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In the light of the recognized anticancer properties of cisplatin-type inorganic systems, the exact knowledge
of their conformational preferences is of the utmost importance for understanding their biological activity.
The present study reports the use of theoretical (quantum mechanical) calculations for achieving this goal.
An alternative calculation method to the use of the AE basis sets, both accurate and computationally feasible,
was presently tested for the conformational and vibrational studisaiamminedichloroplatinum(ll). Effective

core potentials (ECPs) were used, within the HF methodology and, within the B3LYP and mPW1PW DFT
protocols. The DFT methods (particularly mPW1PW) were found to be the best choice for describing cDDP
(as compared to the HF methodology).

1. Introduction In the present work, the Effective Core Potentials (E&Ps)
The discovery of cisplatin’scfs-diamminedichloroplatinum approximation is applied in order to perform a conformational

(Il), cDDP) biological activity by Rosenbetgpened the door and vibratiqnal study of cDDP, as an alternative to the use of
to the use of inorganic agents as chemotherapeutic drugs. Theé'® AE basis sets. The study includes both HF and B3LYP and
great efficacy of cDDP led to the development and biological MPW1PW DFT methodologies. The MP2 theoretical method

evaluation of a large number of related inorganic compodrds, is not conside_red, since it implies a Iarge_computational effort
in an attempt to overcome cDDP severe side effects and/or toand was previously shown to have no significant advantages
expand its range of activity. over the other methods.

At the moment, an extensive number of inorganic compounds .
are being subject to biological evaluatibhHowever, prior to 2+ Experimental Methods

the biological analysis, it is important to carry out their chemical 5 1. Computational Details. All the calculations were
characterization mainly through spectroscopic methods, which performed on a personal computer, using the Gaussian 03W
can turn out to be a very hard task when analyzing large and (Go3w) packagé! In view of the allowed free rotation of the
complex systems. Quantum inorganic chemistry has proven to amine groups, three geometriesvo Cy, (cDDP1 and cDDP3)

be a very helpful tool for the interp_retatio_n of the (_3>_<perimental and oneCs (cDDP2)—were considered (Figure 1). All attempts
spectré:’® However, when working with transition metal i, order to optimize geometries with all the hydrogen bonds

containing systems, some problems afiget only does the |ying out of the P+Cl plane failed, as they converged to one
number of electrons increases substantially (thus requiring a g those three conformers.

large number of two-electron integrals) but also the relativistic

. - . . All geometries were fully optimized by the Berny algorithm,
effects become particularly importaftendering the calculation g yop y y a9

using redundant internal coordinates, within symmetry con-
rather costly. L strains. The optimization convergence criteria for the cutoffs
In a previous publicatiofi,the authors have reported an o forces and step sizes considered were as follows: 0.000015
extensive and systematic quantum mechanical study mainly o tree/Bohr for maximum force, 0.000010 Hartree/Bohr for
aimed at determining the best theoretical level for describing root-mean-square force, 0.000060 Bohr for maximum displace-
cDDP (i.e., the best description of the structural parameters andment, and 0.000040 B(;hr for root-mean-square displacement

vibrat?onal frequencies) at the lowest co_mputati_onal cost. The (GO3W keywordopt=tight). In all cases, vibrational frequency
effectiveness of HartreeFock (HF), density functional theory .50 jations were performed, at the same theory level, in order

(DFT) and second-order Mgller-Plesset (MP2) theoretical 1, confirm that the geometries correspond to a real minimum

methods and of several standard all-electron (AE) basis Sets 10y i potential energy surface (no negative eigenvalues) as well
describe the nonmetal atoms were evaluated. On the whole, it

tound that the best is6 bet das to quantify the zero-point vibrational energy correction (zpve).
\(l:vsripl?tl;\rt]ionaliosteis aiiie?/(;rgg:?tr?ésrﬁwsﬁﬁ%_agigg)c ?g\;s\er; Description of the nitrogen and chloride atoms was based on
Despite the fact that good results were obtained with this two standard non-splitted valence ECPs (as implemented in

. ...~ GO3W program package) by using the keywotdsNL2MB
approach, the computational efforts may become prohibitive, (which Eongsiderspthe aﬁl-élegtron gTO-T}G)Zlgs set for the
when larger multinuclear platinum systems are considered.

H h - £ of It i lculati thod th tnitrogen and the ECP of Hay and Wétor the chloride) and
ence, the requirement of an atternative caiculation methot hal o ep_y o (which uses the ECPs of Stevens ef‘afor both

:gnr:]ac')?es ggr%urle;te :Lgt:;??siawfatr;n:\tzlllows the applicability nitrogen and chloride atoms). The effect of splitting both the
piex sy IS ) nitrogen and the chloride valence shells was considered by using
* Corresponding author: Telephone/Fax:351-239 826541. E-mail:  €ither CEP-31&' or LANL2DZ keywords (this option uses the
amal@portugalmail.pt. D95V basis set for nitrogen and the ECPs of Hay and \Wadt
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Figure 1. Schematic representation of the optimized geometries for cDDP.

TABLE 1: List of the Theoretical Levels Considered in This TABLE 2: Calculated Relative Energies (kJ mol) for the
Study for the Pt Ligands, as Well as the Corresponding Three Conformations of cDDP (Figure 1), Using the
Nomenclature Used Throughout the Text and Tables Different ECPs, Augmented with a d-Polarization Function
at the Nitrogen and Chloride Atoms, and LANL2DZ,

theoretical levél  nomenclature ECP nomenclature  A,gmented with an f-Polarization Function at the Valence
HF HF LANL2MBP ECP1 Shell of the Pt Atom
B3LYP B3L LANL2DZ® ECP2 -
mPW1PW mPW1 CEP-46 ECP3 theoretical level cDDPP cDDP2 cDDPP®
CEP-31d ECP4 HF-ECP1 0.00 0.72 1.83
21n all cases LANL2DZ8 ECP was considered for the Pt atom and HF:ECPZ 0.00 081 219
, _ HF-ECP3 0.00 (0.00) 0.08 (0.20) 0.83
the standard AE basis set 3-21G for the hydrogen atéifsr basis HE-ECP4 0.02 (0.00) 0.00 (0.28) 0.46 (0.53)
set details refer to ref 12 (N atom) and ref 13 (Cl atofrijor basis set B3L-ECP1 0.00 4.08 8.34
details refer to ref 15 (N atom) and ref 13 (Cl atorzor basis set B3L-ECP2 0.00 3.85 8.13
details refer to ref 14 (N and Cl atoms). B3L-ECP3 0.00 271 5.98
B3L-ECP4 0.00 2.64 5.64
. . . - mPW1-ECP1 0.00 3.95 8.18
in a doubleg splitting for chloride). For the description of the mPW1-ECP2 0.00 352 7.58
H and Pt atoms, the theoretical levels previously rep8nteste mPW1-ECP3 0.00 2.32 5.30
applied—the standard AE 3-21G basis set and the relativistic =~ MPW1-ECP4 0.00 2.31 5.09
pseudopotential of Hay and WaRi{GO3W keyword ANL2D2), a|n the case of the DFT results, the values are those obtained by
respectively. using the FineGrid optior?. The calculated values after zpve energy

The effect of considering a polarization function at the Pt- correction are presept_ed in parenthesis yvhen the conformation was
. . found to be a real minimum at the potential energy surface.
atom was also tested, by augmenting the valence shell with an
f-function (Ep= 0.993)1” Moreover, introduction of polarization
functions on both nitrogen and chloride atoms was taken into
account, by including a d-polarization function in the corre-
sponding valence shell§{ = 0.8 andéc = 0.75)18

In order to evaluate the effect of electron correlation (known

to be particularly important in systems containing transition ~ 3.1. Conformational Analysis. Table 2 presents the bare
metal atom¥), different theory methods were considered. Thus, relative energies calculated for the three cDDP optimized
all ECP combinations were tested within HF and two different geometries using the different ECPs augmented polarization
DFT protocols: (i) the widely used B3LYP, which includes a functions at all the heavy atoms. Tables S2a, S2b, S2c, and
mixture of HF and DFT exchange terms and the gradient- S2d of the Supporting Information comprise, respectively, the
corrected functionals of Lee, Yang and Parr, as proposed andENergetic results obtained with ECPs plus d-polarization func-
parametrized by Beck®;?! (i) mPW1PW, which considers a tions at the N and C_ZI atoms, f-p_olarlzat|on f_unct|on at the_ Pt
modified version of the exchange term of PerdéiWang and center, V\.nthou.t polarlzatlo.n fqnctlons, frjmd using the UltraFine-
the PerdewWang 91 correlation function®?? For each of Grid option without polarization functions in the case of the

. . . DFT calculations. As previously found in the AE calculatidns,
these DFT approaches_, the effect Of. two dlfferer_1t Integration o, improvement of the Integration Grid does not affectAtie
grids was assegsed. (i) a pruned grid of 75 rgd|al shells and, 5 es between conformations (Table S2c vs Table S2d).
302 .an.gular.pomt.s per sh.ell (Go3w kgywogd|d=75302 Table 2 shows that the DFT protocols are unanimous in
specifying aFineGrid), and (ii) a pruned grid of 99 radial shells

- L predicting a single minimumcDDP1—for the cDDP isolated
anq 5.90 angular pomts_pershell (GO3W keywgriti=99590, molecule, as previously fourfdRemoval of either the f-
defining anUltraFineGrid).

polarization function at the Pt-atom (Table S2a) or the d-
The different theoretical approaches and ECPs combinationspolarization functions at the N- and Cl-valence shells (Table
are collected in Table 1, along with the corresponding nomen- s2h) were not found to affect the final result. On the other hand,
clature used throughout the text and Tables. concerning the magnitude of the calculated energy differences
2.2. Theoretical Methods and Evaluation of the Accuracy between conformations, it is evident that inclusion of an
Level. The aim of the present work is to develop a theoretical f-polarization function at the metal has a negligible effect (Table
approach coupling the best possible theoretical description of 2 vs Table S2a, or Table S2b vs S2c). A decrease ofAfRe
the experimental data available for cDDP, to a low computa- values is generally observed upon introduction of d-polarization
tional cost. Similar to the former AE study on cDBPa functions in the ClI- and N-valence shells (Table S2b vs Table
comparison between the calculated values of both structural 2, or Table S2c vs Table S2a). The only exception is observed
parameters and vibrational frequencies and the correspondingwith ECP4, as considering a d-polarization function to describe

experimental values was performed (for further details on this
accuracy evaluation procedure, please refer to ref 9).

3. Results and Discussion
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TABLE 3: Calculated Structural Parameters (Distances in pm and Angles in deg) for the Lowest-Energy Minimum Predicted
for cDDP (geometry cDDP1), Using the Different ECPs, Augmented with a d-Polarization Function at the Nitrogen and
Chloride Atoms, and LANL2DZ, Augmented with an f-Polarization Function at the Valence Shell, of the Pt Atom

theoretical leved Pt—ClIP Pt—NP Cl—Pt—ClIP Cl—Pt—NP N—Pt—NP AN
HF-ECP1 236.1 3.1 209.5 9.5 96.2 4.3 84.2 —6.1 954 8.4 55
HF-ECP2 235.4 2.4 211.6 11.6 96.2 4.3 84.2 —6.1 95.4 8.4 5.6
HF-ECP3 235.4 2.4 212.3 12.3 95.4 35 85.0 —-5.3 94.5 7.5 5.1
HF-ECP4 235.4 2.4 211.9 11.9 95.5 3.6 84.8 —55 94.9 7.9 5.2
B3L-ECP1 234.7 1.7 208.9 8.9 95.7 3.8 82.8 —-7.5 98.7 11.7 6.2
B3L-ECP2 234.1 1.1 210.2 10.2 95.7 3.8 82.9 —-7.3 98.6 11.6 6.3
B3L-ECP3 234.4 1.4 211.4 11.4 94.5 2.6 84.1 —6.2 97.3 10.3 5.6
B3L-ECP4 234.3 1.2 210.6 10.6 95.0 3.1 83.6 —6.7 97.8 10.8 5.8
mPW1-ECP1 232.3 —-0.8 206.6 6.6 95.4 3.5 83.1 —7.2 98.5 11.5 5.8
mPW1-ECP2 231.7 —1.4 207.6 7.6 95.3 3.4 83.2 -7.1 98.4 11.4 5.8
mPW1-ECP3 232.0 -1.1 209.0 9.0 94.3 2.4 84.3 —6.0 97.1 10.1 5.2
mPW1-ECP4 231.8 -1.2 208.0 8.0 94.7 2.8 83.9 —6.3 97.6 10.6 54

2|n the case of the DFT results, the values are those obtained by using the FineGrid bpffterence between calculated and experimental
values in boldface; in the case ofR&l, Pt—=N and CHPt—N, the average of the two experimental values was used. The experimental individual
values are as follows: P{Cl, 233.3 and 232.8 pm; PN, 195.0 and 205.0 pm; €IPt—N, 88.5 and 92.0; CI-Pt-Cl, 91.9; N—Pt-N, 87.0°.26

¢ Overall mean percent difference obtained by the equdtian= [(T{_, |Ail/x)/n] x 100, whereA; = (theoretical value- experimental value)
is the individual deviation and; xhe experimental value.

the N and Cl atoms leads to an increase ofAlievalues within f-polarization function at the Pt-valence shell. Thevalues for
both DFT protocols (Table S2b vs Table 2 or Table S2c vs each structural parameter, as well as the ovetailvalues
Table S2a). However, this result seems to be in better conformity determined for each ECP combination, are represented in
with the ones obtained with the other DFT/ECP combinations. boldface (for definition ofA- and AA-values setand the

When considering the change of ECP within each theoretical footnote of Table 3). All other results, obtained using d-
level, it can be observed that the splitting of the N- and CI- polarization functions at both the N- and ClI atoms, augmented
valence shells (ECP+ ECP2 and ECP3> ECP4) leads to a  with an f-polarization function to describe the Pt center, no
general decrease of th&E values. Both the f-polarization  polarization functions, or the UltraFineGrid option, are com-
function in the Pt-valence shell and the type of integration grid prised in the Supporting Information (Tables S3a, S3b, S3c,
have a minor effect on the magnitude of th& values. and S3d, respectively).

As for the AE basis setsthe presently reported HF results As expected, the lowest overall mean percent deviatians (
are strongly dependent on the type of ECP considered. For thevalues) are obtained when using polarization functions at all
ECPs of Hay and Wath (HF-ECP1 and HF-ECP2), a single heavy atoms. The overall accuracy increases according to the
minimum (cDDP1) is predicted, and the splitting of the valence sequenceno polarization functior{Table S3c)— polarization
shell (HF-ECP1— HF-ECP2) causes an increase of the function at the metal atoifTable S3b)— polarization functions
conformational energy differences. ECP improvement through at the N and Cl atoméTable S3a)— polarization functions at
inclusion of polarization functions does not change the stability all heavy atoms(Table 3). The highest accuracy improvement
order between conformers, affecting only the magnitude of the is obtained by inclusion of d-polarization at the N- and
AE values. In turn, when the ECPs of Stevens et*gHF- Cl-valence shells (Table S3b Table 3 or Table S3e> Table
ECP3 and HF-ECP4) are used, more than one conformation isS3a), which leads to improvements in the range of~1.3%,
predicted to be a real minimum. If no polarization function is while addition of an f-polarization function at the metal valence
considered (Table S2c) ECP3 and ECP4 yield distinct global shell (Table S3a— Table 3 or Table S3e~ Table S3b) is
minima. In other words, the splitting of the valence shell (ECP3 responsible for improvements not higher than 0.3%. Considering
— ECP4) leads to a change of the lowest energy conformer both types of polarization functions (Table S3¢ Table 3)
from cDDP1 to cDDP3. Regarding this cDDP1/cDDP3 relative yields an overall improvement approximately equivalent to the
stability, addition of an f-polarization function to the metal sum of the individual improvements.
valence shell is found to be irrelevant (Table S2b). On the other It is interesting to note that when d-polarization functions
hand, inclusion of polarization functions at both the N- and CI- are considered for describing the N and Cl atoms, the valence
valence shells is mandatory, as it renders cDDP1 the globalshell splitting is avoidable (ECP1 ECP2 and ECP3> ECP4).
minimum at both HF-ECP3 and HF-ECP4 basis sets (Tables In fact, the valence shell splitting leads to variations of Alfe
S2a and 2). values not larger than 0.5% (Table S3c), while addition of

On the whole, these results show that the use of effective polarization functions to describe these atoms (Table -S3b
core potentials for the study of cDDP-like systems requires the Table 3 or Table S3c— Table S3a) yields an accuracy
inclusion of polarization functions at the nonmetal heavy atoms, enhancement higher than 0.8% for all ECPs but one (ECP4 for
mainly when using HF approaches. In contrast, the effect of which the improvements are 6-.5%). Hence, from an overall
considering f-polarization functions at the platinum atom is accuracy point of view, ECP3 is the best choice when d-
negligible. In the case of the DFT calculations, improvement polarization functions are added at the N and Cl| atoms.
of the integration grid is also negligible. Otherwise, the corresponding splitted valence shell (ECP4)

3.2. Structural Analysis. As for the AE accuracy evaluatidn,  should be chosen. Finally, the best overall accuracy is achieved
the following structural and vibrational analysis is solely through the use of the mPW1PW protocol, independently of
performed for the cDDP1 geometry, since this is either the only the complexity of the N- and Cl-valence shells. On the whole,
real minima or the lowest energy conformer yielded by the the mPW1/ECP3(d)/LanL2DZ theoretical level seems to be the
different theoretical approaches used. best choice.

Table 3 lists the optimized structural parameters calculated At this stage, the efficiency of the different theoretical levels
by the four ECP methodologies augmented with d-polarization to describe each structural parameter individually should be
functions at the N- and Cl atoms, and LANL2DZ plus an evaluated, knowing in advance that any improvement of the
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integration grid in the DFT calculations has no influence in this TABLE 4: Computational Time (CPUT) Required for a
predicting ability. Vibrational Frequency Calculation Using the Different ECPs
. . . o . at the Nonmetal Atoms and the LANL2DZ ECP at the Pt
Bond DistancesRegarding the PtCl distance, itis evident  ptgma

that the description of this structural parameter generally

i - PUT?
improves in the sequence observed for the overall mean percent _ cPY

deviation AA-values): no polarization function(Table S3c) theoretical level no/no yes/no nolyes yeslyes
— polarization function the metal atonfTable S3b)— :EE%E% 88533 82532 8252‘1‘ ggficll
polar!zat!on funct_|ons at the N and CI aton({$able S3a)— HE-ECP3 00-20 0038 00-36 0212
polarization functions at all hegy atoms(Table 3). The only HE-ECP4 00:24 02:18 00:44 02:57
exception is observed for the mPW1PW results, for which a B3L-ECP1 06:28 10:26 08514 12544
clear worsening is usually observed when going from polariza- B3L-ECP2 09:07 14:37 11:33 16:32

: ; 9 ) B3L-ECP3 06:24 09:40 08:24 12:53
tion functions at the N and Cl atoms to polar|za_t|on functions B3L-ECP4 07:46 14:25 10:01 1713
at all heavy atoms (Table S3a vs Table 3). While the reasons mPW1-ECP1 06:22 10:06 08:19 12:54
for this behavior are still not clear, it should be noticed that the mEWi:Eggg 825%8 égfgi ééfgg }gfgf
effect of the addition of an f-polarization function at the metal mPW1-ECP4 07-48 14:27 10-05 1713

is quite small when compared to the effects of the addition of

d'pﬁlanzatlon funﬁtlo?]s at the {\l an(:] Cl atom;, Indepgnr:jently at N— and Cl atoms)no/yes(f-polarization function at the Pt atom),
of the ECP and the theoretical method considered (either HF o5 e¢nolarization functions at all heavy atomsComputational time
or DFT) In Other WOde, the |argeSt |mpr0vement n the required for a frequency Ca|cu|ation’ min:sec.

description of the PtCl parameter is achieved by inclusion of

polarization functions to describe the N and Cl atoms (Table c|...CI). This weighting clearly defines which bond angles will

S3b— Table 3 or Table S3e- Table S3a). open and which will close during the optimization process,
As to the PN distance, the three methods used lead to relative to the perfect square planar geometry (all bond angles

overestimated distances, regardless of the ECP improvementequal to 90°C). Using ECP3 as an example (since it yields the

introduced and of the theoretical protocol used. In contrast to lowest rms value Table 3), the corresponding-it--Cl

the Pt-Cl bond, the use of f-polarization functions to describe distances are 257.5 pm (HF-ECP3), 250.3 pm (B3L-ECP3), and

the platinum valence shell corresponds to an ECP improvement248.5 pm (mPW1-ECP3), clearly showing that these intermo-

that leads to the best theoretical-to-experimental agreementlecular close contacts become more important for the DFT

(Table S3a— Table 3 or Table S3e> Table S3b). Inclusion protocols, particularly for mPW1PW.

of a d-polarization function at the N and Cl atoms leads to @  The results obtained along this work also indicate that

ano/no(no polarization functionsyes/nad-polarization functions

general worsening of the PN description (Table S3b- Table  meaningful improvements in the description of the cDDP bond
3 or Table S3¢~ Table S3a), this effect being more pronounced angles are only achieved by adding polarization functions at
for ECP1. the N- and Cl-valence shells while the inclusion of an f-

Concerning the choice of the ECP, it can be verified that the polarization function at the metal has an almost negligible effect
ECPs of Hay and Wadf,in a minimal valence splitting scheme  (Table S3c— Table S3a vs Table S3e Table S3b and Table
(ECP1) yield the best accuracy, in all cases. Furthermore, asS3a— Table 3). Addition of d-polarization functions to the
verified for the P+Cl distance, the mPW1PW DFT protocol valence shells of the nonmetal heavy atoms, in turn, renders
yields the lowest deviations between theory and experiment for the minimal ECP3 more accurate than the corresponding
all ECPs tested, independently of the valence shell improvementsdouble¢ splitted scheme (ECP4). On the whole, the predicting
adopted. accuracy for the three cisplatin bond angles increases in the

Bond Angles.In agreement with the results obtained by the order: ECP4— ECP4+ f-polarization function (at the metpl
AE basis set8all ECPs presently used yield overestimatedt CI  — ECP3+ d-polarization functions (at the N and Cl atomk).

Pt—Cl and N-Pt—N angles, and underestimated—Et—N is thus possible to conclude that the best overall agreement for
values, within all three considered theoretical protocols. This CDDP (lowest AA-value) is achieved with the mPW1PW
may result from the formation of intramoleculari-+-Cl close functional coupled to either the ECP3 or ECP4 approaches (with

contacts, which lead to a decrease of the PN angle and or without d-polarization at the nonmetal heavy atoms, respec-
concomitantly to an opening of the other bond angles within tively). Addition of f-polarization functions to the ECP describ-
the molecule. In order to account for the effects of these ing the platinum center (LANL2DZ) leads only to slight
interactions, calculations concerning the dimeric structures held improvements, which are more pronounced for the description
by N—H---Cl intermolecular contacts, and evidenced in the Of the Pt-N distance.
X-ray structure reported in the literature, are currently under-  In view of attaining a final decision on the best choice for a
study. This will hopefully allow a better representation of the suitable theoretical methodology for representing this type of
structural parameters of cDDP (and of other small Pt(Il) cisplatin-like molecules, an evaluation of their efficacy for
complexes), in particular of the bond angles. predicting the corresponding vibrational frequencies of cDDP
The largest deviations detected are, once again, observed fofnust be undertaken.
the N—Pt—N angles, while the best theoretical-to-experimental ~ 3.3. Vibrational Analysis. Table 4 lists the computational
agreement occurs for the €Pt—Cl values. Moreover, the best  time required for a vibrational frequency calculation for cDDP,
prediction of the latter is obtained with the mPW1PW protocol at the different theoretical levels tested. As expected, both the
that yields slightly better results than B3LYP. On the contrary, inclusion of polarization functions and splitting of the N- and
the other two bond angles are better described within the HF Cl-valence shells are responsible for an increase of the
methodology. These discrepancies are probably related to thecomputational time. This CPUT (central processor unit time)
different weight given by the two theoretical protocols (HF and increase is larger when d-polarization functions are added to
DFT) to the hydrogen bonding interactions occurring in the describe both N and Cl atoms than when considering an
system, either attractive (NH---Cl) or repulsive (H--H and f-polarization function at the metal. For all the ECPs tested,
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TABLE 5: Best Grouping of the cDDP Vibrational Modes, Set Scaling Factors 4g) and Rms Values Obtained Using the ECPs
Considered at the Nonmetal Atoms and LANL2DZ at the Pt Atom

modes within the sat A
theoretical level functd 1 2 3 1 2 3 rms cpd
HF-ECP1 no/no vNH3 oNH3 vPt=N 0.85 0.93 1.04 1.1% 00:20
ONH3 ON—Pt=CI vPt=Cl
ON—Pt—=N
OCI—-Pt=ClI
HF-ECP2 no/no vNH3 pNH3 vPt=N 0.88 0.96 1.10 1.8% 00:27
ONH3 vPt—Cl ON—Pt=N
ON—Pt-ClI OCI—Pt—Cl
HF-ECP3 nolyes vNH3 pNH3 vPt=N 0.87 0.94 1.07 1.6% 00:36
ONH3 ON—Pt=Cl vPt=Cl
ON—Pt=N
OCI—PtCl
HF-ECP4 no/no vNH3 pNH3 vPt=N 0.87 0.95 1.08 1.9% 00:24
ONH3 vPt=Cl ON—Pt—N
ON—Pt-ClI OCI—Pt-ClI
B3L-ECP1 no/no vNH3 OsNH3 vPt—N 0.93 0.98 1.05 1.3% 06:28
(SaJ\‘Hg pNH3 vPt—Cl
ON—Pt=CI ON—Pt—N
OCI-Pt=ClI
B3L-ECP2 no/no vNH3 OsNH3 vPt=N 0.94 1.00 1.10 1.7% 09:07
0aNH3 pNH3 ON—Pt=N
ON—Pt-ClI vPt—Cl OCI—Pt-Cl
B3L-ECP3 nol/yes vNH3 OsNH3 vPt=N 0.95 0.99 1.08 1.8% 08:24
SaNHs oNHz vPt—Cl
ON—Pt-ClI vPt—Cl
aCl—Pt—ClI
B3L-ECP4 no/no vNH3 OsNH3 vPt=N 0.94 1.00 1.10 1.4% 07:46
0aNH3 pNH3 ON—Pt—=N
ON—Pt=ClI vPt=Cl OCI-Pt=ClI
mPW1-ECP1 no/no vNH3 OsNH3 vPt=N 0.91 0.96 1.01 1.5% 06:22
(SaJ\ng pNH3 vPt—Cl
ON—Pt=CI ON—Pt=N
OCI—Pt—Cl
mPW1-ECP2 no/no vNH3 ONH3 vPt=N 0.93 0.98 1.05 1.8% 09:16
0aNH3 pNH3 ON—Pt=N
vPt—Cl OCI—PtCl
ON—Pt-ClI
mPW1-ECP3 nolyes vNH3 OsNH3 vPt=N 0.93 0.99 1.07 1.6% 08:30
O0aNH3 pNH3 ON—Pt—N
ON—Pt=CI vPt—Cl
OCI—PtCl
mPW1-ECP4 no/no vNH3 OsNH; vPt=N 0.94 0.98 1.06 1.5% 07:48
O0aNH3 pNH3 ON—Pt—N
vPt=Cl OCI—-Pt=ClI
ON—Pt-ClI

aysandvasstand for symmetric and antisymmetric stretching modes, respectivaindd,s stand for symmetric and antisymmetric deformation
modes, respectivelyj = skeletal in-plane deformation modgsand p' stand for in-phase and out-of-phase rocking modes, respectively. For a
schematic representation of thel—Pt—N, SCI—Pt—N, anddCl—Pt—Cl modes refer to Figure 3 of reference®@alculated with equatidis =

(5%, Ai)/ns. ¢In the case of the DFT results, the values are those obtained by using the FineGrid bptima (no polarization functions)yes/no
(d-polarization functions at N and Cl atomap/yeqf-polarization function at the Pt atom)es/yegpolarization fuctions at all heavy atoms)sing

the FineGrid option in the DFT calculatiorfsCalculated with the following equatichrms = (3, A;)/n. f Computational time required for a
frequency calculation, min:sec.

the DFT calculations were found to be more time-consuming significant decrease of the rms values, a three-factor approach
than the HF ones. was found to be required. The results yielded by this approach,
In general, the vibrational frequencies)(are overestimated  for the different theoretical levels considered, are compiled in
relative to the experimental oneg,(which justifies the common  Tables S5i, S5j, S5k, and S5I. The grouping scheme of the
practice of scaling the theoretical values. While extensive work different vibrational modes was subject to a trial and error
has been carried out for organic compounds in order to process in view of achieving the best approach, corresponding
standardize these scaling factéts)o studies are to be found to the smallest overall error (lowest rmsee ref 9 for more
on this subject for inorganic systems. In the authors’ previous details).
work,? different scaling approaches were tested and assessed Grouping of the vibrational modes within the three frequency
for cisplatin, leading to distinct scaling factors for each all- sets is dependent on the ECP approximation, on the valence
electrons theoretical level considered. A similar evaluation is shell improvement considered (with or without polarization
presented in this study, for the different ECP combination functions) and on the theoretical method used. Addition of
schemes tested. polarization functions to the N- and Cl-valence shells generally
The use of a single scaling factor (Tables S5a, S5b, S5c, andleads to an increase of the overall error (increase of the rms
S5d) is not suitable, since it yields relatively high rms values values) in all cases but four (Table S5l vs Table S5j). Exceptions
(indicative of a low accuracy), independently of the theory level are observed when using ECP2 and ECP3, for both DFT
used. An increase in the number of scaling factors to two (one protocols.
for the vibrational modes above 400 chand another for those Table 5 presents the best grouping scheme determined for
predicted below 400 cm) leads to a modest accuracy improve- the cDDP vibrational modes, the corresponding scaling factors,
ment (Tables S5e, S5f, S5g, and S5h). In order to obtain aand the CPUT for each theoretical level considered. Based on
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TABLE 6: Calculated Vibrational Frequencies of cDDP and
Comparison with the Experimental Ones, after Scaling in
Accordance with Table 5

theoretical level

vibrational HF-ECP1 B3L-ECP1 mPW1-ECP1
modé wP A wd A e A° P
vad\NH3 3358 49 3344 35 3360 51 3309
vad\NH3 3345 59 3310 24 3320 34 3287
vsNH3 3193 —18 3152 —-59 3162 -—-49 3211
OaNH3 1622 —27 1623 —26 1611 —38 1648
0'ad\NH3 1614 —-14 1616 —12 1604 —24 1628
Jad\NH3 1593 -8 1590 -—11 1579 -—-22 1601
0'ad\NH3 1586 49 1672 47 1573 36 1537
OsNH3 1290 —26 1317 1 1309 -7 1316
0's<NH3 1284 —11 1313 18 1305 10 1295
pNH3 870 32 861 23 862 24 824
p'NH3 821 -3 829 5 829 5 811
pNH3 803 -7 790 —20 794 16 789
p'NH3 775 —-14 773 —16 776 —13 724
vsPt=N 521 -3 522 -2 525 1 524
vafPt—N 508 0 514 6 516 8 508
vsPt—CI 327 4 328 5 329 6 323
vaPt—CI 315 -1 316 0 317 1 317
ON—Pt=N 254 -1 246 -9 247 -8 255
ON—Pt—ClI 208 -1 209 0 213 4 210
OCl—Pt—ClI 162 0 164 2 161 -1 162
rme (%) 11 1.3 15
CPUT 00:20 06:28 06:22

ays andv,sstand for symmetric and antisymmetric stretching modes,
respectively; ds and d.s stand for symmetric and antisymmetric
deformation modes, respectively;= skeletal in-plane deformation
modes;p and p' stand for in-phase and out-of-phase rocking modes,
respectively. For a schematic representation ofdNe-Pt—N, 6Cl—
Pt—N, anddCl—Pt—Cl modes refer to Figure 3 of ref 9 Theoretical
scaled valueA; = 0.85 ¢“NH3 andoNHg), 1, = 0.93 eNHz andON—
Pt—Cl), A3 = 1.04 @Pt—N, vPt—Cl, ON—Pt—N, and 6CI—Pt—C)
(Table 5).¢ Deviation from experimental after scaling (theoretiea) (
— experimental %)). ¢ Theoretical scaled valuel{ = 0.93 (¢’NHs,
0afNHz, and ON—Pt—Cl), A4, = 0.98 (pNH; and dNH3), 13 = 1.05
(vPt=N, vPt=ClI, ON|-Pt—N, andoCl—Pt—Cl) (Table 5).¢ Theoretical
scaled valueAi = 0.91 (NHjs, 0.N\H3, andoON—Pt—ClI), 1, = 0.96
(pNHz anddsNHs), 13 = 1.01 ¢Pt—N, vPt—Cl, SN;—Pt—N, anddCl—
Pt—ClI) (Table 5)." Experimental FT-Raman frequencfe$.Observed
in the FTIR spectra; probably strongly overlapped with the ofid;
modes in the Raman spectrufiCalculated with equatiohirms =
(XL, A)/n. ' Computational time required for a frequency calculation,
min:sec.

both the rms and CPUT criteria, ECP1 (with no polarization

Fiuza et al.

Interestingly, the HF-ECP1 combination displays the best
accuracy in the prediction of the cisplatin vibrational modes,
with the lowest computational cost. Within the DFT methods,
mPW1PW and B3LYP present comparable accuracies, B3LYP
being slightly better.

The lower vibrational modes are not considered in this
analysis since they are strongly dependent on the interactions
present at the solid state and affected by the dispersion of the
lattice.

4. Conclusions

In this work, a conformational and vibrational analysis of
the anticancer drug cisplatin was performed. Following a
reported study aiming at determining the best theoretical
combination for the description of this type of Pt(Il) compounds,
with the best accuracy/computational cost rdtithe ECP
approach was presently tested in order to compare with the
previous AE results. For the majority of the theoretical ap-
proaches undertaken, only one real minimum was found from
the three possible geometries for the isolated molecule. This
conformer was selected to undergo a thorough structural and
vibrational analysis.

HF and the mPW1PW DFT functional were shown to be the
best protocols to perform a cDDP structural analysis, while the
widely used B3LYP functional led to the worse results. For
predicting the experimental vibrational spectra above 160tcm
HF showed the best performance, yielding the minimum error
at the lowest computational cost. However, this method was
not totally consistent for the very low frequencies modes, as
opposed to the density functionals, which displayed a clear
advantage in this spectral region. Furthermore, although the HF
approach has shown to be quite appropriate, with a low
computational cost, it has to be kept in mind that if there is no
reliability regarding the most stable cDDP structure, the whole
study looses its purpose even if it can be achieved at a low
computational cost.

On the basis of the data obtained for both the structural and
vibrational calculations, it appears that mPW1PW is the best
method for an accurate and inexpensive representation of cDDP.

Regarding the ECPs performances, ECP1 (LANL2MB)
yielded the best vibrational results and ECP3 (CEP-4G) is
responsible for the best structural parameters (Table 7), both
representing clear advantages over ECP2 (LANL2DZ), although

functions) appears to be the best choice, independently of thethe latter has been previously repoffetb yield good results

theoretical method used (either HF or DFT).
At this point, it may be concluded that the best prediction of

the cisplatin experimental vibrational frequencies is obtained

using a three-factor scaling, without polarization functions.

for the prediction of the structural and vibrational cisplatin
parameters.

As to the improvement in the description of the atoms’
valence shell, it was shown that the presence of polarization

Additionally, this approach leads to the lowest computational functions is very important for a suitable prediction of the

cost.

structural parameters, while the best vibrational results were

Table 6 comprises the calculated scaled vibrational frequen- obtained without inclusion of polarization functions. Splitting

cies for cDDP (above 160 cm), obtained in the light of the
best accuracy/CPUT relationship, chosen from TabtdHb-
ECP1, B3L-ECP1 and mPW1-ECPa&long with the experi-

of the orbitals leads in general, to a worsening of the results.
The combination [theoretical method/ECP/valence shell im-
provement] will thus have to be chosen in accordance with the

mental FT-Raman wavenumbers. Careful analysis of this datatype of analysis aimed at.

evidence that the major deviations occur for wavenumbers above

700 cntl, the N-H---Cl interactions being the most likely

If only a structural study is aimed, not many problems arise,
but in the case of a complete conformational analysis one feature

reason for these shifts. It should not be forgotten, however, thatwill have to be sacrificedreither the accuracy or the compu-
all calculations are performed for the isolated molecule, while tational cost-and we will have to find a compromise between
the experimental spectra are obtained in the solid state, wherethe two.

the intra- and intermolecular interactions play an essential role.

Most of the deviations observed in the present paper result

As for the angles of the molecule, these deviations are probablyfrom the absence of the effects of the intermolecularHN--

diminished if the effect of the intermolecularH--+Cl contacts
(by considering dimeric structures) are taken into account.

Clinteractions, known to affect significantly both the structural
parameters and vibrational frequencies. In order to overcome
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TABLE 7: Compilation of the Best Results (Best Accuracy/
Computational Cost Relation) Obtained for the Structural
Parameters for the Lowest Energy Minimum Predicted for
cDDP (Geometry cDDP1) Using the ECPs Approximation
and the All-Electrons (AE) Calculations for Comparison

Structural Parameters

theoretical polarization theoretical
level functio® AAP CPUT levek AA® CPUT®

HF-ECP1 yeslyes 5.5 02:10 HF-AE4(f) 5.0 07:08
HF-ECP3 yeslyes 5.1 02:12

B3L-ECP1 yeslyes 6.2 12:44 B3L-AEA4(f) 5.6 23:07
B3L-ECP3 yeslyes 5.6 12:53

mPW1-ECP1 yesl/yes 5.8 12:54 mPW1-AE4(f) 5.2 24:02
mPW1-ECP3 yeslyes 5.2 13:01

Vibrational Analysis

theoretical polarization rms theoretical rms®
level functio® (%) CPUT leveF (%) CPUT

HF-ECP1 no/no 1.1 00:20 HF-AE4(f) 1.5 07:08
HF-ECP3 nolyes 1.6 00:36

B3L-ECP1 no/no 1.3 06:28 B3L-AE4(f) 1.3 23:07
B3L-ECP3 nol/yes 1.8 08:24

mPW1-ECP1  no/no 15 06:22 mPW1-AE1 1.7 15:00
mPW1-ECP3  nolyes 1.6 08:30

ano/no(no polarization functions)o/yes(polarization function at
the Pt atomyes/yegpolarization functions at all heavy atoms)sing
the FineGrid option for the DFT calculatiorfsOverall deviation values
selected from Table 3/és/ye} ¢ Values selected from Table S5id/
no) and Table S5k r{o/yes. ¢ Computational time required for a
frequency calculation in min:sec selected from Table Selected
theoretical levels collected from ref 9; (f) indicates the presence of an
f-polarization function at the Pt atom (AE1-6-31G(d); AE4-6-311G(d)).

these deficiencies, the dimeric structures of some small Pt(ll)
molecules held by that type of intermolecular contacts (and

evidenced by the X-ray structures of the literature) are under

study, namely for cDDP and Pt(en}CHowever, it has to be
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Supporting Information Available: Supplementary Tables
S2-S5I regarding other results obtained for energies and
structural parameters and different scaling schemes for the
calculated harmonic frequencies. This material is available free
of charge via the Internet at http://pubs.acs.org.
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