Inorg. Chem. 2004, 43, 1902-1911

Inorganic:Chemistry

* Article

Cyanide-Melt Synthesis of Reduced Molybdenum Selenide Clusters
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The tightly cross-linked MogpSesn+ (N = 2, 3, ...0) cluster compounds react with alkali metal cyanide or cyanide
salt mixtures at temperatures of 450—675 °C to yield cyanide-terminated molybdenum chalcogenide clusters,
[M0gSes(CN)el™™ (1™) (n = 6, 7) and [Mo,Se4(CN)1o]®~ (287). The process by which discrete 1"~ clusters are
excised from a CN-linked intermediate chain compound, KsMogSes(CN)s (3), was investigated, and the cubane
cluster 2~ plays an essential role. An efficient one-step synthesis for Nag[28~] is presented. These clusters are
stable in basic aqueous solutions. Cyclic voltammetric (CV) measurements in basic aqueous media show multiple
reversible redox waves corresponding to 157/7~, 178~ and 18/°~ redox couples with half-wave potentials of Ey;,
= —0.442, -0.876, and —1.369 V, respectively, versus SHE. Half-wave potentials (Ey) for the [Mo,Seq(CN)5,]t 7~
and [Mo,Se4(CN)5,]" 8~ couples are 0.233 and —0.422 V, respectively, versus SHE. The 28~ compounds are
K7Na[28~]-5H,0-MeOH, Cs7Nay[28]Cls, Nag[28~], and K4Nay[28~]-12H,0. The products were characterized by X-ray
crystallography, cyclic voltammetry, and UV-vis spectroscopy. Reduction potentials measured by voltammetry are
consistent with conditions needed for isolating reduced species on a preparative scale but are much more negative
than previously reported values. Nag[18~]-20H,0 was isolated by reduction of 17~ with Zn in aqueous NaCN solution.
Reduction potentials measured in basic NaCN solutions of 28~ also differ widely from previous reported values.

Introduction is truncated by capping with a single chalcogenide atom at

Thirty years ago, Sergent’s group discovered the “Chevrel €ach end. The last of the members of the family<(«) are
phases”, MMogQs (M = metal, Q= S, Se, Te). These the nanowire precursor compoundsMasQs (M' = Na, K,
compounds are of interest for their physical and chemical RP: €S, Tl, In, Q= S, Se, Te), in which extended chains are
properties, such as high-critical-field gisuperconductivity, built up of trans-face-sharing NQs octahedra (or a stacking
magnetic ordering;® fast ion conductivity’, and catalytic ~ ©f staggered MgQs planar fragments). Clusters in all but
activity for hydrodesulfurization (HDS)Fuller development ~ the extended chain compounds are tightly cross-linked into
of this chemistry revealed that MQs-cluster compounds are three-dimensional extended frameworks by intercluster-io
the first members of a series of compounds with the generalPonds.

composition M—,M0z:Qans» (M = alkali metal, Q= S, Se Considerable recent effort has focused on isolation and
Te,n=2—10, 12, andw).1818 |n compounds with finite derivatization of the molecular precursor ML species
oligomeric units exist in which the stacking of M@s units in hopes that these electroactive clusters might be exploited

in a variety of ways?22°Until recently, preparation of Mg
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Reduced Molybdenum Selenide Clusters

clusters has involved either assembly from smaller clusters, Experimental Section

such as MeQ.Cl, (Q = S, Se), or via capping-ligand
exchange reactions beginning with the [{@]*" cluster

core!®?! An alternative approach to cluster synthesis is the

Techniques and Materials.All compounds were manipulated
in a nitrogen atmosphere glovebox or on Schlenk (Ar) or high-
vacuum lines. The solid-state precursors 8@, CsM01,S84,

excision of clusters from thermodynamically stable solid- k \o(cN)g-2H,0, and K[17-]-8H,0 were synthesized according
state cluster compounds. Holm and co-workers were able 0t previously published procedurk&2’.22Molybdenum powder

excise ReQg (Q = Se, Te) clusters from loosely cross-linked  (99.999%, Alfa Aesar) was reduced under flowingatmosphere

network compounds with the use offRCI (R = Et, Pr, Bu)

at 750°C over 10 hours in order to eliminate traces of oxygen.

in hot DMF or MeCN?? Fedorov and co-workers reported CsCl (99.999%, Alfa Aesar), AlGI(95%, Alfa Aesar) which was
that molten cyanides (NaCN or KCN) could be used to excise recrystallized, and 1-methyl,3-ethylimidazolium chloride (In¥ZI)

ResQs clusters from extended structures, and they synthesizedWere dried under vacuum prior to use. Mag#9.9%, Alfa Aesar),
a series of new chalcogenide complexes containing the XCN (98%, Sigma Aldrich), and NaCN (99.99%, Aldrich) powders

[ResQs(CN)s]*™ (Q = S, Se, Te) cluster compléX.26

Surprisingly, Fedorov’s group was able to extend the use of
cyanide melts to the more tightly cross-linked binary Chevrel

phase compound M8e;, obtaining discrete [MgBe(CN)s] "~
(1) and [MasS&(CN)e]®~ (157) cluster iong”

were used as received. Preparations of the cluster precursors were
verified by inspection of Guinier powder diffraction patterns and/
or patterns measured on an X-ray powder diffractometer. Solutions
and liquid reagents were manipulated with syringes and cannulas,
which were first purged with argon or nitrogen. Deionized water
was deoxygenated by bubbling with nitrogen gas for 1 day prior

In a previous communication, we reported that the reaction to storage in a nitrogen-purged box.

of molten KCN with M@Se; or simpler starting materials
(e.g., 2Mo+ 4MoSe) yields a product, KMoeS&(CN)4(CN)2
(3), in which chains are built up from M8e(CN), units
that are bridged by cyanide ligantfsThe use of simple

Nag[Mo ¢Se(CN)g]-20H,0 (4). K7[177]-8H,0 was prepared by
reaction of M@Se with molten KCN, following the method of
Fedorov and co-worke&.In a 15 mL ampule, M0eSe;(CN)g]
8H,0 (0.1 g, 0.0562 mmol) was dissolved in 10 mL of deoxygen-

starting materials demonstrated that molten KCN serves asated water to form an intense dark blue solution. The solution was

a medium for the formation of M®e; clusters; there is no

need to postulate a true “cluster excision” reaction even when
a cluster compound is used as a starting material. Indeed

added to a 50 mL flask with NaCN (0.4 g, 8.1621 mmol) and Zn
powder (0.4 g, 6.1171 mmol) and stirred for 10 min whereupon
the original color first changed to violet and then darkened to

'maroon. After letting this solution stand for several hours, it was

we show here that when reduced molybdenum chalcogenideseparated from unreacted zinc by filtration and transferred into

compounds incorporating larger [M&eas? clusters

another 100 mL flask containing 30 mL of distilled methanol,

serve as starting materials, the larger clusters do not survivewhereupon a dark red precipitate formed. The solvent was removed
in the products. We report the synthesis and isolation of by a second filtration and then dried under vacuum. When dried,

the reduced cluster compounds;Ba,[287]Cls, K;Na[28]-
5H,0-MeOH, Na[287], and K4Na,[28~]-12H,0 and present

the precipitate had a red-purplish color and weighed 0.077 g (67%
yield). Suitable crystals for X-ray diffraction measurements were

results pertaining to the mechanism by which the chain grown in-situ from the reduced solution still in contact with Zn
compound3 is dissolved. Also reported are systematic powder that was layered with distilled methanol and sealed on a

electrochemical measurements on the serie$]&f pnd )"

clusters in aqueous solutions, and the preparation of a highly

reduced cluster compound, §li&#]-20H,0.
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Schlenk line. After 3 days, deeply colored crystals were observed
on the walls of the tube below a colorless supernatant. Crystals
were mounted in Paratone, in which they retained a deep red color
consistent witHl®~; crystals mounted in silicone grease or Apiezon
changed color, indicating oxidation to forfrf—.
K7Na[Mo;Se(CN};,]-5H,0-MeOH (5). Before a method of
obtaining 28~ in good yield had been devised (s8ebelow), a
much less efficient method had been used to obtain cubane clusters.
Since we have made use of products from those syntheses in this
paper, this method is described briefly here. In two separate trials,
Finely ground Mo and MoSewere combined in a 1:3 (first trial)
or 1:1 (second trial) ratios with 20 equiv of NaCN and loaded into
a fused silica tube and sealed under a dynamic vacuum. After
heating at 500C for 60 h, the reaction mixture was cooled and
then washed with deoxygenateg®ifor 30 min. Upon dissolution,
burgundy solutions and undissolved solids were noted. The mixtures
were filtered, and the burgundy filtrates containing the excess NaCN
were separated from unreacted Mo and Mo%ad as-yet-
uncharacterized black solids. To the resulting burgundy solutions,
methanol was added until the supernatants became colorless and
red solids had precipitated. The solids were dried under vacuum
for 1 day; 0.051 g (trial 1) and 0.045 g (trial 2) portions of

(29) Leipoldt, J. G.; Bok, L. D. C.; Cilliers, P. Z. Anorg. Allg. Chem.
1974 407, 350-352.

(30) Hussey, C. L. IlChemistry of Nonaqueous Solutipidamantov, G.,
Popov, A. I., Eds.; VCH: New York, 1994; pp 22276.
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Na;K[28~]-5H,0-MeOH were collected~+5% yield). Addition of SADABS®® absorption correction was applied. Fér and 6,
more deoxygenated water to the remaining black solid residues multiscan absorption corrections were applied.

extracted no further product. To obtain crystals, the filtrate was  Initial molybdenum and selenium positions were obtained from
transferred into a tube and then layered with methanol and sealedSHELXL-97 direct methods output. The other non-hydrogen atomic
under vacuum. Red rodlike crystals of;¥a[2~]-20H,0 were positions were located from the electron density difference maps.
obtained after 1 week. Full-matrix least-squares structural refinements were performed on

Na,Cs;[M0.sSe(CN)1JCl; (6). Finely ground CsMo;.Se. F2 using the SHELXL-97 packagéjncorporated in the SHELXTL-
(0.100 g, 0.0396 mmol), NaCN (0.388 g, 0.792 mmol), and CsCI PC, v5.10 prograr® Except as described, anisotropic displacement
(0.267 g, 1.585 mmol) were combined and loaded into a fused silica Parameters were refined for all non-hydrogen atoms. No hydrogen
tube that was evacuated and sealed under dynamic vacuum. Thétoms were included in final structure refinements. Gatisorder
tube was heated to 500C over 12 h, then maintained at that Was found among the chloride ions. Charge balance requirements
temperature for 24 h. The tube was cycled twice between temper-led us to expect three chloride ions per formula unit. One chlorine
atures of 450 and 50T for 24 h at each temperature and steadily atom, CI(1), resides on the 3-fold axis and refined uneventfully at
cooled over 30 h to room temperature. Red crystals GES28]Cl5 full occupancy. Electron density peaks were found at three
appropriate for X-ray structure determination were obtained by additional positions, CI(21), CI(22), and CI(23), all in the same
heating of the reaction mixture in a substantial temperature gradientVicinity in the structure. A Cl atom was placed on each site and

(425-500°C) and gathering crystals that had formed at the cooler assigned an isotropic displacement parameter of 0.03 (equal to that
end of the reaction tube. for CI(1)), and the occupancies were refined. At this point, the sum

Nag[M0 4S&(CN)13] (7) and NagK 4 Mo ;Se(CN)1d-12H,0 (8). of these occupancies was such that we obtained 1.99 additional ClI

K4Mo(CN)g-2H,O was prepared following the method outlined by a}oms. Wf tfhtehreftc;]re con:pletetd the reflns_metntt t;% aIIov:m_g tdtlr?-t
Leipoldt, and its identity was confirmed with powder XRD. placement of the hese atoms o vary, SUbJect 1o the restraint tha

K4Mo(CN)s-2H,0 was heated to 176C under vacuum, and the the combined population of CI(21), CI(22), and CI(23) sites yielded

remaining KKMo(CN)s was used directly; thermal gravimetric 2.?0(81) q _?to:jns. d found fth
analysis was used to verify quantitative loss of water. Finely ground n 8, similar disorder was found among two of the oxygen atoms,

0O(61) and O(62), for which electron density for O(6) was split
K4Mo(CN)g (0.193 g, 0.4180 mmol), Mo (0.041 g, 0.4180 mmol), .
MoSe (0.212 g, 0.8360 mmol), and NaCN (0.164 g, 2.5178 mmol) between O(61) and O(62), which were separated by 0.91 A. These

were combined and loaded into a fused silica tube that was two positions_refined to-1.00 additional O atom. Once agf"“”’ we
evacuated and sealed under vacuum. The tube was heated to 506I|°W97d the dlsplaceme_nt of the the§e atoms (o vary, subject t(.) the
°C over 24 h, maintained at this temperature for 60 h, and cooled restraint that the combined p.o.pulatlon of 9(61) anq .0(62) sites
fo room temperature over 24 h. The tube was opened, and theylelded 1.00(1) O atoms. Positions for the five remaining oxygen

product was dissolved in 50 mL of deoxygenated water to give a a'\t/lomé, %(&}Og(?),l retflneq at fuI(; ct>ctcupanc?/. I:;%(Ing of dthe
deep burgundy solution that was filtered from undissolved black [Mo.Se(CN).2|” clusters is pseudotetragonal (asi#2;m), an

: . this is reflected in the similarity of th@ and b axis lengths
solid (determined to be unreacted Mo and MgiSepowder XRD). . 0
To the burgundy solution was added 150 mL of distilled methanol, (11.744(2) and 11.849(2) A). A twin was presentl8%) as well,

whereupon a reddish brown precipitate formed. The contents of generated by a 2-fold rotation apout the [110] axis, and this was
the flask were once again filtered, and the solid product was dried accounted for by use of the TWIN in the SHELXTL program during

. ) . the refinement. Despite the presence of the twin, anisotropic
. 0,
under vacuum (0.'281 g; 56% yield). To obtain crystals, the filtrate displacements could be refined for all atoms but C(1), C(3), and
was transferred into a tube and then layered with methanol and

sealed under vacuum. Red platelike crystals of[Ba]-20H,0 C(3)_, which gave at Ieas_t one nonpositive displacement param_eter.
. Pertinent crystallographic data for all compounds are summarized
were obtained after 3 weeks. in Table 1
To obtain crystals directly, another reaction tube was loaded and Electrochemical Studies.To study 1"~ species, 10 mg of

heated in exactly the same manner, then cycled twice betwee”K7[17*]-8H20 was reduced according to the procedure described
temperatures of 450 and 50Q for 24 h at each temperature, and  ;p5ve to make 7 mL of anif] solution (~0.3 M NaCN). For

steadily cooled over 30 h to room temperature. Red crystals of study of 2~ species, 10 mg of ¥Na[28]-5H,0-MeOH (5) was

Nag[287] (7) appropriate for X-ray structure determination were ,q4ed to 7 mL of deoxygenated water with 100 mg of Na6N.g
obtained by heating of the reaction mixture in a substantial \y NaCN). Each solution was transferred into a customized 5-mL
temperature gradient (42500°C) and gathering crystals thathad  fjye_neck flask, on which each neck was covered by a septum; three
formed at the cooler end of the reaction tube. of the necks are used to pass through electrodes, and when
X-ray Structure Determinations. Single crystal structure necessary, two necks allow for purging with inert gas. CV
determinations were undertaken for five cluster compounds experiments were carried out with a BAS 100B/W electrochemical
(4-8). In every case but, a crystal was coated with Apiezon-T  workstation (Bioanalytical Systems, West Lafayette, IN). A glassy
grease immediately upon removal from its mother solution, then carbon disk electrode served as a working electrode, the counter
was mounted on the tip of a glass fiber or loop, and inserted into electrode was platinum wire, and the reference electrode was AgCl/
the low-temperature nitrogen stream of the diffractometer for data Ag in 3 M aqueous NaCl solution. The potentials are reported versus
collection. Data were collected using a Siemens (Bruker) SMART
CCD (charge coupled device) equipped diffractometer with a LT-2 (31) SMARTYV 4.043 ed.; Bruker Analytical X-ray System: Madison, WI,

low-temperature apparatus. 1995, _
. . (32) SAINTPLUSV 4.035 ed.; Madison, WI, 1999.
The first 50 frames were re-collected at the end of data collection (33) Sheldrick, G. M. Institute fuAnorganishe Chemie der Univerita

to check for decay. Cell parameters were retrieved using SMART Gittingen: Giatingen, Germany, 1999.

softwaré® and refined using SAINT softwaton all observed (34) S_helldrickI G.. M. Institute ‘fuAnorganishe Chemie der Univerdita
. . . . Gottingen: Gdtingen, Germany, 1997.
reflections. Data reduction was performed using SAlNT, which (35) SHELXTL5.10 (PC—version) ed.; Bruker Analytical X-ray Systems:

corrects for Lorentz polarization and decay. Hor7, and8, the Madison, WI, 1998.
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Table 1. Crystallographic Data for Reduced Molybdenum Cluster Compounds

4 5 6 7 8
N%[MOGSQ(CN)G]' NaK7[M04Se;(CN)12]- Na4Cs7[M04Sa(CN)12]CI3 Nag[MO4S&(CN)12] K4N64[MO4S&(CN)12]'12HQO
20H,0 5H,0-MeOH
fw, g/mol 1867.36 1420.57 2273.43 1195.76 1452.20
space group P1 P2,2:2; R3m 141/amd 12,2
a, 10.5887(14) 11.8498(5) 11.5386(10) 15.362(2) 11.744(2)
b, A 10.7696(14) 12.2360(6) 11.5836(10) 15.362(2) 11.849(2)
¢ A 11.6714(15) 24.4645(11) 28.264(3) 11.055(2) 14.331(3)
a, deg 105.587(3) 90 90 90 90
B, deg 111.282(2) 90 90 90 90
v, deg 104.176(2) 90 120 90 90
v, A3 1104.2(2) 3547.2(3) 3258.8(6) 2609.0(7) 1994.3(7)
z 1 4 3 4 2
T(K) 110(2) 110(2) 110(2) 110(2) 110(2)
i (MoKa)(R)  0.71073 0.71073 0.71073 0.71073 0.71073
Pcalca g/CITP 2.808 2.660 3.475 3.044 2.418
u (mm™2) 8.390 6.370 11.337 7.626 5.402
R12(1 > 20(l)) 0.0436 0.0203 0.0448 0.0462 0.0357
WR2® 0.1006 0.0492 0.0794 0.1013 0.0951

AR1= 3 |IFol = [Fdll/Z[Fol. ®WR2 = [F[W(|Fol* — |Fc|)/ Z[W(IFol9)1%%.

Scheme 1
KCN melt products: K MoSey(CN);(3) + others

+ aerated H,0, + deoxygenated H,0

+ 5 and KCN/NaCN
[MogSeg(CN)G1(17) TKJMOGS%(CN)S](?») [M04Se4_(CN),2]8'(28')
Black solid, 85% tlltratlc( oN
+ excess
i + Zn with NaCN +H.O and
ar in deoxygenated H,0 ) ang + NaCN
2 KCN in air and I\ieOH
[Mo,Seg(CN).J6(1%) [MogSey(CN)J*(1%) insoluble
K,Na[28]¢5H,0°MecOH(5)
+ MeOH burgundy solid, 5%
Nag[Mo,Sez(CN)]*20H,0(4) l+ aerated H,0
Red solid, 67 %

[Mo,Se,(CN),,1¢7-(2%)

standard hydrogen electrode (SHE) and therefore are shifted bycommunication, we noted that there were undetermined

+0.222 V from the values measured. species in the filtrate that are subject to oxidation upon
Other Physical MeasurementsRoutine X-ray powder diffrac-  exposure to air. Once obtained as a pure solid, the CN-

tion data were collected using Cuwi{A = 1.5406 A) radiation on bridged K[MosSe(CN)s] (3, the principal product of these

a Philips X-ray generator with a mounted Guinier camera or using . . . Lo . .
the GADDS (general area detector diffraction system) V4.1.08 by reactions) resists d_|ssolut|0_n in strongly basic solut‘|‘ons or
concentrated cyanide solutions. It follows that the “unde-

Bruker AXS. UV—vis absorption spectra were measured with a ; o . . . .
Hewlett-Packard spectrophotomet&iC NMR spectra were re- termined species” are essential to dissolutioB.df is now

corded on Varian XL 300 broadband spectrometer (75.432 MHz clear that the undetermined species are the cubane clusters,
for 13C). [Mo4Se(CN)g"™ (27, Figure 1).

Results and Discussion In aerated aqueous solutidti; is slowly oxidized to yield

1%~, but this does not occur in deoxygenated water. With

pounds. Scheme 1 summarizes the chemistry surrounding "190rous exclusion of oxygen, red solutions I can be
the synthesis of molybdenum selenide clusters in KCN melts, ©Ptained by reduction over excess Zn powder. This reduced

the dissolution of solid products, and isolation of discrete form is isolated as Nf1®]-20H,0 (4) upon addition of
cluster products. Unless otherwise indicated, anionic species™ethanol, bu®" efficiently scavenges oxygen and solutions
are in aqueous solution. The use of several alternative Mo-Stored in the absence of the Zn reductant often have a red-
and Se-containing starting materials demonstrates that clusViolet color, indicating contamination bi/~. The structure
ters need not be synthesized, but spontaneously form in thef 1°~ is shown in Figure 2.
cyanide melt$8 Role of [M0sSe(CN);5” in Dissolution of K¢Moe-

As noted by Fedorov and co-workéfsproducts in the Sg(CN)s. Clues to the dissolution 08 became apparent
cooled cyanide melt can be directly dissolved in aerated waterwhen 28~ was obtained as a side product from reactions
to obtain a [M@S&(CN)g]®~/"~ (1/77) mixture. In an earlier ~ intended to produce the reduced [A@(CN)s]®~

Synthesis of Reduced Molybdenum Chalcogenide Com-

Inorganic Chemistry, Vol. 43, No. 6, 2004 1905



Figure 1. Cluster anion [MaSe(CN)12]" in 5. Ellipsoids are shown at
50% probability level.

Figure 2. The [MosSey(CN)s]®~ cluster in4. Ellipsoids are shown at 70%
probability level.

cluster. After using the Fedorov protocol to prepare
K+[MoeSe&(CN)e]-8H,0,27 aqueous solutions were prepared
for the purpose of reducinty—. Compoundl®~ was obtained
in a reaction with zinc, buf® also crystallized as the
hydrated salt NgMo,Se(CN)12-22H,0 upon workup. In
further experimentation, pu¥~ cubane cluster compounds,
NayK[287]-5H,0-MeOH (5) and NaCs[28]Cl; (6), were
isolated in low but reproducible yields. The-8&harge on
the cluster complex2f) in 6 is definitively established since
there are no potentially deprotonated solvent molecules that
would make the total charge on the counterions ambiguous.
Compound6 was obtained in an attempt to excise clusters
with the Mao,Se 4 core from the precursor solid 8801,Se 4;
we think it is likely that28~ is present as a minor side product
in most, if not all, of our reactions aimed at makitg in
cyanide melts.

A number of methods exist for the preparation of the Mo/
Se/CN cubane clusters. These methods are generally time
consuming and give low yield®$-38 In our own experiments

(36) Hernandez-Molina, R.; Sykes, A. G. Chem. Soc., Dalton Trans.
1999 3137-3148.
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with the reduced cubane clusteBs;, methods employing
simple starting materials, Mo and MoS@é synthesizindgg
also gave low yields~5% net yield), with a only slight
improvement when the Chevrel phase, 8 (17% yield)
was used in its place. Because the cubane clusters play an
important role in this chemistry, we sought a simple and
efficient method for their synthesis. The efficient synthesis
of 7 makes use of an additional reagentMO(CN)s, to
achieve balance both with respect to the Mo/Se ratio but
also with respect to the molybdenum oxidation state:

8NaCN+ K,Mo(CN)g + Mo + 2MoSg —
Nag[Mo,Se,(CN),,] + 4KCN

Our observations indicate that air oxidation 25 must
occur before dissolution of the chain compouh(to yield
18/77) can occur. Compoun@®- is extracted as a soluble
product that can be isolated without detectable oxidation
when the product of a cyanide-melt reaction is washed
thoroughly with deoxygenated water ¥ is separated from
3 in this way, 3 is insoluble even in oxygenated aqueous
KCN solution. However, if air oxidation occurs to generate
27, dissolution proceeds readily. If a solution23f is added
to the solid 3 under anaerobic conditiong begins to
dissolve, but the process stops after a short period of time.
Electrochemical measurements (see below) show that the
potential for the2”®~ couple E. = —0.422 V) is quite close
to that for thel®”" couple €y, = —0.442 V). We propose
that the sequence of events depicted in Scheme 2 transpires:
27~ promotes the dissolution of the chain compotic a
reaction wherein the Mg®e; core is oxidized and thé&®~
cluster is the initially generated product that becomes
involved in a redox equilibrium reaction witlf—: 15~ +
28~ = 17" + 2. When oxygen is excluded, the concentra-
tion of 27~ is suppressed as the concentratiodof grows.
The use of an excess of the stronger oxidant [Fe(EN)
promotes dissolution of the sol®i(but if air is excluded3
remains insoluble), and at a much slower rate if no free
cyanide is added. In solutions containi@g, 3 dissolves
overnight, whereas with [Fe(CNj~ the process takes several
weeks. If free cyanide is added, [Fe(GN) promotes
dissolution at a rate similar to that observed wath. This
suggests that labile cyano ligands boun@tomay become
involved in the reaction breaking the bridged links3irand
the greater effectiveness 2f (vs [Fe(CN})]®") in dissolving
3 stems from the greater lability of cyano ligands on the
cubane complex.

Structures. NagMogSe(CN)e-20H,0 (4) crystallizes in the
triclinic space grougP1, with one molecule per unit cell.
An ORTEP rendering of?~ is shown in Figure 2. The cluster
anion1® has an octahedral core of six molybdenum atoms
with eight face-capping selenium atoms and terminal cyanide
ligands coordinated to molybdenum atoms through the
carbon atom. The Naions and the O positions were omitted

(37) Virovets, A. V.; Fedin, V. P.; Samsonenko, D. G.; Clegg, A¢ta
Crystallogr. 200Q C56, 272-273.

(38) Fedin, V. P.; Samsonenko, D. G.; Virovets, A. V.; Kalinina, I. V.;
Naumov, D. Y.Russ. Chem. Bulk00Q 49, 19-25.
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Scheme 2

Table 2. Some Geometrical Characteristics of e Cluster Cores (Distances (A) and Angles (deg))

Nag[MOBSQ;(CN)s] . KeMOsSQ(CN)s (3 28 K7[MOGSQ(CN)6] . (Me4N)4K2[MOGSQ- MOGSQl
20H,0 (5) 8H,027 (CN)g]-10H,0?7

MogSes V, A3 1104.2(2) 1260.5(1) 3761.5(8) 1448.5 797
d(Mo—Mo) range 2.6752(9)2.7599(10) 2.6711(4)2.7193(4) 2.700(3) 2.700(20.721(2) 2.684(2)2.836(2)
d(Mo—Mo) av 2.710 2.703 2.700 2.711 2.761
d(Mo—Se) range 2.559(52.636(1) 2.5683(3)2.5873(3) 2.547(22.587(2)
d(Mo—Se) av 2.588 2.5763 2.568
d(Mo—C) 2.182(8) 2.204(3)
d(C=N) 1.169(9) 1.159(6)
OMo—C—N 174.9(7) 180.0(1)

for clarity. Geometric characteristics of tH€~ core are
presented in Table 2. The Mooctahedron exhibits a
distortion of approximately tetragonal symmetry. A listing
of the Mo—Mo bond distances (A) clearly splits into two
ranges{2.6614(10), 2.6752(9), 2.6877(10), 2.698%(ahd
{2.7511(9), 2.7599(9) the six other distances are related
by inversion symmetry. As we shall discuss below, four long

bonds all lie in one basal plane of the octahedron, suggestin

the occurrence of a pseudo-Jatireller distortion; the Mo

Mo bond lengthens by 0.010(1) R.In WTes analogues,
the opposite change is seen: on moving fromTé4(py)s]
to [WeTes(py)s]~ the W—W bond shortens by 0.010(1) &.
This reduced complex formally has 22 electrons involved
in the metat-metal bonding with a HOMO electron con-
figuration of g? and A, triplet ground state in the,
symmetry. If the anion is truly a triplet, this configuration
should not give rise to a distortion in the octahedral core

Yand is most likely due to the packing of eight Na&ns

around the cluster anion in the cryst&C NMR studies did

basal plane (Mg or are sitting on an apical position (Mo

existence of unpaired electrons. If the system is closed shell

There is a less marked, but still noticeable, difference in the and octahedral, one sharp peak would be visible.

Mo—Se bond distances involving apical or basal Mo atoms:

all Mo,—Se distances are less than 2.60 A (2.55901595-
(1) A), and all Mg—Se distances are greater than 2.60 A

The structure of the cluster anion %nis shown in Figure
1, and the clusters i, 7, and 8 are virtually identical.
K;Na[287]-5H,0-MeOH (5) crystallizes in the orthorhombic

(2.607(1)-2.636(1) A). These distances are in the general SPace groupP2:2,2, with four clusters in the unit cell.

ranges observed in many related §8e; compoundg:?7:28
Comparison of the average Md/lo bond lengths for the
20-electron1®~ (2.711(5) A), the 21-electroh’ (2.700(3)
A), and the 22-electrori® (2.710(5) A) reveals little

Na,Cs[287]Cl3 (6) crystallizes in the rhombohedral space
groupR3mwith 1 (3) cluster(s) per rhombohedral (hexago-
nal) unit cell. Both6 and Na[28"] (7) contain no protic
solvent molecules that might make the cluster oxidation state
ambiguous. The molybdenum and chalcogen atoms form

concerning the bonding character of the orbital(s) populatedfamy regular cubane-type cores, and every molybdenum

upon reduction, consistent modest changes seen by other

workers for molecular MgBeiLs clusters. For example, on
moving from [Ma;Se&(PE%)s] to [MosSe&(PEL)s] ~, the Mo—

(39) Saito, T.; Yamamoto, N.; Nagase, T.; Tsuboi, T.; Kobayashi, K.;
Yamagata, T.; Imoto, H.; Unoura, Knorg. Chem.199Q 29, 764~
770.

(40) Xie, X.; McCarley, R. Elnorg. Chem.1997, 36, 4665-4675.
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Table 3. Some Geometrical Characteristics of e, Cluster Cores (Distances (A) and Angles (deg))

K7Na[MosSe(CN)12] NayCs/[M04Se(CN)12]Cl3 (6) (NH4)s[M04Sey(CN)12]-6H20%7 [Mo4Sey(H20)12-
5H,0-MeOH () [Pts]s: L4H,0%0

Mo.Se V, A3 3547.2(3) 3258.8(6) 1806.9(3) 2023.98
d(Mo—Mo) range 2.901(12.925(1) 2.910(12.913(1) 2.791(4)2.918(4)
d(Mo—Mo) av 2.910 2.912 2.886 2.865
d(Mo—Se) range 2.4927(52.5219(5) 2.506(1)2.510(1) 2.462(4)2.485(4)
d(Mo—Se) av 2.506 2.507 2.502 2.479
d(Mo—C) 2.174(4) 2.158(16) 2.17(2)
d(Cc=N) 1.159(5) 1.179(2) 1.13(2)
0C—Mo—C 81(1) 79.3(1) 82.6

atom is coordinated by three CNigands. The [MaSej] up to 12 CBEs in 6 Me-Mo bonding orbitals (of g e, and
cores exhibit only slight departures from ide&| point t, symmetry for the § cluster). We have performed density
symmetry; all Me-Mo and Mo-Se distances i are within functional theory (DFT-BLYP) calculations for Mas[287]Cls
0.01 A of their mean values (2.910 and 2.507 A, respec- using a singlé-point (k = 0) in a band structure calculation;
tively), and those in th€;,-symmetry clusters i6 are within the local point symmetry of th&®~ ion was virtually G,,
0.001 A of their averages (2.911 and 2.507 A, respectively). though not rigorously so, because an ordering of the
Similar remarks apply t@; the average MeMo and Mo- disordered Cl ions had to be imposed. It should be noted
Se distances are 2.900 and 2.500 A. These cubane clusterghat this treatment imbeds tB&" ion in a realistic solid state
are isostructural with the Mo/S, Mo/Te W/S, W/Se, and Madelung potential, in contrast with several recently pub-
W/Te analogue®*! Some geometrical characteristics are lished calculations on metal cluster polyanions in vatéuo.
presented in Table 1. Although crystal structures of More details of the calculation are available in the Supporting
[Mo4Sey(H20)12%* and [MaSe(CN);7° have been re-  |nformation.

ported, [MaSe(CN),7|*" is the most reduced M8e-based In the 2" cluster core, each Mo atom is involved in 3
species that has been structurally characterized to*d&e.  |inds of bonds: Me-Mo, Mo—C(N), and Mo-Se. Each Mo
The Mo—Mo bond distances are only slightly longer than 3¢5 s six-coordinate if we restrict our attention to the
reported for2°” (2.886(4) A) in (NH)MosSe(CN)qz- selenide and cyanide ligands. This distorted “octahedral”
6H,0,% suggesting that the HOMO f@" is virtually Mo— ligand environment leaves threegdike” d orbitals per Mo

Mo nonbonding (Table 3)'. ) atom available for Me-Mo bond formation. With four Mo
Ele_ctrochem|cal Ffropemes. Electronic S_tructure and atoms per cluster, we therefore expect to find 12 frontier
Bonding. Interpretation of the electrochemical behavior of MOs that are predominantly 4d in character and which are
1"~ and 2 speci(_::s is enhanced by an understanding of - yared in energy according to whether they are-t
clusters electronlg s.tructure. Theoretical .tregtment.s of bonding or antibonding. Figure 3 shows the frontier orbitals
[MosQslq] clusters indicate that MeMo bonding is maxi- o poth a DFT k = 0) calculation on solid N&ES{251Cl
mized when the number of cluster bonding electrons (CBESs) and an extended Hiel calculation for th@®- ion. The latter

is 24, i.e., when 12 MeMo bonding orbitals are occupi€d. results make clearer thig symmetry orbital correlations that

;I'he MdO_MO bon:ilngihm?lec;ulﬁr E_rbr']t"flls ha_v%?atlu, g d can be made with th€;, symmetry labeling that must be
-I%Iu'ClanSte%;SSer;;:]nger‘é 4 CeBgS (%hvg :\(;I @SIS \gacr';emgg?nﬁ'e applied to the DFT results. These correlatiofig  Cs,:
In ciu Wi S: [ &l y a—a, & e—e t—et a t, e+ a) show that

2 6an 0 1 i
CZ)? gzlrze&eellggtr:nn;igsjﬁ t”:]t ZQSEEJE?I OC C:Eflgll;;atg?gva?he the effects of lower & symmetry environment on the cluster
py the bonding are slight, as expected. There are six—Wm

anionic M@Se; cores. The reducebe‘_comp_lex discussed bonding orbitals, of @ e, and 4 symmetry Tx labels), and

above has 22 electrons and af eonfiguration. In the @ . . . ital hat i

symmetry, we would expect .4 ground state. However s Mo—Mo_annbondmg orbitals gtand ). Not(_e that, in
' J : ' _the calculation for NgCs[287]Cl3, the lowest lying Moe-

we observed an appreciable "tetragonal” distortion (see Mo bonding orbital is sandwiched between orbitals with Cl

;b;v?;vlgrtgesiolllgt st?('iﬁnsdtr;l;:;rerevc\)/fegt\ﬁ;]r-]i??é et:]vi:t an 3p character. The most striking difference between the DFT
y giet g : y and EH results is in the HOMOLUMO gap; notably, the

resonances for the cyanide ligandsi€ NMR spectra for . .
28~ suggesting that the ion may be paramagnetic in solution. orbital gaps computed \_N'th DFT more closely corr(_aspond
Elementary bonding considerations and more extensivezosghe obs;ar;/sed :\;1/bsor[()jt|on aamljosl (F|gtu;ez(z)1), a mggrgnur{} at
calculation®434Sindicate thal"" clusters can accommodate nm (2.75 V) and a shou er_a nm (2.38 eV).
Magnetic measurements for Ma[25]-12H,0 are fully

(41) Fedin, V. P.; Kalinina, I. V.; Samsonenko, D. G.; Mironov, Y. V.; consistent with the electronic description given above.

Sokolov, M. N.; Thackev, S. V.; Virovets, A. V.; Podberezskaya, N. Magnetic measurements for m[zg—]-]_ZHZO are consistent
V. Inorg. Chem.1999 38, 1956-1965.

(42) Hughbanks, T.; Hoffmann, R. Am. Chem. Sod.983 105 1150~ with the expected diamagnetism af~, though a small
1162. portion of the sample is likely oxidized since a “Curie-tail”

(43) Mueller, A.; Jostes, R.; Eltzner, W.; Nie, C.; Diemann, E.; Boegge,
H.; Zimmermann, M.; Dartmann, M.; Reinsch-Vogell,ldorg. Chem.

1985 24, 2872-2884. (45) Harris, SPolyhedron1989 8, 2843-2882.
(44) Lu, S.; Huang, J.; Zhuang, H.; Li, J.; Wu, D.; Huang, Z.; Lu, C.; (46) Gray, T. G.; Rudzinski, C. M.; Meyer, E. E.; Holm, R. H.; Nocera,
Huang, J.; Lu, JPolyhedron1991, 10, 2203-2215. D. G.J. Am. Chem. So2003 125, 4755-4770.
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Figure 5. Cyclic voltammograms for aqueous solutions: (a)MoeSes-
(CN)g]*8H20 (1 mM) in 0.25 M KOH or KCN, 500 mV/s scan rate. (b)
Nag[M04Se(CN)12]-5H,0-MeOH (1.2 mM) in 0.3 M NaCN, 100 mV/s
scan rate.

Figure 3. DFT-BLYP energy level diagram for solid Nas[MosSe(CN).4-

Cl3 (6) compared with extendedtdkel calculated MO energy level diagram

of [Mo4Sey(CN)12]® cluster ion. The black lines represent the Wdo
bonding and antibonding orbitals. The striped lines represent the orbitals
with Se lone-pair character, and the hollow lines representl@ialized
orbitals.

Table 4. Summary of Voltammetric Data for [M@&(CN)s]"™
and[Ma:Se(CN);5"~ Clusters in Basic Aqueous Solutions (Potentials vs
SHE)

redox couple Ei2, V AEp, V ip%ip?

[MoeSe(CN)e] 67 —0.442 0.134 0.893
[MoeSey(CN)e] 78 -0.876 0.083 0.933
[MoeSes(CN)e]89- —1.369 0.090 0.804
[M04Se(CN)125~7- 0.233 0.168 2.512
[M04Se(CN).z7—/8 -0.422 0.058 0.224

depends on the condition of the electrode. One might expect
one more redox process (at—1.8 V) for the1°~1% couple,
since this would fill the g orbital to give a closed shell.
However, the electrochemical potential window in these
aqueous solutions does not allow us to scan to potentials
more negative thar-1.40 V without observing irreversible
multielectron processes (probably water reduction).
Electrochemical data are presented 16r in Table 4.
The peak potential separation\E), 0.134(6-/7-),
0.083(%/8—), and 0.090 V(8/9—), are all larger than the
nernstian value of 0.06 V. The peak current raiig/i¢?)
characteristic of a paramagnetic impurity is observed at low values range 0.8920.933. The potential differencé\Ey,)

Absorbance

400 450 500 550 600
Wavelength (nm)

Figure 4. UV —vis absorption spectrum & (1 mM solution).

temperatures. between the 20/21, 21/22 CBE couples and 21/22, 22/23
Cyclic Voltammetry. A cyclic voltammogram recorded ~ CBE couples are 0.434 and 0.493 V, respectively. These
for a deep blue solution prepared by dissolving1]-8H,0 increments AE,, ~ 0.45 V) between consecuti&,, values

in aqueous KCN is shown in Figure 5a. Upon scanning the are similar to values we have observed for other hexanuclear
potential in the negative direction from 0.222 V (0.0 V vs clusters in highly polar media when the redox processes
Ag/AgCl), three distinct redox waves are observelat= involve the same or degenerate orbif&l$7

—0.442,—0.876, and—1.369 V. When measurements were These cyclic voltammetric data contrast sharply with
performed using the reduced clustergN&]-20H,0 in 0.3 measurements reported by Fedorov’s group, who dissolved
M aqueous NaCN, the voltammogram was virtually identical K7[1""]-8H,0 in 0.1 M NaSQ; (the working electrode was
and the rest potential was0.894 V. We attribute these redox ot reported}’ Their reported cyclic voltammogram showed
waves tol®~/7~, 178- and18~°~ redox couples, respectively. :

Careful treatment of the electrode is necessary to observegg iénxDH':;ﬁggﬁgsTATﬁé’éa%ﬂgml?r?tg s&gggz??s?%ﬁ—ﬂ?g.

the 18°~ couple, and the “reversibility” of these processes (49) Xie, X.; Hughbanks, Tinorg. Chem200Q 39, 555-561.
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Table 5. Comparison of Reduction Potentials for [M8®]"" Species
(Potentials vs SHE)

B2, V
redox couple [MaSe]®5t  [M04Se]54*+ ref
[Mo4Sey(CN)y58~ 0.233 —0.422 this work
in ag NaCN
[M04Sey(CN)y2] 1.03 0.18 38
in ag NaSOx
[M04Ses(H20)12]5* 0.79 0.19 50
in HMeGCsH4SO;
[Mo,Se(edtay]3 0.65 —0.040 50
in LiClO4

a one electron quasireversible oxidation wavetat63 V
(vs SHE), and they stated that “further oxidation at 1.4 V is
irreversible”. Comparison with results from chemical reduc-

Magliocchi et al.

that appropriate reducing agents for preparlfig and 1°-
should possess oxidation potentials greater th@r88 and
1.37 V. Standard oxidation potentials for Zn in basic
solutiorf? suggested it would be thermodynamically sufficient
for preparation of1®:

Zn+4X" =2ZnX,” +2¢
E=+1.26 (X =CN); +1.245 (X =OH")

Zn reduction in KCN and KOH solutions does indeed
occur, as evidenced by a color change from deep HIU9 (
to purple (@®). Solutions thereby obtained exhibit rest
potentials more negative than we measured for ithé~
couple ¢~ —0.9 V). Crystals obtained from these solutions

tion (below) clearly indicates that the potentials reported here reproducibly exhibited structures isotypic with the cubic

correspond to redox processes for §8e(CN)e]®~ species.

“K 7[M0eSe(CN)g]-8H.0O” reported by Fedoro¥’ Like the

It may be that the redox process measured by Fedorov'sFedorov group, we find that the cubic unit cell parameter

group is associated with a [MBe)] species, but under
conditions in which hydrolysis of many, if not all, of the
cyanide ligands had occurred.

A cyclic voltammogram recorded for a burgundy solution
prepared by dissolving in aqueous NaCN displayed two

(@) varies widely, from 15.463(5) to 16.099(2) A under
various conditions. For example, a different lattice parameter
was observed when crystals were obtained by layering with
methanol or by slowly evaporating the solvent, even when
excess Zn was used to reduce the cluster in both instances.

stepwise redox waves shown in Figure 5b. The potential wasIn some cases, the solutions were treated with excess KCN

scanned over the range).68 to+0.67 V starting from—0.6

V and scanning in the negative initial direction. Two waves
were observed witli;, = 0.233 and—0.422 V (vs SHE),
respectively, corresponding &/~ and 278~ couples.
Since the  HOMO is fully occupied for the2®~ ion and the
HOMO—-LUMO gap is large, further reduction of the intact

and in other cases with excess KOH; this also affected the
lattice parameter. Variability in the lattice parameter is
mirrored in irreproducible K occupancies, and there is
certainly the possibility that some of the “water molecules”
were actually hydroxide ions. The use of NaCN circumvents
most of these problems, and we were able to isolate a crystal

cubane is effectively precluded: no additional waves were in which the chemical formula was apparent and the
observed in a separate scan to negative potentials until werefinement of the Nasites presented little difficulty. When

observe the onset of water reduction~at-1.5 V.
Electrochemical data are presentedZdrin Tables 4 and

5. The peak potential separationsH,) are 0.168(6-/7—)

and0.058(#/8—) for the couples. The-#/8— couple has a

potential separation smaller than 0.060 V, indicating that the
electrode reaction is diffusion controlled. The peak current

ratio (p,%i,® has values far from unity. Electrochemical

an excess of Zn with NaCN (1:4 ratio) is added to a
[MogS&(CN)g]”~ solution, its characteristic blue color
quickly changes to a deep red, indicating the formation of
[MoeSe(CN)g]®

2[MogSe(CN)s] "~ (ag)+ Zn(s)+ 4CN™ (aq)==
2[MogSe&(CN)J° (ag)+ Zn(CN),* (aq)

measurements for other molybdenum cubane clusters

([Mo4Se(L)12]™, n= 4, 5, 6; L= CN~, H,0, edta) have
been reported]4-5951and those results are summarized in

The [MosSe(CN)e]®~ solution is stable in the presence of
excess reducing agent for several weeks. Zinc was removed

Table 5. The differences between our data and the results ooy filtration, and addition of MeOH precipitated the red
Fedin et al. are notable since both purport to apply the sameNaM0osSe(CN)e-20H0 (4). When dry, 4 is very air

cyanide ligated clusters, [M8e(CN)2]"". However, just

as for the M@Se-based clusters, we performed our measure-

sensitive, and some oxidation, regenerating theion, is
difficult to avoid.

ments in basic solutions in the presence of excess cyanide, The process of air oxidation of thié#" ion can be moni-
and the results of Fedin et al. were obtained in nominally tored by use of UV-vis spectroscopy. As shown in Figure

neutral agueous solutions using A8&; as the electrolyte.

6, oxidation of thel® ion is accompanied by a red shift in

The discrepancies between the two results suggests that thes&e absorption maximum at 540 nm by about 25 nm, and a
highly anionic clusters are extensively hydrolyzed under the barely discernible shoulder at580 nm intensifies and shifts

latter conditions.
Chemical Reduction and Isolation of Na[MogSe-
(CN)¢]-20H,0 (4). Our cyclic voltammetric results indicated

(50) Nasreldin, M.; Henkel, G.; Kampmann, G.; Krebs, B.; Lamprecht, G.
J.; Routledge, C. A.; Sykes, A. G. Chem. Soc., Dalton Tran$993
737—746.

(51) McFarlane, W.; Nasreldin, M.; Saysell, D. M.; Jia, Z.-S.; Clegg, W.;
Elsegood, M. R. J.; Murray, K. S.; Moubaraki, B.; Sykes, A. .
Chem. Soc., Dalton Tran4996 363—369.
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to about 595 nm. The observation of an isosbestic peibB6
nm) indicates that the air-oxidation is a reasonably clean
process, involving onlyi®~ and 1. If a solution of17~ is
exposed to air for an extended period of time (several days),
no shifting of peaks above 500 nm is observed, but absorption
intensity steadily decreases s is formed. Sincel®~ has

(52) Standard Potentials in Aqueous Solutidard, A. J., Parsons, R.,
Jordan, J., Eds.; Marcel Dekker: New York, 1985.
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[MogSeg(CN)4]™
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Figure 6. The UV-vis absorption spectrum of (1 mM solution)
illustrating the oxidation ofl®~ to 17-.

no electrons in thegeorbital, it is reasonable to assign the
580 and 540 nm (2.14 and 2.30 eV) absorptionsiforto
g, — tyy transitions across the MeMo bonding-antibonding
gap. A DFT-BLYP calculation for the related chain compound
3 (usingk = 0; no local point symmetry imposed) yields an
estimated gap for theye— ty, transition of 2.56 eV.

Conclusions

The chemistry surrounding cyanide salt synthesis

clusters has been elucidated, and the stability of reduced
cyano-ligated molybdenum selenide clusters in agueous
media has been demonstrated. The {&&(CN)s]""

and [Ma,Se(CN) " clusters are quite stable in basic/
cyanide-rich aqueous solutions. We have successfully syn-
thesized the most reduced forms, [M&(CN)]® and
[M04Se(CN)1,)®. We have achieved a much improved
understanding for the dissolution of the linear chain com-
pound KsMosSe&(CN)s (3), which is accomplished by redox
catalysis of [MaSe(CN)5]"".
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