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Abstract: Monomeric a-Keggin-type polyoxotungstate-coordinated mono- and di-
palladium(Il) complexes, i.e., Css[o-PW11039{Pd"(Me2ppz)}]-5H20 (Cs-1) (Me2ppz = N,N’-
dimethylpiperazine),  [(CH3)sNJsH[a-PW11039{Pd"(Me2ppz)}]-8H20  (TMA-1), and
Cs2.5Ho.s[0-PW 11039 {Pd"(en)}2]-7H20 (en = ethylenediamine) (Cs-2), were synthesized by 1:1
or 1:2 stoichiometric reactions of mono-lacunary a-Keggin polyoxotungstate [o-PW11039]"
with PdCl2(Mezppz) and PdClz(en) in aqueous solution. Subsequent purification from water
afforded these compounds as analytically pure homogeneous yellow precipitates. Single-crystal
X-ray structural analysis of Cs-1 revealed that a palladium(II) moiety, i.e., [Pd(Me2ppz)]**, was
coordinated to two oxygen atoms in the mono-vacant site of [PW11039]"~ with an asymmetric
configuration, resulting in an overall C1 symmetry. With regard to the crystal structure of Cs-
2, two palladium species of the [Pd(en)]** type were coordinated to two oxygen atoms in the
mono-vacant site with symmetric configuration, resulting in an overall Cs symmetry. A unique
structural transformation of the mono-lacunary a-Keggin structure of Cs-1 to the di-lacunary

v-Keggin polyoxotungstate Cs7[y-PW10036] was observed upon the addition of cesium chloride.
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Introduction

Palladium-containing polyoxometalates (POMs) have attracted much attention due to the fact
that the incorporation of noble metal ions and their derivatives into completely inorganic,
thermally stable, and redox-stable POM frameworks may allow for the stabilization of noble
metal sites as well as the solubilization in aqueous and organic media.['?! Various palladium-
containing POMs have been reported;? however, only in few cases their structure was
determined by X-ray crystallography structural analysis. Some recent examples include
[SeV2Pd"sWV!14056H]' -, [Se'VaPd"sWVs010sH 2] P! [Pd"4(0-P2W15056)2]'6", 141
[Pd"3(TeWo033)2]'%" 1] [y-H2SiW10036Pd"2(OAc)2]*, ] and [{(y-
H2SiW10036Pd™2)(02C(CH2),CO2)}] (n = 1,3, and 5).1"]

In this study, we successfully obtained the cesium and tetramethylammonium salts Css[o-
PW11030{Pd"(Mezppz)}]-5H20 (Meppz =  N,N’-dimethylpiperazine) (Cs-1) and
[(CH3)4aN]4H[a-PW11039{Pd"(Mezppz)}]:8H20  (TMA-1), along with  Cs2s5Hos[a-
PW11039{Pd"(en)}2]-7H20 (en = ethylenediamine) (Cs-2). In particular, compounds Cs-1 and
Cs-2 were obtained in the form of crystals (i.e., suitable for X-ray structural analysis) by slow
evaporation from water. The X-ray crystal structure of Cs-1 revealed that the cis-palladium(II)
moiety was coordinated to the two oxygen atoms in the mono-vacant site of [a-PW11039]" with
an asymmetric configuration, resulting in an overall Ci symmetry. In the case of Cs-2, the two
cis-palladium(II) moieties were coordinated to two oxygen atoms, resulting in an overall Cs
symmetry. Compounds Cs-1, TMA-1, and Cs-2 were characterized by X-ray crystallography,
elemental analysis, thermogravimetric/differential thermal analysis (TG/DTA), as well as
Fourier transform infrared (FTIR), ultraviolet-visible (UV-Vis), and solution {'H, 1*C, *'P, and

183W1 nuclear magnetic resonance (NMR) spectroscopy.



The structural transformation of the mono-lacunary a-Keggin structure of Cs-1 to a di-
lacunary y-Keggin polyoxotungstate, i.e., Cs7[y-PW1003¢], upon addition of cesium chloride

was also described.

Results and Discussion

Syntheses and characterization of Cs-1, TMA-1, and Cs-2

The cesium and tetramethylammonium salts of [o-PW11039{Pd"(Me2ppz)} >~ (1) were easily
formed by a 1:1 stoichiometric reaction between Pd"'Cl2(Me2ppz) and mono-lacunary o-Keggin
POM [a-PW11039]"" in an aqueous solution at 25 °C in air. While the cesium salt of 1 could be
obtained upon addition of cesium chloride (10 mmol) to a mixture of Pd"Clo(Me2ppz) (0.4
mmol) and mono-lacunary Keggin POM [a.-PW11039]"~ (0.4 mmol), a small amount of Cs7[y-
PW10036]"®) was also generated as by-product. In order to isolate the target product, it was
necessary to remove the white powder constituted of Cs7[y-PW10036] by ice-cooling the
aqueous solution in which the crude precipitate was dissolved. Compound Cs-1 was finally
isolated as an analytically pure, yellow crystalline powder in 37% yield. Reducing the amount
of cesium chloride to suppress the Cs7[y-PW10036] by-production led to a significantly
decreased yield of Cs-1 (e.g., the addition of 7.5 mmol of cesium chloride resulted in a yield of
24%). A single crystal of Cs-1 was obtained for X-ray crystallography by slow evaporation
from an aqueous solution containing the purified powder. The tetramethylammonium salt of 1
was also obtained upon addition of tetramethylammonium chloride to the mixture. In the case
of TMA-1, the formation of by-products was not observed even when the amount of
tetramethylammonium chloride was changed. The purification was performed by
reprecipitation from water. Compound TMA-1 was also obtained as an analytically pure,

yellow powder in 23% yield. Single crystals of TMA-1 suitable for X-ray structural analysis



could neither be obtained by slow evaporation from water nor vapor diffusion from
water/methanol and water/ethanol.

The cesium salt of [a-PW11039 {Pd"(en)}2]*" (2) was obtained by a 2:1 stoichiometric reaction
between PdClz(en) and [a-PW11039]”" in an aqueous solution at 25 °C in air. The cesium salt
of 2 was obtained upon addition of cesium chloride to a mixture of PdClz(en) and mono-
lacunary Keggin POM, followed by precipitation from water. In the case of Cs-2, no by-product
formation was observed due to the amount of cesium chloride. Compound Cs-2 was finally
isolated as an analytically pure, yellow crystalline powder in 30% yield. A single crystal of Cs-
2 for X-ray crystallography was obtained by slow evaporation from an aqueous solution
containing the purified crystalline powder.

The elemental analysis and TG/DTA results (Figs. S1-S3) were in good agreement with the
calculated values based on the chemical formulas of Cs-1, TMA-1, and Cs-2 (see
Experimental). The analytical value of potassium was less than 0.1%, indicating that these
palladium compounds did not contain potassium ions.

For the X-ray crystal structure analysis of Cs-1, polyoxoanion 1 was observed as two
molecules, i.e., Units A and A', as shown in Fig. S4. They possessed the same molecular
structure in which one palladium species, i.e., [Pd(Me2ppz)]**, was coordinated to two oxygen
atoms in a mono-vacant site of [o-PW11039]”", resulting in an overall C1 symmetry. Units A
and A' are shown in Figs. 1 and S5, respectively. Thus, polyoxoanion 1 was chiral; however,
Unit A formed an enantiomer with Unit B that appeared by symmetry operation (Unit A' also
formed an enantiomer with Unit B'), as shown in Fig. S4. Since Units A and B (or Units A' and
B') were present in equal amounts, they were a racemic mixture. Selected bond lengths and
angles around the palladium centers are summarized in Tables 1 and S1, while other bond
lengths (A) and angles (°) (Tables S2 and S3) as well as the bond valence sum (BVS)
calculations of the W, P, and O atoms (Tables S4 and S5) are given in the Supporting
Information.

The Pd(1)-O(3)-W(1) and Pd(1)-O(11)-W(5) bond angles in Unit A were 172.2(10)° and

148.9(8)°, respectively, which were remarkably tilted towards the other two terminal oxygen



atoms at the mono-vacant site, as shown in Fig. 2(a). A similar tendency was observed in Unit
A'. However, the distances between the hydrogen atoms of the Me2ppz molecule and the
terminal oxygen atoms O(5) and O(10) were long, and no clear interaction was confirmed
between them.

The bond valence sums (BVSs)!'%'4 which were calculated on the basis of the observed bond
lengths for Units A and A', were in the range of 5.941-6.352 (average 6.09) and 5.999-6.562
(average 6.17) for the 11 W atoms, 4.940 and 4.970 for the internal P atom, as well as 1.562—
2.107 (average 1.88) and 1.698-2.078 (average 1.89) for the 39 oxygen atoms in the Keggin
unit. These values reasonably corresponded to the formal valences of W', P>* and O?". When
two equivalents of Pd"Cl2(Me2ppz) were reacted with [a.-PW11039]” under the same conditions,
di-palladium species were not formed.

The molecular structure of Cs-2 is illustrated in Fig. 3. Selected bond lengths and angles
around the palladium centers are summarized in Table 2, while other bond lengths (A) and
angles (°) (Table S6) as well as the bond valence sum (BVS) calculations of the W, P, and O
atoms (Table S7) are also given in the Supporting Information.

Single-crystal X-ray structural analysis of Cs-2 revealed that two palladium species of the
[Pd(en)]*" type were coordinated to two oxygen atoms in a mono-vacant site of [o-PW110390]7~
with a symmetric configuration, which resulted in an overall Cs symmetry. The W(1)-O(3)—
Pd(1) and W(2)-O(6)-Pd(2) bond angles were 155.0(5)° and 149.4(5)°, respectively, and were
bent outward from each other (Fig. 2(b)). The Pd---Pd distance was 3.543 A, which was larger
than those of Ko[Pd2(a-PW11039Ho5)2]-37H20 (3.015(5) A), KusLi[anti-Pda(o2-
P2W17061Ho.5)2]-50H20 (3.000(4) A), and Kio[syn-Pda(o2-P2W17061H3)2]-50H20 (3.051(5)
A).1

The bond valence sums (BVSs), which were calculated on the basis of the observed bond
lengths of Cs-2, were in the range of 6.054 — 6.246 (average 6.18) for the 11 W atoms, 4.884
for the internal P atom, and 1.687 —2.137 (average 1.97) for the 39 oxygen atoms in the Keggin
unit. These values reasonably corresponded to the formal valences of W', P>*, and O*". It was

not possible to determine the position of 0.5 protons from the BVS value of oxygen. In the case



of a 1:1 reaction between PdClz(en) and [a-PW11039]"" under the same conditions, mono-

palladium species were not formed.



Table 1. Selected bond lengths (A) and angles (°) around a palladium site in Unit A of Cs-1

Lengths (A)

W(1)-0(3) 1.787(16) N(1)-C(1) 1.46(3)
W(2)-O(5) 1.731(19) N(1)-C(2) 1.50(3)
W(5)-O(11) 1.793(15) N(1)-C(3) 1.50(3)
W(6)-O(10) 1.733(15) Average 1.49
Average 1.761 N(2)-C4) 1.53(3)
W(1)-0O(4) 1.930(17) N(2)-C(5) 1.51(3)
W(2)-0(4) 1.868(17) N(2)-C(6) 1.42(3)
W(5)-0(19) 1.911(18) Average 1.49
W(6)-O(19) 1.920(18) C(2)-C(4) 1.51(3)
Average 1.907 C(3)-C(5) 1.50(3)
Pd(1)-O0(3) 1.982(16) Average 1.51
Pd(1)-O(11) 2.006(15)

Average 1.994

Pd(1)-N(1) 2.020(19)

Pd(1)-N(2) 2.002(18)

Average 2.011

Angles (°)

Pd(1)-O(3)-W(1) 172.2(10) C(1)-N(1)-C(2) 113.6(18)
Pd(1)-O(11)-W(5) 148.9(8) C(1)-N(1)-C(3) 108.2(18)
Average 160.6 C(2)-N(1)-C(3) 106.1(17)
O(3)-Pd(1)-O(11) 90.5(6) Average 109.3
O(3)-Pd(1)-N(2) 98.0(7) C(4)-N(2)-C(5) 107.8(17)
O(11)-Pd(1)-N(1) 96.7(7) C(4)-N(2)-C(6) 110.3(19)
N(1)-Pd(1)-N(2) 74.5(8) C(5)-N(2)-C(6) 111(2)
Average 89.9 Average 110
Pd(1)-N(1)-C(1) 122.4(14) N(1)-C(2)-C(4) 108.7(19)
Pd(1)-N(1)-C(2) 102.9(14) N(1)-C(3)-C(5) 109.6(18)
Pd(1)-N(1)-C(3) 102.1(13) N(2)-C(4)-C(2) 107.0(19)
Pd(1)-N(2)-C(4) 102.3(14) N(2)-C(5)-C(3) 106.7(18)
Pd(1)-N(2)-C(5) 103.1(13) Average 108.0
Pd(1)-N(2)-C(6) 121.8(16) W(1)-O(4)-W(2) 145.4(10)

Average 109.1 W(5)-0(19)-W(6)  122.39)




sy ¢ CI

Pd1

Figure 1. Molecular structure (ORTEP drawing) of [a.-PW11039{Pd"(Me2ppz)}]°~ (1).
Polyoxoanion 1 was observed as two molecules named Unit A and A', as shown in Fig. S4. In
this figure, the molecular structure of unit A is depicted. The W, O, P, Pd, C, and N atoms are

represented by blue, red, orange, yellow, gray and pink colors, respectively.



Figure 2. Partial structures around the palladium sites in (a) Cs-1 (Unit A) and (b) Cs-2.
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Table 2. Selected bond lengths (A) and angles (°) around two palladium sites in Cs-2
Lengths (A)

Pd(1)-0(3) 1.994(8) W(1)-0(3) 1.753(8)
Pd(1)-O(6) 2.011(8) W(2)-0(6) 1.766(8)
Average 2.003 Average 1.756
Pd(1)-N(1) 2.007(10) W(1)-0(2) 1.907(3)
Pd(1)-N(2) 1.991(10) W(2)-0(13) 1.924(5)
Average 1.999 Average 1.919
N(1)-C(1) 1.456(16) C(1)-C(2) 1.522(19)
N(2)-C(2) 1.476(14)
Average 1.466

Pd(1)---Pd(1A) 3.543
Angles (°)
W(1)-0O(3)-Pd(1)  155.0(5) O(3)-Pd(1)-O(6) 92.4(3)
W(2)-0(6)-Pd(1)  149.4(5) O(6)-Pd(1)-N(1) 92.6(4)
Average 146.0 O(3)-Pd(1)-N(2) 90.5(4)
O(3)-Pd(1)-N(1) 173.8(4) N(1)-Pd(1)-N(2) 84.3(4)
O(6)-Pd(1)-N(2) 175.7(4) Average 90.0
Average 174.8
Pd(1)-N(1)-C(1) 109.5(8) N(1)-C(1)-C(2) 108.2(10)
Pd(1)-N(2)-C(2) 109.3(8) N(2)-C(2)-C(1) 106.2(10)

W(1)-0(2)-W(1A) 145.0(6) W(2)-0(13)-W(2A)  121.6(6)
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Figure 3. Molecular structure (ORTEP drawing) of [a-PW11039{Pd"(en)}2]*" (2). The W, O, P,
Pd, C, and N atoms are represented by blue, red, orange, yellow, gray and pink colors,

respectively.
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The FTIR spectrum of Cs-1 in the polyoxometalate region (1200 — 400 cm™") was measured
in a KBr disk, as shown in Fig. 4a. The spectral pattern of Cs-1 (1092, 1042, 948, 895, 859,
807, 792, 757, 723, and 508 cm™') was different from that of K7[a-PW110390]-13H20 (1086,
1043, 953, 903, 862, 810, and 734 cm™"),[!>16] suggesting that [Pd(Me2ppz)]** was coordinated
to the vacant site of [a-PW11039]”". The spectral pattern of TMA-1 (1084, 1045, 950, 890, 849,
806, 794, 761, 731, and 512 cm™!") was similar to that of Cs-1, as shown in Fig. 4b. The 1457
cm! band in the case of Cs-1 as well as the bands at 1485, 1453, and 1383 cm™' for TMA-1
were due to the Mexppz molecule and tetramethylammonium ions. The FTIR spectrum of Cs-
2 exhibited bands at 1098, 1048, 976, 952, 892, 852, 796, 735, and 551 cm™' (Fig. 4c), which
were also different from those of K7[a-PW11039]-13H20. This suggested that [Pd(en)]*" was
coordinated to the vacant site of [a-PW11039]’". The bands at 1454, 1396, 1363, 1312, 1293,
1165, and 1154 cm™! were attributed to the ethylenediamine molecules.

The *'P NMR spectrum of Cs-1 in D20 displayed a clear single-line spectrum at —11.39 ppm
due to the internal phosphorus atom, confirming the purity and homogeneity of the sample (Fig.
5a). The signal was shifted compared with that of K7[a.-PW11039]-13H20 (8 —10.67). A single-
line spectrum was also observed for TMA-1 in D20 (Fig. 5b), which consisted of a signal at
—11.80 ppm that was slightly shifted compared to that of Cs-1. However, the *'P NMR spectrum
of a mixture of Cs-1 and TMA-1 in D20 showed a single signal, confirming that Cs-1 and
TMA-1 featured the same polyoxoanion 1. For Cs-2, no signal was observed in the *'P NMR
spectrum measured in D20 because of its low solubility in water. Attempts were made to
improve the solubility of 2 by preparing the potassium salt; however, no improvement in water
solubility was observed. In attempts to prepare the sodium and lithium salts, the use of their
chlorides, perchlorates, and nitrates caused the formation of PdClx(en). In the *'P NMR
spectrum of Cs-2 measured in DMSO-ds, a signal was observed at —12.42 ppm (Fig. 6), which
was shifted relative to that of K7[a-PW11039]-13H20 (6 —10.12) observed in DMSO-db.
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Figure 4. FT-IR spectra (as KBr disks) of (a) Cs-1, (b) TMA-1, and (c) Cs-2
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Figure 5. *!P NMR spectra in D20 of (a) Cs-1 and (b) TMA-1
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Figure 6. *'P NMR spectrum of Cs-2 in DMSO-ds
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Figure 7. '3W NMR spectrum in D20 of the potassium salt of 1.

The preparation of potassium salt of 1 is shown in Experimental Section.
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The '"*W NMR spectrum in D20 of the potassium salt of 1 obtained upon addition of an
excess of KCl instead of cesium or tetramethylammonium chloride exhibited 11 signals at —85.7,
-90.0,-107.4, -108.3, —114.3, —115.5, —125.2, —134.4, —144.8, —150.7, and —192.1 ppm with
approximately 1:1:1:1:1:1:1:1:1:1:1 intensities; this indicates that a palladium(II) moiety, i.e.,
[Pd(Me2ppz)]**, was coordinated to two oxygen atoms in a mono-vacant site of [PW11039]"~
with an asymmetric configuration, resulting in an overall Ci1 symmetry (Fig. 7). This result was
in good agreement with that of the single-crystal X-ray structural analysis of Cs-1. The '$*W
NMR measurement of Cs-2 did not provide a good spectrum even in DMSO-ds owing to its
low solubility.

The '"H NMR spectrum of Cs-1 in D20 displayed 10 signals at 4.03, 3.94, 3.77, 3.45, 2.57,
2.38,2.33,2.23,2.15,and 2.03 ppm with 1:1:1:1:3:1:1:1:3:1 intensities, as shown in Fig. 8. The
signals at 2.57 and 2.15 ppm could be assigned to the methyl groups of the Me2ppz molecule,
while the eight broad signals at 4.03, 3.94, 3.77, 3.45, 2.38, 2.33, 2.23, and 2.03 ppm were due
to the eight non-equivalent hydrogen atoms in the two -CH>-CH>- groups. A similar 'H NMR
spectrum was observed for TMA-1, as shown in Fig. S6a. The '"H NMR spectrum in D20 of
the starting complex PdCl2(Me2ppz) exhibited signals at 3.82, 2.53 and 2.46 ppm with 4:4:6
intensities, as shown in Fig. S6b.I'” The signals at 3.82 and 2.54 ppm were assigned to two -
CH>-CH>- groups, while that at 2.46 ppm was ascribed to the two equivalent methyl groups.
Thus, the coordination of [Pd(Me2ppz)]** to the mono-vacant site of the {PW11039} unit led to
the splitting of the 'TH NMR signals of the Me2ppz molecule, and these results corresponded to
the formation of asymmetric polyoxoanion 1.

Due to the low solubility of Cs-1 in D20, the '*C NMR spectrum (Fig. 9) was also obtained
with the potassium salt of 1, as observed for '*W NMR spectrum. Six signals were observed
at49.77,50.34, 61.31, 61.65, 63.22, and 63.48 ppm. The signals at 49.77 and 50.34 ppm could
be assigned to the methyl groups of the Me2ppz molecule, while the two sets of broad signals
at 61.31 and 61.65 ppm as well as 63.22 and 63.48 ppm could be assigned to the four non-
equivalent carbon atoms of the -CH2-CH2- groups of the Me2ppz molecule. This was consistent

with the '"H NMR spectra of Cs-1 and TMA-1.
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Figure 8. 'H NMR spectrum of Cs-1 in D20.

The signals of the -CH>-CH>- (m) and methyl (@) groups of the Me2ppz molecule were observed.
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Figure 9. >*C NMR spectrum of the potassium salt of 1 in D20.

The signals of the -CH2-CHz- (m) and methyl (@) groups of the Me2ppz molecule were observed.
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The '"H NMR spectrum of Cs-2 in DMSO-ds exhibited three broad signals at 5.52, 5.29, and
4.90 ppm with 1:2:1 intensities, as shown in Fig. 10. A set of signals at 5.52 and 4.90 ppm could
be assigned to the two equatorial and two axial hydrogen atoms of the -CH>-CH>- groups, while
a signal at 5.29 ppm was ascribed to the four equivalent hydrogen atoms of the -NH> groups of
the ethylenediamine molecule. The 'H NMR spectrum in DMSO-ds of the starting complex
PdClz(en) displayed two signals at 4.90 and 2.35 ppm with 1:1 intensities, which were assigned
to the four equivalent hydrogen atoms of the two -CH2-CH>- groups and the four equivalent
hydrogen atoms of the -NH> groups of the ethylenediamine molecule. These results also
indicated that the two [Pd(en)]*" were symmetrically coordinated to the mono-vacant site of the

{PW11039} unit, as observed by X-ray crystallography.
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Figure 10. '"H NMR spectrum of Cs-2 in DMSO-d.
The signals of the -CH2-CHz- (m) and -NH> (@) groups of two ethylenediamine molecules were

observed.
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The UV-Vis spectrum of Cs-1 in water exhibited two broad absorption bands at 252
(extinction coefficient: € 38886 M 'cm™) and around 387 nm (¢ 389 M 'em™") (Fig. S7). The
broad band at approximately 252 nm could be assigned to the charge transfer (CT) bands of W-
0. PdCI2(Mezppz) displayed a band at 373 nm (e 494 M'cm ™). Therefore, it was inferred that
the absorption of Cs-1 at around 387 nm derived from the [(Me2ppz)Pd]** species. TMA-1 also
displayed a similar absorption at 247 and around 393 nm (Fig. S8), suggesting that TMA-1
possessed the same polyoxoanion structure as Cs-1. The UV-Vis spectrum of Cs-2 was
measured only at a low concentration because of its low solubility in water. As a result, a band
at 252 nm (g 44174 M 'em™) deriving from W-O was observed, as shown in Fig. S9. This
result supported the belief that Cs-2 retained a Keggin-type structure, as observed for Cs-1 and

TMA-1.

Structural transformation of the mono-lacunary a-Keggin structure of Cs-1 to di-

lacunary y-Keggin polyoxotungstate, Cs7[y-PW100O3¢]

As mentioned above, when cesium chloride was added to a mixture of Pd"Clo(Me2ppz) and
[0-PW11039]"", Cs7[y-PW10036] was formed as by-product. The FTIR and 3'P NMR spectra in
D20 are shown in Figs. S10 and S11, respectively. The amount of Cs7[y-PW10036] increased as
the amount of added CsCl increased from 7.5 to 15 mmol, as shown in Fig. 11. Such a structural
transformation was also observed for mono-platinum(Il)-containing polyoxotungstate [o-
PW11039{Pt'(Me2ppz)}]>.[' When 15 mmol or more of CsCl was added, a mono-lacunary o.-
Keggin polyoxotungstate was formed. However, polyoxoanion 1 was hardly obtained as
precipitate when 7.5 mmol or less of CsCl was added to the mixed solution. Moreover, Cs7[y-
PW10036] did not form when an excess of cesium chloride was added to an aqueous solution of

TMA-1.

It was reported that the o-isomer 1is generally favored for Keggin-type
polyoxotungstates.['®!”] In the case of Cs-2 and di-platinum(Il)-containing o-Keggin

polyoxotungstate Cs3[a-PW11039{cis-Pt!{(NH3)2}2] - 8H20, % Cs7[y-PW10036] was not
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produced even when an excess of cesium chloride was added. Since the formation of Cs7[y-
PW10036] was not observed even when cesium chloride was added to [a-PW11039]"", a direct
isomerization of a to y structures upon addition of cesium chloride could be observed only
when a palladium(II) or platinum(II) species bearing N,N’-dimethylpiperazine as organic ligand
was coordinated to the mono-lacunary Keggin-type polyoxotungstate in the presence of cesium
ions. To the best of our knowledge, such unique structural transformations have never been
reported so far for polyoxotungstates. The investigation of the mechanism of this transformation

is in progress and will be reported elsewhere.
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Conclusion

Monomeric mono- and di-palladium(Il) complexes composed of mono-lacunary a-Keggin
polyoxotungstates, i.e., Css[a-PW11039{Pd"(Me2ppz)}]-5H20 (Cs-1), [(CH3)sN]sH[a-
PW11039{ Pd"(Me2ppz)}]-8H20 (TMA-1), and Cs2.5Ho.5s[a-PW11039{Pd"(en)}2]-7H20 (Cs-2),
were successfully synthesized. Their characterization was accomplished by X-ray structural
analysis, elemental analysis, TG/DTA, FTIR, UV-Vis, and solution {'H, '*C, *'P, and '®*W}
NMR spectroscopy.

Single-crystal X-ray structural analysis of Cs-1 revealed that a palladium(II) moiety, i.e.,
[Pd(Me2ppz)]**, was coordinated to two oxygen atoms in the mono-vacant site of [PW11039]"~
with an asymmetric configuration, thus resulting in an overall Ci symmetry. In contrast, Cs-2
exhibited a dinuclear palladium(II) structure formed upon coordination of two palladium
species, ([Pd(en)]*") to two oxygen atoms in the mono-vacant site with a symmetric
configuration, therefore resulting in an overall Cs symmetry.

During the synthesis of Cs-1, a structural transformation from mono-lacunary a-Keggin
structure to the di-lacunary y-Keggin polyoxotungstate Cs7[y-PW10036] was observed upon
addition of cesium chloride. Such structural transformation was also observed for [o-
PW110390{cis-Pt"(Mezppz)}]°". However, no such phenomenon was observed during the
syntheses of Cs-2 and Cs3[a-PW110390{cis-Pt'(NH3)2}2] - 8H20. This reactivity was due to the
coordination of palladium or platinum bearing N,N’-dimethylpiperazine as organic ligand to a

Keggin-type polyoxotungstate.

Experimental Section

Materials: K7[PW11039]-13H20"! and cis-PdCl2(Me2ppz)!' 7! were prepared as described in the
literature. The number of solvated water molecules was determined by TG/DTA. All reagents

and solvents were obtained from commercial sources and used as received.
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Instrumentation/analytical procedures: Elemental analysis was performed by
Mikroanalytisches Labor Pascher (Remagen, Germany). Infrared spectra were recorded on a
Perkin-Elmer Spectrum100 Fourier transform infrared (FTIR) spectrometer using KBr disks at
approximately 25 °C in air. TG and DTA data were obtained using a Rigaku Thermo Plus EVO2
TG/DTA 81205Z instrument. TG/DTA measurements were performed in air with temperatures
increase of 4 °C/min between 20 and 500 °C. The 'H (600.17 MHz), '*C (150.92 MHz), and
3P-{H} (242.95 MHz) nuclear magnetic resonance (NMR) spectra in solutions were recorded
using 5-mm outer diameter tubes on a JEOL ECA-600 NMR spectrometer (Shizuoka
University). 'H and '*C NMR spectra were measured in D20 with reference to an internal
standard, i.e., 3-(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS). Chemical shifts are
reported as positive for resonances downfield of DSS (8 0). The 3'P NMR spectra were
measured in D20 with reference to an external standard constituted of 85% H3POa in a sealed
capillary. Chemical shifts were reported as negative on the o scale for the resonances upfield of
H3PO4 (8 0). The '3W NMR (25.00 MHz) spectrum was recorded in a tube with an outer
diameter of 10 mm on a JEOL ECA-600 NMR spectrometer (Kyusyu University). The '*W
NMR spectrum measured in D20 was referenced to an external standard constituted of a
saturated Na2WO4-D20 solution (substitution method). Chemical shifts were reported as
negative for the resonances upfield of Na2WOs (8 0). Ultraviolet-visible (UV-Vis) spectra were

recorded on a Perkin-Elmer Spectrum Lambda 650 spectrophotometer.

Synthesis of Css[a-PW11039{cis-PdMe;ppz}]:SH,0 (Cs-1): Solid K7[a-PW11039]-13H20
(1.269 g, 0.4 mmol) was added to a solution of PdCl2(Mezppz) (0.1152 g, 0.4 mmol) in 60 mL
of water at 50 °C. After stirring for three days at approximately 25 °C, solid cesium chloride
(1.684 g, 10 mmol) was added, and the mixture was stirred for 24 h. Then, a yellow precipitate
was collected using a membrane filter (JG 0.2 um). At this stage, a crude product (1.108 g) was
obtained. For purification, it was then dissolved in 40 mL of water at approximately 25 °C, and

placed in an ice bath for 1 h. A white insoluble precipitate was formed and removed by a
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membrane filter (JG 0.2 um), and the filtrate was concentrated to ca. 15 mL using a rotary
evaporator at 50 °C. The solution was allowed to stand in the refrigerator at approximately 5 °C
for one day. A yellow precipitate was collected using a membrane filter (JG 0.2 um) to yield
0.5447 g of product (the yield was calculated on the basis of [mol of Cs-1]/[mol of
K7[PW11039]-13H20] x 100 and was 37%). To obtain single crystals for X-ray crystallography,
the obtained product (1.00 g) was dissolved in 20 mL of water at 50 °C and slowly evaporated
at approximately 25 °C for one month. This product was soluble in water and DMSO, while
being insoluble in methanol, ethanol, acetone, and diethyl ether. Elemental analysis results
showed the following composition: C, 1.93; H, 0.67; N, 0.78; P, 0.86; Pd, 2.87; Cs, 17.90; K,
<0.1%. Calculations for  Css[a-PWi1039{Pd(Me2ppz)}]'xH2O0 (x = 5) =
C6H24Cs5sN2044Pd i P1W 11 (MW: 3652.41): C, 1.97; H, 0.66; N, 0.77; P, 0.85; Pd, 2.91; Cs,
18.19; K, 0%. TG/DTA analysis under atmospheric conditions showed a weight loss of 2.63%
with an endothermic point at 62.1 °C observed below 89.8 °C (based on calculations, 2.47%
corresponds to five water molecules). Additionally, a weight loss of 3.08% with an exothermic
peak at 264.7 °C was observed within the temperature range from 98.2 to 431.1 °C
corresponding to a Me2ppz molecule (calculated 3.13%). FTIR (KBr disk) results in the 1600—
400 cm ™! region showed the following bands: 1457w, 1092m, 1042m, 948s, 895m, 859m, 807s,
792s, 757s, 723s, and 508w cm™!. The NMR results gave 'H NMR (D20, 22.4 °C): & 4.03 (-
CH2CH>- groups in Mexppz), 3.94 (-CH.CH»-), 3.77 (-CH2CHz-), 3.45 (-CH2CH>-), 2.57
((CH3)2ppz), 2.38 (-CH2CH?>-), 2.33 (-CH2CH?>-), 2.23 (-CH2CH?>-), 2.15 ((CH3)2ppz), and 2.03
(-CH2CH:-); *'P NMR (D20, 23.8 °C): § —11.39. UV-Vis absorption (in H20, 4.65 x 107 M
and 9.90 x 10~* M) showed: 1252 nm (38886 M~'cm™') and around 387 nm (£389 M~'cm™).
Due to the low solubility of Cs-1 in D20, the *C and '**W NMR measurements were performed
using a potassium salt of [o-PW11039{Pd"(Me2ppz)}]°~. The potassium salt was obtained as
follows: solid K7[a-PW11039]-13H20 (0.4 mmol) was added to a solution of PdCl2(Mezppz)
(0.4 mmol) in 60 mL of water at 50 °C. After stirring for three days at approximately 25 °C,
ethanol (150 mL) was added, and a yellow precipitate was collected using a membrane filter

(JG 0.2 um). The 3'P NMR spectrum measured in D20 observed a single signal at —11.36 ppm,
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showing the same chemical shift as Cs-1. *C NMR (D20, 25.6 °C): § 49.77 ((CH3)2ppz), 50.34
((CH3)2ppz), 61.31(-CH2CH2- groups in Mezxppz), 61.65 (-CH2CHz2-), 63.22 (-CH2CH2-), and
63.48 (-CH2CHz-); "W NMR (D20, 22.9 °C): —85.66,-90.00, —107.4,-108.3,-114.3, —-115.5,
—125.2,-134.4, -144.8, -150.7, and —192.1.

Synthesis of [(CH3)4N]4sH[0a-PW11030{PdMe:ppz}]-8H20 (TMA-1): Solid (CH3)4aNC1 (1.096
g, 10.0 mmol) was added to a mixed solution of K7[a.-PW11039]-13H20 and PdCl2(Mezppz), as
shown in the synthesis of Cs-1. After stirring for a day at approximately 25 °C, a yellow
precipitate was collected using a membrane filter (JG 0.2 um). At this stage, a crude product
(0.8020 g) was obtained. For purification, it was dissolved in 40 mL of water at 50 °C, and
stored in a refrigerator at approximately 5 °C overnight. A yellow precipitate was collected
using a membrane filter (JG 0.2 um) to yield 0.3056 g of product (the yield was calculated on
the basis of [mol of TMA-1]/[mol of K7[PW11039]-13H20] x 100 and was 23%). This product
was soluble in water and DMSO, while being insoluble in methanol, ethanol, acetone, and
diethyl ether. Elemental analysis results showed the following composition: C, 7.84; H, 2.35;
N, 2.58; P, 091; Pd, 3.11, W, 60.70; K, <0.1%. Calculations for [(CH3)sN]sH[o-
PWi11039{Pt(Me2ppz)}]-xH20 (x = 8) = C22H79NcO47PdiP1W11 (MW: 3339.52): C, 7.91; H,
2.38; N, 2.52; P, 0.93; Pd, 3.19; W, 60.55; K, 0%. TG/DTA analysis under atmospheric
conditions showed a weight loss of 3.60% without a clear endothermic point observed below
216.8 °C (based on calculations, 4.33% corresponds to eight water molecules). Additionally, a
weight loss of 14.08% with exothermic peaks at 271.3 and 464.4 °C was observed in the
temperature range from 228.8 to 494.4 °C corresponding to a Me2ppz molecule and
4[(CH3)4N]" (calculated 12.44%). FTIR (KBr disk) results in the 1600 — 400 cm™' region
showed the following bands: 1485m, 1453w, 1383w, 1084m, 1045m, 950s, 890m, 849m, 806s,
794s, 761s, 731s, and 512w cm™'. The NMR results gave 'H NMR (D20, 23.3 °C): § 4.10 (-
CH>CH>- groups in Mexppz), 3.99 (-CH2.CH2-), 3.87 (-CH2CH2-), 3.69 (-CH2CH>-), 3.20
([(CH3)4]N"), 2.61 ((CH3)2ppz), 2.48 (-CH2CH>-), 2.31 (-CH2CH:-), 2.26 ((CH3)2ppz); >'P
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NMR (D20, 23.0 °C): § —11.80. UV-Vis absorption (in H20, 5.09 x 10-° M and 1.00 x 10~ M)
showed: 4247 nm (£37601 M~'ecm™) and around 393 nm (413 M~'ecm™).

Synthesis of Cs2.sHo5[0-PW11039{Pd(en)}2] - 7H,0 (Cs-2): A solution of PdCl2(en) (0.048
g, 0.2 mmol) in 20 mL of water at 90 °C was added to a solution of K7[PW11039]-13H20
(0.319 g, 0.1 mmol) in 20 mL of water at approximately 25 °C. After stirring for 15 min at
approximately 25 °C, solid CsCl (0.337 g, 2.0 mmol) was added and the reaction mixture
was stirred overnight. Then, a yellow precipitate was collected using a membrane filter (JG
0.2 um). At this stage, a crude product was obtained in 0.281 g yield. For purification, the
crude product was dissolved in 50 mL of water at 90 °C, followed by filtration through a
membrane filter (JG 0.2 um). After standing at approximately 25 °C overnight, a yellow
crystalline precipitate was collected using a membrane filter (JG 0.2 um). The obtained
product was 0.103 g (the yield calculated on the basis of [mol of Cs-2]/[mol of
K7[PW11039]-13H20] x 100 was 30%). To obtain single crystals for X-ray crystallography,
the obtained product (0.168 g) was dissolved in 70 mL of water at 90 °C and slowly
evaporated at approximately 25 °C for 19 days. The obtained product was slightly soluble in
water and DMSO, while being insoluble in methanol, ethanol, acetone, and diethyl ether.
Elemental analysis results showed the following composition: C, 1.67; H, 1.18; N, 1.93; P,
0.87; Pd, 6.39; Cs, 9.32; K, <0.025%. Calculations for Cs2.sHo.s[a-PW11039{Pd(en)}2]-xH20
(x =7) = C4H30.5Cs2.5N4046Pd2P1 W11 (MW: 3469.10): C, 1.38; H, 0.89; N, 1.62; P, 0.89; Pd,
6.14%; Cs, 9.58; K, 0%. TG/DTA analysis under atmospheric conditions showed a weight
loss of 4.04% with an endothermic point at 90.3 °C observed in the temperature range from
51.1 to 131.8 °C; calculations showed 3.64% for seven water molecules. Additionally, a
weight loss of 3.74% with an exothermic peak at 251.7 °C was observed in the temperature
range from 166.6 to 339.0 °C; calculations showed two ethylenediamine molecules (calcd.
3.46%). FTIR (KBr disk) results in the 1600400 cm™! region showed the following bands:
1454w, 1396w, 1363w, 1312w, 1293w, 1165w, 1154w, 1098m, 1048m, 976sh, 952s, 892m,
852s, 796s, 735s, and 551m cm™'. NMR results gave 'H NMR (DMSO-ds, 24.0 °C): & 4.90
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(en), 5.29 (en), and 5.52 (en); >'P NMR: (DMSO-ds, 24.1 °C): § —12.42. UV-Vis absorption
(in H20, 1.15 x 107> M) showed: A 255 nm (44174 M~'em™).

X-Ray crystallography: A yellow block crystal of Cs-1 (0.28 x 0.25 x 0.23 mm?) or Cs-2
(0.18 x 0.09 x 0.05 mm?®) was mounted on a MicroMount. The measurements were conducted
using a Rigaku VariMax with an XtaLAB P200 diffractometer using multi-layer mirror-
monochromated Mo Ka radiation (A = 0.71073 A) at 120 = 1 K. Data were collected and
processed using CrysAlisPro 1.171.40.39a (Rigaku OD, 2019) for Windows, and absorption
correction was performed by the multi-scan method. Structural analysis was performed using
Olex2 1.3 for Windows.[?!! The structure was solved by olex2.solve 1.3122) and refined by
SHELXL 2018/3.123! For the two palladium-coordinated polyoxoanions, 11 tungsten atoms, one
or two palladium atoms, a phosphorus atom, two (or four) nitrogen atoms, six (or four) carbon
atoms, and 39 oxygen atoms were clarified. The 5 and 2.5 cesium ions were also identified;
however, the solvated water molecules could not be modeled due to the disorder of the atoms.
Accordingly, the residual electron density was removed using the SQUEEZE routine in

PLATON.?4

Crystal data for Cs-1. CcH14CssN2039oPPdW11; M = 3562.46, orthorhombic, space group F d
d?2 (#43), a = 38.7878(5), b = 27.6703(3), c = 41.0914(5) A, V' =44102.2(9) A®, Z=32, D. =
4.292 g/cm?, W(Mo-Ka) 265.31 cm™'. R1 =0.0459 (I > 25(1)), wR2 = 0.1189 (for all data). GOF
= 1.046 (86553 total reflections, 26663 unique reflections where / > 2o(/)). The CCDC

reference number 2056326 contains the supplementary crystallographic data for this study.

Crystal data for Cs-2. C4H16Cs2.5N4O39PPd2W11; M = 3342.60, monoclinic, space group P
21/m (#11), a=13.1340(4), b=16.5770(4), c = 13.3630(4) A, f=101.100(3)°, V' =2855.00(14)
A3 Z=2, D.=3.888 g/cm®, uy(Mo-Ka) 243.49 cm™!. R1 = 0.0391 (I > 25([)), wR2 = 0.1140
(for all data). GOF = 1.051 (29548 total reflections, 7090 unique reflections where 7 > 26(/)).
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The CCDC reference number 2056327 contains the supplementary crystallographic data for

this study.
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