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Syntheses and characterizations of a Pd-based molecular triangle and square and hybrid composites with
polyoxometalates are examined. The equilibrium between the Pd-based molecular triangle [(en*)Pd(4,4'-bpy)]s-
(NOs)s and square [(en*)Pd(4,4'-bpy)]s(NOs)s largely depends on the solvents, and both compounds have successfully
been isolated: [(en*)Pd(4,4'-bpy)]s(NO3)s+3.5DMSO, monaclinic Cc (No. 9), a = 19.8210(2) A, b = 34.3667(5) A,
¢ = 27.5484(4) A, p = 89.9420(10)°, V = 18765.5(4) A%; [(en*)Pd(4,4"-bpy)]s(NO3)s, monoclinic C2/c (No. 15), a
= 45.6921(16) A, b = 8.7721(8) A, c = 36.719(3) A, 8 = 126.509(2)°, V = 11829.4(14) A%, The reactions of the
Pd-based molecular triangle/square with [WeO12~, [W1003]*~, and [o-SiW12040]*~ form {[(en*)Pd(4,4'-bpy)]s-
[DWsO1o]} [WeO1o)s, { [(€n*)Pd(4,4'-bpy)Ja[ DWeO1s]} (NOs)s, { [(en*)Pd(4,4'-bpy)Jal DW100s]} [W100s2), [(€N*)PdI(4,4'-
bpy)la[W10032]2, and [(en*)Pd(4,4'-bpy)]s[a-SiW1,040]. The molecular square does not encapsulate the largest
[0-SiW12040]*~, but it does encapsulate [WsO1o]?~ and [WioOs,]* . The isolation of [WeO1g)?~ and [o-SiWi2040)*~
from the mixture by use of the molecular square is possible by utilizing the quite different solubility of {[(en*)Pd-
(4,4"-bpy)]al>WeO14]} (NO3)s and [(en*)Pd(4,4'-bpy)]s[a-SiWi1204], formed in DMSO. The size-selective encapsulation
property of supramolecules may open the new way to rationalize isolation methods of the useful polyoxometalates.

Introduction triangles®?In a series of ionic supramolecular compounds,
The design of supramolecules has attracted much attention—1-charged anions such as NOPF~, and OTf are usually

becaus.e they can be utilized for th? molecular recognition, (3) Molecular triangle and square based on the octahedral vertices: (a)

separation, gas storage, &ttn particular, the molecular Cotton, F. A.; Lin, C.; Murillo, C. AAcc. Chem. Re2001, 34, 759.

; ; _ ; it (b) Cotton, F. A.; Daniels, L. M.; Lin, C.; Murillo, C. AJ. Am. Chem.
square is one of the simplest self-assemblies exhibiting such S0c.1999 121, 4538, (c) Cotton, F. A.- Lin, C.: Murillo. C. Anorg.

properties® The molecular squares exhibit (i) the molec- Chem.2001, 40, 575. (d) Cotton, F. A.; Murillo, C. A.; Yu, RJ.

ular triangle to square equilibrium and (ii) the molecular Chem. Soc., Dalton Tran2006 3900. (e) Cotton, F. A.; Liu, C. Y;
. h . . Murillo, C. A.; Wang, X.Inorg. Chem2006 45, 2619. (f) Angaridis,

recognition of hydrophobic organic molecufedhe iso- P.; Berry, J. F.; Cotton, F. A_; Murillo, C. A.; Wang, ¥. Am. Chem.

lated, structurally characterized Pd-based molecular triangle ~ Soc.2003 125 10327. (g) Cotton, F. A; Murillo, C. A;; Wang, X.;
is previously unknown, while there are two examples of Yu, R.Inorg. Chem2004 43, 2004.

. P y ! ) p 4) Molecular recognition by molecular squares: (a) Fujita, M.; Yazaki,
isolated, structurally characterized Pt-based molecular J.; Ogura, KTetrahedron Lett1991, 32, 5589. (b) Lee, S. B.; Hwang,

S.; Chung, D. S.; Yun, H.; Hong, J.-Tetrahedron Lett1998 39,
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mail.ecc.u-tokyo.ac.jp. Freisinger, E.; Miguel, P. J. S.; Roitzsch, M.; Lippert,|IBorg. Chem.
T Japan Science and Technology Agency (JST). 2006 45, 2093.
* The University of Tokyo. (5) (a) Schweiger, M.; Seidel, S. R.; Arif, A. M.; Stang, Plnbrg. Chem.
(1) (a) Lehn, J.-M.Supramolecular ChemistrytCH: Weinheim, Ger- 2002 41, 2556. (b) Schweiger, S.; Seidel, S. R.; Arif, A. M.; Stang,
many, 1995. (bSupramolecular Organometallic Chemisttyaiduc, P. J.Angew. Chem., Int. EQ®001, 40, 3467. (c) Schnebeck, R.-D.;
I., Edelmann, F. T., Eds.; VCH: Weinheim, Germany, 1999. Freisinger, E. GlaheF.; Lippert, B.J. Am. Chem. SoQ00Q 122,
(2) (a) Stang, P. J.; Olenyuk, Bcc. Chem. Red4997, 30, 502. (b) Fujita, 1381. (d) Lai, S.-W.; Chan, M. C.-W.; Peng, S.-M.; Che, C.Avigew.
M.; Tominaga, M.; Hori, A.; Therrien, BAcc. Chem. Re005 35, Chem., Int. EA1999 38, 669. (e) Fujita, M.; Sasaki, O.; Mitsuhashi,
371. (c) Leininger, S.; Olenyuk, B.; Stang, P.Chem. Re. 2000 T.; Fujita, T.; Yazaki, J.; Yamaguchi, K.; Ogura, K. Chem. Soc.,
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10.1021/ic062156r CCC: $37.00 © 2007 American Chemical Society Inorganic Chemistry, Vol. 46, No. 7, 2007 2563

Published on Web 03/01/2007



Uehara et al.

used as counteranions. Therefore, the influence of large, The palladium complex fragment does not form the putative

highly negatively charged anions on the resulting supramo-

lecular structure remained to be explofed.

molecular square in this system, probably because of (i) the
presence of the large, highly negatively charged Keggin-

Polyoxometalates (POMs) are oxide cluster anions with type POM and (ii) the stabilization of the layered structure
discrete structures. Much attention has been paid to theby the hydrophilic interaction between the layers.

chemistry of POMs, because POMs work as catalysts,

In this article, we report syntheses and characterizations

sorbents, electronic materials, medicine, etc., and the proper-of (i) the Pd-based molecular triangle and square [(en*)Pd-

ties can be controlled at atomic/molecular leveld/hile
supramolecular POMsor POM derivatives functionalized
by the introduction of cationic organometallic fragménés

(4,4-bpy)]n(NOs)2n (en*, N,N,N',N'-tetramethylethylenedi-
amine;n = 3 (1a), 4 (1b)) and (ii) the hybrid composites
with POMs,{[(en*)Pd(4,4-bpy)]l)[ DWeO1]} [W6O1]3 (23),

have extensively been studied, little is known about the {[(en*)Pd(4,4-bpy)]d >DWeO14]} (NOs)s (2b), {[(en*)Pd(4,4-
rational encapsulation of POMs by the organometallic frame- bpy)lL[>W100s7} [W100s7 (3a), [(en*)Pd(4,4-bpy)lfW 10037
works ! The size-selective encapsulation property of supra- (3b), and [(en*)Pd(4,4bpy)]o-SiW1204q)2 (4). The com-
molecules may open the new way to rationalize the isolation poundslab mainly exist in DMSO and water, respectively.
methods of the useful polyoxometalates. We have also The molecular square does not encapsulate the Keggin POM
reported the layered coordination polymer consisting of the in the cavity but does encapsulated®{s]?~ and [Wi¢Os7]*".
Keggin-type polyoxometalate and (ethylenediamine)palla- This property can be applied to the isolation of J@/g]>~

dium complex fragmen{[(en)Pd(4,4-bpy}] a-SiW;04q]} .1

(6) (@) Noro, S.; Kitaura, R.; Kondo, M.; Kitagawa, S.; Ishii, T.;
Matsuzaka, H.; Yamashita, M. Am. Chem. So2002 124, 2568.
(c) Du, M.; Guo, Y.-M.; Chen, S.-T.; Bu, X.-H.; Batten, S. R.; Ribas,
J.; Kitagawa, Slnorg. Chem.2004 43, 1287. (d) Min, K. S.; Suh,
M. P.J. Am. Chem. So@00Q 122 6834.

(7) (a) Okuhara, T.; Mizuno, N.; Misono, MAdv. Catal. 1996 41, 113.
(b) Special issue on polyoxometalates: Hill, C. L., Bhem. Re.
1998 98, 1. (c) Polyoxometalate Chemistry for Nano-Composite
Design Yamase, T., Pope, M. T., Eds.; Kluwer: Dordrecht, The
Netherlands, 2002. (d) Kozhevnikov, 1. V. [Datalysis by Polyoxo-
metalates Wiley: Chichester, U.K., 2002. (e) Pope M. T. In
Comprehensee Coordination Chemistry JMWedd, A. G., McCleverty,

J. A., Meyer, T. J., Eds.; Elsevier: New York, 2004; Vol. 4, p 635.
(f) Hill, C. L. In Comprehensie Coordination Chemistry JIWedd,

A. G., McCleverty, J. A., Meyer, T. J., Eds.; Elsevier: New York,
2004; Vol. 4, p 679. (g) Neumann R. Modern Oxidation Methods
Backvall, J. E., Ed.; Wiley-VCH: Weinheim, Germany, 2004; p 223.
(h) Mizuno, N.; Kamata, K.; Yamaguchi, K. I8urface and Nano-
molecular CatalysisRichards, R., Ed:, CRC Press: Boca Raton, FL,
2006; p 463.

(8) (a) Muler, A.; Reuter, H.; Dillinger, SAngew. Chem., Int. EA.995
34, 2311. (b) Wassermann, K.; Dickman, M. H.; Pope, MARgew.
Chem., Int. Ed1997, 36, 1445. (c) Salignac, B.; Riedel, S.; Dolbecq,
A.; Secheresse, F.; Cadot, B. Am. Chem. So200Q 122 10381.
(d) Mlller, A.; Bogge, E.; Schmidtmann, M.; Dress, Angew. Chem.,
Int. Ed. 2002 41, 1162. (e) du Peloux, C.; Dolbecq, A.; Mialane, P.;
Marrot, J.; Riviee, E.; Seheresse, Anorg. Chem.2002 41, 7100.

(f) Cadot, E.; Pouet, M.-J.; Robbert-Labarre, C.; de Peloux, C.; Marrot,
J.; Seheresse, K. Am. Chem. So@004 126, 9127. (g) Mal, S. S;
Kortz, U. Angew. Chem., Int. EQRO05 44, 3777. (h) Miler, A,;
Todea, A. M.; van Slageren, J.; Dressel, M.gge, H.; Schmidtmann,
M.; Luban, M.; Engelhardt, L.; Rusu, M\ngew. Chem., Int. E@005

44, 3857. (i) Muler, A.; Todea, A. M.; Bagge, H.; van Slageren, J.;
Dressel, M.; Stammler, A.; Rusu, MChem. Commur2006 3066.

(j) Long, D.-L.; Kogerler, P.; Parenty, A. D. C.; Fielden, J.; Cronin,
L. Angew. Chem., Int. EQR006 45, 4798.

(9) (a) Ganez-Garta, C. J.; Ouahab, L.; Gimenez-Saiz, C.; Trinki, S;
Coronado, E.; Delhag P.Angew. Chem., Int. EA.994 33, 223. (b)
Khan, M. |.; Yohannes, E.; Powell, Dnorg. Chem.1999 38, 212.
(c) Son, J. H.; Choi, H.; Kwon, Y. UJ. Am. Chem. So00Q 122,
7432. (d) Felices, L. S.; Vitoria, P.; Gltrez-Zorrilla, J. M.; Reinoso,
S.; Etxebarria, J.; Lezama, Chem—Eur. J.2004 10, 5138. (e) Ishii,
Y.; Takenaka, Y.; Konishi, KAngew. Chem., Int. E@004 43, 2702.

(f) Vasylyev, M. V.; Neumann, RJ. Am. Chem. So2004 126, 884.

() L.-Laronze, N.; Haouas, M.; Marrot, J.; Taulelle, F.; Her@.

Angew. Chem., Int. EQ006 45, 139. (k) An, H.-A,; Wang, E.-B.;
Xiao, D.-R.; Li, Y.-G.; Su, Z.-M.; Xu, LAngew. Chem., Int. ER00G

45, 904.

(10)
reported: (a) Hagrman, D.; Hagrman, P. J.; ZubietAngiew. Chem.,
Int. Ed.1999 38, 2638. (b) Hagrman, P. J.; Hagrman, D.; Zubieta, J.
Angew. Chem., Int. Ed1999 38, 3165. (c) Feey, G.; Mellot-
Draznieks, C.; Millange, F.; Dutour, J.; Suthl8.; Margiolaki, I.
Science2005 39, 2040. (d) Yang, L.; Naruke, H.; Yamase, forg.
Chem. Commur2003 6, 1020.
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and [-SiWy040]*~ from the mixture.

Experimental Section

All procedures were carried out under aerobic conditions.
Compounds (en*)Pdg}!? (TBA) W01, 132 (TBA) 4 0-SiW; /0y, 130
and (TBAX[W 10037 3¢ were synthesized according to the published
procedures. All reagents and solvents were used as purchased unless
otherwise statedH, 13C{H}, and'®3W NMR spectra were recorded
on a JEOL EX-270 spectrometer equipped with Excalibur 6.0 for
Windows. IR spectra were recorded on a JASCO FT-IR 580
spectrometer.

Diffraction measurements were made on a Rigaku Saturn 70
CCD area detector with Mo & radiation ¢. = 0.710 69 A). The
data collections were carried out at 153 K. Indexing was performed
from 7 oscillation images, which were exposed for 5 s. The crystal-
to-detector distance was 45 mm. Readout was performed with the
pixel size of 70x 70 mm. A total of 1080 images for each
compounds were collected. A sweep of data was done using
scans from-110to 70 atx = 45° and¢ = 0, 70, and 149 Neutral
scattering factors were obtained from the standard sdéiata
were corrected for Lorentz and polarization effects. Empirical
absorption corrections were made with HKL 2000 for Lirdfx.

The molecular structures were solved by SHELX&ihked to
Win-GX for Windows?7” As for 1a, the molecular structure dfa
could be solved only with the space groQg. All the atoms of
molecular triangle were refined anisotropically, and the nitrate
anions and solvents of crystallization (DMSO) were refined
isotropically. As forlb, all the atoms of molecular square were
refined anisotropically and the nitrate anions were refined isotro-

(11) Uehara, K.; Nakao, H.; Kawamoto, R.; Hikichi, S.; Mizuno,lhbrg.
Chem.2006 45, 9448.

(12) (a) Wojciechowski, W.; Matczak-jon, Ehorg. Chim. Actal990 173
85. (b) Djuran, M. I.; Milinkovic, S. U.Polyhedron200Q 19, 959.

(13) (a) Fournier, MInorg. Synth199Q 27, 80. (b) The tetrabutylammo-
nium salt of pi-SiW1204q], (TBA) 4[a-SiW12040], was synthesized by
the addition of (TBA)Br to the aqueous solution of[i-SiW204]:
Tézg A.; Herve G.Inorg. Synth199Q 27, 85. (c) Fournier, MInorg.
Synth.199Q 27, 81.

(14) International Tables for X-ray CrystallographiKynoch Press: Bir-
mingham, U.K., 1975; Vol. 4.

The encapsulation of POMs by hydrothermal synthesis has been (15) Otwinowski, Z.; Minor, W. InProcessing of X-ray Diffraction Data

Collected in Oscillation ModeMethods in Enzimology, Macromo-
lecular Crystallography, Part ACarter, C. W., Jr., Sweet, R. M., Eds.;
Academic Press: New York, 1997; Vol. 276, p 307.
(16) Sheldrick, G. MSHELX-97 Programs for Crystal Structure Analysis
release 97-2; University of Gtingen: Gitingen, Germany, 1997.
(17) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837.
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pically. Hydrogen atoms of the molecular triangle and square were  Syntheses of [(en*)Pd(4,4bpy)]s(NO3)s (1a) and [(en*)Pd-
refined as riding models. As f@ab, 3ab, and4, the heavy atoms (4,4-bpy)]4(NO3)s (1b). Treatment of (en*)PdGI(0.300 g, 1.02
(palladium and tungsten) were refined anisotropically and all the mmol) with AGNO; (0.347 g, 2.04 mmol) in KD immediately gave
atoms except for the heavy atoms were refined isotropiéélly. insoluble AgCI. The addition of 4;4py (0.160 g, 1.02 mmol) to
Hydrogen atoms were not included for the structural solution. Since the filtrate gave the yellow aqueous solution. The removal g H
the structure of3a could not be obtained with the orthorhombic by the evaporation gave the yellow solid. The single crystdlaof
and monoclinic space groups, a lower symmetry of the triclinic fit for the X-ray crystallography was obtained by the vapor diffusion
space group was adopted. In the course of structural analysis, weof acetone into the DMSO solution dfa (0.260 g, 0.170 mmol,
met the difficulty that the thermal parameters of light atoms in part yield 50%). A single crystal oflb was obtained by the vapor
became almost zero or negative and the structure could not bediffusion of acetone into the #D solution ofla IR (KBr, cm™):
solved. Therefore, a part of the isotropic thermal parameters was3092 w, 3010 w, 2916 w, 1613 m, 1466 m, 1384 vs, 1222 w, 1103
set to be equal (EADP in SHELX) as follows: The thermal w, 1044 m, 1023 m, 954 m, 825 m, 811 m, 769K.NMR (270
parameters of the carbon and nitrogen atomsNiN,N',N'- MHz, DMSO-g, rt (room temperature))dy (ppm) 9.33 (d2J =
tetramethylethylenediamine were set to be equal to one another,6.3 Hz; Py(b)), 9.18 (d,2) = 6.43 Hz; Pyla)), 8.21 (d,2J = 6.43
and those in 4,4bipyridine were set to be equal to one another. Hz; Py(la)), 8.14 (d,2) = 6.3 Hz; Py(b)), 2.96 (br s, CH), 2.59
The thermal parameters of the oxygen atoms in decatungstate werds, Me(la)), 2.45 (s, Melb)). 13C{H} NMR (67.8 MHz, DMSO-
also set to be equal to one another. The disordered atom combinads, rt): oc (ppm) 151.78 (brs, Pi@ and 1b)), 145.06 (ipso-Py-
tions in2b were (C11A, C11B), (C12A, C12B), and (C13A, C13B) (1a)), 143.12 (ipso-Pyib)), 124.66 (PyLb)), 123.55 (PyLa)), 62.26
of the methyl groups in thsl,N,N',N'-tetramethylethylenediamine  (CH,), 50.41 (Me(a)), 50.15 (Me(b)). Anal. Calcd for NgO2S-
ligand coordinated to Pd1, (C22A, C22B) and (C23A, C23B) of P&CsHi20 (la7DMSO-3H,0): C, 35.30; H, 5.73; N, 11.95; S,
those coordinated to Pd2, and (0902, 0952), (S902, S922, S952),10.64. Found: C, 35.05; H, 5.59; N, 11.69; S, 10.93.
and (S903, S953) in DMSO solvents of crystallization. The  Synthesis of{[(en*)Pd(4,4-bpy)] >WeO1g} [WO14)3 (2a).
respective occupancies were calculated to be (0.70, 0.30), (0.52,Compoundla(0.0125 g, 8.06mol (6.21umol aslb)) and 4 equiv
0.48), (0.53, 0.47), (0.58, 0.42), (0.52, 0.48), (0.5, 0.5), (0.39, 0.25, of (TBA),[WO14] (0.0470 g, 24.8:mol) were dissolved in 6 mL
0.36), and (0.81, 0.19). The disordered atom combinatioBain  of DMSO. The vapor diffusion of acetone into the DMSO solution
was (C36A, C36B) of the methylene group in theN,N',N'- gave yellow crystals ofa (0.0296 g, 4.14:mol) in 67% yield.
tetramethylethylenediamine ligand coordinated to Pd3, and the Single crystals fit for the X-ray crystallography were obtained from
occupancy was calculated to be (0.61, 0.39). The disordered atomDMF solution. IR (KBr, cnt®): 3101 w, 3023 w, 2926 w, 1658
combinations i were (C16A, C16B) of the methylene group in m, 1613 m, 1466 m, 1420 m, 1388 w, 977 s, 808 vs, 659 w, 587
theN,N,N',N'-tetramethylethylenediamine ligand coordinated to Pd1, m.H NMR (270 MHz, DMSOdg, rt): oy (ppm) 9.19 (brs, 16H;
(C35A, C35B, C36) of the methylene group in theN,N',N"- Py), 8.23 (brs, 16H; Py), 2.95 (s, 16H), 2.72 (s, 48H; M&W
tetramethylethylenediamine ligand coordinated to Pd3, and (S601,NMR (11.2 MHz, DMSOd, rt): dw (ppm) 58.84. Anal. Calcd
$651), (5602, S652), (S603, S653), and (S701, 0701, C701, C702)or N1¢0geS4PhW24Cr2H120 (2264DMS0): C, 11.60; H, 1.62; N,
in DMSO solvents of crystallization. The respective occupancies 3.01. Found: C, 11.46; H, 1.59; N, 3.34.
were calculated to be (0.39, 0.61), (0.85, 0.33, 0.82), (0.74, 0.26),  Synthesis of [(en*)Pd(4,4-bpy)] > WO1d} (NOs)s (2b). Com-
(0.76, 0.24), (0.75, 0.25), and (0.5, 0.5, 0.5, 0.5). The positions of pound1a (0.100 g, 66.3:mol (48.4umol as1b)) and (TBA)-
the disordered solvents of crystallization (acetone and watka,in W40, (0.0820 g, 49.7:mol) were dissolved in 3 mL of DMSO.
acetone and DMSO idb, and DMSO in3ab) were difficult to The vapor diffusion of acetone into the DMSO solution gave yellow
locate from the Fourier map and were squeezed by the use of thecrystals of2 (0.140 g, 30.2umol) in 61% yield. IR (KBr, cntl):
program PLATON These crystallographic data and the numbering 3100 w, 3012 m, 2917 w, 1614 s, 1537 w, 1469 m, 1384 vs, 1281
schemes are depicted in Table 1 and Figures SR respectively. w, 1222 w, 1079 m, 1023 s, 971 s, 955 s, 810 vs, 77AHMNMR
CCDC 626149 1a), 626150 {b), 626151 Ra), 626152 gb), (270 MHz, DMSO#, rt): oy (ppm) 9.18 (d2J = 6.43 Hz, 16H;
626153 Ba), 626154 8h), and 626155 4) contain the supple- Py), 8.27 (d2J = 6.43 Hz, 16H; Py), 2.94 (brs, 16H; GH 2.43
mentary crystallographic data. These data can be obtained(s, 48H; Me).3C{H} NMR (67.8 MHz, DMSO, rt): dc (ppm)
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or 152.23, 144.73, 124.06 (Py), 61.97 (§H50.05 (Me) 183w NMR
from the Cambridge Crystallographic Data Centre, 12 Union (11.2 MHz, DMSOds, rt): dow (ppm) 59.62. Anal. Calcd for
Road, Cambridge CB2 1EZ, U.K.; fax;@4) 1223-336-033, or N22039S,Pd)WsCesH108 (2:2DMSO): C, 23.67; H, 3.15; N, 8.93.
deposit@ccdc.cam.ac.uk). Found: C, 23.58; H, 3.36; N, 8.81.
Syntheses of[(en*)Pd(4,4-bpy)]J DW100s2]} [W100s7] (3a)
(18) The light atoms of the polyoxometalate derivatives could not often and [(en*)Pd(4,4-bpy)]4W 10032]2 (3b). A DMSO (3 mL) solution

be refined anisotropically due to the existence of many heavy atoms. of 14 (0.0125 . 8.29umol (6.21umol as1b)) was gently layered
For example: (a) Sadakane, M.; Dickman, M. H.; Pope, Mnﬁrg. onto 6(1 DMSOiquti%n 3 r(nL /: TBA] ))O 0g041§ y12 4
Chem.2001, 40, 2751. (b) du Peloux, C.; Dolbecq, A.; Mialane, P.; ( ) of ( JW10Os2] (0. g, le.

Marrot, J.; Rivige, E.; Seheresse, Anorg. Chem2002 41, 7100. umol). After the layer was allowed to stand for several days, a
(c) Gaunt, A. J.; May, L.; Collison, D.; Fox, Dnorg. Chem.2003 mixture of the pale yellow powders (0.0279 g, 4.4&0l) was

42,5049. (d) Lei, C.; Mao, J.-G.; Sun, Y.-Q.; Song, Jhtorg. Chem. . : - . . )
2004 43, 1964, () Mazeaud, A Dromzee, Y.. Thouvenot)iRrg. obtained in 72% yield. A mixture of the single crystals3atb fit

Chem.200Q 39, 4735. (f) Juraja, S.; Vu, T.; Richardt, P. J. S.; Bond, for X-ray crystallography was obtained from the DMSO solution
A. M.; Cardwell, T. J.; Cashion, J. D.; Fallon, G. D.; Lazarev, G.; of 1a and (TBA)[W100s5 (molar ratio= 1.33/1.00). IR (KBr,

Moubaraki, B.; Murray, K. S.; Wedd, A. Gnorg. Chem.2002 41, 1y
1072. (g) Dolbecq, A.; Cadot, E.; Eisner, D.'cBeresse, Hnorg. cnr): 3097 w, 3017 w, 2923 w, 1612 m, 1466 m, 1420 m, 1020

Chem.1999 38, 4217. (h) Villanneau, R.; Proust, A.; Robert, F.; M, 957's, 891 s, 799 vs, 657 m, 587 m. Anal. Calcd fes(dsSs-
Viellet, P.; Gouzerh, Plnorg. Chem.1999 38, 4981. (i) Volkmer, PdW,oC7:H1s, (38/3b-4DMSCO16H,0): C, 12.69; H, 2.25; N,

D.; BredenKdter, B.; Tellenbi&er, J.; Kaerler, P.; Kurth, D. G.; 3.29:' S 1.88. Found: C. 12.55' H. 2.00: N. 3.04: S. 2.20.
Lehmann, P.; Schnablegger, H.; Schwahn, D.; Piepenbrink, M.; Krebs, T ’ O, )
B. J. Am. Chem. SoQ002 124, 10489. Synthesis of [(en*)Pd(4,4bpy)]4[a-SiW1,04]2 (4). A DMSO

(19) van der Sluis, P.; Spek, lActa Crystallogr.199Q A46, 194. (3 mL) solution ofla (0.0250 g, 16.6umol) was gently layered
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Table 1. Crystallographic Data fotab, 2ab, 3ab, and4

Uehara et al.

param 1a-3.5DMSO 1b 2a14DMF 2b-12DMSO
Empirical formula G1oH186N36PkS7043 Ce4HoeN24024P 0y Cs3N15045P W12 C44N11024 P HSeW3
fw 3563.77 2011.25 3985.68 2023.26
cryst system monoclinic monoclinic triclinic orthorhombic
lattice type C-centered C-centered primitive C-centered
space group Cc(No.9) C2/c(No. 15) P1(No. 2) Cmca(No. 64)

lattice params (A, deg)

a=19.8210(2)

a= 45.6921(16)

a=11.5984(4)

a=34.4639(8)

b = 34.3667(5) b=8.7721(8) b =20.4269(7) b = 29.9390(6)
c = 27.5484(4) c=36.719(3) ¢ = 21.0980(10) c=15.0871(4)
a = 90.908(2)
S =89.9420(10) £ =126.509(2) £ =103.321(2)
y = 99.633(2)
V (A3 18765.5(4) 11829.4(14) 4787.7(3) 15671.1(6)
Zvalue 4 4 2 8
deaca(g cni3) 1.261 1.129 2.765 1.77
u(Mo Ka) (cm™2) 711 65.9 148.00 51.01
no. of reflcns measd 25 308 14 980 24 173 10 154
no. of observrs 17 909 6012 14 585 4377
no. of variables 1389 444 575 176
R 0.0676 0.0870 0.0709 0.0864
Ry 0.2034 0.2531 0.2664 0.32
param 3a 3b 47.5DMSO
empirical formula @4N16064P W20 C32NgO32PbW1go C79N16087.PAhS7 5Si2Wo4
fw 6119.4 3059.63 7683.53
cryst system triclinic triclinic monoclinic
lattice type primitive primitive primitive
space group P1 (No. 2) P1 (No. 2) P2:/n (No. 14)
lattice params (A, deg) a=18.790(2) a=14.3773(8) a=20.4824(3)
b = 20.633(3) b= 16.9891(10) b = 49.3372(8)
c=22.388(4) c = 23.6467(17) ¢ = 27.4000(6)
o =91.012(7) o = 73.883(3)
B =92.822(10) B =89.413(2) S = 109.0290(10)
y =90.383(8) y = 72.568(4)
V (A3) 8668(2) 5277.3(6) 26175.8(8)
Zvalue 2 2 4
eated (9 cnT3) 2.345 1.956 1.992
w(Mo Ka) (cm™1) 136.73 112.3 108.9
no. of reflcns measd 33355 24 827 63576
no. of observris 4929 7410 18 469
no. of variables 570 349 1056
R 0.0973 0.0977 0.0784
Ry 0.2934 0.2733 0.2299

aData withFo > 4.00(F,).

onto a DMSO solution (3 mL) of (TBAJo.-SiW;204q] (0.0984 g,

25.6umol). After the layer was allowed to stand for several days, o
yellow crystals of4 (0.0480 g, 6.7Qumol) fit for X-ray crystal- Syntheses and Characterizations of the Molecular

lography were obtained in 53% vield. IR (KBr, c): 3097 w, Triangle and Square.A novel Pd-based molecular triangle
3009 w. 2916 w. 1653 m. 1636 m. 1612 m. 1534 w. 1466 m. 1434 of lawas successfully synthesized by the reaction of (en*)-

m, 1412 m, 1313 w, 1218 w, 1022 vs, 970 vs, 954 s, 920 vs, 885 PA(NQ)2 with 4,4-bpy in H,0 (Scheme 1). The molecular
s, 799 vs, 709 m, 533 m. Anal. Calcd for,d@ss iz PHWos structure oflarevealed the formation of molecular triangle,

Si,CeiH177 (413.5DMSO): C, 13.14; H, 2.14; N, 2.69; S, 5.20. which was the first example of a structurally characterized
Found: C, 13.58: H, 2.34: N, 2.90: S, 4.79. Pd-based molecular triangle with a linear and long bridging

Separation Experiment. CompoundLa (66.3xmol (49.7xmol ligand (Figure 1a and Tables 1, 2, and SQompoundla
as 1b)) was added to the DMSO#® (2 mL/2 mL) solution was composed of two crystallographically independent
(solution A). Separately, (TBAMW¢O1q (11.5xmol) and (TBA)- molecules (A and B) with &-centered monoclinic space
[a-SiW; 204 (25.64mol) were added to the DMSO (2 mL) solution ~ group (Figure S3). The PdPd distances, N(Py)Pd—N(Py)
(solution B). To solution B, solution A was added, and the white- angles, and torsion angles betweeri-bgy rings were close
yellow crystalline solid4 was successfully collected in almost to each other (molecule A, PdPd distances 11.0057(8)
quantitative yield (0.0910 g, 12 &mol, 98%). The white-yellow 11.0068(8) A, N(Py)}-Pd—N(Py) angles 85.2(3)86.0(3Y,
product was characterized by IR spectroscopy and X-ray crystal- torsion angles between pyridyl rings 19:330.89; molecule
lography. The addition of an excess amount of acetone to the filtrate
gave white-yellow crystal&b (0.0206 g, 6.4@mol, 55% isolated :
yield). The resultant product was characterized by 1R NMR, (en*)PdCl, —»I) il [[(e"')Pd(4,4'-bDv)la(Nos)e ——= [(en*)Pd(4,4"bpy)]s(NOy)s
and X-ray crystallography. ii) 4,4"bpy 1a 1b

Results and Discussion

Scheme 1
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Table 2. Selected Bond Distances and Angles fab, 2a,b, 3ab, and4 (Distances in A and Angles in deg)

1a
param molecule A molecule B 1bP 2ab

Pd-N(en*) 2.086(7), 2.072(7) 2.077(10), 2.046(8) 2.059(5), 2.062(7) 2.09(2), 2.101(16)
2.084(7), 2.033(8) 2.036(9), 2.86(9) 2.074(6), 2.084(6) 2.054(17), 2.089(17)
2.048(7), 2.071(8) 2.054(9), 2.022(9)

Pd-N(Py) 2.018(8), 2.059(7) 2.021(10), 2.021(8) 2.025(6), 2.024(6) 2.044(17), 2.042(17)
2.076(8), 2.010(7) 2.070(9), 2.024(9) 2.022(6), 2.047(6) 2.057(18), 2.000(17)
2.057(7), 2.040(8) 2.032(9), 2.033(8)

Pd~Pd(edge) 11.0057(8), 11.0068(8) 11.0095(9), 11.0114(8) 11.0624(21), 11.0898(6) 11.189(2), 11.119(2)
11.0059(8) 11.0069(8)

Pd-Pd(diagonal) 15.4080(8), 15.4733(10) 14.911(2), 16.5939(19)

N(en*)—Pd—N(en*)

N(en*)—Pd—N(Py)

N(Py)—Pd-N(Py)

85.8(3), 86.8(3)
84.8(3)

94.2(3), 94.5(3)
93.2(3), 94.0(3)
95.9(3), 94.2(3)
85.6(3), 86.0(3)

85.5(4), 85.5(4)
86.6(4)

93.0(4), 97.5(4)
93.6(4), 95.0(4)
94.3(4), 96.7(4)
83.9(4), 86.0(4)

85.0(2), 86.4(2)

95.1(2), 93.2(2)
92.4(2), 93.8(2)

86.8(2), 87.3(2)

84.5(7), 85.7(7)

90.4(7), 94.8(6)
90.2(7), 96.8(7)

90.3(7), 87.5(7)

85.2(3) 82.4(4)
torsion angle 19.33, 20.15 17.49, 16.36 32.02, 21.89 4.61,12.53
(4,4-bpy) 20.89 17.77
param 2P 3a 30 4
Pd-N(en*) 2.046(13), 2.037(15) 2.06(4), 2.05(4) 2.06(2), 2.125(19) 2.11(2), 2.18(2)
2.125(19), 2.10(5) 2.11(3),2.07(2) 2.03(2), 2.15(2)
2.09(4), 2.17(5) 2.08(2), 2.23(2)
2.19(5), 2.05(5) 2.136(18), 2.09(2)
Pd—N(Py) 2.022(12), 2.017(12) 2.02(2), 2.02(2) 2.056(10), 2.049(11) 2.085(16), 2.05(2)
2.08(2), 2.06(3) 2.049(13), 2.026(11) 2.089(16), 2.041(17)
2.07(3), 2.05(3) 2.04(2), 2.06(2)
2.00(2), 2.02(2) 2.060(16), 2.046(17)
Pd-Pd(edge) 11.0846(15) 11.120(6), 11.163(5) 10.995(4), 11.084(3) 11.038(3), 11.074(2)
11.135(6), 11.114(5) 11.079(3). 11.027(2)
Pd-Pd(diagonal) 16.6047(19), 14.689(2) 15.670(5), 15.817(6) 16.751(3), 14.384(4) 12.666(2), 15.097(2)

N(en*)—Pd-N(en*)

N(en*)—Pd-N(Py)

N(Py)—-Pd-N(Py)

torsion angle
(4,4-bpy)

86.1(7), 85.7(9)

93.0(5), 93.5(5)

87.9(7), 87.0(7)

12.60, 12.83

87.8(11), 97.0(12)
83.4(14), 92.1(13)

95.6(14), 89.0(14)
86.4(15), 87.7(16)
95.4(16), 97.5(16)
90.2(16), 93.0(16)

87.8(11), 97.0(12)
83.4(14), 92.1(13)

8.389, 7.364

4.013,0.557

84.9(9), 84.5(10)

96.1(8), 97.0(6)
93.8(9), 92.0(8)

82.1(6), 89.9(7)

21.68, 29.58

aThe molecules A and B were crystallographically independegttting on a crystallographic mirror plane.

B, Pdt--Pd distances 11.069(8)11.0114(8) A, N(Py)-Pd—
N(Py) angles 82.4(4)86.0(4Y, torsion angles between 4,4

87.6(9), 85.2(8)
92.7(8), 85.4(8)
89.1(8), 93.7(7)
94.0(7), 94.8(7)
94.1(7), 87.5(7)
94.0(6), 98.1(7)
89.6(6), 86.1(6)
85.8(7), 82.6(6)
38.69, 40.89
34.92,46.49

The'H NMR spectrum ofla just after the dissolution in
DMSO (<10 min) showed a set of bipyridyl signals: The

intensities of signals at 9.18 and 8.14 ppm decreased with
torsion angles between 4dpy rings deviated from the ideal  time, while a new set of signals appeared at 9.32 and 8.12
angles of 60 and?Q respectively. The-2 charge of Pd was  ppm with similar splitting patterns, which are attributable

compensated by two nitrate counteranions, which existedto the molecular triangle and square, respectively (Figure
outside the cavity of the triangle. S1)%ef The signal intensities almost unchanged after 24 h,

bpy rings 16.36-17.77). The N(Py)-Pd—N(Py) angles and
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Scheme 2 ratios of the synthetic solutions, while the ratios in the
(1o, 2 e IPU4 4 OV WEO lWeOrels products changed for the reaction with (TBAYsO1g). _
(WeOrdl 1o 2 The crystal structures ¢fa,b, 3a,b, and4 are shown in
L—~ {(en")Pd(4,4"bpy)lDWeD1sl{NOg)s Figures 2-4 (see also Tables 1, 2, and S1). All compounds
(TBA), possessed the molecular square as a countercation. The edge
W. . .
18710 —— 10 P4 4-bpylOWsoOsaliWieOsg] + [(en)Pd d-bpy)lWacOsale distances (10.995(4)11.189(2) A) of the Pd square in
2eq. .
o % % compounds2a,b, 3a,b, and4 were very close to those in
(TBA), 1b. The molecular square (13.8 A 12.3 A) did not
|{e-SW12040] [(en*)Pd(4,4"bpy)lo-SiW, 20,z

encapsulate the largest Keggin-type$iw,,040* (12.2 A

x 12.2 A x 9.3 A) in the cavity but only the Lindqvist-type
hexatungstate (9.9 A 9.9 A x 9.9 A) and decatungstate
(9.9 A x 9.9 A x 13.6 A). Thus, the encapsulation of POMs
with the molecular square depended on the sizes. There are
§evera| examples of the encapsulation of small; or —2-
charged anions by the supramoleciffeln addition, POMs
encapsulated by the supramolecular frameworks have been
synthesized with the starting reagents of POMs and su-
pramolecular frameworks under hydrothermal conditi¥ns.
Therefore, the present rational encapsulation of large,

or —4-charged POMs with the supramolecules under milder
conditions is still of importance.

The diagonal Pd-Pd distances ir?a (16.5939(19) and
14.911(2) A) and2b (16.6047(19) and 14.689(2) A) were
different from those ofLb (15.4080(8) and 15.4733(10) A),
while those of3a (15.673(8) and 15.818(10) A) were close
to those oflb. The decatungstate [MOs;]>~ was sym-

. . . metrically encapsulated into the cavity of molecular square
the ideal angles of 90 and’ OAll the nitrate anions were in 3a, while the hexatungstate W12~ with the same

outside of the cavity and neutralized the positive charge of . - . .

A . L diameter as that of [\4Os,]* was dissymmetrically encap-
ethylenediamine palladium moieties in the same way as those . .
of 1a sulated in2a,b. Such symmetry would influence the con-

Svnth t Hvbrid C ites b he Molecul figuration of the Pd squares. The torsion angles of-Bpy
yntheses of Hybrid Composites between the Molecular rings in2a,band3a (0.55712.83) were much smaller than
Square and PolyoxometalateWe have recently reported

= those inlb (32.02 and 21.89. This is probably because of
the layered coordination polymefif(en)Pd(4,4-bpy)L[a- the interaction between encapsulated POMs anttbhy
SiW1,040)}» (en = ethylenediamine) with the hydrophilic

, rings in2a,b and3a. The molecular square ihwas much
guest sorption property between the lay€rshe hydrogen- distorted (diagonal PetPd distances, 15.10 and 12.67 A;

bonding affinity between the layers at the amine hydrogens dihedral angles between two of the planes containing three

of Sthylg?edigmin]? ligand Wou(ljd be:_kiy_for t:e_ formation palladium vertices, 67.11 and 49%2and such a molecular
and stabilization of an unprecedented infinite chain structure. square has not yet been reported.

Therefore, we reached the idea that introduction of methyl Upon the addition ol.a/1b (3 equiv asLb with respect to
substituents on the ethylenediamine ligand (the removal of 2a) to the DMSO solution containing insolubZs, DMSO
hydrogen-bonding affinity) would lead to the formation of | \hie 21 was formed in quantitative yield (Scheme 3)
the hybrid composites with the molecular square moiety. which was confirmed by IR™H NMR, and X-ray crystal- '
The hybrid composites of the molecular square and POMS|ography (64% isolated yield). Thus, these d@o|2-

1-2eq. 4

showing the achievement of the equilibrium between the
molecular triangle and square. The equilibrium constant
(Kpmso) at 294 K was estimated to be 9.360.39 M 1.20

On the other hand, the molecular square was a major specie
upon the dissolution ofla in D,O, and the equilibrium
constant Kwawe) at 294 K was calculated to be (2.480.02)

x 10® M~ (Table S2 and Figure S2).

A single crystal oflb was successfully obtained by the
vapor diffusion of acetone into the water solution. The X-ray
analysis proved the formation of the molecular squargbof
(Figure 1b and Tables 1, 2, and S1). The edge--Pd
distances (11.0624(21) and 11.0898(6) A) and diagonal Pd
--Pd distances (15.4080(8) and 15.4733(10) A) reveal that
the structure oflb is almost a regular square, while the
N(Py)—Pd—N(Py) angles (86.8(2) and 87.3f2and torsion
angles of 4,4bpy rings (32.02 and 21.8pdeviated from

were synthesized by the reaction of the molecular triangle/ Lindqvist-type POMSs outside the cavity 6f(en*)Pd(4,4-

squarela/lb) with[WeO1g?~, [W10032]* ", and p-SiW 040
The reaction of compountia/lb with various amounts of
TBA salts of POMs in DMSO resulted in the formation of
the corresponding inorganiorganic hybrid composites,
{[(en*)Pd(4,4-bpy)l[ DWO1q]} [WeO1o] (28), {[(en*)Pd-
(4,4-bpy)la DWeO19]} (NO3)s (2b), a mixture of{ [(en*)Pd-
(4,4’-bpy)]4[DW10032]}[W10032] (33), and [(en*)Pd(4,’4
bpy)l[W 100322 (3b), and [(en*)Pd(4,4bpy)l[0-SiW1204d] 2
(4) in moderate yield (Scheme 2). The [(en*)Pd(py)/
POM ratios in3a,b and 4 were not changed by the molar

(20) Since the solubility of compouridin organic solvents was very low,
the equilibrium constant in DMSOKpmso) was measured at low
concentration.

2568 Inorganic Chemistry, Vol. 46, No. 7, 2007

bpy)ls} 8 in 2a could be encapsulated to forgi.
Compounds 2a,b in Solid and Solution StatesThe IR
(KBr) measurements ¢fa,b were carried out to investigate
the solid states. The IR spectrum of (TBAY¢O19] Showed
a v(W=0) band at 975 cnt. On the other hand, the IR

(21) Anion recognition by supramolecules. (a) GO Fujita, M.; Aoyagi,
M.; Ogura, K.Inorg. Chim. Acta.1996 246, 53. (b) TfO", Culz?",
ClO4~, and BR™: Su, C.-Y.; Cali, Y.-P.; Chen, C.-L.; Smith, M. D;
Kaim, W.; zur Loye, H.-CJ. Am. Chem. So@003 125 8595. (c)
CRSO;7, BF4~, and PE™: Fochi, F.; Jacopozzi, P.; Wegelius, E.;
Rissanen, K.; Cozzini, P.; Marastoni, E.; Fisicaro, E.; Manini, P.;
Fokkens, R.; Dalcanale, B. Am. Chem. So@001 123 7539. (d)
Kuehl, C. J.; Kryschenko, Y. K.; Radhakrishnon, U.; Seidel, S. R;;
Huang, S. D.; Stang, P. Proc. Natl. Acad. Sci. U.S.£002 99,
4932,
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Figure 2. Molecular structures a?ab: Top and side views d?a (a and b) and top and side views2if (c and d). The molecular square is depicted with
the ball and stick model, and [M@10]2~ is depicted with the polyhedra representation.

(b)
N g‘pd s B :g A E

Figure 3. Molecular structures ada,b: Top and side views d3a (a and b) and top and side views3# (c and d). The molecular square is depicted with
the ball and stick model, and [\0s7]*~ is depicted in the polyhedra representation.

spectra oRa,b showed two bands at 977 s and 957 sitEm  carried out to investigate the solution states, since compounds
and 971 s and 955 w crh respectively. The appearance of 3ab and4 were almost insoluble in any solvents. THée

the 955-957 cnt! band would result from the interaction NMR spectrum of2a (2b) in DMSO-ds also gave a single
between the molecular square and hexatungstate. Next, theset of signals at 9.19 (9.18) and 8.23 (8.27) ppm assignable
NMR measurements of compoungab in DMSO-ds were to the 4,4-bipyridine ligand of the molecular square, and

Inorganic Chemistry, Vol. 46, No. 7, 2007 2569
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Figure 4. Molecular structure oft. (a) top and (b) side views. The molecular square is depicted with the ball and stick model-SiW:£Oag)*~ is

depicted in the polyhedra representation.

Scheme 3

1a/ 1b
(3 eq. as 1b)
{[(en*)Pd(4,4"-bpy)][DWeO1e]{WeO1els ——— = {[(en*)Pd(4,4"-bpy)]alDWsO10]{NOg)g
2a %
Scheme 4
= 2b
(TEA)2 [WeOrel 1a/1b | soluble
+
(TBA)[a-SiW;,0,4] DMSO .
insoluble

the signal positions were different from the 9.33 and 8.14
ppm of 1b. The'®W NMR spectra oRa,b exhibited single

amount of acetone to the filtrate gave a white-yellow crystal
2b (0.0206 g, 6.4Qumol, 55% isolated yield).

Conclusion

The syntheses and characterizations of the Pd-based
molecular triangle and square and hybrid composites with
POMs were examined. The equilibrium betwedenand1b
largely depends on the solvents, and compourals were
isolated in DMSO and water, respectively. The Pd-based
molecular square-POM hybrid compositeafb, a mixture
of 3ab, and4 were synthesized by the reaction bd/1b
with [Wsolg]zf, [W10032]47, and b:SiW12040]47. The mo-

signals at 58.84 and 59.62 ppm, respectively, which appeared®cular square did not encapsulate the largessifV1204 *~

at lower fields than that of (TBAJWeO1q (58.14 ppm).
TheseH and 183W NMR shifts would result from the

interaction between the molecular square and hexatungstat

in the solution state. The fact thaa (2b) showed a single

in the cavity but did encapsulate )%~ and [WiO3z]*".
[We019)2~ and [r-SiWy:040]4” POMSs could be isolated from

dhe mixture by utilizing the quite different solubility @b

and 4 formed in DMSO. The size-selective encapsulation

183/ NMR signal suggests the rapid exchange between the.property of supramolecules may open a new way to rational-

hexatungstates inside and outside the cavity of the molecula

square in2a (2b).
Separation Experiment with 1. Generally, a separation
of oxide cluster such as POMs is quite difficult by the

jze the isolation methods of useful polyoxometalates. Catalyst

design and the electrochemical study of supramolecule
polyoxometalate hybrid composites are in progress.
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the DMSO (2 mL) solution (solution B). To solution B, at 298 K as a function of time, and numbering scheme%ads,
solution A was added, and the white-yellow crystalline solid 2ab, 3ab, and4. This material is available free of charge via the
4 was successfully collected in almost quantitative yield 'Mtemet at http://pubs.acs.org.
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