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Abstract

This article outlines two related bidentate organophosphorus ligand systems prepared by
Ž . Ž . Ž . Žphosphorus]nitrogen P]N bond formation } R E PNHPR , RC E NHPR E s O, S,2 2 2

.or Se and their derivatives. The focus is on the extensive coordination chemistry exhibited
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by these systems to transition metals. A brief description of the syntheses of the ligands and
metal complexes is given. Q 1998 Elsevier Science S.A. All rights reserved.
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1. General introduction

Coordination chemistry contains numerous examples of bidentate ligands, which
form ring closure through the donor atoms binding to the same metal. The most
used ligands are those derived from that containing carbon, nitrogen, oxygen,
phosphorus and sulphur atoms. Such chelates are widely used in catalysis, metal
extraction, bioinorganic chemistry, tribology and many other fields. Heteroatom
ligands containing a phosphorus]nitrogen bond have been known for over three
decades. Phosphorus groups have been shown to form bonds with nitrogen groups

Ž .with relative ease, and compounds containing phosphorous]nitrogen P]N bonds
are chemically very stable. These facts make any investigation of ligands containing
P]N bonds an interesting project.

( ) ( )2. Bis diphenylphosphino amine, Ph PNHPPh DPPA2 2

Ž .Bis diphenylphosphino amine has generated much interest since its discovery.
w xNumerous examples of derivatives and metal complexes have been prepared 1,2 .

The condensation of hexamethyldisilazane with chlorodiphenylphosphine gives
Ž Ž .. w xDPPA in good yield Eq. 1 3 . The P]N bonds are fused together, with the loss

of trimethylsilyl chloride providing the thermodynamic driving force for the reaction.

Ž .Both phosphorus III atoms can be sequentially oxidised by selected chalcogen
Ž .elements i.e. oxygen, sulphur or selenium to make a range of possible ligands

Ž .Scheme 1 .
w Ž . Ž . xDouble oxidation of DPPA gives another set of ligands, Ph E NHP E Ph2 2

Ž .E s O, S or Se , that have shown an extensive coordination chemistry with
Ž . w � Ž . 4 xnumerous metals see Section 4 . Imidodiphosphinates, HN P S Ph , were first2 2

w x w � Ž . 4 xsynthesised by Schmidpeter et al. 4 . Later, the seleno HN P Se Ph analogue2 2
Ž .was prepared by oxidation of Ph PNHPPh DPPA with potassium selenocyanate2 2

w xfollowed by acidic work up 5 , or by direct reaction with grey selenium at reflux in
w xtoluene 6 .
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Scheme 1. Heteroatom ligands derived from DPPA.

( ) ( )3. Coordination chemistry of Ph NHP E Ph E s O, S or Se2 2

Recently, the monosubstituted compounds of DPPA with oxygen, sulphur and
Ž .selenium have been prepared by direct oxidation of one of the two phosphorus III

groups with hydrogen peroxide, elemental sulphur and grey selenium, respectively.
Ž . Ž .Monochalcogenides of DPPA, Ph NHP E Ph E s O, S or Se , have been shown2 2

to coordinate with a number of metals affording five-membered ring metallacycles
Ž .of the generic structure MPNPE Fig. 1 .

The coordination of these compounds can be described by two possible reson-
Ž .ance structures, a neutral chelating ligand a or a chelating anion with the loss of

Fig. 1. Coordination pattern of monochalcogenides of DPPA.

w Ž . x w xScheme 2. Unidentate complexes of Ph O PNHPPh with Rh, Ir, Pd, Pt and Au 9]11 .2 2
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w � Ž . 4 x w Ž 3 .� Ž . 4x w xFig. 2. The structures of cis- M Ph P O NPPh and Pd h -C H Ph PNP O Ph 12 .2 2 2 3 5 2 2 2

w Ž .� Ž . 4xq w Ž 3 .� Ž . 4x ŽFig. 3. The structures of M COD Ph P O NPPh and M h ]C H Ph P O NPPh M s Pd2 2 3 5 2 2
. w xor Pt 12 .

Ž . w xthe imido proton in the neutral chelate ring b . Rossi et al. 7 have reported
Ž .rhenium complexes with the neutral Ph P O NHPPh and the deprotonated2 2

Ž . vy w xw x Ž .Ph P O NPPh ligands from AsPh ReOCl and Ph PNHPPh . A cobalt II2 2 4 4 2 2
Ž . vycomplex with both a chelating DPPA and a unidentate P-bound Ph P O NPPh2 2

w x Ž .ligand has been prepared 8 . The neutral Ph P O NHPPh ligand containing a2 2
hard and a soft donor, mostly acts as a unidentate compound with coordination

Ž . I I II IIthrough the phosphorus III atom } several examples involving Rh , Ir , Pd , Pt
and AuI are illustrated in Scheme 2.

The ligands, when attached to a metal in a unidentate fashion, can subsequently
be deprotonated by potassium tertbutoxide. Upon deprotonation the free oxygen

Ž .atom may be coordinated to the same metal centre M s Pd or Pt or to a second
Žmetal, to form either P,O-chelate complexes or P,O-bridging complexes Figs. 2

.and 3 .
Ž .Mono-oxidation of bis diphenylphosphino phenylamine with sulphur or selenium

Ž . Ž .gives Ph P E NphPPh E s S or Se . These compounds act as bidentate chelate2 2
Ž . Ž . Ž .ligands towards metal forming complexes of the type CO M L M s Mo or W ,4

Ž . Ž . Ž . Ž . w Ž . ŽCO Cl Rh L and Cl M L M s Pt or Pd , where L s Ph P E NPhPPh E s S2 2 2
.x Ž .or Se Scheme 3 .
w � Ž . . xIn Pt Ph P Se NHPPh Cl , the platinum centre has been shown to have a2 2 2 2

Ž .square-planar geometry from the coordination of two neutral Ph P Se NBPPh2 2

w � Ž . 4 x w � Ž . 4 x w xFig. 4. The structures of Pt Ph P Se NHPPh Cl and Pt Ph P Se NPPh 14 .2 2 2 2 2 2 2
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Ž . w xScheme 3. Complexation of Ph E PNPhPPh with Mo, W, Rh, Pd and Pt 13 .2 2

wŽ . Ž . Ž .Ž . xFig. 5. The structure of Na PhO O PNP O OPh with two bridging chelates at the front, and the2 2
w xback omitted for clarity 15 .
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w Ž . Ž . xFig. 6. The structure of Na Ph O PNP S Ph ? 2THF with carbon atoms of THF omitted for clarity2 2
w x16 .

ligands arranged in the trans]bis configuration. However, the ligand has been
shown to coordinate to a platinum in the cis configuration in its deprotonated form
Ž .Fig. 4 . The bond lengths of the anionic chelates are shorter, with the exception of

w � Ž . 4 xP]E which is longer than that in Pt Ph P Se NHPPh Cl . These differences2 2 2 2
support the notion of partial delocalisation within the chelate ring, as illustrated in
Fig. 4.

{ ( ) } ( )4. Coordination chemistry of HN P E R E s O, S or Se2 2

w Ž . Ž . 4 xySalts of the imidophosphinate, R P E NP E9 R , often display cross-coordi-2 2 2
Ž .nation, resulting in interesting three-dimensional 3D structures. In the 3D cluster

w xqcore Na O , the complexation is accomplished by long Na ??? O5P interactions6 12
˚Ž . Ž .2.23]2.50 A in a hexameric form Fig. 5 . The salt of the ligand with mixed donor

w Ž . Ž . xatoms, Na Ph O PNP S Ph , displays a dimeric structure with two tetrahydro-2 2

w � Ž . 4 x w x w Ž .xq w � Ž . 4 xy w xFig. 7. The structures of K N P S Ph 17 and K 18-crown-6 N P S Ph 18 .2 2 2 2

w Ž . x w � Ž . 4 x w x w xq w � Ž . 4 xy w xFig. 8. The structures of N PPh N P S Ph 19 and TePh N P S Ph 20 .3 2 2 2 3 2 2



( )T.Q. Ly, J.D. Woollins r Coordination Chemistry Re¨iews 176 1998 451]481 457

Ž .furan molecules completing the coordination sphere Fig. 6 . The P]O distance is
w Ž . Ž . xsimilar to that in Ph O PNHP S Ph , but the P]S bond is lengthened2 2

˚w Ž . Ž . x w Ž . Ž .1.925 14 ]1.979 4 A , whilst the P]N bonds have contracted 1.577 9 and 1.606 9
˚Ž . Ž . xfrom 1.694 4 , and 1.668 5 A .

w � Ž . 4 xy q w ŽSalts of the imidothiophosphinate, N P S Ph , with four cations, K , K 18-2 2
.xq w Ž . xq w xqcrown-6 , N PPh and TePh , have revealed interesting structural config-3 2 3

urations. In the potassium salt, the structural feature of the anion is much like a
chelating ligand, with long-range interactions linking the potassium atoms in a

Ž . w Ž .xq Žzigzag fashion Fig. 7 . The K 18-crown-6 1,4,7,10,13,16-hexaoxacyclooctade-
.cane cation shows no interaction with the anion, and it has adopted a syn

Ž . w Ž . xqorientation Fig. 7 . The organic salt, N PPh , revealed an unusual linear3 2
w Ž . xP]N]P 180.0 1 8 in the anion, that is rationalised in terms of double bond

Ž .character in the P]N bonds Fig. 8 . No cation]anion interactions were found. The
w xw � Ž . 4 xmolecular structure of TePh N P S Ph displays weak cation]anion Te ??? S3 2 2

˚w xsecondary interactions 3.264 and 3.451 A . The P]S bonds are in the syn confor-
w Ž .xq Ž .mation with close similarity to that seen in the K 18-crown-6 salt Fig. 8 . The

w � Ž . 4 xK N P Se Ph salt has an angular P]N]P bond and forms a ladder structure2 2
w � Ž . 4 xsimilar to that in K N P S Ph .2 2

w Ž . Ž . xyThe coordination chemistry of R E PNP E9 R has been widely investigated2 2
w xand reviewed 21,22 . Selected metal complexes with these ligands are discussed.

w � Ž . 4 xThe first substantial investigation into the coordination chemistry of HN P S Ph2 2

w Ž .�Ž Ž . . 4 x w xFig. 9. The structure of V O Ph O P N 24 .2 2 2

w Ž .�Ž Ž . . 4 x Ž . w xFig. 10. The structure of MoX O Ph O P N X s Cl or O 25 .2 2 2
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w Ž .� Ž . Ž . 4 x Ž i . w xFig. 11. Molecular structure of Mo N S R O PNP S R R s Ph or Pr 26 .3 2 2 2 2

w xwas reported in 1978 23 . The typical preparation of metal complexes required the
Ž Ž ..reactions at reflux, of a ligand or its salt, with a metal dihalide Eq. 2 .

No complexes of the imidodiphosphinates with the metals from group 2, 3 or 4
have been reported.

4.1. Group 5: V, Nb and Ta

w Ž .�� Ž . . 4 xIn V O Ph O P N , the metal is in the centre of a square-based pyramid2 2 2
Ž .with the rings nearly planar Fig. 9 . No complexes with niobium or tantalum have

been structurally characterised.

w Ž . �Ž Ž . . 4x w x w �Ž Ž . . 4 x w xFig. 12. The structures of Mn CO Ph S P N 27 and Mn Ph S P N 28 .4 2 2 2 2 2

w Ž . �Ž Ž . . 4Ž .x w Ž . �Ž Ž . . 4 Ž .xFig. 13. The structures of Re O Cl Ph O P N PPh , Re O Cl Ph S P N PPh ,2 2 2 3 2 2 2 3
w Ž .�Ž Ž . . 4 x w x w Ž . �Ž Ž . . 4Ž .x w xReO OEt Ph S P N 29 and Re N Cl Ph S P N PPh 30 .2 2 2 2 2 3
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4.2. Group 6: Cr, Mo and W

The coordination geometry of the dioxygen complexes of molybdenum,
w Ž .�Ž Ž . . 4 x w �Ž Ž . . 4 xMoCI O Ph O P N and MoO Ph O P N , are both octahedral and2 2 2 2 2 2 2

Ž .have cis conformation Fig. 10 .
w Ž .� Ž . Ž . 4 x Ž .In MO N S R O PNP S R , molybdenum V is at the centre of an octahe-3 2 2 2 2

Ž .dral coordination complex Fig. 11 . The oxygen donors lie trans to nitrogen in both
compounds.

4.3. Group 7: Mn, Tc and Re

Ž .The manganese I complex with one chelate ligand is arranged octahedrally,
Ž .whilst the manganese II compound contains two chelate ligands in a tetrahedron

Ž .geometry Fig. 12 .
Rhenium has been subjected to coordination of the ligands with oxygen, sulphur

and selenium donor groups. The molecular structures of four metal complexes
are shown in Fig. 13. The upper two compounds are octahedrally coordinated

Ž .with the oxo in the cis or trans with respect to oxygen and sulphur

w �Ž Ž . . 4 x w x w �Ž Ž . . 4 x w xFig. 14. The structures of Fe Me S P N 31 and Fe Ph O P N 32 .2 2 2 2 2 3

w �Ž Ž . . 4 x w �Ž Ž . . 4 x w xFig. 15. The structures of Co Me S P N and Co Ph Se P N 33 .2 2 2 2 2 2

w �Ž Ž . . 4 x w x w �Ž Ž . . 4 x w xFig. 16. The structures of Ni Ph S P N 6,34,35 , Ni Me S P N 36,37 ,2 2 2 2 2 2
w �i Ž . . 4 x w x w � Ž . Ž . 4 x w xNi Pr S P N 38 and Ni Ph S PNP S Me 39 .2 2 2 2 2 2
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conformation, depending on the donor groups on the chelate ligands. In
w Ž .�Ž Ž . . 4 xReO OEt Ph S P N , the rhenium atom is octahedrally coordinated with the2 2 2
two chelate ligands lying trans to each other. The rhenium complex,
w Ž . �Ž Ž . . 4Ž .xRe N Cl Ph S P N PPh , displays a square pyramid with the Re]N bond2 2 3

˚w Ž . xconsidered to be a triple bond 1.630 1 A . The structure of the compound with
selenium donor groups has yet to be determined.

4.4. Group 8: Fe, Ru and Os

Ž .The iron II complex with sulphur donor groups consists of two chelate ligands
Ž .in a tetrahedral configuration. However, iron III complexes with oxygen donor

Ž .groups displays an octahedral Tris-chelate geometry Fig. 14 .

4.5. Group 9: Co, Rh and Ir

Ž .The cobalt II complexes shown in Fig. 15 are both tetrahedral with sulphur and
selenium donor groups.

w �Ž . Ž . Ž .Ž . 4 x w x w �Ž i Ž . . 4 x Ž 4 ŽFig. 17. The structures of Pd PhO S PNP S OPh 41 , M Pr S P N M s Pd or Pt D.2 2 2 2 2 2
.Cupertino, R. Keyte, A.M.Z. Slawin, D.J. Williams, J.D. Woollins, unpublished work and

w � Ž . Ž . 4 x Ž i . w xPd Ph O PNP Se Ph R s Ph or Pr 40 .2 2 2

w � � Ž . 4 4Ž . xq w �Ž . Ž . Ž .Ž . 4Ž . xq w xFig. 18. The structures of Pt N P S Ph PEt and Pt PhO S PNP S OPh PMe 43 .2 2 3 2 2 2 3 2

w Ž .�Ž Ž . . 4x w x w �Ž Ž . . 4 xq w xy ŽFig. 19. The structures of Cu PPh Ph S P N 44 and Cu Ph S P N CuCl with3 2 2 4 2 2 3 2
. w xphenyls omitted for clarity 45 .



( )T.Q. Ly, J.D. Woollins r Coordination Chemistry Re¨iews 176 1998 451]481 461

4.6. Group 10: Ni, Pd and Pt

Ž .The nickel II complexes adopt tetrahedral geometry with symmetrical ligands.
w �Ž Ž . . 4 x w �Ž Ž . . 4 x w �Ž i Ž . . 4 xIn Ni Ph S P N , Ni Me S P N and Ni Pr S P N , the com-2 2 2 2 2 2 2 2 2

pounds display the tetrahedral configuration whilst the mixed R system
w � Ž . Ž . 4 x Ž .Ni Ph S PNP S Me is square planar Fig. 16 .2 2 2

w �Ž Ž . . 4 x Ž .The palladium and platinum complexes M Ph E P N E s S or Se are all2 2 2
Ž .square planar, with the chelate rings in the pseudo-boat conformation Fig. 17 .

The pseudo-boat conformation is also found in the chelate ring with mixed donor
w Ž .� Ž . Ž . 4 x w xatoms coordinated to platinum Pt C H OMe Ph O PNP S Ph 40 . The8 12 2 2 2

w � Ž . Ž . 4Ž . xqboat conformation of the chelate ring in Pt Ph S PNP S Ph PEt is rear-2 2 3 2
ranged to a chair conformation by putting an oxygen atom between the phenyl and

w �Ž . Ž . Ž .Ž . 4 Ž . xq Ž .the phosphorus groups, Pt PhO S PNP S OPh PMe Fig. 18 .2 2 2 3 2

4.7. Group 11: Cu, Ag and Au

Ž . w Ž .�Ž Ž . . 4xThe copper I complex, Cu PPh Ph S P N , displays a monocyclic struc-3 2 2
Ž . w �Ž Ž . . 4 xqture with three atoms bound to the copper atom Fig. 19 . In Cu Ph S P N4 2 2 3

w xyCuCl , the third coordination of the copper atom is completed by bonding to2
another sulphur donor atom, in such a way that a small cluster of four copper

Ž .atoms with three chelate ligands is formed Fig. 19 .
w Ž Ž . 4 x w Ž .x w �Ž Ž . . 4xThe reaction of HN P S Ph with AuCl THT gives AuCl Ph S P N ,2 2 2 2 2 2

with the loss of a proton. The gold atom is tetracoordinated in a square-planar
Ž . w � Ž . 4 x w xconfiguration Fig. 20 . The Reaction of HN P S Ph with AuR Cl gives2 2 2

w �Ž Ž . . 4x w xAuR Ph S P N 47 .2 2 2

4.8. Group 12: Zn, Cd and Hg

Ž . Ž . w � Ž .i 4 xZinc II and cadmium II complexes with HN P S Pr are isostructural in the2 2
Ž .tetrahedral configuration Fig. 21 . The geometry of the chelate rings is puckered

with a pseudo-boat conformation.

4.9. Group 13: B, Al, Ga, In and Tl

Ž . w �Ž Ž . . 4xThe thallium III complex, TlPh Ph S P N , is prepared by reacting2 2 2

w �Ž Ž . . 4x w xFig. 20. The structure of AuCl Ph S P N 46 .2 2 2
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w �Ž i Ž . . 4 x Ž . w xFig. 21. The structure of M Pr S P N M s Zn or Cd 38 .2 2 2

w �Ž Ž . . 4x w xFig. 22. The structure of TlPh Ph S P N 48 .2 2 2

Ž . w � Ž . 4 xdiphenylthallium III bromide with K N P S Ph . The metal has a tetrahedral2 2
Ž .coordination Fig. 22 .

4.10. Group 14: C, Si, Ge, Sn and Pb

This group is well represented, and is dominated by tin compounds that display
coordination with oxygen, sulphur and selenium donor groups. The tin complexes

w � Ž . 4 xwith oxo ligands are illustrated in Fig. 23. When the ligand HN P O Ph is2 2
Ž .reacted with tin II acetate, the resulting structure is a distorted trigonal bipyramid.

The geometry at the tin atom suggests the presence of a lone pair of electrons at
Ž . w Ž Ž . . .4 xthe vacant equatorial site Fig. 23 . In SnI Ph O P N , the coordination at2 2 2 2

w Ž Ž . . 4 x w �Ž Ž . . 4 x w x w Žn . �Ž Ž . . 4 xFig. 23. The structures of Sn Ph O P N , SnI Ph O P N 49 and Sn Bu Ph O P N2 2 2 2 2 2 2 2 2 2 2
w x50 .
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w � Ž . Ž . 4 x Ž . w xFig. 24. The structure of SnR Ph P S NP O Ph R s Me or Ph 51 .2 2 2 2

w �Ž Ž . . 4 x w xFig. 25. The structure of SnMe Ph S P N 52 .2 2 2 2

the tin atom is octahedral with the iodine atoms in the cis position. However, it is
interesting to note with the substitution of the iodine atoms for nbutyl groups,
w Žn . �Ž Ž . . 4 xSn Bu Ph O P N , the two chelate ligands formed in the trans position to2 2 2 2
each other.

When one oxygen is replaced by a sulphur the planarity of the ME P N ring2 2
Ž . Ž .E s O or S is lost and a boat conformation is observed Fig. 24 . It is interesting
to note the isomer in which the sulphur and oxygen are trans to one another is
preferred. This may be explained by the fact that the Sn]S and P]S bonds are

˚generally 0.5 A longer than Sn]O and P]O bonds, and the Sn]O]P angle is
almost 308 greater than the Sn]S]P angle. The trans geometry probably reduces
steric hindrance and any ring strain.

w �Ž Ž . . 4 xThe dimethyltin complex with the thio chelate ligand, SnMe Ph S P N ,2 2 2 2
Ž .has the tin atom in an octahedral configuration Fig. 25 . The chelate ligands

approximate to a square planar geometry in a boat conformation.
Ž .The selenium analogue exists in two forms: a distorted square tetragonal

Ž .pyramid with the MSe P N ring adopting the boat conformation red crystals ; and2 2
a square planar complex with the MSe P N ring adopting the chair conformation2 2
Ž .yellow crystals, Fig. 26 . The two isomers were recrystallised from the same yellow

w � Ž . 4 xchloroformrhexane solution of Sn N P Se Ph , suggesting that the difference2 2 2
in energy between the two conformers is very little,

Ž . w �Ž Ž . . 4 xThe lead II complex, Pb Ph S P N , has two chelate ligands bound to the2 2 2

w �Ž Ž . . 4 x Ž . w �Ž Ž . . 4 x ŽFig. 26. The structures of boat- Sn Ph Se P N red crystals and chair- Sn Ph Se P N yellow2 2 2 2 2 2
. w xcrystals 53 .
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w �Ž Ž . . 4 x w xFig. 27. The structure of Pb Ph S P N 54 .2 2 2

w �Ž Ž . . 4x w Ž Ž . Ž . 4x w xŽ .Fig. 28. The structures of SbPh Cl Ph O P N , SbPh Cl Ph S PNP O Ph 55 E s 0 or S2 2 2 2 2 2 2 2
w �Ž Ž . . 4 x w xand Bi Ph S P N 56 .2 2 3

lead atom. Close inspection of the structure revealed a pseudo octahedral coordi-
nation geometry with the interaction of two phenyl groups, from the ligands,

Ž .completing the coordination sphere Fig. 27 .

4.11. Group 15: N, P, As, Sb and Bi

Ž . w �Ž Ž . . 4xIn diphenylantimony V compound, SbPh Cl Ph O P N , the antimony2 2 2 2
atom is octahedrally coordinated with a monocyclic chelate ring. The oxo-thio

w � Ž . Ž . 4xanalogue, SbPh Cl Ph S PNP O Ph , displays similar features with normal2 2 2 2
Ž . Ž . w �Ž Ž . . 4 xbond lengths Fig. 28 . The bismuth III complex, Bi Ph S P N 3 , has three2 2

Ž .chelate ligands organised octahedrally around the bismuth atom Fig. 28 .

4.12. Group 15: O, S, Se, Te and Po

w � Ž . 4 xThe square planar complexes of HN P S Ph with selenium and tellurium2 2

w �Ž Ž . . 4 x w x w �Ž Ž . . 4 x w xFig. 29. The structures of Se Ph S P N 57 and Te Ph S P N 58 .2 2 2 2 2 2
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Scheme 4. Heteroatom ligands from selective oxidation of DPPA.

Ž .have been reported Fig. 29 . The SeS P N ring is a slightly distorted chair as2 2
opposed to the TeS P N ring, which is a near perfect chair conformation.2 2

The range of ligands derived from DPPA is numerous, and in some cases
Žthere are as many as four different atom types in the chelate skeletal e.g.

w Ž . Ž . x w Ž . Ž . x w Ž . Ž . xPh Se PNHP O Ph , Ph Se PNHP S Ph and Ph S PNHP O Ph shown in2 2 2 2 2 2
.Scheme 4 . Compared with the extensive research on DPPA and its derivatives, less

Ž .research has been carried out on phosphorus III systems such as diphenylphos-
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Ž . Ž .Scheme 5. Synthesis of Ph P S NHC E R9.2

Ž . Ž .phino thioureas, Ph PNHC S R DPPTs . The DPPTs systems can be oxidised to2
Ž . Ž . Ž .form diphenylthiophosphinyl thioureas Ph P S NHC S R DPTPTs and related2

compounds.

5. Diphenylphosphinyl ureas and thioureas

Ž . Ž .Diphenylphosphinyl thioureas, Ph P O NHC S R, have been prepared from the2
Ž Ž .. w xreaction of phosphoroisothiocyanatidates with amines Eq. 3 59]61 . The reac-
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tion proceeds by nucleophilic amine-attack upon the carbon atom of the isothio-
cyanate, followed by the loss of a proton to the nitrogen of the isothiocyanate at
room temperature. The choice of oxygen and sulphur donor atoms in the ligands

Ž .can be changed by manipulating the starting material } see Eq. 4 .
The synthesis of the ligands with sulphur donors, such as diphenylthiophosphinyl

Ž .thioureas DPTPT , in quantitative yields, was reported by the addition of amines
Ž Ž ..w xto the isothiocyanate group Eq. 3 62]67 .

The compounds can also be prepared by clipping the metallated acid amides
w x Ž .together with acid chlorides or chlorophosphine 68 Scheme 5 . The reactions

proceed via P]N bond formation the two reagents } the driving force in these
reactions is the formation of sodium chloride.

Another route for synthesising these compounds was investigated by SchmutzIer
w xet al. 69 , who used the condensation of silylated ureas and thioureas with

Žchlorophosphines, followed by direct oxidation with sulphur or selenium Eqs.
Ž . Ž ..5 ] 7 .

One advantage of this synthetic method is that the phosphorus group can be
selectively oxidised by oxygen, sulphur or selenium, in a similar fashion to the

Ž .chemistry of DPPA e.g. Scheme 4 .
w xWoollins et al. 70 later prepared this ligand system at a faster rate, with the

Ž .introduction of a catalyst, 4-dimethylaminopyridine. The resulting phosphorus III
intermediate can then be oxidised selectively with the desired chalcogenides
Ž Ž ..oxygen, sulphur or selenium; Eq. 8 .

( ) ( ) ( )6. Structure of RC E NHP E9 Ph E and E9 s O or S2

Ž . Ž . Ž .DPTPT, closely related to Ph E PNHP S Ph E s O or S , can exist in three2 2
Ž .possible tautomeric forms Scheme 6 . Infrared and NMR spectroscopy suggest the

Ž . Ž . Ž .compound is in the imido form. X-ray studies of R E PNHC E R9 E s O or S2
established that this system is predominantly in the imido form and is well
represented by many examples. Selected bond lengths and angles of the com-
pounds to follow are listed in Table 1.

w Ž . Ž . Ž .xSingle crystal X-ray diffraction studies of PhC O NHP O Ph OMe , indicate
Ž .the oxygen atoms are arranged in the anti orientation Fig. 30 . The phosphoryl

and imido groups are syn coplanar, whilst the carbonyl and imido are anti
coplanar.
The phosphoryl oxygen and the imido hydrogen are involved in an inter-
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Table 1
˚Ž . Ž . Ž . Ž .Selected bond lengths A and angles 8 of RC E NHP E9 R9

Ž . Ž .Compound PO S PN NC CO S PNC Ref.

w Ž . Ž . Ž .x Ž . Ž . Ž . Ž . Ž . w xPhC O NHP O Ph OMe 1.469 5 1.673 6 1.393 8 1.216 8 122.0 4 71
w Ž . Ž . Ž .Ž . x Ž . Ž . Ž . Ž . Ž . w xPh Me NC O NHP O OPh 1.462 4 1.646 5 1.406 8 1.213 7 125.6 4 722
w Ž . Ž .Ž .Ž .x Ž . Ž . Ž . Ž . Ž . w xMeC O NHP O OMe SMe 1.463 3 1.641 4 1.365 5 1.219 4 123.9 3 73

iw Ž . Ž .Ž . x Ž . Ž . Ž . Ž . Ž . w xPhC S NHP O O Pr 1.457 1 1.672 1 1.360 2 1.646 1 127.9 9 742
w Ž . Ž .Ž . x Ž . Ž . Ž . Ž . Ž . w xPh PC S NHP O OPh 1.460 1 1.658 2 1.372 2 1.637 2 130.5 1 752 2

iw Ž . Ž .Ž .�Ž Ž . 4x Ž . Ž . Ž . Ž . Ž . w xPhHNC S NHP O NH Pr N C H Cl 1.493 4 1.694 4 1.376 6 1.670 6 129.5 4 762 4 2
w Ž . Ž . x Ž . Ž . Ž . Ž . Ž . w xPhC O NHP S Ph 1.941 6 1.720 1 1.360 2 1.220 2 120 1 702
w Ž . Ž . Ž .Ž . x Ž . Ž . Ž . Ž . Ž . w xPh Mc NC S NHP S OPh 1.895 2 1.671 3 1.378 6 1.664 3 127.5 2 722

iw Ž . Ž .Ž . x Ž . Ž . Ž . Ž . w xPhC S NHP S O Pr 1.912 1 1.686 3 1.354 5 1.635 4 } 852
nwŽ . Ž . Ž . Ž . Ž . x Ž . Ž . Ž . Ž . Ž . w xPhO P O NHC O NHC O N Pr 1.445 2 1.646 3 1.370 4 1.211 4 128.1 2 862 2

w Ž . Ž . Ž . x Ž . Ž . Ž . Ž . Ž . w xPh S PNHC O NBP S Ph 1.931 1 1.702 2 1.367 3 1.219 3 121.8 2 872 2
Ž . Ž . Ž . Ž .1.942 1 1.686 2 1.379 3 } 134.6 2
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Ž .Scheme 6. Tautomeric structures of diphenylthiophosphinyl urea and thiourea E s O or S .

molecular hydrogen bond to an adjacent molecule in a dimer formation. In
w Ž . Ž . Ž .Ž . xPh Me NC O NIHP O OPh , the molecules display isostructural arrangement2

Ž .to the above compound with a similar hydrogen-bonding interaction Fig. 30 .
w Ž . Ž .Ž . xInterestingly, a similar compound, MeC O NHP O SMe OMe , was found to

Ž .have the two oxygen atoms arranged in the syn orientation Fig. 30 . There are
intermolecular P5O ??? H]N hydrogen bonds in the crystal structure of this com-
pound, but instead of seeing a dimer, a chain like arrangement was found.

w Ž . Ž .Ž i . xThis system containing mixed donor atoms e.g. PhC S NHP O O Pr , has the2
phosphoryl oxygen atom in the anti orientation relative to the thiocarbonyl group.

Ž .The molecules are arranged as dimers back-to-back formed by intermolecular
Ž .P5O ??? H]N hydrogen bonds between two adjacent molecules Fig. 31 . However,

w Ž . Ž .Ž i . �Ž Ž . 4xthe structure of PhHNC S NHP O NH Pr N C H Cl demonstrates a very2 4 2
different configuration } the molecules are arranged in the anti orientation with
the phosphoryl and imido groups are anti coplanar, whilst the thiocarbonyl and
imido are syn coplanar. The intramolecular hydrogen bond between the phospho-
ryl oxygen and the amino hydrogen forms a ring closure to give a pseudo

Ž .six-membered ring Fig. 31 .

w Ž . Ž . Ž .x Ž . w x w Ž . Ž . Ž .Ž . x w xFig. 30. The structures of PhC O NHP O Ph OMe chiral 71 , Ph Me NC O NHP O OPh 722
w Ž . Ž .Ž . x Ž . w xand MeC O NHP O SMe OMe chiral 73 .

w Ž . Ž .Ž i . x w x w Ž . Ž .Ž . x w xFig. 31. The structures of PhC S NHP O O Pr 74 , Ph PC S NHP O OPh 75 and2 2 2
w Ž . Ž .Ž i . �Ž Ž . 4x Ž i Ž . . w xPhHNC S NHP O NH Pr N C H Cl R5NH Pr,R95N C H Cl 76 .2 4 2 2 4 2
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w Ž . Ž . x w xFig. 32. Molecular structure of PhC O NHP S Ph 70 .2

w Ž . Ž . xIn PhC O NHP S Ph , the X-ray structure shows the compound is in the keto2
Ž .form Fig. 32 . However, the chalcogen groups lie in the syn orientation whilst the

compounds above have them in the anti orientation.
w Ž . Ž . Ž .Ž . xThe structure of the disulphide analogue, Ph Me NC S NHP S OPh , shows2

the compound is in the keto form, with the proton bonded to the nitrogen and not
Ž .to either sulphur atoms Fig. 33 . It is best described as Z, Z9 with absolute values

w Ž .x w Ž .xof torsion angles v S1]C1]N1]P1 s 5.18 and v C1]N1]P1]S2 s 55.08. In1 2
w Ž . Ž .Ž i . x Ž .PhC S NHP S O Pr , a similar syn orientation was found Fig. 33 . The P]S2

˚w Ž . Ž . Ž .Ž . x Ž Ž . .bond length in Ph Me NC S NHP S OPh 1.895 2 A is amongst the shortest2
˚w x Ž . w xfor a P5S bond } comparable lengths are found in b-P S 1.890 A 77 ,4 7

i i ˚wŽ . Ž . Ž . Ž . x Ž .w x wŽ . Ž . Ž . Ž . x ŽPrO P S SS S P O Pr 1.890 A 78 , MeO P S SS S P OMe 1.898 and2 2 2 2
˚ ˚. w x wŽ . Ž . Ž . Ž . x Ž . w x Ž . x1.903 A 79 , PhO P S SS S P OPh 1.898 and 1.900 A 80,81 , PhS P5S2 2 3

˚ t ˚Ž . w x w Ž . x Ž . w x w1.899 A 82 , 1,3,5- Bu C H P 5S 1.890, 1.891 A 83 and 1-Me,3,5-3 6 2 2
t ˚Ž . x Ž . w xBu C H P 5S 1.894, 1.900 A 84 . The C]S bond length in thiourea com-2 6 2 2

Ž .pounds is generally longer than that in benzamide compounds Table 1 . This is
probably due to some distribution of the p-bond in the C5S bond to the adjacent
nitrogen atoms, which would account for the contraction of the C]N bonds } in

Ž .particular the C]N R,R9 bond as oppose to the C]NH bond.
wŽ . Ž . Ž . Ž . Žn . xIn PhO P O NHC O NHC O N Pr , the phosphinyl group, attached to a2 2

biuret backbone, exists in the anti orientation relative to the central carbonyl
Ž .group Fig. 34 . Strong inter and intramolecular hydrogen bonding between the

amine protons and the carbonyl groups are responsible for the anti, anti orienta-
tion. The end carbonyl group is positioned syn coplanar to the second imido group,
and a ring closure influenced by an intramolecular hydrogen bond is formed.

w Ž . Ž . Ž .Ž . x w x w Ž . Ž .Ž i . x w xFig. 33. The structures of Ph Me NC S NHP S OPh 72 and PhC S NHP S O Pr 85 .2 2
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wŽ . Ž . Ž . Ž . Žn . x w xFig. 34. The structure of PhO P O NHC O NHC O N Pr 86 .2 2

w Ž . Ž . Ž . x w xFig. 35. The structure of Ph S PNHC O NHP S Ph 87 .2 2

w Ž . Ž . Ž . xThe solid state structure of Ph S PNHC O NHP S Ph has one P5S group2 2
lying in a syn orientation relative to the central C5O, whilst the other P5S group

Ž .is in the anti orientation Fig. 35 . The syn coplanarity between one P5S group
and an imido group is influenced by an intramolecular hydrogen bond formed by
those two groups. Further, the molecules are inverted, which can be described as
dimer pairs resulting from intermolecular hydrogen bond interactions between the
central carbonyl group and the syn coplanar imido to the adjacent molecule.

Ž . w Ž .Interestingly, the X-ray structure of the phosphorus III analogue, Ph PNHC S2

w Ž . x w xFig. 36. Molecular structure of Ph PNHC S NHPPh ? Me SO 87 .2 2 2
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Fig. 37. Coordination patterns of diphenylthiophosphinyl thioureas.

x Ž .NHP-Ph , has the PNC S NP section planar. Intermolecular hydrogen bonding to2
Ždimethyl sulphoxide may be a contributing factor for the syn, syn orientation Fig.

.36 .

7. Coordination chemistry of diphenylthiophosphinyl ureas and thioureas

These ligands can form cyclic structures with a metal, either as the neutral ligand
Ž .or in the deprotonated form Fig. 37 . The coordination of the deprotonated

wligands can take two possible patterns } delocalised or localised bonding pattern
Ž . Ž . xd and e in Fig. 37, respectively . When the interatomic distances are between
single and double bonds then the delocalised pattern is used. Selected bond lengths
and angles of the compounds to follow are listed in Table 2.

The potassium salt of this system with mixed chalcogen donor atoms,
w Ž . Ž . x Ž .K PhC O NP S Ph , displays a dimeric structure Fig. 38 . Close analysis of the2

coordination of potassium revealed that both atoms are octahedrally bound; three
oxygen, two sulphur and a p interaction from a phenyl group.

The manner of dimerisation is accomplished by an anti arrangement, with cross
coordination from oxygen and sulphur atoms. Each potassium atom is bound in a
distorted octahedral sphere by three oxygen, two sulphur and a p-bond from a
nearby phenyl group.

w Ž . Ž . x w xFig. 38. Molecular structure of K PhC O NP S Ph ? 2CH OH 70 .2 2 3
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Table 2
˚Ž . Ž . � Ž . Ž . 4 Ž .Selected bond lengths A and angles 8 of M RC E NP E9 R9 M s K, Ni, Pt, Cu, Hg, Pb, or Sm; E and E9 s O or S2 x

Ž . Ž . Ž . Ž .Compound MO S MO S PO S PN NC CO S PNC Ref.

w Ž . Ž . x Ž . Ž . Ž . Ž . Ž . Ž . Ž . w xK PhC O NP S Ph ? 2CH OH 2.667 3 3.244 2 1.951 2 1.617 4 1.333 6 1.243 5 119.5 3 702 2 3
nw �Ž . Ž . Ž .Ž . 4 x Ž . Ž . Ž . Ž . Ž . Ž . Ž . w xNi Pr NC S NP S Oph 2.226 1 2.205 1 1.978 1 1.574 3 1.321 4 1.745 4 127.5 3 872 2 2

w � Ž . Ž . 4 x Ž . Ž . Ž . Ž . Ž . Ž . Ž . w xNi MeHNC S NP S Ph 2.216 3 2.214 4 2.016 5 1.610 9 1.294 14 1.760 9 125.6 6 882 2
w � Ž . Ž . 4 Ž . Ž . Ž . Ž . Ž . Ž . Ž . w xPt H NC S NP S Ph 2.33 1 2.312 9 1.97 1 1.68 3 1.37 4 1.78 3 130 2 702 2

q y� Ž . Ž . 4x Ž . Ž . Ž . Ž . Ž . Ž . Ž .H NC S NHP S Ph Cl 2.31 1 2.315 9 1.98 1 1.59 3 1.34 4 1.73 4 129 3 }2 2
w � Ž . Ž . 4 x Ž . Ž . Ž . Ž . Ž . Ž . Ž . w xPt H NC S NP S Ph 2.321 4 2.313 4 1.986 7 1.62 1 1.34 2 1.71 2 128 1 702 2 2
w Ž . Ž . Ž . Ž . x Ž . Ž . Ž . Ž . Ž . Ž . Ž . w xCu PhO P S NC S N Et 2.249 2 2.220 2 1.965 2 1.581 5 1.309 6 1.785 5 135.9 4 892 2 3

Ž . Ž . Ž . Ž . Ž . Ž . Ž .2.263 2 2.230 2 1.958 2 1.571 5 1.313 7 1.776 6 131.1 4 }
Ž . Ž . Ž . Ž . Ž . Ž . Ž .2.275 2 2.224 2 1.957 2 1.596 5 1.312 7 1.768 5 129.5 4 }

w � Ž . Ž .Ž i . 4 x Ž . Ž . Ž . Ž . Ž . Ž . Ž . w xHg PhC S NP S O Pr 2.553 3 2.470 3 1.980 4 1.610 9 1.286 13 1.733 11 133.1 8 902 2
Ž . Ž . Ž . Ž . Ž . Ž . Ž .2.548 3 2.474 4 1.981 4 1.618 9 1.290 13 1.726 2 131.8 8 }

iw � Ž . Ž .Ž . 4 x Ž . Ž . Ž Ž . Ž . Ž . Ž . w xPb PhC S NP O O Pr 2.703 2 2.488 5 1.492 50 1.634 6 1.268 1 1.740 8 125.0 6 742 2
Ž . Ž . Ž . Ž . Ž . Ž . Ž .2.703 2 2.417 5 1.470 6 1.630 7 1.294 1 1.741 8 127.7 6 }

w Ž . Ž . Ž . Ž . x Ž . Ž . Ž . Ž . Ž . Ž . Ž . w xSm EtO P O NHC O NHC O Ph 2.394 4 2.532 4 1.455 4 1.663 5 1.366 8 1.211 6 127.5 4 912 3
Ž . Ž . Ž . Ž . Ž . Ž . Ž .2.398 5 2.543 4 1.465 4 1.655 6 1.365 10 1.205 7 125.9 5 }
Ž . Ž . Ž . Ž . Ž . Ž . Ž .2.398 5 2.528 4 1.459 5 1.655 6 1.343 10 1.223 8 127.3 5 }
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DPTPT demonstrates a similar coordinative versatility to its carbon free ana-
logue. The first substantial investigation into the coordination chemistry of

w xdiphenylthiophosphinyl thioureas was reported by Ojima et al. 62,63 . The com-
pounds behave as bidentate ligands and have been shown to form a number of
metals complexes. Typical coordination chemistry of these ligands is with direct

Ž . Ž Ž ..reaction to MX M s Co, Ni, Cu or Pd; X s Cl at room temperature Eq. 9 .2
Interestingly, these reactions proceed at room temperature, compared with
w Ž . Ž . xPh S PNHP S Ph which requires heating at reflux.2 2

Ž . Ž .The nickel II and palladium II complexes containing this ligand system are
square planar, while the complex containing cobalt is tetrahedral. Ojima et al.

Ž .proposed that some diphenylphosphinothioylthioureato metal II complexes have a
Ž .chelate structure containing five different atoms } C, N, P, 2S and M II } in

Ž .their six-membered ring metallacycles. The structure of the nickel II complex was
Ž .later established by Iwamoto et al. from X-ray studies Fig. 39 . The nickel atom is

bound to sulphur donors of the ligands in a square planar trans configuration. The
˚w Ž . Ž . xexpansion of the P]S and the C]S bonds are observed 2.016 9 and 1.760 9 A .
˚w Ž . Ž . xThe P]N and the N]C bonds are contracted 1.610 9 and 1.294 14 A .

These changes in the chelating ligands are similar to those observed with the
imidophosphinate ligands. The structure of a similar nickel complex,
w �Ž . Ž . Ž . Žn . 4 w xNi PhO P S NC S N Pr 87 , also displays a square planar geometry. The2 2 2

˚w Ž . Ž . xP]S and the C]S are shorter 1.978 1 and 1.745 4 A ; the P]N and the N]C
˚Ž . Ž .bonds are observed at 1.574 3 and 1.321 4 A.

w � Ž . Ž . 4 x w xFig. 39. Molecular structure of Ni MeHNC S NP S Ph 88 .2 2
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w � Ž . Ž . 4Ž Ž . Ž . 4xq y w xFig. 40. Molecular structure of Pt H NC S NP S Ph H NC S NHP S Ph Cl 70 .2 2 2 2

w � Ž . Ž . 4 Ž Ž . Ž . 4xq yThe platinum complex, Pt H NC S NP S Ph H NC S NHP S Ph Cl ,2 2 2 2
w Ž .x w Ž . Ž . xwas prepared by the reacting PtCl COD with 2 H NC S NHP S Ph . Its X-ray2 2 2

structure revealed the chelates are arranged in the trans orientation around
Ž .platinum Fig. 40 . One chelate is deprotonated and displays a contraction of the

w xchelate backbone SPNCS with respect to its protonated counterpart.
The neutral platinum complex containing this ligand system is achieved

w Ž .x w Ž . Ž . xreacting PtCl COD with two equivalents of K H NC S NP S Ph to give2 2 2

w � Ž . Ž . 4 x Ž . w xFig. 41. Molecular structure of Pt H NC S NP S Ph ? Et O 70 .2 2 2 2

w Ž . Ž . Ž . Ž . x Ž . w xFig. 42. Molecular structure of Cu PhO P S NC S N Et Et and Ph omitted for clarity 89 .2 2 3
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w � Ž . Ž . 4 xPt H NC S NP S Ph . However, the X-ray structure of this complex shows the2 2 2
Ž .chelates are arranged in the cis orientation Fig. 41 .

w Ž . Ž . Ž . Ž . xThe metal complex, Cu PhO P S NC S N Et , was formed by a reduction of2 2 3
Ž . Ž . wŽ . Ž . Ž .Ž . xcopper II to copper I with Et NC S NHP S OPh in the presence of ethanol2 2

Ž Ž ..Eq. 10 . It contains a ligand coordinated to a copper atom, with further
Ž .coordination to an adjacent copper atom from the thiocarbonyl sulphur Fig. 42 .

There are three metal complexes localised by second-order coordination, where the
central part of the collective complexes displays Cu S in a chair conformation.3 3

Ž . Ž .The Cu]S phosphoryl bond is longer than the Cu]S thiocarbonyl bond, but it is
wŽ .comparable with Cu]S from the adjacent thiocarbonyl group average 2.626,

˚ x2.225 and 2.260 A, respectively .

Cuq q 2HL | CuL q 2Hq
2 2

Ž . Ž .6CuL q 3CH OH | 2 CuL q 3CH CHO q 6HL 1032 3 3

w Ž Ž . Ž .Ž . 4 xThe mercury complexes, Hg RC X NP Y OR9 , are prepared from direct2 2
Ž . Ž .Ž . Ž .reaction of the ligand RC X NP Y OR9 with mercury II oxide in an organic2

Ž Ž ..solvent at reflux Eq. 11 . No reaction was observed when the ligand does not
contain at least a sulphur donor atom. In the unit cell of the complex with

Ž .N- diisopropoxyphosphinothioyl thiobenzamide, the mercury atom is in a tetrahe-
dral coordination as a result of 4S atoms from two symmetrically independent

w � Ž . Ž .Ž i . 4 x w xFig. 43. Molecular structure of Hg PhC S NP S O Pr 90 .2 2

Ž .ligands Fig. 43 . All four Hg]S bonds in the complex have a covalent character, in
which the Hg]S bonds from the thiocarbonyl group are shorter than the Hg]S
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˚w xbonds from the phosphoryl group lengths 2.470]2.553 A . The C]S and the P]S
˚ ˚w Ž . x w Ž . xbonds are longer than the C5S bond 1.635 4 A and the P5S 1.912 1 A in the

free ligand. All the bond lengths in one chelate ring are closely matched in the
other.

R5Ph, R5 iPr, X5Y5S;

R5Me, R95 iPr, X5Y5S;
R5Ph, R95Et, X5S, Y5O;

R5Ph, R95 iPr, X5S, Y5O;

R5Ph, R95 iPr, X5O, Y5S.

Ž .The lead II complexes of N-diisopropoxyphosphorylthiobenzamide and N-diiso-
w � Ž . Ž .Ž i . 4 xpropoxythiophosphorylthiobenzamide, Pb PhC S NP O O Pr and2 2

w Ž Ž . Ž .Ž i . 4 xPb PhC S NP S O Pr , are prepared by direct reaction of the ligands with lead2 2
oxides in CCl , or by reacting lead nitrate with the sodium salt of the ligands in4

w � Ž . Ž .Ž i . 4 xmethanol. The coordination pattern in Pb PhC S NP O O Pr has a distorted2 2
tetrahedral structure with bonding from oxygen and sulphur of the two chelating

Ž .ligands Fig. 44 . This metalla-heterocycle is a rare example of a compound
containing six different atoms in a six-membered ring.

w Ž . Ž . Ž . Ž . x Ž .The Samarium Complex, Sm EtO P O NHC O NHC O Ph ClO ? 3H O,2 3 4 3 2
Ž .was found to be a nine-coordinate compound with oxygen donors Fig. 45 .

The samarium atom is bonded to three phosphoryl oxygen atoms, three carbonyl
oxygen atoms, and three oxygen atoms from water molecules. The
wŽ . Ž . Ž . Ž . xEtO P O NHC O NH]C O Ph ligand behaves as a bidentate compound in this2
complex, where the phosphoryl group is induced to coordination as oppose to the
possibility of coordination by both carbonyl groups. The chelate rings are close to

Ž .planarity in this complex. All the Sm]O P bonds are shorter than that in
Ž .Sm]O C , indicating that the phosphoryl oxygen atom has a stronger coordinative

function than that of the carbonyl oxygen.

w � Ž . Ž .Ž i . 4 x w xFig. 44. Molecular structure of Pb PhC S NP O O Pr 2 2 72 .
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w Ž . Ž . Ž . Ž . x Ž . w xFig. 45. Molecular structure of the cation in Sm EtO P O NHC O NHC O Ph ClO ? 3H O 91 .2 3 4 3 2

8. Summary

In comparision, with the well-established coordination chemistry of imidodiphos-
phinates, the chemistry of phosphinated ureas and thioureas is largely unexplored
to date. The ligands can readily be prepared by:

v direct addition of amines to phosphorus isocyanaterisothiocyanate;
v clipping the metallated acid amides together with acid chlorides or chlorophos-

phines; and
v base-catalysed condensation, or use of silylated derivatives.

The above synthetic methods might well find a more general application in the
synthesis of organophosphorus bidentate ligands. Further studies with this syn-
thetic method to prepare other ligand systems should prove productive. Both
systems are excellent chelating agents and are extensively studied for their extrac-

w xtion potential toward metals 92]106 .
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