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Hydrothermal reactions of molybdenuroxide precursors with polyalcohols in the presence of base yielded two
series of mixed-valence oxomolybdenum clusters, the hexadecanuclear specig®t0s)4sM0oY 1,040 ™ (X

= Na", m = 7; X = 2H", m = 6) and the superclusters ¥Mo"'sM0V3s010q (OCH,)sCR}7]™ (X = Na-
(H20)s", m=9,n=13; X= Na(H0);", m=7,n= 15; X = MoOs;, m= 9, n = 14; X = MoOs3, m= 10,n

= 13). In a representative synthesis for the hexadecanuclear class of materials, the hydrothermal reaction of a
mixture of NgMoO4-2H,0, MoO;, Mo metal, and NHCI produced (NH)7[NaMo;g(OH);2040]-4H,0 (1-4H,0)

as red-orange crystals. The compound {Ntg)4K[H2M0o16(OH)12040]-8H,0 (2-:8H,0) was prepared in a similar
fashion. The structure of the anion bftonsists of ar-Keggin core{ H1,M01,040}, capped on four hexagonal
faces by{ MoQOs} units and encapsulating a Naation. The structure of the oxomolybdenum frameworR &f
essentially identical to that df; however, the central cavity is now occupied by ”2HThe synthesis of the
“superclusters” exploits similar hydrothermal conditions, resulting in the isolation eNM)g(E4N)NaJNa(H,O)sH15
M042010¢{ (OCHz)sCCH,OH} 7]-15H0 (3-15H:0), (MesNH)2(Hz0)Nas[Na(H20)3H13M042010o (OCHz)3CCHe-
OH}7]-7H20 (4:7H20), Na[(M0O3)H14M042010ef (OCH,)sCCHOH} 7]-:0.5C(CHOH)s+ 25H,0 (5:0.5C(CH-
OH)s-25H;0), and (MeN)(Etz2NH2)(H30)2Nas [(M0O3)H13M042010o (OCH,)sCCHg} 7]-10H0 (6-10H,0). The
structures of these superclusters resemble a bowl consisting of an oxomolybdenum framework, constructed from
eighteen pairs Mo(\W)Mo(V) dimers and linked through edge-sharing £#MoOg} octahedra, with six
cis-dioxomolybdate(VI) sites protruding outward to provide the surface of a channel to the molecular cavity of
the complex anion. The cavity is populated by a N4+ group in3 and4 and by a{ MoOs} unit in 5 and6.
Crystal data are as followsl1-4H,0: cubicF43m (No. 216),a = 26.978(3) A,Z = 8. 2:8H,0: orthorhombic
Cmcm(No. 63),a = 18.493(4) Ab = 19.685(4) A,c = 19.518(4) A,Z = 4. 3-15H,0: triclinic P1 (No. 2),a

= 22.159(4) A,b = 27.049(5) A,c = 17.726(3) A,a = 98.34(1), B = 112.56(2}, y = 82.81(1}, Z = 2.
4-7H,0: monoclinicC2/c (No. 15),a = 54.901(11) Ab = 17.616(4) A,c = 36.571(7) A, = 94.04(2), Z =

8. 5:0.5C(CHOH)s25H,0: triclinic P1 (No. 2),a = 17.302(3) A,b = 20.865(4) A,c = 26.734(5) A,a =
103.90(3y, B = 99.26(3}, y = 108.95(33, Z = 2. 6:10H,0: orthorhombicPbcm(No. 57),a = 17.916(4) A,

b = 44.614(9) A,c = 23.472(5) A,z = 4.

The synthesis of high-nuclearity cluster molecules with class of soluble clusters whose structures can be expanded by
dimensions in the mesoscopic or nanometer size range is afurther aggregatio®® Thus, substitution of less positive metal
challenge which has attracted increased attention in the desigrcenters, such as V(IV) units, into the Mo(M#)}-Keggin core,
of materials of complexity intermediate to molecular compounds [Mo1,AsOqq)®~, results in highly negatively charged and nu-
and infinite arrays of solid phase materi&id. The metal cleophilic intermediates, such as [MAsO.g) 2 which can
chalcogenides, most notably the non-sulfur clusters, representthen be linked to cationic moieties to produce superclusters.
one example of molecules derived from the aggregation of The reactivity of related highly charged polyoxomolybdate
fundamental building blocks into a variety of complex structures clusters may be combined with the stability afforded metal oxide
of varied propertie8® The polyoxoanions® provide another  aggregates by the replacement of oxo groups by alkoxide
ligands, and with the concomitant reduction of negative charge,
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While polyoxoalkoxometalate cluster chemistry remains rela- lowered, resulting in enhanced rates of solvent extraction of
tively undeveloped! the occurrence of “oxidized” clusters, such solids and of crystal growth from solutidf. Since differential
as [Ti04(OEt)] 12 and [NO1o(OEt)], 22 as well as “reduced” solubility problems are minimized, a variety of synthetic
and mixed-valence polynuclear cores, represented pyObé¢- precursors may be introduced. An additional advantage is that
{(OCH,)3CCH,OH} g(H20)4]** and [VeOg(OH)s{ (OCHy)z- a variety of templating species may be employed and, during
CCHg}2]?,15 respectively, establishes these clusters as a classthe crystallization process, the templates of appropriate size or
of materials of unusual structural and electronic variety. Inthe geometry to fill the crystal vacancies or to drive the organization
course of our studies of the coordination chemistry of poly- of cluster framework are “selected” from the mixture. It is
oxometalates with alkoxide ligand%we have noted that tris-  noteworthy that high-nuclearity polyoxoalkoxometalates such
(alkoxy) ligands of the class (HOGHCR are particularly as [MgMogO2(OR)(HOR)]?~ 2! possess cavities for the
effective in stabilizing triangular cluster fragmefild ;:0,(OCH,)s- incorporation of electropositive groups, in a manner reminiscent
CR}, which may in turn aggregate to form higher nuclearity of the encapsulation of guest molecules in classical-hgsest
assemblages. Since the charge reduction afforded by thechemistry?2.23
incorporation of the alkoxide ligand into the polyoxoalkoxo- The synthesis of the superclusters of general compositign [H
metalate moiety can result in cationic fragments, it should be Mo,;0109 {(OCH,)sCR} )23~ 24 appears to rely upon an
possible to link these to a highly negatively charged polyoxo- appropriate combination of these synthetic strategies. The
metalate cores to produce the supercluster, as shown in Scheméormation of the structural core 016052 2%~ 25 relies on
1. “self-assembly” under hydrothermal and reducing conditions.
While the ability to synthesize high-nuclearity inorganic The modular design of the supercluster requires condensation
clusters according to rational design is still somewhat primitive, of the constituent units of appropriate geometry and composition
a combination of strategies is available for the construction of into the larger framework. Furthermore, detailed synthetic
complex molecular assemblies. Although the fragment con- studies have established the necessity of introducing appropriate
densation process outlined above provides a satisfactory contemplates to effect organization of the framewaork. In this report,
ceptual framework for the preparation of tailor-made clusters we describe the synthesis and structures of the mixed-valence
by control of inorganic hydrolysiscondensation and aggrega- Mo(V)/Mo(VI) polyanion clusters with a centrat-Keggin
tion reactions, structural preassembly of such fragments in fact structure (NH);[NaMo1g(OH)12040-4H,0 (1:4H,0) and (Me-
relies on “self-assembly” from simple soluble precursors. A NH)4K2[H2M016(OH)12040]-8H,0 (2:8H,0), whose topological
significant expansion of exploitable building blocks may be relationship to the superclusters reveals an underlying chemical
achieved by adopting the techniques of hydrothermal syn- relationshig?® The structural systematics of the family of
thesis!”~1® When the reactions are carried out in water at-150 superclusters  (M&IH)2(EtsN)Naj[Na(H20)sH1sM04:0100
250 °C under autogenous pressure, the viscosity of water is
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Table 1. Crystallographic Data for the Structural Studies of @}fiNaMois(OH)12040]-4H,0 (1-:4H,0), (MesNH)4K 2[H,M016(OH)12040] -8H,0
(2‘8Hzo), (MQgNH)z(EMN)Na4[Na(H20)3H15M0420109{ (OCH2)3CCH20H}7]‘15H20 (3‘15H20), (MegNH)z(HgO)N%[Na(H20)3H13M0420109-
{(OCH2)sCCH,0H}7]-7TH;0 (4-7H;0), Nay[(M0O3)H14M0420106{(OCH;)sCCH,0H} 7]-0.5C(CHOH),-25H,0 (5-0.5C(CHCH)4+25H,0),
(Me4N)(Et2NH2)(H30)2N66[(M003)H13MO420109{(OCH2)3CCH3} 7]'10H20 (6'10H20)

1-4H,0 2:8H,0 3-15H,0 4-7H,0 5-0.5C(CHOH)4-25H,0 6:10H,0

empirical formula HgN7Os6 Ci2H70N4 CaoH154N3Nas CaH11aN2 Cs7.9H1330167/N@MO043N8s Ca3H126N2N86O145M043
NaMoys Os0K2M016 O155M042 N&ayO14gM042 O145MO043

a A 26.978(3) 18.493(4) 22.159(4) 54.901(11) 17.302(3) 17.916(4)
b, A 19.685(4) 27.049(5) 17.616(4) 20.865(4) 44.614(9)
c A 19.518(4) 17.726(3) 36.571(7) 26.734(5) 23.472(5)
a, deg 98.34(1) 103.90(3)
B, deg 112.56(2) 94.04(2) 99.26(3)
y, deg 82.81(1) 108.95(3)
v, A3 19539(10) 7105(4) 9680(3) 35281(13) 8555(4) 18761(7)
Z 8 4 2 8 2 4
fw 2600.5 2843.9 7410.2 7199.0 _7587.4 7254.9
space group (No.) F43m(216) Cmcm(63) P1(2) C2/c (15) P1(2) Pbcm(57)
T,°C —60 21 —60 —153 —60 21
A, A 0.71073 0.71073 0.71073 1.541 78 0.71073 0.71073
Dcaie, g CNT 3 1.768 2.658 2.542 2.710 2.945 2.568
u, cmt 20.50 26.58 27.10 247.80 31.74 28.79
Re 0.0762 0.0477 0.0638 0.0653 0.0790 0.0621
R.° 0.0944 0.0526 0.0696 0.0755 0.0967 0.0705

23 [IFol = IFcll/Z|Fol. ® [ZW(|Fol — [Fel)? X wIFo|7"2

Table 2. Atomic Positixal Parameters (0% and Isotropic Table 3. Atomic Positjg(nal Parameters (0% and Isotropic
Temperature Factors ¢Ax 10°) for Temperature Factors &< 10°) for
(NH4)7[NaM016(OH)12040] ’4H20 (1'4H20) (MegNH)4K2[H2M016(OH)12040]'8H20 (2'8H20)
X y z Ueqy X y z Ueqy
Mo(1) 8726(1) 2154(3) 2840(2) 24(1) Mo(1) 0 4224(1) 6836(1) 27(1)
Na 7m0 zs00 ) 200 eAT) Mo () 2oei)  esdw) 26
a 0
0o(1) 9341(7) 2114(33) 2959(33) 28(5) Mo(4) 912(1) 3013(1) 5975(1) 26(1)
0(2) 8131(6) 1191(13) 1120(13) 28(6) Mo(5) 0 1230(1) 5664(1) 27(1)
0O(3) 8612(6) 2085(12) 2152(13) 21(6) Mo(6) 1969(1) 3850(1) 7500 30(1)
0o(4) 8613(13) 2136(7) 3627(13) 31(6) K(1) 2168(4) 4332(4) 2500 117(4)
S I L R QRN
o(7) 5000 1604 1558(56) 114(39) 0(3) 937(6) 1927(6) 7500 29(3)
N(1) 0 1892(14) 1892(14) 45(14) 0o(4) 0 1039(6) 8246(5) 28(3)
N(2) 5000 0 1970(23) 70(19) 0(5) 752(4) 2033(4) 6046(3) 25(2)
aEquiva_Ient isotropicU defined as one-third of the trace of the 8%?; 8 gégzggg ggg?g ggg;
orthogonallzedJij tensor. 0(8) 2303(6) 2065(6) 7500 29(3)
o9 1519(4 1007(4 8248(4 31(2
{(OCH,;)sCCHOH} 7]-15H,0 (3-15H,0), (MesNH)o(H3z0)Nas- o§1%) o( ) 5069((7)) 6697((6)) 39((4))
[Na(H20)sH13M042010o (OCH;)sCCH,OH} 7]- 7H0 (4-7H:0), o(11) 844(7) 37(6) 7500 35(4)
Nag[(M0O3)H14M0420104{ (OCH,)3CCH,OH} 7]-:0.5C(CH- 0(12) 794(4) 4074(4) 6078(4) 33(3)
OH)4:25H,0 (5:0.5C(CHOH)4-25H,0), and (MeaN)(Etz- 8(5) 27801 . 1:;1%14(67) 1%15%%(5) gé(i)
. discussed, as well as the syntheses directl
10H;0 (6-10H,0) are ' y Y 0(16) 750(5) 705(4) 9416(4) 37(3)
from simple synthetic precursors and frdhand 2. 0(17) 2028(4) 4396(4) 8203(4) 35(3)
. . 0(18) 1465(5) 3115(4) 5295(4) 36(3)
Experimental Section 0(19)  4525(12) 815(11) 9510(12) 65(6)
Reagent grade chemicals were used throughout. Molybdenum metal O(20) 3541(21) 1066(19) 8744(20) 139(13)
(—325 mesh, Cerac), #100, (Aldrich), NaMoO,-2H,O (Aldrich), 0(21) 4241(27) 1238(24) 7500 116(16)
MoO; (Aldrich), 1,1,1-tris(hydroxymethyl)alkanes (Aldrich), pen- N(1) 1192(15) 1534(14) 907(14) 59(7)
taerythritol (Aldrich), tetraethylammonium chloride (Aldrich), and N(2) 1517(16) 1044(14) 567(15) 65(8)
various alkylamines (Aldrich) were used as received from the com- Cg; iéggg)l) 124%52((?)0) 125:;51(3)0) 67%((46))
mercial sources. All reactions were carried out in 23 mL Parr Teflon- 6] 1077(21) 2103(19) 1332(19) 74(10)

lined _acid digestion t_)ombs, hea_ted in a Thermolyne prc_)grammable c(4) 2067(23) 600(21) 329(21) 85(12)

electric furnace. While preparations using each of the ligand types

RC(CHOH); (R = —CHs, —CH,CH;, —CH,0H) were attempted for a Equivalent isotropicU defined as one-third of the trace of the

all sets of conditions, synthetic details are given only for those instances orthogonalizedJ; tensor.

which produced monophasic crystalline materials in appreciable yield. )
(NH4)7[NaMo16(OH) 1504q] *4H,0 (1:4H,0). Method A. A mixture autoclave was cooled to room temperature over a period-¢f B,

of NaaM0oO4:2H,0, MoGs, Mo (—325 mesh), (OHCH),C, MeNHCI, dark red-brown crystals @&-15H,0 were filtered from the red-brown

EuNCI, and HO in the mole ratio 6:6:4:10:10:10:300 was placed in a filtrate. Upon standing for 10 days at room temperature, the filtrate

23 mL Teflon-lined autoclave which was subsequently heated for 3 deposited red-orange cubic crystalsle#H,0. Since the crystals of

days inside an electric furnace maintained at P& After the 1-4H,0 turn opaque upon exposure to the atmosphere, the material
was stored in the mother liquor (yield: #@0% based on molybde-
(26) Chae, H. K.; Klemperer, W. G.; Marquart, T. &oord. Chem. Re num). Anal. Calcd for HN;OseNaMos: Mo, 59.0; H, 1.85; N, 3.77.

1993 128 209. Found: Mo, 58.6; H, 1.98; N, 3.62. IR (KBr pellet, ch): 1477 (s),
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Table 4. Selected Bond Lengths (A) and Angles (deg) fe4H,0 Table 5. Selected Bond Lengths (A) and Angles (deg) 2s8H,0
Mo(1)—Na 3.556(3) Mo(1)-0(1) 1.694(24) Mo(1)—0(1) 1.970(8) Mo(1)-O(6) 2.119(11)
Mo(1)—0(3) 1.890(36) Mo(1}O(4) 2.144(35) Mo(1)—0(10) 1.684(13) Mo(1r0(12) 2.105(8)
Mo(1)—Mo(1C) 2.619(14) Mo(1)>O(3A) 2.077(33) Mo(1)—Mo(1A) 2.594(3) Mo(1)}-O(1A) 1.970(8)
Mo(1)—O(4A) 2.086(35) Mo(1)-O(5C) 2.102(10) Mo(1)—O(12A) 2.105(8) Mo(2)-0(3) 2.119(12)
Mo(2)—0(2A) 1.738(32) Mo(2)-0(2B) 1.738(32) Mo(2)—0(4) 1.980(8) Mo(2)-0(9) 2.116(8)
Mo(2)—0(2C) 1.738(32) Mo(2)O(3B) 2.218(34) Mo(2)—0(11) 1.666(12) Mo(2)Mo(2B) 2.602(3)
Na OGN | 2178(06)  NaOGE) | 217826 Mo OO 21166  Mo@Mo@  2592(2)

a— . a . 0(2)— . ) 0 .
Na—O(5C) 2.178(26) NaO(5D) 2.178(26) Mo(3)—0(2) 1.961(8) Mo(3)-0(3) 2.112(7)
Mo(3)—0O(5) 1.970(7) Mo(3)-0(8) 2.110(7)

O(1)—Mo(1)—0(3) 109.8(30) O(1yMo(1)—0O(4) 87.1(31) Mo(3)—0(15) 1.696(8) Mo(3)K(1A) 3.956(7)

0O(3)~Mo(1)~0(4) 161.2(11) O(1yMo(1)-O(3A)  101.9(30) Mo(3)—0(9C) 2.133(8) Mo(4}0(2) 1.971(7)

0(3)-Mo(1)—O(3A) 94.8(14) O(4%-Mo(1)—0(3A) 89.5(11) Mo(4)—0(5) 1.956(8) Mo(4)-0(6) 2.137(7)

O(1)-Mo(1)—0O(4A) 93.2(31) O(3)Mo(1)—0O(4A) 85.0(11) MO(4)*O(7) 2.115(6) M0(4}O(12) 2.111(8)

0O(4)-Mo(1)—0O(4A) 85.9(10) O(3Ay-Mo(1)—0O(4A) 164.0(11) Mo(4)—0(18) 1.687(8) Mo(5)-O(5) 2.232(7)

O(1)-Mo(1)-O(5C)  156.1(30) O(3}Mo(1)—O(5C) 89.2(7) Mo(5)—O(4A) 2.160(11)  Mo(5-O(5A) 2.232(7)

O(4)-Mo(1)—0O(5C) 72.5(10) O(4A)yMo(1)—0O(5C) 73.6(11) Mo(5)—0(13A) 1.771(11) Mo(5)F0(16A) 1.738(9)

O(3A)—Mo(1)—0(5C) 90.4(7) O(2ArMo(2)—0O(2C) 103.6(9) Mo(5)—0O(16B) 1.738(9) Mo(6)-0(1) 2.233(11)

O(2A)—Mo(2)—0(2B) 103.6(9) O(2A)yMo(2)—0(3B) 161.5(9) Mo(6)—0(2) 2.224(8) Mo(6)-0(14) 1.740(12)

0O(2B)-Mo(2)—0(2C) 103.6(9) O(2CyMo(2)—0(3B) 87.8(12) Mo(6)—0(17) 1.746(8) Mo(6) K(1B) 3.597(8)

0O(2B)-Mo(2)—0(3B) 87.3(12) O(2ByMo(2)—0O(3C) 161.5(9) Mo(6)—0(2A) 2.224(8) Mo(6)-O(17A) 1.746(8)

0O(2A)—Mo(2)—0(3C) 87.8(12) O(3ByMo(2)—0(3C) 78.1(7) K(1)—O(8A) 2.920(14) K(1}-O(9A) 2.911(10)

0(2C)-Mo(2)—0(3C) 87.3(12) O(2ByMo(2)—0(3D) 87.8(12) K(1)—O(9B) 2.911(10) K(1}O(17B) 2.866(11)

O(2A)—Mo(2)—0O(3D)  87.3(12) O(3B)Mo(2)—0(3D) 78.1(7) K(1)—O(17C) 2.866(11) K(1rO(20A) 2.869(38)

O(2C)-Mo(2)—0O(3D) 161.5(9) Mo(1yO(3)—Mo(2A) 144.6(18) K(1)—0(20B) 2.869(38) K(1)}O(21A) 2.837(50)

O(3C)-Mo(2)-0(3D)  78.1(7) Mo(1}O(4)-Mo(1K)  105.4(15)

NEA5OLMNE, (S5 Mot oO e 0B it o, B SuNa sy
0(1C)—0(3)—Mo . —Mo(1)— . o(1)— .

0(6)—Mo(1)—0(12) 74.2(3) O(10yMo(1)—0(12) 91.5(4)

1110 (m), 1028 (m), 984 (M), 946 (vs), 842 (m), 786 (sh), 732 (vs), 882);'\",\2&)1;0&% 13@-2((2 8((?2*7'\\",\;’(()?1;0&;\/1) 122-2((2))

SSK/I((eSt%’oEJsBS (2t’t:r?1?)t(sn2). preparé in the absence of organic cations O(6) “Mo(1)~O(12A) 74.2(3) O(1yMo(1)~O(12A) ~ 162.5(4)

and the en.tae hritol template resulted in improved yield$ biit O(12)~Mo()~O(12A) 88.4(1) O(10) Mo(1) O(12A) 91.5(1)

he p ryt mp , p yields O(1A)—Mo(1)-0(12A)  85.8(3) O(3)-Mo(2)—0(4) 88.4(4)

as mlcrocry_stallme mat_erlals L_msunable for X-ray determination. Ina o(3)-Mo(2)-0(9) 74.5(3) O(4>Mo(2)—0(9) 86.6(3)

representative synthesis, a mixture o, MaO,-2H,O, MoOs, molyb- O(3)-Mo(20—-0(11) 159.2(5) O(4rMo(2)—0(11) 105.4(4)

denum metal €325 mesh), NKCI, and water in the mole ratio 6:6: 0(9)—-Mo(2)—0(11) 90.7(4) O(3)yMo(2)—0(4A) 88.4(4)

4:20:300 was heated at 16@ for 10 h to givel-4H,O in 65% yield. O(4)-Mo(2)—0(4A) 94.7(4) O(9)-Mo(2)—O(4A) 162.8(4)

Thermogravimetric analysis df exhibited a 3% weight loss at 110 8%111)1%“2?2()2)—0?&?) 11%52-2((1)) g((gngg—ggg ;‘;ggg

120°C, consistent with the loss of 4 water molecules of crystallization N N : B :

(2.77% theoretical loss). UV/vis (solid state reflectance spectrum, 88)1%'\3??(’)216%95;:) 12%;((2)) 8((32;mgg;:8§gg gg'ig;

nm): 325, 380. Magnetic susceptibility at room temperaturg: = 0(8)~Mo(3)-O(15) 91_'0(4) 0(5)Mo(3)-0(8) 163..1(5)

1.2ug (0.34ug per Mo’ center). The infrared spectrum of this material 0(2)-Mo(3)—0(9C) 163.7(3) O(2yMo(3)—0(15) 105.6(4)

was indistinguishable from that reported above for cry_sta[li-rm-lzo. 0O(5)-Mo(3)—0(9C) 87.0(3) O(5)Mo(3)—0(15) 104.8(3)
(Me3NH)4K2[H 2M015(OH)12040] -8H,0O (2-8H20) A mixture of K- 0(15)— MO(3)—O(9C) 89.5(4) O(3)'M0(3)—O(9C) 74.3(4)

Mo0O,-2H,0, MoQ;, Mo (—325 mesh), (OHCH.C, MeNHCI, Et- 0O(2)—Mo(3)—-0(3) 89.6(4) O(8>Mo(3)—0(9C) 87.3(4)

NCI, and HO in the molar ratio 6:6:10:3:10:10:300 was placed in an O(2)~Mo(3)—0(5) 94.8(3) O(5)-Mo(4)-0O(6) 88.8(4)

autoclave which was subsequently heated for 4 days aP@60The 8§§g_mgg;_8gg gggg; 8&3“2523_8% 1‘732;’((%)

reaction mixture, which at this stage consists of an orange-red liquid O(5)~Mo(4)—0(12) 162.5(3) O(2}Mo(4)—0(12) 86.2(3)

and a brown powder, was allowed to stand at room temperature for 2 o _ _

. . : , O(7)~Mo(4)—0(12) 88.1(4) O(6YMo(4)—0(12) 73.8(4)

weeks, leading to the separation of orange-red plates in low yield (10 0(2)-Mo(4)—0(18) 105.3(4) O(5}Mo(4)—0(18) 105.4(4)

15%). These were filtered from the mother liquor and carefully O(6)-Mo(4)—0(18) 158:6(4) O(AMo(4)—0(18) 90_'4(4)

separated from the brown powder. IR (KBr pellet, @n 1480(s), 0O(12)-Mo(4)—0(18) 91.1(4) O(5)Mo(5)—O(4A) 78.1(3)

1035(m), 979(m), 950(vs), 835(m), 738(vs), 570(s), 530(s). 0O(5)-Mo(5)—O(5A) 77.0(4) O(4AXMo(5)-O(5A)  78.1(3)
(Me3NH)2(EtaN)NasNa(H20)3H1sM0 4,010 (OCH)sCCH .- O(5)—Mo(5)—0O(13A) 85.1(3) O(4A)rMo(5)—-O(13A) 158.5(5)

OH}7]-15H,0 (3-15H,0). Method A. Red-brown crystals o8- O(5A)~Mo(5)-O(13A)  85.1(3) O(5)Mo(5)—O(16A) 87.4(3)

15H,0 were filtered from the red-brown solution containibgtH,O O(4A)—-Mo(5)—O(16A)  89.2(3) O(SAyMo(5)-O(16A)  161.6(3)

- : ) O(13A)-Mo(5)—O(16A) 103.6(3) O(5)-Mo(5)—0(16B)  161.6(3)
described above, washed with water to remove orange-red amorphouso(4A)_MO(S)_O(16B) 89.2(3) O(5AYMo(5)~O(16B)  87.4(3)

solid, and dried at room temperature (yield: 55% based on Mo). IR O(13A)-Mo(5)-O(16B) 103.6(3) O(L6AYMo(5)—O(16B) 106.0(6)

(KBr pellet, le): 1171(w), 1112(vs), 1061(m), 1021(vs), 968(vs), 0O(1)-Mo(6)—0(2) 77.7(3) O(1)}Mo(6)—0O(14) 160.6(5)
911(s), 886(s) 793(vs), 731(s, br), 646(m), 584(sh), 561(m), 536(M), O(2)-Mo(6)—0(14) 87.3(4) O(1)}Mo(6)—O(17) 86.8(3)
482(m). Anal. Calcd for GHisANsOwssNasMosz: C, 7.94; H, 2.08; 0(2)-Mo(6)—0(17) 160.5(3) O(14YMo(6)-O(17)  104.9(4)
Mo, 54.4. Found: C, 7.85; H, 2.23; Mo, 54.6. O(1)-Mo(6)—0(2A) 77.7(3) O(2)-Mo(6)—0O(2A) 77.8(4)

Method B. A mixture of 1:4H,0, NaMo0O4-2H,0, C(CHOH),, O(14)-Mo(6)—0(2A) 87.3(4) O(17yMo(6)—0(2A) 87.5(3)

MesNHCI, E4NCI, and HO in the mole ratio 1:20:16:16:16:500 was ~ O(1)~Mo(6)—-O(17A) 86.8(3) O(2)yMo(6)-O(17A) 87.5(3)
placed in a 23 mL Parr acid digestion bomb and heated for 2 days at O(14)-Mo(6)-O(17A)  104.9(4) O(17yMo(6)-O(17A)  103.5(6)

160°C. After the mixture was cooled to room temperature, dark red- O(2A)~Mo(6)~0O(17A)  160.5(3)

brown plates of3-15H,0 were collected in 70% vyield. (yield: 60-65% based on molybdenum). The orange-red mother
(Me3sNH)2(H3z0)Nag[Na(H20)3H13M042010o{ (OCH3)3- liquor, on standing, produced cubic crystals of {NaMose
CCH;0H}7]-7H,0 (4:-7H20). A mixture of NaMoO4:2H,O, MoG;, (OH)1204q] in low yield. IR (KBr pellet, cnt?): 1110(vs), 1015(vs),

(HOCH,)4C, M&sNHCI, and HO in the mole ratio of 3:3:5:5:150 (pH 975(vs), 918(s), 890(s), 785(vs), 650(m), 560(m). Anal. Calcd for
adjusted taa. 6 by addition of HCI) was placed in an autoclave which  CsiH110N2O148N&/Mo042: Mo, 56.0. Found: Mo, 55.8.

was subsequently heated for 3 days at 160 After the vessel was Nag[(M0oO 3)H14M042010¢{ (OCH2)3CCH,0H}7]-0.5C(CH,-
cooled to room temperature, red-brown crystald-@H,O were filtered OH)4+25H,0 (5:0.5C(CH,0OH)4:25H,0). An autoclave was loaded
from the orange-red mother liquor, washed with water, and air-dried with a mixture of NaMoO,-2H,0, MoG;, (HOCH,).C, NaCl, and HO
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Table 6. Atomic Positional Parametersc(0%) and Isotropic Temperature Factors?(& 10°) for the Molecular Anion and the Sodium Cations
of (MesNH),(EtN)Nay [Na(H20)sH15M042010o (OCH,)sCCH,OH} 7]-15H,0 (3-:15H,0)

X y z Ueqy X y z Ueqy
Mo(1) 3948(1) 9454(1) 2761(1) 28(1) 0(28) 5344(6) 7902(4) 1540(7) 25(3)
Mo(2) 4689(1) 9023(1) 4062(1) 26(1) 0(29) 5932(6) 8476(4) 3041(7) 32(3)
Mo(3) 3303(1) 8817(1) 947(1) 30(1) 0(30) 6461(6) 8424(5) 1785(8) 36(3)
Mo(4) 1788(1) 8841(1) 2561(1) 32(1) 0(31) 6258(6) 7397(4) 2933(7) 27(3)
Mo(5) 2350(1) 9372(1) 1929(1) 32(1) 0(32) 6578(6) 7389(4) 1678(7) 29(3)
Mo(6) 3507(1) 7840(1) 775(1) 29(1) 0(33) 7162(6) 7987(4) 3207(7) 29(3)
Mo(7) 5088(1) 8484(1) 2135(1) 27(1) 0(34) 8030(7) 7481(5) 4537(8) 41(3)
Mo(8) 6211(1) 8047(1) 2268(1) 28(1) 0(35) 2591(6) 8253(5) 5084(8) 34(3)
Mo(9) 7221(1) 7465(1) 4025(1) 29(1) 0(36) 6805(6) 7987(4) 4567(7) 26(3)
Mo(10) 6811(1) 7454(1) 5193(1) 29(1) 0(37) 6933(6) 6933(5) 4388(8) 33(3)
Mo(11) 6507(1) 6724(1) 2119(1) 28(1) 0(38) 7533(6) 7469(5) 5967(8) 36(3)
Mo(12) 5570(1) 6180(1) 1872(1) 28(1) 0(39) 6417(6) 6916(5) 5529(8) 34(3)
Mo(13) 3063(1) 9666(1) 4237(1) 29(1) 0(40) 5695(6) 7454(5) 4225(8) 34(3)
Mo(14) 2968(1) 9952(1) 5637(1) 31(1) 0(41) 6281(6) 7948(4) 5775(8) 33(3)
Mo(15) 1789(1) 8355(1) 5694(1) 35(1) 0(42) 6927(6) 6364(5) 1621(8) 36(3)
Mo(16) 2250(1) 9180(1) 6465(1) 35(1) 0(43) 5620(6) 6760(4) 1372(7) 31(3)
Mo(17) 4773(1) 8597(1) 7250(1) 33(1) 0(44) 6355(6) 6324(5) 2835(8) 34(3)
Mo(18) 3947(1) 9327(1) 7367(1) 34(1) 0(45) 5789(6) 5688(4) 1323(8) 34(3)
Mo(19) 1681(1) 8274(1) 371(1) 34(1) 0(46) 4564(6) 6214(4) 1125(7) 30(3)
Mo(20) 771(2) 7725(1) —584(1) 41(1) 0(47) 5091(6) 6832(4) 2553(7) 28(3)
Mo(21) 406(1) 7012(1) 1818(1) 40(1) 0(48) 5291(6) 5834(5) 2628(8) 36(3)
Mo(22) 30(1) 6990(1) 252(1) 46(1) 0(49) 2965(6) 10233(5) 3920(8) 36(3)
Mo(23) 2175(1) 5979(1) 47(1) 38(1) 0(50) 3231(6) 8830(4) 4433(7) 29(3)
Mo(24) 1063(1) 6406(1) —770(1) 45(1) 0(51) 3710(6) 9738(4) 5345(8) 32(3)
Mo(25) 2806(1) 7159(1) 1614(1) 30(1) 0(52) 2341(6) 9675(5) 4622(8) 38(3)
Mo(26) 2067(1) 7594(1) 2373(1) 30(1) 0(53) 2864(6) 10587(5) 5620(8) 34(3)
Mo(27) 2727(1) 8246(1) 4193(1) 29(1) 0(54) 3122(6) 9200(4) 6116(7) 31(3)
Mo(28) 3978(1) 8338(1) 4838(1) 27(1) 0(55) 3611(6) 10024(4) 6894(8) 34(3)
Mo(29) 4940(1) 7788(1) 3866(1) 24(1) 0(56) 2248(6) 9916(5) 6152(8) 35(3)
Mo(30) 4427(1) 7268(1) 2457(1) 25(1) 0(57) 1175(7) 8365(5) 6025(8) 42(3)
Mo(31) 1126(1) 8176(1) 3312(1) 33(1) 0(58) 1715(6) 9007(5) 5341(8) 35(3)
Mo(32) 643(1) 7580(1) 3956(1) 35(1) 0(59) 2184(7) 5490(5) —627(8) 40(3)
Mo(33) 1861(1) 6994(1) 5552(1) 43(1) 0(60) 1266(6) 8105(4) 4470(8) 35(3)
Mo(34) 1159(1) 6320(1) 3622(1) 47(1) 0(61) 2551(7) 8489(5) 6679(8) 40(3)
Mo(35) 5575(1) 8503(1) 5626(1) 26(1) 0(62) 2147(7) 7622(5) 5790(8) 41(3)
Mo(36) 6253(1) 8000(1) 6894(1) 31(1) 0(63) 1714(7) 9367(5) 6935(9) 47(4)
Mo(37) 5310(1) 7270(1) 7387(1) 41(1) 0(64) 3052(6) 9403(5) 7561(8) 37(3)
Mo(38) 6341(1) 6713(1) 6414(1) 43(1) 0(65) 5335(7) 8712(5) 8186(9) 50(4)
Mo(39) 3764(1) 6653(1) 647(1) 28(1) 0(66) 5419(6) 8423(5) 6623(8) 38(3)
Mo(40) 3960(1) 5666(1) 636(1) 29(1) 0(33) 7162(6) 7987(4) 3207(7) 29(3)
Mo(41) 3132(1) 5206(1) 1691(1) 40(1) 0(34) 8030(7) 7481(5) 4537(8) 41(3)
Mo(42) 4833(1) 5313(1) 2609(1) 42(1) 0(35) 2591(6) 8253(5) 5084(8) 34(3)
Na(1) 3658(3) 6938(2) 3987(4) 26(3) 0(36) 6805(6) 7987(4) 4567(7) 26(3)
Na(2) 5185(4) 329(3) 4049(5) 35(3) 0(37) 6933(6) 6933(5) 4388(8) 33(3)
Na(3) 4937(4) 7276(3) 424(5) 48(4) 0(38) 7533(6) 7469(5) 5967(8) 36(3)
Na(4) 6364(4) 8809(3) 4385(5) 42(4) 0(39) 6417(6) 6916(5) 5529(8) 34(3)
Na(5) 1286(4) 9394(3) 4135(6) 61(4) 0(40) 5695(6) 7454(5) 4225(8) 34(3)
0o(1) 4356(6) 9974(5) 2977(8) 34(3) 0(41) 6281(6) 7948(4) 5775(8) 33(3)
0(2) 3833(6) 9402(4) 3802(7) 31(3) 0(42) 6927(6) 6364(5) 1621(8) 36(3)
0(3) 4664(6) 8930(4) 2915(7) 27(3) 0(43) 5620(6) 6760(4) 1372(7) 31(3)
0o(4) 3249(6) 8949(4) 2108(7) 32(3) 0(44) 6355(6) 6324(5) 2835(8) 34(3)
0(5) 3063(6) 9884(4) 2394(8) 33(3) 0(45) 5789(6) 5688(4) 1323(8) 34(3)
0(6) 3877(6) 9412(4) 1539(7) 30(3) 0(46) 4564(6) 6214(4) 1125(7) 30(3)
o(7) 5201(6) 9483(4) 4476(8) 33(3) 0(47) 5091(6) 6832(4) 2553(7) 28(3)
0o(8) 4668(6) 8886(4) 5151(7) 29(3) 0(48) 5291(6) 5834(5) 2628(8) 36(3)
0(9) 4171(6) 8353(4) 3753(7) 30(3) 0(49) 2965(6) 10233(5) 3920(8) 36(3)
0(10) 5419(6) 8462(4) 4401(7) 27(3) 0(50) 3231(6) 8830(4) 4433(7) 29(3)
0(11) 3282(7) 8935(5) 42(8) 39(3) 0(51) 3710(6) 9738(4) 5345(8) 32(3)
0(12) 4089(6) 8383(4) 1368(8) 34(3) 0(52) 2341(6) 9675(5) 4622(8) 38(3)
0(13) 2704(6) 8282(5) 649(8) 34(3) 0(53) 2864(6) 10587(5) 5620(8) 34(3)
0(14) 2500(6) 9348(5) 815(8) 36(3) 0(54) 3122(6) 9200(4) 6116(7) 31(3)
0(15) 1106(7) 9220(5) 2425(8) 44(4) 0(55) 3611(6) 10024(4) 6894(8) 34(3)
0(16) 2577(6) 8253(4) 2928(7) 30(3) 0(56) 2248(6) 9916(5) 6152(8) 35(3)
0(17) 1848(6) 8675(5) 3704(8) 37(3) 0(57) 1175(7) 8365(5) 6025(8) 42(3)
0(18) 1873(6) 8759(5) 1465(8) 36(3) 0(58) 1715(6) 9007(5) 5341(8) 35(3)
0(19) 2465(6) 9323(4) 3078(8) 33(3) 0(59) 2184(7) 5490(5) —627(8) 40(3)
0(20) 1326(6) 8186(4) 2259(8) 33(3) 0(60) 1266(6) 8105(4) 4470(8) 35(3)
0(21) 1765(6) 9826(5) 1623(8) 36(3) 0(61) 2551(7) 8489(5) 6679(8) 40(3)
0(22) 3531(7) 7783(5)  —171(8) 39(3) 0(62) 2147(7) 7622(5) 5790(8) 41(3)
0(23) 4255(6) 7290(4) 1207(7) 29(3) 0(63) 1714(7) 9367(5) 6935(9) 47(4)
0(24) 3508(6) 7726(4) 1984(7) 30(3) 0(64) 3052(6) 9403(5) 7561(8) 37(3)
0(25) 3003(6) 7210(4) 560(7) 30(3) 0(65) 5335(7) 8712(5) 8186(9) 50(4)
0(26) 5113(6) 8957(5) 1648(8) 37(3) 0(66) 5419(6) 8423(5) 6623(8) 38(3)

0(27) 4842(6) 7907(4) 2756(7) 32(3) 0(67) 4757(6) 7823(5) 7171(8) 37(3)
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Table 6 (Continued)

x y z Ueay x y z Ueay
0(68) 3948(6)  8620(5) 7419(8) 35(3) 0(117) 6187(7) 6804(5) 7535(9) 47(4)
0(69) 4544(6) 9239(4) 6808(7) 31(3) 0(118) 5735(8) 6307(6) 5973(9) 54(4)
0(70) 4075(6)  8363(4) 5859(7) 31(3) 0(119) 7049(8) 6350(6) 6843(10) 61(4)
o(71) 4345(7) 9575(5) 8348(9) 49(4) 0(120) 3782(6) 6700(5) —270(8) 38(3)
0(72) 1497(7)  8748(5)  —202(9) 46(4) 0(121) 4012(7) 5501(5)  —279(8) 39(3)
0(73) 2130(6) 7724(5) 1346(8) 36(3) 0(122) 3909(7) 5729(5) 1901(8) 39(3)
o(74) 1700(6) 7697(5)  —407(8) 39(3) 0(123) 4702(7) 5189(5) 1290(8) 39(3)
o(75) 856(6)  8141(5) 433(8) 37(3) 0(124) 3385(6) 5117(4) 572(7) 31(3)
0(76) 374(7)  8079(5)  —1350(9) 52(4) 0(125) 2758(7) 4652(5) 1393(9) 51(4)
o(77) 1008(6) 7060(4) 161(7) 32(3) 0(126) 3164(8) 5374(6) 2682(10) 64(5)
0(78) 705(7) 7056(5)  —1412(9) 46(4) 0(127) 4690(8) 5453(6) 3489(9) 57(4)
0(79) —138(7) 7518(5) —606(8) 44(4) 0(128) 5391(8) 4815(6) 2823(10) 65(5)
0(80) —320(7) 6943(5) 1865(9) 50(4) 0(129) 4072(7) 4816(5) 2122(9) 45(4)
o(81) 672(6) 7557(5) 2836(8) 36(3) 0(130) 7406(6) 6928(4) 3099(7) 28(3)
0(82) 1490(6) 7169(5) 2031(8) 34(3) c(1) 3049(11) 10141(8) 1067(13)  47(8)
0(83) 211(7) 7546(5) 1099(8) 41(4) c@) 2498(10) 9817(7) 518(12)  40(5)
0(84) 998(7) 6522(5) 2634(9) 45(4) C(3) 2983(11) 10301(8) 1921(13)  48(6)
0(85) 497(7) 6499(5) 962(8) 42(3) C(4) 3733(10) 9877(7) 1180(13)  43(5)
0(86) —785(7) 6923(5) —66(9) 51(4) o) 2991(11) 10643(8) 683(14) 55(6)
0(87) 106(7) 6465(5)  —750(9) 49(4) c(6) 7793(10) 7487(7) 2411(12)  34(5)
0(88) 1750(8) 6878(5) 6398(9) 55(4) c(7) 7200(10) 7437(8) 1586(13)  50(6)
0(89) 1943(7) 6556(5)  —577(8) 42(4) c(@8) 7712(10) 7961(7) 2930(12)  36(5)
0(90) 2493(7) 5664(5) 1113(8) 39(3) C(9) 7911(10) 7022(7) 2844(12)  36(5)
0(91) 3156(6) 6127(5) 386(8) 35(3) C(10) 8370(11) 7562(8) 2164(14)  52(6)
0(92) 1339(6) 6006(5) 143(8) 39(3) c(11) 2805(9) 10323(7) 7585(12)  33(5)
0(93) 2343(6) 6657(5) 1133(8) 37(3) C(12) 3434(9) 10422(7) 7414(11)  30(4)
0(94) 812(7) 6025(5) —1659(9) 49(4) C(13) 2232(10) 10319(7) 6814(11)  35(5)
0(95) 2871(6) 7186(4) 2729(7) 28(3) C(14) 2932(10) 9854(7) 8029(12)  35(5)
0(96) 3709(6) 6766(4) 1891(7) 30(3) C(15) 2687(11) 10779(8) 8184(13)  49(6)
0(97) 2069(6) 7704(5) 3568(8) 36(3) C(16)  —482(11) 6944(8) ~ —1900(14)  48(6)
0(98) 3464(6) 7768(4) 4316(7) 30(3) Cc(17)  —641(11) 7421(8)  —1436(14)  56(6)
0(99) 4866(6) 7886(4) 5026(7) 30(3) C(18)  —425(12) 6517(9)  —1558(14)  62(7)
0(100) 4311(6) 7284(4) 3482(7) 30(3) C(19) 99(11) 7016(9) —2131(14)  54(6)
0(101) 506(7)  8611(5) 3086(9) 49(4) C(20) —1087(14) 6939(10) —2758(17)  75(8)
0(102) —83(6) 7882(5) 3841(8) 39(3) c(1) 152(11) 6715(8) 4864(14)  47(6)
0(103) 1563(7) 7065(5) 4221(8) 42(4) C(22) 350(10) 7221(8) 5320(13)  43(5)
0(104) 323(7) 6872(5) 3621(8) 42(4) C(23)  —125(10) 6723(8) 3933(13)  47(6)
0(105) 876(7) 7402(5) 5120(9) 45(4) C(24) 694(11) 6298(9) 5049(14)  57(6)
0(106) 2552(7) 6637(5) 5575(9) 52(4) C(25)  —401(13) 6568(10) 5100(16) 70(8)
0(107) 1904(8) 6021(6) 3841(10) 63(5) C(26) 7095(10) 7286(8) 8556(13)  41(5)
0(108) 657(8)  5848(5) 3419(9) 55(4) c(27) 7369(11) 7339(8) 7871(13)  49(6)
0(109) 1240(7) 6406(5) 4854(9) 49(4) C(28) 6715(11) 6832(8) 8314(14)  54(6)
0(110) 6002(6) 9013(5) 5925(8) 34(3) C(29) 6639(11) 7731(8) 8633(13)  49(6)
0(111) 6810(6)  8396(5) 7455(8) 36(3) C(30) 7635(15) 7259(12) 9381(19)  94(10)
0(112) 5639(7) 7350(5) 6400(8) 39(3) C(31) 4182(10) 4376(7) 820(12)  34(5)
0(113) 6075(7) 7800(5) 7875(8) 41(3) C(32) 3555(9) 4627(7) 287(12)  35(5)
0(114) 6895(6) 7370(5) 7087(8) 38(3) C(33) 4161(11) 4330(8) 1682(12)  44(5)
0(115) 537(7) 7192(5) 8381(9) 55(4) C(34) 4760(10) 4673(7) 912(12)  36(5)
0(116) 4820(8) 6808(6) 6792(9) 56(4) C(35) 4296(11) 3868(8) 432(14)  48(6)

a Equivalent isotropidJ defined as one-third of the trace of the orthogonalikgdensor.

in the mole ratio 3:3:5:10:170. After the vessel was heated for 3 days 1124(s), 1035(vs), 968(s), 920(vs), 887(s), 789(vs), 739(m), 557(w),
at 160°C, the contents were cooled to room temperature over a period 538(w), 488(w). Anal. Calcd for £H126N2NasO14sM043: MO, 56.9.

of 6—10 h. The orange-red barlike crystals were filtered from the Found: Mo, 57.2.

orange-red mother liquor and stored in few drops of the mother liquor ~ Method B. A mixture of 1-4H,0, NaMo0O,-2H,0, MoOs;, Mes-

(yield: 60% based on molybdenum). IR (KBr pellet, T 1192- NCI, EtNH, (HOCH,)sCCHs, and HO in the mole ratio 1:20:20:16:

(w), 1110(vs), 1056(m), 1018(s), 964(s), 915(s), 877(w), 861(w), 794- 16:16:300 was heatedifd h at 160°C. After the mixture was cooled

(s, br), 740(br), 650(m), 582(w). Anal. Calcd foeAH 138016/ ae- to room temperature, dark red-brown platedfoH,O were isolated

Mogs: Mo, 54.4. Found: Mo, 54.6. Thermogravimetric analysi$ of in 65% vyield.

revealed a weight loss of 6.5% between 90 and 20corresponding X-ray Crystallographic Studies. The experimental X-ray data for

to the removal of the D molecules of crystallization (5.9% theoretical 1—6 are summarized in Table 1. Full lists of atomic positional

for 25 H,O molecules). parameters fof-4H,0 and2-8H,0O are presented in Tables 2 and 3,
(MesN)(Et2NH2)(H30)2Nag[(MoO 3)H13M0420106{ (OCH )3 respectively, while Tables 4 and 5 list selected bond lengths and angles.

CCH3}7]-10H,0 (6-10H,0). Method A. An autoclave was charged  Atomic coordinates for the anionic clusters and sodium catior® of

with a mixture of NaMoO,-2H,0, MoG;, (HOCH,)sCCHs, MesNCl, 15H,0, 4-7H;0, 5-25H,0-0.5C(CHOH),, and6-10H,0 are listed in

Et:NH, and HO in the mole ratio 6:6:10:10:10:300 (pH adjusted to Tables 6-9, respectively.

ca. 6 by addition of HCI). After the reaction vessel was heated for 3 Data for the structural studies 4f4H,0, 2-8H,0, 3-15H,0, and
days at 160C, the contents were cooled to room temperature. Bright 5-25H,0-0.5C(CHOH), were collected on a Rigaku AFC5S diffrac-
red-brown, flat, rodlike crystals were filtered from the red mother liquor, tometer, using the/20 scan mode fof.-4H,O and2-8H,0 and thew
thoroughly washed with water to remove minor amounts of yellow scan mode foB:15H,0 and5-25H,0-0.5C(CHOH)a.

amorphous solid, and air-dried to give-705% yield of air-stable and The small size of the crystals and weak diffraction profiles associated
water-insoluble crystalline material. No other products could be isolated with compound 4-7H,O required data collection on a high-flux
from the dark-red mother liquor. IR (KBr pellet, ci): 1171(w), instrument. Consequently, data were collected on the Rigaku AFC7R
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Table 7. Atomic Positional Parametersc(0%) and Isotropic Temperature Factors?(& 10°) for the Molecular Anion and the Sodium Cations
of (MesNH)2(Hz0)Nas[Na(H20)sH13M 042010 (OCH,)sCH,OH} 7] 7TH.O (4:7H:0)

X y z Ueqy X y z Ueqy

Mo(1) 744(1) 4756(1) 6292(1) 21(1) 0(26) 2404(3) 2716(11) 3532(5) 27(5)
Mo(2) 796(1) 6132(1) 6084(1) 22(1) 0(27) 1978(3) 3069(10) 3915(5) 23(4)
Mo(3) 1205(1) 3415(1) 6134(1) 22(1) 0(28) 1866(3) 4105(10) 3304(5) 24(4)
Mo(4) 1590(1) 3782(1) 5826(1) 22(1) 0(29) 2305(3) 4263(10) 3780(5) 25(5)
Mo(5) 632(1) 3313(1) 5635(1) 20(1) 0(30) 1934(4) 2692(11) 3178(5) 30(5)
Mo(6) 604(1) 3626(1) 4947(1) 18(1) 0(31) 2288(4) 3845(11) 3040(5) 31(5)
Mo(7) 2177(1) 3358(1) 3531(1) 26(1) 0(32) 2193(3) 4863(10) 2469(5) 23(4)
Mo(8) 2198(1) 3745(1) 4206(1) 24(1) 0(33) 2183(3) 5357(11) 3222(5) 26(5)
Mo(9) 2035(1) 4724(1) 2844(1) 26(1) 0(34) 1751(3) 5331(11) 2764(5) 27(5)
Mo(10) 1952(1) 6098(1) 3023(1) 27(1) 0(35) 1826(3) 3805(11) 2621(5) 27(5)
Mo(11) 1611(1) 3295(1) 3020(1) 24(1) 0(36) 1512(4) 2606(11) 2717(5) 31(5)
Mo(12) 1215(1) 3619(1) 3313(1) 21(1) 0(37) 1488(3) 3014(10) 3486(4) 19(4)
Mo(13) 311(1) 9200(1) 4108(1) 23(1) 0(38) 1387(3) 4130(10) 2942(5) 21(4)
Mo(14) 535(1) 8868(1) 4725(1) 23(1) 0(39) 2431(4) 3193(11) 4355(5) 31(5)
Mo(15) 194(1) 7781(1) 3443(1) 21(1) 0(40) 1986(3) 3539(10) 4647(5) 24(4)
Mo(16) 325(1) 6407(1) 3584(1) 19(1) 0(41) 1847(3) 4529(10) 4096(5) 22(4)
Mo(17) 627(1) 9211(1) 3300(1) 25(1) 0(42) 2278(3) 4730(10) 4475(5) 24(5)
Mo(18) 1081(1) 8895(1) 3314(1) 25(1) 0(43) 2100(3) 6510(10) 2693(5) 24(5)
Mo(19) 724(1) 3214(1) 3960(1) 19(1) 0(44) 1717(3) 5698(10) 3509(5) 24(4)
Mo(20) 1145(1) 3232(1) 4341(1) 19(1) 0(45) 1643(3) 6827(10) 2991(4) 19(4)
Mo(21) 317(1) 4544(1) 4093(1) 17(1) 0(46) 2077(3) 6794(11) 3452(5) 29(5)
Mo(22) 391(1) 5616(1) 4580(1) 16(1) 0(47) 1032(3) 3012(10) 3805(4) 15(4)
Mo(23) 596(1) 4524(1) 3327(1) 21(1) 0(48) 1052(3) 3376(9) 3805(4) 15(4)
Mo(24) 907(1) 5600(1) 3188(1) 21(1) 0(49) 950(3) 4496(10) 3258(4) 20(4)
Mo(25) 1019(1) 6939(1) 3818(1) 19(1) 0(50) 1383(3) 4531(10) 3683(4) 19(4)
Mo(26) 793(1) 6925(1) 4417(1) 17(1) 0(51) 128(3) 9894(11) 4245(5) 29(5)
Mo(27) 1545(1) 4630(1) 4178(1) 19(1) 0(52) 268(3) 8367(10) 4437(5) 22(4)
Mo(28) 1438(1) 5638(1) 3682(1) 20(1) 0(53) 641(3) 9440(10) 4315(5) 25(5)
Mo(29) 1252(1) 4637(1) 4957(1) 17(2) 0(54) 498(3) 8400(10) 3730(5) 23(4)
Mo(30) 922(1) 5643(1) 5057(1) 16(1) 0(55) 397(3) 9827(10) 3642(5) 25(5)
Mo(31) 613(1) 7969(1) 5651(1) 23(1) 0(56) 45(3) 8682(10) 3743(5) 24(4)
Mo(32) 482(1) 6893(1) 5170(1) 18(1) 0o(57) —67(3) 7640(10) 3176(5) 23(4)

Mo(33) 1072(1) 9107(1) 5361(1) 35(1) 0(58) 174(3) 7147(10) 3872(4) 19(4)
Mo(34) 1202(1) 7758(2) 6028(1) 36(1) 0(59) 426(4) 7152(11) 3229(5) 31(5)
Mo(35) 2074(1) 3504(1) 5183(1) 22(1) 0(60) 295(3) 8682(10) 3095(5) 22(4)
Mo(36) 1652(1) 3332(1) 4799(1) 20(1) 0(61) 606(3) 9919(11) 2979(5) 28(5)
Mo(37) 2087(1) 5132(1) 5735(1) 28(1) 0(62) 894(3) 9454(11) 3651(5) 27(5)
Mo(38) 2394(1) 5103(2) 4923(1) 32(1) 0(63) 794(3) 8381(10) 3082(5) 22(4)
Mo(39) 1620(1) 7952(1) 2970(1) 26(1) 0(64) 396(3) 9509(11) 4983(5) 27(5)
Mo(40) 1289(1) 6882(1) 3036(1) 23(1) 0(65) 523(3) 7989(10) 5108(5) 24(5)
Mo(41) 1698(1) 9120(1) 3737(1) 31(1) 0(66) 887(3) 8996(10) 4932(5) 25(5)
Mo(42) 2131(1) 7760(2) 3578(1) 34(1) 0(67) 752(3) 7881(10) 4458(5) 24(4)
Na(1) 4961(2) 2253(6) 549(3) 25(4) 0(68) 95(3) 5958(10) 3356(5) 26(5)
Na(2) 697(2) 7292(7) 2773(3) 35(4) 0(69) 585(3) 5636(10) 3385(5) 24(4)
Na(3) 1640(2) 2273(6) 3984(3) 32(4) 0(70) 668(3) 6750(9) 3905(4) 14(4)
Na(4) 1187(2) 2314(7) 5191(3) 35(4) 0o(71) 334(4) 5637(10) 4032(5) 22(4)
Na(5) 257(2) 4817(6) 470(3) 21(3) 0(72) 1159(4) 9532(12) 3000(5) 35(5)
Na(6) 1402(3) 4368(10) 957(4) 54(6) 0(73) 1371(3) 7978(10) 3125(5) 22(4)
Na(7) 1495(1) 6615(4) 4654(2) 48(3) 0(74) 1287(3) 7978(10) 3125(5) 22(4)
o(1) 612(3) 4892(11) 6692(5) 26(5) 0(75) 1025(3) 7872(10) 3742(4) 19(4)
o) 921(3) 4141(9) 5827(4) 16(4) 0(76) 687(3) 2289(10) 3921(5) 25(5)
0o(3) 565(3) 5345(10) 5925(5) 24(5) o(77) 671(3) 4375(10) 3888(5) 22(4)
0(4) 1031(3) 5412(10) 6304(4) 19(4) 0(78) 358(3) 3349(10) 4073(4) 16(4)
0(5) 987(3) 3905(10) 6522(4) 19(4) 0(79) 597(3) 3345(10) 3407(4) 18(4)
0(6) 100(3) 5652(10) 4709(4) 20(4) 0(80) 22(3) 4401(10) 4141(4) 21(4)
o(7) 1328(3) 2788(10) 6451(5) 23(4) 0(81) 239(3) 4473(11) 3523(5) 26(5)
0(8) 1407(3) 4315(10) 6179(5) 24(4) 0(82) 467(3) 4365(10) 2894(5) 26(5)
0(9) 1330(3) 3096(10) 5680(4) 16(4) 0(83) 1177(3) 2306(10) 4371(5) 25(5)
0(10) 891(3) 2723(10) 5995(5) 23(4) 0(84) 1162(3) 4502(10) 4360(4) 19(4)
0(11) 411(3) 2659(11) 5659(5) 26(5) 0(85) 1284(3) 3463(9) 4866(4) 14(4)
0(12) 487(3) 4159(9) 5368(4) 12(4) 0(86) 1503(3) 3473(9) 4266(4) 14(4)
0(13) 831(3) 3011(10) 5252(5) 23(4) 0(87) 764(3) 5778(9) 4516(4) 13(4)
0(14) 671(3) 6561(10) 6440(5) 23(4) 0(88) 432(3) 6767(10) 4608(4) 21(4)
0(15) 964(3) 5709(10) 5524(5) 24(4) 0(89) 542(3) 5757(9) 5106(4) 15(4)
0(16) 642(3) 6855(10) 5673(4) 19(4) 0(90) 824(3) 5684(11) 2731(5) 30(5)
o(17) 1107(3) 6798(11) 6029(5) 30(5) 0(91) 947(3) 6745(10) 3248(5) 25(5)
0(18) 1793(3) 3243(10) 6079(5) 25(5) 0(92) 1062(3) 5756(10) 3748(4) 16(4)
0(19) 1363(3) 4531(10) 5404(5) 21(4) 0(93) 1272(3) 5735(10) 3135(4) 20(4)
0(20) 1738(3) 3555(10) 5324(4) 19(4) 0(94) 1134(3) 6831(10) 4326(4) 16(4)
0(21) 1783(3) 4777(11) 5805(5) 27(5) 0(95) 1379(3) 6808(10) 3647(4) 21(4)
0(22) 373(3) 3023(10) 4823(5) 23(4) 0(96) 877(3) 6827(10) 4992(4) 17(4)
0(23) 895(3) 4540(9) 4989(4) 13(4) 0(97) 1596(3) 4565(10) 4745(4) 20(4)
0(24) 813(3) 3374(9) 4490(4) 15(4) 0(98) 1511(3) 5718(11) 4212(5) 26(5)

0(25) 459(3) 4507(10) 4603(5) 21(4) 0(99) 1247(3) 5701(10) 4885(4) 18(4)
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x y z Ueay x y z Ueay
0(100) 356(4) 8155(12) 5846(5) 36(5) 0(137) 3075(4) 3783(14) 5791(6) 52(6)
0(101) 997(3) 7951(11) 5503(5) 27(5) c@) 878(6) 3377(18) 6771(8) 34(8)
0(102) 713(3) 9077(11) 5615(5) 29(5) c() 467(5) 3266(17) 6420(8) 32(8)
0(103) 820(3) 8006(10) 6140(5) 26(5) c@3) 793(5) 2325(16) 6031(7) 27(7)
0(104) 1362(4) 8913(12) 5234(5) 38(5) C(4) 623(6) 2273(18) 6890(8) 37(8)
0(105) 1189(4) 8930(12) 5926(5) 39(5) c(5) 696(5) 2282(17) 2895(8) 30(7)
0(106) 1073(4) 10050(13) 5434(6) 45(6) C(6) 2047(6) 2282(17) 2895(8) 30(7)
0(107) 1477(4) 7707(14) 5821(7) 56(7) c(7) 1953(6) 3285(18) 2395(8) 37(8)
0(108) 1295(4) 7950(14) 6484(6) 53(6) c(8) 2358(6) 3295(18) 2768(8) 34(8)
0(109) 2140(4) 2625(11) 5255(5) 31(5) c(9) 2285(7) 2289(20) 2320(9) 48(9)
0(110) 2032(3) 4770(10) 5142(5) 25(5) C(10) 2157(5) 2814(17) 2598(8) 29(7)
0(111) 2176(3) 3909(10) 5703(5) 23(4) c(11) 122(6) 9189(18) 2970(8) 37(8)
0(112) 2414(3) 3899(10) 5069(5) 24(4) C(12) 204(6) 10232(18) 3449(8) 36(8)
0(113) 1641(3) 2412(10) 4793(5) 22(4) c(13) —116(5) 9204(17) 3544(8) 29(7)
0(114) 2232(4) 5160(12) 6168(6) 40(6) c(14) —189(7) 10230(21) 3064(10) 53(10)
0(115) 2323(4) 6016(13) 4895(6) 44(6) C(15) 3(6) 9686(18) 3262(8) 35(8)
0(116) 2706(4) 5119(13) 4907(6) 44(6) C(16) 71(6) 3909(17) 3377(8) 34(8)
0(117) 1581(4) 8145(12) 2517(5) 35(5) c(17) 179(6) 2913(18) 3872(8) 37(8)
0(118) 1739(3) 7933(10) 3566(3) 26(5) c(18) 383(6) 2894(18) 3270(8) 37(8)
0(119) 1991(4) 7979(11) 2999(5) 30(5) c(19)  —53(7) 2554(21) 3302(9) 50(10)
0(120) 1648(3) 9053(11) 3127(5) 29(5) C(20) 157(6) 3092(18) 3462(8) 36(8)
0(121) 1779(4) 8894(12) 4188(5) 39(5) c(21) 681(6) 9596(19) 5913(8) 39(8)
0(122) 1740(4) 10065(12) 3707(6) 41(6) C(22) 1097(7) 9449(22) 6198(10) 53(10)
0(123) 2060(4) 8934(12) 3590(5) 37(5) C(23) 774(6) 8601(16) 6393(8) 30(7)
0(124) 2162(5) 7712(14) 4052(7) 58(7) C(24) 767(7) 10005(21) 6538(9) 51(10)
0(125) 2423(4) 7918(13) 3447(6) 50(6) C(25) 834(6) 9389(20) 6261(9) 45(9)
0(126) 1167(3) 6854(11) 2594(5) 31(5) C(26) 2406(5) 3653(16) 5879(7) 25(7)
0(127) 516(3) 3799(10) 6130(4) 19(4) c(27) 2619(6) 3631(18) 5292(8) 33(8)
0(128) 184(3) 6836(10) 5244(5) 22(4) C(28) 2638(6) 4777(17) 5698(8) 32(8)
0(129) 2438(4) 5148(11) 5508(5) 33(5) C(29) 2843(6) 3597(19) 5912(8) 38(8)
0(130) 2035(4) 6047(12) 5628(5) 35(5) C(30) 2625(6) 3935(18) 5695(8) 34(8)
0(131) 508(4) 2652(12) 7190(6) 42(6) C(31) 2107(7) 8603(20) 2808(10) 53(10)
0(132) 2104(6) 1728(20) 2157(9) 98(10) C(32) 1798(7) 9557(21) 2905(10) 52(10)
0(133)  —91(13) 10749(42) 2806(19) 136(24) C(33) 2173(7) 9447(21) 3332(9) 51(10)
0(134) —97(8) 2596(25) 2917(12) 137(15) C(34) 2207(7) 9934(23) 2712(10) 59(11)
0(135) 848(7) 9803(21) 6904(10) 109(12) C(35) 2064(6) 9372(20) 2942(9) 42(9)
0(136) 2110(8) 9972(26) 2359(12) 138(15)

a Equivalent isotropidJ defined as one-third of the trace of the orthogonalilzgdensor.

rotating-anode diffractometer operating at 18 kW, employing Gu K
radiation ¢ = 1.541 78 A). In an effort to reduce data collection times
and to improve data quality by collecting all data and averaging the
intensities, data fo6-10H,O were collected on the Siemens SMART
system equipped with a 2D detector using a CCD chip coupled to
fiberoptic tape. This resulted in considerable improvement in data
collection time and reflection to parameter ratio in comparison to those
of the conventional systems: 12us 10 days and 12.3:1s 7.6:1,
respectively.

Crystal stability was monitored in all cases using three standard
reflections, monitored every 250 reflections. In no case was significant
crystal decomposition observed during the course of data collection.

For each of the four studies, data were corrected for Lorentz,
polarization, and absorption effects in the usual fashion. Struciures
and2 were solved by Patterson techniques, wBitet were solved by
direct methods; all were refined by full-matrix least-squares using the
SHELXS-86, SHELXTL, or TEXSAN program packag€s® In all

cases, refinement of the anions proceeded routinely, and no anomalies Syntheses and Physical Properties.

15H,0 and5-25H,0-0.5C(CHOH), in particular, several water sites
were considerably “smeared” and the degree of hydration is only
approximate. However, in all cases, the number of water molecules
of crystallization determined from the structural analysis is in good
agreement with results from the thermal gravimetric analyses.
Magnetic Studies. The magnetic susceptibility data were recorded
on a 59.51 mg polycrystalline sample of compodnalver the 2-300
K temperature region using a Quantum Design MPMS-5S SQUID
susceptometer. Measurement and calibration techniques have been
reported elsewher@. The temperature-dependent magnetic data were
measured at a magnetic field of 1000 G. Room-temperature suscep-
tibilities of 1 and2 were measured on 48.32 and 55.97 mg samples,
respectively, by the Faraday techniqgue employing a Kahn electrobal-
ance.

Results and Discussion

(@) The Mixed-

in temperature factors or unusual excursions of electron density in the \valence Mo(V)/Mo(VI1) Polyoxide Clusters: (NH4)7[NaMo1¢

final Fourier maps were observed.
Structures3—6 exhibited varying degrees of disorder in the organic
cations and the water molecules of crystallization. In the cas8&s of

(27) Calabrese, J. C. PHASE-Patterson Heavy Atom Solution Extractor.
Ph.D. Thesis, University of WisconsirMadison, 1972. Beurskens,
P. T. DIRDIF—Direct Methods for Difference Structures and Auto-
matic Procedure for Phase Extraction and Refinement of Difference
Structure Factors. Technical Report 1984/1; Crystallographic
Laboratory: Toernooiveld, 6252 Ed Nijmegen, The Netherlands, 1984.

(28) Cromer, D. T.; Waber, J. Tnternational Tables for X-ray Crystal-
lography, Kynoch Press: Birmingham, England, 1974; Vol. IV, Table
2.2A.

(29) Ibers, J. A.; Hamilton, W. CActa Crystallogr.1964 17, 781.
(30) Cromer, D. Tinternational Tables for X-ray Crystallographitynoch
Press: Birmingham, England, 1974; Vol. IV, Table 2.3.1.

(OH)120400]‘4H20 (1‘4H20) and (ME3NH)4K2[H >MO 16
(OH)12040]*8H,0 (2:8H,0). There are no general synthetic
routes for preparing cluster compounds of predictable features.
Conventional synthetic methods involve hydrolysis and fragment
condensation reactions or “self-assembly” of complex products
from simpler molecular precursors in solution. Under these
conditions, molecular species present at the initial stages of
hydrolysis/condensation processes may be isolated and the
structures and properties of these species may be related to those
of larger aggregates or even solids formed under more forcing

(31) O’Connor, C. JProg. Inorg. Chem1982 29, 203.
(32) Mallouk, T. E.; Lee, HJ. Chem. Educ199Q 67, 829.



1888 Inorganic Chemistry, Vol. 35, No. 7, 1996

Khan et al.

Table 8. Atomic Positional Parametersc(0%) and Isotropic Temperature Factors?(& 10°) for the Molecular Anion and the Sodium Cations
of Nag[(M0O3)H14M04:010¢{ (OCH,)sCCH,OH} 7]+:0.5C(CHOH)425H,0 (5-0.5C(CHOH)4-25H,0)

X y z Ueqy X y z Ueqy
Mo(1) 2602(3) 6859(3) 4008(2) 17(2) 0(23) 5515(18) 5273(15) 3923(11) 11(7)
Mo(2) 2266(3) 6600(3) 2974(2) 18(2) 0(24) 4646(20) 5846(18) 3430(13) 20(9)
Mo(3) 4541(3) 7875(3) 4773(2) 18(2) 0(25) 3956(19) 4492(16) 3303(12) 13(8)
Mo(4) 5764(3) 8436(2) 4359(2) 15(2) 0(26) 3232(26) 10026(22) 3754(16) 48(12)
Mo(5) 3782(3) 6137(2) 4582(2) 14(2) 0(27) 4517(23) 9423(20) 3757(14) 34(11)
Mo(6) 4372(3) 5293(2) 4028(2) 14(2) 0(28) 2913(22) 8629(19) 3110(14) 30(10)
Mo(7) 3657(3) 9584(3) 3343(2) 21(2) 0(29) 4268(21) 9335(18) 2645(13) 23(9)
Mo(8) 3669(3) 8583(3) 3734(2) 19(2) 0(30) 2909(20) 9660(17) 2668(12) 17(9)
Mo(9) 3243(3) 9277(3) 1959(2) 20(2) 0(31) 4587(21) 10538(18) 3343(13) 22(9)
Mo(10) 2939(3) 8033(3) 1334(2) 18(2) 0(32) 3207(20) 8845(17) 4245(12) 17(9)
Mo(11) 5303(3) 10359(3) 2784(2) 21(2) 0(33) 4232(19) 8047(16) 3128(12) 10(8)
Mo(12) 6541(3) 9935(3) 2773(2) 20(2) 0(34) 2623(21) 9542(18) 1586(13) 24(9)
Mo(13) 1047(3) 3663(3) 2690(2) 21(2) 0(35) 2513(20) 8366(17) 1949(12) 17(9)
Mo(14) 2031(3) 4881(3) 3355(2) 19(2) 0(36) 3896(21) 8956(18) 1523(13) 21(9)
Mo(15) 1867(3) 2535(3) 1933(2) 22(2) 0(37) 4245(20) 10336(17) 2224(12) 17(9)
Mo(16) 3465(3) 2936(3) 2028(2) 21(2) 0(38) 2240(22) 8048(19) 797(14) 30(10)
Mo(17) 686(3) 3360(3) 1307(2) 23(2) 0(39) 3808(18) 7793(16) 1990(12) 8(8)
Mo(18) 1369(3) 4347(3) 922(2) 21(2) 0(40) 3655(18) 7566(16) 960(12) 9(8)
Mo(19) 7658(3) 7127(3) 5346(2) 17(2) 0(41) 2286(20) 6973(17) 1342(12) 18(9)
Mo(20) 6155(3) 7059(3) 5004(2) 17(2) 0(42) 5803(19) 11252(17) 2864(12) 15(8)
Mo(21) 9233(3) 7793(3) 4705(2) 22(2) 0(43) 5596(20) 9818(17) 2205(12) 18(9)
Mo(22) 8930(3) 8251(3) 3921(2) 21(2) 0(44) 5978(21) 10174(18) 3329(13) 22(9)
Mo(23) 8442(3) 5970(3) 4600(2) 22(2) 0(45) 7320(21) 10731(18) 2850(13) 23(9)
Mo(24) 7535(3) 5053(3) 3691(2) 21(2) 0(46) 5604(21) 8765(18) 2707(13) 25(9)
Mo(25) 3986(3) 4980(3) 2724(2) 14(2) 0o(47) 6830(20) 9282(17) 2189(12) 18(9)
Mo(26) 3082(3) 5565(3) 2259(2) 15(2) 0(48) 7257(19) 9578(16) 3294(12) 13(8)
Mo(27) 3832(3) 7320(3) 2440(2) 17(2) 0(49) 326(22) 3442(19) 3011(14) 30(10)
Mo(28) 5348(3) 8105(3) 3043(2) 16(2) 0(50) 2103(20) 3958(17) 3190(12) 18(9)
Mo(29) 6478(3) 7343(3) 3625(2) 17(2) 0(51) 1271(20) 4646(17) 2700(13) 19(9)
Mo(30) 5886(3) 5971(3) 3486(2) 16(2) 0(52) 1745(21) 3591(18) 2028(13) 22(9)
Mo(31) 1715(3) 6093(2) 705(2) 15(2) 0(53) 1045(19) 2605(16) 2440(12) 10(8)
Mo(32) 1924(3) 6316(3) 1738(2) 15(2) 0(54) 138(23) 3320(20) 1964(15) 37(11)
Mo(33) 2766(3) 5056(3) 134(2) 22(2) 0(55) 1495(21) 4921(18) 3797(13) 22(9)
Mo(34) 3584(3) 6907(3) 361(2) 19(2) 0(56) 2929(18) 5105(15) 2799(11) 15(7)
Mo(35) 8390(3) 9550(3) 3356(2) 23(2) 0(57) 1588(19) 1646(17) 1786(12) 14(8)
Mo(36) 7217(3) 9068(3) 3835(2) 19(2) 0(58) 755(22) 2357(19) 1318(14) 28(10)
Mo(37) 8788(3) 8191(3) 2548(2) 28(3) 0(59) 2564(20) 2841(18) 1454(13) 21(9)
Mo(38) 7668(3) 9063(3) 1986(2) 31(3) 0(60) 2794(19) 2954(16) 2555(12) 12(8)
Mo(39) 5715(3) 3474(2) 2780(2) 17(2) 0(61) 3521(21) 2137(18) 1887(13) 22(9)
Mo(40) 5080(3) 4275(3) 3363(2) 18(2) 0(62) 3607(21) 4189(18) 2243(13) 25(10)
Mo(41) 5224(3) 3375(3) 1425(2) 25(2) 0(63) 4243(20) 3373(18) 1572(13) 19(9)
Mo(42) 7249(3) 4450(3) 2257(2) 25(2) 0(64) 4587(19) 3533(16) 2692(12) 12(8)
Mo(43) 5369(4) 6335(3) 2119(2) 40(3) 0(65) —255(22) 2904(19) 845(14) 28(10)
Na(1) 3898(13) 4866(11) 5290(8) 28(6) 0(66) 806(18) 4342(15) 1492(11) 24(7)
Na(2) 9488(13) 4893(11) 7819(8) 28(6) 0(67) 1540(24) 3449(20) 931(15) 38(11)
Na(3) 3024(13) 3435(11) 3482(8) 29(6) 0(68) 600(21) 4119(18) 405(13) 23(9)
Na(4) 8319(14) 2169(12) 7550(9) 38(6) 0(69) 2578(20) 4872(17) 1687(12) 18(9)
Na(5) 2098(14) 1068(12) 4909(9) 35(6) 0(70) 2365(23) 4573(20) 596(15) 36(11)
Na(6) 1710(19) 3543(16) 6808(12) 75(9) 0(71) 1684(20) 5463(17) 1143(12) 16(9)
Na(7) 9844(33) 3371(28) 5989(20) 124(18) 0(72) 7730(20) 7307(17) 5995(13) 19(9)
Na(8) 8358(30) 962(26) 4995(19) 112(16) 0(73) 6606(18) 6334(16) 4989(12) 8(8)
Na(9) 4709(30) 4002(25) 9261(19) 155(18) 0o(74) 7246(22) 7806(19) 5122(14) 27(10)
0o(1) 1716(20) 6888(17) 4095(12) 19(9) O(75) 7994(19) 6830(16) 4564(12) 12(8)
0(2) 2917(22) 7463(19) 3556(14) 27(10) 0(76) 8913(19) 7866(16) 5445(12) 12(8)
0(3) 2244(20) 5944(17) 3404(12) 17(9) o(77) 8331(20) 6422(17) 5370(13) 19(9)
0o(4) 3815(19) 6854(16) 4175(12) 12(8) 0(78) 5921(22) 7273(19) 5583(14) 29(10)
0(5) 3263(20) 7762(18) 4679(13) 19(9) 0(79) 6187(20) 6811(17) 4138(12) 16(9)
0(6) 2621(19) 6269(16) 4538(12) 11(8) 0(80) 10281(23) 8358(20) 4988(15) 38(11)
o(7) 1270(20) 6571(17) 2867(13) 19(9) 0(81) 9123(21) 7405(19) 3958(13) 26(9)
0(8) 2564(20) 7169(17) 2451(12) 17(9) 0(82) 8619(21) 8385(18) 4570(13) 22(9)
0(9) 3520(20) 6546(17) 2904(12) 17(9) 0(83) 9567(19) 6958(17) 4831(12) 15(8)
0(10) 2020(19) 5778(16) 2314(12) 12(8) 0(84) 9909(21) 8902(18) 4049(13) 22(9)
0(11) 4834(22) 8560(19) 5376(14) 28(10) 0(85) 7499(19) 7404(16) 3645(12) 12(8)
0(12) 5600(18) 7680(15) 4725(11) 14(7) 0(86) 8710(22) 7911(19) 3122(14) 26(10)
0(13) 4577(20) 8380(17) 4217(12) 17(9) o(87) 8229(18) 8884(15) 3744(11) 25(7)
0(14) 4300(19) 7186(16) 5181(12) 13(8) 0(88) 8993(22) 5530(19) 4832(14) 32(10)
0(15) 6255(23) 9186(20) 4870(14) 33(10) 0(89) 8564(21) 5922(18) 3908(13) 23(9)
0(16) 6849(18) 8305(16) 4230(12) 8(8) 0(90) 7216(19) 5320(17) 4364(12) 15(9)
0(17) 5342(19) 7506(16) 3627(12) 10(8) 0(91) 7874(23) 4427(20) 3737(14) 34(10)
0(18) 5957(18) 8912(16) 3776(11) 7(8) 0(92) 6837(17) 5867(15) 3539(11) 10(7)
0(19) 3587(18) 5739(16) 5054(12) 9(8) 0(93) 7532(18) 5061(16) 2930(11) 8(8)
0(20) 3277(19) 5342(16) 3916(12) 10(8) 0(94) 6267(19) 4373(16) 3342(12) 11(8)
0(21) 4907(21) 6202(18) 4574(13) 22(9) 0(95) 4267(19) 5674(17) 2350(12) 13(8)
0(22) 4316(22) 4782(19) 4435(14) 32(10) 0(96) 3223(20) 6327(17) 1881(12) 18(9)
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x y z Ueay x y z Ueay
0(97) 4913(18) 7177(16) 2476(11) 8(8) 0(137) 9267(26) 3110(23) 3645(17)  53(13)
0(98) 6533(21) 8045(18) 3164(13) 26(10)  O(138) —872(21) 4886(18) 1635(13)  22(9)
0(99) 5856(19) 6520(16) 2944(12) 9(8) 0(139) 1195(33) 1170(29) 3172(21)  84(17)
0(100) 5204(19) 5004(17) 2862(12) 14(8) 0(140) 6419(26) 1347(22) 1370(16)  47(12)
0(101) 768(21) 6087(18) 555(13) 22(9) c@) 2950(32) 7142(28) 5399(20)  21(14)
0(102) 3001(21) 6057(18) 741(13) 25(10)  C(2) 2919(35) 7763(30) 5177(22)  30(15)
0(103) 1576(20) 5274(17) 82(12) 16(9) c@3) 2323(30) 6366(26) 4932(19)  15(13)
0(104) 2262(19) 6694(17) 251(12) 14(8) c(4) 3885(45) 7213(39) 5626(28)  63(22)
0(105) 972(19) 6274(16) 1734(12) 12(8) c(5) 2551(37) 7236(33) 5893(23)  36(17)
0(106) 3789(22) 5200(19) 267(14) 27(10)  C(6) 3615(33)  10957(29) 2857(21)  24(14)
0(107) 2314(22) 4381(19) —498(14) 32(10) C(7) 2817(34)  10385(29) 2751(21)  26(15)
0(108) 3027(19) 5895(17) —213(12) 15(8) c(8) 4264(37)  11135(32) 3347(23)  37(17)
0(109) 4546(21) 6870(19) 497(13) 32(10)  C(9) 3959(32)  10909(27) 2301(20)  19(14)
0(110) 3623(22) 7315(19) —126(14) 32(10)  C(10) 3394(38)  11597(33) 2851(24)  39(17)
o(111) 9007(24) 10316(21) 3799(15) 42(12)  C(11) —345(30) 1982(26) 1766(19)  14(13)
0(112) 7767(20) 8556(17) 2642(13) 18(9) C(12) 250(41) 2018(35) 2280(26)  50(19)
0(113) 9375(19) 9338(17) 3191(12) 13(8) Cc(13) —571(28) 2605(25) 1862(18)  18(12)
0(114) 8439(21) 9900(18) 2729(13) 26(10)  C(14)  —12(33) 1843(29) 1325(21)  26(15)
0(115) 7626(22) 9762(19) 4430(14) 27(10)  C(15) 8732(39) 1324(34) 1656(24)  45(18)
0(116) 9796(21) 8265(18) 2493(14) 26(10)  C(16) 9753(33) 7247(28) 5785(20)  22(14)
0(117) 8164(29) 7466(25) 2002(18) 63(14)  C(17) 9574(32) 7915(28) 5881(20)  22(14)
0(118) 8840(20) 8967(17) 2080(12) 18(9) c(18) 9001(32) 6622(27) 5800(20)  20(14)
0(119) 8023(21) 9636(18) 1633(13) 23(9) C(19) 10108(38) 7047(33) 5294(24)  40(17)
0(120) 7143(27) 8237(24) 1507(17) 58(13)  C(20) 10543(32) 7519(28) 6348(20)  18(13)
0(121) 5667(22) 2868(19) 3095(14) 32(10)  C(21) 1634(34) 5861(30)—626(21)  26(15)
0(122) 5935(23) 4218(20) 2249(14) 35(11)  C(22) 1090(30) 5154(26)—453(19)  14(13)
0(123) 5294(21) 2745(18) 2012(13) 21(9) C(23) 1680(35) 6541(31)—268(22)  31(16)
0(124) 6838(21) 3598(18) 2671(13) 23(9) C(24) 2433(32) 5867(28)—684(20)  21(14)
0(125) 4881(21) 3791(18) 3784(13) 25(9) C(25) —1063(43) 4268(37) 1200(27)  57(21)
0(126) 5418(26) 4009(23) 1125(16) 52(13)  C(26) 9908(37)  10041(32) 2682(23)  34(16)
0(127) 4959(22) 2586(19) 891(14) 29(10)  C(27) 10090(31) 9797(27) 3117(19)  17(13)
0(128) 6472(26) 3468(23) 1590(16) 50(12)  C(28) 9292(31)  10448(27) 2736(19)  16(13)
0(129) 8158(22) 4284(19) 2218(14) 30(10)  C(29) 9653(37) 9462(32) 2208(23)  37(17)
0(130) 2748(20) 4992(17) 8116(12) 16(9) C(30) 10773(40)  10527(34) 2661(25)  46(18)
0(131) 5643(24) 5569(21) 1978(15) 42(12)  C(31) 6617(33) 2436(29) 1941(21)  23(14)
0(132) 6305(22) 7066(19) 2149(14) 29(10)  C(32) 5606(31) 2185(27) 1889(20)  19(13)
O(133)  10702(126)  6556(113) 4854(82 181(28)  C(33) 7203(26) 3102(23) 2538(16)  21(11)
0(134) 7135(33) 2063(29) 3815(21) 86(18)  C(34) 6748(36) 2880(31) 1516(22)  31(16)
0(135) 2977(23) 1788(20) 3327(14) 34(11)  C(35) 6969(41) 1863(35) 1870(26)  49(19)
0(136) 4719(27) 6204(23) 1501(17) 58(14)

a Equivalent isotropidJ defined as one-third of the trace of the orthogonalikgdensor.
conditions. Furthermore, such soluble building blocks may be invoked and have been demonstrated in the sequential synthesis
induced to aggregate into supramolecular materials and conceiv-under conventional conditions of higher oligomers, such as

ably designer solid%

- o - [Mo3O4(ORY (OCH.)sCR} 2], [M04Os(OR)A{ (OCHz)sCR} 2],
The molecular building block approach is quite attractive and [H:-M0gO20o(OR){ (OCH)3CR} 2], from [Mo204{ (OCHy)s-
since it offers not only a conceptional framework for the design CR},]2-.35-3% However, attempts to exploit the trinuclear

of topologically controlled materials but also several synthetic species [MgOs(OR)(OCH,)sCR},]" in the preparation of

advantages, namely, (i) the extensive chemistry of coordination superclusters proved unsuccessful, whether in the presence of
complexes and clusters which provide precursors for the excess oxomolybdenum(VI) or upon addition of molybdenum-

synthesis of more complex assemblies, (ii) the functional group (v)-containing solutions, both in neutral and acidic solutions
reactivity and molecular symmetry of the starting materials and in a variety of organic solvents.

which may be exploited in the synthesis of the product cluster,
(i) the good solubility of molecular starting materials affording
low reaction temperatures, and thus favoring the kinetic trapping
of interesting metastable structures, and (iv) reactions which
proceed by transformation of some of the functional groups of
the organic and inorganic starting materials while retaining the
covalent bonding relationships between most of the atoms, a i ) ) i
feature which tends to direct the assembly of the more complex Hydrothermal reactions, typically carried out in a temperature
frameworks. range of 146-260 °C under autogenous pressure, exploit the
While the detailed principles underlying polyanion accretion Self-assembly of the product from soluble precursérsthe

remain elusivé334fragment condensation processes have been reduced viscosity of the solvent under these conditions results
in enhanced rates of solvent extraction of solids and crystal

growth from solution. Since differential solubility problems are

minimized, a variety of simple precursors may be introduced,
as well as a number of organic and/or inorganic structure-
directing (templating) agents from which those of appropriate

While fragment condensation under conventional conditions
failed to produce large oligomers of the M@—alkoxide
family, hydrothermal synthesis provided a low-temperature
pathway to a variety of superclusters of this class of materials
and also to two novel mixed-valence Mo(V)/Mo(VI) polyanions
which serve as the structural core for the series of compounds.

(33) Kepert, D. L.Inorg. Chem.1969 8, 1556.

(34) Tytko, K. H.; Glemser, OAdv. Inorg. Chem. Radiochem976 19,
239.

(35) Ma., L.; Liu, S.; Zubieta, Jnorg. Chem.1989 28, 175.

(36) Liu, S.; Shaikh, S. N.; Zubieta, lhorg. Chem.1987, 26, 4305.

(37) McKee, V.; Wilkins, C. JJ. Chem. Soc., Dalton Tran&987 523.

(38) Gumaer, E.; Lettko, K.; Ma, L.; Macherone, D.; Zubieta)nbrg.
Chim. Actal991, 179, 47.

(39) Rabenau, AAngew. Chem., Int. Ed. Endl985 24, 1026.
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Table 9. Atomic Positional Parametersc(0%) and Isotropic Temperature Factors?(& 10°) for the Molecular Anion and the Sodium Cations
of (Me4N)(Et2NHz)(H30)2N36[(M003)H13M0420109{ (OCH2)3CCH3} 7]'1OH20 (6'10H20)

X y z Ueqy X y z Ueqy
Mo(1) 7390(1) 3835(1) —678(1) 48(1) 0(36) 2401(8) 2399(3) 2500 42(5)
Mo(2) 6033(1) 3810(1) —330(1) 42(1) 0(37) 2736(7) 2944(2) 627(4) 51(4)
Mo(3) 8796(1) 3450(1) 88(1) 44(1) 0(38) 4282(5) 3111(2) 1851(4) 34(3)
Mo(4) 8486(1) 3146(1) 988(1) 37(1) 0(39) 4223(6) 3135(2) 674(3) 34(3)
Mo(5) 8749(1) 4249(1) 97(1) 48(1) 0(40) 3177(6) 3442(2) 1340(4) 44(4)
Mo(6) 8395(1) 4541(1) 1001(1) 41(1) 0(41) 9809(8) 2839(3) 2500 46(6)
Mo(7) 3014(1) 2513(1) 1743(1) 41(1) 0(42) 7724(8) 2781(3) 2500 29(5)
Mo(8) 3321(1) 2990(1) 1176(1) 39(1) 0(43) 8753(6) 2546(2) 1889(4) 39(4)
Mo(9) 4415(1) 2117(1) 2500 35(1) 0(44) 9776(8) 3528(3) 2500 44(6)
Mo(10) 5761(1) 2317(1) 2500 30(1) 0(45) 8649(6) 3831(2) 1942(4) 35(3)
Mo(11) 7604(1) 2495(1) 1787(1) 32(1) 0(46) 7656(8) 3536(3) 2500 33(5)
Mo(12) 6556(1) 2765(1) 1201(1) 30(1) 0(47) 7746(6) 2201(2) 1343(4) 37(4)
Mo(13) 8876(1) 2890(1) 2500 36(1) 0(48) 7689(8) 2206(3) 2500 32(5)
Mo(14) 8852(1) 3477(1) 2500 36(1) 0(49) 6520(6) 2516(2) 665(4) 38(4)
Mo(15) 5229(1) 3137(1) 1942(1) 26(1) 0(50) 6436(5) 3147(2) 1822(3) 28(3)
Mo(16) 6515(1) 3530(1) 1220(1) 30(1) 0(51) 6427(5) 3147(2) 698(3) 31(3)
Mo(17) 7512(1) 3833(1) 1793(1) 30(1) 0(52) 5431(5) 2845(2) 1254(3) 30(3)
Mo(18) 4258(1) 3420(1) 22(1) 41(1) 0(53) 5343(8) 3456(3) 2500 28(5)
Mo(19) 5309(1) 3115(1) 542(1) 31(1) 0(54) 6431(5) 3796(2) 1883(3) 30(3)
Mo(20) 4398(1) 4206(1) 208(1) 54(1) 0(55) 7574(8) 4112(3) 2500 30(5)
Mo(21) 3052(1) 3798(1) 976(1) 51(1) 0(56) 4121(7) 3192(3) —553(4) 53(4)
Mo(22) 8801(1) 4189(1) 2500 36(1) 0(57) 4240(6) 3782(2) 721(4) 43(4)
Mo(23) 8669(1) 4780(1) 2500 37(1) 0(58) 4214(6) 3827(2) —397(4) 43(4)
Mo(24) 7078(1) 5030(1) 3255(1) 42(1) 0(59) 3166(6) 3507(2) 204(4) 48(4)
Mo(25) 5529(2) 3955(1) 2500 53(1) 0(60) 5358(6) 2832(2) 55(4) 34(3)
Na(1) 9746(4) 3845(2) 1388(3) 56(3) 0(61) 5397(5) 3438(2) 1279(3) 32(3)
Na(2) 4876(4) 2325(2) 909(2) 51(2) 0(62) 4408(8) 4423(3) 826(5) 73(5)
Na(3) 7036(4) 2029(2) 309(3) 58(3) 0(63) 4208(8) 4459(3) —324(5) 78(6)
0o(1) 7259(8) 3849(3)  —1390(4) 63(5) 0(64) 3228(7) 4053(3) 1512(5) 70(5)
0(2) 6784(6) 3507(2) —400(4) 44(4) 0(65) 2132(7) 3822(3) 842(5) 73(5)
0o(3) 6745(6) 4135(2) —350(4) 45(4) 0(66) 3258(6) 4117(3) 323(4) 52(4)
o(4) 8004(6) 3838(2) 177(4) 43(4) 0(67) 9737(9) 4182(4) 2500 55(6)
0(5) 8270(7) 3530(3) —723(4) 54(4) 0(68) 9578(9) 4896(3) 2500 46(6)
0(6) 8250(7) 4169(3) —717(4) 54(5) 0(69) 7397(8) 4738(3) 2500 37(5)
o(7) 5608(7) 3805(2) —968(4) 53(4) 0(70) 8300(6) 5089(2) 3089(4) 34(3)
o(8) 6453(6) 3768(2) 632(4) 36(4) 0(71) 6150(6) 4939(3) 1822(5) 54(4)
0(9) 5371(6) 4103(2) 112(4) 45(4) 0(72) 7094(6) 5353(2) 1331(4) 51(4)
0(10) 5360(6) 3476(2) 48(4) 35(4) 0(73) 7061(8) 5292(3) 2500 38(5)
0(11) 9459(7) 3236(3) —207(5) 60(5) 0(74) 4900(11) 3973(4) 1919(7) 75(8)
0(12) 7972(6) 3188(2) 261(4) 37(4) 0(75) 5982(18) 4308(6) 2500 92(14)
0(13) 9085(6) 3507(2) 881(4) 42(4) c(1) 9301(11) 3861(4) —1153(7) 59(5)
0(14) 9398(6) 3857(2) —92(4) 49(4) C(2) 8828(11) 3566(4) —1185(8) 63(5)
0(15) 9060(6) 2858(2) 870(4) 46(4) C(3) 8806(11) 4139(4) —1181(8) 71(6)
0(16) 7603(6) 3474(2) 1296(3) 33(3) C(4) 9792(11) 3864(4) —624(7) 65(5)
0o(17) 8729(5) 3182(2) 1868(4) 36(4) C(5) 9810(12) 3875(5) —1687(8) 78(6)
0(18) 7637(6) 2846(2) 1263(4) 34(3) C(6) 2552(14) 1851(5) 2500 47(6)
0(19) 9369(7) 4490(3) —212(4) 63(5) c(7) 3021(9) 1844(3) 1973(6) 42(4)
0(20) 7871(6) 4476(2) 287(4) 41(4) C(8) 2026(13) 2129(5) 2500 49(6)
0(21) 9064(6) 4202(2) 879(4) 42(4) C(9) 2086(14) 1591(5) 2500 61(7)
0(22) 8942(7) 4844(2) 901(4) 50(4) C(10) 9050(14) 2100(5) 2500 43(6)
0(23) 7609(6) 4122(2) 1305(4) 37(4) c(11) 9226(10) 2278(3) 1956(6) 47(4)
0(24) 7421(6) 4733(2) 1276(4) 42(4) c(12) 8241(12) 1977(5) 2500 46(6)
0(25) 8616(6) 4484(2) 1874(4) 39(4) C(13) 9593(14) 1849(5) 2500 65(8)
0(26) 4550(10) 1738(3) 2500 50(6) C(14) 2884(11) 3861(4) —580(8) 61(5)
0(27) 5031(6) 2290(2) 1889(3) 35(3) C(15) 3646(10) 3861(4) —835(7) 58(5)
0(28) 3786(8) 2565(3) 2500 36(5) C(16) 2668(10) 3565(4) —291(7) 51(5)
0(29) 3524(6) 2085(2) 1893(4) 40(4) c(17) 2743(10) 4128(4) —175(7) 58(5)
0(30) 6181(8) 1983(3) 2500 32(5) C(18) 2309(12) 3907(5) —1077(8) 80(6)
0(31) 5435(7) 2816(3) 2500 26(4) C(19) 8360(12) 5548(4) 2500 32(5)
0(32) 6513(5) 2504(2) 1895(3) 32(3) C(20) 8615(9) 5393(3) 1960(6) 40(4)
0(33) 2346(6) 2355(3) 1339(4) 56(5) C(21) 2554(12) 598(5) 2500 50(6)
0(34) 3841(6) 2609(2) 1239(3) 36(4) C(22) 8684(13) 5865(4) 2500 47(6)
0(35) 2731(6) 2933(2) 1871(4) 43(4)

agquivalent isotropidJ defined as one-third of the trace of the orthogonalizigdensor.

shape(s) and size(s) may be selected for efficient crystal packing(MesNH)2(EtsN)Nasj[Na(H20)3H15M 042010 (OCH,)3CH>-
during the crystallization process. OH}7]-15H,0 (3-15H,0) were collected. Upon standing for
In a typical hydrothermal procedure, a mixture of 10 days, the filtrate deposited red-orange cubic crystals of
NaMoQy-2H,0, MoOs, Mo (—325 mesh), pentaerythritol, Me (NH4)7[NaMo1(OH)1204q] -4H,0O (1-4H20) in ca 20% yield.
NHCI, E4NCI, and HO was heated for 3 days at 180. After In an attempt to preparkby a more rational route, the organic
ramped cooling, dark red-brown crystals of the supercluster cations and pentaerythritol were excluded from the reaction. In
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a representative synthesis, a mixture ofMaO,4:2H,0, MoG;,
Mo metal, NHCI, and HO in the mole ratio 6:6:4:20:300 was
heated at 160C for 10 h to givel-4H,0 in 65% vyield.

The infrared spectrum df-4H,O exhibits a strong band at
946 cnt! attributed tov(Mo=0) and features at 557 and 535
cm1 assigned ta(Mo—O—Mo). The absence of prominent
features in the 10081200 cnt? region, which are characteristic
of the presence of the pentaerythritol ligand, confirms that the
ligand has not been incorporated into the structure.

Thermal gravimetric analysis of-4H,O exhibited a 3%
weight loss at 116120°C, consistent with the loss of 4 water
molecules of crystallization. Magnetic susceptibility measure-
ments at room temperature yieldegkg of 1.2 ug, or 0.35up
per Mo(V) center. The moment appears to arise as a conse-
quence of incomplete spirspin coupling of the metalmetal-
bonded binuclear units.

The analogous potassium-containing compound xMe
NH)4K 2[H2M016(OH)12040] :8H20 (2:8H,0) was also prepared
hydrothermally from the reaction of a mixture ofMoO,-2H,0,
MoOs, Mo (—325 mesh), pentaerythritol, MEHCI, E4NCI,
and HO. Curiously, attempts to isolat in the absence of
pentaerythritol were unsuccessful.

The infrared spectrum 02:8H,0 is similar to that ofl-
4H,0. Likewise, 2-8H,0O exhibits a low room-temperature
moment of 1.25ug (0.36 ug per Mo(V) site). The similar
magnetic properties df4H,0, 2-8H,0 and (MeNH,)¢[H,Mo16
(OH)12040)%° are consistent with incomplete spiepin coupling
of the Mo(V)—Mo(V) sites rather than of paramagnetic impuri-
ties.

As demonstrated in the structural discussion, tHesKes of Figure 1. (a) View of the structure of the molecular anion
2:8H,0 are so disposed as to bridge two neighboring [NaMos(OH)120407~ of 1-4H;0. (b) Polyhedral representation of the
[HoMo16(OH)12040]%~ cluster anions (Figure 3) to produce a cluster structure viewed along the crystallographic 3-fold axis. The Mo-
layer structure of cation-bridged clusters. The cavities within (V) sites of the{H1,M012040} °~ core are represented by cross-hatched
the layers are occupied by MéH* cations and KO molecules Sptahedrlzal,b\évh|le th(\ellMo(\_/tl) caps are shf[)_wn as dt?]tter? octahedlr?. The
of crystallization. T_he stacking of layers produces channels g;?ﬁg?ﬁlelggT,( Co)r;mfhgclgg% O‘;]OS; t'ﬁgseﬁgapsula?:;ﬁ%naces
enclosing the organic cations and water. is illustrated as a highlighted sphere.

The structure of2-8H,0 is reminiscent of heteropolyoxo-
metalates, such assPW1,040'nH20,*° which have been shown  with water as adsorbate were investigated. Finely powdered
to be capable of absorbing polar molecules into their bulk samples o2-8H,0 were degassed 24 h at temperatures between

structures while retaining their properties as sofid$iowever,

the packing in HPW;,040-nH20 precludes entry of nonpolar
gaseous molecules into regions between cations and anions
rendering the material nonporous as judged by sorption iso-
therms?*2 In contrast, salts of heteropolyoxometalates with
monovalent cations, such assPW;:040-nHO (M = NH4t,

K, or Cs") exhibit classical type | sorption isotherms, consistent
with the existence of explicitly microporous structufés.

In view of the structural similarity of the arrangement of
anions and cations i2:8H,0 to that observed for the het-
eropolyanions of the class f#AW;,040°nH20, the accessibility
of the implicit micropore structure was investigated. Thermal
gravimetric analysis of2-8H,O showed a 5% weight loss
between 100 and 13 corresponding to the loss of the water
of crystallization. Powder diffraction studies indicated that the
structural integrity of the ionic framework had been maintained.
Decomposition of the organo amine occurred in the temperature
range 256-400°C, resulting in a weight loss @i 10% (10.4%

100 and 20C°C in vacuum. As these samples did not absorb

water in any significant amount, we conclude that the material

is not microporous.

In this regard, it should be noted that the classification of
materials as microporous has become considerably obscured by
recent claims of microporosity which are either unsupported
by experimental results or demonstrably fa1%é* The test of
microporosity for a material is that it exhibits a type | sorption
isotherm?? The mere existence of channels or incipient voids
in the crystal structure of materf&** does not ipso facto
constitute demonstration of microporosity. In fact, many
complex anion/cation structures when properly oriented display
such tunnel or cage structures, and certainly the vast majority
do not conform to the classical definition of microporosity.
Certainly, a material such as {N(CH;)sNH3)s[W15P>067]*
3H,0,* which demonstrably fails to sorb either® or N; in
significant amounts, cannot be termed microporous.

(b) The “Superclusters”: (Me3NH)2(EtsN)Nasj[Na(H,0)s-

calculated for trimethylamine) and concomitant oxidation of the H1sM047010 (OCH2)3CCH,0H}7]-15H,0 (3-15H,0), (Mes-
anion, as indicated by a color change from orange-red to light NH)2(H30)Nag[Na(H20)3H 13M042010¢{ (OCH2)3CCH »-
yellow. To test the microporosity of the material, isotherms OH}7]-7H20 (4-7H20), Nag[(M0oO 3)H14M042010o (OCH )3
CCH,0H}7]-0.5C(CH,0OH)4-25H,0 (5-0.5C(CH,0OH)4-25H,0),

(40) Brown, C. M.; Noe-Spirlet, M. R.; Busing, W. R.; Levy, H. Acta
Crystallogr. 1977, B33 1038.

(41) Moffat, J. B.J. Mol. Catal.1989 52, 169.

(42) Ruthven, D. MPrinciples of Absorption and Adsorption Processes;
John Wiley & Sons: New York, 1984.

(43) Farrell, R. P.; Hambley, T. W.; Lay, P. Anorg. Chem.1995 34,
757.

(44) Hdscher, M.; Englert, U.; Zibrowius, B.; Hderich, W.Angew. Chem.,
Int. Ed. Engl.1994 33, 2491.
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Figure 2. Ball and stick representation of the linking of a two adjacentiMid;s(OH)12040]¢~ (23) clusters through a [K(ED)s] ™ unit.

and (M04N)(Et2NH2)(H30)2Na5[(M003)H 13M0420 109
{(OCH2)sCCH3}7]-10H,0 (6:10H,0). The materials of the
Mo—O-—alkoxide class3—6, can be synthesized by analogous

noted that reduction of polyoxometalate clusters increases the
basicity of the surface oxo groups, predominantly the bridging
oxygens, and concomitantly the reactivity of the species with

hydrothermal methods. In the representative synthesis describealectrophilic groups. One example is provided by the reduction

previously, dark red-brown crystals 8f15H,0 were produced

in ca. 55% vyield. The infrared spectrum exhibited bands of

strong intensity at 886, 911, and 968 Thassociated with
v(Mo=0O0) for the different oxomolybdenum environments. The
features at 911 and 886 cimay be attributed to the symmetric
and asymmetric stretching modes of ttis-dioxomolybdate
{Mo'O3} units, while the 968 cm! band is reasonable for the
Mo(V) sites with a single terminal oxo group. The bands at
1112, 1061, and 1021 crhare in the characteristic region for
ligand bands, with the latter assignedu@—O0).

Compound4-7H,0 is prepared in a similar fashion, by
omitting E4NCI and Mo metal from the starting mixture and
modifying the reactantsratios. The infrared spectrum is similar
to that of3-15H,0 with v(Mo=0) bands at 890, 918 and 975
cm! and characteristic ligand bands at 1015 and 1110'cm

While 3 and 4 contain the{Na(H,O)3} ™ unit in the anion
cluster cavity gide infra), minor modifications in reaction
conditions produce the{MoOs} encapsulated species
5-25H,0-0.5C(CHOH), and6-10H,0. In the case d-10H,0,
the tris(hydroxymethyl)ethane ligand derivative is used in place
of pentaerythritol, while5 is prepared in the absence of
organoammonium cations. The infrared spectrg ahd6 are
similar to those oB and4, with v(Mo=0) bands in the 885
970 cnt?! region and ligand bands in the 1010130 cnt?
range.

Since the{M0160s2} unit common tol and 2 provides the
structural core of the superclusté&r&nd6 as described in the
following section, the synthesis of the superclusters from
[H14M016057]%~ was investigated. In this fashion, the hydro-
thermal reaction of a solution @&8H,O with MesNHCI, Nap-
MoO4-2H,0, and pentaerythritol was found to gidén ca. 80%
yield. An analogous reaction, employing MNé&O,-2H,0,
MoOs, MesNClI, ELNH, and tris(hydroxymethyl)ethane yielded
6 in ca 65% yield.

Although these fragment condensation processes, shown in
the following schematic diagram, provide a satisfactory con-
ceptual framework for the preparation of tailor-made clusters
by control of inorganic hydrolysiscondensation and aggrega-
tion reactions, structural organization of the constituent subunits
relies on self-assembly. However, while mechanistic details

of [PM012040]%~ to [PM01204g]*~, which subsequently reacts
ith [MoO3] to give [PMo14044*~, ana-Keggin core with two
{MoO,} units fused onto opposite tetragonal faces of the Keggin

core®®
NayMo0O4+2H70 + Mo
160° C, H,0
I [HnMo)6052]20-0)- ]
R4NCI, R4NCl,
Na2MoOg, MoO3,
(HOCH2)3CR (HOCH2)3CR

[Na(H20)3H15sM0420109{ (OCH2)3CR ) 7)7- (H15Mo430112((OCH2)3CR ) 7)%

Description of the Structures. (a) The Hexadecamolyb-
denum Oxide Clusters: (NH;)7[NaMo16(OH)12040]-4H0
(1'4H20) and (M83NH)4K2[H 2M016(OH)12040]'8H20
(2-8H20). As shown in Figure 1, X-ray structural analysis of
1-4H,0 revealed the presence of discrete, orderedfMo
(OH)12040]8 anions, with a central cavity encapsulating a'Na
cation. The anion contains 4 Mo(VI) sites, 12 Mo(V) centers,
40 terminal and bridging oxo groups, and 12 bridging hydroxy
groups in full tetrahedral symmetry. The 12 Mo(V) centers of
1 form six metat-metal-bonded binuclear units with a Me
Mo distance of 2.62(1) A. The fouiacial {MoY'O3} “anti-
Lipscomb” unitg® cap four of the eighf MozO3} faces of the
MoV, truncated tetrahedron with the four Mo(V1) sites forming
an expanded Mptetrahedron. Sucliac {MoOg} units are
predicted to be unstable in polyanion frameworks as a conse-
qguence of the strongrans influence of the M-O(terminal)
groups which would result in weak bonding to the opposite
{MOg} face of the{ MOg} octahedron and consequent dissocia-
tion. While thefac { MoOgs} unit has been observed, examples
are limited to simple coordination complexes such as [MoO
(dien)]*” [(MoOg)o(EDTA)]*",*® and [MoQ{ N(CHzCO,)a} 3~ *°
or to polyoxomolybdate species derivatized by coordination of

(45) Khan, M. I.; Chen, Q.; Zubieta, J. Unpublished results.

for the assembly of such aggregates are sketchy at best, th€46) Lipscomb, W. NlInorg. Chem.1965 4, 132.

reactive, highly negatively charged and nucleophilic
{H12M0140s55} 8~ unit may provide a structural core for linkage

(47) Cotton, F. A.; Elder, R. Anorg. Chem.1964 3, 397.
(48) Parks, J. J.; Glick, M. D.; Hoard, J. 1. Am. Chem. Sod.969 91,
301.

of appropriate subunits to produce the supercluster. It has been49) Butcher, R. J.; Penfold, B. R. Cryst. Mol. Struct1976 6, 13.
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Figure 3. View of the structure of the anionic cluster [Na®s-
H15MO420109{ (OCH2)3CCH20H} 7]7_ (3&) of 3:15H,0. The MO(V) sites

are represented as cross-hatched spheres, while the Mo(VI) centers ar
shown as lightly highlighted spheres. The™Nzation, illustrated as a
sphere lined bottom left to top right, occupies the molecular cavity of
3a, whose “lid” is provided by the sifMov'O,} 2" units of the cluster.

organic ligands,
CCH3} 2]2—.35,50
As shown in the polyhedral representation of Figure 1b, the
four Mo(VI1) atoms cap hexagonal faces of the cer{thdb;,040}
core. Reduction of the molybdenum sites of the central core
to the Mo(V) oxidation state significantly increases the basicity
of the surface oxygens, allowing aggregation of the electrophilic
{MoO3} units. The 12 oxygen atoms of the molecular anion
are of five distinct types. The 12 O(1) oxygens are each
terminally bonded to a Mo(V) atom of theMo01,040} core at
a distance of 1.69(2) A. The 12 O(2) oxygens are associated
with the fourfacial trioxomolybdate{ MoV'O3s} capping units
as strongly bonded terminal oxo groups with a Me{@)2)
distance of 1.74(3) A. Each of the 12 O(3) oxygen atoms adopts
a uz bonding mode between two Mo(V) centers from adjacent
binuclear units and one Mo(2) site; the bridging to the Mo(1)
sites is unsymmetrical with Mo(3)O(3) distances of 1.89(3)
and 2.08(3) A, while the Mo(2)O(3) distance is 2.22(3) A.
The Mo(1)-0(4) bond distances of 2.14(4) and 2.09(3) A and
valence sum calculatiofisidentify the 12 O(4) sites as doubly
bridging hydroxy groups. Although the proton locations could
not be unambiguously assigned from the X-ray analysis, the
most likely site locates the protons so as to form intramolecular
hydrogen-bonding interactions with the O(2) centers, with
O(2)--O(4) and O(2)-H(4) distances of 2.82 and 1.89 A,
respectively. The four O(5) oxygen atoms define the perimeter
of the cavity formed by the molybdenuroxygen cage, and
each adopts @4 bridging mode with regard to three Mo(V)
sites, each from an adjacent pair of binuclear units, and to the
encapsulated and tetrahedrally coordinatet] déion. The Mo-
(1)—0(5) and Na-O(5) distances are 2.10(1) and 2.18(3) A,
respectively. While the NaO distances are relatively short,
they are consistent with those previously reported for Na
cations held between hexanuclear molybdophosphate units in
materials such as [(@D),NaMosP4024(OH)7]%~ 52and [Nq Hs-
M0gO15(03PCsHs) 4} 2] 15753755 Although the low coordination

as represented by H®¢{(OCH,)s

(50) Hider, R. N.; Wilkins, C. JJ. Chem. Soc., Dalton Tran$984 495.

(51) Brown, I. D. InStructure and Bonding in Crystal©’Keefe, M.,
Navrotsky, A., Eds.: Academic Press: New York, 1981; Vol. Il, p 1.

(52) Haushalter, R. C.; Lei, F. Wnorg. Chem.1989 28, 2905.

(53) Cao, G.; Haushalter, R. C.; Strohmaier, KI@rg. Chem1993 32,
127.

(54) Khan, M. |.; Chen, Q.; Zubieta, thorg. Chim. Actal993 206, 131.

(55) Khan, M. I.; Chen, Q.; Zubieta, horg. Chim. Actal995 231, 13.

e
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Figure 4. (a) Polyhedral representation of the structur8afadopting
the orientation of Figure 3 and illustrating the projection of the
{Mov'Oz} groups of subunit8B from the central core of the anionic
cluster and the position of tHéNa(H,O)s} ™ grouping in the cavity thus
formed. The lined octahedra represent the Mo sites of suBBnitvhile

the dotted octahedra illustraB& and3A' types and the cross-hatched
octahedra the Mo sites of the central hexanuclear rirdg(infra). The
Na" and HO positions are represented by spheres. (b) Polyhedral
representation o8a viewed along the approximate 3-fold axis of the
cluster. The Mo centers of the central ring are clear octahedr&Ahe
and3A'’ sites are dotted octahedra, and 3Besites are lined. The central
cross-hatched octahedron represents the ¥ groupings of3 and

4 or the{MoOQgs} units of5 and6.

number for Nd is likewise unusual, it is not without precedéht,
and a similar tetrahedral environment has been described for
the encapsulated Nacation of [Na{-PrSn),04(OH),4%",57
suggesting that the geometric requirements of the meted
cage dictate the environment of the cavity.

Since the central cavity of the anionic clusterloéxhibits
dimensions barely adequate to accommodate ‘add#ion, the
consequences of replacing Nawith larger cations were
investigated. In this fashion, introduction of the" Kation,
whose ionic radius precludes encapsulation in the small cavity
of the cluster, resulted in isolation d-8H,O, a species
exhibiting a{Mo0160s5} core essentially identical to that &f
4H,0. In this instance, however, the central cavity is occupied
by two protons.

The four oxygen atoms which define the cavity perimeter
for 1 exhibit valence sums of 1.191.35, suggesting that these
sites are partially protonated. In view of the charge requirements

(56) Shannon, R. DActa Crystallogr., Sect. A976 32, 751.
(57) Reuter, HAngew. Chem., Int. Ed. Engl991, 30, 1482.
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Figure 5. The four building blocks of the cluster cores 8f6: (a) the hexanuclear Mo(Wligand subunit{ MoVsO.(OCH,);CR]} (3A) of
which there are three in the molecular anion cluster; (b) the hexanucleaf MatsO,,[(OCH,)sCR]} (3A'), which adopts the unique central
position in the clusters, providing the linchpin for the construction of the clusters; (c) the tetranuclear mixed-valgide‘sit#0"',0,5[(OCH,)s-
CR]} (3B), which contributes three subunits to the cluster framework; (d) the unique central hexanuclear MoQ\lob@p4} (3C). The oxygen
atom labeling scheme adopted for the anion clustei3-df is also shown: @, terminal oxo groups; £, ligand alkoxy oxygen donors; O(1d),
bridge Mo(1b) site of subunBA to Mo(3) of the central rin®C; O(2d), bridge Mo(1b) sites A to Mo(2c) centers 08B; O(3d), link Mo(1a)
and Mo(1b) sites within 8A subunit; O(1t), bridge triangular arrays of alkoxide oxygen linked Mo(1a), Mo(2a), or Mo(2c) sites of suBAinits
3A’, or 3B, respectively; O(2t), bridge Mo(1and Mo(1b) sites of a3A’ subunit to an Mo(1c) site dA; O(3t), bridge Mo(2a) and Mo(2b) sites
of 3B to Mo(1b) of 3A; O(4t), bridge Mo(1c) of8A or Mo(1b) of 3A’ to two Mo(3) centers 08C; O(5t), link an Mo(1b) site of 3A’ to Mo(2b)
of 3B and Mo(3) of3C; O(6t), bridge two adjacent Mo(3) sites 8€ to an Mo(2b) of3B; O(7t), link two adjacent Mo(3) sites &C to the guest
group, Na(HO)s" in 3 and4 or {MoQs} in 5 and®6.

of the [Mog(OH)1204¢]® host and the obvious cation occupancy (H0)12]7+,80 [Al 1304(OH)25(H20)11] 67,61 [HaMn3V 15040]°,2

of the [NaMag(OH)12040]7~ core of1, the cavity of2 appears  and [(GMesRh)(MoV12036)(M0Y'04)]2".83 It is instructive to
to be occupied by 2 H a situation reminiscent of the internal compare the structure of the centf0,3040} core of this latter
protons encountered for P12040]%~.58 While this cavity may cationic cluster to thg H,M012040} and {NaMo;;04g} cores
accommodate four protons, as suggestedsfand 6, double
occupancy is consistent with the molybdenum mean oxidation (61) Johansson, G. Arkemi 1963 20, 321.

state for2 as determined by valence-bond calculatighs. (62) ;Clhidgég-? Nagai, K.; Sasaki, Y.; Pope, M.J.Am. Chem. S02989
The centra{ Mo1,04q} core of the molecular anions &fand (63) Chae, H. K.. Klemperer, W. G.; Paiz Loyo, D. E.; Day, V. W.;

2 adopts a metatoxygen framework classified as theékeggin Eberspacher, T. Alnorg. Chem.1992 31, 3187.

type®® and previously observed for the clusters #&4(OH),4 (64) Stiefel, E. I.Prog. Inorg. Chem1977, 22, 1.

(65) Sykes, A. G. IlComprehensie Coordination Chemistrywilkinson,
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Figure 6. View of the cavity formed by the linking of subunits of
types3A, 3A’, and3B. The central position of the ring is occupied by
the 3A" subunit.

of 1 and 2, respectively. In all three cases, theKeggin
structure allows the octahedral Mo(V) centers to form binuclear
units with short Me--Mo distances and localized MeMo

Inorganic Chemistry, Vol. 35, No. 7, 1994895

and 2 with Na cations and protons serving as the templates.
Evidently, charge-compensating and space-filling requirements
play a significant role in the isolation df and 2.68

While the K" cations of2 cannot be accommodated in the
anion cavities, they do serve an important structural role in
bridging neighboring clusters to form a 2-D network, as
illustrated in Figure 2. Each cluster is linked to each of four
adjacent clusters in the sheet through a ¥@lt unit. The
network of anion clusters and cations produces cavities within
the layers which are occupied by.® molecules. The region
between these inorganic layers is occupied by thesMH™
cations to produce a repeating motif of alternating inorganic
and organic layers. Since structures of this type characteristi-
cally segregate into hydrophobic and hydrophilic dom&lrkis
arrangement is common and provides no necessary implication
of microporosity for the material.

It is also noteworthy that and2 are isolated from similar
reaction mixtures as those used to produce the superclusters
3—6. As discussed below, thEeMo,60s,} cage serves as the
core of the anionic clusters and 6 and suggests that preas-
sembly of such structural units in solution may be involved in
the cluster aggregation process.

(b) The “Superclusters”: (MesNH)2(EtsN)Nas[Na-
(H20)3H15M042010¢{ (OCH2)3CCH>0OH} 7]- 15H,0 (3-15H,0),

bonds, a characteristic feature of Mo(V) chemistry encountered (Me3NH)2(HzO)Nag[Na(H20)sH 13M042010of (OCH2)s-

for isolated binuclear species, reduced polyanions, and even solidCCH20H} 7] 7H0  (4-7H;0),

phase$4%7 While the cavity of [(GHsRh)(MoY1,0z¢)-
(MoV'0Oy)]2" is occupied by a tetrahedrally coordinated Mo-
(V1) center with short Me-O distances of 1.75(1) A, the Na
cation of 1 exhibits Na-O distances of 2.18(3) A, with the
cavity diameter defined by O(5)O(5) distances of 3.3 A, a
value identical to that for the void iB*8H,O. The remarkable
flexibility of the hoste-{MoV1,040} cage is demonstrated by

Nag[(M0oO 3)H14M042010g
{(OCH32)3sCCH,0H}7]-25H,0-0.5C(CH,OH) 4 (5-25H,0-0.5C-
(CHon)4), and (Me4N)(Et2NH2)(H3O)2Na5 [(MOOg)-
H13MO420109{ (OCH2)3CCH3} 7]'1OH20 (6'1OH20). The X-ray
structures of3—6 revealed that all share a common discrete,
molecular anionic aggregate [M04010o (OCH,)sCR} 7@,
which is shown in Figure 3 for the cluster incorporating the
Nz’;l(HzO)gJr unit, namely [Na(l—jO)3H15Mo420109{ (OCH2)3-

the isolation of clusters encapsulating cationic guests with such CCHOH} 7]~ (3a). As illustrated in the polyhedral representa-

diverse coordination requirements as protons ant. N&hile
it is tempting to speculate on the role of the™Nzation inl as

tion of Figure 4, the structure consists of a framework of edge-
and corner-sharinfMoOg} octahedra with the organic residues

a template for the construction of the host framework, the details projecting outward from the central core. The structure of anion
of templating mechanisms remain obscure. A given template may be constructed from the fundamental building blocks
can produce different structures, while the same structure mayillustrated in Figure 5. There are four units of typA, which

be isolated from different templates, as may be the casé for

consist of the trishydroxymethylalkane ligands, [RCEO]3,

Figure 7. Stereoview of the structure of the [(M@P113M04:010¢{ (OCH;)sCCHs} 7]~ anion cluster o6 and of the six associated N&ations.
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Figure 8. (a) View of a typical pyramidal triply-bridging oxo site,

which is illustrated by heavy shading. These sites either bond to the
Na' centers associated with the cluster or are protonated. (b) The “Y”-
shaped planar sites adopted by the remaining triply-bridging oxo groups.
Valence-bond calculations and geometry preclude these sites from

protonation.

Table 10. Oxygen Atom Types for th¢ XMo4:013¢t Cores of3—6

(X = Na(H0)s* for 3 and4; X = MoO; for 5 and6)

total no.
subunits bridged or of oxygens
designator location description of this type

Oter terminal{ MoO} groups on Mo(1a), 30

Mo(1b), Mo(1a), Mo(1b), Mo(2a),

Mo(2b)

terminal{ MoO,} groups on Mo(2c) 12

Oig ligand alkoxy oxygens 21
O(1d) 3A/3C (Mo(1b)—Mo(3)) 6
O(2d) 3A/3B (Mo(1b)—Mo(2c)) 6
O(3d) 3A (Mo(1la)-Mo(1b)) 18
O(1t) 3A, 3A’, 3B (3xMo(1la), 3xMo(1a), 7

Mo(2a)-2xMo(2c))
0(2t) 3A/3A" (Mo(1c)—Mo(la)—Mo(1b)) 6
O(3t) 3A/3B (Mo(1b)—Mo(2a)-Mo(2b)) 6
O(4t) 3A/3C or 3A'/3C (Mo(1c)—2xMo(3) 6

and Mo(1b)—2xMo(3))
O(5t) 3A'/3B/3C (Mo(1b)Y —Mo(2b)—Mo(3)) 6
O(6t) 3B/3C (Mo(2b)—2xMo(3)) 3
o(7t) 3C/guest (X Mo(3)—Na(H:0)s*, or 3

2xMo(3)—Mo0Os)

Khan et al.

Table 11. Selected Bond Lengths (&) for the Molecular Anions of

3-6
cluster identities
3 4 5 6

Subunit3A
Mo(1a)—Orer 1.67(2) 1.68(2) 1.67(3) 1.67(2)
Mo(1a)—Og 2.12(2) 2.13(2) 2.13(2) 2.13(2)
Mo(lay-O(1t)  2.20(2) 2.24(2) 2.23(2) 2.26(2)
Mo(la)-O(3d) 1.91(2) 1.93(2) 1.92(2) 1.94(2)
Mo(1b)—Oxer 1.66(2) 1.68(2) 1.67(2) 1.67(2)
Mo(1by-0(1d) 2.40(2) 2.39(2) 2.41(2) 2.40(2)
Mo(1b)-0O(2d) 2.04(2) 2.06(2) 2.06(2) 2.05(2)
Mo(1by-0(3d) 1.93(2) 1.94(2) 1.94(2) 1.94(2)
Mo(1b)-O(3t) 2.10(2) 2.10(2) 2.09(2) 2.11(2)
Mo(1¢)—Orer 1.65(2) 1.69(2) 1.67(2) 1.66(2)
Mo(1c)—-0O(3d) 1.93(2) 1.94(2) 1.93(2) 1.94(2)
Mo(1c)-0(2t) 2.13(2) 2.24(2) 2.12(2) 2.12(2)
Mo(1c)-O(4t)  2.29(2) 2.25(2) 2.26(2) 2.27(2)

Subunit3A’
Mo(1a) —Orer 1.67(2) 1.68(2) 1.68(2) 1.69(2)
Mo(la)—Oyy  2.10(2) 2.11(2) 2.10(2) 2.11(2)
Mo(1la)—O(1t) 2.09(2) 2.10(2) 2.09(2) 2.09(2)
Mo(la)—O(2t) 1.96(2) 1.98(2) 1.97(2) 1.98(2)
Mo(1by—Oter  1.68(2) 1.68(2) 1.67(3) 1.68(2)
Mo(1by—0(2t) 1.97(2) 1.98(2) 1.98(3) 1.98(2)
Mo(1bY—0O(4t) 2.18(2) 2.17(2) 2.18(3) 2.21(2)
Mo(1by—O(5t) 2.06(2) 2.05(2) 2.06(3) 2.08(2)

Subunit3B
Mo(2a)—Oter 1.67(2) 1.65(2) 1.66(3) 1.67(2)
Mo(2a)—Ojqg 2.14(2) 2.13(2) 2.14(3) 2.14(2)
Mo(2a)}-O(1t)  2.24(2) 2.23(2) 2.24(2) 2.23(2)
Mo(2ay-O(3t)  1.98(2) 1.98(2) 1.99(2) 1.98(2)
Mo(2b)—COrer 1.66(2) 1.67(3) 1.68(3) 1.68(2)
Mo(2b)—-O(3t)  1.98(2) 1.97(2) 1.98(2) 1.98(2)
Mo(2b)-0(5t)  2.07(2) 2.07(2) 2.08(2) 2.09(2)
Mo(2b)—-O(6t)  2.25(2) 2.26(2) 2.26(2) 2.25(2)
Mo(2€)—Orer 1.70(2) 1.71(2) 1.70(3) 1.71(2)
Mo(2¢c)—Oiqg 2.23(2), 2.22(2), 2.23(2), 2.22(2),

213(2) 2.14(2) 213(2) @ 2.14(2)

Mo(2¢c)-0O(1t) 2.22(2) 2.21(2) 2.22(2) 2.23(2)
Mo(2c)-O(2d) 1.81(2) 1.80(2) 1.80(2) 1.81(2)

Subunit3C
Mo(3)—0(1d) 1.71(2) 1.70(2) 1.71(3) 1.72(2)
Mo(3)—0(4t) 2.14(2), 2.11(2), 2.12(2), 2.16(2),

1.96(2) 1.98(2) 1.98(2) 1.98(2)
Mo(3)—0(5t) 2.11(2) 2.12(2) 2.12(2) 2.09(2)
Mo(3)—O(6t) 2.08(2) 2.10(2) 2.09(2) 2.06(2)
Mo(3)—0(7t) 1.92(2) 1.93(2) 1.93(2) 1.93(2)
Guest

Na—O(7t) 2.33(2) 2.29(2)
Na—OH, 2.55(2) 2.54(2)
Mo—O(7t) 2.25(2) 2.28(2)
Mo=0 1.77(3) 1.77(3)

exhibit the characteristic short interaction distance, in the range

coordinated in the characteristic tridentate bridging mode to a 2.55-2.65 A, associated with a Mo(¥Mo(V) single bond.

The third subunit3C, exhibits a six-membered Mo(V) ring
{MogO.4} of edge-sharing octahedra with alternating short
long Mo(V)—Mo(V) distances. The rin§C is linked through
distinguished from the other three by the nature of the oxo its oxo groups to the thre@A, three3B, and the unique8A’
groups which link it to its adjacent cluster subunits. By virtue subunits. The subun8A’ caps one face of the ring, while the

triangular arrangement of three Mo(V) centers, each of which
is in turn bridged through twais oxo groups to an adjacent
Mo(V) site. One of these hexamolybdenum(V) uni8\() is

of its central location in the cluster, shown in Figure 6, subunit opposite face is directed toward the molecular cavity of the anion
3A' bridges to the thre8A subunits, as well as to th&B and

while the triply bridging oxygen atoms link different subunits.
The second structural ur88, of which there are three present

bridging a triangular arrangement of one Mo(V) and two Mo- and the three8B subunits, with six terminal oxo groups, one

and occupied either by a Nag&);* unit in 3 and4 or by a
3C fragments. Consequently, the doubly bridging oxo groups {MoOs} unit in 5 and®6.
of the 3A type subunits assume the triply bridging mod&i,

The tetranuclear subuni8B project outward from the core

of the cluster, in the fashion of the arms of a grapple, thus

producing a cavity with an atom to atom diametercef 7 A.
in the anion cluster, consists of the tridentate alkoxide ligand The perimeter of this cavity is defined by the central rB@

(VI) sites. The Mo(V) site is associated through edge-sharing from eachcis-dioxo Mo(VI) group of these latter fragments,

by two oxo groups with an exocyclic Mo(V) site. The Mo
Mo distances for the Mo(V) binuclear units 8A, 3A', and3B

forming the “pincers” of the grapple arms and constricting the

cavity aperture, as shown in Figure 7.
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Figure 9. lllustration of the Na occupancies of the cavities on the surfaces of the various clusters: (a) the four sites occuBié)fdre five
sites occupied ib and the additional three loosely associated sites; (c) the full occupancy of six sites associatednalifi (d) polyhedral view
of the cluster surface and Ngositions, illustrating the construction of the minor cavities at the junction of two adj@éestibunits, the central
3A’ subunit, and3B subunit, and the central ringC.

The molybdenumoxygen core of the anions & i.e. 33, ring through the corner-sharing interaction of Mo(1b) and Mo-
consists of § M04:,012¢ fragment, constructed frogiMoOg} (3) centers of the respective fragments. In view of this long
edge-sharing octahedra. Of the 120 oxygen atoms of this Mo(1b)—oxo group distance, which contributea 0.3 valence
framework, 42 are terminal oxo groups with characteristic unit to the valence sum, the Mo(1b) sites are highly distorted
Mo—O distances in the 1.661.70 A range and 21 are ligand octahedra, which may be alternatively described as square
alkoxy oxygen donors in the conventional doubly-bridging pyramidal sites with a weak axial interaction to the oxo group
arrangement, with MeO distances of 2.082.22 A. Of the transto the apical multiply-bonded oxide. The structure$of
remaining 67 oxo groups, 34 are triply-bridging between Mo and®6 differ principally in utilizing three of the first subclass of
sites, while 33 are doubly-bridging. The structurel@xhibits oxo groups in linkage to th¢ MoOgs} guest fragment, thus
an identical distribution of major oxygen types to that listed reducing the number of doubly-bridgi{dMo,0} units to 30
for 3, while 5 and®6 differ only in the substitution of thfMoOz} and increasing the number of triply-bridgig$ylosO} units to
unit in the cavity for the Na(bD):™ unit of 3 and4, with the 37.
concomitant change in classification of thfgdo,O} types of There are two major subclasses of triply-bridging oxo groups
the latter to{ MosO} types in5 and®é. encountered foB and 4 which are clearly distinguishable by

The doubly- and triply-bridging oxo groups 8fand4 may their distinctive geometries. The first type of which there are
be further subclassified according to their metrical parameters. 19 exhibit a pyramidal MosO} unit (Figure 8a) with uniformly
In this fashion, there are three major subclasses of doubly-long Mo—O distances ofa. 2.25 A. Valence sum calculations
bridging oxo groups: those with essentially symmetricaHb provide valences in the range %0.3 for these sites in the
distance in the range 1.911.98 A, of which there are twenty-  absence of protonation or close contacts to* Nzations,
one; a set of six asymmetr{dVio,0} interactions with distinct establishing such sites quite unambiguously as the protonation
Mo—O distances ota. 1.85 and 2.00 A, which are associated sites. The remaining 15Mos0} sites shown in Figure 8b
exclusively with the fusing of typ8A subunits ti3B fragments possess a planar Y-shapgdosO} grouping with two Me-O
via the corner-sharing interaction of Mo(1b) and Mo(2c) metal distances o€a.2.0 A and a third of 2.10 A, which are consistent
sites; and a class of six highly asymmef{rido,O} interactions, with a valence ofca. 2.0 for these sites. The structuresof
exhibiting Mo—O distances ofca. 1.76 and 2.35 A and  and6 exhibit a similar pattern of triply-bridging sites but with
associated with the linking 08A subunits to the3C central an additional thre€MozO} unit contribution by the introduction
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of the{MoOg3} fragment into the cavity. The additiond10;0}
groupings are of the latter Y-shaped class.

The bridging oxo groups may be further subdivided according
to their role in linking the various subuni8?, 3B, and3C, to
provide the labeling scheme adopted for Figure 5 and Table
10. Thus, O(1d) types bridge the Mo(1b) site3# with Mo-

(3) of the central ring3C, O(2d) types link Mo(1b) of th&A
fragments to Mo(2c) of th@8B subunits, and O(3d) bridges Mo-
(1a) and Mo(1b) sites within the san3& fragment.

The overall complexity of the fragment connectivity is
manifested in the variety of triply-bridging oxo types. The O(1t)
sites bridge the triangular arrays of alkoxide coordinated Mo-
(1a) and Mo(2a) and Mo(2c) sites of fragmeBis, 3A", and
3B. The O(2t) subclass links Mo(2egnd Mo(1b) sites of the
3A' cluster to the Mo(1c) centers of the fragmeBi&. The
Mo(2a) and Mo(2b) centers of tH&B subunit are bridged and
linked to the Mo(1b) sites of th8A fragment through O(3t)
oxo types. The oxo groups classified as O(4t) types serve to
link the Mo(1c) site of type3A clusters and each of the three
Mo(1b) sites of3A’ to two of the Mo(3) sites of the central
3C ring. Molybdenum sites from three fragment types are
linked through O(5t) types: each of the three Mo(Idides of
3A' is connected to the Mo(2b) center 8B and a Mo(3) site
of the ring3C. The O(6t) centers bridge adjacent Mo(3) sites
of 3C to the Mo(2b) center 08B. The O(7t) positions bridge
adjacent Mo(3) sites of thaC fragment to the guegtMoOs3}
group in5 and 6 and to the Na(kD)s* grouping in3 and 4.

The types and descriptions of oxygen atoms within the
{XMo04,013q cores of3—6 are summarized in Table 10; the
total numbers of the classes within the clusters are also listed.

The {Mo4,0135 cores of3—6 are essentially identical, as
suggested by the metrical parameters of Table 11. The anionic
clusters of3 and 4 envelop the{ Na(H;O)s} ™ unit within the
molecular cavity throu_gh interaction to the three O(71) oxo Figure 10. (a) View of the unusual Nacation location in5, which
groups of the central ring. In contrast, the cluster$ ahd6 se%ves to pllgg)the mouth of the major cavity of the cluster. {MeOs}
encapsulate a neutreMoOs} moiety, once agaimia linkage guest and the Nacation are displayed as large highlighted spheres
to the O(7t) oxo donor set. for contrast. (b) Polyhedral representation, illustrating the position of

The clusters may be distinguished not only by the identity the Na™ cation with respect to the “pincers” of the grapple arms.

of the guest molecule but also by the number of Mations 4 gne of the remaining Nasites of each cluster with the
and pro_tonqtlon sne_s assqc_lated with the_ anionic clusters.. Aspendant alcoho-OH groups of adjacent dimer pairs. The
shown in Figure 9, in addition to the major molecular cavity zigzag 1-D chains which are thus produced orient so as to form
which is occupied by{Na(H,0)s} * or {MoOg}, the clusters  |avers of anion clusters and Naations. Water molecules and
possess six minor cavities or recesses on the convex surface ofyganoammonium cations occupy the interlayer regions.

the cluster which have dimensions appropriate for the accom- |, the case of specigsand6 where all six minor cavities of
modation of N& cations. In the structures of this study, four,  the anion cluster are occupied, a different linkage pattern is
five, or six of these sites are populated by"Naations for3, 5 adopted. As shown in Figure 12, rather than employing the
and 4, and 6, respectively. Invariably, each Nacation is central pair of N& cations as ir8, the peripheral pairs of Na
bonded to one O(5t) oxo group and two O(3d) 0x0 groups, Oneé cation sites are used in bridging an anion cluster to two adjacent

from each of two adjacer8A subunits. These minor cavities  ¢jysters. Once again, a puckered chain of Maked clusters
are thus formed by the cleft between adjac@htsubunits and 5 formed, and these chains in turn orient to produce layers of

the fusion of the centra8A’ subunit with ring3C and one3B clusters and N& cations.

subunit. Since anion5 exhibits a vacancy at one of the six minor
The structure ob is most unusual, in that one of these six cavities available as Nasites, the cation bridging of anion

sites is not occupied, but rather three additional locations on clusters is distinct from that adopted Byand6. A peripheral

the exterior, linked to terminal oxo groups, and one unique site pair from each of two adjacent clusters serves to form a dimer

siting at the mouth of the major cavity (Figure 10). In this of clusters in a fashion similar to that adopted at one sitd by

instance, not only has the cavity been occupied bfMeOs}  and 6. However, these dimer units are then linked through
group but also the entrance has been “plugged” by the addition exterior Na cations into tetranuclear units. As shown in Figure
of the N& cation. 13, these tetranuclear units are linked into 1-chains which are

The Na cations also serve to link adjacent cluster anions two clusters in width, rather than one, the motif adopte®py
into 1-D chains, which in turn are aligned so as to form layers 4, and6. The role of the N& cations in bridging the cluster
of anions and inorganic cations. In the case3pthe central anions into 2-D networks of 1-D chains appears to be a crucial
pairs of N& cations, directly opposite the guest Na@Js* feature of the solid state organization of these materials. The
groups, bridge pairs of clusters, as shown in Figure 11. The isolation of crystalline phases of the superclusters exclusively
resultant cluster dimers are in turn linked through interaction for the Na" derivatives may reflect the unique charge, size, and
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Figure 11. (a) Schematic view of the back-to-back linking of two
adjacent anion clusters B (b) Bridging of one anion to two adjacent

Inorganic Chemistry, Vol. 35, No. 7, 1994.899

Figure 12. (a) Side-to-side linkage of clusters, adopted4iand 6.
(b) Orientation of adjacent chains &

14, and 13 sites foB—6, respectively. For structurésand5,

the total number of protonation sites, Neations, and organic
ammonium cations provides charge neutrality. In the cases of
4 and 6, one and two additional cations, respectively, are
required to achieve charge balance.

For both4 and6, there are doubly-bridging sites of the type
O(3d) with somewhat long MeO distances which may
participate in strong hydrogen bonding to a hydronium cation.
In the structure o#l, there is one unique pair of doubly-bridging
0oxo groups, O(29) and O(33), which bridge adjacent pairs of
Mo(V) centers in one of th8A subunits. As shown in Figure
14, these exhibit close contacts of 2.35(1) and 2.43(1) A,
respectively, with O(150), which is assigned as a hydronium
cation on the basis of these significant hydrogen-bonding
interactions. It is instructive that all other doubly-bridging oxo
groups of4 exhibit significantly different structural properties.
The oxo groups of classes O(1d) and O(2d) are of the
asymmetrically bridging type with valence sums in the range
1.90-2.00 A. The remaining O(3d) oxo groups either partici-

clusters, through the two types of interactions: back-to-back through Pate in bonding to Nacations or form weak hydrogen-bonding

two surface-bound Nacations from each cluster and through bonding
of Na" cations to pendant ligane-OH groups. (c) Orientation of
adjacent chains to produce layers of anion clusters andds&ons.

coordination requirements of the Naation which render this
group ideal for its structural role in the organization of the
structures of the solid phases.

Valence sum calculations in the oxo groups3sf6 unam-
biguously identify 19 triply bridging oxo groups as protonation
sites or sites interacting with Nacations. These oxo groups

are exclusively of the types O(1t), O(5t), O(6t), and the subgroup bridging oxo groups O(3) and O(20) with O(104).

of the O(4t) class bridging th8A’ and 3C subunits. Since
different numbers of O(6t) sites are used in bonding td” Na

cations in the different structures, there are different numbers unexceptional metrical parameters.
of triply-bridging oxo groups protonated in the series: 15, 13,

interactions with the organic ammonium cations or the water
molecules of crystallization, at distances of 2-7585 A. The
short distances associated with O2®)(150) and O(33)
O(150) are unigue to this pair.

Similar structural features are observed f@r with the
exception that there are two such sites rather than one. Once
again, O(3d) oxo types associated with adjacent pairs of Mo-
(V) centers of3A subunits are found to associatecat 2.40 A
with a suspected hydronium cation: in this case, the doubly-
The
symmetry of the cluster results in two equivalent sites of this
type. Once again, all other doubly-bridging oxo groups exhibit
It is instructive that the
structures of3 and5, which require no hydronium cations or
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a

Figure 15. View of the structure of the [(Mo€H,M04010s
{(OCH,)sCR}7]@ "~ cluster of5 and 6, highlighting the{Mo1¢0s}
core.

a

Figure 13. (a) Linking of anion clusters by Nacations in5 to produce
chains two anion clusters in thickness, shown in (b).

P Mol(6)
00200
/
N ’
N

L
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Figure 14. Possible hydronium cation site in the structuréofhere
are two such sites foB and one for4. Structures3 and5 reveal no
such close contacts.

further protonation of oxo groups for charge balance, reveal no

oxo group-hydration sphere interactions with- @O distances Figure 16. (a) The{MoiOw(OCH,):CR] unit of 5 and 6, whose
. . 16\J49 2)3 4

!355 .than ?7hs ﬁ"dWh.”e thege structural zi)rgumelrllts for Ithe molybdenum-oxide core is structurally related to tfi&10160s2} unit
! .entltles oft .e ydronium cations may no't e totally conclu- o 1°and2. The six Mo(3) sites of the centr8lC ring are highlighted
sive, the metrical parameters associated with the oxo groups ofon the bottom left of the spheres; the six Mo(lad Mo(1b) centers
the four structure8—6 are consistent and indicative of the of the unique3A’ subunits are displayed as cross-hatched spheres; and
presence of hydronium cations at the proposed sites. the three Mo(1c) centers, one from each of the tt#&esubunits, and

It is also noteworthy, as illustrated in Figure 15, that the the unique guest site are represen;ed by the hea\(lly hlghllghtgd spheres.
{Mo1Os;} unit of 2 provides the structural core for the (b) The{Mo160s3} core ofl and2 in the appropriate orientation for

d L . comparison with (a).

construction of the anionic frameworks &fand 6. In this
fashion, the structure of the anionic clusters [(MY:-
M042010 (OCH,)3CR} 71?3~ may be derived formally from  {MosO14(OCH,)sCR]} fragments, and connecting the central
the {Mo160s2} unit by condensing §(CHy)sCR} 3" grouping ring of the{Mo01¢0s,} unit and these latter fragments through
on one triangular face of thgMo1¢0s,} cage, linking three of three3B type subunits. As shown in Figure 16, 016055}
the four {MoO3} trioxomolybdate units of this core with  central core of the superclusters is constructed from the central
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each of the thre@A subunits, and the gue§MoOs} group.
A curious feature of th€Mo160s2} unit is the apparent ability |

to accommodate variable numbers of protons within the central

cavity. Thus, charge considerations for the anio sfiggest

that two protons occupy the cavity, while f& and 6, the

metrical parameters and charge considerations are consistent

with four protonation sites within the cavity. However, it should

be noted that formal molybdenum oxidation state distributions

of the cores are quite distinctivdiMoY';MoY1,0s5} in 2 and . .

{MoY'"M0V150s2} in 5 and 6, as suggested by valence bond P :

arguments? .
While it is tempting to speculate that t§&10,60s5,} core T ,

may mediate template-directed syntheses of more complex 0 100 200 300

clusters from simple soluble precursors or clusters of the type Temperature (Kelvin)

found in3—6 but incorporating a range of substrate fragments, Figure 17. Magnetic susceptibility of5 plotted as a function of

attempts to vary the identity of the guest molecule or to isolate temperature over the =800 K temperature region. The inset shows

other cluster types have proved fruitless. However, the presencehe inverse magnetic susceptibility plotted as a function of temperature.

of Nat cations is required for the isolation 86, Suggesting The line _draw_n through the data is the fit to the CutWeiss model

that these may serve to direct the organization of the various 2 described in the text.

structural subunits of the superclusters, as well as to balance, _

charge. The interplay of cation radii and charge-compensatin = —340 K. The large negativ® corresponds to a strong
ge. play . charge P - gantiferromagnetic coupling between the unpaired electrons
effects appears to play a dominant role in limiting the choice

o . . ; which give rise to the weak ferromagnetic transition at lower
of cationic template. However, the dimensions of the minor 9 9

clefts associated with the convex surface of the clusters, as We”temperatures. The cluster contains a mixture of paramagnetic
. . : ) o and diamagnetic molybdenum centers; however the magnetic
as those of the major cavity, are compatible with the incorpora-

tion of a number of transition metal cations. Likewise, the data indicate that most of the magnetism has been quenched at

. room temperature and the residual magnetism that remains is
[M30.{ (OCH;)sCR}] grouping may be extended to V(VI) and . is" measured between 1.7 and 300 K as shown in Figure

:a(\{[);ni?d d?r?ws?tilylwgvr), ";s W%” zarlst?oly:)(ile{lum, S??ﬁiesntn% 17. The magnitude of the magnetic susceptibility data corre-
a ed-metal clusters based on the protolypes ot this stu ysponds to an average of approximately one unpaired electron

may be accessible. - :
Magnetic Properties. The temperature-dependent magnetic per cluster. . The re_S|duaI Baramagnensm undergoes a weak
- o .~ ferromagnetic ordering atc:F= 50 K.
data for5 show a magnetic transition to a weakly ferromagnetic
state at a temperature of about 55 K. At high temperatdres (  Acknowledgment. This work was supported by NSF Grant
> 100 K), the susceptibility data exhibit Curi&Veiss para- CHE-9318824 to J.Z. C.J.0. acknowledges support from the
magnetism. The high-temperature magnetic data were fitted Louisiana Education Quality Support Fund [LESQF, (RF/1994

ring 3C, the uniqueA’ subunit, three Mo(1c) centers, one from 0.025 \

\ (emu/mole)

to the Curie-Weiss law: 94)-ENH-TR-60), administered by the Regents of the State of
Louisiana.
x=X(T—-0)= N72ﬂ325(5+ 1/[3(T—0)] (1) Supporting Information Available: Tables of non-hydrogen

positional parameters, bond lengths, bond angles, and anisotropic
The data are plotted in Figure 17 as the temperature dependenthérmal parameters fdr—6 and tables of hydrogen positional param-
molar magnetic susceptibility with the inverse magnetic sus- €ters for3, 4, and6 (108 pages). Ordering information is given on
ceptibility of the material plotted in the insert. The resulting any current masthead page.
least-squares-fitted parameters @re 0.278 emu K moi! and 1C9508841



