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Reactions Involving Transition-Metal Ions and 
Tripodal Phosphines and Arsines 

I. INTRODUCTION 

A. General 

This comment will review reactions involving transition metal ions and 
tripodal ligands whose donor centers are tertiary phosphine or arsine 
groups, and will describe typical products that are formed in these 
reactions. The reactions involving tripodal ligands often have no coun- 
terpart in reactions involving ligands with similar donor centers but 
having shapes other than tripodal. Also, complexes with tripodal ligands 
often have unique structural properties. Both of these characteristics 
derive from the particular geometric requirements of tripodal ligands , 
so we will begin by considering the ways in which these ligands bind 
to transition metal ions. An exhaustive review covering the whole known 
range of tripodal ligands will appear elsewhere. 

B. Some Aspects of the Stereochemistry of Complexes of Tripodal 
Ligands 

In this review we shall consider only those tripodal ligands with - PR, 
or - AsR, groups (R = alkyl, aryl) at the triangular base of the tripod. 
The basal donor groups are linked through three legs consisting of CH,, 
(CH,),, (CH,), or o-phenylene groups to an apical atom of carbon, 
nitrogen, phosphorous or arsenic; a list of these ligands is given in Table 
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TABLE 1 
Summary of the tripod ligands 

Structure Legend Reference 

X = Y = P; R = Ph; QP 
X = Y = As; R = Ph; QAS 
X = Y = As; R = Me; Qas 

CHzCH-YR2 
X- CHzCHrYR2 ---- CHzCH-YRz 

X = N; Y = P; R = Ph; np3 
X = N; Y = P; R = Me; Meap3 
X = N; Y = P; R = Et; Etnp, 
X = N; Y = As; R = Ph, nas, 
X = N; Y = As; R = Me; Me6nas3 
X = Y = P R = Ph;pps 

CH2CHzCHr-AsMez 

‘ CH2CH2CHrAsMe2 
N- CH2CH2CHIAsMe2 qas 

/CHr--YR2 Y = P; R = Ph; p3 (triphos) 
CH3-C-XHrYRz 

‘CH-YR2 
Y = P; R = Et; Etp,  (etriphos) 
Y = As; R = Ph; asj 
Y = As; R = Me; Me6as3 

/CH-PPhz 
CH-C--CH-PPh2 ap3 (atriphos) 

‘CHZCH-PPhZ 

/CHZCHrPPh2 
CHA--CH2CH-PPh2 etp3 

‘CH2CH-PPh2 

2 
3 
4 

5 
6 
7 
8 
9 

10 

11 

12 
13 
14 
15 

16 

17 

I. They divide into two groups: those with four donor atoms (4-D) which 
are potentially tetradentate and the potentially tridentate ligands that 
have only three basal donor atoms (3-D). 

The ligands QP, QAS, np,, nas3 and pp3 are 4-D ligands in which 
each leg of the tripod contains an ethylene or a o-phenylene chain and 
each basal atom is attached to two phenyl groups. These ligands usually 
occupy four coordination positions around a metal ion, but the steric 
requirements of the ligands are such that there is room for only one 
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FIGURE 1 FIGURE 2 

other ligand, so that the trigonal bipyramidal structure (Figure 1)’* or 
less commonly square-based pyramidal structure (Figure 2)19 results. 
The fifth coordination position can be occupied by various charged or 
uncharged ligands. However, the electronic configuration of the metal 
ion can bring about a different coordination geometry, particularly when 
there are 18 valence electrons around the complexed ion. For example, 
the d6 ions Cr(O),” Mn(I),*’ Fe(I1)” and CO(III)’~ easily form six- 
coordinate, diamagnetic octahedral complexes with the ligands QP, pp3 
and np,, together with a variety of neutral and anionic coligands. The 
ligand qas behaves similarly with these metal ions, though it has longer 
tripod legs and less bulky basal substituents. 

The tendency of the metal ion to attain a stable electronic configu- 
ration accounts for the fact that a 4-D ligand such as QP can bind in a 
variety of ways: as a tetradentate ligand in [CO(CO)QP]+,’~* as a tri- 
dentate ligand in [Cr(CO),QP]20 and as a bidentate ligand in 
[MnX(C0)3QP].2’ Similarly, the ligand np, is tetradentate in the is- 
oelectronic complexes (Figures 3 and 4) but it is tridentate in the other 

P-Fe,p P-CO.p 
I 
co I 

NO 
FIGURE 3 FIGURE 4 
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I 

NO 
FIGURE 5 

co 
FIGURE 6 

isoelectronic pair (Figures 5 and 6) (see also Section IV).24*2s The 
importance of the number of valence electrons is also illustrated by the 
different reactivity of [FeH(pp3)] + and [NiH(np3)] + towards neutral 
ligands such as carbon monoxide. The former complex has 16 valence 
electrons and accepts a CO molecule as an additional ligand under mild 
conditions22b whereas the latter has 18 valence electrons and exchanges 
CO for H- under the same conditions.26 

The 3-D ligands p3 and as3 generally occupy a face of the coordination 
polyhedron of dipositive ions. The resultant steric unsaturation en- 
courages the coligands to occupy more than one coordination site; thus, 
SO:- (Figure 7), NO;, acac- behave as bidentate ligand~.~’ Mono- 
dentate ligands can act as bridges in binuclear complexes (Figure 8).27a*28 
With metals in low oxidation states the 3-D ligands form complexes 
with a single monodentate coligand (Figure 9).14,29 Clearly, the 3-D 
ligands donate less electron density to a metal ion than do tetradentate 
4-D ligands. Additionally, ligands such as p3 and as3 have short tripod 
legs so that the donor atoms do not easily enter the optimal positions 
of coordination. Consequently, there is both electronic and steric un- 
saturation in complexes of the 3-D ligands. 

FIGURE 7 M = Co,Ni. 
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@!R h - 

CI 

FIGURE 8 X = CI,Br,OH,SH. 

P 

L 

FIGURE 9 

2+ 

R h  
\ I CI 

1’ 

FIGURE 10 
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All the 4-D ligands with phenyl substituents on the basal donor atoms 
form mononuclear complexes, with one exception so far: the complexes 
[{Rh(C5H5)},C15L]+ (Figure 10) (L = np, or pp,) are trimetallic with 
each ligand bonding to three metal centers.,' However, when the basal 
phenyl groups are replaced by the less bulky alkyl groups, the 4-D 
ligands tend to form plynuclear complexes in which a ligand may 
coordinate to two or three metal centers. For example, Me6np3 forms 
the radial structure (Figure 11) with both cobalt and nickel, in which 
each ligand is bound to three metal centers.6 On the other hand, Eknp,7 
forms both mononuclear and trinuclear complexes (Figure 12), with 
ligands bound to two metal centers in the latter complexes. It is worth 
noting that QAS and Qas both bind to nickel(I1) in the same 
presumably because of the lack of flexibility in the tripod legs. 

In the case of the 3-D ligands either increasing the length of the tripod 
legs from C2 to C3 (p3 becomes etp,) or replacing basal phenyl groups 

IN 

16+ 
P 

FIGURE 1 1  
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I 
N- Ni-CI 

P 

Ni 

I 
CI -Ni - 

P 'J 
FIGURE 12 

by ethyl (p3 becomes Ef6p3) is accompanied by the formation of po- 
lynuclear rather than mononuclear complexes. The asymmetric ligand 
ap, behaves similarly. The ligands may bond to two (Figures 13 and 
14)16 or three (Figure 15)" metal centers. 

From the foregoing we may conclude that tripodal ligands with phenyl 
substitutents on the basal donor atoms invariably form a complex frag- 
ment of the form ML"+ which is stable to decomposition but unsaturated 
from the point of view of the coordination of the metal. The ML"+ 

FIGURE 13 
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:Tp\c7Tc; 
/;O\ CI  / \  CI ’ “CI CI c‘ CI 

FIGURE 14 

fragment is a highly reactive center which may favor reaction with 
either electrophilic or nucleophilic reagents, according to the electron 
density on the metal. When suitable reagents are not present in the 
reaction medium as coligands, as for example happens when one starts 
with substances such as [M(H,O),] (BF& the fragment ML2+ will 
react with solvent molecules, water molecules from aquacations, neutral 
molecules added to the reaction medium, more free ligand molecules 
and so forth. The fragment ML”+ is therefore incorporated intact in the 
final complex, together with other coligands. 

P P P 

FIGURE 15 
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11. THE STABILIZATION OF LOW OXIDATION STATES AND 
THE FORMATION OF HYDRIDO COMPLEXES 

A. Complexes of Metals in Low Oxidation States 

In the presence of tripodal ligands transition metal salts can easily be 
transformed into complexes in which the oxidation state of the metal 
is low with the assistance of added reducing agents such as BI€-, or 
even without them under mild reaction conditions. The nature of the 
reduced product depends on the anion present in the starting salt, on 
the nature of the ligand and to some extent on the reaction conditions. 
When the anion is a halide or pseudohalide the bipositive metal ions 
are reduced to the monopositive state and one anion occupies the vacant 
coordination position (Figures 9 and 1 6 ) . z 6 y 2 9 3 3 2 . 3 3 9 3 4  The reduction of 
the divalent ions from metal iodides can be accomplished by an excess 
of the ligand, which is itself a sufficiently strong reductant3? 

2 MIz + p3 (excess) + 2[MI(p3)1 + p31z, M = Co, Ni. 

The reduction of nickel (11) halides in the presence of nas3 by 
BH; gives different products according to the amount of BH; 
~ s e d ~ ~ , ~ ’ :  y “iX(nas3)I 

Nix2 + nas3_ 

The two complexes of nickel(1) are essentially diamagnetic at - 200 
K and have beff = 1 .O pB at 293 K. In the complex [Ni,I(na~~)~] + the 

I 
FIGURE 16 
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FIGURE 17 

iodide ion forms a linear bridge between the two nickel atoms, which 
are thus both five-coordinate (Figure 17). 

When the anion is noncoordinating (e.g., BF; , ClO; , NOT) bo- 
rohydride reduction of aquacations leads to trigonal pyramidal com- 
plexes [M(L)]BF4 (M = Co, Ni; L = np,, nas3),34,36 [Ni(np3)] (Figure 
18),26*37 presumably to square planar complexes [M(P~)~]  (M = Ni, 
Pd)38 and also to hydrido complexes. 

B. The Formation of Hydrido Complexes 

Metal-hydrogen bonds are easily formed in complexes with tripodal 
ligands such as np3, pp3, p3 and as3 by the action of hydridic reducing 
agents and also in their absence. Examples of reactions that lead to 
hydrido complexes are 
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FIGURE 18 

We see that with pp3 nickel(I1) and cobalt(1) hydrides are formed under 
similar reaction conditions, whereas with np3 more forcing conditions 
are required for the formation of the cobalt(1) hydrido species, while 
under the same forcing conditions nickel(I1) is reduced to ni~kel(O).~' 
All the hydrido complexes are diamagnetic so it seems that they are 
favored with low-spin d8 ions which obtain the 18 valence electron 
configuration by pentacoordination. The metal-hydride bonds are in- 
variably terminal in complexes of the tetradentate tripod ligands (Figure 

The nonstoichiometric hydrido complexes found with the ligand np3 
are worth particular mention. The reaction of [Ni(H20)6]Y2 with np3 
with or without added BI%- depends critically on the nature of the 
solvent, on the anion Y and on small variations in reaction  condition^,^^ 
and is quite different from the corresponding reactions of [CO(H,O)~]Y~ 
with np3, or of [Ni(Hz0)6]Yz with pp3: 

19). 26,33b.36,39 

/NiH.r(np3)lY 7 

CZ"' 

x < 0.25 

Y = CIO,,BF, 
/ (CHs)zCO 

[Ni(HZ0)61Y2 + np3-[Ni(np3)1 BF4, 
C2%O4 

\ , . , , , , , , . , , ) I ,  

[NiHx(np3)lY. x > 0.25 

Y = BFT,ClO,, 

NO, 

The compounds which are formulated as [NiHx(np3)]Y were found 
to be made by the paramagnetic nickel(1) species [Ni(np3)]Y and the 
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H H 
FIGURE 19 

diamagnetic nickel(1I) species [NiH(np3)]Y, whose relative concentra- 
tion depended on the conditions of preparation; this conclusion was 
confirmed by an x-ray study.36 The reduction of the nickel(I1) to the 
monovalent state can be effected by the ligand 

2 [Ni(np3)I2+ + np3 + H20 -+ np30 + 2H+ + 2 [Ni(np3)] +. 

Then the formation of hydrido complexes can be explained by the 
electrophilic nature of the complex [Ni(np3)I2+ which is presumably 
formed in solution: 

[Ni(r~p~)]~'  + RCH20H .--* [NiH(np3)]+ + H+ + RCHO. 

Both the reduction and hydride-fonning reactions may be assisted by 
the basic nature of the ligand and the ease with which it may be pro- 
tonated (presumably at the nitrogen atom) to remove excess protons 
from the solution. 

Hydrido-bridged dimers of an unusual nature are obtained from Fe(I1) 
and Co(1l) with the ligands p3 and as3 by borohydride red~ction,~' 
though with Co(I1) an alternative reaction was also found4': 

ether 
273 K 

2[Co(H~0)61~+ + 2p3 + 3BH; --+ [ C O ~ H ~ ( ~ ~ ) ~ ] +  + 3/2B2H6 + 6H20; 

tctrahydro- 
furan 
llhn 
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FIGURE 20 M = Co, D = P,As. M = Fe, D = P. 

The complex [Fe2H3(p3)2] + is diamagnetic while the cobalt complex 
with p3 and with its arsenic analog are paramagnetic, peff = 3.2 per 
dimer formula unit. The structures of the binuclear complexes are similar 
and may be described as made up of two octahedra sharing a face of 
three hydride ions (Figure 20). Although a qualitative molecular orbital 
scheme can be used to assign M-M bond orders of three for the iron 
complex and two for the cobalt complex, it seems more likely that the 
very short M-M bond lengths (2.34 and 2.37 A) cannot be correlated 
to the M-M bond order but are the consequence of the steric require- 
ments of the bridging ligands. 

111. DEPROTONATION REACTIONS AND THE FORMATION OF 
HYDRIDO, THIO, METHYLTHIO AND MERCAPTO 
COMPLEXES 

The tripod ligands can behave as proton acceptors, particularly in ethan- 
olic solutions, and can remove protons from relatively weak acids such 
as H2042,24a, H2S and + HSCH343.44. Typical reactions are 

EtOH 

[co(H2O)6l2+ + 2np3 + HSR --+ [Co(SR)(np,)]+ + Hnp: + 6H20, 

R = H,CH3 
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X R  
FIGURE 21 X = 0, R = H. X = S, R = H, CHS. 

The last reaction, which also occurs in acetone, illustrates the fact that 
the reaction course is once again dependent on solvent and reaction 
conditions. Deprotonation reactions also occur with the other ligands 
containing phosphines as donors such as pp3 (Figure 21), QP and p3; 
in the last case dinuclear complexes may be formed27a*’? 

The dimeric cobalt complex (Figure 22) finds the metal in a distorted 
square pyramidal configuration, and displays antiferromagnetic behavior 
deriving from a triplet-singlet equilibrium. Although no complex of the 
protonated forementioned tripod ligand has yet been isolated, the related 
complex [Ni(HS)(Hnzp2)] (BF& (nzpz = N~V-bis(2-diphenylphosphin- 
oethyl)-2‘-diethylaminoethylamine) does contain a protonated ligand.45 

FIGURE 22 
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N co-s-co N 

FIGURE 23 

Complexes of nickel(1) of the formula [Ni(L)(np3)] (L = SH, SeH, 
SCH3) can be obtained by oxidative addition of the corresponding acid 
to a nickel(0) complex'? 

[Ni(np3)] + HSR + [Ni(SR)(np3)] + 4 Hz. 

When the complex [Co(SH)(np3)]+ is treated with the strong base 
NaOC2H5 further deprotonation occurs, but it is accompanied by re- 
duction, to give the binuclear cobalt(1) complex [ C ~ ~ S ( n p ~ ) ~ l  (Figure 
23).44 The np3 ligand acts tridentate so that the complex is structurally 
similar to the nickel(I1) complex [Ni2S(p3)I2' (Figure 24).@ Indeed, 
both complexes (Figures 23 and 24) have unusual structural and elec- 
tronic properties. They are diamagnetic and contain a linear M-S-M 
bridge. Each metal ion is normally four-coordinate. If the sulfide ion 
donates a pair of electrons to each metal ion, they would have 16 valence 
electrons. It therefore seems likely that the M-S-M bonds possess 
substantial double bond character giving each metal ion a share in 18 
valence electrons. The M-S bond lengths (Ni-S = 2.034, Co-S = 
2.128 A) are in fact rather short for single bonds. Other binuclear 
complexes involving the ligand p3 and two bridging groups have been 
obtained by the reaction of H2S or HSCH3 with bis(p-hydroxo) com- 
plexes of cobalt (11) (Figures 25 and 26)28: 

BH4- 

[P~CO(ILL-SCH~)~COP~I~+ tCo(SCH3) (~41  I 

L71 
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FIGURE 24 

The coordination geometry in the four binuclear complexes is distorted 
square pyramidal. Complex I1 has an odd number of valence electrons 
(33) and must be paramagnetic; but I and 111 which are formally is- 
oelectronic (34 valence electrons) show different magnetic behavior 
deriving from a singlet-triplet equilibrium. The sulphide ion has a larger 
exchange coupling constant than the mercaptide ion, and so spin pairing 
is induced in I11 at ambient temperature, but not in I. Complex IV is 
diamagnetic. 

The formation of complexes with M-S bonds is generally promoted 
by the presence of ancillary ligands with n-acceptor ability such as 
phosphines .46 However, the tripod ligands give mono and binuclear 
complexes whereas larger clusters and polymers tend to be formed with 
the other ligands. The reason for this is that the tripod ligands occupy 
all but one or two of the coordination sites on the metal ions, and 
furthermore, the sulfur atoms are surrounded by the phenyl groups 
attacked to the phosphorus atoms, and are therefore hindered from 
forming bonds with other metallic centers. 

FIGURE 25 
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FIGURE 26 n = 0,1,2. 

IV. REACTIONS WITH NO, CO, SO2 and CS, 

The divalent aquacations of cobalt and nickel react, in the presence of 
p3, with the neutral molecules NO, CO, SOz and CS2 under conditions 
of normal temperature and pressure to give a variety of complexe~~~*~ ' ;  
the metal ions are reduced even in the absence of added reducing agents. 
Typical examples of these reactions are shown in the following scheme: 

The Ni(0) and Co(1) complexes have 18 valence electrons and are 
diamagnetic. The Co(I1) complexes, [ C O X ( ~ ~ ) ( C O ) ] B P ~ , , ~ ~ * ~ ~  have 17 
valence electrons and are paramagnetic, with perf = 1.9-2.1 p ~ .  

The complexes obtained by the action of CS2 are worth particular 
mention. In the binuclear complex [CO,(~,),(CS)~]~ + (Figure 27) the 
CS2 group is bonded to one cobalt atom through a T C-S bond and u 
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2+ 

FIGURE 27 

bonded through both sulfur atoms to the other cobalt The 
mononuclear complex (Figure 28) may itself behave as a ligand towards 
electrophilic species by virtue of the increased electron density on the 
sulfur atoms in .rr-bonded CS,. Heterometallic binuclear complexes are 
formed as ~ o ~ ~ o w s ~ ~ ~ * ~ ~  

Both complexes have a single unpaired electron (pew = 1.95 and 2.18 

The reaction of CS, with [Fe(H20)6]2+ and the ligand Etp3, which 
differs from p3 in that the substituents on phosphorus are ethyl rather 

PB) . 

FIGURE 28 
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1 2+ 

FIGURE 29 

than phenyl groups, leads to a diamagnetic complex completely different 
from the ones previously discussed. This product has a zwitterionic 
dithiolate ligand coordinated to the metal (Figure 29).49 This is the first 
example of a diamagnetic five-coordinate iron(I1) complex. 

The products formed from SO2 vary with the nature of the tripod 
ligand. The 3-D ligand p3 yields the nickel(0) complex [Ni(p3)(S02)] 
but the 4-D ligands np3 and pp3 yield hydrogenosulfito and alkylsulfito 
complexes of nickel(I1) and cobalt(I1) (Figure 30) depending on the 
reaction solvent50: 

thf ,,,,,,$Ni(SO,OH)inpdl+ ; 

R&\ 
[Ni(H20)6]2' + np3 + SO2 

~Ni(SO,OR)(np3)1+ . 
R = CH3, C2H5 

c 

v 
FIGURE 30 M = Ni,Co. 

175 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
2
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1’ 

/ \  P /s\ 
\ Ni kP 

I 
S 

0’ ‘ 0  
FIGURE 31 FIGURE 32 

The reaction of sodium p-toluenesulfinato with the aquacations of 
Fe(II), Co(I1) and Ni(I1) and pp3 or np, gives five-coordinate complexes 
in which the coligand is bound to the metal via one oxygen atom, one 
sulfur atom or via both oxygen atoms (Figure 31).” 

It is interesting to compare the way in which SO2 is bound in the 
two complexes (Figures 32 and 33)41 which is obtained by reduction 
of [NiBr(np,)]+ with BH, in the presence of sulfur dioxide.s2 In Figure 
32 the nickel atom achieves an 18 valence electron configuration by 
accepting an electron pair from the SO,; in consequence the Ni-SO, 
grouping is planar. In Figure 33 the 18 electron configuration is already 
present in the fragment [Ni(np3)], so that this fragment acts as a Lewis 
base towards SO2 and a “bent” Ni-S02 bond results. 

Three general methods have been used to prepare numerous nitrosyl 
and carbonyl complexes with tripod ligands. The neutral molecules may 
be reacted with preformed hydrido c o m p l e x e ~ ~ ~ ~ * ~  

[NiH(np,)] + + NO -+ [Ni(np,)NO] + , 

or low oxidation state c ~ m p l e x e s ~ ~ . ~ ~ :  

[Ni(np,)] + CO + [Ni(np,)CO]. 

Alternatively, the ligand may be made to react with metal carbonyl or 
n i t r o ~ y l s ’ ~ ~ ~ ~ :  
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[Ni(C0)41 + p3 + [Ni(p3)(CO)] + 3CO. 

The complexes formed by all of these methods are diamagnetic and the 
18-electron rule determines whether the ligand is bi-, tri- or tetradentate 
(see Section 1.B). 

V. u AND 7~ ORGANOMETALLIC COMPLEXES 

The fragments ML"+ derived from the 3-D ligands p3 and as3 show a 
marked affinity for unsaturated organic species. They form numerous 
complexes in which the metal is IT bonded to various alkanes (both 
conjugated and nonconjugated) and alkynes. For the most part these 
complexes are the counterparts of metal carbonyl complexes in which 
three CO groups have been replaced by the ligand p3; indeed some 
complexes have been prepared by direct substitution of the correspond- 
ing carbonyl complex .54 

The fragments ML"+ derived from the 4-D ligands np3, pp3 and nas3 
tend to form u bonds with alkyl and aryl groups. An example of the 
different behavior of the two types of tripod ligand is the way they react 
with [Ni(PPh3)2(C3Ph3)]C104 (C3Ph3 is the tiphenylcyclopropenyl 
group).55 The 3-D ligands p3, Me6p3 and as3 replace the PPh3 ligands 
to give the complex [NiL(C3Ph3)] C104 (Figure 34).56 The C3Ph3 group 
is symmetrically q3 bonded to the nickel to form an elongated tetra- 
hedron. If one considers the neutral C3Ph3 as a 3e- donor and nickel 

P- 
I 

O'l 
S 

Pb 0 
FIGURE 33 FIGURE 34 
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I l+ 

FIGURE 35 

monopositive, a valence electron count of 18 results. This would be 
possible with the 4-D ligands if they were tridentate. Instead they express 
their full denticity and yield the nickel(1) complex [NiL(PPh,)]Y (L = 
np3, nas) in which the cyclopropenyl group has been repla~ed.~'  

The 18-electron rule can be used to rationalize the wide variety of 
structures found in complexes of Fe, Co and Ni involving p3 and as3 
and polyolefins and acetylenes. Typical examples of these n complexes 
are compounds of the formula [CoL(p3)] (L = 1,3-butadiene, 2-meth- 
ylbutadiene, 1,3-~yclohexadiene,' I ,3,5-cycloheptatriene). These com- 
pounds are obtained by reacting the olefin with [CO(H,O)~](CIO~), in 
the presence of tripod ligar~d.~' The structure of the complex 
[Co(p3)(C,Hx)] + (Figure 35) shows three phosphorus atoms donating 
to the cobalt(1); the cycloheptatriene can therefore donate a maximum 
of four electrons and behaves as a q4 ligand. 

Substitution of carbonyl groups in the complex [Co,(Ph,C,)(CO),] 
by p3 gave [CO,(P~,C,)(CO)~(~~>] (Figure 36) in which the diphenyl- 
acetylene bridges between two cobalt atoms and the p3 are bider~tate.~' 
A variety of fluoroalkenes which are q' bonded to Ni(as3) or Ni(p3) 
were prepared from Ni(cyc1ododeca- 1,5,9 triene) (Figure 37).60 

Grignard reagents and organolithium compounds will cause replace- 
ment of coligands by a-bonded alkyl or aryl groups to give a series of 
low-spin Co(I), Co(I1) and Ni(1I) complexes6'*62: 

"iX(ppdl+ + MgXCH3 + "i(ppd(CHdI+ + MgXz, 

[CoX(np3)] + LiPh-, [Co(np,)(Ph)] + LiX. 
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Ph 

/ \ / 
PhC c o  

p>p P 

FIGURE 36 

The tertiary arsine ligands can promote the extraction of a phenyl group 
from BPh- in boiling n-butan01~~3~~ (Figure 38): 

Ni2+ + L + 2BPh; --f [Ni(L)(Ph)]BPh, + BPh3. 
L = nas3, QAS, Me6nas3 

The formation of phenyl complexes from BPb- is analogous to the 
formation of hydrido complexes from BHL : 

BPh, + BPh3 + Ph-, 

BH, + 2B2H6 + H-. 
The reaction of carbon monoxide with some of the organometallic 

complexes of nickel(I1) and cobalt(I1) leads to acyl derivatives of the 

FIGURE 37 FIGURE 38 
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FIGURE 39 

formula [M(COR)L]+ (M = Co, Ni, R = CH,, C2H5, CH2Ph; L = 
np,, n a ~ , ) ~ ~  (Figure 39). In the case of np, and nickel the first product 
is a solid solution of the acyl derivative of nickel(I1) and the carbonyl 
derivative of nickel(1) in a ratio 1 : 1. The analogous reaction with SO, 
leads to the ethyl sulfito complex [Co(S020C2H,)(np3)]BPhw similar 
to the one formed by nickel (Figure 30). These carbon monoxide in- 
sertion reactions can be considered exceptional. Normally, the carbon 
monoxide and alkyl (or aryl) groups are already both bound to the same 
metal before the insertion reaction occurs.65 Such reactions can also 
occur with tripod ligands'': 

[Mn(CH,)(CO>51 + PP3 + [Mn(CH,Co)(Co)z(pP3)1 + 2 co. 

VI. COMPLEXES WITH CYCLO-P3 AND CYCLO-As3 AS 
COLIGANDS 

The ligands p3 and np, react with the aquacations of cobalt(I1) and 
nickel(11) and white phosphorus or yellow arsenic to give complexes 
with the cyclic triatomic ligands cyclo-p, and cyclo-As3, such as [Co(L)(q3- 
P,)] (L = p3, np3)66 or the dimeric species [M2(p3)2-p-(q3-D3)]Y267 (M 
= Co, Ni; D = P, As; Y = BF,, BPh,). This field of tripod ligand 
chemistry has been reviewed elsewhere.68 In the complexes of Figures 
40Ma and 41 66b the cobalt is six-coordinate and both p3 and np, act as 
tridentate ligands. In order to comply with the 18-electron rule the cyclo- 
P3 ligand must be designated a trihapto three-electron donor. In the 
binuclear complexes of cobalt and nickel and P3 and AS, moieties bridge 
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FIGURE 40 FIGURE 41 

between two M(p3) residues so that each metal atom is again six-co- 
ordinate (Figure 42).67 The interatomic distances in cyclo-P3 and cyclo- 
As3 are only slightly less than in the corresponding tetrahedral molecules 
P4 and As4. The P-P distance in cyclo-P, is less in the terminally bonded 
case than in the bridge-bonded one, and decreases in both types of 
compound with increasing M-P3 distance. These structural data would 
seem to indicate that the three electrons of T symmetry in P3 are es- 
sentially involved in the bonds to the metal atoms, and that bonding 
within the P3 moiety is of minimal importance. The mononuclear com- 
plexes can also be viewed as substitution products of P4 in which one 
vertex is replaced by M(p3). 

The complexes of Figures 40 and 41 are the parents of a long series 
of mono, bi and polynuclear complexes containing the q3-P3 species, 
the ancillary ligands p3, Ekp3 and various 3d, 4d and 5d metals. The 
binuclear species were mostly made by reacting the complex 
[M(p3)(q3-P3)] with the metal aquacation and the ancillary l i g a t ~ d ~ ~ :  

The compounds have a sandwich structure in which cyclo-P3 is the 
filling and the two metal atoms may be alike or different. In a sense 
the terminally bonded q3-P3 group acts as a Lewis base in forming these 
sandwiches. It can also act as a Lewis base by using the nonbonding 
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FIGURE 42 D = P,As; M = Co,Ni. 

pairs of electrons in the P3 plane to donate to electrophilic species (Figure 
43): 

[Co(p3)(q3-P3)I + [Cr(CO),l + ~ ~ P 3 ~ ~ ~ ~ ~ 3 ~ ~ ~ ~ ~ ~ ~ ~ , ~ " 1 9  
n = 1,270 

[Co(p3)(rl3-P3)l + I~(CSHS)(CO)4I + 

These reactions are formally analogous to those in which [Co(p3)(CS2)1 
behaves as a ligand itself (Section IV). 

Also monocations of general formula [M(p3)(q3-P3)]+ (M = Ni, Pd, 
R) have been obtained using different starting materials and expen- 
mental procedures. Interestingly, the nickel complex has been obtained 
by the reaction of the aquacation of nickel@) and the ligand p3 with 
P4S3.I2 

P A 
\ hP 

co 

I 
Cr(C0)Lj 

I 
P 

FIGURE 43 FIGURE 44 
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Finally, two complexes of the formula [M(np3)(P4)] (M = Ni, Pd) 
(Figure 44)73969a which contain an intact P4 molecule, have been obtained 
by reaction of the complexes [M(np3)] with P4. 

F. MAN1 
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hiversify of Florence, 
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