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Syntheses, Crystal Structures, and Properties of Novel Heterooctametallic

M; = Moz, MoW,, W;)

Li Xu,* Zhaohui Li, Huang Liu, Jinshun Huang,* and Qianer Zhang

Abstract: A mixture of Na,MO,,
M(CO),, FeCl,-6H,0, and (EtCO),0
was heated at 120°C to produce the het-
erooctanuclear clusters Na,Fe,[M;0,-
(0,CEt)], M =Mo, 1; W, 2). The
bioxo-capped clusters Na[M;0,(0,CEt),]
(M, = MoW,, W,) were treated with Fe-
(CO)s, Cr(CO),, and Mo(CO), in
(EtC0O),0 at 120°C to afford Na,M’,-
[MoW,0,(0,CEt)], (M" = Fe, 3; Cr, 4,
Mo, 5) and Na,Mo,[W,0,(0,CEt)], (6),

10), consist of two incomplete cubane-
type [M;0,(0,E0),)* units centrosym-
metrically bridged by two M’'(11) metal
ions through p-oxo and propionate
groups; the resulting cluster dianions are
linked by Na* ions into infinite chains.
Clusters 1-10 do not dissolve in water
and common organic solvents at room
temperature. Unlike the chromium(ur)
clusters 7 and 8, the iron(1i1) and vanadiu-
m{u1) clusters 1 and 9 are soluble in

aqueous acid solution, as a result of their
decomposition into isolated {Mo,0,1**
cluster units. Temperature-dependent
magnetic susceptibilities of 1,2, and 7-10
were measured over the range 2-200 K
and modeled by means of the spin-Hamil-
tonian H = —2J§,S, to give spin ex-
change coupling constants J/k of
—0.60, —0.72, —1.76, — 1.31, —4.80, and
—1.46 K, respectively. These figures show
that antiferromagnetic spin exchange cou-

respectively. The isomorphous clusters 1,
2. 5, and 6 were characterized by X-ray
crystallography. The structures, similar to
those of the analogues Na,Cr,[M;0,-
(O,CEt)y] M =Mo, 7; W, 8) and
Na,V,[M;0,(0,CEt),], (M = Mo, 9; W,

num - tungsten

Introduction

Recently, we reported a novel class of the paramagnetic het-
erooctametallic chain clusters Na,M,[M,0,(0,CR),],,!"?
which consist of two incomplete cubane-type cluster units
IMYO,(O,CR) J*~ (M = Mo, W) bridged by two M'(11) metal
ions through u-oxo and carboxylate groups. These clusters are
of interest because they add to the extensive and developing
chemistry of [M,0,] (M = Mo, W) cluster units.* " **) How-
ever, because of the lack of general and efficient synthetic meth-
ods, the species of this type thus far reported are limited to
chromium(im)- and vanadium(in)-bridged clusters containing
homonuclear triangular units,'>? and little is known about
their magnetic properties and stability toward aqueous acid so-
lution. Herein we report on a new general route to such species
and crystal structures of four new members of this series—
Na, Fe,[M0,0,(0,CEt)], (1), Na,Fe,[W;0,(0,CEt)], (2),
Na,Mo,[MoW,0,(0,CEt)], (5), and Na,Mo,[W,0,(0,-
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pling interactions between the magnetic,
bridging M'(1m1) ions are very weak. These
species show characteristic bands in the
IR spectra at 740-820 cm ™!, which can
probably be assigned to ¥(M-u-0O).

CEt),], (6). The magnetic exchange interactions between the
bridging metal(i1t) ions in trinuclear units and solution stabilities
have also been investigated.

Results and Discussion

Synthesis: The syntheses of clusters 1-10 are summarized in
Scheme 1. All these preparative reactions involve the redox
reaction system Na,MO,/M'(CO),/(RCO),0, which was previ-
ously used in the effective synthesis of triangular bioxo-
capped carboxylate clusters of molybdenum(v) and tung-
sten(1v).[*? 711 One such reaction (M = Mo, M’ = W, R = Me)
was first reported by Cotton et al. to yield a mixture of the
triangular bioxo-capped acetates Na[Mo,W,_ 0,(0,CMe),]
(x =1-3).l'213) The reverse reactions (M =W, M’ = Mo,
R = Me, Et) were found to result in the exclusive formation
of the mixed-metal cluster species Na[MoW,0,(0O,CR),)
(R = Me, Et).[**7 161 This reaction system was recently success-
fully extended to the preparation of the Mo(W)-Cr(V) mixed-
metal clusters Na,M’{M;0,(0,CEt);], M’ = Cr, M = Mo, 7,
M=W8, M =V,M= Mo, 9, M =W, 10) by using Cr(CO),
or NaVO, in place of M(CO), or Na,MO, in heated (120 °C)
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NaoM, [MoW50,4 (05CEt) g1 5 NajFey [M30,4 (05CE) gl NazMo2[W304(02CEt)gl2 above-mentioned methods, be-

M=Fe, 3,Cr, 4, Mo, 5 M=Mo, 1, W, 2 8 cause a far wider variety of

metal(uir) complexes are avail-

Cwicolg ¢ v+ | srecis + Mo(CO) g able compared to metala.tes

1200C , 1200¢C or metal carbonyls. For in-

M-fe. Cr, Mo Mo, W | 1209C stance, one can prepare cluster

N WA -n 7 easily .and in similar yiellds

Na [Mot509 (09CE t) o] (———16—730————N32M04+ W (CO} g+ (EXCO) »0 ——;;)—C———-—)Na {W305 (05CE 1) g] by replacing FeCl, -6 H,0 with
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etlo W M=V (NaV03) The syntheses of clusters 3—

1209 /e, 120%C\ W' Mo, W 6 from the hetero- or homo-

NagCry [M304 (02CE t) 3] b]
M=Mo, 7, W, 8

Scheme 1. Syntheses of clusters 1-10

instead of refluxing (EtCO),0.1"" ) It is interesting to note that
both reduction of Na,MO, and oxidation of M(CO), produced
the incomplete cubane-type units [M,0,(0,CEt),]*~ rather
than the aforementioned bioxo-capped species, which were pre-
viously considered to predominate for Mo and W' in car-
boxylic anhydrides, since the former cuboidal units could be
trapped by Cr** (or V**)and Na* ions in the reaction mixtures
to give the insoluble heterooctanuclear infinite chain clusters.
However, these two methods are limited and cannot be em-
ployed to prepare, for example, the present Fe'-bridged deriva-
tives effectively. We thus considered designing an alternative
route based on the redox reaction of Na,MO, and M(CO), to
produce the incomplete cuboidal units [M,0,(0,CEt),]* " in
the presence of iron(ilf) complexes as a source of Fe’* ions.
As might be expected, reaction of Na,MO,, M(CO),, and
FeCl;-6 H,0 in heated (120 °C) propionic anhydride yielded the
desired iron(u)-bridged derivatives Na,Fe,[M;0,(0,CEt),],
M = Mo, 1; W, 2) in good yields. This reaction shouid provide
a more general route to such heterooctametallic series than the
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N32V2 [M304 (02CE t) 3] 2
M=Mo, 9, W, 10

nuclear bioxo-capped propi-
onates Na[M,0,(0,CEt),]
(M, = MoW, or W,) as start-
ing materials are of special in-
terest, because they confirm
that the cuboidal units [M,0,-
(O.CEQg*™ (M, = MoW,,
W,) in 3-6 result from the cluster conversion of the bioxo-
capped species with the metal triangle remaining intact.

It is noteworthy that, in addition to the above-mentioned
MoV clusters, this reaction system can also produce the interest-
ing dinuclear MoY and trinuclear Mo™":Hl carboxylates,
Na,Mo,0,(u-0,CCF;),,-4CF,CO,H and Na,[Mo,0(u.n*-
0,CMe);(u.n'-0,CMe)(0,CMe),(H,0)].117- 18]

Stability: Unlike the chromium-bridged species, which are
stable for at least six months (monitored by IR spectroscopy),
the iron(u)-, molybdenum(in)-, and vanadium(ui)-bridged clus-
ters are only stable in air for a few days. Like clusters 7-10, 1-6
are insoluble in water and common organic solvents at room
temperature. How-

ever, clusters 1 and 9 T
can be dissolved in
aqueous hydrochloric
acid to produce red
solutions. It is inter-
esting to note that the
UV/Vis spectrum of 9
(Figure 1) is similar
to that of red
[Mo,0,]** aqua ions
reported  previous-
ly:18 this indicates
that the V cations dis-
sociate from the trin-
uclear centers with
formation of isolated
[Mo,0,]*" units. The
peak at ca. 510 nm is
flatter for 1, pre-
sumably because of the presence of Fe** ions. These resuits
suggest that the solubility in aqueous acid solution is a conse-
quence of the decomposition of the octametallic clusters to give
[Mo,0,]** species. In contrast to the above-mentioned iron
and vanadium clusters, the chromium cluster 7 dissclves only
very slowly in hot HCI, and 8 is insoluble; these clusters thus
display considerably higher stability toward aqueous acid solu-
tion. A similar trend was observed for the stability in air.

\

1

1

)

'

\
\
\

\

Absorbance

Wavelength/ nm

Figure 1. UV/Visspectraof 1 (- - -, 0.001 M)
and 9 (—, 0.001M) in 2M HCI (optical
path =1cm); the latter is similar to that of
Mo,0.0*" aqua ions (- - -).
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Presumably, this can be explained in terms of the stronger Cr—-O
bonds, owing to the high crystal-field activation energy of Cr'™
0ns.

Crystal Structure: The isomorphous clusters 1, 2, 5, and 6 have
been characterized by X-ray crystallography. The [Mo,0,-
(O,CEt)g]* " unit, the [FeMo,0,]:** skeleton, the Fe,[Mo,-
0,(0,CEt)4]3 ™ dianion, and the infinite chain of cluster 1 are
shown in Figures 235, respectively. Table 1 lists the selected
bond lengths and angles. A comparison of important averaged
bond lengths in 1-10 and related clusters is given in Table 2. An

C?23

Figure 2. Structure of the triangular unit {Mo0,0,(0,CEt),]* " of 1.

Figure 3. Structure of the [FeMo,0,]4*" skelcton of 1.

unusual feature of the trinuclear unit shown in Figure 2 is
the single bridging propionate ligand, which has not been
found in isolated [M,0,]**-type clusters previously reported.
The average bond lengths in the [M,0,}** cores of 1, 2, 5,
and 6 are similar to the corresponding bond lengths in the
other compounds shown in Table 2. The M-Of (O2 or O3)
bonds are significantly lengthened compared to the M-O,
bonds. This implies that d—p n bonds in the Mo, O} arrays
are considerably weakened by the bonding of O atoms to
the bridging metal M’(1n) ions. Unlike the formal sulfur ana-
logues [M'M,S,], of double cubane-type structure,!*! the
[FeMo0,0,13*" skeleton shown in Figure 3 possesses a cen-
trosymmetric cyclic structure characteristic of Fe,Mo,0, eight-
membered rings (the average deviation of ring atoms from the
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least-squares plane is about 0.3 A). The four FeMo,O arrays
are nearly planar (the sum of the M'-O-M angles are 346 and
359° for Fet/Mo1/Mo3/03 and Fel/Mo1/Mo2/02, respec-
tively; Table 1), as is also observed for the CrW,0O units in
W, (CCH,rBu)O,Cr,(0,CtBu),,.''® This arrangement is be-
lieved to be a result of both the strong repulsion between the
Mo and Fe™ ions and the small radius of the oxygen atom. In
fact, no (M;M’O,] (M = Mo or W) cubane-type clusters with
three or more metal—metal bonds have been prepared by far. As
shown in Figure 4 and Table 1, the four EtCO, groups from
each trinuclear unit complete a rather regular O, octahedron for

Figure 4. ORTEP drawing of the octametallic dianion Fe,|Mo0,0,(0,CE0}: ™ of
1 (thermal ellipsoids at the S0 % probability level).

the M'(u1) ions with the O-M’-O angles within 5° of the expected
values for an octahedron and six similar M’ O bond lengths. It
is noteworthy that Fe—OfF and Mo-O{ bond lengths in 1, 2, §,
and 6 are much longer
than corresponding

Fe-0, and Mo-0O,
ones in [Fe,01’" and
[Mo,O,**  units, re-

spectively; this indi-
cates that the former
bonds lack significant
d—p n bonding.

The octanuclear di-
anions shown in Fig-
ure 4 are linked by Na™*
ions into infinite chains
characteristic of cen-
trosymmetric ~ Na,O,
four-membered  rings
(Figure 5). Each Na™
ions is coordinated to
four terminal propi-
onate oxygen atoms
and one capping oxygen
atom in a distorted trig-
onal bipyramidal ar-
rangement with rather
short Na—O bonds (ca.
2.31 1&), compared to

Figure 5. Perspective view of infinite chains of
cluster 1 with the Et groups omitted for clarity.
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Heterooctametallic Clusters 226-231
Table 1. Selected bond lengths (A) and angles (V) for clusters 1, 2, 5, and 6.
Cluster 1 Cluster 2 Cluster 8 Cluster 6

Mo1-Mo2 2.506(1) WI1-W2 2.5182(9) M1-M2 2.5045(9) W1-W2 2.517(2)
Mo1-Mo3 2.529(1) Wi-Ww3 2.5442(9) M1-M3 2.533(1) W1- W3 2.539(1)
Mo2-Mo3 2.517(1H) W2--W3 2.542(1) M2-M3 2.523(1) W2-W3 2.535(2)
Mol- 01 2.014(7) Wwi-0t 2.043(9) M1-01 2.022(8) Wi1-01 2.03(2)
Mol 02 1.957(7) wW1i-02 1.96(1) M1-02 1.959(6) w1 02 1.96(2)
Mo1-03 1.950(7) W1-03 1.98(1) M1-03 1.959(9) W1-03 1.96(2)
Mo1-011 1.991(8) wi1-01 2.01(2) M1-011 2.004 (6) Wi-011 1.99(2)
Mo1-012 2.405(7) Wi-012 2.09(2) M1-012 2.094(8) W1-012 2.09(2)
Mo1-013 2.136(7) Wi1-013 2.1102) M1-013 2.11(1) W1-013 2.12(2)
Mo2-01 2.013(7) W2-01 2.02(2) M2-01 2.021(6) wW2-01 2.04(2)
Mo2-02 1.952(7) W2-02 1.980(9) M2- O2 1.965(8) wW2-02 1.97(1)
Mo2-04 1911 (7 W2-04 1.923(9) M2-04 1.918(9) W2-04 1.91(2)
Mo2-021 2.018(7) W2-021 2.02(1) M2-021 2.019(R) W2 021 2.00(2)
Mo2 022 2.109(8) Ww2-022 2.102) M2-022 2.098(7) wW2-022 2.05¢2)
Mo2-023 2.145(7) W2-023 2.15(1) M2--023 2.12(2) wW2-023 2.13(2)
Mo3--0O1 2.055(7) W3--01 2.068(9) M3-01 2.059(9) W3-0Ot 2.10(2)
Mo3-03 1.975(7) W3-03 1.99(1) M3-03 1.952(8) W3--03 2.00(2)
Mo3-04 1.918(7) W3-04 1.92(2) M3 04 1.901 (7 Ww3--04 1.89(2)
Mo3--031 2.022(7) w3 031 2.04(2) M3-031 2.010(9) wW3i-0 1.98(2)
Mo3-032 2.116(8) W3-032 2.09(1) M3-032 2.102(7) W3 .032 2.11(3)
Mo3-033 2.116(7) W3-033 2.10(2) M3-033 2.10(2) W3-033 2.12(2)
Fel1-02 2011 (D) Fel-02 1.994(9) Mo1-02 2.044(6) Mo1-02 2.05(1)
Fel-03 1.973(8) Fel-03 1.96(2) Mo1-03 2.011(3) Mo1-03 2.00(2)
Fe1-041 1.975(8) Fel-041 1.99(2) Mo 1-041 2.083(9) Mo1-041 213(2)
Fe1-042 1.989(7) Fe1-042 2.02(1) Mo1-042 2.083(8) Mo1-042 2.09(2)
Fe1-043 2.010(7) Fc1-043 2.02(1) Mo1 -043 2.085(7) Mo1-043 2.08(2)
Fei-044 1.999(8) Fel 044 2.03(2) Mo1-044 2.064(8) Mo1-044 2.10(2)
O1-Nal 2.310(8) 01-Nat 2.30(1) O1-Nat 2.277(7) O1-Nai 2.28(2)
0O14-Nal 2.25(2) O14-Na1 2.30(2) 014-Nal 2.27(1) 0O14-Nat 2.34(2)
024-Nal 2.40(2) 024-Natl 2.41(2) 024-Nal 2.41(2) 024 Nal 2.39(3)
024-Nal 2.305(8) 024-Natl 2.32(1) 024-Nal 2.31(2) 0O24-Nal 2.31(2)
O34-Nai 2.23(1) 034- Nati 2.25(2) 0 34- Nat 2.24(2) 0O34-Natl 2.27(3)
02-Fe1-03 93.8(3) 02-Fe1-03 94.6(4) 02-Mo1-03 96.8(4) 02-Mo1-03 96.0(7)
02-Fe1-03 93.8(3) 02-Fc1-03 94.6(4) 02-Mo1-03 96.8 (4) 02-Mo1-03 96.0(7)
02-Fe1-041 88.3(3) 02-Fe1-041 88.8(4) 02-Mo01-041 87.5(3) 02-Mo1-041 86.9(6)
02-Fc1-042 89.0(4) 02-Fe1-042 89.6(5) 02-Mo1-042 89.6(2) 02-Mo1-042 90.5(6)
02-Fe1-043 89.3(3) 02-Fe1-043 91.4(4) 02-Mo1-043 89.6(2) 02-Mo1-043 88.9(7)
02-Fe1-044 176.4(3) 02-Fe1-044 175.6(4) 02-Mo1-044 175.9(2) 02-Mo1-044 176.8(7)
03-Fel-041 176.5(3) 0O3-Fel-O41 175.8¢5) 03-Mo1-041 175.0(2) 03-Mo 1-041 175.7(6)
03-Fe1-042 89.1(3) 03-Fe1-042 88.4(4) 03-Mo1-042 88.3(2) 0O3-Mo1-042 3017
03-Fe1-043 87.9(3) 03-Fe1-043 88.2(5) 03-Mo 1-043 89.6(2) 03-Mo1-043 88.8(7)
03-Fe1-044 89.7(3) 03-Fel1-044 89.7(4) 03-Mo1-044 87.3(3) 03-Mo1-044 87.1(7)
041-Fe1-042 93.7(3) 041-Fe1-042 94.1(4) 041-Mo1-042 94.3(3) 041-Mo1-042 93.0(7)
Q41-Fe1-043 89.4(4) 041-Fe1-043 89.2(4) 041-Mo01-043 87.9(2) 041-Mo01-043 88.2(7)
041-Fe1-044 88.2(3) O41-Fe1-044 87.1(5) 041-Mo 1-044 88.3(3) 041-Mo 1-044 90.0(N
042-Fe1-043 176.4(3) 042-Fe1-043 176.6(4) 042-Mo1-043 177.6(3) 042-Mo1-043 178.6(7)
042-Fe1-044 90.7(3) 042-Fel1-044 89.4(4) 042-Mo1-044 90.6(2) 042-Mo01-044 88.6(8)
043-Fei1-044 91.2(3) 043-Fe1-044 90.0(4) 043-Mo1-044 90.4(3) 043-Mo1-044 92.2(7)
Mo 1-02-Mo2 79.7(3) W1-02-W 2 79.4(3) M1-02-M2 79.3(2) W1-02-W2 79.6(6)
Mo 1-02-Fel 147.3(4) W1-02-Fel 148.0(6) M1-02-Mo1 147.1(4) W1-02-Mo1 147.1(8)
Mo2-0O2-Fel 132.1(4) W2-02-Fel 131.1(5) M2-02-Mo 1 132.3(3) W2-02-Mo 132.2(8)
Mo1-O3-Mo3 80.3(4) W1-03-W3 79.8(4) M1-03-M3 80.7(4) W1-03-W3 80.0(6)
Mo1-O3-Fet 134.3(2) W1-03-Fel 132.7(5) M1-03-Mo1 133.4(5) W1-03-Mol 135.2(8)
Mo 3-O3-Fel 131.94) W3-03-Fel 132.2(5) M3-03-Mo1 134.1(6) W3-03-Mo1 132.83(9)
Table 2. A comparison of mean bond lengths (A) in clusters 1, 2, 5-10, and related compounds.

M-M M- O, [a] M-0i [b] M-0, [c] M-0,, [d] M-0,, [¢] M'-0O3 M’ -0, Ref.
Na,Fe,[Mo,0,(0,CE,l, (1) 2.517(1) 1.915(7) 1.957(7) 2.010(8) 2.027(7) 2121(8) 1.992(8) 1.993(8) this work
Na,Fe,[W,0,(0,CEt)], (2) 2.535(1) 1.92(1) 1.98(2) 2.02(2) 2.04(2) 2.11(2) 1.98(2) 2.02(2) this work
Na,Mo0,{M,;0,(0,CEl,]; (5) 2.520(1) 1.909(9) 1.959(9) 2.011(9) 2.034(9) 2.104(9) 2.028(6) 2.079(9) this work
Na,Mo,[W,0,(0,CEt),], (6) 2.530(2) 1.90(2) 1.97(2) 1.99(2) 2.06(2) 2.10(3) 2.03(2) 2.10(2) this work
Na,Cr,[Mo;0 (0,CE,], () 2.5198(9) 1.907(4) 1.952(5) 2.010(4) 2.026 (4) 2.114(5) 1.947(4) 1.973(5) t.2)
Na,Cr,[W,0,(0,CElg], (8) 2.5313(9) 1.927(9) 1.972(8) 2.012(9) 2.059(9) 2.110(9) 1.929(%) 1.986(9) 1.2
Na,V,[M0,0,(0,CEt),], (9) 2.519(1) 1.905(6) 1.953(6) 2.005(6) 2.026(7) 2.119(8) 1.985(6) 1.989(8) 12]
Na,V,[W;0,(0,CEt,], (10) 2.5328(6) 1.926(6) 1.974(6) 2.013(6) 2.057(6) 2.107(7) 1.962 (6) 2.012(6) [2]
[M0,0,(C,0,)4(H,0),1>~ 2.493(3) 1.915(7) 2.020(3) [71]
[Mo, WO (NCS),]4~ 2.521(5) 1.891(15) 2.021 (14) [8b]
[W,0,(NCS)oJ*~ 2.534 1.911 2.039 [94]
[Fe;0(0,CCMe,),(MeOH),]* 1.905(5) 2.02(2) [21]
[Cr;O(0,CEL) F,12 ™ 1.909 (4) 1.974(3) 22]
[Vs0(0,CMe) (THE), 1 1.910(6) 2.00(2) [23]
[a] Bridging M atoms. {b] Bridging M and M’ atoms. {¢] Terminal EtCO,. [d] Capping O atoms. [¢] Bridging EtCO,.
Chem. Eur. J. 1997, 3, No. 2 & VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997  0947-6539/97/0302-0229 8 15.00+ .25/0 _— 229



FULL PAPER

L. Xu, J. Huang et al.

usual Na-O Dbonds
(2.42 A). These features
are believed to be re-
sponsible for the ready
formation and for the
insolubility of the het-
erooctanuclear  species
described.

Magnetic moment/B.M.

0 4+—r—1—r—T—T——T7—
0 40 80 120 160 200

Temperature/K

Magnetic  Properties:
Plots of the magnetic
moments of 1, 2, and
7-10 between 2 and
200K are given in
ra ke ey Figure 6. At 200K the
magnetic moments per
3 M'(u) ton in 1, 2, and
10 7-10 are 5.71, 5.72,
4.02, 398, 2.87, and
1 2.87 g, respectively,
7] close to the spin-only
] values for the magneti-
cally isolated high-spin
Fe** (5.92y,), Cr3*
(3.87uy), and V?*
(2.83 ) ions. The val-
ues for the iron and
chromium clusters 1, 2,
7, and 8 are almost con-
stant over the range 200-40 K and then decrease to 2.80, 3.90
(4 K), 1.54, and 1.78 iy at about 2 K. The vanadium clusters 9
and 10 behave somewhat differently. For 9, the magnetic mo-
ment sharply decreases from 2.87 yg at 200 K to 0.67 g at 2 K,
The magnetic moment of 10 varies slightly over the range 200—
9K (200K, 2.87uy; 35K, 2.50u,; 9K, 2.64 1) and then de-
creases to 2.18 yi,; at 4 K. The susceptibility data of these clusters
have been modeled with the isotropic Heisenberg ~ Dirac—Van
Vleck model with the spin-Hamiltonian H = — 2JS,S,. A best
fit of the data (g is fixed to 2.0) leads to the spin exchange
coupling constants J/k of —0.60, —0.72, —1.76, —1.31, —4.80,
and —1.46 K for 1, 2, and 7-18, respectively. These figures
show that the antiferromagnetic spin exchange coupling interac-
tions between the bridging M'(111) ions are very weak, as expect-
ed for long M’(un)—M’(11) distances (ca. 5.7 A).

g relteett

Magnetic moment/B.M,

0 ————————
0 40 80 120 160 200

Temperature/K

Figure 6. Plots of effective moments of 1. 2,
and 7-10 versus temperature over the range
2--200 K. the solid line is a best fit of the
experimental data.

Infrared Spectra: The heterooctanuclear clusters in this series
display several characteristic IR absorptions in the range 700
820 cm " '. For the oxofluorotungsten species [W,0,F,]° 7, the
IR bands at 780, 740, and 700 cm ™! have been previously as-
signed to the stretching vibrations of the W-0O, bonds in the
W,0, core.!”™ The corresponding bands, assigned to M—0,
stretching vibrations in the clusters 1-4 and 7- 10, are observed
at the higher wavenumbers [811 (s), 785 (ms), and 753
(ms) cm ™! (1); 812 (s), 784 (ms), and 754 (ms) cm ~ ! (2); 812 (s),
783 (ms), 754 (ms)cm ™! (3), 814 (s), 805 (s), 767 (m), 747
(m)cm ™" (4);812(s), 799 (s), and 769 (m) cm ! (7); 813 (s), 805
(s), 766 (m), and 743 (m)cm ™! (8); 811 (s), 787 (m), and 769
(mycm ™" (9); 812 (s), 789 (s), 761 (m), and 743 (m)cm ™!
(10)].1?7 All these spectra are very similar, even though they are
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for different cores, namely, W,0, (6, 8, 10), Mo,0, (1,7, 9),
and MoW,0, (3, 4). This is rather surprising, since the stretch-
ing force constants in isostructural species involving Mo and W
are always larger for latter than for the former. However, a
stmilarly unexpected behavior has also been observed in the case
of the triangular bioxo-capped carboxylates [M;0,(0,CR),-
(H,0),]*" (M = Mo, W; R = Mg, Et). The band v(Fe—u,-0)
for [Fe,O(0,CCH,),(H,0),]* appears at 600 cm ™ 1,121 but
v(Fe—Of) for 1 and 2 are not found in this region, owing to the
fact that the Fe~Of bonds are remarkably weak.

Experimental Procedure

All manipulations were carried in air. All reagents were A. R. grade and were
used without further purification before use.

Na,Fe,[M0,0,(0,CEt)g], (1): A mixture of Na,MoO,-2H,0 (0.63 g,
2.60 mmol), Mo(CO), (0.40g, 1.50 mmol), FeCl,6H,0 (0.35g,
1.30 mmol), and propionic anhydride (60 mL) was placed in a flask with a
fine-needle syringe and heated at 120 °C for 3 d. After the reaction had been
alfowed to cool to room temperature, well-formed black crystals of cluster 1
were obtained (0.95 g, 72 % based on FeCl,-6 H,0). Fe,Mo,0,,C, Hy(Na,
(2030.5), caled Fe 5.50, Na 2.26, C 28.39, H 3.97; found Fe 5.41, Na 2.03, C
28.67, H 4.11.

Na,Fe,|W,0,(0,CEt)g], (2): The tungsten cluster 2 was prepared similarly
to 1 by using Na,WO,-2H,0 (0.86 g, 2.60 mmol) and W(CO), (0.43 g,
1.5 mmol). Yield: 21 %. Fe,W,0,,C, HyNa, (2557.9), caled Fe 4.37, Na
1.80, C 22.54, H 3.15; found Fe 4.33, Na 1.61, C 22.83, H 3.22.

Na,Fe,[MoW,0,(0,CEt)g], (3): An orange-red solution of Na[MoW,0,-
(O,CEt),] in propionic anhydride (50 mL) was obtained by refluxing
Na, WO, -2H,0 (1.3 g, 4.0 mmol), and Mo(CO), (0.53 g, 2.0 mmol) for ten
hours in air. Fe(CO); (0.35 mL, 2.55 mmol) was added, and the mixture was
heated at 90 °C for 3 d. After the reaction had been allowed to cool to room
temperature, black microcrystalline 3 was isolated from the solution (0.43 g,
18 % base on Mo(CO)). Fe,Mo,W,0,,C, H, Na, (2382.1), caled Fe 4.69,
Mo 8.06, Na 1.93, C 24.21, H 3.39; found Fc 4.66, Mo 7.81, Na 1.69, C 24.67,
H 3.45.

Na, Cr,|MoW,0,(0,CEt),], (4): This cluster was synthesized similarly to 3
by using Cr(CO), (0.5g, 23mmolj. Yield: ca. 26% (0.57 g).
Cr,Mo,W,0,,CHgoNa, (2374.4), caled Cr 4.38, Mo 8.08, Na 1.94, C
2428, H 3.40; found Cr 4.17, Mo 7.22, Na 1.83, C 23.90, H 3.47.

Na,Mo,[MoW,0 ,(0,CEt),], (5): This cluster was synthesized similarly to 3
using Mo(CO), (0.53 g, 2.0 mmol). Yield: ca. 6%. Mo,W,0,,C, Hg,Na,
(2462.3), caled Mo 15.57, Na 1.87; found Mo 15.19, Na 1.87.

Na,Mo,[W,0,(0,CEt),], (6): A yellow solution of Na[W,0,(0,CEt),] in
propionic anhydride (50 mL) was prepared by refluxing a mixture of
Na,W0,-2H,0 (1.3 g, 4 mmol) and W(CO), (0.66 g, 2.0 mmol) in propionic
anhydride for 10 h in air. Mo(CO), was added, and the mixture heated at
120 °C for 3 d. After the reaction had been allowed to cool to room temper-
ature, black crystals of 6 precipitated from the solution in 8% yield.

X-Ray Crystallography: The crystallographic data for clusters 1, 2, 5, and 6
are summarized in Table 3. The reflection intensities were collected on a
Rigaku AFCS5R diffractometer. by using graphite-monochromated Moy,
radiation (/. = 0.71069 A) at room temperature and /26 scan modc
(3<20<50") with a scan speed of 8"min~!. The structures were solved by
direct methods using MULTAN11/82 and refined by full-matrix least-
squares with all non-hydrogen atoms anisotropic except for in 5, where some
of the non-hydrogen atoms were refined isotropically, owing to the low
number of observable reflections. The Mo and W atoms of the trinuclear unit
in § are disordered and treated as M = 0.33Mo +0.67 W, giving the reason-
able temperature factors. The weighting scheme w was 1/[o(F,)? +(0.02 F,)>
+1.000}. All calculations were performed on a Compaq Prolinea 4/66 with
the Molen program package with scattering factors taken from the Interna-
tional Tables.
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Table 3. Crystallographic Data for 1, 2, 5, and 6.

1 2 5 6
M, 2030.5 2557.9 2462.3 2638.1
F(000) 1014 1206 1174 1238
crystal size, mm  0.2x0.3x03 03x02x04 03x02x02 03x02x0.3
space group P1 PT PIPT
a, A 12.988(6) 12.984(6) 12.805 (4) 12.904 (13)
b, A 14.021(7) 14.072(7) 14.100(3) 14.144(16)
¢ A 12.378(9) 12.436(9) 12.396(3) 12.467(14)
x, ¢ 109.79 (5) 109.91(3) 109.97(2) 109.91 (9)
B, 117.50(4) 117.54(4) 117.87(2) 118.09(8)
,” 90.52(5) 90.50(5) 90.43(2) 90.42(1)
v, A3 1844.2 1856.2 1821.7 1848.3
z 1 1 1 i
Pesicas GCm 3 1.83 2.29 2.24 2.37
w,cm”! 14.4 99.4 7.8 99.2
scan width 1.32 1.63 1.15 1.26
unique reflns 6826 6863 6169 6842
reflns I=3a(h) 3518 4586 4529 2964
no. of parameters 442 442 442 442
RIa] 0.056 0.045 0.042 0.063
wR [b] 0.062 0.052 0.053 0.069
GOF ¢} 1.31 1.24 1.40 1.37
(A0), s 0.04 0.05 0.05 0.03
(AD) e 0.85 1.80 1.78 2.14

[a] R=ZIF] - [E/IE]. [b] wR=[w(F] — |[FD*Ew(IFD? ] GOF =
Dl F) = 1ED* N, — N2

Crystallographic data (excluding structure factors) for the structures reported
in this paper have been deposited with the Cambridge Crystallographic Data
Center as supplementary publication no. CCDC-1220-45. Copies of the data
can be obtained free of charge on application to The Director, CCDC, 12
Union Road, Cambridge CB21EZ, UK (Fax: Int. code +(1223)336-033;
e-mail: teched@chemcrys.cam.ac.uk).

Magnetic Susceptibility, UV [Vis, and IR Spectra: The temperature-dependent
magnetic susceptibilities of polycrystalline samples of 1, 2, and 7-10 were
measured on PPMS Model-6000 over the range 2-200 K. The data were
corrected for diamagnetism of the samples by using Pascal’s constants, UV/
Vis and IR spectra were recorded on a Schimazhu UV-3000 and Digilab
FTS-40 spectrophotometers with KBr pellet, respectively.

Acknowledgements: This work was supported by the grant from the National
Science of Foundation of China.

Received: June 13, 1996 [F 392]

[1] L. Xu, H. Liu, D. C. Yan, J. S. Huang, Q. E. Zhang, J Chem. Soc. Chem.
Commm. 1993, 1507.

[2] L.Xu, H.Liu, D. C. Yan,J. S. Huang, Q. E. Zhang. J. Clhem. Soc. Dalron Trans.,
1994, 2099.

[3] F. A. Cotton, Polvhedron, 1986. 5, 3.

[4] T. Shibahara, Adv. Inorg. Chem. 1991, 37, 143.

[5] ). X. Lu, Z. D. Cheng, Inr. Rev. Phys. Chem. 1994, 11.

[6] Zn,Mo0,04. a) W. H. McCarroll, L. Katz, R. Ward, J. 4m. Chem. Soc. 1957,

79, 5410 b) G. B. Ansell, L. Katz, dcra. Crysiallogr. 1966, 21, 482.

[Mo,0,]*",a) A. Bino, F. A. Cotton, Z. Dori, Z. J. Am. Chem. Soc. 1978, 100,

5252: b) K. R. Rodgers, R. K. Murmann, E. O. Schlemper, M. E. Schelton,

Inorg. Chem. 1985, 24, 1313: ¢) S. Cramer, P. K. Eidem, M. T. Paffett. J. R.

Winkler, Z. Dori, H. B. Gray. J. Am. Chem. Soc. 1983, 105, 799; d) S. F.

Gheller, T. W. Brownlee, R. T. C. O’Connor, M. I. Snow, ihid. 1983, 105, 1527;

e) A. Bino, F. A. Cotton, Z. Dori, ibid. 1979, 101, 3842; f)} A. Bino. F. A.

Cotton, Z. Dori, Inorg. Chim. Acta. 1985, 99, 137; g) A. Miller, A. Ruck. A,

Dartmann, U. Reinsch-Vogell, Angew. Chem, 1981, 93, 493 Angew. Chem. Int.

Ed. Engl 1981, 20, 483 h) E. O. Schlemper. M. S. Hussain. R. K. Murmann,

Cryst. Struc. Commun. 1982, 11, 89 1) P. Shreiber, K. Wieghardt, B. Nuber,

Inorg. Chim. Acta. 1993, 205, 199; j) T. Shibahara, M. Sasaki. G. Sukane,

Inorg. Chim. Acta. 1995, 237, 1.

[8] [Mo,WO,**,a) A.Patel, D. T. Richens, J. Chem. Soc. Chem. Commun. 1990,
274;b) A.Patel, S. Siddiqui, D. T. Richens, M. E. Harman, M. B. Hursthouse,
J. Chem. Soc. Dalton Trans. 1993, 767.

9] [(W,0.0**, a) M. Sagawa, Y. Sasaki, J. 4m. Chem. Soc. 1985, 107, 5565. b) R.
Mattes, K. Z. Mennemann, Z. Anorg. Allg. Chem. 1977, 437, 175, Angew.
Chem. 1976, 88, 92: Angew. Chem. Int. Ed. Engl. 1976, {5. 118: ¢) P. Chaud-
huri, K. Wieghardt, W. Gebert, L. Jibril, G. Z. Huttner. Z. Anorg. Allg. Chem.
1985, 521, 23.

[10] a) D.T. Richens, A. G. Sykes, Inorg. Chem. 1982, 2/, 418: b) M. T. Paffet,
F. C. Anson, ibid. 1983, 22,1347; ¢} B. L. Ooi, A. L. Petrou, A. G. Sykes, ibid.
1988. 27, 3626.

[11] a) E A. Cotton, Inorg. Chem. 1964, 3, 1217. b) B. E. Bursten, F. A, Cotton,
M. B. Hall, K. C. Najjar, ihid. 1982, 2/, 302.

[12] A. Birnbaum, F. A. Cotton, Z. Dori, D.O. Marler, G. M. Reisncr, W.
Schwotzer, M. Shaia, Inorg. Chem. 1983, 22, 2723.

[13] G. Powell, D. T. Richens, Inorg. Chem. 1993, 32, 4021,

[14] H. Liu, L. Xu, J. 8. Huang, D. C. Yan, Q. E. Zhang, Chin. J. Struct. Chem.
1994, 13, 52.

[15] L. Xu, Z. H. Li, H. Liu, J. S. Huang, J. Coord. Chem. 1996, 36, in press.

[16] L. Xu., X. F. Yu, Chin. J. Struct. Chem. 1999, 9, 150.

[17] L. Xu, J. 8. Huang, D. C. Yan, Q. E. Zhang, Inorg. Chem. 1996, 35,
1389.

[18] L. Xu, I.S. Huang, Q. E. Zhang, Polvhedron, 1997, 16, in press.

[19] a) R. E. McCarley. Phil. Trans. R. Soc. Lond, 1982, 4308, 141 b) V. Katovic,
1. L. Templeton, R. E. McCarley, J. Am. Chem. Soc. 1976, 98, 5705.

[20] L. N. Zhang, Z. P. Liu,L. I. He, S. H. Cai, F. Y. Jian, Acta Chim. Sinica { Engl.
Ed.) 1989, 215,

[21] A. B. Blake, L. R. Fraser, J. Chem. Soc. Dalton Trans. 1975, 193.

[22] C.E. Anson, M. C. Saard, I P. Bourke, R. D. Cannon, U. A. Jayasooriya,
A. K. Powell, Inorg. Chem. 1993, 32, 1502.

[23] F. A. Cotton. G. R. Lewis, G. M. Mott, Inorg. Chem. 1982, 21, 331.

7

Chem. Eur. J. 1997, 3, No. 2

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

0947-6539/97/0302-0231 § 15.00+ .25/0 — 231



