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ABSTRACT: The speciation of platinum(IV) ions in nitric acid
(6—15.8 M) solutions of H,[Pt(OH),] has been studied by '**Pt
NMR and Raman spectroscopy. Series of aqua-hydroxo-nitrato
complexes [Pt(L),(NO;)s_.] (L = H,0O or OH7; x =0, ..., 6) were
found to exist in such solutions. The pair additivity model of
chemical shifts and statistical theory were used to assign signals in
NMR spectra to particular [Pt(L),(NO;)4_,] species. Mononuclear
hexanitratoplatinates(IV) have been isolated in solid state in
substantial yield as pyridinium salt (PyH),[Pt(NO;)s] and
characterized by single-crystal X-ray diffraction. Aging of the
platinum nitric acid solutions for more than 5—6 h results in
oligomerization of [Pt(L),(NO;)s_,] species and the formation of
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oligonuclear aqua-hydroxo-nitrato complexes with OH™ and NO;~ bridging ligands. Oligomeric platinum(IV) complexes with
two and four nuclei were unambiguously detected by NMR on '*Pt -enriched samples. Oligomers with even higher nuclearity
were also detected. Dimeric anions [Pt,(u-OH),(NO;)g]*” have been isolated as single crystals of tetramethylammonium salt

and characterized by X-ray diffraction.

B INTRODUCTION

The lability of metal complexes with nitrate ions is a reason of
its common usage as a starting material for synthesis of
coordination compounds with different types of ligands. On the
other hand, without competing ligands in solutions, nitrate
complexes are sufficiently stable and demonstrate versatile
chemistry.'~°

There is particular interest to nitrato complexes in noble-
metals chemistry, because such compounds are labile
(especially thermolabile) precursors of noble-metal particles
for heterogeneous catalysis.'" In addition, nitrato complexes
play a crucial role in extraction technology of platinum metals
recovery from spent nuclear fuel.'>"?

The pioneer work of Addison'* and similar works of
Harrison and Wickleder created and developed method of
preparation for noble-metal complexes with only nitrate ions as
ligands by interaction of nitrogen oxides (N,O;, N,0,) with
metals and their compounds.'™"” Different approach is
isolation of such compounds from water or organic solution
containing excess of HNOj; or nitrate salts. This way requires
detailed knowledge about metals behavior and speciation under
given conditions.

Platinum(II) complexes with nitrate-ions were studied by
NMR technique by Appleton and co-workers.'"® They have
identified aqua-nitrato complexes [Pt(H,0),_,(NO,),]*™ in
nitric acid solutions of Pt(OH),-2H,0. From such solutions,
crystals of K,[Pt(NO;),] were grown and structure of
[Pt(NO;),]>” anion with four monodentate NO;~ ligands
was determined."” The approach developed in the aforemen-
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tioned works can be modified and adapted for the preparation
of Pt(IV) nitrate complexes.

There are little data about the complexation of platinum(IV)
in nitric acid solutions. The dissolution of H,[Pt(OH)]
([Pt(H,0),(0H),])*° in concentrated HNO; leads to so-
called “platinum nitrate” (CAS No. 18496-40-7) of uncertain
nature, widely used for the preparation of heterogeneous
catalysts.”' ~*’

Mononuclear and polynuclear complexes of Pt(IV) with
octahedral oxygen environment had been gostulated to exist in
such solutions according to EXAFS data.”®>° The Pt NMR
exploration confirmed a hypothesis about the presence of two
sets of complexes (mononuclear and polynuclear) with OH",
H,0, and NO;~ ligands but detailed pattern of Pt(IV)
complexation and polynuclear complexes structure was
unclear.**

In the present work, we report new data about the speciation
of Pt(IV) in concentrated nitric acid (6—15.8M) solutions
obtained by means of Pt NMR and Raman spectroscopy, as
well as crystal structures of new [Pt(NO;)¢]*~ and [Pt,(u-
OH),(NO;)s]*” complexes.

B EXPERIMENTAL SECTION

General Procedures. Hexachloroplatinic acid produced at “The
Gulidov Krasnoyarsk Non-Ferrous Metals Plant” of the Open Joint
Stock Company, with a platinum content of 39.1%, was used as a
starting reagent for the synthesis of H,[Pt(OH)]. Isotopically
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Table 1. Crystal Data and Experimental Details for (PyH),[Pt(NO;)s] and (Me,N),[Pt,(u-OH),(NO;);]

parameter (PyH),[Pt(NO;),] (MeN),[Pt,(u-OH),(NO;)s]

stoichiometric formula CoH,NgO Pt C,H,N;0,;Pt
formula weight 727.33 533.28
temperature (K) 150(2) 150(2)
wavelength (A) 0.71073
crystal system monoclinic monoclinic
space group P2,/c P2,/c
unit-cell dimensions

a (A) 7.7948(4) 7.6907(3)

b (A) 17.2938(8) 14.8950(5)

¢ (A) 8.0747(4) 13.1091(4)

B () 98.569(1) 104.169(1)
volume (A3) 1076.33(9) 1456.00(9)
V4 2 4
absorption coefficient (mm™") 6.627 9.718
Dy (g em™) 2244 2433
F(000) 700 1012
0 range for data collection (°) 2.36—31.63 2.11-31.97
limiting indices —II<h <11, -25<k<25 -11<[1<11 SI1<h<1L,-17<k<22,-11<1<19
reflections collected 14130 12154
independent reflections 3606 [R(int) = 0.0130] 5035 [R(int) = 0.0206]
completeness (%) 99.9 99.8

max. and min. transmission 0.4572 and 0.2411
refinement method

data/parameters 3606/194
goodness-of-fit on P 1.199

final R indices [I > 20(I)]
R indices (all data)

CCDC No. 926762

R1 = 0.0196, wR2 = 0.0357
R1 = 0.0242, wR2 = 0.0367

0.6972 and 0.4750
full-matrix least-squares on F*

5035/224

0.991

R1 = 0.0194, wR2 = 0.0407

R1 = 0.0259, wR2 = 0.0419

929104

enriched Pt powder (“Izotop” Open Joint Stock Company, 85% '*Pt)
was dissolved in aqua regia and evaporated thrice with the addition of
hydrochloric acid to produce isotopically enriched hexachloroplatinic
acid. Nitric acid (15.8 M concentration was determined by acid—base
titration), perchloric acid (9.3M), sodium hydroxide, tetramethylam-
monium nitrate (96%, Sigma—Aldrich), and pyridine (99+%, Sigma—
Aldrich), were all of reagen-grade quality and used without further
purification. The acids solutions with different concentration were
prepared by accurate dilution of the stock solutions.

NMR Data Collection. '*Pt NMR spectra were recorded at 107.5
MHz using an Avance III 500 Bruker spectrometer with a S-mm
broadband probe. A 90° excitation pulse of 1S us was applied. All
spectra were recorded at 24 °C, unless otherwise stated. 5'*°Pt (ppm)
are reported relative to the external reference: a 2 M solution of
H,[PtCls] in 1 M hydrochloric acid. The usual spectral window of 67
kHz (620 ppm) was used with an acquisition time of 0.1 s and a pulse
delay of 0.7 s to allow 'Pt nuclei to relax completely. The time
dependence of platinum speciation in the solutions was determined in
the Pt NMR experiment, using the following parameters: spectral
window, 120 kHz (1100 ppm); acquisition time, 0.3 s; and pulse delay,
0.5 s. In addition, 160 FIDs were accumulated for every time point. A
line-broadening factor of 1 Hz was applied when processing all of the
experimental FID data. Areas of signals located far from the
transmitter offset may not accurately reflect the concentration;
nevertheless, they may serve as a relative indication of the species
real fractions.

Raman Scattering Spectra. Raman scattering spectra were
measured on a Triplemate SPEX spectrometer that was equipped
with a CCD camera and microscope for detection of the back-
scattering spectra with excitation by a 488-nm laser line.

X-ray Phase Analysis. X-ray phase analysis of the polycrystalline
samples was carried out on a DRON-RM4 diffractometer (Cu Ka
radiation, using a graphite monochromator in the reflected beam, and
a scintillation detector with amplitude discrimination). The samples
were prepared by applying a suspension in hexane on the polished side

of the cell made of fused quartz. A sample of polycrystalline silicon (a
= 54309 A), prepared similarly, was used as an external standard.
Indexing of the diffraction patterns for the com;)ounds was carried out
using the data reported in the PDF database.?

Crystal Structure Determination. Crystal data and experimental
details for (PyH),[Pt(NO;)s] and (Me,N),[Pt,(u-OH),(NO;)4] are
given in Table 1. Experimental data for determination of the crystal
structures were collected on a Bruker-Nonius X8 APEX CCD
diffractometer at a temperature of 150 K, using graphite-monochro-
mated Mo Ka radiation (4 = 0.7107 A). All calculations were carried
out with SHELX-97 crystallographic software package.>* The structure
was solved by the standard heavy atom method and refined in the
anisotropic approximation. The H atoms were refined in their
geometrically calculated positions; a riding model was used for this
purpose. Absorption corrections were applied empirically with the
SADABS program.*®

Preparation of Na,[Pt(OH)s]. To a solution of 2.44 g H,PtCls:
xH,0 (4.9 mmol of Pt) in H,0 (6 mL) was added 6.46 g (160 mmol)
of solid NaOH. The resulting orange solution was boiled for 1 h and
then cooled to room temperature. Pale yellow precipitate of
Na,Pt(OH)4 was filtered off, washed with a minimal volume of ice
water and 50 mL of methanol, and then dried in a stream of air. Yield:
1.47 g (87%). Anal. Calcd for HgNa,OPt: H, 4.10; Na, 13.1. Found:
H, 3.88; Na, 13.40.

Preparation of H,[Pt(OH)4]. To a solution of 1.47 g (4.3 mmol)
of Na,[Pt(OH),] in 35 mL of H,O was added diluted HNO, (2 M)
up to pH 3. Pale yellow precipitate was filtered off, washed with a 1 X
1073 M solution of HNO, (30 mL), water (10 mL), and acetone (10
mL), and then dried in a stream of air. Yield: 95%. Anal. Calcd for
H,O,Pt: Pt, 34.79. Found: Pt, 34.9.

Samples of synthesized H,[Pt(OH)q] and Na,[Pt(OH)s] were
single phase (as determined via X-ray phase analysis) and their
diffraction patterns clearly matched the diffraction data for
corresponding compounds in the PDF database (see JCPDS File
Nos. 32-439 and 29-1453).

dx.doi.org/10.1021/ic401499j | Inorg. Chem. 2013, 52, 10532—10541



Inorganic Chemistry

Dissolution of H,[Pt(OH)¢] in Nitric Acid (Preparation of
“Platinum Nitrate” Solution). A sample of H,[Pt(OH)s] (150 mg,
0.5 mmol) was mixed with 2 mL of HNO; (15.8 M or any desired
concentration). The temperature of the mixture was maintained at
~0—5 °C with an ice bath until full dissolution (1—2 min). A portion
(0.7 mL) of the resulting solution was transferred into an NMR tube.
The rest of the solution was used for Raman spectroscopy experiments
or analytical determination of the platinum content. For preparation of
the samples with different platinum concentration, an identical
procedure was used, differing only in the amount of H,[Pt(OH)g4].
The solutions of H,[Pt(OH)4] in HCIO, and H,SO, were prepared
analogously.

Preparation of (PyH),[Pt(NO;)s]. Solution of H,[Pt(OH),] (150
mg, 0.5 mmol) in 2 mL of a HNO;—H,O—Py mixture (1:2:0.1 molar
ratio) was allowed to stand in a desiccator under solid KOH at room
temperature. After 5 days, pale yellow prisms were filtered out, washed
with a minimal volume of 15.8 M HNOj; and acetone, and dried in a
stream of air. Yield: 48%. Anal. Calcd for C,(H,NgOsPt: C, 16.51; H,
1.66; N, 15.41. Found: C, 16.6; H, 1.7; N, 15.3. Single crystals for X-
ray analysis were extracted from the mother liquor.

Preparation of (Me,N),[Pt,(u-OH),(NO;)sl. Solution of H,[Pt-
(OH)4] (150 mg, 0.5 mmol) in 2 mL of HNO;—H,0—(Me,N)NO;
mixture (1:2:0.1 molar ratio) was allowed to stand in a desiccator
under solid KOH at room temperature. After 5 days, yellow prisms
were filtered out, washed with a minimal volume of 15.8 M HNO; and
acetone, and dried in a stream of air. Yield: 40%. Anal. Calcd for
CgH,4N,00,6Pt,: C, 8.99; H, 2.45; N, 13.11. Found: C, 8.8; H, 2.4; N,
12.9. Single crystals for X-ray analysis were collected from the mother
liquor.

B RESULTS AND DISCUSSION

Acid Solutions of H,[Pt(OH)g]. Dissolving of H,[Pt-
(OH)¢) in concentrated acids leads to yellow solutions
containing aqua-hydroxo complexes of platinum(IV). Because
of a fast proton exchange, only one averaged signal from the
[Pt(H,0),(OH),_,J* > mixture is exhibited in the range 3300—
3400 ppm of '"Pt NMR spectra. Figure 1 shows the
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Figure 1. Plot of '"Pt NMR chemical shift (ppm) of [Pt-
(H,0),(OH),_,J* complex in HCIO, solution versus the logarithm
of the acid concentration. All measurements carried out at an ionic
strength of 9.3 M, maintained with NaClO,.

dependence of the '*Pt chemical shift on the concentration
of perchloric acid in the solutions at constant ionic strength
(ionic strength of the solution was kept constant by addition of
NaClO,). Increase in the acidity leads to a downfield shift of
the signal as a result of the complex protonation. However,
complete conversion into [Pt(H,0)s]* cannot be achieved
under given conditions (conc. HCIO,, HNO;).

Solutions of H,[Pt(OH)4] in 0.5-5 M acids (HCIO,,
HNO;) are unstable and produce an orange solid product
insoluble in concentrated HCIO,, HNOj, but readily soluble in
hydrochloric acid with the formation of [PtCls]*~ species. IR
spectra of the solid products precipitated from HCIO, or
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HNO; solutions do not contain bands of corresponding
(ClO,~, NO;7) anions. Analogous orange product was
obtained by hydrolysis of platinum(IV) complexes in “nitrate
solutions” and was described as PtO,-3H,0."

We supposed that at a “low” concentration of acids (0.5—5
M), complex species [Pt(H,0),(OH)4_,]* > having a charge of
0,.., +2 (x = 2,.., 4) predominate and can participate in the
oligomerization process, leading to OH-bridged complexes:

[Pt(H,0),(OH),_,J** + [Pt(H,0),(OH),_,}'~2
- [Pt(H,0), (OH),_, (4-OH)Pt(H,0),_,(OH);_, J***~*

+ H,0 (1)
Further condensation of platinum(IV) aqua-hydroxo com-
plexes leads to insoluble PtO,-3H,0. The rate of condensation
depends on the acid concentration: 0.5—1 M solutions
precipitate PtO,-3H,O after several hours while in 4—5 M
solutions, precipitation is observed only after 1—2 days.

On the other hand, in more-acidic solutions highly charged
(+2,.., +4) species [Pt(H,0),(OH)sJ*> (x = 4,..,6)
predominate. Their aggregation seems hindered from an
electrostatic point of view, and solutions of H,[Pt(OH)4] in
acids with concentrations of more than 6 M were stable in an
observable period (three months).

These suggestions correlate well with results of early
examination of H,[Pt(OH),] solutions in sulfuric acid and
new Pt NMR data about “putative” [Pt(H,0),]* ion.**"3*
Because of the impossibility to measure the degree of
[Pt(H,0)¢]* dissociation in the acidic solutions exactly, we
use the designation “L” for both H,O and OH ligands and no
charge signs for complexes containing these ligands are used
throughout the paper.

After dissolution of H,[Pt(OH),] in acids, besides “main”
signal of [Pt(L)¢], an additional weak signal at ~3590 ppm
appears in the NMR spectra. A similar signal (3570 ppm) was
observed in the solution of PtO,-:3H,0 in 1 M NaOH and in
basic solutions of H,[Pt(OH)4].'®*® The authors have
attributed this signal to OH-bridged complex of Pt(IV),
probably [(OH),Pt(u-OH),Pt(OH),]*". In our acidic solution,
we assign the signal at 3590 ppm to corresponding neutral or
positively charged [(L),Pt(u-OH),Pt(L),] molecules. Such
species either contained in H,[Pt(OH)] initially or formed
during its dissolution in acids. Under acidic conditions the OH-
bridged complex can undergo a breakdown through proto-
nation of bridged OH-ligands to form a monomeric [Pt(L)]
complex.

Complexes of Pt(IV) with Nitrate lons. After dissolution
of H,[Pt(OH)¢] in nitric acid the NO, ™ anions can substitute L
ligands in [Pt(L)s]. There are three signals in the '**Pt NMR
spectrum of freshly prepared H,[Pt(OH),] solution in 15.8 M
nitric acid corresponding to [Pt(L)s], [Pt,(#-OH),(L)] and
[Pt(L)s(NO;)] (3444 ppm) species. Signals of all 10 aqua-
nitrato complexes (Scheme 1) arise within 1 h after preparation
of the solution (297 K). They appear in weaker fields, relative
to the initial [Pt(L)4] complex at regular intervals (~100 ppm),
according to the numbers of coordinated NO;™ ions (if signals
of geometric isomers are averaged). Typical spectrum is shown
in Figure 2. In parallel with the substitution process, breakdown
of the dimeric [Pt,(u-OH),(L)s] complex occurs as a result of
its protonation or (and) anation, and after an hour, its signal
disappears completely.
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Inorganic Chemistry

Scheme 1. Reaction Scheme for the Stepwise Replacement of “L”-Ligands (L = H,0 or OH™) with Nitrate Ions in [PtL¢] and

the Designations of Species
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Figure 2. "Pt NMR spectrum of H,[Pt(OH),] solution in 15.8 M
HNO;, 60 min after preparation, T = 297 K. Numbers correspond to x
values of [Pt(L)s_,(NO;),] species (L = H,O or OH™). See Scheme 1
for the complex designations.

The substitution process has a surprisingly high rate for
complexes of the d® Pt(IV) ion, which is known to be
kinetically quite inert. At ambient temperature (297 K),
equilibration of monomeric aqua-nitrato complexes was
achieved ~6 h after preparation of the solution.

We assigned signals of expected geometric isomers pairs
based on the fact that intensity ratios after equilibration are
close to the statistically expected ratios for cis-[Pt(L),(NOs),]
to trans-[Pt(L),(NO;),] (calc. 4:1, found 4.1:1), fac-[Pt-
(L);(NO;);] to mer-[Pt(L);(NO;);] (calc. 2:3, found 2:2.7),
and trans-[Pt(L),(NO;),] to cis-[Pt(L),(NO;),] (calc. 1:4,
found 1:3.4) (see Table 2).

Thus, in concentrated (15.8 M) nitric acid, substitution of
the “L”-ligand by the NO;™ ion at a position trans to another
“L”-ligand causes a larger change in chemical shift (AS ~ 116
ppm) than the substitution of “L”-ligand at a position trans to a
NO,;™ ion (AS ~ 105 ppm).

where 1; expresses the pair arrangement of ligands in a
coordination sphere of Pt(IV): (L—L),, (L—NO;)y, (NO;—
NO;). (L=L)rany (L_NO3)trans) (NO3_NO3)trans) and Gj are
numbers of such interactions ij in each particular complex. For
example, for mer-[Pt(L);(NO;);], the following expression can
be concluded:

6= (L_L)trans + (NO3 - NO3)trans + (L - NOS)trans

+ 2'(L_L)cis + 2(N03 - NO3)cis + S(L - NO3)cis

where the coefficients 1, 1, 1, 2, 2, and 8 are ¢;. Both (L—L),
and (L—L),,, increments are equal to zero, because, for
[Pt(L)], 8("°Pt) = 0.

Minimization of differences between 12 experimental and 12
calculated chemical shift values by least-squares treatment was
used to find optimum values of #;. Calculation results and
assignment of signals in the '"Pt NMR spectrum are
represented in Table 2.

Within the pair additivity model, the difference between
chemical shifts of geometric isomers is a constant and can be
expressed as

As = (NOS - NOS)cis
- 2(L - NOy)

+ Z(L - NOS)trans

- (NOS - NOS)trans (3)

cis

Table 2. Pt Chemical Shift Assignments of All [Pt(L),_.(NO;),] (L = H,0 or OH™; x = 0—6) Complexes in 15.8 M Nitric
Acid Solution (Cp, = 0.5 M): Experimental and Calculated from Pair Additivity Model Values

Chemical Shift (ppm)

complex experimental calculated”
[Pt(L)s] 3352 3352
[Pt(L)s(NO,)] 3444 3458
trans-[Pt(L),(NO,),] 3547 3552
cis-[Pt(L)4(NO;),] 3549 3566
mer-[Pt(L);(NO;)] 3659 3660

Chemical Shift (ppm)

complex experimental calculated”
fac-[Pt(L);(NO,);] 3670 3675
trans-[Pt(L),(NO;),] 3760 3756
cis-[Pt(L),(NO,),] 3780 3770
[Pt(L)(NO,),] 3882 3867
[Pt(NO,)g)*™ 3940 3964

a(L_NOS)Cis = 2461 (NOS_NO3)cis = 50.3, (L-NOS)trans =82, (NO3_N03)trans =3.0 ppm.
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Figure 4. Dynamic of monomeric [Pt(L)s_(NO;),] (L = H,0 or OH") species distribution in the solution of H,[Pt(OH),] in 15.8 M HNO,
during 3 h from preparation, T = 278 K. See Scheme 1 for designations; red line corresponds to data for the dimeric complex [Pt,(u-OH),(L);].

Deviations of the experimental Ad values from the calculated
ones can be attributed to nonequivalence of “L”-ligands in
different complexes. Substitution of the “L”-ligand by the NO;~
ion decreases the total charge and acidity of the coordinated
water molecule. In other words, the degree of protonation of
“L” is altered through the substitution process and with
increasing x in [Pt(L)s_(NO;),], “L”-ligands in the platinum
inner sphere become closer to H,O than to OH™.

It correlates well with experimental facts that the signals of
Pt(IV) species shift differently when the HNOj; content in the
solutions is varied. Increasing the HNO; concentration from 6
M to 15.8 M results in an exchange of relative positions of
geometric isomers signals (Figure 3). These results suggest that
the degree of protonation of “L” is altered with variation of the
HNO; concentration, and, in concentrated nitric acid (15.8 M),
“L”-ligands in the complexes become closer to H,O than to
OH™. A similar exchange of signals positions was noticed by
Goodfellow and co-workers for [PtCls_,(OH),]*~ and
[PtCl,(H,0)s_,]*™ as the solution acidity decreased from
pH 10-12 to pH 1-3.*'

Because of the high rate of the substitution reactions, it was
difficult to study their dynamics by '*>Pt NMR spectroscopy.
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Therefore, we have monitored these processes at lower
temperature (278 K). The overall transformation pattern
(Figure 4) represents rapid consumption of the [Pt(L)4]
species and, after 60 min, [Pt(L);NO;] becomes dominant.
Further substitution process results in a prevalence of
tetra(nitrato) and tri(nitrato) complexes in the solution after
3 h. Raman spectra of the solutions during this time (3 h) show
peaks at 770 and S$60 cm™', corresponding to coordinated
NO,™ and H,O and a strong peak at 340 cm™" referred to the
{PtOg} octahedron stretching vibrations (see Figure S).

Platinum(IV) speciation in the equilibrated solutions exhibits
a clear dependence on the nitric acid concentration (see Figure
6). The increase in concentration of HNO; results in shift of
Pt(IV) speciation to the penta(nitro) and hexa(nitrato)
complexes, but even in 15.8 M HNO; the fraction of
[Pt(NO;)4]* is only 10%.

Crystallization of (PyH),[Pt(NOs)¢]. The addition of
pyridine to concentrated nitric acid causes further increases in
the NO;™ concentration, because of the equilibrium shift and
pyridinium-ion formation. As the concentration of the ionic
nitrate increases, the shares of hexa(nitrato) and penta(nitrato)
complexes grow, whereas the shares of others complexes fall.

dx.doi.org/10.1021/ic401499j | Inorg. Chem. 2013, 52, 10532—10541
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Figure S. Raman spectra of (a) concentrated nitric acid 15.8 M, (b) a
freshly prepared solution of H,[Pt(OH)¢] in 15.8 M HNO; Cp = 0.5
M, and (c) the same solution after 24 h.

Slow evaporation of H,[Pt(OH)4] solution in such HNO,—
H,0—Py mixture yields pale yellow crystals of (PyH),[Pt-
(NO;)4] in a good yield. This compound quickly hydrolyzes in
water but can be dissolved without decomposition in
concentrated nitric acid or acetone.

In the structure of (PyH),[Pt(NO,),], the platinum center
has the coordination environment formed by six O atoms of
monodentately coordinated nitrate ions (Figure 7). The
resulting {PtO4} polyhedron is a trigonal antiprism (D,4) and
the Pt center is located on an inversion point of the unit cell.
The geometric characteristics of the [Pt(NO,)s]*” anions
(Table 3) are almost identical to those previously observed in
(NO),[Pt(NO,),] salt.’

Oligomerization of the Nitrate Complexes. After 6—7 h
at ambient temperature, another process begins to be
detectable in the spectra (15.8 M HNO,, Cp, = 0.5 M). New
groups of signals appear and begin to grow in a downfield range
of 4000—4500 ppm. This process, being quite slow, was
monitored with 85% '**Pt enriched samples over a period of 24
h. No noticeable change in the spectra was observed after
approximately two weeks (see Figure 8).

There are two types of new signals: pairs of multiline sets of
signals with the same structure and equal intensity, and singlet
signals. Observed splitting constant for the multiline sets of
signals is ~600—700 Hz. The nuclei of nitrogen and hydrogen
must be directly connected with platinum(IV) to provide such
a splitting value, but the formation of appropriate species
(NO,7, NH;, H™) seems to be unlikely in our case. The natural

Y, 2

Lo

cilg

C4

Figure 7. Molecular structure of (PyH),[Pt(NO;)s] (ORTEP
presentation at 30% probability of the depicted atoms and atom
numbering scheme). H atoms are omitted for the sake of clarity.
Hydrogen bonds are shown with green lines.

Table 3. Selected Geometric Parameters for the
[Pt(NO,)s]>” Anion in the Structure of (PyH),[Pt(NO,),]

Bond Distances (A) Bond Angles (deg)

Pt(1)—O(11)  2.0076(14) N(3)—0(31)-Pt(1) 121.53(11)
Pt(1)-0(21)  2.0107(15) 0(13)-N(1)-0(14)  126.76(18)
Pt(1)-0(31)  2.0123(14) 0(13)-N(1)-0(11)  113.65(16)
N(1)-0(11) 1.346(2) O(14)-N(1)-0(11)  119.58(16)
N(1)-0(14)  1217(2) N(2)-0(21)-Pt(1) 120.50(12)
N(1)-0(13) 1.213(2) 0(23)-N(2)-0(22)  126.3(2)

N(2)-0(21)  1.335(2) 0(23)-N(2)-0(21)  119.85(18)
N(2)-0(22)  1.221(2) 0(22)-N(2)-0(21)  113.87(18)
N(2)-0(23) 1.209(2) 0(32)-N(3)-0(33)  126.87(19)
N(3)-0(31)  1.351(2) 0(32)-N(3)-0(31)  119.37(17)
N(3)-0(32) 1.209(2) 0(33)-N(3)-0(31)  113.76(17)
N(3)-0(33) 1.216(2) N(1)-0(11)—Pt(1) 121.94(11)

abundance of magnetically active isotopes of 7O is too low
(0.038%). The only appropriate nucleus being '*Pt, we have
assigned these new signals to oligonuclear aqua-nitrato
complexes of Pt(IV). It should be noted that platinum has
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Figure 6. Dependence of monomeric [Pt(L)s_,(NO3),] (L = H,0 or OH") species distribution on concentration of HNOj in the solution (based

on Pt NMR data). See Scheme 1 for designations.
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Figure 8. Changes in '**Pt NMR spectrum of H,[Pt(OH);] nitric acid solution over time (85% '**Pt enriched sample, 15.8 M HNO;). Color labels
mark multiplet signals of AX (blue) and A)X, (red) systems. The signal of [Pt,(u-OH),(NO;)s]*” is marked with an asterisk (*).

only one NMR active isotope ('**Pt, I = 1/2) with natural
abundance of 33.8%, and to study the polynuclear species, we
also used an isotopically enriched sample of H,[Pt(OH)]
(85% '%5Pt).

Two forms of multiline sets of signals are clearly observed in
the spectra (3800—4400 ppm region): three-line and five-line
sets. Intensities of the lines in the sets relate approximately as
1:4:1 and 1:8:18:8:1 in the spectra with natural abundancy, and
3:1:3 and 1:1:3:1:1 in the spectra of isotopically enriched
sample (see Figure 9). Analysis of these sets with gNMR
software® revealed that the signals were fitted well as spectra of
AX and A)X, systems correspondingly for the three-line and
five-line sets (where A and X are magnetically nonequivalent Pt
nuclei). Spectrum of A (or X) in the AX system is the sum of

J(Pt-Pt) = 610 Hz

|‘ ﬂ

c I
iy )

ude

J (Pt-Pt) = 670 Hz

s

Figure 9. Experimental (left) and calculated (right) '**Pt NMR three-
line and five-line sets of signals referred to (a, c) the AX system and (b,
d) the A,X, system. Experimental data correspond to the sets of
signals centered at (a) 4010 ppm and (b) 4325 ppm. Gray lines
represent natural abundance spectra; colored lines represent the
spectra of isotopically enriched samples.
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two subspectra derived from species AX (doublet) and AX*
(singlet), where X* is a magnetically inactive Pt isotope.
Analogously, for the A,X, system, where each A connected with
two X and vice versa, the spectrum of A is the sum of three
subspectra from species AX, (triplet), AX*X (doublet), and
AX*, (singlet).

From the chemical point of view, the AX and A,X, systems
correspond to binuclear and tetranuclear aqua-nitrato com-
plexes of Pt(IV) with two types of coordination environment of
platinum atoms connected by NO;~ or OH-bridged groups. If
all Pt nuclei in polynuclear species have identical environments
(A = X), then their NMR signal is a singlet. We observed
similar strong singlets at 3990 and 4200 ppm, for example. In
addition, poorly resolved sets of signals (4130, 4270, 4350,
4380 ppm) were observed, which can be derived from more-
complicated oligomeric aqua-nitrato complexes with the
number of nuclei being >4.

Similar '**Pt NMR spectra with multiline sets of signals were
observed for polynuclear Pt(ILIV) oxo-nitro complexes,* and
for platinum cluster complexes with CO and phosphines.****
Moreover, the Pt—O—Pt splitting constants found for Pt(ILIV)
oxo-nitro complexes with oxo- and hydroxo-bridged platinum
ions are very close (630—780 Hz) to be observed in our
spectra.

New peaks arise in Raman spectra of the solutions after aging
(24 h), as compared with fresh prepared solutions (Figure 4).
These new peaks can be attributed to vibrations of bridged
NO,™ ligands (824 cm™) and stretching vibrations of Pt—O—
Pt bridges in oligonuclear species (315 cm™).

Crystallization of (MeyN),[Pt,(#-OH),(NO;)g]. Evapora-
tion of the “platinum nitrate” solution with the addition of
tetramethylammonium nitrate yields crystals of the dimeric
complex (Me,N),[Pt,(1-OH),(NO;)s]. To the best of our
knowledge, this is the first example of a bis(u-hydroxo)
complex of platinum(IV) in a purely oxygen environment (see
Figure 10).

X-ray analysis reveals that the dimeric complex has a
centrosymmetric structure with two distorted PtO4 edge-
sharing octahedra. The environment of the Pt atoms is a
trigonal antiprism distorted due to the nonequivalence of Pt—O
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Figure 10. Molecular structure of (Me,N),[Pt,(u-OH),(NO;);] (ORTEP presentation at 30% probability of the depicted atoms and atom
gu P p ty p

numbering scheme). H atoms omitted for the sake of clarity.

bonds (see Table 4). The geometric parameters of the Pt,0,
ring [Pt—0, 2.03 A; Pt---Pt, 3.12 A; O—Pt—0, 79.53°% and Pt—
O—Pt, 100.47°] are not significantly different from the values
found in bis(u-hydroxo) dimers of Pt(II) and Pt(IV).**~*
Complex anions [Pt,(4-OH),(NO,)]*” are connected togeth-
er by a system of hydrogen bonds with O---O distances falling
in the narrow range of 2.979—3.025 A.

Table 4. Selected Geometric Parameters for [Pt,(u-
OH),(NO,);]*>” Anion®

Bond Distances (A)

Pt1—O031 1.9892(18) 041—N4 1.349(2)
Pt1—O021 2.0001(17) 021—N2 1.361(2)
Pt1—O11 2.0014(16) O11—N1 1.370(3)
Pt1—O041 2.0037(17) 023—N2 1217(3)
Pt1—O1 2.0280(16) 033—N3 1.204(3)
Pt1—O1' 2.0312(17) 032—N3 1.215(3)
Pt1—Ptl 3.1206(2) 042—N4 1221(3)
O1—Pt1! 2.0312(17) 043—N4 1.216(3)
031—N3 1.364(3) 022—N2 1213(3)
O12—N1 1.228(3) N1—O13 1.204(3)
Bond Angles (deg)
041—Pt1—O01'  87.44(7) 022—N2—023  1269(2)
01—Pt1—O1 79.52(7) 022—N2—021 113.9(2)
031—Pt1—Ptl'  141.27(5) 023—N2—021 1192(2)
021—Pt1—Ptl'  82.78(5) 043—N4—042  126.0(2)
011—Pt1—Ptl'  136.73(5) 043—N4—041 113.92(19)
041—Pt1—Ptl'  93.42(5) 042—N4—041 120.1(2)
O1—Pt1—Ptl! 39.79(5) 031—Pt1—021 100.19(7)
O1'—Pt1—Pt1* 39.72(5) 031—Pt1—O011  81.11(7)
Pt1—O1—PtI 100.49(7) 021—Pt1—O11 100.77(7)
N3—O031—Ptl 120.80(15) 031—Pt1—041  84.95(7)
N4—041—Pt1 121.68(14) 021—Pt1—O041  174.85(7)
N2—O021—Ptl 119.96(14) O11—Ptl—041  79.60(7)
N1—O11—Pt1 118.73(14) 031—Pt1—O1 101.98(7)
013—N1—012  127.6(2) 021—Pt1—O01 81.48(7)
013—N1—011  113.7(2) 011—Pt1—O01 175.86(7)
012—N1—O011  118.6(2) 041—Pt1—O1 97.84(7)
033—N3—032  128.1(2) 031—Pt1—O1* 172.38(7)
033—N3—031  1189(2) 021—Pt1—O1* 87.41(7)
032—N3—031  112.9(2) O11—Pt1—O1' 97.06(7)

“Symmetry code: (i) —x + 1, —y, —z + 2.

The '**Pt NMR spectrum of (Me,N),[Pt,(u-OH),(NO;)s]
in acetone shows the single resonance at ~4000 ppm that
agrees well with the location of the singlet signal in the
spectrum of the “platinum nitrate” solution (3990 ppm).
Dissolution of the compound in nitric acid results in nitrate
ligands substitution (presumably by water) and signals of
unsymmetrical dimers (triplets) appear in the NMR spectrum
(see Figure S1 in the Supporting Information).

Possible structures of unsymmetrical dimeric complexes
(AX) corresponding to the three-line sets of signals in the '**Pt
NMR spectra can be suggested as products of NO;™ ions
substitution by L in symmetrical [Pt,(u-OH),(NO;)s]*~
anions. Analogously, models of tetrameric (A,X,) complexes
can be hypothesized (see Scheme 2). Mentioned models, of
course, do not cover all diversity of platinum oligonuclear
species in the “platinum nitrate” solutions (complexes with
bridging NO, ™~ groups are possible, for example) but serve as a
reference for further, more-detailed explorations.

H CONCLUSION

In the present work, complexation of Pt(IV) with NO;™ anions
in a nitric acid medium has been studied by NMR and Raman
spectroscopy. We found that two sets of platinum(IV)
complexes form in such solutions: monomeric aqua-hydroxo-
nitrato complexes [Pt(L)s_.(NO;),] (L = H,O or OH") and
oligomeric complexes with the same ligands. The first set of
complexes prevails in the solution during first 6—7 h from the
preparation moment. After this period, condensation of
monomeric species to oligomeric ones begins to be detectable
and this second set of complexes slowly (several days) becomes
dominant.

The addition of organic cations (PyH', Me,N*), followed by
evaporation of the solutions, cause selective crystallization of
salts containing the hexa(nitrato)platinum anion or the dimeric
anion [Pt,(u-OH),(NO;)s]*". It should be noted that these
complexes are not dominant species in the nitric acid solutions,
and the good yield of the crystallization is a consequence of the
stability of corresponding solid phases. Therefore, other
mononuclear and polynuclear aqua-hydroxo-nitrato complexes
of platinum(IV) can be isolated with various cations from nitric
acid solutions, and such work is underway in our laboratory.
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Scheme 2. Some Possible Structures of Unsymmetrical Dimeric and Tetrameric Complexes Corresponding to AX and A,X,

Systems in the Pt NMR Spectra (L = H,0 or OH™)
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X-ray crystallographic data for (PyH),[Pt(NO;)s] and
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