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ABSTRACT: For the first time the polynuclear hydroxido-bridged platinum(IV)
nitrato complexes with nuclearity higher than two were isolated from nitric acid
solutions of [Pt(H,0),(OH),] and crystallized as supramolecular compounds of
macrocyclic cavitands cucurbit[n]uril (CB[n], n = 6,8) and 18-crown-6 ether: [Pt,(u;-
OH),(#,-OH),4(NO3)0]-CB[6]-25H,0 (1), [Pte(p3-OH),(p,-OH)((NO3) ,]-
(NO,),-CB[8]-50H,0 (II), and [H;0C18-crown-6],[Pt,(,-OH),(NO,)s][Pt,(ps-
OH),(p,-OH)4(NO;),,] (III). The isolation of the compounds in the single
crystalline state allows the determination of the structure of the tetranuclear and
hexanuclear complexes [Pt,(u3-OH),(1,-OH),(NO;);] and [Pts(p3-OH),(k,-
OH)4(NO;),,]*, which have been previously unknown in the solid state. Stability

of Pt,(OH), cores of the polynuclear nitrato complexes toward alkaline hydrolysis was

verified by f

Pt NMR spectroscopy. Analysis of "**Pt NMR spectra of the compound

III reveals that addition of every Pt(u-OH),Pt ring results in ~260 ppm downfield shift relative to the mononuclear form, which
allows the prediction of signal positions for complexes of higher nuclearity.

B INTRODUCTION

Nitric acid solutions of Pt(IV) (“platinum nitrate solution” =
PNS) obtained from [Pt(H,0),(OH),] are useful precursors
for preparation of heterogeneous Pt-containing catalyst by
impregnation technique.'™® As it was demonstrated earlier
mono- and polynuclear nitrato complexes of Pt(IV) are the
form of existence of platinum in nitric acid solutions.”~'* From
a practical point of view, such solutions are free from halide and
sulfate ions that are important to prevent catalyst corrosion,
poisoning, and platinum leaching."® On the other hand, mono-
and polynuclear nitrato complexes of Pt(IV) in the solutions
are suitable precursors for creation of Pt—Ox(OH)y species and
are known to be active sites for the low-temperature Pt-
catalyzed water gas shift reaction'>”'® and methanol
oxidation.'® Heteropolymetalates containing platinum metals
are considered as potential models of active sites in noble-
metal-based heterogeneous catalytic oxidation systems.'”'®
Polynuclear structure of the Pt(IV) nitrato complexes
supposedly remains even after interaction with the carrier
surface and calcination of the catalyst.'” Unfortunately, the
detailed structure and properties of such complexes of platinum
in nitric acid solutions were unknown.

In our recent work we explored Pt(IV) speciation in nitric
acid by Pt NMR and Raman spectroscopy and found a
diversity of polynuclear species equilibrating with mononuclear
aquahydroxidonitrato complexes.” Evaporation of these sol-
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utions with addition of organic cation (PyH', Me,N*) nitrates
yields crystalline salts containing [Pt(NO;)]*” and [Pt,(u-
OH),(NO;)g]*” anions. Species with four and more nuclei
were detected by NMR spectroscopy, but all attempts to isolate
such molecules in crystalline phase for gathering of direct
structural information were unsuccessful.

A survey of the literature reveals several methods for
crystallization of polynuclear complexes in similar (acidic)
conditions. The supramolecular approach based on a
combination of nonvalent interactions (hydrogen bonding,
electrostatic, p-stacking, and van der Waals) is one of the most
successful methods for crystallization of polynuclear complexes.
Self-assembly of the p-sulfonatocalix[4]arene and 18-crown-6
ether, or related macrocycles, gives globular superanions or
ionic capsules, which can crystallize, often selectively, the
polynuclear hydrolytic metal(III) cations.'*~>*

Earlier, we and others have successfully used organic
macrocyclic molecules, cucurbit[n]urils, for the isolation of
polynuclear aqua complexes of different metals (Zr, Hf, V, Mo,
W, U, AL, Ga, and Cr) in the solid phase from aqueous
solutions.”*™%° Also, the cucurbit[n]uril macrocycles have been
shown to form host—guest complexes with platinum-based
anticancer drugs such as cisplatin and oxaliplatin.***' The
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Table 1. Crystal Data and Experimental Details for Compounds I, II, and III

compounds I I i

stoichiometric formula C3sHg,N;,04;3Pt, CyH7oN,, O, Pty Cy, Hg, N 15054Ptg

formula weight 2949.79 2281.38 2989.33

temperature (K) 296(2) 150(2) 296(2)

wavelength (A) 0.71073

crystal system triclinic

space group PT PT P1

unit cell dimensions (A, deg) a = 11.130(2) a = 66.238(5) a = 13.1408(7) a = 70471(2) a = 12.303(8) a = 82.03(2)
b = 14.730(3) B =71.669(5) b = 14.8737(8) B =72.032(2) b = 12.691(9) B =7628(2)
¢ =15637(3) ¥ = 79.704(3) ¢ = 17.9670(9) ¥ = 88.713(2) ¢ = 18.188(9) 7 = 81.99(2)

volume (A%), Z 2223.3(7), 1 3135.5(3), 2 2716(3),1

absorption coefficient (mm™") 6.419 6.839 7.804

Dy (grem™) 2203 2416 1.819

F(000) 1442 2242 1394

0 range for data collection (deg) 1.51-29.88 1.46—30.97 2.27-30.77

limiting indices -15<h<1S -18<h<18 -17<h <17

—-20 <k <20 —-21<k <20 —-18< k<17
-21<1<21 —24<1<24 -25<1<14

reflections collected 45421 45342 26247

independent reflections 12 523 [R(int) = 0.0688] 17 177 [R(int) = 0.0416] 16 186 [R(int) = 0.0361]

completeness (%) 99.7 99.2 97.7

max. and min transmission
refinement method
data/constraints/parameters
goodness-of-fit on F*

final R indices [I > 26(I)]
R indices (all data)

CCDC No.

0.740 and 0.513

12523/0/550
0.906
RI = 0.0362, wR2 = 0.0743
RI1 = 0.0668, wR2 = 0.0791
1036821

0.448 and 0.357
full-matrix least-squares on F*
17177/6/829

0.5360 and 0.1390

16 186/72/694

1.101 1.010
R1 = 0.0660, wR2 = 0.1914 R1 = 0.0570 wR2 = 0.1645
R1 = 0.1062, wR2 = 0.2039 R1 = 0.0955 wR2 = 0.1824
1036820 1037012

cucurbit[n]uril molecule (CB[n], C¢,Hg,N,,0,, (n = 5—8))
has a barrel-like shape containing polarized carbonyl groups
(portals) in the planes of the lid and the bottom.>>** As a rule,
the polynuclear species were isolated from aqueous or diluted
acidic solutions as supramolecular products where the
complexes were linked to CB[n] by hydrogen bonding between
their hydroxido and aqua ligands and the portal oxygen atoms
of cucurbit[n]urils. The packing of large cucurbit[n]uril
molecules also plays the structuring role; the size of the
cavities between them allows the encapsulation of polycations.
Cucurbit[n]urils of larger size, correspondingly, form the larger
cavities, which can encapsulate higher-nuclearity polycations.”®
An increase in acid (HCI) concentration, as was shown for
molybdenum and tungsten cluster aqua complexes, leads to the
replacement of the aqua ligands (responsible for binding to the
CB[n] portals) by the halide ligands, and the packing factor
becomes the main building principle for such structures.”* Rigid
structure and chemical stability make cucurbit[n]urils and
crown ether molecules very attractive for crystallization of
polynuclear complexes in concentrated acidic solutions.

In the present study, we applied the supramolecular approach
to the isolation of polynuclear Pt(IV) complexes from
concentrated nitric acid solutions with the use of the organic
macrocycles cucurbit[n]uril and 18-crown-6. We report the
synthesis and structural characterization of three new platinum
polynuclear complexes as supramolecular compounds with
CB[n] and 18-crown-6: tetranuclear [Pt,(u3-OH),(u,-OH),-
(NO;),0)-CB[6]-25H,0 (I), hexanuclear [Ptq(u;-OH),(u,-
OH)((NO;),,](NO,),-CB[8]-S0H,0 (II) complexes, and a
compound with the composition [H;OC18-crown-6],[Pt,(u,-
OH),(NO;)s][Pty(43-OH), (11,-OH)4,(NO;) 0] (II), contain-
ing both bi- and tetranuclear Pt(IV) complexes in the structure.
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5Pt NMR spectral analysis of the Pt(IV) polynuclear
complexes was performed to find a correlation of their
nuclearity with the signal positions.

B EXPERIMENTAL SECTION

General Procedures. Hexachloroplatinic acid produced at The
Gulidov Krasnoyarsk Non-Ferrous Metals Plant Open Joint Stock
Company with platinum content of 39.1% was used as starting reagent.
Nitric acid (15.8 M concentration was determined by acid—base
titration) and sodium hydroxide were of reagent grade quality and
used without further purification. Cucurbit[n]urils (CB[6],
CyHygN,,0,,-10H,0 and CB[8], C,H,sNs,0,620H,0) were
synthesized according to a known procedure.*’ H,[Pt(OH),] was
prepared as described previously.”

Preparation of H,[Pt(OH),] Nitric Acid Solution. H,[Pt(OH),]
(150 mg, 0.5 mmol) was dissolved in 1 mL of 15.8 M HNO; at 20 °C.
Two-week aging of the resulting PNS was performed in a close flask at
20 °C in the darkness.

Preparation of Alkali-Treated Platinum Nitrate Solution. The
aged PNS, prepared as mentioned above, was added dropwise and
with constant stirring into S M solution of KOH (S mL) in an ice bath.
Resulting solution was boiled for 30 min and then cooled to room
temperature. A precipitate of KNO; was removed by filtration, and the
solution (C(Pt) = 0.08 M, C(KOH) = 1.5 M) was used to obtain *>Pt
NMR spectrum.

Preparation of [Pt,(u5-OH),(u,-OH),(NO3),0]-CB[6]-25H,0 (I).
Solution of CB[6] (0.120 mg) in 2 mL of 15.8 M HNO; was mixed
with freshly prepared PNS containing 0.5 mmol of Pt. The resulting
clear yellow solution was allowed to stand in a desiccator over solid
KOH at room temperature. After 3 d the pale yellow prisms were
removed by filtration, washed with minimal volume of 15.8 M HNO;
and then acetone, and dried in an air stream. Yield: 55%. Anal. Calcd
(Found) for C;Hy,N3,0,:Pt,: C, 14.66 (15.1); H, 3.14 (3.0); N,
16.15 (16.5)%. Single crystals for X-ray analysis were picked from the
mother liquor.
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Preparation of [Pty(u3;-OH),(u,-OH)6(NOs),,1(NO;),-CB[8]-
50H,0 (II). Solution of CB[8] (0.105 mg) in 2 mL of 158 M
HNO; was mixed with freshly prepared PNS containing 0.5 mmol of
Pt. The resulting clear yellow solution was allowed to stand in a
desiccator over solid KOH at room temperature. After 3 d the pale
yellow prisms were removed by filtration, washed with minimal
volume of 15.8 M HNOj; and then acetone, and dried in an air stream.
Yield: 42%. Anal. Caled (Found) for C,gH;ssNy;sO154Pts: C, 12.64
(12.3); H, 349 (3.1); N, 14.74 (15.0)%. Single crystals for X-ray
analysis were grown from 10-fold diluted mother liquor.

Preparation of [H;0C18-crown-61,[Pt,(i,-OH),(NO3)gl[Pt,(re5-
OH),(p,-OH)4(NOs);0] (Il). Solution of 18-crown-6 (0.130 mg) in 2
mL of 15.8 M HNO; was mixed with freshly prepared PNS containing
0.5 mmol of Pt. The resulting clear yellow solution was allowed to
stand in a desiccator under solid KOH at room temperature. After 3 d
the pale yellow prisms were removed by filtration, washed with
minimal volume of 15.8 M HNOj;, and dried in an air stream. Yield:
40%. Anal. Calcd (Found) for C,,Hg,N;3O-4Pts: C, 9.64 (9.2); H, 2.09
(2.3); N, 8.43 (8.1)%. Single crystals for X-ray analysis were picked
from the mother liquor.

Deviations of analytical data from the calculated values for the
synthesized complexes correspond to the easily reversible uptake of
water molecules. Purity of I and III was additionally checked by
comparison of XRD patterns of the complexes with those calculated
from crystallographic data (Supporting Information, Figures S1 and
S2).

NMR Data Collection. '**Pt NMR spectra were recorded at 107.5
MHz using an Avance III S00 Bruker spectrometer with S mm
broadband probe. A 90° excitation pulse of 15 s was applied. All
spectra were recorded at 24 °C. The shift 5 '**Pt (ppm) are reported
relative to the external reference —2 M solution of H,[PtCl¢] in 1 M
hydrochloric acid. Usual spectral window of 67 kHz (620 ppm) was
used with an acquisition time of 0.1 s and pulse delay of 0.7 s to allow
19Pt nuclei to relax completely. A line-broadening factor of 1 Hz was
applied in processing of all experimental FID data.

X-ray Phase Analysis. This analysis of polycrystalline samples was
performed on a DRON-RM4 diffractometer (Cu Ka radiation,
graphite monochromator in the reflected beam, 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 = 5.4309
A), prepared similarly, was used as an external standard.

Crystal Structure Determination. Crystal data and experimental
details for I, II, and III are given in Table 1. Experimental data for
determination of the crystal structures were collected on a Bruker-
Nonius X8 APEX CCD diffractometer at 150 K (II) and 296 K (I and
IIT) using graphite-monochromated Mo Ka radiation (1 = 0.7107 A).
All calculations were performed 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 using SADABS software.*®

Structures of I and II contain a number of disordered water
molecules with low occupancy, which could not be adequately
modeled. Omission of these solvent molecules does not affect the
general structural motif, so the SQUEEZE function from PLATON
crystallographic tool was used for this purpose.®® Refinements for T
and II were performed using the adjusted reflection file from
SQUEEZE, and all necessary information was added in the resulting
«if files. The content of water molecules in I and II was measured
using thermogravimetric analysis (Supporting Information, Figure S3)
and was found to be in agreement with crystallographic data (15.2 and
19.7%). Hydrogen atoms of [H;OC18-crown-6]" fragments in the
structure of III were not included in the model due to disorder of the
fragments.
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B RESULTS AND DISCUSSION

Polynuclear Nitrato Complexes of Pt(IV) in Solid
Phase. Dissolution of [Pt(H,0),(OH),] in nitric acid yields
a series of aquahydroxidonitrato complexes [Pt(L),(NO3)s_,]
(L = H,0 or OH7; x = 0--6).” These mononuclear species
participate in condensation process and form polynuclear
nitrato complexes of Pt(IV) with OH-bridges. In our previous
work we successfully used small organic cations PyH" and
NMe* to isolate two nitrato complexes [Pt(NO;)s]*” and
[Pt,(4-OH),(NO;)s]*~ from the PNS.” As a consequence of
these findings, we focused our attention on the searching of
methods for crystallization of individual polynuclear Pt(IV)
complexes with a higher nuclearity from PNS using bulk
organic molecules (stable in concentrated nitric acid) as
appropriate companions to form crystalline phases. Both
cucurbit[n]urils (n = 6,8) and the 18-crown-6 ether are
uncharged molecules and represent good companions to
crystallize bulk polynuclear complexes with low delocalized
charge or the uncharged ones.

Evaporation of PNS with addition of CB[6] yields yellow
crystals of I consisting of tetranuclear [Pt,(p;-OH),(u,-
OH),(NO;),,] (Pt,) complex, CB[6] molecules, and water
molecules of crystallization. The single-molecule view of the Pt,
complex is given in Figure 1; Table 2 lists the selected

Pt

Figure 1. Structure of Pt, complexes in I. Hydrogen atoms are omitted
for clarity.

interatomic distances and interbond angles. Structure of the Pt,
complex represents two edge-shared incomplete cuboidal
{Pt;0,} cores decorated with 10 terminal nitrato ligands.
Platinum(IV) centers in Pt, molecule occupy two different,
slightly distorted, octahedral positions with two and three
terminal NO;™ ligands. For the first time such double cuboidal

Table 2. Selected Geometric Parameters for Pt, Complexes
in I

distances, A
Pt—0 (NO;") 2.007—-2.020
Pt—O (u*-OH) 2.026—2.045
Pt—O (u*-OH) 1.990—2.017
Pt---Pt (shortest) 3.077-3.100
angles, deg
(H)O-Pt—O(H) 78.79—92.82
(NO,)0-Pt—0O(NO,) 87.88—101.78
(NO,)O—-Pt—O(H) 85.78—101.29
Pt—O(H)—Pt 98.83—101.72

DOI: 10.1021/ic502896s
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fragment Pt,(st3-OH),(pt,-OH),, unique for Pt(IV) chemistry,
was found in organometallic compound [Pty(y3-OH),(u,-
OH),(Me),,] obtained by oxidation of platinum(I) methyl
complex with hydrogen peroxide.”” In the organometallic
compound, trans influence of the CHj ligand results in an
elongation of Pt—OH bonds and two different Pt—O bond
lengths (2.2 A for Pt—O in trans positions to methyl ligands
and 2.0 A for Pt—O in trans position to u-OH groups) are in
the structure. On the contrary, in the Pt, complex all Pt—O
distances are almost equal (Table 2) and close to Pt—O
distances in [Pt,(st,-OH),(NO;)s]?~ and [Pt(OH)]*™ ions.”®
It corresponds to a weak structural trans influence of NO;~
groups.

As mentioned earlier, polynuclear complexes of Pt(IV) with
nuclearity higher than 4 are expected to exist in PNS. Isolation
of such species requires bulkier companion molecules than
CB[6]. Simple extension up to CB[8] gives positive result and
evaporation of PNS with addition of CB[8] yields yellow crystal
of II containing hexanuclear cationic complexes [Ptg(ys-
OH),(4,-OH)4(NO;) 1, 1** (Ptg®*). The complex is constructed
of two separate incomplete cuboidal {Pt;O,} cores connected
by u5-OH and p,-OH groups (Figure 2).

Figure 2. Structure of the Pt;** complex in II. Hydrogen atoms are
omitted for clarity.

Thereby in the Pts>* complex, the Pt(IV) centers occupy
three particular positions with one, two, and three terminal
NO;~ ligands. The remaining positions of the distorted
octahedral environment of Pt(IV) ions are filled with y;-OH
and y,-OH ligands. The geometric characteristics of the Pty*"
skeleton (Pt—O bond lengths and O—Pt—O angles) are almost
identical to those of the Pt, complex in I (Table 3). The Pt,0,
cycles with the smallest O—Pt—O angles of 78—79° appear as
hard structural fragments in both Pt, and Pts®* structures
despite sufficient PtO4 polyhedron distortions.

The packing of CB[n] molecules in structures of I and II is
not accompanied by the formation of any specific bonding with
Pt, and Pt;>* complexes (Figure 3) as was observed for a
variety of supramolecular assemblies of CB[n] with aqua
complexes.”* ™ Thus, the CB[n] molecules in the structures of
I and II play only the role of template forming cavities of the
appropriate size for the platinum complexes. Arrangement of
CB[n]s is close to its columnar arrangements in structures of
pure cucurbit[n]urils.*’ The space between them is occupied by
the platinum complexes, crystallization water molecules, and
nitrate anions (in II) connected together by an intricate
network of hydrogen bonds.

The crystals of I and II are virtually insoluble in nitric acid,
water, and common organic solvents. To further study the
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Table 3. Selected Geometric Parameters for the Pts**
Complex in II

distances, A

Pt—O (NO;") 1.999-2.020
Pt—O (4>-OH) 2.005—2.072
Pt—O (4*-OH) 1.994—2.021
Pt---Pt (shortest) 3.079-3.134
angles, deg
(H)O-Pt—0(H) 78.08—99.77
(NO,)0—Pt—O(NO,) 80.76—102.18
(NO,)O-Pt—0O(H) 81.69—107.64
Pt—O(H)—Pt 97.06—101.98

Figure 3. Mutual packing of Pt, and Pt>* complexes (blue) and
cucurbit[n]urils molecules (red) in structures I (right picture) and II
(left picture) along a axis. Water molecules and free NO;™ ions are
omitted for clarity.

chemistry of polynuclear compounds in solution, it is important
to find a route to soluble compounds. To prepare a soluble
solid containing polynuclear Pt(IV) nitrato complexes we used
[H;0C18-crown-6]* as bulk organic cation. The equimolar
addition of 18-crown-6 to PNS with the consequent
evaporation of the solution results in crystallization of a
complex salt containing [H;OC18-crown-6]" cations, previ-
ously reported dimeric [Pt,(p,-OH),(NO;);]*™ anions (Pt,>7),
and neutral tetranuclear [Pt,(OH)s(NO,);o] complexes (Pt,).
The geometric characteristics of Pt,>” in the structure of III are
identical to those reported earlier for this anion in the
(NMe,),[Pt,(OH),(NO,),] salt;” the characteristics of Pt, are
close to those in crystal structure of L

The extended structure of III represents a construction
layered in ac plane where layers of [H;OC18-crown-6]* cations
alternate with layers containing Pt,>” anions and Pt, complexes
(Figure 4). Fragments [H;0C18-crown-6]" are disordered over
two pairs of positions (occupancy 0.3 and 0.2) where every pair
consists of two crystallographic positions that differ by the
angle of rotation around the axis of 18-crown-6 molecules. Such
disorder pattern is not rare for crown ether,'”* but the
presence of heavy metal atoms in the structure makes it
complicated to find unambiguous solutions. Therefore,
[H;0C18-crown-6]* molecules were modeled without hydro-
gen atoms and in an isotropic approximation.

It is interesting to note that octahedrally coordinated edge-
linked PtOg units in polynuclear platinum complexes I—III
(Figure S) can be considered as fragments of a-PtO, structure
that is formed by polymeric layers of edge-sharing PtOgq
octahedrons.*"** The identified structures of Pt,>~, Pt,, and
Pt>* provide insights for further understanding of the
nucleation processes in PNS, which are of great importance
due to the high occurrence of the polynuclear PtO, structures
in Pt-based catalysts,***

DOI: 10.1021/ic502896s
Inorg. Chem. 2015, 54, 4644—4651


http://dx.doi.org/10.1021/ic502896s

Inorganic Chemistry

Figure 4. Mutual packing of Pt,>", Pt, complexes (blue), and
[H;0C18-crown-6]* cations (red) in structure III along c axis.

wbw

a
Figure 5. Polyhedron representation of Pt,*~ (a), Pt, (b), and
Pt;?*(c) complexes.

Polynuclear Nitrato Complexes of Pt(IV) in Solutions.
Unlike compounds I and II, the salt III has good solubility in
acetone, diethyl ether, and water (with intensive hydrolysis).
19Pt NMR spectrum of freshly prepared acetone solution of III
demonstrates a singlet signal of the dimeric anions Pt,>~ (3978
ppm), which is close to the earlier reported value (3970 ppm),’
and two poorly resolved five-line sets of signals (424S and 4347
ppm) corresponding to the tetranuclear complexes Pt, (Figure
6b).

Platinum(IV) centers in the Pt, complex occupy two
different positions: {Pt(u-OH);(NO;);} and {Pt(u-OH),-
(NO,),}. From the point of view of NMR spectroscopy, the
Pt, molecule represents an A,X, system, where each A is
connected with two X and vice versa (A and X magnetically
nonequivalent Pt nuclei). Natural abundance of the only
platinum NMR active isotope (**Pt, I = 1/2) is 33.8%,
therefore spectrum of A (or X) in A,X, system represents the
sum of three subspectra from the statistically possible
isotopologues AX, (triplet), AX*X (doublet), and AX*,
(singlet), where X* is a magnetically inactive Pt isotope. Result
of the sum is the five-line set of signals with statistically
expected ratio of 1:7.9:17.4:7.9:1 (Supporting Information,
Figure S3). In the real spectrum only three central components
of these sets are clearly visible due to the low intensity of the
side signals. The least-squares fitting of the spectrum with
Lorentzian functions gives good fit of experimental ratio of the
central component (8.5:17.4:8.1 for {Pt(x-OH);(NO;);} and
8.3:17.4:7.8 for {Pt(u-OH),(NO;),}) with statistically ex-
pected ones (Figure 6¢).

Chemical shifts and J(***Pt—'""Pt) coupling constant of the
Pt, signals in acetone solution of III are close to those found
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Figure 6. Region of the Pt, complex in the '**Pt NMR-spectra of (a)
PNS (C(Pt) = 0.5 M, C(HNO;) = 15.8 M) and (b) freshly prepared
acetone solution of III (C(Pt) 0.04M); numbering scheme
represents two different platinum positions in the Pt, complex:
{Pt(u-OH);(NO;);} (1) and {Pt(u-OH),(NO;),} (2). (c) Fitting of
experimental NMR profile of the {Pt(u-OH),(NO;),} with Lorenzian
curves showing good agreement with the five-line set of A,X,
structure.

for Pt, complex in PNS, and that is surprising for '**Pt NMR,
which is known to be a strongly solvent-sensitive method
(Figure 6a,b). On the other hand, the line width of the Pt,
NMR signals in acetone solution (160 Hz) is about 3 times
greater than that in PNS. The signal line width grows with time
(Supporting Information, Figure S4), indicating a certain
process in the acetone solution of IIL. The generation of
paramagnetic substance from III in acetone or other interaction
with solvent can be responsible for this effect, but more detailed
study is necessary to uncover the phenomenon.

The substitution of nitrato ligand by y-OH ligand in the
coordination sphere causes an essential deshielding of the
Pt(IV) nucleus. For example, a gap between the signals of two
different platinum(IV) centers of the Pt, complex, {Pt(u-
OH);(NO;);} (4250 ppm) and {Pt(u-OH),(NO,),} (4340
ppm), is ~100 ppm (Figure 6b). Analysis of the '**Pt NMR
spectra obtained for mononuclear and polynuclear complexes
in PNS reveals that formation of every new Pt(u-OH),Pt ring
results in ~260 ppm downfield shift of the signals of
corresponding Pt nuclei (230—290 ppm for different
complexes) by comparison with mononuclear forms [Pt-
(L).(NO3)4_.] (L = H,0O or OH™; x = 0--6; Scheme 1).

Bearing in mind that (a) maximum number of Pt(u-OH),Pt
rings is six for the octahedral complex, and (b) chemical shifts
of mononuclear aquahydroxidonitrato complexes range from
3350 ([Pt(L)s]) to 3950 ([Pt(NO;)s]*") ppm,9 it is easy to
calculate that signals of other possible polynuclear complexes
with the same nature will be positioned not farther than ~5000
ppm. From this point of view, the poorly resolved sets of signals
at 4130, 4270, 4350, and 4380 ppm observed previously in
NMR spectra of '**Pt-enriched PNS samples’ can be attributed
to the Pty>" complex and its substituted analogues.

DOI: 10.1021/ic502896s
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Scheme 1. Comparison of '**Pt NMR Chemical Shift (ppm)
of Mononuclear (L = H,O or OH") and Corresponding
Polynuclear Pt,>~ and Pt, Complexes®
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“The chemical shifts are given according to the spectrum of PNS
(C(Pt) = 0.5 M, C(HNO;) = 15.8 M)..

Alkaline Treatment of Platinum Nitrate Solution.
During preparation of heterogeneous catalysts from PNS by
impregnation technique, just alkaline conditions appear on
oxide carriers (because of proton binding by the OH™ groups
on the surface).** In addition, alkali-pretreated PNS was used as
an active component precursor for preparation of methane
oxidation catalysts."" Therefore, it is reasonable to study
stability of the platinum(IV) polynuclear structures like Pt,>,
Pt,, or Pts*" in alkaline conditions for a better understanding of
the catalyst active center formation.

Unique stability toward alkaline hydrolysis was postulated for
OH-briged Pt(IV) complexes on the basis of extended X-ray
absorption fine structure (EXAFS) study of alkali-treated PNS
(ATPNS)."® To check this hypothesis in detail by NMR
spectroscopy we performed experiment with the sample of aged
(two weeks, 20 °C) PNS; Pt NMR spectrum of this initial
solution is presented in Figure 7a. The solution of PNS (1 mL)
was treated with S M KOH (5 mL), as described in

J(Pt-Pt) ‘ J(Pt-Pt)

el

I
| Pt
Hab 4 [l it H4a
M, ‘«'J»‘.} ‘V ‘V'J“‘Vmw,«)y-«) \/\) V‘\\

4080 4075 4070 4065 3855 3850 3845 1

a)Ll LJ el ] .l.l
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b)
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4000 3800 3600 3400 3200
Chemical Shift (ppm)

e
4400 4200

Figure 7. Pt NMR-spectra of (a) original PNS (C(Pt) = 0.5 M,
C(HNO;) = 15.8 M) and (b) alkali-treated PNS (C(Pt) = 0.08 M,
C(KOH) = 1.5 M). Designation of the species: [Pt(OH)s]*” (HL,
blue), [Pty(4*-OH),(OH)]*” (H2, red), and [Pt;(4’-OH)(u*-
OH),;(OH),]~ (H3, black). (inset) The five-line sets of signals of
[Pty(13-OH),(41,-OH),(OH) ;o] (H4a and H4b, red).
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Experimental Section, and the resulting clear yellow ATPNS
was studied again with '**Pt NMR-spectroscopy.

Sufficient simplification of the Pt NMR spectrum is
observed after alkaline treatment of the solution (Figure 7b).
There are only five signals in the spectrum of ATPNS (instead
of ~20 signals in the spectrum of initial PNS): three singlets
(H1 and H2 in Figure 7b, H3 in the inset of Figure 7) and two
five-line sets with equal intensity (H4a and H4b signals in the
inset of Figure 7). Full substitution of terminal NO;" ligands by
OH™ ions in all mono- and polynuclear platinum(IV)
complexes is assumed to take place in ATPNS (Scheme 2).

Scheme 2. Transformation of the Aquahydroxidonitrato
Complexes [Pt(L),(NO;)s_.] (L = H,O or NO;~ or OH™)
under Alkaline Treatment”

T OH  2-
L?'ltiL KOH Howlti’; o
| )
t T OH on 2-
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L
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L
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“Hydrogen atoms of the OH-bridges are omitted. Designations H1,
H2, H4a, and H4b correspond to the '**Pt NMR signals of platinum
centers in Figure 7.

According to the previously reported data, two singlet signals
H1 at 3260 ppm and H2 at 3550 ppm were referred to
[Pt(OH)s)*™ and [Pt,(1,-OH),(OH)s]*~ correspondingly.*>*°
The five-line sets of signals at 3849 and 4073 ppm (H4a and
H4b), most probably, correspond to the A,X, system
mentioned above. The *J(***Pt—'"*Pt) coupling constants in
the five-line sets of signals (about 620 Hz) are close to values
observed for the Pt—Pt coupling in Pt, molecule. As a result we
ascribe the five-line sets of signals to tetranuclear [Pt,(y;-
OH),(¢,-OH),(OH),,] complex containing Pt(IV) in two
different environments (H4a and H4b, Scheme 2). Third
singlet signal H3 (3850 ppm) may be attributed to trinuclear
[Pty(¢5-OH)(u,-OH);(OH),]~ symmetrical species (H3,
Scheme 2), which should produce single signal in '**Pt NMR
spectrum.

As can be concluded from chemical shifts of [Pt(OH)s]*~
(3260 ppm) and [Pt(NO;)s]*” (3940 ppm),” an upfield
chemical shift of all signals in the spectrum of ATPNS by
comparison with spectrum of PNS reflects substitution of
terminal NO;™ ligands for OH™. Therefore, our NMR data fully
confirm the previous EXAFS-based suggestion about stability of
Pt(IV) polynuclear complexes with OH bridges in alkaline
solutions.'® Initially obtained in nitric acid, these species can be
transferred into a basic solution without destruction of their
Ptx(;t-OH)lv cores.

DOI: 10.1021/ic502896s
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B CONCLUSIONS

To conclude, we have demonstrated that the macrocyclic
cavitands cucurbit[n]urils (n = 6,8) and 18-crown-6 ether can
be used for solid-state isolation of polynuclear platinum(IV)
complexes from nitric acid solution. We present the first
examples of structurally characterized hydroxido-bridged
tetranuclear and hexanuclear platinum(IV) nitrato complexes.
The CB[n] molecules serve as bulk building blocks for creation
of an appropriate framework where platinum complexes are
localized. '**Pt NMR spectral analysis reveals the stability of
Pt,(OH), cores toward alkaline hydrolysis and a correlation of
signal positions with nuclearity of species. Recently polynuclear
Pt,,*" and Pd,,*" species were found to exist in perchloric acid
solutions of Pt(I) and Pd(II) aqua ions, and similar structures
with OH(O)-bridging cores were é)roposed for them by EXAFS
and small-angle X-ray scattering.** Conceivably, the application
of such acid-resistant bulk molecules like cucurbit[n]urils and
crowns will make it possible to perform the solid-state isolation
of polynuclear species, previously postulated to exist in acidic
solutions, and also the new ones with structures still unknown.
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