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Synthesis and crystal structure of a supramolecular adduct of
the cubane cluster [CIPdMo;Se (H,0),Cl,]* with macrocyclic cavitand
cucurbituril
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A new heterometallic sefenide-bridged 60-clectron complex comtaining the cubane cluster
fragment [Mos(ps-Se)Pd]*™ was prepared by heating a solution of | MosSeytH20,|Cly and
paltadium black in 2 W HCL The cluster complex was isolated from agueous solutions as a
hydrolytically stable supramolecular adduct with macrocycelic cavitand cucurbituril. The mo-
{fecular and crystal structure of JJCIPdMO;Se(HL0)7CLIC 3 H3 N2y O Cl - THO were

ostablished by X-ray diffraction anabysis
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analysis, supramolecutar adduct.

Chalcogenide homo- and hetcrometatlic cubane com-
plexes of many transition metals are known. These
compounds belong 1o hasic structures in the chemistry off
cluster complexes and are of great importance in
bioinorganic chemistry =4 In heterometallic sulfide-
bridged 60-clectron complexes containing the cubanc
cluster fragments [M:(p3-S1NIP™ (M = Mo or W) or
[Moyus-S),Pd], the nickel and palladium atoms are
in the tetrahedral environment and are coordinated by
three bridging sulfide ligands.5~? These complexes ex-
hibit unique reactivitics and react with CO, alkencs.,
alkvnes, and isonitriles under very mild conditions. In
particular, sclective rrans-addition of alcohols or car-
boxvtic acids to alkynes and hydrodesulfurization of
benzothiophene catalyzed by these heterometallic com-
plexes arc of great interest, 1918

In the present work. the Pd/Mo/Se complex con-
taining a new cluster core [PdMo;Se,]*™ was synthesized
in high yicld by the reaction of the triangufar sclenide-
bridged molybdenum complex [MozScy(H,0)01* with
Pd black in a hydrochloric sotution. The supramolccular
approach to crvstallization of aqua complexes (the con-
struction of a system of complementary hydrogen bonds)
wuas  successfully used for the isolation of the
heterometallic complex from dilute solutions in
2 M HCL The structure of the supramolecular
adduct with cucurbituril of composition
HCIPdl\’I()_}SC,;‘HzO)7Cl2](C36H_;hN24O|2)C” . 7HJO was
established by X-ray diffraction analysis.

Results and Discussion

The reaction of [Mo3Scy(H,0)1** with Pd
black procecded analogously to the reaction of
[M03S4(H10)9* with Pd described previously.3 Heat-
ing of Pd black with a solution of the complex
[MO0;Se i tH-0)6]Cly in 2 M HCI resulted in dissolution
of paltadium giving rise to a solution of the heterometallic
sclenide-brideed cubane cluster JCIPdMo;3S¢;iH-0)4[Cl;,
(1) in high vicld. The reaction rate depends on the
procedure for the preparation of palladium black. We
found that reduction of a hvdrochloric sotution of PACi,
with formate atforded fess reactive palladium than that
obtained by reduction with hvdrazine. The formation of
the heterometallic cubane cluster complex is deseribed
by reaction (1):

[M03Se,4(Ho0)g)%" + Pd + Ci = [CIPdMo3Se,(Hy0)13 . (1)

The course of the reaction is conveniently monitored
by taking into account the change in the color of the
reaction solution from brown to dark-bluc. The clec-
tronic absorption spectra of solutions of the starting
cluster and the reaction product in 2 M HCL are shown
in Fig. 1. Complex 1 was isolated by ion-cxchange
chromatography. The reaction product was cluted on
a column with a cation-exchange resin prior to
IMo0;Se,(H>0)y]?7. which indicates that the charge of
complex 1 is smaller than 4+ and that the chlonde
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ligand is coordinated to the palladium atom. The pre-
dominant coordination of Cl~ to the hetecrometal atom
in HC! solutions has been abserved previously  for
[CIM " M0oaS(H.0))" (M7 = Fo 19 Ni.20 or Pd 2122y
Cluster 1 is stable to oxidation with atmospheric oxygen.
A solution of ¥in 2 M HCI can be stored at 5 °C for
several months. Refluxing of a solution of 1 and
IMo3S4(H-0 )% in 2 A7 HCI did not lead to the
transter  of Pd  and the  sulfide  cluster
ICIPd:\'l();SﬁHZOI)qlw was not obtained. Concentration
of a hydrochloric solution of compies I afforded a dark
precipitate, which is insoluble in organic solvents, but is
rcadily soluble upon addition of TSOH, HCI, or HCIO,.
A hydrolysis product rapidly precipitated from the solu-
tion that formed upon addition of water to the solid
complex. Hydrolysis was reversible and the precipitate
was again dissolved upon addition of HCL

The reactivities of the triangular agua complexes of

JWQ4(H,0)0137 (Q = S or Sc). are
Heterometallic clusiers were not

tungsten. iz,
substantially fower.
formed upon prolonged boiling of
these complexes in 2 A HCY with Pd black or upon their
heating in evacuated scaled tubes at 130 °C.

The ability of the Pd center in the cluster
lClPd.’\'lo;S_u'I-le)u[-” and its derivatives 1o coordinate
CO. isonmitriles. and alkvnes (and to catalvze the reac-
tions of the latter) has been demonstrated previously 8
The reactivity of the selemide cluster complex synthe-
sized by us is analogous to that of the sultide cluster.
Dilute solutions of 1 (0.1—1 mmol L™ in 2 M HCI
rapidly rcacted with CO at room temperature under
atmospheric pressure: the yellow color of the product
appearcd in a few minutes. The reaction with acetylene
procceded more slowly. The reaction of 1 with CO s
reversible (reaction (2)):

[CIPdM0,Se,4(H,01]3" + CO ===

- = [(COPAMOgSe,(H 0l + CI . &)

21073 L moim! em !
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Fig. 1. Elcctronic absorption spectra of IM0;Se,(HL0)y|* T (D
and lCII)dI\/IO",SCJ( H;O)\)I-”" (2yin 2 M HCL

S mM solutions of

The complex with CO reversibly dissociated upon
storage in airin a period of a few hours. When argon was
passed through a solution of this complex, coordinated
CO was climinated in a few minutes giving rise to the
initial complex 1 in quantitative vicld (according 1o the
data of clectronic absorption spectroscopy). In the spece-
tra of the cubane Mo/S/Pd and Mo/Se/Pd complexes
with CO. the CO stretching vibrations are obscrved at
2085 and 2080 cm™ !, respectively. whereas vibrations of
frec CO arc observed at 2143 em™!, je.. the CO strewch-
ing vibration bands in the spectra of the cubane com-
plexes under study are substantially shified to the long-
wavelength region. It was believed? that this shift s
associated with the fact that the heterometal atom in the
cubane Mo/S/Pd complex s in the oxidation state 2+.
According to the data of other studies.?3 the substantial
shitt observed in the case of coordination of CO 1o the
heterometal atom in the Mo S;Pd and MozS;Ni com-
plexes is attributable to the peculiaritics of the clectronic
structures of these complexes. The orbitals of the
heterometal atom are involved not only in the bhetero-
metal—CO interaction, but also in overlapping with the
orbitals of the Moy triangle to form the Pd—Mo or
Ni—Mao bonds. In other words. the MosS; fragment acts
as a tridentate m-acceptor and competes with CO in
interacting with the orbitals of the heterometal atom.?3
We believe that the clectronic structure of the selenide
cluster prepared by us should be in principle simnlar to
that of its sulfide analog.

The investigation of the heterogencous catalvtic re-
actions involving hceterometallic chalcogenide cubane
compiexes calls for the development of procedures tor
the preparation of their sohid hyvdrolytically stable aqua
complexes. The only approach to the isolation of such
cubane complexes as aqua ions requires crystallization of
para-toluencsulfonates. 59 However, this procedure re-
lates the structural data to the behavior of the agua ions
only in on¢ medium, gencrally. in 4 M TsOH.

Recently, 2420 we have developed o new supramo-
lecular approach to the isolation of chalcogenide cluster
aqua complexes from ditute hydrochloric sotutions as
their adducts with cucurbiturit (CioH 3 N2y O)a).

Cucurbituril

Cucurbituril is a macroeyclic lisand, which has the
svmmetry Dy, and a large cavity bounded by two identi-
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CH31 Se( 1)

k=2 CHP)

Fig. 2. Structure of the cluster—cucurbituril suprumoiccular
adduct {JCIPIM o3 Se (HLO)-CljiCoy H Ny Oy ) 7 Hydrogen
bonds shorter than 3 A are indicated by dashed lines.

cal "portals.” due to which it can be assigned to the class
of cavitands.27-2% Each “poral” contains six carbony!
groups whose oxveen atoms (as we have demonstrated
previously) can form a svstem of complementary
hvdrogen bonds with coordinated water molecules
of the triangular aqua complexes |M3Qu(HO0)*
and the heterometallic biscubane mercury complexes
UM, HL0)He (M = Mo or Wi Q = S or
Se).25.26

The addition of cucurbituril to solutions of

[CIPdMo:Sey(H-0)17" in 2 M HCI afforded a
supramolccular adduct of composition
:]C]Pd\‘()xSC_t( HzO)jCI_ﬁI(C;bH%N};O,‘_))Cl} ° 7H_70 (2)
in low yicld (4—8%). The addition of glycerol to the
reaction mixture resulted in crystallization of complex 2
in high vicld. In the presence of an cxcess of cubanc
cluster complex 1, a supramolecular adduct of composi-
tion cluster/cucurbitunl = 2/1 was not obtainced.

The  structurce  of  the supramolecular  clus-
ter—cucurbituril adduct of composition
HC]Pd:V'O_;SLX;(Hzo)?clzl(Cz(,H_;hNZ‘;OD)}V" I1s shown in
Fig. 2. According to the stoichiometry of the product.
only one portal of cucurbituril is closed by the cluster
cation |CIPdMo3S¢y(H20),ClLI7. The latter is linked
only through hydrogen bonds. Six water molecules of the
cadon in the ¢is positions with respect to Se(2) are
invotved in hydrogen bonding. The O...O distances arc

Fig. 3. Packing of the supramolecular adducts in the erystal of' 2
{onty one layer is shown). The water molecule of sobvation and
the €17 anions are omited. Hyvdrogen bonds shorter than 3 A
are indicated by dashed ines.

in the range of 2.76—3.04 A. The Sc(2) atom, which s
mvolved i bonds only with the molybdenum atoms, 18
tocated within the cavity formed by the oxveen atoms
of the carbonvl groups of cucurbituril. The cat-
ionic cluster. which closes the poral, exists as the
[CIPdMoO;Se,(H01-Cly| ™ fon. The principal bond
tengths and bond angies 11 the cluster cation arc given in
Table 1. Without considering the M—M bonds, the
coordination cnvironments about the molybdenum at-
oms arc distorted octahedra, the chlorine atoms being
coordinated only to the Mot ) and Mo(3) atoms. To the
contrary, the palladium atom is in a tetrahedral environ-
ment and 18 coordinated by three bridging sclenium
atoms and once terminal chlorine atom. The Mo—Mo
and Mo—Pd distances in the Mo;Pd cluster corc corre-
spond to mctal—metal bonds.

Table 1. Priucipal bond Jengths () in the structure of 2

Bond di A Bond diA
Pd{1)-Mo() 2.79I(5) Mo(H—0O(13M) 2290
Pd(H—Mo(2) 25006 Moi2)—Mo(d 2.808(7)
Pd(1)—Mo(3) 278710 Mo(2)—Se( ) 24207
Pd(1)—Sel ) 2.4027) Mo(2)--Sc(2) 2.43916)
Pd(1H—Sc(3) 2.46M4%) Mo{2)—Se(d) 2.486(8)
Pdi H—Sc4) 2.438(7) Mo(2)--O(21M) 2270
PdiH—Ci(1P) 2452 Mo(2)—-O(22M) - 2253
Moi{h—Mo(2) 2.780(6) Moi2)—0O(23M) 2.1603)
Mo l)—Mo(3) 282067 Mot3)y—Se(2) 2.447)
Mo(1)—Seel) 2,44 7) Mo(3)—Sc(3) 24677
Mo(1)~Sce(2) 24807y Mo(3)—-Se{éd) 2.4035(M
Mol )—Sci4d) 2470(8) Mo(3y—CH3 1) 2522
Mo{1H)~Cltlh 2.46(2) Mo(3)—0O(32AhH 2.30(%)
Mol D)—Ou2M)  2.18(3) Mo(3)—0(33M) 207
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In the crystal, the supramolecutar adducts are linked
in chains through strong hydrogen bonds between the
hvdrogen atom of the H,0 ligand located in the rrans
position with respect to tiie Sc2) atom and the oxyvegen
atom of the cucurbitun] moiety of the adjacent adduct
(O...0 is 2.35 A) (Fig. 3). The zigzag chains. in turn,
form lavers perpendicular 1o the g axis,

Experimental

The starting solution of |MoScy(H,ONCly in HCE was
prepared according to a procedure reported previously. 20 Palla-
dium black was prepared by reduction of o hydrochloric sofu-
tion of PACl, with hivdrazine. 3 Cucuwrbituril (Merck) was used
as a decahvdrate without additional puritication. The electronic
absorption spectra were recorded on a Specord M) instru-
ment. The TR spectra were measured on a0 Bruker 1FS-83
Fourier spectrometer.

Synthesis of tetrakis(py-selenido)tris(triaquamotyhde-
num)chloropatladium trichloride (1). Palladium black (100 mg)
was added to a 20 A solution of [ Mo:Sey(H>O0)[Cly (10 ml)
in 2 M HCL The reaction mixture was heated with intense
stirring undcer argon at 99— 100 2C tor 6 h. In the course of the
reaction. the color of the sotution changed from brown to dark-
blue. The resulting sotution was filtered, diluted tivefold with
water, and applicd 1o a column (§x2 ¢my with a Dowex 30W =2
(H7) cation-exchange resin. The column was washed with
0.23 M HCI (100 mL)y and the product was cluted with 1 M
HCL The yicld was ~809%. The typical concentrations of
JCIPAM 0554 HA0)5]C); were 1—3 mmol L71 (The yields and
the concentrations were determined by clectronic spectroscopy.
The ¢ value was caleulated trom the absorption of the solution
with the known concentration, which was determined by una-
Ivzing the soluton tor the Mo, Pd. and S¢ contents))
The clectronic absorptivan spectrum in | M HCL A/nm
(e/L mol™ cm™h: 390 (1010), 475 (10001, 611 (1820). Ac-
cording to the data of inductively-coupied plasma mass spec-
trometry, the Mo : Sc¢ @ Pd ratio in the solution was
3.00 0402101,

Reaction of [CIPdMo3Se (H,0)}?* with CO. Carbou

monoxide  was  passed through a | mM sotution of

lClPdf\viagScJ(H:O)gl!“ (3 mL) in I M HCI tor 3 min. The
color of the solution gradually changed to yellow. The elee-
tronic absorption spectrum (8 A HCH, aznne 441, 483 sh.
IR (an cmulsion of a hvdrochionce soluwtion in Nujol mulle):
viem™ 2080 (CO).

Reaction of [CIPdMo;3S¢(H,0)g]%* with C;H, wus carried
oul as described above (the reaction time was 3 h). After
complction of the reaction. the solution turned red. The elec-
tromc absorption spectrum (1 M HCH, A/nm: 452, 488 sh.

Synthesis of cucurbituril(chloropalladium)tetra-p;-seleno-
heptaaquadichlorotrimolybdenum chloride heptahydrate (2). A
3 mA solution of cucurbituri! ¢V mby in 2 M HCY (0.03 mmoh

and glycerol (0.5 ml) was added to a 3 mM solution of

[CIPAMO,SegtH-0)g17 7 (2 mLY in 2 M HCH (0.01 mmob). The
reaction mixture was stirred and then kept at =20 °C for 2 days.
The crystals that precipitated were tiltered off and dried in air.
The vield was 69%. The composition of supramolecular com-
pound 2 was cstablished by X-ray diffraction analysis.

X-ray diffraction study. The structure of compound 2 was
established by X-ray ditfraction analvsis. The X-ray data were
collected on an automated Enraf-Nonius CAD 4 diffractometer
trom a single crvstal of dimensions of 0.2920.21%0.06 mm at
=20 °C. The crystallographic data and details of X-ray diffrac-

Table 2. Crystallographic data and details of X-ray siftfraction
study of supramolecular adduct 2

Paramceter 2

C i HpyCliMo N5, 05 PdS e
240097

Molecular formula
Molecutor weight

Space zroup Ce
Svstem Monoclinic
alA 20.496(6)
b A 14.389(4)
oA 24.339(0)
B/dey 102.30(2)
biAd 7169(3)
dogeig cm™! 1.947
4 4
wiMo-Ka)/mm™! 3.029
28,/ deg 30.0
Number of measured reflections 4376
Number of reflections lonl

with Fyy 2 36(H)
Weighting scheme wil = 2R + (010307 + 0.0000 P,
where P= (F° + 2R3

0.0794, 0,189
0.1617.0.2126

Ry, whRy for iy 2 46t h)

Ry, whRy tor all imdependent
reflections Fyy,

GOOF tor all independent 0.7093
reflections Fy

tion study are given in Table 20 The absorption correction wis
applicd using three azimuth scanning curnves, The ervstal gave o
weak diffraction pattern duc. apparcntly, to ity small dimen-
stons. The structure was sofved by direct methods and retined
anisotroprcally by the full-matrix least-squares method using the
SHELX-97 program package 3! The hydrogen atoms of the
cucurbituril molecules were placed in geometrically caleulated
positions. We failed to locate the hvdrogen atoms ot the water
motecules. The atomic coordinates were deposited with the
Cambridge Structural Database and can be obtiined trom the
authors.,
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