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ABSTRACT: Two novel Pt" complexes of aromatic cytokinins with possible
antitumor properties were prepared by reaction of selected aminopurines with
K,PtCls. The structures of both complexes, 9-[6-(benzylamino)purine] penta-
chloroplatinate (IV) and 9-[6-(furfurylamino)purine] pentachloroplatinate (IV),
were characterized in detail by using two-dimensional NMR spectroscopy (‘H,
B¢, N, and "°Pt) in solution and CP/MAS NMR techniques in the solid state.
We report for the first time the X-ray structure of a nucleobase adenine derivative
coordinated to Pt" via the N9 atom. The protonation equilibria for the complexes
in solution were characterized by using NMR spectroscopy (isotropic chemical 0
shifts and indirect nuclear spin—spin coupling constants) and the structural
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conclusions drawn from the NMR analysis are supported by relativistic density-

functional theory (DFT) calculations. Because of the presence of the Pt atom, hybrid GGA functionals and scalar-relativistic and
spin—orbit corrections were employed for both the DFT calculations of the molecular structure and particularly for the NMR
chemical shifts. In particular, the populations of the N7-protonated and neutral forms of the complexes in solution were
characterized by correlating the experimental and the DFT-calculated NMR chemical shifts. In contrast to the chemical exchange
process involving the N7—H group, the hydrogen atom at N3 was determined to be unexpectedly rigid, probably because of the
presence of the stabilizing intramolecular interaction N3—H:--ClL The described methodology combining the NMR spectroscopy
and relativistic DFT calculations can be employed for characterizing the tautomeric and protonation equilibria in a large family of

transition-metal-modified purine bases.

1. INTRODUCTION

Since the discovery of cisplatin in the 1960s," great efforts have
been expended on the preparation of various transition-metal
complexes with potential antitumor activity. The main goal of
these investigations was to suppress the negative effects of
cisplatin (e.g., neurotoxicity, nephrotoxicity, nausea).” A myriad
of new Pt"" complexes have been prepared and characterized.> >
The search for complexes with potential antitumor activity
soon broadened the field to include various transition metals
which can serve as Pt" substitutes. Pd" complexes are very
important analogs of Pt complexes, with several examples
showing very promising properties.é’7 However, one should
keep in mind that Pt shows strong antitumor effects not only in
oxidation state II. Similar properties have been reported for Pt'""
complexes.® Their anticancer activity has been known for a long
time,” but they have been studied less extensively than their Pt"
analogs. However, a recent renaissance of pt" investigations
has been stimulated by efforts to overcome the pharmacological
problem of the high toxicity of cisplatin.'®

In comparison with cisplatin complexes, their Pt" analogs
consist of six-coordinate Pt" octahedral units. Because of this
coordination geometry, ligand substitution is done mainly by a
dissociative mechanism instead of the associative action that
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takes place in Pt complexes (e.g, cisplatin). Hence the
replacement of the ligand is more demanding in the Pt"
complexes."" As a matter of fact, this modification induces
greater stability, which is desirable for achieving lower toxicity
than cisplatin, and for potential oral bioavailability. Unfortu-
nately, the steric arrangement of the Pt" is less favorable for
interaction with double-stranded DNA. Despite this fact, Pt"
complexes show strong antitumor properties.'> This contra-
diction can be rationalized by anticipating in vivo reduction of
the PtV to Pt", which is more likely to interact with genetic
material."> In other words, the lower toxicity and relative
inertness of Pt compounds can be used to overcome a crucial
drawback of cisplatin applications by getting the drug to the
desired place in the tissue before the Pt" complex which can
interact with DNA is generated, thus minimizing the unwanted
side effects. On the basis of this idea, a range of Pt complexes
have been reported, characterized, and tested for their
biological effects.*'¢

Purine nucleobases and purine analogs are very promising
as ligands of both Pt" and Pt"V complexes'”'® and could also
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serve as appropriate models for better understanding
interactions with DNA. A special class of purine derivatives,
the aromatic cytokinins,'” work as plant-growth promoting
substances™ by regulating cell division.”' 6-Benzylaminopurine
(BAP) is probably the most extensively investigated represen-
tative of this group (Figure 1). BAP derivatives and their
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Figure 1. Structure and numbering scheme for 6-benzylaminopurine
(BAP) and 6-furfurylaminopurine (kinetin, KIN).

transition-metal complexes have been tested for cytotoxic-
ity">** and are reported to be promising inhibitors of cyclin-
dependent kinases (CDK). 6-Furfurylaminopurine (Kinetin,
KIN, Figure 1), another member of this class of compounds,
was isolated from autoclaved DNA as the first purine-based
cytokinin in 1955.** It was considered to be only an artificial
product until it was found to be present in plant tissue> and
even in human urine’® Kinetin has been shown to have
significant antiaging properties®” and is currently widely used in
the cosmetics industry.

While noting the biological relevance, one should keep in
mind the crucial roles of the protonation, tautomerism, and
proton-exchange processes which are characteristic of purine
derivatives. Generally, proton transfer phenomena are the
keystones for a myriad of important biomolecular processes in
living tissue.”® The protonation equilibria of the nucleobases
are fundamental to their biological functions in several highly
important biological systems, such as nucleic acids* (e.g, mode
of base pairing), energy storage systems (e.g, enzymatically
catalyzed ATP hydrolysis or synthesis), and reaction catalysts in
biosystems. The biological implications of these tautomeric and
protonation phenomena have been investigated thoroughly
over the years.’>*! Protonation of a nucleobase changes the
distribution of the electron density in the purine ring, thus
affecting the aromaticity and charge distribution of the
molecule, which subsequently results in dramatic differences
in reactivity between the deprotonated, neutral, and protonated
forms. Further, the different forms are capable of creating
different hydrogen-bonding patterns, resulting in variations in
the stability of the supramolecular assembly, for examgle, the
stability of systems containing A-T or G-C base pairs.’

Determination of the protonation patterns and coordination
sites thus plays a crucial role in the chemistry of purine bases
and their complexes.'”>> Knowledge of their protonation
equilibria allows us to interpret and predict their modes of
binding to biological targets (nucleic acids, proteins)**** and to
better understand the biological processes in living organisms.

In this contribution, we investigate the Pt" coordination and
protonation sites for BAP and KIN using state-of-the-art
structural approaches that combine X-ray diffraction and NMR
spectroscopy in solution and in the solid state with relativistic
DEFT calculations of structures and NMR parameters. Our data
have unequivocally established the structures of compounds 1;
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9-[6-(benzylamino)purine] pentachloroplatinate (IV),
[PtVCI;BAPH]; and 2; 9-[6-(furfurylamino)purine] penta-
chloroplatinate (IV), [Pt"'CI;KINH]; shown in Figure 2. We
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Figure 2. Structure and numbering scheme for compounds 1 and 2.

report for the first time an X-ray characterized coordination
bond between platinum(IV) and nitrogen atom N-9 of the
purine base. In addition, the protonation patterns characterized
here clearly contrast with those reported previously.>**®

2. EXPERIMENTAL SECTION

2.1. Chemicals and Preparation of Compounds 1 and 2.
K,PtCly was purchased from Safina, 6-benzylaminopurine and kinetin
(6-furfurylaminopurine) were supplied by Fluka, and N,N-dimethyl-
formamide-d, (99.9% D) for NMR spectroscopy was purchased from
Sigma-Aldrich and used without further purification. Infrared spectra
were measured on a Bruker Vertex 80v spectrometer.

9-[6-(Benzylamino)purine] Pentachloroplatinate (V). 6-Benzyla-
minopurine (0.11 g, 0.5 mmol) was dissolved in 2 M HCI (50 mL)
and added to a solution of K,PtCl (0.24 g, 0.5 mmol) dissolved in 2
M HCI (30 mL). The solution was stirred under reflux at S0 °C for
4 h. The yellow precipitate of compound 1 was filtered, washed with
water, and dried in air. Compound 1 was obtained in 60% yield. The
crystal for single-crystal X-ray diffraction analysis was prepared by
recrystallizing compound 1 from dimethylformamide (DMF). The
DMF was evaporated at low pressure in a sealed vessel connected to a
vacuum pump. The crystals were kept in the absence of light with the
drying agent P,O,, present in the vessel.

IR (v, em™): 3310 (N—H), 3055 (C,—H), 1645 (C=N), 538
(Pt—N), 364 (Pt—Cl).

'H, BC, and "N NMR chemical shifts of the purine moiety are
summarized in Table 1; chemical shifts of the benzyl part: '"H NMR
(6, ppm): 4.98 (H11, d, *J_yy = 6 Hz, 2H), 7.28 (H15, t, *Jiy1s_p114 =
7.2 Hz, 1H), 7.35 (H14 and H16, dd, *Jiy141113 = 7.5 Hz, Jacmns =
7.2 Hz, 2H), 7.47 (H13 and H17, d, ¥ig13_114 = 7.5 Hz, 2H); *C (5,
ppm): 45.3 (C11), 128.3 (C15), 128.8 (C13 and C17), 129.6 (C14
and C16), 139.1 (C12); Pt (5, ppm): 120.

9-[6-(Furfurylamino)purine] Pentachloroplatinate (IV). Com-
pound 2 was prepared analogously to compound 1. Kinetin (0.10 g,
0.5 mmol) was dissolved in 2 M HCI (20 mL) and added to a solution
of K,PtClg (0.24 g, 0.5 mmol) dissolved in 2 M HCI (30 mL). A
yellow powder was obtained in 90% yield.

IR (v, em™): 3300 (N—H), 3045 (C,—H), 1640 (C=N), 542
(Pt—N), 368 (Pt—Cl). 'H, *C, and >N NMR chemical shifts of the
purine moiety are summarized in Table 1; chemical shifts of furfuryl
part: '"H NMR (§, ppm): 5.00 (H11, d, ¥Jy_y = 5.3 Hz, 2H), 643
(H13, multiplicity unresolved, 1H), 6.49 (H14, unresolved, 1H), 7.65
(H18, unresolved, 1H); *C (5, ppm): 38.5 (C11), 108.7 (C13), 111.2
(C14), 143.4 (C15), 151.6 (C12); Pt (5, ppm): 108.

2.2. NMR Spectroscopy in Solution. The 'H, *C, and N
NMR spectra were recorded on a Bruker Avance 500 spectrometer
operating at frequencies of 500.13 MHz (*H), 125.77 MHz (*C),
and 50.68 MHz ("N). The compounds were dissolved in
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Table 1. 'H, "*C, and "N NMR Chemical Shifts (ppm) for

Compounds 1 and 2 at 303 K
1 2
solid DMEF with solid DME with

atom state DMEF HCI state DMEF HCI
C2 148.8 148.7 147.3 149.4 146.0 147.2
C4 140.7 144.4 142.3 141.0 143.8 142.7
CSs 111.0 120.1 113.1 111.2 117.9 114.3
Cé6 1522 156.1 153.5 152.5 155.0 153.8
C8 144.2 149.4 145.3 145.8 148.5 146.2
N1 227.7 2252 227.7 229.0 226.6 228.1
N3 152.7 153.5 152.9 153.1 153.8 153.4
N7 165.4 227.2 180.8 164.5 211.2 185.3
N9 141.5 136.9 144.0 141.0 139.8 144.0
N10 121.5 106.9 a 119.0 10S8.5 114.7
H2 b 8.73 891 b 8.84 8.92

H8 b 8.38 9.18 b 8.62 9.07

“Not observed. ’Not measured.

N,N-dimethylformamide-d, at concentrations of S mg/mL for 1 and
15 mg/mL for 2. The 'H and *C NMR chemical shifts (§ in ppm)
were referenced to the signal of the solvent [8.01 ppm for residual
DMEF-dg (*H); 162.7 ppm for DMF-d, (*C)]. The "N NMR chemical
shifts were referenced to external 1 M urea in DMSO-dg (77.0 ppm)*’
and are reported relative to liquid ammonia.***° The Pt NMR spectra
were recorded on a Bruker Avance 300 spectrometer operating at
frequencies of 300.13 MHz for 'H and 64.52 MHz for *>Pt. [PtCl]*~
in D,O was used as an external reference (0 ppm).** The NMR
spectra were obtained at temperatures between 233 and 303 K, as
specified in the text. A set of 2D NMR experiments was used to assign
the individual 'H, *C, and N resonances: 'H-13C gs-HSQC,A'l’42
'H-BC gs-HMBC,”* 'H-3C GSQMBC, and 'H-""N GSQMBC.*

2.3. Solid-State NMR Spectroscopy. The solid-state NMR
experiments were performed at ambient temperature on a Bruker
AVANCE 500 spectrometer operating at frequencies of 500.13 MHz
for 'H and 125.77 MHz for *C. A Bruker 4 mm CP/MAS probe was
used for all of the measurements. The *C CP/MAS spectra were
recorded with a 3 ms contact time and an optimized recycle delay of
20 s for 1 and 30 s for 2. The ramped-amplitude (RAMP) shape pulse
was used during the cross-polarization and two-pulse phase-modulated
(TPPM) decoupling during the acquisition. A CPPI experiment was
performed to assist in assigning the *C NMR chemical shifts.
Crystalline a-glycine was used as a secondary reference (8, = 176.03 ppm
for *Cc_q and &, = 34.1 ppm for I5N)) 4647

2.4. Single-Crystal X-ray Diffraction. The diffraction data were
collected with a Kuma-KM4 four-circle k-axis diffractometer equipped
with a CCD detector and an Oxford Cryostream Cooler (Oxford
Cryosystems, U.K.). Molybdenum Ka radiation (4 = 0.71073 A,
monochromator Enhance, Oxford Diffraction, U.K.) was used for all
measurements. We performed the @-scan technique with different
values of k and ¢ to cover the entire independent part of the
reflections. Data collection, cell parameters, data reduction, and
correction procedures were carried out using the programs CrysAlis
CCD and CrysAlis RED (Oxford Diffraction, UK.). The phase
problem was solved by direct methods using the program SIR2002.**
The program SHELXL-97* was used to refine the structure by using a
full-matrix least-squares procedure on F?. All non-hydrogen atoms
were refined as independent atoms using anisotropic thermal
parameters. All of the H atoms were located in a difference map
and refined using a riding model. The crystal had a block shape and
was orange. The dimensions of the crystal were 0.25 X 0.20 X
0.15 mm.

Crystal data for 1: CCDC no. 827979, P2,/n, a(A) = 15.1279(4),
b(A)= 8.3336(3), c(A) = 20.7956(6), f(deg) = 100.496(3), Z = 4,
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V(A) = 2577.83(14), T(K) = 120(2), Pmin/mex (e/A3) = —0.661/
1.648, R, = 0.0228, Ry = 0.0287, reflections collected: 29609,
independent reflections: 4528, observed reflections (I > 26(I)): 3875,
number of parameters: 302, absorption correction type: multiscan, y =
5992 mm™, T, = 0469, T, = 1.000.

2.5. DFT Calculations. Geometry optimizations were performed
at the density-functional theory (DFT) level using a B3LYP***'
functional with a 6-31G* basis set for light atoms>> and relativistic
effective core potentials (ECP60MDF and ECP60MDF_wcVTZ) for
platinum.>* A harmonic frequency analysis was performed to verify the
calculated energy minima. The geometry optimizations were
performed using the Gaussian 03 package™® and the optimized
structures were used to further calculate the nuclear magnetic shielding
using the Gauge Including Atomic Orbitals (GIAO) method.>® A
B3LYP functional and an ECP60MDEF with a cc-pVTZ-PP basis set
were used for platinum and an IGLO-III-UT3 basis set for light
atoms.***” The polarizable-continuum model (PCM)***° with
standard GO3 parameters for DMF was used to calculate both the
geometry and the nuclear magnetic shielding.

The all-electron approach with a zeroth-order regular approxima-
tion and incorporating spin—orbit coupling (ZORA-SO)*®' as
implemented in the ADF-2009% program was used. The PBEO hybrid
GGA functional with a somewhat increased exact-exchange admixture
(30%)*” and a TZP basis set from the standard ADF library were
employed. A COSMO model®® (with standard ADF parameters for
DMF) was used to simulate the effects of the solvent on the nuclear
magnetic shielding.

3. RESULTS AND DISCUSSION

Compounds 1 and 2 were each prepared in one step by mixing
the corresponding base with K,PtCls under acidic conditions.
The general structure of these complexes can be described as
the zwitterion [Pt"'CI;LH] where LH* represents the
protonated ligand (BAP or KIN) compensating the negatively
charged PtCl unit. Generally, characterizing the protonation
patterns of the purine bases in solution is complicated by
equilibria among several forms. To eliminate this behavior, we
started by characterizing the structure in the solid state using
solid-state NMR spectroscopy and X-ray diffraction.

3.1. Solid-State Structure. The *C NMR chemical shifts
(see Table 1) were obtained from a CP/MAS experiment and
assigned with the help of CPPI (see Experimental Section).
The chemical shifts obtained for the bridgehead carbons C4
and CS5 indicate that the nitrogen atoms N3, N7, and N9 are
either trapped in the Pt—N coordination bond or protonated
(see Table 1). In contrast, the chemical shift of C6 points to the
presence of a bare (nonsubstituted) nitrogen atom N1.*®

To obtain additional information about the suggested
pattern, the "N CP/MAS spectrum at the natural abundance
of the "N isotope was measured. Two of the five observed "N
resonances can be assigned easily on the basis of their chemical
shifts. The only resonance with a chemical shift exceeding
200 ppm—indicating that this nitrogen is bare*®**—was
assigned to N1.

This assignment is consistent with the NMR measurements
in solution and the results of the X-ray diffraction analysis (vide
infra). The second signal of this pair is that of the NH group in
the benzylamino-(furfurylamino-) side chain, with a chemical
shift located at 6 ~ 120 ppm. The other three signals fall into
the range of 140—165 ppm, which points to the involvement of
these nitrogen atoms in protonation or com};)le;caztion.38‘39 The
N NMR resonance at ~141 ppm differs from the remaining
two resonances by a line width (signal broadening). This
phenomenon is attributable to spin—spin coupling with the
9Pt (indirect nuclear spin—spin coupling, not resolved).
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On the basis of findings obtained from X-ray diffraction and NMR
spectroscopy in solution (vide infra), this signal was assigned to
the N9 atom. The two *N resonances at ~153 ppm and ~165 ppm
cannot be assigned experimentally in a straightforward way.
Therefore, solution-state NMR data and DFT calculations of
the chemical shifts were used to assign these resonances (see
following sections 3.2 and 3.4).

In addition, the structure of compound 1 in the solid state
was characterized by single-crystal X-ray diffraction. A suitable
single crystal was prepared by crystallizing compound 1 from
dimethylformamide to yield the solvate 1:(DMF),. In
accordance with the solid-state NMR measurements, the
molecular structure was confirmed to consist of BAPH" and
octahedral [PtCls]™ units coupled together by a bond between
N9 and Pt. To the best of our knowledge, this is the first report
unequivocally charaterizing any purine base modified with Pt"
at position N9. The molecular structure of compound 1
determined by X-ray diffraction is shown in Figure 3.
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Figure 3. ORTEP drawing of the molecular structure of Pt" CI;BAPH
(1) with atom numbering; the stabilizing intramolecular N—H---Cl
interactions are highlighted.

Intramolecular hydrogen bonds between N3—H and the CI3
and Cl4 atoms are highlighted in the figure, and their role in
stabilizing the hydrogen atom at N3 in solution is thoroughly
discussed in the following chapter. A portion of the crystal
structure with selected intermolecular hydrogen bonds and
m—r stacking interactions is shown in Figure 4.

Figure 4. Crystal packing for 1:(DMF),.
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The crystal structure is stabilized by the hydrogen bonding
of the oxygen atom of DMF with two N—H groups of the
complex (N7—H and N10—H). In addition, z—x inter-
action between the purine ring and the benzyl moiety of
the neighboring molecule stabilizes the crystal structure of
1-(DMF),.

3.2. Structure in Solution. Although the protonation
pattern in the solid state has been determined by comple-
mentary analysis using X-ray diffraction and solid-state NMR
spectroscopy, the protonation model in solution can be
substantially different from that observed in the solid state. In
principle, the presence of three nitrogen protonation sites in
the purine core (N1, N3, and N7; N9 is occupied by the Pt
atom) together with the two imino protons (for the neutral
complex) can generate three tautomeric forms A, B, and C (see

Figure 5).
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Figure S. Three theoretical tautomers for the N9-platinated neutral
complexes 1 and 2.

To characterize the structures of 1 and 2 in DMF solution
unequivocally, we performed extensive NMR analysis employ-
ing 'H, BC, ®N, and **Pt nuclei. The 'H and ®C NMR
resonances were assigned on the basis of gradient-selected
HSQC, gs-HMBC, and GSQMBC experiments (see Table 1).
The results correlate nicely with the assignments for other
purine derivatives reported previously,'®3336+65

The signal of H8 is somewhat broadened because of the
chemical exchange processes occurring in the DMF solution at
ambient temperature. However, the H8 resonance is notably
sharpened at a temperature of 233 K, allowing the unequivocal
assignment of H8 based on its specific long-range 'H-">C
interaction with the characteristically shielded signal of CS (for
experimentally obtained indirect nuclear spin—spin coupling
constants, see Table 2).

Table 2. Selected Indirect Nuclear Spin—Spin Coupling
Constants J;g (Hz) for Compounds 1 and 2

1 2

1-S DMF DMF with HCI DMF DMF with HCI
H2-C4 8.0 8.6 8.0 8.3
H2-C6 119 12.6 11.7 12.0
H8-C4 8.1 9.4 8.8 9.3
H8-Cs5 11.1 8.4 10.2 8.5
H2-N1 15.0 14.5 14.6 14.5
H2-N3 7.4 74 7.0 7.4
H8-N7 14.8 7.9 10.5 8.4
H8-N9 7.8 74 8.4 8.0
H8-Pt 8.9 12.7 9.5 12.6
C8-Pt 18.0 a 19.3 a
N9—-Pt a 330.0 340.0 328.0

“Not observed.
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In addition, we obtained satellite signals for H8 arising from
its indirect spin—spin interaction with Pt-195 Clpeps =
8.9 Hz). Portions of the '"H NMR spectra for compound 2 in
DMEF-d, and in DMF-d, to which a of drop of HCI has been
added highlight the shift of the H8 resonance and are shown in
Figure 6. The fact that no interaction between H2 and Pt was

DMF + HCl  po

H8

ppm

9.1 9.0 8.9 8.8 8.7

ppm

Figure 6. Portion of the "H NMR spectrum of compound 2 recorded
in DMF-d, (bottom) and DMF-d,+HCI (top) at 283 K: notice the
195pt satellites of the H8 resonance.

observed unambiguously confirms the coordination of the Pt
atom to the imidazole part of the purine system. Further, the
observation of '*’Pt satellites for carbons C4 (only partially
resolved) and C8 (*Jp._c = 18 Hz) indicates that Pt is
coordinated at the N9 atom, in accordance with the solid-state
structure characterized by using X-ray diffraction.

To further support our findings and to obtain additional
information about protonation patterns in solution, "N NMR
spectra at the natural abundance of the N isotope were
measured indirectly using 'H-'’N long-range chemical shift
correlations. A portion of the 'H-*N GSQMBC spectrum for
compound 2 measured at 283 K is shown in Figure 7. We

ppm
140 - H2/N3 =
(J =7 Hz)
P A/ H8/N9
60 (J = 8.4 Hz)
o o
N9/Pt
oG (J = 340 Hz)
180 - : ~
o HB/N7
(J = 10.5 Hz)
H2/N1 :
220 @ =146H2)
SF——1
BAIBS 8.&0 3_1,5 BJ?D a.lss BAIGO ppm

Figure 7. Portion of the 'H-""N GSQMBC spectrum of 2 in DMF-d,
at 283 K with additional details of the N9—HS correlation highlighting
the N—'"Pt interaction.

observed the signals of all four nitrogen atoms of the purine
skeleton in the "H-""N GSQMBC spectrum recorded at 283 K,
but the signal of N10—H was missing from the spectrum.
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However, this resonance was detected, when the same
experiment was performed at 263 K. Generally, the observed
SN NMR chemical shifts (see Table 1) were very similar to
those measured in the solid state with one exception, where a
dramatic difference was obtained (vide infra).

The most shielded "N resonances occurred at 136.9 ppm for
1 and 139.8 ppm for 2, correlating with the H8 signals and
clearly showing resolved '**Pt satellites (see Figure 7). These
have been straightforwardly assigned to the respective N9
atoms. A detailed examination of the 'H-'*N chemical shift
correlation spectra showed a weak four-bond interaction of the
N9 resonance with H2 (YJyo_sp = 1.5 Hz).>*®° This
unequivocally confirmed the assignment of the N9 resonances
because the five-bond H2—N7 interactions are vanishingly
small and typically are not observed for purine-based
compounds. As a consequence, the second '°N signal of the
imidazole part correlating with H8 must belong to the N7
atom. However, we observed a dramatic difference between its
NMR chemical shift in solution (~ 220 ppm) and in the solid
state (~ 165 ppm). This behavior is discussed thoroughly in the
subsequent section 3.3.

From the two "N signals correlating with H2, we clearly
identified the signals at 225.2 ppm for 1 and 226.6 ppm for 2 as
belonging to N1. This assignment is based on the correlation
detected between the hydrogen atom N10—H and the atom N1
with *Jy_g = 6.1 Hz for 1 and ¥_; = 5.7 Hz for 2 (at 263K).
The chemical shifts of ~226 ppm for the N1 atom
unambiguously indicate a bare nitrogen and preclude the
presence of tautomers A and B in the DMF solution.

The second signal correlating with H2 is particularly shielded
(6 ~153 ppm) and was assigned to the protonated nitrogen
N3. The "N NMR chemical shift of N3 is almost identical in
solution and in the solid state (AS ~ 0.7 ppm) and thus seems
to be environment invariant, which suggest that any effects of
the crystal packing and solvation on the nuclear shielding are
marginal. This invariance could be explained by the presence of
some intramolecular stabilizing interaction involving the N3—H
hydrogen atom. Analysis of the X-ray structure reveals the
proximity of N3—H and two chlorine atoms of the PtCl; unit.
Because X-ray crystallography is rather inaccurate in determin-
ing the positions of hydrogen atoms, we employed DFT
calculations to investigate the possibility of such assumed
intramolecular stabilizing interactions. Because of the presence
of a heavy atom in the system we investigated, the relativistic
effects on the molecular topology calculated using DFT were
treated by using relativistic effective core potentials (ECP, for
details see Experimental Section). The interatomic distances
N3-H-+CI3 and N3-HCl4 of around 2.7 A were extracted
from the DFT-optimized structures of 1 and 2. Our value (~2.7 A)
is notably smaller than the sum of the van der Waals radii
(2.95 A) reported for H (1.2 A) and Cl (1.75 A).% This fact
together with the absence of any chemical exchange process
that would affect the N NMR resonance of the N3—H moiety
in solution points to the presence of the stabilizing intra-
molecular interactions N3-H+Cl3 and N3-H-+Cl4. Very
recently, analogous N—H---Cl interactions have been reported
for Ir'" and Ru' complexes of purine bases.®*® However, we
have not been able to characterize these interactions more
precisely by determining the electron density at the hydrogen-
bond critical point (pypcp) because of the presence of the Pt
atom in the system.

In clear contrast to the observations for the N3 signal, the
significantly deshielded '*N resonance of N-7 (§ > 200 ppm in
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DMEF solution) indicates a notable weakening of the bond N7—
H, resulting in at least partial deprotonation of this nitrogen
atom in DMF solution. This phenomenon induced us to
consider and investigate the possibility that dynamic tautomeric
and protonation equilibria might exist in DMF solution.

3.3. Protonation Equilibria in Solution. As described in
the previous section, for the four nitrogen sites of the purine
core, we assume the presence of two protonated sites N3 and
N7, one bare nitrogen atom NI, and the platinated N9.
Whereas the hydrogen atom at N3 has been confirmed to be
relatively stable because of the presence of a stabilizing
intramolecular interaction with the chlorine atoms, the
chemical shift of N7 indicates substantial lability of the N7—
H bond under the experimental conditions (DMF solution).

To influence the protonation/deprotonation equilibrium
involving the N7 atom, we added a small amount of HCI to
the DMF solutions of 1 and 2 (with final concentration <0.1 M
HCl). A dramatic change in the "N NMR chemical shift of N7,
together with changes for H8 and C5, was then observed
(Table 1). In contrast, the chemical shift of N3 was practically
unaffected by the amount of acid in the solution. Both facts
support our previous assumptions. To estimate the degree of
protonation at N7 for the two samples analyzed (in DMF-d,
and in DMF-d, with added HCI) we had to employ either
NMR titration experiments or the NMR chemical shifts
calculated for the selected atoms in two “limit” states (fully
protonated and fully deprotonated at N7). First, we tried to
reach this goal experimentally by adding acid or base to
solutions of 1 and 2. However, higher concentrations of acid
(>0.1 M HCI) led to the precipitation of the complexes,
whereas addition of the base (Na,CO;) resulted in the
decomposition of both complexes. Therefore, we turned to
an indirect approach and employed DFT calculations to
determine the NMR parameters of the two “limit” states for
each compound.

3.4. Relativistic DFT Calculations of Nuclear Magnetic
Shielding. The geometries of all of the structures were
optimized at the DFT level using the Gaussian03 package with
a B3LYP functional and a 6-31G* basis set for light atoms (see
Experimental Section). For platinum, as a heavy element, we
employed the effective core potential approach, which speeds
up the calculations as compared to the full-electron basis sets,
produces the data with similar accuracy, and, in addition,
incorporates scalar-relativistic corrections. The geometries were
first optimized in vacuo and subsequently reoptimized using the
polarizable-continuum model (PCM) with DMF as the solvent.

To support our previously formulated structural conclusion
that form C (N3H/N7H, Figure S) predominates over form A
(N1H/N3H), we calculated the heats of formation of forms A
and C (the B form is excluded because of unequivocal evidence
of protonation at the N3 atom). The differences in energy
(—=19.6 kcal/mol for 1 and —185.5 kcal/mol for 2) clearly favor
tautomeric form C (N3H/N7H), which corresponds to the
structural conclusions drawn from the experimental NMR data.

Considering the assumed partial deprotonation at N7 in
solution, we carried out calculations for a negatively charged
molecule created from tautomeric form C by subtracting the
proton from N7—H. The DFT-optimized geometries for both
of these “limit” states of 2 are shown in Figure 8.

In a subsequent step, the optimized geometries of the N3H
and N3H/N7H forms were used for GIAO nuclear magnetic
shielding calculations employing the PCM solvent model. The
presence of a heavy element (Pt), however, required that
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Figure 8. Molecular structures of the N3H (left) and N3H/N7H
(right) forms of 2 optimized at the B3LYP/ECP60MDE/6-31G* level
(for details, see Experimental Section).

relativistic corrections be incorporated in the nuclear magnetic
shielding calculations. Including scalar-relativistic (SR) effects
by applying the relativistic effective core potentials (ECPs)
improved the agreement with experiment as compared to the
nonrelativistic shielding only marginally (data not shown).

On the contrary, spin—orbit (SO) corrections to the NMR
chemical shifts”®~"* showed themselves to be quite significant,
particularly for the N9 atom directly bonded to the metal
center. We used the zeroth-order regular approximation
(ZORA), with spin—orbit coupling included (ZORA-SO), as
implemented in the ADF-2009 software (see Experimental
Section). Employing this approach diminished the difference
between the experimental and the calculated chemical shift for
the N9 atom from ~3S ppm (ZORA-SR) down to ~10 ppm
(ZORA-SO) in the case of 2, as evident from the data
summarized in Table 3.

3.5. Population of N3H/N7H Form and Population-
weighted NMR Chemical Shifts. Because the calculated
chemical shift values for atoms distant from the Pt center (e.g,,
C2, C4, and N3 with marginal SO corrections) are in accept-
able agreement with experiment for both forms (marginal
effects of protonation), we consider our approach as validated.
One should keep in mind that the theoretical NMR data are
calculated for the negatively charged N3H or the completely
protonated N3H/N7H form, whereas the experimental values
correspond to the population-weighted contributions of the
N3H and N3H/N7H forms. In the next step, the theoretical
NMR chemical shifts for the N7 atom in the two “limit” states
N3H (0% in Figure 9) and N3H/N7H (100% in Figure 9)
have been used to estimate the population of the N3H/N7H
form in the DMF and DMF+HCI solutions. The dependence of
the weighted chemical shift of the N7 atom on the population
of the N3H/N7H form (degree of protonation) for 2 is shown
graphically in Figure 9. We can estimate from Figure 9 that
the N7 atom in 2 is approximately 38% protonated in DMF
solution, while the addition of a drop of HCI increases the
population of the N3H/N7H form to 67%. Similar results were
obtained for complex 1 in DMF with HCI (71%), although a
significantly different ratio was detected for the DMF solution
(~ 15%). This seemingly different behavior for 1 and 2 in DMF
can, however, be explained in a straightforward way by the
much lower concentration of 1 in the DMF solution (because
of lower solubility), resulting in a greater degree of deprotona-
tion under these conditions.

The population of the N3H/N7H form estimated for the
DMF solution (38%) from Figure 9 was used to calculate the
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Table 3. DFT Calculated and Experimental NMR Chemical Shifts (ppm) for Compound 2 in DMF Solution

N3H form N3H/N7H form
ZORA-SR* so? ZORA-SO¢ ZORA-SR* so? ZORA-SO° weighted average experimental

c2 145.5 -1.1 144.4 146.9 -0.9 146.0 145.0 146.0
C4 144.3 —1.8 142.5 143.2 -0.9 142.3 142.4 143.8
CS 121.7 -0.5 121.2 112.6 -0.5 112.1 117.7 117.9
C6 153.4 -0.9 152.5 151.7 -1.0 150.7 151.8 155.0
C8 153.9 -2.0 151.9 146.1 -2.1 144.0 148.8 148.5
rmsd? 3.0 2.5 3.0 3.9 1.6 -

N1 229.2 -1.1 228.1 235.9 —-12 234.7 230.7 226.6
N3 153.6 —-14 152.2 153.1 -1.6 151.5 151.9 153.8
N7 247.7 —-14 246.3 156.9 -1.8 155.1 211.2 211.2
N9 173.3 —26.4 146.9 176.3 —-22.3 154.0 149.6 139.8
N10 94.4 —-1.3 93.1 119.9 —1.4 118.5 102.9 10S.5
rmsd? 22.7 17.0 30.3 26.8 5.0

“One-component ZORA (scalar-relativistic, SR). bSpin—orbit correction. “Two-component ZORA (SR+SO). dRoot—mean—square deviation.

260
240
220 -1
200 +
180 A
160
140

L

Chemical shift (ppm)

0 38 67 100
Population of N3H/NTH form (%)

Figure 9. DFT calculated "N NMR chemical shift for the N7 atom in
the N3H (at 0%) and the N3H/N7H (at 100%) forms of compound
2. The experimentally determined chemical shifts for the DMF-d, and
DMF-d,+HCI solutions are highlighted with blue and red lines,
respectively.

remaining population-weighted '*C and "N NMR chemical
shifts (see Table 3). The population-weighted averaging of
chemical shifts produced results very similar to those observed
in solution, as shown by the root-mean-square deviation
(1.6 ppm for "*C and 5.0 ppm for '*N). This in turn supports
the reliability of the DFT approach employed here and the
structural conclusions formulated.

4. CONCLUSIONS

New PtV complexes with aromatic cytokinins have been
prepared, and their coordination and protonation sites have
been determined unequivocally by NMR spectroscopy, X-ray
diffraction, and relativistic DFT calculations.

In the solid state, the structure of 1 was characterized by
single-crystal X-ray diffraction, which established that the
platinum was unprecedentedly coordinated to N9. Analysis of
the *C and "N CP/MAS NMR data unexpectedly established
that the protonation fattern is N3H/N7H—in clear contrast to
previous reports.”>>> The identical coordination/protonation
pattern (N9Pt/N3H/N7H) was determined in solution by 2D
NMR spectroscopy and DFT calculations. The inclusion of the
scalar-relativistic and spin—orbit effects was indispensable for
calculating the nuclear shielding of the individual atoms and
obtaining the theoretical chemical shifts for the individual
species (neutral N3H/N7H and anionic N3H). Clearly, the
N3H proton is very stable in solution and is scarcely involved in
the protonation/deprotonation equilibrium. The stability of the
N3H proton can be structurally rationalized by the presence of
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a stabilizing interaction between N3H and the chlorine atoms
of the [PtCl]” moiety. Surprisingly, but unambiguously, the
N7H site proved to be the most sensitive to deprotonation.
More specifically, by employing the "N NMR chemical shifts
for the N7 atom in the neutral N3H/N7H tautomer (solid-
state NMR, DFT calculations) and the anionic N3H form
(DFT calculations), the degree of protonation at N7 was
estimated to be approximately 38% for 2 in DMF solution,
which increased to about 67% when the acidity of the medium
was slightly increased. Our approach combining the exper-
imental NMR spectroscopy and relativistic DFT calculations
can be applied to a wide range of problems aiming at char-
acterizing the tautomeric and protonation equilibria in purine

ligands modified by metal binding,
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