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Abstract

The results obtained in the investigation of sulfur containing ligands (dithiophosphates, -phosphinates and -phosphonates,
monothiophosphinates, dithioarsinates and dichalcogenoimidodiphosphinates) in a broad international cooperation, are concisely
presented. Oxo- and thio-organophosphorus and -organoarsenic anions are versatile ligands in metal and organometallic
derivatives, with molecular monomeric, cyclic or supramolecular structures, at the interface between the traditional branches of
inorganic chemistry: coordination, organometallic and inorganic ring chemistry. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Thiophosphorus ligands, including dithiophosphates
and -phosphinates, dithioimidodiphosphinates and
mixed thio-oxo analogues, as well as dithioarsinates,
have been in the center of interest in our laboratory for
many years. These compounds are versatile ligands,
displaying a broad variety of coordination patterns
leading to a great diversity of molecular and
supramolecular structures. Many of their metal deriva-
tives are soluble in organic solvents and can be ex-
tracted from aqueous solutions, serving in separation
procedures. In addition, their metal compounds are
useful as lubricant additives and received considerable
interest in the literature.

I will present here our contributions to the field,
achieved by my research group in a continuous struggle
with many difficulties, under nonstimulating economic
conditions, often influenced by political factors which
are hard to understand from the outside world. The

publications of other authors active in the area are
covered in several reviews cited in the appropriate place
of this text and are included only when necessary to
underscore some of the aspects of the work presented.

Our involvement in sulfur-containing ligands has an
interesting history. As an undergraduate student (be-
tween 1954–1959) I discovered (in the literature) and
became fascinated with inorganic rings; at that time
sulfur nitride, borazine, metaphosphates and cyclophos-
phazenes (still called phosphonitriles) were regarded as
parts of the chemistry of individual elements (sulfur,
boron, silicon, phosphorus) and not as a part of a
self-consistent chapter of inorganic chemistry. Several
excellent monographs reflected this view [1–5]. My
book ‘Introduction to the Chemistry of Inorganic Rings’
published first in Romanian, in 1960, one year after I
graduated with a BSc degree [6a], translated into Polish
[6b] and then much expanded into an English two
volume monograph published in 1970 [7], along with a
book by H. Garcia-Fernandez [8], were the first to
present an integrated view of inorganic ring chemistry,
a field which could be comparable and competitive with
the chemistry of organic homo- and heterocycles. These
were followed by others [9–12] and after the organiza-
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tion of the 1st International Symposium on Inorganic
Ring Chemistry in 1975, followed by a regular series of
‘IRIS Symposia’, the new field was accepted as a self-
consistent chapter of inorganic chemistry [13].

In 1960 there was no possibility of pursuing my
interest in Romania, as all inorganic chemistry carried
out in the country was aqueous coordination chemistry,
and nobody was involved in any inorganic ring chem-
istry or organometallic chemistry research. The only
possible place at the time, under the existing political
conditions, was the former Soviet Union, so I went for
a PhD to Moscow, where I worked with the famous
organosilicon chemist K.A. Andrianov and received my
‘candidate degree’ (equivalent to PhD) with a thesis on
cyclic silicon–nitrogen compounds [14]. In the mean-
time, the political conditions temporarily relaxed some-
what in my country, and a new opening to the West
allowed me to get a Fulbright grant and to work as a
post-doc in the USA with the great American chemist
Henry Gilman at the University of Iowa, in Ames, IA,
during 1966–1968. This was followed by a new post-
doc experience, with R. Bruce King, in Athens, Geor-
gia, during 1971–1972 [14]. I returned home, to the
‘Babes-Bolyai’ University in Cluj-Napoca, Romania,
full of youthful enthusiasm and with newly gained
experience in organolithium, organosilicon, metal car-
bonyl and transition metal organometallic chemistry.
However, continuing this line of research was impossi-
ble. In a centrally planned economy the imported
reagents had to be ordered much in advance and were
received more than a year later (if ever), there were no
facilities for inert atmosphere research and everything
was difficult. We had to prepare almost any starting
materials, certainly the organometallic derivatives, even
those which are normally commercially available, like
the organotins. Sometimes we devised convenient meth-
ods for such reagents, e.g. phenylarsenic chlorides
(without realizing at the time that these are chemical
warfare agents) [15] or organoantimony chlorides [16].
Still, I did not give up the idea of working in inorganic
ring chemistry. The work which could be done should
fulfil two conditions: (a) to require no inert atmosphere,
(b) to use reagents readily available in the country. The
dithiophosphates fulfilled these conditions, since phos-
phorus pentasulfide was available from an insecticide
factory (‘Sinteza’ Oradea) and their anions, (RO)2PS2

−,
were known to form four-membered chelate rings with
many metals. This set the stage for inorganic (carbon-
free) chelate ring chemistry, a field which offers rich
opportunities [17]. My interest in inorganic rings re-
mained vivid, and occasionally I dealt with rings other
than chelates (metallacycles), in reviews about the
nomenclature of inorganic homo- and heterocycles
[18,19], inorganic heterocycles as ligands [20], intercon-
version reactions of inorganic heterocycles [21], the
coverage of inorganic rings in Chemical Abstracts [22]

and application of graph theory [23] or in the crystal
structure investigation of some cyclosilazanes [24] and
cyclosilazoxanes [25] prepared earlier. Theoretical in-
vestigations on inorganic rings were continued in our
group (cyclodisilazanes [26], cyclodiphosphazanes [27])
and included studies about inorganic (carbon-free)
fullerene-like molecules [28].

The dithiophosphorus ligands can exhibit various
coordination patterns, mainly monodentate (1) (rare),
bidentate chelating (2) and bridging (3). The last two
can lead to inorganic ring formation.

In fact, the coordination patterns of dithiophospho-
rus ligands are more diversified, since the S–P–S group
can behave as isobidentate (symmetrical) or anisobiden-
tate (unsymmetrical), both in chelating and bridging
situations (Scheme 1) [29–33].

In my work on sulfur-containing ligands I had some
excellent coworkers and students, some of which be-
came my colleagues. I would like to mention the names
(in alphabetical order) of those who during many years
were my companions in the investigation of sulfur-con-
taining ligands: Maria Curtui, who did the solvent
extraction work; Rodica Micu-Semeniuc, who started
the work on transition metal dithiophosphates and
their adducts; Ioan Silaghi-Dumitrescu, a born com-
puter expert, who did the theoretical work; Luminitsa
Silaghi-Dumitrescu, who was brave enough to struggle
with the dithioarsinates without getting poisoned and
to obtain interesting results; Cristian Silvestru, a top-
notch synthetician, who was very successful with dithio-
phosphinates and dichalcogeno–imidodiphosphinates;
Anca Silvestru, who had a lot of good luck with the
unpredictable chemistry of the tellurium compounds.
The names of other coworkers, who spent less time in
our laboratory, can be found in the cited references.

In our work we had the privilege of collaboration
with a number of foreign colleagues, who did the
crystal structures and some spectroscopic characteriza

Scheme 1.
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tion (e.g. mass spectra, Mössbauer) of our compounds
(again in alphabetical order): H.J. Breunig (Bremen,
Germany); A.R. Barron (Houston, TX); F. Caruso
(Rome, Italy); J.S. Casas, A. Castiñeiras, A. Sánchez
(Santiago de Compostella, Spain); E.E. Castellano (Sao
Carlos, Brazil); Raymundo Cea-Olivares (Mexico City,
Mexico); J.E. Drake (Windsor, Ontario, Canada),
Frank T. Edelmann (Magdeburg, Germany); Mark J.
Fink (New Orleans, LA); Marcel Gielen (Brussels, Bel-
gium); Lai Yoong Goh (Singapore); R. Bruce King, G.
Newton (Athens, GA); K.C. Molloy (Bath, UK); Josef
Novosad (Brno, Czech Republic); K.H. Pannell (El
Paso, TX); H.W. Roesky, Mathias Noltemeyer (Göttin-
gen, Germany); M.J. Rozales-Hoz (Mexico City, Mex-
ico); D.B. Sowerby (Nottingham, UK); Ulf Thewalt
(Ulm, Germany); J. Weiss (Heidelberg, Germany); the
late J.J. Zuckerman (Norman, OK) and Julio Zuker-
man-Schpector (Sao Paulo, Brazil). With some of them
we developed a long standing collaboration and friend-
ship which I am proud of. Thus, an ‘invisible college’
was created around sulfur-containing ligands, without
administration and bureaucracy, based only upon hu-
man bonds and co-operation, in spite of the difficulties
of the cold war. We made full use of the new opportu-
nities after 1990, when the walls finally collapsed. I am
grateful to all these colleagues, whose contribution was
essential for the results reported in our joint publica-
tions and greatly influenced the quality of these works.

Much of the synthetic work reported here was done
in the labs of the ‘Babes-Bolyai’ University and the
X-ray diffraction studies were performed in foreign
laboratories. Some preparations were carried out by
this author or his coworkers in foreign labs, during
visiting periods supported by various fellowships and
travel grants (European Community, NATO, Hum-
boldt, DAAD and national agencies) for which we are
also grateful.

2. Metal dithiophosphates

When we first became involved, the chemistry of
dithiophosphato ligands dealt mostly with homoleptic
transition metal complexes, [M{S2P(OR)2}n ] and their
adducts with various bases, [M{S2P(OR)2}n ]·D (D=
donor, e.g. amine) [34].

We prepared some nickel bis(dialkyldithiophosphate)
adducts with diamines [35–38] and other bases [39–41]
and the first crystal structure determinations of the
diamine adduct tetramethylethylenediamine-bis(O,O %-
diethyldithiophosphato)nickel(II), [Ni{S2P(OEt)2}2]·
Me2NCH2CH2NMe2 [42] and N,N %-diphenylethylenedi-
amine - bis(O,O % - diethyldithiophosphato)nickel(II)
[Ni{S2P(OEt)2}2]·PhHNCH2CH2NHPh [43] marked the
beginning of a fruitful collaboration with Bryan Sow-
erby (University of Nottingham, UK).

The structure of mercury(II) bis(isopropyldithiophos-
phate), Hg[S2P(OPri)2]2, was reinvestigated recently and
interpreted in terms of supramolecular organization
[44].

A few organolanthanide dithiophosphates were in-
vestigated in collaboration with F.T. Edelmann. Thus,
ansa-metallocene derivatives, Me4C2(C5H4)2LnS2P-
(OMe)2 (Ln=Sm, Yb) (4) were prepared by the reac-
tion of divalent organolanthanide compounds
Me4C2(C5H4)2Ln with the disulfides (RO)2P(S)S–
SP(S)(OR)2 [45] and a unique triple bridging coordina-
tion mode (5) with participation of the alkoxy groups
was found in the dimeric organosamarium derivative
[(C5Me5)Sm{S2P(OMe)2}2]2 [46].

As our interest for Main Group organometallic
derivatives increased, the studies of transition metal
dithiophosphates were reduced to a minimum.

3. Organometallic dithiophosphates

Only ethylmercury [47], some organothallium [48]
and manganese carbonyl [49] dithiophosphates were
known as organometallic derivatives before 1970. We
prepared and characterized several arylmercury deriva-
tives, RHg–S(S)P(OR%)2 (R=Ph, R%=Me, Et, Ph) [50]
and extended the series to organolead dithiophos-
phates, PhnPb{S2P(OR%)2}4−n (n=3, R%=Me, Et, Pr,
Pri, Bu; R=2, R%=Me, Et, Ph) [51]. We did not have
the chance to obtain a crystal structure, but later it has
been shown by others [52] that the organomercury
dithiophosphates are cyclic dimers (6) with unsymmetri-
cally bridging ligands (e.g. [PhHgS2P(OEt)2]2), whereas
in the triphenyllead diethyldithiophosphate (7) the lig-
and is monodentate [53].

An important step in our work was the collaboration
with J.J. Zuckerman in the study of organotin dithio-
phosphates. Many derivatives were prepared and char-
acterized by multiple spectroscopic methods, including
Mössbauer spectroscopy, and some representative com-



I. Haiduc / Journal of Organometallic Chemistry 623 (2001) 29–4232

pounds were analysed by single crystal X-ray diffrac-
tion [54–57]. This lead to the identification of a
monodentate coordination of the ligand in Ph3Sn–
S(S)P(OEt)2 [55] and of a symmetric (isobidentate) co-
ordination of diisopropyldithiophosphato ligand in the
diphenyltin derivative, Ph2Sn{S2P(OPri)2}2 containing
octahedrally coordinated tin (8) [56], differing from the
asymmetric (anisobidentate) coordination of di-
ethyldithiophosphate in an analogous diphenyltin
derivative, Ph2Sn{S2P(OEt)2}2, which contains bi-
capped tetrahedrally coordinated tin (9) [58].

Among diphenylantimony(III) dialkyldithiophos-
phates, Ph2SbS2P(OR)2, the crystal structure of the
isopropyl derivative (10, R= iso-Pr) has been
determined.

The compound is a supramolecular chain-like poly-
mer, formed by intermolecular association through
Sb···S secondary bonds (3.172 and 3.266 A, vs. primary
Sb–S 2.531 and 2.555 A, ) [59].

4. Dithiophosphinates

Dithiophosphinates are compounds containing direct
P–C bonds and generate the R2PS2

− anions. Generally,
they are not commercially available and their prepara-
tion is a little cumbersome. Therefore, they are much
less investigated than the readily available dithiophos-
phates. Their coordination chemistry is expected to be
similar (which is not always true), but they are more
stable. We used dialkyl- and diphenyldithiophosphinate
anions as ligands in a series of compounds. Again we
concentrated more on organometallic derivatives, since
before 1970 only some compounds containing organoa-
luminum, -gallium, -indium [60], -thallium [61] and -tin
[62] coordination centers were known, with no X-ray
crystal structure reported.

Monodentate coordination, which is rare among
dithiophosphorus ligands, was established in
triphenylgermanium derivatives, Ph3Ge–S(S)PR2 (R=
Me, Ph), which consist of discrete molecules in the
crystal [63] (unlike organolead analogues — cited
below).

A series of organotin dialkyl- and diphenyldithio-
phosphinates, RnSn(S2PR%2)4−n (n=2, 3; R=Me, Bu,
Bz, Ph, Cy; R%=Me, Et, Ph) have been prepared and
characterized by spectroscopic and diffractometric
methods [64–66]. The crystal structures of
Me2Sn(S2PEt2)2 [65] and cis-Cl2Sn(S2PPh2)2 [67] were
determined; the dimethyltin(IV) compound contains an-
isobidentate ligands, but in the dichlorotin(IV) deriva-
tive the ligand is basically isobidentate. A unique
macrocyclic structure of tetrameric trimethyltin(IV)
diphenylphosphinate, [Me3SnO2PPh2]4, containing a 16-
membered Sn4O8P4 inorganic ring [68] was not repeated
in triorganotin dithiophosphinates, which seem to be all
monomeric.

A series of interesting supramolecular structures were
established for lead(II) dithiophosphinates,
Pb(S2PMe2)2 [69] and Pb(S2PPh2)2 [70]. The phenyllead
dialkyldithiophosphinates, PhnPb(S2PR2)4−n, (R=Me,
Et, Ph) tend to disproportionate and were studied in
solution by NMR spectroscopy [71]. In spite of this,
other authors were able to obtain crystalline
Ph2Pb(S2PPh2)2 and to determine its crystal structure
by X-ray diffraction [72] and we found that triphenyl-
lead dimethyldithiophosphinate, Ph3PbS2PMe2, forms
supramolecular arrays in the solid state through Pb···S
secondary bonds ([73].

The first interesting result obtained during our stud-
ies on dithiophosphinates was the finding that antimo-
ny(III) tris(diphenyldithiophosphinate), Sb(S2PPh2)3,
displays a very rare pentagonal pyramidal coordination
geometry (11) [74,75]. This differs from the structure of
antimony(III) tris(dithiophosphates), Sb{S2P(OR)2}3,
(R=Me and iso-Pr) [76] which are octahedral com-
plexes (12) according to X-ray single crystal structure
determinations.

Comparative X-ray diffraction studies of antimo-
ny(III) and indium(III) dithiophosphinates, M(S2PR2)3

(M=Sb, R=Et; M=In, R=Me and Ph) were carried
out in order to asses the role of the lone pairs localised
at the metal in determining the coordination geometry
[77].

Another interesting finding was the dimeric nature
(13) of diphenylantimony(III) dialkyldithiophosphi-
nates, [Ph2Sb–S(S)PR%2]2, formed through secondary
Sb···S bonds (e.g. 3.474 A, vs. primary Sb–S 2.490 A, in
[Ph2Sb–S(S)PPh2]2) [78,79]. This type of rings, formed
through secondary bonds were called ‘quasi-cyclic
structures’ [80]. The dimer formation contrasts with the



I. Haiduc / Journal of Organometallic Chemistry 623 (2001) 29–42 33

structure of Me2Sb–S(S)PMe2, which is a supramolecu-
lar polymeric array, also formed through Sb···S sec-
ondary bonds (3.158 A, vs. primary Sb–S 2.555 A, ) [81].
Another dimer, [(p-MeC6H4)2Sb–S(S)PEt2]2, differs
from the previous ones in that transannular Sb···S
interactions are absent (14) [82]. The trimethylantimo-
ny(V) derivative, Me3Sb(S2PPh2)2, is a monomeric com-
pound (15), with a bicapped trigonal bipyramidal
geometry [83].

A dimeric association was also observed in a phenox-
arsin-10-yl diorganodithiophosphinate, which is the
first dimeric organoarsenic(III) 1,1-dithiolate associated
through As···S secondary bonding [84].

The bismuth(III) compounds, Bi(S2PPh2)3, [75] and
Bi(S2PMe2)3 [85] are dimers formed through Bi···S sec-
ondary bonds with pentagonal bipyramidal coordina-
tion geometry of bismuth, whereas Bi(S2PEt2)3·C6H6 is
a distorted octahedral monomer, containing a BiS6

polyhedron lying almost midway between the octahe-
dral and trigonal prismatic coordination geometry [86].

Mesitylbismuth(III) bis(diphenyldithiophosphinate),
MesBi(S2PPh2)2, is a monomer (16), containing five-co-
ordinate bismuth in a distorted square pyramidal ge-
ometry and anisobidentate ligands [87].

The tellurium compounds also provided some inter-
esting results. Thus, phenyltellurium diphenyldithio-
phosphinate, PhTe–S(S)PPh2, has a supramolecular
structure based upon Te···S secondary bond (3.422 A,
vs. primary 2.401 A, ) intermolecular association, in
which the ligand displays a novel coordination pattern,
as illustrated in (17) [88,89]. An interesting structure
(18) was found for Te2(S2PPh2)2, obtained from TeO2

and Ph2P(S)SH; the compound contains a Te–Te bond
(2.723 A, ), two five-membered quasi-cyclic Te2S2P units
and the molecules are associated through Te···Te sec-
ondary bonds (3.514 and 3.668 A, ) into supramolecular
chains [90].

Diphenyltellurium dialkyldithiophosphinates, Ph2Te-
(S2PR2)2 (R=Me, Et), readily disproportionate into
TePh2 and [R2P(S)S]2, but Ph2Te(S2PPh2)2 could be
isolated and its crystal structure has been determined.
The compound is monomeric and the ligands are aniso-
bidenate [91]. The coordination geometry of tellurium is
c-trigonal bipyramidal, with presumably a lone pair in
the vacant equatorial site.

Triphenyltelluronium diphenyldithiophosphinate,
[Ph3Te]+[S2PPh2]−, is a quasicyclic ion pair (19) with
weak Te···S secondary interactions (3.331 and 3.655 A, )
[92].

The stereochemistry of organotellurium dithiophos-
phinates contributes significantly to the rich structural
diversity of tellurium complexes with sulfur ligands [93].

A study on the amine adducts of nickel(II)
diphenyldithiophosphinate with substituted ethylenedi-
amines [94] was our early incursion in the transition
metal chemistry of dithiophosphinato ligands. More
interesting was the cleavage of bis(thiophosphinyl)
disulfanes, R2P(S)–S–S–P(S)R2 (R=Et, Ph), by low-
valent transition metal compounds. Thus, the palla-
dium dimer Pd2(dcpe)2 (dcpe=1,2-bis(dicyclohexyl)-
phosphinoethane) lead to ionic dithiophosphinato
chelate complexes [(dcpe)Pd(S2PR2)][S2PR2] (R=Et,
Ph) and dimeric [Pd(S2PEt2)2]2 [95a]. The facile cleavage
of bis(diphenylthiophosphinyl) disulfane, Ph2P(S)–S–
S–P(S)Ph2, with dimeric cyclopentadienylchromium tri-
carbonyl, [CpCr(CO)3]2, gave purplish–brown
CpCr(CO)2(S2PPh2) and blue CpCr(S2PPh2)2 [95b]. The
structures of some of these products were confirmed by
X-ray diffraction.

5. Dithiophosphonates

Dithiophosphonates are hybrid ligands, R(R%O)PS2
−,

of intermediate composition between dithiophosphates
(R%O)2PS2

− and dithiophosphinates, R2PS2
−.

The extension of the work to dithiophosphonates and
an X-ray crystal structure determination (performed at
the University of Nottingham) of bis(O-isopropyl-
ethyldithiophosphonato)nickel(II), [Ni{S2P(OPri)Et}2]
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[96] produced an interesting result: unsymmetrical (an-
isobidentate) coordination of the dithio ligand, with
distinct P–S (2.031 and 1.900 A, ) and Ni–S (2.115 and
2.262 A, ) bond lengths, as shown in (20), in contrast
with all transition metal dithiophosphate complexes, or
palladium(II) and platinum(II) dithiophosphonates,
[M{S2P(OEt)Ph}2] (M=Pd, Pt) which are symmetri-
cally (isobidentate) chelated (21) [97].

Although dithiophosphonates can be interesting lig-
ands, we limited our further work to spectroscopic and
magnetic studies of some copper(II) and chromium(III)
complexes [98], the study of infrared spectra of
methyl(O-methyl)dithiophosphonic acid (multiplicity of
some bands due to different conformers) [99], and ESR
and IR studies of some oxovanadium dithiophospho-
nates [100]. Some more work with these ligands is
currently in progress.

6. Monothiophosphinates

As a natural extension of studies on dithiophosphato
and -phosphinato ligands was the investigation of
monothiophosphinates. These reagents are apparently
more stable and easier to prepare and handle than
monothiophosphates, and we concentrated our interest
upon them. Some of the work was done during my stay
in Santiago de Compostela (Spain), with the group of
Professor S.J. Casas. Thus, interesting associated
supramolecular structures were identified by X-ray dif-
fraction in monocrystals of [MeHg(SOPPh2)]n (22) [101]
and [Me2Tl(SOPPh2)]n (23) [102].

The reaction of GaBut
3 with diphenylthiophosphinic

acid gave two isomers (head-to-head and head-to-tail)
of dimeric [But

2Ga–O(S)PPh2]2 [103].
The monothiophosphinato groups are ambident lig-

ands, able to form primary bonds either through sulfur

or oxygen (24a and 24b). Primary bonding through
sulfur was observed in the ‘soft’ metal derivatives, e.g.
mercury, thallium, lead, whereas germanium and tin are
bonded to oxygen.

The germanium compound, Ph3Ge–O(S)PPh2 [104],
was found to be monomeric, and contains a Ge–O
bond. Some organotin derivatives, i.e. [Ph2Sn{O(S)-
PPh2}2] [104], Me2Sn{O(S)PEt2}2 [105], Me2Sn{O(S)-
PPh2}2 [106], have also been prepared and structurally
characterized by X-ray diffraction, with the identifica-
tion of some more examples of supramolecular struc-
tural organization. Thus, Me2Sn{O(S)PEt2}2 is a
monomeric, molecular compound, whereas Me2Sn{O-
(S)PPh2}2 contains a chain-like supramolecular array
formed through oxygen–tin dative bonds.

Diphenylantimony(III) diphenylmonothiophosphi-
nate, Ph2Sb–O(S)PPh2, and its dioxo analogue,
Ph2SbO2PPh2, were both found by X-ray crystallogra-
phy to have chain-like polymeric structures, with bridg-
ing ligands and pseudotrigonal bipyramidal geometry
[107]. A series of trimethylantimony bis(monothiophos-
phinates), Me3Sb{O(S)PR2}2 (R=Me, Et, Ph), were
synthesized and the X-ray crystal structure determina-
tion of Me3Sb{O(S)PPh2}2 revealed monodentate coor-
dination of the ligand through Sb–O bonds (2.114 A, )
in a trigonal bipyramidal geometry [108].

7. Solvent extraction studies

Dialkyldithiophosphates are known as potent extrac-
tion reagents. With my coworker Maria Curtui, we
initiated a program of investigating the possible use of
these reagents for the solvent extraction of uranium
[109–119], thorium [120–123] and Rare Earths
[121,124,125]. Since uranium is more oxophilic than
thiophilic, we did not expect to improve the industrial
extraction methods of uranium based upon trib-
utylphosphate, but since the country had a nuclear
energy program this allowed us to get some financing,
including an International Atomic Energy Agency con-
tract [126,127], which was extremely useful for the
aquisition of some equipment and chemicals. In the
process, we isolated some dioxouranium dithiophos-
phate and dithiophosphinate triphenylphosphine oxide
adducts, UO2(S2PR2)2·OPPh3 (R=alkyl or alkoxy)
[128], and the structure (25) suggested on the basis of
spectroscopic data, was later confirmed by another
laboratory with the aid of single crystal X-ray diffrac-
tion [129].
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8. Dithioarsinates and other arsenic–sulfur compounds

The initial plans of comparing dithioarsinates with
dithiophosph(in)ates grew into a larger area of investi-
gations on chalcogeno–organoarsenic compounds
[130]. Within this program, carried by my former stu-
dent, Luminitsa Silaghi-Dumitrescu, the coordination
and self-assembly in the crystal structure of
K[Me2AsS2]·2H2O was established by X-ray diffraction
(carried out at Nottingham) [131]. A number of
dimethyl- and diphenyldithioarsinates of Main Group
metals [Sn(IV), Pb(II), As(III), Sb(III), Bi(III)] were
synthesized [132] and the crystal structure of
In(S2AsR2)3 (R=Me, Ph) was determined [133]. A
series of organosilicon, -germanium, -lead, [134], and
-tin [135,136] derivatives of dimethyl- and diphenyl-
dithioarsinic acids, Ph4−nM(S2AsR2)n (M=Si, Ge, Sn,
Pb; n=1 and 2, R=Me, Ph) were prepared and the
crystal structure of Me2Sn(S2AsMe2)2 was established
by X-ray diffraction [136].

Antimony(III) and phenylantimony(III) dimethyl-
dithioarsinates were synthesized and the crystal struc-
ture of Ph2Sb–S(S)AsMe2, revealed the first coordina-
tion polymer associated via bridging dimethyl-
dithioarsinate ligands involving Sb···S secondary bonds
(2.830 A, ) [137], whereas the diphenyldithioarsinate is a

dimer, [Ph2Sb–S(S)AsPh2]2, also formed through Sb···S
secondary bonds (3.369 A, ) [78].

Bismuth(III) dimethyldithioarsinate, Bi(S2AsMe2)3

was found to be a dimer formed through Bi–S sec-
ondary bonding, with pentagonal bipyramidal geome-
try at the bismuth centers [138], the structure being
similar to that of the analogous bismuth(III)
dimethyldithiophosphinate.

A sulfotropic molecular rearrangement (Scheme 2) of
diphenylphosphinyl diorganodithioarsinates, R2As(S)–
S–PPh2, with the formation of diorganoarsenic(III)
diphenyldithiophosphinates, R2As–S(S)PPh2, was dis-
covered when Ph2PCl was reacted with sodium
dithioarsinates, NaS2AsR2 (R=Me, Ph) [139].

Another sulfotropic molecular rearrangement of te-
traorganodiarsine disulfides (Scheme 3) was found
when diphenylarsenic dichloride reacted with sodium
dithioarsinates [140].

The oxidation of (Ph2As)2Q (Q=O or S) with tert-
butylhydroperoxide and sulfur in 1:1 and 1:2 molar
ratio produces the compounds Ph2As(Q)–Q–AsPh2

and Ph2As(Q)–Q–AsPh2Q (Q=O or S), respectively.
The dioxidation products are less stable and on recrys-
talisation an unusual mixed supramolecular adduct,
[Ph2As(O)OH·Ph2As(S)OH]2 self-assembled through
hydrogen bonds (26), was isolated [141].

The first oxygen-bridged diorganoarsenic(V) com-
pound, Me2As(S)–O–As(S)Me2, along with
Me2As(S)–S–As(O)Me2, was obtained by oxidation of
tetramethyldiarsine disulfide (Me2AsS)2 with tert-
butylperoxide under anhydrous conditions; the molecu-
lar structure of the former was established by single
crystal X-ray diffraction. The formation of the oxo-
bridged isomer is unexpected and can be rationalized in
terms of an oxotropic rearrangement of the sulfur-
bridged compound (Scheme 4).

Ab initio calculations predict that the oxo-bridged
species are more stable than the thio-bridged isomer
[142].

9. Other thioligands

Some other sulfur-containing ligands were occasion-
ally used in our laboratory. Examples include the syn-
thesis and characterization of some nickel(II) [143] and
cobalt(II) [144] diphenylthiophosphinylthioureas,
organotin dithiocarboxylates [145,146], salts and com-

Scheme 2.

Scheme 3.

Scheme 4.
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plexes of the P2S8
−2 anion [147], tetrathiomolybdates

and tetrathioarsenates [148]. These topics were not de-
veloped further. I had also some interest and plans in
sulfur–nitrogen chemistry [149–151] but the first exper-
imental investigations were disappointing and I gave up
the subject.

10. Dichalcogenoimidodiphosphinates and related inor-
ganic chelate rings

The dichalcogenoimidodiphosphinato anions, intro-
duced by Alfred Schmidpeter [152], are versatile, readily
prepared ligands, extremely useful for the formation of
six-membered, inorganic (carbon-free) chelate rings
[153]. We became interested in this class in the early
1970s [154], and the subject was developed later with
my coworker Cristian Silvestru, in collaboration with
various foreign colleagues, in particular Raymundo
Cea-Olivares in Mexico and John E. Drake in Canada.
The structure of the neutral dithio proligand Ph2(S)P–
NH–P(S)Ph2 was determined independently in three
different laboratories [155] and was followed by the
synthesis and X-ray structure analysis of unsymmetrical
Me2(S)P–NH–P(S)Ph2 [156], Ph2(O)P–NH–P(S)Ph2

and its dimeric sodium salt {Na[OPh2PNPPh2S].THF}2

[157], isomeric Me2(S)P–NH–P(O)Ph2 and Me2(O)P–
NH–P(S)Ph2 [158], the diphenyl-alkoxy derivative
Ph2(S)P–NH–P(O)(OEt)2, its potassium salt K[SPh2-
PNP(OEt)2O]·H2O and Ph2(O)P–NH–P(O)(OEt)2·1/
2HCl·1/4H2O [159]. In all these neutral proligands and
their anions the P–N–P fragment is bent (27), but
unexpectedly, a linear P–N–P fragment (28) was found
in the anion [SPh2PNPPh2S]− present in the crystal
structure of bis(triphenylphosphine)iminium dithiote-
traphenylimidodiphosphinate, [Ph3PNPPh3]+[SPh2PN-
PPh2S]− [160].

The neutral molecules are associated through N–
H···S or N–H···O hydrogen bonds, to form dimers or
chain-like polymers, and the potassium salt cited forms
a supramolecular architecture based upon electrostatic
interactions.

When we became interested in dichalcogenoimi-
dodiphosphinato ligands, most of the compounds re-
ported in the literature were transition metal
homoleptic chelate complexes M(QR2PNPR2Q)n, where
Q=O, S and n=oxidation state of the metal. For this
reason we concentrated our attention mostly on the
identified niche: (a) Main Group metal derivatives; (b)
monocyclic compounds; and (c) compounds containing
organometallic coordination centers. In the following,

the results will be briefly presented in the order of
Periodic Table.

A spiro-bicyclic chelate complex, bis(tetraphenylimi-
dodiphosphinato)beryllium, Be(OPh2PNPPh2O)2, an in-
organic analog of beryllium bis(b-diketonates), was
known in the literature [161], but its molecular structure
was established by X-ray diffraction in collaboration
with Brazilian crystallographers [162]. The only other
Group 2 known complex is a solvated barium deriva-
tive, Ba(SPh2PNPPh2S)2·2dme (dme=dimethoxy-
ethane) [163].

A monocyclic diphenylthallium(III) tetraphenyl-
dithioimidodiphosphinate, [Ph2Tl(SPPh2)2N] (29), con-
taining a new inorganic (carbon-free) TlS2P2N metallo-
cycle, was prepared and structurally characterized in a
collaboration with Spanish coleagues [164].

A series of organotin deriatives, R4−nSn(SPh2-
PNPPh2S)n (n=2, R=Me, Bu; n=1, R=Me, Bz, Ph)
was prepared and characterised by spectroscopic meth-
ods [165]. Some derivatives were investigated by X-ray
diffraction. Thus, Me2Sn(SPh2PNPPh2)2 was found to
contain octahedrally coordinated tin, in a symmetrical
spiro-bicyclic structure (30) [166], whereas (tetra-
phenyldithioimidodiphosphinato)trimethyltin(IV) dis-
plays an unique supramolecular, chain-like structure
(31) containing a bridging SPR2NPR2S ligand, which
forms a primary Sn–S bond (2.517 A, ) and a secondary
Sn···S bond (3.627 A, ) leading to intermolecular associa-
tion [167]. With oxothioimidodiphosphinates the first
crystal structures (32) of mixed chalcogen derivatives,
R2Sn(OPh2PNPPh2S)2 (R=Me or Ph) were reported
[168]. The dioxoligand derivative Bu2Sn(OPh2-
PNPh2O)2, is also a trans-octahedral spiro-bicyclic
compound [169].

The lead(II) derivative, Pb(SPh2PNPPh2S)2, is a
spiro-bicyclic compound containing a new inorganic
(carbon-free) PbS2P2N chelate ring and Pb···(h6-C6H5)
interactions [170]. Organolead derivatives were also
prepared [171].

Dichlorodiphenylantimony(V) derivatives of oxo-
and thioimidodiphosphinic acids, containing novel in-
organic SbO2P2N and SbOSP2N rings and distorted
octahedral antimony, Ph2SbCl2(OPh2PNPPh2X) (X=
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O, S), were prepared and characterized by X-ray dif-
fraction [172].

Triphenyltelluronium(IV) dichalcogenoimidodiphos-
phinates, containing novel six-membered TeXYP2N
chelate quasi-cyclic structures were prepared and the
X-ray structures of Ph3Te+[(SPPh2)2N]− (33) [92],
Ph3Te+[SPh2PNPPh2O]− and Ph3Te+[(OPPh2)2N]−

[173] were determined. Thus, Ph3Te+[(SPPh2)2N]− is a
quasi-cyclic species in which the Ph3Te+ cations and
[(SPPh2)2N]− anions are chelated through long Te···S
bonds (3.264 and 3.451 A, ) and five-coordinate tel-
lurium is in a distorted square planar geometry.

Some work with transition metal dichalcogenoimi-
dodiphosphinates was also performed by our group, at
home or during visits abroad.

The manganese(II) complexes of dichalcogenoimi-
dodiphosphinato ligands show a peculiarity. Thus, the
monothio ligand forms a monomeric complex,
Mn(SPPh2NPPh2O)2 with a distorted tetrahedral
MnO2S2 core, whereas the dioxo ligand gives a dimeric
[Mn(OPPh2NPPh2O)2]2 complex (34), with a four-mem-
bered Mn2O2 ring associated with six-membered
MnO2P2N rings, and containing five-coordinate trigo-
nal bipyramidal manganese [174]. With the dithio lig-
and only the monocyclic (CO)4Mn(SPh2P)2N is formed
[175].

The X-ray crystal structure analysis of (tetra-
phenyldithioimidodiphosphinato) (triphenylphosphine)-
copper(I), (Ph3P)Cu(SPPh2)2N, confirmed the first
monocyclic compound, obtained from Cu(PPh3)2NO3

with the potassium salt of the ligand [176a]. The related
gold(I) compound (Ph3P)Au(SPPh2)2N, has also been
prepared and characterized structurally; it contains an
unsymmetrical AuSPNPS quasi-cylic system [176b].
Displacement of triphenylphosphine from Cu(PPh3)2-
NO3 and Co(PPh3)2Cl2 occurred with a diselenoimi-
dodiphosphinato ligand, with the formation of
(PPh3)Cu(SePh2P)2N and Co(SePh2PNPPh2Se)2, con-
taining the novel CuSe2P2N and CoSe2P2N inorganic
metallocycles (35), as established by X-ray diffraction
[177].

The tetramethyldithioimidodiphosphinato ligand was
found to form a cobalt(II) complex, Co(SMe2-
PNPMe2S)2, containing a rare tetrahedral CoS4 core
[178], also found in Co(SMe2PNPPh2S)2 [156].

An unexpected result was obtained in nickel com-
plexes. Both tetrahedral and square planar NiS4 cores
were found in nickel(II) bis(dithioimidodiphosphinato)
chelates Ni(SPh2PNPR2S)2 (R=Me, Ph). With R=Me
the metal coordination is square planar (36), whereas
for R=Ph a tetrahedral coordination geometry (37) is
observed [179]. This situation was called ‘heterogeome-
trism’ [33,80]. The monothio ligand formed the first
nickel(II) complex containing a tetrahedral NiO2S2 co-
ordination center [180].

The reaction with trinuclear ruthenium carbonyls
produced a rupture of a P�S bond in the dithioimi-
dodiphosphinate and the X-ray crystal structures of
[(m2-H)Ru3(m3-S)(m2-SPPh2NPPh2)(CO)8] and [(m2-
H)Ru3(m2-SPPh2NPPh2)(CO)9] formed in this reaction
were determined [181].

11. Theoretical studies

Theoretical studies were carried out in my group by
Ioan Silaghi-Dumitrescu. In the beginning he used
punched cards, going back and forth to the University
Computer Center. Then, we managed to get a PC
without monitor and he used his home TV for this
purpose. After 1990, when the computing facilities im-
proved greatly so did our theoretical interests expand,
to include inorganic (carbon-free) fullerene analogues
(cited above) and other species not related to this
review.

The first theoretical calculations dealt with normal
coordinate analyses, Urey–Bradley force field calcula-
tions and interpretation of vibrational spectra of
dimethyldithiophosphinato anion [182] (a subject revis-
ited recently [183]) and of its nickel(II) chelate
Ni(S2PMe2)2 [184], as well as of bis(O-isopropyl-
ethyldithiophosphonato)nickel(II) [185], which gave a
clearer picture of the relation between the vibrational
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spectra and coordination behavior of organodithio-
phosphorus ligands [186].

The theoretical studies at the time also included:
CNDO/2 calculations of electronic structures of
R2P(S)SH (R=OMe, OPr, Me) and their anions [187];
a molecular orbital study of bis(dimethyldithiophosphi-
nato)nickel(II) [188]; the chelating versus bridging coor-
dination of dithiophosphates in copper complexes
discussed on the basis of an EHMO study [189].

The normal coordinate analysis of the vibrational
spectrum was also applied to the dimethyldithioarsinato
anion, Me2AsS2

− [190].
Other theoretical works reported include the study of

the electronic structure and force constants of the
dithionitronium cation NS2

+ [191] and the electronic
structure and bonding in the thiophosphoryl cation
PS+ [192].

In the chemistry of chalcogeno–organoarsenic com-
pounds the heats of formation were determined from
molecular orbital calculations for di- and tetrahalogeno
derivatives of tetramethyldiarsine oxide [193] and te-
tramethyldiarsane–chalcogen derivatives [194].

12. Biological activity

Some of the organometallic (tin and antimony)
derivatives prepared in our laboratory were found to
display antitumor activity [195–197]. Thus, the first
organoantimony(III) compounds possessing antitumor
properties were the diphenylantimony(III) derivatives
of dithiophosphorus ligands, Ph2SbS(S)PPh2 and
Ph2SbS(S)P(OPri)2. In collaboration with Dr Carmen
Socaciu, my former PhD student turned biochemist,
and Dr Adela Bara from the Oncologic Institute of
Cluj-Napoca, the antitumor activity and inhibitory ef-
fects of some diphenyltin(IV) and diphenylantimo-
ny(III) derivatives, Ph2M(S2PR2)n (M=Sn, n=2;
M=Sb, n=1; R=Ph, OPri) in vitro and in vivo on

Ehrlich ascites tumor [198,199], as well as the in vivo
activity against P388 leukemia [200]. The mutagenic
potential of some diphenylantimony(III) dithiophos-
phorus derivatives [201] and the genotoxicity of these
metal-based antineoplastics was evaluated by SOS
Chromotest and cytogenetic analysis [202]. The activity
of organoatimony compounds is similar or sometimes
higher than that of the analogous organotin com-
pounds. In view of the intensive investigation of organ-
otin compounds as potential antitumor agents [203] this
suggests that organoantimony compounds would de-
serve more attention.

13. Conclusions and outlook

The results presented here demonstrate the versatility
of sulfur containing ligands (dithiophosphates, -phos-
phinates and -phosphonates, dithioarsinates and
dichalcogenoimidodiphosphinates) and their oxo ana-
logues. The compounds investigated display a broad
diversity of compositions and structures and include
metal and organometallic derivatives, at the interface
between the traditional branches of inorganic chem-
istry: coordination, organometallic and inorganic ring
chemistry (Fig. 1). Quite often some Main Group metal
derivatives undergo intermolecular self-assembly and
self-organisation in the solid state, thus opening the
entry into supramolecular organometallic chemistry
[204]. The research described was carried out in a broad
international cooperation.
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[170] J.S. Casas, A. Castiñeiras, I. Haiduc, A. Sánchez, J. Sordo,
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