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Solvent Effects on Pt and **TI NMR Chemical Shifts of the Complexes
[(NC)sPt—TI(CN),]"” (n=0-3), and [(NC);Pt—TI-Pt(CN)s]*~ Studied by

Relativistic Density Functional Theory

Jochen Autschbach**! and Boris Le Guennic!®"!

Abstract: The **Pt and 2Tl NMR

mentally observed metal
shifts can be calculated with satisfacto-

chemical  curacy of the computed chemical shifts,

is also demonstrated. Together with

chemical shifts of the complexes
[(NC)sPt-TI(CN),]*~ n=0-3, and of
the related system
[(NC)sPt—TI-Pt(CN);]>~ have been

computationally investigated. It is dem-
onstrated that based on relativistically
optimized geometries, by applying an
explicit first solvation shell, an addi-
tional implicit solvation model to rep-
resent the bulk solvent effects
(COSMO model), and a DFT ex-
change-correlation potential that was
specifically designed for the treatment

ry accuracy. The metal chemical shifts
have been computed by means of a
two-component  relativistic  density
functional approach. The effects of
electronic spin-orbit coupling were in-
cluded in all NMR computations. The
impact of the choice of the reference,
which ideally should not affect the ac-
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recent calculations by us of the Pt and
Tl spin-spin coupling constants, all
measured metal NMR parameters of
these complexes are now computation-
ally determined with sufficient accura-
cy in order to allow a detailed analysis
of the experimental results. In particu-
lar, we show that interaction of the
complexes with the solvent (water)
must be an integral part of such an
analysis.

of response properties, that the experi-

Introduction

The complexes [(NC)sPt—TI(CN),]*~, n=0-3, (I, II, III, and
IV) and [(NC)sPt—TI-Pt(CN)s]*" (V) (see Figure 1) belong
to a fascinating class of inorganic compounds that are stable
in aqueous solution and afford direct, nonbridged, Pt—TI
bonds. Complex II was first synthesized by Glaser et al. in
1995, and characterized by multinuclear NMR spectrosco-
py.! The experimental studies were subsequently extended
to include the other complexes I and III-V, and related
compounds. The structures were extensively investigated by
NMR spectroscopy, vibrational spectroscopy, X-ray diffrac-
tion of single crystal samples, and EXAFS (extended X-ray
absorption fine structure analysis) studies of the complexes
in solution.”® A number of computational studies on the
title compounds have so far been carried out by several

[a] Dr. J. Autschbach, Dr. B. Le Guennic
Department of Chemistry, University at Buffalo
Buffalo, NY 14260-3000 (USA)
Fax: (+1)716-645-6963
E-mail: jochena@buffalo.edu.
[b] Dr. B. Le Guennic
Lehrstuhl fiir Theoretische Chemie, Universitit Erlangen
EgerlandstraBe 3, 91058 Erlangen (Germany)

Chem. Eur. J. 2004, 10, 25812589 DOI: 10.1002/chem.200305513

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

NCS c NC& C °
QSN N ]
NCA—/PI_ Tl NC"—/P'E TI—CBN
NC¢ TN NCe ToN
I I
NCY C°N 2 NCY CoN on | ¥
NCA—Pt T ON NCA—Pt 717
P CBN VS \ ‘CeN
NCC C°N NCe  C°N CBN
III v
3-
C°N
NCC\ .PCCN | )\\CCNT
NCA—Pt T———f—CN
NCC/ ToN NCe¢ CeN

v

Figure 1. Proposed (see Ref. [2]) structures for the complexes I-V.

groups.”! Russo and Kaltsoyannis have performed relativis-
tic density functional theory (DFT) calculations.”) By com-
puting harmonic vibrational frequencies they confirmed that
the proposed structures of complexes I-IV (Figure 1) are
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compatible with the experimentally observed infrared spec-
tra. Pyykko and Patzschke have recently investigated the
structural features of complexes I-IV with a variety of
methods.®” They have focused in particular on the reasons
for the occurrence of the rather short Pt—TI internuclear dis-
tances (around 2.6 A), and on an analysis of the pronounced
multicenter character of the metal-metal bond, and on the
question of the oxidation state of the metal atoms. The mul-
ticenter bond has also been analyzed in Ref. [10] for com-
plex II. The nuclear spin—spin coupling constants of complex
II were first calculated by Autschbach and Ziegler with rela-
tivistic DFT.'! It was shown that the curious fact of 2y c*
being about four times larger than 'J;, ® is also compatible
with the proposed structure, and a nonbridged Pt—TIl bond,
provided that coordination of the TI center by four water
molecules is taken into account in the computations. The
large magnitude of the experimental Jp_p; of 57 kHz could
not quantitatively be reproduced in the computations (calcu-
lated value: ~40 kHz). However, the results already indicat-
ed that 50 % or more of the magnitude of Jp_, must be at-
tributed to solvent coordination of the TI center.

Recently, we have computationally investigated the nucle-
ar spin-spin coupling constants of the whole series of com-
plexes I-V.''!l We could demonstrate that based on accurate
relativistically optimized geometries, by applying an explicit
first solvation shell, an additional implicit solvation model
to represent the bulk solvent effects, and a DFT exchange-
correlation (XC) potential that was specifically designed for
the treatment of response properties, that the experimental-
ly observed spin—spin coupling constants can be calculated
with satisfactory accuracy (typically within about 15% devi-
ation from experimental values). Thereby, remarkably large
effects from the bulk solvent, and from the influence of the
XC potential were found. In particular Jp._p is a very sensi-
tive indicator for the quality of the computational model.
We showed that the experimentally observed trend of de-
creasing Jp._r along the series I-V can only be understood
by taking direct solvent coordination of Tl and bulk solvent
effects into consideration. The other coupling constants are
also very strongly affected.

So far, no attempts have been made to compute the metal
chemical shifts for the title compounds. NMR observables
are very sensitive to experimental probes, and therefore not
easy to reproduce in computations. The NMR properties of
complexes I-V are especially sensitive to the quality of the
computational model. Thus, they serve as an ideal bench-
mark to simultaneously test a variety of parameters that
define the quality of a model for the description of heavy
atomic main group and transition-metal complexes in gener-
al, and compounds with directly bonded heavy main group
and transition-metal elements in particular. The NMR ob-
servables probe, for instance, the geometry, the quality of
the calculated electronic structure, the quality of the relativ-
istic approach, and the extent to which the environment
must be treated, and so on. It is the purpose of the present
paper to demonstrate that the same computational model
that yields the best agreement with experimental data for
the spin—spin coupling constants performs also best for the
metal chemical shifts. As already mentioned, this model in-
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volves an explicit treatment of the Tl-solvent coordination,
implicit bulk solvent effects, and the use of the aforemen-
tioned improved XC potential, employed in relativistic DFT
calculations. Both '"Pt and **TI chemical shifts are investi-
gated. The effects of the electronic spin—orbit coupling,
known to be of high importance for a correct description of
heavy nucleus magnetic shieldings and chemical shifts, are
included in all NMR computations.>"! Taking the large ef-
fects from various competing influences (relativity, solvents,
the quality of the description of the electronic structure, ge-
ometries, etc.,) into consideration, the final results can be
regarded as quite satisfactory when compared to experimen-
tal data (remaining errors are typically within ~15%, de-
pending on the reference). The choice of the reference nu-
cleus for the evaluation of the chemical shift is extensively
discussed, since it imposes an additional layer of complexity
for the present study relative to spin—spin coupling calcula-
tions, but also allows us to choose a presentation of the re-
sults with a maximum cancellation of systematic errors.

In Computational Details, we describe the computational
details and the computational models that have been ap-
plied in this study. The Results and Discussion is devoted to
the presentation of the results and their analysis, as well as a
discussion of the various possible reference compounds.
Some concluding remarks are given in the Conclusion.

Computational Details

Density functional computations have been carried out by using the Am-
sterdam Density Functional (ADF) program package.>"""! It incorporates
a modified version!"®! of the code developed by Wolff et al.'”) for the two-
component relativistic computation of nuclear shielding constants, based
on the zeroth-order regular approximation (ZORA) Hamiltonian.*"?!
The modifications that have been made do not affect the results obtained
with the program, but implement a significantly better scaling of the
computational time with increasing system size. It has recently been dem-
onstrated that the ZORA yields very accurate hyperfine integrals for the
valence orbitals of heavy atoms, relative to a fully relativistic treat-
ment.”? See also Ref. [23]. The chemical shifts can therefore be expected
to be close to not yet available fully relativistic DFT NMR results, which
would otherwise be equivalent in terms of basis functions, XC potential,
and other parameters, which affect the quality of the computation.

The shielding constant o, for a nucleus A within the relativistic ZORA
formalism consists of four terms as shown in Equation (1) below.

Op =03+ 08+ 03 +05° 1)

Here, 02 is the diamagnetic shielding, and o% the paramagnetic one.
These two terms are also present in a nonrelativistic or a scalar (i.e.,
“one-component relativistic”) ZORA calculation. 63’ denotes the spin—
orbit induced terms due to the ZORA analogues of the Fermi-contact
(FC) and the spin—dipole (SD) operators.'? It is important to note that,
due to the different shapes of the orbitals obtained from a variational
two-component calculation, 65 and ¢% are also somewhat different com-
pared with scalar relativistic calculations. Finally, 0S¢ denotes gauge cor-
rection terms obtained from the implemented GIAO (gauge including
atomic orbitals) formalism in a finite basis® 2" (it should be noted that
0°C is supposed to include all GIAO related terms. This is different from
the “gauge terms” that are printed by the ADF NMR program). Chemi-
cal shifts with respect to a reference nucleus (ref) are calculated as
shown below in Equation (2).
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The Vosko-Wilk-Nusair (VWN) local density approximation (LDA) func-
tional has been used in all geometry optimizations, and a subset of the
NMR computations.”” It provides a reasonable accuracy for structures,
and often of NMR properties, of heavy metal complexes.!'”!2182532 [p
addition, the NMR chemical shifts have also been computed by using the
Perdew-Wang (PW91)" generalized gradient correction (GGA) density
functional in order to demonstrate that the results are not very sensitive
to the particular choice of the approximate (nonhybrid) density function-
al for the ground-state computation. The “statistical average of orbital-
dependent model potentials” (SAOP) Kohn-Sham potential has been
previously designed for, and successfully applied to, excitation energies
and frequency-dependent response properties.** Poater et al. have re-
cently reported that SAOP results show considerable improvement with
respect to other potentials, such as VWN or Becke—Perdew (BP),**! for
a range of light-nuclei chemical shifts.*!! In our previous study, its influ-
ence on the calculation of spin—spin coupling constants has been descri-
bed."!! Its association with a continuum solvation model (see below) has
resulted in good agreement between computed and experimental nuclear
spin-spin coupling constants for I-V.

The optimized geometries of the complexes I-V have already been dis-
cussed in a previous paper.'!! The frozen core Slater-type basis sets used
for geometry optimizations include 4f, Sspd and 6s, or 6sp, as valence
shells for Pt, and for TI, respectively. The 1s shell has been kept frozen
for C, N, and O. For reasons of consistency with Ref. [11], all-electron
Slater-type basis sets augmented with steep 1s and 2p functions in the
case of Pt and Tl have been used for the computations of NMR chemical
shifts. All basis sets are of triple-¢ quality augmented with two polariza-
tion functions for the metal’s valence shells, one polarization function for
C, N, and O, and of double-{ quality for the core shells in the case of all-
electron computations.

Solvent effects have been taken into account by using two different ap-
proaches. In solution, complexes I, II, III, and V are moderately strongly
coordinated by water molecules.*!” This first (solvation or coordination)
water shell is represented in the computation by explicitly adding water
molecules to surround the T1 atom. We have also used the COSMO (con-
ductor-like screening model) as implemented in ADF,* in order to im-
plicitly treat the remaining bulk solvent effects.**”) (The radii of the
atomic spheres used in the COSMO calculations are 1.39, 1.7, 2.2, 1.4,
1.3, and 1.16 A for Pt, TI, C, N, O, and H, respectively. The metal radii
are not optimized. However, a modification of the metal radii should not
change the computational results by a significant amount).>*! It has
previously been demonstrated that usually the innermost solvent shell
has to be included explicitly®! when computed nuclear shieldings are to
be directly compared to experimental data. In Ref. [11], we showed that
for the present samples the nuclear spin—spin coupling constants are very
strongly affected both by direct H,O coordination, and bulk solvent ef-
fects.

There is no real perturbation of the electron density by a static external
magnetic field. Consequently, at the level of “uncoupled” DFT response
theory that is employed in our NMR calculations, no perturbation of the
effective Kohn-Sham potential, and also the COSMO potential is consid-
ered in the expression of the shielding tensor. The unperturbed Kohn—
Sham potential directly enters the shielding tensor first, in principle,
through the ZORA operators,* and secondly through o5°.1***” We have
considered the COSMO potential in the latter terms, and should note
that its effect on the results is not at all negligible. Its indirect effects on
the chemical shifts, through an alteration of the unperturbed orbitals and
their energies, are very important as well, as will be shown in the Results
and Discussion. The ZORA operators are built from a model potential
(sum of atomic potentials) instead of the self-consistently determined
Kohn-Sham potential of the molecules.”?!! Consequently, the COSMO
potential has no direct influence on these operators, which we would
expect to be negligible anyway."!!

For the anionic species, the counterion effects have not been simulated.
It has previously been demonstrated that solvent effects can be similar to
counterion effects in the computation of NMR properties.©?!
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Results

Choice of references for the determination of the chemical
shifts: By definition [Eq. (2)], chemical shifts are reported
with respect to a reference nucleus. This is not the case for a
number of other magnetic resonance properties that are cur-
rently accessible to computation, for instance, nuclear spin—
spin coupling constants. Usually, the presence of a reference
in the calculation is helpful, because of systematic error can-
cellation. However, in this work the heavy-nucleus reference
choice adds a layer of complexity, because of the need to ac-
curately describe the reference shielding.

All measurements were carried out in aqueous solution.
For the present samples, experimental data have been re-
ported with respect to TI* or TI(CN); for Tl chemical shifts,
and with respect to [Pt(CN)¢]>~ for Pt chemical shifts.”! Ac-
cordingly, these references have been used in our calcula-
tions. However, Tl chemical shifts computed with respect to
the rather problematic TI* reference will be omitted from
the discussion, because of the considerably large error ob-
tained from these calculations. In order to take into account
the solvent effects on the reference, Tl chemical shifts have
also been computed with respect to TI(CN);-2H,0O with the
two additional water molecules situated on both sides of the
TI(CN); plane. The significance of the reference choice will
also be demonstrated for the Pt chemical shift calculations
by comparing the two dianionic complexes [Pt(CN)¢]*~ and
[Pt(Cl)¢]*" as references.

Calculated chemical shifts are often reported with respect
to references that are closely related to the studied com-
plexes in order to take advantage of a maximum amount of
error cancellation. Consequently, for the present work, Pt
and Tl chemical shifts were additionally evaluated with re-
spect to complex IV. For this system, no first (explicit) metal
coordination shell by water molecules needs to be consid-
ered, because of the high number of cyanide ligands on the
Tl atom and its pseudotetrahedral coordination.!!!

5pt and 2*TI NMR chemical shifts: As in our previous
work about the nuclear spin-spin coupling constants of the
same complexes,'!! different computational methods applied
to several structural arrangements have been used with the
aim of well reproducing the experimental Pt and Tl chemi-
cal shifts, and to understand the various electronic and struc-
tural influences. The solvent effects due to the water mole-
cules coordinated to the Tl atom strongly shift the Pt—TI
coupling constants. Consequently, in the present work, we
have also applied this approach of adding an explicit solva-
tion shell to those of the studied complexes with open coor-
dination spheres around Tl (“model A”, excluding complex
IV, and the Pt references [Pt(CN)]*~ and [Pt(Cl)s]*". For
these systems, model A, and the not explicitly solvated sys-
tems are considered to be equivalent). Instead of calling this
a solvent shell, it is also possible to view this model as treat-
ing the aquo-complexes of I, IL, III, and V. It was previously
shown that regarding heavy metal spin—spin coupling con-
stants, even “inert” solvents such as chloroform can cause
very sizeable solvent shifts, compared with the free sys-
tems.”” The stronger nucleophilic the solvent, the larger is
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the effect. With the present samples, we believe that is
somewhat a matter of taste to view the first solvation shell
as regular ligands.

Recent studies have demonstrated that treating the sol-
vent implicitly as a polarizable continuum may yield impor-
tant contributions to the NMR parameters.’>" This was, to
an unexpected extent, confirmed by our work on the present
sample’s coupling constants.'"'! Such an approach, available
in form of the COSMO model in the ADF code,*! has been
applied here first on the free molecules (“model B”), and
secondly on the previously described water complexes
“model A”, in order to simultaneously take into account the
explicit first solvation shell, and implicit bulk solvent effects.
This combined treatment of solvent effects will be termed
“model C”. This model might give a good representation of
the effects on the Pt and Tl chemical shifts of both the
direct coordination of the Tl atom by solvent molecules, and
the electrostatic interaction with the bulk solvent. We
should point out that “model B” and “model C” are not the
same as those defined in our previous paper.[']

The experimentally observed and computed Pt and Tl
chemical shifts for complexes I-V are collected in Table 1
and 2, and graphically displayed in Figure 2 and 3, respec-
tively. Although a certain amount of redundancy is intro-
duced in the tables, for the convenience of the reader we

have tabulated the chemical shifts with respect to the vari-
ous references instead of the calculated shielding constants.
In order to allow the interested reader to obtain the individ-
ual shielding constants, the absolute shieldings for complex
IV in the various models are listed in Table 3.

The first observation concerns the comparison between
the results obtained with established standard LDA and
GGA functionals (by using the PW91 functional as a typical
representative for the latter). For this series of complexes,
the chemical shifts are not particularly sensitive to the
choice of the approximate density functional, though differ-
ences are, of course, observed. For instance, Pt chemical
shifts are systematically lowered by 100 ppm, at the most,
when the GGA functional is applied. The influence of the
GGA functional is even less noticeable in the case of the Tl
chemical shifts. We do not expect any significant changes of
the results upon switching to a different nonhybrid GGA. It
has previously been demonstrated that for heavy atomic
molecules, for which the NMR results are not too delicately
balanced by different contribution of varying sign, the heavy
atom chemical shifts tend to be rather insensitive to the par-
ticular choice of the approximate nonhybrid density func-
tional. To compare, please see Refs. [19], [56], and [12].

In the following, we will thus focus on the results comput-
ed with the LDA and SAOP functionals. We should already

Table 1. Calculated NMR chemical shifts [ppm] of "*Pt in the complexes I-V with respect to [Pt(CN)¢]*~, [Pt(Cl)¢]*", and complex IV.!

Reference [Pt(CN)¢]* [Pt(Cl)s]* complex IV
LDA GGA SAOP LDA GGA SAOP LDA GGA SAOP
complex I
unsolvated 1150 973 937 —943 —-1002 70 2446 2337 2078
model A (3H,0)™ —337 —434 —325 —2430 —2409 —1332 959 930 816
model A (4H,0)™ —529 —620 —494 —2622 —2595 —1501 767 744 647
model A (5H,0)™ —655 —745 —600 —2748 —2720 —1607 641 619 541
model B 989 899 1017 —~1898 —-1918 —967 1362 1298 1335
model C 3H,0) 73 32 118 2814 —2785 —1866 446 431 436
model C (4 H,0) 109 56 126 —2778 —2761 —1858 482 455 444
model C (5H,0)¢ 99 50 116 2788 —2767 1868 472 449 434
exptl® —-182 -182 -182 473 473 473 405 405 405
complex IT
unsolvated —546 —649 —528 —2639 —2624 —-1535 750 715 613
model A (4H,0)" —1145 —1227 -1016 3238 —3202 —2023 151 137 125
model Bl 198 141 211 —2689 2676 -1773 571 540 529
model C (4H,0) —68 112 -37 —2955 —2929 —2021 305 287 281
exptl® 272 272 272 383 383 383 315 315 315
complex III
unsolvated —942 —-1031 —840 —-3035 —3006 —1847 354 333 301
model A (2H,0)" —-1042 —1127 -919 -3135 -3102 -1926 254 237 222
model Bl —49 —99 -25 —2936 2916 —2009 324 300 293
model C (2H,0)" 229 —266 —184 -3116 —-3083 2168 144 133 134
exptl —471 —471 —471 184 184 184 116 116 116
complex IV
unsolvated 1296 —1364 —1141 —3389 —3339 —2148 0 0 0
model B —373 -399 —-318 3260 3216 —2302 0 0 0
exptl® —587 —587 —587 68 68 68 0 0 0
complex V
unsolvated -192 324 -103 —2285 2299 —-1110 1104 1040 1038
model A (4H,0)" —753 —857 —647 —2846 2832 —1654 543 507 494
model Bl 887 794 855 —2000 —2023 —1129 1260 1193 1136
model C (4H,0) 231 168 238 —2656 —2649 —1746 604 567 556
exptll®] -56 —-56 -56 599 599 599 531 531 531

[a] Spin—orbit relativistic chemical shifts from scalar relativistically optimized geometry. [b] Model A: scalar relativistically optimized geometry, which in-
cludes explicit first solvation shell. [c] Model B: scalar relativistically optimized geometry by using the COSMO model for all solvent effects. No explicit
first solvation shell. [d] Model C: model A+COSMO for the bulk solvent effects. [e] References [2] and [3].
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Table 2. Calculated NMR chemical shifts [ppm] of **Tl in the complexes I-V with respect to TI(CN)s;, TI(CN);4+2H,0, and complex IV.[
Reference TI(CN); TI(CN);4+2H,0 complex IV
LDA GGA SAOP LDA GGA SAOP LDA GGA SAOP
complex I
unsolvated —3890 —-3777 —4079 —3140 —3085 —3295 —2266 —2259 —2480
model A (3H,0)" —2368 —2342 —2687 —1618 —-1650 —-1903 744 —824 —-1088
model A (4H,0)" —2357 —2347 —2715 -1607 1655 -1931 —733 -829 -1116
model A (5H,0)" —2308 —2291 —2635 —1558 —~1599 -1851 —684 —773 -1036
model Bl —6566 —6277 —6334 —6198 —6250 —5907 —5839 —5662 -5611
model C (3H,0) —1631 —~1609 —~1909 —1263 —~1300 —1482 —904 —994 -1186
model C (4H,0) —-1657 1657 —2027 —1289 —1348 —1600 —-930 —1042 1304
model C (5H,0) —-1629 —1621 —2022 —1261 —-1312 —-1595 —902 —-1006 —1299
exptl® —2056 —2056 —2056 —2056 —2056 —2056 —1438 —1438 —1438
complex II
unsolvated —663 —685 -513 87 7 271 961 833 1086
model A (4H,0)" —1650 —1615 —1851 —900 —-923 —-1067 —26 —-97 —252
model Bl —~1064 —~1069 923 —696 —760 —496 —337 —454 —200
model C (4H,0) —1244 —1222 1520 876 913 —-1093 -517 —607 —-797
exptl® —1471 —1471 —1471 —-1471 —1471 —-1471 —853 -853 —853
complex III
unsolvated —-109 -139 —78 641 553 706 1515 1379 1521
model A (2HO)® —1745 1659 -1678 —995 —967 —894 —121 —141 -79
model Bl 53 27 26 1 336 453 780 642 749
model C (2HO) —~790 -716 -850 —422 —407 —423 —63 -101 —127
exptll®! —867 —867 —867 —867 —867 867 —249 —249 —249
complex IV
unsolvated —1624 -1518 —~1599 —874 826 -815 0 0 0
model B -727 —615 723 -359 -306 —296 0 0 0
exptl!®! —618 —618 —618 —618 —618 —618 0 0 0
complex V
unsolvated 931 910 1235 1681 1602 2019 2555 2428 2834
model A (4H,0)" —2319 2251 —2379 —~1569 1559 —~1595 —695 —733 —780
model B 1045 995 1202 1413 1304 1629 1772 1610 1925
model C (4 H,0)!%! —1664 —-1597 —1754 —1296 —1288 —1327 —937 —982 —-1031
exptll®] 1605 —~1605 1605 —1605 1605 1605 987 —987 —987

[a] Spin-orbit relativistic chemical shifts from scalar relativistically optimized geometry. [b] Model A: scalar relativistically optimized geometry including
explicit first solvation shell. [c] Model B: scalar relativistically optimized geometry using the COSMO model for all solvent effects. No explicit first solva-

tion shell. [d] Model C: model A+COSMO for the bulk solvent effects. [e] Reference [2] and [3].
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Figure 2. Comparison of calculated and experimental Pt NMR chemical shifts for different computational
approaches and references (given above the graphics). See footnotes of Table 1 for an explanation of the com-
putational models. The experimental values are labeled on the top of the graphics. The straight thick line indi-
cates where O, =0y, The lines connecting the points do not represent fits to the data points, but were added
to guide the eye. LDA and GGA results are not shown because of their similarity to the SAOP values.

mention here that “model C”
yields good agreement between
computed and experimental
chemical shifts, whereas the
other models sometimes afford
huge errors. A detailed discus-
sion of the different models fol-
lows below.

We shall begin with the dis-
cussion of the Pt chemical shifts
calculated with respect to the
[Pt(CN)¢]* reference. There is
poor agreement between com-
puted and experimental Pt
chemical shifts for the free mol-
ecules. In particular, for com-
plex L, the experimental chemi-
cal shift is overestimated by
more than 1300 ppm. For the
other complexes, we find an un-
derestimation of d(Pt) between
136 and 701 ppm. This unsolvat-
ed “model” has also been used
as a benchmark in order to esti-
mate the importance of elec-
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shifts. For complex I, it can be
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seen that the solvent effect is
also increasing with increasing
number of coordinated water
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A next step to improve the
computational model is the im-
plicit addition of bulk solvent
effects. However, without the
explicit first solvation shell
(“model B”), no agreement is
observed between calculated
(COSMO) and experimental Pt
chemical shifts. For instance, for

complexes I and V, for which
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Figure 3. Comparison of calculated and experimental **TI NMR chemical shifts for different computational
approaches, and references (given above the graphics). See footnotes of Table 2 for an explanation of the com-

putational models, and details about the graphics.

Table 3. Calculated absolute NMR o('*Pt) and o(**TI) shielding con-
stants [ppm] for the reference complex IV,

Reference LDA GGA SAOP
0.(]95Pt)

unsolvated 6237 6118 6197

model B> 6478 6358 6425

model B> - 6368 6421

model B¢ - 6354 6434
O.(Zl)STl)

unsolvated 10034 10154 10209

model B> 9664 9781 9860

model B> - 9796 9867

model Bl>¢] - 9791 9881

[a] Spin—orbit relativistic chemical shifts from scalar relativistically opti-
mized geometry. [b] Model B: scalar relativistically optimized geometry
by using the COSMO model for all solvent effects. No explicit first solva-
tion shell. [c] The radii of the atomic spheres used in the COSMO calcu-
lations are 1.39,1.7,2.2, 1.4, 1.3, and 1.16 A for Pt, T1, C, N, O, and H, re-
spectively. [d] The radii of the atomic spheres of the ligand atoms are
20% smaller than used usually, that is, 1.76 and 1.12 A for C and N, re-
spectively. [e] The radii of the atomic spheres of the ligand atoms are
20% larger than used usually, that is, 2.64 and 1.68 A for C and N, re-
spectively.

tronic spin—orbit coupling in the calculations. For instance,
the scalar relativistic '*Pt chemical shifts for the complexes
I, II and III with respect to [Pt(CN)]*~ deviate from experi-
ment by 2132, 682, and 493 ppm, respectively, whereas the
errors are reduced to 1332, 274, and 471 ppm when spin—
orbit coupling is considered.

The explicit inclusion of the solvent molecules
(“model A”) negatively shifts all the calculated Pt chemical
shifts. The effect of this explicit solvation is comparatively
small for complexes II, II1, and V, but increases the differen-
ces with the experimental values. As expected, and similar
to the coupling constants,'!! the higher the coordination of
the Tl by the cyano ligands, the smaller the effect of coordi-
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no cyano ligand is coordinated
to the Tl atom, a huge error of
more than 900 ppm is obtained.
Similar to our “model A”, the
higher the (CN)~ coordination
is around the Tl atom, the
closer the computed chemical
shift is to the experimental one.
The presence of both explicit first solvation shell, and im-
plicit bulk solvent effects (“model C”) clearly increases the
quality of the calculated Pt chemical shifts. The maximum
error is 287 ppm for complex V. The application of a stan-
dard GGA functional (PW91) slightly improves the agree-
ment between computed and experimental Pt chemical
shifts.

Regarding the spin-spin coupling constants, we could
show that the simultaneous application of explicit solvation,
the COSMO model, and the SAOP potential allowed to
obtain a very good agreement between computed and exper-
imental coupling constants."'! Here, we do not obtain a sub-
stantial improvement from the SAOP potential for the Pt
chemical shift calculated with respect to [Pt(CN)¢]>~ at the
level of “model C”. Moreover in this particular case, it
seems that the PW91 functional is slightly more accurate
than the SAOP potential. For all complexes, the difference
between calculated and experimental data is still about
200 ppm. However, it must be noted that by applying the
different models, changes of J(Pt) in the order of thou-
sand ppm are obtained, with the final results being balanced
by various competing effects. Thus, the errors of 200 ppm
with respect to the experiment data are not particularly
large.

In order to investigate the influence of the reference
choice, Pt chemical shifts have been further calculated with
respect to [Pt(Cl)¢]*", and complex IV. The more similar to
the studied complexes the reference is, the more accurate
the agreement between computed and experimental values
can be expected, because of a better compensation of sys-
tematic errors. This is demonstrated by the results obtained
with respect to complex IV. The same trends with
[Pt(CN)g]*~ are obtained, of course, but the agreement with
the experiment values is much better for the best computa-

-0 8 6 4 -2 0

8o / 102 ppm
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tional model with complex IV as the reference. For instance,
by using the solvated “model A”, the LDA -calculations
qualitatively reproduce the experimental data. Only the Pt
chemical shift for the complex I is overestimated by about
500 ppm. The inclusion of both explicit and bulk solvent ef-
fects in the SAOP calculations (“model C”) finally allows a
very good agreement between calculated and measured
values to be obtained. In that case, the largest error is of
about 30 ppm for complexes I and II, which corresponds to
a deviation of the experimental values by 7% and 10 %, re-
spectively. Results of a similar quality have also been ob-
tained with the standard LDA and GGA functionals.

With respect to the reference [Pt(Cl)¢]*", the differences
between computed and experimental Pt chemical shifts are
huge. It can be seen that when applying the SAOP potential
in the shielding calculations for [Pt(Cl)s]*", the errors de-
crease significantly, but remain unacceptably large. For in-
stance, at the level of “model C” (SAOP) the Pt chemical
shift of complex I is in error by 2341 ppm when taken with
respect to [Pt(Cl)s]*", but only by 29 ppm with respect to
complex IV. Unlike the other references, o(Pt) in [Pt(Cl)s]*~
appears to be very sensitive to the choice of the potential.
In comparison to [Pt(CN)s*", 0°° and o are of the same
magnitude in [PtCl]*~, but of is much larger, and most
likely the source of the errors. This might be indicated by,
and partialy attributed to, the significantly smaller HOMO-
LUMO gap computed for this reference. It could be the
cause of an overestimation of the negative ¢’ contribution
by about 2000 to 3000 ppm, depending on the functional,
with the positive 6°© being less sensitive to deficiencies in
the electronic structure. We believe that the huge disagree-
ments with the experimental values are due to a particularly
poor description of the reference [PtClg]*", not the com-
plexes I-V.

The conclusions previously drawn for the computed Pt
chemical shifts of complexes I-V, are also valid for the Tl
chemical shift calculations. The best agreement is obtained
by using the solvated “model C”. Although the standard
LDA and GGA functionals yield acceptable results, in con-
trast to the Pt chemical shifts a significant improvement is
obtained for the TI shifts of complexes I-III when using the
SAOP potential. Considering solvent effects on the refer-
ence shielding by using TI(CN);4+2H,O instead does not en-
hance the agreement with experimental values. The addition
of the water molecules in both sides of the TI(CN); plane
only results in a small increase of all Tl chemical shifts. With
complex IV as the reference, the agreement with the experi-
mental data is best, with an error of about 10 % for the com-
plexes I, II, and V. The percentage error is somewhat larger
for complex III due to the small magnitude of the experi-
mental value.

In order to study the reliability of the final results ob-
tained with the COSMO model, NMR o(***Pt) and o(**TI)
shielding constants have been calculated for the reference
complex IV (“model B”) with different COSMO radii for
the atomic spheres of the ligand atoms. In other terms, how
sensitive are the computed shieldings to the cavity size? The
results are collected in Table 3. Changing the radii of the
atomic spheres for C and N by £20% changes the Pt and
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Tl shielding constants far less than the calculated magnitude
of the total COSMO contributions. This indicates that the
calculated shieldings, at least at the level of “model C”, are
not particularly sensitive towards the choice of the COSMO
radii.

We have previously seen a very pronounced dependence
of Jpn on R(Pt—T1).' It is thus important to investigate
the sensitivity of the shielding constants with respect to the
structural parameters. Additional data have therefore been
obtained for complex I (“model C”) with varying fixed
values of R(Pt—T1), and all other geometrical variables opti-
mized. It appears that around the equilibrium Pt—TI1 dis-
tance, the shielding constants are not extremely sensitive to
the modification of the structural parameters. For example,
a decrease of as much as 0.13 A of the Pt—TI distance, af-
fects the Pt and T1 shielding constants by 9 and 429 ppm, re-
spectively. However, the Tl chemical shifts are obviously
more sensitive to the Pt—TI distance than the Pt shifts.

Discussion

When comparing chemical shifts to experimental data it is
very important to consider solvent effects. Sizeable solvent
effects on 'Hg chemical shifts were already known experi-
mentally for many years.”” This specific case has been com-
putationally investigated for the first time by Wolff et al.
(linear "”Hg complexes).”! Solvent-induced changes of Oy,
were experimentally reported to be of the order of 10° ppm
for Hgl,, and found to be of similar magnitude in the com-
putations in Ref. [19]. These are cases in which the solvent
strongly coordinates to the heavy atom, and it is obvious
that it must be considered explicitly to some extent. In some
cases this coordination causes large geometry changes,!”)
which are partially responsible for the effects on the chemi-
cal shift. Unfortunately, the inclusion of solvent molecules
usually causes the systems to be rather large for relativistic
computations. This might be the reason why, to the best of
our knowledge, no further detailed computational study re-
garding solvent effects on heavy “relativistic” transition-
metal nuclar shieldings has so far appeared. Treating the sol-
vent as a polarizable continuum may also have important ef-
fects on the NMR parameters.’>>! We are not aware of pre-
vious applications to heavy transition-metal complexes. To
remind the reader, “model C” takes into account both ex-
plicit and implicit solvent effects, whereas “model A” and
“model B” are only concerned with either one of them.

Our previous study on the same heavy metal complexes
has revealed that all calculated spin-spin coupling constants
are systematically improved upon introducing more realistic
computational models for the treatment of the solvent.']
This conclusion can not be directly transfered to the calcula-
tion of the Pt and T] NMR chemical shifts. In particular,
though “model B” might be thought of as an improved
model of the solvated systems, the chemical shifts are not
much improved. However, its use in addition to the explicit
first solvation shell (“model C”) noticeably enhances the
agreement between computed and experimental Pt chemical
shifts, even if the SAOP potential is not applied at the same
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time. Including the SAOP potential, this most realistic com-
putational model yields the best agreement between com-
puted and experimental data for the Tl chemical shifts. For
the Pt chemical shifts, the results are of similar quality with
all functionals. The results are close to the experimental
data when [Pt(CN)4]*~ or complex IV are chosen as the ref-
erence.

In exact theory, chemical shift calculations should not
depend on the choice of reference. However, the compari-
son between the approximate calculated results obtained
with respect to TI*, TI(CN);, TI(CN);+2H,O, and complex
IV for the Tl chemical shifts, and with respect to
[Pt(CN)]*, [Pt(Cl)g]*~ and complex IV for the Pt chemical
shifts, reveals the inherent errors of the computations. It can
be seen that with the most reasonable computational model,
acceptable though not uniformly accurate, results are ob-
tained with all references, excluding [Pt(Cl)s]*". Obviously,
the closer the reference is to the geometry and electronic
structure (structural arrangement, ligands, charge and so on)
of the samples, the better the agreement is with the experi-
mental values.

Conclusion

A large variety of parameters, including geometries, basis
sets, solvents, references, and so on, can drastically influence
the quality of NMR chemical shift computations. Many
studies on small and light atomic molecules have already
been published which were concerned with the effects relat-
ed to each of them.**" In comparison, little is known about
transition metal nuclei, in particular for the heavier ones,
since the usage of a relativistic theoretical formalism is im-
perative. The past years have seen a strongly increasing in-
terest in the relativistic computation of nuclear shieldings in
molecules, which contain heavy atoms.>"*] However, most
of them have so far focused on novel relativistic methodolo-
gy, a comparison to nonrelativistic data, and interpretations
of relativistic effects. Some of these methods have by now
been established as useful computational tools to study
NMR spectroscopy of transition metals, and the computa-
tionally more efficient among those can be applied to larger
and/or more complicated systems.

In the present work, we have focused on the importance
of modeling the electronic structure, and the chemical envi-
ronment of complexes I-V, and for the first time computed
their metal chemical shifts. Together with Ref. [11], all ex-
perimentally determined NMR parameters of the heavy
nuclei have now been computed with sufficient accuracy
(typically within about 15% deviation from experimental
data) in order to allow a detailed analysis of the observed
trends. We believe that in order to achieve a much better
agreement with experimental data, significantly more in-
volved computations in which a number of remaining sour-
ces of errors are simultaneously eliminated, are required.
This is likely to demand the dynamical calculation of time-
averaged nuclear shieldings of the solvated systems at finite
temperature,®® and include the counter ions, along with a
more accurate treatment of electron correlation. Perhaps ex-
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plicit interaction of the solvent with the ligands is also
needed, and its neglection could be partially responsible for
the drastic failure of the [PtCl¢]*~ reference.

The effects of the solvent (H,O) on the NMR observables
have turned out to be remarkably large, and in some cases
account for most of their magnitudes. The best computation-
al models uniformly agree with the experimental data,
which gives some confidence both in that the results recover
the experimental trends for the right reason, and that the
originally proposed structures (Figure 1) of the complexes!"2
are correct, despite some unintuitive details of the NMR
spectra, for instance for complex II.

Generally, for transition-metal complexes with a possibili-
ty of direct metal-solvent interaction we believe that a
model of comparable quality as our “model C”, perhaps in
conjunction with the SAOP potential or one with similar
characteristics regarding response properties, is necessary to
cover most of the environmental effects, and to obtain a rea-
sonably good electronic structure. This model represents a
good compromise at affordable computational coast.
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