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Abstract: The reactions of neutral or
cationic manganese carbonyl species
towards the oxo-nitrosyl complex
[Na(MeOH){Mo5O13(OCH3)4(NO)}]2�

have been investigated in various con-
ditions. This system provides an unique
opportunity for probing the basic reac-
tions involved in the preparation of solid
oxide-supported heterogeneous cata-
lysts, that is, mobility of transition-metal
species at the surface and dissolution ±
precipitation of the support. Under
nitrogen and in the dark, the reaction
of in situ generated fac-{Mn(CO)3}�

species with (nBu4N)2[Na(MeOH)-
{Mo5O13(OMe)4(NO)}] in MeOH
yields (nBu4N)2[Mn(CO)3(H2O){Mo5O13-
(OMe)4(NO)}] at room temperature,

while (nBu4N)3[Na{Mo5O13(OMe)4-
(NO)}2{Mn(CO)3}2] is obtained under
reflux. The former transforms into the
latter under reflux in methanol in the
presence of sodium bromide; this in-
volves the migration of the fac-
{Mn(CO)3}� moiety from a basal �2O
coordination site to a lateral �3O site.
Oxidation and decarbonylation of man-
ganese carbonyl species as well as deg-
radation of the oxonitrosyl starting
material and reaggregation of oxo-
(methoxo)molybdenum fragments oc-

cur in non-deareated MeOH, and both
(nBu4N)4[Mn(H2O)2{Mo5O16(OMe)2}2-
{Mn(CO)3}2] and (nBu4N)4[Mn(H2O)2-
{Mo5O13(OMe)4(NO)}2] as well as
(nBu4N)2[MnBr{Mo5O13(OMe)4(NO)}]
have been obtained in this way. The
rhenium analogue (nBu4N)2[Re(CO)3-
(H2O){Mo5O13(OMe)4(NO)}] has also
been synthesized. The crystal structures
of (nBu4N)2[Re(CO)3(H2O){Mo5O13-
(OMe)4(NO)}], (nBu4N)3[Na{Mo5O13-
(OMe)4(NO)}2{Mn(CO)3}2], (nBu4N)4-
[Mn(H2O)2{Mo5O16(OMe)2}2{Mn(CO)3}2],
(nBu4N)4[Mn(H2O)2{Mo5O13(OMe)4-
(NO)}2] and (nBu4N)2[MnBr{Mo5O13-
(OMe)4(NO)}] have been determined.
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Introduction

Polyoxometalates are a rich and diverse class of compounds
that are of interest for both fundamental studies and practical
applications.[1] The structural analogy between polyoxometa-
lates and extended oxides was first pointed out by Baker[2] and
later expanded by Pope,[1a] Klemperer,[3] Finke[4] andM¸ller.[5]

Indeed, the surfaces of many polyanions mimick those of
metal oxides, and it is currently thought that the study of
transition metal derivatives of polyanions might contribute to
the understanding at the molecular level of the different steps
of the preparation of heterogeneous metal-oxide-supported
catalysts. However polyoxometalate-based transition-metal
complexes are not merely analogues of solid oxide-supported
catalysts, but they can also display their own catalytic activity.
Indeed the polyoxoanion-supported iridium complex

(nBu4N)5Na3[Ir(1,5-cod)P2W15Nb3O62] has been shown to be
an active homogeneous catalyst for the autoxidation of
cyclohexene.[6]

The first complexes incorporating an intact polyanion unit
were [MIV(Nb6O19)2]12� (M�Mn, Ni) and [MIII(H2O)-
(en)(Nb6O19)]5� (M�Cr, Co).[7] Since then organometallic
derivatives of the hexametalate ions [cis-Nb2W4O19]4�,
[MW5O19]3� (M�Nb, Ta), [(�5-C5H5)Ti(M5O19)]3� (M�Mo,
W), and [(�5-C5Me5)Ti(W5O19)]3� have been extensively
studied by Klemperer,[8] while triscarbonyl derivatives of the
hexaniobate and hexatantalate anions have been recently
reported by Pope.[9] Although the free hexavanadate
[V6O19]8� ion is unknown, it can be stabilized through
attachement of organometallic groups.[10] Owing to the
porphyrin-like nature of metal-substituted polyoanions,[11, 12]

monovacant Lindqvist species would be of interest. However,
such chemistry has been limited to derivatives of {W5O18}6�

until the isolation of the oxonitrosyl species
[Mo5O13(OMe)4(NO)]3�, which can be viewed as a function-
alized, monovacant Lindqvist-type polyanion.[13] This species
has proved to be a versatile ligand that can act either as a
porphyrin-like tetradentate ligand,[13, 14] a bidentate li-
gand,[15, 16] or a bridging ligand.[15, 17] In addition it may act as
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a source of {MoO}4� and {Mo(NO)}3� units.[16, 18] The
formation of [{Ni(MeOH)2}2{Mo(NO)}2(�3-OH)2(�-OMe)4-
{Mo5O13(OMe)4(NO)}2]2� in the reaction of (nBu4N)2[Na-
(MeOH){Mo5O13(OCH3)4(NO)}] with various nickel(��) salts
in methanol[16] is reminiscent of the dissolution ± precipitation
of oxide supports in the preparation of supported catalysts.[19]

The behavior of [Na(MeOH){Mo5O13(OCH3)4(NO)}]2� to-
wards manganese carbonyls is even more interesting, as it
mimicks several of the basic reactions involved in the
preparation of supported catalysts by impregnation of oxides
with solutions of transition-metal ions, that is, mobility at the
surface and dissolution ± precipitation of the support. In this
account, [Mo5O13(OMe)4(NO)]3�, for short {Mo5}, may be
considered as a paradigm for metal oxide analogues in the
same way as [P2Nb3W15O62]9�.[6]

Results

The synthesis and characterization of the following com-
pounds will be discussed: (nBu4N)2[Na(MeOH){Mo5O13-
(OMe)4(NO)}] ¥ xMeOH (1), (nBu4N)2[Mn(CO)3(H2O)-
{Mo5O13(OMe)4(NO)}] (2a), (nBu4N)2[Re(CO)3(H2O)-
{Mo5O13(OMe)4(NO)}] (2b), (nBu4N)3[Na{Mo5O13(OMe)4-
(NO)}2{Mn(CO)3}2] (3), (nBu4N)4[Mn(H2O)2{Mo5O13(OMe)4-
(NO)}2] (4), (nBu4N)2[MnX{Mo5O13(OMe)4(NO)}] X�Br
(5a), Cl (5b), (nBu4N)4[Mn(H2O)2{Mo5O16(OMe)2}2{Mn-
(CO)3}2] (6), and (nBu4N)[Mo2O5(OMe)5{Mn(CO)3}2] (7).

Syntheses: There is no apparent reaction between 1 and
[MnBr(CO)5] in deaerated methanol at room temperature
and in the dark. However, solvated {Mn(CO)3}�, presumably
{Mn(CO)3(MeOH)3}�, formed in situ by treatment of
[MnBr(CO)5] with one equivalent of AgBF4 in MeOH does
react with 1 at room temperature. Stirring of a 1:1 mixture of 1
and {Mn(CO)3}� in MeOH at room temperature for less than
1 h, followed by cooling at �40 �C for a few days led to the
isolation of 2a in approximately 30% yield. Compound 2a
was also obtained by treating 1 with {Mn(CO)3(MeCN)3}�[20a]

or [Mn2Br2(CO)6(MeCN)2].[20b] However, the former proce-
dure is preferable due to the instability of 1 in the presence of
acetonitrile.[13a] Refluxing of a mixture of 1 with either
{Mn(CO)3}� or [MnBr(CO)5] in MeOH, followed by cooling
at �40 �C for one week, led to the isolation of 3 in about 54%
yield. Compound 3 was alternatively obtained by refluxing a
solution of 2a in MeOH in the presence of NaBr.

In non-deaerated solutions, the reactions of manganese
carbonyls towards 1 take a different course. Oxidation and
decarbonylation of {Mn(CO)3}� is indicated by the progres-
sive decrease in the intensity of the band at 390 nm and by the
isolation of products containing MnII centers. Thus com-
pounds 4 and 6were obtained upon concentration and cooling
of solutions of 1 and {Mn(CO)3}�, which had been refluxed
first, while 5a was obtained from a refluxed solution of 1 and
[MnBr(CO)5] in non-deareated methanol. Compounds 4 and
5a were alternatively obtained upon addition of Mn(NO3)2 ¥
4H2O and MnBr2 ¥ 4H2O, respectively, to a solution of 1 in
methanol. Compound 5b has been similarly obtained from 1
and MnCl2 ¥ 4H2O. It must be noted that 4 is not very stable in

methanol and that (nBu4N)2[Mo6O19] slowly crystallizes from
its solutions. The formation of 6 in the course of the reaction
of {Mn(CO)3}� with 1 does not only imply the oxidation and
decarbonylation of part of the manganese carbonyl, but also
the degradation of [Mo5O13(OMe)4(NO)]3� followed by
aggregation of oxomethoxo fragments to give the novel
lacunary Lindqvist-type [Mo5O16(OMe)2]4� ion, which is
trapped by {Mn(CO)3}� and MnII electrophilic centers. As
previously reported,[21] complex 6 can be obtained together
with (nBu4N)[Mo2O5(OMe)5{Mn(CO)3}2] (7) by refluxing a
mixture of (nBu4N)2[Mo2O7] and [MnBr(CO)5] in non-
deaerated methanol. However, the most convenient synthesis
of 6 consists of adding (nBu4N)2[Mo2O7] to a mixture of
Mn(NO3)2 ¥ 4H2O and [MnBr(CO)5] in boiling methanol.

The rhenium carbonyl [ReBr(CO)5] is much less reactive
than [MnBr(CO)5] towards 1, and no reaction occurs even in
boiling MeOH. However, solvated {Re(CO)3}� slowly reacts
with 1 in refluxing MeOH to give 2b, the rhenium analogue of
2a. It is noteworthy that the rhenium analogue of 3 was not
obtained; this could indicate that {Re(CO)3}� is much
less mobile than {Mn(CO)3}� at the surface of
[Mo5O13(OMe)4(NO)]3� (vide infra). In addition {Re(CO)3}�

is much less reluctant than {Mn(CO)3}� towards oxidation,
and no oxidation product was isolated from non-deaerated
reacting mixtures.

Spectroscopic characterization : The IR spectra of compounds
2 ± 5 show similar patterns characteristic of the
[Mo5O13(OMe)4(NO)]3� unit: these are a strong band in the
range 1610 ± 1650 cm�1 assigned to �(NO), a fairly broad band
of medium intensity in the range 1030 ± 1060 cm�1 assigned to
the C�O stretches of the methoxo groups, three bands in the
range 955 ± 845 cm�1 characteristic of terminal oxo groups
�(MoOt) and a broad band in the range 670 ± 700 cm�1

assigned to �(Mo-Ob-Mo). According to our previous stud-
ies,[14] a three-band pattern for theMoOt stretches is indicative
of a bidentate coordination mode for the {Mo5} ligand, while a
two-band pattern is observed when the approximate fourfold
symmetry of the ligand is retained upon coordination. A
three-band pattern is actually observed for compounds 2 and
4 in accordance with their crystal structures. On the other
hand, three bands are also observed for 5a and 5b, while only
two bands were expected on the basis of the crystal structure
of 5a. However, the two lowest frequency bands are fairly
close together. The �(MoOt) band pattern for 3 is unusual,
with two weak peaks at 940 and 950 cm�1 and a strong one at
911 cm�1. Broadening of the methoxo stretching band arises
from the presence of a shoulder on its high frequency side. In
addition, the IR spectra of 3 and 6 show low frequency
methoxo stretching bands at approximately 1000 cm�1, indi-
cative of triply-bridging methoxo ligands. Assuming local C3v

symmetry of the {M(CO)3} groups, one would expect two
modes (a1 and e) in the CO stretching region. The e mode is
actually split in the spectra of 2a, 2b, 3, and 6. The frequencies
of the carbonyl bands in 2b are similar to those of
(nBu4N)3[(Nb2W4O19){Re(CO)3}],[22] but higher than those
of (nBu4N)8[(P2W15Nb3O62){Re(CO)3}].[23] This indicates that
the [Mo5O13(OMe)4(NO)]3� ligand is a donor similar to
[Nb2W4O19]4�, but weaker than [P2W15Nb3O62]9�. The carbon-
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yl bands in 2a have higher wavenumbers than those of 2b ; this
reflects the decreased basicity of manganese with respect to
rhenium. On the other hand, there are only minor shifts of the
carbonyl bands in 3 and 6 towards 2a.

The electronic spectra of the triscarbonyl manganese
derivatives 2a, 3, and 6 display a broad and strong band at
approximately 400 nm, which is characteristic of the
{Mn(CO)3}� chromophore.[24] On the other hand, those of 4
and 5b display a weak band at about 550 nm, which is
characteristic of the [Mo5O13(OMe)4(NO)]3� unit and was
assigned to the dxz,dyz�dxy transition within the {Mo(NO)}3�

unit.[13] This band is partly obscured by the {Mn(CO)3}�

transition in the spectra of 2a and 3, in which it appears as a
shoulder at 535 nm.

The 1H NMR spectra of 2b and 3 were recorded at 297 K in
[D4]methanol, while the 13C NMR spectra of 2a, 2b, and 3
were recorded in methanol/[D4]methanol or methanol/
[D6]acetone mixtures. All these spectra display two signals
of equal intensity for the methoxo ligands; this is in agreement
with the crystal structures of these compounds. At the very
least, the 1H and 13C NMR spectra of 3 indicate that the side-
on coordination of the triscarbonyl manganese fragment is
retained in solution. In addition, a unique signal was observed
at 221.7 ppm for the carbonyl ligands in the 13C NMR
spectrum of 2b, while a 2:1 two-line pattern could be
expected on the basis of the crystal structure. That connects
with the behavior of the oxotrisalkoxo cluster [Mo2O4{MeC-
(CH2O)3}2{Mn(CO)3}2], whose carbonyl ligands also appear
equivalent in solution, but contrasts with that of
[Mo2O5(OMe)5{Mn(CO)3}2]� and [Mo6O16(OMe)2{MeC-
(CH2O)3}2{Mn(CO)3}2]2�.[21] Pivoting of the {Re(CO)3(H2O)}�

fragment around the lacuna of the {Mo5} ligand would account
for the equivalence of the carbonyl ligands in 2b.

Crystal structures : Compounds 2b, 3, 4, 5a, and 6 were
characterized by single-crystal X-ray diffraction. The selected
bond lengths and angles are given in Tables 1 ± 5.

Compounds (nBu4N)2[Mn(CO)3(H2O){Mo5O13(OMe)4-
(NO)}] (2a) and (nBu4N)2[Re(CO)3(H2O){Mo5O13(OMe)4-
(NO)}] (2b) are isomorphous, and only the crystal structure of
2b was fully analyzed. The molecular structure of the anion of
2b is displayed in Figure 1. The structure is quite similar to
that of [Cp*Rh(H2O){Mo5O13(OMe)4(NO)}]� .[15] In both
cases, the organometallic fragment {Cp*Rh}2� and {Re-
(CO)3}�, respectively, is bonded to two adjacent axial oxygen
atoms of the {Mo5} ligand and achieves an 18-electron
configuration through coordination to a molecule of water.
In both cases, attachment of the organometallic fragment
results in a pattern of bond length alternation. Indeed, the
Mo�O bonds that involve the oxygen atoms bonded to
rhodium or rhenium, are slightly but significantly lengthened,
which results in a shortening of the trans Mo�O bonds
(Table 1). Also in both cases the water molecule is involved in
hydrogen bonds with the two ™free∫ axial oxo ligands of the
{Mo5} unit. In 2b, the distances between these two oxygen
atoms (O41 and O51) and the oxygen atom of the coordinated
water (O5) are equal to 2.64 and 2.67 ä, respectively. The
Re�O bond lengths in 2b are quite similar to the Rh�O bond

Figure 1. Structure of the anion in 2b (20% probability thermal ellip-
soids).

lengths in [Cp*Rh(H2O){Mo5O13(OMe)4(NO)}]� .[15] The dif-
ferences between the three Re�O bond lengths lie within
experimental errors, and it is the same for the three Re�C
bond lengths. However, the latter are more spread out
(Re1�C4� 1.79(2), Re1�C3� 1.85(2), Re1�C2� 1.89(2) ä);
this suggests that the fac-{Re(CO)3} unit departs slightly from
the ideal C3v symmetry.

The molecular structure of the [Na{Mo5O13(OMe)4-
(NO)}2{Mn(CO)3}2]3� ion in 3 ¥MeOH is shown in Figure 2.
This species is made of two crystallographically independent
[{Mo5O13(OMe)4(NO)}{Mn(CO)3}]2� units connected by a
sodium cation. Each {Mn(CO)3}� fragment is linked to a
distinct {Mo5} unit through the oxygen atoms of two adjacent
methoxo ligands and one bridging oxo ligand. The Mn�O
bond involving the bridging oxo ligand is only marginally
shorter than those with the bridging methoxo ligands. The
Mn�C bond lengths are equal within experimental errors
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Table 1. Selected bond lengths [ä] and angles [�] for the anion of 2b.

O21�Re1 2.130(8) O31�Re1 2.123(8)
Re1�C2 1.89(2) Re1�C3 1.84(2)
Re1�C4 1.80(2) Re1�O5 2.18(1)
C2�O2 1.15(2) C3�O3 1.20(2)
C4�O4 1.19(2)

Mo2-O21-Re1 144.2(4) Mo3-O31-Re1 146.4(5)
O21-Re1-O31 81.2(3) O21-Re1-C2 96.3(6)
O31-Re1-C2 176.5(6) O21-Re1-C3 175.7(6)
O31-Re1-C3 94.5(6) C2-Re1-C3 88.0(8)
O21-Re1-C4 98.7(5) O31-Re1-C4 93.2(5)
C2-Re1-C4 89.6(7) C3-Re1-C4 82.3(6)
O21-Re1-O5 80.8(3) O31-Re1-O5 83.0(3)
C2-Re1-O5 94.2(6) C3-Re1-O5 98.0(5)
C4-Re1-O5 176.2(5) Re1-C2-O2 177.3(18)
Re1-C3-O3 172.2(17) Re1-C4-O4 177.3(13)
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Figure 2. Structure of the complete anion in 3 ¥MeOH (20% probability
thermal ellipsoids). For clarity, only the upper part is labeled.

(Table 2). Although the bonding of the {M(CO)3}� fragment
(M�Mn or Re), and in a general way that of d6-fac-ML3

fragments, to a triangle of bridging oxygen atoms is usually the
rule within polyoxometalate-supported organometallic com-
plexes,[8, 9, 22, 23, 25] such a coordination mode was unknown for
the {Mo5} ligand till the characterization of 3. Each
[{Mo5O13(OMe)4(NO)}{Mn(CO)3}]2� unit interacts with the
sodium cation through its four axial oxo ligands in such a way
that Na� displays distorted square-antiprismatic coordination.

While seven of the eight Na�O bond lengths lie in a rather
narrow range, from 2.53(1) to 2.67(2) ä, the last one is
markedky longer (2.83(2) ä). The two square bases of the
coordination polyhedron are not strictly parallel, but are at a
8.5� angle. The distortion of the polyhedron could arise from
the hydrogen bond between the molecule of methanol and the
equatorial terminal oxygen atom O41 (Figure 2).

The molecular structure of the [Mn(H2O)2{Mo5O16-
(OMe)2}2{Mn(CO)3}2]4� ion in 6 ¥ H2O is shown in Figure 3
(Table 3 give selected bond lengths and angles). This species

can be viewed as being made of two crystallographically
independent [{Mo5O16(OMe)2}{Mn(CO)3}]3� units connected
by a {Mn(H2O)2}2� linker. The features of the
[{Mo5O16(OMe)2}{Mn(CO)3}]3� units in 6 ¥ H2O are quite
similar to those of the [{Mo5O13(OMe)4(NO)}{Mn(CO)3}]2�

units in 3. Each {Mn(CO)3}� fragment is linked to a distinct
[Mo5O16(OMe)2]4� ligand through the oxygen atoms of the
methoxo ligands and one bridging oxo ligand. The novel
lacunary Lindqvist-type isopolyanion [Mo5O16(OMe)2]4� de-
rives from [Mo5O18]6� through the replacement of two
adjacent side-on bridging oxo ligands by methoxo ligands.
Both species remain unknown when uncomplexed. Besides
side-on coordination to a {Mn(CO)3}� cation, each
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Table 2. Selected bond lengths [ä] and angles [�] for the anion of
3 ¥ CH3OH.

Mn6�O12 2.062(9) Mn6�O13 2.075(9)
Mn6�O23 2.024(9) Mn6�C2 1.78(2)
Mn6�C3 1.80(2) Mn6�C4 1.78(2)
Mn106�O115 2.07(1) Mn106�O114 2.066(9)
Mn106�O145 2.021(9) Mn106�C102 1.78(2)
Mn106�C103 1.80(3) Mn106�C104 1.81(2)
O2�C2 1.15(2) O3�C3 1.14(2)
O4�C4 1.15(2) O102�C102 1.15(2)
O103�C103 1.12(2) O104�C104 1.13(2)

O12-Mn6-O13 78.9(3) O12-Mn6-O23 78.6(3)
O13-Mn6-O23 76.2(3) O12-Mn6-C2 96.0(6)
O13-Mn6-C2 171.6(5) O23-Mn6-C2 96.2(6)
O12-Mn6-C3 96.8(6) O13-Mn6-C3 95.9(6)
O23-Mn6-C3 171.5(6) C2-Mn6-C3 91.4(8)
O12-Mn6-C4 172.6(6) O13-Mn6-C4 96.9(6)
O23-Mn6-C4 94.6(6) C2-Mn6-C4 87.4(8)
C3-Mn6-C4 89.7(8) Mo1-O12-Mn6 101.8(4)
Mo2-O12-Mn6 94.4(3) Mn6-O12-C12 120.6(8)
Mo1-O13-Mn6 101.4(4) Mo3-O13-Mn6 95.1(3)
Mn6-O13-C13 117.5(9) Mo2-O23-Mn6 109.6(4)
Mo3-O23-Mn6 111.0(4) Mn6-C2-O2 177.9(16)
Mn6-C3-O3 179.1(17) Mn6-C4-O4 174.9(16)

Table 3. Selected bond lengths [ä] and angles [�] for the anion of 6 ¥ H2O.

Mn1�O14 1.99(3) Mn1�O15 2.09(2)
Mn1�O45 1.99(2) Mn1�C1 1.79(6)
Mn1�C2 1.76(4) Mn1�C3 1.76(6)
Mn3�O21 2.13(2) Mn3�O31 2.16(2)
Mn3�O100 2.18(2) Mn3�O121 2.17(2)
Mn3�O131 2.12(2) Mn3�O200 2.21(2)
Mn101�C102 1.72(4) Mn101�O114 2.06(2)
Mn101�O115 2.04(2) Mn101�O145 2.06(2)
Mn101�C101 1.82(4) Mn101�C103 1.66(4)
O1�C1 1.11(6) O2�C2 1.18(4)
O3�C3 1.13(5) O101�C101 1.07(4)
O102�C102 1.20(4) O103�C103 1.27(4)

O14-Mn1-O15 75.1(9) O14-Mn1-O45 77.6(9)
O15-Mn1-O45 78.2(8) O14-Mn1-C1 99.7(19)
O15-Mn1-C1 98.7(20) O45-Mn1-C1 176.3(19)
O14-Mn1-C2 98.1(15) O15-Mn1-C2 172.1(14)
O45-Mn1-C2 96.6(14) C1-Mn1-C2 86.3(22)
O14-Mn1-C3 169.5(18) O15-Mn1-C3 98.6(18)
O45-Mn1-C3 93.1(18) C1-Mn1-C3 89.4(24)
C2-Mn1-C3 87.6(20) O21-Mn3-O31 87.2(8)
O21-Mn3-O100 93.6(9) O31-Mn3-O100 88.8(9)
O21-Mn3-O121 178.8(9) O31-Mn3-O121 93.3(9)
O100-Mn3-O121 87.5(9) O21-Mn3-O131 92.8(9)
O31-Mn3-O131 179.4(9) O100-Mn3-O131 91.8(9)
O121-Mn3-O131 86.7(9) O21-Mn3-O200 89.8(9)
O31-Mn3-O200 86.7(9) O100-Mn3-O200 174.3(10)
O121-Mn3-O200 89.2(9) O131-Mn3-O200 92.7(9)
Mn1-O14-Mo1 105.9(11) Mn1-O14-Mo4 95.8(9)
Mn1-O14-C14 121.2(19) Mn1-O15-Mo1 104.9(10)
Mn1-O15-Mo5 94.0(8) Mn1-O15-C15 115.5(19)
Mn3-O21-Mo2 140.7(13) Mn3-O31-Mo3 138.5(12)
Mn1-O45-Mo4 111.4(10) Mn1-O45-Mo5 108.5(10)
Mn1-C1-O1 171.4(55) Mn1-C2-O2 176.4(37)
Mn1-C3-O3 169.0(48)
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[Mo5O16(OMe)2]4� acts as a bidentate ligand towards the MnII

center, which achieves octahedral coordination with two
mutually trans molecules of water. It is unlikely that lacunary
Lindqvist-type polyanions such as [Mo5O16(OMe)2]4� and
[Mo5O18]6� would display side-on coordination unless the oxo
ligands that delineate the lacuna are already bonded to some
electrophilic fragment. Further examples are provided by the
recently reported clusters [Ru(�6-C6Me6)(H2O)(M5O18){Ru-
(�6-C6Me6}2] (M�Mo, W), which can be viewed as [M5O18]6�

polyanions supporting one {Ru(�6-C6Me6)(H2O)}2� and two
{Ru(�6-C6Me6)}2� fragments.[27] When two different electro-
philic groups are involved, as in 3 and 6, hard cations, such as
Na� and Mn2�, show preference
towards the oxygen atoms of the
lacuna.

The structure of the centro-
symmetrical [Mn(H2O)2-
{Mo5O13(OMe)4(NO)}2]4� ion in
4 is shown in Figure 4 (selected
bond lengths and angles are
given in Table 4). As far as MnII

center is concerned, the molec-
ular structures of the anions in 4
and 6 are quite similar. In
[Mn(H2O)2{Mo5O13(OMe)4-
(NO)}2]4�, the MnII center is
linked to two bidentate {Mo5}
ligands and achieves octahedral
coordination with two molecules
of water. The coordination
mode of the {Mo5} ligand is the
same as in 2, and the O ¥¥¥O
distances of 2.78 and 2.80 ä are
indicative of hydrogen bonding
between the coordinated water

molecules and the axial oxygen
atoms of the polyanions that are
not bonded to MnII.

The molecular structure of the
complex [MnBr{Mo5O13(OMe)4-
(NO)}]2� in 5a is displayed in
Figure 5 (selected bond lengths
and angles are given in Table 5).
The MnII center exhibits square-
pyramidal pentacoordination
and is displaced by 0.83 ä from
the plane of the four oxygen
donors towards the apical bro-
mide ligand. Furthermore, the
Mn�Br bond is not exactly or-
thogonal to the basal plane of
the pyramid. Indeed two of the
O-Mn-Br angles are close to
109�, while the other two are
close to 116�. The Mn�O bond
lengths are similar to those in
compounds 4 and 6. In contrast
to compounds 2 and 4, in which a
pattern of bond length alterna-

tion is clearly apparent within the {Mo5} ligand, a symmetrical
pattern is observed in 5a ; this reflects the symmetrical
coordination mode.

Discussion

Triscarbonylmanganese(�) complexes and their rhenium ana-
logues have played a key role in the development of organo-
metallic chemistry of polyoxometalates. Indeed the com-
plexes [(OC)3M(Nb2W4O19)]3� (M�Mn, Re) were the very
first polyoxometalate-supported organometallic complexes to
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Figure 3. Structure of the anion in 6 ¥ H2O (20% probability thermal ellipsoids).

Figure 4. Structure of the centrosymmetrical anion in 4 (20% probability thermal ellipsoids).
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be reported,[22] followed by the {Mn(CO)3}� adduct of the
[Mo5O18(TiCp)]3� ion.[25] Derivatives of the Dawson-type
[P2W15Nb3O62]9� polyoxoanion[23] and of the Lindqvist-type
hexametalate anions, [M6O19]8� (M�Nb, Ta),[9] have been
more recently reported. In all these complexes the metal
triscarbonyl unit is bonded to a triangle of three bridging
oxygen atoms. A different binding mode is observed in
[M(CO)3(H2O){Mo5O13(OMe)4(NO)}]2� (M�Mn, Re), in

which the metal triscarbonyl unit is bonded to two terminal
oxygen atoms of the polyanion and to a molecule of water. To
the best of our knowledge, the polyanion acts as a tridentate
ligand in all previously reported complexes of plenary
polyoxometalates with fac-d6-{ML3} units, such as
{M(CO)3}�,[8, 9, 22, 23, 25] {Rh(�5-C5Me5)}2�,[3, 8, 26, 28a,b] and
{Ru(�6-arene)}2�,[10c, 28] with the possible exception of
[Cp*RhCl2(Nb2W4O19)]4�, which has been proposed as an
intermediate in the formation of [Cp*Rh(Nb2W4O19)]2� by
reaction of [Cp*RhCl2]2 with [Nb2W4O19]4�, and in which the
polyanion is assumed to bind to rhodium through one of its
ONb oxygen atoms.[26a] We anticipated the defect
[Mo5O13(OMe)4(NO)]3� ion binding through the oxygen
atoms that delineate the lacuna. Indeed its adducts with fac-
d6-{ML3} fragments usually display �2O coordination, and the
complexes [M(CO)3(H2O){Mo5O13(OMe)4(NO)}]2� (M�
Mn, Re) and [Cp*Rh(H2O){Mo5O13(OMe)4(NO)}]�[15] are
isostructural.

However, the manganese adduct is unique in that migration
of the triscarbonyl manganese unit can be induced by Na�

ions. Indeed, compound 2a is obtained from the reaction of 1
with solvated {Mn(CO)3}� ions at room temperature, while 3
is obtained upon heating. Moreover, compound 3 can be
obtained upon heating a solution of 2a in MeOH in the
presence of a sodium salt. These observations suggest that 2a
is the kinetic product of the reaction, while 3 is the
thermodynamic product. Of direct relevance to the present
work, is the Dawson-type polyoxoanion-supported {Re-
(CO)3}� complex [{Re(CO)3}(P2W15Nb3O62)]8�, which displays
either non-C3v or C3v symmetry depending on whether sodium
cations are present or not.[23] Only a few other examples of
isomerization processes involving organometallic cation mo-
bility on polyoxoanions have been reported. These are the
intermolecular isomerization of [Cp*Rh(Nb2W4O19)]2�, which
involves the [(Cp*Rh)2(Nb2W4O19)] molecule as an interme-
diate,[26a] the intramolecular endo ± exo isomerization of the
vanadate-supported complexes [{(�4-C8H14)Rh}2(V4O12)]2�

and [{(�4-C6H10)Rh}2(V4O12)]2� through pivoting of the orga-
nometallic fragments on the surface of the metavanadate
ring,[29] and the intramolecular windmill-triple cubane isomer-
ization of the cluster [{Ru(�6-p-MeC6H4iPr)}4Mo4O16].[30] Be-
sides these processes with net structural changes, organo-
metallic cation mobility could also account for the fluxional
behavior of some polyoxoanion-supported organometallic
complexes, in particular those containing {Ir(�4-C8H12}�

groups.[31] Nevertheless, examples of organometallic cation
mobility over a polyoxoanion surface are still rare. They are,
however, of interest as models in oxide-supported organo-
metallic chemistry as there is evidence for the mobility of
surface intermediates.[32]

Another significant feature of the [Mo5O13(OMe)4(NO)]3�

ligand is its ability to transform under various conditions.
Indeed, this polyanion is only fairly stable and can act as a
source of both {Mo(NO)}3� and {MoO}4� moieties. In CH2Cl2
or MeCN, reaggregation yields the [Mo6O18(NO)]3� ion,[13a]

while the moiety can be trapped by the monovacant Keggin-
type polyoxometalates [PM11O39]7� to give
[PM11O39{Mo(NO)}]4� (M�Mo, W).[18a] In the presence of
NiII salts, limited decomposition of [Mo5O13(OMe)4(NO)]3�
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Table 4. Selected bond lengths [ä] and angles [�] for the anion of 4.

Mn1�O21 2.201(6) Mn1�O31 2.150(6)
Mn1�O100 2.188(7) Mn101�O131 2.154(7)
Mn101�O151 2.161(6) Mn101�O200 2.204(7)

O21-Mn1-O31 84.7(2) O21-Mn1-O31� 95.3(2)
O21-Mn1-O100 93.7(3) O31-Mn1-O100 94.0(3)
O21-Mn1-O100� 86.3(3) O31-Mn1-O100� 86.0(3)
Mo2-O21-Mn1 141.0(4) Mo3-O31-Mn1 142.7(4)
O131-Mn101-O151 84.5(2) O131-Mn101-O151� 95.5(2)
O131-Mn101-O200 91.7(3) O131-Mn101-O200� 88.3(3)
O151-Mn101-O200 91.6(3) O151-Mn101-O200� 88.4(3)
Mo103-O131-Mn101 141.7(4) Mo105-O151-Mn101 142.8(4)

Figure 5. Structure of the anion in 5a (20% probability thermal ellip-
soids).

Table 5. Selected bond lengths [ä] and angles [�] for the anion of 5a.

Mn1�Br1 2.457(3) Mn1�O21 2.16(1)
Mn1�O31 2.14(1) Mn1�O41 2.18(1)
Mn1�O51 2.14(1)

Br1-Mn1-O21 116.2(3) Br1-Mn1-O31 108.9(3)
O21-Mn1-O31 81.7(4) Br1-Mn1-O41 116.1(3)
O21-Mn1-O41 81.0(4) O31-Mn1-O41 134.9(4)
Br1-Mn1-O51 109.1(3) O21-Mn1-O51 134.6(4)
O31-Mn1-O51 81.7(4) O41-Mn1-O51 81.6(4)
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occurs and subsequent reaggregation leads to the formation of
a rhomblike Ni2Mo2 cluster, which is stabilized by coordina-
tion to two [Mo5O13(OMe)4(NO)]3� units.[16] This reaction is
reminiscent of the reactions of dissolution ± reprecipitation of
oxides by reaction with metal ions in solution. The mechanism
of this type of reaction has been demonstrated by the
deposition of the Anderson-type heteropolymolybdate
[Al(OH)6Mo6O18]3� and of Keggin-type aluminotungstic
species onto the support during the preparation of MoOx/�-
Al2O3 and WOx/�-Al2O3 catalysts, respectively.[19] In the
present case, degradation of [Mo5O13(OMe)4(NO)]3� is fol-
lowed by the building of a new soluble oxide,
[Mo5O16(OMe)2]4�. This species has not been previously
characterized, and it is unlikely that it could exist in an
uncomplexed form. However, it is stabilized by coordination
to both {Mn(CO)3}� and Mn2� ions, as shown by the isolation
of 6. The [Mo5O16(OMe)2]4� ion is a newmember of the family
of monovacant Lindqvist-type polyoxomolybdates, besides
[Mo5O13(OMe)4(NO)]3� and [Mo5O18]6�. This last ion can be
seen in the recently reported complex [{Ru(�6-C6Me6)}2-
Mo5O18{Ru(�6-C6Me6)(H2O)}].[27] Such species are highly
nucleophilic and their isolation is possible only in the presence
of stabilizing cations. Possibly the {Mn(CO)3}� and Mn2� ions
do not provide enough stabilization to the [Mo5O18]6� ion, in
contrast to {Ru(�6-C6Me6)}2�.

Conclusion

The [Mo5O13(OMe)4(NO)]3� ion is a multifaceted ligand that
offers several coordination sites and can display various
coordination modes. In all its previously reported complexes,
this anion was linked through terminal oxo ligands as a
bidentate, tetradentate, or bridging bisbidentate ligand. Novel

coordination modes have been characterized in the course of
this work. Indeed, this anion can also provide a triangle of
three contiguous bridging oxygen atoms (one oxo and two
methoxo groups), thus acting as a �3O tridentate ligand.
Apparently, side-on coordination can be observed only when
terminal coordination is fulfilled. Moreover, the
[Mo5O13(OMe)4(NO)]3�/Na�/Mn(CO)3� system provides one
of the very few examples of isomerization processes involving
organometallic cation mobility on polyoxoanions. In addition,
the [Mo5O13(OMe)4(NO)]3� ion can rearrange under reaction
with transition-metal complexes. Degradation of
[Mo5O13(OMe)4(NO)]3� followed by reaggregation can afford
new polyoxoanions, such as [Mo5O16(OMe)2]6�. In conclusion,
the [Mo5O13(OMe)4(NO)]3� ion displays a varied coordina-
tion chemistry and it provides structural models for surface
organometallic chemistry. In that sense, it can be considered
as a soluble oxide analogue.

Experimental Section

Materials : The oxonitrosyl precursor (nBu4N)2[Na(MeOH){Mo5O13(O-
Me)4(NO)}] ¥ 3MeOH (1) was prepared as reported previously.[13]

[MnBr(CO)5] and [ReBr(CO)5] were prepared as described in the
litterature.[33] Reagent grade solvents (methanol and diethyl ether) and
inorganic compounds (Br2, [Mn2(CO)10], [Re2(CO)10], MnBr2 ¥ 4H2O,
MnCl2 ¥ 4H2O, Mn(NO3)2 ¥ 4H2O, and AgNO3 were purchased from Strem
Chemicals, ACROS, or Aldrich and used as received.

Methods : IR spectra were recorded from KBr pellets on a Bio-RadWin-IR
FTS 165 FT-IR spectrophotometer, and UV-visible spectra were recorded
on a Shimadzu UV-2101 spectrophotometer. 1H and 13C NMR spectra were
recorded at 300.13 and 75.47 MHz on a Brucker AC 300 spectrometer.
Elemental analyses were performed by the Service Central d×Analyse of
the CNRS (Vernaison, France).

Crystal structure analyses: Crystal structure data are summarized in
Table 6. Data were recorded at room temperature on either a CAD4 or
MACH3 Enraf-Nonius diffractometer with graphite-monochromated
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Table 6. Crystal structure data for 2b, 3 ¥ CH3OH, 4, 5a, and 6 ¥ H2O

2b 3 ¥ CH3OH 4 5a 6 ¥ H2O

formula C39H86Mo5N3O22Re C63H136Mo10Mn2N5 NaO43 C72H172Mo10MnN6O38 C36H84BrMnMo5N3O18 C74H162Mn3Mo10N4O45

Mr 1615.0 2744.5 2744.5 1461.0 2958.3
color red red violet violet green
space group P21/c P1≈ P1≈ P21/n P21/c
a [ä] 16.928 (7) 15.037 (7) 12.909 (5) 17.618 (4) 12.659 (4)
b [ä] 17.020 (7) 18.000 (3) 19.136 (6) 18.411 (1) 36.012 (9)
c [ä] 21.857 (10) 21.350 (9) 24.882 (6) 17.641 (10) 25.788 (7)
� [�] 82.72 (2) 68.62 (2)
� [�] 106.03 (4) 80.04 (4) 82.82 (3) 93.87 (1) 99.13 (3)
� [�] 65.29 (3) 81.82 (3)
V [ä3] 6052 (5) 5160 (3) 5647 (10) 5709 (4) 11607 (6)
Z 4 2 2 4 4
T ambient ambient ambient ambient ambient
�calcd [gcm�3] 1.77 1.77 1.61 1.70 1.69
� [cm�1] 30.7 14.5 12.2 20.0 13.90
reflns (unique) 11855 18069 15684 9826 14192
reflns (obsvd) 5697 6278 9339 3504 3968
R (Fo)[a] 6.15 5.11 5.16 6.44 7.82
Rw (Fo)[b] 6.11 5.95 6.26 6.62 7.91
diff peak [eä�3] � 1.95 � 0.82 � 0.90 � 0.63 � 0.86
diff hole [eä�3] 1.56 0.78 1.03 0.76 1.10

[a] R�� ��Fo� � �Fc��/��Fo�. [b] Rw � [�w(�Fo� � �Fc�)2/�w�Fo�2]1/2 (w�w�[1� {(��Fo� � �Fc��)/6�(Fo)}2]2 with w�� 1/�rArTr(X) for which X�Fc/Fc(max) with
coefficients for a Chebyshev series: 1.29 and 0.73 for 2b ; 4.89, �1.04, and 3.76 for 3 ¥ CH3OH; 6.44, 0.83, and 4.85 for 4 ; 1.15, 0.67, and 0.79 for 5a ;
5.88, �3.68, and 4.19 for 6 ¥ H2O.
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MoK� radiation (	� 0.71069 ä). Crystals of 2b, 4, and 5a were mounted on
glass fibers and sealed with an epoxy cement, while crystals of 3 ¥MeOH
and 6 ¥ H2O were coated with glue and put in Lindeman tubes. Lattice
parameters and the orientation matrix were obtained from a least-squares
fit of 25 automatically centered reflections in the range 14 ± 14.2� for 2b,
10 ± 10.5� for 3 ¥MeOH, 14.9 ± 15� for 4 and 5a, and 12 ± 12.2� for 6 ¥ H2O.
Intensities were corrected for Lorentz and polarization effects. An
empirical absorption correction was applied.[34] Only the reflections with
I� 3�(I) were retained for calculations. Data processing was performed
with the program CRYSTALS.[35] The structures were solved by direct
methods[36] and subsequent Fourier syntheses. All atoms were refined
anisotropically, except for 6 ¥ H2O, for which non-metal atoms were refined
isotropically. Hydrogen atoms were not included in the refinements.
Neutral-atom scattering factors were used with anomalous dispersion
corrections applied.[37] Molecular structures were drawn with the program
CAMERON[38] and are reported in Figures 1 ± 5. The numbering scheme
for the {Mo5} units in compounds 2b, 3 ¥MeOH, 4, and 5a follows that
previously adopted:[13, 14, 15] the MoII center was labeled Mo1, while the
MoVI centers were numbered from Mo2 to Mo5. Terminal oxygen atoms
(Ot) were labeled Oii�, where i is the number of the molybdenum atom and
i�� 1 or 2 depending on whether the oxygen atom is axial or equatorial.
Bridging oxygen atoms (Ob) were labeled Oij, where i and j are the indexes
of the bridged molybdenum atoms. Finally, the central oxygen atom (Oc)
was labeled O10. The numbering scheme for the second distinct {Mo5} unit
in 4 was obtained by adding 100 to each basic index. CCDC-193003 ±
193007 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallogrphic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-336-033; e-mail :
deposit@ccdc.cam.ac.uk).

Preparation of (nBu4N)2[Mn(CO)3(H2O){Mo5O13(OMe)4(NO)}] (2a): A
mixture of [MnBr(CO)5] (0.140 g, 0.5 mmol) and AgNO3 (0.084 g,
0.5 mmol) in methanol (5 mL) was stirred at room temperature under
nitrogen and in the dark for 1 h; afterwards the precipitate of AgBr was
filtered off and washed with methanol (2 mL). The light yellow combined
filtrates were dropped into a solution of 1 (0.68 g, 0.5 mmol) in deaerated
methanol (5 mL), the violet color of which changed at once to orange-red.
The solution was stirred in the dark for half of an hour, then its volume was
reduced to 5 mL and the solution was allowed to stand at �40 �C for one
week. Deep-red air-stable crystals of 2a were collected by filtration and
washed successively with a small amount of cold methanol and diethyl
ether. Yield: 0.20 g (27%); IR (KBr): �
 � 2029 (s), 1933 (s), 1916 (s), 1617
(s), 1065 (w), 1042 (m), 933 (s), 888 (s), 854 (m), 701 (s), 678 (s), 630 cm�1

(m); UV/Vis (MeOH): 	max (�)� 530 (sh), 410 nm (1930mol�1 dm3cm�1);
13C NMR (75.47 MHz, CH3OH/(CD3)2CO, 297 K, TMS): �� 68.4 (s, 2C;
OCH3), 68.8 ppm (s, 2C; OCH3); elemental analysis (%) calcd for
C38H86MnMo5N3O22: C 31.57, H 5.84, Mn 3.70, Mo 32.33, N 2.83; found:
C 31.19, H 6.01, Mn 3.07, Mo 32.96, N 3.21.

Preparation of (nBu4N)2[Re(CO)3(H2O){Mo5O13(OMe)4(NO)}] (2b): A
mixture of [ReBr(CO)5] (0.101 g, 0.25 mmol) and AgNO3 (0.042 g,
0.25 mmol) in methanol (5 mL) was stirred for 2 h at room temperature
and then filtered. The colorless filtrate was added in a solution of 1 (0.34 g,
0.25 mmol) in methanol (5 mL), and the resulting red solution was refluxed
for 24 h. The mixture was filtered while hot, giving a fine white solid, which
was discarded, and the filtrate was allowed to stand at �40 �C for 1 d. Red
crystals of 2b suitable for X-ray diffraction were collected by filtration.
Further crops of crystals were obtained after concentration of the filtrate
under vacuum and prolonged standing at �40 �C. Total yield: 0.1 g (25%);
IR (KBr): �
 � 2013 (s), 1910 (s), 1885 (s), 1621 (s), 1062 (w), 1041 (m), 936
(s), 885 (s), 852 (m), 698 (s), 672 (sh), 630 cm�1 (m); 1H NMR (300.13 MHz,
CD3OD, 297 K, TMS): �� 4.70 (s, 6H; OCH3), 4.82 ppm (s, 6H; OCH3);
13C NMR (75.47 MHz, CH3OH/CD3OD, 297 K, TMS): �� 66.4 (s, 2C;
OCH3), 66.8 ppm (s, 2C; OCH3); elemental analysis (%) calcd for
C38H86Mo5N3O22Re: C 29.00, H 5.37, Mo 29.70, N 2.60, Re 11.53; found:
C 28.93, H 5.28, Mo 29.11, N 2.56, Re 11.56.

Preparation of (nBu4N)3[Na{Mo5O13(OMe)4(NO)}2{Mn(CO)3}2] ¥MeOH
(3 ¥MeOH): Solid [MnBr(CO)5] (0.140 g, 0.5 mmol) was added to a
solution of 1 (0.68 g, 0.5 mmol) in deaerated methanol (10 mL). The
resulting red solution was refluxed under nitrogen and in the dark for 16 h,
upon which its color had changed to brownish-green. The volume was
reduced to 3 mL, and the solution was allowed to stand at �40 �C for one

week. Brown crystals with the composition 3 ¥MeOH, according to
crystallography analysis, were collected by filtration. These crystals
appeared to be unstable outside the mother liquor due to loss of solvent.
Yield: 0.37 g (54%); IR (KBr): �
 � 2036 (s), 1930 (s), 1920 (s), 1650 (s),
1030 (m), 1005 (w), 950 (w), 940 (w), 911 (s), 720 (sh), 676 (s), 635 (m),
635 cm�1 (sh); UV/Vis (CH3OH): 	max (�)� 540 (sh, 134), 390 nm
(3850mol�1dm3cm�1); 1H NMR (300.13 MHz, CD3OD, 297 K, TMS):
�� 4.59 (s, 6H; OCH3), 5.21 (s, 6H; OCH3) ppm; 13C NMR (75.47 MHz,
CH3OH/CD3OD, 297 K, TMS): 69.2 (s, 2C, OCH3), 69.9 (s, 2C, OCH3),
221.7 (s, 3C, CO); elemental analysis (%) calcd for C62H132Mn2Mo10N5-

NaO42: C 27.46, H 4.91, Mn 4.05, Mo 35.38, N 2.58, Na 0.85; found: C 27.29,
H 4.95, Mn 3.98, Mo 34.76, N 2.69, Na 0.75.

Preparation of (nBu4N)4[Mn(H2O)2{Mo5O13(OMe)4(NO)}2] (4):
Mn(NO3)2 ¥ 4H2O (0.063 g, 0.25 mmol) and 1 (0.34 g, 0.25 mmol) were
added to methanol (10 mL), and the mixture was stirred for 6 h at room
temperature. After separation of a fine precipitate, the red filtrate was
allowed to stand at �40 �C for one week, after which time the precipitated
orange-violet oblong crystals were collected. Yield: 0.115 g (54% based on
Mo); IR (KBr): �
 � 1620 (s), 1070 (sh), 1046 (m), 927 (s), 897 (s), 862 (m),
696 (br), 625 cm�1 (m); UV/Vis (CH3OH): 	max (�)� 535 nm
(120mol�1dm�3 cm�1); elemental analysis (%) calcd for C72H172MnMo10-
N6O38: C 31.51, H 6.32, Mn 2.00, Mo 34.96, N 3.06; found: C 31.43, H 6.44,
Mn 1.91, Mo 32.49, N, 2.99.

Preparation of (nBu4N)2[MnX{Mo5O13(OMe)4(NO)}] X�Br (5a), Cl
(5b):Amixture of MnBr2 ¥ 4H2O (0.72 g, 2.5 mmol) and 1 (3.4 g, 2.5 mmol)
in methanol (20 mL) was refluxed for 2 h and then cooled to ambient
temperature. Upon addition of diethyl ether (100 mL) to the deep plum-
colored solution under vigorous stirring a blue-violet precipitate(5a) was
obtained. It was recrystallized from methanol due to the possible
contamination with (nBu4N)2[Mo6O19]. Slow diffusion of diethyl ether into
the solution of the crude precipitate resulted in the formation of crystals
suitable for X-ray diffraction analysis. Compound 5b was similarly
obtained from a mixture of MnCl2 ¥ 4H2O (0.215 g, 1.09 mmol) and 1
(1.5 g, 1.09 mmol) in methanol (10 mL).

Compound 5a : Yield after recrystallization: 2.8 g (77%); IR (KBr): �
 �
1643 (s), 1055 (sh), 1035 (s), 938 (s), 868 (s), 845 (s,) 677 (br), 630 cm�1 (m);
UV/Vis (CH3OH): 	max (�)� 545 nm (55mol�1 dm3cm�1); elemental anal-
ysis (%) calcd for C36H84BrMnMo5N3O18: C 29.58, H 5.79, Br 5.47, Mn 3.76,
Mo 32.82, N 2.87; found: C 28.99, H 5.66, Br 5.57, Mn 3.72, Mo 32.89, N 2.96.

Compound 5b : Yield after recrystallization: 1.08 g (68%); IR (KBr): �
 �
1645 (s), 1057 (sh), 1033 (s), 938 (s), 870 (s), 846 (s), 678 (br), 630 cm�1 (m);
UV/Vis (CH3OH): 	max (�)� 545 nm (55mol�1 dm3cm�1); elemental anal-
ysis (%) calcd for C36H84ClMnMo5N3O18: C 30.51, H 5.97, Cl 2.50, Mn 3.88,
Mo 33.88, N 2.97; found: C 30.54, H 5.95, Cl 2.70, Mn 3.72, Mo 33.10, N 3.00.

Preparation of (nBu4N)4[Mn(H2O)2{Mo5O16(OMe)2}2{Mn(CO)3}2] (6):
(nBu4N)2[Mo2O7] (0.8 g, 1 mmol) was added to a solution of Mn(NO3)2 ¥
4H2O (0.05 g, 0.2 mmol) and [MnBr(CO)5] (0.22 g, 0.8 mmol) in methanol
(10 mL). Ayellow precipitate was soon apparent. The mixture was refluxed
under nitrogen for half an hour, during which time the precipitate became
more abundant. The precipitate (analytically pure 6) was collected by
filtration after cooling to ambient temperature. Yield: 0.36 g (61%, based
on Mo); IR (KBr): �
 � 2034 (s), 1930 (s), 1910 (s), 1000 (m), 950 (m), 933
(s), 910 (s), 895 (sh), 880 (m), 815 (s), 785 (m), 695 (br), 663 (m), 635 cm�1

(m); UV/Vis (CH3OH): 	max (�) 390 nm (2780mol�1dm3cm�1); elemental
analysis (%) calcd for C74H160Mn3Mo10N4O44: C 30.29, H 5.50, Mn 5.62, Mo
32.70, N 1.91; found: C 29.52, H 5.13, Mn 5.32, Mo 31.63, N 1.98.

Crystals of 6 ¥ H2O suitable for X-ray diffraction were obtained in the
following way: a mixture of (nBu4N)2[Mo2O7] (0.4 g, 0.5 mmol) and
[MnBr(CO)5] (0.27 g, 1 mmol) in methanol (15 mL) was refluxed for 2 h.
The mixture was filtered while hot, and the green filtrate was allowed to
stand at room temperature for a few days, during which time small green
crystals of 6 ¥ H2O formed together with a yellow powder, which proved to
be a mixture of 6 and 7.
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