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A. INTRODUCTION 

Transition metal complexes of tertiary phasphines in general have been 
very thoroughly studied and, during the last fifteen years, a considerable 
amutint of research has also been caked out on the coordrination chemistry 
of cy4.k phosphties and certain of their derivatives, such as the currespon- 
ding clxides, sulfides and selenides. Systems which have received attention 
incluc!e three, four, five, six and seven-membered ring compaunds including 
both saturated and unsaturated rings and some polycyclk derivatives of the 
larger ring systems. Some of these cy&c phosphine derivatives are of con- 
siderable interest ti their own right. Thus, the chemkat [If behaviour af 
phasphote (I) derivatives indicates that they may have some aromatic charac- 
ter though delocalization of the phosphorus lone pair although the physical 
[2,3] evidence regarding this aromatic character is conflicting. Furthermore, 
the phasphotis (II) possess 143 an unusual orbital sequence which rnak~~ 
coordination studies particularly ink-ting, Other phosphkzs such as the 
tibenzophosphofes are extremely rigid and bulky although they are otherwise 
quite good donors. 



In general, the first reacti+D,ns attempted with many of these syste~ns as 
coordinati,~g species have been those with metal carbonyls and, where war- 
ranted, these initial studies have been extended to include reactions with 
metals in a non-zero oxidation state. These cyclic phosphine derivatives form 
a wide variety of interestig organometallic compounds, some hating u;lusual 
structures. For example, Z-phenylisophosphindoline (III) and co&in phos- 
phole derivatives are capable of causing transition metals such 2s Ni”, Pd’l 
and J3” to adopt uncommon coardination numbers in the complexes 
which they form. In addition, some rhodium-phosphole complexes have 
proved to be active (homogeneous) cat&y& for the hydrogenation of zlkenes. 

This review therefore surveys the majur aspects of the organometaffic 
chemistry of these cyclic phosphines and their derivatives which have been 
published in the chemical literature to the middle of 1974. For convenience, 
the discussion is organized according t c kcreasing ring size of the ligmd and 
the emphasis is upon synthetic aspects of the topic_ 

B. COMPLEXES OF THREE- AND FOUR-MEMBERED CYCLIC PHUSPHINE 
DERIYArIVES 

Only one investigation of the coordination chemistry of the relatively little 
studied smah-ring compound pkosphkane [(CES&$H] (IV) appears to have 
been reported [5]. h this study, it was found that treatment, of the N-methyl- 
pyridinium salt of IMo(C - with (IV) in dichloromethane results in the 
formation of pentacarbonylphosphiranemolybdenum(0) ([(CH&PH]Mo(CO)&. 
The compounds [(CH2)2PH]2Mo(C0), and [[CH&PHJ,Mo(CX& have been 
obtained from the reaction of (IV) with tetracarbonyfnorbornadienemolybde- 
num(0) or tricarGonylcyc~ohexat~ene~o~ybdennr(O~. 

The psntncar~onylphosphi.ranemolybdenum(O) complex was found to 
react with KPH2 in dimethyl ether tc form a yellow crystalline salt containing 
the anion ~(CH~)~FMQ(C~)~~ -. This restit is @nificant in that it represents 
the fit successful deprotonation af the phosphwus atom in the phosphbme 



system; previous unsuccessful attempts to deprotonate the free phosphirane 
have been reported 163, The salt [(CH,),PMo(CO)&K’ reacts with trimethyl- 
chlorosilane to yield a white solid formulatzd (on the basis of IR, NMR and 
mass spectral data) as [fCH2)PSiMea]Mu(C0)s- A similar raction occurs with 
monobromusilarre. 

There are apparenL!y no reports in the literature regarding metal complexes 
of the phosphetane (VJ system in which coordination occurs through the 
phosphorus atom. There Is, however, one brief mention f?] of a uranium- 
phcsphztane oxide complex of composition LzUOa(NC& where L is the 
phosphetane oxide (VI) ant! where coordination occurs through the P-O link. 
This complex is reported 17 1 as one of a number of organophosphorus and 
organonitrogen complexes af composition LU02(NO& (bidentate hgand) 
and L2U02(N0& (unidentate ligand) prepa?red by treatment of dichloro- 
methane solutions of the appropriate ligand with urzmyl nitrate. These com- 
plexes were prepared for a study of the near-visibIe, fR absorption, and 
emission spectra of uranyl nitrate complexes. 

C. COMPLEXES OF FIVE-MEMBERED CYCLIC PHOSPHINE DERIVATIVES 

The simplest five-membered phosphorus heterueycle is phospholae fV11). . 
However, no complexes of the parent compound have been reported and 
there appears to be only one brief report [S] of the direct formation of a 
tmnsition metal complex of 8 substituted phospholane although several such 
complexes have been prepared by indirect methods (see later discussion). 
Thus, l-phenylphuspholane is reported to @ve with Hgn chloride an adduct 
formulated as fC~oHLaP)HgC12 which, as Mann has pointed out 191, is almost 
certainly a halogen-bridged dimer of the type generally obtained from tertiary 
phosphines. 

Complexes of simple derivatives of both %phospholene (VIII) and 3-phos- 
pholene (IX) have been the subject of several relatively brief reports in the 
literature. 

The first reports of complexes of simple 2% and 3-phospholene derivatives 
were made in a Shell patent application [lOI concerning catalytic hydra- 
furmylatiuns of olefins at 68-81.,6 atmospheres. Thus, it was found that 
cobalt carbonyl complexes of l-butyl-Z-phospholene, l-phenyl-2%phospholene, 
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Lphenyl-3phospholene, 3-methyl-l-phenyl-3-phospholene and 3,4-&methyE 
I-phenyl-3-phaspholene ZI.U catalytically hydroformylate, for example, l-dode- 
cene to the ccrresponding primaq alcohol at rates considerably greater than 
for the related tribu@lphosphine complex. Furthermore, much less saturated 
hydrocarbon is farmed as a by-product in these reactions than is the case 
when other tertiary phosp’nine co~~plexes are UWL The complexes themselves 
were prepared by treatment of a cobalt alkanoate with the apprapriate ligand 
and formaldehyde. 

No other simple 2-phosphalene complexes are recorded in the literature 
but Quin zu~d fris co-workers have reported Ni” &loride complexes of various 
3-phospholenes in connection with heterogenG0u.s catalytic hydrogenation 
[11], X-ray crystallographic [12] and NMR 1131 studies. Thus, it was found 
that t’ne free phospholenes cannot be hydrogenated catalytically [11J ?tith 
J?d/C under normal conditians but the corresponding Nix1 chloride complexes 
(deep purple solutions prepared r’n sik in ethanol but readily isolabl-’ hydra- 
genated smoothly but slawly (several days) in the presence of fO% P&C, The 
phospholanes produced were Liberated from their NiXX complexes with aque- 
ous EDTA. 

In a later paper, McPhail et al. [12] reported the synthesis and X-ray crystal 
and molecular structure of one of these Sphospholene Ni” complexes, Treat- 
ment of anhydruus Ni” chloride in ethancl with ethanolic I-benzyl-3-phos- 
pholene gives dark red crystals of di~hlorubis~l-be~yl-3-phusphul~~e~~ 
nickel(H). This complex is unusual in that whereas most unidentale ligands 
produce a truns configuration tii the resulting complex with Ni”, l-ben&@- 
3-phospholene produces a & arrangement. The geometry about the nickel 

* atom is approximaiAy square-planar with a slight tetrahedral distorbion and 
there are several features of the structure which are worthy of note. For 
example, the Wns Cl-Ni-P angles show a considerable departure from lin- 
earity with values of approximately 165” and this is attributed to strong nan- 
bonding interactions between the two 3-phospholene ligands. Indeed, this 
non-linearity, although common with bidentate ligand;, was at the time of 
publication the greatest deviation from linearie found for unidentate ligands 
in square-planar Nin complexes, The severity of these ligand interactions is 
conftimed by the bond angles betieen the Ni-F bsond and the two ring P-C 
bands of the 3-phospholene ligand. Thus, the two Ni-P-C bond angles for 
each ring are far from equal and have values cf 112.1* and 124.5”, i.e. there 
is considerable distortion in the geometry about each phosphorus atom although 
the two ring P-C-C angles for each of the phospholene ligands are equal. 

One other feaiure of the structure is that the two Ni-F bonds of the com- 
plex are appreciably shorter than predictians Sased upon the sum of accepted 
values of the single bond covalent radii would suggest, while t??e Ni--Cl bonds 
are correspondingly longer than predicted. This suggests a sW)ng trans influ- 
ence cf the phosphorus atoms. 

In a very recent paper devoted mainly to a phosphol_Ni” complex (see 
fak discussion), Quln et al, El.31 have reported the NMR spectra af the com- 
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plexes L,NiC!12 where L is 1-benzyl-3-phospholene, 1,3,4&imethyl-3-phos- 
pholene or l;benzyl-3,4dimethyl-3-phospholene. The NMR spectra of these. 
adducts are unusual compared with the spectra of the free ligands in that 
compfexation removes all 31P-Ii couplings in the ligands. For example, in 
1,3,4-trimethyl-3-phospholene, the hydrogen atoms in each of the methylene 
groups adjacent to the phosphorus atom are magnetically nonequivalent and 
therefore give rise to an ABX multiplet througb coupling with each other 
and the neighboring phosphorus atom. However, on complexation this multi- 
plet collapses to an AB pattern. This type of decoupling on complexation has been 
observed previously and suggestions as to the decoupling mechanism have 
been made [?_4]. There is little difference in the chemical shifts of the various 
protons in the complexes campared with those in the free ligand and the 
decoupled signals are only very slightly broadened. Decoupling of this type 
may therefore prove to be of considerable value in the interpretation of the 
NMR spectra of certain organcphosphorus heterocycles. 

(iii) Phosphindoline and isophosphindoline complexes 

Phosphindoline (X) and isophosphindoline (XI) are fused ring derivatives 
of 2-phospholene (VIII) and 3-phospholene (IX) respectively. This ring fusion 
increases the steric bulk of these systems without greatly affecting the donor 
character of the phosphorus atom. 

There is only one mention [15] of a phosphind&ne complex in the litera- 
ture in which I-ethylphosphindoline (XII) was reported to form with palla- 
dium(II) bromide the expected complex L,PdBr, . However, the related iso- 
phosphindoline system (XI) (in the form of 2-phenylisophosphindoline (III)) 
has received considerable attention. Thus, Mann’s group has made several 
reports, including three major studies, on the coordination chemistry of 2- 
phenylisophosphindoline (III). The interest shown in this particular ligand 
stems primarily from its ability to cause some transition metals to adopt 
relatively uncommon coordination numbers in the resulting complexes. Fur- 
thermore, in some cases, the complexes produced may exist in several inter- 
convertible crystalline forms. The known coordination chemistry of (III) may 
be divided conveniently (as was done by Mann et al.) into three broad areas - 
complexes of platinum(II), palladium(I1) and nickel(I1) [16-181; complexes 
of cobalt, rhodium and iridium halides [19]; and complexes of copper(I), 
silver(I) and gold halides [17,20]. 

(a) Complexes of plutinum(II), palladium(II), and nickel(H) 
The cyclic phosphine (III) (2 mol) reacts [16] with potassium tetrachloro- 
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platinate in aqueous ethanol to form what is probably the salt [(C1J113P)4Pt]- 
[PtC14] which rearranges to form the complex (C14H13P)2PtC12 (X111, X = Ci). 
Furthermore, a whole series of complexes of type (XIII) (where X = Br, I or 
SCN) is formed [M J by treating an aqueous acetone solution of (C14H13P)2PtCf2 
with the appropriate sodium salt. These complexes (XIII) are colov.rless 
(X = Cl or l3r) or pale yellow (X = I), are solvent-free, and give non-conducting 
solutions in nitrobenzcne. In all respects then, they are normal four-coordinate 
platinum(I1) complexes+ 

In addition, each of the complexes of type (XIII) will interact with another 
molecule of 2lphenylisophosphindoline (III) in hot acetone solution to fcrm 
a series of compounds (XIV; X = Cl, Bg I or SCN) in which the platinum atom 
has a coordirtation number of five. The dichloro- znd &hiocyanato- forms 
(XIV, X=Cl or SCN) exist as colourless dihydraks which decompose (lose 
&and) on dehydration. The dibromide can exist both in colourless dihydrated 
and anhydrous forms (the latter being obtained on recrystalhzation of the 
&hydrate fkom benzene), w!lile the orange diiodide (XIV, X=I) is solvent-free, 

In some organic solvents, these tis(phosphine) compounds of type (XIV) 
behave as ionized species of formula (XV) (where X=Y=Cl, Br, 1 or SCN). Fcr 
example, all four derivakives of type (XIV) form conducting nitrobenzene 
solutions. Furthermore, the three species (XIV; X=Cl, Br or I) react in ethanol 
solution with sodium picrate or sodium perchlorate to form salts of type 
(XV; X-Cl, Br or I and Y=C&12N307 or Ci04) which again appear to be 
ionized in nitrobkene so’Iution. On the other hand, the complexes (XIV) are 
apparently nut ionized in dichloromethane in which they show normal mole- 
cular wzights. 

PalIadium(I1) complexes of the isophcsphindoline (III) have been the sub- 
ject cf two brief [17,18] repark and one detailed [I61 report. Thus, in a paper 
devoted primarily to the synthesis of the ligand (III) and various derivatives 
thereof [117], it was mentioned that under the appropriate conditiuns, the 
Iigand forms with Pdrr salty normdl complexes of general formula (C,&I,3P)z- 
PdXz (X=Cl or I) and also what appeared to be PdI complexes of the type 
(C14H13P)zPdX (X=Cl or Br). F’urther, the chloride was stated to ha*re two 
Werent co‘lourless crystalline forms. In a later communication [Ml, it was 
stated that the apparently Pdr complexes are in fact five-coordinate Pd” 
compounds and that the dichloride and dibromide may each exist in a number 
of dS&rent crystaffine forms, 

In a more extensive account [16], Man.. et al. have given full details regard- 
ing the interaction of the isophosphindoline (III) with palladium(IIj com- 
pounds. Thus, paIIadium(I1) halides and paIladium(II) nitrite react [ 16 ] with 
%phenylisophosphindoline (III) (2 mol) to form a series of four-coordinate 
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palladium(D) complexes of type (XVI) (where X=Cl, Br, I or NOa) which are 
darker in colour (yellow-deep orange) than, but otherwise analogous to, the 
platinum(II) complexes already mentioned. 

A series of tris( 2-phenylisophosphindoline)palladium( II) halide complexes 
of type (XVII) has also been prepared [16] but the situation is greatly com- 
plicated by the fact that each of the chloride and bromide complexes may 
exist in any one of several readily interconvertible crystalline forms. For 
example, the colourless derivative (C1,&I,3P)3PdC13.2H30 (XVII, X=Cl) (-m.p. 
140”) may be prepared by the reaction of ethanolic 2-phenylisophosphindoline 
with K2PdC14 in hot water or from the reaction of (XVI, X=Cl) with an addi- 
tional molecule of the cyclic phosphine. This adduct is unaltered by dissolution 

~GIsIdW’~X2 
XVI 

(W%J%PdXz 
XVII 

C (G&W’M’dCU + [Xl- 
XVIII 

in methanol, ethanol or acetone in which it forms non-conducting solutions. 
On the other hand, addition of ether to these solutions causes precipitation 
of (XVI, X=Cl) while addition of aqueous K,PdCl, to solutions of the tris- 
adduct jhitially causes precipitation of [ (C1&113P)3PdCl] 2 [PdC14] which rapidly 
disproportionates to give (XVI, X=Cl). The weakly bound nature of the third 
cyclic phosphine ligand is also illustrated by the fact that when warmed under 
reduced pressure, the tris-adduct loses one molecule of 2-phenylisophosphin- 
doline. 

The interaction of an etlnanolic solution of the adduct (C1J113p)3PdC13. 
2H20 described above with ethanolic sodium perchlorate or sodium picrate 
gives rise to the monohydrates of (XVIII, X=ClO, or C&IaN3O7). These two 
salts and the complex (C14H13P)3PdC12 .2H20 itself form conducting solu- 
tions in nitrobenzene. 

The complex (C,&113P)3PdC12.2H20 described above is remarkable in that 
under certain conditions, it may be transformed into another colourless dihy- 
drate of much higher melting point, an orange dihydrate of lower melting 
point and a scarlet monohydrate of higher melting point. The conditions 
required for the various transformations are outlined in Fig. 1. 

The complex (C,,&I,3P)3PdBr2 is obtained [16,18] as a deep orange crystal- 
line solid from the reaction of K2PdBr4 with 2-phenylisophosphindoline or by 
treatment of acetonemethanol solutions of (C,&113P)3PdC12.2H20 (m-p. 
140”) with lithium bromide foUowed by the addition of water. The orange 
dibromide may be recrystallized from methanol by slow evaporation but it 
dissociates to give (XVI, X=Br) in hot methanol, ethanol or acetone unless 
a trace of free ligand is added. When cold acetone or methanol solutions of 
the complex (XVII, X=Br) are treated with sodium perchlorate or sodium 
picrate, the .bromo-perchlorate (XIX, X=.C104) or the bromo-picrate (XIX, 
X=CsH2N307) is deposited. 

CWd%J33PdW’CXl- (C14&~)3NiX2 

XIX xx 

(c14&3p)2N=2 

XXI 
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[cotourlers, rn.rx 140a) (scarlet, m.p. 220”) 

tcotourtess. mp- 2197 

The complex (C,4H,3P),PdBr, apparently also exists in different crystalline 
forms. Thus, treatment of hot saturated solutions of the orLLnge dibromide in 
acetone with free ligand @ves a deep red dibromide which may &so be for- 
med by treatment of hot dilute acetone, methanol or dim&hylfurmarnide 
solutiuns of the orange dibromide with water. The structure of this red dibro- 
mide vAl be discussed shortly. 

2-Phenylisophosphindoline (III) also reacts with palladiumI II) iodid p : Y 
chloroform to form the tris-adduct (C1&113p)3Pd15? as deep vermilion crystals, 
This complex is much less st&le than the tris-adducts already discussed and 
it readily dissociates to farm fC,JZ,,P),PdIz when suspended or dissolved in 
organic solvents. It can, however, be recrystallized from organic solvents 
containing 5-10% of the free p’nosphine. When an acetone solution (con- 
taining some free ligand) or (C,$113P)3Pd12 is treated with aqueous sodium 
perchlo&-e, t’ne salt [(C1J-I13P),pdI] + [ClChJ- is farmed. 

I-Iydrated nickel(U) chloride reacts fl6] tith 2-phenylisaphosphindaline 
(III) in ethanol to give deep green crystals of ~~2-pheny~u~hosph~do~e)- 
dizhloronickel(fI) monahydrate (XX, X%1). ‘This cornpleA is stable in chlo- 
roform solution, but in other solvents it dissociates to form the bis-complex 
(XXI, X=Cl& The solvent-free analogous dibrama- and diiodo-compounds 
(XX, X=Br or I) are readily prepar& by similar methods and, when heated 
in ethanol, they also give the his-phosphine adducts {XXI, X=3r or I). 

It appears that some of these PC , . Ix Pdrr and ME1 tif2-phenylisophosphirr- 
doline) complexes have structures in the solid st&e which ara different from 
those in solution in ormic solvents. In addition, the various hydrates of 
tris(Z-pheny~ophosphi.ndoline)dichIoropalladium(II) appear to have specific 
identiti- in the crystalline state, but in s&&ion they apparently have the 
same structure or, possibly, an equilibrium mi&ure of two s%ructures, Thus, 
&ll four forms of hydrated (C1&3P)$?dC1, give sir&Jar yelluw acetone or 
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ethanol solutions fkom which only one chlaro-perchlorate (XVIII, X410,) 
or chloro-picrate (XVIII, X=CS_FsN307) is obtained. 

TSc cry&d and molecular sbrucke of the deep red fornn of (C14H13p)3- 
PdE$ has been de&mined ‘ny X-ray stud&~ This five-coordinate palladium- 
(II) complex has 1161 a distorted square pyramidal structure (XXII) with one 
of the Br atoms (B-l) depressed by 10” below the plane formed by the phos- 
phorus atoms and the palladium atom. Whik this species has a covalent 
skructu~e in the solid state, in ethanol solution it behaves as a salt of the type 
I(CfkH~~P)aPdBrf+IBrl_- although in nikobenzene solution, it shows a very 
Iuw conductivi+ 

Since tris(2-phenylisophosphindofine)dicbloroplatlnum(lI) dibydrate 
r(C,,~,,P),PtCl,.Z~~O~ is very reluctant to undergo dehydration, Mann et al. 
[16] have suggested that it may have an octahedral catianic structure (XXIU) 
in the solid state, Evidence was put forward which indicates that in solution, 
the compound may exist as an equilibrium af (XXnI) and (XXIV)_ a 

Shcties have also been proposed [16] fur the k&(2-phenylisophosphin- 
doline) complexes of pt”, Pdrr and Ni? Thus, it was suggested that the 
colaurless (C,J&P),PtX, (X=Cl or Br) complexes have tEre cis arrangement, 
while the corresponding diiodo compound probably has the hzns arrangement. 
Similarly, the (C&H,,P),PdX, (X=Cl, Br or 1) derivatives are likely to have 
normal bans arrangements as are the nickel(D) derivatives (C1$&l?)2NiX2 
(X=Cl, Br or f), 

(b) Complexes of cobalt, rhadium and iridium hulides 
2-Phenylisoyhosphindohne (3 mol) reacts [193 with cobalt(H) halides in 

ethanol to form five-courdinati derivatives of the form &&H&)$%X2 
(X=CI, 3r or I) of which the dichloride is monohydrated and the dibromide 
and diiodide are solvent-free. These complexes are covalent as is indicated by 
tb fact that they show normal molecular weights in dichloromethane solution 
(at 23”C), form non-conducting solutions in nitrobenzene and do not react 
with sodium perchlorate or sodium tetraphenylborate in ethanol. However, 
in boiling benzene, they dissociate to give the four-coordinate (normal) 
bis(2-phenyfisaphosph~du~e) complexes (C@,,P)&oX2 (X=Cl, Br or I). 
Of these, the dichloride and d&bromide are dihydrated (after recrystallization 
from acetone-petroleum) and the diiodide is monohydrat;ed (after similar 
recryskillization). 

Reaction of 2-phenylisophosphindoline (3 mol) with a hot aqueous 
ethanulic solution of sodium hexachlurorhodate(IfI) (NasRhC1e) was found 
1191 to produce the bright yellow tris(Z-pheny~ophosphie)tric~oru- 
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rhodiu=n(iIf) derivative (XXV, X=Cl). The corresponding tribroma- and 
triiodo- compounds can be prepared by treating the sodium hexachlurorhodate- 
(HI) solution with sodium bromide or sodium iodide before adding the @and, 
Thlese czc~mplexes zwz no-al six-coordinate rbodium(III) species and no 
rhodium(I) compounds were isolated from the reactions. 

The reaction of sodium hexachloroiridate(lV) (Na&C1s.6Hz0) with 5% 
phenylisophosphinduline (3 mol) in ethanol under reflux yields [ 191 tris- 
(2-phenyhsophosphindoline)dichlorohydridoiridium(IH) (XXVI, X=Cl), 

As with the related rhodium(III) complexes, the dibromohydridu analogne 
(XXVI, X=&J is produced by treating ths reaction mixture with sodium 
bromide befure heating, When the dichluruhydrido- species (XXVI, X=Cl) 
is heated with 1,2xlichloroethane, carbon tetrachloride 01 f-chlaxolsutane, - 
or treated with chlorine or hydrogen chloride gases, the tris(2-phenyliso- 
phosphindoline)trichloroiridium(III) ccmplex (XXVII, X=Cl) is formed. The 
tribrumu- compound (XXVII, X=Br) is produced similarly by treating the 
dibromuhydrcido- complex (XXVI, X=Br) with the corresponding bromo- 
arganic reagefns. 

In contrast, 2-phenyllsophosphindoliie gives a very different reaction with 
iridium(W) iodide in boiling ethanol and the pruduck; of this reaction have 
been tentatively formulated [19] as (C1.&3P)&(CO)I, and (C1&r3P)$rI,. 

f-c) Cumpfexes of copper(I), ~~~~e~~) and gold(f) halides 
2-Phenyiisuphosphindofine (III) reacts with the halides of copper(I) [Zo], 

silver(I) CZOJ and gold(I) [J7,20] to produce three types of complex 
(XXVIII, XXIX and XXX) while copper(I) halides also form [ZO] 8 fourth 
type of complex (XXXI) under the appropriate conditions. 

The copper(l) derivatives of type (XXVIII; M=Cu, X41, Br or I) and the 
related silver(I) complexes (XXVIII; M=Ag, X=Cl or Bx) are readily prepared 
fZ0] by normal methods and can be isolated as colourless crystals~ The 
corresponding silver(I) iodide complex (XXVIII; M=Ag, X=1) could nut be 
isolated and this is somewhat surprising since in related silver(l j complexes, 
the iodo- compounds are often multe stable than the curresponding chloro- 
and bromo- compounds. The copper(X) iodide species (XXVIIL; M=Cu, X=1) 

is a tetramer in dichloromethane solution and thiz is typical of simple trialkyl- 
phusphine and amine complexes of this general type [Z&22]. On the other 
hand, the silver(I) chloride cumple~ (XXVIII; M=Ag, X=cL), which is probab’ig 
8 tetramer in the solid stats, gives a molecular weigh$ in dichloroxxxkhane 
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solution corresponding to n = 2.1. This behaviaur is believed to be due to a 
parti dissociation of the tetramer in solution, All of the gold(I) derivatives 
(XXVIII; M =Au, X = Cl, l3r or I) are monomeric [ 17,20]. 

The mono~2~pheny~ophosph~do~e)copper(I) complexes (XXVIII; M=Cu, 
X=CL, Br or I) do nut oxidise to the corresponding copper species when 
treati?d with chlorine gas or bromine in cold chloroform solution but, instead, 
undergo a general decomposition. In contrast, the gold(I) derivatives (XXVIII; 
M=Au, X=Cl or Br) form the corresponding s&He crystalline gold(II1) species 
when similarly treated. These complexes are of type (XXXH, X=Cl or Rr) 
and probably have f2U] the planar structure typical of four-coordinate gold- 
(III) compounds f 2 3f. 
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The his/2-phenylisophosphindoline)copper(I) and silver(I) complexes 
(XXIX; M=CL or Ag, X=Cl, Br or I) have all been isolated [ZO] and are all 
stable species. The silver(I) nitrate complex (XXIX; M= Ag, X= NOa) can also 
be prepared, but it proved to be light-sensitive, Uf the gold(I) cotipounds of 
this type, the iodide k stkle, the chloride cuuld not be isolated and the 
bromide is stable in the solid state but dissociates is hot organic solvents to 
form (C,4H,,P)Au13r and free ligand. The compounds (XXIX; M=Cu, X=1), 
(XJGX; .&‘I = Ag, X = I Or NO3) and (XXIX; MI = Au, X = I) all have ca- 
valent structures as indicated by the fact that they form non-conduct- 
ing nitrabenzene solutions. Also, some of the compounds have molecular 
weights in dichloromethane solutiun (at 23”) which are samewhat higher than 
expected for monomeric species, and halogen bridging may occur [20] l 

The gold(I) iodide derivative (XXIX; M= Au, X =I) is particularly interesting 
since it is thought [20] to have 8 monomeric trigonal planar structure (XXXIII) 
in benzene sol&ion and this suggestion is supported by dipole moment mea- 
surements. On the ather hand, the compound has been shown by a partial 
X-ray cry&& structure determination to have in the solid st=ate the ionic 
structure [(C,&I,,P)2Au]’ [I]- with a nearly linear arrangement of the P- 
Au-P atoms. 

Of the tris(2-phenylisophosphindoline) complexes, the copper(I) iodide 
compound (XXX; M=Cu, X=I) was the only copper(I) complex of this type 
which could be isolated. The only similar si.lvertI) complex I;o be isolated was 
the perchlorate (XXX; M=Ag, X=ClU~) which appears to be a salt of the type 
[ (C,&$?)~Ag]’ [ClO$. All al%empts to prepare the corresponding silver(I) 
halide complexes (XXX; M=Ag, Zr=Cl, Br or I) were unsuccessful. However, 
aU three of the r&ted gold(I) halide derivatives (XXX; M-Au, X= Cl, Br or 
1) were readily prepared and probably have a tetrahedral structure [20]_ 

Considerkxg complexes containing fax 2-phenyIisophosph%ndoline Ggands, 
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only the Wo copper(Z) compounds (XxX1; X = NO3 or ClO_+) could be isolated 
and all attempts to prepare similar silver(I) and gold(I) complexes were un- 
successful. 

B&f meht;ion has also he+zn made [ZOj of the reaction of the ligand Z-phenyl- 
Isophosphindoline with cadmium halides. Thus, the l&and reacts with cadmium(11) 
bromide or iodide to form the bisQ-phenylisophosphindoline)dihalogeno- 
cadmium(I1) complexes (XXXIV, X=Br: or I) of which the diiodide is the 
more stable. A similar reaction with cadmium(P1) chkride gave a mixture 
from which o&y the bridged americ compound [(C&I~~?)CdCl~~~ could be 
jsolated. . - a 

(iv} PIzosphoie and phosphole derivative complexes 

The five-membered ring systems so far discussed have been either fully 
saturated (phospholanes) or par-tly unsaturated (2-phospholenes, 3-phos- 
pholenes, phosphindolines and iso~t-tosphindolines) cyclk phosphties and, 
as such, they exhibit the expected phosphine-type characteristics except fur 
the tendency of isophosphiudolines to cause cerkin metals to adopt uncom- 
mon coordination numbers. However, the simplest five-membered fully unsat- 
urated cyclic phosphine is phosphole (I) and it can be seen that superficially 
(I) is very similar to the pyrrole system (XXXV) which can be regaded as 
ham aromatic character through fZp--!&)x delocalkation of the nitrogen 
atorn lone-pair over the entire ring [24] l There is therefore the possibility 
that simple phosphole derivatives may also exhibit some degree of aromaGc 
character through (3p-Zp)n type interactioris although there may also bs 
Sume d-orbital involvement. 

Early studies regarding the possible aromatic character of the phosphole 
system have been reviewed adequately elsewhere [ES]. Although a detailed 
survey would not be appropriate here, a brief summary of the present con- 
flicting position regarding this possible aromatic character is in order. Thus, 
Quin [l] et &l. have found that the basicity o-f the phosphorus atom in 
l-methylphosphole is ex&mely low <pI& = 8.5) compared with experimental 
values for normal tertiary phosphines (pH, - - -77-8) or calculated values for 
divinylphosphimzs (pK, = 5,2) and this was t&en to indicate substantial delocali- 
zation of the phosphorus lane-pair of electrons. Simikrly7 Farnha; I~ and Mislcw 
[ 263 have concluded from kinetic studies af retrocyanoethylation reactions of 
phospholium salts of type (XXXVI) that, in phospholes, there is signifYkant delo- 
caiization of the Ioneqair electrons. Also, ‘H and 311? [1,2?,28] together - 
with I%?, f29) NMR measurements as weU as crystallographic data 1301 have 
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been Interpretid as being not inconsistent with some degree of lone-pair 
dzIocaIization in simple P-substituted phospholes. Furthermore, Egan et al. 
[2] have found by NMR studies that the pyramidal inversion barrier about 
the phosphorus atom in simple phospholes is exceptionally low compared 
with such inversion barriers for narmal tertiary phosphines, This, tuo has 
been taken to indicate considerable interaction of the lone-pair with the T- 
system and that this interaction is at a maximum in the planar transition state 
of the inversion. 

On the other hand, Schlifer et al, 131 have recently deduced from photo- 
eIectrun spectrosc=opic measurements that, in the ground state (pyramidal) 
arrangement, phospholes (and ifssoles, X?#Wl[I) consist of focahzed diene 
systems and lone-pairs of electrons and are not aromatic. 

The possible interaction of the lone-pair with the ?r-system would cle~ly 
zffect the donor character of the phosphorus atom towards transition me@ 
systems and studies of such donor character are therefore of considerable 
interest. Furthermore, there is also the possibility of n-complex formation 
with phosphole systems. Also, various derivatives of phospholes such as the 
corresponding oxides, sulfides and selenides may show interesting behaviour 
towa;lrds transition metal systems. The following subsections are therefore an 
account or’ the coordination chemistry of phospholes and phosphole deriva- 
tives of the type mentioned abave, For convenience, phosphole complexes 
and phosphole derivative complexes are treated separately, 

{a) Complexes of phospholes 
The earliest studies of the coordination chemistry of phospholes date from 

the fiist synthesis of the phosphole system and they involved reactions with 
metal carbonyls. &aye et al. [31] found that 1,2,3,4,5pentaphenylphosphole 
(XXXVIII) reacts quantitatively with Fe(C0)5 under fairly drastic conditions 
(refluxing isooctane for several hours) to form the monosubstituted product 
tetracarbonyl( 1,2,3,4,5-pentaphenylphosphole)iron( 0) (XxX1X) in which the 
ligand is bound to the iron atom through the phosphorus atom. A similar 
reaction between the phosphole (XXXVIII) and Fe3(CO)r2 was found to give, 
in addition tu (XXXIX), the complex (XL) in which the iron atom is n-bonded 
to the ligand through the diene system of the phosphule ring. These authors 
also report [31] that, occasionally, the interesting complex (XLI) may also 
be formed in this reaction. Thus, in these metal carbonyl reactions, the 
phosphole resembles both tertiary phosphines and a number of non-aromatic 
conjugated dienes which are knawn 1_32] to react readily with irun carbonyls. 

I 

F&33,, Fs<CO), 

In a later investigation, Cuokson et al. 1331 obtained bath n-complexes 
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and normal phosphine complexes analogous to (XXXIX) and (XL) from the 
reactions of f,2,5-triphenylphosphole (zzbbreviated here to TPP) with iron 
carbonyls. Similarly, the hexacarbonyls of Cr, Mo and W and Ni(C0J4 all 
react [33] with TPP to form the monosubstituted P-bonded derivatives 
(TPP)M(C!U)5 (M=Cr, Ma or W) and (TPP)Ni(CU),. In the same investigation, 
it was found that the bismorphoiine tetracarbonyls of MO and W form, with 
TPP, complexes of the type (TPP),M(C0)4 (M=Mo or W). These apparently 
contain 7-coardinate No or W but IR studies [33] indicate that one of the 
phosphole molecules is not directly coordinated to the metal atam although 
repeated crystallization does not chanse the ligand to metal ratio. 

As &eady mentioned in an earlier section, cobalt carbonyl complexes of 
2- and 3-phospholenes are efficient catalysts for the conversion IlO] of Z,- 
alkenes into 1-alkanols in the presence of CO and Hz+ Similar behaviour has 
also been found [lo] for cobalt carbonyl complexes of heavily substituted 
phospholes such as TPP, l&3,4,5-pentaphenylphosphole (XXXVIII) and 
f -sQryl-2,3,4&tetiphenylphosphoXe, For the complexes of TPP and 
(XXXVIII), the rates of conversion of alkene into a&an01 were found to be 
considerably faster than for the various related phospholene complexes under 
similar conditions while overall yields for the conversion remain about the 
same (ca. 90%). 

The first study of the coordinating ability of a phosphole (in this instance, 
TPP) with transition metals in a non-zero oxidation state was carried out by 
Walton f34f. Thus, lt was found that the chlorides and bromides of Pdr’ and 
Pt” react with the phosphole under mild conditions to give crystalline com- 
plexes formulated as (TPP)&& (M=Pd or Pt, X=Cl or Br) while mercury(H) 

chloride reacts with TPP to form (regardless of reactant ratios) the halogen- 
bridged dimeric adduct (XLTI). In similar reactions, it was found [243 that 
Rh’” chloride reacts with a twofold excess of TPP to form (TPP)RhC&. No 
evidence for any reduction of Rh”’ to Rh’ (as readily occurs t353 in the 
reactions of triphenylphasphine with Rhrrl chloride) was found although the 
conditions chosen for the reaction (mixing of solutions at room temperature) 
were very mild. In a.U of the above mentioned complexes, the staichimetry 
indicates bonding of the ligand to the metal through the phosphorus atom. 

As part of a general investigation of the donor character of unsaturated 
phosphorus heterocycles, a detailed study of the coordinating ability of the 
readily available f36] 1,2,5-triphenylphosphole (TPP) has been undertaken 
[37-413. Thus, preliminary studies f37 ] showed that TPP does not react 
under normal conditions with the chlorides of A& Mn”, Fe”, Co”, Ni”, 
ThIv and Urv although most of these transition metal species are known [42] 
to form compl&es easily with normal tertiary pbosphines. Prom these ob- 



semations, it appears that the lone pair of electrons of the phosphorus atom 
of TPP is not readily available for coordination. Tfiis conclusion is supported 
by Quin’s observations that I-methylphosphole is an extremely weak base 
(PKT, = 0.5) and that this simple phosphole wa not form compIexes witfz 
Ni” chloride [I] L Qtin et ai. [13] have similarly found that the related 
stict;ure I-benzylphosphole also lacks donor character towards Ni”. This 
would indicate that the reluctance of TPP to form complexes with Ni” is not 
primarily a steric effect (a conclusion supported by Walton’s observations 
already discussed [34]) since both I-methylphosphole and 1-benzylphosphole 
are very much fess bulky than TPP and still do not form N?’ complexes, 

l[n contrast, Quin et al. f13] have also observed that the relativefy u&in- 
dered structure l-benzyE3&dimethylphosphole smoothly and rapidly forms 
a stable recrystallizable complex of the type L2NiC12 with Ni” chloride 
(L = phosphole ligand). This readiness of l-benzyl-3,4_dimethylphosphole to 
form complexes has been attributed by Quin et aI. 113,431 to a modification 
in delocdization in the phosphole ring as a result of steric interaction of the 
two adjacent methyl groups, Spectruscopic evidence has been put forward 
[43] which supports this suggestion. If is also interesting to note that, as 
with the phospholene--Nin complexes already discussed, complexation of 
1-benzyl-3,4dimethylphosphc&? with Ni” chloride leads$o the complete 
disappearance of all ‘IP-H couplings in the NMR spectrum_ 

That the refuctince of TPP to form complexes with the transition metal 
systr;ms mentioned above is not steric in origin is confiimed by the fact *hat 
this i&and will inkract with and form complexes with quite a wide variety 
of other transition metal systems in addition to those investigated by Walton 
f34]. For example, TPP reacts smoothly [37] with Curr chloride in methanol 
to form a complex with the sfaich.iometry (TPP)CuCl - i.e, in this reaction, 
the phosphole apparently has both the reducing p=rwer [44] and coordinating 
ability of a normal tertiary phosphine although the reaction is somewhat 
slower than with normal phosphines. The same complex may also be prepared 
by direct reaction of TPP with Cu’ chloride. A similar reduction of Fe”’ to 
Fe” occurs when a methylene chloride solution of Fe”’ chloride is treated 
with TPP which, during the reaction, is oxidized to 1,2,5-tiphenylphasphole 
oxide (TPPU), presumably by hydrolysis of an mtermedi&e P-P-dichforophos- 
ph&. In this reaction, no complex is formed unless an excess of I?&” chloride 
is used. Under these conditions, a 1,2,5-triphenylphosphole oxide complex 
of I?elIr is formed with the stoichiometry (TPP0)2FeCla.0.5 CHzC12. 

In the same study [37], coordination of TPP with halides of transition 
metals in higher axidation states, such as Tav chloride and bromide and NbV 
chloride, was investigated. In all cases, vi&u&y quantitative yields of cry&& 
line 3.9 adducts af the type (TPP)MX5 (M=Ta, X=Cl or Br; M=Nb, X=Cl) 
are readily formed, Only oils were obtained from the reaction of TPP with 
NbY bromide and neit:rer Tav iodide nor NbV iodide reacted, probably be- 
cause of greater &eric interactions. The phosphoie ligand is only very weakly 
bound to the metal atom in these complexes as is evident from the fact that 
TPP is readily displaced from (TPP)M& by courdinatig salve&s such as 
acetonitrile and even ether. This does not occur with the corresponding tri- 
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phenylphosphine complexes. On the other hand, (wP)TaC15 may be sublimed 
unchanged on heating under reduced pressure although, presumably, some 
dissociation must occur in the gas phase. 

One very interesting and significant result obtained from this work was the 
determination of the site of protonatian [3?,383 af the phosphole ring in 
1,2,5&iphenylphosphole (TPP). Since phospholes are such weak bases [l] 
they do not normally protonatc to form stable s&s such as hydrochlorides 
and l-methylphosphole cannot even be extracted from pentane by 2N hydro- 
chloric acid. However, it was found f38] that dry hydrogen chloride gas 
reacts rapidly with a benzene solution of (TPP)TaC& m with a bmzene 
solution of TPP in which TaCIS is suspended to give a highly crystalline 
orange solid analyzing for [TPPHf+~TaCl,]-. The same compound may also 
be prepared [38] by exposing a benzene solution of (TPP)TaCls to ethanol 
vapour or to the direct addition of small amounts of ethanol. On the basis 
m&y of IR spectral data and deuterium labelling experiments, this com- 
pound has been assigned [38] the P-protonat& structure (XLIII)* If protona- 
tion at this site is general fur phospholes, this would be in complete contrast 
to the behaviour of pyrroles (the aromatic nitrogen containing analogues of 
phospholes) where protonation occurs at the ring carbon atoms [453. The 

corresponding complex [TPPH]+ [NbC18] - is also easily prepared by similar 
methods although it is much more sensitive to atmospheric moisture than is 
the Tav adduct. Presumably the complex (XLZII) owes its stability to the 
stictly anhydrous conditions used, the stabilizing influence of the ITaCle]- 
ion and a favourable lattice energy for the crystalline solid. 

Attempts to replace the [TaCle ]- ion by other potentially good stabilizing 
anions were largely unsuccessful althkgh there was some evidence [37] for 
the formation of [TPPII J*EFeCl,]- .FeC& on treatment of Fe(III) 
chloride ad TPP (2~1) in benzene with dry hydrogen chloride, With a 1:l 
metal halide: ligand mtio, the complex: salt [(TPPf2FeC12]+[FeC14]- was 
apparently Eormrd [37] L 

Because of the currznt interest in phosphine-rhadium and phosphine- 
ruthenium complexes as homogeneous catalysts for various reactions, the 
reactions of TPP and other phusphole derivatives with rhodium E39] and 
ruthenium 1401 systems have been investigated, Thus, it was confirmed f39] 
that rhodium(IIX) chloride trihydrate reacts almost immediately in ethanol 
with up to six-fold excesses of TPP and the much less hindered l-phenyl- 
phosphole (PP) to give complexes of formula (TPP)RhC13 (as observed by 
Walton [ 341) and (PP)sRh& respectively. With TPP, longer reflux times 
(ca. 24 h) lead to the formation of the hydride complex (TPP)2RhEIC12, Eki- 
dence has been put forward f39] which suggesk that (TPP)2RhlHC12 is a 
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square pyramidal structure with the hydrogen atom at the apex and with the 
two phosphole l&ends mutually trans. 

Ik the above mentioned expetiments, no reduction of Rh”’ to Rh’ was 
detected (cf. Walton [34]). However, if the reaction is carried out under 
reflux in solvent systems in which the phosphofe has a much greater salubility 
than in ethanol (e.g. chlorufurm-methanol), reduction af Rhm to Rh” dues 
occur to give the complex (TPP)(TPPO)RhCl in which the TPP is bound to 
the metal atom through the phosphorus atom whtie the TPPQ is bound 
through the x-dierre system. More will be said about these n-coordinated sys- 
tems later but it i.s worth noting that the Rh’ atom has a stronger affinity fur 
the Ir-system of TPPO in the presexe of an excess of TPP and this agam 
illustrates the very weak donor character of the phusphole system. 

Rhodium(I) complexes of TPP may also be prepared [39] directly by reac- 
tion with chlorobis(carbonyl)rhodium(I) dimer [RhCl(C0)2]2 in ethanol to 
give the monomeric square-planar complex (TPP)2(CO)RhCl, On the ather 
hand, a similar reaction between a 311 excess of TPP and chlorobis(ethylene)- 
rhodium(I) dimer [(C&H,),RhC& under reflux in methanul gives the dimeric 
complex [(33?P)2RhCl]2. Both of these complexes are air sensitive ad IR 
evidence [39] indicates that the oxygen is taken up to oxidize the TPI? in the 
complex to TPPQ. If the rcbaction of chlurubis(ethylene)rhodium(I) dimer 
with TPP is carried out in the presence of a sixfold excess of TPP in chloro- 
form-ethanol sulutiun under ref’lux, the complex (TPP)&hCl is formed, 

The rhodium(III) and rh+DdiumfI) complexes mentiuned above are of interest 
because they are related to a number of catalytically active rhodium com- 
plexes of normal tertiary phosphines (e.g. (PhaP)sRhCI 1461). A preliminary 
investigation 1391 has shown that several of these complexes, such as the 
Rh”Ir complex {TPP)&hHC& in the presence of Et&I and also, to a lesser 
extent; the Rh’ complex ICTPP)2RhC1]2, do indeed have catalytic activity in 
homogeneous hydrogenation reactions. For example, l-hexene is smoothly 
hydrogenated in the presence of these complexes in benzene solution although 
the rate of hydrogenation is considerably less than has been observed 1461 
for (Ph3P)&hCl. 

The coordination chemistry of TPP with both ruthenium(II1) and ruthe- 
niumfII) has received some atkentiun 1401. For example, commercial ruthe- 
nium trichloride hydrate reacti smoothly with a three-f&d excess of TPP in 
ethanol to give a complex with the stoichiometry (TPP)zRuCls. Infrared 
spectroscopic studies 1401 indicate that this has a halogen-bridged dimeric 
structure and the complex therefore contains normal six-coordinate ruthe 
nium. No evidence was ubtained for reduction of Rum to Ru? 

Ruthetium(II) compkxes of TPP may be prepared by two methods, The 
first of these involves the reaction of TPP with the blue ruthenium(II) solu- 
tion containing [ Ru&lla] 2- ubtained [47,42 ] by reduction of alcoholic 
commercial ruthenium trichloride hydrate with hydrogen in the presence 
of Adam’s cawyst. Thus, heating the ethanol& Ru” blue solution under 
ref’lux fur sixty hours v&h a three-fold excess of TPP leads t40] to the fur- 
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mation af a stable green complex of formula (TPP)aRuC12. The second meth- 
od involves the reaction of TPP with the ruthenium(H) red solution con- 
taining the species Ru(CO),Cl, which is obtained 11491 by passage of carbon 
monoxide through ethanolk commercial nxthenium trkhlaride hydrate under 
yeflux. Under these conditions, the stable orange crystalline adduct cis 
(TPP)&u(CO)&l, is obtained [ 401. This compound is analogous to the 
series of coinpounds of formula LzRu( CO)#2 formed [ 491 when the red 
Ru” solution is treated with a variety of norm& phosphine and arsine ligands. 
However, reactions of this type with the ethanolic red Ru(CU),Cl, solution 
normally give the tmns isomers of: LzRu(CU)&lz while the corresponding 
cis isomers can be obtained from a similar yellow Ru(CO),CI, solution in 
2-methoxyethanol [49]. The tranr isomers of &Ru(CO)&lz may also be 
converted into the cis isomers on heating [49 ] and it is possible in the reaction 
described above, that frans (TPP)&u(CO)$& is initially formed and under- 
goes thermal isomerization. 

The behaviour of phospholes (in particula TPP) towards the rhenium@1 j 
cluster compound nonachlorotrirhenium(III) (Re,Cl~) is also of interest for 
several reasons. Thus, rhenium has only borderline Wass b” acceptor char- 
acteristics [501 and, moreover, Re&ls is a crowded system. These charrcter- 
istics would seem to render unlikely any significant interaction between the 
bulky and apparently paur donor TPP and Re&lS although the common 
tertiary phosphines farm [51], with this cluster system, complexes of the 
type LBRe&lg in which each rhenium atom accepts one ligand molecule. 
Nevertheless, ReJ& forms [ 411 fairly readily with TPP, under reflux in di- 
chloromethane, the complex ( TPP)2Re&I&H2C12 from which the solyent 
cannat be removed by low pressure pumping, Other solvent molecules (e-g. 
acetone) can be incoflporated into the complex in place of dichloromethane 
but zreatment of the complex w-S;h substantial quantities of coordinating 
solvents such as acetone or ethanol leads to the immediak displacement of 
‘FPP from the complex. A similar phenomenon (ligand displacement by a 
coordin&ing solvent) has been observed [37] (see earlier discussion) with 
(TPP)TaC15 and this agtin tiustrates the weakness of the phasphoruslnetal 
link in these phasphale complexes. 

?‘he poor donor charcacter together with the crowded nature of Re&lg is 
probably responsible for the fact that each Res cluster can accommodate a 
maximum of two TPP ligands with the third coordination site occupied by a 
solvent molecule_ In this connection, it should be noted that the reaction af 
TPP with Re3C& in dichlorumethane a’i roum temperafxre leads to the far- 
mation [41] of (TPP)Re&k+(CH,Cl~), - i-e. a complex in which 0nIy one 
coordination site is occupied by a TPP ligand_ 

(b) Complexes of phosphole oxides, sulfides and seknides 

In general, studies of She coordination chemistry of phosphole oxides, 
sulfides and selenides (e-g_ XLIV, X=0, S or Se; R=H ur Ph) have paralleled 
simffar investigations of the corresponding phospholes except that phosphole 



oxides and sulfides with-few substituents (e.g. l-methylphosphole oxide) 
have received no attention, probably because of their readiness27852 to undergo 
spontaneous dimerization at room temperature via a Diels-Alder addition, 
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As with the phospholes, the first such studies involved metal carbonyls- 
Thus, 1,2,3,4,5_pentaphenytphosphusphole oxide (XLIV, X=0; R=Ph) reacts 
1313 with Fe(CO)S to give the z-complex (XLV) and very similar behaviour 
has been noted [33] for 1,2,5-triphenylphosphale oxide (TPPO) (XLW, 
X=0; R=H). Reactions of TPPO with the hexacarbonyls of Cr” and W* 
produced no identifiable compounds 1331 while TPPO reacts with Mo(CO)e 
to give a product for which the formula (TPPU)2MufCU)2 was suggestid. 
Attempts to prepare this same complex by reaction of TPPO with (CH&EICN),- 
MOM gave only the Diels-Alder adduct of TPPO and acrylonitrile in low 
yield. Similar reactions [ 311 of 1,2,3,4,5-pentaphenylphosphole sulfide 
(XLIV, X=S; R=Ph) with iron carbonyls give only the pentaphenylphos- 
phole-iron tetracarbonyl adduct (XXXIX) - i-e, the P=S link is very easily 
cleaved under these mild conditions. 

The donor character of the oxide (TPPO), sulfide (TPPS) and selenlde 
(TPPSe) of 1,2,5&iphenylphosphale (TPP) towards transition metal halides 
has received considerable attention. For examiple, it has been shown 1371 
that the donor chmcter of the TPP system is only marginally increased by 
oxidation to TPPQ. Thus, TPPQ does not react with the chlorides of Fe”, 
Niif and Cur’ even after pruIonged refly in dichloromethane or ethanol solu- 
tion. Some reaction was observed under similar conditions with Mnn chloride 
but no identifiable product could be obtained. The only divalent 3d met;dl 
to have any substantial degree of reactivity towards TPPO was found to be 
cobalt and the reaction of Co” chloride hexabydrate with TPPO gives a bright 
green sulid tentatively formulated as fTPP0)#oC12 mai?ly on the basis of 
the visible ar,? near infrared reflectance spectra which showed the presence 
of tetrahedral cobalt. The complex itself was contaminated with appreciable 
amounts of unreacted ligand but all attempts to purify the adduct (recrystal- 
lization, sublimation or chromatography) led to decomposition (loss of ligand). 
The phusphole oxide TWO reach readily, however, with various transition 
met& in higher oxidation &&es to form stable complexes* In this cunneetion, 
although Fe” chloride does not react with TPPO, Fe= chloride reacts smaothly 
[3’7] to give the complex (TPPO)~~eC13.0.5CH2~~. As has been mentioned 
earlier, this same complex is produced when TPP is treatid with an excess of 
Fe’n chloride in dichloromethane. In this reaction, Fe’” is reduced to FeiL, the 
phosphule TPF is oxidized (probably via the P,&Iichluro-compound) and the 
resulting TPPU coordinates to the remaining Fern. Unlike the phosphole TPI?, 



the phosphole oxide TPPO reacts [37] with both thorium(W) and uranium(W) 
chlorides to &ive complexes of the type (TPPO)2MC& (M=Th or U) and also 
fTPPU)$hCf& 

The phosphole su.Wde (TPPS) (XZW, X=S; R=H) and the corresponding 
selznide (TPPSe) (XLIV, X=Se; R=M) do not react with any of the divalent 
3d metals mentioned previously nor do they react with ThIV and UIv chlorides. 
However, TPPS does react with F’eCJ3 to give the unstabie adduct (TPPS)2n 
Fe& but attempts to recry&.llize this complex led to the formation of 
(TPPO)lF&~~. TAis P--S bond ckavage is remixliscent of the formation 1313 
of (XXXIX) on treatment of ~,2,3,4,5-petaphenylphosphole sulfide with 
iron carbonyls. 

Considering transiticm metals in even higher oxidation states, the interac- 
tion of TPPO, TPPS and TPFSe with Nbv and TaV halides has been tho- 
roughly investigated [ 371 since these reactions allow direct comparison with 
similar reactions 1531 uf triphenylphosphine oxide, sulfide and selenide. In 
this study, it was found that TWO, TPPS and TPPSe aI react quite readily, 
but under strictly anhydrous conditions, with halides of Nbv and Tav to give 
adducts (sometimes solvated) with the general formula LMX5 (L=ligand, 
M=metal, X=hdIogen) &hou& some of these complexes may exist in any 
one of several crystahine fuz-ms. Fur example, TPPU reacts with TaGf, in 
dkhloromethane under refiux to give the solvated complex (WPO)TaCls- 
(CH&& The solvent can be removed from this product by two methods. 
Thus, washing the solvated adduct with anhydrous acetonitrile leads to 
cu-(TPPQ)TaClb as a crystalline solid. On the other hand, sublimation of the 
soivated adduct leads to a different crystalhne form &(TPPO)TaCfs and this 
P-phase may also be prepared directly by treatment of TPPU with TaC15 under 
reflux tin benzene. SimGr reactions of TPPU occur with NbC15 and with the 
bromides of both Nbv and Tav. 

Exposure of (TPPQ)TaC15(CH&12), to trace amounts of mcisture causes 
formation of (TPPO)TaOCla and it has been shown that the additional oxygen 
atom is in&ed derived from the mobf;ure and not from TPPQ [37f. Oxygen 
abshction might have been expectid in view of Fairbrother’s observations 
[53] tihat reaction of Nb& with Ph3P0 gives (Ph;3P0)$bOCI, *with the ad- 
ditional oxygen atom being derived from PhsPO, and Milk&s findings [ 54 J 
from thermochemical measurements that the P=O bond strength in phosphole 
oxides (e.& 1,2,3,4,5-pentaphenylphusphole oxide (XtIV, X=0; R=l?h)) is 
considerably less than in most tertiary aryl phosphine oxides. f-fowever, even 
prolonged reflux of TaC& or NbCIS with large excesses of TPlE)O under strictly 
anhydrous conditions showed no oxygen abstraction from TPPO. 

The phosphole sulfide TPPS and the selenide WPSe both react with Nby 
and Tay chlorides. For example, TPPS reacts with a slight excess of TaC& in 
benzene to gke (TPPS)TaCI&&G_ Removal of the solvent (low pressure 
pumping) kads to the formation of ar-(TPPS)TaCfti, A sofvated P-phase of this 
COIK@X may be prepared by heating TPPS and Tz&15 in an exactly I:1 mofar 
ratio in benzene or dichioromethane. In contrast, similar reactions of TPPSe 



259 

give only a solvated P-phase regardless of the nature of the solvent and the 
ratios of the reactants. 

Infrared examination of the various addu&s described above showed [37] 
that the P-U, P-S and P=Se stretching vibrations are shifted on Cuordirra- 
tier, to lower values and this confirms that the ligands are linked to the metal 
atoms through the 0, S or Se atoms. However, the shifts are very much 
smaller (particularly for TPPSe) than for the corresponding triphenylphosphine 
oxide, sulfide and seletide adducts, This q&n emphasises that these phosphole 
derivatives a31e much wez&er o donors than the corresponding triphenyl- 
phosphine derivatives. 

In other investigat’,ons, studies of the donor character of Tl?PO, TPPS and 
TI?PSe towards rhodium [39,55], ruthenium [403 and rhenium 1411 systems 
have also been carried out, usually in connection with similar studies of TPP. 
Thus, treatment of TYPO with rhdoium(IfI) chloride hydrate in ethanol causes 
reduction of Rh’* to Rh’ and yields 1551 the interesting dimeric complex 
[(TPPO)3%hC1]2 in which the TPPO ligand, unlike that in the adducts dis- 
cussed above, isn-bonded to the metal as shown in (XLVI). Other m-corn- 
plexes of phosphole oxides (e.g. XLV) are known 131,331 but these invoht? 
metal carbonyls. The same complex may prepared directly [55] from the 
rhodium(i) compound Rh2C1,(C0)4 by treatment with TPPU in ethanol 

The wide variety of reactions entered into f55] by (XLVI) is of some 
interest and the reactions may be divided into those in which the TPPO is 
retained as a n-completing ligand on rhodium and those in which the TPP0 
is displaced. For example, (XLVI) reacts smoothly with FeC& to give the 
monomeric complex (XLVII) which apparently contains three-coordinate 
rhodium, However, it has been suggested that the fToUrt;h coordination sifR 
of the rhodium atom is occupied by a chlorine atom of the F&l3 grouping. 
No prodv.cts could be isolated from reactions of (XLVI) with the diva-lent 
chlorides of other 3d metals. 

The dinner (XL=) also reacts [55] with o-phenanthroline, pyridine and 
carbon monoxide to give complexes of the type (TPP0)RhCl.L (bidentate 
&and) or (TPPU)RhC& (monodentite ligand) in which the TPPO remains 
n-complexed to the rhodium atom, With the monodent&e ligands Me& and 
PhJ? (1:l’i.n methanol), only the mono-adduck (TPPO)RhCl*L are formed, 
with podium acetatz the acetate-bridged dimer [(TPPO)Rh(OAc)]z is ob 
t&ned and with methanolic tiphenylphosphine in the presence of formaldehyde, 
formation of the mixed ligand adduct (TPPO) (Ph$)RhCI(CU) uccuzs 1551 w 
This last compound is also obtained by treatment of (XLVI) wifh triphenyl- 
phosphine in tetrahydrafurar’~ containing diethyl ether. Reaction of TPP 



(six-fold excess) with RhC13.3HaO in metharrol-chloroform under reflex 
leads dkectly [393 to the Rh’ n-complex (TPPG)(TPP)RhCI analogaus to 
~~P~)~Ph~~)~Cl mentioned above. fn all of these complexes, the figand 
TPPU is clearly very s%rongly bound to the Rh’ atom. 

Reactions of (XLVT) in which the n-bonded TPPO ligand is lost include 
[55] treatment af (XLVI) with diphos where jdipho&RhCl is obtained or 
with a large excess of triphenylphosphine in methanol under reflux where 
fPhJ?)sRhCl is farmed, 

Relatively little attention has been paid to reactions between rhodium 
compounds and TPPS. In one study 1391 it was found that TPPS reactz with 
rhodium(M) chloride hydrate in ethanol under reflux to give the RhX adduct 
(TPPS)RhCl.CH2C12 in which, unlike the corresponding TPPO adduct, the 
phosphole sulfide is o-bonded to the metd through the sulfur atom. This 
difference in behaviour beeween two very simifaz systems has been attributed 
[39f to the fact that rhodium is a Wass b” acceptor and hence should react 
more readily with sulfur donors than tith oxygen donors. TPPS will also react 
directiy [39] with Rh’ in the form of Rh2C12(C0)4 to give (TPPS)RhC1(CO)2 
which apparently has a square-planar arr;xmgement about the rhodium atom. 

Turning to ruthenium systems, the ligands TPPO, TPPS and TPPSe all react 
[40] smoothly with R@ chloride hydrate to give adducts of the form 
LsRuCl, irr which the ligand is bound to the metal via the 0, S or Se atom - 
i,e,, unlike the Rhm system, no reduction of Rum occurs and also na cleavage 
of the P=X bond (X=0, S, Se) OCCLIB, as has been observed [31 J in the 
reactions of phusphole sulfides with iron carbonyls. 

Although RunI :s not reduced to Rur’ by TPPO, Ru’r complexes of this 
libmnd can be formed by direct reaction of TPFG with the blue Ru”’ methanol 
solution l47,483 already mentioned to give (TPPO)BRuC12.EtUEI. This adduct 
is of some interest since IR spectral data indicati that two of the TPPQ ligands 
are o-bonded to the ruthenium atom while the third is n-bonded to give a 
nom& 6-coordinate Run system as in (X_NIU), Similar experiments 1401 
tith TPPS and TIT& gave only the LsRuC2, adducts mentioned above. This 
axidaticm of R# to Rum hzs also been previously observed [483 with other 
sulfur-cu&aining ligazds although the reasons fur this behaviour are nut 
clear. 

In other attempts f40] to form Run complexes of TPPO and TPPS using 
the red ethanolic rulhenium(II) carbunyl chloride solution [49j previously 
mentioned, no chatacterizable compounds could be obtained although, as 
dready mentioned, TPP itself readily forms the adducts cis (TPP)&u(CO)&l~. 

Pinaliy, a brief study [41] of the interaction of phosphule derivatives with 
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the cluster compound rhenium(II1) chloride has shown that, as with TPP, both 
TPPO and TPPSe react with Re&ls in dichloromethane without destroying 
the cluster to give adducts of the type LzRe3C19.CHzClz. Thus, only two coor- 
dination sites are occupied on the Res cluster while the third is occupied by 
solvent although Re3ClS usually forms [51] compiexes of the form L,Re&L, 
with a wide variety of ligands. As with TPP, this behaviour presumably reflects 
the borderline “class b” acceptor nature of rhenium and the steric bulk and 
weak donor character of the ligands. Rather surprisingly, a similar reaction 
with TPPS gives no identifiable product. 

(v) Dibenzophosphole complexes 

Although there have been no reports of complexes of the phosphindole 
(benzophosphole) system (XLIX), the dibenzophosphole system (L) has 
received considerable attention during recent years. 

OJ 3 PI m 

A ; 
XLIX L 

Thus, in a series of four papers, Allen and co-workers [56-59] have tho- 
roughIy investigated reactions of dibenzophosphole derivatives with Nin, 
Con, Pd” and l?t” halides and cyanides. In a preliminary report [56] on the 
first of these studies, it was shown that whereas 5-phenyl-5H-dibenzophos- 
phole (L, R=Ph) forms only normal four-coordinate complexes of type 
L&IX2 with NiXz (X=Cl, Br, I), PdBrz and PtBrz, the corresponding 5alkyl- 
derivatives (L, R=Me or Et) readily give five-coordinate complexes of the 
type LsMXa (M=Ni, X=Cl, Br, I; M=Co, Pd, Pt, X=Br). These five-coordinate 
complexes are all stable in the solid state and many of them are stable in 
dichloromethane solution while others dissociate according to the equilibrium 
LsMX@LzMXz + L. These complexes therefore strongly resemble in behav- 
iour the analogous complexes of 2pbenylisophosphindoline( III) which have 
already been discussed at length. 

In a later full report on this work [ 571, the study was extended to include 
the cyanides and thiocyanates of Ni” and Pt” and the cyanide of Pdn, and 
it was confirmed that, in general, simple 5alkyl-5Hdibenzophospholes (L, 
R=Me or Et) readily form with most of these divalent metal salts five-coor- 
dinate complexes of the type L&G& although four-coordinate complexes 
may be formed in certain instances. It was also reported [57] that although 
some of these complexes dissociate in dichloromethane solution as mentioned 
above, as a general rule they do not ionize according to the equilibrium 
LaMXZ* [L&IX]+[X]- in polar solvents such as nitrobenzene or ethanol. In 
this respect, they differ from the corresponding 2-phenylisophosphindoline(II1: 
complexes. The exceptions to this behaviour are the complexes LaPtXs 
(L = &ethyl- or 5-methyl-5H_dibenzophosphole, X= Br or SCN) where ioniza- 



tion readily occurs :in nitrcbenzene solution to give solutions of partially 
ionized complexes for which the conductivity is concentration dependent 
and appro2ches that of a 1: 1 electrolyte at infinite dilution. 

The fGe_coordinate nickel complexes are of pz&ic&r interest, For example, 
it was noted 1571 that although must known five-coordinate NiK’ complexes 
(including those involving phosphorus ligands) are diamagnetic, sume such 
complexes containing donor atoms which do readily take part in metal ?r- 
bonding are high spin arrangements with magnetic moments of the order of 
3-1-3.4 3.M. However, most of the five-coordinate complexes reported in this 
study [ 573 (L~NZ& L=5-alkyl-5H-&benzophosphale, X=Cl, Br, I, SCN) have 
magnetic moments of U-65-1.5 B.&T. These values are intermediate between 
those expected for a high spin and a low spin arrangement but, ES the magnetic 
moments are independent of temperature, it appears that these intermediate 
values are not a result of an equilibrium between high spin and low spin 
furms. 3n the other hand, the related dicyanato complexes L,Ni<C&), are 
diamagnetic. The corresponding Co” complexes have normal low spin arrange- 
ments since they show magnetic moment vahes in the range 1.95-2.0 B.M. 

Another point of interest regarding the five-coordinate nickel complexes 
is that two geometrical arrangements (trigonal bipyramidal and tetragunal 
pyramidal) are possible and/in other knam five-coordinate Nin cumplexes, 
both arrangements have been observed [573_ In this eunnectiun, it was observ- 
ed 1571 that the visible and near infrared solution spectra of the partiagnetic 
Ni” complexes of 5-alkyf-5Hdibenzophospholes [L3NiX2, X=Cl, Br, I, SCN) 
differ considerably from the solid state spectra (which are very similar for all 
of the paramagnetic complexes) indicating that the complexes have different 
structures in solution from those in the solid state. Indeed, the complexity 
uf the solution spectra was taken tu indic&e 157 f thati a complex equilibrium 
involving square planar, five coordinafR and tetrahedral complexes opera&s 
with the five-coordinate species dominating the e~Gl.ibrium at lower tem- 
peratures. ‘I%& supports the dissociation in solution inferred from molecular 
weight studies. 

The stnictures of G;le related diammetic dicyanatotris(5-methyl-) and 
~tcy~ato~(5~ethyl-5~-diben~uphosphole)nick~l(II) complexes (L3NifCN)2) 
show several noteworthy characteristics. Thus, the solid state spectra of the 
two complexes are totally different whereas the dichloromethane solution 
spectra (where no dissoeiatiun occurs) me identical. This suggesti that the 
two complexes have different solid state structures which become identical 
in solution. This indeed has proved to be the case and, in structural studies, 
Allen et al. have shown in a brief prelirniiary.repurt 1571 that di~yanatotris- 
(5-methyl-5N_dibenzophusphule)nickel( II) crystallizes from ethanol in a dis- 
torted tetragonzl pyramidal arrangement. A later, slightly more detailed, 
communication by the same gruup [58] confirmed this assignment and show- 
ed also that one of the dibenzophosphale ligands occupies the apical position 
tith the two cyz~o groups mutually Puns at the base of the pyramid. This 
communication also reported that the cur~~punding 5-ethyl-5Hcdibenzu- 
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phosphole Nir’ complex exist3 in the solid state in the tr&onal bipyramldal 
arrangement with the two cyan0 groups occupying the apical positions. 

In a still later and much more detailed report, PoweD et al. [SO] have 
shown, again by X-ray methods, that the dicyanototris(5methyl-5Hdibenzo- 
phusphule)n~~~e~(~~) complex can exist in either the tetragonaf pyramidal form 
or the trigonaf bipyramidaf form depending upon the crysklking solvent. 
Thus, crysMI.ization of the complex from chloroform-methanol leads to a 
trigonal bipyramidal form (with the cyanide groups in the apicai positions) 
in which a molecule of methanol of crystallization interacts weakly with one 
of the cyanide groups- Furthermore, in both forms of the 5-methyl-5H- 
dibenzophosphole Ni” complex and also the corresponding S-ethyl- complex, 
two of the dibenzophosphole ligands are arranged such that the plane af the 
two ring systems are almost parallel and are overlapping. The degree of o&r- 
lap varies. For example, with the tetragonal pyramidal knethyl- complex, 
the overlap is almost complete so that one of the ligands almost completely 
eclipses a second such hgand when viewed from a pokt above the ring system 
and perpendicular to the plane of the ligand. With the other (trigunal bipy- 
ramidal) ES-methyl- complex and the similar &ethyl- complex, the overlap is 
very much less (only one of the outer benzenoid rings overlaps with a similar 
ring in the second ligand) although the planes of the two systems are still 
almost parallel. The authors state [SO1 that there is no steric requirement for 
this plane to plane overlap- 

Turning to other metal complexes of dibenzophosphole ligands, both five- 
coordinate complexes analogous to those described above and also some four- 
coordinate complexes can be obtained 1573 from suitable reactions with 
platinum(I1) and palladium(lI) halides using &methyl- or 5-ethyl-5Hdibenzo- 
phosphole (L, R=Me or Et) as ligand. However, Pt’i and Pdn cyanides will 
fowm only the fuuzt-coordinate complexes and this has been related [57] to 
the stabilization of the square planar &ate by the n-bonding cyanide groups. 
NMR studies of L&Cl2 (L = 5-methyl5Hdibenzophosphole) have shown that 
it has the cis arrangement in trifluoroacetic acid solution whereas the corre- 
sponcling Pt” and Pd” cyanide complexes have the frans configuration, 

ft has been suggested [5? ] that the formation of five-coordinate complexes 
of divalent Ni, Co, Pt and Pd with 5-~y~-5~~iben~o~h~sphole (L, R=rvLe or 
Et) is due to a favourable combination of both steric and electronic factors 
which are not present in 5-phenyl-5Kdibenzophosphole (5, R = Ph) which will only 
form four-coordinate complexes. In particular, the steric requirement at the 
phosphorus atom is skted to be critical and it has been noted 1571 that, in 
general, in those unidentate phosphorus lrgands which will form five-coor- 
dinate complexes, the substituents on the phosphorus atom provide a favour- 
able balance between o and n-bonding character. fn a later paper, Allen et al, 
[ 59 J reported the results of an investigation of the effects of variation of the 
steric and electionic properties of dibenzophosphole ligands of type (1;) in 
reactions with Ni II, Pdn and Ptn dihalides, It was found for example that in 
5-alkyl-5H-dihenzophuspholes (L, R=alkyl), increasing the steric bulk of $he 
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alkyd substituent leads to the formation uf only four-coordinate complexes 
as also occurs with the corresponding 5-phenyl- derivative (L, R=Ph), Thus, 
whereas the &methyl- and 5&hyl- derivatives readily form five-coordinate 
complexes, the 5isopropyl- and 5-tert-butyl- derivatives will only form fuur- 
coordinate complexes, The four-coordinate Nir’ chloride complexes are te- 
trahedral while the square planar PdBr2 complexes of both 5-isuprupyl- and 
5-ter;t-butyl-SH-d~benzuphusphule have the ltrans cunfiwatiun. With the 
Pt’” chloride complexes, that formed with (L, R=isopropyl) has the cis con- 
figuration while that formed with (L, R=fert-butylj takes up the buns arrange- 
ment. 

En considering electronic effeck, these workers suggested 1591 the readiness 
of the simple 5-alkyl-SH-dibenzophospho!es (L, R=alkyl) to form five-coor- 
dinate complexes could at least in part be due to the electrun releasing nature 
of the alkyl substituent. This would make the 5-alkyl- derivatives better 
donors than 5-phenyl-5Hdibenzophosphule (L, R =Ph) which forms only 
four-coordinate complexes. With this in mind, the donur properties of 2,8- 
dimethoxy-5-phenyl-5N-dibenzophosphole (LI), where the electron density 
at the phosphorus atom should be appreciably higher than in (L, R=Ph), were 
studied. However, again only four-coordinate complexes could be obtained 
and the authors concluded [ 59 J that the steric bulk of the 5-substituent in 
the dibenzuphuspholes is of overriding impartice in determiniilg which type 
of complex is formed. 

fn the must recent study of these five-caurdinate complexes of 5-atkyE5H- 
dibenzuphusphales (L, R=Me or Et), PuweU and Chui [61] have observed 
that the plane to plme parallel overlap uf two of the dibenzuphosphule ligands 
discussed earlier for the Ni” cya_nide complexes is generaI for the complexes 
L&l& (M=Ni, X= CM, L=5-methyf- or 5-ethyl-SHdibenzophusphole; M=Pd, 
X= Br, L=5&hyX-5H-dibenzuphosphole; M=Pt, X=Br, L=5-methyf- or liethyl- 
5H-dibenzophusphule) although the degree uf overlap varies according tu the 
complex. These workers also report tha: the interplanar distance between 
the two almost parallel dibenzophosphole units is in the range 3.57-3.79 A 
which is very similar to that in crystalline aromatic compounds and in related 
crystalline molecuIar compounds. 

Furthermore, of the six such complexes fur which data are reported, une 
(3[J$4i(CN)2, L=5-methyl-SH-dibenzophosphole) exists as a distorted tetragonal 
pyramid with one of the interacting phosphorus ligands in the apical position, 
two other complexes (an allogon isomer of the first complex and LaNi(CN)2, 
L = 5-ethyl-5H-dibenzuphusphule) adopt a distorted trigunal bipyramidal 
arrangement with aif. phosphorus Iigands disposed equatuxially, while the three 
Pd” and Ptr’ complexes adapt a distorted tetragunal pyramidal arrangement 



in which all of the phosphorus ligands are basal. It follows therefore that 
plane to plane interaction of two of the dibenzophosphole ligands does not 
dictate any particular geometry for the complexes. However, this interaction 
does ensure that in the trigonal bipyramidal complexes the P-M-P bond 
angle for the two interacting phosphorus ligands is much less than the ideal 
120” although such an angle could be achieved without difficulty if there 
were no attractive interaction between the two dibenzophosphole units. 
Indeed, this interaction leads to bond angle distortions at the metal atom in 
all of these complexes. 

In all such complexes, a plane to plane arrangement of all three phosphorus 
ligands is sterically impossible. 

In other studies, the reactions of 5-phenyl-5Hdibenzophosphole (L, R = Ph), 
abbreviated here to DBP, with a variety of transition metal systems have been 
investigated. For example, it has been found [ 39 ] that DBP (six-fold excess) 
reacts almost instantaneously with RhCls in ethanol to give (DBP)sRhCls. In 
this reaction, the DBP appears to have donor character intermediate between 
that of triphenylphosphine where rapid formation of the Rh’ species 
(PhsP)sRhCl (Wilkinson’s catalyst) occurs 1461, and that of 1,2,5-triphenyl- 
phosphole (TPP) where a slower reaction to give the Rh”’ complex (TPP)- 
RhCI, takes place 134,391 as already discussed. In this respect then, DBP 
resembles some tertiary alkyl or aryl alkyl phosphines which readily form 
[62] complexes of the type L,RhC13 without reduction of the metal. Rh’ 
complexes of DBP are, however, formed by direct interaction of DBP with 
suitable Rh’ species. Thus, DBP reacts smoothly [39] with both alcoholic 
[RhCI(CO)z]z and [RhCl(CzH&]z to give (DBP)RhCl(CO)z and [(DBP),- 
RhCl]s respectively and reaction of the latter complex with a large excess of 
DBP leads to the formation of the monomeric complex (DBP)sRhCl. 

Hydrido-Rh’ complexes of DBP have also been prepared by several meth- 
ods. For example, reduction of (DBP)sRhCls or (DBP)RhCl(C0)2 with sodi- 
um tetrahydroborate in the presence of an excess of DBP gives 1631 the 
orange complex (DBP)4RhH which is air stable in the solid state although 
benzene solutions are very oxygen sensitive. Recrystallization of this complex 
from benzene-ethanol (inert atmosphere) may be carried out with loss of 
one molecule of ligand to give (DBP)sRhH which slowly decomposes in air. 

Because so many Rh’-phosphine complexes (notably Wilkinson’s catalyst 
(PhsP)sRhCl 1461) have shown promising homogeneous catilytic activity in a 
variety of organic reactions such as hydrogenations and hydroformylations, 
and because DBP is essentially a rigid and flattened form of triphenylphos- 
phine, the homogeneous catalytic activity of these Rh’-DBP complexes has 
received considerable attention [ 39,63]_ It has been found that all of the 
complexes mentioned above do, in fact, show some catalytic activity in hy- 
drogenation reactions but, for most of the complexes, this activity is relatively 
minor. For example, although (DBP)sRhCl apparently closely resembles 
Wilkinson’s catalyst, it catalyzes the hydrogenation of I-hexene at only about 
one tenth of the rate of Wilkinson’s catalyst. The dimeric complex [(DBP)z- 
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RhC1]2 is even less active although the activity is easiIy measurable. 
On the other hand, the hydrido complex (DBP).&hH is an extremely effi- 

cient catalyst [63] for the homogeneous hydrogenation of olefins in oxygen- 
free benzene at below atmospheric pressure and at room temperature and it 
is selective far terminal &fins. Thus, in the homogeneous hydrogenation of 
l-hexene, (DBP)&hH is about seven times as active as Wilkinson’s catalyst. 
The activity is not significantly affected by the chain length of the hydro- 
carbon and detailed kinetic studies suggested [63] that the reaction proceeds 
by ihe fo’ifowing mechanism- * 

(DBP)aRhH 
benzene - (DBP)3RhH + DRP 

(DBP)aRhH Y (DBP)2RhH + DBP 

(DBP)2RhH + olefin w (DBP)&Ikyl)Rh 

It is also of interest to note that (DBP)4RhH is considerably more active 
[ 631 than the corresponding triphenylphosphine compiex (PhaP)dRhH. This 
difference in reactivity hw been attributed to the steric bulk and rigid nature 
of DBP and this in turn strongly suggests that quite minor changes in the 
nature of the ligand in suitable Rhi-phosphine complexes can cause major 
changes in cataIytic activity. 

The closely related complex (DBP)3RhH, which is formed by precipitation 
from a benzene solution of (DBP)4RhH on addition of ethanol (under Na), 
pppears [64] (as might be expected from the above hydrogenation mechanism 
fur (DBP)*RhW) to be an even more efficient homogeneous hydrsgenatiun 
catalyst. 

The reactions of DBP with both Ru”’ and Ru” have also been briefly 
studied [40] and DBP ham been found to react ripidly with RuC13 hydrate to 
give the air stable monomeric complex (DBP)aRuC13. As with the Rh”I reac- 
tions abeady reported, DBP exhibits donor character intermediate between 
tha& of triphenylphosphine (which, with an excess of ligand, reduces Rum 
to Run [65] and that of 1,2,5-triphenylphosphole (TPP) which not only will 
not reduce Ru I” but also reacts very slowly to give (TPP)aRuCla (i.e. one Iess 
ligand than with t,he corresponding DBP reaction). Again, as with the case 
of Rhn’, it has been pointed out 140) that in this respect, the behaviour of 
DBP (and, far that matter, of TPP) resembles that of some terti;iry alkyl 
phosphines and it has been suggested f4Uf that the steric factors which appar- 
ently normally govern [62c,66] the reduction of RhXn and related systems 
by tertiary aryl phosphines may not be the only factors involved in the cases 
of DBP and TPP and that electronic effects may also have to be taken into 
consideration. 

Althou& Ruin is not reduced by DBP, a variety of RurLDEP complexes 
may be prepared [40] by several methods. Thus, DBP reacts with the meth- 
anolic RuX’ blue solution 147,423 f contaitig [Ru~CX,~]~- (already mentionejt 



261 

in connection with phosphole complexes) to give (DBP)sRuCla. If the reac- 
tion is carried out in ethanol, (DBP)*RuCi; is obtained. Similar reactions of 
DBP with the red ethanolic Run carbonyl solution 1491 (again already men- - 
tioned in connection with TPP complexes) give (DBP)sRuCla(CO). The air 
sensitive hydrido-Run complex (DBP),RuHa is formed when boiling ethanolic 
RuCls hydrate is treated with DBP (six-fold excess) followed by addition of 
NaBHa. Further reaction of this complex with. dry HCl gives the chloro- 
hydrido Run complex (DBP)sRuHCl and the closely related compound 
(DBP)sRuHCl(CO) may be prepared by prolonged reflux of ethanolic (DBP)d- 
RuCl, with NaBH4. There appears to be nothing remarkable about any of 
these Run-DBP complexes, which are quite similar to Run complexes of 
other ligands [ 401. 

In related studies, brief mention has been made [41] of the reaction of 
Rem chloride with DBP. Reaction of the DBP ligand with ResCIs in dichloro- 
methane gives (DBP)2Re,Cla.CH&12 - i.e. a complex in which only two of 
the three possible coordination sites are occupied by DBP ligands. This behav- 
iour is virtually identical to that of TPP, TPPO and TPPSe already discussed. 

Finally, the reactions of DBP (together with those of triphenylphosphine 
and other phosphines) with several transition metal halides in the presence of 
sodium tetrahydroborate (NaBH,) or sodium cyanotrihydroborate (NaBHsCN) 
have also received some attention 167-691 in attempts to stabilize uncommon 
oxidation states of these metals. Thus, it was shown in a series of studies 
167-691 devoted mainly to inert atmosphere (Ns) reactions of triphenyl- 
phosphine with transition metal systems under mild conditions in the presence 
of BH, or BH,CN- , that PhaP and DBP will enter into a wide variety of 
reactions leading to complexes in which the oxidation state of the metal 
remains unchanged, complexes in which the metal has been reduced and 
complexes which contain coordinated BH4 or BH&N as well as the phosphine 
ligand. The results obtained with DBP are summarized in Fig. 2. It was aIso 
found that direct reaction of DBP/BH, or DBP/BHsCN- with the cl&rides 
of Fe”‘, Rh”’ II?, Pdn, Pt” and Cr”’ gives no identifiable product. Further- 
more, infrar~ spectroscopic evidence indicates [67,69] that in the tetra- 
hydroborate complexes, the BH4 grouping is, as expected, chelated to the 
metal to give units of the type 

Numerous other complexes of PhsP and diphos, mainly closely related to 
the DBP complexes recorded in Fig. 2 but also including Nir-BH4-phosphine 
and Co’-BH4-phosphine complexes, were also obtained under various care- 
fully controlled conditions [67-69]. Details of these other reactions are 
outside the scope of this review but, on the basis of the results obtained with 
Ph,P and DBP, the following mechanism for the stepwise reduction of divalent 
transition metal halides by BH*- in the presence of phosphines was proposed 
[S&69]. 
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MXZ/L 
NaBH, 

- MXL, 
NaSH, 

M(BH4)L, 

/ 

MHz’” MH3L” 

Steric requirements in some of these reactions appear to be critical. For 
example, although triphenylphosphine and DBP have very similar donor 
character, under appropriate conditions PhsP will form tetrahydroborate 
complexes of the type LsM(BH,) (L=PhsP, M=Cu, Ni, Co) which are isolable 
whereas in the corresponding DBP reactions, the Nir-BH4-phosphine and 
Co’--BH4-phosphine complexes are highly unstable and only (DBP)sCu(BH,) 
can.be isolated. In the DZ3P reactions, zero-valent or hydrido-metal species 
(such as (DBP)@i) appear to be formed more readily. These differences in 
stability of the various inter%nediates in these reactions have been attributed 
[69] to the somewhat rigid geometry of DBP. Also, whereas two isomeric 
forms of (PhsP)sCu(BH&N) in which the BHsCN grouping is bonded to the 
Cur atom either through one hydrogen atom (L&u-H-BH,CN) or through 
the nitrogen atom (L&u-NCBHa) are readily prepared [ 691, only the N- 

Q~BP~,CU~BH,) w3P),CO or toeP&co 

t 
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(DBPl3CoCI 

(DBP),Co(N,i(Wi,CN) -(impure) 4 
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! 

(DBP&PtHKN) $& (DBP)2PtC12 
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- rDBP,,Pt 
3 

NaBH, 

Fig. 2. Reactionsof DBP withtransitionmetal cbloridesinthepresenceof BHa-orBH&N-. 



banded isomer of (DBP),Cu(BH&N) may be prepared regardless of the con- 
ditions employed. This too has been attributed [69] to the geometrical rath- 
er than the donor character differences between Ph,P and DBP_ 

D. COMPLEXES OF SIX- AND S~VE~~MEM~~R~~ CYCLIC PHUSffIINE DERIVA- 
TIVES 

In comparison with the studies of metal complexes of five-membered 
cyclic phosphine derivatives discussed in the previous section, relatively few 
sucks. studies af six- and seven-membered cyclic phosphines have been made 
although the results of some of these investigations are of considerable inter- 
est. Systems which have received attention are the phosphorinane (LIE), the 
phosphorinanone oxide (LITI), the related fused ring compounds (LIV) and 
(LV), the particularly interesting X3-phosphorin (LVI), the tricyclic system 
(LVIf) and the dihydrodibenzophasphepin (LVIII), 

McPhail et al, have shown in two studies [‘XI] that I-phenyl-phosphor& 
WIWS of type (LU) and the corresponding I-phenyE4-phusphorinanones 
adopt a flattened chair conformation in the solid state with the P-phenyl 
group in the axial position. NMItc stuc!ies indicate that this confomational 
arrangement also predominates in solution. In extending these conformational 
studies to metal complexes of phosphorinane derivatives in order to deter- 
mine the cotiormational effects of complexation, McPhail et ai. [71,72] have 
prepared and determined the crystal and molecuhu structure of dichlor&is- 
(4,4_dimethoxy-l-phenylphosphorinane) nickel(H) (( phos)&iC12 where phos = 
the phosphorinane ligand LID. 

A preliminary X-ray crystallographic analysis 1711 of the dark red camplex 
established that, as- would be expected, there is a square planar arrangement 
about the nickel atum with the two 4~4~jmet~oxy-l-pheny~phosphor~~e 
(LEI) ligands in the chair conformation and mutually Erana However* rather 
surprisingly, it was also established that in one of the phosphorinane hgands, 
the P-phenyl group occupies m axial position while in the other it occupies 
an equatorial position. Moreover, it was found that the ring puckering at the 
phasphorns atom in the hgand with the equatorial pheny1 group is consider- 
ably greater than in the other ligand where the axial phenyl group causes 
flattening of the ring through 1,3-diaxial interactions. 

_- -_-..__ 



In a more detailed report [ 721) it was also shown that f*or (phos)zNiCl~, 
whereas the Cl-Ni-Cl grouping is virtually linear (179.4”), the P-Ni-P 
grouping departs significantly Erom linearity (175.0”) as a result of nun- 
bonded intramolecular repulsions. Examination of molecular models of the 
complex showed no additional significant non-bonding phosphorinane-phos- 
phorinane interactions when the Fphenyl substituents in the two ligands are 
similarly arranged (i.e. both axial ur both equatorial). It was therefore can- 
eluded 1723 that neither conformation (axial or equatorial} is particularly 
favuured in the complex and that the two different arrangements observed in 
the crystalline complex are due to crystal packing forces. 

In passing, it is worth noting that the behawiuur of 4,4dimethuxy-l- 
phenylphosphurinane (LII) towards nickel( II) chloride is entirely different 
from that of the similar five-membered rirlg ligand l-benzyl-3-phospholene 
where the complex cis L2NiC12 is formed [12] in which (as already discussed) 
there are major departures from linearity in the Cl-M-P unit. 

With respect to 4phosphorinanone derivatives, there are apparently na 
rep&s of metal complexes in which coordination is through the phosphorus 
atom. However, there is one very brief mention 1731 of a metal complex of a 
4phosphorinanone-T-oxide in a paper devoted mainly to organic reactions of 
the phosphorinanone corresponding to the oxide (LXII). Thus, the pxide (LI31) 
reacts smoothly in absolute ethanol with anhydrous cobalt(H) chloride to give 
L;2CaC12 in which the ligand is bound to the cobalt through the oxygen atom 
in a tetrahedr;il armngement, No further details were given. 

Likewise, complexes of l-ethyl-1,2,3,4tetrabydrophosphinoline (LTV) and 
2-ethyl-f,2,3,4-tetrahydroisophosphinoline (LV) have received only passing 
mention [74] in a paper primarily concerned with the synthesis of these two 
phosphorus heterocycles. It was found that both of these cyclic phosphines 
with potassium tetrabrurnopallaclate(I1) give adducts of the type LzPdBrz. 
Again, no further details were given. 

Undoubtedly by far the most interesting of the six-membered cyclic phos- 
phines for which coordination studies have been undertaken is the h3-phos- 
phurin system of which 2,4,6-triphenyl-X3-phosphorin (LVI) is an example, 
Although a dekailed discussion is outside the scope of this review, the reasons_ 
why this system is af parkicular interest are briefly as folluwsl Unlike other 
tertiary phosphines, the phosphorus atom of X3-phosphorins appears to have 
virtually no nucleophilic character in organic reactions even though the 
phosphorus lone pair [like the nucleophilic lone pair of the nitrogen atom 
in the apparently an&uguus pyridine system) ti nut required fur the aromatic 
sextet. Thus, 2,4,6-triphenyl-X3-phosphorin (LVI) will nut react with a!kylating 
agenti f75] to form quaternary phosphorinium salts neither will it react [76] 
with the strongly electrophilic dimethyl acetylenedicarboxylate even though 
tertiary phosphines such as triphenylphosphine react 177 ] virtually instanta- 
neously with this electrophile at -50”. Clearly, there is something unusual 
about the electronic structure of the ha-@usphurin system and this is em- 
pha&ed by the ubservatiun that although &VI) dues nut have t-he nucle-- 



ophilic character which superficially might be expected by analogy with 
other tertiary phosphines and with pyridine, it does in fact have quite good 
&ctrophilic character and will undergo addition reactions at the phosphorus 
atom with urganulithium compounds to give anions of type (LIX)- 

k 
LIX 

Schweig and co-workers 14,781 have carried out several investigations of 
the electronic structure of h3-phosphorins by CNDO/S calculations and by 
photoelectron spectroscopic studies on suitable h3-phosphorin derivatives. 
The more important conclusions arrived at from these studies are that there 
is an important 3~~ contribution to the P---C n-bonding which also has a 
sigWicant 3d component, the phosphorus lone-pair orbit&l is the secand 
highest occupied molecular orbit&l {un’iike the analogous pyridine system 
where the nitrogen Lone pair is in the highest occupied orbital) and the highest 
occupied M-0. is a 7r-orbitai, Furthermore, the phosphorus lone-pair orbital 
is more diffuse, less directional and has greater s character than the corre- 
sponding orbit& in pyridine and the energy sequence of the three ground 
state z-orbit& is different fkom that in pyridine. Finally, CNDOfZ estimates 
of the basicity of the phosphorus atom in X3-phosphorins give the extraur- 
dinarily low value of pK,=-I.0 (c.f. triphenylphosphine, p&=2.73; trialkyl- 
phosphines, p&= ea. 8). 

In view of the unusual nature of the X3-phosphorin system, there have been 
several studies crf metal complex formation. In the fkst of these f79], chru- 
miumj0) hexacarbonyf was treated with the phosphorin (LVI) in bailing 
dibutyl ether to give the red-brown complex tricarbon3;1(2,4,6-triphenyl-X3 - 
phosphorin)chromium(O) in moderate yield. The IR, NMR and mass spectra 
of this complex were interpreted in terms uf r-bonding of the phosphorin 
ring to the Cr(CC& grouping and this was conf’kmed in a later X-ray crystal- 
lographic study [so] which shows the structure to be as shown in (LX) with 
the chromium atom centrally located above the plane of the phosphorin 
ring. The geometry of the arrangement together with the rather long P-Cr 
distance (2.48 A) was taken to indicate 1801 that the adduct is an example 
of a true aromatic complex, 

These restits are not unexpected since other studies [4,78] have shown 
the X3-phosphorin system to be a fizlly delocalized six z-electron aromatic 
system and it is well known that Cr* species are particularly suited to ~-corn- 
piex formation with such systems. 

In a later study, Fraser et al. [81] investigated the reactions of 2,4,6- 
triphenyl-X3-phosphorin (LVI) with halides of transition metals in various 
utidatiun states where n-complex formation would nut normally be expected 
tu UCCW, It was found that under certain cunditiuns, the h3-phosphorin can 
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in fact have quite strong o donor character through the phosphorus atom 
although this would not he expected in view of the extremeIy low basicity 
caIcu.lated for the phosphorus atom and the virtually non-existent nucleophilic 
char~ter of the X3-phosphorin system in organic reactiuns already discussed. 
For example, the phosphor-in (LVI) readily reacts with MCI5 (M=Nb or Ta) 
to give LMC&, (L=2,4,6&iphenyl-X3-phosphorin]* with PdCIa to give LPdClz 
or L$dClg depending upon the reactant propotiians, and with (CsH,), 
RhzClz ia give the Rhr complex L4Rh$&. Furthermore, not only does the 
phospharin (LVI) have apparently fairly normal tertiary phosphine donor 
character under these conditions, it w.iIl also re-dl,rce certain transition metA 
species ta lower oxidation states in the manner of a typical tertiary aryl 
phospbine. Examples af this behaviour are the treatment of phosphorin with 
copper chloride to give LCuCl (L = the phosphorin LVI), with rhodium(TII) 
chloride to give L3RhCl (analogous to Wilkinson’s cataIyst [ 46 1) and with 
~theni~m(III~ chloride to give L,RuC$ - No reactions were observed to occur 
with nickel(Z) chloride or rhenium(III) chloride. 

This behaviour has been interpreted [Slj as being due to perturbation by 
the transition metal species of the orbital sequence in the free phosphorin 
ligand which then behaves like a normal tertiary phosphine and enters into . 
0 complex formation. 

Very recently, N6th and co-workers have extended their ariginaI studies 
[79,80] (already discussed) on the reactions of the phosphorin (LVI) with 
chromium(O) hexacaxbanyl and have made three further reports [SZ--841 on 
similar reactions involving Cr”, Moo and W” carbanyls under a variety of can- 
ditions. These studies have shown that o-bonding bs well as n-bonding of the 
phosphorin ligand may occur with various metal carbonyl species depending 
upon the conditions used. Thus, 2,4,6-triphenylA3-phusphurin (LVI) has 
been found to react [S23 with the hexacarbonyls of Cr’, &IO’ and W” in 
teirahydrofuran under photochemical excitation with a high pressure mercury 
lamp to sive the corresponding 2,4,6-triphenyl-A”-phosphorin-metaI( 0) penta- 
carbonyl in moderate yield (40-55%) according to the following scheme. 

Somewhat better yields and purer products are obtained, however, if pre- 
liminary irradiation of the M(CO)e in dry tetrahydrofuran is carried out for 
l-3 h and then followed by addition of the phosphorin and heating under 
reflux of the resultiig mixture. In this method, the ligand displacement reac- 
tion shown below occurs. This second method is particularly useful in the 
case of tungsten(Q) hexacarbonyl where use of the first procedure also gives 

rise to significant quantities of the b~(2,4,6-~~henyl-h’-phosphurjn~- 
ttingsten(Q) tetracarbonyl complex (C23H17P)2W(CO)Q l 
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These bis(2,4,6-triphenyl-X3-phosphorin)-metal(O) tetracarbonyl complexes 
[@&&P),M(CO),] are also readily prepared [823 for all three metals by 
treatment of the corresponding norbornadienyl-metal( 0) tetracarbonyl with 
the phosphorin and also, in ths case of tungsten, by similar treatment of bis- 
(acetonitrile)tungsten(O) tetracarbonyl. Yields are high @a, 60%) in this reac- 
tion and the products are easily isolated. 

Deberitz and NGth [82] have carried out a detailed analysis of the IR, 
electronic, ‘H and 31P NMR and mass spectra for both (C23H17P)M(C0)5 and 
(C23H17P)2M(C0)4 and have concluded that all of the evidence is consistent 
with o-bonding of the ligand to the metal atom through the lone pair of the 
phosphorus. They also stated that, under these conditions, the phosphorin 
acts as a weakly basic ligand. 

That the phosphorin ligand in (C23H17P)Cr(CO)5 is indeed bonded through 
the lone pair has been confirmed very recently [83] by an X-ray crystallo- 
graphic analysis. This study has shown that the P-Cr bond is relatively short 
at 237 A (slightly shorter than in the corresponding ~~phenylphosph~~ 
complex), the heterocyclic ring remains planar in the complex with the ring 
dimensions very similar to those of uncomplexed h3-phosphorins and, rather 
unexpectedly, the P-Cr bond is inclined at an angle of 8” to the plane of the 
phosphorin ring. 

Finally, Deberitz zmd Nijth have reported [84] that the n-complex tricar- 
bonyl~2,4,6-triphenyf-X3-phosphorin)mofbdenum(0), analogous to (C&~I$)- 
Cr(CO)3 already discussed, cannot be prepared in the same manner as the 
chromium complex by treatment of MOM with the phosphorin in bailing 
dibutyl ether since decomposition and precipitation of the metal occurs. 
However, this molybdenum(O) n-compfex may be prepared [84] by two other 
methods. The first of these involves a ligand displacement reaction in which 
tricarbonyl(mesityIene)r;tolybdenum(O) in dry THF is treated with the phos- 
phorin at room temperature to give the desired adduct. The second procedure 
is an intramolecula process in which the o-adduct (C23H17P)Mo(CO)5 is 

heated in dibutyl ether to give (Cs3&P)Mc@X&. The yield in the first reac- 
tion is moderate (45%) while that in the second reaction is excellent (90%). 
Again, spectroscopic data strongly indicate z-bonding of the phosphorin 
&and to the molybdenum atom. 

In conclusion, turning to other phosphorus heterocyclic systems, there 
have been only brief reports of metal complexes of the six-membered cyclic 
phosphine (EVII) and the seven-membered ligand (LVIII). Both of these 
systems are diszussed in the same paper [59) in relation to the five-coordinate 
Ni”, Pd’r and pt” complexes formed by 5-~kyl-5~~iben~uphosphules (I& 
R=alkyl) and the related four-coordinate complexes formed by Sphenyl-SH- 
dibenzophosphole (I;, R=Ph) already discussed in the previous section. In 
this connection, it was found that IO-methyl-1Wphenoxaphosphine (LVII), 
(R=Me) also readily forms five-coordinate comolexes of the type L3MX2 
(L=the phenoxaphosphine Iigand) with Ni” cl&ride, Pd” bromide and Ptn 
chloride in ethmol, These adducts are extensively dissociated in dichloru- 



methane saMion. These complexes closely resemble the corresponding 
5-akyl-SWdibenzophosphole compjtexes and it would appear that the in- 
crease in ring size therefore has little effect upon the type of complex for- 
med. 

Similar complexes are formed by lU-ethyl-lo-phenoxaphosphine with Ni” 
bromide and iodide but with NiIf chloride and thiacyanate, Pd” bromide and 
Rn chloride, only four-coordinate square-planar complexes are formed. It is 
interesting to note here that the four-coordinate complex L2NiIZ, which is 
also easily prepared, is tetrahedral and paramagnetic whereas the complex 
L2NiC12 is square-planar and diamagnetic. With PQ-phenyl-lO-phenoxaphos- 
phine (LVII, R=Ph), only four-coordinate complexes are formed. Thus, the 
tendency of the system &VII) to farm five-coordinate complexes is sume- 
what less than that of the 5-alkyl-5EGdibenzophospholes (L, R=alkyl). 

In similar studies [59] on lO,ll-dihydro-5-phenyl-5H_dibenzo[b,fl- 
phosphepin (LVIII), it was found that only four-coordinate camplexes are 
formed with Ni” halides. This is not unexpected in view of the P-phenyl 
substituent which blocks formation of five-coordinate complexes when 5- 
phenyl4XMibenzuphosphole (L, R=Ph) is used, However, the four-coordi- 
nate complexes formed between NiX2 and the phusphepin (LVIII) are square 
planar and diamagnetic whereas the analogous complexes formed with the 
P-phenyl ligands triphenyiphosphine, 5-phenyl-5H-dibenzophasphole and 
l~phenyl-lO-phenuxa~hosph~e are alI tetrahedral and paramagnetic. Indeed, 
it was claimed 159 ] that these I%& complexes uf (LVZII) were the first 
examples uf square-planar Nin complexes formed by a triaryinhosphine. 

EADDENDUM 

Since the major potiion of this review was prepared, several ather repor& 
on various aspects of cur~plexes of transition metal with cyclic phusphine 
derivatives have appeared. For example, in a recent report from the patent 
literature regarding 3-phospholene (IX) derivatives, it has been shown [85] 
that 3-phospholene-Pd* complexes (such as tetrakis(l-ethyl-3-methyl-3- 
phospholene)palladium(U)) catalyze the reaction between methyl acetocetate 
and isoprene to give methyl ar-prenylacetuacetate. 

There me also two reports 186,871 on the use uf l-alkoxy-2-phospholene- 
I-oxides (derivatives of VIII) and I-alkoxy-3-phospolene-l-oxides (derivatives 
of IX) in the extraction of gold and silver by complexation from solutions 
of their salts. The degree of extraction apparently increases with increasing 
length of the alkoxy chain and, in general, appears tu be mure efficient with 
the 2-phospholene-l-oxides. The process is particularly UsefX fur the recovery 
of gold frum commercial cyanide sulutions and the guId is reextracted from 
the phusphulene oxide complexes by treatment with Na&& followed by 
acidification [ 87 1. 

Regarding other cyclic phosphine systems, r-phusphole and phosphule 
oxide cumplexes of cubalt have been synthesized Es81 by an musuaf method 



in wknch the phasphole ring is constructed by addition af hexafluor*2- 
butyne to the phosphorus trifluoride--cobalt cyclopentadienyl complex 
(n-C$I&o(PF&. This gives the complex (LXI) which, on hydrolysis, gives 
.(LX32; X = F or OH). Similar thiophene complexes may be prepared by treat+ 
ment of suitable manganese carbonyl--sulfur tigand complexes with hexa- 
fluoru-2-butyne. The complex (LXI) is unusu;if nut only in the method of 
formation but also in that it is the only known simple phosphole derivative 
containing 5coordinate phosphorus. This phosph(V)ole type of structure 
has been postulated for several other phosphorus compounds synthesized by 
various methods but aII such structures have since been revised [25,89]. 

LX1 LXII LX111 

JFinally, two further papers have recently appeared on complexes of the 
phosphorin derivatives (LVI) and (LIX). Thus, 2,4,6-triphenylphosphorin 
(LVI) will coordinate 2903 to gold(I) chloride and iodide through the phos- 
phorus nun-bonding election pair in a manner similar to that previously ob- 
served fur a variety of metal halides [81j and carbonyls 1821. In a develop- 
ment of this work, M3:rkl and Martin 1911 have treated iron(I3) chloride 
with the anion (LIX) and the corresponding P-methyl derivative (under con- 
ditions similar to those used in the formation of ferrucene) to give n-cam- 
plexes of the type (LXIII (R = Ph or Me). Strong evidence for the z-bonded 
structure is provided by the “I? and IH NMR specti of both complexes 
which appear to be inconsistent with possible o-bonded structures. Similar 
reactions were carried out between (LIX) and its corresponding P-methyl 
derivative with silver nitrate sund mercury(II) acetate. In both cases, (LVI) is 
regenerated and it is thought passible that a-complexes containing P-Ag or 
P-Hg bonds may play a part in these rea&iuns_ 

AC”riENOWLEDGEMENTS 

We thank the National Research Council of Canada far their generous 
financial support af this work, and one of us (AXH,) gratefully acknow- 
ledges sabbatical leave facilities provided by the Faculty of Science, M&idol 
University, Bangkok 4, Thailand. 



276 

REFERENCES 

1 

2 

3 

4 
5 

6 

7 
8 
9 

IO 

11 
12 

13 
14 

15 
I6 
17 
18 
19 
2Q 
21 
22 
23 
24 

25 
26 
27 
28 
29 
30 

31 

32 

33 
34 
35 
36 

. 
See, for example, L.D. Quin, J.G, Bryson and C.G. MoreIand, J, Amer. Chem. SOC., 
91(1969] 3308. 
W. Egan, R, Tang, G, Zen and K. &&slow, J. Amer. Chem Sot., 92 (1970) 1442; 

93 (1971) 6205. 
W. Schiifer, A. Schweig, G. b&k& H. Hauptmann and F. Matheg, Angew. Chem. Int, 
Ed., 12 (1973) 145. 
A. Schweig, W. SchHfer nnd K. Dimroth, Angew. Chem. fnt. Ed., 13 (1972) 631. 
R, Bausch, E.A.V. Ebsworth and 13.W.H. Rankin, Angew. Chem. Int. Ed., 10 (1971) 
125. 
R-1. Wagner, L.VD. Freeman, H, Goldwhiti and D.E. Rowsell, J. Amer. Chem. Sac., 
89 (1967) 1102. 
T.H. Siddall, R.L. McDonald and W.E. Stewart, J. Mol. Spectrosc., 28 (1968) 243. 
G. Gtittner and E, Krause, Chem. Ber., 49 (1916) 437. 
F.G. Mann, The HeterocycIic Derivatives of Phosphorus, Arsenic, Antimony and 
Bismuth, 2nd Ed., Wiley-Interscience. New York, 1970 p. 51. 
Sheil Internationala Research Maatschappij, NV., Netherlands Patent Application 
6,516*164 (1966); Chem. Abstr., 66 (1967) 28392r. 
L.D. Quin, J.H. Somers and R.H. Prince, J. Org. Chem., 34 (1969) 3700. 
A.T. McPnail, R.C. Komson, J.F. Engel and L.D. Quin, J. Chem. Sot., Dalton, (I 972) 
874. 
L.D. Quin, J.G. Bryson and J.F. Engel, Phosphorus, 2 (1973) 205. 
J.P. FacWer, J.A. Fetchin, J. Mzyhew, W.C. Seidel, T.J. Swift and M. Weeks, J. Amer. 
Chem. Sot., 91(1969) ‘1941. 
F.G. Mann and I.T. MiRar, J. Chem. Sot., (1951) 2205. 
J.W. Collier, F.G. I&nn, D.G. Watson and H.R. Waimn, J. Chem. Sac., (1964) 1803. 
F.G. Mann, LT. Miller and F.H.C. Stewart, J. Chem. Sot., (1954) 2832. 
FAX Mann and H.R. Watson, Chem. Ind., (1958) 1264. 
J.W. Coflier and F.G. firm. J. Chem. Sue., 11.964) 1815. 
J.W, Collier, A_R, Fox, 1-G. Hinton and F.G. Mann, J. Cham. SOC, (1964) 1819. 
F.G. Mann, D. Putdie and A.F. Wells, J. Chem. Sot., (1936) 1503. 
F.G. Mann, A.F. Wells and D. Purdis, J. Chem. Sot., (1937) 1828. 
M.F. Perutz and 0. W&z, J. Chem. Sot., (1946) 438. 
For 8 hriaf discussion regarding the aromatic character of pyrroles and related hetero- 
cyclapentadienes see L.A. Paquette, Modern Heterocyclic Chemistry, W.A. Beniarrrin, 
New Y&s, 196s Chap. 4. 
AN. Hughes and C. Srivanavit, J. Heterocyef. Chem., 7 (1970) I. 
W.B. Farnham and K. Mistow, Chem. Commun., (1972) 469. 
G. M&rkl and R. Potthast, Tetrahedron I&t, (1968) 1755. 
F. Mathey and R. Mankowski-Favelier, Org. Magn. Resonance, 4 (1972) 171. 
T. Bundgaard and H.J. Jakobsen, Tetrahedron Lett, (1972) 3353. 
P. Coggon, J.F. Engel, A.T. McPhail and L.D. Q&n, J. Amer. Chem. Sot., 92 (1970) 
5179. 
E.H. Braye and W. Hiibel, Chem Ind,, (1959) 1250; E.H. Braye, W. Iitibel and 
f. Caplier, J. Amer. Chem Sue., 53 (3961) 4406. 
B.J. Hallam and P.L. Parson, J. Chem. Sot., (1958) 642; T-A. Marruel and F.G. Stone, 
Proc. Chem. Sot.. (1959) 90; R. P&tit, J. Amer. Chem. Sot., 81 (1959) 1266; 
E. Weiss and W. Htibel, J, Inorg. Null. Chem., lI(1959) 42. 
R.C. CCK&BO~, G.W.A. Fowhzs and D.K. Jenkins, J, Chem. Sot., (1965) 6406. 
FLA. Walton, J. Chem, Sot. A, (196ti) 365. 
B&A. Bennett and P.A. tongstaff, Chem. Ind., (1965) 846. 
I.C.M, Campbell, R.C, Cookson, &U3. Hocking and A.N. Hughes, J. Chem. Sac., 
(19653 2184. 



277 

37 D, Budd, R. Chuchman, D.G. Holah, A?N. Hughes and B.C. Hui, Can. J. Chem., 50 
(1972) 1008. 

38 R. Chuchman, D.G. HoIah, A.N. Hughes and B.C. Wui, J. Heterocycf. Chem., 8 (1971) 

39 D.G. Huh&, A.N. Hughes and B.C. Hui, Can. 3. Chem, 50 (1972) 3714. 
40 D.G. Holah, AN. Hughes, B.C. Hui, N. Etupa and R Wright, Phosphorus, in press. 
41 D.G. Holah, A.N. Hughes and KI. Wright, Inorg, Nucl. Chem. Lett., 9 (1973) 1265. 
42 G, Booth, Adv. fnorg. Radio Chem, 6 (1964) I. 
43 L.D. Quin, S.G. Borleske and 3.F. Engel, J. Org. Chem., 38 (1973) 1858. 
44 R.S, Nyholm, J. Chem. Sot., (1952) X25?; K, Cohn and R.W. Parry, Inorg. Chem., 

7 ($968) 46, 
45 Y. Chirutg and E.B. WhippIe, 3. Amer. Chem. See., 85 (1963) 2763. 
46 F.H. Jardine, J.A. Osborn and G. Wilkinson, J. Chem. Sot. A, (1966) 1711. 
47 D. Rose and G. Wilkinson, J. Chem. Sot. A, (1970) 1791. 
48 J.D. Gilbert, D. Rose and G. Wilkinson, J. Chem. Sot. A, (1970) 2765. 
49 J. Chatt, A.E. Field and B.L. Shaw, J. Chem. Sac., (1964) 3466; 

T.A. Stevenson and G. Wilkinson, J. Inorg. Nud. C&em., 28 (1966) 945. 
50 L.M. Ven;tnzi, Chem Btit., 4 (1968) 162. 
51 See, fur example, B.A. N&on, Frog. Inurg. C&em., 16 (1972) 2, and references cited 

therein. 
52 D.A. Usher and F. Westheimer, J. Amer. Chem. Sot., 86 (1964) 4732. 
53 See, for example, D.B. Cupley, F, Fairbrother and A. Thompson, J. Less-Common 

Metals, 8 (1965) 256. 
54 A.F. Bedford, D&l. Heineky, LT. Miifar and C.T. Mortimer, J. Chem. Sot., (1962) 2932. 
55 D.G. HoIah, A.N. Hughes and B.C. Hui, Can J. Chem., 5U f1972) 2442. 
56 D.W. Allen, F.G. Mann and I.T. Millar, Chem. tnd., (X.966) 2096. 
57 D.W. Allen, I.T. MilIar and F.G. Mann, 3. Chem. Sot. A, (1969) 1101. 
58 D.W. Allen, F.G. Mann, LT. Miller, H.M. Powell and D. Watkin, Cbem. Commun. 

(1969) 1004. 
59 D-W, Allen, F.G. Mann and LT. M&r, J. Chem. Sot. C, (1971) 3937. 
60 H.M. PowelI, D.J, W&kin and J.B. Wilford, J. Chem. Sot., A, (19?1) 1803. 
61 H.&I. Puvvell and E.M. Chui, Chem. Commun,, (1971) 1037. 
62 a J. Chatt, N.P, Johnson and B.L. Shaw, 3. G&m. Sot., (1964) 2508; b R.G. Hayter, 

Inorg. Cbem., 3 (1964) 301; c G,N. IntiUe, Inorg. Chem., II (1972) 695. 
63 D.E. Budd, D.G. Halah, A.N. Hughes and B.C. Hui, Can. J. Chum., 52 (1974) 775. 
64 D.C- Holah, I.M. Hoodless, A.N. Hughes, B.C. Hui and D. Martin, Can. J. Chem., 52 

(19%) 3158. 
65 L. Vaska, Chem. Ind., (1961) 1402; J.F. Young, &A. Osborn, F.H. Jardine and 

G. Wilkinson, Chem. Commun., (1965) 13. 
66 C. Masters, B-t. Shaw and R.E. Stainbank, Chem. Commun., (1971) 209. 
67 D.G. Hoiah, A.N. Hughes, B.C. Hui and K. Wright, Inorg. Nucl. Chem. Lett., 10 (1974) 

427. 
68 D.G. Holah, A.N. Hughes and B.C. Hui, Inorg. Nucl. Chem. I&t., 9 (1973) 1265. 
69 D.G. I&lab, AX Hughes, B.C. Ehi and K. Wright, Can. J. Chem., 52 (1974) 2990. 
70 A-T. McPhail, J.J. Breen and L.D. Quin, J, Amer. Chem: Sot., 93 (1971) 2574; 

A.T. McPhail, 3.J. Breen, J-H. Somers, 3.C.W. Steeie and L.D. Quin, C&m. Commun., 
(1’511) 1020. 

71 A.T. McPhail, J.J. Breen, J.C.H. Steele and L.D. Quin, Phosphorus, l(l972) 255. 
72 A.T. McPhail and J.C.H. Steele, J. Chem. SOI., Dalton, 1972,26&30, 
73 F. Asinger, A. Saus and E. Michel, Mona&h., 99 (1968) 1695. 
74 M.H. Beeby and F.G. Mann, J. Chem, Sot., (1951) 411. 
75 0, MZrkl, F. Lieb and A. Mere, Angevv. Chem. Xnt. Ed., 6 (1967) 87. 
76 G, MZrkI and F. Lieb, Angew. Chem. Int. Ed., 7 (1968) 733. 
77 A.W. Jukmson and J.C. Tebby, 3. C&em. Sot., (3961) 2126. 



278 

78 

79 
80 
81 
82 
83 
84 
85 

86 

87 

88 

H, Oehling, and A. Schweig, Tetrahedron Lett., (1970) 4941; H. Oehting, W. SchZfer 
and A. Schweig, Angew. Chem. Int, Ed,, IO (1971) 656; H. OehIing and A. Schweig, 
Phosphorus, X(1972) 203. 
J. Deberitz and H, SWth, Chem. Ber-, 103 (X.970) 2541. 
H. Vahrenkamp and H, Nath, Chem. 1Ser., 105 (1972) 1148. 
M. Fraser, D.G. Holah, A.N. Hughes and B.C. Hui, J. Heterocycl. Chem., 9 (1972) 1457. 
J. Debsritz and H. Ntith, J. Organometal. Chem., 49 (1973) 453. 
H. Vtiltxrenkamp and H, NWh, Chem. Ber., 106 (1973) 2227. 
J. Deberitz and H, Nijth, Chem. Ber., IL06 (1973) 2222. 
S. Akutigawa, H_ Kumobayashi and A. Kumatsu, Ger, Offen, Patent, 2,350,195, 
11 Apr. 1974 (Chem. Aixtr., 81(X974) 3379p). 
A.S. I3obrova, IX, Shobeev, AS. Charnyak, B.A. Arbuzov, A-U. Vizel, E-M. Esmont, 
Yu. E. Tarenko and A,E. Arbuzov, U.S.S.R. PatEnt, 263,882, 12 Mar. 1973 (Chem. 
Abstr., 79 (1973) 56381y). 
A.S. Babrova, A.Q. Vize11, B.A. Arbuzov, 1-K. Skobeev, and AS. Chernyak, Tsvet, 
Met., (X973) 31 (Chem, Abstr., 19 (1973) 95142r). 
M.J. Bmw, JL Davidson, W. Harrison, D,W.A. Sharp, GA. Simiand F.B. W&on, 
Chem. Commun., (1973) 583. 

89 N.E. Waite and dC, Tebby, J_ Chem. Sac. C, (1970) 3136. 
90 K.C. Drrsh, J. Eberlein and H. Schmidbauer, Spnth. Inorg. Metalorg. Chem., (1973) 375. 
91 G_ h&&l and C. Martin, Angew. Chem. Int, Ed., 13 (1974) 408. 


