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The '"*>Pt-NMR chemical shifts of all possible hydrolysis products of [PtClg]*~ in acidic and alkaline
aqueous solutions are calculated employing simple non-relativistic density functional theory
computational  protocols.  Particularly, the GIAO-PBEO/SARC-ZORA(Pt) U 6-31 + G(d)(E)
computational protocol augmented with the universal continuum solvation model (SMD) performs
the best for calculation of the '*>Pt-NMR chemical shifts of the Pt(IV) complexes existing in acidic
and alkaline aqueous solutions of [PtCl(,]zf. Excellent linear plots of 5calcd(195Pt) chemical shifts
versus écxpll(mSPt) chemical shifts and 5calcd(1°5Pt) versus the natural atomic charge QOp, are obtained.
Very small changes in the Pt—Cl and Pt-O bond distances of the octahedral [PtCls]*~, [Pt(OH)e]*,
and [Pt(OH,)s]*" complexes have significant influence on the computed ¢**° '*>Pt magnetic shielding
tensor elements of the anionic [PtCl]*~ and the computed 6 '*°Pt chemical shifts of [Pt(OH)s]*~
and [Pt(OH,)]*". An increase of the Pt—Cl and Pt-O bond distances by 0.001 A (1 mA) is
accompanied by a downfield shift increment of 17.0, 19.4, and 37.6 ppm mA ™", respectively. Coun-
ter-anion effects in the case of the highly positive charged complexes drastically improve the accu-
racy of the calculated '°°Pt chemical shifts providing values very close to the experimental ones.

Keywords: '>Pt-NMR; DFT calculations; Prediction of '°*Pt chemical shifts; Hydrolysis products of
[PtCl]* in aqueous solutions

1. Introduction

The speciation and preferential extraction of Pt(IV)-mixed halide complexes in acidic aque-
ous solutions have been studied by '**Pt-NMR spectroscopy [1]. Dependent on the solution
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conditions (platinum and halide content, pH, and temperature), the [PtClg]*  species in
aqueous solutions may undergo varying degrees of aquation and/or hydrolysis, leading to
several [PtCl,(H,0)s_n]*™ and [PtCI(OH)s_.]*" (n = 1-5) species [2]. Goodfellow et al.
[3] initially produced all 10 complexes of the type [PtCl,(OH)s_n]*~ (n = 0-6) in aqueous
solution by a combination of methods: the homoleptic complexes, [PtClg]*~ and [Pt
(OH)g]*", were prepared by simply dissolving the appropriate commercially available salts,
Na,PtCls and Na,Pt(OH),, in water, while the five complexes [PtCl,(OH)s_n]*~, where
n = 1-3, were generated by adding a further equivalent of Na,PtCl salt to an aqueous solu-
tion of Na,PtClg with five equivalents of sodium hydroxide that had been allowed to age
for seven days at 288 K. The three remaining complexes, [PtCls(OH)]*~ and the stereoiso-
mers cis/trans-[PtCl4(OH),]*~, were produced by boiling a solution of Ag,PtCls in water
and then adjusting to pH 10. It is interesting to note that, apparently, it is possible to isolate
some of these complexes as pure salts [4—6]. According to Kramer and Koch [7], the addi-
tion of an appropriate excess of sodium hydroxide to a concentrated aqueous solution (ca.
0.4 M) of H,PtClg or Na,PtCly (or dissolving either of these in a sufficiently alkaline solu-
tion) results in [PtCl,(OH)¢_,]*~ (n = 0-6).

A detailed analysis of the *>C1/*’Cl isotope shifts induced in the 128.8 MHz '*’Pt-NMR
resonances of the [PtCl,(H,0)s_n]* " and [PtCl,(OH)s_.]*~ (n = 1-5) complex ions showed
that all species in the series [PtCl,(H,O)_n]*™ (1 =2-6) display unique ***’Cl isotope
effects [7-9]. These effects result in a unique “fine-structure” of each individual resonance,
which constitutes an unambiguous spectroscopic “fingerprint” characteristic of the structure
of the octahedral platinum(IV) complex, provided '*Pt-NMR are recorded at optimum
magnetic field homogeneity and carefully controlled temperature (293 + 0.1 K).

The speciation and hydration/solvation of [PtXs]>~ (X = Cl, Br) anions in solution have
also been investigated employing a combination of '**Pt-NMR together with density func-
tional theory (DFT) calculations and molecular dynamics simulations [10]. The zero-point
vibrationally averaged structures for [Pt*>Clg]*~ and [Pt’’Clg]*", the [Pt*°Cl,*"Cls_,(H,0)]~
(n=0-5), cis-(Pt**>Cl,>"Cly_,(H,0), (n=0-4), and fac-[(Pt*°Cl,Cl5_(H,0)3]" (n=0-3)
isotopologs and isotopomers were calculated at the PBEO/SDD/6-31* level [11, 12]. The
calculated '°Pt-NMR shielding constants at the ZORA-SO/PW91/QZ4P/TZ2P level were
used to evaluate the corresponding **7Cl isotope shifts in the experimental '*>Pt-NMR
spectra. The observed effects are reproduced reasonably well in terms of qualitative trends,
but quantitative agreement with experiment is not yet achieved. Ismail ez al. [13] indicated
that the isotope effect may be a new way to characterize [PtCl,(H,O)s_n]* ™ (1 = 1-5) and
[PtCl,(OH)s_,]*~ (n = 1-5) complexes. Although according to molecular orbital theory, the
existence of [Pt(H,0)s]*" is possible and synthesis of [Pt(H,O)s]*" has not been reported.
However, very recently Murray [14] reported the synthesis of [Pt(H,0)s]*" complex in
strong acidic solution and its characterization by '*>Pt-NMR spectroscopy. All of the
[[PtCl,(H,0)s_n]* ™ (n = 1-5) aqua ions are formed by driving aquation of [PtCls]*~ via
addition of AgClO, to an aqueous solution of [PtClg]*".

Despite the numerous experimental applications of '*>Pt-NMR spectroscopy, theoretical
predictions of the '®°Pt chemical shifts for the [PtCl,(HyO)s_n]*™ (n=1-5) and
[PtCl,(OH)_n]*~ (n = 1-5) complexes are limited. However, it was shown that the calcu-
lated & ("°°Pt) chemical shifts for species that contain coordinated hydroxide or aqua
ligands, using DFT methods, deviate from experimental results, possibly due to hydrogen
bonding effects not accounted for by these methods [10].

Recently, an exhaustive assessment of the performance of diverse computational
protocols based on DFT methods without including relativistic and spin—orbit effects
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for the computation of '*>Pt chemical shifts for a series of Pt(Il) and Pt(IV) anticancer
agents [15] revealed the good performance of the GIAO-PBEO/SARC-ZORA(Pt) U 6-
31 + G(d)(E) (E=main group element) computational protocol combined with either
the Polarizable Continuum Model (PCM) solvation model or the universal continuum
solvation model (SMD) for aqueous solutions. Herein, we extend the applicability and
generality of the GIAO-PBEO/SARC-ZORA(Pt) U BS(E)/(PCM or SMD) (BS =6-
31 + G(d) or 6-31G(d,p); £ =main group element) computational protocols for the pre-
diction of ¢ '*°Pt chemical shifts for all possible hydrolysis products of [PtClg]*” in
acidic and alkaline aqueous solutions formulated as [PtCln(H20)6,n]4_rl and
[PtCl,(OH)s_n]*~ (n = 0-6), respectively.

2. Computational details

All calculations were performed using the Gaussian09 program suite [16]. The geome-
tries of all stationary points were fully optimized, without symmetry constraints,
employing the 1999 hybrid functional of Perdew, Burke, and Ernzerhof [17-23] (de-
noted as PBEOQ) as implemented in the Gaussian09 program suite. For the geometry
optimizations, we used the SARC-ZORA basis [24, 25] for Pt and the 6-31 + G(d) or
6-31G(d,p) basis set for all other main group elements E were tested. The selection of
these basis sets for the E elements was based on the recently reported work on the
role of the basis set in the prediction of the structure and reactivity of cisplatin by
Dos Santos and co-workers [26]. The SARC basis set is a family of segmented all-
electron relativistically contracted basis sets for use in conjunction with the Douglas-
Kroll Hamiltonian and Zeroth-Order Regular Approximation (ZORA) scalar relativistic
Hamiltonians [24, 25]. Although it seems to be a theoretical inconsistency in the use
of the SARC-ZORA basis sets for non-relativistic calculations, the fact that the SARC-
ZORA basis sets are optimized for the ZORA Hamiltonian does not mean that they
“must” be used with the ZORA Hamiltonian. They are fairly big all-electron basis sets
that are flexible enough by construction to be of general use. As a matter of fact, they
are probably even bigger than necessary when used in non-relativistic calculations [27].
Moreover, it should be noticed that, despite the importance of relativistic effects for
the heavy atoms, orbital exponents optimized through the well-tempered scheme for
non-relativistic calculations can be carried over to relativistic calculations to produce
wave functions close to the relativistic HF limit [28, 29]. Hereafter, the method used
in DFT calculations is abbreviated as PBEO/SARC-ZORA(Pt) U 6-BS(E). All stationary
points have been identified as minima. Solvent effects were accounted for by means of
the PCM using the integral equation formalism variant being the default self-consistent
reaction field method [30] and the universal continuum solvation model based on solute
electron density called SMD [31]. Magnetic shielding tensors have been computed with
the GIAO (gage-including atomic orbitals) DFT method [32, 33] as implemented in the
Gaussian09 series of programs. To be consistent with the experimental data available,
we report '">Pt-NMR chemical shifts with respect to [PtC16]27(aq) reference compound,
using the chemical shift definition [34]: J=(0.r0)/(l — 0. in its approximate form
0 % (0ref — 0). Shielding constants and chemical shifts are given in ppm.
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3. Results and discussion

3.1. 6*° " Pt Magnetic shielding tensor elements of anionic [PtClg]*~, [HPtCly] and
neutral H,PtCls reference compounds in aqueous solutions

Taking into account that structural effects combined with the presence of solvent influence
significantly the '*>Pt-NMR parameters [35-37], first we optimized the structure of the
anionic [PtCls]*>~, [HPtCls]™ and neutral H,PtCly (both cis- and frans-isomers) reference
compounds in aqueous solutions employing the PCM and SMD solvation models. Hydrogen
hexachloroplatinate(IV), H,PtCls (also called chloroplatinic acid), is one of the most
frequently used compounds for the preparation of supported platinum catalysts. H,PtClg is a
strong acid that undergoes rapid and extensive hydrolysis. While the degree of dissociation
of the diprotic acid is unclear, it is generally agreed that chloroplatinic acid solutions are
mildly acidic [38]. The acidic properties of H,PtCls studied a long time ago by Maatman
and Addink [39] showed that the two hydrogens are equivalent and provided no evidence
that [HPtCls] existed in solutions. On the other hand, H,PtClg has been used as an external
reference standard; an example is given in Refs. [40, 41]. The isotropic shielding tensor
elements, ¢**° '*°Pt (ppm) of the anionic [PtClg]*~, [HPtClg] ™, and neutral H,PtCly reference
compounds along with the R(Pt—Cl) bond distances and the natural atomic charges on Pt
central atom, Qp,, calculated at the PBEO/SARC-ZORA(Pt) U BS(Cl) (BS = 6-31 + G(d) or
6-31G(d,p)) levels in aqueous solutions combined with the PCM or SMD solvation models
are given in table 1. The optimized structures of the anionic [HPtClg]  and neutral H,PtClg
compounds in aqueous solutions are shown in figures S1 and S2.

The data in table 1 shows that the calculated ¢ '*°Pt magnetic shielding tensor elements
for [PtCl¢]*~, [HPtCls]™, and H,PtCly reference compounds are strongly affected by solva-
tion with the changes observed being also sensitive to the basis sets used for the main group
elements E, while the solvation models used have lower effect. A downfield shift of 10
(42), 19 (25), 46 (20), and 7 (24) ppm is observed on going from the PCM to SMD solva-
tion model for [PtCl6]27, [HPtClg] , cis-H,PtClg, and trans-H,PtClg reference compounds,
respectively, calculated at the PBEO/SARC-ZORA(Pt) U 6-31+G(d)(CI) and PBEO/SARC-
ZORA(Pt) U 6-31G(d,p)(CI) (figures in parentheses) levels. Appreciable upfield shifts of
the o™ '?>Pt magnetic shielding tensors of 113-380 ppm are also observed for reference
compounds on going from 6-31+G(d) to 6-31G(d,p) basis set used for CL

Table 1. ¢"° '°°pt magnetic shielding tensor elements (in ppm) for the anionic [PtCls]*~, [HPtCls]”~ and neutral
H,PtCls reference compounds calculated at the GIAO-PBEO/SARC-ZORA(Pt) U 6-31 + G(d)(Cl) and GIAO-
PBEO/SARC-ZORA(Pt) U 6-31G(d,p)(Cl) (figures in parentheses) levels in aqueous solutions employing the PCM
and SMD solvation models, the R(Pt—Cl) bond distances (in A) and the natural atomic charges on Pt, Op,.

o' 1%°pt R(Pt—CI)* On
Compound PCM SMD PCM SMD PCM SMD
[PtCle ]~ —1280 -1290 2.396 (2.398) 2.394 (2.395) —0.010 (=0.017)  0.005 (—0.0006)
(—1628) (-1670)
[HPtClg]” -952 -971 2.398 (2.398) 2.398 (2.398) —0.026 (-0.032) —0.016 (—0.021)
(-1171) (—=1200)
cis-H,PtClg —617 -571 2.405 (2.405)  2.404 (2.405) —0.026 (=0.029) —0.028 (—0.028)
(-730) (-710)
trans- -1000 -976 2.385(2.385) 2.385(2.385) —0.073 (=0.075) —0.070 (=0.071)
H,PtClg (—1146) (—1153)

“For [HPtClg] ", cis-H,PtCls, and frans-H,PtCls compounds the average R(Pt—Cl) bond distances are given.
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As can be seen from table 1, protonation of the anionic [PtCls]*~ complex strongly
affects the ¢™*° '°>Pt magnetic shielding tensors introducing appreciable downfield shifts;
higher downfield shifts are obtained for cis-H,PtCls. Notice that, for both isomers, the
downfield shifts observed depend on the basis sets and the solvation models used. The
downfield shifts observed could be accounted for by the structural changes introduced by
the protonation of the [PtClg]*~ complex (figures S1 and S2). In [HPtClg] and cis-H,PtCls,
the Pt—CI bonds are elongated with respect to the Pt—Cl bonds of [PtCl¢]*~, and the elonga-
tion being higher in cis-H,PtClg than [HPtClg] . On the other hand, in trans-H,PtClg the
Pt—CI bonds are shortened with respect to the Pt—Cl bonds of the [PtCls]*~ complex. The
Pt—CIH bonds between the Pt and the protonated chloride ligands in [HPtClg] are elon-
gated by 0.145 A with respect to the Pt—Cl bonds of [PtCl¢]*". These structural changes are
mirrored on the natural atomic charges of the central Pt, Op,, calculated by Natural Bond
Orbital analysis method at the PBEO/SARC-ZORA(Pt) U BS(E) levels (table 1). In sum-
mary, it can be concluded that the calculated o"° '’ Pt magnetic shielding tensors for
[PtCls]*~, [HPtClg]~ and H,PtCls reference compounds are primarily associated with the
natural atomic charge Qp, which is regulated by the coordination sphere of the complex.
To probe further this conclusion, we performed calculations of the ¢*° '*°Pt magnetic
shielding and the natural atomic charges Op, of [PtClg]*~ as a function of the Pt—Cl bond
distances. The variations of ¢™° '*>Pt and Op, as a function of the R(Pt—Cl) bond distances
in the [PtClg]*~ reference compound calculated by the PBEO/SARC-ZORA(Pt) U 6-31 + G
(d)(C1)/SMD computational protocol are given in table S1.

Excellent linear relationships shown in figure 1 are obtained for the ¢™*° '*>Pt versus R
(Pt=Cl) and 6*° '”°Pt versus Qp, correlations. Interestingly, the electron density on the cen-
tral Pt is directly related with the R(Pt—Cl) bond distance and therefore the R(Pt—Cl) bond
distance is the decisive factor that determines the electron density on Pt and consequently
the 6° ' Pt magnetic shielding tensor elements are directly related to the electron density
on the central Pt.

Perusal of figure 1 and table S1 reveals that very small changes in the Pt—Cl bond dis-
tances have a significant influence on the computed ¢"*° '*’Pt magnetic shielding tensor ele-
ments of the [PtCls]*~ reference compound. In effect an increase of the Pt—Cl bond distance
by 0.001 A (1 mA) is accompanied by a downfield shift increment of 17 (ppm mA™"). The

R(PLCI) (A) o
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Figure 1. a5 195pt vs. R(Pt—CI) and o;s, *°Pt vs. Op¢ linear relationships for the anionic [PtCls]*~ complex calcu-
lated at the PBEO/SARC-ZORA(Pt) U 6-31 + G(d)(Cl) level in aqueous solutions combined with the SMD solva-
tion model.



Downloaded by [Mizoram University] at 14:42 28 December 2015

195Pt-NMR chemical shifts 3793

sensitivity of the chemical shift to the Pt-ligand bond distance has previously been
described for [PtCLBre ]*~ and [PtXe_,Y,]*~ (X=Cl, Br and Y =F, I) series of complexes
[42, 43]. Scalar relativistic ZORA with TZP and LDA approximation calculations on
[PtC1Brs «]°~ and [PtXs nYa]*" (X=CI, Br and Y=F, I) series of complexes predicted
analogous chemical shift increments with increasing Pt—X bond distances of 15.0 (ppm/
mA) for [PtCLBrs_ >~ [42] and 18.3 (ppm/mA) for [PtCls]*~ [43]. The downfield shift
increment could be explained by taking into account the electron density on Pt, as it is
expressed by the computed natural atomic charge QOp,, for the QOp, is directly related with
the Pt—Cl bond length and the ¢*° '°°Pt magnetic shielding. Thus, as the Pt-Cl bond length
increases, the electron density on Pt decreases (Op, increases) and, therefore, the platinum is
deshielded giving downfield shift increments. Considering the high sensitivity of the com-
puted ¢*° 'SPt magnetic shielding for the reference compound on the factors outlined
above, accurate 6 ”°Pt chemical shifis for platinum compounds could be predicted if the
calculations of the "° '”’Pt magnetic shielding for the selected reference compound are
performed strictly under the same conditions.

The sensitivity of the ¢™° Pt magnetic shielding to the Pt—Cl bond distances of
[PtCls]*~ could be related with the sensitivity of the ¢*° '*°Pt magnetic shielding to rela-
tivistic effects. CP-aiMD and ADF-COSMO calculations [37] predicted Pt—ClI bond lengths
for the [PtCls]*~ reference compound of 2.38 + 0.02 and 2.375 A, respectively, which com-
pare well with the PBEO/SARC-ZORA(Pt) U 6-31 + G(d)(C1)/SMD value of 2.394 A. Sca-
lar relativistic ZORA with TZP and LDA approximation calculations [42] predicted a Pt—Cl
bond length of 2.341 A being closer to the experimental values of 2.316 and 2.330 A
obtained by EXAFS and diffraction methods [44, 45]. It should be noticed that solution
structures involve elongated Pt—ligand bonds compared to the solid state structures, because
of the solvation effects and, therefore, any comparison of the structures is meaningless.

A series of hydrolysis products with general formula [PtCl,(OH)u(H>0)¢-n-m]* ™™ (n,
m = 0-6) exist in aqueous solutions of H,PtCl, at different H,PtClg concentrations, pH val-
ues, chloride ion concentrations, and time [35, 38]. In the next sections, we analyze the
calculated '"’Pt-NMR chemical shifts of all possible [PtCl(OH)m(H,0)6 nml® ™™ (1,
m = 0—-6) complexes in aqueous acidic and alkaline solutions.

3.2. "’Pt-NMR Chemical shifis of the [PtCl,(OH)s_.J>~ (n = 1-6) complexes in aqueous
solutions

1Spt.NMR chemical shifts for all possible [PtCl,(OH)s_n]*~ (n=1-6) complexes as
calculated at the GIAO-PBEO/SARC-ZORA(Pt)U BS(E) (BS = 6-31 + G(d) or 6-31G(d,p))
level in aqueous solutions employing the PCM and SMD solvation models are compiled in
table 2. An inspection of the calculated Jcqieq 195pt and experimental Jexpu 195pt chemical
shifts (table 2) reveals that the PBEO/SARC-ZORA(Pt) U 6-31 + G(d)(E)/SMD computa-
tional protocol is the best performer in the calculation of & '*°Pt chemical shifts of the
[PtCL,(OH)g_n]*— (n = 0-6) complexes giving the lower mean absolute percentage deviation
of the calculated from the experimental values (7.4%). The estimated error bars range from
13 to 205 ppm with the mean error bar being 108 ppm.

Recently, Sutter and Autschbach [46] studied the '*°Pt-, '*N-, and '’N-NMR data for five
platinum azido (N3) complexes using relativistic DFT. However, high error bars of 512—
636 ppm of the calculated from the experimental values are observed for the azido Pt(IV)
complexes. The authors stated that even for such high error bars, the agreement of the
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Table 2. '°Pt-NMR chemical shifts (in ppm) for all possible [PtCl,(OH)s_,]*>~ (n = 0-6) complexes referenced
to [PtCls]*", percent deviation, Dev (%) and error bars (in ppm) calculated at the GIAO-PBE0/SARC-ZORA
(Pt)U 6-31 + G(d)(Cl) and GIAO-PBEO/SARC-ZORA(Pt)U 6-31G(d,p)(Cl) (figures in parentheses) levels in aque-
ous solution employing the PCM and SMD solvation models along with experimental values available.

Scated Pt 5 Dev (%) Error bars
exptl
Compound PCM SMD 193p; b PCM SMD PCM SMD
[PtCls]*~ —1280 -1290 0
(—1628) (-1670)
[PtCls(OH) >~ 780 (753) 766 (762) 666 17.1 (13.1)  15.0 (14.4) 114 100
(87) (96)
[cis- 1457 (1413) 1417 (1351) 1281 13.7(10.3)  10.6 (5.5) 176 136
PtCI,(OH),J*~ (132) (70)
[trans- 1654 (1669) 1468 (1459) 1263 31.0 (32.1) 162 (15.5) 391 205
PtCI,(OH),]*~ (406) (196)
[fac- 1992 (1876) 1934 (1772) 1854 74 (1.2) 4.3 (—4.4) 138 80 (82)
PtCl;(OH);]*~ (22)
[mer- 2176 (2135) 2022 (1840) 1831 18.8 (16.6)  10.4 (0.5) 345 191 (9)
PtCl;(OH);]*~ (304)
[cis- 2542 (2394) 2466 (2078) 2364 7.5 (1.3) 43 (-12.1) 178 102
PtCL(OH),]*~ (30) (286)
[trans- 2732 (2641) 2297 (1992) 2340 16.8 (12.9) —1.8(-14.9) 392 43
PtC12(0H2)4]2’ (301) (348)
[PtCI(OH)s]*~ 2933 (2686) 2945 (2499) 2840 3.3 (-5.4) 3.7 (-12.0) 93 105
(154) (341)
[Pt(OH)6]*~ 3225 (2850) 3280 (2685) 3293 -2.1(-13.5) —0.4-185 68 13

(443)  (608)

The calculated o™ '**Pt magnetic shielding tensor elements are given for the [PtCle]* reference compound.
®From Ref. [3].

calculations with experiment can be considered acceptable when keeping in mind the very
large chemical shift range of Pt. According to the authors, error bars that are reliably below
100 ppm would likely require a high-level correlated wave function method within an all-
electron relativistic framework, which is presently out of reach. The estimated mean error
bar of 108 ppm for the [PtCL,(OH)s_]*~ (n = 0-6) complexes illustrates the good perfor-
mance of the PBEO/SARC-ZORA(Pt) U 6-31 + G(d)(E)/SMD computational protocol. The
[PtCls(OH)]*", [cis-PtCl4(OH),]*", [trans-PtCl4(OH),]*", and [mer-PtCl3(OH);]* species
showed relatively higher absolute percentage deviations of 15.0, 10.6, 16.2, and 10.4%,
respectively, while in the remaining [PtCl,(OH)s_,]*~ (n = 0-6) complexes the mean abso-
lute percentage deviations are lower than 4.3%. For [PtCls(OH)]*", [cis-PtCl,(OH),]*",
[trans-PtCl4(OH),]*", and [mer-PtCl3(OH);]*, the error bars of the calculated from the
experimental values observed are found to be 100, 136, 205, and 191 ppm, respectively.
The higher mean absolute percentage deviations and error bars observed for the
[PtCls(OH)]*", [cis-PtCI(OH),]*", [trans-PtCl4(OH),]*", and [mer-PtCl3(OH);]*” com-
plexes could be attributed to the fact that deypa 195pt chemical shifts result from structures
of the complexes existing in the aqueous solutions differing from the optimized structures
calculated by the PBEO/SARC-ZORA(Pt) U 6-31 + G(d)(E)/SMD computational protocol.
One could expect that concentration, counter-ions, pH, ionic strength, and solvent affect the
structures  of [PtCIs(OH)]*", [cis-PtCl4(OH),]*", [trans-PtCl4(OH),]*", and [mer-
PtC13(OH)3]2_, but all these factors could not be taken into account in the calculations. The
better performance of the SMD compared to the PCM solvation model in calculation of the
& 'Pt chemical shifts of the [PtCl,(OH)s_,J*~ (n = 0—6) complexes could be attributed to
the fact that SMD does not rely on a specifically developed charge model; the descriptors



Downloaded by [Mizoram University] at 14:42 28 December 2015

195Pt-NMR chemical shifts 3795

required by the SMD solvation model are the dielectric constant, refractive index, and bulk
surface tension, Abraham’s hydrogen bond acidity and basicity, aromaticity, and elec-
tronegative halogenicity, while the PCM solvation model is based upon the idea of generat-
ing multiple overlapping spheres for each of the atoms within the molecule inside of a
dielectric continuum and thereby does not account for the cavitation or dispersion—repulsion
energies [30, 31].

The excellent performance of the PBEO/SARC-ZORA(Pt) U 6-31 + G(d)(E)/SMD
computational protocol in the calculation of the & '®Pt chemical shifts of the
[PtCln(OH)&n]z_ (n = 0-6) complexes is further corroborated from the plots of Scatca(*? Pt)
versus 5expt1(195Pt) chemical shifts shown in figure 2. Figure 2 shows that the best linear
relationship between the experimental and calculated § '*°Pt chemical shifts is that obtained
by the PBEO/SARC-ZORA(Pt) U 6-31 + G(d)(E)/SMD computational protocol (dex-
ptt = 1.008 careq — 102 with R = 0.99). The calculated dcaicq values are typically 103% of
the experimental ones (the linear relationship is Ocaeq('”°Pt)= 1.03(5cxpt1(195Pt) with
R?*=0.99). Noteworthy is also the good linear relationship between dcyicq 195pt and Opy
(R* =0.903) for the complete set of the [PtCl,(OH)s_,]>~ (n = 0-6) complexes (figure 3)
when calculations were performed employing the PBEO/SARC-ZORA(Pt) U 6-31 + G(d)
(E)/SMD computational protocol (dcaieq = 4619.1 Op, — 456.03 with R? = 0.966).

Taking into account that the electron density on Pt is primarily determined by the coordi-
nation environment (coordination sphere) of the octahedral [PtCl,(OH)¢_n]*~ (n = 0-6)
complexes, the excellent correlation of dcqicq 195pt with the natural atomic charge QOp;
reveals that the PBEO/SARC-ZORA(Pt) U 6-31 + G(d)(E)/SMD computational protocol
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Figure 2. Linear plots of the calculated Seated(PY) vs. experimental 6exptl(195Pt) chemical shifts for the
[PtCIL(OH)s_n]*~ (n = 0—6) complexes. deaeq('”"Pt) chemical shifts were computed at all computational protocols
tested.
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Figure 3. Linear plots of dagea(**°Pt) vs. Qpq for the [PtCl,(OH)s >~ (n = 0-6) complexes calculated by the
computational protocols tested.

affords structures for the [PtCl,(OH)s_.J*~ (n=0-6) complexes close to the structures
existing in the aqueous alkaline solutions of [PtCle]*".

The optimized geometries of the [PtCl,(OH)s_]*~ (n = 0-6) complexes calculated by the
above computational protocol are given in figure S3. The estimated Pt—O bond distances
for OH™ trans to Cl” are 2.032-2.047 A, while for OH™ frans to OH are 2.053-2.064 A,
illustrating the higher trans effect of OH  than Cl™ ligands. The higher trans effect of OH™
than C1™ ligands is also reflected on the Pt-Cl bond distances, which are 2.410-2.420 A for
the Pt—C1 bond trans to OH™ ligand and 2.385-2.394 A for the Pt—Cl bond in trans position
to Cl" ligand.
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Figure 4. & Pt vs. R(Pt-0) and & '*° vs. O linear relationships for the [Pt((OH)s]*~ complex calculated at the
PBEO/SARC-ZORA(Pt) U 6-31 + G(d)(O)/SMD level in aqueous solutions.
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Next we investigated how small changes in the R(Pt-O) bond distances affect the 6 '*Pt
chemical shifts and the electron density on Pt of [Pt(OH)s]*>~ employing the PBEO/SARC-
ZORA(Pt) U 6-31 + G(d)(O)/SMD computational protocol. The results obtained are given
in table S2, while plots of the & '*°Pt versus R(Pt-0) and § '*°Pt versus QOp, correlations are
shown in figure 4.

Excellent linear relationships are obtained for 6 '*°Pt versus R(Pt-0) and & '*°Pt versus
Op:. An inspection of figure 4 and table S2 reveals that very small changes in the Pt-O
bond distances have significant influence on the computed & '*Pt chemical shifts of [Pt
(OH)¢]*". In effect, an increase of the Pt-O bond distance by 0.005 A (5 mA) is accompa-
nied by a downfield shift of 97 ppm which is translated to a downfield shift increment of
19.4 ppm mA™". It should be noticed that the incremental increase of the Pt—O bond dis-
tance causes a decrease (increase of Op) of the electron density on the central Pt and conse-
quently the downfield shift of § '°°Pt chemical shifts.

A plot of the calculated § '°Pt chemical shifts of the [PtCl,(OH)¢_,]*~ (n=0-6)
complexes as a function of the number of the hydroxide ligands (figure 5) gives an excel-
lent second-order polynomial relationship & '*°Pt =—34.9n*"745.51n + 42.3 (R* = 0.995),
which slightly deviates from the linear relationship ¢ '*>Pt = 535.9n + 251.9 (R* = 0.980).

According to the second-order polynomial relationship, the sequential substitution of
a chloride by hydroxide causes an incremental downfield shift of 70 ppm per each
step of substitution with the first substitution introducing a downfield shift of 711 ppm.
The lowering of the incremental downfield shift as the number of substitution step
increases might be due to different coordination environment of the Pt(IV) complexes
involving an increased number of OH ligands. From the linear relationship, an
average incremental downfield shift of 536 ppm is observed for each individual
substitution.
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Figure 5. Plot of Scatca('>°Pt) chemical shifts of the [PtCL,(OH)s_.]*~ (n = 0-6) complexes as a function of the
number of the hydroxide ligands calculated at the PBEO/SARC-ZORA(Pt) U 6-31 + G(d)(O) level in aqueous solu-
tions combined with the SMD solvation model.
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Table 3. '"’Pt-NMR chemical shifts (in ppm) for the [PtCl,(H,0)s_n]*™ (n = 1-6) complexes obtained upon
stepwise substitution of CI~ by H,O ligands, percent deviation, Dev (%), and error bars (in ppm) calculated at the
GIAO-PBEO/SARC-ZORA(Pt) U 6-31 + G(d)(Cl) and GIAO-PBEO/SARC-ZORA(Pt)U 6-31G(d,p)(Cl) (figures in
parentheses) levels in aqueous solution employing the PCM and SMD solvation models.

Seatea Pt P Dev (%) Error bars
exptl
Compound PCM SMD 195pg 2 PCM SMD PCM SMD
[PtCIs(OHy)] ™ 468 (468) 532 (546) 504 -7.1 (-7.1) 5.6 (8.3) 36 (36) 28 (42)
[cis-PtCI,(OH,),]° 672 (684) 995 (944) 1005 —33.1(-31.9) -1.0(-6.1) 333 (321) 10 (61)
[trans- 983 (772) 1051 1126  —12.7(-31.4) —6.7(-27.4) 143 (354) 75 (308)
PtCl4(OH,),] (818)
[fac-PtCl3(OH,);]" 794 (913) 1454 1500  —47.1(=39.1) —3.1(-22.1) 706 (587) 46 (332)
(1168)
[mer- 1439 1817 1603 —102(-28.6) 13.3(-8.2) 164 (458) 214 (132)
PtCl;(OH,)5]" (1145) (1471)
[cis- 2007 2887 2125 —-5.6 (-18.7) 359 (21.7) 118 (396) 762 (462)
PtCl,(OH,),** (1727) (2587)
[trans- , 2982 3130 2208 35.1(212) 418 (24.7) 774 (467) 922 (545)
PtCl,(OH,),1** (2675) (2753)
[PtCI(OH,)s]** 3630 4300 2640 37.5(254) 629 (47.7) 990 (671) 1660
(3311) (3900) (1260)
[Pt(OH,)e]*" 5658 5882 3329 70.0 (67.7)  76.7 (63.3) 2329 2553
(5584) (5437) (2255) (2108)

“From Ref. [3].
PReferenced to [HPtCle] .
“Referenced to cis-H,PtClg.

3.3. " Pt-NMR chemical shifts of the [PtCl,(OH>)4_,]* " (n = 1-6) complexes in
aqueous solutions

SPt-NMR chemical shifts for all possible [PtCl,(OH,)s_n]*™ (n = 1-6) complexes, refer-
enced to [PtClg]*", calculated at the GIAO-PBEO/SARC-ZORA(Pt) U BS(E) level in aque-
ous solutions employing the PCM and SMD solvation models are compiled in table 3.

An inspection of the calculated deueq '°°Pt and experimental Oexptl 195p¢ chemical shifts
(table 3) reveals the excellent performance of the PBEO/SARC-ZORA(Pt) U 6-31 + G(d)
(E)/SMD computational protocol for the evaluation of the o '*°Pt chemical shifts of
[PtCL,(OH)s_n]* ™ (n = 3-5) complexes giving the lower mean absolute percentage devia-
tion of the calculated from the experimental values (4.1%) and the lower mean error bar of
40 ppm. However, for [mer-PtCl3(OH,);]", the percentage deviation was 13.3% and the
error bar 214 ppm. For [PtCl,(OH,)s]*™ (n = 0-2), all computational protocols assessed
failed to predict & '*°Pt chemical shifts comparable to experimental values. The mean abso-
lute percentage deviations of the calculated from the experimental values are found in the
range of 29.6-60.4% and the error bars range from 762 to 2553 ppm. The high mean abso-
lute percentage deviations observed for the [PtCl,(OH,)s_n]*™ (1 = 0-2) complexes indi-
cate that the experimentally determined & '°°Pt chemical shifts result from different
structures of the complexes existing in the aqueous hydrochloric acid solutions, where
counter-anions surround the positively charged complexes from the optimized structures of
the authentic “free” cationic complexes.

To probe if counter-anion effects on the '*>Pt-NMR chemical shifts of the highly positive
charged complexes could improve the results, reducing the mean absolute percentage
deviation of the calculated from the experimental values, we calculated the '*“Pt-NMR
chemical shifts of the [PtCl,(H,O)¢-n]Cly—, (2 = 0-2) complexes in aqueous solutions at
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Table 4. 'Pt-NMR chemical shifts (in ppm) of octahedral [PtCl,(H,O)s-,]Cly—, (n = 0-2) complexes
referenced to K,[PtClg], Dev (%), and error bars (in ppm) calculated at the GIAO-PBEO/SARC-ZORA
(Pt) U 6-31G(d,p)(E) and GIAO-PBEO/SARC-ZORA(Pt)U 6-31 + G(d)(E) (figures in parentheses) levels in
aqueous solution augmented with the PCM solvation model.

5 195p¢
Compound Calcd Exptl Dev (%) Error bars
K5[PtCle] —1224 (-1127)* 0
cis-[PtCly(OH,)4]CL, 2032 (2026) 2125 —4.4 (-4.7) 93 (99)
trans-[PtCl,(OH,)4]Cl, 2354 (2423) 2208 6.6 (9.7) 146 (215)
[PtCI(OH,)s]Cl3 2845 (2907) 2640 7.8 (10.1) 205 (267)
2795° 1.8 (4.0) 50 (112)
[Pt(OH,)6]Cly 3743 (3849) 3329 12.4 (15.6) 414 (520)

2" 195pt magnetic shieldings are given for the K,[PtClg) reference compound.
bExperimental value taken from Ref. [47].

the GIAO-PBEO/SARC-ZORA(Pt) UBS(E) (BS =6-31G(d,p) or 6-31 + G(d)) level in
aqueous solutions employing the PCM solvation model (table 4). The GIAO-PBEO/SARC-
ZORA(Pt) UBS(E) (BS =6-31 + G(d) or 6-31G(d,p)) computational protocol augmented
with the SMD solvation model performed worst and, therefore, the results obtained have
not been included in table 4, but are given in table S3. Table 4 shows that counter-anion
effects strongly contribute to the '"Pt-NMR chemical shifts of the highly positively
charged complexes with a spectacular improvement of the calculated '*’Pt-NMR chemical
shifts, reducing drastically the mean absolute percentage deviation of the calculated from
the experimental values. For example counter-anion effect on the '*Pt-NMR chemical
shifts of the [Pt(H,0)s]*" species improves drastically the calculated '*°Pt-NMR chemical
shifts, reducing the mean absolute percentage deviation of the calculated from the experi-
mental values from 67.7% to 12.4% and the error bar from 2255 to 414 ppm. Analogous
improvements of the calculated '°>Pt-NMR chemical shifts are observed for the rest of the
highly positively charged complexes given in table 4.

The optimized geometries of [PtCL,(H,O)g—,|Cly—, (n =0-2) complexes calculated by
the PBEO/SARC-ZORA(Pt) U 6-31G(d,p)(N,O,H)/PCM computational protocol are given
in figure S4. Notice that the counter-anions affect the coordination sphere of the highly
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Figure 6. Second-order polynomial plots of Jegieq(*Pt) vs. 6expn(195 Pt) chemical shifts and dqica('*>Pt) chemical
shifts vs. number of coordinated H,O ligands for the [PtCl,(OH,)g_n]* ™ (n=1-6) complexes. Jeyca(’*°Pt)
chemical shifts were computed at all assessed computational protocols.



Downloaded by [Mizoram University] at 14:42 28 December 2015

3800 A.C. Tsipis and LN. Karapetsas

positively charged complexes forming a second coordination shell through hydrogen bond
formation with the coordinated H,O ligands. The second coordination shell influences the
electron density distribution on the Pt and consequently the '*Pt-NMR chemical shifts.

A clear picture for the performance of the computational protocols assessed is also pro-
vided by plots of dcaicq 195pt versus Oexptl 195pt chemical shifts and Jegeq Pt versus n
(number of coordinated H,O ligands) shown in figure 6. Figure 6 shows that the best sec-
ond-order polynomial relationship between the experimental and calculated 6 '*>Pt chemical
shifts is that obtained by the PBEO/SARC-ZORA(Pt) U 6-31 + G(d)(E)/SMD computational
protocol (Oeateq = 0.0004 oy + 0.521 Oexptt — 40.6 with R* =0.997). Noteworthy are the
large deviations of dcajeq %Pt from Oexptl 195pt observed for the positively charged
[PtCL,(OHy)g_n]* ™ (n = 0-2) complexes shown in the plot of dc,eq 195pt chemical shifts as
a function of the number of coordinated H,O ligands (figure 6).

For the first four members of the [PtCl,(OH,)¢_,]* ™ (n = 0-3) complexes, an excellent
linear relationship of Jeueq '* Pt versus n is obtained (Seacq ' Pt=520.3n + 2.46;
R?>=0.992). According to this relationship, the sequential substitution of a chloride by the
H,O ligand causes an average incremental downfield shift of 521 ppm (Jcareq
195pt = 521.3n; R2=0.992) per each step of substitution (compare with the average incre-
mental downfield shift of 536 ppm for substitution of a chloride by the OH ligand).
According to the aforementioned linear relationship, one could predict dcqeq 195pt chemical
shifts for the positively charged [PtCl,(OH,),]*" (cis- and trans-isomers), [PtCI(OH,)s]*",
and [Pt(OH,)s]*" complexes of 2085, 2607, and 3124 ppm, respectively. Noteworthy, these
values are very close to the experimental ones (mean absolute percentage deviations of 1.9—
5.6, 1.3, and 6.2% for the [PtCl,(OH,)4]*" (cis- and trans-isomers), [PtCI(OH,)s]>", and [Pt
(OH,)s]*" complexes, respectively).

The [PtCl,(OH,)s_n]*™ (n=1-6) complexes are more shielded compared to
[PtCl,(OH)¢_n]*~ (n = 1-6) complexes, since the H,O ligands are weaker donors than the
OH ligands. Accordingly, the Pt—~OH, bond distances are longer than the Pt—~OH ones and
Pt acquires higher natural atomic charge QOp; in [PtCL,(OHy)6_n]*™ (n=1-6) than
[PtCl,(OH)¢_n]*>~ (1= 1-6) complexes. Thus, for example, the Pt-OH, bond distance in
[PtCls(OH,)] is 2.171 A, while the Pt-OH bond distance in [PtCls(OH)]*™ is 2.047 A.
Moreover, the stronger trans-effect of the OH  than the H,O ligands results in longer
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Figure 7. 6 Pt vs. R(Pt-0) and & '*° vs. Op, linear relationships for [Pt(OH,)s]*" calculated with the PBEO/
SARC-ZORA(Pt) U 6-31 + G(d)(O)/SMD computational protocol.
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trans-Pt—C1 bonds in [PtCl,(OH)s_,]>~ (n=1-6) than the [PtCl,(OH,)¢_n]*™ (n=1-6)
complexes. For example, the Pt—Cl bond distance frans to H,O ligand in [PtCls(OH,)] is
2.319 A, while the Pt—Cl bond distance zrans to OH™ in [PtCls(OH)]*™ is 2.412 A. Details
on the structural parameters of the optimized geometries of the [PtCl,(OH)g_]*™"
(n = 1-6) complexes along with the estimated natural atomic charge, Op, calculated at the
PBEO/SARC-ZORA(Pt) U 6-31 + G(d) (CL,O,H) level combined with the SMD solvation
model are given in figure SS5.

We further investigated the effect of small variations of the R(Pt—O) bond distances on
the 6 '°°Pt chemical shifts and the natural atomic charge on Pt Op, of [Pt(OH,)s]*" employ-
ing the PBEO/SARC-ZORA(Pt) U 6-31 + G(d)(O)/SMD computational protocol. The results
are given in table S4, while plots of the 0 '*°Pt versus R(Pt-O) and 0 '"°Pt versus Op,
correlations are shown in figure 7.

Excellent linear relationships are obtained for o '*>Pt versus R(Pt-0), 0 '*°Pt versus Qpy,
and Qp, versus R(Pt—0O) correlations. Perusal of table S4 and figure 7 reveals that very small
changes in the R(Pt-O) bond distances have a significant influence on the computed 5 '*°Pt
chemical shifts of the [Pt(OH,)s]*" complex. In effect, an increase of the Pt—O bond dis-
tance by 5 mA is accompanied by a downfield shift of 188 ppm which is translated to a
downfield shift increment of 37.6 ppm mA™'. Noteworthy is the higher sensitivity of the ¢
195pt chemical shifts to small changes in the R(Pt-O) bond distances of [Pt(OH,)s]*" than
[Pt(OH)s]*™ (37.6 vs. 19.4 ppm mA™"). It should be noticed once more that the incremental
increase of the Pt—O bond distance causes a decrease (increase of Op) of the electron den-
sity on the Pt and consequently the downfield shift of 6 '>Pt chemical shifts (figure 7).

4. Conclusion

The successful computation of accurate '°°Pt chemical shifts for the series of all possible
hydrolysis products of [PtClg]*~ in acidic and alkaline aqueous solutions was achieved
employing the GIAO-PBEO/SARC-ZORA(Pt) U BS(E) (BS =6-31 + G(d) or 6-31G(d,p)
basis set for £) computational protocols augmented either with the SMD or the PCM solva-
tion models. Important results are summarized as follows:

(1) The GIAO-PBEO/SARC-ZORA(Pt) U 6-31 + G(d)(E)/SMD (E = main group ele-
ment) computational protocol performs the best for calculation of the '*>Pt-NMR
chemical shifts of octahedral [PtCl,(OH)s_,]*~ and [PtCl(OH,)s n]*™ (n = 1-6)
complexes existing in alkaline and acidic solutions of [PtCl¢]*~. The mean absolute
percentage deviation of the calculated from the experimental values are 7.4 and
5.9% for the [PtCl,(OH)s_,]* and [PtCl,(OH,)s_n]* ™ (n = 1-6) complexes, respec-
tively.

(2) The excellent linear plots of Scatca('*°Pt) chemical shifts versus §expt1(l95Pt) chemical
shifts and Jyeq('*°Pt) versus the natural atomic charge QOp, for the octahedral
[PtCl,(OH)s_,]*~ and [PtCl,(OH,)s_n]*™ (n = 1-6) complexes illustrate the good
performance of the proposed computational protocols.

(3) The good performance of the PBEO/SARC-ZORA(Pt) U 6-31G(d,p)(N,O,H)/PCM
computational protocol is also imprinted on the plots of J¢areq 195pt versus Oexptl
195pt chemical shifts and deyeq ' Pt versus n (number of coordinated H,O ligands)
giving the best second-order polynomial relationship between the experimental and
calculated & '°°Pt chemical shifts.
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(4) Counter-anion effects strongly contribute to the 195pt_NMR chemical shifts of the
highly positive charged complexes improving drastically the accuracy of the calcu-
lated '*°Pt-NMR chemical shifts.

(5) The crucial role of the coordination environment (coordination sphere) on the elec-
tron density of the Pt of the octahedral [PtL,(OH)s_,]°~ and [PtL,(OH,)s_n]* ™
(L=CI" or NOjy; n=1-6) complexes and consequently on the calculated ¢ 195p¢
chemical shifts is mirrored in the excellent linear plots of Jeaeq '~ Pt chemical shifts
versus Pt-Cl bond distance and Jeaeq ' Pt chemical shifts versus PO bond
distance obtained for [PtCls]*~, [Pt(OH)s]*", and [Pt(OH,)s]*". An increase of the
Pt—Cl and Pt-O bond distances by 0.001 A (1 mA) is accompanied by a downfield
shift increment of 17.0, 19.4, and 37.6 ppm mA™" for [PtCl¢]*~, [Pt(OH)s]*", and
[Pt(OH,)s]*", respectively.

(6) Due to the high sensitivity of the computed ¢**° '*>Pt magnetic shielding tensor ele-
ments for the reference standards, accurate & '*°Pt chemical shifts could be pre-
dicted if the calculations of the ¢'° '*>Pt magnetic shielding for the appropriate
reference standard are performed strictly under the same conditions.

Supplementary material

Structural and '’ Pt-NMR parameters of the anionic [PtClg]*, [HPtCls]™, and neutral
H,[PtCly] reference standards and the octahedral [PtCl,(OH)s_n]*", [PtL,(OH,)e_n]* ™
(n=1-6), and [PtCl,(H,0)s_,]Cly (n=0-2) complexes (figures S1-S5); variation of ¢"*°
195pt (in ppm), and natural atomic charge Op,, with respect to the variation of the R(Pt—Cl)
bond distances (in A) in the anionic [PtClg]* reference compound (table S1); variation of &
193pt (in ppm) referenced to [PtClg]*~ complex and natural atomic charge Op, as a function
of the R(Pt-O) bond distances (in A) in [Pt(OH)¢]*~ (table S2), the '*>Pt-NMR chemical
shifts of [PtCl,(H,0)-n]Cls—n (n = 0-2) complexes (table S3); variation of § '*°Pt (in ppm)
referenced to [PtCls]*~ complex and natural atomic charge Op,, as a function of the R(Pt—O)
bond distances (in A) in [Pt(OH,)s]*" complex (table S4); Cartesian Coordinates and ener-
gies (in Hartrees) of the anionic [PtCls]*~, [HPtCls]~, and neutral H,[PtClg] reference stan-
dards and the octahedral [PtCl,(OH)¢_n]°", [PtCl,(OHy)s_n]*™ (n=1-6), and
[PtCL,(H20)6-n]Cly—, (n = 0-2) complexes (table S5).
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