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Preparation and Properties of the Corner-Shared Double Cube [M@BiSg(H20)1¢%" as a
Derivative of [Mo3S4(H20)o]*" in Aqueous Acidic Solutions
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The reaction of [M@S4(H20)q]*" with Bi'" in the presence of Byt (rapid), or with Bi metal shot (34 days),

gives a heterometallic cluster product. The latter has been characterized as the corner-shared double-cube [Mo
BiSg(H20)14]%" by the following procedures. Analyses by ICP-AES confirm the Mo:Bi:S ratio as 6:1:8. Elution
from a cation-exchange columiy & M Hpts (Hpts= p-toluenesulfonic acid), but n@ M Hpts (a 4 M HCIO,),

is consistent with a high charge. The latter is confirmed -asfi®m the 3:1 stoichiometries observed for the
oxidations with [Co(dipic)]~ or [Fe(H:0)s]®" yielding [M03S4(H.0)q]*" and BI" as products. Heterometallic
clusters [M@MSg(H,0):¢]8" are now known for M= Hg, In, Tl, Sn, Pb, Sb, and Bi and are a feature of the
P-block main group metals. The color of [MgiSg(H20)1¢]8" in 2.0 M Hpts (turquoise) is different from that in

2.0 M HCI (green-blue). Kinetic studies (2&) for uptake of a single chloridg = 0.80 M1 s, | =2.0 M

(Hpts), and the high affinity for CI (K > 40 M~1) exceeds that observed for complexing at Mo. A specific
heterometal interaction of the Thot observed in the case of other double cubes is indicated. Theadl be
removed by cation-exchange chromatography with retention of the double-cube structure. Kinetic studies with
[Co(dipic)]~ and hexaaquaFe'" as oxidants form part of a survey of redox properties of this and other clusters.
The CI adduct is more readily oxidized by [Co(dipit) (factor of ~10) and is also more air sensitive.

Introduction a nodal position as illustrated In The clusters are sometimes

The green trinuclear M¥; incomplete cuboidal cluster
[Mo3S4(H20)o]*" has high stability in aqueous acidic solutions,
and can be stored in air over long periods (yedr3!)t reacts
directly with a number of metals giving marked color changes,
the unusual reactivity stemming from the presence of three
available (facialu-sulfido ligands. Different rates of interaction
are observed: e.g., Hg, instant; Pb20 min; Sn~1 h); Fe,
~12 h34 In the case of Ni a number of days are required, and
with Pd it is necessary to use freshly prepared Pd black. With .
other metals e.g. Cr and Mo, no reactivity has been observed.'éferred to as (metal) sandwich compoufés? Structures of
Other procedures have been described besides direct reactiof® p—tolgenesulfonate (Pt salts of the aqua ions with M
with the metaP~7 and > 14 heterometallic M-containing cubes Hg® Sn? Sb}*and In (as the oxesulfido cluster [M@INSsO2-
MosMS,, or related double cubes, have now been reported.  (H20)18°"),° have been determined. In add't'ogl the structure

The incorporation of group 1215 metals M= Hg 8 In, 910 of the double cube with M= Mo, [Mo7S5(H20)s]”", the only
TI,11 Sn712 PB3 and SB into [MosSu(H;0)]** has resulted example ;/wth.a tranS|t|orj metal at the nodal position, has been
in the identification of corner-shared double cubes as a sub- reported:® With two main group heterometals only, M In

¢ MaMSe(H &+ with the het tal atom i and Sn, have single cubes b_een prepéf€dThe corner-shared
group type [M@MSg(H20)14]%", wi € heterometal atom in double cubes are unusual in that all seven examples to date

have the single stable state of charge 8The single cube aqua
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(H20)¢]3* have been reported. Bismuth(lll) also gives hexa-
nuclear bismuthyl ions e.g. [ROH)12%" from HCIO; and
HNO; solutions?%2 Bismuth(V) is a strong oxidant witk’
for BiV/Bi"" couple in HCIQ reported to be 2.03 V vs nité. 15
Bismuth- and molybdenum-containing compounds are important
as catalysts in the SOHIO alkene oxidation and ammoxidation
industrial processe®. This has prompted interest in organo-
molybdenum complexes of bismuth, e.g.&LBiM0o4(CO) -
(u-OMe)], which has a cubelike structu?é. A compound of
empirical formula M@BiS has a cluster unit combining three :
elements involved in the present study.Bismuth citrate 5-
preparations (one of the few water-soluble forms) are also used
in medicine?6:27

To provide further information on Mechalcogenide hetero- o L e )
metallic clusters we decided to explore the incorporation of 200 400 600 800
bismuth into [Ma@S4(H20)o]*" and here report the preparation Alnm
of [MogBiSs(H20)1g]8" and its properties in aqueous solution. Figure 1. UV—vis spectra (25°C) of the double cube [MBiSs-

(H20)1¢]®" in 2.0 M Hpts (---) and 2.0 M HCI ) (absorption

Experimental Section coefficientse per Ma;) as compared to [Mg(H20)g]*t in 2.0 M

) ) ) HCIOy (-++) (e per Mas). | = 2.0 M.
Preparation of [Mo¢BiSs(H20)1¢%t. Solutions of [M@Ss(H20)g]**
in 2.0 M HCI were obtained as previously descridetl. Conversion per Mas;) at 366 (9280) and 586 (3125), and in 2.0 M HCI, are shown
to [MogBiSg(H20)1]®" was achieved by syphoning [M&(H20)e]*" alongside [M@Ss(H20)]*" in Figure 1. The absorption coefficients
(2.5 mM, 50 mL) in 0.50 M HCI onto a 10-fold excess of bismuth(lll)  (¢) were determined by allowing solutions of [WM&iSg(H20):¢]" to
citrate (GHsO-Bi) (Sigma Chemicals), under rigorous air-free; N air oxidize when [M@S4(H,0)q]** is regenerated as the only product
conditions, and warming te-40 °C for 5 min to dissolve the solid with peaks at 248 (8219), 366 (5550), and 603 (362) in both 2.0 M
formed. The solution was then syphoned onto a 100-fold excess of Hpts and HCIQ. In 2.0 M HCI, the 366 nm peak shifts to 370 nm,
NaBH; (0.47 g, 0.25 M) in a round-bottomed flask as part of Schlenk- that at 602 nm shifts to 620 nm, aredvalues decrease by10%.
ware apparatus, when effervescence occurred and some black precipitate Other Reactants. Samples of NECo(dipic)]-H-O (dipic =
formed. A color change from green to dark green-blue was observed. pyridine-2,6-dicarboxylate), characterized by the visible absorbance
After this was allowed to stand for 30 min, the solution was filtered to band 510 nm (630) were obtained as previously descfib8dlutions
remove the black solid and loaded onto Dowex 50W-X2 cation- of [Fe(HO)e]*" were obtained by loading Fe(Clf3-6H,O (Fluka) on
exchange column, also undes.NUnreacted [MgSs(H,0)q]*" eluted a Dowex 50W-X2 cation-exchange column, and after washing with
first with ~1 M HCI and the green-blue product with2 M HCI. more dilute acid, eluting with 1.0M Hpts. Reduction potentials (vs
Solutions of concentrations of-31 mM were obtained in this way. nhe) are [Co(dipig] 2~ (767 mV) and [Fe(H0)e] 32" (770 mV). Other
Anion metathesis from Clto pts- was accomplished by loading the  reagents, including HCI, Hpts, and bismuth citrate, were of analytical
product in 0.5 M HCI onto a second Dowex column. After the column grade purity and used without further purification. A sample of Li(pts)
was washed with Hpts, a turquoise-blue product was eluted with 4 M was prepared by neutralization of Hpts solutions withQ®; and
Hpts. No elution was observed in eith2 M Hpts a 4 M HCIO,. recrystallizing.
Assuming an & product (see below) the equation summarizing reaction  Stoichiometries for the Oxidation of [MogBiSg(H20)1¢]%". The
is as in (1). Stock solutions of product{2 mM) in 4 M Hpts were stoichiometry of the [Co(dipig)~ oxidation [Ma;BiSs(H20)1¢]" in 2.0
M Hpts was determined by titrating with~-a20-fold more concentrated
2Mo,S,*" + Bi®" + 3¢ — MoBiS,S" (1) solution of [Co(dipic)]~ (aliquots added from a Hamilton micro-
syringe), and monitoring the absorbance decrease at the 586 nm peak
(e =3125 Mt cm™). The sole Mo containing product was determined
as [Mo;Sy(H20)g]*t from UV—Vis spectrophotometry. From four such
determinations a stoichiometry of 2.430.14 was obtained consistent
with (2) as the dominant process. Bismuth(V) is a strong oxidizing

102 e/M ‘em™’
-
(=]

stored one vessel inside another, both undeatV °C. Under these
conditions negligible oxidation occurs within a week. Solutions in HCI
are more air sensitive and are stable fod4 days under similar
conditions.

The same cluster was obtained by reaction of §8(H,0)¢]*" (15 ‘o 8+ n_, 4t I 1l
mL; 4—5 mM) in different acids as required with Bi shot% g) MogBiS,™" +3Cd" —2Mo;8," +3Cd' + Bi 2)
activated by treating with 4M HClIQprior to use, under Nfor 3—4
days.

Metal analyses were carried out using inductively coupled plasma
atomic emission spectroscopy (ICP-AES) on a sample of the Bi product
in 2 M HCI, and gave a Mo:Bi:S ratio of 6.1:1:7.9. For stock solutions
in 2 M Hpts, a Mo:Bi ratio of 6.2:1 was obtained. Both results are Mo.BiS.8* + 3F&* — 2M0o.S. 4+ + 3F& + Bi'" 3)
consistent with a formula MiSs. 68 S

UV —Vis and Near-IR Spectra: Spectra of the Bi-containing product  charge on the bismuth cluster, consistant with the adopted formulg [Mo
[MogBiSg(H20)1¢]8" in 2.0 M Hpts, peak positiod/nm (/M cm?t BiSe(H20)1g]®*.

- - Kinetic Studies. Reactions were carried out at 250.1 °C, with
(19) Frank, W.; Reiss, G. J.; SchneiderAhgew. Chem., Int. Ed. Engl  jpnjc strength adjusted td = 2.00 + 0.01IM (LiCl/Li(pts)) as

1995 34, 2416. . . .
(20) Lazgrini, F Acta Crystallogr., Sect. B997, 35, 448. appropriate, using a Dionex D-110 stopped-flow spectrophotometer,

agent (B’ 2.03V) and is not a possible product. Oxidation of Mo
BiSg(H20)16]%" with [Fe(H0)s]*" was likewise monitored at 586 nm
and from three determinations a stoichiometry of 2492.12 was
obtained, (3). Both 3:1 stoichiometries in eqs 2 and 3 requiredan 8

(21) Sundvall, BActa. Chem. Scand. Ser.1979 33, 219. with the oxidant in large=20-fold excess over [NKEiSs(Hzo)188+].
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32, 2785.

(25) Merzweiler, K.; Bronds, LZ. Naturforsch., BL992 47, 978. Stability of [Mo ¢BiSg(H20)1¢]%". When the concentration

(26) 2HSEE;;mann, W. A.; Herdtweck, E.; Pajdla, lnorg. Chem 1991 30, of [MoeBng(H20)18]8+ in 2.0M Hpts was varied between 0.04
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0 '5 1'0 Figure 3. Variation of first-order rate constantg,{25 °C) for the
0 0. : [Co(dipicy] ™~ (reactant in excess) oxidation of [NMBISg(H20)1¢]%" in
[CIm1/m pts~, | = 2.00 M (Li(pts)) (right-hand scale), and in Cll = 2.00 M
Figure 2. Dependence of first-order rate constarkgd25 °C) (LiCl) (left-hand scale). No dependence on'JiM = 2.00 (x), 1.00
determined at 795 nm for chloride complexing to [§BtSs(H20)15]®" (@), 0.50 (a) is observed.

on [CIF]. [H*] = 2.00 M; | = 2.00 M (Hpts). o .
Table 1. Variation of First-Order Rate Constarks,{25 °C) for the
) . ) Oxidation of [MaBiSg(H20)14]%", (2.5-5.0) x 1075 M, by
found for concentrations (0.69.20M) in 2.0 M HCl using the HexaaquaFe", | = 2.00 M (Li(pts))

395 and 795 nm peak positions. There is therefore no evidence

from these studies for an equilibrium involving more than one [HI™ [Fe"}/mM kovds™*
cluster type. On exposure of [MBiSg(H20)1g8" (3 mM) in a 2.00 g-g ?"1-8
1 x 1cm optical cell to the atmosphere (with some shaking) 4.0 19
oxidation occursty, for oxidation is~5 min in 2.0M Hpts, 2.0 1.1
and~2 min in 2.0 M HCI, (4). 1.50 6.0 3.4
4.0 2.4

2.0 1.2

4MogBiSs™" + 30, + 12H" — 8M0o,S,"" + 4Bi*" + 6H,0 1.00 80 &7
4) 4.0 3.6

2.0 1.5

0.75 8.0 7.9

Complexing with Chloride. Addition of chloride to a 6.0 6.2
solution of [Mo;BiSg(H2O)1g]" in Hpts gives significant ‘1"'3 ‘11'2
changes in the U¥vis spectrum, Figure 1. Spectrophotometric 0.50 8.0 10.4
changes with [C1] in the range 0.161.00 M (as HCI) were 421.8 gé

monitored by stopped-flow method at 795 nm. First-order rate
constantskypd25 °C), give a linear dependence on chloride, K
Figure 2, yielding = 0.80+ 0.03 M™*s7%, 1 = 2.00 M (Hpts). MogBiS,S" + Ca" —> MogBiS,>" + Co' @)
There was no detectable intercept corresponding to the aquation

step kag). Studies carried out at lower [C] in an attempt to ] fast .
definekyq, gave additional complications due to the reaction of MogBiSs"" + 2Cd" — 2Mo,S,*" + 2Cd' + Bi*" (8)
[MoeBiSg(H20)16]8" with traces of Q. From those studies it . . . )
can be concluded that the equilibrium constant for (5), is very & fransient species for which there is at present no other

favorable and>40 ML, evidence. _ _
The oxidation of [M@BiSg(H20)15]®" in 2.0 M HCI was also

gt _ ] 74 studied at 795 nm. A linear dependence kfds! on

MogBiSg"™" + ClI- = MogBiS.Cl (5) [Co(dipic),]~ is observed, Figure 3. There is no dependence
on [H*] in the range 1.062.00 M, andkc, = (2.67+ 0.07) x
1® M~1 sl The greater reactivity in HCI is consistent with
the studies above with O

Oxidation of [Mo ¢BiSg(H20)1g]®" with Hexaaqua—Fée'" .
First-order rate constant¥,(9 monitored by stopped-flow
spectrophotometry at 586 nm for the oxidation of B5s-
(H20)16]8" are listed in Table 1. Linear dependenciekgf
on [Fd"] are observed at different [{ values in the range
0.50-2.00 M. The rate law given in (9) defindg, at each

Oxidation of [Mo ¢BiSg(H20)1¢] 8" with [Co(dipic) 2] . First-
order rate constanti,ds ! for the reaction of [Co(dipig]~
(in large excess) with the bismuth cluster, were determined by
stopped-flow spectrophotometry at 586 nm. A linear depen-
dence ofk,pson [Co(dipic)]~ is observed, Figure 3, consistent
with the rate law (6).

—d[MogBiSy 1/dt = k- [Mo4BiS;>][Co(dipic), ] (6)
—d[MogBiS> 1/dt = k-JMoBiS;> [[Fe(H,0)>'1 (9)
No dependence of rate constants or]l$ observed in the
range 0.56-2.00 M, and from the slope in Figure &, = (3.6
+0.1)x 10*M~1s1at 25°C,| = 2.00 M (Li(pts)). A possible A
reaction sequence is shown in (7) and (8), whergBig® is Kee = Ky T k[H'] (10)

[H*], Table 2. From the dependencelgf on [H"]~* eq 10



[MOeBng(HzO)lgl 8+

Table 2. Summary of Rate Constanks{25 °C) from the Slopes
As Defined in Eq 9] = 2.00 M (Li(pts))

[H/M kedM1s [H /M kedM 151
2.00 490+ 10 0.75 100Gt 30
1.50 570+ 20 0.50 1290k 25
1.00 850+ 26

follows, with ky (245 + 53 M1 s71) assigned to the reactions
of [Fe(H0)]®", and k (540 £ 40 s1) to the reaction of
[Fe(H0)sOHJ2*.

Discussion

A Bi-containing corner-shared double-cube structliydias
been prepared by two procedures. Analysis by ICP-AES give
a Mo:Bi:S ratio of 6:1:8, thus ruling out both the single cube
and edge-linked double-cube structures which would give Mo:
Biratios of 3:1. The determination of 3:1 stoichiometries with
[Co(dipicy]~ and [Fe(HO)3" as oxidants, coupled to the
cation-exchange elution behavior confirm ah 8harge cluster
of formula [MosBiSg(H20)1¢]8+. This work provides therefore
a further example of a P-block main group heterometallic double
cube of general formula [MMSg(H2O)gl® (1). A new
property in the case of [M@iSg(H20)14]%" is the reaction with
chloride. The change from turquoise (2.0 M Hpts) to green-
blue (2.0 M HCI) is clearly detectable by eye. The appearance
of a strong peak at 795 nm on addition of"G$ noted, Figure
1. The kinetics implicate a single Clk; = 0.80 M1 s™1, By
repeating the cation-exchange chromatography and eluting with
Hpts, the Cf is readily removed with retention of the double-
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Bismuth generally displays no strong stereo preferences, and
coordination numbers up to 9 in [Bigd)y]3+ are observed,
consistent with its atomic radid8. Bismuth(lll) has a radius
of 1.15 A with no pronounced lone-pair activityand is similar
in size to N&* (1.163 A) and St (1.132 A). There is no
evidence for any stereochemical influence of thioge pair in
the present chemistry. Lone-pair effects are generally more
evident in 3-, 4-, and 5-coordinate metal compounds. In the
case of SbGl for example a lone pair occupies one of the
tetrahedral positions, and in the aniline complex SBGH,Ph
a square-base pyramidal structure is adopted, with a lone pair
occupying the second axial positiéh.Stereochemical activity
of the lone pair normally decreases with increasing coordination
number and atomic weight e.g. AsSb > Bi.32 Many MXg®~
complexes (X= Cl~, Br™), particularly those with Bi, are close
to a regular octahedral structure, despite having an extra pair
of valence-shell electrors.

Kinetic studies with [Co(dipi¢)~ and hexaaquaFe" as
oxidants provide further information regarding redox properties
of heterometallic clusters3* In the present work outer-sphere
[Co(dipick]~ (3.6 x 10* M~1s71) and [Fe(HO)e]3t (245 M1
s71) assignments are in accordance with previous studies. The
ko, term corresponds to a reaction of [Fe@®sOH]?" for which
a rate constankg/K;) of 5.4 x 10 M~ s71 is obtained using
an acid dissociation constaiif = 103 M for [Fe(H,0)s]*" at
25°C,|1 = 1.0 M (CIO;47).35 The enhancement over the outer-
spherek, term is consistent with an inner-sphere process. We

cube structure (ICP-AES analyses). The large absorbance?!SC note that the second-order rate conskgsM ~* s, for

changes observed on addition of chloride suggest that com-
plexing is at the bismuth. In studies on other clusters the
complexing of chloride at Mo is much less extensi(é?
Previously it has been observed that the addition of chloride to
[MoeSNS(H20)16]8" 7 induces conversion to the single cube
[Mo3(SnCk)S; (H20)q]3". No similar change is observed with
bismuth. It seems unlikely that bismuth is occupying other than
the central nodal position. A structure in which a Mo and the
Bi are juxtaposed would be expected to complex moresCl
lead to a higher Bi content, and result in some degree of
aggregation at the Bi center. No such properties have been
observed with this or any other corner-shared double cube
obtained from [M@S4(H2O)¢]**. An interesting comparison is
with the FeMo cofactor of nitrogenas&where the Mo is known

to be in such an outer position of the /M®Sy cluster.
Complexing of chloride to the Bi, which remains coordinated
to six S-atoms, is therefore proposed adlin The change in

(n

cube orientations to accommodate the chloride gives rise to the

[Co(dipic)] ~ oxidation of the cluster in 2.0 M HClI is somex7
larger (2.7x 10° M~1 s71) as compared to the value in 2.0 M
Hpts (3.6x 10* M~1s71). This behavior suggests a change in
reduction potential on complexing with ClI

No evidence was obtained for a single cube on addition of
less than stoichiometric amounts of [Co(dip]c) or [Fe-
(H20)6)3t, to [MogBIiSs(H20)16]8", and if a single cube is formed
decay to [M@Sy(H2O)g]*" is rapid. So far only two single cubes
containing heterometal main group elements have been prepared
(M = In, Sn)716 The colors are quite different from the
corresponding double cubes, and intermediate formation of such
species is readily observed. Accessibility of different hetero-
metal oxidation states may be a controlling feature with
assignments e.g. 8n(single cube) and 9n(double cube)
possible’ In the case of 6p T, Pb, Bi the highel’d oxidation
states are more oxidizing, which might account for the difficulty
in isolating the single cubes. A Biassignment seems likely
in [MogBiSg(H20)1¢]8". Electronic properties of some hetero-
metal cubes have been addres¥edrrom crystallographic
dimensions Me-M metal-metal bonding is not a feature of
main group heterometal (M) derivatives of [Nfa-
(HzO)g 4+7,89,12,16
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color change, with the 795nm band assigned as al€pendent
charge-transfer process.
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