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In this paper, we introduce a new method of synthesis of clustcr compounds by solid state reactions at
low hcating temperature, and summarizc Mo(W)—Cu(Ag)—S cluster compounds, we have recently ob-
tained using this method and structurally characterize about twenty of new cluster compounds by X—ray

single crystal analysis, including the bigger mixed—metal cluster compound [(n—Bu),N1,[Mo,Cu,,S;,].

Introduction

Rescarch into synthesis of new cluster compounds has grown dramatically in tae past de—
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cadc. Motivation for.this research includes the search for new materials with intercsting new
propertics. Metal sulfur containing systems have been an interesting topic because of the dis-
covery of their conducting propertics, their applications as battery materials and lubricant,
their utility as hydroprocessing catalysis, and their biological relevance of polynuclear transi-
tion metal sulfur coordination compounds with different biometals (like Fe, Cu, Mo). With rc-
spect to the active sites of nitrogenase and the interrelation between Mo and Cu in numerous
biological processes (the so—called Mo—Cu antagonism), many rescarch groups in the world

(1-53

have devoted great cfforts to those containing Fe,S and Mo systems and to thosc con-

(67" The flow of surprising discoveries in metal surful con-

taining Cu, S and Mo systems
taining systems makes it clear that synthesis of new metal surful containing cluster compounds
has been, and continues to be, of great importance in both inorganic chemistry and
biochemistry.

So far, more than one thousand homo— and hetcro—nuclear metal sulfur containing cluster
compounds have been reported in the literaturc. Among them, scveral hundreds of
Mo(W)—surful containing cluster compounds have been synthesized and structurally dcter-
mined ¥ _ But as we know well, almost all of Mo(W)—S containing cluster compounds were
synthesized in solution. Only a few of them were prepared by solid state rcactions. There arc
five examples for preparation of cluster compounds at  high or moderate tempceratures.

1. Preparation from clements,

Mo(powder)+8+8,Cl,———————— --Mao,S,C1,""»

W(powder)+S8+Br, —————W,S,Br, ¥

Mo0,(S,),Cls and [M0,S(S,),C1F ' were synthesized by similar methods in the tempe—
raturc range 270-750T .

2. Preparation from simple compounds,

250TC N, 0.5h
(NH,),WS,+[Ph,P]Cl 2 [PhP],[W,S,] ¥

3. Preparation from cluster compounds,

270TC _
(NH_),[M0,S(S,) +K CN==~=~[M0,S (CN),]*~ “'®

4. Prcparation from the thermodecomposition of single compounds,

r ai
(NH,);M0S,~===————~(NH,),[M0,0,(S);} "

5. Preparation from solid statc rcactions of clements and inorganic salts at  high or modcratc

tcmperatures,

HO0T 24h
n(Mo+S)+M'S~——————— —~M'Mo,S,

(M’= Ag, Sn, Ca, Ni, Ca, Fe, 1<n<(9) "%’ .
Here we can sce that the Mo(W)—sulfur containing cluster compounds were prepared by

solid state rcactions usually at high or modcrate temperatures. Howcever, many organic or
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inorganic ligands in that case arc unstable, the reactions of the coordination compounds at

higher temperature thus are very limited.

Description of One New Method

By cxploring the solid state reactions of coordination compounds at the temperature
below 100T , or cven at room temperature, we have been developing a method ”Synthesis of
Cluster Compounds and Coordination Compounds by Solid Statc Reaction at Low Hcating
Temperature”. A typical synthesis procedurc is described below:

Mix and grind a definitc quantity of thiomolybduate (or thiotungstate) with appropriate
amounts of other chemical reagents (such as CuCN, AgCl and (»—Bu),NBr) in an agatc’ mor-
tar. Then transfer the mixture into a rcaction tube and hcat it in an oil bath at a tempcrature
generally below the melting point of the reagents. Usually, the color of the mixture turns dark
during the reaction. Extract the dark products with an appropriate solvent and filter it, and in
many cascs add mcthanol or isopropanol or mixed solvents on the surface of the filtrate. By
standing scveral days, crystalline cluster compounds arc always formed.

Accerding to this method, over fourty cluster compounds have been synthesized in our lab.
About twenty of them are new, and have been determined by Four Circle Single Crystal

X~Ray Diffractometer.

Effcct of Temperature and Atmosphere on Solid State Reactions
By using the same chemicals and composition ratio, and cxtracting the products with the
same solvent but under different reacting temperatures or atmospheres, different products
would be resulted in. This result and some IR spectroscopic studies on these solid state  reac-

0120 indicate that the formation of products depends on the reaction temperature or at-

tions
mosphere, which leads us to the conclusion that the recaction procceds in solid state and the

clusters formed can not be the products which arc produced in solution. Two cxamples arc

shown as follows: (¥72"
125C air 3hb 2
[S,W(0)$,W(0)$,WS,]
130C N, 3h -
1. (NH,),WS +(n—Bu) NBr—————=—— —~[S,WS,W(S)S,W(S)S,WS,]
110 N, 3h -
——————————— ~[S,W(S)3,W(S)S,WS,]
130C air 3h
1 [5,M0(0)8,M0(0)S,]*"
10T air 3h 5
2. (NH),M oS, +(n—Bu),NBr [S;M0(0)S,Mo(S)S,)
10T N, 3h .
[S;MoS,Mo(S)MoS,)

Example 1 and 2 show that in the solid statc synthesis of homonuclcar Mo(W)—S cluster
compounds, the dependence upon reacting temperature or  atmosphere is cvident. Different

products arc formed under different reacting tempceratures or atmospheres.
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Synthesis of New Cluster Compounds by Solid State Reaction
at Low Heating Temperature
Recently, we have synthesized a great deal of cluster compounds (sec Table 1,2,4,5). Based
on their structures, they can be divided into four types: huge clusters (Table 1), necutral

cubane—like clusters (Table 2), anionic cubane—like clusters (Table 4) and miscellaneous clusters

(Table 5).

Brief Description of Structures of the Cluster Compounds
Huge clusters
More than 100 Mo(W)—Cu(Ag)-S cluster compounds have been reported in the
literature so far. However, the metal atoms in these clusters generally are fewer than six. Onlya
few bigger cluster compounds such as [(H,0);Mo0,S,Cu—CuS Mo,(H,0),J(CH;C,H,SO,), °
12H,0 “ and (NET),[CuS4(S,)sM0,04 * DMF “% have been reported.

Table | Summary of Crystal Data for Two Huge Clusters
crystal space a b [ a B Y 4 R.Rw

formula system group,Z

[(~Bu))N], monoclinic C2/m4 22627(3) 21.628(5) 26.25%(6) 90.00  101.66(1) 90.00  12585.1 0.05‘3,0.0907
1.[Mo,Cu,,S;,] '

[(»~Bu) N1, triclinic - 22.700(4) 28.961(4) 21.676(5) 112.47(2) 92.01(2) 79.93(1)  13050.0 —

2.]WyCu)pSyl

We have synthesized the cluster compound [Cu,,Mo0,S;,]*” (sec Fig.1) which has a

) 2 Each Mo atom occupies the vertex of

pseudo—cubane type [MogCu,,] core (1 in Table 1
the corner and the twelve Cu atoms take the positions in the edges. Neighbouring metal atoms
are connected through bridge sulfur atoms and the local coordination sphere around each

metal atom (Mo or Cu) approaches a tetrahedron structure. The Mo—~Cu distances (2.688 to

S{13)

S(15) 5(15'\
™ rot3)
Cuf1) 55(16)
) S(1)

She)

Fig.1 Structure of cluster anion [MosCulzsn]‘_ Fig.2 Molecular structure of [Ag,;WS;Br][PPh,],S

2.757 A) permit the significant interaction of heteronuclear metallic atoms, and the Mo—S bond
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distances vary between 2.065 and 2.301 A. There are four types of sulfur atoms involved in this
compound: S,, z,—S u;—S and p,—S. And two types of molybdenum atoms and onc type of cop-
per atom are observed. All Cu atoms are coordinated by a u,—S, a u,—S and two u,—S atoms
with a distorted tetrahedral gecometry. One kind of Mo atom is coordinated by a S, and
threc u;—S atoms, the other onc is coordinated by three u,—S and a p,—S. We have also
synthesized the similar compound [Cu,,W,S;,]* and determincd its unit ccll parameters (sce
Table 1).
Neutral cubane—like clusters

Scven ncutral cubane—like cluster compounds (Table 2) have been synthesized in our lab. in
recent years. Fig.2 shows molecular configuration of [Ag,WS;Br][PPh,],S s including the
phenyl ring atoms.The central unit of this cluster can be described as a strongly destorted cube
in which four corners are occupied by onc Br atom and three Ag atoms (with a PPh, ligand be-
ing bonded to each Ag). The cube is complcted by a terdenate WSZ™ ligand, coordinating to

(3D

Ag atoms via sulfur. It can be described as a substitution product of [PPh;AgBr], , where

Tablc 2 Summary of Crystal Data for Neutral Cubane—Like Clusters

[Cu;WS,Cl]  [CuyMoS] [Cu;MoS,1]  [Cu,WS,Br] [AgMoS,I] [Ag,WS,Br] [Cu,MwS,CI]*
formula [PPh,),S [PPh,],S [PPh,],S [PPh,],S [PPh,],S [PPh,},S [PPh,),S
spacegroup,Z P12 P222,4 P12 P12 P12 P12 P22,2,4
a(A) 13.049(3) 12.963(3) 11.395(2) 11.876(1) 12.114(2) 12.129(5) 17.764(3)
b(A) 20.351(4) 1%793(3) 13.107(1) 13.065(2) 13.420(2) 13.340(0) 22.633(3)
L(A) 11.876(2) 22.681(5) 20.473(5) 20.325(2) 20.346(2) 20.228(6) 12.948(2)
a(®) 94.75(2) 90.00 74.95(5) 74.95(1) 74.53(1) 74.48(3) 90.00
B(C*) 115.97(1) 90.00 84.87(2) 85.3%(1) 86.73(1) 87.17(8) 90.00
W) 74.90(2) 90.00 64.27(1) 64.09(1) 63.74(1) 63.53(3) 90.00
V(A]) 2736 5231.5 2776.1 27373 2851.7 2814.0 5205.7
R,Rw 0.073,0.073 0.045,0.045 0.049,0.061 0.039,0.055 0.048,0.043 0.056,0.056 0.046,0.043
ref. 23 11 11 24 24 25 24

¥ :Mw=W I Mo=0.556:0.444
Table 3 Summary of Selccted Structural Data for Neutral Cubane~Like Clusters
compounds M-5(;)  M-5,(;)" M-M( A)b MI=X(;) M2-X(;) M3-X( )

" [Cu,WS,CI[PPh,],S 2.096 2.243 2.720 2.702 2.781 2.694
[Cu;MoS J[PPhy,S 2.105 2.252 2.700 2757 2.723 2.478
[Cu;MoS,I][PPh,],S 2.097 2.253 2713 2912 2.943 2.967
[Cu,WS,Br][PPh,];S 2.102 2.242 2.723 2.729 2751 2.800
[Ag;MoS;1][PPh,],S 2.106 2.253 2.979 3.103 3.019 3.070
[Ag,WS,Br][PPh,],S 2127 2.246 2.986 2.945 2.923 2.903

[Cu;MwS,CI[PPh,],S  2.100 2.256 2.714 2481 2.738 2706

a,b: average values
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WSi‘ ligand replaces one PPh;AgBr, moicty. Table 3 shows a summary of the seven ncutral
cubane—like compounds together with some selected structural data.
Anionic cubane—like clusters

We have also synthesized five new anionic cubane—like clusters (Tablc 4). Fig.3 shows the
structure of the cluster anion [MoAg3BrS4I3]3_ (8 The cluster core [Ag;Mo08,Br] can be viewed
as a cube in which the four metal atoms and the four non—metal atoms are statistically distrib-
uted by two kinds of atoms, respectively. Because it is situated in the specific equivalent posi-
tions in the unit cell with Ty symmetry, the threc tetrahedrons MoAg;, BrS; and SI; arc
co—centred, respectively. Mo and Ag, Br and S, S, and I atoms are of probability statistics,
respectively. Mo—Ag (or Ag—Ag), Mo—S,(or Ag—S,, Ag—Br), and Mo—S(or Ag—I) distances
are 3.303(2), 2.701(1), and 2.741(3) A, respectively.

Table 4 Summary of Crystal Data for Anionic Cubane—Like Clusters

formula [Ag,M08,1,Br]  [WS,Cu,Br,] [MoOS;Ag,I;Br] [MoS;Ag,Br,] [WAg,S,Br,]
[(n_Bu)AN]J [("_Bu)aN]J [(""Bu)aN]J [(""Bu)4N]g [(~B U)4N]3
space group,Z F43c,8 - — F43c 8 Fa3c,8
crystal system cubic trigonal tetragonal cubic cubic
a(A) 24.577(6) 17.410(7) 12.224(5) 24.231(4) 24.221(4)
b(A) 24.577(4) 17.410(7) 12.224(5) 24.231(4) 24.221(4)
c(A) 24.577(4) 39.102(5) 12.175(9) 24.231(4) 24.221(4)
a(®) 90.00 90.00 90.00 90.00 90.00
B(°) 90.00 120.00 90.00 90.00 90.00
¥(°) 90.00 90.00 90.00 90.00 90.00
V(A% 148452 10265.2 1819.55 14227.0 14208.7
R,Rw 0.088,0.061 — — 0.078,0.087 0.071,0.068
ref. 26 24 24 24 24
1(S)
AN
& S
\ ‘@ S(Br)
S(er)  hAg(Mo) M 25T
< el
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Fig.3 Structure of cluster anion [MoAg,BrSJJ]"
Miscellaneous clusters
cluster

Several types of

synthesized through solid state reactions in our lab. and structurally dctermined (Table 5). Here

compounds with

Fig.4 Molccular structurc of [WS,Cu,l[pyl,

intcresting

structurc have
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we simply describe their structural characteristics.

[WS,Cu,llpyl, is of a chain—like structure (see fig.4). Its main structural paramcters are:
W-=S, 2.2141(8)-2.2160(8); W—Cu, 2.6564(7)~2.6856(7); Cu=S, 2.2609(9)-2.2781(1); Cu-N,
2.077(3)-2.100(3)A..

Table 5 Summary of Crystal Data for Miscellancous Clusters

formula {WS,Cu,) [Cu,Bry] [Mo,S,Cl] [MoOS,Cu,(NCS),]
[pyl [CsHN(C,(Hjp)L  [(n—Bu),N], [(n—Bu) N],
space group C2/chA Pi,l FX3c,8 P2,/ nA
a(A) 14.109(1) 9.762(2) 24.212(4) 16.672(9)
HA) 12.704(1) 31.948(4) 24.212(4) 16.278(6)
c(A 14.071(1) 9.143(2) 24.212(4) 19.608(8)
al °) 90.00 94.71(1) 90.00 90.00
fCe) 96.97(1) 116.48(2) 90.00 110.05(2)
(%) 90.00 92.54(1) 90.00 90.00
V(AJ) 2504.1 2533.0 14193.7 4999.0
R,Rw 0.027,0.027 0.083,0.100 0.071,0.071 0.068,0.061
ref. 27 28 11 24

( Bra

N Ol
Cu2 B3 - /
; e—— gy

pry T

Bri A N brl
Mut!
it\\* br2? 20 " Dgy
— _/CL|Z' \:7
B3t N f C12
bra' - Cl13
Fig.5 Structurc of [Cu,Brg]* Fig.6 Structurc of [Mo,S,C1J>

[CsHN(CH;3)1{Cu,Brg] is of a chain—like structure (see Fig.5). Its main structural
paramcters are: Cu—Br, 2.247(2); Cu—Cu, 2.956(3)-3.202(3) A .

[(n—Bu),N];[Mo,S,Cl,] is of a cubanc—likc structurc (see Fig.6). Its main structural
paramecters are: Mo-S, 2.570(5); Mo—Mo, 3.154(8); Mo—Cl, 2.587(11DA .

Fig.7 Structure of [MoOS;Cuy(NCS),]*”
[(n~Bu) N],[M0OS;Cu,(NCS),] is of a nido—like structure (sce Fig.7). Its main structural
parameters are: Mo—S,, 2.248(5)—2.272(5); Mo—0,, 2.272(5); Cul-S, 2.252(4)—2.244(5);
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Cu2-S, 2.250(4)-2.263(4), Cu3-S, 2.263(4)-2.266(4); Cu-N, 1.887(8)—1.907(8); Mo—Cu,
2.638(2)-2.652(2)A. S-Mo—-S, 107.0(2)-108.3(1); S~Mo—O, 109.1(5)-112.3(6); S—Cu-S.
107.8(2)-108.6(2); S—Cu—N, 120.1(5}-125.7(5); Mo-S—Cu, 71.4(1)-72.0¢1); Cu—S—Cu,
98.0(2)—108.7(1); Cu—N—C, 166.1(3)—170.1(4); N—C—S, 176.5(2)~177.9(4) ° .

1.

2.

3.

Conclusion
A new method is proposed for synthesis of clustcr and coordination compounds by so—
lid state reactions at low heating temperatures.
Over fourty cluster compounds have been synthesized by this method. Among them,
nearly twenty new cluster compounds have been structurally determined.
This new method is an effective one and it can be applied to synthesize non—sulfur con-

taining cluster compounds.

Keywords: solid state reaction crystal structure cluster compound
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