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The computed chemical shifts of transition-metal complexes with dimetridazole (=1,2-dimethyl-5-nitro-
1H-imidazole; 1), a prototypical nitro-imidazole-based radiosensitizer, are reported at the GIAO-BP86 and
-B3LYP levels for BP86/ECP1-optimized geometries. These complexes comprise [MCl,(1),] (M =Zn, Pd, Pt),
[RuClL,(DMSO),(1),], and [Rh,(0,CMe),(1),]. Available 5('H) and 6(**N) values, and A6(‘H) and AS(N)
coordination shifts are well-reproduced theoretically, provided solvation and relativistic effects are taken into
account by means of a polarizable continuum model and suitable methods including spin—orbit (SO) coupling,
respectively. These effects are particularly important for the metal-coordinated N-atom, where the contributions
from solvation and relativity can affect 9("°"N) and AS(**N) values up to 10—20 ppm. The Pt chemical shifts of
cis- and trans-[PtCl,(1),] are well-reproduced using the zero-order regular approximation including SO coupling
(ZORA-SO). Predictions are reported for ’Ru and '”Rh chemical shifts, which suggest that these metal centers
could be used as additional, sensitive NMR probes in their complexes with nitro-imidazoles.

1. Introduction. - NMR Spectroscopy is one of the most important methods for the
characterization of electronic and structural properties of molecules [1-3]. Experimen-
tal spectra can often be successfully interpreted empirically, but more difficult cases can
benefit from predictions based on electronic-structure calculations. In the past 25 years,
the computation of magnetic-resonance parameters from first principles has become a
powerful research tool that can significantly enhance the utility of magnetic resonance
techniques [4][5]. This is particularly true for inorganic or organometallic species,
where empirical interpretations are far more difficult [S][6].

In this context, metal complexes of nitro-1/-imidazoles are of special interest due
to their chemical and pharmacological properties [7]. It is known that their biological
activity is rooted in the interaction with DNA, and the formation of free radicals involv-
ing the N, group must play an important role in the mechanism of action [7][8]. This
property makes nitro-imidazoles and their derivatives the most commonly used radio-
sensitizers of hypoxic cells [7][8], e.g. , compounds 1-4 and their complexes with metals
like '*Pt and ’Ru [9]. Because the first nitro-1H-imidazole drugs such as metronida-
zole (=methyl-5-nitro-1H-imidazol-1-ethanol; 2) exhibited many undesired side
effects, there is much ongoing research in this area, including studies on bioreducible
groups other than N, [10-12]. Ruthenium and platinum complexes with 2 have been
used as chemotherapeutic agents [13][14], while a *™Tc nitro-1H-imidazole complex
has been used as hypoxic marker in myocardial and cerebral ischemia [15]. Recently,
'H-, *P-, and “F-NMR/MRI (Magnetic Resonance Imaging) [16] of nitro-1H-imida-
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zoles has been applied for measuring tumor [17] and tissue oxygenation [18]. 1-[2-
(Ethylsulfonyl)ethyl]-2-methyl-5-nitro-1H-imidazole (4) labeled with *H showed local-
ized accumulation in patients, and other nitro-1H-imidazoles labeled with “F or I
have been investigated as possible non-invasive markers of hypoxia [17][19][20]. How-
ever, these non-invasive compounds are not widely applicable because of the need for
expensive isotopes and special chemical syntheses [20]. The synthesis of metal com-
plexes of unlabeled nitro-1H-imidazoles offered the possibility of more routine and
inexpensive imaging of hypoxia in damaged normal tissue or in tumors [17]. In spite
of the great importance of multinuclear NMR spectroscopy for such metal complexes
of radiosensitizers, no detailed computational work on this subject has been reported so
far.

R 1 R=Me
Me—N<__No, 2 R=HOCH,CH,
\E«JS/ 3 R = MeGH(OH)CH,
N 4 R =MeCH,SO,CH,CH,

In our previous works, we have studied physico-chemical properties associated with
biological activity of radiosensitizers in aqueous and CCl, solutions [21-25]. Further-
more, we used [23][25] the theoretical approach by Canuto and Coutinho [26-29].
Recently, we have assessed NMR properties of nitro-1H-imidazoles computed with
the modern tools of density-functional theory (DFT) [24]. The same tools have been
successfully applied to calculate chemical shifts of ligands in the coordination sphere
of transition metals, as well as those of the metals themselves [30] [31]. These findings
are in keeping with the overall good performance of DFT methods for calculating struc-
tures and properties of transition metal complexes [30][32][33].

First-principles computation of NMR parameters, either chemical shifts or spin-spin
coupling constants, can be very useful for the interpretation of recorded spectra and for
investigating structure-property relationships [4] [34]. Magnetic shieldings and chemi-
cal shifts are known to be ‘sensitive to everything’ [35]. This sensitivity poses consider-
able challenges for the quantum-mechanical description of NMR parameters [4]. While
accurate chemical shift calculations can now be performed routinely for light nuclei, in
particular in first-row compounds [5][36][37], the computational challenges are still
substantial in heavy element compounds, and suitable theoretical NMR methods
have only very recently become available or are still being developed [35][38]. It is
clear that DFT is especially suitable for larger molecules, such as biological systems,
because it is an inexpensive computational technique capable of reliably predicting
NMR parameters [4][39].

In this communication, we will report the NMR calculation of transition metal com-
plexes of dimetridazole (1), calling attention to geometrical, solvent, scalar relativistic,
and spin—orbit effects on N, 'H, Ru, '“Rh and '*’Pt chemical shifts by means of mod-
ern DFT-based approaches.

2. Methodology. —2.1. Geometry Optimization. Geometries were fully optimized by
the gradient-corrected BP86 combination of density functionals [40], Stuttgart-Dres-
den effective core potentials (ECPs), together with the corresponding valence basis
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sets on the metals [41][42] and 6-31G* basis set on the ligands (denoted ECP1). The
initial optimization of the complexes started from the coordinates taken from the fol-
lowing solid-state structures: trans-[PdCl,(2),] [43], [RuCl,(Im),(DMSO),] (Im=1H-
imidazole) [44], [ZnCL,(2),] [45], [Rh,(OAc)4(2),] [46], and cis- and trans-[PtCl,(2),]
[47].

2.2. NMR Calculations. Magnetic shieldings o were computed for equilibrium geo-
metries by two approaches.

Method 1. Magnetic shieldings were calculated at the GIAO (gauge-including
atomic orbitals) [48] -BP86 and -B3LYP [49] levels employing basis II' [SO] for the
ligands (DZ basis [50] on H atoms), and a [16s10p9d] all-electron basis for Ru and
Rh, which is contracted from the well-tempered 22s14p12d set of Huzinaga and Klobu-
kowski [51], and augmented with two d-shells of the well-tempered series. For Pt, Zn,
and Pd the Stuttgart-Dresden ECPs were employed. Shieldings were either evaluated
in vacuo or in the presence of a polarizable continuum in the integral equation formal-
ism model [52-55], using the dielectric constants of H,O. Previous studies have shown
that this combination gave a good agreement between theory and experiment for a
number of test cases [24][56][57]. These (non-relativistic) NMR calculations were car-
ried out with Gaussian03 [58].

Method 2. Additional NMR calculations were performed with the Amsterdam den-
sity-functional code ADF [59-61] employing the BP86 functional [40]. This functional
is a well-established and reliable GGA that has been successfully applied in many
NMR computations involving heavy elements [38] [39]. The two-component relativistic
‘zeroth-order regular approximation’ (ZORA) [62] density-functional (DFT) method
including scalar and spin—orbit (SO) [63] corrections has been employed for the com-
putations. We have used two different all-electron Slater-type basis sets in order to
assess the dependence of the results on the quality of the basis. The first one is a tri-
ple-£ basis set plus one polarization functions for all atoms (denoted TZP). The second
is a mixed one employing TZP for just N and metal atoms, and a polarized double-&
basis on the remainder of the complex (denoted TZP’).

For pristine 1, ’N- and '"H-NMR chemical shifts ¢ have been calculated relative to
MeNO, and benzene, respectively, optimized or simulated at the same level (no bulk
solvent effects using PCM methods were evaluated for these reference compounds,
as they are used in neat form experimentally, rather than dissolved in a polar solvent).
The corresponding o values are collected in Table 1. The resulting "H-NMR chemical
shifts were converted to the usual TMS (Me,Si) scale, using the experimental value
for benzene of 0("H)=7.26 ppm [64]. The "N- and 'H-chemical shifts of 1 are collected
in Table 2, together with experimental data [65][66]. For the metal complexes 5-12,
coordination shifts are reported, ie., the difference AJ with respect to the data in
Table 2, computed at the same level. Pt and *Ru chemical shifts 6 have been calcu-
lated relative to cisplatin (=cis-[PtCl,(NH;),]) and RuO,, respectively, because the
experimental standards of 1M (or saturated) aqueous solution of both [K,Pt(CN)]
and [K,Ru(CN);] are difficult to model theoretically [31]. The resulting chemical shifts
were converted to the usual J scales using the experimental value for cisplatin and
RuO,, i.e., 6("°Pt) —2100 [67] and 6(*’Ru) 1976 ppm (mean value from [68]), respec-
tively.
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Table 1. Magnetic Shielding Constants for Reference Compounds Computed at Various Levels. The pertinent
atoms are highlighted in italics. The calculations employed BP86/ECP1 geometries ?).

Compound BPS6/IT B3LYP/II' NREL/TZP ZORA/TZP' ZORA-SO/TZP’
CH,NO, —132.6 —168.4 —138.8 —133.9 1323

C.H, 244 246 24.0 24.0 242

RuO, —2518 —3094 —1752 — 1601 — 1645
cis-[PtCL(NH,),] - - 2118 2958 3236

2)II' and TZP’ results obtained with Gaussian03 and ADF programs, respectively.

Table 2. Computed °N- and 'H-NMR Chemical Shifts (in ppm) of Pristine Dimetridazol 1

Level?®) NQ@3) N(1) H-C(4) Me—C(1)®) Me—C(2)")
BP8o/1I' —88.6 —204.5 7.7 3.6 2.3
B3LYP/I' —116.6 —239.3 7.9 3.7 2.4
BP86/PCM/IIC) —100.3 —199.1 8.0 3.7 2.4
B3LYP/PCM/IT®) —129.6 —2339 8.2 3.8 2.5
NREL/TZP —91.8 —207.5 7.7 35 2.1
ZORA/TZP' —88.2 —203.5 7.6 3.7 2.4
ZORA-SO/TZP’ —86.7 —-201.9 7.6 3.7 2.4
Experiment?) —121.0 —224.1 7.9 3.9 2.5

2) BP86/AE1 Geometry employed. *) 6('H) Values. ©) Employing a polarizable continuum with the dielectric
constant of H,0. 9) Experimental °N and 'H data from [65] and [66], respectively.

For 6('®Rh), due to the lack of a suitable reference compound, the magnetic-shield-
ing values corresponding to (***Rh) are reported relative to o(standard) = — 878 ppm,
as previously evaluated from a linear regression of o(calc.) vs. d(exper.) at the B3LYP
level [69].

3. Results and Discussion. — Among the nitro-1/-imdazole derivatives, dimetrida-
zole (=1,2-dimethyl-5-nitro-1H-imidazole; 1) and its complexes 5-12 with the d-block
elements Zn, Ru, Rh, Pd, and Pt are prototypical representatives (Fig. I). Some of
them have been used in the treatment of anaerobic protozoan and bacterial infections
[7]1[8]. We have, thus, chosen these species as targets for extensive test of the computa-
tional methodologies available for computation of NMR properties, calling special
attention to the electronic and structural effect on ’N- and '"H-NMR chemical shifts,
which are widely used for the characterization of such complexes. In this study, we
will extend the first-principle calculation of NMR parameters from lighter (Zn) to
the heavier part of the periodic table (Pt), i.e., to d-block compounds using nitro-1H-
imidazole complexes of biological interest, both in the gas phase and solution. The com-
plexes 5-12 cover different coordination geometries (tetrahedral, octahedral, square-
planar), and are structurally well-characterized, the actual solid-state structures of the
complexes with ligand 1 (or, alternatively, with ligand 2 or with Im) being known. For
the octahedral and square planar species, isomeric complexes have been considered,
i.e., for the pairs 6/7, 9/10, and 11/12, following precedence in the literature for corre-
sponding isomerism.
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Fig. 1. Optimized structures of the metal complexes 5-12 with dimetridazole (1). Constitutions: [ZnCl,(1),]
(5), [RuClL,(DMSO),(1),] (6/7), Rh(OAc),(1)2] (8), [PACL,(1),] (9/10), and [PtClL,(1),] (11/12).
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The choice of metal centers has in part been motivated by their potential use as
additional NMR probe. In particular, *Ru, '®Rh, and '*Pt are fairly well-behaved
NMR nuclei, for which sizeable amounts of data are available [2]. Interest in *Ru-
NMR spectroscopy has recently been renewed, both from experimental [70] and com-
putational viewpoints [31][71]. Several research groups have investigated the possibil-
ity of employing 'Rh-NMR spectroscopy as a probe to detect the thermodynamic sta-
bility of bimetallic complexes and predict their catalytic activity [72][73]. The '*Pt-
NMR nucleus is a popular probe for the electronic and geometrical structures of Pt
complexes and can be used to study, for instance, the coordination behavior of imida-
zole moieties to Pt" in order to understand the mechanism of interaction of Pt drugs
with histidyl-imidazole N-atoms in proteins [74]. In addition, ’Pt-NMR spectroscopy
has widely been used to investigate the structure—activity relation in complexes of bio-
logical interest [74] [75]. The Zn complex 5 has been selected to provide some structural
variety (tetrahedral coordination geometry), and the Pd species 9/10 for comparison
with the Pt congeners 11/12.

This section is organized as follows: first, chemical shifts from non-relativistic gas-
phase calculations are discussed (Sect. 3.1), followed by evaluation of solvent effects
(Sect. 3.2). Finally, relativistic effects, in particular due to spin-orbit (SO) coupling,
are addressed (Sect. 3.3).

3.1 Non-Relativistic Chemical Shifts in the Gas Phase. For the complexes of this
study, '"H-NMR spectroscopy has so far been the usual means of characterization,
and no ®C-NMR data have been reported yet. Experimental 6(*°N) data are sparse,
but are known for both isomers 11/12 [66]. Referencing "N chemical shifts is a notori-
ous problem [76][77]; due to inconsistencies between the d(**N) values reported for
pristine 1 in [66] and those reported previously for the same compound [65], or for
related nitro-1H-imidazoles [24], we decided to present the "N and 'H data for the
metal compounds as complexation shifts, i.e., as Ao values relative to the data for
the free ligand in Table 2. Calculated and, where available, observed BN and 'H coor-
dination shifts are collected in Table 3. For these light nuclei, results obtained with
BP86 and B3LYP functionals are fairly similar. Most H-atoms and N(1) are deshielded
by up to ca. 1-7 ppm, respectively, and the corresponding experimental data for 11 and
12 are reasonably well reproduced. The coordinating N-atom, N(3), is strongly shielded
throughout, between ca. — 25 and — 70 ppm. Here, the experimental data for 11 and 12
are less well captured, and the observed shieldings exceeding — 100 ppm are signifi-
cantly underestimated, by ca. 40 ppm. As will be shown in Sect. 3.3, a large part of
this discrepancy is due to relativistic effects, which are particularly important for this
nucleus, since it is directly attached to a heavy element, Pt.

Relativistic effects are known to strongly influence the chemical shifts of 5d ele-
ments such as '°Pt [62][78]. Therefore, we did not calculate 6(**Pt) values using the
non-relativistic method (see Method 1 in the Methodology; for relativistic values, see
Sect. 3.3). In contrast, observed 6(‘*Rh) and 6(*’Ru) values have been well reproduced
computationally at non-relativistic levels for larger sets of compounds (at the B3LYP/
IT' level using BPS6/ECP1 geometries) [31][39][69]. The d(metal) values for the Ru
and Rh complexes 6—8 (Table 3), obtained at the same level, should thus be reliable
predictions, with possible error margins of just a few hundred ppm, i.e., a few percent
of the respective chemical-shift range of the metal.
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Table 3. Computed “"N- and 'H-NMR Non-Relativistic Gas-Phase Coordination Shifts A5 (in ppm) for Com-
plexes 5-12. Selected metal chemical shifts are also given.

Compound Level?®) N(3) N(1) H-C(4) Me—-C(1)b) Me—C(2)") Metal
5 BP86 —41.8 4.7 0.8 0.3 0.4 -
B3LYP —44.3 4.3 1.1 -0.1 0.4
6 BP86 —40.2 5.1 1.0 0.1 0.6 4673°)
B3LYP —46.1 6.7 12 0.1 0.5 5713¢)
7 BP86 —34.6 4.1 0.9 -0.1 -0.1 4638°)
B3LYP —38.1 52 1.0 -02 -0.1 5650°)
8 BP86 -21.1 1.0 0.9 0.3 0.5 -
B3LYP —24.6 1.1 1.0 0.4 0.5 7917)
9 BP86 —63.8 1.6 0.2 0.2 0.6 -
B3LYP —67.8 1.8 0.3 0.2 0.6
10 BP86 -59.7 3.0 -0.0 0.6 0.1 -
B3LYP —61.2 3.1 -0.5 0.8 0.2
1 BP86 -57.1 1.6 0.2 0.4 0.3 -
B3LYP —62.2 2.9 0.3 0.3 0.1
Exper. —108.5 3.1 0.1 0.2 0.5 —2061°)
12 BP86 —53.1 2.9 0.5 0.5 0.3 -
B3LYP -57.0 45 0.4 0.1 0.4
Exper. —100.1 3.8 0.4 0.1 0.5 —2069¢)

2) Functional in NMR computation; basis II' and BP86/ECP1 geometries were employed throughout. ®) AS(‘H)
values. ¢) 6(*Ru). 9) §(**Rh). ¢) 5(**Pt ).

In fact, the '“Rh chemical shifts of compounds closely related to 8 are known
[79][80]. For instance, for [Rh,(OAc),{P(OMe);},] (13), a 6(**Rh) value of 6694 ppm
has been reported [79]. This value is not too far from the one predicted for 8 (ca.
7900 ppm, Table 3). We have also computed 6('*Rh) of complex 13 (see Fig. 2 for a
plot of the optimized structure, where we imposed C, symmetry and adopted a confor-
mation of the P(OMe); ligand as that found in the solid for the related P(OPh); com-
plex [81]). At the B3LYP/IT' level, a 6 value of 7060 ppm is obtained for 13, which is
slightly too deshielded with respect to experiment, but still with an acceptable accuracy.
Apparently, no serious degradation of the B3LYP data is found for compounds contain-
ing Rh,Rh multiple bonds, in contrast to Mo,Mo multiply bonded systems [82].
Replacement of the phosphine ligands in 13 by nitro-1H-imidazoles, thus, results in a
significant deshielding of the metal (by ca. 800—900 ppm). Since '“Rh chemical shifts
have proven to be a sensitive analytical tool for compounds with a [Rh,(O,CR),]
core [80], compound 8 and other nitro-1H-imidazole derivatives could also be attrac-
tive targets for '?Rh-NMR spectroscopy.

Quadrupolar line broadening can be a serious impediment for “Ru-NMR spectros-
copy, and the metal in complexes 6 and 7 with their rather unsymmetrical ligand envi-
ronment may be difficult to detect. Highly symmetrical hexakis(1H-imidazole) ruthe-
nium(II) salts are known [83], but, to our knowledge, no hexakis(nitro-1H-imidazole)
complexes have been reported (for a 5-nitro-1H-imidazole derivative in the solid, see
[84]. Due to the expected low electric field gradient (EFG) at the metal, these com-
plexes should be readily amenable to ?Ru-NMR spectroscopy. For future reference,
we note the predicted (B3LYP/II' level) 6(*'Ru) values of 6531 and 10191 ppm for
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Fig. 2. Structures of the complexes 13 and 14 (BPS86/ECP1 optimized). The two compounds are structurally
related to complexes 8 and 7, respectively.

[Ru(Im)g]*" (14) and [Ru(1)¢]*" (not shown), respectively, both optimized in S; symme-
try (see Fig. 2 for the optimized structure of 14).!)

Due to unfavorable NMR properties of all Zn isotopes, NMR resonances of this
metal have been observed only sparingly [2], and the eventual development of Zn-
NMR spectroscopy into an analytical tool is not quite foreseeable at this point.
Hence, we have not calculated relative Zn chemical shifts for 5, which was selected
for its coordination geometry, rather than for its use in metal NMR. The same is true
for the Pd complexes 9 and 10, which were included for comparison with the Pt conge-
ners 11 and 12.

To test if part of the deviations for N(3) could be due to shortcomings in the opti-
mized geometries, we have assessed the specific effect of the corresponding metal-N
bond length by calculating the magnetic shielding constants of each complex, fixing
the metal-N bond lengths to those from the corresponding X-ray structures, and leav-
ing all other parameters at their optimized values. The BP86 metal-N(3) bond lengths
in the gas phase tend to be longer than those observed in the solid, namely by ca. 0.056,
0.087, 0.013, 0.029, and 0.028 A for the complexes 5, 7, 8, 9, and 11, respectively (Table
4). This increase in bond distance results in a deshielding of the N(3)-atom by 5.2, 0.9,
2.7,0.8, and 1.8 ppm in the complexes §, 7, 8,9, and 11, respectively, and corresponds to
bond-length/shielding derivatives do™®/or of —92.8, —10.3, —207.7, —27.9, and — 64.3
ppm/A for 5,7, 8,9, and 11, respectively. Thus, geometrical effects on 3(N(3)) values
are noticeable, but are much too small to contribute significantly to the large deviations
encountered in the non-relativistic calculations.

The computed bond-length/shielding derivative for “Ru and '“Rh (by Method I;
see Methodology) is do™"/or=—8232 and do™"/or=9582 ppm/A in complexes 7 and

1) The huge deshielding of the ®Ru nucleus in [Ru(1)¢]** is related to the very long Ru—N bonds, 2.195 A at
BP86/ECP1, by more than 8 pm longer than those in 14, 2.113 A at the same level (average value in the
solid: 2.099 A [83a]). The steric encumbrance in [Ru(1)s]** makes its eventual preparation quite unlikely.
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Table 4. Optimized vs. Experimental Bond Distances (in A) for Complexes 5-12

Compound Distance Experiment [43-47] Optimized (BP86/ECP1)
5 Zn—-N 2.044 2.100
Zn—Cl 2238 2.301
6 Ru-N - 2.123
Ru—Cl - 2.450
Ru-S - 2.326
7 Ru—-N 2.104 2.1912)
Ru—Cl 2.416 2.450
Ru-S 2.289 2.285
8 Rh—-N 2.240 2253
Rh—Rh 2.446 2.389
9 Pd—N 2.007 2.036
Pd-Cl 2.297 2.342
10 Pd—-N - 2.074
Pd-Cl - 2.310
1 Pt—N 2.000 2.032
Pt—Cl 2.363 2.296
12 Pt—N - 2.057
Pt—CI - 2331

) 2.157 A in the complex with 1H-imidazole, to which the X-ray value refers.

8, respectively. As expected, the do(metal)/or values are much larger than da(N(3))/or,
reflecting the much larger chemical-shift ranges of the metals [2]. In addition, the
chemical shift of the metal can be mildly sensitive to conformational changes (see,
e.g., the metal entries for 6 and 7 in Table 3). Very likely, this sensitivity of the metal
chemical shifts to geometrical parameters entails a noticeable importance of zero-
point or thermal corrections. Due to the substantial computational expense, we have
not included such corrections for the complexes of this study, which can be evaluated
using perturbational or molecular dynamics approaches [85][86].

3.2. Solvent Effects. Most chemical and biochemical processes take place in solution,
which may strongly affect reactivities and properties. Solvent effects on molecular
properties can be classified as direct or indirect [24]. The direct effects, on the one
hand, are due to specific, usually short-range interactions between solvent and solute,
and to the concomitant response of the electronic wavefunction of the latter. The indi-
rect effects, on the other hand, arise from the changes in molecular geometry caused by
the presence of the solvent. Both effects on chemical shifts can be sizeable, in particular
for protic and polar solvents such as H,O or MeCN, in which the experimental spectra
for 11/12 [66] were recorded (7able 3).

In our previous study of metronidazole (2), we have shown that a simple continuum
approach can qualitatively reproduce both direct and indirect solvent effects on NMR
properties [24]. Furthermore, recent studies [87][88] have shown that treating the sol-
vent implicitly as a polarizable continuum may yield important contributions to the
NMR parameters. In line with these observations, we have chosen the PCM methodol-
ogy to analyze the solvent effects. The PCM method can be applied at two stages, first in
the geometry optimization, and second, during the evaluation of the magnetic shielding
constants. For the ligand nuclei, indirect solvent effects turn out to be relatively small in
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magnitude, consistent with our previous observation that geometrical effects are of
lesser importance for the complexes studied. It is well-known that the cavity definition
in continuum solvation methods can have a large impact on the computed properties
[56]. In the PCM approach we applied, the cavity is defined as an envelope of spheres
centered on atoms with radii of these spheres equal to the Van der Waals radii scaled by
the standard value of 1.2.

To evaluate the direct solvation effect, we applied the PCM method with the geo-
metries optimized in vacuo. As expected, the computed values are very similar when
the dielectric constants of H,O and MeCN, the solvents used experimentally, are
employed, and only the values for H,O are given in Tables 2 and 5. For the free ligand
1, the N(3) chemical shift is systematically shielded in solution, by ca. 12 and 13 ppm at
BP86 and B3LYP levels, respectively (compare corresponding II' and PCM/II" entries
in Table 2), consistent with previous results for compound 2 [24]. For the metal com-
plexes 5-12, N(3) is usually shielded upon solvation, too, but either to a lesser or to
a larger extent, so that the solvent effect on the coordination shifts is rather unsyste-
matic (compare corresponding entries in Tables 3 and 5). The estimated solvent effect
on the coordination shift A6(*N) for N(3) amounts to +2.2 and +0.1 ppm for 11 and
12, respectively (BP86 data), which does not reduce the deviation from experiment. For
the 'H nuclei, much smaller solvent effects on the coordination shifts are computed,
which rarely exceed 0.2 ppm (7able 4). In summary, solvation effects can affect the
chemical shifts themselves (see Table 2), but tend to be of lesser importance for the
coordination shifts upon complexation (compare Tables 3 and 5).

According to the data in Table 5, the *’Ru nuclei in 6 and 7 are deshielded upon sol-
vation, by up to ca. 200 ppm (B3LYP for 6), while the '“Rh nucleus in 8 is shielded by
ca. 400 ppm. Unfortunately, there are no experimental data for comparison.

Table 5. Computed Coordination Shifts (in ppm, II' basis) for Complexes 5-12 Including Bulk Solvation Effects
Modeled by a Polarizable Continuum (parameters for water employed)

Compounds Level?) N(3) N(1) 4-H 1-Me?) 2-Me?) Metal
5 BP86 -37.1 10.2 0.4 0.2 0.3 -
B3LYP —38.9 6.2 0.4 0.2 0.5
6 BP86 —34.1 6.7 0.6 0.2 0.5 4827°)
B3LYP —40.6 84 0.7 0.2 0.4 5918)
7 BP86 -31.9 5.6 0.4 0.0 -02 4742b)
B3LYP —36.8 6.9 0.8 0.0 -02 5820)
8 BP86 -272 2.1 0.8 0.3 0.4 -
B3LYP —29.6 3.1 0.8 0.2 0.3 7521°)
9 BP86 —48.8 3.9 0.3 0.3 0.5 -
B3LYP -522 4.8 0.5 0.2 0.7
10 BP86 —445 3.7 0.3 0.2 0.1 -
B3LYP —47.9 5.8 0.3 0.1 0.1
11 BP86 —54.9 35 0.2 0.2 0.1 -
B3LYP —62.5 2.6 0.2 0.2 0.1
12 BP86 —53.0 4.4 0.0 0.2 0.0 -
B3LYP —61.0 5.9 0.1 0.2 0.1

a) AS('H). ®) 8(*Ru). @ 9(1®Rh).
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3.3. Scalar Relativistic and Spin-Orbit Effects. Proper treatment of relativistic effects
in the calculation of molecular properties is an active area of research [4]. We have used
the popular ZORA approach (as implemented in the ADF program and together with
the BP86 functional), which has been shown to hold great promise for NMR properties
of heavy elements [38]. Other methods of including relativistic effects into NMR
shielding calculation have been proposed in the literature, for instance, using varia-
tional or perturbational Pauli schemes, and/or suitable ECPs at the heavy nuclei
[89][90]. In particular, DFT-ECP calculations have been performed successfully for
the chemical shifts of ligand nuclei in the coordination sphere of transition metals
[30][89][90]. What makes ZORA very attractive based on theoretical grounds is that
it avoids rather than circumvents the fundamental stability problems of the Pauli oper-
ator [62].

It is well-known that scalar and often SO relativistic effects have to be included for
even a qualitative understanding of the chemical shifts in systems containing heavy ele-
ments [50]. In particular, 6 values for lighter NMR nuclei bonded to such heavy ele-
ments can be strongly affected by SO coupling, according to a Fermi-contact mecha-
nism, which is now well understood (see, e.g., [91]).

Calculated NMR shieldings can be very sensitive to the size of the basis set, even
with a distributed-gauge method like GIAO. In first orienting calculations for cisplatin,
we have tested two Slater-type basis sets, one of TZP quality on all atoms, and a locally
dense one with TZP basis just on N- and metal atoms, and DZP basis on the remainder
(denoted TZP’). As can be seen from the data in Table 6, there are only minor differ-
ences in the N shifts and Pt shieldings with these two basis sets. On going from the
full TZP basis to TZP’, the ZORA and ZORA-SO results differ by just ca. 6 ppm for
6(**N), and by 44 and 34 ppm, respectively, for 6('*Pt). As these are relatively minor
differences, we have employed the mixed TZP’ basis for all further ZORA calculations
due to its lower computational cost.

Table 6. Calculated N-NMR Chemical Shifts and ' Pt Shielding Constants (in ppm) for Cisplatin (cis-
[PtCL,(NHs),]) with Different Basis Sets (see Methodology)

Method TZP TZP'

O(°N) o(**Pt) o(°N) a("*Pt)
NREL —387.8 2118 - -
ZORA —371.9 3002 —365.9 2958
ZORA-SO —390.3 3270 —384.2 3236
d(exper.) —426.8%) - - -

9) From [67] (converted from the NH,NO;/HNO; to the MeNO, scale with a conversion factor of —359.0 ppm
[76]).

For the complexes of this study, scalar relativistic effects are small for N nuclei (ca.
2-3 ppm; compare ZORA and NREL values in 7able 7). Similar results are obtained
for 5-10, when, in the non-relativistic BP86/II" (or B3LYP/II') calculations (see Table
2), the all-electron basis on the metal is replaced by a relativistically adjusted ECP.
Likewise, fairly small scalar relativistic effects are found for the metal shifts, ca. 17—
30 ppm (Table 7). SO Effects on N(3), as expected, increase from 5 to 12 (compare
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Table 7. Computed "N-NMR Coordination Shifts and Metal Chemical Shifts at Non-Relativistic, ZORA, and
ZORA-SO Levels (in ppm)?)

Complex Method N(@3) N(1) Metal
5 NREL —41.9 4.0 -
ZORA —42.3 4.7 -
ZORA-SO —41.9 4.8 -
6 NREL —-39.5 4.7 4277%)
ZORA —-39.2 3.1 4111%)
ZORA-SO —56.6 23 4014%)
7 NREL —35.8 3.8 4211%)
ZORA —-354 23 4116%)
ZORA-SO —47.8 1.9 4018%)
9 NREL —55.7 3.1 -
ZORA —-57.3 25 -
ZORA-SO —70.7 3.6 -
10 NREL -51.5 4.5 -
ZORA -50.8 3.9 -
ZORA-SO —59.3 3.9 -
1 NREL —-572 3.1 —1963¢)
ZORA —53.1 1.1 —2024°)
ZORA-SO —75.3 0.5 —2068°)
Exper. —108.5 3.1 —2061°)
12 NREL -50.9 42 —1984¢)
ZORA -50.7 2.5 —2054¢)
ZORA-SO —64.6 2.6 —2104°)
Exper. —100.1 3.8 —2069°)

) TZP basis for NREL, and TZP’ basis for ZORA and ZORA-SO levels. ®) 6(”Ru). ¢) 5('*Pt).

ZORA-SO and ZORA values in Table 7). For instance, the SO effect is just 0.4 ppm in
complex 5, whereas it is ca. 8—16 ppm for the complexes from 6—10, and up to 22 ppm
in 11. SO Effects on N(1) are invariably small, up to ca. 2 ppm. Interestingly, the "N(3)
signal can be quite strongly influenced by SO effects in the 4d complexes (e.g., for 6 and
9). For §(”Ru), the effect of SO coupling affords an increased shielding, by about — 100
ppm for complexes 6 and 7. For 6(*”Pt) in 11 and 12, SO effects are also shielding,
between ca. —60 and — 80 ppm. Relative to the large **Pt chemical-shift range, these
effects are quite small. Clearly, the use of cisplatin as primary reference is beneficial
in these cases, because the relativistic effects on the absolute shielding constants (see
Table 6) are very similar for these closely related systems.

For the metal-coordinated N(3)-atom, the accord between computed and experi-
mental coordination shifts improves when the spin-orbit effect is included. For
instance, on going from ZORA to ZORA-SO, the deviation between theory and
experiment for this nucleus decreases from ca. 55 to 33 ppm for 11, and from ca. 50
to 36 ppm for 12.

The reasons for these remaining discrepancies are not fully clear at the moment.
According to the PCM results from the preceding section, solvation effects do not
appear to be a major source for this error.

For the 4d complexes 610, no experimental "N-NMR data are available for com-
parison. In light of the results for 11/12, the predicted coordination shifts for N(3), ca.
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—57,—48, —71, and — 59 ppm for 6, 7, 9, and 10, respectively (ZORA-SO values from
Table 7), are, in an absolute sense, probably lower limits. Whereas it is well-known that
SO coupling has a significant effect on NMR properties of nuclei bonded to 5d ele-
ments such as Pt, Au, and Hg [38][78][92], the extent of this effect is also remarkable
for the 4d complexes of this study. This result is significant for further computational
work dealing with transition metal complexes of biological interest that contain differ-
ent metals and coordination environments. Concerning the question whether nonrela-
tivistic or scalar relativistic approaches are still useful for calculating 6(°N) of N
directly coordinated to a 4d metal such as Pd, Ru, and Rh, we now show that SO effects
are also significant for these species. In this case, our findings can be rationalized by the
large s-character of the metal-N bond with its sp>-hybridized N-atom that allows for a
particularly effective Fermi-contact interaction, thus producing a large SO coupling for
the 5d complexes, and also to a notable one for the 4d species. Less pronounced effects
are expected for ligands with weaker o-donor capability or less s-character in the bond.

Complex 8 is rather large for a ZORA-SO calculation. To estimate the SO effects,
we performed calculations on a smaller model complex [Rh,(OAc),(NCH),] (15) with
HCN instead of dimetridazole (1) ligands (see Fig. 3). Because the metal-N bond has a
larger s-character in 15 compared to that in the complex with 1, the resulting SO effects
on 8(N) and o('®Rh) in the model should be upper limits for the actual effects in 8.
The scalar relativistic effects are deshielding by ca. 6 and — 150 ppm for 6("°N) and
o('®Rh), respectively (compare 6(NREL) and 6(ZORA) values in Fig. 3)2). Similarly
large, but shielding SO effects are found for both nuclei, ca. — 5 and 170 ppm for 6(*°N)
and o('”Rh), respectively (compare 6(ZORA) and 6(ZORA-SO) values in Fig. 3).
Only small total relativistic corrections are, thus, predicted for A6(*’N) and 6('”Rh)
for 8.

The SO effect on the '”Rh shielding constant in 15 is noteworthy, but is relatively
small, given that, in this complex, the metal itself is bonded to a heavier nucleus, namely
the second Rh-atom. In previous theoretical studies of NMR parameters of systems

Ko o

Method S(1°N) o{'""Rh)

NREL/TZP —141.4 —4880
‘l. i ZORATZP =135.0 =5025
j‘"; ZORA-SO/TZP' -140.4 4855
15
Fig. 3. Structure of the model complex 15 ([Rh,(OAc),(NCH),], together with computed °N-NMR chemical

shifts and ' Rh magnetic-shielding constants obtained at non-relativistic, ZORA, and ZORA-SO levels.
Values in ppm.

2)  Note the different sign convention for ¢ and J: increased shielding manifests itself in an increased o value,
but in a decrease in the chemical shift, d.
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with metal-metal bonds, the computed values emerged as a delicate interplay between
features of the metal-metal bond, relativistic effects, the influence of the ligands, and
the influence of the solvent (this is seen, e.g., in the case of Pt,Pt coupling constants,
which can differ by a factor of 10 for chemically closely related dinuclear Pt complexes
[93]). Assuming that the relativistic effects on o(***Rh) in the model system 15 is also
transferable to the phosphite derivative 13, only a small correction (which would
only apply to this system, not to any mononuclear reference compound) of —25 ppm
would result for the computed 8('Rh) value (vide infra). The (*’Ru) [94] and
6('™Rh) [95] values in larger sets of metal complexes have recently been studied
with the ZORA method.

4. Conclusions. — We have presented a computational study of geometries and NMR
chemical shifts of a number of transition-metal complexes with the dimetridazole (1)
ligand. The chosen species are prototypical representatives of the large family of
metal-nitro-1H-imidazole complexes, which are of interest due to their physiological
properties and pharmacological relevance as potential radiosensitizers. In those cases
where 'H-, “N-, and >Pt-NMR data are available, the observed ¢ values or coordina-
tion shifts, Ad, are reasonably well reproduced at the GIAO-B3LYP or -BP86 levels
employing BPS86/ECP1 geometries, provided relativistic effects are taken into account.
The latter have been included using the popular ZORA approach including spin—orbit
(SO) coupling. SO Effects are particularly important for 6(*’N) of the metal-coordi-
nated N atom, where they can exceed 20 ppm. Relativity in particular can thus serve
as a ‘magnifying glass’ for subtle changes in the electronic structure of metal-N
bonds. Scalar relativistic and geometrical effects, as well as solvation effects modeled
using a polarizable continuum method, are indicated to be of lesser importance in
this case.

In those cases where not all chemical shifts have been reported yet, our computed
values may serve as reliable predictions, which can be helpful as guidance for eventual
experimental detection. This is especially true for the 8('*Rh) and 6(*’Ru) values,
which are indicated to be very sensitive NMR probes for the complexes under scrutiny,
and which appear to be within reach of modern NMR techniques. Quantum-chemical
calculations as those presented here can be a valuable ingredient in the study of metal-
nitro-1H-imidazole complexes. Such calculations provide a better understanding of
structure and bonding in these complexes, and complement multinuclear NMR spec-
troscopy as an important tool for their characterization in solution.
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