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The hydrothermal reactions of vanadium oxide and molybdenum oxide starting materials with divalent first-row
transition metal cations in the presence of nitrogen donor chelating ligands yield the heterometallic hexanuclear
clusters {Zn(bipyk}2V4017] (2), [{ Zn(phen)} 2V 4012)-H20 (3-H20), and [ Ni(bipy)z2}2M04014] (4). A similar
reaction in the presence of excess'hpyridine yields [Zn(bipyd]2[V 4012]-11H,0 (1-11H,0), a species with

an isolated V4012}#~ cluster. The structure & consists of dV4012}*™ ring covalently attached to each of two
{Zn(bipy)} 2+ moieties through the terminal oxo groups of alternate vanadium sites. In contrast, the structure of
3 exhibits a{ 4012} %~ ring linked through oxo groups of adjacent vanadium sites to{tém(phen)} 2" moieties.

The structure ot is constructed from twdMo,07}2~ units linked through twd Ni(bipy)2} 2+ groups to form a

cyclic 12-memberedMosNi»Og} core. Crystal data: [Zn(bipy[V 4015 11H:0 (1-11H,0), a = 21.910(4) A,

b = 14.044(2) A,c = 23.815(4) A, = 106.15(1), monoaclinic,C2/c, Z = 4; [{Zn(bipy)}2V4017] (2), a =
12.017(2) Ac = 15.120(2) A, tetragond®4,/n, Z = 2. [{Zn(o-phen)},V4017]-H20 (3-H,0), a = 18.182(2) A,

b = 11.3668(9) A.c = 23.455(2) A8 = 97.815(73, monoclinicP2y/c, Z = 4; [{Ni(bipy){ 2M04014] (4), a =
12.323(2) A,c = 14.897(4) A, tetragondP4,2:2, Z = 2.

In contrast to the emerging chemistry of the polyanion-
supported organometallic class of clusters, the coordination
chemistry of polyanions with classical coordination complexes
and fragments remains generally undeveloped. However, recent
developments in the chemistry of metal oxide solid phases have
demonstrated that transition metal coordination complexes may
act as covalently bound subunits of the metal oxide framework
itself, as described for [Cu(enV20¢]1* or may serve as inorganic

Introduction

Polyoxoanions constitute an enormous class of compounds
whose unusual structural versatility and reactivity affords
practical applications to catalysis, biology, medicine, and
materials scienc&:® While the polyanion surface is populated
by weakly basic oxo groups which render such clusters relatively
unreactive toward substitution or polymerization reactions, the
past decade has witnessed significant growth of the coordinationbriolgilng “ligands”, linking polyanion clusters into one- and two-

chemistry of polyoxoanions. This activity has resulted in the dimensional networks, as shown for [Cu(@gV 1503cCl] and
Fjevelopmgnt of two major subplasses of polyoxoanions: CI,USterS{[Ni(en)2]3[V18042CI]}°,&.15 It is noteworthy that these solid
Incorporating conventional ligantisnd cluster_s SUpporting — giare/coordination complex materials may be isolated only in
organometallic fragments. The latter subgroup is represented he hydrothermal domain, suggesting that the enhanced solubility
among others by structures based on the tetrametalatg core, such, Crystal growth properties are crucial to the syntheses. This
as {[1-CaHa)lr] 2(V40123)}27 ° on the hexametglé’:\te unit, such ;s ervation suggested that suitable modification of the synthetic
as [M(CO)S(NbZW“%l_g]lO’ [(CsHe)RNL(V6019),°* and{ [(Ce- parameters of the hydrothermal domain should afford poly-
Haglr S(szwziollf)} /- on thee-Keggin core, as in [(Mes)- o ganion/coordination complex clusters as molecular analogues
Rh(M015040)]"",* and on the Bzal\lzvson cluster core, exempli- ¢ 1o gojig phases. This expectation has been realized in the
fied by [(COD)IMMasNbsP,0cz]™ ** and [(GHe)TIW1sVsP2 isoation of f Zn(bipy)s}aVaOid (2), [{Zn(pheny} 2V 4Ozl -Ho0
O62"" (3-H20), and [Ni(bipy)s}2M04014 (4). The influence of
reaction stoichiometries and other conditions is evident in the

NEC.
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® Abstract published i\dvance ACS Abstract#pril 15, 1997.

(1) Pope, M. T Heteropoly and Isopoly OxometalafeZpringer-Verlag:
New York, 1983.

(2) Pope, M. T.; Mller, A. Angew. Chem., Int. Ed. Endl991, 30, 34.

(3) Pope, M. T.; Miller, A. Polyoxometalates: From Platonic Solids to
Antiretroviral Activity; Kluwer Academic Press: Dordrecht, The
Netherlands, 1994.

(4) Khan, M. I.; Zubieta, JProg. Inorg. Chem1995 43, 1.

(5) Day, V. W.; Klemperer, W. G. IPolyoxometalates: From Platonic
Solids to Antiretreiral Activity; Pope, M. T., Miller, A., Eds.; Kluwer
Academic Press: Dordrecht, The Netherlands, 1994, p. 87.

(6) Day, V. W.; Klemperer, W. G.; Yagasaki, &hem. Lett199Q 1267.

(7) Besecher, C. J.; Day, V. W.; Klemperer, W. G.; Thompson, M. R.
Inorg. Chem.1985 24, 44.

(8) Chae, H. K.; Klemperer, W. Gnorg. Chem.1989 28, 1424.

(9) Hayashi, Y.; Ozawa, Y.; Isobe, Knorg. Chem.1991, 30, 1025.

(10) Day, V. W.; Klemperer, W. G.; Main, D. Jnorg. Chem.199Q 29,
2345.

preparation of [Zn(bipyd [V 4012]:11H,0 (1-11H,0) in which

the complex cation [Zn(bipy)?* serves as a charge-compensat-
ing unit and does not form a covalent attachment to the isolated
[V 4017 polyanion.

Experimental Section

Reagents were purchased from Aldrich Chemical Co. and used
without further purification. All of the syntheses were carried out in
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Table 1. Crystallographic Data for the Structural Studies of [Zn(bip¥ 4012]-11H,0 (1-11H,0), [{Zn(bipy)}2V4Oid] (2),

[{Zn(phen)} 2V 4012]-H20 (3-H20) and [ Ni(bipy)2} 2M04O014] (4)

1-11H,0 2 3H0 4
chem formula GoH7oN12 O23VaZn; CaoHz2Ng O12VaZn; CagH3zaNg O13V4Zn; CaoH32Ng O14NizMO04
a A 21.910(4) 12.017(2) 18.182(2) 12.323(2)
b, A 14.044(2) 11.3668(9)

c A 23.815(4) 15.120(2) 23.455(2) 14.897(3)
B, deg 106.15(1) 97.815(7)

v, A3 7038(1) 2183.7(7) 4802.4(7) 2262.2(11)
A 4 2 4 2

fw 1661.81 1151.27 1265.40 1349.89
space group C2/c P4,/n P2i/c P4,2,2

T,°C 20+ 1 20+1 20+1 20+ 1

A 0.71073 0.71073 0.71073 0.71073
Dcaie, g CNT3 1.568 1.751 1.750 1.982
Dobs g cNT3 1.59(2) 1.73(2) 1.77(2) 2.01(2)

u, et 12.63 19.73 18.09 19.65

R 0.052 0.034 0.032 0.061

R,P 0.064 0.037 0.036 0.063

AR = 3 |IFol — IFcll/X|Fol- ® Ry = [IW(IFol — [Fc)ZwIFo|7Y2

polytetrafluoroethylene-lined stainless steel containers under autogenouso datd® for 1—3, while in the case o# an empirical absorption
pressure. The reactants were stirred briefly before heating. The 23 correction based op scans was used. The data were corrected for

mL reaction vessels were filled to approximately 40% volume capacity.
Compoundd —3 are diamagnetic, while compouddexhibits a room-
temperature magnetism of 3.21 ug.

Synthesis. [Zn(2,2-bipy)s]s[V 4012]:11H,0 (1-11H,0). A mixture
of V05 (0.087 g), ZnO (0.049 g), 2;:dipyridine (0.158 g), and O
in the mole ratio 1.0:1.26:2.12:1162 was heated at % Gor 68 h.
The reaction vessel was found to contain a mixture of light pink plates
of 1-11H,0 and black rods of [VO(V@e{ VO(2,2-bipy).} 2,6 which
were separated mechanically. The yield df1H,0 wasca. 30% based
on vanadium. Anal. Calcd fordgHgoN1,023V4Zn,: C, 42.8; H, 5.51;

N, 9.98. Found: C, 42.5; H, 5.32; N, 9.89.

[{Zn(2,2-bipy)2} V4012 (2). A mixture of V.05 (0.142 g), ZnO
(0.093 @), 2,2bipyridine (0.156 g), and ¥ in the mole ratio 1.0:
1.46:1.28:711 was heated at 170 for 68 h, yielding white rods o2
as a minor phase, with brown blocks dfZn(2,2-bipy).}2VeO17]*”
constituting the major product. Attempts to optimize the synthesis of
2 proved unsuccessful.

[{Zn(o-phen)}2V4012)-H20 (3-H20). A mixture of V05 (0.168
9), ZnO (0.184 g), 1,10-phenanthroline (0.304 g), an® kh the mole
ratio 1.0:2.45:1.83:601 was heated at 2@for 47 h, yielding pink
plates of3-H,0 in ca. 30% yield, contaminated by a small amount of
unreacted ZnO. Attempts to prepa@as a monophasic material were
unsuccessful.

[{Ni(2,2-bipy)2}2M04014] (4). A mixture of NaMoOs (1.33 g),
MoQO; (0.801 g), 2,2bipyridine (1.45 g), NiC] (Alfa Aesar, 1.097 g),
and HO (5.129 g) in the mole ratio 1:1:1.68:0.84:51.9 was heated at
160 °C for 46 h in a sealed borosilicate ampule of 22 mL volume.
Large amethyst blocks @fwere separated from a pale green paste by
flotation in water. Anal. Calcd for gH3NgO14Ni-Mo4: C, 35.6; H,
2.37; N, 8.30. Found: C, 35.8; H, 2.19; N, 8.21.

X-ray Crystallography. Structural measurements for compounds
1-3 were performed on a Rigaku AFC7R diffractometer, while data
for 4 were collected on a Rigaku AFC5S diffractometer. In all cases,
graphite-monochromated MgKadiation §(MoK,) = 0.710 73 A) was
used.

The data forl—3 were collected at a temperature of 201 °C
using the w—26 scan technique to 40.1, 55.1, and 50ih 20,
respectively, at scan speeds of 16, 32, and°I®id in w, respectively.

In the case o#4, similar conditions were employed but with thé 2
maximum of 48 and a variable scan speed of &/min in w. The

Lorentz and polarization effects. The structures were solved by direct
methods? Metal and oxygen atoms were refined anisotropically for
1 and 4; all non-hydrogen atoms were refined anisotropically Zor
and 3. Neutral atom scattering factors were taken from Cromer and
Waber?° and anomalous dispersion corrections were taken from those
of Creagh and McAuley* All calculations were performed using the
SHELXTL?? 2or teXsa®?® crystallographic software packages. Inthe
case of compound, the absolute configuration was determined from
the Flackx parameter, calculated for each configuratién.
Crystallographic date fat-4 are listed in Table 1. Atomic positional
parameters and isotropic temperature factord fot are given in Tables
2-5, respectively. Selected bond lengths and angles-fbare listed
in Tables 6-9, respectively. ORTEP figures for the cationland
for 2 and3 are provided in the Supporting Information as Figures-S1
3, respectively.

Results and Discussion

The isolation of compound4&—4 relies on hydrothermal
techniques of synthes?$:27 By the employment of tempera-
tures in the 126270 °C range under autogenous pressures,
rather than the high-temperature methods now routinely used
in solid-state chemistry, “self-assembly” of metastable phases
which retain the bond relationships between most of the
constituent atoms may be accomplished from simple molecular
precursors. A variety of starting materials may be introduced
since most species are soluble under these conditions of
synthesis. However, since the method of synthesis depends on
“self-assembly” of the products from the molecular precursors,
the elements of mechanistic control are generally absent and
the identity of the products under a given set of conditions is
often unpredictable. On the other hand, the very vastness of
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Table 2. Atomic Positional Parameters and Isotropic Temperature
Factors (&) or [Zn(bipy)s} o[V 4012]-11H:0 (1:11H,0)
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Table 3. Atomic Positional Parameters and Isotropic Temperature
Factors (&)for [{Zn(bipy)}2V4014] (2)

atom X y z B atom X y z Bq
Zn(l)  0.83221(5) 0.46457(8)  0.73328(5)  2.56(3) Zn(l)  0.2500 0.2500 0.50295(4)  2.92(1)
V(1) 0.57672(8)  0.3716(1) 0.50454(7)  2.67(4) V(1) 0.22381(5)  0.41919(5) 0.69607(4)  2.62(1)
V(2) 0.53736(8)  0.5673(1) 0.42437(7)  2.66(4) 0o(1) 0.2149(2) 0.3743(3) 0.5940(2) 4.48(8)
0(1) 0.5613(4) 0.2609(5) 0.4849(3) 4.4(2) 0(2) 0.2107(2) 0.5523(2) 0.6975(2) 4.73(8)
0(2) 0.6526(3) 0.3803(5) 0.5366(3) 4.4(2) 0o(3) 0.3594(2) 0.3846(3) 0.7385(2) 4.75(8)
0(3) 0.5333(3) 0.4054(5) 0.5548(3) 3.7(2) N(1) 0.2418(3) 0.3845(3) 0.4020(2) 3.22(8)
0o(4) 0.5547(3) 0.4448(4) 0.4398(3) 3.3(2) N(2) 0.4150(2) 0.2968(3) 0.4855(2) 2.99(7)
0o(5) 0.5239(3) 0.5864(5) 0.3544(3) 3.9(2) c() 0.4967(3) 0.2479(4) 0.5310(3) 3.79(10)
0(6) 0.5961(3) 0.6362(5) 0.4606(3) 4.1(2) c(2) 0.6064(4) 0.2769(4) 0.5178(3) 5.0(1)
o(7) 0.6391(4) 0.1049(6) 0.5028(4) 6.8(2) C(d) 0.6318(4) 0.3582(4) 0.4571(3) 5.0(1)
0o(8) 0.5000 0.4893(7) 0.2500 4.3(2) C(4) 0.5480(4) 0.4095(4) 0.4126(3) 4.1(2)
0(9) 0.7509(5) 0.4718(7) 0.5064(4) 7.7(2) c(5) 0.4383(3) 0.3766(3) 0.4270(3) 3.09(9)
0(10)  0.7247(4) 0.6640(6) 0.5096(4) 5.9(2) C(6) 0.3413(3) 0.4284(3) 0.3820(3) 3.10(8)
0(11)  0.5695(4) 0.7835(6) 0.5324(3) 5.5(2) c(7) 0.3511(4) 0.5190(4) 0.3249(3) 4.2(1)
0(12)  0.9400(4) 0.4827(6) 0.9591(4) 6.4(2) c(8) 0.2555(4) 0.5671(4) 0.2912(3) 4.7(2)
N(1) 0.7388(4) 0.5155(5) 0.6915(3) 2.5(2) C(9) 0.1531(4) 0.5245(4) 0.3141(3) 4.5(1)
H% 8.;2;% 8"3%42128 g.gggggg ggg; C(10)  0.1506(4) 0.4327(4) 0.3690(3) 4.1(1)
N(4)  09131(3)  0.3834(5)  07790(3)  2.5(2) , , ,
N(5) 0.8780(4) 0.5474(5) 0.6809(3) 2,6(2) 120 h), a mlxtl_Jre of NIQJ'GHZO, QSVQ;, vanadium metal, and
C(1)  07234(5)  05637(7)  0.6404(4)  3.2(2) dimelf‘SiC:nag 30"% %Onstrl%cte(d ;‘Zr}ozrﬁ\]{mOQCl}";s Clustﬁrs
C(2 0.6605(5) 0.5901(7) 0.6132(4) 3.6(2) covalently bridged througKiNi(en ragments® By the
ggg 8-2%888 8-261333% 8-233%&3 ggg; adoption conditions similar to those employed for the synthesis
o) 0:6930(5) 0:4944(6) 0:7175(4) 2:6(2) of [{ Zn(p|p_y)2} 2V§017], with minor variations in reaction times
c(6) 0.7151(5) 0.4422(7) 0.7741(4) 27(2) and stoichiometries, the molecular clusters of the stirey
c() 0.6735(5) 0.4250(7) 0.8084(5) 3.7(2) were isolated.
C(8) 0.6976(6) 0.3743(8) 0.8610(5) 4.7(3) Within the group of vanadium oxide based clustkrs3, the
EE%) 8-;332((?) g-g‘éig(g)) 8-2;3%((2)) gg((?é)) influence of synthetic conditions is noteworthy. Thus, increas-
: : : : ing the ratio of 2,2bipyridine to \,Os results in the formation
883 ggg%g 8'%2%8 g'gggggg i'g% of the tris-chelate catiofizn(bipy)} 2", which acts as a space-
C(13)  0.8246(5) 0.1637(8) 0.6235(5) 4.2(2) filing and charge-compensating cation for the “naked” vana-
C(14) 0.8697(5) 0.1804(7) 0.6786(4) 3.5(2) dium oxide cluster, [WO12]*~, found in compound.-11H,0.
C(15) 0.8672(4) 0.2679(6) 0.7054(4) 2.4(2) In contrast, reducing the relative concentration of the-2,2
g&% 8-3%2*3%2; 8-%322%‘7"; g-ggig&‘g %gg; bipyridine prevents the formation of the tris-chelate, allowing
) : : ) the isolation of the heterometallic, hexanuclear anion cluster
c(18 0.9982(5 0.2541(7 0.8480(4 3.3(2 . L . .\
Cglgg 0-9980E5; 0-34808 0.8648% 3.38 [{Zn(bipy)}2V4012] (2). Under similar reaction conditions, but
C(20) 0.9546(5) 0.4116(7) 0.8298(4) 3.2(2) introducing phenanthroline rather than '2p®yridine, the
C(21) 0.8852(5) 0.5177(7) 0.6291(4) 3.3(2) compositionally similar cluster {Zn(phen)},V4017] (3) is
C(22) 0.9159(5) 0.5748(8) 0.5970(5) 4.3(3) formed. However, as noted below, the structure dé quite
ggig 8'82838 8'2822% 8'2%22% 4514118; distinct from that of2, suggesting that the steric constraints
C(25) 018986(5) 0:6334(7) 0:7013(4) 2:9(2) imposed by the phenanthroline ligand are quite distinct from
C(26)  0.8885(5) 0.6612(7) 0.7587(4) 2.9(2) those of the 2,2bipyridine.
C(27) 0.9061(5) 0.7504(7) 0.7843(5) 3.7(2) Under reaction conditions similar to those employedifeB,
g(gg) 8-2925(5) 8-3886(2) 8-22%(5) Z‘-i(g) the Mo/Ni/O system also yields a heterometallic, hexanuclear
Cgaog 0:8?1938 0:613?1%7; 0:83608 3:78 species{Ni(bipy)2} 2M04014] (4). Since molybdenum does not

3 Beq = 8/3m?(U11(aa®) 2 + Uxo(bb*) 2 + Usg(ccr)? + 2U;.aa* bb* cos
y + 2Uizaa*ccr cos f + 2Uysbb*cc* cos o

the hydrothermal parameter spacoichiometries, temperature,
pressure, pH, fill volume, starting materials, templates,
mineralizers-allows variations in conditions, permitting the
isolation of both molecular species and solid-phase materials
for similar compositional systems, as previously noted for the
oxovanadium-organophosphonate class of compouhd¥hile,

faux de mieuxthe parameter space must be explored without a
background of well-developed reaction pathways, a judicious
manipulation of reaction conditions can provide a reliable
domain for the isolation of classes of materials.

Such general principles may be discerned in the preparation
of 1-4. For example, the hydrothermal reaction of ZnO, 2,2
bipyridine, and ¥Os at 170°C for 44 h yields the layered
vanadium oxide with an interlayer Zn coordination complex,
[{Zn(bipy)}2Ve017.17 In contrast, under reducing conditions,
elevated temperatures, and prolonged reaction times 1200

form the analogougM 40,2} core associated with the vanadium
oxide system, it was not unexpected tHashould possess a
unigue composition and structure.

As shown in Figure 1a, the structure of the aniod cbnsists
of an isolated molecular cluster, J@,5]4~, with a cyclic eight-
membered{V404} core. The structure of this cluster is
essentially identical to that observed in @B)sHV 401228 The
vanadium sites exhibit distorted tetrahedral geometry defined
by two terminal oxo groups with an average-@; bond distance
of 1.635(7) A and two bridging oxo groups with~\Oy, of
1.791(7) A. Asiillustrated in Figure 1b, the J@,]4" clusters
and{Zn(bipy)}?* cations form virtual layers separated by water
molecules. The anion clusters are strongly hydrogen-bonded
to the water molecules, as suggested by the short nonbonded
O(cluster)--O(water) contacts listed in Table 6.

It is noteworthy that previously structurally characterized
examples of the [¥O12]*~ core were isolated from nonaqueous

(28) Fuchs, J.; Mahjour, S.; PickardtAhgew. Chem., Int. Ed. Endl976
15, 374.
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Table 4. Atomic Positional Parameters and Isotropic Temperature  Table 5. Atomic Positional Parameters (0% and Isotropic

Factors (&) or [{Zn(o-pheny} 2V 4015]+H20 (3-H,0) Temperature Factors @& 10%) for [{Ni(bipy)2} 2M04014] (4)
atom X y z Bq X y z Ueqy
Zn(l)  0.69092(3) —0.22298(5)  0.15063(2) 2.22(1) Mo(1) 5462(2) 2887(2) 777(2) 22(1)
Zn(2)  0.80057(3) —0.76114(5)  0.37006(2) 2.53(1) Ni(2) 5000 5000 2365(2) 20(1)
V(1) 0.65539(4) —0.32323(8)  0.28339(3) 2.45(2) 0(1) 4570(13) 2106(13) 185(9) 41(6)
V(2) 0.66567(4) —0.51295(7)  0.18536(3) 2.10(2) 0(2) 6188(14) 2102(14) 1553(11) 41(6)
V(3) 0.83918(4) —0.59562(7)  0.25638(3) 2.33(2) 0o(3) 1468(12) 1468(12) 5000 33(6)
V(4) 0.80186(4) —0.45333(7)  0.36521(3) 2.46(2) 0o(4) 4711(12) 3861(13) 1352(10) 40(6)
0o(1) 0.5840(2)  —0.2636(3) 0.3058(1) 3.91(9) N(1) 3388(12) 5382(13) 2458(11) 19(4)
0(2) 0.6904(2)  —0.2324(3) 0.2385(1) 2.97(8) N(2) 5062(15) 6241(14) 3304(10) 20(4)
0(3) 0.6240(2)  —0.4541(3) 0.2440(1) 3.10(8) c(7) 3988(17) 7516(17) 4121(16) 29(5)
0(4) 0.6772(2)  —0.4044(3) 0.1405(1) 2.77(8) Cc(1) 2596(16) 4911(18) 1965(12) 21(5)
O(5) 0.6120(2)  —0.6125(3) 0.1521(1) 3.14(8) C(4) 2037(24) 6460(24) 3176(18) 56(9)
0(6) 0.7530(2)  —0.5779(3) 0.2111(1) 3.60(9) C(2) 1541(19) 5172(19) 2075(14) 30(6)
o(7) 0.9058(2)  —0.6018(3) 0.2174(1) 3.18(8) c(6) 4063(16) 6675(16) 3537(14) 14(5)
0(8) 0.8390(2)  —0.7194(3) 0.2937(1) 2.92(8) C(9) 5924(18) 7516(19) 4302(17) 36(6)
0(9) 0.8546(2)  —0.4747(3) 0.3065(1) 3.07(8) C(5) 3144(18) 6139(18) 3062(15) 29(6)
O(10)  0.7764(2)  —0.5861(3) 0.3862(1) 3.23(8) C(10) 5908(19) 6690(20) 3685(16) 34(6)
O(11)  0.8539(2)  —0.3910(3) 0.4182(1) 4.23(9) Cc(3) 1272(18) 5955(18) 2702(14) 29(6)
O(12)  0.7233(2)  —0.3627(3) 0.3428(1) 3.34(8) c(8) 4909(21) 7973(22) 4534(14) 42(7)
0(13)  0.7615(5) 0.0531(9) 1.0062(4) 14.5(4) _ _ _ _ i
N(1) 0.6653(2) —0.2198(3) 0.0577(2) 2.77(9) aEquivalent isotropicU defined as one-third of the trace of the
N(2) 0.5744(2)  —0.1711(3) 0.1364(2) 2.40(9) orthogonalizedJ; tensor.

N(3)  0.7273(2) —0.0408(3)  0.1479(2) 2.50(9)
N(4)  0.8108(2) —0.2362(3)  0.1613(2) 2.31(9)
N(5)  0.8463(2) —0.9401(4)  0.3583(2) 2.75(9)
N(6)  0.9088(2) —0.7576(4)  0.4211(2) 2.80(9)
N(7)  0.6931(2) —0.8117(3)  0.3316(2) 2.49(9)
N(8)  0.7493(2) —0.8313(3)  0.4436(2) 2.59(9)
C(1)  0.5934(3) —0.1993(4)  0.0385(2) 2.9(1)

C(2)  05451(3) —0.1713(4)  0.0798(2) 2.7(1)
C(3)  0.5317(3) —0.1385(4)  0.1748(2) 3.1(1)
C(4)  0.4578(3) —0.1043(5)  0.1597(3) 3.9(1)
C(5)  0.4267(3) —0.1081(5)  0.1036(3) 4.4(1)
C(6)  0.4703(3) —0.1427(5)  0.0616(2) 3.8(1)
C(7)  0.4425(4) —0.1508(6)  0.0010(3) 5.6(2)

C(8)  0.4875(4) -0.1791(7)  0.0369(3) 6.0(2)
C(9)  0.5653(4) —0.2023(5)  0.0208(2) 4.4(2)
C(10) 0.6161(4) —0.2264(6)  0.0586(2) 5.6(2)
C(11) 0.6882(4) —0.2475(6)  0.0389(2) 5.1(2)
C(12) 0.7117(3) —0.2431(5)  0.0200(2) 3.9(1)
C(13) 0.8459(3) —0.1306(4)  0.1661(2) 2.4(1)
C(14) 0.8019(3) —0.0268(4)  0.1576(2) 2.5(1)

C(15)  0.6854(3) 0.0539(4)  0.1371(2) 3.2(1)

C(16)  0.7153(3) 0.1669(4)  0.1355(2) 3.4(1)

C(17)  0.7901(3) 0.1819(4)  0.1475(2) 3.4(1)

C(18)  0.8349(3) 0.0844(4)  0.1593(2) 3.2(1) o 4

C(19)  0.9144(3) 0.0911(5)  0.1729(3) 4.5(2) S0 o .

C(20) 0.9568(3) —0.0059(5)  0.1827(3) 4.5(2)

C(21)  0.9236(3) —0.1202(4)  0.1792(2) 3.2(1) o o ° °

C(22) 0.9645(3) —0.2253(5)  0.1901(2) 3.2(1) ° . o o °

C(23) 0.9279(3) —0.3306(4)  0.1865(2) 3.1(1)

C(24) 0.8508(3) —0.330(4) 0.1706(2) 2.8(1) o 0 . °
C(25) 0.9162(3) —0.9541(4)  0.3855(2) 2.7(1) o o . o
C(26) 0.9488(3) —0.8577(4)  0.4190(2) 2.7(1)

C(27) 0.9374(3) —0.6676(5)  0.4522(2) 4.0(1) . ° o 0
C(28) 1.0086(3) —0.6731(5)  0.4844(3) 4.8(2) o o °o o °
C(29) 1.0498(3) —0.7729(6)  0.4822(2) 4.3(1)

C(30) 1.0215(3) —0.8684(5)  0.4493(2) 3.4(1) ° o ° °

C(31) 1.0606(3) —0.9761(6)  0.4445(3) 4.4(2) ° o °

C(32) 1.0313(3) -1.0650(5)  0.4115(3) 4.4(2)
C(33) 0.9569(3) —1.0577(5)  0.3815(2) 3.3(1)
C(34) 0.9232(3) —1.1493(5)  0.3481(3) 4.3(1)
C(35) 0.8528(3) —1.1351(5)  0.3205(2) 4.0(1)
C(36) 0.8157(3) —1.0293(5)  0.3261(2
C(37) 0.6520(2) —0.8689(4)  0.3667
C(38) 0.6820(2) —0.8801(4)  0.4262

E Figure 1. (a) Top: View of the structure of the anionic clusterlpf
(
C(39) 0.7777(3)  —0.8421(5) 0.4988(
(
(

) )

g g [V4012]*". (b) Bottom: Virtual layer structure adopted in the structure
) 3.3(1) of 1:11H,0.
) )

) )

2
2
2

C(40) 0.7414(3) —0.9018(5)  0.5385(2

2

C(41) 0.6727(3) —0.9514(5) 0.5214 3.7(1 ) ) )
C(42) 0.6418(3) —0.9396(4) 0.4638(2) 3.0(1) solvents. Attempts to isolate the species from agueous media
C(43) 0.5710(3) —0.9884(5) 0.4421(3) 4.2(1) under conventional conditions have proved fruitless. Similarly,
C(44)  0.5426(3) —0.9772(5)  0.3865(3) 4.3(2) attempts to isolatel under conventional conditions were
C(45)  0.5823(3) :0'9164(5) 0.3469(2) 3.1(1) unsuccessful. These observations reinforce the conclusion that
C(46)  0.5534(3) 0.8993(5) 0.2884(2) 3.6(1) X . .

C(47) 0.5946(3) —0.8381(5) 0.2542(2) 3.8(1) the enhanced properties of solvent extraction of solids and

C(48) 0.6652(3) —0.7952(5) 0.2771(2) 3.1(1) crystal growth associated with the hydrothermal domain provide
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Table 6. Selected Bond Distances (A) and Angles (deg) for
[Zn(bipy)s]o[V 4017 *11H,0 (1-11H,0)
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Table 8. Selected Bond Lengths (A) and Angles (deg) for
[{Zn(o-phen)} 2V4012] *H,0 (3-H20)

Distances
Zn(1)—N(8) 2.195(8) Zn(1)3N(9) 2.135(7)
Zn(1)—N(10) 2.147(8) Zn(1yN(11) 2.166(8)
Zn(1)-N(12) 2.134(7) Zn(1)}N(13) 2.165(7)
V(1)—0(1) 1.804(6) V(1)>0(4) 1.789(6)
V(1)—0O(5) 1.631(7) V(1)}0(11) 1.629(7)
V(2)—0(1) 1.777(6) V(2y-0(3) 1.631(6)
V(2)—0(4) 1.793(7) V(2)-0(6) 1.649(7)
0(1)-0(12) 2.74(1) 0O(1y0(10) 2.84(1)
0(2)-0(8) 2.77(1) O(5)-0(7) 2.76(1)
0(6)-0(9) 2.75(1) 0O(6)-0(10) 2.85(1)
Angles
N(8)—Zn(1)—N(9) 76.4(3) N(8)Zn(1)-N(10) 166.6(3)
N(8)—Zn(1)—N(11) 94.0(3) N(8)-Zn(1)-N(12) 92.3(3)
N(8)—Zn(1)—N(13) 94.6(3) N(9)»-Zn(1)-N(10) 95.2(3)
N(9)—Zn(1)—N(11) 93.5(3) N(9r-Zn(1)-N(12) 165.8(3)
N(9)—Zn(1)—N(13) 95.8(3) N(10y3Zn(1)-N(11) 75.9(3)
N(10)-Zn(1)-N(12) 97.5(3) N(10}Zn(1)-N(13) 96.7(3)
N(11)-Zn(1)-N(12) 95.8(3) N(11}Zn(1)-N(13) 168.6(3)
N(12)-zZn(1)-N(13) 76.3(3) O(1)V(1)—0O(4) 110.9(3)
0O(1)-V(1)—0(5) 108.2(3) O(1yV(1)—0(11) 110.7(3)
0O(4)-V(1)—0(5) 109.8(4) O(4)yV(1)—0(11) 109.2(3)
0O(5)-V(1)—-0(11) 108.0(4) O(1yV(2)—0O(3) 109.8(3)
O(1)-V(2)—0(4) 107.6(3) O(1}rV(2)—0(6) 111.6(3)
0O(3)-V(2)—0(4) 108.8(3) O(3)V(2)—0O(6) 109.3(4)
0O(4)-V(2)—0(6) 109.7(3) V(1)30O(1)-V(2) 136.0(4)
V(1)—0(4)-V(2) 154.5(4)

Table 7. Selected Bond Distances (A) and Angles (deg) for
[{Zn(bipy)}2Vi0i7] (2)

Distances

Zn(1)-0(1) 2.075(3) Zn(1y0(1) 2.075(3)

Zn(1)—-N(1) 2.226(3) Zn(1XN(1) 2.226(3)

Zn(1)-N(2) 2.078(3) Zn(1yN(2) 2.078(3)

V(1)—0(1) 1.639(3) V(1)>0(2) 1.608(3)

V(1)—0(3) 1.800(3) V(1)}0(@3) 1.787(3)

Angles

0O(1)-Zn(1)-0(1) 96.9(2) O(1)rzZn(1)-N(1) 85.6(1)
O(1)-Zn(1)—N(1) 170.8(1) O(1yZn(1)-N(2) 94.8(1)
0O(1)-Zn(1)—N(2) 94.9(1) O(1>XZn(1)-N(1) 170.8(1)
O(1)-Zn(1)—N(1) 85.6(1) O(1y}Zn(1)—-N(2) 94.9(1)
0O(1)-Zn(1)—N(2) 94.8(1) N(1)}-Zn(1)—-N(1) 93.4(2)
N(1)—Zn(1)—N(2) 76.0(1) N(1)}-Zn(1)—-N(2) 93.9(1)
N(1)—Zn(1)—N(2) 93.9(1) N(1)-Zn(1)—-N(2) 76.0(1)
N(2)—Zn(1)—N(2) 165.4(2) O(1)}V(1)—0(2) 109.5(2)
O(1)-V(1)—0(3) 108.6(1) O(1yV(1)—0(3) 110.0(1)
0(2)-V(1)—0(3) 108.3(1) O(2rV(1)—0(3) 108.7(2)
O(3)-V(1)—0(3) 111.7(1)  Zn(1yO(1)-V(1) 148.0(2)
V(1)—0O(3)-V(1) 136.9(2)

Distances
Zn(1)-0(6) 2.065(3) Zn(1y0O(18) 2.086(3)
Zn(1)—N(2) 2.165(4) Zn(1XN(3) 2.178(4)
Zn(1)-N(4) 2.166(4) Zn(1)N(5) 2.180(4)
Zn(2)-0(2) 2.064(3) Zn(2y0(13) 2.083(3)
Zn(2)—N(6) 2.161(4) Zn(2yN(7) 2.229(4)
Zn(2)—N(8) 2.218(4) Zn(2y-N(9) 2.117(4)
V(1)—0(1) 1.623(3) V(1 0(11) 1.788(3)
V(1)—0(16) 1.781(3) V(1)>-0O(18) 1.654(3)
V(2)—0(3) 1.799(3) V(2-0(7) 1.620(3)
V(2)—0(8) 1.781(3) V(2-0(13) 1.672(3)
V(3)—0(5) 1.614(3) V(3)-0(6) 1.662(3)
V(3)—0(8) 1.789(3) V(3>0(11) 1.802(3)
V(4)—0(2) 1.658(3) V(4>0(3) 1.805(3)
V(4)—0(14) 1.615(3) V(4)»-0(16) 1.780(3)
Angles
0O(6)-2Zn(1)—0(18) 92.6(1) O(6)Zn(1)—-N(2) 91.3(1)
0O(6)—2Zn(1)—N(3) 97.0(1) O(6)-Zn(1)—N(4) 167.2(1)
O(6)—Zn(1)—N(5) 91.7(1) O(18)yZn(1)—N(2) 92.7(1)
0(18)-Zn(1)—-N(3) 165.6(1) O(18)Zn(1)—N(4) 84.0(1)
0(18)-Zn(1)—N(5) 98.7(1) N(25-Zn(1)—N(3) 76.4(1)
N(2)—2Zn(1)—N(4) 101.1(1) N(2>Zn(1)—N(5) 168.0(1)
N(3)—Zn(1)—N(4) 88.8(1) N(3)-Zn(1)—-N(5) 91.8(1)
N(4)—Zn(1)—N(5) 76.7(1) O(2)-Zn(2)—-0(13) 92.4(1)
0O(2)-2Zn(2)—N(6) 94.9(1) O(2Y>Zn(2)—N(7) 85.8(1)
0O(2)-Zn(2)—N(8) 170.2(1) O(2)yZn(2)—N(9) 95.5(1)
0O(13)-Zn(2)—N(6) 94.6(1) O(13yZn(2)-N(7) 170.3(1)
0O(13)-Zn(2)—N(8) 94.6(1) O(13)Zn(2)—N(9) 97.6(1)
N(6)—Zn(2)—N(7) 76.1(1) N(6)%Zn(2)—N(8) 91.3(1)
N(6)—Zn(2)-N(9)  163.6(1) N(7>-Zn(2)—N(8) 88.4(1)
N(7)—Zn(2)—N(9) 92.1(1) N(8)-Zn(2)—-N(9) 76.8(1)
O(1)-Vv(1)—0(11) 110.0(2) O(LyV(1)—0O(16) 108.9(2)
0O(1)-V(1)—0(18) 109.5(2) O(1HV(1)—0O(16) 110.2(2)
O(11)-Vv(1)—0(18) 108.3(2) O(16)V(1)—0(18) 109.9(2)
O(3)-V(2)—0(7) 109.3(2) O(3)rV(2)—0(8) 110.0(2)
0O(3)-V(2)—0(13) 107.5(2) O(HV(2)—0O(8) 109.5(2)
O(7)-V(2)—0(13) 109.0(2) O(8yV(2)—0O(13) 111.5(2)
0O(5)—V(3)—0(6) 109.8(2) O(5rV(3)—0(8) 110.6(2)
0O(5)-V(3)—-0(11) 107.5(2) O(6YV(3)—0O(8) 111.5(2)
0O(6)-V(3)—0(11) 108.0(1) O(8yV(3)—0O(11) 109.2(3)
0(2)-V(4)—0(3) 108.2(2) O(2rV(4)—0(14) 108.5(2)
0(2)-V(4)—0(16) 110.3(2) O(33V(4)—0(14) 109.8(2)
0O(3)-V(4)—0(16) 110.4(2) O(14yV(4)—0O(16) 109.5(2)
Zn(2)-0(2)-V(4) 132.8(2) V(2)-O(3)-V(4) 123.3(2)
Zn(1)—-0(6)-V(3) 136.0(2) V(2)-O(8)-V(3) 144.6(2)
V(1)—0(11)-V(3) 124.5(2) Zn(2y0O(13)-V(2) 137.3(2)
V(1)—0O(16)-V(4) 157.1(2) Zn(1)-O(18)-V(1) 133.5(2)

groups of adjacent vanadium sites is reminiscent of the structure
of {[(17-CgH1)Ir 2(V 4012} 2~,8 which also possesses thesMJ]*~

unique conditions for the preparation of materials, inaccessible core but is covalently linked to fCgH12)Ir] * fragments.

by conventional synthetic methods.

The structure o, shown in Figure 2, consists of isolated
neutral hexanuclear cluste{gZn(bipy)} 2V4012]. In a fashion
similar to the structure of the “naked” core J¥;,]* associated
with 1, the core oR is the [V4012]* ring, which acts, however,
as a bidentate "ligand" to each of tfi@n(bipy)} 2" units. Each
{Zn(bipy)} 2+ moiety bonds to two terminal oxo-groups, one
from each of two alternate or cross-ring vanadium sites.
Consequently, thEV 404} ring of 2 possesses distinct curvature
and boatlike configuration.

As shown in Figure 3, the structure of 4n(phen)},-

V 4012]-H20 (3) contrasts dramatically with that @ While 3
shares the central [DiJ* structural motif with 2, the
covalently attachedZn(phen)}2" moieties each bond to the
terminal oxo groups of adjacent vanadium sites on the ring.
This endows the cluster with a distinctly chairlike configuration.
While the cluster oR possesses approximaie, symmetry,3
exhibits approximat€,, symmetry, as shown in Figure 4. The
linking of the periphera{Zn(phen)}2* fragments of2 to oxo

The structural parameters associated with the clustets 8f
are compared in Table 10. The metrical parameters for the
structures are generally quite similar. The most notable
exceptions are the parameters associated with bridging oxo
groups. For botl and3, the V—0O—V angles alternate within
the ring, 136.0(4) and 154.5¢4fpr 1 and 123.9(2) and 150.9(2)
for 3. In contrast, the ¥VO—V angles for2 are identical at
136.9(2}, as a consequence of the crystallographically imposed
symmetry. Likewise, the ¥O—Zn angle of2 is considerably
more open than that associated wih148.0(2) vs 134.9(2)
most likely as a consequence of the spanning of alternate
vanadium sites ir2 rather than adjacent vanadium sites as
observed for3.

That the chemistry of mixed metal oxide coordination clusters
may be extended to the Mo/Ni/O system was demonstrated by
the isolation of {Ni(bipy)z2}2M04014] (4), whose structure is
shown in Figure 5. The structure dfmay be described as
two {Mo,0O7}2~ units linked through twg Ni(bipy),} 2" moieties
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Table 9. Selected Bond Lengths (A) and Angles (deg) for
[{Ni(bipy)2}2M04O14] (4)

Mo(1)—O(1) 1.705(15)  Mo(1y0(2) 1.753(17)
Mo(l)—O(4) 1.741(15)  Mo(1}yO(3A)  1.874(4)
Ni(2)—O0(4) 2.091(15)  Ni(2¥N(1) 2.047(15)
Ni(2)—N(2) 2.074(16)  Ni(2}-O(4A) 2.091(15)
Ni(2)—N(1A) 2.047(15)  Ni(2}-N(2A) 2.074(16)
O(3)-Mo(1A)  1.874(4) O(3yMo(1B)  1.874(4)
N(1)—C(1) 1.353(25)  N(L¥C(5) 1.330(27)
N(2)—C(6) 1.387(27)  N(2}C(10) 1.310(29)
C(7)-C(6) 1.356(30)  C(BC(8) 1.408(34)
C(1)-C(2) 1.349(31)  C(4)C(5) 1.430(37)
C(4)-C(3) 1.331(36)  C(2}C(3) 1.384(31)
C(6)-C(5) 1.489(30)  C(9)YC(10) 1.372(34)
C(9)-C(8) 1.415(35)

O(1)-Mo(1)-0(2)  111.1(8) O(1}Mo(1)—O(4) 107.5(7)
0(2)-Mo(1)-0(4)  109.1(7) O(1}Mo(1)-O(3A)  110.3(5)
0(2)-Mo(1)-O(3A) 107.7(8) O(4¥Mo(1)—O(3A)  111.3(8)
O(4)-Ni(2-N(1)  92.2(6) O(4)Ni(2)—N(2) 171.0(7)
N(1)-Ni(2-N(2)  79.6(7) O(4)¥-Ni(2)—O(4A) 87.7(8)
N(1)-Ni(2)—O(4A)  93.4(6) N(2)-Ni(2)—O(4A) 89.2(6)
O(4)-Ni(2)-N(1A)  93.4(8) N(LFNi(2)-N(1A)  172.2(9)
N(2)-Ni(2)-N(1A)  95.1(7) O(4AF-Ni(2)—N(1A)  92.2(6)
O(4)-Ni(2)-N(2A)  89.2(6) N(L)-Ni(2)—N(2A) 95.1(7)

N(Z)—Ni(z)—N(ZA) 95.2(9) O(4A)X-Ni(2)—N(2A) 171.0(7) Figure 4. Comparison of the cluster cores ®fand 3.
,\N/I(Olég:g'(%)__,\ll\:((zz)A) 1;2673((?) Mo(1A)-O(3)~Mo(1B) 160.7(13) Table 10. A Comparison of the Metrical Parameters (A, deg) of
' the Structures ol—42
1-11H,0 2 3H,0 4
Zn—N 2.157(9) 2.078(3) 2.156(4) 2.05(2) NN
2.226(3) 2.198(5) 2.08(2)
Zn—-0 2.075(3) 2.075(3) 2.08(2) NiO
V-0 1.635(9) 1.608(3) 1.618(4) 1.74(2) M®
V=0u(V)  1.791(9) 1.794(4) 1.791(4) 1.876(4) M®y(Mo)
V—0y(Zn) 1.639(3) 1.662(4) 1.74(2) MeOy(Ni)

O-V—0 109.5(4) 109.5(2) 109.5(3) 109.5(9) -®o—O
V-0-V 136.0(4) 136.9(2) 123.9(2) 160.2(12) M®—-Mo

154.5(4) 150.9(2)
V—0-2Zn 148.0(2) 134.9(2) 137.5(9) MeO—Ni
0-Zn-0 96.9(2) 92.5(1) 86.9(9) ©ONI—-O
a Entries under 4 refer to the interactions listed on the righthand side

column.

Figure 3. View of the structure of{{Zn(o-pheny}.V40:4] (3).

Figure 5. Structure of the heterometallic hexanuclear clusféNi{

) ) ) . (bipy)2} 2M04014] (4).
into a 12-membefMo4Ni»Og} ring structure. The dimolybdate

units of 4 are structurally related to the dimolybdate anion

[M0,05]2~ which has been isolated as the tetrabutylammonium ©Of two dichromate units linked by twpMn(bipy).}** groups

salt?® While [M0,07]2~ is stable in nonaqueous solvents in to give a{Mn2Cr,Os} ring analogous to théNi>Mo4Os} ring

the presence of large organic counterions with respect to of 4.

polycondensation, the an_ion cluster cannot_be isolate_q from The geometry about the molybdenum sitesta$ distorted

agueous molybdate solutions under conventllonal COZI;ldI.tIOHS. tetrahedral, defined by an oxo group bridging the two Mo
_On_ the other hand, the anz?llogous amozrl 59‘?‘) 1S centers, two terminal oxo groups, and an oxo group bridging

ubiquitous. The structure of Mn(bipy)z} 2Cr:014) consists the Mo and Ni sites. The Ni coordination geometry is distorted

(29) Day, V. W.; Fredrich, M. F.; Klemperer, W. G.; Shum, \3.. Am. oqtahed.ral{NlN402} \.Nlth the oxygen donors in tha:l.s .

Chem. Socl977 99, 6146. orientation. The metrical parameters for the Mo and Ni sites
(30) Dave, B. C.; Czernuszewicz, R. (horg. Chem.1994 33, 847. are unexceptional.
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Conclusions of classical complexes to the synthesis of complex clusters and
even solid phases appeatrs to provide a low-temperature approach
to the development of new materials whose properties may be
modified by judicious choices of components.

While it is now apparent that numerous metastable oxometa-
late solid phases may be prepared by hydrothermal mefiods,
the isolation ofl—4 demonstrates that there are domains in the
hydrothermal parameter space which favor the isolation of . )
molecular species of unusual structures and nuclearities. The Acknowledgment. The work at Syracuse University was
covalent attachment of coordination complex fragments to funded by NSF Grant No. CHE 9617232.
oxometalate cores iB—4 suggests that such structures may be ] ) ] ] )

a common feature of certain hydrothermal domains. Not only Su_pportmg_lnformatlon Available: Tables of expenmer_ltal details,
the molecular species of this StUdy but chain and Iayered atomic coordinates and temperature factors, anisotropic tempera.t.ure
structures based on metal oxide clusters with peripheral factors, bond lengths and angles, an_d calculated h_ydrogen atom_posmons
coordination complex moieties have now been described. Thefor compoundsl—4 and ORTEPS with atom labeling for the cation of

- L - L . 1 and for2 and 3 (64 pages). Ordering information is given on an
application of principles derived from the coordination chemistry . .ant masthead( page.g ) g g y

(31) Stein, A. J.; Keller, S. W.; Mallouk, T. ESciencel993 259 1558. 1C961045X



