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revisited at the four-component relativistic level

Valentin A. Semenov, Yury Yu. Rusakov, Dmitry O. Samultsev and Leonid B. Krivdin*

A. E. Favorsky Irkutsk Institute of Chemistry, Siberian Branch of the Russian Academy of Sciences,
664033 Irkutsk, Russian Federation. E-mail: krivdin_office@irioch.irk.ru

DOI: 10.1016/j.mencom.2019.05.025

The equilibrium structures of cisplatin and transplatin were
optimized, and their 'H, 15N, and 1°°Pt NMR chemical shifts
were evaluated at both non-relativistic and fully relativistic
four-component levels. Reliable correlations with experimental
data were achieved at the DFT level with taking into account
relativistic effects in calculations of both geometrical parameters
and NMR chemical shifts.
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It is very well known that biologically active platinum complexes
play an important role in the modern pharmaceutical industry of
anticancer, antiviral and antibacterial drugs. Although the process
ofthe activity suppression in cancer cells based onaminoplatinates
is extremely efficient, to date, its mechanism is still not completely
understood. As a classical example, although cisplatin 1 is one
of the leading drugs administered against the cancer, its isomer,
transplatin 2, is not cytotoxic. In line with a general breakthrough in
the field of computational NMR, 18 recent advances of relativistic
approach to calculate NMR properties at the relativistic two- and
four-component levels have received a special consideration.”2
In this preliminary report, we demonstrate the potential of the fully
relativistic four-component Dirac’s approach to the structural
investigation of cisplatin and transplatin including both geo-
metrical studies and calculation of their 1H, 1°N, and %Pt NMR
chemical shifts.
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Geometries of compounds 1 and 2 were optimized at both
non-relativistic (one-component) and fully relativistic (four-com-
ponent) levels using classical hybrid and generalized gradient
approximation (GGA) functionals: B3LYP as the most common
three-parameter hybrid functional of Becke!® in combination
with the correlation functional of Lee, Yang and Parr (LYP);1
BHLYP-Becke’s half and half of HF/DFT hybrid exchange
(BH)'® functionals combined with the LYP correlation func-
tional;* OLYP, which is Handy and Cohen’s OPTX hybrid
functional'® in combination with the LYP correlation functional;*
the generalized gradient functional of Perdew, Burke and Ernzerhof
(PBE);Y” PBEQ, the generalized gradient functional of PBEY
with a predetermined amount of exact exchange;'® PBE38, a
modification of the PBEO functional with a fraction of 3/8 (37.5
%) of the Fock-exchange.1® Moreover, to investigate an effect of
the accurate exchange on the optimization of the functional
quality exemplified for BHLYP, the inclusion of the exchange
part of Becke’s functional was varied as 50, 60 and 70%.
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The most efficient DFT functional for the equilibrium geometry
optimizations of cisplatin was chosen based on the comparison
of calculated geometric parameters with the known experimental
X-ray data.?® Herewith, we used the Pt-N bond length as the
main conditional criterion for choosing the functional that most
accurately describes the equilibrium structure of cisplatin. Geometry
optimizations were carried out by a series of calculations using
a number of the above mentioned functionals, both at the non-
relativistic level and with taking into account relativistic effects at
the four-component relativistic level using the all-electron double-
zeta dyall.ae2z relativistic basic set (Figure 1 and Table S1, see
Online Supplementary Materials).

First of all, these results suggest that the fraction of the exact
exchange, exemplified for the BHLYP, B60LYP and B70LYP
functionals, has practically no effect on the resulting equilibrium
structure of cisplatin. In this case, the normalized mean absolute
error (NMAE) for the Pt=N bond length, which was obtained as the
ratio of the error in the calculated bond length to its experimental
value, was about 17-18% for the non-relativistic calculations
and as much as 14-15% upon taking into account the relativistic
effects. Much more accurate results were achieved with B3LYP and
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Figure 1 Normalized mean absolute errors (NMAE) in the calculated Pt-N
bond length of cisplatin estimated at the non-relativistic (DFT) and four-
component relativistic (4DFT) levels.
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OLYP hybrid functionals. In this case, the error was about 5 and 2%
for the non-relativistic and relativistic calculations, respectively.
However, the most interesting results in this series of geometry
optimizations were obtained using the PBE family of functionals.
For instance, an increase in the HF exchange fraction from 0 to
38% resulted in the NMAE decrease to 3.5% in the case of
the non-relativistic approximation and to as small as 1.4% with
taking into account the relativistic effects. Thus, the PBE38
functional was selected as the most reliable one for all the further
geometry optimizations of both cisplatin and transplatin.

As a next step of the geometry refinement, the equilibrium
structures of cisplatin and transplatin obtained at the full four-
component relativistic level within the DFT framework (4c PBE38)
were adjusted for the effective geometry evaluated with taking
into account zero point vibrational corrections (ZPVC) at the
PBE38/ADZP non-relativistic level. However, this aspect of our
work will be disclosed in detail in our future reports. In addition,
the structures of cisplatin and transplatin, taken in their ‘explicit
form’ based on the related crystallographic experiments, were also
used in the calculation of their 'H, 1N, and %Pt NMR chemical
shifts. Tables 1 and 2 contain the H, >N and %Pt NMR chemical
shifts calculated using different combinations of functionals
and basis sets, while Table 3 shows these values obtained using
experimental X-ray geometries.

Equilibrium geometries of 1 and 2 used for the calculation
of chemical shifts were based on three different sources of
geometrical data: (i) non-relativistic PBE38/dyall.ae2z optimiza-
tion, (ii) fully relativistic 4c PBE38/dyall.ae2z optimization, and
(i) experimental X-ray geometries.2%?! Based on these methods,
the 1H, 1°N and 19Pt NMR chemical shifts were calculated (see
Table 1) for the non-relativistic geometries using the following
DFT functionals: two non-parametric gradient functionals (PBE
and PBE38) showing the best performance as compared to the
experiment and the generalized gradient exchange-correlation
functional of Keal and Tozer, KT2,22 which demonstrated very

Table 1 NMR chemical shifts of cisplatin and transplatin calculated at the
non-relativistic GIAO-DFT/dyall.ae2z//aug-pcS-2 level .2

Compound  Nucleus  PBE PBE38 KT2 Experiment®
1 H 3.08 2.57 3.06 3.93
BN -396.4 -411.4  -400.9 —424.9
195pt -679.1 -777.1  -7374  -2101.0
2 H 251 2.17 251 3.60
BN -396.9 -411.2 -402.1 -425.3
195pt -958.8 -1014.6  -9834  -2104.0

@Evaluated as 0 = d + o — 0; where d is the calculated chemical shift, o
is the experimental chemical shift of a standard, oy and o are the shielding
constants of a standard and an investigated compound, respectively. All the
geometries were optimized at the PBE38/dyall.ae2z level. All the calculated
and experimental NMR chemical shifts are given in ppm with respect to
SiMe, (for H), nitromethane (for *N), and sodium hexachloroplatinate
(for 195Pt). PExperimental values were taken from different sources, the
references are cited in the main text.

Table 2 NMR chemical shifts of cisplatin and transplatin calculated at the
non-relativistic and four-component KT2/dyall.ae2z//aug-pcS-2 relativistic
levels.2

Compound Nucleus KT2 4¢ KT2 Experiment®
H 341 3.90 3.93
1 15N -395.7 -416.2 -424.9
195pt -1220.7 -2181.2 -2101.0
H 311 3.25 3.60
2 N -417.3 -431.6 -425.3
195pt -1270.1 —-2606.2 -2104.0

absee footnotes to Table 1.

Table 3 NMR chemical shifts of cisplatin and transplatin calculated at the
non-relativistic and four-component KT2/dyall.ae2z//aug-pcS-2 level using
X-ray geometries.2

Compound Nucleus  KT2 4c KT2 Experiment®

1 BN —-438.3 (13.4)¢ -434.1(9.2) —-424.9
195pt -1688.2 (—412.8) —-2696.9 (595.9) -2101.0

’ BN -437.3 (12.0) —-434.0 (8.7) —-425.3
195pt —2615.2 (511.2) —2440.0 (336.0) -2104.0

abgee footnotes to Table 1. Given in parentheses are the errors (ppm) of
calculated NMR chemical shifts vs. the experiment.

good efficiency in the calculation of >N NMR chemical shifts
for a number of nitrogen-containing heterocycles.®23 Previously,
we used Keal and Tozer’s functionals, KT2 and KT3. Both of
them proved to be reliable in calculations of chemical shifts.
However, the KT2 functional has performed slightly better in our
preliminary calculations for these particular compounds 1 and 2.

To optimize computational costs for the 1H, 15N, and 195Pt NMR
chemical shifts, the well-known locally dense basic set (LDBS)?*
scheme was applied. In this way, the platinum atoms were assigned
with a full-electron double-splitted Dyall’s basis set dyall.ae2z,
while Jensen’s triple zeta aug-pcS-2 basis set augmented with
diffuse functions was used for all N and H atoms. The latter was
especially optimized for chemical shift calculations.

Table 1 shows that for the *H NMR chemical shifts, the best
agreement with experimental values within an error of about
1 ppm was achieved with the PBE and KT2 functionals. In the
case of 1°N and 9Pt NMR shifts, there was also some advantage
observed for the PBE38 and KT2 functionals. However, the
calculation of chemical shifts in the non-relativistic domain
does not allow one to predict the advantage of any of the
studied DFT functionals for the investigated platinates, since
the relativistic effects of platinum were not taken into account.
A fairly considerable disagreement of several hundreds of parts
per million was observed for the 1°5Pt NMR shifts as compared
to the experiment in the case of non-relativistic chemical shifts
calculated with the non-relativistic geometric parameters. This
situation was essentially improved when both the calculations
were performed at fully relativistic four-component level.

The accuracy of the performed calculations was further increased
by taking into account the relativistic corrections evaluated at the
four-component level with the KT2 functional (4c KT2).

In the agreement with the experimental values, a significant
improvement of all NMR chemical shifts of cisplatin and trans-
platin calculated at the four-component level as compared to the
non-relativistic calculations was observed for all three isotopes
(Table 2). On the absolute scale, this improvement was found
being as much as 0.2-0.5, 8-20 and 800-1000 ppm for the 'H, 1°N
and %Pt NMR chemical shifts, respectively.

We have also calculated *°N and %Pt NMR chemical shifts
of 1 and 2 using experimental X-ray geometries for the nitrogen
and platinum atoms (see Table 3). In this case, the absolute errors
are roughly equal to the average values between the geometries
in the non-relativistic approximation and the geometries obtained
at the four-component relativistic level. This result indicates the
well-known fact that the packing of crystals affects the stereo-
electronic structure of the investigated complexes by breaking
their initial symmetry, which consequently results in the regular
deviation from the NMR chemical shifts calculated for the liquid
phase.

Figure 2 shows the mean absolute errors (MAE) and their
normalized values (NMAE) as compared to the experiment for
the ®N NMR chemical shifts of 1 and 2 evaluated at the non-
relativistic one-component and fully relativistic four-component
levels using different geometries (viz., those optimized with
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Figure 2 Mean absolute errors (MAE) and normalized mean absolute errors
(NMAE) for the >N NMR chemical shifts of compounds 1 and 2 calculated
at the one- and four-component KT2 levels (KT2 and 4c KT2, respectively)
for different geometries.

one-component PBE38 functional, those optimized with four-
component PBE38 functional at the non-relativistic level and
those derived from X-ray data). A small, but noticeable increase
in the accuracy (about 3 ppm) was observed upon going from
the non-relativistic equilibrium geometries to the effective
geometries with taking into account relativistic effects. At the
same time, the inclusion of relativistic effects at the stage of
the calculation of chemical shifts demonstrates a significant
decrease in the MAE by about 13 ppm, which is only 1.3% of
the studied >N NMR chemical shift range. A similar trend was
also observed for the X-ray geometries with the MAE decreasing
by about 4 ppm.

All the computations mentioned in the present work were per-
formed using DIRAC? and DALTONZ program codes.” Calculated
shielding constants were converted into NMR chemical shifts
scales according to the recommendations of IUPAC.?’

In conclusion, a comparison between different computational
approaches to the geometry optimizations and *H, °N and 195Pt
NMR chemical shifts has been performed using cisplatin and
transplatin as the model examples with known experimental data.
The calculation of NMR chemical shifts in the non-relativistic
approximation for the non-relativistic geometry did not allow us
to reach practical results with any of the examined functionals,
which is probably due to the fact that no relativistic effects were
taken into account at this level. The accounting for these effects
at the stage of the geometry optimization resulted in a small,
but essential increase in the accuracy as compared to the non-
relativistic geometries. A further and significant improvement in
the accuracy can be achieved by including the relativistic effects
at the full four-component relativistic level at the step of calcula-
tion of chemical shifts, which leads to the much smaller mean
absolute errors. At this end, the relativistic effects allowed us to
reach the accuracy as much as several hundreds of ppm for 9Pt
NMR chemical shifts.

This work was supported by the Russian Foundation for Basic
Research (grant no. 18-33-00334\18). All the calculations were
performed at A. E. Favorsky Irkutsk Institute of Chemistry of
the Siberian Branch of the Russian Academy of Sciences using
computational facilities of the Baikal Analytical Center.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2019.05.025.

T See Online Supplementary Materials for the computational details.
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