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Synthesis and crystal structure of a supramolecular adduct of 
the cubane cluster [CIPdMo3Se4(HzO)TClz] + with macrocyclic cavitand 
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A new hctcromctallic setcnidc-hridgcd 60-.electron complex COlllaJnillg the ctll-iailc cluslcr 
l ragmcnt I i%lo~(p~-SclaPdi 4" was l;rcp,ircd by ht?/,llJllg ;I SOlllliOI1 01" [Mo :gc i t l - 120 )0 iC I  4 aild 
pal ladium black in 2 M FICI. The chislcr ~;onlplcx was Jsol;llcd t]-Oill aqtlCOtlS solulJtl l ls as a 
hydrolyticalty stable supranlotccl.ilar adduc:l with tll:lcrocyclic c;ivitalld ctlctllbiltlrJl. The mo- 
lccul:lr alld crystal structure C,[" IICIPdN'lo3ScaIH20)7CI2IIC3,,Iq;I,N_,4OI2)CI} "TH-O wcrl.' 
r by X-ray diflr:lction anal~,sis 

Key words: sclcnidc clusters, molybdenum, palladium, ctnc;urbiluril. X-ray diffraction 
"lll;liykJs. stlpralllOlCCLllar addtlc[. 

Chalc(~gcnide homo- and lteterometallic ctlballc com- 
plexes of many transition metals are known These 
compounds belong to basic structures in the chemistry of 
cluster complexes and arc of great importance in 
hioinorganic chemistry. I -4  In hetcrometallic sulfide- 
bridged 60-electron complexes co,ltaining the cub:.lllc 
cluster fragments I M;(H:~-S)aNil *+- (M = Mo o~ W) or 
IMo3(.u3-SJ4Pd[ 4~. tile nickel and palladium atoms arc 
in the tetrahedral cnvironmcnt and are coordinated by 
three bridging sulfide ligands, s-9 These complexes ex- 
hibit uniqt,c reactivitics and react with CO, alkcncs. 
alkyncs, and isonitriles under very. mild conditions. In 
particular, selective trans-addition of alcohols or cur- 
boxvlic acids to alkynes and hydrodesulfurization of 
bcnzothiophene catalyzed by. these hcteromctallic com- 
plexes arc of great intercst.to-tl~ 

In the present work. the Pd/Mo/Se complex con- 
taining a new cluster core [ PdMo3Se,~.] 4" was synthesized 
in high yield by the reaction of the trianguklr selenidc- 
bridged molybdenum complex I.Mo3Sc4(H20)<)I 4+ with 
Pd black in a hydrochloric solution. The supramolccvlar 
qpproach to crystallization of aqua complexcs (tlic con- 
struction of a s}.stcm of complcmentaW hydrogen bonds) 
v, qs successfully u.,>cd for the isolation of the 
hetcrometal l ic  complex from dilute solutions in 
2 M HCI. The structure of the supramolecuhlr  
adduct with cucurbi tur i l  of composi t ion 
[[CIPd,.Mo3Sc4( H20)7CI2](C3~,H.;f, N24OI2)C1} - 7H ,O was 
established by X-ray diffraction analysis. 

Results and Discussion 

The reaction of l.Mo3gc4(H20),~l 4~ with Pd 
black proceeded analogously to the reaction of  
I Mo3S4(F-120),~I 4. v, ith I:'d described previously. 8 Heat- 
ing of Pd black with a solution of the complex 
IMo3Se4(H20),~ICI4 in 2 M HCI rc~uhed in dissolution 
of palladium giving rise to a solution of the hcterometallic 
sclcnidc-bridgcd cubanc cluster [CI PdMo3Sc4I H_,O),,,ICI3 
( I )  in high yield. The reaction rate depends on the 
procedure for the preparation of palladium black. Wc 
found that reduction of a hydrochloric solution of PdCI~ 
with lbrmatc aflorded less reactive palladium than that 
obtained by reduction with hydrazinc. The formation of 
the heterometallic cubanc cluster complex is described 
by reaction (I): 

[Mo3Se4(H20)9]  4~ + Pd ~ CI = [ClPdMo3Sea(H20)gJ 3' .  ( l )  

The course of the reaction is convcnicntl,, monitored 
by taking into account the change in the color of the 
reaction solution from brown to dark-bhne. The elec- 
tronic absorption spectra of  solutions or thc starting 
cluster and the reaction product in 2 ..ll HCI arc shown 
in Fig. 1. Complex i was isolated by ion-exchange 
chromatography. The reaction product was elutcd on 
a co lumn with a ca t ion-exchange  resin prior to 
[Mo3Se4(H20)g] 4~. ~,hich indicates that the charge of 
complex ! is smaller than 4+ and that the chh)ridc 
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ligand is coordinated to thc palladium atom. The prc- 
dominant coordination o f  CI-  to the hetcrometal atom 
in HCI solutions has been observed previously for 
ICIM "Mo3S4(H20)?I 3. (X"l " = Fe. Iq Ni. zll or Pd 21,22). 
Cluster I is stable to oxidation with atmospheric oxygen. 
k solut ion of ! in 2 M HCI can bc stored at 5 ~ for 
scvcral months. Retluxing of  a solution of  I and 
IMo3S,~tFI20)<)I 4~̀ in 2 M HC] did not lead to tile 
transfer of  Pd and the sulfide c lus te r  
CI Pd Mo~Sa(H20),I[ ;+ >,'as not obtained. Concentration 

of  a hydrochloric solution of  complex 1 afforded a dark 
precipitatc, which is insoluble in organic solvents, but is 
readily soluble upon addition of  TsOH, HCI, or HCIO 4. 
A hydrolysis product rapidly precipitated from the solu- 
tion that rormed upon addition of v, ater to tile solid 
complex. Hydrolysis was reversiblc and the precipitate 
was again dissol,,ed upon addition of HCI. 

TIle reactivities of the triangular aqua complexes of  
tungsten, vi : ,  IW;Qa(H20)<)I "§ (Q = S or Se), are 
substantially lower. Hetcrometallic clusters were not 
formed upon prolonged boiling of 5 mM solutions of  
these complcxcs in 2 .,t/ HCI with Pd black or upon their 
heating in evacuated scaled tubes at t50 ~ 

The ability of  the Pd center  in tile c lus te r  
CIPdMo~S4(H20),~t 3* and its derivatives to coordinate 

CO. isonitriles, and alkyncs (and to catalyze the reac- 
tions of tile latter) has been dcnlonsiralcd previously, g 
The reacti~.ity of tile selenide cluster conlplcx synthe- 
sized by tts is analogous to that of the sulfide cluster. 
Dilute solutions of ! ~0.1--1 mmol L -I) m 2 M HCI 
rapidly reacted with CO at room temperature under 
atmospheric pressure: the yellow color of the product 
appeared in a Few minutes. The reaction with acctylene 
proceeded more slowly. The reaction of I with CO is 
reversible (reaction (2)): 

[C lPdMoaSe4(H20)9 ]  3` i - C O  

[ ( C O ) P d M o 3 S e 4 ( H 2 0 ) 9 ]  4 '  +" CI . (2) 
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Fig. !. Electronic  absorpt ion spectra  of  t Mo.;Se4II-I2OJg] 4+ ( l} 
and 1CIF'dMo;Scj(H20/,: ,I  ;+ (2) in 2 M HCI. 

1"he complex with CO reversibly dissociated tlpon 
storage in air in a period of a few hours. When argon was 
passed through a solution of this complex, coordinated 
CO was eliminated in a few minutes giving rise to the 
initial ct+mplcx I in qu:mtitativc yield (according to the 
data of electronic absorption spectroscopy). In the spec- 
tra of the cubane Mo/S/Pd and Mo/Se /Pd  complexes 
with CO. thc CO ~;tretchi,lg vibrations :ire observed tit 
2085 and 2080 urn --I. respectively, whereas vibrations of 
frec CO are observed at 2143 cm-1, i.e., the CO ,;tretch.- 
ing vibration bands in the spectra o|" the cubane com- 
plexes t.lnder study arc substantially shifted to the Iong- 
wa,,elength region. It was believed '~ that this shili is 
associated with the fact that the hetcronletal atom in the 
cubane Mo/S /Pd  complc \  is m the oxidation state 2+. 
According to the data of other studies,- the subst:mtia} 
shift observed in the case of coordination of CO to the 
hetcromct:fl atom in the Mo)SaPd and Mo;S4Nt coal-  
plcxes is attributable to the peculiarities of the electronic 
structures of these complexes. "l-he orbitals of the 
hetcronlctal atom are involvcd l-tOt only in tile hetcro- 
metal--CO interactkm, but also ilt (wedappmg with the 
orbitals of the Me 3 triangle to lbrm the Pd- -Mo or 
N i - - M o  bonds. In o t l le r  words, the Mo~S 4 I'ragnmnt act~ 
as a tridentate ~-acccptor and competes with C() in 
interacting with the orbitals of the hetcl'Ollleta[ atom. 23 
Wc belie,,c that the clcctromc structure of thc sclenidc 
cluster prepared by us should bc in principle similar to 
that of its sulfide analog. 

Tile investigation of the heterogeneous catalytic re- 
actions involving heterometallic chalcogenidc cubanc 
complexes calls tbr the development of  procedures lot 
the preparation of their solid hydrolytically stable aqua 
complexes. 1"he only approach to the isolation of such 
ctlbane complexes as aqua ions requires crystallization el  
para-toluenesulfonates. 5-~ However, this procedure t+c - 
latcs the structural data to tile behavior of  the aqua ions 
oill}' hl OllC nlediunl, geueratly, in 4 M TsOlt.  

Recently, z4-z6 wc have developed a new supramo- 
lccuklr approach to the isolation of  chalcogcnide ctustcr 
aqua complexes from dilute hydrochloric solutions as 
their adducts with cucurbituril (C3<,H3~,N24OI2). 

o ? o \ o  A.. 
..-'% I , , j : .--. 

y--x-,,v..%/ 

0 0 

Cucurbttur i l  

C'murbituril is a macroc.,,clic ligand, v,'hich has the 
symmetry D~h and a large cavity bounded by two identi- 
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Fig. 2. Structure of  the clt lMcr.-cucurbilt lr i l  ~,tlpr;lmoicctllar 
addticl {ICIPdMoTScaf H,O~:CI?IIC,,I,H~i, NNOi , ) I+  HydlOgr 
bond'; ,,hol'lcr lhal l  3 A arc iildicalud by dashed linch. 

cal "portals," due to which it can be assigned to tile class 
of  c,:l,,iiands. :>7,2+1 Each "portal" conta ins  six carbonyl 
groups whose oxygen atoms (:is we have demonstrated 
previously)  can  form a system o f  c o m p l e m e n t a r y  
hydrogen bonds  with coord ina ted  wa te r  molecules  
of  the t r i angula r  aqua complexes  IM~Qa(H20) , [  a-+ 
and the hc tcrometa l t ic  biscubane mercury  complexes 
IlM:Q,~H~O)<~IxHg} s+ (.:'vl = M o  or W: O = S or 
Sc).2s.z~, 

1 h e  a d d i t i o n  o f  cucurb i tu r i l  to  so lu t ions  o f  
ICIPdMo. :Sca(H?O)91 . ' "  in 2 M HCI  afforded a 
supramolcc t ,  lar  : idducl o f  c o m p o s i t i o n  
{]CIPdMo3Se a(I-|20)7CI2](C;aH36N240t2)CI } �9 7 H , O  12) 
in low yield (4 - -8%) .  The addition o f  glycerol to the 
reaction mixture resulted in crystallization o f  complex 2 
in high yield. In the presence of  an excess of  cubanc 
cluster complex  1, a supramolecular  adduct  of  compost -  
lion cluster/cucurbit t trJl  = 2/I was not obtalincd. 

The  s t r u c t u r e  o f  the s t s  c lus-  
t o r - - c u c u r b i t u r i l  adduct  o f  c o m p o s i t i o n  
llCtPd.Mo3Sc4(H_-,O)TCI2I(C~(,H;e, N24OI2) } +- is shown m 
Fig. 2. Accord ing  to the sioichiomelry' o f  the producl.  
only one portal o f  cucurbiluril  is c losed by the cluster 
cation ICIPdMo3Sc.a(H20}TCI2I ' .  "llle latter is linkcd 
only through hydrogen bonds. Six water  molecules  of the 
cation in the cis positions with respcct to Se(2) are 
involved in hydrogen bonding. The O. . .O distances are 

gig. 3. Picking of the stlpi':m'aflccuhkr adduct'+ in the cry,+t,fl of +P 
( t) i l l )  Ollc hiycr is sh,.)Wll). [htJ W{llor illoleci.llC el" solvcition culd 
the ('1- alliOllS al12 tiillJltcd. I-tydrogcil hi)lids shel ler thai1 3 A 
arc indic:.llcd by da:dicd lines. 

in the range el + 2.76--3.04 A+ The Sc(2) znom, which is 
e v o l v e d  in bonds only with the molybdenum atoms, is 
located within tile cavit.~, lbrmcd by the oxygen :items 
of  the carbonyt  groups o f  cucu rh i t u r i l .  The  cat-  
ionic cluster, which closes the portal,  exists as the 
[CIPdMo3Sc4([- t20),CI21 ~ ion. The  pr incipal  bond 
lengths and bond :_lllgies i11 the cluster  ca t io l / a re  given in 
Table I. Without considcrmg the M - - M  bonds, thc 
coordinat ion  environments  about the molybdenun+ al- 
o e s  arc distorted octahcdra,  the chlor ine atoms being 
coordinatcd only to the M o l l )  and Me(3)  atoms. To the 
contrary,  the palladium atom is in a tetrahcdral  environ- 
merit  and is coordinuted by three bridgirtg selenium 
atoms and one te rmina l  ch l o r i ne  a tom.  The M e - - M e  
and M o + P d  distances in the Mo3Pd cluster core corre- 
spond to metat - -mctal  bonds. 

Table !. Principal be'rod t,,'rvgth:-, I d) in the structure of 2 

Pd( I)-- Mo(l) 2.790(5j Mo(I)--O( 13Mi 2.29(3i 
Pd(I ) - -Mo(2)  2.80216) Mo(2) - -Mof3~ 2.808(7) 
Pd( I )-- Mo(3) 2.~87((n Mo(2) - -ge(  I ) 2.422~7) 
Pd( I l --Sol I) 2.402i7) Mol  2i---Sc(2) 2.4391,,6) 
Pd( I )--Sol3) 2.460t S) Mo(2)--Se(3) 2.486i8) 
Pdl I )--Sc~4) 2.438(7) Mo(2}---O(21NI) 2.2713"~ 
Pdi l l - -Cl( IPt  2.4512i Mo(2)--O(22M) �9 2.2513) 
X, lol I I--Mot2) 2.780(6) Mo(2)--O(23M) 2.16t3) 
Nlol I )--Me(3) 2.820r Mol 3)--5e(2) 2.440{7) 
Mol I)--Sc! I) 2.44017) M,a(3)--Sc(3) 2.46717) 
Mo(I ) -Sr  2.48017) MoI3 i - -Se(4)  2.4I.)5i9) 
Mo(I )--Sc14i 2 .47 •hN)  Mo(3/--Ch31) 2.5212) 
Mo( I ) - -CI I  11 I 2.46(2) Moi3)--O(32M) 2.30(5) 
Me(I)--O(12M) 2.18(3) Mo(3)--O(33M! 2.1714~ 

Bond di .5, Bond d,/.~, 
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In tile c rys ta l ,  t he  s u p r a m o l c c u l a r  add t tc t s  arc  l i n k e d  

in c h a i n s  t h r o u g h  s t r o n g  h y d r o g e n  b o n d s  betv+cen t he  

h y d r o g e n  a t o m  of t he  H 2 0  l i gand  loca ted  in t he  r 

p o s i t i o n  wi th  rcspcct to ti~e Set2)  a t o m  and  the  o x y g e n  

a t o m  o f  t he  c u c u r b i t u r i l  m o i e t y  o f  the  adjaccnt a d d u c t  

( O . . . O  is 2.55 A) {Fig. 3). T i le  z igzag c h a i n s ,  in turr t .  

f o r m  layers  p c r p c n d i c u k t r  ~o t h e  a axis. 

Experimental  

The  starting solution oI  IMoaSca(H-,O),~JCI a in HC1 wa,, 
�9 " * 9  prepared according t e a  procedure  reported prevmusly. ~ Palla- 

d ium black was prepared by reduct ion of  a hydrochloric solu- 
tion o f  PdCI 2 with hydrazine. 3n Cucurbituril  IMerck) was used 
an ~, dccahydratc  without addit ional puril]cation. T'hc elecTrunic 
absorpt ion spectra wcr.,: recorded on ;i Specord M4U JllMrti- 
IllellI. The IR spectra were measured  on a Brukcr I[:S+85 
Fourier  spectrometer.  

Synthesis of tetrakis(P.3-selenido)tris(triaquamolybde- 
num)chloropalladium trichloride (I) .  Pall:tdium black (i0{) me) 
was added to a 20 rol l  solution o f  IMo3Sea(H20)gICI. ~ (1()ml..~ 
in 2 ,4,'1 HCI. The reactioil Inixttlre ',;:.is heated with illtcnse 
st irring under  argon ;it 90--10l) ~ l~./r 6 h. In the course el" the 
reaction,  the color of  tile solut ion changed (rom brown to dark- 
blue. Tile resulting .,,oh+tion was filtered, diluted livcfl.+ld with 
v,'atcr, and applied to a c o l umn  (~•  cm) with ;1 Dowcx 51)'~, • 
I I . l ' )  ca t ion-exchange res in  The  column was washed with 
0.25 ,4`I HCI (10I) mE} and the product wa,, cluted with I M 
HCI. l"he yield was --81/r File typical cnnccntmt ion: ,  ol �9 
[CIPdNIo';Sc+IH2Oh~ICI; ,acre I - . 5  nlmol 1,-I. t l h c  yields and 
the concentralioll?; ,.,,ere dctcrnf incd by clcctrtmic Xl)eclro~,cop_v. 
The e value ~as calculated from the absorption o1" tile solution 
with the kllownl concenlratioll ,  ',vhich was dclcrmincd by ana-  
lyzing the  so lu tmn for the  Me .  Pd. alld Sc con t en t s . )  
The  c lcc t r tmic  absorpt ion '+pectrunl in t M I-ICI, X/nm 
(WL reel -I cm-II :  390 t lt)10t, 475 (1000). 611 (1820). Ac- 
cording to lhc data of  induct ively-coupled plasma mass spec- 
t r ome t ry ,  the Me : Sc : Pd ratio in the so lu t ion  was 
3.00 : 4.02 : 1.01. 

Reaction of [CIPdMo3Sea(H20)g] -++ with CO. Carbon 
m o n o x i d e  was pns~cd t h r o u g h  a I t ,M  so lu t i tm  oF 
C1PdMo~Sca(I-I+Oh) ;+ (3 mL )  in I M HCI lot 5 rain. The 

color  o f  tile solution gradually changed to .,,ellov<. File elec- 
tronic absorption spectrum (I ,4,I I |CI),  ;t,/nnl: 441. 483 sh. 
IR <an emulsiOll of J+l i l}.drochloric nOtUlion in Nu.iot nlulIs): 
v,, 'cm-t:  2080 {CO}. 

Reaction ol [CIPdMo3Se4(i|zO)<+] 3+ with CzH z was carried 
out as described above t the reaction tilne was 3 h). After 
comple t ion  of  tile reaction, the solution turned p,:d. The  elec- 
tronic absorption spectrum (1 ,'~,1 HCI), X/nine 4+52, 4.RS sh. 

Synthesis of euc.rlfit,,ril(chlorlq~alladium)lelra-l.t3-selem~- 
fleptaaquadichlorotrimolyhdenum chloride hepCahydrate (2). A 
3 m M  sohlt ion olcucuFbiluriI  t l mL)  m 2 M HCI 10.03 retool} 
and glycerol (0.5 mL) was added to a 5 m/14 v,}h.ttion of 
[CIPdMo~Sc4I FI20),}I 3+ (2 111[.) Jll 2 M HCI (0.ill illmOl}. Tile 
react ion nlixturc ,,sas >,tirrc, d Lllld then kept at -20 ~ tbr 2 days. 
The crystals that precipitated were fihcred off and dried in ,fir. 
File yield was 69%. I h c  cornposi t i (m e l  supramolccuklr  com-  
pound  2 was established by X-ray diffraction analysis. 

X-ray diffraction study. The structure of  compound  2 was 
establ ished by X-ray diffraction amfl?,'sis. The X-ray data wcrc 
col lected on an aulonlatcd E n r a f - N o n i u s  CA[) 4 diffractometcr  
from a single cus ta l  of  d imc, l s ions  o f  0 .29•  m m  at 
-2() ~C. The crystallographic data and details of  X-ray diffrac- 

"FaMe 2. Co, st;dlographic data and detail:, of  X-ray s i l l ract ion 
study of supranlolccular  adduct  2 

Para l l lc Igr  2 

Molecuktr Ibrmula C ~+,l-lt~4ClaMo ~N?_IO2(,PdSc 4 
Molectdar  weight 2 I0i).97 
Space group ( c  
SyMOlll .'M Olltlclin ic 
u/A 20.496(61 
h,,'.:~ 14.5,xgt4) 
c 'A 24.53916) 
[~,./d eg I I) 2.30{ 2 ) 
l ?'. . \  ~ 7169(3) 
dc:,k ,"g on:-) 1.947 
Z 4 
Lll Me-  Kc,) /m Ill- I 3.029 
20,,a, jdeg 5;) I) 
Numhcr  of nleastlr'._'d rcftectionn 4576 
Number  of rcflcctions 1661 

with ki~ld -2" 4,:";1/") 
Weighting scllcme W-I = ~2(/.; ..'~ + (U lfl5i)/')-' + 00I)0UP. 

~hcrc  P:= It;, ? "+- 2t-~ +-V3 
R I, wR, l~.~r t'i;la > 4~t/") 0.0794. (). ISS9 
R I. wR~ Ion alI independent  0.1617. 0.2126 

rcl]ectimls /"h k: 
G O O F  for all inclepcitdcnt 0.703 

reflections /%, I 

lion stud; arc given ill Table 2 The ab,;orplion correct ion wa~, 
applied u,dng three ~IZiIllUth scanning cur\c,,. The c)y>.tal gaxe n 
weak diffraction pattern dec. apparently, to it,, small dinleu- 
'+.lOlls. ] h c  ~,tluctlArc w;I,, 5t)t'~ed h',, d i rec t  IllCtllods and lCl]iit+,d 
nnisotropic;llly by tile J'ull-malrix h:asl-xquares nle ' lmd us ing  tile 
SI-tEL.X-', w prngram packL|gc. 31 "File hydrogen atom +, o f  the 
cucurbituril molecules w~:rc placed in geometric:lily calcula ted 
positions. We tifiled to locate tile hydrogen aloins oF the water  
molecules. l+hc atomic coordinates  were deposited with tile 
C' lmbr idgc  S t ruc tu ra l  DLIILlbaSC ~tlld call  hc ohtalincd f rom thc 
authors .  

This wo rk  was f i t tanc ia l ty  suppor ted  by the Russian 
Founda t i on  for Basic Research (Project  No.  99-1)3- 
327,"18) and I N T A S  ( G r a n t  96-  12361. 
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