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Treatment of chlorotris(trinethylphosphine)cobalt(I) with 

methyllithium in the presence of trimethylphosphine produces 

the strong reducing agent [CoMe(PLleS)4], (1). The cobalt- 

carbon bond of this complex is cleaved by protic acids, e-g_ 

cobalt, rhodium and iridium, Annual Survey 
Organometal. Chem., Vol. 115(1976)326-415. 

Fzeferences p_ 989 

covering the year 1974 see J. 
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phenglacetglene or alcohols. ROII. with liberation of methane. 

The cobalt complexes produced are an acetylide, [Co(CeCPh)(PUeg)q] 

or polymers of the formula [Co(OR),]. (R = bIe.Et.SibleR,Ph). 

The -temperature dependence of the III n.n.r. spectrum of (1) 

reveals a fluxional behaviour similar to that of the isosteric 

Me 

4 Me3P 

pMe3 

species [NilIttLq]~. The complex 

reactions with carboo monoside, 

(I) undergoes a variety of 

carbon dioxide, acetyl 

chloride, acetic anhyd?i.do and KeX. (X = Dr,I), \-which are 

summarised in Scheme (l)l- 

(L=PMe3) 

Scheme (1) 

Treatment of tris(acetylacetonato)cobalt(III) with 

methyllithium in the presence of trimethylphosphine gives 
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the octahedral cobalt(II1) complex ~-[CoLIe3(l%Ie3)3], (2). 

Reactions of (2) r:ith protonic acids result in the 

elimination of the methyl ligand trans- to methyl and 

trimethylphosphite selectively displaces the 

trimethylphosphine ligand opposite to the Co-kIe group. The 

reactions of the complex are summarised in Scheme (2~)~. 

Me 

L 

* 

L (2) 

v L Me Mey 
Me 

P L 

I 

L L 

L Me 
co 

L * Me 

Me X 

Scheme (2) 

CoKOMeXCO), L2 

Me:CO 
L=PMe 

3 
P= FtOMe) 

3 
X =CI. OR-I, C=CPh 

Alkylation of [Co(acac)3] with either trimethylaluminium 

or dimethylaluminium cthoxide in the presence of 

triphenylphosphine gives the cobalt(I) alkyls, [CoUe(PPhS)2] 

and [CoMe(fPhS)S] . ltoaever, with diethylaluminium ethoxide 

an intermediate acetylacetonato complex is formed which 

appe:ws to be the ethylene complex, [Co(acac)(C,R,)(PPhS)2] 

rather than an ethyl(acetylacetonato)cobalt.&omplex. 
3 

Although 

mer-[RhC13(Pt!e2Ph)3] is not alkylated by 2-bIeOCgH4SnMe3, 

a reaction does occur with mer L-[RhC12(OS02F)(Pt:e2Ph)3] to give 

mer-[RhC12(C6H40!.!e-~)(P:Ie2Ph)3], the reaction presumably 
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being facilitated by the presence of the good leaving 

group, S03F. Interestingly it has-been reported that 

Grignard or organolithium reagents do not give identifiable 

products with rhodium(III) complexes. 4 

Perfluorocyclohexene and perfluorocyclobutene react 

with the anions [M<COj2(PPh3)2]-, (LI = Rh or Ir) at room 

temperature under an atmosphere of carbon monoxide to give 

the compl&xes (3) and (4) respectively_ The yields of the 

rhodium complexes are considerably higher than those for the 

corresponding iridFum complexes, in agreement with the higher 

M  Rh Ir 

1” 
= . 

CO F, F, 
P=P&, P’ I 

co 
L 

L (3) 

nucleophilicity of the rhodium anion. The rhodium anion also 

reacts with cblorotrifluoroethylene to give (5) but under 

similar conditions the iridium anion gives no fluoro- 

organometallic compound and only [IrH(CO)2(PPh3)2] is isolated 

F\ F 

F~c=cG?.Mco~*~PPt13~ 
(5) 

Ro perfluoroallenyl complexes containing the ligand system, 

CF2=C=C(CF3)H, are formed upon treating the anions with 

hexafluorobut-2-yne. Instead the alkenyl complexes ((I) 
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are formed in yields which range from 51% for the rhodium 

complex to 8% for the iridium complex. Although 

hexafluorobut-2-yne undergoes insertion reactions with the 

co 

ph3p\ I 
Ph /i-CtC5)=CHC5 (6) 

3 
co (M= Rhor Ir) 

hydrides [?61(CO)(PPh3)R], (hi = Rh,Ir), no such insertion is 

observed with [RhH(CO),(PPh,)2].5 Reactions of the anions 

[WU2(Pph3)2]-. (bf = Co,Rh or Ir) with various 

perfluoroaromatic compounds have Fielded the complexes 

(7) - (11). Attempts to obtain disubstituted metal species 

indicate that replacement of fluorine by a transition metal- 

containing group greatly deactivates an aromatic ring to 

nucleophilic attack. 
6 

M'CO$P2 

(7) 

M= Co.Ir 

(6) 

M=Co.ir X =CN 

M= II- X = COGEt 

(9) (P= Pph3) (10) (P= PPh3) (111 ( P= PPh3) 
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The pentafluorophenpl group reduces the ability of 

the four co-ordinate-complex, trans-[Ir(C6F5)(CO)(PPh3)2] to 

undergo oxidative addition reactions. However, a crystal 

structure study reveals that v-overlap between the iridium 

and pentafluorophenyl group does not occur and overlap of 

this type cannot reduce electron density of the metal.7 

The reduced reactivity of the complex may be a consequence 

of steric effects. 

Treatment of [CocpI<C3F7)(CO)] with sodium cyanodithio- 

formate results in displacement of carbon monoxide and 

iodide to give (12).' 

7 A 
/to\5/tEN 

F7c3 

(12) 

Derivatives of the rhodacyclopentadiene system (13) 

CatalySe the cyclotrimerisation of hexafluorobut-2-yne_ 

F3c 
3 

c 

Rh 

F3 c 

53 

(13) 

A step in the cyclotrimerisation process may involve 

the rhodacycle and a third molecule of the acetylene. 

Rowever, definite evidence that [RhC1(AsMe3)2C4(CF3)4] 

can bind a molecule of hexafluorobut-2-yne is lacking_ 





(14) (15) 

ncrtricyclylrhodium complex (17)-l' [RhC1(CO)2]2 is also 

known to cleave only one cyclopropane ring of (16) to give 

(18) and the structure of (18) has now 

However, some rhodium(I) complexes CtUl 

isomerization of (16) to norbornadiene. 

CO >(Cl) Rh 

Rh(III)octaethylporphyrin 

been confirmed_ 11 

catalyse the valence 

(18) 

n 

Treatment of [RhC1<PPhg)3]with threo-PhCRDCHDCOCl 

gives the acyl comPlex[RhC12(threo-COCHDCHDPh)(PPh~)2]. 

which on heating in the Presence of hexamethyldisiloxane to 
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remove the liberated RCl(DC1) gives a mixture of deuterated 

styrenes _ The styrene elimination is either non- 

stereospecific or it may involve a series of stereospecific 

reversible steps as outlined in Scheme (3). The postulated 

intermediate (A) was not detected but reaction of 

threo-PhCHDCHDCOCl with trans-(IrC1N2(PPh3)2 ]gLves an 

unstable threo-acyl complex which readily isomerises to 

[IrC12(CHDCIiDPh)(CO)PPh3)2]. The alkyl-migration thus 

proceeds with retention of configuration of the alkyl group- 

Although these results do not unambiguously demonstrate that 

the decarbonylation and dehydrohalogenation of the phenyl- 

propionyl rhodium complexes involve a cis-B-elimination step 

the results are consistent with this process. 12 

a 

X= CKOXPPh3 1 

Cl D,, Pfl 
I ’ 

Rh -J( . f3 
I 
D 

H= H 

Scheme (3) 

However; although the decarbonylation of erythro- 

and threo-2,3_diphenylbutyryl chloride with [RhC1(PPh3)3 1 
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gave trans- and cis-6-methylstilhene. respectively, the 

E-elimination mechanism was rejected because an 

alkylrhodium intermediate (A), could not be detected-13 

However, on heating a toluene solution of 

[RhC1,(COCH,CH,Ph)(PPh3)2] a rhodiutn(II1) carbonyl species 

can be observed in the i-r. spectrum consistent with the 

mechanism in Scheme (3).12 

The strong nucleophiles [Co'(Chel)]-, (Chel = N,N'- 

ethylenebis<acetylacetoneiminato); N,N'-ethylenebis- 

(salicylideneiminato), (bae); N,N'-ethylenebis(7,7'- 

ciimethylsalicylideneiminato), (salen) are known to readily 

react with scetylene in the presence of water to give 

vinylaquo derivatives. It has now been found that the 

complexes, E Corrr(Chel)(OH)<H20)] react with acetylene and 

phenylacetylene in anhydrous ethanol to give the acetylides, 

[Co(C=CR)(Chel)(H20)](R = H,Ph)_ These acetylides, unlike 

alkyl and aryl derivatives do not form five-co-ordinate 

complexes. The water ligand, however, is readily displaced 

by N-donor ligands, the stability of the six-co-ordinate 

adducts being associated with the lower trans-influence 

of the acetylide group. '* Acetylene reacts with 

[ Cor1E(DO)(DOH)pn3(H20) ]PFg , ({(DO)(DOH)pn) = diacetyl- 

monoximeiminodiacetylmonoximatoiminopropane), to give a 

binuclear complex analogous to that obtained with [CO(CN)~]~- 

This reaction is reversible, Scheme (4). The salen and bae 

adducts, however, only give binuclear derivatives u.ith oxygen 

gas. 14 Phenylacetylene and 4-methylphenplacetylene also 

react with [Co<salen)] and [Co<salpn)]derivatives (19) 
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[K0)Cfi =cH(co)]* + 

2 (CCJ 02 Jr HCzCH 

Scheme (4) 

to give the acetylides, (20). With 3-butyn-2-one the 

expected alkynyl species was not obtained and the reactions 

gave the alkenyf complex, (21)-l' 

OMe cxl R 

+ RCXH - 

B 

(21) 

Studies on the homolytic substitution reaction in 

Scheme (5) indicate that it involves effectively complete 
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[Cocdrr;gH)~pr]+[RCocchgH?py] ---) [Co R(dmgH?py]+[CocchgH>,py’l 

(dmgHI= dimethytglyoximato 

(chgH )= cyciohexanedionedioximato Scheme (5) 

inversion of configuration of the saturated carbon centre 

through a highly restricted transition state, (22). 
16 

il\ /\ 
o/“\ /“lo 

PY-8,-7Co, ,$ 

N\ /*N 

I3 

H H 

\/ 
-C 

I 
R 

Me Me 

Me Me 

(22) 

The anaerobic photolysis of methyl- and benzyl- 

pyridinecobaloximes zsd some analogous compounds proceeds 

via an electron transfer reaction to form a cobalt(II) 

complex containing both of the original axial ligands, and 

it has been suggested that the electron for this reduction 

comes either from the solvent or the equatorial ligands. 

Further studies have now shown that in chloroform or benzene 

hydrogen atoms are produced as intermediates and that they 

originate from the equatorial ligands of the complex, 

Scheme (S)." In studies of the photolysis of alkyl 
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R 

I hJ 

H+Co(III)] c 

I 
PY 

Scheme (6) 

R 

I 
-COW + H- 

I 
PY 

cobaloximes it has been noted that the presence of oxygen 

greatly increases the rate of cleavage of the Co-C bond and 

mechanisms for photo-induced insertion of oxygen in the 

Co-C bond have been proposed. In*aprotic solvents and for 

the cobaloximes [CoR(dmgH)2py], (R = Me, benzyl, -CH2C6H4CN-2) 

the mechanism in Scheme (7) operates. 

Scheme (7) 

Whereas for the compounds R = Et,i-Pr, i-Bu, n-pentyl, 

cyclohexyl and some other derivatives in chloroform, 

benzene. isopropanol or water it is proposed that the 

first steps of the photo-induced insertion of oxygen is 
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a honolytic cleavage of the Co-C bond, Scheme (8). 

? 
: II 

-HH---fCo 

Scheme (8) 

This mechanism also operates for the complexes in Scheme (7) 

when the reactions are carried out in isopropanol or water. 

0 

Ii 

w 

Interestingly if after the anaerobic photolysis of the 

benzyl(pyridine)cobaloxine oxygen is introduced a nitroxide 

radical of the type (23) is produced via attack of a 

benzyl radical on the equatorial dirr?ethyglyoxime ligand. 
18 

0 

6 MeMe 

I I 1 
CHfN-C=C- 

(23) 

Some studies on the cleavage of the organic group 

from the complexes (24) have also been reported_ Anaerobic 

pyrolysis and photolysis of the alkyl complexes result in 

the formation of a cobalt(II) complex along with elkenes 

and alkanes. 

The complexes are stable for the several days in 6hJ HCl or 

HC104 but Co-C bond cleavage results in 3LJ Hh'03 at 2S°C_ 

Electrophil?s such as iodine also cause Co-C bond cleavage, 19 
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(24) 

R= Me, Et, nPr, n Bu 

Or PhCH2 

as does the action of both iodine and iodine monochloride 

the complexes (25) - (28).20 In the mono-alkgl complexes 

on 

(26) 

(28) 

cleavage of the Co-C bond can occur either by an electrophilic 

or radical cleavage. However, in the bis-organ0 complexes 

(28) electrophilic cleavage always occurs. Interestingly, 

in the unsymmetrical pbenylmethyl derivative of (28) 

cleavage occurs more readily at the alkyl carbon than at 

the aryl carbon although in the alkylarylmercury<II) compounds 

FL&c-p-339 
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the reverse sequence is usually found. 

It is known that 1,3-dioxa-2-cyclopentylmethyl- and 

2,2-diethoxyethyl-cobalsmins, (29) and (30) are hydrolysed 

by two different rcutes, direct cobalt-carbon bond fission, 

and decomposition to the aldehyde. (31). followed by cobalt- 

carbon bond fission. The corresponding cobaloxime acetals 

(3.9) (30) (31) 

undergo analogous decomposition. 
21 St :dies on the oxidative 

cleavage of benzylaquobis(dimethylglyoximato)cobalt(III) 

have provided indirect evidence for transient organocobalt(IV) 

species. Such species have now been detected and 

characterised. Spectral titrations at -78O have demonstrated 

the occurrence of the stoichiometric reaction: 

[C0R(dmgH)~R20] + Ce(IV) - [CoR(dmgK)2(R20)]+ + Ce<III) 

Solutions of The organocobalt(IV) species are stable for many 

hours. From cyclic voltammograms it can be deduced that the 

lifetimes of the [COR]' radical cations decrease in the order 

R = b!e,Et > i-Pr and E-NO~CSH~CH~ > PhCR2 >> E-MeOC8H4CH2_ 

This order is consistent with a decomposition mode involving 

nucleophilic attack on R. 22 Electra-oxidation of the organo- 

cobalt(II1) and rhodium(II1) chelates, [CoR(dmgH)2py], 

(R = Ale.Et,PhCH2), [CoR(salen)], (R = bfe,Et,n-Bu,i-Pr), 

[Coprn(salen)py], and [RhR(salen)py], (R = Be,n-Pr,i-pr) 

also show that fairly stable formally tetravalent specie8 can be 
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formed. Reactions with nucleophiles such as Cl- or pyridine 

result in the heterolysis of the bI Iv-C bond.23 

Studies on CoI" -alkyl complexes have shown that these 

complexes are diamagnetic. Indeed 31P n.m.r. spectra of 

the adducts [CoR(dmgH)2(PR$>] and (32) have been rePorted.24 

However, some six-co-ordinate Co III -alkyl complexes, (33), 

(R=Me L=PES PBuz 

R= Ph L=PBu; ) 

have been prepared which, although virtually diamagnetic, 

exhibit anomalous n-m-r. behaviour which can be attributed to 

paramagnetic shifts arising from a thermally populated state. 

The crystal structure of the complex, (R = Ke.L = NH2NHRe) 

has been determined. 25 

New rhodium(I) porphyrins, [porphyrin Rh2(~O)4] and 

[N-alkylporphyrin Fth2C12<CO)4]have been isolated from the 

reaction of [RhC1(CO)2]2 with octaethylporphyrin and 

N-alkgloctaethylporpbyrin. The reaction u-ith octaethyl- 

porphyrin also yields [RhC1(ORP)(H20)]H20 which can be 
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used as a precursor to organorhodium<III)-porphyrin cc%nplexes 

Scheme (9)." 

(33) 

R=Me,Et,Ph 

R=H ,Me,Ph 

L= py ,CN-, MeCN, MeNHNH2 

Scheme (9) 

PhCXH or 

H Yph 
;c=c 

Br ‘l-l 

H t 
\ / 

Ph 

C=C, 
/ 

RmEF9 ” 
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Although the reaction of lithium carborane with 

[RhCl(PPh3)3] and trans-[IrCl(CO)(PPh3)2]give metal-carbon 

u-bonded complexes of the type [Rh(o-carb)(PPh3)2 land 

[Ir(a-carb)(CO:fPPh3)2 ] incorporating 1,2- and 1,7- 

diacarba-close-dodecarborane ligands the reaction betaeen 

[IrCl(PPh3)S] and l-Li-2-R-1,2-BloC2Hlo, (R = Me,Ph) does not 

give iridium-carborane complexes. Instead the internally 

metallated complex (34) is formed probably via the mechanism 

outlined in Scheme (10). 

IrClP3 + Li-carb p F?$r-PP$ 

&l-b 

I 
‘il 

P21r-PP% + H-axb / P21r-PP$ 

(34) I 
sarb 

( P=PPh$ 

Scheme (10) 

The bulky carborane ligand probably forces the phenyl 

groups of the phosphine closer to the metal atom thus 

promoting the ortho-metallation reaction.*' In contrast reactions 

with the corresponding rhodium complex produce three 

co-ordinate rhodium carbon bonded complexes, Scheme (If). 
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[RhC1P3 ] -I- Li-carb - [ Rh(u- carb)P2] (35) 

Li-carb = l-Li- 2-R-1,2-B,oC2 Hlo 3 

I-Li- 7- R- l,7-B,o C2 H,. 

R=H,Me,Ph ; P=PP% 

Scheme (11) 

Treatment of the complexes (35) nith dimethylphenylphosphine 

results in displacement of triphenylphosphine and now three 

molecules of the smaller phosphine co-ordinate to the 

rhodium to produce four co-ordinate complexes [Rh(a-carb)(Pb!e2Ph)3] 

(a-carb = 1,2-B10C2Hll, 7-Ph-1,7-B10C2Hlo). The less 

sterically demanding triphenylphosphite similarly produces 

[Rh(a-carb)CP(OPh)33], (a-carb = 2-be-1,2-B10C2H10)_ However, _ 

_the reaction of PMe2Ph with [Rh(o-carb)(PPh3)2], (a-carb = 

2-Ph-1,2-B10C2H10) gives the phenyl metallated complex (36). 

the bulky carborane 

reaction." 

Metallation of 

solution of (37) in 

(36) 

ligand again promoting the metallation 

a tertiary butyl group occurs when a 

benzene is allowed to stand, and it is 



(37) (38) 

possible that this reaction proceeds via an oxygen complex 

of (37) before C-metallation of the But group occurs. 

The hydrogen is probably lost as Hz0 or H202- Passage of 

carbon monoxide-through a benzene solution of (37) produces 

(39). 

Ye2 

These complexes are the first examples where a But group 

has been internally metallcted. 29 

Heating solutions of [CoH{P<OPh)3)4] or reaction of 

triphenylphosphite with [CO(C,H,,)(C,H,,)] produces the 

ortho-metallated compound (40). 

This compound catalyses the hydrogenation of but-1-ene 

and undergoes ligand hydrogen exchange with D2. 30 

l&f-p_ 389 



(Pm+ 
/‘\ 

[WhO)3P]3Co 0 

H 
(40) 

0 

The reaction of the aromatic azo or imine compounds, 

(41) - (43) with trans-[IrC1(CO)(PPh3)2] yields the 

ortho-metallated complexes, (44). 

N=NR 

R’= H ; R=Ph 

R’ = Me ; R =pMeC6H4 

2-(tiethylazo)propene, (45), gives (46)_31 

d=H ; R=Me 

d=R=Me 

@=H ; R=Ph 

R=Me; R=g-MesH4 

The crystal structure of the complex (44). (R = Ph.R' = H) 

has been determined, 32 and the proposed mechanism for this 

metallation is given in Scheme (12). Co-ordination of the 
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N-donor ligand to the iridium should increase the electron 

Me N=N-m-xylene 

de 

IrClN2P2 + PhX=NR _+ 

or 
C%=CMeN=NMe 

Scheme (12) 
/ 

H- 
4/p 
Ir-N (P =PPh$ 

P 'I 
C 

Referema p. 339 
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-density at the metal and hence enhance the oxidative 

addition of the ortho or olefinic CH group to the metal 

atom. No observable C-H bond cleavage takes place rrith the 

alfphatic azo compounds and azomesitylene. the activation 

energy for cleavage of the aliphatic C-H bond probably 

being too high for metal insertion to occur. 
31 

That metal 

basicity is important in the C-H bond breaking reactions of 

Rh(1) and Ir(1) is provided by further studies on the reactions 

of azo and imine compounds. Thus treatment of E-tolylCH=NMe 

ivith [RhC1<CSH14)2]2 in the presence of carbon monoxide gives 

(47), and the imino compound PhCH=CII-CHNC3H7 gives an 

oc\,h,c’ 
oc/ yMe 

+ 
H 

CH 

0 0 

(47) 

MC+ 

analogous compound. These compounds do not undergo cyclo- 

metallation reactions in refluxing benzene or petroleum spirit 

(b-p. 120°C) and no metallated products could be isolated 

from the reaction of olefinic azo or imino compounds with 

Rh(1) in the presence of PPh3 or PCy3. The low field n.n_r_ 

shifts of the ortho CH groups in (47) indicate that they 

are situated above the bonding plane of the square planar 

molecule, but the metal atom is presumably not sufficiently 

nucleophilic to cause C-II bond cleavage. However, addition 

of the azo or imine ccmpoundsto [~C1(CSH14)212,(hI = Rh,Ir). 



253 

followed by addition of tricyclohexylphosphine affords 

the cyclometallated complexes (48) and (49). Similarly 

(48) (49) 

PhCH=CH-CHKCSHy gives the iridium complex (50). Prom these 

( L = Pcy3 1 PP% > 

studies it emerges that the ease of C-H bond cleavage 

decreases in the order aromatic CH > olefinic CHaalipbatic 

CH and that the cleavage is dependent upon the basicity 

of the metal complex. 33 Treatment of pentafluoroazobenzene 

with [RhCf(co& affords the complex (51), displacement 

of hydrogen taking precedence over displacement of 

fluorine.34 
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<51) 

F5c6 

C-metallation with rhodium(II1) couzplexes other than 

halides has received little attention_ However. it has 

now been found that [Rh,X,(PBu,),], (X = Cl,Br) in refluxicg 

xFlene metallates a variety of organic nitrogen corPpounds 

(52) - (56) to afford the cyclometallated c@Kplexes (57) - (61) 

. 

RfHC+N 
I 
OH 

(52) 

R=H; R’=Me 

R=R’=Me 

R =Me:R’=H 

R= H.Me 

R 

0 
0 

R,J+ 
MC12L2 

/ 
N 
i 

bH 

(57) 

R- 

(53) (58) 
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ability of rhodium(II1) to metallate organic nitrogen 

dompounds. Treatment of N,N-dimethylbenzglamine, 

N,h'-dimethylallylamine and azobenzene with [R~I~X~<PBU~)~ ] 

has only given impure products_ 35*36 As expected 

X-phenylpyrazole, (63), (R = H) and (62) react with rhodium(III) 

Q 0 

Me 
&\ -u. Me 

(62) 

halides and [Na31rC16]to give the complexes (63) and (64) 

which undergo typical halide bridge splitting reactions with 

PBu3 and ethylenediamine. 
37 

(63) 

(64) 

X=CI,Br 

( 
N = 
C 

Q = 
NLN L 

Me- 

Pull details have now appeared on the reactions of the 

resonance stabilised plide PhCO&$i6 with rhodium(II1) and 
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iridium(II1) salts. 
38 These reactions yield cgclometallatcd 

products containing the formula unit (65) and were reported 

in the last Annual Survey. 

(65) 

Treatment of the ortho metallated azobenzene complex 

(66) with hexafluorobut-2-yne results in the insertion of 

a formally three-carbon unit [CO + C4F6]into the Co-C bond 

of (66) together uith the quinoline-l-one (68). 

[ PdCl(azb)& 

I 

[cdco~- 

(66) 

The complex (67) is an intermediate in the formation of 

F&f-~-389 
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(68) and various substituted quinoline-Z-ones have been 

prepared using this method. Other reactions of (67) 

have been studied and some of these are outlined in 

Scheme (13). A common feature of the reactions of (67) 

is the ready formation of azobenzene. Pyrolysis of (67) 

results in the formation of (69) which contains a novel 

type of tridentate chelating organometallic ligand, formed 

by ortho-metallation of the second, unsubstituted, ring 

of the azobenzene part of the ligand. 
39 

The crystal structure of bis(ortho-metallated)tris- 

(triphenylphosphine)iridium(III) hydride has been 

determined4' and the 13C n.m.r. spectra of several ortho 

metallated complexes have been measured.41 From an ion 

cyclotron resonance study on the reactions of methyl 

iodide with [Co(RO)(CO>3], l- imits on the gas phase cobalt- 

carbon bond strength have been inferred_ 42 

Oxidative addition of methyl iodide to [Rh<CN)413- is 

known to yield [RhIMe(CN)413- and a similar reaction has 

been observed with PhCH2Cl. Other alkyl halides also 

oxidatively add and the rate of addition decreases in the 

order MeI Z-B Et1 = PrI, a trend reflecting the effect of 

increasing steric influence_ However, the reactions with 

Et1 and nPrI give [RhI(OH)(C%)4]3- and not the expected 

alkyls. 43 

Some five and six-co-ordinate acyl complexes 

E IrC12(COCFnH3_n)(PPh3)2], (n = 1,2) and 

[ IrCL2<CoCFnH3_n)<CO)(P~ePh2)2]. (n = 1.2,3) have been obtained 
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6 
(67) - 

phN=NPh + 

Jr 
(68) 

CO(47%) 

H2 ( 8%) - . 

(69) 

Scheme (13) 



by oxidative addition of acyl halides to iridium(I) complexes 

Scheme (14). 

(FnH3_*) 
I 

cL\ / PMePh2 
,“\ l 

Ph2Me P CO 

CFnH3_nCOC1 

(n = 0.1.2.3 

C6H6 CLL!~PMephz b 

1 Ph2MeP 'I' al 
CI 

($H3-n 1 

c, /o 

cL\ /pph3 C6H6 

Cl &PPh3 

+ CFnH3_,COCI - 

Ph3P N2 (n= X2.3 1 PI-l p/Irl 3 Cl 

/ 
solution or co 
solid state 

Scheme (14) 
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The trans-influence of the acetyl groups decreases with 

increasing fluorine substitution and the trans.-influence 

of the substituted methyl groups decreases in the order 

Me ' CHFg = CHSF > CFS_ The five co-ordinate acyl 

complexes undergo an alkyl group migration when refluxed 

in benzene or when heated in the solid state. Interestingly 

the temperature at which the migration occurs in the solid 

state is sensitive to the presence of solvent in the lattice. 

The rate of migration decreases in the order CPHg > CFS > CF2H 

and the enthalpy change for the migration becomes less 

exothermic in the order CFS > CF2H > CFHS_ The insertion of 

carbon monoxide into a netal fluorocarbon bond has never 

been achieved and the present data indicate that the reaction 

would be very slow. 44 

Under high pressure, ethylene reacts with [IrH(C0)2(PPri)] 

to give [ Ir<C2H5)<C0)S<PPr~)] which on subsequent reaction 

with carbon monoxide gives the acyl [Ir(COC2H5)(CO)S(PPr~)]. 

Treatment of the acyl with a pressure of hydrogen gas 

regenerates the hydride, [IrH(CO)g(PPri) ] and propionaldehyde 

is formed, These reactions are key steps in the 

hydroformylation reaction and only mononuclear species are 

observed throughout these reactions. During this spectro- 

scopic study two additional carbonyl frequencies were observed 

after the initial formation of the alkyliridium tricarbonyl. 

These appear to be due to a dicarbonyl species. Possible 

reactions explaining this behaviour are indicated in Scheme 

(15)4S. 
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I r(C2H5XC0)3L + 
- 

C2H4 - MC2H5XC2f14XC_O)2L + CO 

Ir(C2H5XC0)3L c IrHK2H4)(C0)2L + co 

Scheme (15) 

The formation of isomeric aldehydes in the 

hydroformylation reaction has been suggested to occur via 

the disproportionation of the acglcobalt carbonyl species into 

alkene and aldehyde. a reaction known to occur at room 

temperature. However, under hydroformylation conditions 

acylcobalt carbonylsdo not isomerize and this reaction cannot 

be responsible for the formation of isomeric aldehydes in the 

hydroformylation of alkenes. 
46 

Some acylrhodium(II1) complexes [Rh<COb!e)Br<PAleZPh)2]2[PF6]2 

result on treatment of [RhRr2Me(CO)(PbIeZPh)2]with AgPF6. 

Reactions of the cationic complex with bipyridyl and Ph2PCH2CH2PPhZ 

<diphos) give [RhCCO&le)E3r(bipy)(PXe2Ph)2]PF6 and 

[Rh(COble)Br<diphos)(PMe2Ph)]2[PF6]Z resp?ctiveIy, the bulky 

diphos ligand probably causing the loss df a PbleZPh ligand. 
47 

In contrast to [RhBr2Me(CO)(PMezPh)21, treatment of 

[IrClIMe<CO)<PMePh2)2~ with AgPF6 in a polar solvent such 

as acetone or methanol followed by addition of a neutral 

ligand L affords a variety of cationic iridium(II1) methyl 

complexes, (70). 
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r PhpP,~,CO 

1 1 cl+mePhP~ 
1 _I2 

(70) 

L =CO.NC$$ p- NCC6H4N02 

p-NCGH4CH3.p-NCsHLOMe. 

NCC6H4CN-M. 

NC 
is 

F CN-M . 

M=(70)-L- 

If the neutral ligands are-certain acetylenes then 

carbene complexes, (71) are formed. 

Me 

PhzMeP,I ,CO 
(1.2) carbelle = 

Fe 
:c 

\ 
Me 

Cl PMePh2 

carbene (b) carbene = 

(71) 

The carbene couiplex (71a) is obtained with acetylene gas 

while but-3-yne-l-01 (HCXCH2CH20H) gives (71b). These 

carbene complexes result 

Scheme (16), as has been 

compounds. 

vfa a metal-induced carbonium ion, 

proposed for methyl platinum(I1) 

,-CH + MeOH ,,Me 

Me--i& 11 ___c Me- Ir-C=C% _I_) Me-Ir-C- 

.‘CH \Me 
Scheme (16) 

Fkfereocop.389 
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In methanol or ethanol as solvent imino ether complexes (72) 

are formed with certain nitriles. Treatment of the 

complexes [AK13<Ple2Ph)3], <M = Rh,Ir) in acetone or 

FJ/CO 

. 

L = - NH=C(OMe)C6 5 

-NH=qOEt) Cs 5 

c,4\p _ 
L 

(72) 

- NH=CXOMe) C6 5 (OMe)C=NH - , 

-NH=C(OEt)CgF4(OMe)C=NH- _ 

P= PMePh 
2 

methanol with AgPF6 generates cationic complexes 

[MC12(solvent)<PMe2Ph)3]+PF6- which react with but-3-yne-l-01 

to give the cyclic carbene complexes <73).47 

-I 

Cl 

p\M/p I 
p/I\ /CH 

CI 
f 

\2 

(3 
OYY 

H2 

+ 

PF6- 

(73) 

M= Rh, Ir 

P= FWe2Ph 
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getal isocyanide complexes. 

.The complex [Co(CNPh)5]'+ as the perchlorate salt 

forms three species of different colours: light blue, 

dark green and bright yellow. The geometry of the green 

form, isolated as the solvat!= [Co(CNPh)5][Ci04j2.~C1CH2CH2C1, 

can be described as square pyramidal in which the average 

C apical-Co-Cbasal angle has decreased 20 95.0° as a result 

of weak co-ordination by a perchlorate anion below the basal 

plane of the complex, (75). The axial Co-C bond length in 

(75) 

1 

1 

is longer than that found in the cobalt(I) cation 

“NPh 
PiiNC\A,CNPh 

PhNC/ 1 ‘CNPh 

ilao, I 
+ 

c104-- 

-1 

(75) 

[Co(CNPh)5]+ and this is probably a consequence of decreased 

back-bonding in the cobalt(I1) complex. 
50 

Recrystallisation 

of the cobalt(I) complex, [Co(CNPh)5][C104] from various 

solvents also results in the formation of various structure 

types. The prototype type (I) complex, [Co(CNPh)5][C104].CHC13 

has been shown to be square pyramidal and representative types 

[Co(CNC6H4C1-&~][BF~] and [Co<CNPh>5][C104] are somewhat 

differently distorted trigonal bipprnmids, Further studies 

reveal that the same three isomeric structures are 

evident for [CO<CNP~)~][BF~ ] but only one structure (typeI1) 

is observed for e-substituted phenylisocpanide complexes. 51 

A fourth distinct structural type has also been observed 
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with the ligand 2.4,6-trimethylphenyliso&anide. 
52 

The ccmplex 

[CO(CXC,H~C~-~)~][EF~ ] reacts with P(OMe)i to give (76) and 

(76) 

the same complex can also be isolated via: addition of the 

isocyanide to [Co!P(OhIe)3}5][BF4]_53 Thi complexes 

[Co(E-~IC~SC6~4NC)2CPPh(OEt)2)3] C104. [CO(CSR)~L~ ]C104 , 

R = Ph, ~-HeC61f4, p-MeOC6H3, g-SleC6H4,2,k%LIe,C6113, 

C6Bll; L = PPh(OEt)2, P(OMe)3 have also'been prepared 

and these complexes again appear to 

in equatorial positions. 
54 

X-ray crystallographic studies 

have &cyanide ligands 

the paramagnetic complex (77) has a 

the complex [Co12(Cf!Ph)4 ] should be 

I 

RNC, I 
Co/CNR 

RNC’ ‘CNR I 
1 

have shown that while 

monomeric structure. 

formulated as the 

R= 

Et 

0 

NC 

Et 

(77) 
3 

binuclear complex, <is), the diamagnetism of the complex 

being a result of spin-exchange in the central Co-I-Co unit. 
55 
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(L=FhNC) 

(78) 

Some interesting metallocyclic complexes result cm 

reacting [CoCp(PhCzCPh)(PPh3)] with isocyanides, Scheme (18)_ 

CP 
I 

RN:C+‘co~CsNR 
\t 
CCC’ 

d ‘Ph 

RNC .I- 
* co CPh 

RNC ’ %i@ 
CFG 

RNC 
4 

-P 

RNC 

(79) L 

I RNC(R=CMe3, Ph ,4-MeC$4 

RN=c' 'C-Ph 
b// 

~,CNR .(R=P~. 

RNQ' 'pNR 4++H4, 

;c=t, 
2,5-S&~ 1 

Ph 

1 

-Fh 

3 RNC or CO 

& 2,5-Me2C&% 1 NR 

RN,\ ,,NR 
II 

f-T_ 
RN++c(INR 

c=c, &C’ 

Ph/ 

( P= PPh3 ) 

Fh d ‘Ph 

Scheme (18) 
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The structure of complex (79), R = Ph has!been 

substantiated by an X-ray structural study. 

Dilute solutions of the salts, [Rh(C?~Ph)4]+ X -, 

(X = BF4-, BPh4-. PFS-) in acetonitrile solution are 

yellow but on concentration they become biue. Spectroscopic 

studies on these solutions indicate that bligomerisation of 

the cations occurs in concentrated solution as indicated 

in Scheme (19). Infrared evidence rules out the possibility 

2 [ Rh(CNPh&]+ c [RhKNPh)4]22-' 

[Rh(CNPh$ + [Rh(CNPh&]* 2 [RhKNPh& 

Scheme (19) 

of bridging isocyanides and the dimer is probably bound 

through direct Rh---Rh interactions. 57 : Electronic absorption 

and magnetic circular dichroism spectral measurements in 

acetonitrile have been reported for [bl<CNEt),]+. (M = Rh.Ir).58 

ASPS 

R-C/*\/*\C-R 
I 

lo/ \*A 
I 

(;R = Me p-CQH4 

e-MaGH4 

2,4,6-Me&H3 1 

(80) 

Some iridium(I1) isocyanide complexes' (80) result 

on reacting [IrH,(AsPh,),(CNC,H,k¶e-p)] with carboxylic 

acids and an acetylacetonate complex (81) &an also be 

prepared. 
59 



CNR 

(81) 

13C N.m.r. studies on some isocyanide complexes have 

-been investigated. 60 

Metal carbonyls and related compounds. 

<a) Zero oxidation state compounds. 

Co-condensation reactions of cobalt atoms with carbon 

monoxide have given the binary carbonyls of cobalt, COG, 

(n = l-4).61 The reduction of COAX by sodium-potassium 

alloy provides a rapid and clean method for the production 

of the anion [CO(CO),]-.~~ and treatment of COAX with 

por;assium graphite, CgK, gives IC[CO(CO)~].~~ A comparison 

of the relative reactivities of the anions [lI;(CO)2(PPh3)2]-, 

(M = Co.P,h,Ir), towards pentafluoropyridine has established 

the order P,h > Ir > Co. However, studies wsith 2' complexes 

of these metals have shown that the nucleophilicities of the 

metal iOnS decrease in the order Co > Ir > Rh. 

A review on cyclic phosphine complexes of transition 

metals contains examples of complexes in rhe cobalt, rhodium, 

iridium triad64 and cobalt carbons1 complexes of 

polytertiary phosphines have been considered in a symposium 
65 

as has the effect of bridging ligands on the C-O stretching 
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force constants of the compounds [C~~(co)~(u-Y)~], (Y = CC, 

Treatment of Co2(CO)8 with fluorocarbon-bridged 

di(tertiary arsines and phosphines) results in carbonyl- 

bridged or ligand- and carbonyl-bridged chelate compAexes 

depending on the ligand, and in one case a mixture of isomers 

is reported.67 

The reaction of Co2(CO)S with the chelating ligand (82). 

(P-X), gives the ionic product [Co(CO),(P-X)~][CO(CO)~] in 

which the chelating ligand is monodentate, the phosphorus acting 

as the donor atom.. 68 

Gr PPh2 
Fe CHZNMe2 
I 

(82) 

An ionic product, ~COL~)!CO(CO)~).J~, also results 

from the action of poll--l-vinyl-2-pyrrolidinone, (L) upon 

Addition of tri-n-butylphosphine to Co2(CO), is known 

to produce an improved catalyst for hgdroformylation reactions. 

Examination of this system, in the absence of alkene has been 

investigated under varying conditions of temperature, partial 

pressure of hydrogen and of carbon monoxide and the 

phosphorus-cobalt ratio. Infrared spectral studies indicate 

that the reactions illustrated in Scheme (20) occur. 
70 

Refere- p. 389 
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"2 + 
Gpo's $ 2HCdCO), 

P&l3 -I- caJco)s F‘ co$coyBu3 + Co 

H 
2 

+ G+CO'7PBu3~ HCo(COi + HCdCOl3PBu3 

PBu + 3 
HCdC0)4 + HCOKO)~PBU~ + CO 

Scheme (20) 
The standard enthalpies of formation of crystalline 

d~~~~~e8d.a[sco3(CC1)(CO)9] and[ C03cCBr)cCO)g] have been 

-298.9 2 1.2, -283.5 -c 2.4, and -284-3 k 2.2 

kcal mol 
-1 

respectively. 
71 

The thermal decomposition of 

CO2(CO)S is inhibited by carbon monoxide and catalysed by 

powdered cobalt. The energy of activation for the thermal 

decomposition of COAX has been determined as 3.7 kcal mol 
-1 72 . 

A wide variety of methods have been reported for the 

preparation of the cluster compounds, [Co3(CR)<CO)R]. A 

method which is frequently used involves the reaction of 

l,l.l-trihalogenoalkanes with Na[Co(CO)4]or COAX in 

donor solvents under conditions where disproportionation 

occurs to give [Co(donor)g][Co(C0)4]2. The first step in 

this reaction may be the formation of an intermediate, 

[Co(Cx,R)(CO),], vihich can undergo further attack by the 

anion to give the cluster compounds_ In agreement with 

this scheme it has been found that treatment of the fluoroalkyl 

derivatives, [CO(CF~R)(CO)~]. (R = F,Cf3.C2F5,CHF2) with 

efther Na[ Co(C0)4]or Co2(CO)S in donor solvents such as 

tetrahydrofuran or diethyl ether gives the clusters 

[Co3(CR)(CO)g]. Other reactions are illustrated in Scheme (21). 

Eon-ever, treatment of [C0(C~F~)(C0)~]with either [CO(CO)~PP~~]-, 
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(CO)g co,c-c co-$co)9 

I ['CO'4c"ff2CF2 Co(COh] 

Na[ WCO~] 
Q 
C 

[~cyco& /I clco(c~)ncoc~ I 

‘““““\c/ ’ -bKo)3 b3C [CF2’C~lw2 C02H3KO)g] 

I 
‘CF3 J2 

[‘CO’4 Coq )” &,,] (n= 2or3 > 

Scheme (21) 

[Co(CO)SiP<OPh)S3]~ [gnu]-. [Mn(C0)4PPh3]- or 

[FeCp(C012]- failed to give cluster compounds_ Similarly 

no mixed cluster could be obtained on treating [Co(CFS)(C0)4] 

with Na[Rh(CO)4]_73 Polar solvents are not essential for 

the cluster formation and reactions of halogenonlkancs with 

CO2(CO)S in hexane have shown that both radical and carbene 

intermediates are formed under these conditions_ An attempt 

to prepare one of the proposed intermediates, [co(cc13)Ko),], 

by the reaction of [TlCo(C0)41 withCC14 gives ~03CCCl>CCO),]- 

in varying yields depending on whether the thallium compound 

or CC14 are in excess. These results can be readily 

explained if the initially formed [Co(CC13)(CO)4] reacts 

rapidly with [TlCo(C0)4]to form [CO,(CC~)(CO>~]. In the 

absence of excess [TlCo(C0)4] or Co2(CO)R the [Co(CC13)(CO)4] 

can undergo decomposition to C2C14 and C2C16_ 
74a 

Treatment of CoR(CO)g aith trans-[CrBr(CR)(C0)4], 

(R = Me,Ph) results in the transfer of tLe carbyne ligand 

from chromium to cobalt and formation of the clusters, 

[CC+(CR)(CO)&~~~ 





275 

(84) (85) 

[Co,(CMe)(CO),L]. IL = PBuSn, P(cyclohexyl)S), indicate 

that both structural forms can exist in equilibrium in non- 

polar solvents. The isomerism and non-rigid behaviour of 

these phosphine complexes has been interpreted in terms of 

isomer distribution and intramolecular scrambling. Only in 

the case of the tricyclohexylphosphine derivative was it 

possible to obtain the "instantaneous" solution structure, 

characterised as the bridged form (84).78 

The reactions of phosphines with the complexes 

[Co2(cY)(cO)9] - 1s rapid and reversible and kinetic studies 

reveal that the formation of [CORAL IScheme (22), 

involves a simple dissociative mechanism. 

cop xco)9 c co3(cY)(co)8 + co 

CO,(CYKO)~ + PPh3 c Co3(CY)(C018PPh3 

(Y = Ph,Me,H,Cl,F ) 

Scheme (22) 

The kinetic parameters are also found to vary with the nature 

of the apical substituent Y. 
79 Treatment of the complexes 

(86) with acid gives further examples of the 



[Co3<~CEI=CRCOZR1)(CO)S]. (87) derivatives. Infrared studies 

on the complexes (87) suggest that there is interaction between 

the cayboxylic group and two or one cobalt atoms of the cluster 

as i&ii\3ated in (88) or (89).80 

(a) yC&f Me+0 I t-$0 

(b)%S04/MeOH I 30 

CH=C' 
R 

/ 
C 

‘C02R’ 

RL H for route (a) 

R’= Me for route (b) 

KO& 

(87) 

s R=R’= H R 

Y7r OR' 

C 

\ 

0 

A 
,;; 

/’ ‘, / 2 
CO& 

R=H, R'=Me 

R=Me, R’=H 
R = R’c Me 
R= Pry R!zH 
R&r”, R%le 

R=Ph, R’=H 
R= Ph, R&Me 

(88) (891 

Friedel-Crafts acylation of the argl groups in 

[Cog(CAryl)(CO)9]has been studied. The reaction proceeds 

easily to give the para-substituted derivatives and it is 

apparent that the carbonium ion centre (SO) is stabilised 

by the [Co3C(CO)9]moiety.81a Previous studies on carbonium 

ions of this type (91: nave shown that such species are 
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H & 

0 he 

+ 
-!. (90) 

R\ /H T (91) 
C 

‘I’ tcoq--iGco~ 

KO& 

exceptionally stable and this appears to result from 

substantial delocalisation of charge into the cluster. 

13C n m r _ _ _ 

undertaken 

studies on carbonium ions of this type have been 

but the structure and bonding of these highly 

ions remains to be elucidated. Crystallographic 

a suitable salt would be extremely interesting 

stabilised 

studies on 

and would indicate whether there is any contribution 

from a structure of type (92).81b 

(92) 

Treatment of [Co4(CO)g(arene)] with carbon monoxide 

above ?O°C gives CO~<CO)~~, the rate of reaction increasing 

in the order iso-durene % mesitylene < Ipxylene < pxylene Q 

Ref- p. sas 
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o-xglene c toluene c anisole c biphenyl c fluorene c 

phenanthrene c benzene. This order is also the same as 

the decreasing thermal stability of the arene complexes. 

The reactions of the arene complexes u-ith alkyl- and aryl- 

phosphioes also result in displacement of the arene to give 

mono- and di-sutstituted cobalt carhonyl CompleXts. However 

with phosphites, arene complexes, [Co4(CO)S(arene)P(OR)3] 

can be isolated, Scheme (23). 

[Co(coyPF$~ ][ coKo~4] * E CaO)3(PR3)* I * 

+ [ Gt2KO>/PR31] + [Co$O’lo “R3>2] 

I 3 ’ 
20 - 65” 

[ CO~(CO)~( arene 1 ] 

/ \ 

P’OR>3 + CO, 20” P(OR’3 a. CO , 65” 

[ qq, I- ] + [Co4m)lo L2 1 [ Co4<CO& b-me) L ] 

(L=P(ORS) 

Scheme (23) 

These arene-phosphite complexes can also be obtained from 

the action of arenes on [CO~(C~)~~P(OR)~].~~ 

There is some controversy in the literature as to 



279 

whether [CO,(CO)~~ ] has Cgv or Dad molecular symmetry in 

solution. In the solid state the structure possesses Cgv 

molecular symmetry but the low temperature i% n.m.r. 

spectrum has been interpreted in terms of a structure 

Possessing DRd symmetry_ 
83 

Royever, there are intensity 

anomalies in the 13C n.m.r. spectrum and the results of the 

59 Co n.m.r. spectrum strongly suggest that the Cgv form is 

predominant at room temperature. 
82 

1 Co4(CO)11P(OKe)3]in 

solution is also derived from the C3,,-structure of 

[ co4(cO)12 ] with a terminal CO group of one of the basal 

Co atoms replaced by the phosphite. 
a4 

It is further apparent 

from the variable temperature 13C n.m.r. studies that CO 

scrambling occurs in solutions of {COALS], [Co4(PhXe)(CO)g] 

and [co~(RccR)(co)~~]. (R = Ph,C02Ue).83 

Infrared spectroscopic studies on 

of CO,(CO),~] and [Rh4(~~)12] have bee~~e~~~~~~" ",zzLI 
[ 

electronic structure of 
C 
Ir4<C0)12 1 has been calculated by 

the extended Hueckel N.O. theory. 
86 Crystallographic studies 

indicate that[S2C04(C0)10 ]is a dimer. [SCO~(CO)~]~. 
a7 

The reductive carbonplation of [RhC1(CO)2]2 with NaRC03 

and CO in n-hexane to give[ Rh4(C0)12 ]has been studied and 

the effect of water on this reaction has been discussed. 

[RhC1(CO)2]2 reacts with sodium methoxide to give [Rh(OMe)<C0)2]2 

which on treatment with water and carbon monoxide gives 

[Rh4KO),2].88 Treatment of [Rh6(C0)16]with [Et4N]I at 50°C 

initially gives the salt [Et4N][Rh61(CO)15]. However, after 

longer reaction times a solution containing [Rh12(CO)2]- 

and a dark brown crystalline precipitate of [Et4S]2[Rh71(C0)16], 

are formed-" This metal atom cluster consists of a 
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OH- 
[ R$H3’CO& 1 2- _ [ Rh13H2(C0)24 13- 

H+ 

Scheme (24) 

parallel layers giving a cluster of D3h idealised symmetry 

and representing a fragment of hexagonal close packing. 

The central atom is 12-connected, while all the surface 

atoms are 4-connected with the other metal atoms and 

3-connected with the carbonyl ligands. -Each of the 12 

surface netal atons has one linearly bonded carbonyl and 

there are 12 carbonylsbridgiag one half of the polyhedron 

edges. The presence of a central metal atom is similar to 

that observed in Rh15C2<CO)28]-_g3 c The neutral carbide, 

c Rh8C(CO)19 I possesses a Rh3 metal atom cluster which can be 

described as a monocapped prism plus one edge-bridging atom. 

The carbide atom occupies the centre of the prism. It can be 

envisaged as resulting from the insertion of two [Ran]* 

groups on one rectangular face of the [Rh,C(CO),,]2- anionWg4 

[ Rh9(CO)16 ] has been shown to catalyse the oxidation of 

CO to CO2 and the oxidation of ketones to carboxylic acids 

by molecular oxygen, Scheme (25jmg5 The standard enthalpy 

of formation of [RhS(CO)16]has been determined as -557.9 f 4 

kcal mol-'. 

CH3COCH3 + O2 
Rhs(CO&. 

> CH3C02H + HC02H 

u- “h6’CO’ls 

0 
l O2 

c H02CKH2i CO2 H 

Scheme (25) 
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The bond enthalpy contributions (Rh-CO) and (Rh-Rh) have 

been estimated at 39.6 and 27.3 kcal mol 
-1 96 

. 

(b) Heteronuclear metal-metal bonded carbonyl compounds. 

Treatment of [T~CO<CO)~~ with a variety of Lewis bases 

in non-co-ordinating solvents leads to either 
C 
T~CO(CO)~L] 

or [Tl~Co<CO),L~,]and thallium metal. It now appears that 

stable thallium(I) compounds are formed in solution at room 

temperature with Lewis bases which give substituted cobalt 

carbonyl anions of relatively low basicity. Thus the reaction 

of [TlC~(co)~] with either P(OPh)3 or P(OC6R4C1-~)3, (L) gives 

[TlCo<CO)3L]. Lewis bases such as P(OEIe)3, P(ORt)3, PPh3, 

AsPh3, SbPh3, or PBu~~ which give substituted 

hgdridocobaltcarbonyl derivatives with pEa>5 yield 

[TlICo(CW3L33] derivatives and thallium metal.'? 

Calculation of bond dissociation energies from appearance 

potential measurements on the complexes [Me3blCo(C0)4]. 

(D = Ge,Sn) have given the following values, D(Ge-Co), 

3.2eV; D(Sn-Co), 2.8eV_ These values indicate strong 

intermetallic bonding in these compounds. Accurate data for 

[%!e,SiCo(CO),] could not be obtained due to its low thermal 

stabilitymg8 Molecular electric dipole moments measurements 

on a series of Sn-Co bonded compounds, [RnYm_nSnCCo<CO)41q_m], 

(m = 1-3; n s m; l? = alkyl,phenyl; Y = halogen) reveal that . 

there is a linear correlation betaeen the n.? group 

moment and the Taft induction constants of the substituents 

at the tin atom. It is apparent from this relationship that 

the polarity of Co-Sn bond is principally determined by the 

inductive properties of tbe substituents on tin_ 99 Complete 

vibrational assignments have been made on the complexes 
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X,SiCo(CO),, (X = II,F,Cl) and evidence for r-interaction in 

the Si-Co bond has been considered.100 In a variety of Sn-Co 

bonded complexes of this type tin-119 magnetic double resonance 

data indicate that the tin magnetic shielding is dominated by 

the extent of the n-overlap in the Sn-Co bond. 101 A variety 

of rhodium complexes of Group 4B ligands have been obtained 

by the action of the hydrides rZe3MH, (X = Si,Ge,Sn) on 

[RhCp(CO)2 ] and some of the results of this study are summarised 

in Scheme (26).io2 The anions [Rh(Ge$le3)(CO)Cp]- and 

[RhH(CO)Cp]-provide useful routes into Group IVB-rhodium 

chemistry. 
102 

Elecrrochemical reducrion of [Co<CO)(diphos)2]+ in 

methylcyanide at -30° followed by controlled addition of 

carbon monoxide generates the anion, [Co(C0)2(diphos)]-. 

Addition of Hg(CX), or Ph3SnCl gives the metal-metal 

bonded complexes [HgCCo(C0)2(diphos)12] and [Ph3SnCo(CO)2(diphos 

respectively. Electrochenical reduction of [Rh(diphos)2]+ 

under an atmosphere of CO similarly generates [Rh(C0)2(diphos)]- 

from which [Ph3SnRh(CO)2(diphos)] can be obtained. The 

corresponding iridium compound, [Ph3SnIr(C0)2<diphos)] can 

be obtained via electrochemical reduction cf [Ir(CO)(diphos)2]+ 

in the presence of CO_ 103 

Some novel rhodium- and iridium-copper bonded 

complexes, L,(CO)MCu<RR-N-NR')X. (L = PPh3,PMe2Ph, AsPh3; 

U = Rh,Ir; X = Cl.Br.1 result from the reactions of 

trans-[UX(CO)LZ]with [Cu(RN-N-NF.')]n, (n = 4. R = R' = Be; 

n = 2, R = R' = E-tolyl; R = Me,R' = E-tolyl). The crystal 

structure of (93) has been determined and an analogous 



284 

[ Rhcp(SiMe3)2CO] [ Rh cp (GeMe3$CO] 

[ RhcpH(CO)]- 

Me3GeBr 

i 
[ Eicp(GeMe3)2 CO] 

20% 

L 

hv [ Rh(SnMe3)3(C0)3] 

[RhIcp(GeMe3)CO] [Rh2cp2(C0 I3 ] [Rhcp(SnMe3)2CO] SOMe), 
.s 

[Rhcp (CO) P(OMe&] [ Rhcp(MMe3)2 CO] 

+ [ RhcpH( MMe3)CO] 

t 

[ Ri-icdcO>2 ] + (RhcpHtSi Me$CO] 

Scheme (26) 

( M= Ge, Sn 1 



( P= PPh3 ) (93) 

trifluoroacetate complex, [(Ph3P);(CO)IrCu(OCOCF& 

obtained-lo4 

1 can be 

The reactions of Na[C~(CO)~]!with 'either A&i03 in water 

or CuCl in aqueous ammonia give respectively the air and light 

sensitive yellow crystalline compounds [A~CO(CO)~]~ and 

[cu(Ly)co(co)q], WY = indeterminate number of Ii20 and NH3 

ligands). The compounds [AgCo(C0)3PBu3n]n and 

[CuCo(C0)3PBu3n], can be similarly prepared from 

Na[Co(C0)3PBu3n]. Treatment of these complexes with 

l,lO-phenanthroline, 2,2'-bipyridyl or Ph2PCH2CB2PPh2 gives 

the 1:l adducts, [Co(CO)4Cu(bipy)],, [Co(CO)4Cu(phen)],. 

[Co(CO)4Ag(phen)]n.[Co(C0)3(PBu3n)Cu(phen)]n, 

[Co(C0)3(PBu3n)Ag(phen)]n,~Co(CO),(PBu3n)Ag(diphos)],. 

In carbon disulphide or chloroform the complexes are non- 

conducting but in donor solvents the complexes ionise. .Thus 

in tetrahydrofuran both[ AgCo(CO)i], and [CU(L~)CO(CO)~], 

give carbonyl species considered $0 be [Ag{Co(C0)4)2]- 

and [CuCCo(CO),),]- respectively and the i-r. spectra are 

similar to the neutral isostructu!al complex [Bg(Co(CO)4)2]'05 

Indeed the salts [Et4N][M{Co(C0)4!2], (M = Cu.Ag) have been 

isolated,lo6 and treatment of [~tiN ][~~~~r~]wich [co<co)~]- 

gives the corresponding gold compound [Et4N][AuiCo(CO)4!2].107 

The copper salt dissociates reversibly to [Co(CO),]- in 

aef- P- 389 
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methyl cyanide solution_ lo6 The reactions of [NiC12(PPh3)2] 

bth Ka[Co(CO),]. Na[Co(C0)9PPh9], Na[Rh(CO)R(PPh9)9] or 

Na[Ir(C0)5PPh3] do not yield heteronuclear metal-metal bonded 

complexes and [Ni(CO)R(PPh5)R]can be isolated. Similar reactions 

occur between [MC12(PPh3)9], (K = Ni,Pd,Pt), and 

Na[Co(CO)9PPhg]but with the rhodium and iridium anions 

cluster complexes aPpear to be formed. trans-[PtC12py2] 

reacts with the appropriate cobalt anion to give trans- 

[PtICo(CO)9LfRpy,]. (L = PPh3.PMePh2,PBIe2Ph,PBu3") and the 

palladium complex [PdCCo(C0)9PPh312py2] can similarly be 

obtained.**' _ IO contrast to 

e- or 'trans-[PtC12(PPh3)9] 

(94), the structure of which 

structure determicaticn. 
109 

these results treatment of either 

gives, amongst other products, 

has been confirmed by an X-ray 

P 

( P=PPh3 ) 

Treatment of [RhCl(PF3)2j2with either [TACOS ] or 

[C0$CO)6] gives the new cluster (95) which undergoes a 

ready intramolecular exchange process with RhZCoZ(CO)lQ 
[. -1 

to give (96). This is the first example of-an intramolecular 

ligacd exchange between two compounds containing tetranuclear 

clusters of metal atoms. 110 Infrared studies on the cluster 

[RPeCo3(CO)12] indicate a considerable polarisation of the 



Fe-H 

atom 

(95) 

(96) 

bond in the sense Fe(6-)-H(6:). The position of the H 

is considered to be in the c&e near or on the Co3 plane. 
65 

The compounds (9i) 
111 

, (98)1:2 and (99)113 have been 

the subjects of X-ray structure d&terminations. Each conpor;nd 



has 

are 

and 

The 

(98) (99) 

a non-planar carbonyl bridge system and the cobalt atoms 

in a square-based pyramidal environment. 

The Raman spectrum of [HgCCo(C0)4}2]has been reported 

the CO stretching force field has been calculated. 
114 

Co-Au stretching frequency in [Et4N][Au(Co(CO)g)2] occurs 

at 189 cmm1.107 _ 

(c) Metal -(I), -(II) and -(III) compounds. 

A variety of cationic cobalt(I) and cobalt<III) complexes 

can be obtained via the reactions of phosphines with C0(C104)~ 

6Ii20 in isopropanol, Scheme (27). 

trans-[CoHXs]' 

CoC~0,.6H20 + excess P 

( P= 2" to 3' phosphines ) 

Scheme (27) 
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The rate of formation of the carbbnyl complexes, 

[ co(CO)nP5&l c104 is very high Iwith small phosphines, e.g. 

PHEt2, PHMePh, but decreases with !ncreasing size of the 

ligands. No carbonyl complexes a&e formed with iarge phosphines 

such as PPhS and P(CgIIll)S_ In $ number of the reactions 

acetone is present in the reaction mixtures suggesting that 

isopropanol is involved in the rgduction processes. 
115 

Carbonylation of pentacyanocobaliate(I1) leads to 

[CO(CN),(CO),]~- in all cases.": 

Treatment of anhydrous cobaIt(II) halides with carbon 

monoxide in the presence of diethyl phenylphosphonite leads 

to the cationic complex [Co(CO)~IihP(OEt)2)~]~X- which on reaction 

with carbon monoxide and trace aiounts of water yields both 

[Co(CO)2LS]+ and [CoX(CO)2L2]. ileduction is thought to be 

due to carbon monoxide rather th&n the phosphine ligand_ 117 

Similar pentaco-ordinate and cationic species are reported . 

as products in the addition of c&bon monoxide to complexes 

of the type CoXLS (L = MeSP; X ='Cl,Br,I), followed by 

treatment with excess phosphine.' In the absence of carbon 

monoxide a tetrahedral cobalt(I)zcation is isolated, [CoL4]+ '18 

Electrochemical reduction o:f [Co(CO), (PMeS)S ]EPh4 

proceeds via a two electron step!to give [Co(C0)2(FbieS)2]- 

which reacts with the startiEr m‘aterinl to produce 

[Co<CO)2(PLIeS)2]2, Scheme (28). i 

[CoCO~2(PMeJ3]+ + 2e- J [ CoCO)2(PMf$2]- + Me3 

[CoKO$(PMe3)2]-+ [Co(C0)2(PMe3~]*-[Co(C0)2(PMe3)2]2 + PMe3 

Schemei(28) 
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Electrochemical reduction of the complexes trans-[RhCl(CO)L2], 

(L = PPh3, P<h'Me,)3, PAIe9Ph, PPIe3, PEt3) and trans- 

[IrX(CO)(PPh3)2], (X = Cl,Br,I) also proceeds via a two electron 

step leading to zerovalent species, Scheme <29)_ It is apparent 

that the values are more negative ahen the basicity of the 

[RhCL(CO)L2] + 2e- - [Rhscco~L*J- + a- 

[RhS(CO)$]- + [RhC((C0)L2] - [RhSKo~L2]2 + cl- 

( S = solvent 1 

Scheme (29) 

ligand L and electronegativity of X increase. 
I19 

Electrochemical reduction of the complexes, [Co(CO)(diphos)2]+, 

[Rh(diphos)2]t and [Ir(CO)(diphos)2]* in the presence of 

CO-also proceed via a two electron step the anionic species 

[Al(CO)2(diphos)]- being formed. 
103,120. 

Solution and solid 

state electronic spectral measurements have been carried out 

on the low-spin five-co-ordinate complexes, 

[Co<CO)2(PPh(OEt)2)3]BPhq and [CoI(CO),(PPh(OEt),12].121 

Some reactions of the cationic complexes of rhodium(I) 

[Rh(CO)2L3]C104 with nitrogen donor ligands and E-tolyliso- 

cyanide have been rePorted and are illustrated in Scheme (30). 122 

The reaction of 2,2'-bipyridyl with [RhCl(CO),], has been 

reported to yield the bipyridyl bridged complex 

[(OC)2CIRh(n-bipy)RhCl(CO)2]. Eowever, it has no= been shown 

that bcth 9.9'-bippridyl and l,lO-phenanthroline react with 

[PhC1(CO)2]2 to give the salts [Rh(N-N)(CO)2][RhC1,(CO)2]. 

Further the complexes previously formulated as [ Ph(acac)(phen)] 
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CO 
I 

id- 
L 1 

L 

i 

L 

4,4’- bipyridyl 

[ RWO)2L3][C~04] RNC 
e 

‘\ N 

L = PPh3, AsPh3, 

P(q-tolyl)g, tip-tdyl,, 

R= Me 

0 

N= pyridine, [Rh(CO)L2N][CKj..] 

a-,g-,y-picoline. 

quinoline. Scheme (30) 

isoquinoline, 

benzo(f)quinoline 

and Rh(quin)(phen), (acac = acetylacetonato, quin = quinolin-8- 

olato) have been shown to be [RhCl(C0)2(phen)]. Salts of 

[Rh(C0)2(phen)]+ have also been obtained. 123 Addition of either 

2-(phenylazo)-p-cresol, azobenzene, or N-benzylideneaniline 

to the rhodium dicarbonyl species produced by heating hydrated 

rhodium(II1) chloride in dimethylformamide followed by U.V. 

irradiation produces some rhodium(I) dicarbonyl complexes, 

Scheme 31. 124 
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The corresponding iridium complexes can similarly-be prepared 

and preparations of the complexes are summarised in Scheme 

(32)126 

co 
M(HBiImXCOD) F M(HBiIm)(COZ 

H BiIm \ 
M(acacXC0 )2 2 e (CO) M/ 

2 \ 

(M=RRh) 

Scheme (32) 

Octaethylporphyrin, 0EPH2, reacts with [RhC1(CO),]2to 

produce [Rh2(OEPIi)C1(C0)4]which liberates HCl upon 

recrystallisation to give the more stable complex, 

[(porphyrin)Rh2(C0)4],(102)26 which has been the subject of 

an X-ray study. The structure of the inner core of the 

complex is illustrated, (102). The Rh- -..-Rh distance is 

shorter than that found in [RhC1(CO)2]2.126 

Potassium bis(pyrazolyl)borate reacts with [RhC1(CO)2]2 

to give the dicarbonyl complex, [Rh<H2BPz2)<CO)2] and related 
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(102) 

complexes of rhodium(I) and iridum(I) have been wepare.d 

Scheme (33). 
127 

[ RhCNCO),] 2 

or 

Na[Ir$&KO~] 

M= Rh.R=H 

oC\M/N 
PSP' 'N 

> 

M= Ir,R=H 

M= Rh,R=Me 

Scheme (33) 

A study of the reaction of Pbfe2Ph with [RhCl(CO)2]2 

reveals that under an atmosphere of carbon monoxide the 

main course of the reaction is chloride bridge cleavage 

followed by carbon monoxide substitution. However, in 

refluxing cyclohexane substitution occurs initially. 

Electrolytes. e-g_ [RbCCo~Z(P~e2Pb)3]C1 are also formed 

under an atmosphere of carbon monoxide and this type of 

behaviour is dependent upon solvent and the presence of 



295 

carbon monoxide. 128 P. crystal structure determination on the 

carbon monoxide substitution complex (103) reveals the presence 

OC\ A /* 
(103) 

P 
/"2 /"2 

Cl P 

( P = PMe2Ph ) 

of a cis-geometry and a bent rhodium-chlorine bridge system. 

However, in cyclohexane solution there is some isomerisation 

to the trans-isomer. Similarly cis-[RhC1(CO)PBe3]2 gives a 

mixture of cis- and trans-isomers in solution. However,-the 

complex [RhC1(CO)P(SHe2)3]2 appears to have a trans-geometry 

in the solid state and gives a small proportion of the cis- 

isomer in solution. 129 

[RhCl(CO)(C2H4)]2 reacts with Et3NH to give trans- 

[RhCl(CO)C,H,)(Et,NH)]. In solution this complex exists as 

a dimer. 130 Rowever, the reaction between [Rh,Cl,(CO),(C,H,),_x ] 

(x = l-3) and triarylstibine ligands leads only to monomeric 

products in which the ethylene ligand always appears trans- - 

to the chlorine.131 

Addition of tertiary phosphines to [Rh(SR)(CO)R]B. 

<S = Ph,But) gives the penta-co-ordinated dinuclear rhodium 

complexes, [WSR)K0)2L]2. These complexes can lose carbon 

monoxide to give [Rh(SR)(CO)L]3 which can also be.obtained 

by treating [RhC1(CO)L]2 sith LiSR.132 The structure and 

reactivity of halide bridged rhodium(I) complexes has been 

discussed in a review lecture. 
133 

Referenca p_ 389 



Treatment of [RhC1(CO)2]2 or [RhCl(PPh3)3 ]with diphenyl 

dithiophosphate, (PhO)2PS2- and dicyclohexyldithiophosphinate 

<IzI~~C~)~PS~- gives the neutral complexes, [R~L~(S-S)]. The 

metal-sulphur bonds in these complexes are cleaved by the 

ligands Ph2PCR2CR2PPh2 and Ph2AsCR2CR2AsPh2 to give the salts 

[Rh(L-L)#O) IS-S which readily lose carbon monoxide. The 

complexes, [Rh(C0)2(S-S)] react with bromine or iodine to give 

[RhX2(S-S)(CO)]R while methyl iodide gives [Rb(COMe>I(S-S)<CO)].134 

In contrast to these reactions [RhCl(PPh3)3 ],[RhR(CO)(PPh3)3], 

[RhNO(PPh3)3] and [Rh(OCOCF3),(NO)(PPh3)2] react with sodium 

dimethyldithiocarbamate or tetramethylthiuram disulphide under 

mild conditions to give [Rh(S2CNMe2)3]. An expected product 

of these reactions [Rh<S,CNMe,)(PPh3)2]is known 
135 

and 

tetramethylthiuram monosulphide, Me2NC(S)SC(S)Nb¶e2, reacts with 

[RbCl(PPh3)3]to give <104)13' the crystal structure of which 

has been determined. 
137 

Mep;,S 

s\I/y 
NMe2 

Rh I 
cd- ‘s I 

An analogous C-N bond breaking occurs in the reaction of 

Ue,NC(S)N<Ph)C(S)NMeS with [RbCl<PPh3)3]to give C105) which 

probably has a similar structure to (104). 
136 

The complex 

[RKl(Sble)(SCNA!e.)<PPh3)2] results on addition of MeSC(S)NMe3 

to [RhCl(PPh&]. This complex (106) is considered to be 
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Ph 
Me2 NC+ 

I 
S 

* 

C’ 
NMe2 

1 
CL S 

(105) 

(106) 

a dimer containing a carbon-bonded 

Ill CHClS solution (106) decomposes 

[RhC12(SCh'Me2)(PPh,)2]2CHC13_ The 

thiocarboxamido group. 

to give 

h¶eS group in (106) reacts 

with CSz to form [RhC1(SZCSMe)(SCNMez)(PPh3)].136 An unusual 

aquo complex, [Rh(ACDA)(H,O)(PPh,)], (107). is reported to 

S 

\ ,PPh3 cc /Rh\ 
N OH2 

H2 

(lC7) 

result from the action of 2-aminocyclopentene-1-dithiocarboxplic 

acid, (HACDA) with[RhC1(PPh3)3] and HACDA appears to reduce 

Rh(II1) to a univalent-complex, [Rh(ACDA)2H20].13* 

Tetramethylthiuram disulphide reacts with tram-[IrCl(CO)(PPh3)21 



to give the salt (108). [IrH2(0COMe)(PPh3)3] reacts with sodium 

( S-S = S,CNMe2 ) 

dithiocarbamates and g-alkpldithiocarbamates in boiling acetone 

to give [IrH,<S,C~R,)(PPh,),] and [IrRR(SRCOR)(PPh3)3 ] 

respectively_ 
135 

The reactions of equivalent amounts of 

Ph2P<CH9)nPPhR and [RhCl<CO)3], give the complexes 

.E RhCl(CO)(Phq(CHZ)nPPhz)]m. The 31P n.m.r. and i.r_ spectra 

of the series n=l-4 indicate that all the complexes are dimeric 

(m = 2), (199). except the complex, n = 3, which is monomeric 

V2 F2 

i 
P--(CHZ)“--,C( 
P 

Rh 

Cl’ 1 oc’l 
‘;--’ cH&-p 

Ph2 Ph2 
(109) 

(n= 1,3.4 1 

with a cis-configuration. 
139 

The crystal structures of 
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(110) have been reported. The effect of di-t-butyl 

substituents in promoting large chelate ring formation kas been 

P 

I 

> 

(M= Rh,Ir 

OC-M-CL 

I 
P-P=Bu;P(CH2)1DPBu 

P 

(110) 

interpreted in terms of a favourable conformational effect and 

internal entropy changes. 14’ On passing carbon monoxide through 

a boiling 2-methoxyethanol solution of h‘a21rBrg containing (111) 

the brighr yellow g-metallated species (112), (X = Me), is 

produced. 
29 The complex exists as rotational conformers and 

(112) 
(X =H.D.Me 1 

is probably formed from [IrCl<CO)<PBus <C6H40Me-2))2] as an 

intermediate. On refluxing a solution of H21rC16 and (111) in 

the presence of carbon monoxide complete desethylation occurs 

to give (112). (X - H). Some reactions of (111) are illustrated 

in Scheme (34).2' 

E. corvenient route to the iridium complexes, trans- 

[IrC1(CO)L2] involves addition of the phosphine ligand, L to 

[IrCl(cyclo-octene)2]2 suspended in benzene followed by the 

Rererences p_ 389 
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obtained by the action of an equimolar quantity of NaI04 

upon pr<S,)<diphos)2]C1.144 Some cationic iridium(II1) 

complexes, (116). result from the action of AgPF6 and carbon 

monoxide or nitriles uPon the complex [IrC11<Ale)(CO)(PMePh2)2] 

(116) 

_ PFs 

[ P = PMePh2 

L = CO, CsFsCN, 

Q - NCC6H&X , 

(X= N02.Me,0Me )] 

With methanol or ethanol as solvents, C6F5CN gives iminc 

ether complexes (117). 

Me 

p\ ,co 1 
Cl 

,Ir\ 
I P 

N 
H’ +C6F5 

I 
6R 

p5 

(117) 

P = PMe2Ph 

R = Me. Et 

The chloride ligand trans- to phosphine in mer- 

[RhC13(PKe2Ph)S] is labile and reaction with AgPF6 and carbon 

monoxide leads to [RhC1,(CO)(PMe,Ph),]PF6, (118). The 

corresponding iridium(II1) complex can likewise be obtained."? 

The complex (119) is unreactive toward H2,02,S02 and 

cyano-alkenes but it does undergo slow oxidative addition 

reactions with hydrogen halides. A crystal structure 

determination rc?veals that a methyl group from each phosphine 
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co 
I 

p rp 
Cl 

P 

I cL lRh/ p 

Cl’ 'P I 1 _ PF6 

co 

(119) (118) 

(P = P(g-MeQ-1413 1 (P= PMe2Ph ) 

is located near the apical positions of the square plane in 

(119) and the lack of reactivity can be explained by steric 

effects.145 It is known that the oxidative addition of methyl 

iodide to trans-[IrC1(CO)<Pbie2C6H40bIe-2)2]occurs 100 times 

faster than the addition to trans IrCl(CO)(PMe3Ph) 
---A 4 _ The large 

increase in rate is considered to be a consequence of direct 

interaction between the iridium and an ortho-methoxy-group in 

the polar transition state. Studies on the addition of H2 

reveal that the methoxy group does not have an accelerating 

effect and this is probably a consequence of the much lower 

polarity in the transition state involving addition of H2.146 

In agreement with this mechanism only a weak solvent dependence 

is observed for the oxidative addition of E2 to trans- 

[IrC1<CO)(PPhS)2] and trans-[IrC1(CO)CP(C6H4Ue-4)3)21.147 

Studies on the rate of addition of methyl iodide to 

[RhI(CO)L3], (L = PPh3,AsPh 3,SbPh3) in the presence of Bu4NI 

reveal that added halide ions exert a powerful catalytic 

effect on the rate of oxidative addition in the case of the 

arsine and stibine complexes. The proposed mechanism is 

depicted in Scheme (35). The lack of halide catalysis with 

the phosphine complex may result from the position of 

Rcfe- p 389 
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[RhI(CO)L2] + I- s [RhI$CO)L]- 

1 

slow 

1 

fast 
Me1 Me1 

[ Rh12Me(CO)%] + I - _ [RhSMe(CO)L ] 

Scheme (35) 

equilibrium between neutral and anionic complexes. 

l L 

* L 

No halide 

catalysis is observed with [IrX(CO)L2]complexes.148 

Oxidative addition of halogens to cis-[RhX2(CO)2]- is known 

to give the octahedral anions [RhX4(CO)2]-. An X-ray analysis 

of the salt [PrzN][Rh14(C0)2] establishes a trans-dicarbonyl 

structure for the anion. Preliminary results also indicate' 

the existence of a trans- form of [RhBr4(C0)2]-. These are 

unusual geometries since such species would normally be 

expected to adopt a cis-dicarbonyl arrangement. There appears 

to be no evidence for a trans- form of [Ir14(CO)2]-.14s 

Oxidative addition of halogens to [RhCl(PPh3)3]is reported to 

give complexes of the type [RhC1X2(PPh3)3], (X = C1,Er.I). 

but whether these are true mixed halogen0 complexes or merely 

-mixtures of such complexes as (RhC13(PPh3)3]or[RhX3<PPh3)3] 

is not clear. Halogens also oxidatively add to 

[RhC1(1-phenyl-tetrazollne-5-thione)2(PPh3)2].15o 

A redetermination of the crystal structure of 

[IrO,(Ph,PCH,CH,PPh2)2 ] PF6 reveals that the previous report 

of an O-O bond length of 1.625 (23) 8 is incorrect, an error 

due to crystal decomposition_ The O-O bond length is 1.52 (1) (A 

and this result provides further evidence that there is no 

correlation between O-O bond length and oxygen lability as had 
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been previously supposed. 
151,152 

Ultraviolet irradiation of 

the 02 and II2 adducts of t&s-[IrX(CO)(PPhS)2], (X = Cl,I), 

[Ir(Ph,PCH,CH,PPh,)S]+ and [Ir(Ph,PCH=CHPPh,),]* induces 

reductive elimination of oxygen and hydrogen and regenerates 

the square planar complexes. Singlet oxygen is not formed in 

the photoinduced deoxygenation reactions. 
153 

The kinetics of 

decarbonylation of [Ir(CO)(diphos)2]C1 and[ IrC1(CO)2(PPh3)2 ] 

have also been reported.154‘ 

The caged phosphite ester, P(OCH2)3C\te, (L), reacts with 

trans-[IrCl(I$)(PPhS)2] and trans-[IrCl(CO)(PPh3)S]to give 

a variety of cationic complexes, [IrL5]+, [IrL4(pph3)1+, 

[Ir<CO)L3(PPh3)]+, [Ir(CO)L4]+, [IrL3(PPh3)2]+, [Ir(CO)L2(PPh3)2]+ 

some of which are stereochemically non-rigid. 155 However, n-m-r. 

studies on the complexes [Co{P(OMe)3j5 1~10~ and 

[RhEP(OMe)3>5 ]BPh4 reveal.that in solution these five-cc-ordinate 

complexes are in equilibrium with a four-co-ordinate complex 

and free ligand. 
156 

Treatment of [Ir<CO)(PVePh2)3]+ with excess PPhZbie gives 

[Ir(PPhZh!e)q]+ and the crystal structure of [lr(PPhSMe)4 ]BF4 _C6H12 

&IS been determined. The phosphine ligands around the iridium 

are in a very distorted square-planar arrangement. The inability 

of the cation to form adducts with 02 or CO is considered to be 

a consequence of steric and-electronic effects. It readily 

reacts with HCl, H2 and Cl2. 
157 

The reaction of [Co(acac)3 ]with AlBui in aromatic 

hydrocarbons in the presence of hydrogen gives a mixture which 

catalyses the hydrogenationjof alkenes. The structures of the 

compounds formed in this type of reaction have been considered 

and the reactions of the miiture with benzyl bromide, 
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diphenylmercury and styrene have been reported. From the 

results it is suggested that for molar ratios [Co<acac)3]/AlBug 

= lrl to 1.5 the formula of the cobalt compound present can 

be represented as [Co2H],. For molar ratios 1:s to 1:lO it is 

[Co-R]y.~5g The hydride [CoQ(PPh3)3 ] has a dynamic structure 

on the u-m-r_ time scale at room temperature and it is slightly 

dissociated 

The hydride 

into a bisphosphine complex and free PPh3_ 
159 

(120) has been characterised crystallographically 

and the hydrogen 

vary from 1.58 - 

P 

H \*r/p I 
P' ‘H I 

ci 
(120) 

( P = PPh3 ) 

atoms have been located. The Ir-H bond lengths 

l-62 8.=' The alpha (121) and beta (122) 

isomers of [RhHX+3], (X = C1,Br; L = tertiary phosphine or 

arsine) have been shown to have the same structures as the 

H 

L, ah/” 
L' 'L I 

X 

(121) 

corresponding iridium 

by the action of cold 

complexes, [ RhX3L3-j. 

(122) 

stxxtures. The beta isomers are formed 

ethanolic phosphinic acid 0x1 the 

On warming isomerisation to the alpha form 
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occurs _ The complexes, [R&3L3]. which contain the more basic 

ligands, appear to be resistant to reduction by an excess of 

the ligand and the best route to the alpha isomers involves the 

oxidative addition of HC1 t& [RhClL3], (L = PMePhz,PMeZPh. 

PEtPh2.PEt2Ph.PBu2Ph.PEt3,P~Bu~,AsUePhZ). The beta (122) to 

alpha (121) isomerisation cccurs more readily than with the 

corresponding iridium complexes and the isomerisation is accelerated 

by light. Since the isomerisation is inhibited by free ligand 

the mechanism is probably dissociative. Loss of ligand trans- 

to hydride giving a five c$-ordinate intermediate is probably 

involved. The least stable complexes are formed with the 

ligands PPhn(CgH11)3_n. I (n.= O-3) and AsPh3 for which satisfactory 

analytical data could not be obtained. 161 The alpha isomers are 

generally inert to acids bl;,t both isomers react with nitric acid 

to give [RhX2(R03)L2]. The alpha isomers undergo dehydro- 

halogenation by bases and &th weak bases equilibria can be 

established which reveal that the stability to dehydrohalogenation 

increases in the series PRPh3 <PR#h < PR3, R = Et c k?e. 

For the complexes[ RhS2HL2] stability to dehydrohalogenation 

increases in the order L =iPPh3 c AsPh3 c SbPh3. The beta 

isomers similarly react with bases and give trihalogeno complexes 

with hydrogen halides. Both isomers react with sulphur dioxide 

to give [RhX(S02)L3 ].HX, ($23). (S = Cl,Br). The mode of 

zlo2 

ClJ,L 
-Rh 

L< ‘L 
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incorporation of HX is not known. 162 Treatment of 

[ IrHC1(SPh)(PPh3)2]2with AgC104 gives thedimeric species 

(124) which has been characterised by X-ray crystallography. 

- 

(124) 

The hydride [IrHC1<SPh)(PPh3)2]2 dissolves in CHC13 or 

ClCH2CH2Cl to give a clear yellow solution from which a complex, 

[(Ph3P)2(H)Ir<SPh)2C11rH(PPh3)2~Cl.2H20 similar to (124) 
163 

precipitates. Treatment of [IrHC12(PMeBu2t)2] with sodium 

borohydride in ethanol at O°C gives (125). (P = PBIeDuZt). At 

25OC some [IrH5<PbieBu2t)2 ] is also formed and this hydride is 

P 
H 

* 

H\ ,H 

H HNB\H 

( P = PM&u;, PB”; , 

PBu"BG ,PPhBu;) 

(125) 

slog.-ly formed during the decomposition of (125) in dry deuterio- 

toluene at 25OC. Analogous complexes with other bulky phosphines 

can also be obtained. However, sodium borohydride reduction of 

[IrHC12(AsBu2tPrn)2] gives [IrH5<AsBu2tPrn)2]. These complexes 

are the first examples of non-fluxional metal hydroborates. 

Sodium borohydride reduction of [RhHC12(Pb!eBu2t)2]gives 

c RhR2(BH4)(Pb!eBu2t)2~ which exhibits some fluxional behaviour.164 
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at 20°C results 

(126>_1ss 
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[ PtC12(PPr$]2 to [IrR5(PPr3)2]in toluene 

in evolution of hydrogen and formation of 

(126> 

Treatment of CoCl ,.690 and P(C6H11 6 ) in toluene-ethanol 

with sodium borohydride gives (127) which has been characterised 

p\ /Hi /H 

H-O\H,fXH 
p : 

(122) 
by X-ray studies. This pgramagnetic complex is an active 

catalyst for the hydrogen+tion and isomerisation of alkenes. 
I66 

Oxidation of the cobalt(I<) hydride complex, 

[CoH(PPh(OEt)21g ]PF6 , : wfth fFeCp2][~~6] in the presence of 

the ligands L = bleCN,S PhCy, ClCH2oV. PPh(OEt)2 gives the cobalt(II1) 

complexes, [CoHL~PPh&t)j14]PF6 , <1=3)- Reaction of the 

cobalt(I1) complex with c&bon monoxide in the presence of 

[FeCp2 ]PF6 gives[Co(CO:(PPh(OEt)2)4]PF6 _ An aquo complex 

which may be [CoR(0H2)IPP&OEt)2,q ]PF6 reacts with halide 

ions to give [CoIiX{PPh(OEj)214]PF6 .== The aquo group of the 

I 
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_ PFs 

( P = PPh(OEt+ 1 

cobalt(II1) complex, trans-[CoH(H20)(diars)2][C104]2, (diars = 

129) is also labile and can be readily displaced by unidentate 

AsMe, a AsMe 
(129) 

ligands to give a series of complexes [CoHL(diars)21n+. 

(L = Cl-,Br-,I-,NCS-,N03-,O~C~3-,~e~)_ Reduction of the 

cobalt(II1) complexes trans-[CoC12<diars)2]Cl, trans-[CoC12(R,S- 

tetars)]Cl, _- and cis a-[CoC12(R.R:S,S-tetars)]Cl, (tetars = 130). 

with sodium borohydride is known to give extremely oxygen 

sensitive complexes which react with oxygen to form the complexes 

[ CoW2)As4]+- 
the reduction 

These hydrido 

media, but in 

adducts. The 

complexes and 

If, however, the solutions are kept acid during 

the complexes [CoHC1As4]C104 can be isolated. 

complexes are inert to oxygen in acidic or neutral 

the presence of base they all give dioxygen 

base is considered to deprotonate the hydrido 
& 

generate a cobalt(I) complex which can form the 
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dioxygen adduct. Howeve+, treatment of [CoC12(diars)2]Cl 

with excess sodium borohydride in basic (pH58) solutions 

gives cis-[CoH2(diars)2]: which can be isolated as a perchlorate 

salt. The salt (131) re+ily reacts with oxygen to give 

[CoO2(diars)2 ]C104 _ Tdeatment of (131) with perchloric acid 

gives (132)_ The dihpdri&le (131) is stereochemically non-rigid_ 
168 

I ClO, 
(132) 

The unsymmetrical c&late. (X33), reacts with [ RhCl(CO),]2 

to give (134). The complex (134) is less basic than the some- 

what similar complex (133). Thus ally1 chloride readily forms 

a a-ally1 complex with (1 

with (134) is reversible. 

5) but the corresponding reaction 

69 
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Cl351 

Cobalt<II) chloride forms a tetrahedral complex with (133).16' 

Treatment of cobalt(I1) halides with the phosphine p3, (136) and 

sodium borohydride gives the monovalent COmpleXeS [cOx<p3)]. 

MeC 
&;;p;z 
\ 2 2 

CH2PPh2 

MeC 
,cKPsP% 
-CH2AsPh2 

\ 
cY2Asph2 

(136) (1371 

However, if cobalt(I1) salts of poorly co-ordinating anions 

such as BF4- are used a cobalt<II) complex [Co2H3(p3)3 ]BPh, ) 

can be isolated upon addition of Na[BPhg]. The arsine ligand 

(137) forms an analogous complex (138), and this has been 

(138) 
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characterised by an X-ra$ study. 170 The tetradentate tripod 

ligand (139) reacts withicobalt(I1) salts in the presence of 

/CH2C%PPh2 
P\CH2CH2PPh2 

CH$ZH2PPh2 

sodium borohydride to g&e 

complex [CoX(pp3)], Cpp3!= 

hydride complex [CoH(pp3! ] 

with the hydride ligand in 

related cobalt(I1) hydrise 

the low spin five-co-ordinate 

(139); X = H,SCN,halide}. The 

has a trigonal bypyramidal structure 

an axial position. 171,172 The 

complex, [CoH(pp3) ]BF~ has a 

similar geometry, 173 as $oes the complex hydridotris(2_diphenyl- 

phosphinophenyl)phosphin&obalt(I).174 Photoelectron spectra 

of the hydrides [BIR(PF3);], (bf = Co,Rh,Ir) have been 

presented. 
175 

Five-co-oidinate complexes of the general formula 

[MX(L*L3)], <M = Co.Rh; $'L3 = quadridentate tripod-like ligand 

containing P, As or Sb d+nor atom sets) have been prepared.17= 

Treatment of RhC13xH20 with Me2PCH2CR2PPh2 gives 

[RhC12(h!e2PCH2CHzPPh2)2]+12HZ0 and the cobalt(I1) complex 

[CoCl,(Me,PCH,CH,PPh,)] I$as also been prepared. Hydrated 

iridium(II1) chloride re$cts with (140) to give [Ir3Cls(Pm- 

Pf-Pm)2]_17' The reacti!n of the sexadentate ligand. TDDX, 

Rer- p 339 
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(141) with hydrated iridium(II1) chloride gives a precipitate 

of composition [ Ir3ClS(TDDX)]. Addition of NH4PFB to the 

filtrate gives tlte yellow complex [Ir2C14(TDDX)][PF6]2 which 

may have the structure (142). (M = Ir). 

(142) 

The reaction of TDDX with hydrated rhodium(II1) chloride 

gives a similar complex[ Rh2C14(TDDX)]C12. Complexes of the 

type (143) can be obtained by the reactions of TDDX with 
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trans- [MC1<CO)<PPh3)2]. i(bf = Rh,Ir) and [RhCl(pPh3)3]17* 

The five-co-ordinafe complexes, [~(CN)(PhZPCH=CHPPhZ)2], 

<&I = Co,Rh.Ir) have bee: prepared and some reactions of the 

complexes are illustrat$d in Scheme (36). 

[CdCNl+P-P,,][Clq] 

.* 
excess HCN 

M=Co 

: (M=Co,Rh,Ir ) 
i/ 

[MKN)(CO)+P-P) ] ; [MH~cN)(P-P),][~~~~] 

(M=Co.Ir 1 i (M=co,Ir 1 

( P-:P ) = Ph2PCH=CHPPh2 

Scheme (36) 
; 

These studies indicate that the sequence of reactivity and 

adduct stability is qualitatively CosIr>Rh. The complexes 

[bI(CN)(PhZPCH=CHpPhZ)3.]do not react with dihydrpgen at room 

temperature and decompose in the presence of dioxygen. 
179 

Oxidation of [Co(CN)2(EPhMe2)3] g‘ ives the cyanide bridged 

complex (144) which ha+ been characterised crystallographically. 

. 

References p_ 389 

9 
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[ CoDJ12( W-Me2 I3 ] 

PPhMe2 

II 

O2 

(144) 

P 
NC N 

* 

CN 

P CN 

P 

Kinetic studies are consistent with a mechanism of formation 

of (144) through a CN-bridged inner sphere electron transfer 

reaction between [Co(CK)2<PPhMe2)3] and [Co(CN)2(PPhMe2)202)] 

Since treatment of (144) with PPhMeR regenerates 

fCo(CN)2<PPhRe2)3] a catalytic cycle for the oxidation of the 

phosphine to PhMe$O can be devised_ 180 EPR spectra of 

[CoCl(diphos)2]SnCl3 , (tetragonal pyramidal) and 

[CoCl(diphos)2]SnC13 - PhCl. (trigonal bipyramidal) have been 

reported 181 and single-crystal polarised reflectance spectra 

of [Rh(acac)(C0)2] and [Ir<acac)<C0)2 ]have been obtained_ 
182 

The hydride [IrHC12<PPh3)3 ](trans-chlorides) and 

mer-[IrH3(pPh3)3 ] 
.- 

react with carbon disulphide to give (145) 

and (146) respectively. However, fat-[IrHgL3](L = PPhS, 

AsPhS) is inert to carbon disulphide.183 

PPh3 

(146) 
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Metal nitrosyl and arildiazo complexes. 

Thermolysis of [{oCPNO], gives the cluster (147) which 

on the basis of spectroscopic measurements is given the 

structure (147). How&er, 
; 

treatment of [CoCpNO]2 with 

[Co,(CO),] or [CoCp(CO$]gives <148).184 

NO : 
(147) i (148) 

; 

The reactions ofjnitric oxide with Co 
2+ 

ions and cobalt 

ammine complexes in cgbalt exchanged zeolites have been studied. 
i 

Infrared and adsorption data indicate the formation of 

[CO(XO)~]~*,[ CO"(NH$)(NO)~]~+ and [ CO~~'(N~$)~NO]~+ 

(n is probably equal to 5). . 
Intramolecular a;d intermolecular reaction of 

[ CO~~~(NH~),NO]~+ witi NO gives N2, N20 and [Co 111(NH2)nN02]2+. 

The.N2 results from t$e reaction of NO- ligand with NH2. a 

reaction which readi occurs on a supported platinum catalyst 

at elevated temperatuke. However, this reaction has not 

previously been obser?ed for conventional nitrosyl complexes 

at room temperature. !N 0 and NO2 are produced by dis- z 2 

proportionation of thi NO- ligand with two nitrii: oxide 

molecules. 
185 

The novel comple; (149) is obtained as a benzene solvate 

in low yield when tra&-[IrCl(CO)(Pph2)2] is treated with 
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Kti02 in the absence of oxygen in a mixture of aqueous ethanol 

and benzene. Some reactions of (149) are illustrated in 

Scheme (37). Tetrafluoroethylene also reacts with (149) but 

the product is a brown intractable solid. 
186 

The crystal 

structure of [IrC1(CO)PPh3]30, (150) has been determined. 
187 

excess ON 

[lrX( NO) P]20.HgX2 4 \I? X:/NO (150) 

HgX2 P’ ‘ol ‘P 

p\,,~Yyp 

/ 

HgX2 (X=Cl.Br.I 1 

/- \ 
ON (14s) NO 

TCNE 

/ 
I 

\ 

P 

[ IdNO)P]20_TCNE 

[Ir(NO)P]zOL’~- ( P = PPh3 ) 

Scheme (37) 

Perfluorocarboxylic acids, RCO._,R,(R = CF3,C2F:, and C6F5) 

readily react with [Ir<NO)iPPh3)3], to give the salts 

[Ir(OCOR)(NO)(PPhg)2 ]OCOR , (u(N0) ca. 1800 cm-')_ Iioa;ever. 
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with [Rh(RO)(PPh3)3 ] e-ionic species [Rh(OCOR)2RO(PPh3)2], 

(u(h‘0) ca. 1665 cm-I)iare obtained. Unlike the reactions with - 

the iridium compound t#e reactions with [Rh(NO)(PPhQ)3.] only 

occur in the presencegf dioxygen. 
188 - 

The crystal structures 

of [RhC12(KO)(PPh3)2]~ (El) and [Rh(K0)2(PPh3)2 ]ClO, . (1521, - 
is9,190 

have been determined.; The co-ordination geometry about 

(151) (152) 

the rhodium in (152) is intermediate betwee, tetrahedral and'. 

square planar. The trend in !Gi+i-0 angles for the ions - 

[b!(N0)2(PPh3)]+. (U = Co,Rh,Ir) is approximately Rh<IrcCo 

and the greater bending of the nitrosyl groups in the rhodium 

complex and lonper N-N bonds indicate a greater amount of 

KO- character. The relative 

catalysts for the reaction: 

2?;0 + CO -, CO 2 + N 0 2 

activity of these complexes as 

is Rh>IrXo. lgo Trearment of the salt [ IrCl(NO)(CO)(PPh3)2]BFB 

with co-ordinating anions S- gives the complexes (153). 

ND 

oc\Ir/p I 
P'ptI 

P,PPhJ 

x= N3.NC0, NCS, 

X Cl, Br, I . 

(153) 

Fkrennces p_ 369 



320 

These complexes have NO stretching frequencies in the region 

1520 - 1560 cm-l. and these are among the lowest yet reported 

for metal nitrospl complexes- The complexes are structurally 

analogous to the aryldiazo complexes, (IrXC1(N2R)CO(PFh3)3]_ 

The complexes (153) are exclusively oxygenated to nitrato 

complexes, [IrClX(N03)(CO)(PPh3)2], th e rate of oxygenation 

decreasing in the order X = I>Br>C1>NCS>NCO>N3. There is no 

noticeable reaction of [IrCl(NO)(CO)(PPh,),] BF4 with 

dioxygen. however, in the presence of pyridine or picoline 

reaction with dioxygen is rapid giving a mixture of nitrato, 

nitro ant? nitrito complexes_ The complex 

[IrC1(NO)<CO)(PPh3)2]BFq reacts with CO to give 

[IrCl(RO)(CO),(PPh,)2] BF, .lgl It is known thatbC1(FPh3)3] 

reacts with NO to give[ RhC1(N02)<NO)(PPh3)3]and it has now 

been found that this nitro-nitrosyl complex reacts further 

with NO to give fRhC1(N02)2(PPh3)2].1Q2 The ability of 

platinum group metal complexes to promote NO disproportionation 

and reduction has been discussed in a review. 
193 

_ A crystal structure determination of the complex (154) 

reveals the presence of a doubly bent aryldiazo ligand. The 

complex has a very similar structure to the corresponding 

nitrosyl complex and this is the first example of the 
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aryldiazo analogue of NO-,N2Ph-. 
194 

The cationic nitrosyl complex [Rh(NO>(diPhos),][PF.]Z under- 

goes a reversible reaction with excess halide to give a complex 

-which may be six-co-ordinate. 195 
Proton n-m-r. studies on 

[Ir(NO)(PPh,)(N,R,)], (R = @feC6H4S02), at low temperature 

reveal a splitting of the methyl resonance of the tolyl 

residue which has been attributed to a conformational effect. 
196 

The relative shifts of 0 1s and N 1s binding energies, 

obtained from Esca studies, have been shown to offer an 

additional technique to i-r. spectroscopy 193 for distinguishing 

between linear and bent nitrosyls.lg7 From calculations of 

the Langevin diamagnetism for the complexes,[RhX2(NO)(PPh3)2] 

it appears that the polarity of Rh-X bond increases in the 

order X = C1<Br0i02<M03.1s8 Gamma irradiation of 

[Co(NO)(CN)B]*-produces [co(cN),]~- and [Co(NO)(CN)5 ]"- which 

appears to contain a bent Co-N-O bond. 199 Crystal structure 

studies on complexes of the typeko(EO)(das)2X2](X = monoanion; 

das = g-phenylenebis(dimethylarsine)) reveal differing co- 

ordination geometries and Co-N-O bond angles. Khen X = Clog-, 

the cobalt complex is essentially 5-co-ordinate and has a 

Co-N-O bond angle of 179O, whereas when X = NCS- the complex 

is 6-co-ordinate and has a Co-N-O bond angle of 132O. 

Treatment of the perchlorate complex with HBr in methanol 

yields a complex havlng similar structural propertres to the 

thiocyanate complex.2" 

Metal alkene and alkyne complexes. 

Oxidation of the dimers [Co(CO)2(diene)]2 in the presence 

of triphenylphosphine is known to yield the cationic species 

F&z-p_ 389 
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r Co(CO)n(diene)(PPh3)3_n 5** (n = 1.2). A simple procedure 

for preparing these cations has now been reported. Thus 

treatment of Co<C104)2_6H20 in isopropanol at room temperature 

with butadiene in the presence of excess PS!e2Ph gives 

[Co(butadiene)<PUe2Ph)3 ]C104 . The diene is readily displaced 

by carbon monoxide ahd an isoprene complex can similarly be 

obtained. Analogous complexes can be obtained with PHFh, but 

the larger-phosphines, PMeFh2 and PPh3 do not yield the diene 

complexes. The cationic diene complexes may also be obtained 

-by the action of dienes on cis-[C0H~(PR3)~1+_"~~~'~ Treatment 

of anhydrous CoC12 with butadiene-d 6 and NaBD4 gives the 

complexes c Co(C6D13)(butadiene)] and [Co(C6D12H)(butadiene)] 

where C8D13 is 3-methyl-d3-heptadiensl_dlO and C8D12H is 

3-methyl-d2 -heptadienyl-dlO. 
202 

Norbornadiene and cyclohexa-1,3-diene react with the 

cluster compounds [COAX]. (Y = alky1,aryl.F) to give 

the dark green complexes [Co3(CY)(CO)7(diene)]. The 

-aryltricobslt carbon complexes form the most stable diene 

complexes but no similar complexes can be isolated with cyclo- 

octadienes, cycloheptadiene or butadiene. The co-ordinated 

diene in these complexes is extremely labile and is readily 

displaced by carbon monoxide, phosphines and phosphites. 

Eoviever, a small yield of [Co3(CPb)(COj6(PPh3)(NBD)] can be 

obtained. The norbornadiene complexes (155) are non-rigid 

in solution_ 203 Treatment of Rhs<CO)16 with norbornadiene in 

refluxing methylcyclohexane gives the substituted derivatives 

If the red solution containing [Rh6(CO)10(NBC)3]is heated 

further yellow needles of a novel acyl-vinyl complex, (156) 
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are deposited. A crystal structure determination of 

I 
(N&l) 

(156) 

[R~~(co)~~(KBD)~]. the apparent precursor to (156) reveals that 

the tris-norhornadiene complex is derived from [F~I~(CO)~~ ] 

by displacing two terminal carbonyl groups from three rhodium 

atoms each of which co-ordinates to the diene. There appears 

to be steric strain in the molecule and the molecule is probably 

unable to :uzcommodate a fourth diene molecule. 
204 The complex- 

(156) may be identical to the product[Rh2<CO)2(NBD)3]which 

is formed on treating [Rh4(CO)12]nith norbornadiene for 

which the simple structure (157) was proposed as described 

in last year's Annual Survey. 

The photorearrangement Of cycle-octa-1,5-diene to 

cycle-octa-1,4-diene in the presence of rhodium(I) chloride 
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(157) 

occurs via an intramolecular[l,3] shift of hydrogen, cleavage 

of an allglic C-H bond being rate determining. The mechanism 

for the photorearrangement of dienes catalysed by rhodium(I) 

involves initial photodissociation of one of the two metal 

alkene bonds, oxidative addition of an allylic C-H bond and 

reductive elimination of the q3-allylrhodium hydride 

intermediate. 
205 

The thermal isonerisation of penta-l,?l- 

and cis-penta-1,3-dienes in complexes of the type 

[Rh(diene)(acac)], [ Rh(diene)Cp] and[ Rh Cl(diene)]2 alSO 

occurs viz a [ 1.31 hydrogen shift- Resulting from these studies 

it is apparent that conversion of an r,-alkene to an n-ally1 

complex involves a o-ally1 complex.2o6 Studies on the reactions 

of e, cis-1,3-. and 1,4-cycle-octadienes with Rh(1) and Ir(1) 

systems indicate that the co-ordinated dienes rearrange to the 

more stable cycle-octa-1,5-diene. However, reaction of 

cis,trans-cpclo-octa-1,3-diene with [RhX2(CO)2]-, (X = Cl.Br) 

gives unusual complexes of stoicheiometry, 

[Rh,X2(CO~4(2,~-1,3-COD)5]_207 Cis-cis-1,3-cyclononadiene 

also gives a rhodium(I) complex of the 1.5-diene. 
208 

Infrared and X-ray diffraction studies indicate that 

[RhCl(hSD)12 exists in two cry-stallographic forms. 
209 

Slow 

oxidation of [IrCl(l,S-COD)]._, in methylene chloride or benzene 
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gives crystalline complexes which are considered to be 

probably monomeric complexes [IrCl(OH)(l,5COD>].210 As such 

these are complexes of iridium(I1). Treatment of 

[HC1(1,5-COD)]2 (M = Rh,Ir) with either PCl2Ph or PCLPh2 gives 

the complexes [MCl(COD)(PClxPhS_x)] which on treatment with 

excess of the phosphine yield[MCl(PClxPh9_,)9], (x = 1,2). 

With iridium an intermediate in these reactions, [IrCl(COD)- 

(PClxPhS_x)2]can be formed. Some interesting PClS complexes, 

[Ir,Cl,(COD),(PCl,>] and [1r2C1,(C0D)2(PC1,),] can also be 

obtained. The structures (158) - (160) have been proposed 

for these complexes and they may contain novel bridging PC13 

groups. 
211 

(158) : (159) 

(160) 

A variety of'rhodium and iridium complexes of the type 
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[J!IClL(diene)], [bK2(diene)]X and [M(chel)(diene)]X, (L = NH3, 

piperidine, BuRFi2, N-methylimidazole; diene = cycle-octa-1,5- 

diene. cycle-octa-1.3,5,7-tetraeue, norbornadiene; 

chel = 8-aminoquinoline, phenylenediamine. dipyridylketone, 

bipyridyl, substituted phenanthrolines; X = Cl-, PFS-. C104-) 

have been prepared. Some of the complexes have bacteriocidal, 
. 

viricidal and anti-neoplastic activity_ The reaction of 

dipyridylketone (DPK) with [RhCl(COD)]8 in ethanol followed 

by addition of NH4PFS gives the expected complex, 

[Rh(DFii)(COD) ]FF8 . However, the corresponding reaction with 

[IrCl(COD)]2 in methanol gave the hydride (181). The complexes 

(161) 

[CL2(diene)]Cl and [b!(chel)(diene)]Cl are easily oxidised in 

air. In general the bipyridyl complexes are oxidised more 

rapidly than those of ortho-phenanthroline and norbornadiene 

more rapidly than those of cycle-octa-1,5-diene. Reactions 

with cycle-octa 1.3,5,7-tetraene are very slow. Iridium complexes 

are also oxidised more rapidly than the rhodium complexes. 212 . 

The neutral complexes [Rh(SZFRZ)<1.5-COD)]. <” = Ph,C81111) have 

also been reported. 134 



Treatment of either [Rh(acac)(CO)C,H14)] 213 or 

327 

[Rh(O_N)(CO)(CSH,4j], (O-N = 8,quinolinolato, ~8~~4 = 

cycle-octene) with butadiene gives the dinuclear ComPlexes 

(162) and a similar type of substitution reaction gives 

L-L = acac or 

8- quindinolato 

alkene compleses of the e-bonded benzene, C6F6, Scheme (38). 
214 

F 

i F. 

F 

F F 

F 

[ Rh(acacX~H$, I2 ] 

1 diphas i 

Scheme (38) 
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Treatment of the methylene cyclopropanes, (163) - (165) 

A b M 
Me02C i02Me Me02C C02Me 

(163) (164) (165) 

u-ith ethylene rhodium(I) or iridium(I) complexes gives the 

n-bonded methylene cyclopropane complexes, [Rh<acac)(alkene)g], 

(alkene = 163 - 165), [RhCl(alkene),], (alkene = 164, 165), 

[RhCp(alkene)2], (alkene = 164), and the complexes 

[Rh(acac)(alkene)(CO)], and [RhCp(alkene)(CO)], (alkene = 164) 

have also been prepared. Crystallographic studies on (166) 

reveal considerable asymmetry in the bonding of methylene- 

cyclopropane to rhodium(I) and it is apparent that there are 

similarities between the co-ordination geometries of methylene- 

cyclopropanes and 1,2-dienes. The methylenecyclopropane 

complexes are stable towards heat and u.v_ -irradiation and 

no tendency for the rhodium or iridium to iW?&rt illtO the 

cyclopropane has been observed_ Since on co-ordination-the 

cyclopropane ring is bent away from the metal, intramolecular 
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cleavage of the rihg will be inhibited. 215 The cis- 

divinylcyclopropan; complex (167) does, however, rearrange 

at 80°C to give th:e isomer (168) and it has been proposed 

(167) I (168) (169) 

that the reactioniproceeds via the transoid bis-n-ally1 (169). 

The related hexafluoroacetylacetonate complex of (167) 

rearranges more rapidly than (167) but-the corresponding 

iridium(I) comple>I shoas no evidence of thermal rearrangement 

up to 145Oc. 216 The trans-divinylcyclopropane (170) also 

forms rhodium(I) complexes (171), ring opening of the 

cyclopropane ringioccurring. 

(170) ; CF.COCHCOCF3 (tetramer ), (171) 
acac (dimer 1. 

The acetylacetonake derivative of (171) rearranges readily 

to a mixture of (167) and (168) and it is proposed that these- 

reactions nlsc proceed via the intermediate (169). The 

cyclopentadienyl jerivative of (171) cannot form a bis-n-ally1 

analogous to (169) and the complex is much more stable. 

Raf- *_ 399 



However, there is evidence for a similar transformation of 

this complex which occurs slowly at 120°C. The tetrameric 

hexafluoro-analogue of (171) rearranges to the hexafluoro- 

acetylacetonate derivative of (168). 
217 

Both cis- and trans. 

divinylcyclopropane also readily form 1:l hexafluoroacetyl- 

acetonatorhodium(1) complexes. In the former the 

cyclopropane ring is not cleaved and complex (172) is formed 

Conversion to a new complex, (173) does occur at 65OC. 

(172) (173) 

However, trans-divinylcyclopropane reacts with ring-opening 

to give the bis-v-ally1 complex (174) which has been 

characterised crystallographically.2'8 
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Butadiene, 2-inethylbutadiene and penta-1,3-diene 

react with [RhCl(P'F ),] to give yellow complexes of ;32 2 

stoichiometry [RhCJ.(PF3)2diene]n which may be either monomeric 

or dimeric. 
219 i 

A single crystal X-ray structure determination 
220 

reveals that the camples (1'75) has a distorted trigonal 

H 

‘\ I 
;/‘i 

//CH2 

-,CH 

( P= PPrA ) 

;H+=CH 

(175) 

bipyramidal structkre and these trifluorophosphine complexes 

may have similar geometries. [ RhCl(PF3)2]2 does not form 

isolabie complexes with simple alkenes but it forms an 

adduct, [ RhC1(PF3) 
2 
(CH2=CHCx)], with acrylonitrile. It also 

catalyses the isom-erisation of dec-1-ene to dec-2-ene. 
219 

The unsolvatea complex, trans-[IrC1(CaHr)(PPh3>,1. is 

significantly morei stable in the solid state when exposed 

to air than the benzene solvate , trans-[IrC1(C2H4)(PPh3)2]_0.5 

c6H6- The unsolvdted complex exhibits a sharp band of 

moderate intensity: at 1971 cm -' in its i r _. spectrum. This 

peak is not presenk in the i.r. spectrum of the solvate and the 

origin of this peas is not clear. An X-ray structure 
221 

determination of t&s-[IrC1(C2H4)(PPh3)2 lrevealsthat the 

co-ordinated ethylene exerts a negligible trans-influence, the 

C=C distance beingisignificantly shorter than that observed 

in (176). The novel bis-ethylene complex (176) is formed 

Rdermces p. 389 
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(176) 

on the reaction of ethylene with [IrHS(PPr~)3] in benzene 

solution and a triphenylphosphine analogue (177) can similarly 

be obtained. 

(177) 

Further reactions of these complexes are illustrated 

in Scheme (39)_ 

The complexes [IrHSL,], (L = PPh3,PPr$,PMe3) and EI- 

[IrH3(PFh3)3] catalyse hydrogen transfer between mono-alkenes in 

homogeneous solution giving equimolar amounts of dienes 

and alkanes?22 The iridium complex (178) catalyses the - 

isomerisation of cycle-octa-1,5-diene. Scheme (40) and -under 
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( L= PPh,.PP& ) 

Scheme (39) 

pph3 _ . 

\/\pH 
’ ‘a/ ‘I-l I 

PPh3 

(178) 

Ref- P- 339 
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dihydrogen a selective hydrogenation of the non-conjugated 

1,s and 1,4 isomers of cycle-octadiene leads to cycle-octene. 
223 

1,5-CSHIB = 1,4-CSH13 + 1,3-C&2 Scheme (40) 

Some cobalt ethylene complexes, [Co(acac)(C2H4)(PPh3)2] and 

[Co(C2114)(pph3)3]h ave been isolated from the reaction of 

[Co(acac)3 ] with [Al(OEt)Et2].3 

The hydride, [BhB(PPh3)4 ] readily cleaves the carbon- 

-oxygen bond in vinyl- and ally1 acetate to give [Rh(OAc)(PPh3 

releasing ethylene and propene respectively in the process. 

h similar reaction occurs with vinyl propionate to give 

[Rh(OCOEt)(PPh3)3]. Predissociation of a phosphine ligand 

appears to be a prerequisite for this reaction to occur and 

this is supported by the observation that [CoH(diphos)2] does 

not react with vinyl acetate. However, vinyl acetate reacts 

with [CoH(li,)(PPh3)3]to give ethylene and ahat appears to be 

a cobalt(I) compound, Co(OAc). 224 Treatment of EtOCH=CH2 

with [CoB(CO),],[CoB(CO),(PR3)], (R = Ph.P-b!eCSHqrE-ClCSH4, 

P-MeOCSH4,Bu).. [COH(C~)~P(~R)~], (R = Et,ph) and 

fCoB(CO)21P(OPh)312] g- eves the acyl derivatives 

[CofCOCH(OEt)bIe)(CO) 4_&J CL = CO,Pp.3), the order of 

reactivities paralleling the electron-acceptor ability of 

the ligand. 
225 

Rucleophilic substitution reactions on [Rh(C2H4)2Cp ] 

usually occur via initial dissociation of an ethylene. A 

group of nucleophiles, Pti3,PMe3,P(OKe)3,PEt3,P(OEt)3,P(OPh)3, 

'3 3 



P(O-C6H4-~-Aie)3,P(O~H2)3CEt,PBu3n. have now been 

appear to displace &thylene via direct attack of 

found which 

the ligand 
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at the metal compleK without prior dissociarion of ethylene. 

It is suggested tha'-; in order for the metal to retain a rare 

gas configuration ii the transition state there is a 

reorganisation of t$e pentahapto cyclopentadienyl ligand to 

a trihapto allylic ligand. Consistent with this proposal 

ethylene is more regdily displaced from [Rh(h'-CS-R,CR)(C2H4)2] 

than [RhCp(C2H4)2 ]ihile displacement of ethylene from 

[Rh(h5-CSXeS)(C2H4)2] is more difficult. Alkene displacements 

from [P~Cp(C2114)<CHi=Cr!F)], [BhCp(CH2=CHCX)3], and 

[RhCp(C2H4)(CH2= CHOac)] 

226 i 
by Pble3 are also consistent with an 

Sf;2 mechanism. dlkene complexes of this type are 

susceptible to elecirophilic attack and a further indication 

of this behaviour it provided by some novel studies with 

hexafluoroacetone. !This ketone reacts with [RhCp(isoprene)] 

to give a mixture of the two isomers (179) and (180). 

H 
'C- C/H; 

Me 
'c- CH2 

Me 

.T 

\: H \ 

CH2 
CKE& 

/ ; 
cq2 

/* ; -T 
CH2 */ 

Th f 
Rh' 
I 

CP CP 

(179) i (180) 

Similarly [RhCp(tran&-pentadiene)] gives the g3-allyl c__I_ 

complex (181). In c;pntrast treatment of [RhCp(2,3-dimethylbuta- 

1,3-diene) with hex&fluoroacetone affords a 112 adduct (182) 
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I 
iP 

(181) Me 

Me 

Me 

Me c 
Me -7 

-CH 
\Z 
C’CE& 

CH2 / 

F/O 

Rh 

HO(F3C)2C 

(183) 

and attack at the cyclopentadienyl ring also occurs in the 

reaction of hexafluoroacetone with [F&Cp(hexamethyl-Dewar- 

benzene) ] to give <183).227 A novel addftion of methylene 

to the unto-ordinated 

complex (184) to give 

/ 
cp- co ?!l 

(184) 

double bonds of the cyclo-octatetraene 

(185) has also been described.228 

cp-co 

% 

\ 

(185) 

The diene (186) reacts with [COCKY] to give (187).22g 
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(186) 

* cp -co 

(187) - 

A.variety of {etracyanoethylene and fumaronitrile 

complexes of rhodi<m(I) have been obtained via addition of 

the alkene to square planar rhodium(I) isocyanide complexes. 

The tetracyanoethy-{ene in the complexes [ Rh(CxR)2L2(TCKE)] ClO+ 

[R = pMeC6H,,@!e{C6H4; L = P(OPh)3,PPh(OMe)2,PPh2(O!de)], is 

rigidly bound to the rhodium and this is considered to be 

related to steric $indrance inhibiting free rotation of the 

alkene- Treatment :of the triphenylphosphite complexes with 

sodium iodide give{ the neutral complexes, 

[R~I(CRR)~CP(~P~),+- (Tch'R)]. The analogous fumaronitrile 

complexes, [Rh(CNR;2L2(FK) ]C104 , R = @leOC6Ha, L = P(OPh)3, 

PPh(OHe)2; R = @J<CgIi4, L = PPh(ObIe)2 and 

[RhI(CKR)2{P(OPh)$ (TCKE)] t end to dissociate in solution. 

The neutral complej (188) exhibits dynamic solution behaviour 

below -15OC where tfhe amount of free fumaronitrile is 

negligible on the n.m.r. time scale. The temperature 

dependent n-m-r_ sectrum has been interpreted in terms of 

restricted rotatiog of an apical fumarcnitrile in a tetragonal 

pyramidal configur<tion. 230 However, a single crystal X-ray 

structure determi&ion of (188) reveals that the solid 

state configurationi for the complex is trigona-1 bipyramidal 

with equatorial fum&ronitrile. If this geometry is maintained 





339 

P : 

RNC 

(189) _ (189a) 

C&1; L = P(OPh)3,PPh3) in acetone, acetonitrile and 

tetrahydrofuran suggest that the reactions proceed via the 

transition state (189). 
234 

Various unsatueated phosphines react with rhodium(I) 

compounds to give complexes in which both the phosphorus 

atom and the double bonds are co-ordinated to the medium. 

The preparations and reactions of these complexes are 

summarised in Schemes (41). (42) and (43). 235-237 In contrast 

to the chloro complex [RhCl<tbp)], (192) the corresponding 

iodo complex, [FM&P)] exhibits an infrared hand typical 

of an unto-ordinated double bond and it is suggested that 

this complex may be kimeric and have a similar structure to 

that proposed for (-lp0). Hoaever, in solution [RhI(tbp)] 

appears to have the same five-co-ordinate structure as (192). 

Spectroscopic studies on the corresponding iridium complexes 

of tbp and tpp (Scheme 41) reveal that iridium alkene bonding 

is stronger than rhodium alkene bonding in these complexes. 236 

The structure of (X93) has been confirmed by a single crystal 

L-ray studp_238 Treatment of rhodium(II1) chloride with 

. 

(Continued on p_ 343) 

Fcefmnca p- 389 
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[RhCNPPh$bbp)] 

t 

[RhCKC2H4)2]2 

bbp 

\ 

PPh3 [Rh&bbP& ] 

f 11” 

[R~C12(bbd2 ] [RhI(CO)(bbp)] 

bbp. GHs/ (190) LiBr 
a0 

/ 
\ 

[ ~CNCO)* ] 2 co [Rh,Br,(bbp)2 ] 

bbp.E$O 

\ 

11 11 co 
250 

[ RhCl(CO)( bbp) ] ( 191) [ RhBrKOl(bbp) 1 

( bbp = PhP(CH2CH.$H=CH2$ ) 

F- 
C 

- Ph;P- 

- c; 

C- 

Scheme (41) 
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t bp 

VP 
1 

t bp 
[RhCUtpp I] - [ Rh WO)&- [RhCUtbp)] 

4 

(192) 

PPh3 co 

[ RhCNt bblPP% ] [ RhCKCOXtbp)] 

1 tbp 

[ RhClG’Pt& ] 

tbp or 
tPP 

t bp = P(Ci-$CH2CH=CH2 I3 

tpp = P(CH+H2CH.$H=CH2 I3 

Scheme (42) 
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M&c=c\ 

I H f% 

0 72 
Rh-P 

Ph2 

Ph3 
\ 2mw 

[ RhCNC2H412] 2 

4 mbp 

2 [ RhCl(mW)2 1 
H2 * 

[RhCt( pp$h)2 12 

(193) 

co 

4mbp I CO 

[RhCL(CO)2 12- 2 [RhClKO)(mbP)21 

I 
CH30H 

I 

i 

[ RhKOXmbd2 I* 
*2 

- [RhCt(CO)(PP~~“)21 

NaBPh4 

[RhKO)(mbp)21[BPh4 1 

ci 

KJY 
\‘I p 

P L 
(193) 

mbp = 

mPP = 

Ph2PCH2CH2CH=CH2 

P%PCH2CH2CH2CH=H2 

Scheme (43) 
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triallylphosphite, (194), gives the complex [RhCl(triallyl- . 

phosphite)3 1 _ III which all the double bonds are co-ordinated 

P-(OCH$H=CHe& (194) 

to the rhodium. However, reaction of (194) v.ith 

[RbCl(PPh3)3] gives trans-[RhC1<CO)<PPh3)3~_23g Ko evidence 

for the co-ordination of the double bonds in the unsaturated 

acids, RCH(COZH)2. RCHZC02H, and RN(CH2C02H)2, (R is CH2=CHCHa, 

CHZ=CHCH.$H2, CH2=CHCH2CHZCH2) to cobalt(I1) has been 

obtained. 240 

The rhodium(I) promoted autoxidation of cycle-octene 

gives non-catalytic yields of cycle-act-1-en-3-one and cyclo- 

octanone, Scheme (44)_241 

c8H14,Rh/L 
_ . . . 

’ ‘Cl 
‘BH14 

O2 

02 “8n,4, yL I 
b 

fast /Rh\C, 
CaH14 1 

1 slow 

+H 0 
2 

b 02 
* 

fast 

0 OH 

\ 
RhAL 

‘CL 

Scheme (44) 
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The i-r. and Raman spectra of 

have been assigned. 
242 

The reaction of alkynes with 

[RhCl(norbornadiene)] 2 

Co2(Wg to give u-alkyne 

complexes, [Co2(C0)6(alkyne)] is well known and the kinetics 

of these reactions have been reviewed in a lecture. 
243 

Purther examples of this type of reaction have been observed 

with the alkynes (195)244 and (196)_ 
245 

Thermal degradation 

Of the complex formed with (196) gives the free alkyne, 

Fe 

F H 

(195) (196) 

asymmetric and symmetric isomers of the cyclopentadienone, 

C4(C6F4H)2Ph2C0. a hexa-substituted benzene, C6<C6F4H)3Ph3, 

a small amount of 2,2', 3.3'. 4,4', 5,5',-octafluorobiphenyl 

and an oligomer (C6F4HC2Ph)n where n is between 3 and 4. 

Free alkyne is implicated in the formation of these organic 

products.245 Similar products result upon thermolysis of the 

bridged complexes formed Pith C6F5CXX6F5, PhCnCCgF5, PhCXH 

and PhCeCPh. One of the organometallic complexes formed in 

F 
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the degradation of [Co,(CO),(C6F5-CZCPh)] may be a rare 

example of a four-co-ordinate cobalt(I) complex, (197). 

Thermolysis of [Co2(CO)6(PhCECH)] g- Ives several complexes 

of general formula COAX. Degradation of the diyne 

complex; [CoZ(C0)6]2[PhCXXXPh ]occurs relatively quickly 

at 185OC to give [Coz(CO)6(PhCeCPh)] as a major product 

possibly via a radical mechanism. 
246 

The acetylene complexes 

[Co2(CO)e(RCECR)], (R = H,CR2OH,Ph) undergo replacement of 

one or both axial CO groups on heating with monodentate 

phosphines, phosphites, and arsines. Bulky ligands do not 

react. Trimethylphosphite can displace up to four carbonyl 

ligards in a series of reversible reactions to give ultimately 

(198). 
. 

(198) 

Bidentate fluorocarbon- and hydrocarbon- 

to occupy equatorial positions about the 

by bridging two cobalt atoms in the same 

chelating to one of them. 
247 - 

L = P(OMej3 

bridged ligands tend 

metal atoms either 

molecule or by 

The alkyne complexes, [co~(co)~(Rc-CR')] as well as 

[COAX] plus an alkyne are known to react with carbon 

monoxide to give the lactone complexes (199). Further 

studies on these reactions reveal that the formation of these 

R.eraenca p. sss 



(199) (200) (R'=H) 

complexes is stereospecific, the bulkier substituent R always 

being in the P-position of the lactone ring. 
248,249 

The 

route from the complex (199) to unsymmetrical bifurandiones 

(200) probably involves successive insertion of carbon 

monoxide, alkyne and again carbon monoxide, an intermediate 

of type (201) being proposed. 
249 

A variety of complexes are formed in reactions of the 

alkynes C6F4HC-CPh, C9F5C~CC9F5, C9F5CrCPh, C6C15C~CPh, 

and C6C19CSX6C19 with [MCp<CO)2j, <I.¶ = Co,Rh). The complexes 

isolated include cyclopentadienone and cyclobutadiene complexes 

as sell as trinuclear complexes, [Rh3Cp3(CO)(acetylene)].P43~245,250 

The fluxional solution characteristics of these and similar 
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complexes have been studied using 13c n m r 251 _ _ _ and in addition 

the crystal structure of [Cp,Rh,(CO),(CF,CZCF,)] formed by 

reacting[khCp(C0)2]with CF,CECCF, reveals that the bridging 

alkyne unit is u-bonded to the two rhodium atoms and that 

some metal-metal bonding occurs. 
252 

Reaction of the 

diynes bfeC3T-CzCMe and PhCeC-CsCPh with [coc~<cO)~] give 

three isomers of the cyclopentadienone complexes, (202). and 

a novel complex, CO,CP,(CO)(RC~C~R)~- The complex (R=Ph) can be 

separated into tao isomers and one of the isomers has been 

assigned the novel structure (203). 

R2 
R' 

cpco 

9 R3 R4 
0 

(202) 

R’ 

R 

CXIR 

CECR 

R2 

CECR 

R 

R 

R3 

CECR 

CECR 

R 

(R=Me,Ph 1 

R4 

R 

R 

CSCR 

(203) 



different arrangements of the PhC2- and Ph- substituents. 

However, 

ligand. 

and they 

it appears not to have a trihapto-cyclopentadienyl 

The complex (R=Re) exists in two isomeric forms 

may have structures based on (203). These complexes 
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The second isomer may have a similar structure with 

are surprisingly stable and can be recovered unchanged after 

treatment with bromine in CC14_ They are not degraded at 

3oo"c. The dipne MeCEC-CECBle reacts with RhCp(CO)2 to give 

twc isomers of a tetrahapto-cycloheptatrienone complex (204). 
253 

cp- Rh 

(204) 

Treatment of fCoCp<PF3)2] with hexafluorobut-2-gne leads 

to (205) which has been characterised crystallographically. 
254 

cob) 

(cp x0 
F3c 5 

-Tc 

F$ CF3 

F3c cF3 

<205) (206) 

The highly electrophilic hexafluorobut-2-yne also reacts 

with[C~Cp(SR)~], (R = CF3,C6F5) to give a complicated mixture 

of products, but only (266) could be identified. This complex 
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has previously been isolated from the reaction of the alkyne 

with [hoop,]. Hexafluorobut-2-yne reacts with 

[CoCp(SC6F5),(CO)] to give the known cyclopentadienone complex 

(207) but with [CO<SC~F~)<CO)~]~ (208) is formed together with 

F3c F3 

T?- 

Wcp) 

F3c CFJ 

0 

(207> 

2 

(208) 

the known complexes, [co~(co)~(cF~ccF~)] and[Co2(CO)4CC6(CF,>,}]. 

The complex (208) has been characterised by an X-ray structure 

ietermination. 255 

The reaction of the bis-alkyne (209) with [RhC1(PPh2)S]256 

leads to the cyclobutadiene complex (210). The 3iP n.m.r. 

Q EC Ph 

Ph Pm 

'P- AtA-, 

w 

Ph 

Fll 

(210) 

spectra of rhodacyclopentadiene and cyclobutadienylrhodium 

complexes have been compared25? The 31P n m r . . . spectrum of 

(210) is in agreement with the proposed structure. The 
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reactivity of the rhodacyclopentadiene complexes (211) and (2112%) 

(211) (R=Me,P'n ) (211a) L3Cl 

&PPh3 

towards strained cycloalkynes has b-_-en examined. Such 

reactions lead to quinone derivatives, e.g. (212), but benzyne 

does not react with the rhodium complexes. 258 
An extension 

of this reaction has been used to give a general synthesis 

of indans and tetralins. (213), via the co-oligomerization 

of hepta-1,6-diyne (n=3) or octa-1,7-diyne with substituted 

monoalkynes catalysed by [COCKY]. In reactions involving 

Me3SiCECSiMe3 the cobalt complex (213a) i& also fonned.25g 

Some cyclic diacyl complexes can be obtained by the reaction 

of [IrX(CO)3], (X = Br,Cl) with PhCGCPh and EtCXEt. Some 

reactions of the complexes are summarised in Scheme (45).260 
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= /-- 3’ E hCP((=)* 3 
‘CH*‘, +Ic1 - 

\= C 
- I+* 

v.13) 
(n= 3.A 1 

(213a) 

RECR 

[IrBrKO)3] -----+ 

0 
R 

.G 0 
R 

t 0 

HN03 
0 c a3 

Ir’ 
‘Br 

0 

I I_ 
1 

0 c IL 

/ 
LO 

0 
X- 

0 Br 

x= &,I 

L-L= dipbs 

bipy 

L’ = PPh3 

Scheme (45) 
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'h-eatment of trans-[IrCl(CO)(PPh3)3]with CF3CECH gives 

the acetylide complex (214)_ Reaction of the iridium(I) 

complex with (195) gave a similar acetylide complex. However, 

/H 
(PPh3)2(CO)Cl Ir, 

CzCCF, 

the ethynylferrocene 

3 

(214) 

(195) is easily removed from the iridium 

on attempted recrystallisation. 
244 

Attempts to obtain cationic 

rhodium(I) or iridium(I) alkyne complexes from 

[M(CO)(acetone)(PPh3)2]{PF6]2 (M = Rh.Ir) and alkynes have not 

been successful- However, the iridium complexes. (215), can 

be isolated with electrophilic alkynes if one equivalent of 

pyridine is introduced into the reaction mixture. 47 Treatment 

of lIr(acac)(COD) j with hexafluorobut-2-yne results in the 

( R = Cs , C02Me 1 

(215) 

alkyne adding 1,4- to the acetylacetonate ring and incorporation 

of one double bond of the diene together with a second molecule 

of the alkyne into an iridacyclopentene ring (216). The 

product has been characterised by an X-ray structure 

determination. 261 
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Ph 

PPh3 

(218) 

K&21 n-ally1 complexes. 

The first q3-perfluoroallyl compound (219) has been 

isolated from the reaction of perfluoroallyl iodide and 

[ZnfCo(CO),I,]. Th e ally1 complex (219) is an air sensitive 

i$=CFCsI + [ Zn (CdCO',;) 2 ] 

rp F2C=CFCF2Co(CO)4 

/\ \ F 

F3c\c_c/F C-F 

/ - \co(co) . _F<;;dco)3 ( 
4 - 

i 

(220) (219) 
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yellow liquid which decomposes rapidly at 35OC in vacua. 

The propenyl complex (220) is also formed in this reaction. 

The reaction of (219) with triphenylphosphine proceeds without 

evolution of carbon monoxide to give a mixture of (221) and 

<222).264 

CF 
I 3 

.PPh3 

The reaction of buta-1,3-diene with [COH(CX),]~- in 

aqueous solution has been investigated by Raman spectroscopy. 

The results are in agreement with previous 
1 H n-m-r. studies_ 

At high initial CR-/Co ratios the butenyl complexes (223) and 

(224) are present. At lower ratios a n3-(butenyl)tetra- 

cyanocobaltate(II1) complex can be detected. 
265 

Me H 

‘C’ 
II 

H 
1% 

H Me 
'C' 

II 

(223) (224) 
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Allene reacts with the +diketonato complexes (225) 

(R= Me.C5, Ph 1 

(225) (226) 

at -35OC to give the bis(n3 -allylic) complexes <226)_ At 

-78OC liquid allene reacts with [Rh(acac)(C2H4)2] to give 

a precipitate of stoichiometry [Fh(acac)(C3H4)2] which could 

be formulated as indicated in structure (227). Indeed the 

PY 

(2%) 

H2 
H25yc 

I 'm -acac 

H2c+'% I' 

H2 T 
H2C=C=CH 2 (227) 
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product reacts with pyridine and triphenylphosphine to 

form the complexes (228) and (229) respectively. Presumably 

(227) is an intermediate in the formation of the 

bis(n3-allylic) complex (226). (R = Me).26s An allylic complex 

(230) also results from the reaction of allene with 

[RhWW2]2 and the formation of (230) can be rationalised 

in terms of the mechanism outlined in Scheme (46). 
267 

2.5 

(230) 

co oc Pi* 
\Rh/ - 

c,’ ‘c- 
3 

Scheme 46 

A similar mechanism would account for the formation of (226). 

Treatment of (230) with excess triphenylphosphine gives 

trans-[RhC1(CO)(ITh3)2] and 3,4-dimethylene cyclopentanone but 

&f-p_ 989 
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crystallography and the complex reacts with carbon monoxide 

to give (234).268 The X-ray structure of the iridium(Ij ally1 

complex, (235), has also been reported.26g 

(235) 

The ally1 complexes (236) can be obtained by treating 

hydrated rhodium(II1) chloride with CIi2=CRCR2HgC1 followed by 

addition of TlCp_ 
270 Analogous pentamethylcyclopentadienyl 

(R=H,p-orEvF$jH4 ; 

(236) 

complexes are formed on treating the di-p-hydzido complex (237) 

with butadiene in a polar solvent such as ethanol or acetone. 
271 

(X=CtBr 1 

(237) 

(2381 
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These ally1 complexes (238) are obtained more readily from 

the mono-u-hydrido complexes <239),272 a feature consistent 

with the proposal that the rate determining step is opening 

of the metal-halide bridge and not the metal-hydride bridge. 
273 

(M=Rh.ir ) 

(239) 

The reactions of (239) with butadiene, penta-1,3-diene, 

isoprene, l,l-dimethylallene, 2,3-dimethpl butadiene, 

trans-2-methylpenta-1,3-diene and 2,5-dimethylhexa-2,4-diene 

have been reported. The n-allylic complexes so formed may be 

divided into three groups ?.ependent upon the ease with which 

they undergo reductive elimination of EC1 to give diene complexes 

Group A complexes all possess so=- and s-l-methyl groups 

and eliminate HCl so rapidly that they are only just detectable 

in the absence of base and not at all in its presence. It is 

proposed that the presence of the l-methyl or -methylene 

group provides a cisoid arrangement of the carbon skeleton 

which is close to the conformation of the cis-diene, Scheme (47). 

Group B complexes only eliminate KC1 with difficulty and 

they all possess alkyl groups in both the z-1 and the -2 

position. Since it is known that with increasing bulk of l- 

and 2-substituents, the anti-l-isomers become thermodynamically 

more stable it is suggested that this group, which has 

relatively small substituents at the l- and particularly at the 
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- 
- 

M 

I 
Ye5 

R’ 
‘. 

Scheme(47) 

2- positions, will need extra activation energy to form the 

anti-l-isomers. 

Group C complexes do not eliminate HCl under any 

conditions. These complexes only contain alkyl groups in the 

syn-1 position and hydrogen in the -2 position and as steric 

effects will be less in these examples a prohibitively higher 

activation energy will be required for reorganisation. 272,273 

Cycle-octa-1,3- and -1,5-diene, cyclohexa-1.3- and -X,4-diene 

similarly react with (239) to give cyclic n-allylic complexes 

rrhich reductively-decompose to give [M(CSMe,)(diene)]. 

Cyclopentadiene ;;ives a cyclopentyl complex which loses 28 to 

give [M(C5Me5)(C5H5)]+ while norbornadiene gives a o-n- 

norbornenyl complex which loses 

[U(C5Meg)(norbornadiene)]. The 

complexes is in accord with the 

xc1 to form 

ready formation of these diene 

mechanism depicted in 
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Scheme (47).273 The cycle-octa-1.5diene complex 

[Rh(C#eG)(COD)] can also be obtained from the reaction of 

[RhC12(C,MeS)12 with Pr%gBr in the presence of the diene 

while reaction of the rhodium complex with the Grignard 

reagent gives (24G). Various ally1 and dienyl complexes result 

(240) 

if the complexes [RhCl(diene)12, (diene = cycle-octa-1,5-diene. 

cyclohepta-1,3-diene;norbornadiene) are treated with 

Pr%¶gBr-cycle-alkenes. Some reactions of the cyclo-octa- 

l,%diene complexes are illustrated in Scheme (48).274 

Scheme (48) 
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The ally1 complex (241) reacts with tetrafluoroethylene with 

replacement of triphenylphosphine to yield the adduct (242). 

< 
c_~Ir(CO)(PPh3)2 - 

Analogous reactions occur with the 1-methallyl and 2-methallyl 

derivatives of (241). In all these reactions a phosphine 

ligand is displaced and no linking of the ally1 group with-the 

tetrafluoro-ethylene is observed. An attempt to obtain an 

fnsertion product by the reaction of tetrafluoroethylene with 

[Ir(n'-2MeC3H4)(CO)(diphos)] gives the a-ally1 complex, (243). 

Ph2 

(243) 

However, further treatment of the adduct (244) with tetra- 

fluoroethylene affords an insertion product (245) and analogous 

products can be obtgined with the triphenylarsine derivative 

of (244). The ally1 complex (246) reacts with tetrafluoroethylene 

in a similar way but the product exhibits a temperature 



(244) ( L = PPh3,AsPhj) 

dependent n.m.r. SpeCtrUm 

conversion of the isomers 

(246) 

( L= PPh3) 

(245) 

which is consistent with inter- 

(247; and (248) via alkene rotation 

c2F4 
m 

(247) 

11 

(248) 

The absence of this effect in (245) is attributed to an 

.interaction between the methyl group and the ligand L. Bhen 

the adduct (242) is heated with tetrafluoroethyl-qe zg 

iridabicpclo(3.3.0)octane complex (249) can be isolated. 275 
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A variety of products result from analogous reactions with 

hexafluorobut-2-yne and it is apparent that there is a solvent 

effect on the reaction. Treatment of (250) with hexafluorobut- 

2-yne in toluene at -3OOC affords three complexes, (251), (252) 

and (253) The complex (251) is a dicarbonyl species but the 

I 
(250) 

SF6 
(P= PPh3) 

CF 
13 

F2 y-3 
L\p” 

FC’ 9 I 2 -co 
\ 5 

(249) 

(251) (252) (253) 

exact stereochemistry is not clear. The complex _(252) 

exhibits a temperature dependent n.m.r. spectrum and it is 

suggested that (252) exists as single isomer in solution at 

room temeerature but intramolecular isomerisation, caused 
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by rotation about the alkene-iridium bonding axis occurs at 

higher temperatures. Surprisingly a similar isomerisation does 

not occur with (251). The corresponding reaction of 

hexafluorobut-2-yne with [Ir(n3-C3H5)(CO)(PPh3)2], (241), gives 

only one adduct, isolated in low yield and characterised as 

the trans-iqsertion product analogous to (253). The formation 

of both cisf and trans-insertion products suggests that the -. 
, 

reactions can proceed via at least two reaction paths. In a. 

methanol-toluene solvent medium hexafluorobut-2-yne reacts with 

(250) to give only one product, (254), (R = Me), and the 

(254) 

corresponding reaction of CqEs with (241) in dry methanol 

proceeds similarly to give (254). (R = Ii). The complexes (254) 

are presumably precursors of the cis-addition products (251) 

and (252) and treatment of (254). (R = Me) with 

triphenylphosphine affords the cis-insertion complexes (251) 

and (252). However, it seems unlikely that an intramolecular 

mechanism would operate in the formation of the trans-insertion 

product (253). The reaction of hexafluorobut-2-yne with 

t Ir(n3-l-MeC3H4)(CO)(PPh3)2] in toluene at -3OOC also gives 

only a trans-insertion product in low yield. However, 

prolonged reaction of the 1-methallyl complex with the alkyne 
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gives two products (255) and (256) 

Me 

SC 

5 
(255) 

Treatment of 

(256) 

{Ir<~3-2-~eC3Hq)<CO)(di~h~~)~ with hexafluorobut-2-yne gives 

(257) and (258). 
276 

Me 

(257) %! 

(258) 

Some reactions of trifluoroacetonitrile with (250) have 

also been reported. The product (259), (L = PPhS, R = Me) 

obtained from this reaction has been characterised by an X-ray 

crystallographic study and the corresponding triphenylarsine 

complex has been similarly obtained. However, two products 

are obtained from the reaction of CF$N with (241). These 



have been characterised as (259), (R = H, L = pPh5) and the 

other complex has been tentatively given the structure (260). 

( P=PPh$ 

In contrast to the formation of (260) a five-membered ring 

complex <261) results from the action of CF5CN upon 

[Ir(s3-l-MeC,H~)(CO)(PPh3)2]. The formation of (261) 

presumably involves an intermediate iridium-hydride complex 

(261) 

( P=PPh$ 

generated by elimination of butadiene from the ally1 ligand. 

This proposal is supported by the observation that (261) is 
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formed in improved yields by the reaction of 

[IrH('W2(pph3)2 ]or [IrH(CO)(PPh3)3 ]with CF3CR.277 

Trifluoroacetic acid and acetyl chloride react with 

[Rh(s3-C,H,)(pF,),] * (262), to form the bridged carboxylate 

complex, (263) and (264) respectively. In both reactions 

‘. * . /\ 
F3P PF3 

C5C02H (262) 1 CH3COCL 

CF 
I3 

F3P,&/O 

/'\, 

FP'\ 

'Rh/PF3 

3 
",,P 

/ 'PF 
3 

F P' 
3 'Cl/ 'PF 

3 

(263) "Fj (264) 

propene is evolved. t-Butyl bromide and (263) react to give 

[RhBr(PF3)2]2 and a mixture of propene and 2-methylprop-1-ene 

and this mixture of propenes also results from the action of 

t-butyl bromide upon [Rh(n3-C3H5)(PPh3)2]. n-Propyl bromide 

and (263) give [RhRr<PF3)2]2 and propene. In these reactions 

a mechanism involving a &hydrogen abstraction and hydrogen 

migration via an intermediate metal to carbon bonded species 

is proposed. Treatment of fRh<n3-C3Hs)<PPh3)2] with 

Me3SnC1 gives Me3SnC3H5 and [RhC1(PPh3)2]2.278 

Further studies on the arene hydrogenation catalyst, 

[ Co(n3-C3H,)EP(OMe)333], reveals that this catalyst exhibits 

R.d- P. 339 



a unique selectivity towards arenes over alkenes. Thus 

hydrogenation of benzene to cyclohexane occurs at a rate 

three-four times that of cyclohexene to alkene. The mechanism 

depicted in Scheme (49) is proposed. 279 

c $oP3 c %C=CHCH$oP3 H2 d H2C=CHCH2CoH2P3 

1 ~H6(-2P) 
. 

. 

\ 
t 

COHPL? _ 
. 

'6H.12 * dp3 f7 Co%HL%&H,, 

( L= ‘L-s% ; ?=&C3Hg; 

P 
/ CoH,P? 

6 

P= P(OMe$ 1 

Scheme(49) 

hletal carbocyclic complexes. 

The single crystal X-ray structure of [Co4H4Cp4 1 has 

been reported. The compound contains a slightly distorted 

tetrahedron of cobalt atoms, each atom co-ordinated to a 

planar n5-bonded cyclopentadienyl ring. All four faces of 

the Co4 -cluster are bridged by hydrogen atoms. 
280 

Photolysis of [CoCp(CO),] gives the reactive blnuclear 

complex (265). This complex is labile and decomposes in 
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-f; 
=lp 

oc\c_/_co~cp 
Q+/-p-& 

/ 
CP ‘co -- cp=ovco-cp 

(265) 
i; 
0 (266) 

solution at-ambient temperature to give (266) with liberation 

of a molecule of [COCP(CO)~]- At 130°C (266) also decomposes 

with extrusion of [CoCp(CO>,! to give (267). Both (265) and 

(266) catalyse the trimerisation of alkynes at much lower 

CP \ CP 

cq,-c”/ 

oc- 
l/l 
- *_ _\ 

I._ 

4 
“I”=p 

co 

(267) 

temperatures than [COC~(CO),].~'~ Bridge-terminal carbonyl 

site exchange is known to occur in the rhodium analogue of 

(265). Three mechanisms 

process in this complex. 

0 0 

c\sr-F 
cp- Rf-,Rh.cp 

have been envisaged for the exchange 

Scheme (50). 

;” i 
cp 9”-7” 

co CP L A 

Refcrulcesp.999 
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L-.-A 

cp-Rh-Rhcpu - 
- cp-Rh -Rhcp( L) 

‘I 
‘C’ 

b 
0 

C 

(L=CO FXOMe)3 1 

Scheme (50) 

(a) via a triplp bridged intermediate (A), 

(b) via an unbridged intermediate (B). 

Cc) a synchronous process (C)- 

Further insight into this problem has been obtained by studying 

the bridge-terminal carbonpl exchange in 

obtained by addition of a stoichiometric 

triphenylphosphite to [ E$CP~(CO)J- 

(268) which can be 

amount of 

The temperature 

E 
=p\ / \Rh,qoPh5 

OCYRh 
\ 

CP 

(268) 

dependent 13C n.m.r. spectrum; obtained for (268) reveals that 

the Rh-P bond is not broken during the process and the 

synchronous process, C, is favoured for the carbonyl exchange. 

A similar mechanism could operate in the complex, [RhzCp2(C0)3] 
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although 

The 

indicate 

mechanism A nas been previously stressed.232 

room temperature 13C n m r _ _ _ spectra of (269) and (270) 

that total scrambling of the carbonyl ligands pccurs 

(269) 

in solution. 

be obtained. 

observed for 

(270) 

However, limiting low temperature spectra cannot 

A Ion temperature limiting spectrum can be 

[FeRb2CP2(c~)6 ] and the structure (271) adopted 

by this molecule in solution is different from that proposed 

for the solid state structure (272). These complexes are 

\/ 

E 
(271) (272) 

related structurally to Fe3(CO)12 and it is apparent that 

increasing substitution of MCpCo , (M = Co,Rh) in Fe3<CO)12 

results in-8 decrease in rate of carbonyl site exchange. 
283 

The dark green air-stable cyclopentadienyl coniplexes (273) 

have been prepared by the routes indicated in Scheme (51). 
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1 Nacp 
Y 
c : 

oc : /CO 

/\ 
‘doi 

.=(.l.l-._ _ 
cpxo~~<p 

(273) (Y= Ph,Me 
4d+ 7 'c12Hro - ) 

Scheme (51) 

The.spectroscopic data for these complexes in solution are 

consistent with the same configuration which has been 

established by an X-ray structure determination. A unique 

structural feature is the bridging carbonyl group which is 

at 90°C to the basal cobalt plane. This conformation has not 

been previously observed in triangular or tetrahedral carbonyl 

clusters. A very low v(C0) value (1795 cm-') is observed for 

this bridging earbonyi and electrophiles such as A1Br3 

rapidly attack the nucleophilic carbonyl oxygen to give 

unstable 1:l adducts. Labile phosphine derivatives 

[Co,(WCp,(CW,PS,], can be obtained and it is suggested that 

the phosphine is in an equatorial configuration, the bridged- 

carbonyl absorption moving to'lower frequencies. Steric 

congestion may account for the lability of the phosphine 

ligand and the failure to isolate complexes of the type 
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McpKO)P Co cPKo)2 

M)Me(CO& 

I 

MnMe(COj4P 

M=Co M'= Mn 

P = PPh3 

c Yh2 

cp(PhXCO)M 

- MeCOPh 

M% = Mn--ir 

Mn-Rh 

Re-Rh 

(274) 

i'h 

M'= Mn 

M = Ir, Rh 

Scheme (52) 

Rer- p. 339 
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CCo3(CY)Cpz<C0)2<diene)]. Attempts to acylate a cyclopentadienyl 

ligand of (273) failed although acylation of the phenyl group 

of (273), (Y = Ph), can be achieved. 203 

The ability of the g8 complexes [WZp(CO)(PPh3)], 

(Ed = Rh,Ir), to act aa Lewis-bases and form lrl adducts with 

mercury(I1) halides has prompted an investigation of the donor 

ability of these a8 Complexes towards [h¶Me(CO), ](M = Mn,Re). 

The results of these studies are summarised in Scheme (52). 
284 

The structure of complex (274). (M' = Mn, M = Ir), has been 

confirmed by a single crystal X-ray study. 
285 

_ The reaction of [CoCp(CO)2 ] with C6F5SSC6F5 in the absence 

of solvent gives (2751, (R = CsFs)_ However. in solution and 

upon irradiation, the complex (X6), (R = CgF5), is formed. A 

solution of (276) heated above 50°C gives (275). (R = C6F5), and 

z green complex, [CO~C~(SCSF~)~] of unknown structure. The 

COmPleX (275), (R = CF3) can similarly be obtained with 

Roth 2.3.4,5-tetraphenyldiazocyclopentadiene and 

diazocyciopentadieae insert into the halogen bridges of 

[FWl(CW]2 and [RbC1(C2H4)2]2 to give the halogen substituted 

cyclopentadienyl complexes <277).287 

=v5 
/ 

kp> (b- 

\ 
“6% 

(30 

(275) (276) 



R R 

L2Rh 

(277) 
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R = Ph ; L2=COD 

R = Ph ; LzA~H412 

R = Ph ; L2=(CO)2 

R= H ; 1-p COD 

A similar reaction of (278) with [RhC1<COD)]2 gives the 

pentachlorocyclopentadienyl complex (2i'9).288 A single crystal 

X-ray study on (279) reveals the presence of localised bonding 

in the n '-C5C15 ring which suggests appreciable contribution 

from a bonding model where the ring is co-ordinated to the 

rhodium by two alkene n-bonds and one o-alkyl bond. 
289 

13C n-m-r. studies on the n4- duroquinone complexes, 

@MC~)CloH1202 ], (b¶ = Co,Rh,Ir) suggest that in strongly acidic 

solution the complexes are protonated to produce the 

dications (280). 
290 

Cl 

Cl 

4 
Cl 

Cl Cl 
\ I 

Rh 

( tOD> 

OH 

c&l 

OH 

(278) (279) (280) 

Treatment of either (281) or (282) in benzene with 

isopropanol and triethylamine gives the novel di-p-hydrido- 

iridium complexes (283) and some reactions of ihe complexes 

are s-ummarised in Scheme (53). Similar methods can be used 

to obtain the complexes [M(C5Me5)Br2]2, [Ir(C51fes)12]2, 
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/i 

(283) 

AgOCOR 

PG-- 

Scheme (53) 

[ Rh(CS~~5)<PMe-p)2X]‘. (X = C1.1). [Rh(C5Me5)CN03)2]n. 

[HfWC5Me5)12Br3] and [HfIr<C5Me5)3$3], (M = Rh,Ir). 271 

Treatment of [Rh<C5Me5)Cl 2 2with potassium hydridotris- ] 

(l-pyrazolyl)borate followed by addition of NH4PFS gives 

[Rb(C5Me5)BH<pz)3]PFs and the structure of this complex 
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has been determined by an X-ray study.2g1 

The bis-borabensene cornFlexes (284) react with sodium or 

potassium cyanide in acetonitrile to give the alkali-metal 

borinates, (285)_ These salts provide a good route into 

other borabenzene complexes and the complex (286) can be 

obtained via [Rhcr(con)]2.292 The borabenzene complex (284), 

(2 = Ph), undergoes a novel ring contraction when treated aith 

aqueous iron(II1) to give the cpclopentadienpl derivative (287) 

B-R T 
Co 

43 

B-R 

(284) 

MCN + M[a-R ] 
( M= Na,K ) 

/ 

(285) 

(R =Me,Ph > 

/ 

[RhCl(COD)]2 

-Ph 

(286) 

and this product is also formed on the reaction of methanol 

with [CO(C,H,BP~),]+ 2g3 
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(287) 

The e.s.r. spectrum of (2841, (R = Ph) has been reported 

and interpreted_2g4 

The crystal structure of cobaltocene has been refined2'= 

and the structure has also been determined by gaseous electron 

diffraction. 
296 

The combustion enthalpy of [CoCp2] has been 

determined and the standard enthalpy of formation and dissociation 

energy of the compound have been calculated. 
297 

The quantum 

yield of decomposition has been measured for the photolysis of 

[CoCpz] and the results have been discussed in terms of the 

electronic structures of the compounds. 298 The e.s.r. spectrum 

of cobaltocene in various diamagnetic host systems has been 

studied.2gg Introducing ethyl substituents into the cyclo- 

pentadienyl rings of iCoCp2]2_PtCle and ferrocene result in 

similar electron absorption spectral changes 
300 and 13C n.m.r. 

spectra of phenyl- and ethyl-substituted cobaltocenes have 

been recorded. 301 

Cobaltocene can be intercalated in the layered compound 

TaS2 and the orientation arrangement and temperature dependent 

dynamics of the cobaltocene molecules have been determined by 

proton n.m.r. measurements. 302 

The cobalticinium nucleus exerts strong electron- 

withdrawing, inductive and resonance effects and can stabilise 
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negative charge as indicated in the resonance hybrids (288) 

and <289), Indeed the acidity of alkylcobalticinium salts 

is--greatly enhanced and the basicity of aminocobalticinium 

saltfs is greatly reduced in comparison to ulkyl- and amino- 

benzenes and ferrocenes. 303 Similar effects operate in the 

hydroxy-2,3,4,5-tetra-substituted cobaltkinium and rhodicinium 

salts (290) which are in proteolytic equilibrium with the stable 

cyclopentadienone complexes (291). The acidity increases 

with increasing electronegativity of the R group aad decreases 

slightly from cobalt to rhodium. The complexes (290), 

(R = CsFs), are comparable in strength to the mineral acids_ 304 

R R 

H+ 

M \ 

OH 

R Q R 

R R _ M+ 

cb (290) 

Ref- p. 399 
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Metal carboraue complexes. 

Oxidative-addition of terminal boron-hydrogen bonds to 

lokvalent metal complexes provides a useful route to complexes 

containing a metal-boron u-bond. Thus the phosphine 

l-PMe2-1,2-CzBlo"ll, L, reacts with [IrC1(C8H14)JZ in cyclo- 

hexane to give [IrClL3]which readily undergoes intramolecular 

oxidative addition to give (292)_ Prolonged reaction of 

( L = l- pMe2-l,2-C&~~ 

(292) 

l.2-C2B1,,H12 with [IrC1(CO)(PPhB)2.fails to yield a stable 

oxidative-addition product. Hoaever, [IrCID2<CO)<PPh3)9] is 

an effective catalyst for deuterium exchange in this carborane 

implying that oxidative-addition occurs in this reaction but 

the product is presumably not favoured thermodynamically. 

The orthometallated complex, [IrIiCl<~-C6H4PPh2)(PPh3)2] is the 

major product of the reaction of [IrCl(PPh3)3]with 

1,2-C2BloEi12 but a small yield of (293). (L = PPh3) is also 

obtained- However, the compound [IrC1<PPh3)2 ] formed in situ 

from [IrCI<CsH14)2]2 and two equivalents of PPh3 reacts readily 

with 1,2-C2B10H12 to give <293)_ The corresponding triphenyl- 

arsine complex can similarly be obtained and l,?- and 
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Cl 

(293) 

0 = BH 

0 =CH 

1.2=2Qp12 also react with the iridium complex. Both 

carbon monoxide and triphenylphosphine displace 1.2-C2B10H12 

from (293). <L = PPh3).305 A full account of the crystal 

structure 05 [Ir(B,H,)Br2(CO)(PMe3)2] formed by oxidative- 

addition of l- or 2-BrB5H6 to trans-[IrC1(CO)(PbIe3)2]has 

been published. 
306 

Quaternary ammonium salts of [Ir(B,oH,2)<CO)(PPh3)2]~, 

(294), react with deuterium gas at ambient temperature and 

pressure. 

Reversible H-D exchange occurs at two terminal B-H Sites 

in the B10H12 ligand and the exchange is thought to Occur at 
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(2941 

0 = BH 

the .5,10 boron atoms. A mechanism involving oxidative-addition 
307 

of D2 followed by intramolecular H-D exchange is proposed. 

Transition metal complexes containing 2-R-1,2- and 

7-R--1,7-C2B10H10 -, <R = H.ble.Ph) ligands bonded through metal- 

carbon a-bonds, [Rh(a-carb)(PPh3)2], [Ir(a-carb)(CO)(PPh3)2 ] 

have been prepared by the action of lithium-carborane 

derivatives with [RhC1(PPh3)3]aud trans-[IrCl(CO)(PPh2)2 ] 

respectively. 

The phosphine ligands in these carborane complexes undergo 

exchange reactions with phosphorus donor ligands and the 

results have been reviewed. 
28 

However, although 

l-Li-2-R-1,2-C2B10Hio, (R = Me,Ph), gives a-bonded carborane 

complexes the corresponding reactions with [IrC1<PPhg)3]lead 

to the metallated complex, [Ir(c++H4PPh2)<PPh3)2]-27 

Addition of a tetrahydrofuran solution of Na2-7,8-C2BsHII 

to a suspension of traus-[RhC1(CO)(PPh3)2 1 in benzene produces 
. 

a deep orange solution which on exposure to air becomes green 

and then brown. Thin layer'chromatographic analysis indicates 



the presence of ten components. From this mixture the 

rhodium(III) complex, (2951, can be isolated together with a 

/ pp% 
C2B9H,1 - Rhq Cl 

PPh3 

(295) 

/ Ti 
C2B9H11- Rh 

'H 

(296) 

small yield of a complex, [Rh(C2BsHll)(CsH6)(PPh3)]2 which 

is considered to be a dimer with a Rt-Rh bond. The reaction of 

Na2-7,8-C2BSHll with [RhC1(PPh3)3] gives a larger yield of 

the dimer and from this reaction a small amount of (296) may _ 

be obtained.308 Friedel-Crafts acetyiation of 

E Co<~,2-C2Bs”11)CP] results in the formation of 

~CO(~,~-C,B,H,,C~)CP], [Co(l,2-C2BSH10-8-OCOMe)CR], 

[ Co(l,2-C2BsH10- S-OH)C~], and [Co(l.2-C2BsH10-8-COg~)Cp]-30s 

However, the Grignard reagents RMgBr, (R = Ph,m-,E-FC6H4) 

attack the cyclopentadienyl ring to give 1 Co(1,2-C2BsHll)- 

(Q-C~H~R)].~~* 

Alkyl- or aryl-boron dihalides have been shown to 

react with cobaltocene to produce borabenzene complexes, 

e.g. (287). However, an attempt to insert C6H5B into the 

carborane cage of [Co(l.2-C2BSHll)Cp]to produce a 13-vertex 

metallocarborane gives the phenplborinato complex (297)- 
311 

A mixed-metal trimetallic metallocarborane (298) can be 

obtained by the reaction of Fe(m)5 with [1,2,3-CpCoMe2C2BqHq]. 

Rer- p. 999 



/ 
450” 

(301) (302) 

Scheme (54) 

(298) 



387 

The complex (298) is cage isoelectronic with other 

B-vertex carboranes and metallocarboranes containing 20 

skeletal valence electrons, e.g. [Co2Cp2C2B5H7 ] and is 

presumed to adopt a similar gross tricapped trigonal prismatic 

geometry. 312 Treatment of [3-Cp-3-Co-4kB7H8]- with sodium 

naphthalide followed by subsequent reaction with NaCp and 

nickel(I1) leads to four isomers (299)-(302) of the 

bimetallocarborane [Cp2CoNiCB71ig]. These isomers undergo 

thermal polyhedral rearrangements, the metal atoms migrating L 

to adjacent polyhedral vertices, Scheme (54). fA Cp ring has 

been omitted from (302)-l 

Table 1 

blajor Processes in Cobaltacarborane Pyrolyses 

Cage 
System vertices 

CoC2B5 
I 

8 

'OZCZB3 
I 

7 

Intramolecular 
rearrangements observed 

None 

1,2,3+1.2,4 

None 

1,7,2,3~1,2,4,5+ 
1,2,3,5+1,7,2,4 

None 

X,7,5,6=1,8,5,6 

Groups involved 
in intramolecular 
transfer 

(C5H5)Co,BH 

(C5H5)Co,BH 

(C5H5)Co 

None detected 

* Trace 



Bromination of (299) and (300) with 1 or 2 mol of 

bromine in carbon tetrachloride gives a single isomer of 

mono- or dibromo-derivative in high yield. Substitution 

occurs exclusively at boron. Treatment of [Z-C~-Z!-CO-I-CB~~HII]- 

with sodium naphthalide. Cp- and nickel(I1) leads to (303), 

the first metallocarborane containing a neutral arene v-bonded 

to the metal. 
313 

The thermal isomerisations of the 

metallocarboranes, [ 1.2,4-CpCoC3B3~B]. [1,2,3-cpcoC2B4H6], 

[1,7,2,f-CptCo2C2B3H5]. [3.1.7-CpCoC2BBB7], [Cp2C02C2Bsg7], 

and [2,3,8.1.6-Cp3C03C2B5H7] are summarised in Table 1.314 

0 =BH 

0 =CH 

@9 =C 

(303) 
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