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monoxMc are c o n ~ d e r c d ,  T h e r m o d y n a m ~ M l y  ~ v o u ~ H e  ~ a c t ~ n s  c o m p l e ~  in 330 rain are 

detected ~ i th  M = C o  (Group 9). and  Ni and  Pd ( G r o u p  10~ continuing cub~ having 15 and  

16 metal electrons. ~spectl~ely.  but no c o r ~ s p o u d i n g  r c a ~ n s  are observed with M = Fe. 
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Cu cubes having 14 and 17 metal de~rons, respe~ively. A ~mihr reaction ~ observed with 
the S~com~n~g cube [Mo3N~e~(HzO)m] 4 ~. and with the higher o~dafiou state cube 
[Mo~CuS4(HzOh,~] ~* (16 de.tons) [Mo~Sz(H~OL] ~ + and C~CO)" are obtained as final 
produ~s. On bubbling N z through the l ~ r  CO is removed, and approac~ng quant~ativc 
~form~ion of [Mo3CuS4(H~Oh,~- is observed. G~ater ~fficul~ is experienced in ~mo~- 
ing carbon monox~e ~om the other carbonyl addu~s (M = Co, Ni. Pd) using N.. © 1999 
Elsevier Sdence S.A, All fights reserved. 

Kt, vu~ts:  Heterometalfic cuboidal clusters: Kinetic thermodynamic studies: [Mo,MS~I H:O)I0] a " 

!. lnffoducfion 

Harris and colleagues have recently presented Fenske-Hait molecular orbital 
calculations for Mo,MS4 cuboidal core clu~ers, and con~dered variations in 
e~ctronic structures when M is a transport metal (Co. Ni. Pd), or Main Group 
metal [Snl [i]. While it is g e n e r ~  difficult to assign tbrmal oxidation states to 
metal atoms in such clusters they have concluded that tbr M = Co, Ni, Pd. the 
heterometal is net oxid~ed, but inaead shares dectron density with the Mo~S4 unit 
by Ibrmation of M o - M  bonds. In other word~ with Ni and Pd at least, the 
heterom~al is best described as M" and the clusters can be regarded as Mo,SQ - M" 
[2]. A similar fon~alism has been sugge~ed lbr the single cubes IMo3S~ z" } ln ' ,  
~Mo~S~ )Ga' [Group 13) and (Mo,SQ")Sn : (Group 14), where such assign- 
ments help in understanding the redox ch~nistry as well as in~rconversion of ~ngle 
and corner-shared double cubes [2]. The [Mo3CuS~IH~O)~z] ~ " cube can be con~d- 
ered in this latter category as (Mo~S~ " )Cu . 

In the present paper we consider reactions of Mo~MS~ cubes M = Fe, Co. Ni, Pd, 
Cu ~ith CO and the abihty of the he~rometal atoms to give carbonfi products in 
aqueous solution~ The aim is to define bx experiment the boundaries lbr the 
occurrence of such reactions and relate the findings to c~ctron count~ The 
reactions ol the Mo,NiSe~, Mo~CoS~ and Mo~CuS~ cubes as aqua ions are reposed 
lot the first time and allow an ove~vie~ of the combined data. We also consider 
kinetic and thermodynamk data l~r the reactions of the M = Ni, Pd cubes with CO 
and other ligands L. In the case of M = Co [3], Pd [4], Cu [5], the single cubes ll) 
give edg~finked double cubes (lll ~hich have been identified by X-my crystallogra- 
phy. Equilibria between I and I I have to be taken into account. 

Mo, 

~I~ ~11) 
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The  C o  cube  is in a d i f f e ~ n t  o ~ d a t i o n  s ta te  to  [Mo~ICoCo)S~ICp ' )~  (Cp'  = m ~ h ~ -  
cydopentad~}, which was considered in re~Nnce [1]. 

2. ExperimemM 

2.1. ~ e p a m t ~  q¢ c&sm~ 

The trinucMar Mop du~e~ [Mo3S4(H:OLF ' and [Mo3Se4(H:O},~] a" were ob- 
tNned in 2 M Hpts W q d u e n m ~ n ~  add) or 2 M HCl as pmv~u~y described [6]. 
The dmMls of UV-v~  absorbance spectra are summafi~d in TaMe 1. Conve~ion 
to the he~rommMlk cuboidal Mo~MS~ " core~ M = Fe [7], Co [8], Ni ~1, Pd [I~, 
Cu [11], have been described us~g one or other of the procedures (1~ and {21: 

M o ~  + M ~ M o a M ~ -  (11 

Mo3~-  + M  't+2e ~Mo~MSQ' ~2l 

Table I 
Summar~ of UV v~ absorption spemm of tnnuclcar incomplete cubes, of h~eromelM 
~nglc edge-shared double ct~cs, and carbonyl comp~xes in 2 M acids as design~ed" 

Cluster Acid 

lMo,S.,tH:Ot,l a ' IINs 
[Mo:Se~H:O}.:] a " tip, s 
[Mo ~FeS ~1 ti.Ol,,d a ' t tCIO~ 

[Mo~(\~S,/I 1~())~=,1' " it('1 

[I Mo~CoS :tlt~OM.,]" ' "  l lpls 

[Mo,lCoCO~S.,II i~Ot# 
IMo,NiS4dt:Oh,g ~ 
IMoaNiCOISA H:Otd'  
IMo a PdCli~l H:OI,2 ' 
[IMo,PdS~IHeOM ~p " 
[M o d PdCO ~S~t H :O L] a 
I M o a ~ s ~ t u . o ~ , , #  ' 

ilpt~ 
Ilpts 
Hpls 
IICI 
Itpt~ 
Hp~s 
tlptx 

[Mo ~CuS41 !| :Or.,l" tlpt~ 

[Mo ,NiSca( H.OI,,I ~ ' I lpts 
IMmINiCOlSedli~Ot,p Ilpts 

" ~:'s per Mo~ Isinglcl or Mo. tdoublct 
b Conl i r l l la l ion of  Ihe~d ',tsMglllnenlx is 

derivatives as 

Colour X nm tc M 'on ~ ReE 
. . . . .  

Green 36615550 I: NI3~ 3621 [21 
Ydlo~ brown 427158Nt: 64N59~1 [6] 
Gre~-pnrple 50~730k 603144S ~: [7] 

9ER1221 
B~own 36(R537t)k I45ta26m: 111 

796~336(11 
Brown 360( 13 6901: 44~9SNI): ~h(s work 

791R6810) 
Brown 5~5 riffs work 
Green blue 67716101 [9] 

525t820~ lgi 
Bltm 450110131; 581R 1382~ [10l 
Purple 45612310~ 57212786~ [10 I 
Y¢IK~ 415119~)1: 470t 18701 [10 I 
Bl~wn red 325~3700~ 470tlS7~1; [111 

975~47~l 
Red ba~wn 32N5130~ 47N2~Rl~ [11] 

623~sh R299 ~ 
Green 7071660) ]]fis uork 
Brown 545(9541 Thi~ ~ork 

. . . . . . . . . . . . . . . . . . . . .  

according m formulae given. 
rcqmrcd. 
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Reactions (and stontgel are generally in rigorous ai>ffee condition~ although lbr 
M = Ni. Pd ~r  sens~ivity is minimal and not detected over ca. 30 min. In Eq. 
(2) the redudng agent used is either sodium borohydfidm NaBHa or hypophos- 
phorous acid, H~PO:. Purification was by Dowex 50W-X2 cation-exchange chro- 
m:,tography, and the ~ng~ cubes were eluted wkh 2 M acid as required (Hpts, 
HC! or HCIOa). The [Mo.,FeSa{H20}m] a- and [MoxNiSa(H2Otm] 4* products ap- 
pear robe present always as sin~e cubes [12,13]. On elu~on wkh 4 M Hpts 
Mo~PdS4 a" gives the edge-linked doub~ cube [{Mo~PdSa(H:O~}2] s~ , but the 
single cube [Me~(PdCI)Sa(H2OM ~- ~ duted with 2 M HCI and forms w~h as 
little as 10 mM CI [10]. X-ray cry~al structures of both Pd forms have been 
reported D]. We a~ume here that Mo,CoS]- exhibits the same behaviou~ with 
[IMo~CoSa(H:OB~2p ~ charactefised by X-ray cry~a~ography as the pts-  salt 
[3], and me single cube very likdy present in 2 M HC1 [8]. The crystal structure 
of Mo ,CuS]  is also that of an edge-linked double cube [5], but elusion charac- 
~ f i~ks  and solution prope~ks suggest that the single cube is present following 
Dowex chrom~ography [1 I]. The aqua ion [Mo,CuS~IHeO),d s ' ,  a second oxi- 
dation state of the Cu containing cube, is obtained by add~mn of C u  to the 
incomplem cube 

Mo~SJ ~ + C u  -*Mo)CuSa ~ (3) 

An X-ray structure of the Mo,CuSa 5 core has been repor~d [14]. There is as 
vet no evidence lbr other than a sin~e cube of [Mo,CuSa(HeOt,~ " [11]. 

The dark green heterometat cube Mo~NiSea a has been prepared lbr the fi~t 
time ~om yellow-brown [Mo,Se~HzOL~.  A like volume (1 5 ml) of concen- 
trated HC1 was added to [Mo~SeaIHzOjd a~ (13.3 mM) in 2 M HCI. Granu~s of 
Ni i18 g). the surlhce of wh~h have been activated bv immersion in cone. HCI 
I~r sc~ml m~utcv were added, and the nfixture heated (under nitrogenj in a 
water bath at cat. 90°C Ibr 13 h. The resulting dark green solution was allowed 
to stand lbr 3 days at room temperata~ berate purification. The solution was 
diluted to ~1.5 M HCI and loaded onto a Dowcx 50W-X2 column (30 × 1 cm). 
The pufilkation was carried out under nim~gen. The column was washed with 
0.5 M |ICI wl~n a pale green solut~n corresponding to Ni ? was also eluted. 
An olive-green solution comaining Mo~NiSe]" !bllowed by a small amount of 
[Mo~ScaIHzOL] 4 was then etutad with 1 M HCI. A brown band of unknown 
product remains on the upper part of the column whkh is difficuh to remove in 
4 M HC1. The yield was 40% based on the amount of [Mo,S~hIHeOg~ ~ used. 
On heating a 0.7 mM solution in 2 M HCI in air lbr 2 h at ca. 90°C 
[Mo,S<(H:O),,] a rclk~Fms (Eq. (4)}. 

Mo:NiSc)~ ' + ' ,()e + 2H " --,Mo~Se~ " 4- Ni ~ • + H,O {4) 

In 2 M HC1 tl~e UV-vi~ spectrum gives peaks at 265, 5381shl and 729 rim. The 
mectrum of the pmdum eluted in 2 M Hpts. peaking at AITnm Idcm~s Table 1 ). is 
shown in Fig. 2. The elusion beha~our is ~mi~r to that of [Mo,NiS.IIHzO},,~ ' ,  
indkating a single 4 + cube ion. 
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Sdmions of lhe single cubes [MmlnS~lHeOt,:] ~' and IMo,SnS~IHzOt~:]" in 2 
M Hpts prepared by addition of In' or Sn ~t to [Mo3S4(HeOL] a , as in Eq. (3}, were 
also obtained [15,16]. 

_._~ Z Preparation qf CO 

This was obtained by drop-wise addition of concemrated lbenic acid. HCO,_H 
(80 ml), ~o concentrated suliktric acid (80 ml). [17]. The sulfuric acid cont~ned in a 
round-bouom flask was magnetically stirred and immersed in a water bath at 
70-80°C. The apparatus was fir~ flushed with N:, and the CO produced bubbled 
through alkaline (KOH) pyrogallol to remove traces of Oz. 

Z~ Oth~" Mawr&~ 

The strong acid p-t~,iuenesullbn~ acid (Hptsl was obt~ned as a white c r y s ~ n e  
solid (A~fichl. The ~duc~g agents hypophosphorous acid, H~POe (5~ ,  w/w H,_O 
sdut~n~ and sodium t~rahydroboram. NaBHa, were ~om Aldrich. Stable and 
wa~r soluble phosphines, 1,3,5-triaza->phophaadamamane {PTAI and tfi~3-s~- 
l~natophen~ phosph~e m~ahydra~, Na3{3-SO~C~,Ha),P'HeO (Strem; TPPTS ~- ), 
were as pmvioufly de~fibed, [1~. Other reagents were of analytical grade purity. 

3. Resul~ 

~ I. b ~ 7 ~ t ~  qf CO , v , ~ v m  

The UV-vis absorpt~n spectra relevant to the~ ~ud~s are smnmafi~d in Table 
1, Sdut~ns  were in 2 M Hpts except in those cases where 2 M HCI wa~ 
appmpriam to retain the since cube ~ructure. in all cases 3% methanol was added 
to the aqueous solution to increase the solubilfly of CO. React~ns with 
[Mo~(PdCI)Sa(HzO),,] ~ ' and [lMo~PdSalHeOhld s '  are rapid with colour changes 
as pmv~udy reported [l~. The ~ a ~ n s  of [Mo,CoSalH~OJ~,~ " 14 raM) under 
the conditions of 2 M Hp~, Fig. 1, and in 2 M HCI were also rapid, the resultant 
brown so~tions having a peak at 559 nm with no peak at ca. 790 ran, The reactions 
of [Mo~NiSa(H~O)~,] a ~, [9b], and [Mo,NN~IH~Ot,~ + are slower and we~ al- 
lowed - 30 rain. Rdevant UV--vis absorbance changes lbr [Mo)NiSe.~IH~OI~,,~ ~ 
(0.7 raM; 2 M Hptsl are shown in Fig. 2, with the appearance of a new peak at 545 
ran, In 3 M HCI coordinat~n of CI " to the Ni slows down the reamions with CO. 
The crystal structure of [ModCoCOISalC~)~ core Mo~CoSa' "~ [18], as well as 
[ModNiCOJSa{H~OL] a '  [1~, and [Mo~PdCO}S4ltacnl,] ~' (tacn = 1,4,7 tfiazacy- 
do-nonanel ~], have esta~ished the nature of the carbonyl attachment.  Rdevant 
equations are as in Eqs. 15)-(7). 

Mo~NiS~ ~ ' + CO- ,  MoaNiCO~Sa ~ ' 15) 

ModPdCI}Sa' • + CO -, ModPdCO}S~ ' 161 
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Fie._ 1. tTV vis spectrum of [Mo~('oS~H~Ol,~,] a '  in 2 M Itpts. <+'s per Mo,~ 
[Mo,ColCO)SalH.O~ ~ ' product imset)m 2 M Hpts. 

and the 

IMo~PdSale~ - + 2 C O ~ 2 M o a ~ C O ~  a - 17) 

On bubbling Ne through the product ~,olutio~u there is little or no reversal of the 
r e a s o n s  within 15 rain. No reactio~ of CO is observed at the h~eroatoms of  
[Mo:FcS~(H~O)~ a ([ raM: 2 M Hg!Oa)and  [Mo~CuSa(H:Ol~,,~ ' 17.9 mM: 2 M 
Hptsl. o r a t  the Mo'sof[Mo~Sa(fI.Ol, ,~ a n d [ M o a S a l H : O l ~  5 (both ca. 1 mM: 
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Fig. 3. UV vi~ spectra of  [Mo~CuS~H3OI,d" ' in 2 M Hpt~ t . ) and the [Mo,SAIt.:Ot~ ~ 
product l ~ l  m 2 M Hpls obtained aaer bubbling CO lhrough the solulion l\~r 5 rain. ;:'s per Mo ,  

2 M HCIOa) Ob], NmiNflv no r ~ i o n  of CO at the Mo's of hmerometallm clusters 
has been obser~vd. 

ln the case of ~ o ~ u ~ H ~ ) ~ , ~  ~ I I raM:2 M H p t s l a q u i t e ~ n t  reamion 
is observed. A colour change ~om red to brown to green is comNme ~ithin 3 4 
min of ~ i h g  CO. From its UV-vis spectrum, Fig. 3, the green product is 
identified as [Mo,~IH?O~,] a . When N, is bubbled ~hrough the solutmn lbr 15 mit~ 
the red bro~'n colour of [MmCu~IH:O),,,] '  ' ~ n n s .  The rmnoval of ( 'O result~ 
in ca. 90% ~ r m a t i o n  of ~ o ~ u ~ H a O l ~ , d  a , Fig. 3. The observations arc 
expN~ed by ~ i b r i a  involving the %rotation of an aqua CulCO} ' woduct, I201. 
which is no longer attached to the [ M o , ~ H ~ '  com~nent .  It has been 
reposed that C~COI  ' decompo~s on pumping away CO to give C u .  [21]. and 
this is in good agrcmnent with our fin~nD. The sequence of reactions is t h e ~  
as in Eqs. 181~.-1101. 

Mo~CuS~ ' + C O - , M o ~  ~ + CulCO) IS~ 
\ ,  

C u ( C O I  ' ~ C t t  ' + C O  {91 

Mo,S] + C u  -*Mo,CuSa tl{~} 

Checks carried out on [Mo,lnSdH.,O}~I" " (2 raM} and [Mo,SnSalH.Ol~q" 
t0.5 raM} in 2 M Hpts gave no reaction (211 mini uith CO. 

3.Z Rouo~d qt ( '0 .fi'om {7tbe p~hwts 

It has been reported that in the case of the cubes [M~INiCOISAIt~O),,,]' 
IM = Mo. W). CO is reNaced by CI on addition of cone. HCI [22]. It is als,, 
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known that the Mo,NiSa a-  cube in HCI does not react with C:H 4 [2~. It foRows 
therefore that CO does not react with Mo3NiS] + in concentramd HCI solufion~ 
However we find that CO coordinates to Mo3CoS] ~ at 6 M HCI ~vds. Also CO 
will bind to [MOdPdClJSa{HrO)d 3- in phce of CI - .  

No loss of CO is observed on bubbfing Ne through [ModCoCO)S4{H:OL] a ~ for 
15 min. It has also been concluded that there is no reverfib~ity of the reacfioe with 
[MadPdCOISa{H2OL] a - .  In the case of Mo3NiSa 4- the reaction with CO is 
non~everfibk whi~ the reaction with CzH4 is reverfib~. [23]. No loss of CO was 
observed on bubbling N z throug~ [Mo~INiCO} Sea{H~OL] ~ for 15 rain. However 
in eqmfibrafion kinetic studies on [Mo,NiSaIHzO)~,~ a* ~ith CO It, z >1 rain) a 
contribution ~om the reverse rea~ion has been observed Ob]. No similar step was 
detected in ~opped-flow equifibrafion studies on [~Mo3PdS~{HzO~}e] ~ with CO 
[10]. These observations indkate formation of thermodynamically stable CO 
compkxes. 

3.3. Air smhihtv ql carhon~7 ptxMucts 

Both the singk and doubD cube tbrms of Mo3CoS: a " are very ai~sen~tiv~ and 
a 2 M Hpts solution undergoes $8% d~cay in 1 h (mon~ored at 790 nml. However 
[ModCoCO)S~IH:Ot,,] a was lbund to be much more stable, with no absorbancc 
change in air over 15 rain. The Pd > Ni continuing cubes are much more stable in 
air. with the Pd double cube [IMo,PdSaIHeOL,e] * requiring several months [k~r 
fl~tl decay, and [Mo,NiSalHzOI~,,] a " oxidised only ca. 15", in I month [9.10]. It has 
been reported lhat the carbon~ comNcxcs [M,INiCOISs(H~OI,O a (M = Mo. Wl 
are more stable than the parent aqua I~rm in air [22]. These observations arc 
coheren t  with binding of O, at the hc~matom becoming more difficult ~hcn CO 
is present. [24]. The coordinated CO is less readily replaced than H,O. 

4. D ~ n  

In studies reported herein an H,O (or C1 ) coordinated to Group 9 ICo) or 
Group 10 tNi. Pd) heteroatoms of the single cubes, is displaced by CO and 
~vactions are cmnpMe iCo and Pd) well within the ca. 30 rain requilvd by Ni The 
he~r~mtoms have tetmhedmi coordination with Mo,M outer electron counts of 15 
(Co) and 16 (Ni, Pd} A ~ n ~ r  reaction is observed at ~he Ni of 
[Mo,NiS<~H:O),,] a . and has been repoaed also t\w [~V,NiSaiH,O),,,] a . [22]. In 
the ca~e of M = Co and Pd edge-linked double cubes have been identified. Because 
,)f the greater stability in air in the Pd case. both the ingle and double cubes are 
~cfl chammensed. [4]. It has l~en demouslmted that the reactions ~ith CO occur 
equally ~etl with ~ingle and edge-linked double cubes, Thus the reactions of CO 
with [MoaPdCI)Sa(H:OL]'  (the CI serves to retain the single cube) and 
[: Mo,PdS~H:OEI:]~ (in 2 M liptsl are both rapid. No reacti~m is observed of 
CO with the 14 electron [Mo;FeSa~H:O),~] a or 17 dectron [Mo~CuSa(HzO),,~] a '  
cubes, ttowe~er the Cu cube m the higher oxidatmn state [Mo=CuS H:O),,d" " has 
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16 metal dectron~ and reacts w~h CO. The reaction proceeds somewhat differently 
with the formation of [Mo;SaIHeO),] ~' and rdease of aqua CuICO) +. The 
equilibrium (Eq. ( 11 ~) 

CulCO}- = C u  + CO ~1~) 

shiRs to the right on bubb~ng Ne through the sdmiom and recomNnafion of the 
d ~" Cu ~ with [Mo~SAHeO},~1 a is rapid tEq. (12)1, 

Mo3S~ ~ + Cu " --*Mo3CuS~ + 1121 

with high yMds (ca. 9ff~,i observed R~r relkmnadon of the ofiginM cube. 
While ~om X-ray cry~allography it has been demon~mted that there is no 

Mo-M bonding in the tingle cubes Me,MS., {M = tn [25], Ga [26], Sn [161t. or 
cornevshared doub~ cubes Mo,MSs ~M = Hg [31, In [27]. Sn [281, As [21, Sb [29]}. 
with ~an~tion metals in tMt there is clearcut evidence l~r M o - M  bonding [~. To 
obtain stable meml-carbon~ bonds ~-donmion ~om the CO to the metal, and 
~-back bonding ~om the metal is normally required. Quafitative bonding schemes 
have been developed for the t fnudear  [Mo~S~ICp't~ ~ and [Mo~Sa{CN),,] s clus- 
ters [30,311. Energy-Mvd schemes have also bema conNdered tbr transition-metal 
heterometal cubes [Mo~MSaL,,,] a contMning MS~L and Mo£~L~ fragments [1]. 
The d,, and d,: o ,Ntag on M have at duel role and are involved in the tbrmation 
of Me M bonds and in ~ backbondmg to CO when the latter becomes coordb 
hated. The metal ~amework of the cluster and CO are therelbt~ in compmifion l~r 
electron density, It is this compm~mn, and resultant weaker back donmion to the 
carbonyl, that results in relatively high CO stre~hing Dequencies [11. Assignments 
tMo;S~ tNi" and IMo~S~ }Pd" which are compatiNe with tmrahedml hmcroamm 
geomet~es are therelbre ~voured rather than the earlier ~Mo~S~ lNi ~ and 
(Mo~S~ ' )Pd ~ ' as~gnments ~,19]. The behaviour of Co in [Mo~CoSaIH:O),.] a '  is 
of interest because there arc now only 15 metal dedrons. This does not appear to 
decrease the aftin~y of the hc~mnactal lbr CO binding. The cube reacts rapidly 
with both O. and CO. However in the case of the 14 electron cube 

- 

IMmFcSaIH:O)~,,] a no CO binding to the Fe is observed. 
Kinetic (k0 and thermodvnam~ (KI data l\~r the I\mnation of ModMLISa ~ngle 

cubes from the reaction of[Mo,NiSAHeO),,,] ~ and [IMo,PdSaiH~Ol,,lz] s '  with L. 
including L = CO. prov~e intere~ing compar~ons. Table 2 O.10].Difl~rent reac- 
tions arc implicated, as shown in Eqs. 1131 and 1141. 

ModNiHeO)S]  + L ~ M o d N i L I S a  ~ +H,O {131 

IMo~PdS~!! ' . 2L ~ 2ModPdk}S~ • !141 

~ith subst~ution of CO ~ r  H,O occurring in Eq. t13). but cleavage of two 
into>cube Pd ~,S bonds rek~an! in Eq. 114). Formation rate cot>tams k, fi~r 
sub~itution of L = CI , Br . i and NCS Ibr H.O in [Mo,NiS~(HeO),.] a la 
in the nan'ow range 9.4 44 M ~ s ' [gb]. Such behaviour is interpreted in terms 
of it d~sodative interchange la mechanism [32]. The two water soluble phosphines 
PTA and TPPTS ~ requi~ a 3-1bid extcn~on of the above range. In con~a~ CO 
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Nves a value some 10 times s m a l ~  attfibu~d to its poor nudeophil~ properties in 
compet~ion with H,O. A~ the resulu can be accounted for whi~ retaining essential 
~atures of an Id mechanism. The range of rate con~ants ~ ca. 10 ~ times sma~er 
than for the la waw~exchange process on [N~HzO)d z + ~3] ~vith every likdihood 
that an even bigger difference will hold for ~trahedral Ni ~, wh~h has been litt~ 
stud~d but is likely to be very labia. As far as N~' substitution ~ concerned rate 
con~ants tbr tigand exchange on tetrahedral [Ni(CO)z] 12.0 x 10-~ M ~ ~ s-~ in 
tolucnel are much smN~r ~4]. An la mechanism is apparent Ibr this reaction also. 
What emerges theretbre ~om these studies ~ that Ni in the Mo~NiS4 cube has 
distinctive properties of its own and that the substitution rate constanU kt. although 
supporting an Io mechan~m do not fall in any previously defined range for Ni. The 
Ni with its rather special coordination to three ~u-S Iigands behaves somewhere in 
the Ni" to Ni" range. The properties d~played are quite acceptab~ lbr a NP ~ 
a~ignment. 

Square-planar substitution reactions of Pd ~ complexes are some 10 ~ fa~er than 
those of Pt ~, [35]. In the case of square-planar [MICNI4]: complexes M = Ni, Pd, 
Pt. rate c o n s t a n t s ( M ~  s-~, 24°C1 lb rCN exchange are N i l > 5 x l 0  s ) > P d  
(1201 > Pt (26t [36] The rate constants (Yab~ 2~ Ibr identical readants L ind~ate an 
opposite trend with the doub~ cube [IMo,PdS4(HzO~}~ s" ~ a ~ g  li~ster than 
[ M o , N i S A H , O ) , g .  Conversion of [IMo3PdSAHzO~lz] s to two sing~ cubes 
[Mo~PdLIS~HzO),,] a is observed with the incoming ligands L = C O ,  PTA, 
TPPTS ) CI , Br and N C S .  As far as the reaction of L with 
[IMo,PdSAH:O),,I:] ~ are concerned, these occur with cleavage of fi~t one and 
then the second Pd g~S bond in l l lh  with the lirst step rote determining. The latter 
is rapid and at the limit of the stopped-flou range. [10]. 

The structure of[IMo~PdSAH,O~l,]" ~ Ill) from X-my crystallography indicates 
some di~o~mn at the Pd's with angles ~ as large as 120 °, and fi as small as 69 °. [4]. 
This appca~ to be a cont~buting Rtctor to the ca. 10' times Iktster rca~mns of the 

Table 2 

Summala o1' rate con~an:x ~x, and eqmlibfium c~m~ants Kn, 1250CI Ibr formatkm of  
I M o ~ N i k ~ l t . O L ~  from [ M o , N i S d t i : O l . , ~ ' .  and ¢~wre~ponding pammele~ h~, and K~,,~ Ibr the 
fl,rmmam ,~f [Mo~IPdLIS~IH.O~g fi'on, IIMo,PdS~H~OL: :1 . . . .  

I & \ , ~ M  '~ it" K\,IM 'I n k,~ IM 's ')* Kin, IM I~ 

( O  ~1.01, 515(I I . I I  ~ IIi" >5 ~ 10" 
I ' IA  ]19 20d~ 27.~ ~ 10" 

F p p F S  5~ Sql~l ~.6 ~ l t l "  

(1  9.4 o:  ~, l~" 4~0 

t~ 140 15tt \'¢r~ li~sl N~4(I 
I ~23 

N('S 44 690 Ver~ laq 6311 

~ - ~ HII M ~ l i ( l ~ ) , l  ~,r Ni,  ,rod ~ II~! M l l_q, l ,1  l \ , r  ] k !  

' I 'c~mn k, and  ~k :~le u,¢d in re ference [~] 

• l '¢rm, k,, and K are used in retbrence [1I)1: A\,~ is defined by the etlUaliolt liMo,l'dS.,{tt:O),,l:l ~' + 
210 ~; 2 [ M o ~ I P d L I S d t l , O L ]  ~ " 
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Pd douse  cube in Eq. (14). As with [Mo~NiS4(H:O)u,] q+ the rate constant for the 
reaction of CO is an order of magnRude ~ower than for other L ligands. 
Formation con~ants K tbr [|Mo~PdSa(H2Oh}~] s+ with L ~d~ate  a p r e ~ n c e  lbr 
L comNexing to Pd over H,_O xvhich is not ab~ to ~ t ~ n  the fin~e cube. Thus an 
ruder of ~a~li ty  Mo4PdL)S44~ > {Mo3PdS4}~ + > Mo3(PdH~O)S4 q - is i n d ~ e d .  
In e.g. the C1- reaction cleavage of P d - ~ S  inte~cube bonds and coor~nat~n of 
C1 occurs. This appears to conflict with the dasfic o~ahedral Co TM exam~e (Eq. 
(15)), 

~ N H O ~  2" + NCS~ + ~ N H s ) ~ C ~  + NO¢ {15~ 

in which reaction proceeds by t~placement of NO; by H,O and then H,_O by 
NCS- ,  with little or no direct replacement of one anion by anothe~ [37]. The less 
crowded tetrahedral Pd is no doubt an impo~ant thctor. The lack of information 
on f ine ,doub le  cube equilibria, as well as the high air senfifiv~y, has so far 
preven~d kinetic studies on Mo3CoS] ~ . 

To summafise, a comparafivdy narrow range of hc~romctal Mo~MS~ cubes with 
M = Co, Ni, Pd are ab~ to bind CO and pa~icipate in the chemistry described. The 
higher oxidation state 1re cube [Mo.~CuS~(H~O)~y ~ also reacts ~vith CO, but in 
a somewhat different way with re~ase of Cu(CO)~. Kinetic and thennodynam~ 
studies on the single cube [Mo~NiSAH:O)~,~ ~ ' .  and the edge-linked double cube 
[IMo~PdS4(H~OL~:] s '  . with CO and other ligands have been carried out. The 
~abififf and interconversion of the single and double cubes has been adduced in 
the ~se  of Mo~PdS] " ~ The behaviour of the Ni d u s ~  [Mo~NiS.~IH~O)~,~ ~ and 
IMoNiSea(H:O)~,,] ~' is very fim~a~ 
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