(dap)Gl units (dap=1,3-diaminopropaneN{CH,)sNH,)) in a relativetrans
arrangement. The chelate ring assumes a chair roafion, while the central

putrescine-like moiety has an &l&ns geometry. Careful inspection of this crystalline
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lattice structure (Figure 1.C) suggests the foromatf intermolecular H-bonds between
the Pd(dap)Gl fractions of adjacent molecules, namely;;ChHi,Hx(N;) and
Cly"Hg(N2), as well as a @I'Hyo(C,) interaction. The more hydrophobic methylene
groups, in turn, should not be involved in thisdygf close contacts.

Taking the determined x-ray geometry as the starfpoint, a rotational
conformational analysis was performed for the-8dm isolated molecule (Figure S1 of
the supplementary material), in the light of a jpwas work on the cDDPd mononuclear
complex!’. We were interested in testing the relative sitgbdf different cis/trans
conformations (regarding the two metal centrestixelato each other), atkans and
non4rans configuration of the amine linker and the presemcabsence of co-planarity
of the metal central relative to the central antinker. The minimum energy conformer
obtained for PgSpm differs significantly from the reported X-rayructure. As the
present work aims at a study to understand theepties of a molecule in the solid
state, this type of single molecule conformatiosldies may not be adequate to
accurately represent these large polynuclear sgstesince the intermolecular
interactions between neighbouring molecules indtystal lattice (Figure 1.C) impact
their structure to a much larger extent than fonaraclear complexes playing a non-
negligible role on the maintenance of the overadilate’s conformation. The number of
rotational conformers turns this type of study pbdlve for a system such as this one
as it is too large and presents too many degrefssefom.

In fact, taking the isomer that we knew that wasdhe present in the solid state,
we screened it with the license free program Avogidusing molecular mechanics
(UFF)) which predicted 242 conformers. Twenty ofrt) among the ones with small

energy, were chosen to perform a more thoroughys(igure S1) as we were
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interested mainly in testing the relative stabilitfycis/trans conformations (regarding
the two metal centres relative to each other)tratis and nontrans configuration of the
amine linker and co-planarity regarding the metaitral relative to the central amine
linker.

Although plane-wave calculations have been cardet by the authof$>* to
predict solid state arrangements, this type of @ggr is not easily accessible for this
particular dinuclear chelate due to the large dsrars of the corresponding unit cell.
In view of these limitations, and taking into acnbuhat the aim of this study is to
predict the properties of R&pm in the solid state, the lowest-energy conforfoend
for the isolated molecule (conformer 1, Figure 8Ms not considered in the further
analysis, but rather the optimized F&pm isolated molecule that matches the X-ray

data (Figure 1.A).

3.2 Structural analysis

The single molecule of B&bpm taken from the X-ray file which was previously
optimized without symmetry constraints (conformerFigures S1 and 1.A) was then
reoptimized under symmetry constraints §gmmetry group), yielding the structural
parameters comprised in Table 2. Also presented,tlae differences between the
experimental and calculated valugsvalues), and the corresponding overall errors
(AA-values), calculated as previously described fepletin'®. In general, the larger
deviations from the experimental values are vetifier the Pd(dap)Glmoiety. It was
hypothesized that these could be mainly due tqdor description of the metal centre
and/or (ii) neglecting the intermolecular interaos present in the crystal lattice.

Considering hypothesis (i), the LANL2DZ ECP was megted with an f-

polarization function at the Pd centre, and theekgttron basis set of Friedlantfewas

10
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tested in the metal ion. While augmenting the Ptnae shell did not lead to a
significant change (results not shown), the usanoAE basis at the Pd ion caused clear
changes in the complex’s structural parametersn Fnaalysis of Table 2, it is evident
that the use of an AE basis set on Pd(ll) greatigroves the prediction of the Pd-N
bond length, which had been previously overestithdg all theoretical approaches.
However, this leads to a worsening of the Pd-Cldolemgth values (as well as of some
bond angles involving chlorine), in the order: foe Pd-Cl bond, LANL2DZ/6-31G* >
AE/mix1 > AE/6-31G*~AE/mix2 > AE/6-31G+(2d) > AE/B1G**; for the CI-Pd-ClI
angle, LANL2DZ/6-31G* > AE/6-31G** > AE/mix2 > AE/Im1~AE/6-31G* > AE/6-
31G+(2d); for the CI-Pd-N angle, LANL2DZ/6-31G* >BEf6-31G** > AE/mix2 >
AE/mix1~6-31G* > AE/6-31G+(2d). Interestingly, thaddition of a polarization
function to the hydrogen atom (AE/6-31G*¥ AE/6-31G**) leads to a better overall
agreement relative to the experimental values ef @-Pd-Cl and N-Pd-Cl angles,
which can probably be due to a better descriptioth@ neighbouring molecular groups
bearing hydrogens. However, including higher paktion functions on the non-
hydrogen atoms (AE/6-31+G(2d)) did not lead to ahasmcement of the overalA
values. Coupling the AE basis set tested for Pa\ilh a combination of different AE
basis sets for the remaining atoms (mix1 or mix2)dgd betteAA values but did not
solve the problem entirely. While mix1, which inves more extensive basis sets for
the chlorine and nitrogen atoms (Table 1), led sigaificant improvement of the Pd-Cl
bond length, it did not produce more accurate \safoe the bond angles. In turn, while
mix2, which extends the improvement of the basistsethe carbon, chlorine and
nitrogen atoms (Table 1), yields betfewvalues for the angles, it worsens some of the

bond lengths.

11
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Regarding hypothesis (ii), calculations for a twoletule species (Figure S2,
supplementary material) based on the X-ray stractaported for the complex, were
performed to verify if accounting for intermoleculateractions could improve the
results. Considering this model led to an improvetm& the calculated Pd-N bond
length, at the cost of a worsening of the values tfee Pd-Cl bond (Table S1,
supplementary material). However, although the bamgles involving the metal centre
were greatly improved, the overall error was notmlower than that obtained for the
isolated molecule. The reason for this probably be the fact that only two R&pm
molecules are not enough to represent all thenmdkscular interactions occurring in
the solid lattice, where one RP8pm entity is surrounded by six neighbouring moles
(Figure 1.C). Accounting for a six-molecule modeling the present theoretical
approach is, however, not feasible. A calculation the two-molecule structure was
also performed with the new B97D DFT, which acceufdr dispersion corrections
allowing a better description of the intermoleculateractions, but without significant
improvement in the results (not shown). Althoughe tstructural experimental
parameters are given for the solid state, SCRFltseswere also performed as an
assessment for intermolecular interactions, nowvéet similar molecules, but with
other molecules such as the ones occurring wheuolaiimg an aqueous solution. The
results gathered in Table 2 show that, interesfin§ICRF results are the ones that
present the lowest bond lengths deviations obtaioethe linking amine fragment;N
C1-C,-Cs-N, and N-C,. It also presents the lowest deviation valuestier Cl-Pd-Cb,
N;-Pd-N, and Cl-Pd-N, angles, the ones more prone to establish intepulae
interactions. The reason for an improvement ofealresults when compared to the two-

molecule structures, even when comparing differghysical states, may be the

12
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limitation of considering only a two-molecule systénstead of a higher one with at
least two layers of molecules, below and aboves@&hesults shed some light and hope
on a very accurate prediction when plane-wave tbetome available for the study of
these compounds.

The theoretical estimate of the chelate’s struttpa@ameters is of the utmost
importance for the prediction of reliable SAR’s thie complex. When comparing the
experimental bond lengths for different compounfithe same type, it is interesting to
verify that within Pg-Spm, the Pd-N bonds (203.2 pm average value, T2blare
shorter relative to the parent mononuclear compaDBPd (206.0 prij, while the
Pd-Cl ones are longer (231.5 pws. 227.5 pm)°> Natural Bond Orbital (NBO)
calculations through the calculated Wiberg bonceikes - an indicator that reflects the
strength of the bond - also predict this trend Whi interestingly correlated with the
biological activity of the complexes involved (Frgu2). In fact, regarding the human

breast cell line MDA-MB-231 cell line, the g obtained at 24h are for cDDRs

10QuM, for Pd(dap)CGi > 100uM and for Pg-Spm = 4.M.

13
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cDDPd Pd(dap)d

S
FCad

1 Pd-Cl wiberg Bond Index
T Pd-N wiberg Bond Index
1 Biological Activity

Figure 2 - Variation of Wiberg bond indexes (WBI) for threeffdient Pd(ll) complexes: cDDPd (cis-
diamminodichloropalladium(ll)), Pd(dap)}{1,3-diamminopropane-dichloropalladium(ll)) and.-¥gpm ({u-
{N,N’-bis[(3-amino«N)propyl]butane-1,4-diamineN:kN’}} tetrachloro-dipalladium (II)).

(White — H; Grey — C; Blue — N; Green — Cl; CyaRd(ll)). ICso values for the MDA-MB-231 cell line at 24h
are= 10QuM > 100uM and 4.7M, respectively.

The mode of action of this type of metal-based coumgls is recognized to be
through interactionyia covalent binding, to DNA®>®" Although the exact mechanism
for Pd(Il) complexes is not as well establishedfastheir Pt(ll) analogues, they are
expected to have a rather similar behaviour dubew similar chemical characteristics.
The anticancer properties of the well-known chera@peutic drug cisplatin relies on
the binding of Pt(ll) to the nitrogen (Nof the DNA base®>® This step must be
preceded by an intracellular drug activation predésough aquation, that involves the
hydrolysis of the chlorine ligands. Accordingly,ist expected that the DNA binding
ability of these amine-based Pd(ll) complexes iases with weakening of the Pd-Cl
bonds, as evidenced in Figure 2. Although moreesystare needed for an unequivocal
and trustful correlation, these results prompt iheestigation of this possible

correlation and stress the importance of this tyfggudy, even in the solid state.

14
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3.3 Vibrational analysis

Pd-Spm has 132 vibrational modes, 66 qf ymmetry (infrared active) and 66
bearing A symmetry (Raman active). All the modes are INSvagctsince there are no

selection rules for this non-optical vibrationaksroscopy technique (Figure 3).
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Figure 3 — Experimental vibrational spectra (Raman, IR b\fd) for Pd-Spm.

The assignment of the vibrational spectra of-8dm, as well as the calculated
wavenumbers at the LANL2DZ/6-31G* theory level amesented in Table 3. It has
been shown previously that the small enhancemeatraa with higher theory levels is
not worth the associated computational ¢65tSome vibrational modes (as well as the

corresponding nomenclature used throughout the éegtschematically represented in

Figure 4.
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Figure 4 — Schematic representation of selected vibratiomades for PdSpm (and nomenclature
used along this work).

As the metal units are linked by the aliphatic amispermine, some low
frequency vibrations are similar to the reportedM.Aand TAM modes previously
assigned for this polyamiff&*! However, they were given alternative designations

this work since Pd-coordinated Spm does not cansta free “linear bead system” as

inspection of Figure 3 allows to determine timaportance and
complementarity of the different techniques usedmBn spectroscopy features more
intense CH stretching bands and also presents more promiremdsbregarding the
metal atoms. Also, the different bands regardirggdiganic moiety of the molecule are

not quite well resolved appearing broad and oveeddp Nonetheless, the resolution of

17
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the band relative to the metal centre using Rareahnique allows to distinguish the
different vibrational frequencies, particularly fisre Pd-N bond. As the environment of
Pd-N, is different from Pd-H these modes are not degenerated and it is pedsibl
identify 4 bands for thePd-N vibration instead of 2 bands if their envir@mhwas the
same, i.e., having a symmetrical centre. This feaginot as clear when using the other
vibrational techniques. IR and INS bands in turpesy much more defined in the
region ranging from 400-1800 cmallowing the detection of a higher number of
vibrational modes. Particularly important and cltgastic of the IR technique is the
very intense and well defined deformation band bf, Mt 1596 crit. When analysing
the crystal structure packing unit, only one intelecular hydrogen bond is available to
the NH group (N)H2-Cl, (248.2 angstrom), the next shortest contact fog NH weak
intramolecular interaction (NH;-Cl; (268.7 angstrom). This quite defindNH, band,
supports this occurrence as it is not as broache@she expected for a group highly
involved in strong hydrogen networking. The INShieique in turn perfectly resolves
the lower rocking modes of the GHand NH oscillators (which are almost
imperceptible by Raman), as well as the ring stmgctorsions bands (almost absent
from the IR and Raman spectra). These featuressstie importance of using these
three complementary vibrational techniques, espgcfar this type of complexes
which tend for form intramolecular ring structures.

The vibrational modes from the spermine ligand wessonably predicted by the
calculations, despite some deviations due to anbwicity and/or intermolecular
interactions. The major differences were verified the modes involving the atoms
directly bound to the metal atom, which cannot dsified in terms of anharmonicity

since there is not a uniform pattern in the preéoiicof the wavenumbers. In order to

18
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determine whether this was a particular effect ks tchelate, calculations were
performed, at the same theory level (LANL2DZ/6-3)Gfor a few other Pd(ll)
complexes with different amine ligands. The datssthathered is collected in Table 4
as the scaling factor needed to match the calailaterenumbers to the experimental
ones. In every case, the theoretically predictedNPdretching mode was found to be
underestimated, while(Pd-Cl) andv(NHs/NH,) were overestimated. Hence, this lack
of accordance is independent of the type of compterestigated, the main issue
probably remaining to be the description of the gsothvolving the metal centre.

Additionally, neither the AE approach to describe metal centre nor the two-
molecule model calculations led to a noticeablerowpment of the corresponding
vibrational modes. In fact, it was previously viexf by the authof$ that an
enhancement in the calculated structural paramé&enst always accompanied by a
corresponding improvement of the accuracy of tiheational frequencies.

Although a straightforward comparison with the SQR§ults (Table 3) cannot be
performed, some comments are in order. Actuallg thbrations relative to the
stretching modes of NHand CH groups are greatly improved and comparable to the
experimental values. Also, the symmetric stretchimgde Pd-N is also improved, but
not the antisymmetric one. A better agreement ik experimental value is also
obtained for the C-N-C torsion of the ring struetuHowever, many other vibrational
modes are poorly predicted, such as the, l[dRd CH scissoring and most wagging,
twisting and rocking modes of the @igroups. Moreover, many stretching vibrational
modes for the C-C and C-N bonds fail to be predicts well as the(Pd-Cl) ones.

Nonetheless, the improvement obtained for the gg@xpected to be strongly involved

19
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in intermolecular interactions should be of refereifior future studies on this type of

systems.

4. CONCLUSIONS

In the present work, a complete vibrational stuéflya ainuclear Pd(Il) complex
displaying a promising antiproliferative activityaw undertaken, by a combined
spectroscopic and gquantum mechanical calculatioethadology. FTIR, Raman and
INS spectra were recorded and the theoretical aisalyas carried out at the DFT level,
for both the isolated molecule and a two-molecubsleh.

It was shown that the intermolecular interactionthiv the crystal lattice are of
the utmost importance for this type of polynuclgerlyamine chelates. A simple
isolated molecule calculation was found not to isafffor predicting the molecular
properties of such a system, as opposed to whabdes reported (by the authors) for
their mononuclear counterparts. Although the caltoihs performed for the two-
molecule species yielded slightly better resultg, $tructural improvements were not
noteworthy. Furthermore, whenever there are no yXdata available and several
possible two-molecule geometries to be tested, thpe of approach becomes
excessively demanding (in terms of computationatsjo

In order to further improve the representation bistkind of Pd(Il)-amine
complexes, it is of paramount importance to develepy basis sets as was recently
carried out for Pt(ll) complex&&* (which was out of the scope of this work). At the
moment, it seems that the precise estimate ofypeedf metal-ligand bond length leads
to the unbalance of the other one, and an impromemiethe bond lengths implies a

worse description of the bond angles. Thereforeentonsidering only the prediction

20



Page 21 of 29

New Journal of Chemistry

of the structural parameters, some doubts can adgs®e the most suitable theoretical
approach. For the representation of the vibratigmefiles, in turn, the LANL2DZ/6-
31G* theory level was shown to attain a high degrfegccordance with the experiment,
while the enhancement obtained with higher theewgls was not worth the associated
computational cost. Optimization of the theoreticaéthodology for this kind of
polynuclear polyamine Pd(Il) agents will hopefudljjow the establishment of accurate
and reliable SAR’s and to predict other importamiperties relevant for their anticancer
capacity. Finally, while plane-wave calculations af utmost importance for estimating
the properties of a molecule in the solid stateupsto-date all-electron basis set for
palladium(ll) is also crucial, since studies foriaalated molecule cannot be ruled out
for large polynuclear complexes bearing biologmalperties.

The data obtained in this work shows an inversatiogiship between the strength
of the Pd-CI bond and the antiproliferative effe€tPd-Spm against cancer cells, i.e.,
the weaker the Pd-Cl bonds the higher the complagtsvity. The antiproliferative
activity of such a compound is determined by sdvether factors. However, this
evidence may Iindicate that these Pd(ll)-amine ¢églgcomprising cisplatin-like
moieties) could display a similar mode of actiorthtat of cisplatin, involving chloride

hydrolysis inside the cell as their major activatgiep.
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| TABLE 1 - Theoretical levelsconsidered in this
study, using the mPW1PW functional.

System Basis Set
Pd(lI)? Non-heavy atonfs
Two-molecule LANL2DZ 6-31G*
model
AE 6-31G*
AE 6-31G**
AE 6-31+G(2df)
6-31G** (H)
Isolated AE 6-31G* (C) <
molecule 6-31+G(2d) (N) S
6-31+G(2df) (CI)
6-31G** (H) ~
AE 6-31+G(2d) (C,N) E
6-31+G(2df) (CI)
3AE stands for the all electron basis set of Fried&t® used at the Pd(ll) ion.

b Basis sets used generally or specifically on esom as specified in mix1
and mix2.
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TABLE 2: Experimental and calculated (mPW1P$tfuctural parameters for 28pm, at different theoretical levels.

Theory Level®
ooy | Bxe® | MR LA S [ sdiae | & 6-3?CE-3/+(2d) A | AE/mixI & AE/mix2 w LAEE;’ w
Bond Length/pm
Pd-N, 202.2 208.4 6.2 205.3 31 205.3 3.1 205.0 2.8 204.7 25 206.1 39 206.4 42
Pd-N, 204.1 209.8 5.7 205.7 16 205.2 1.1 205.5 14 205.1 1.0 205.5 14 208.1 4.0
Pd-Cl 231.6 231.7 0.1 232.8 12 227.9 -3.7 233.0 14 232.4 0.8 228.7 -2.9 235.7 4.1
Pd-Ch 2314 232.2 058 233.8 24 229.2 22 233.9 25 233.3 1.9 230.6 0.8 235.4 40
N;-C; 148.5 147.8 -0.7 147.2 -1.3 147.1 -14 147.2 -1.3 147.3 -1.2 147 -15 147.7 -0.8
N2-Cs 148.7 147.5 -1.2 147.1 -1.6 147.3 -14 147.0 -1.7 147.1 -1.6 146.9 -1.8 148.4 -0.3
C-C, 150.6 152.4 18 152.5 1.9 152.4 18 152.5 1.9 152.5 1.9 152.3 17 151.8 12
CrCs 151.8 152.7 0.9 152.8 10 152.6 0.8 152.8 1.0 152.8 1.0 152.6 0.8 152.2 04
Cs-Cs 152.1 152.1 0.0 152.3 0.2 152.1 0.0 152.3 0.2 152.3 0.2 152.0 -0.1 152.0 -0.1
Cs-Cs 153.3 152.6 -0.7 1515 -1.8 152.4 -0.9 151.5 -1.8 1515 -1.8 152.0 -1.3 152.7 -0.6
N2-C4 148.8 147.8 10 147.8 -1.0 147.4 -14 147.7 -11 147.8 -1.0 147.0 -1.8 148.2 -0.6
Angles/°
Cl;-Pd-Ch 93.9 96.3 24 99.2 5.3 97.0 31 99.5 5.6 99.1 5.2 97.7 3.8 93.5 -0.4
N;-Pd-N, 90.3 92.0 1.7 91.9 16 91.8 15 92.1 1.8 92 1.7 91.7 14 89.7 -0.6
N;-Pd-Ch 88.5 85.5 3.0 84.3 -4.2 85.5 3.0 84.0 -45 84.3 4.2 85.6 2.9 87.8 -0.7
N2-Pd-Ch 875 86.1 -14 84.5 -3.0 85.7 -1.8 84.2 -3.3 84.5 -3.0 85.0 -25 89.0 15
Pd-Ni-C; 114.8 113.8 -1.0 1085 | -6.3 113.2 -16 108.5 6.3 108.5 -6.3 113.1 1.7 114.3 -05
Pd-N-Cs 1139 111.8 21 1124 | -15 111.9 20 112.4 -15 112.4 -15 1125 -14 111.6 23
Pd-N-C, 113.0 115.5 25 112.1 -0.9 115.3 2.3 112.1 -0.9 112.1 -0.9 114.1 1.1 114.1 11
N;-C;-C; 1105 112.5 2.0 112.3 18 112.2 1.7 112.3 1.8 112.2 1.7 112.7 2.2 112.3 1.8
N2-C5-C; 114.3 1145 0.2 1144 0.1 114.1 -0.2 114.3 0.0 114.3 0.0 114.2 -0.1 114.7 04
C-Cr-Cs 1157 115.9 0.2 116.4 0.7 115.8 0.1 116.4 0.7 116.4 0.7 116.0 0.3 114.9 -0.8
Cs-N2-Cy 113.0 113.7 0.7 115.1 21 113.9 0.9 115.2 2.2 115.0 2.0 114.2 12 112.9 -0.1
N2-C4-Cs 112.3 112.3 0.0 109.6 -2.7 111.7 -0.6 109.6 -2.7 109.6 -2.7 112.0 -0.3 112.4 0.1
C4-Cs-Cs 111.3 111.2 0.1 113.0 1.7 1115 0.2 113.1 1.8 113.0 1.7 111.3 0.0 111.2 -0.1
AA 15 2.0 15 2.1 19 15 1.3

2 Average values for identical bonds in the moletufa = Calculated value—Experimental vaifie
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TABLE 3: Experimental (INS, Raman, FTIR) and calculatedNL2DZ/6-31G*) vibrational wavenumbers (Cm
! for Pg-Spm (isolated molecule in gas phase and simukeeous solution (SCRF)).

Experimental Calc. Calc.(scaled)a g SEF Ca(iiai?i?F Sym.|Tentative assignment®
INS Raman FTIR
3253 3588 3408/3337° 3463 3290/3221» | A, VaNH,
3221 3588 3408/3337" 3462 3289/3220°0 | Ag VaNH,
3215 3484 3309/3240" 3369 3200/31332 | A, vNH
3484 3309/3240" 3367 3198/3131L | A4 vNH
3142 3483 3309/3239°" 3363 3195/31282 | A, V.NH,
3146 3483 3309/3239°" 3362 3194/3127> | A4 V.NH,
3165 3006 3127 2970 A, VallHo (ing)
3165 3006 3126 2969 Ay VallHo (1ing)
3150 2992 3132 2975 Ay VallHo (chainy
2960 3137 2980 3120 2964 Ay VallHo (ing)
2960 3137 2980 3120 2964 Ay VallHo (ing)
2950 2948 3130 2973 3128 2971 Ay VallHo (chainy
2935 3126 2969 3043 2891 Ay VallHo (ing)
2935 3126 2969 3042 2890 Ay VallHo (1ing)
3112 2956 3110 2954 Ay VallHo (chainy
2922 3110 2954 3094 2939 Ay VallHo (chainy
3092 2937 3063 2910 Ay VsCH; (chain)
3087 2932 3069 2915 Ay V<CH; (ing)
3087 2932 3069 2915 A, V<CH; (ing)
3085 2930 3056 2903 Ay V<CH; (ing)
3085 2930 3056 2903 A, V<CH; (ing)
2878 3083 2929 3053 2900 Ay VsCH; (chain)
3078 2924 2999 2849 Ay V<CH; (ing)
3078 2924 2995 2845 Ay V<CH; (ing)
2864 3051 2898 3040 2888 Ay VsCH; (chain)
2865 3051 2898 3038 2886 Ay VsCH; (chain)
1601 1595 1699 1614/15807 1661 1578/1545 | Aq ONH,
1596 1699 1614/1580°% 1660 1577/1544 | A, ONH,
1539 1462 1532 1455 Ay OCH; (chain
1469 1537 1460 1526 1450 Ay OCH; (chain
Las7 1458 1529 1452 1511 1435 Ay OCH. (1ing)
1454 1527 1450 1510 1434 Ay OCH. (1ing)
1449 1524 1448 1507 1431 Ay OCH: (1ing)
1440 1442 1523 1447 1506 1431 Ay OCH. (1ing)
1511 1435 1509 1433 Ay OCH. (1ing)
1508 1432 1488 1413 Ay OCH: (1ing)
1434 1508 1432 1488 1413 A, OCH; (chain
1430 1504 1429 1497 1422 Ag OCH; (chain)
1486 1412 1517 1441 Ag BNH
1485 1411 1516 1440 Ay BNH
1385 1386 1460 1387 1444 1372 Ag WCH: (chainy
1377 1455 1382 1434 1362 Ay WCH, (chainy
1372 1436 1364 1452 1379 Ag WCH: (1ing)
1365 1432 1360 1451 1378 A, WCH: (1ing)
1367 1431 1359 1428 1356 Ag WCH: (1ing)
1351 1355 1424 1353 1415 1344 A, WCH: (1ing)
1351 1406 1336 1400 1330 Ay WCH: (1ing)
1338 1398 1328 1399 1329 Ay WCH: (1ing)
1314 1317 1377 1308 1350 1280 Ay tCH, (chain)
1317 1372 1303 1361 1285 Ay tCH; (ring)
1299 1304 1371 1302 1375 1293 Ay WCH, (chainy
1293 1368 1299 1353 1282 A, tCH; (ing)
1361 1293 1347 1264 Ag tCH> (chain)
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1278
1256
1240

1218

1163

1136

1085

1070
1057

930

906

812
789

707/725/745

612
576
544

504

457
450
442

361/375

295
286

242
236
216

1273

1224
1213

1185

1147
1131

1120

1108

1064
1055

932

903

861

814

703/740
598

514

501

464
449

324

309

276

256
237

1264
1238

1213

1179

1146

1133

1085

1057

969
918

899

862

790

706/739

579
552

502

449

1348
1334
1304
1295
1287
1281
1261
1244
1184
1167
1166
1163
1142
1130
1127
1122
1107
1100
1098
1092
1082
1065
1058
1052
1025
977
970
945
939
937
884
883
826
823
811
750
680
680
572
560
549
531
474

437
436

471
398
393
345
343
337
326
315
282
281
265
249
222
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1280
1267
1239
1230
1223
1217
1198
1182
1125
1109
1108
1105
1085
1073
1071
1066
1052
1045
1043
1037
1028
1012
1005
999
974
928
921
898
892
890
840
839
785
782
770
712
680
680
572
560
549
531
474
485b
484b
471
4420
4360
3210
3190
337
3030
293p
2620
2610
265
249
222

1297
1331
1280
1321
1319
1314
1250
1229
1170
1112
1200
1203
1112
1162
1179
1157
1101
1095
1085
1016
1106
1085
1074
1001
1072
968
960
949
934
932
902
899
838
835
814
752
750
748
590
587
502
526
499
480
456
428
499
493
320
319
280
300
293
242
230
192
310
349

1216
1255
1187
1253
1248
1232
1167
1143
1104
1051
1120
1140
1051
1099
1111
1056
1040
1031
1031
951
1046
1020
1018
920
965
912
901
887
885
857
854
796
793
773
714
712
711
560
558
500

477
499

493

533°P
506°
428
554°
54750
298°
297°
280
279°
2720
225°

214°
192

310
349

c «Q

« =

c «Q

«Q « = [=S(=} [=S (=] cC Q@ «Q [=S(=] =

c

«Q « [=S(=}

c c

j=S (=]

«Q « c [=S (=] j=S (=] cC Q@ «Q

>> P PP PP PP POP PO PP PO P PP PP PO PP PP PP PP PP P I PP PP PP PP PP P> D> DD

c

tCHZ (ring)
tCHZ (ring)
tCHZ (ring)
tNH; + tCH; (chain)
tNH2+ pCH (chain)
tCH; (chainyt tCH: (ring)
vC-C
PCH; (chain)
wNH,
vC-C
vC-N
wWNH,
vC-N
vC-N
VC'C(chain)
vC-N
vC-N
yNH
yNH
vC-C
vC-N
vC-C
vC-C
pC H2(ring)
PCHy(chain)
pCHZ (ring)
pC H2(ring)
pCHZ (ring)
pCHZ (ring)
pCHZ (ring)
pCHZ (ring)
PCH; (chain)
PCH; (chain)
PNH;
PNH;
Bring
Bring
e N'c>(Rﬁn®
0 C-N-C
0 C-N-C
vPd-N
vPd-N
T(:C%ng
v.Pd-N
v.Pd-N
vs Pd-Cl
vs Pd-Cl
yring
v,sPd-Cl
v,sPd-Cl
0 N-Pd-N
0 N-Pd-N
yring
B C-C-C “swinging”
“ring breathing”
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- 198 198 214 214 Ay Y1 C-C-Cehain
196 203 - 185 205b 140 155° Aq 4 N-Pd-Cl

- 179 1990 136 151® Ay 4 N-Pd-ClI
168 164 - 167 167 223 223 Ay T C-Niing
153 152 - 150 150 158 158 Aq Yo C-C-Cehain
160 - 148 148 117 117 Ay Y3 C-C-Cehain

- 142 142 143 143 Ay o CI-Pd-CI

- 140 140 142 142 Aq 6 Cl-Pd-Cl

- 127 127 110 110 Aq V4 C-C-Cehain
117 - 121 121 167 167 Ay T C-Niing
103 - 104 104 155 155 Ay Y5 C-C-Cehain

- 89 89 80 80 Ay y N-Pd-ClI

- 88 88 42 42 Aq y N-Pd-ClI

- 75 75 73 73 Ay y N-Pd-CI

- 74 74 71 71 Ay Yy N-Pd-ClI

- 70 70 111 111 Ay Skeletal modes

- 52 52 98 98 Ay Skeletal modes
30 - 32 32 31 31 Ay Skeletal modes
25 - 26 26 26 26 Ay Skeletal modes

- 23 23 23 23 Ay Skeletal modes

- 11 11 6 6 Ay Skeletal modes

®Wavenumbers above 700 ¢rwere scaled by 0.9499, accordingly to Merritkal *® "Wavenumbers scaled by 3
different scaling factora1=0.93,A2=1.01 andA3=1.11 where\1-—vNHs, dasNHs, vPd-Cl, d3N-Pd—N; A>—3sNHs,
pNHz, yN-Pd—Cl: As—vPd-N, 3N-Pd—Cl, according to Fiuzat all” v = stretchingd, B = in-plane deformatiorp =
rocking; T = torsion;y andy'=in phase and out of phase out-of-plane deformatiespectively.
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TABLE 4: Calculated (mPW1PW/LANL2DZ/6-31G*) scaling facdofor selected vibrational modes,
regarding different Pd(Il)-amine complexes.

Scaling factor for each vibrational mode
Compound VNH3/VNH, vPd-N vPd-Cl
cDDPd 0.91 1.13 0.93

[Pd(NHs3)4]-2CL- H2O 0.93 1.10 -

[Pd(NH3)3(DMSO)]-2C1 0.92 1.11 -
[PdClz(en)] 0.91 1.07 0.90
[PdCla(dap)] 0.92 1.20 0.89
[Pd2-Spm] 0.92 1.17 0.94
Average 0.92 1.13 0.92




