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Preparation and Crystal Structures of Formato Complexes of the [MY304]4" and [MV 3S,]4*
(M = Mo, W) Clusters. Convenient Precursors to the Corresponding Aqua Complexes

Michael Brorson,*:7+8 Alan Hazell' Claus J. H. Jacobsenr, lver Schmidt,™ and
Jorgen Villadsert

Haldor Topsge Research Laboratories, Nymgllevej 55, DK-2800 Lyngby, Denmark, Chemistry
Department A, Building 207, The Technical University of Denmark, DK-2800 Lyngby, Denmark, and
Institute of Chemistry, Langelandsgade 140, Aarhus University, DK-8000 Arhus C, Denmark

Receied June 8, 1999

In the aqueous chemistry of molybdenum(lV) and tungsten(lV), trinuclear, incomplete cubane-like, oxo and sulfido
clusters of the type [ME4]*" (M = Mo, W; E= O, S) play a central role. We here describe how formato complexes
of all these cluster cores can be prepared in high yields by crystallization from metheater or ethanot

water mixtures. Since potassium and ammonium formate are very soluble in these-algatesI mixtures, high
formate concentrations could be accomplished in the solutions from which the corresponding salts of cluster
formato complexes crystallized. The [M24]*" compounds could be synthesized without requiring the use of
noncomplexing acids in the process. Somef]*" compounds were characterized by single-crystal structure
determinations. [Nk 3.2dK] 0.sdH30][M0304(HCO,)s][HCO,]-H,O was triclinic, space groupl (No. 2) with
a=11.011(2) Ab = 13.310(2) A,c = 9.993(1) A,a = 106.817(7), B = 91.651(93, y = 88.340(9}, and two
formula units per cell. [KW3S4(HCOy)e][HCO,]-2.27H0-0.73CHOH was monoclinic, space gro@2/m (No.

12) witha = 19.605(6) A,b = 14.458(7) A,c = 13.627(5) A, = 118.94(23, and four formula units per cell.
Generally, the nine coordination sites of JE4]*" were occupied either by a mixture of monodentate apd
bridging formato ligands or by monodentate formato ligands only. By dissolution in noncomplexing strong acid,
all the formato complexes immediately hydrolyzed to formsBy(H.O)o]*" aqua complexes. This allows, for
example, high concentrations of [M&y(H20)q]*" in CRSO;H to be obtained and these solutions to be used for
the synthesis of bimetallic clusters containing the cubane-like motfMvig,.

Introduction central role in the agueous chemidfrgf molybdenum(IV) and
i o tungsten(lV).
Molybdenum(IV) was recognized as a stable oxidation state
in non-cyanide-containing aqueous solutions as late as #966. | —| 4+
It occurs in the form of the trinucledf cluster [MgO4]*", which —M E
was found to have the coordination number 9. Later, the E/‘
analogous tungsten(lV) cluster B@4]** was preparedin /
. ; E M—  M=Mo, W
aqueous solution and so were the two sulfido clustersgylt"™ a4 |
(ref 6) and [W§S4]** (ref 7). Mixed oxo-sulfido clusterg and 7'\(‘ E E=0$S

mixed molybdenumtungsten clustef$ave also been prepared.

The [MgE4]** (M = Mo, W; E = O, S) type clusters play a In acidic, aqueous solution and in the absence of strongly

coordinating ligands, the clusters occur as aqua complexes: red
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[M0304(H20)]*", orange [WO4(H.0)]*", green [M@S:-
(H20)q]**, and purple [WS4(H20)o]**. The cluster cores are
kinetically extremely inert; [MgS;]*" and [WsS4]*", for ex-
ample, are stableni2 M hydrochloric acid for several years.
Even in concentrated sulfuric acid has [Ma]*" been found
to be stable for-2 years!! Both sulfido clusters are stable in
2 M H* with respect to oxidation by the air whereas [¥a-
(H20)g]** oxidizes slowly and [WO4(H20)o]*" more rapidly
under these conditions.
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[MV3044" and [MV3S,]* (M = Mo, W) Clusters

Richens et al. isolated [M@4(H20)q]** (ref 12) and Shiba-
hara and co-workers [M&(H20)]*" (ref 13) and [WSs-
(H20)q]** (ref 14) as the very solublg-toluenesulfonate (pts)
salts. All were obtained by crystallization pftoluenesulfonic
acid (Hpts) supersaturated eluates of3f{H,O)o]*" from
cation exchange columns. Recently, a convenient high-yield
method was reported for the isolation of such pts salts: By
addition of a stoichiometric amount of Hpts to solutions og{M
NiS4(H,0)10]*" in aqueous CFEOOH followed by complete
removal of the solvent by rotary evaporation, crystalline pts salts
of the MsNiS, clusters could be isolatéd.

We here report syntheses and structures gEjf~ formato
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The following chromatographic operations, hydroxide precipitation
and redissolution, should be carried out in noninterrupted succession
(total time required is approximately 4 h), protection is not necessary.
After the prescribed 1820 h the 500 mL dark red solution was loaded
onto a 17 cmx 3 cm column of Dowex 50W-X2 (106200 mesh)
cation exchange resin (Horm, packed in neutral water). The resin
bed was washed with 1000 mL of 0.3 M HCI, which removed undesired
byproducts: first orange [M@®,]%", then a small amount of a red
species, probably a chloro complex of [M®]*". At the end, when
the color of the washing liquid had become very weak, the desired
[Mo0304]** was eluted wit 2 M HCI. Only the first approximately 250
mL concentrated dark red eluate was used; subsequently the eluate
became less concentrated and increasingly brownish in color. Without

complexes. Formato complexes are excellent starting materialstndue delay and while the eluate was being cooled in ice, small portions

for the preparation of aqua complek&by acid hydrolysis in
noncomplexing acids. Previously, fiklo" (HCO,)e] 1617 and
(NHa)3[MoV,04(u-HCO,)(HCO,)4] 8% were thus used as pre-
cursors to the aqua complexes [W1,0)e]3" and [Mo’,0;-
(H20)¢]2*. One of the new compounds reported in the present
paper, kMo3S,(HCO,)s(H20)3, has already been usédior the
preparation of the bimetallic cluster [MBbS(H0),¢]81;20-21
here high concentrations of [M84(H20)q]*" in CRSO:H were
required but the presence of ptsndesired. This situation could
only be accomplished by means 0fMo03S,(HCO,)s(H20)s.

Experimental Section

Synthesis of Oxo Cluster CompoundsDue to the air-sensitivity

of 10 M KOH were added to the eluate until pH 10 was obtained
(approximately 65 mL). This caused precipitation of dark-green
[M0304]*" hydroxide. The hydroxide was isolated as a concentrated
slurry by centrifugation using an ordinary laboratory centrifuge. It was
washed twice with water and then dissolved in 150 mL of affr€e
buffer solution, which wa 5 M in potassium formate and 10 M in
formic acid (giving a total volume of approximately 225 mL). If not
all hydroxide dissolved at once, the mixture was gently warmed while
N2 was bubbled through it. Then,@ree ethanol (96%) was added in
an amount equal to twice the volume of the aqueous solution. After
standing for 10 min, a small amount of oily brown precipitate sometimes
formed on the walls of the flask. This was removed, together with some
fine dark brown patrticles, by filtering the solution through acBoer
funnel. Finally, the ethanolic solution was once again mag&r€® by
bubbling N through it for 15 min and then set aside for crystallization

of the oxo clusters, Schlenk techniques were used and preparations(N2 protection, room temperature).
were carried out under a protective dinitrogen atmosphere with the use  Complete crystallization of [K]M0304(HCO,)g]-nH0 usually took

of deaerated solvents (by bubbling with fér 15 min). For [MgO4]**

inert gas protection is important during the conproportionation reaction
but is less important in other stages of the synthesis as@yj¢" in
acidic solution is oxidized only slowly by atmospheric dioxygen at
room temperature.

[K] M0 304(HCO,)g]-nH0. Literature methodd22 are available
for preparation of the starting material (Mg[MoCls(H,0)]; alterna-
tively (NH4)3[MoClg],2* Kz[MoCls(H,0)],2° or K3[MoClg]?®> may be
used.

While a flask containing 50 mL of ©free 2 M HCI was being
flushed with N, (NH4)2[MoCls(H,0)] (9.82 g, 30 mmol) and N&MoO,-
2H,0 (3.63 g, 15 mmol) were dissolved in the acid. The solution, which
at first may contain some solid material, was stirred af@5or 2 h
under N. The dark red solution obtained was allowed to cool, diluted
with 450 mL of Q-free water, and set aside at room temperature (20
°C) for 18-20 h under N. Storing the solution for a shorter period
made it difficult to chromatographically separate Wand Md". If,

on the other hand, the solution was stored for a longer period, extensive

polymerization occurred (brown color).
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place overnight. A white flocculent precipitate, which sometimes formed
in the course of several days, should not be allowed to contaminate
the product. The needle-shaped, maroon colored, air-stable crystals were
isolated by filtration in air, washed several times with 96% ethanol,
and thoroughly dried in the air. Yield: 6.4 g (46% based on total
molybdenumn = 3). Anal. Calcd for [K[M0304(HCO,)g]-3H:0: K,
16.96; Mo, 31.20; C, 10.42; H, 1.53. Found: K, 17.2; Mo, 31.6; C,
10.31; H, 1.54. IR (cmt, KBr): 3520 (s, b), 2875 (m), 1610 (vs),
1544 (m, sp), 1377 (m, sp), 1354 (m, sp), 1300 (s), 1240 (s), 804 (s,
sp, double), 767 (s, sp), 753 (s, sp), 723 (m, sp), 485 (m, sp). A single-
crystal structure determinatioR2y/c, a = 10.8748 A.b = 6.6969 A,
c=34.8815 A 5 = 91.3959)% gaven = 1, indicating that the crystal
did not have the usual amount of water of crystallization which,
according to elemental analysesnisc 3. The air-dried product lost
approximately 2 mol of water when kept over concentrated sulfuric
acid. Magnetic susceptibility measurements showed that the compound
had no unpaired electrons.

[NH 4] 4[H 30][Mo0 304(HCO2)s][HCO 2]-H,0. This crystalline solid
was prepared analogously to the potassium salt above. Aqueous
ammonia was used instead of 10 M potassium hydroxide to precipitate
the dark-green [MgD,]*" hydroxide and the formate/formic acid buffer
solution should b 5 M in ammonium formate rather than potassium
formate. Formation of the first crystals was sometimes slow. Yield:
3.0 g. Anal. Calcd for [NH]|4[H3z0][M0304(HCO,)s][HCO,]-HO: Mo,
33.23; C, 12.48; H, 3.49. Found: Mo, 32.9; C, 12.47; H, 3.51. IR {cm
KBr): 2875 (m), 1610 (vs), 1550 (m, sp), 1460 (m), 1399 (m, sp),
1275 (s), 1235 (m), 798 (s, sp), 752 (s), 717 (m, sp), 485 (m, sp).

K4W304(HC02)8(H20)3. A solution of [\/\/3()4(H20)9]4Jr in2M
p-toluenesulfonic acid was prepared frorg W Clg].> The concentration
of the solution was determined spectrophotometrically by using the
valu€® (Amax €) = (455 nm, 375 kmol~*-cm™). An amount of 0.5
mmol of [W504(H20)g]*" in 2 M p-toluenesulfonic acid was diluted
10 times with water and loaded onto a column (3 cm long, 13 mm
diameter) of Dowex 50W-X2 (106200 mesh) cation exchanger. The
column was washed with water and run dry. Then 10 mL of 5 M
potassium formate solution which was also 10 M with respect to formic
acid was applied to the column. After the column had been soaked for
30 min, slow eluation (5 drops/min) was conducted. The dark red eluate

(26) Brorson, M.; Gajhede, M.; Bentzen, S. Unpublished.
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was collected, twice its volume of methanol was added, and the mixture Table 1. Crystallographic Data for

was set aside at 3C for 2 days. A dark red oil formed. This was

separated from the mother liquor and then converted into a dark red,
glassy, amorphous material by treatment with 25 mL of absolute ethanol

with magnetic stirring. The solid was isolated by filtration, washed
with ethanol, and dried in a vacuum. Yield: 0.38 g (64%). Anal. Calcd
for K,W304(HCO,)e(H20)s: C, 8.10; H, 1.19. Found: C, 8.23; H, 0.71.
IR (cm™1, KBr): 3415 (s, b), 2872 (m), 1631 (vs), 1389 (m, sp), 1348
(w), 1303 (s), 799 (m, sp), 759 (w), 735 (w), 697 (w).

Synthesis of Sulfido Cluster CompoundsSolutions of the aqua
ions [MsS4(H20)]** (M = Mo, W) in hydrochloric acid were prepared
by reduction of (NH),MS, with NaBH,.** Their concentrations were
determined spectrophotometricaltyl M HCI [(Amax €)mo = (620 nm,

315 L'mol~t-cm™) and @max €)w = (570 nm, 480 mol~t-cm™)].
All operations with the sulfido clusters can be carried out in air, and
none of the products are air-sensitive.

K4M03S(HCO2)s(H20)s. An amount of 0.5 mmol of [MeSs-
(H20)g]*" in 2 M hydrochloric acid was diluted 10 times with water
and then loaded onto a column (5 cm long, 13 mm diameter) of Dowex
50W-X2 (100-200 mesh) cation exchanger. The column was washed
with 100 mL of distilled water and green product eluted with 50 mL
2 M p-toluenesulfonic acid. After 1 day at room temperature the eluate

was diluted 10 times and reloaded onto the cation exchange column.

The column was washed with water and then run dry to avoid dilution
in the following step. Then 10 mLfé& M potassium formate solution
which was als 5 M with respect to formic acid was applied to the
column. The column was soaked for 10 min, and slow eluation was

conducted (5 drops/min). The bottle green eluate was collected. The
soaking and eluation process was repeated with another 10 mL quantity.

of formate/formic acid buffer solution. The amount of [A]** present

on the column after this treatment was small and was discarded. To

the approximately 20 mL of eluate was added 40 mL of 96% ethanol,
and quickly thereafter the solution was filtered on acBwer filter.
The clear dark green solution was set aside &€band after 1 day

crystals were usually observed. After 2 days the crystals were collected

by filtration on a G3 glass frit, washed with 50 mL of absolute ethanol,
and dried in the air. Yield: 0.30 g (61%) of small, needle-shaped, dark
yellowish green crystals. Anal. Calcd fonMo3S/(HCO,)s(H20)s: K,
15.85; Mo, 29.17; C, 9.74; H, 1.43. Found: K, 15.95; Mo, 28.1; C,
9.60; H, 1.18. IR (cm?!, KBr): 3450 (m, b), 2944 (w), 2858 (m), 1596
(vs), 1537 (m), 1391 (m), 1369 (m), 1341 (m, sp), 1275 (s), 793 (s,
sp), 774 (m, sp), 492 (m, sp), 457 (m).

[K] [W 3S4(HCO2)o][HCO ;] -3H,0. The preparative procedure was
similar to that adopted for #¥103S4(HCO,)s(H20); apart from the use
of [W3Sy(H20)g]** instead of [M@Sy(H20)g]**. The eluate from the
column was green. Yield: 0.35 g (49%) usually as a green powder,
occasionally as small dark bluish green crystals. Anal. Calcd far [K]
[W3S4(HCO,)g][HCO,]*3H,0: C, 8.47; H, 1.14. Found: C, 8.43; H,
1.33. IR (cnt?, KBr): 3480 (s, b, double), 2845 (m), 1617 (vs), 1399

[NH4]z.2dK] 0.6dH301[M0304(HCO,)e][HCO,]-H20 (1) and
[K] e[W3Sa(HCO,)o][HCO,]-2.27H,0+0.73CHOH (2)

1 2
formula GH26 N3.20024K 0.8dM03 C10.7H17.4602354K W3
fw, g/mol 883.06 1428.92
space group P1(No. 2) C2/m(No. 12)
a, 11.0111(2) 19.605(6)

b, A 13.310(2) 14.458(7)
c A 9.993(1) 13.627(5)
o, deg 106.817(7) 920

S, deg 91.651(9) 118.94(2)
y, deg 88.340(9) 90

Vv, A3 1401.0(3) 3381(2)

VA 2 4

T,°C 21 21
radiation Mo Ko Ag Ka
Pealca glcn? 2.088 2.807

u, cmt 15.03 61.21

R (Ry)? 0.026 (0.034) 0.046 (0.055)

AR =Z||Fo| — |Fell/Z|Fol, Ry = [ZW(|Fo| — |Fel)?/Zw|Fo|?*2 where
W = 1/02(|Fo|).

H.0-0.73CHOH using a Huber four-circle diffractometer. Crystal data
and experimental parameters are listed in Table 1.

Data for a crystal of [Ni]s2dK] 0.sdH30][M0304(HCO,)g][HCO2]-
H.O (coated with epoxy resin) were collected using graphite-mono-
chromated Mo K radiation; 5370 reflections were corrected for Lorentz
and polarization effects and for absorption (transmission 6-D4941)
which on averagingRi = 0.021) gave 4926 reflections of which 3972
had| > 30(l) and which were used in subsequent calculations. The
structures were solved using SIR9and refined, orf, by the method
of least-squares using a modification of ORFE®\t an early stage in
the refinement of [Nh!e,zc{K] osd:H30][M0304(HCOz)8][HC02]‘Hzo it
became clear that two of the sites (K1 and K2) initially believed to be
occupied by ammonium ions were in fact partially substituted by
potassium ions. In the refinement these two ammonium ioné &Kd
K2') were assumed to be free rotors and the sum of the occupation
factors for each site was constrained to be unity. X-ray fluorescence
confirmed the presence of potassium in the bulk sample. All non-
hydrogen atoms were refined anisotropically; hydrogen atoms other
than those of the free rotors were located on a difference electron density
map and were refined with isotropic displacement parameters. Absorp-
tion corrections were repeated during the refinement to fit with the
potassium-containing formulation. The final chemical formula was
found to be [NH]s2dK] 0.sdHz0][M0304(HCO,)g][HCO,]-H0.

Data for [K]{W3Ss(HCO,)g][HCO;]-2.27H0-0.73CHOH were
collected using graphite-monochromated Agx Kadiation; 4989

(m, sp), 1389 (M, sp), 1303 (s), 801 (s, sp), 796 (s, sp), 762 (m), 550 reflections were corrected for Lorentz and polarization effects and for

(m, b), 471 (m, sp).
Magnetic Measurements.The magnetic susceptibility of powdered

absorption (transmission 0.326.513) which on averagingR: =
0.046) gave 4664 reflections of which 2656 Had 30(1) and which

samples was determined by means of a Sherwood Scientific magneticwere used in subsequent calculations. The structure off\lKB:-

susceptibility balance.
X-ray Crystallography. Crystal Preparation. The crystal used to
determine the structure of the ammonium B@g** formate compound

(HCQO,)¢][HCO,]-2.27H0-0.73CHOH was solved and refined in the
centrosymmetric space gro@2/m, with a potassium ion disordered
over two sites (K4 and K5); maxima in a difference density map were

was produced by the synthetic procedure described above. However,modeled by disordered solvent molecule©HCH;OH. Non-hydrogen

since KOH rather than Nfhad been used to precipitate the [§@a]**

hydroxide, some potassium ions had isomorphously replaced am-

monium ions in the product. X-ray powder diffraction showed that the
obtained [NH]32({K] o_gc{H30][MO304(HC02)3][HC02]‘Hzo and the

atoms were refined anisotropically; hydrogen atoms were kept fixed
in calculated positions with €H = 0.95 A and with isotropic
displacement factors 20% larger thelg, of the atom to which they
are attached. The chemical formula for the crystal studied was found

pure ammonium compound were isomorphous. The latter is thus to be [K]s[W3S4(HCO,)g][HCO,]:2.27H0-0.73CHOH.

formulated as [NH]4H30][M0304(HCO,)g][HCO,]-H,0. Crystals of
[K]6[W3S4(HCO;)o][HCO,)-2.27H0-0.73CHOH were produced by
replacing ethanol with methanol as precipitating agent in the normal
synthetic procedure for the potassium §®j*t formate compound.
Macrocrystalline potassium [M84]*" formate compound could be
obtained in the same way. However, the growing habit prohibited
determination of its single-crystal structure.

Structure Solution. Data were collected for [NHz 2dK] 0.sdH30]-
[M03O4(HCO,)s][HCO:]-HO and [KF[W3Sy(HCO,)g][HCO,]-2.27-

Atomic scattering factors and anomalous dispersion corrections were
taken from ref 29.

(27) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla,
M. C.; Polidori, G.; Camalli, MJ. Appl. Crystallogr.1994,27, 435.
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Birmingham, Vol. IV, 1974.



[MV30,]** and [MV3S]** (M = Mo, W) Clusters Inorganic Chemistry, Vol. 39, No. 7, 2000349
Results and Discussion

The [MoO4*" cluster is prepared in hot strong acid
([H*] = 1—2 M) by conproportionation of a low<{+4) and a
high (> +4) oxidation state molybdenum compout#£®-32 The
[Mo304]*" formate compounds were obtained by the following
procedure, which does not involve the use of noncomplexing
acids: Tke 2 M HCI solution in which the conproportionation
had taken place was diluted to 0.2 M HCI and left overnight in
order to aquate chloro complexes of [M®]*". Combined with
the subsequent precipitation and wash of the {®W*"
hydroxide!? this was sufficient to obtain a chloride-free final
product. Nonoptimized synthetic procedures led to the presence
of KCl in the final product. Addition of excess KOH should be
avoided as [MgO4]*" hydroxide dissolves in strong base.

In the syntheses of the [§#]*" formate compounds care
also has to be taken in order to avoid chloride impurities in the
final products; hence the [M4]*" solutions were subjected to
ion exchange chromatography after having been allowed to fully gigre 1. ORTEP representation at the 50% probability level of the
aquate m 2 M Hpts for 1 day. Precipitation of [b6]** [Mo304(HCO,)g)*~ cluster formato complex in [Nii.2dK] 0.sdH3O]-
hydroxides is not an option, as substantial decomposition of [Moz04(HCO,)g][HCO,]-H0.

the [MsSy]*" clusters was observed to take place in basic
Table 2. Selected Bond Lenghts (A) and Angles (deg) for the

solution. . s [M0304(HCQO)g]*~ Cluster Formato Complex in
The present preparative procedures forsf*t formato [NH.]5.2dK] 0.sdHsO][M0304(HCO)g][HCOZ] -H.0
complexes utilize the fact (e.qg., ref 18) that addition of ethanol

. . . . Mol—Mo2 2.506(1) Mo+Mo3 2.489(1)
to 5 M ammonium, potassium, or cesium formate solutions does  p1g2—Mo3 2.488(1) Mot01 2.032(3)
not precipitate the (pseudo) alkali formates even when 2 volumes  Mo1—02 1.939(2) Mo+04 1.936(3)
of ethanol are added. Potassium and ammonium salts of the Mol-05 2.105(3) Mo+08 2.117(3)
[M3E4)*t formato complexes could therefore be selectively =~ Mol—O11 2.067(3) Moz-01 2.030(2)
grown from a medium containing a high concentration of free =~ M02-03 1.918(3) Mo2-04 1.898(3)
. . o Mo2—014 2.068(3) Mo2017 2.118(3)
ligand. The potassium salts of the {B}]** clusters could be Mo2—020 2.193(3) Mo3-0O1 2.020(3)
prepared in good yields, but because of their higher solubilities,  pmo3—02 1.910(3) Mo3-03 1.933(3)
the corresponding ammonium salts could only be prepared in  Mo3—-022 2.199(3) Mo3-023 2.118(3)
very low yields and as amorphous powders. Cesium salts of Mo3—026 2.054(3)
[M03Sy(HCO,)J*~4~ and [WeSy(HCO,),| 99~ were precipi-  po2-Mol-Mo3 ~ 59.76(2) Mo:-Mo2—Mo3  59.78(1)
tated from a cesium formate/formic acid buffer (5 M CsHZO Mol—Mo3—Mo2 60.46(1) OrMol—-02 100.4(1)
10 M HCQOH) by the addition of methanol. A cesium 01-Mol-04 99.2(1) 02-Mo01-04 97.3(1)
molybdenum compound precipitated as needle-shaped crystals, 01-Mo2—-03 101.4(1)  OxMo2-04 100.5(1)
and a cesium tungsten material precipitated as a mixture of 03-Mo2-04 96.1(1) OFMo3-02 101.8(1)
. e S 7 01-Mo3—-03 101.2(1) O2Mo3-03 93.7(1)
needle-shaped and cubic crystals, which did not have identical yy51-01—mo2 76.18(9) MotO1-Mo3 75.79(8)
X-ray powder diffractograms. These well-crystallizing com-  Mo2—01-Mo3 75.80(8) Mot02—-Mo3 80.56(9)
pounds were not further investigated. Preparation ofQ\J#* Mol—04—Mo2 81.6(1) Mo2-0O3—Mo3 80.5(1)

formate compounds were generally difficult. The potassium salt _ _

was obtained as a glassy, amorphous material; chemical analysi§FsSO;H or H.SO; and letting the carbon monoxide escape

results were not inconsistent with it being completely analogous before dilution in water.

to [K]4[M0304(HCO,)g]-3H0. Clear solutions could not be obtained by dissolving the
Whereas the oxo clusters only displayed minor changes in formate compounds in neutral water: The initially formed clear

color upon exchange of agua ligands with formato ligands, the solutions becgme cloud_y in the course of minutes, presumably

sulfido clusters displayed more pronounced shifts in color; due to formation of basic formate compounds.

bottle green to yellow-green for [M&4]4* and purple to dark Crystals of [NH]32dK]o.sdH3O][M0304(HCO,)e][HCOZ]*

green for [WiSJ**. When the formate compounds were H>O consisted _of tnnuclear_ [I\/b®4(HCOZ_)8 A a noncoordl-_

dissolved i 2 M Hpts or CESOsH, rapid protonation of the nat_ed formate ion, ammonium, potassium, .and hydroxonium

formato ligands resulted in the immediate formation of the Ccations and a water of crystallization. Principal bond lengths

respective aqua ions [Ma(H,0)]*" (M = Mo, W; E= O, S). and angles for the complex anion (FiguréHre given in Table

This demonstrates the presence of the trinuclear clusters als- The4+l\/ic233(_)4 cluster core is similar to that in [MQs-

in the less well-characterized formate compounds. If the (H20)q]*",** i.e., an |’2complete cube with mezn dimensions

presence of formic acid is undesirable in the aqua complex MO—Mo = 2.494(6) A, Mo-(us-O) = 2.027(4) A, and Me-

solutions, it may be avoided by treating the solid formate “2"0)= 1.922(7) A (the standard deviations of average values

compounds (e.g., [KIMo3O4(HCO,)g]-3H.0) with concentrated ~ &r€ sample standard_deviations of the mean). The cube is
deformed along the diagonal so that the mean-{lg-O)—

Mo angle is 75.9(%) Seven monodentate formato ligands and

(30) Ardon, M.; Pernick, AJ. Am. Chem. Sod973 95, 6871-6872;

addition, 1974 96, 1643 one bridging bidentate formato ligand are coordinated to the
(31) Cotton, F. A.; Marler, D. O.; Schwotzer, \Worg. Chem.1984 23,
3671-3673. (33) Burnett, M. N.; Johnson, C. K. ORTEPIIIl. Report ORNL-6895; Oak

(32) Richens, D. T.; Sykes, A. Gnorg. Synth.1985 23, 130-140. Ridge National Laboratory: Oak Ridge, TN, 1996.
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Table 3. Selected Bond Lengths (A) and Angles (deg) for the
[W3Sy(HCO;)g]> Cluster Formato Complex in
[K] e[W3Sa(HCO,)o][HCO,]-2.27H,0-0.73CHOH

) W1-W2 2.744(1) W2-W2 2.754(2)
) ' 2 5 W1-S1 2.349(5) W1S3 2.311(4)
R 2 g W2-S1 2.351(4) W2 S2 2.321(4)
D S W2-S3 2.305(4) W01 2.146(15)
W1-04 2.124(10) w207 2.141(9)
W2-010 2.147(10) w2013 2.130(10)
W2-W1-W2 60.25(4)  WEW2-W2 59.87(2)
S1-W1-S3 106.3(1) S3W1-S3 96.8(2)
S1-W2-S2 106.3(1) STW2-S3 106.4(1)
S2-W2-S3 96.5(2) W1S1-W2 71.4(1)
W2-S1-W2 71.7(2) W2-S2-W2 72.8(2)
W1-S3-W2 72.9(1)

(i) Symmetry code:x, —y, z

The [M3E4]** clusters have a coordination number of 9. It is
not obvious why [WS,]*" prefers to crystallize with nine

- ; 4+ -
Figure 2. ORTEP? representation at the 50% probability level of the monodentate formato ligands while [Ma]*" (E 0, S)

HCO.5- cluster f t lex i HCO- crystallize with only eight formato ligands. In [NH[HgO][Mog-
Pﬂéﬁﬁ].zlgﬁ,ﬁi@.o‘f#;ceﬁkoﬂfna 0 complex in [KWsS(HCO.) O4(HCO)e][HCO2]-H20 all nine cluster coordination sites are

occupied by formato ligands as one of the eight is bridging.
Exactly the same arrangement was found by an X-ray single-
crystal structure determination of the (nonisomorphous) com-
pound [KL[Mo304(HCO,)g]-H,0.26

cluster, the Me-O—CH=0 moieties are close to planar, five
are trans (Me-O parrallel to G=0), and two are cis. Oxygen-
17 NMR measurements on [MO4(HO)d]*" 12 showed four
types of Mo-0O bonds (a) Me-(u3-0O), (b) Mo—(u2-O), (c) bond ) L .
trans to a, (d) bond trans to b; we were able to distinguish four Th‘? formate salts are .easny prepared in h|grl+y|elds and
different Mo—O distances that were not of the M®(us- constitute a new, well-defined, class of stablesfy]** com-

f : 2 027(4) A 1.922(1) A 2118(2) A pounds. They have potential as starting materials as the formato
;r:&n?(;l;)z%%i(l(f))’& Oi.e.(l; a’ib)d <9C ﬂ(]e) re’\/g:r)se or(?ér )of " ligands are weakly bonded and thus easily substituted. Once

that found? for the 170 chemical shifts in [MgOa(H20)s*" substituted, the formate ions are generally not likely to interfere
The Mo—O(u-formate) distance is 2.196(2) A ' with the chemistry of a synthesis; the bimetallic cluster Mo

PbS(H0):¢]8" was, for example, synthesiZ8dn a solution
Crystals of [KFW3S4(HCO;)g][HCO,]-2.27H0-0.73CHOH : . > ,
consisted of trinu<:3lear [\é&?HCOz)z]5*, a noncoordinated obtained by dissolving #¥103S4(HCO)s(H20)s in aqueous C&

formate ion, potassium ions, and water and methanol of SG:H.

crystallization. The complex cluster anion (Figure 2) is on @ acknowledgment. M.B. acknowledges support from the
crystallographic mirror plane and forms an incomplete cube with panish Natural Science Research Council (J.Nr. 11-7783, Centre
dimensions WW = 2.749(1) A, W-(us-S) = 2.348(2) Aand o Bioinorganic Chemistry).

W—(u2-S)= 2.313(2) A (cf. Table 3). The cube is slightly more

deformed than MgO, having a mean W (u3-S)—W angle of Supporting Information Available: X-ray crystallographic files
71.6(1). In contrast to [NH]z.2dK] 0.sdH30][M0304(HCO,)g]- in CIF format for the structure determinations of [NkbdK] 0.sdH3O]-
[HCO,]-H-0, nine monodentate formato ligands are coordinated [M0sO(HCO)elHCOZ]-H.0 and [KEWsS((HCO,)g[HCO]-2.27H0-

to the cluster core, all of which bond in the trans configuration. 0.73CHOH. This material is available free of charge via the Internet
The mean W-O 2.138(5) A, bonds of types ¢ and d did not at hitp://pubs.acs.org.

differ significantly. 1C9906656





