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The pnicogen chalcogenides form a large class of molecular and polymeric com- 
pounds; the molecules containing pnicogen and chalcogen atoms at the vertices of 
polyhedral structures exhibit several coordination sites and reactive edges and faceb. 
The pnicogen chalcogenides interact in various ways with metal moieties: depending 
on the electronic properties of the metal fragments employed, compounds con- 
taining the intact cage molecules or fragments originating from their cleavage have 
been obtained. Different degrccs of demolition of the cages have been achicved 
by tuning the interactions between the cages and the metal fragments through 
appropriate selection of the reacting species. 

Key Words: pnicogen chalcogenides, iransition metal compounds, mixed clusiers 

INTRODUCTION 

The pnicogen chalcogenides, binary compounds formed by the 
elements of groups V and VI, form a remarkable class of sub- 
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stanccs, which have attracted the attention of chemists for a long 
time due to their unusual structures and puzzling reactivity. The 
study of such compounds presently constitutes one of the most 
active areas of inorganic research, yielding numerous novel com- 
pounds, some of which are considered as suitable precursors for 
inorganic solid state products with peculiar electronic properties. ' 
In this connection a remarkable position is occupied by thiazyl 
polymers (SN), which, exhibiting metal-like superconductivity.' 
have attracted tremendous interest, which has stimulated even 
further the activity in this area of synthetic and structural chem- 
istry. Tetrasulphur tetranitride. S,N,.' is the most thoroughly in- 
vestigated among the latter compounds: in particular, its behavior 
toward metal fragments has been considered. It appears to be a 
valuable synthetic intermediate yielding compounds which contain: 
( i )  the intact &membered heterocycle, (ii) units formed through 
ring contraction or fragmentation, and (iii) more complex heter- 

Pnicogen chalcogenides of the heavicr group V (phosphorus and 
arsenic) and group VI (sulphur. selenium and tellurium) elements 
have a remarkable chemical history and the fundamental aspects 
of their chemistry have been extensively in~est igatcd."~ Phospho- 
rus and arsenic form with the chalcogens a broad class of molecular 
or polymeric compounds: the lighter elements tend to yield mo- 
lecular derivatives, whereas the heavier ones are more frequently 
involved in polymeric species.' The molecular sulphides of phos- 
phorus and, to a lesser extent, those of arsenic form an intriguing 
series of cage compounds which present puzzling structural and 
chemical features.* Scheme 1 shows the molecular structures of 
the more reprttsentative members of the family."-'2 Such closo- 
molecules exhibit several coordination sites differing in chemical 
nature and/or geometry, duc to the non-bonding electron pairs 
located at the phosphorus. or arsenic. and at the chalcogen atoms. 
Furthermore. they present reactive E-E and E-X edges (Scheme 
I ) ,  as well as face?: of different geometries as possible reactive 
sites. According to such features, they may be expected to exhibit 
varied and interesting behavior toward metal fragments. However, 
such chemistry had been scarcely considered up to a few years 
ago, probably due to the discouraging results of the first attempts 
in the field.I3 In the last few years, howcvcr, considerable attention 

ocycles."5 

2 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
7
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



- v 4  B -P4S4 

a - E 4 X 5  8 - P 4 S ,  

t 

SCHEME 1 Structure of molecular phosphorus and arsenic chalcogenides. 0 pni- 
cogen, 0 chalcogen. 

has been addressed to the chemistry of pnicogen chalcogenides, 
mainly due to the reactivity of the E,X, cages (E = P, As; X = 
S,  Se) toward metal fragments, and a number of interesting and 
unexpected reactions have been described. 
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The pnicogen chalcogenide cage molecules interact in various 
ways with metal moieties: depending on the electronic properties 
of the metal fragments employed, compounds containing the intact 
cage molecules or fragments originating from their cleavage have 
been obtained. Different degrees of demolition of the cages have 
been achieved by tuning the interactions between the cages and 
the metal fragments through appropriate selection of the reacting 
species. It is convenient for the purpose of illustration to group 
the compounds which have been obtained according to the pro- 
gressive activation/demolition of the parent pnicogen chalcogcn- 
ides. Such chemistry is far from being exploited and constitutes a 
continuous challenge to the chemist’s imagination. 

INTACT P,X, MOLECULE AS A LIGAND 

The electronic structure of tetraphosphorus trisulphide. P,S,, the 
most representative and stable PIS cage molecule. has been in- 
vestigated. l4 It has been strengthened that both the apical and 
basal phosphorus atoms have good donor properties: the apical P 
atom is expected to exhibit a donor ability comparable to that of 
tertiary phosphines, whereas ligating behavior similar to that of 
white phosphorus, P,, is attributed to the three phosphorus atoms 
of the basal P, cyclic unit. The donor properties of the apical 
phosphorus of P,S, have also been tested by measuring the ioni- 
zation energy of its lone pair by He I photoelectron spectroscopy.’’ 
The high value found allows the classification of P4SJ as a very 
weak base: the lack of reactivity toward strong alkylating reagents, 
such as MeOSO,CF,< or Me,OBF,, as well as its inability to form 
adducts with strong Lewis acids like BF3 f i t  nicely into this pic- 
ture. l5 

The first adducts of P,S, with transition metal moieties were 
reported in 1969 by Nixon et al. l6 They were prepared by reacting 
the group VIB norbornadiene metal carbonyls, (M(CO),(NBD)] 
(M = Cr, Mo, W. NBD = norbornadiene), with P‘S, in rcfluxing 
carbon disulphide (Scheme 2). The cis as well as the facial ster- 
eochemistry of the two series of compounds were inferred from 
analysis of the IR spectra in the carbonyl stretching region. .71P 
NMR data provided unequivocal information about the nature 
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NBD = norbornadiene I 

SCHEME 2 

(that is, apical or basal) of the coordinating phosphorus atom. 
While the quartet of the apical phosphorus atom is significantly 
downfield shifted with respect to free P,S,, the doublet due to the 
three equivalent P basal atoms presents a very small coordination 
chemical shift for all compounds. Thus, it was possible to argue 
that the apical phosphorus atom is bound to the metal in both 
series of carbonyl derivatives. In the same paper also the synthesis 
of the nickel(0) compound [Ni(P,S,),] was briefly mentioned. This 
was obtained by reacting P4S3 with nickelocene or, more conven- 
iently, with bis-vallylnickel at low temperature. The insolubility 
of the compound, as well as its instability, prevented a better 
characterization. 

The reaction of copper(1) halides with P,S, yields polymeric 
adducts of formula [CuX(P,S,)] (X = C1, Br, I),17 in which PIS3 
is considered to behave as a monodentate ligand through its apical 
phosphorus atom. 

The first transition metal compound of P,S, endowed with suf- 

5 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
7
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



M : Ma. W 

dig I y m e/ 
cyclohaxane - 
reflux 

co 
\ I  / c o  

oc 

oc 

ficient stability to allow a complete X-ray characterization was 
reported by Cordes et al, in 1974.IR The reaction of [Mo(CO),] 
with P,S, in a refluxing cyclohexaneidiglyme mixture (Scheme 3) 
gives in  moderate yield the compound [Mo(CO),(P,S,)]. Photo- 
chemical activation of the starting molybdenum hexacarbonyl con- 
siderably hastens the CO substitution. l 3  The analogous tungsten 
derivative [W(COj,(P,S,)] was obtained through the same reac- 
tion. l9 

The intact P,S3 cage molecule acts as monodentate ligand toward 
the Mo(CO), fragment, being bound to the metal through its apical 
phosphorus atom. lR The solution behavior of the molybdenum 
derivative, as revealed from 31P NMR in various solvents, is quite 
puzzling as it requires the P,S3 molecule to act as a “quadridentate” 
ligand through all of its phosphorus atoms. 

Nickel and palladium adducts of P,S?’ and P,SeZ21 of formula 
[(np,)M(P,X,)] (M = Ni; X = S,  Se. M = Pd; X = S) were 
prepared by reacting the trigonal pyramidal [(np,)M] complexes 
[np, = tris(2-diphenylphosphinoethyl)amine, N(CH2CH,PPh2)3; 
M = Ni, Pd] with stoichiometric amounts of P,X, (X = S,  Se) 
(Scheme 4). The intact cage molecule acts as a monodentate ligand 

M = NI; X =  S ,  Se 

M = P d . X =  S 
SCHFMr  -1 
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through its apical phosphorus atom. The nickel is bound in addition 
to the three phosphorus atoms of the np, ligand, but the nitrogen 
atom, which is bound to the metal in the parent compounds, is 
now uncoordinated. The easy detachment of the np, nitrogen, 
which allows the 18-electron configuration of the metal atom, ex- 
isting in the parent compounds, to be preserved in the products 
with a modest conformational rearrangement of the tripod ligand, 
is of crucial importance to the formation and stability of the present 
adducts.20 The coordinated P,S, molecule in the molybdenum and 
nickel derivatives, whose X-ray structures have been determined, 
presents small but significant differences in bond lengths and angles 
from those existing in the free molecule.22 All P-S bonds lengthen 
in the Mo carbonyl derivative, whereas in the nickel compound 
with np, only the Pa,-S distances exhibit appreciable increases. 
The S-Pa,-S angles are smaller in the latter compound than in 
the former or in the free molecule. Such small differences have 
been ascribed to the different bonding capabilities of the L,M 
versus the L,M conical fragment.20 

Coordination through the basal phosphorus atoms of the P,X, 
(X = S, Se) molecules has been elusive so far, although the results 
of theoretical calculations on model compounds do not allow the 
exclusion of such a po~s ib i l i t y .~~  

In this context, it is worth stressing that the hexamethyl trisi- 
latetraphosphanortricyclene cage molecule, P4(SiMe2),, which has 
the same skeleton as P3X3, the SiMe, groups replacing the sulphur 
atoms (Scheme 5),24,2s is capable of interacting with metal frag- 
ments in various ways without disruption of the cage structure. 
The reaction of P,(SiMe,), with [Cr(CO),THF], [CpMn(CO),THF] 
(Cp = cyclopentadienyl) or [Mo(CO),] which is likely to generate 
[Mo(CO),THF] in situ, in 1:l stoichiometric ratio affords com- 
pounds in which the cage is cr bound to a transition metal moiety 
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n = 1 M*=Cr lC015.CpMn(COIZ.  
MolCO),  

n = 2 M* = CpMnlCOl, 
n = 3 M *  = CrICO) ,  \1 P,[SiMe,), t n lM*THFI  

through one of the basal P atoms, (Scheme 6).’h The formation 
of the monometal adduct does not extinguish the coordinating 
abil i ty of the  molecule .  Indeed ,  t he  dirnetal  compound 
[{CpMn(CO),},{P,(SiMe2)3}]27 (Scheme 6) is obtained bv reacting 
the silylphosphane cage and [ C P M ~ ( C O ) ~ T H F ]  in 1 :2 stoichio- 
metric ratio; in such a compound each manganese fragment is 
terminally bound to a basal phosphorus atom. Finally, the trimetal 
derivative [{Cr(CO),},{P,(SiMe,),>12” (Scheme 6) is obtained in thc 
presence of an excess of [Cr(CO),THF]. By reaction of P,(SiMe,), 
with [Cr(CO),(NBD)] or [Cr(CO),(CHT)] (CHT = cyclohepta- 
triene) complexes, which easily gcncratc thc tetracoordinated 
Cr(CO), and tricoordinated Cr(CO), metal fragments possessing 
two and three acceptor orbitals. respectively. polynuclear com- 
pounds were obtained in which thc cage acts as a tethering unit 
between the metal fragmcnts’” (Scheme 7). The above results point 
to a greater versatility of P,(SiMe,), toward metal fragments com- 
pared to the  P,X, molecules. Such behavior is probably due t o  the 
replacement of the electronegative sulphur atoms by the  electron 
releasing SiMe, groups, which make more electron density avail- 
able to the basal phosphorus atoms. 
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CHT cycloheptatriene 

SCHLNL 7 

P-P BOND ACTIVATION IN THE P,S, MOLECULE 

Addition of a metal fragment to a homo- or heteroatomic bond in 
small molecules containing unsubstituted P atoms without degra- 
dation of the molecular skeleton is an unusual process, and until 
recent years it had been performed only on [MXb(P,)] compounds 
(M = Rh, Ir; X = C1, Br; L = PR,, AsPh,),O containing the P, 
molecule q2-bound to the metal. Such addition, as clarificd by the 
reaction of [Cp*Co(Co)12 (Cp* = pentamethylcyclopentadienyl) 
with P,,31 yields highly reactive species, which evolve to com- 
pounds containing phosphorus atom fragments32 where the ge- 
ometry of the parent molecule is lost. Such degradation cannot be 
avoided even if sterically hindered organic reagents are em- 
ployed. ,, 

Two well-defined examples of P-P bond activation on the P,S, 
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cage molecule have been recently reported. [ITCI(CO)(PPI~~)~] reacts 
with an equimolar amount of P,S, to yicld [IrCI(CO)(PPh,)(P,S,)Jzi., 
(Scheme 8) which has been characterized by X-ray analysis. A 
strictly related compound, [Pt(PPh,)(P,S,)],. has been obtained 
by react ing P,S, with the  s toichiometr ic  amount  of 
[Pt(C,H,)(PPh,),]35 (Scheme 8). The two derivatives are charac- 
terized by good stability, which is probably related to  their insol- 
ubility. In each of the chemically identical Pt(pP,S3)(PPh3) units 
of the trinuclear platinum molecule, the metal atom is linked to 
two basal phosphorus atoms of the PIS3 cage, which lie much 
farther apart than in the free PAS, molecule. One of these P atoms 
is also bonded to a second Pt atom belonging to another Pt(p- 
P,S,)(PPh,) unit. As a result, each one of the metal atoms. which 
are four coordinate, is bound to three P,S, phosphorus atoms, 
belonging to two different cages, and to one phosphine Y atom in 
a square planar array. The formation of the trinuclear compound 
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therefore involves loss of C,H4 and of one PPh, ligand from each 
molecule of the [Pt(C,H,)(PPh,),] reactant, as well as insertion of 
a PtP’PPh, moiety, where P’ is a phosphorus atom of a neighboring 
cage, into a P-P bond of the P4S3 molecule. Such a process is 
analogous to that leading to the formation of the dinuclear iridium 
complex, [IrCl(CO)(PPh,)(P,S,)],, where a metal moiety with dif- 
fcrent geometry and d-electron count than the PtP’PPh, one, but 
isolobal with it, inserts into a P-P bond of the P4S3 cage. The 
insertion follows a mechanism similar to that discussed for bond 
cleaving in cyclopropenium ions,36 involving changes in the formal 
oxidation numbers but not in the overall electron count on going 
from the interacting species to the final products. 

TOWARD CAGE DEMOLITION 

In the previous sections compounds were described containing 
integer P,X, cage molecules, which either act as monodentate or 
polydentate bridging ligands or undergo insertion into one of their 
P-P bonds. However, P4S3, as well as other pnicogen/chalcogen 
molecular compounds, would form a richer coffer of mixed units 
if gradual demolition of the cage molecule could be attained. In 
the last few years such potentiality has been put in action and a 
large number of pnicogen-chalcogen fragments stabilized by tran- 
sition metal moieties have been characterized. 

THE E,X, FRAGMENTS 

The reaction of [MCl(cod)], (M = Rh, Tr; cod = 1.5-cyclo-oc- 
tadiene) with E4X3 (E = P; X = S,  Se. E = As; X = S> in the 
presence of triphos [triphos = 1,l .l-tris(diphenylphosphin0- 
methyl)ethane, CH,C(CH,PPh,),] yields compounds of formula 
[(triphos)M(E,X,)] [M = Rh, Ir. E = P; X = S ,  Se.37 E = As; 
X = S38) (Scheme 9). The metal atom of the (triphosjM system 
in each compound replaces one pnicogen atom of the triatomic E, 
(E = P, As) side of the original E4X, cage. The geometry of each 
coordinated E,X3 fragment does not deviate considerably from 
that of the parent E4X, molecule.39 
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M = R h ,  I r  
E : P ;  X = s .  Se 
E Z  A s :  X S 

x I x  
\ E ?/ 

The rather low yields for the formation of such compound\, and 
the different yields when P,S, or P,Se, are employed, point to the 
existence of alternative reaction paths, so that detailed assumptions 
about the reaction mechanism are prevcntcd. Nevertheless, some 
general comments are suggested by the nature of the above prod- 
ucts. The fact that a basal pnicogen atom of the cage is displaced 
in the course of these reactions suggests that suitable directions 
for attack of the cage molecule by the triphos-metal systems are 
those pointing toward the triangular E, side. This is also in line 
with (i) the propensity of conical ML, fragments of suitable elec- 
tron count to form a set of bonds with approximate 3-fold sym- 
metry,jO (ii) the well documented ability of some d9-ML, units to 
link to cyclic P, or As, units31 32 and (iii) the geometry of overlap. 
as suggestcd by the MO picture for cage compounds of geometry 
similar to that of the present ones.” However. the interaction of 
a d8 (triphos)M(I) (M = Rh, Ir) fragment, which is considered to 
be present in the reaction mixture, with the triangular face o f  the 
intact E,X, molcculc should not lead to a stable electronic con- 
figuration at the metal atom, so that disruptive steps are expected 
to follow the above interaction. On the other hand, the formally 
d9 metal atom in each of the final compounds may be considered 
to reach the 1Xe configuration by borrowing, in addition to the 6e 
from the phosphine ligand, 3e from the E,X, framework, a5 the 
displaced P atom would be considered to do in the original cage 
molecule. In this sense, reduction of the metal atom may be con- 
sidered to occur in the formation of these compounds. 
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IMIH,O),I~BF,I, + triphos + E,X3 

THE HETERO-E,X (E = As, P; X = S. Se) AND THE 
HOMOATOMIC E, (E = AS, P) CYCLIC FRAGMENTS 

A drastic demolition of the cage molecules has been obtained in 
mild conditions in the presence of cobalt(I1) and nickel(I1) frag- 
ments. 
E1X3 (E = As, P; X = S,  Se) reacts with Co(BF4),-6H,0 in 

the presence of triphos in an ethanoliTHF mixture at ca. 40°C 
yielding the [(triphos)Co(E,X)]BF, compounds (E = AS," P45.4h; 
X = S, Se) in good yield (Scheme 10). The cobalt atom in the 
isostructural [(triphos)Co(E,X)] + cations is bound to  the three 
phosphorus atoms of the ligand and to the atoms of the heterocyclic 
E,X unit, which form with the metal a pseudotetrahedral group. 
The reaction of the (triphos)Co(II) moiety with a mixture of phos- 
phorus-arsenic P,AS,-,~S, (x  = 1 ,  2) sulphides having different 
PiAs occupancies of the basal cage sites has yielded the compounds 
[(triphos)Co(As,S)]BF, and [(triphos)Co(AsPS)]BF,"' in form of 
a solid solution (Scheme 11). The compounds contain the cyclic 
thiaphospharsirene, AsPS, or thiadiarsirene, AszS, units which act 
as q3 ligands toward the (triphos)Co fragment. The formation of 
such compounds has shown that the apical phosphorus atom of a 
mixed cage does not enter into the assembling of the final AsPS 
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or As,S fragments. On the assumption that cleavage of the EJ3 
(E = As, P; X = S, Se) cages under the influence of the (tri- 
phos)Co(II) system follows a definite path. these results, showing 
that disruption of the cages starts at their basal sites, are consistent 
with the results discussed above, involving the formation of E3X3 
fragments. Consistent with the electron count criterion already 
adopted for the compounds containing the E,X, fragments, all of 
the compounds containing the heterocyclic E,X units may be con- 
sidered to be cobalt(1) derivatives. assuming that the E,X moieties 
behave as neutral four electron donors.JX Therefore, reduction o f  
the metal atom may be considered to occur in the formation of 
the compounds discussed in this section. This should be related to 
the drastic cleavage of the cages that occurs in the reactions of the 
E,X3 or mixed-cage molecules with the (triphos)Co(Il) system, 
where the metal atom has a higher oxidation state than in the 
(triphos)M(I) (M = Rh. Ir) systems mentioned in the previous 
section. 

P,S, in the presence of the (triphos)Ni(II) fragment yields the 
[(triphos)Ni(P,)]BF, derivative (Scheme with six-coordinate 
nickel bound to the donor atoms of the triphos ligand and to the 
three phosphorus atoms of the homocyclic P, unit. The preference 
of the nickel fragment for homoatomic E3 units, easily rationalized 
by the above electron count criterion, is confirmed by the reaction 
of (triphos)Ni(II) with As,S, (Scheme lo), which yields the di- 
metallic [(triphos)Ni(As,)Ni(triphos)](BF,),, (n  = 1. 2) deriva- 
tives, containing two (triphos)Ni fragments q3 bound to the As3 
bridging unit.s0 

Thc above reactions of the E,X, cage molecules with Co(1I) and 
Ni(I1) in the presence of triphos lead in every case to a coordinatcd 

14 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
0
7
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



triatomic ring formed by one chalcogen and two pnicogen atoms 
or by three pnicogen atoms. This suggests that the differences in 
atomic orbital energies and size between P and As, or between S 
and Se, are overridden by other factors, probably related to the 
orbital symmetry requirements of the triphos-metal systems. The 
efficiency of the (triphos)M system in directing the course of re- 
actions toward the formation of compounds with suitable electron 
counts, overriding structural differences between the chalcogen- 
ides used as reactants, is nicely illustrated by the synthesis of the 
[(tripho~)Co(As,X)]BF,5~ (X = Se, Te) compounds which are 
isostructural to their sulphur analogues. The compounds have in 
fact been obtained by extruding the E,X units from polymeric 
species like As,Se, or As,Te,. 

toluene 

reflux 
IC~MO(COI, I ,  + P4S3 -3 
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The relatively low yields for the formation in mild conditions of 
the compounds described in the previous sections are suggestive 
of the existence of alternative reactions that may occur even in the 
presence of stable and sterically hindering fragments, such as those 
provided by the tripodal tridentate (triphos) and tetradentate ( tip3) 
ligands. Such behavior is indicative of high affinity toward the 
metal fragments by the pnicogen chalcogenide molecules which 
easily undergo cleavage, It is accordingly expected that carbonyl 
and cyclopentadienylcarbonyl complexes, which are capable of 
evolving toward fragments with different frontier orbitals than those 
of the metal fragments mentioned above, react with the cagc mol- 
ecules, especially under forcing conditions, yieldins compounds 

\ Icp*co(co121, 
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which contain numerous pnicogen-chalcogen groups with differ- 
ent fcatures from those discussed above. 

In keeping with these expectations, P,S3 reacts with the dimeric 
molybdenum [C~*MO(CO)~],  compound in boiling toluene to yield 
phosphorus or phosphorus and sulphur rich compounds52 (Scheme 
12). The phosphorus containing complexes present tetrahedral Mo2P2 
and MOP, cluster arrays. The higher nuclearity clusters contain S,, 
PS and the open P,S and P3 units saddling the two Mo atoms. The 
stability of compounds of this sort is indicated by the decomposition 
undergone by As$, in the presence of [C~*MO(CO),] , .~~ Al- 
though this is structurally different from the E,X, cages, it yields 
the compounds [ ( C ~ * M O ( C O ) ~ } ~ A S ~ ] ,  [Cp*Mo(CO),As,], and 
[{Cp*Mo},As,S,], which are isostructural to the phosphorus ana- 
l o g u e ~ . ~ ~  It is worthwhile to note that the Cp*Mo(CO), fragment, 
having similar frontier orbitals to those of the conical CoL, moiety, 
stabilizes compounds containing the E, (E = As, P) cyclic unit. 
The reactivity of realgar, As&, has been investigated under forc- 
ing conditions also in the presence of iron and cobalt cyclopen- 
tadienyl carbonyl complexes (Scheme 13). The compounds so ob- 
tained contain two Cp*M (M = Fe or Co) fragments, bridged by 
arsenic or arsenic and sulphur units, which originate from drastic 
demolition of the As$, cage.5z 
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